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1.1. CURRICULUM VITAE
Jean-Benoît MORIN
Né le 30 octobre 1979 à Besançon (25)
Nationalité française
Marié, 1 enfant

Coordonnées professionnelles :

Laboratoire de Physiologie de l’Exercice
Médecine du Sport – Myologie, CHU Bellevue,
42055 Saint-Etienne Cedex 2, France

Bur. 04.77.12.07.34
Fax. 04.77.12.72.29
@: jean.benoit.morin@univ-st-etienne.fr

Statut actuel
Maître de Conférences, Université de Saint‐Etienne
Section 74 (STAPS), UFR Sciences et Techniques, Dpt STAPS

2005 ‐ …

Formation universitaire
University of Cambridge ESOL certificate in English
Certificate in Advanced English (CAE), Council of Europe Level C1, Grade A (> 16/20)

2007

Doctorat « Motricité Humaine et Handicap »
2004
Universités de Saint‐Etienne et Udine (Italie)
Thèse : « Facteurs mécaniques de la performance en sprint appréhendés par de nouvelles
méthodes de mesures »
Directeurs : Alain Belli (PU, Université de Saint‐Etienne),
Co‐Directeur : Pietro Enrico di Prampero (Université de Udine, Italie)
Jury :
Christophe Hautier (MCF, Université Lyon I), rapporteur
Rodger Kram (Associate Prof., University of Colorado, EU), rapporteur
Christian Denis (PU, PH, Université de Saint‐Etienne)
Peter Weyand (Assistant Prof., University of Rice, EU)
Mention : Très Honorable avec Félicitations du Jury
DEA « Motricité Humaine et Handicap »
2001
Université de Saint‐Etienne
Mémoire : « Paramètres mécaniques de la performance en sprint chez des sujets entraînés »,
Directeur : Pr Alain Belli
Mention : Très Bien
Rang : 1er
Maîtrise en Sciences et Techniques des Activités Physiques et Sportives (STAPS)
UFR STAPS Besançon, Université de Franche‐Comté
Mémoire : « Relations Force‐Vitesse et performances en sprint »
Directeur : Dr Frédéric Grappe
Mention : Bien

2000

Licence en Sciences et Techniques des Activités Physiques et Sportives (STAPS)
UFR STAPS Besançon, Université de Franche‐Comté
Mention : Bien

1999
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Expérience Professionnelle : Enseignement
Maître de Conférences
Université Jean Monnet de Saint‐Etienne, Faculté de Médecine, Dpt. STAPS

2005 ‐ …

Enseignant vacataire
Université de Nantes, UFR STAPS, Cours de Master 1ère et 2ème année

2010 ‐ …

Enseignant vacataire
Fédération Française de Football, Institut de Formation du Football
Diplôme d’Entraineur Formateur de Football
Diplôme Fédéral de Préparateur Physique

2010 ‐ …

Attaché Temporaire d’Enseignement et de Recherche
Université Joseph Fourier Grenoble I, antenne STAPS de Valence

2004 ‐ 2005

Moniteur d’enseignement supérieur
2001 ‐ 2004
Université Jean Monnet Saint‐Etienne, Département STAPS, (2001 ENS – 130)
Synthèse des enseignements :
Type de
Volume
cours
CM > 40h / an

Analyse du
mouvement ‐
Biomécanique
Anatomie
fonctionnelle

Biomécanique
appliquée à
l’entraînement

TD

> 80h / an

CM

10h / an

TD

Niveau
Licence 1
Master 1

Etablissement

Année

Université de Saint‐Etienne
Université de Grenoble

2001 ‐ 2004
2005 ‐ …
2004 ‐ 2005

Licence 2

Université de Saint‐Etienne

2001 ‐ 2004
2005 ‐ …

20h / an

Licence 3

Université de Saint‐Etienne

2001 ‐ 2004
2005 ‐ …

30h / an

TD
TP

Outils de mesure,
biomécanique et
ergométrie

CM

> 10h / an

Master 2

Université de Saint‐Etienne

2005 ‐ …

Anglais

TD

> 60h / an

Licence 2
Master 1

Université de Saint‐Etienne

2006 ‐ 2011

Expérience Professionnelle : Recherche
Membre de l’UR Laboratoire de Physiologie de l’Exercice
Membre du Bureau Directeur

2008 ‐ …

Responsable de la thématique « Biomécanique de la locomotion et de l’équilibre ».

(UR. LPE, EA 4338, Université de Saint‐Etienne)
Recherches en biomécanique de la locomotion humaine et de l’exercice, aspects de modélisation de la
performance en sprint, développement de méthodes simples de mesure des paramètres mécaniques de
l’exercice et de la production de puissance. Ergométrie et Ingénierie du matériel de sport et de santé.

Membre de l’UR Physiologie et Physiopathologie de l’Exercice et Handicap
(UR. PPEH, EA 3062, Université de Saint‐Etienne)

2005 ‐ 2007

Recherches en biomécanique de la locomotion humaine et de l’exercice, aspects de modélisation de la
performance en sprint, développement de méthodes simples de mesure des paramètres mécaniques de
l’exercice et de la production de puissance. Ergométrie et Ingénierie du matériel de sport et de santé.
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Doctorant, UR Physiologie et Physiopathologie de l’Exercice et Handicap
(UR. PPEH, EA 3062, Université de Saint‐Etienne)

2001 ‐ 2004

Recherches en biomécanique de la locomotion humaine et de l’exercice, aspects de modélisation de la
performance en sprint, développement de méthodes simples de mesure des paramètres mécaniques de
l’exercice et de la production de puissance.

Allocataire de Recherche
2001 ‐ 2004
(Allocation ministérielle N° 1309‐2001UR. PPEH, EA 3062, Université de Saint‐Etienne)
Doctorant, Dipartimento di Scienze e Tecnologie Biomediche
(Università degli Studi di Udine, Udine, Italie)

2002 ‐ 2003

Co‐tutelle de thèse sous la direction du Prof. Pietro Enrico diPrampero, financement en programme
d’aide à la mobilité de la Région Rhône‐Alpes « EURODOC » 2002.
Recherches sur le lien entre temps de couplage excentrique‐concentrique lors de locomotion
impliquant le cycle étirement‐détente et l’énergétique de l’exercice (saut sur plan incliné, course à
pied).

Expérience Professionnelle : Collaborations
Collaborations nationales (soulignées celles ayant donné lieu à publication SCI)
Team Lagardère, Paris. Centre d’expertise, Dr. Jean Slawinski
I.N.S.E.P., Paris. Mission recherche, Laboratoire de Physiologie et Biomécanqiue, Drs Sylvain
Dorel et Christine Hanon.
Société Sveltus (42). Concepteur fabriquant de matériel de fitness. Robert Krupa, gérant,
R&D
Université de Nantes. Enseignements Master (UFR STAPS).
Université de Savoie. Enseignements Master (UFR CISM, Dpt STAPS)
Université de Saint‐Etienne. Laboratoire d’Analyse des Signaux et Processus Industriels, Dr
El Badaoui. Recherche.

Collaborations internationales (soulignées celles ayant donné lieu à publication SCI)
Université d’Udine, Italie. Dipartimento di Scienze e Tecnologie Biomediche. Prs. Pietro
diPrampero, Guglielmo Antonutto, Dr Enrico Rejc.
Université du Colorado à Boulder, EU. Locomotion Laboratory, Pr. Rodger Kram. Recherche.
South Methodist University, Houston, EU. Pr. Peter Weyand. Recherche.
Société Springboost (Lausanne, Suisse). Concepteur et fabricant de chaussures de sport
utilisant la technologie de dorsiflexion. David Bourgit, R&D
Université de Lausanne. Institut des Sciences du Sport et de l’Education Physique. Davide
Malatesta. Enseignement et Recherche.
University of Sheffield, UK. Department of civil and structural engineering. Dr Vitomir Racic.
Recherche.
University of Ljubjana, Slovénie. Faculty of Sports. Dr Katja Tomazin. Recherche.

Collaborations contractuelles avec l’industrie
Société Myotest S.A. (Sion, Suisse). Concepteur et fabricant d’appareils portables de mesure
de la performance athlétyique « Myotest ». Patrick Flaction, Fondateur et directeur du
développement.
o Contrat de prestation de service LPE – Myotest 2010, responsable scientifique de l’étude.
o Brevet en cours de dépôt, co‐inventeur.
Société Nutratletic (17). Laboratoire Lescuyer, boissons énergétiques de l’effort.
o Contrat de prestation de service LPE – Nutratletic 2007, collaborateur scientifique.
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Société Promiles ‐ Decathlon (59). Concepteur et fabricant de matériel de sport.
o Contrat de prestation de collaboration LPE – Promiles decathlon 2006, collaborateur
scientifique.
Société Sagem Défense Sécurité (91).
o Co‐encadrement de thèse de doctorat en convention CIFRE. Jordane Grenier, 2009 ‐ ….
o Contrat de prestation de service LPE – Sagem 2009, responsable scientifique de l’étude.

Expérience Professionnelle : Administration
Responsabilité du Master 2, Finalité Professionnelle, Parcours Ergonomie
2005 ‐ …
« STAPS‐Santé, Ergonomie des Activités Physiques, Ingénierie et Conception de Produits
(EAPICP) », Université de Saint‐Etienne
Mise en place des unités de formation, gestion des intervenants
Gestion administrative (sélection, examens, stages professionnels, relations avec les
entreprises)
Gestion de la co‐habilitation avec le Master 2 Pro EAPICP, Université de Savoie,
Chambéry.
Responsabilité des relations internationales
2005 ‐ 2011
Département STAPS, Université de Saint‐Etienne
Aide à la constitution de dossiers et sélections d’étudiants au départ, programmes
d’échange
o Canada : ORA (1 étudiant), CREPUQ (8)
o Finlande : ERASMUS (3)
o Etats‐Unis : ISEP (1)
Accueil et information aux étudiants arrivants : programme d’échange ORA (1)
Etude de faisabilité d’une convention ERASMUS niveau Licence avec Université
d’Udine, Italie
Organisation de semaine de Tronc Commun de Master 2 Recherche
2005 ‐ 2010
« Ergonomie et biomécanique », Master 2 STAPS‐Santé, Finalité recherche Exercice Sport
Santé Handicap, Université de Saint‐Etienne
Organisation de séminaire thématique de Master 2 Recherche
2009 ‐ …
« Modèles de la locomotion humaine », Master 2 STAPS‐Santé, Finalité recherche Exercice
Sport Santé Handicap, Université de Saint‐Etienne
Encadrement et suivi de stages étudiants et jury de mémoires
2002 ‐ …
Département STAPS, Université de Saint‐Etienne
Etudiants de Master 2ème année Professionnelle Ergonomie et Ingénierie du Sport (33)
Etudiants de Master 2ème année Recherche Exercice Sport Santé Handicap (1)
Etudiants de Master Exercice Sport Santé Handicap 1ère année (9)
Etudiants de Licence STAPS 3ème année option entraînement sportif (14)
Institut des Sports et de l’Education Physique, Université de Lausanne (Suisse)
Etudiant en Licence des Sciences du Sport (1)
Gestion de pages web, site Université de Saint‐Etienne
2009 ‐ …
Centralisation des données, mise en forme et édition des pages, application Ksup
Gestion éditoriale, correspondant local
Sites du Département STAPS et du Laboratoire de Physiologie de l’Exercice
Centre d’Initiation à l’Enseignement Supérieur de Lyon
Comité pédagogique, représentant des Moniteurs 1ère, 2ème puis 3ème année
Habilitation à Diriger des Recherches, JB Morin
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Prix et distinctions
“European Athletic Innovation Award”, Honorable Mention
European Athletic Association, bi‐annual scientific contest
Projet “A treadmill ergometer for mechanical power measurement during sprint”.
Morin JB, Samozino P, Edouard P (Univ. St‐Etienne)

2010

“European Athletic Innovation Award”, 5ème
2008
European Athletic Association, bi‐annual scientific contest
Projet “Elite long sprint running: field study of incline vs level performance”.
Slawinski J (INSEP), Hanon C (INSEP), Dorel S (INSEP), Hug F (Univ. Nantes), Couturier A
(INSEP), Fournel V (INSEP), Morin J‐B (Univ. St‐Etienne)
“European Athletic Science Award”, 5ème
European Athletic Association, bi‐annual scientific contest
Projet “Spring‐mass model characteristics during sprint running”.
Morin J‐B, Jeannin T, Chevallier B, Belli A (Univ. St‐Etienne)

2006

“Young Investigator Award”, Oral Presentation, 3ème (3000 €)
2003
Publication prime : Morin J‐B, Jeannin T, Belli A. A simple method for field assessement during
running. 8th Congress of the European College of Sport Science, Salzbourg (Autriche), 9‐12
juillet.

Activités d’expertise
Membre de Commission de recrutement (Section 74, STAPS)

2011

Poste de MCF, Université de la Réunion, Mai 2011

Expertise d’articles pour les revues SCI :

2003 ‐ …

European Journal of Applied Physiology (6),
Journal of Biomechanics (4 articles),
Journal of Science and Medicine in Sports (2),
International Journal of Sports Medicine (2),
Journal of Sports Science (2),
Journal of Experimental Biology (1),
Medicine and Science in Sports and Exercise (1)

Membre de Jury de thèses de Doctorat

2009 ‐ …

Pierre Samozino (2009), Université de Saint‐Etienne
Nicolas Peyrot (2009), Université de Saint‐Etienne
Pascal Edouard (2011), Université de Saint‐Etienne

Expertise de Rapport de Recherche (2010: Rapport 0099‐7040)

2010

Institut de Recherche Robert‐Sauvé en Santé et en Sécurité du Travail (IRSST), Montréal

Membre d’une équipe d’experts auprès du Tribunal Arbitral du Sport
Appel de Mr Oscar Pistorius vs. Fédération Internationale d’Athlétisme

2008

Equipe d’experts dirigée par les Prs Rodger Kram (Univ. Colorado) et Hugh Herr (Massachusetts
Institute of Technology), complétée par le Pr Matthew Bundle (Univ. of Wyoming), Craig McGowan
(Univ. of Texas at Austin), Alena Grabowski (Massachusetts Institute of Technology), Jean‐Benoît
Morin (Univ. de Saint‐Etienne).
http://www.reuters.com/article/pressRelease/idUS157079+01‐Apr‐2008+PRN20080401
http://www.media.rice.edu/media/NewsBot.asp?MODE=VIEW&ID=11015
http://portail.univ‐st‐
etienne.fr/servlet/com.univ.utils.LectureFichierJoint?CODE=1211528870512&LANGUE=0&ext=.pdf
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Herr HM, Kram R, Morin J‐B, Weyand PG, McGowan CP, Bundle MW, Grabowski A. Analysis
of report 1512/2007 ‐ the Bruggemann Report (Biomechanical and metabolic analysis of long
sprint running of the double transtibial amputee athlete O. Pistorius using Cheetah sprint
protheses). Submitted to the Court of Arbitration for Sport, Lausanne, Switzerland (CAS
2008/A/1480 Oscar Pistorius v/IAAF).

Membre du Comité d’Experts, Pôle des Technologies Médicales (Saint‐Etienne)

2008

Commentaires par interview, Science & Vie Magazine

2008

« En direct des labos : en 2027, on ne battra plus de record sportifs». Avril 2008

Expertise de Projet de Recherche (2008: Project #08‐014)

2008

Ministère de la Santé, de la Jeunesse et des Sports

Membre du Comité d’Experts, Pôle de Compétitivité SPORALTEC

2007

Compétences en activités physiques et sportives
Pratique du cyclisme (VTT et route) en compétition

2009 ‐ …

(Niveau Régional, Comité Rhône‐Alpes)

Pratique du basketball en compétition

2004 ‐ 2008

BC La Ricamarie, BC Rive de Gier (Niveau Départemental 1)

Pratique de l’athlétisme en compétition,
Brevet d’Etat 1er degré, athlétisme (2000)

1995 ‐ 2004

Formation de cadres techniques : Equipe Technique Régionale de Franche‐Comté
Entraînement stages club, sprint / haies, ASPTT Besançon athlétisme
Pratique de l’athlétisme en compétition, ASPTT Besançon (sprint, haies, niveau Régional 1)
Membre du Comité Directeur de l’ASPTT Besançon athlétisme

Habilitation à Diriger des Recherches, JB Morin

7

Partie 1 : Titres et travaux

1.2. PUBLICATIONS
Revues internationales à comité de lecture et indexées SCI
Les Impact Factor 2010 et le rang AERES-section 74 des revues sont indiqués comme [IF - rang]

Soumis au 1erseptembre 2011
Morin J‐B, Bourdin M, Edouard P, Peyrot N, Samozino P, Lacour J‐R.
Sprint running performance: a case study of the 2010 triple European Champion.
Journal of Applied Physiology.

En révision au 1er septembre 2011
Grenier J, Peyrot N, Castells J, Oullion R, Messonnier L, Morin J‐B.
Energy cost and mechanical work of walking during load carriage in soldiers.
Medicine and Science in Sports and Exercise.
Peltier S, Millet GY, Vincent L, Sirvent P, Morin J‐B, Guerraz M, Geyssant A, Lescuyer J‐F, Féasson L,
Messonnier L.
Carbohydrates‐BCAAs‐caffeine ingestion attenuates central fatigue during 2‐h run.
International Journal of Sport Nutrition and Exercise Metabolism
Samozino P, Rejc E, di Prampero PE, Belli A, Morin J‐B.
Contribution of the force‐velocity relationship to bilateral deficit during ballistic movements.
Journal of Applied Physiology.

2011
I33. Peyrot N, Thivel D, Isacco L, Morin J‐B, Belli A, Duché P.
Why does walking economy improve after weight loss in obese adolescents?
Medicine and Science in Sports and Exercise. In press.
[4,11 ‐ 1er]
I32. Morin J‐B, Tomazin K, Samozino P, Edouard P, Millet GY.
High‐intensity sprint fatigue does not alter constant‐submaximal velocity running mechanics and spring‐
mass behavior.
European Journal of Applied Physiology. In press.
[2,21 ‐ 2ème]
I31. Morin J‐B, Samozino P, Edouard P, Tomazin K.
Repeated sprints kinetics: effect of fatigue on force production and force application technique.
Journal of Biomechanics. In press.
[2,46 ‐ 1er]
I30. Samozino P, Rejc E, di Prampero PE, Belli A, Morin J‐B.
An optimal force‐velocity muscular profile in explosive movements. Altius: citius or fortius ?
Medicine and Science in Sports and Exercise. In press.
[4,11 ‐ 1er]
I29. Tomazin K, Morin J‐B, Strojnik V, Podpecan A, Millet GY.
Fatigue after short (100‐m), medium (200‐m) and long (400‐m) treadmill sprints.
European Journal of Applied Physiology. In press.
[2,21 ‐ 2ème]
I28. Morin J‐B, Edouard P, Samozino P.
Techincal ability of force application as a determinant factor of sprint performance.
Medicine and Science in Sports and Exercise, 43(9): 1675‐1679.
[4,11 ‐ 1er]
I27. Morin J‐B, Dupuy J, Samozino P.
Performance and fatigue during repeated sprints: what is the appropriate sprint dose?
Journal of Strength and Conditioning Research, 25(7): 1918‐1924.
[1,85 ‐ B]
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I26. Morin J‐B, Tomazin K, Edouard P, Millet GY.
Changes in running mechanics and spring‐mass behavior induced by a mountain ultra‐marathon.
Journal of Biomechanics, 44(6): 1104‐1107.
[2,46 ‐ 1er]
I25. Morin J‐B, Seve P.
Sprint running performance: comparison between treadmill and field conditions.
European Journal of Applied Physiology, 111: 1695‐1703.
[2,21 ‐ 2ème]
I24. Morin J‐B, Samozino P, Millet GY.
Changes in running mechanics during a 24‐h treadmill run.
Medicine and Science in Sports and Exercise, 43(5): 829‐836.
[4,11 ‐ 1er]
I23. Millet G.Y, Banfi J‐C, Kerhervé H, Morin J‐B, Vincent L, Estrade C, Geyssant A, Féasson L.
Physiological and biological factors associated with a 24 h treadmill ultramarathon performance.
Scandinavian Journal of Medicine and Science in Sports, 21: 54‐61.
[2,79 ‐ 2ème]

2010
I22. Morin JB.
A narrow focus on swing time and vertical ground reaction force.
Comment on Point:Couterpoint: Artificial limbs do/do not make artificially fast running speeds possible.
Journal of Applied Physiology, 108(4):1017‐1018.
[4,23 ‐ 1er]
I21. Edouard P, Pruvost J, Morin J‐B.
Causes of Dropouts in Decathlon. A pilot Study.
Physical Therapy in Sport, 10(4): 133‐135.
[1,07]
I20. Morin J‐B, Samozino P, Bonnefoy R, Edouard P, Belli A.
Direct measurement of power during one single sprint on treadmill.
Journal of Biomechanics. 43(10): 1970‐1975.
[2,46 ‐ 1er]
I19. Peyrot N, Morin J‐B, Thivel D, Isacco L, Taillardat M, Belli A, Duché P.
Mechanical work and metabolic cost of walking after weight loss in obese adolescents.
Medicine and Science in Sports and Exercise, 42(10): 1914‐1922.
[4,11 ‐ 1er]
I18. Samozino P, Morin J‐B, Hintzy F, Belli A.
Jumping ability: a theoretical integrative approach.
Journal of Theoretical Biology, 264: 11‐18.
[2,37]
I17. Millet G.Y, Divert C, Banizette M, Morin J‐B.
Running patterns changes due to fatigue and cognitive load in orienteering.
Journal of Sports Sciences, 28(2):153‐160.
[1.87 ‐ 2ème]

2009
I16. Sabri K, El Badaoui M, Guillet F, Belli A, Millet G.Y, Morin J‐B.
Cyclostationary modeling of ground reaction forces signals.
Signal Processing, 90: 1146‐1152.
[1,35]
I15. Millet G.Y, Morin J‐B, Degache F, Edouard P, Féasson L, Verney J, Oullion R.
Running from Paris to Beijing: biomechanical and physiological consequences.
European Journal of Applied Physiology, 107: 731‐138.
[2,21 ‐ 2ème]
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I14. Morin J‐B, Samozino P, Peyrot N.
Running pattern changes depending on the level of subjects’ awareness of the measurements performed:
a “sampling effect” in human locomotion experiments?
Gait & Posture, 30: 507‐510.
[2,31 ‐ 1er]
I13. Peyrot N, Thivel D, Isacco L, Morin J‐B, Duché P, Belli A.
Do gait mechanical parameters explain the higher metabolic cost of walking in adolescents?
Journal of Applied Physiology, 106: 1763‐1770.
Editorial Comment: Brownig R. and Kram R., p. 1755‐1756.
[4,23 ‐ 1er]
I12. Morin J‐B, Samozino P, Féasson L, Geyssant A, Millet G.Y.
Effects of muscular biopsy on the mechanics of running.
European Journal of Applied Physiology, 105(2): 185‐190.
[2,21 ‐ 2ème]
I11. Giorgio P, Samozino P, Morin J‐B.
Multigrip flexible device: electromyographical analysis and comparison with the bench press exercise.
Journal of Strength and Conditioning Research, 23(2): 652‐659.
[1,85 ‐ B]

2008
I10. Samozino P, Morin J‐B, Hintzy F, Belli A.
A simple method for measuring force, velocity and power output during squat jump.
Journal of Biomechanics, 41(14): 2940‐2945.
[2,46 ‐ 1er]
I9. Slawinski J, Dorel S, Hug F, Couturier A, Fournel V, Morin J‐B, Hanon C.
Elite long sprint running: a comparison between incline and level training sessions.
Medicine and Science in Sports and Exercise, 40(6): 1155‐1162.
[4,11 ‐ 1er]

2007
I8. Morin J‐B, Samozino P, Zameziati K, Belli A.
Effects of altered stride frequency and contact time on leg‐spring behavior in human running.
Journal of Biomechanics, 40(15): 3341‐3348.
[2,46 ‐ 1er]

2006
I7. Zameziati K, Morin J‐B, Deiuri E, Telonio A, Belli A.
Influence of the contact time on coupling time and a simple method to measure coupling time.
European Journal of Applied Physiology, 96(6) : 752‐756.
[2,21 ‐ 2ème]
I6. Morin J‐B, Jeannin T, Chevallier B, Belli A.
Spring‐mass model characteristics during sprint running: relationship with performance and fatigue
induced changes.
International Journal of Sports Medicine, 27(2) : 158‐165.
[2,38 ‐ 2ème]

2005
I5. Morin J‐B, Dalleau G, Kyröläinen H, Jeannin T, Belli A.
A simple method for measuring stiffness during running.
Journal of Applied Biomechanics, 21(2) : 167‐180.
[1,51 ‐ 2ème]
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I4. DiPrampero PE, Fusi S, Sepulcri L, Antonutto G, Morin J‐B, Belli A.
Sprint running: a new energetic approach.
Journal of Experimental Biology, 208 : 2809‐2816.
[3,04 – 2ème]

2004
I3. Morin J‐B, Belli A.
A simple method for measurement of maximal downstroke power on friction‐loaded cycle ergometer.
Journal of Biomechanics, 37 : 141‐145.
[2,46 ‐ 1er]

2003
I2. Morin J‐B, Belli A.
Facteurs mécaniques de la performance en sprint sur 100m chez des athlètes entraînés.
Science et Sports, 18 : 161‐163.
[0,36 ‐B]

2002
I1. Morin J‐B, Hintzy F, Belli A, Grappe F.
Relations force‐vitesse et performances en sprint chez des athlètes entraînés.
Science et Sports, 17(2) : 78‐85.
[0,36 ‐B]

Revues non-indexées SCI et/ou sans comité de lecture
2010
NI5. Morin J‐B, Samozino P.
Les dessous de la puissance.
Sport et Vie, 122(sept.2010): 44‐51.
NI4. Morin J‐B.
Mesure directe de la puissance lors du sprint en course à pied.
Santé Athlé, Juillet 2010.
NI3. Tinoco N, Bourgit D, Morin J‐B.
Influence of midsole metatarsophalangeal stiffness on jumping and cutting movements ability.
Journal of Sports Engineering and Technology,224(3) : 209‐217.

2009
NI2. Edouard P, Morin J‐B, Celli F, Celli Y, Edouard P.
Dropouts in combined events.
New Studies in Athletics, IAAF, 24(4): 63‐68.

2003
NI1. Morin J‐B.
Etude des paramètres mécaniques de la performance en sprint sur 100m chez des athlètes entraînés.
Revue de l’Association des Entraîneurs Français d’Athlétisme, juillet: 27‐30.

Congrès et Conférences avec publication d’actes
2011
Morin J‐B, Samozino P, Edouard P. Effectiveness of force application in sprint running: definition of concept
and relationship with performance. 36ème Congrès de la Société de Biomécanique. Besançon, 31 août – 2
septembre 2011. Oral.
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11

Partie 1 : Titres et travaux
Morin J‐B, Samozino P, Edouard P, Tomazin K. Sprint fatigue affects the technical ability of force application.
58th Annual Meeting of the American College of Sports Medicine. Denver (CO), 31 mai ‐ 4 juin 2011. Oral.

2010
Morin J‐B. Mesure directe de la puissance lors du sprint en course à pied. Colloque épreuves combinées,
Fédération Française d’Athlétisme, Saint‐Etienne, 25 Juin 2010. Oral.
Morin J‐B, Samozino P. Mesure de puissance et performance en sprint sur tapis roulant : comparaison avec la
performance de terrain. . 2ème journée Gilles Cometti, Centre d’Expertise de la Performance. Dijon, 19‐20
Novembre 2010. Oral.

2009
Morin J‐B, Samozino P, Peyrot N. Informing subjects on the measurements performed induces changes in
their running mechanics. Computer Methods in Biomechanics and Biomedical Engineering, 12(S1): 197‐198.
14ème Congrès de la Société de Biomécanique. Toulon, 31 août – 2 septembre 2009. Poster.
Morin J‐B, Samozino P, Peyrot N. Are biomechanical measurements “deformed” when subjects are
informed?. Journal of Biomechanics, 12(S1): 197‐198. 22ème Congrès de l’International Society of Biomechanics
(ISB). Capetown (Afrique du sud), 5‐9 juillet 2009. Poster.
Morin J‐B, Samozino P, Millet GY. Running mechanics changes in “acute” and “chronic” long‐distance
running: 24‐h run and Paris‐Beijing trip. 13ème Congrès de l’Association des Chercheurs en Activités Physiques et
Sportives (ACAPS). Lyon, 28‐30 octobre 2009. Oral.
Samozino P, Morin J‐B, Hintzy F, Belli A. Jumping ability in animals: an integrative mechanical approach. 13ème
Congrès de l’Association des Chercheurs en Activités Physiques et Sportives (ACAPS). Lyon, 5‐9 juillet 2009.
Poster.
Peyrot N, Morin J‐B, Thivel D, Isacco L, Taillardat M, Belli A, Duché P. Change in metabolic cost of walking
after weight loss in obese adolescents: Influence of walking pattern. 13ème Congrès de l’Association des
Chercheurs en Activités Physiques et Sportives (ACAPS). Lyon, 5‐9 juillet 2009. Poster.

2008
Millet G.Y, Divert C, Banizette M, Morin J‐B. Alterations of running patterns due to fatigue, cognitive load and
map operating in high‐ and low‐level orienteers. 13th Congress of the European College of Sport Science, Estoril
(Portugal), 9 ‐12 juillet. Poster.
Samozino P, Morin J‐B, Mermet V, Barla C, Oullion R, Baly L, Belli A. What is the best parameter to quantify
shocks during heel‐toe running? 13th Congress of the European College of Sport Science, Estoril (Portugal), 9 ‐12
juillet. Poster.

2007
Giorgio P, Samozino P, Morin J‐B. Appareil flexible multiprise : analyse de l’activation musculaire et
comparaison avec le développé couché. 4ème Congrès du Réseau Français d’Ingénierie du Sport, Marseille, 6‐8
juin. Oral.
Hanon C, Slawinski J, Dorel S, Hug F, Couturier A, Fournel V, Morin J‐B, Garcia J, Senegas X. A comparison
between incline and level training sessions in elite long sprint running. Science for Success II Multidisciplinary
international Congress. Jyvaskyla (Finlande), 10‐12 October. Poster.
Samozino P, Morin J‐B, Hintzy F, Belli A. A simple method for evaluating mechanical characteristis of lower
limbs extensor muscles. 12th Congress of the European College of Sport Science, Jyvaskyla (Finlande), 11‐14
juillet. Oral.

2006
Morin J‐B, Romeyer F, Chevallier B, Jeannin T, Belli A. Changes of the spring‐mass characteristics of the
runner in fatigue condition during repeated sprints. 11th Congress of the European College of Sport Science,
Lausanne (Suisse), 5‐8 juillet. Poster.
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Samozino P, Morin J‐B, Hintzy F. Why does power output decrease at high pedalling rates during sprint
cycling? 11th Congress of the European College of Sport Science, Lausanne (Suisse), 5‐8 juillet. Poster.
Zameziati K, Morin J‐B, Deiuri E, Telonio A, Belli A, di Prampero PE. Influence of the contact time on the
coupling time and a simple method to measure coupling time. 11th Congress of the European College of Sport
Science, Lausanne (Suisse), 5‐8 juillet. Poster.

2004
Morin J‐B, Belli A. Evolution of lower limb stiffness during sprint running: field performance measurements
during a 100m race. 9th Congress of the European College of Sport Science, Clermont‐Ferrand 3‐6 juillet. Poster.

2003
Deiuri E, Telonio A, Morin J‐B, Zameziati K, Antonutto G, Belli A, diPrampero PE. Energy cost of running and
efficiency of Drop Jump. 8th Congress of the European College of Sport Science, Salzbourg (Autriche), 9‐12
juillet. Oral.
Morin J‐B, Jeannin T, Belli A. A simple method for field assessement during running. 8th Congress of the
European College of Sport Science, Salzbourg (Autriche), 9‐12 juillet. Oral.
Prix “Young Investigator Award” : 3ème prix

2002
Morin J‐B, Belli A. Mechanical muscular parameters influencing 100m performance in trained athletes. 7th
Congress of the European College of Sport Science, Athènes (Grèce), 24‐28 juillet. Oral.

2001
Morin J‐B, Hintzy F, Belli A., Grappe F. Maximal power of lower limbs and sprint running performance. 6th
Congress of the European College of Sport Science, Cologne (Allemagne), 24‐27 juillet. Poster.

Congrès et Conférences sur invitation
2011
Morin J‐B. Comment améliorer son rendement en trail. 1ères journées scientifi‐conviviales du Trail. Tiranges, 7
mai 2011. Oral.
Morin J‐B. Le rendement en trail, et les conséquences biomécaniques d’un UTMB. Salon de l’Ultra‐Trail du
Mont Blanc. Chamonix, 24 août 2011. Oral.
Morin J‐B. Validité du Myotest Run pour l’analyse de la biomécanique de la course. Colloque Myotest
« Entraînement de la puissance musculaire et intérêt de l’accélérométrie dans le suivi des sportifs ». Bruxelles,
26 février 2011. Oral.

2010
Morin J‐B. Mesure directe de la puissance lors du sprint en course à pied. Colloque épreuves combinées,
Fédération Française d’Athlétisme, Saint‐Etienne, 25 Juin 2010. Oral.
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Synthèse des publications au 1er septembre 2011
1er
2ème
Dernier
Par des étudiants
Total
auteur
(par an)
auteur
auteur
encadrés
(par an)

SCI
Non‐SCI
Congrès
Internationaux
Congrès Nationaux

33

17

(3,3)

(1,7)

5

3

(0,5)

(0,3)

14

7

(1,4)

(0,7)

10

8

(1)

(0,8)

6

5

8

1

1

2

4

1

3

2

1

3

Impact des publications
H‐index au 1er août 2011 (Source Scopus et Google Scholar) : 7

IF moyen : 2,57

IF médian : 2,46
Impact
Factor
2010

Niveau
CNU 74

European Journal of Applied Physiology
Journal of Strength and Conditioning Research
European Journal of Applied Physiology
Medicine and Science in Sports and Exercise
Medicine and Science in Sports and Exercise
Journal of Biomechanics
Journal of Biomechanics
C
Journal of Applied Physiology
Journal of Biomechanics
Gait and Posture
European Journal of Applied Physiology
Journal of Biomechanics
International Journal of Sports Medicine
CN - CI Journal of Applied Biomechanics
Journal of Biomechanics
Sc ience et Sports
Sc ience et Sports

2.21
1.85
2.21
4.11
4.11
2.46
2.46
4.23
2.46
2.31
2.21
2.46
2.38
1.51
2.46
0.36
0.36

2
B
2
1
1
1
1
1
1
1
2
1
2
2
1
B
B

CI
European Journal of Applied Physiology
D - C N Medicine and Science in Sports and Exercise
D
Journal of Theoretical Biology
European Journal of Applied Physiology
D
Journal of Biomechanics
CI
European Journal of Applied Physiology

2.21
4.11
2.37
2.21
2.46
2.21

2
1

D - CI Medicine and Science in Sports and Exercise
CN
Physical Therapy in Sport
Journal of Sports Sciences
CN
Signal Processing
M1
Journal of Strength and Conditioning Research
Sc andinavian Journal of Medicine and Science in Sports
D - C N Medicine and Science in Sports and Exercise
D - C N Journal of Applied Physiology
CN
Medicine and Science in Sports and Exercise
CI
Journal of Experimental Biology
REVUES NON-INDEXEES ISI
Sport et Vie
Santé Athlé (magasine de la F édération Française d'Athlétisme)
Revue de l'Association des Entraineurs Français d'Athlétisme

4.11
1.07
2.57
1.35
1.85
2.79
4.11
4.23
4.11
3.04

1

Position Année Type

Revue
REVUES INDEXEES ISI

M1
M1
CI

2011

1 er

auteur

2010
2009
2007
2006
2005
2004
2003
2002
2011
2010

2 ème auteur

2009
2008
2006
2011

D ernier
auteur

2010
2009
2011

Autres
positio ns

1 er

auteur

2009
2008
2005
2010
2003

2

ème

auteur

D ernier
auteur
D
M2
M1
CN
CI
C

2009

CN

New Studies in Athletics

2010

M2

Journal of Sports Engineering and Technology

2
1
2

2
B
2
1
1
1
2

: Etudiant doctorant encadré
: Etudiant Mas ter 2 R echerche encadré
: Etudiant Mas ter 1 enc adré
: Collaboration nationale
: Collaboration internationale
: Comment on Point/Counterpoint
: Publications de thèse
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1.3. DIRECTION ET ENCADREMENT DE TRAVAUX
Co‐direction de Doctorat

2009 ‐ …

Jordane Grenier
Doctorat en Motricité Humaine, convention CIFRE avec la Sté Sagem‐Defense‐Securité
(Début : Septembre 2009), Université de Saint‐Etienne.
Publications correspondantes : Grenier et al. Med Sci Sport Exerc, En révision

Co‐encadrements de Doctorat

2006 – 2009

Pierre Samozino
Doctorat en Motricité Humaine, Université de Saint‐Etienne (2009)
Thèse : « Capacités mécaniques des membres inférieurs et mouvements explosifs.
Approches théoriques intégratives appliquées au saut vertical. »
Publications correspondantes : NI5. Morin et Samozino, Sport et Vie, 2010
I10. Samozino et al., J Biomech, 2008
I18. Samozino et al., J Theor Biol, 2010
I30. Samozino et al., Med Sci Sport Exerc, 2011
Nicolas Peyrot
Doctorat en Motricité Humaine, Université de Saint‐Etienne (2009)
Thèse : « Coût métabolique et biomécanique de la marche chez l’adolescent obèse »
Publications correspondantes : I13. Peyrot et al., J Appl Physiol, 2009
I19. Peyrot et al., Med Sci Sport Exerc, 2010
I33. Peyrot et al., Med Sci Sport Exerc, En révision

Co‐encadrement de Post‐Doctorat

2010

Katja Tomazin
Docteur en Sciences du Sport, Université de Ljubjana, Slovénie
Thème : « Fatigue neuromusculaire à l’exercice d’ultra‐endurance et de sprint »
Publications correspondantes : I29. Tomazin et al., Eur J Appl Physiol, 2011

Directions de Master 2° année

2005 ‐ …

Pierre Giorgio, Master 2 Pro. Ergonomie et Ingénierie du Sport (2007)
Publications correspondantes : I11. Giorgio et al., J Strength Cond Res, 2009
Damien Fournet, Master 2 Rech. Exercice Sport Santé Handicap (2008)
Nuno Tinoco, Master 2 Pro. Ergonomie et Ingénierie du Sport (2009)
Publications correspondantes : NI3. Tinoco et al., J Sports Eng Technol, 2010
Thibaud Jeannin, Master 2 Rech. Exercice Sport Santé Handicap (2005)
Publications correspondantes : I6. Morin et al., Int J Sports Med, 2006
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PARTIE 2
SYNTHESE DES TRAVAUX
DE RECHERCHE

Les méthodes, résultats et publications de Robert McNeill Alexander (dont l’ouvrage « Principles of
Animal Locomotion ») ont particulièrement influencé nos travaux.
Plus encore, la philosophie illustrée dans les propos ci-dessous issus d’une interview R.M.
Alexander (Q&A, Current Biology, 2006, R519-20) correspond à notre philosophie de travail et à notre
approche de la biomécanique.

« The simpler the model, the clearer it is which of its features is
essential to the calculated effect. »

Robert McNeill Alexander,
Emeritus Professor,
University of Leeds, UK

Have you any hints for newcomers to the field?
« Use simple mathematical models for clarifying arguments and
generating hypotheses. »
« Don’t try to make your model as complex as the animal it
represents: you will never succeed. »
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« Du 100-m (ou moins…) au 100-km (ou plus…) »

Les travaux dont la synthèse suit ont été effectués à l’Université de Saint-Etienne (équipes d’accueil
« Physiologie et Physiopathologie de l’Exercice et Handicap – PPEH » puis « Laboratoire de
Physiologie de l’Exercice – LPE »), ainsi qu’au Département des Sciences et Technologies
Biomédicales de l’Université d’Udine (Italie) dans le cadre d’une collaboration scientifique avec le Pr
Pietro di Prampero. Ils ont été menés en collaboration et sous l’encadrement des Professeurs Alain
Belli (directeur de cette HDR) et Guillaume Millet, dans le cadre de mes activités de Maître de
Conférences (depuis 2005) et notamment dans l’encadrement scientifique de deux étudiants en
Doctorat, Mrs Pierre Samozino et Nicolas Peyrot (Université de Saint-Etienne).

Le thème central de nos travaux a été l’étude de la biomécanique de la locomotion et de la
performance en course d’endurance, de sprint et en saut, grâce au développement et à la
validation d’outils, de méthodes de calcul et de mesure innovants. Ce dernier point est à notre sens
la valeur ajoutée principale de nos recherches. Ainsi, des problématiques actuelles de notre champ
scientifique ont pu être abordées et des données nouvelles mises en avant par cette utilisation d’outils
et méthodes innovants. Ce fait a été illustré par exemple par les mentions faites lors des expertises de
nos articles par nos pairs, qui relèvent très souvent l’aspect innovant des méthodes utilisées et la
nouveauté des données ainsi mises en avant.
Cette synthèse abordera nos travaux à travers la présentation de ces outils et méthodes de mesures
biomécaniques innovants (Partie 2.1.), puis à travers la présentation des principales études
d’application / utilisation que nous avons faites, et qui nous ont permis l’exploration de la locomotion
humaine et de la performance dans des contextes aussi variés que la course à pied à vitesse sousmaximale et d’ultra-endurance (Partie 2.2.), le sprint en course à pied (Partie 2.3.) et les mouvements
balistiques « explosifs » et notamment le saut vertical (Partie 2.4.).
Dans tous ces domaines d’application, notre but était non seulement de mieux comprendre la
biomécanique de la locomotion et les facteurs de la performance, mais aussi d’expliquer le lien entre
les capacités de production mécanique des membres propulseurs (essentiellement les membres
inférieurs) en termes de force, vitesse, puissance, travail mécanique ou raideur, et les caractéristiques
mécaniques globales du geste étudié dans son contexte de pratique physique et sportive, souvent très
spécifique, parfois extrême, et éloigné des conditions de locomotion « habituelles ».
NOTA : pour des raisons de clarté et de concision du document, et dans la mesure où toutes les études
présentées ont fait l’objet de publications (acceptées ou en cours d’expertise ou révision), seuls les
éléments essentiels des problématiques, méthodes, résultats et conclusions des études présentées
seront abordés ici. Toutes les publications présentées dans ce Tome 1 sont disponibles en version
intégrale publiée dans le Tome 2, de même que les autres travaux publiés depuis l’obtention de mon
Doctorat (2004).
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2.1. DEVELOPPEMENT DE MODELES, METHODES
SIMPLES ET OUTILS DE MESURE INNOVANTS
“La semplicita’ costituisce l’ultima sofisticazione”
(Leonardo da Vinci)

Au cours des dix années de travaux réalisés à l’Université de Saint-Etienne (dont sept depuis
l’obtention du Doctorat), nous avons développé des outils et méthodes de mesure et d’étude
de la locomotion humaine qui ont eu systématiquement comme objectif les points suivants :
•

permettre la mesure de paramètres jusqu’ici techniquement impossibles à obtenir hors
l’usage d’ergomètres lourds et/ou coûteux,

•

conférer à ces méthodes de calcul un aspect mathématique relativement simple, et
ainsi les rendre abordables par le plus grand nombre de chercheurs et praticiens du
mouvement et de la performance,

•

faire que les variables d’entrée des calculs proposés soient des données
anthropométriques et biomécaniques du mouvement relativement simples à obtenir,
afin que les méthodes proposées permettent (i) des mesures en conditions de terrain et
(ii) d’envisager le développement d’outils de mesure simples et innovants.

Ces deux derniers points, visant la simplicité des calculs et leur possibilité à partir de données
de terrain nous sont particulièrement chers dans la mesure où ils permettent d’étendre la
possibilité d’étude de la locomotion humaine et de la performance hors du laboratoire, et à un
coût moindre que celui impliqué par l’utilisation de méthodes et outils « classiques » pris en
référence.
2.1.1. Méthode simple de calcul des propriétés masse-ressort en
course à pied
Morin JB, Dalleau G, Kyrölainen H, Jeannin T, Belli A.
A simple method for measuring stiffness during running.
J Appl Biomech. 21(2); 167-180, 2005.
Collaborations : G. Dalleau (Univ. La Réunion) ; H. Kyrölainen (Univ. Jyväskylä, Finlande)
Financements : Equipe d’Accueil PPEH
Etudiants encadrés : T. Jeannin, Master 1 STAPS

Cette méthode de calcul publiée en 2005 a fait partie des travaux de fin de thèse de Doctorat.
Elle a été la base de travaux réalisés en suite de l’obtention du Doctorat (thèse soutenue en
décembre 2004) et fait le lien entre mes travaux de Doctorat et ceux présentés en vue
d’obtenir l’Habilitation à Diriger des Recherches.

Habilitation à Diriger des Recherches, JB Morin

18

Partie 2 : Synthèse des travaux de recherche

Problématique / buts
Lors de la course à pied, le comportement mécanique du membre inférieur en termes de
production de force au sol est similaire à celui d’un système masse-ressort (le ressort
bondissant vers l’avant sur le sol, chargé par la masse totale du système). Ce modèle « masseressort » a été développé à partir des années 1989-1990 lorsque les mesures de force de
réaction du sol en bondissements verticaux, vers l’avant ou en course on permis d’observer
que le comportement mécanique du coureur (notamment la production de force au sol) et de
son membre inférieur étaient très proches de ceux d’un système masse-ressort (Blickhan
1989). La solidité de cette analogie mécanique a été objectivée par la relation quasi-linéaire au
cours de la phase d’appui entre force de réaction du sol / variation de longueur du membre
inférieur (Figure 1). Ce phénomène a été ensuite montré dans de nombreuses publications sur
le rebond vertical, le bondissement et la course, chez l’Homme ou l’animal (e.g. Alexander
1992, 2005; Brughelli et Cronin 2008a; Cavagna et Legramandi 2009; Farley et al. 1993;
Kram et Dawson 1998), et le modèle masse-ressort est reconnu depuis comme un modèle
acceptable pour décrire et interpréter le pattern mécanique de la course (Dickinson et al. 2000;
McMahon et Cheng 1990; Saibene et Minetti 2003). Bien que des travaux visent
régulièrement à le discuter ou l’améliorer (e.g. Arampatzis et al. 1999; Blum et al. 2009;
Bullimore et Burn 2006, 2007; Minetti 1998), il présente l’avantage d’être intégratif, et de
regrouper sous un nombre de paramètres restreints, l’ensemble des phénomènes complexes
neuromusculaires, tendineux et articulaires qui sous-tendent la locomotion de course (Farley
et Ferris 1998).

Figure 1. Gauche : signaux typiques de force verticale de réaction du sol (GRF) et de déplacement vertical du
centre de masse (CM) en fonction du temps lors d’un appui de course à 2,5 m/s à une fréquence de pas
librement choisie. Droite : relation linéaire force-déplacement obtenue à partir des mêmes données. La pente
de la relation traduit la raideur du ressort « chargé » par la masse du coureur.
Modifié d’après Farley et Gonzalez 1996.
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Un des principaux paramètres alors étudiés pour
caractériser le comportement mécanique de ce système
masse-ressort est la raideur du « ressort membre
inférieur » ou kleg. Cette raideur est communément
mesurée comme le rapport entre la force maximale de
compression du ressort Fmax (soit en course la force
maximale de réaction du sol) et la variation maximale de
longueur du ressort ΔL (soit en course la différence entre
la longueur du membre inférieur au début du contact et
celle au milieu du contact quand le centre de masse est au

Figure 2. Représentation schématique
du modèle masse-ressort en course à
pied.

plus bas) :
kleg = Fmax.ΔL-1
De plus, la notion de « raideur verticale » kvert a été introduite pour traduire plus
spécifiquement non plus le comportement du ressort membre inférieur, mais la uniquement la
compression verticale de ce ressort (Farley et Gonzalez 1996; McMahon et Cheng 1990).
La raideur verticale est obtenue en divisant la force verticale maximale par le déplacement
vertical maximal du centre de masse (Δz), les deux phénomènes apparaissant quasi
simultanément au milieu de la phase d’appui (Figure 1) :
kvert = Fmax.Δz-1
Or pour effectuer des mesures de kleg et kvert, il est nécessaire de mesurer la force de réaction
du sol lors de l’appui de course, et de mesurer / calculer la déformation du membre inférieur
(voir pour revue Brughelli et Cronin 2008b). Jusqu’alors, ceci avait été réalisé par l’emploi de
plates-formes de force ou de tapis instrumentés, avec parfois l’ajout d’analyse vidéo haute
fréquence (e.g. Arampatzis et al. 2001; Farley et al. 1993; He et al. 1991). Ceci limitait
évidemment les mesures de raideur et l’étude du comportement masse-ressort lors de la
course à (i) une analyse de un à quelques pas, (ii) en conditions de laboratoire principalement
et (iii) au moyen d’outils lourds et/ou couteux.
Le principal but de cette étude était donc de proposer une méthode de calcul permettant
d’obtenir kleg, kvert et d’autres paramètres du modèle masse-ressort à partir de variables
biomécaniques simples, et permettant (i) de s’affranchir de l’utilisation de dynamomètres
lourds et coûteux, et (ii) d’envisager des études de la course à pied en condition de pratique, et
non plus seulement en conditions de laboratoire.
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Méthodes
La méthode de calcul proposée est basée sur une modélisation du signal de force verticale de
réaction du sol lors de l’appui de course par une fonction sinus simple (Figure 3). Ce type de
modélisation mathématique du comportement biomécanique lors de la course ou du
bondissement avait été proposé notamment par R. Blickhan (1989) et d’autres auteurs pour
caractériser le bondissement chez l’animal (kangourous notamment) (Kram et Dawson 1998),
et a été à la base d’une méthode simple publiée par G. Dalleau et al. (2004) pour calculer la
raideur du membre inférieur lors de sauts verticaux.

Figure 3. Droite : Modèle masse-ressort en course. Le
déplacement vertical du centre de masse et la force verticale sont
assimilés à ceux d’un système oscillant masse-ressort, i.e. le
tracé de force en fonction du temps lors du contact (tc) est de
type sinusoïdal. D’après Blickhan, 1989. Bas : Tracé typique de la
force verticale mesurée et calculée selon le modèle sinus en
fonction du temps. Sujet de 79 kg à une vitesse de 14 km/h.

La méthode que nous avons proposée est un développement de cette dernière méthode simple
pour l’étude de la course à pied. Les équations finales donnent notamment kleg et kvert à
partir de cinq variables biomécaniques relativement simples à obtenir : le temps de contact
lors de l’appui (tc en s), le temps de vol entre chaque appui (tv en s), la longueur du membre
inférieur (grand trochanter - sol) en position anatomique de référence (L en m), la masse du
coureur (m en kg) et sa vitesse moyenne de déplacement lors du pas (v en m/s) :

F max
kleg =
ΔL

avec

π ⎛ tv ⎞
F max = mg ⎜ + 1⎟
2 ⎝ tc ⎠

2

et

⎛ vtc ⎞
ΔL = L − L − ⎜
⎟ + Δz
⎝ 2 ⎠
2

La variable Δz (déplacement vertical maximal vers le bas du centre de masse au cours de
l’appui) étant calculée ainsi :
Δz = −

F max tc 2
tc 2
+
g
m π2
8
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Des mesures ont ensuite été effectuées chez 18 sujets à des vitesses de course allant de 12 à
24 km/h sur tapis roulant dynamométrique et de 14 km/h à la vitesse maximale de sprint sur
plate-forme de force. Ces données obtenues sur plate-forme de force ont permis d’étendre le
test et éventuellement la validité de la méthode proposée aux vitesses maximales de course.
Elles ont été collectées et fournies par l’équipe finlandaise de l’Université de Jyväskylä (Pr H
Kyrolainen). En tout, environ 550 pas de course ont été analysés et ont servi de base de
comparaison statistique entre la méthode de référence et la méthode de calcul simple
proposée.

Principaux résultats et conclusions
Les résultats montrent une validité de la méthode proposée, pour le calcul de kleg, kvert mais
également des variables qui les composent, avec un biais absolu moyen faible à très faible
(0.67 à 6.93 % en moyenne selon les variables calculées), ainsi que des régressions linéaires
significatives et très élevées pour toutes les variables calculées, avec une orientation très
proche de la droite d’identité. De plus, nous avons constaté que la validité globale de la
méthode est d’autant meilleure que la vitesse de course est élevée.
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Figure 4. Gauche : Régression linéaire entre valeurs de référence de kleg et obtenues par la méthode simple.
Droite : même chose pour kvert. Ces données ont été obtenues sur tapis roulant, des résultats identiques ont été
obtenus sur les données de plate-forme de force.

En conclusion, cette méthode rend possible la mesure des paramètres masse-ressort dont la
raideur du membre inférieur lors de la course, à partir de variables biomécaniques d’entrée
simples et relativement aisées à obtenir en conditions de terrain (hors du laboratoire) et/ou
sans dynamomètres. Ces conclusions permettent d’entrevoir des études de la locomotion et de
la performance dans des contextes de mesures jusqu’alors inenvisageables, notamment au
plus proche des conditions réelles de pratique. Le principal intérêt de cette méthode
(simplicité et non-nécessité d’outils d’analyse dynamométrique ou vidéographique) a
d’ailleurs été pointé dans une revue de littérature récente des différentes approches de la
raideur musculo-tendineuse (Brughelli et Cronin 2008b).
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2.1.2. Tapis instrumenté pour l’étude des forces au sol en sprint
Morin JB, Samozino P, Bonnefoy R, Edouard P, Belli A.
Direct measurement of power during one single sprint on treadmill.
J Biomech. 43; 1970-1975, 2010.
Collaborations : Medical Developpement, HEF Tecmachine (Andrézieux-Bouthéon, France)
Financements : Equipe d’Accueil LPE
Etudiants encadrés : -

Cette validation a été publiée en 2010 et représente une évolution d’un outil innovant déjà
utilisé par le LPE (e.g. Avogadro et al. 2003, 2004; Divert et al. 2005a, 2005b, 2008). En
effet, nous sommes un des seuls laboratoires au monde à effectuer des recherches à l’aide
d’un tapis instrumenté permettant la mesure des forces de réaction du sol dans les trois
dimensions (bien que de tels outils permettant des mesures en trois dimensions se développent
comme l’attestent des études très récentes (e.g. Heiderscheit et al. 2011)), certains collègues
disposaient de tels outils mais seulement pour la mesure de force verticale (e.g. Kram et
Powell 1989; Weyand et al. 2000, 2010). L’innovation principale a été de permettre au moteur
de ce tapis de fonctionner non seulement en réglage de vitesse constante (mode classique),
mais aussi en réglage à couple constant (qui permet au sujet d’accélérer / décélérer le tapis par
ses actions musculaires). Cette évolution a été réalisée en collaboration entre le LPE (Pr A
Belli, R Bonnefoy et moi-même) et Médical Développement (HEF Tecmachine, AndrézieuxBouthéon), fabricant du tapis.

Problématique / buts
Jusqu’alors, l’exploration de la locomotion de sprint et notamment les productions de force,
vitesse et puissance mécanique n’était possible que sur des tapis roulant sur lesquels les sujets
accéléraient la bande du tapis, tout en étant retenus par l’arrière via une longe qui incluait un
capteur de force (e.g. Cheetham et al. 1985; Chelly et Denis 2001; Falk et al. 1996; Jaskolski
et al. 1996; Lakomy 1987a; Nevill et al. 1989). Ce type de système a vu le jour en fin des
années 1980 (Belli et Lacour 1989; Lakomy 1987a), et présentait quelques limites, dont la
principale était que la mesure de la puissance se faisait à partir de la vitesse développée au
niveau du pied (vitesse de la bande roulante) et de la force de traction mesurée entre le sujet et
la structure d’ancrage de la longe qui le retenait. Au-delà du problème d’angle de la longe qui
n’était pas strictement horizontale lors du mouvement (malgré une correction apportée par la
mesure de cet angle), la puissance de propulsion produite dans la direction horizontale
(instantanée ou moyenne pour chaque poussée) n’était pas précisément mesurée car (i) ses
deux composantes de force et vitesse n’étaient pas mesurées au même point, et (ii) les
fréquences d’échantillonnage étaient relativement basses (25 à 100 Hz).
Habilitation à Diriger des Recherches, JB Morin

23

Partie 2 : Synthèse des travaux de recherche

Par ailleurs, des tapis roulants instrumentés ont été développées dès la fin des années 1990
(e.g. Belli et al. 2001; Kram et Powell 1989), et, par leur montage sur des plates-formes de
forces ou des capteurs de forces, ont permis de mesurer de façon précise les forces de réaction
du sol lors de la marche et de la course, dans la dimension verticale seulement (Kram et
Powell 1989), ou dans les trois dimensions (Belli et al. 2001). Cependant, ce type de tapis
permet une course à allure constante, jusqu’à des vitesses élevées (25 km/h) mais ne permet ni
d’atteindre des vitesses constantes de sprint (30 à 40 km/h environ), ni de produire des
accélérations typiques de celles du sprint.
Ainsi le principal but de cette étude était de présenter et valider un tapis instrumenté
permettant la mesure des forces de réaction du sol (et donc la puissance propulsive dans la
direction horizontale) lors du sprint, en levant certaines limites des méthodologies existantes.

Méthodes
Le tapis de sprint permet, par son asservissement du moteur en couple constant (Moteur
Brushless, 4kW, précision du réglage du couple de 0,01 N.m), au sujet de partir d’une
position immobile et d’accélérer la bande par ses actions musculaires, de la même façon que
sur le terrain. Le sujet est attaché par la taille à un mur par l’arrière, et les forces verticale et
horizontale (FV et FH en N) sont enregistrées à une fréquence de 1000 Hz. De même, la
vitesse de la bande du tapis (V en m/s) est mesurée et permet le calcul de la puissance
produite dans la direction horizontale (P en W ou W/kg) :
P = V.FH
Figure 5. Le système est composé d’une longe
inextensible (1) d’environ 2 m, qui relie le sujet au mur
via une ceinture ajustable (2) et un rail d’attache (3) qui
permet de régler l’horizontalité de la longe. Force et
vitesse sont mesurées au niveau du pied (4).

2
3

1

4

Le réglage du couple moteur « par défaut » est réalisé pour chaque individu comme proposé
dans de précédentes études utilisant des tapis de sprint motorisés (Chelly et Denis 2001; Falk
et al. 1996; Jaskolska et al. 1999a; Jaskolski et al. 1996). Ce couple moteur est indispensable
et permet de compenser (i) la forte inertie du tapis s’il n’est pas motorisé et surtout (ii) les
frottements dus au poids du sujet sur la bande du tapis. En effet à chaque appui, le poids du
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sujet induit un frottement de la bande du tapis sur la plaque métallique rigide située sous elle,
et induit une décélération qu’il faut compenser. Le couple par défaut est réglé en plaçant le
sujet immobile au milieu de la bande du tapis et en augmentant progressivement la valeur du
couple moteur jusqu’à observer un déplacement du sujet d’environ 2 cm sur 5 s.
Une première série de données a été obtenue chez 12 sujets étudiants en éducation physique et
non spécialistes de sprint, et a permis (i) de comparer les données de force, vitesse et
puissance à celle de la littérature, (ii) de tester la reproductibilité de l’outil et (iii) de comparer
les données de puissance obtenues en ne réalisant qu’un seul sprint contre la charge par défaut
(réglage du couple moteur par défaut) versus en considérant les données de plusieurs sprints
réalisés contre des charges plus faibles (couple moteur plus élevé : 120% de la valeur par
défaut) et plus élevées (couple moteur plus faible : 80% de la valeur par défaut). Ce dernier
point avait pour but de savoir si un seul sprint était suffisant pour obtenir les données
caractéristiques des capacités de production de puissance maximale en sprint d’un sujet
donné.

Principaux résultats et conclusions
Les signaux typiques de force verticale, horizontale, de vitesse et de puissance en fonction du
temps sont cohérents avec ceux reportés jusque-là (Chelly et Denis 2001). De plus, les valeurs
des principaux paramètres étudiés étaient très cohérentes avec celles jusqu’alors reportées
(Chelly et Denis 2001; Lakomy 1987a, 1987b), mais elles présentent l’avantage d’avoir été
obtenues par des mesures plus proches de la réalité biomécanique du mouvement et avec une
précision plus importante. L’autre avantage de cette méthode est qu’elle permet d’obtenir des
valeurs moyennes pour chaque phase de propulsion (i.e. chaque pas), comme le montre la
Figure 6. Ce dernier point est important dans la mesure où les valeurs moyennées de tels

paramètres mécaniques sont intéressantes et utiles pour une bonne analyse de l’effort produit,
comparées aux seules valeurs instantanées (Andrews 1983; Martin et al. 1997). Les relations
linéaires force-vitesse (F-V) obtenues (Figure 6) sont conformes d’une part à celles
rencontrées dans les exercices de saut avec charges (e.g. Rahmani et al. 2001; Yamauchi et
Ishii 2007) et d’autre part à celles mises en avant lors de sprints multiples contre charges
différentes (e.g. Seck et al. 1995; Vandewalle et al. 1987) ou sprints uniques (Arsac et al.
1996; Dorel et al. 2010; Morin et al. 2002). Enfin, ce type de relation F-V est conforme à
celles mises en avant par Jaskolska et al. (1999a; 1999b) lors de sprints répétés sur tapis
roulant instrumenté, mais cette fois obtenue lors d’un sprint unique.
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Figure 6. Haut : valeurs moyennes typique de force
horizontale (points noirs), vitesse (points blancs) et
puissance (points gris) pour chaque phase de contact
d’un sprint court sur le tapis instrumenté.
Bas : relation linéaire force-vitesse obtenue à partir
des données de force et vitesse présentées dans la
partie haute de la figure.

La puissance maximale produite n’était pas différente en comparant un seul sprint à la charge
par défaut et plusieurs sprints à des charges supérieures et inférieures, ce qui permet des
mesures et une évaluation des capacités de production de puissance par les membres
inférieurs en sprint en ne réalisant qu’un seul effort (Tableau 1). En effet, si les forces et
vitesses maximales atteintes diffèrent significativement, et de façon logique en fonction des
charges : force plus élevée et vitesse plus faible contre la charge élevée et vice versa, les
puissances maximales ne diffèrent pas significativement, et restent très proches entre les
conditions de charge. De même, les relations linéaires F-V (pentes et ordonnées à l’origine)
ne différaient pas entre le sprint contre la charge par défaut et les données cumulées des trois
sprints.
Tableau 1. Valeurs de puissance, vitesse et force maximales pour les
trois charges comparées : charge élevée (80% du couple par défaut),
charge par défaut, et charge faible (120% du couple par défaut).

Pa ram è tre
P m ax (W /kg)
V m ax (m /s)
F m ax (N)
a
b

Ch arge

M oy. (ET )

Elevée
D e fa u t
Fa ible
Elevée
D e fa u t
Fa ible
Elevée
D e fa u lt
Fa ible

2 2 ,1
2 2 ,2
2 1 ,9
5 , 11
5 , 47
5 , 91
4 71
4 50
4 31

(3 ,9 )
(3 ,2 )
(3 ,9 )
(0 ,3 2 ) a
(0 ,3 1 )
(0 ,4 6 ) a ,b
(7 0 )
(6 6 )
(7 2 ) b

Ete ndu e
17 , 3
17 , 0
16 , 7
4, 6 6
5,0 8
5, 2 1
369
361
358

-

3 1, 3
2 9, 4
2 9, 5
5 ,7 6
6 ,2 1
6 ,7 0
5 73
5 66
5 72

: s ig nificat ive ment différent de la con dition c ouple par défau t
: s ig nificat ive ment différent de la con dition c harge élevée
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Ces derniers points montrent qu’une évaluation fiable de la production de force, vitesse et
puissance en sprint ainsi que du profil force-vitesse d’un sujet peut être menée en ne réalisant
qu’un seul effort de sprint de 6 s. Enfin, la méthode a montré une bonne reproductibilité, avec
des coefficients de corrélation intraclasse très élevés entre deux essais (r > 0,9). Les
expérimentations réalisées montrent en revanche qu’une session de familiarisation complète
comprenant une dizaine de sprints d’intensités croissantes est nécessaire pour les sujets avant
une acquisition de données représentatives.
Les perspectives ouvertes par ce nouvel outil sont très nombreuses, notamment vers une
meilleure connaissance et une meilleure évaluation des capacités de production de force,
vitesse et puissance en sprint, mais également vers une meilleure détermination des facteurs
physiologiques, biomécaniques et neuromusculaires de la performance dans trois grands types
d’efforts : le sprint court, le sprint long et les sprints répétés. Ces derniers points peuvent
trouver des applications innovantes dans la gestion de l’entraînement sportif notamment.

2.1.3. Méthode simple de calcul de force, vitesse et puissance en
saut vertical
Samozino P, Morin JB, Hintzy F, Belli A.
A simple method for measuring force, velocity and power output during squat jump.
J Biomech. 41; 2940-2945, 2008.
Collaborations : Financements : Equipe d’Accueil LPE
Etudiants encadrés : Pierre Samozino (Doctorant)

Cette méthode de calcul a fait partie des travaux de thèse de Doctorat de Pierre Samozino,
pour laquelle j’ai été co-encadrant et membre du jury (thèse soutenue en novembre 2009), elle
s’inscrit dans la lignée des « simple methods » présentées auparavant par notre groupe de
recherche sous l’impulsion du Pr Alain Belli, et suivant la philosophie présentée en
introduction (Dalleau et al. 2004; Morin et Belli 2004; Morin et al. 2005).

Problématique / buts
L’exploration des capacités musculaires et fonctionnelles des membres inférieurs (principaux
membres propulseurs de la locomotion humaine et de la performance dans de nombreuses
disciplines) a souvent été réalisée en conditions de terrain au moyen de tests simples de
mesure de la hauteur atteinte lors de sauts verticaux maximaux (e.g. Bosco 1992; Bosco et al.
1983; Vandewalle et Friemel 1989). Au-delà du fait qu’ils permettent de s’affranchir des
outils de laboratoire et notamment des plates-formes de force, ce type de test a le double
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avantage de permettre une évaluation simple et facile à mettre en œuvre par le plus grand
nombre, et de faire appel à un geste (extension maximale du membre inférieur) impliquant de
nombreux groupes musculaires dans une action globale.
En revanche, jusqu’ici seule la hauteur de saut était directement mesurée lors d’un saut unique
en extension maximale à partir d’une position de départ immobile genoux à 90° (« Squat
Jump » (SJ). La puissance des membres inférieurs était alors obtenue principalement par des
équations de régression la liant à la hauteur de saut (Bahamonde 2005; Johnson et Bahamonde
1996; Sayers et al. 1999). Ces dernières ont été souvent utilisées et surtout discutées dans la
mesure où elles ne permettent pas une mesure précise de la puissance des membres inférieurs,
et parce qu’elles sont population-dépendantes, d’où leur manque de précision (e.g. Canavan et
Vescovi 2004; Hertogh et Hue 2002; Lara et al. 2006). Enfin, la hauteur de saut atteinte n’est
pas non plus un indicateur précis de la puissance des membres inférieurs dans la mesure où
elle est dépendante de la longueur des membres inférieurs des sujets, et surtout de la distance
sur laquelle ces membres vont se déployer lors de l’extension (distance de poussée). Ainsi
deux sujets ayant des membres inférieurs de longueur différente et donc une distance de
poussée différente pourront atteindre une même hauteur de saut, mais en produisant des
puissances différentes. Enfin, les tests de saut jusqu’ici employés ne permettaient qu’une
estimation de la puissance développée lors de l’extension, sans renseigner sur la force et la
vitesse qui la composaient (la puissance étant le produit de ces deux variables).
Ainsi notre but était de proposer une méthode simple de calcul permettant une estimation
précise de la force, de la vitesse et de la puissance développées par les membres inférieurs lors
d’un saut vertical unique (SJ). La précision de cette méthode de calcul simple a été jugée en
comparaison à des données mesurées par plate-forme de force, qui constitue l’outil standard
de mesure de ce type de paramètre biomécanique.

Méthodes
Cette méthode de calcul est basée sur les lois fondamentales de la dynamique dans des
mouvements d’accélération d’une masse, et prend son origine dans le calcul du travail
mécanique total (W) produit par les muscles du membre inférieur lors d’une extension
maximale. Lors de cette extension (Figure 7), le centre de masse passe d’une hauteur hi
(départ immobile) à une hauteur hf (hauteur maximale du saut), cette dernière étant égale à la
somme de hi, la distance verticale de poussée (hpo) et la distance verticale parcourue lors du
vol par le centre de masse (h) :

W = mg(hpo + h) avec m (en kg) la masse du sujet
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Figure 7. Positions caractéristiques, étapes de
calcul et distances correspondantes lors d’un
Squat Jump, du départ immobile genoux à 90°
à l’atteinte de la hauteur maximale par le
centre de masse.
D’après Samozino (2009).

Sur ces bases, les équations finales de cette méthode donnent la force (F en N), la vitesse (V
en m/s) et la puissance (P en W) moyennes produites au niveau du centre de masse pendant la
poussée en fonction de trois variables biomécaniques d’entrée simples : la masse du sujet (m
en kg), sa distance de poussée hpo (mesurée comme la différence entre la longueur du
membre inférieur totalement étendu et hi), et la distance verticale parcourue par son centre de
masse lors de la phase de vol (h en m) :
⎛ h
⎞
F = mg ⎜
+ 1⎟
⎝ hpo ⎠

V=

gh
2

⎛ h
⎞ gh
P = mg ⎜
+ 1⎟
⎝ hpo ⎠ 2

Dans le but de tester la validité de ces équations, la comparaison statistique a été réalisée sur
11 sujets ayant effectué deux sauts valides chacun, entre les données calculées par la méthode
simple proposée et celles mesurées par la méthode de référence utilisant une plate-forme de
force. Les sujets ont en effet réalisés les SJ sur cette plate-forme (Kistler 9281B, Winterthur,
Suisse), qui a permis la mesure de la force verticale, la vitesse verticale (obtenue par
intégration du signal d’accélération verticale) et la puissance moyennes sur la poussée à partir
de données instantanées échantillonnées à 2000 Hz.

Principaux résultats et conclusions
Les résultats montrent un biais absolu moyen de 1,74 à 2,88 % selon le paramètre considéré
(force, vitesse ou puissance), et des régressions linéaires significatives et très élevées (r >
0,98 ; P < 0,01) entre les deux séries de données comparées, et dont les pentes n’étaient pas
différentes de 1 et les ordonnées à l’origine pas différentes de 0.
Ces points ajoutés aux analyses de Bland et Altman (1986) (Figure 8) montrent la très bonne
précision de mesure de cette méthode, et confirment sa validité en comparaison à la méthode
de référence. La reproductibilité de la mesure était également très élevée (erreurs
standardisées de la mesure similaires entre les deux méthodes : 2,56 à 6,35 % selon le
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paramètre, et coefficients de corrélation intraclasse élevés et similaires entre les deux
méthodes : 0,85 à 0,94).

Figure 8. Graphiques de Bland et Altman pour les valeurs de force (gauche), vitesse (milieu) et puissance (droite)
comparées entre la méthode simple validée et la méthode de référence (plate-forme de force).
D’après Samozino 2009.

En conclusion, cette méthode rend possible une détermination de la puissance moyenne, mais
aussi de ses composantes de force et de vitesse lors d’un saut vertical maximal (Squat Jump),
à partir de variables biomécaniques simples (masse, distance de poussée et hauteur du saut).
Sa précision et sa reproductibilité sont comparables à celles d’outils de laboratoire, seuls
permettant ce type de mesure jusqu’alors. Les perspectives ouvertes par cette méthode sont
une amélioration de l’évaluation de la fonction musculaire de production de puissance, et une
investigation des contributions relatives de qualités de production de force et de vitesse dans
des conditions de terrain.

NOTA : deux autres méthodes simplifiées ont fait l’objet de travaux mais à l’heure actuelle,
elles n’ont pas trouvé d’applications directes parmi nos propres travaux. L’une permet une
correction des mesures de puissance en bicyclette ergométrique par l’ajout a posteriori de la
part de puissance due à l’inertie du volant1, et l’autre rend possible une estimation du coût
énergétique du sprint (paramètre jusqu’ici impossible à mesurer directement) à partir des
caractéristiques cinématiques de l’accélération produite2. Cette dernière, développée en
collaboration avec des collègues de l’Université d’Udine (Italie), devrait trouver
prochainement des applications intéressantes avec l’utilisation du tapis instrumenté de sprint
présenté ci-dessus.
1

Morin J-B, Belli A. A simple method for measurement of maximal downstroke power on friction-loaded cycle
ergometer. Journal of Biomechanics, 37 : 141-145. 2004

2

DiPrampero PE, Fusi S, Sepulcri L, Antonutto G, Morin J-B, Belli A. Sprint running: a new energetic
approach. Journal of Experimental Biology, 208 : 2809-2816. 2005
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2.2. APPLICATION A L’ETUDE DE LA LOCOMOTION ET
DE LA PERFORMANCE EN COURSE A PIED
Cette étude de la course à pied à allure sous-maximale et d’ultra-endurance a été menée en
trois temps. Nous avons d’abord abordé un point plus fondamental qu’appliqué visant à
éclaircir le rôle de la variable de temps de contact dans la détermination de la raideur du
système masse-ressort (partie 2.2.1.). Nos recherches se sont ensuite focalisées sur
l’adaptation du pattern de course (dont le comportement masse-ressort) dans les conditions
spécifiques de fatigue en course d’orientation (partie 2.2.2.) et d’ultra-endurance : chez un
coureur ayant parcouru la distance Paris-Pékin, lors d’un 24-h simulé en laboratoire ou lors
d’une épreuve de 166-km en conditions de compétition en montagne (partie 2.2.3.). De plus,
ces dernières études et notamment le protocole de 24-h en laboratoire ont fait naître de
interrogations méthodologiques sur les influences éventuelles de la biopsie musculaire et des
consignes de mesures données au sujet. Ces deux points méthodologiques qui ont découlé des
études précédentes ont été abordés dans deux études spécifiques (partie 2.2.4.). Enfin, la
méthode de calcul simple des paramètres masse-ressort présentée en partie 2.1.1. a fait l’objet
d’un développement d’outil de mesure en par la société suisse Myotest SA. Ce projet de
recherche appliquée est abordé en partie 2.2.5.

2.2.1. Importance du temps de contact dans la raideur en course
Morin JB, Samozino P, Zameziati K, Belli A.
Effects of altered stride frequency and contact time on leg-spring behavior in human running.
J Biomech. 40; 3341-3348, 2007.
Collaborations : Financements : Equipe d’Accueil PPEH
Etudiants encadrés : -

Problématique / buts
La littérature concernant le modèle masse-ressort et la raideur en course à pied a montré le
lien étroit entre la fréquence de pas adoptée par un coureur et la raideur de son système
masse-ressort kleg (McMahon et Cheng 1990). Ainsi, contrairement à la vitesse de
déplacement dont les changements n’induisent pas de variation de kleg (Farley et al. 1993;
Farley et Gonzalez 1996; McMahon et Cheng 1990), des augmentations de fréquence de pas à
vitesse constante induisent une augmentation de kleg, comme clairement montré par Farley et
Gonzalez (1996). Or la fréquence de pas (f) est déterminée par deux variables : le temps de
contact du pied au sol (tc) et le temps de vol (tv) selon la formule suivante : f = 1/(tc + tv).
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Ainsi il est théoriquement possible d’obtenir des variations de f en faisant varier tc ou tv seuls,
ou ces deux paramètres à la fois. Or l’étude de Farley et Gonzalez (1996) ne distinguait pas tc
de tv dans la variation globale de f.
Cette distinction a cependant du sens pour deux raisons. Premièrement, le temps de contact a
été avancé comme primordial dans l’énergétique de la locomotion car il détermine le « taux
d’application de force » lors de la locomotion bipède ou quadrupède chez de nombreux
animaux, du rat de 30 g (Dipodomys merriami) au poney de 140 kg (Equus caballus), en
passant par l’Homme (Alexander et Ker 1990; Kram et Taylor 1990). En effet, pour une
même force appliquée au sol lors d’un pas de course (e.g. 2 fois le poids du corps), plus le
temps de contact (soit le temps disponible pour les actions musculaires produisant cette force)
est court, plus le « taux d’application de force » ou « rate of force application » sera élevé, et
inversement (Kram et Taylor 1990; Roberts et al. 1998). Ensuite, notre étude de 2005 (Morin
et al. 2005) présentée en partie 2.1.1. a testé la sensibilité du modèle de calcul simple de la
raideur du membre inférieur. Cette analyse de sensibilité (Figure 9) a montré que la variable
d’entrée tc avait une influence majeure sur kleg calculée (poids de la variable d’environ 1
pour 2,5 : 10 % de variation de tc induisent dans le modèle ~25 % de variation de kleg),
contrairement à tv dont l’influence dans les équations était négligeable.

Variation de k leg (%)

30
tc

20

tv

masse

Figure 9. Analyse de sensibilité du
modèle de calcul de la raideur, montrant le
poids théorique du temps de contact sur la
raideur kleg calculée.
Modifié d’après Morin et al. 2005.
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Ainsi, les buts de cette étude étaient (i) de vérifier expérimentalement ces prédictions du
modèle et (ii) distinguer l’influence de tc seul par rapport à celle de f sur kleg. Le protocole
proposé a permis de séparer les effets de tc de ceux de f, en contrôlant tour à tour chacune de
ces variables.

Méthodes
Dix sujets masculins ont couru à la vitesse constante de 12 km/h sur le tapis roulant
instrumenté pour des séries de courses de 2 min dans les conditions présentées dans le
Tableau 2. Ces conditions ont permis d’isoler l’effet du temps de contact seul de celui de la

fréquence de pas, cette dernière étant contrôlée et fixée à la valeur naturellement choisie par
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les sujets, avec une consigne de temps de contact raccourci ou rallongé dans les conditions
« vari-tc », alors qu’elle variait dans de -30 à +30 % de cette valeur librement choisie dans les
conditions « vari-f ». Les différentes fréquences étaient imposées par un signal sonore, et leur
bon respect par les sujets a été contrôlé lors des sessions de course, et vérifié statistiquement a
posteriori (pas de différence entre fréquences imposées par le signal sonore et fréquences
réellement adoptées par les sujets pour chaque condition).
Tableau 2. Détails des conditions de mesure (ordre aléatoire).

Normale
3,33 m/s
Librement
choisie: FCf
(mesurée)

V A R I-f

V A R I -tc

3,33 m/s
0,7 à 1,3 FCf
im posée par
signal sonore

Temps de
contact

Libre

Libr e

Durée

2 min
(1 essai)

2 min par essai
(6 essais)

3,33 m /s
FCf
imposée par
signal son ore
Volontairement
réduit ou
augm enté
3 m in par essai
(2 essais)

Vitesse
Fréquence

Les principaux paramètres mécaniques du pattern de course et du modèle masse-ressort
décrits en partie 2.1. ont été échantillonnés à une fréquence de 1000 Hz et moyennés pour 10
pas consécutifs.

Principaux résultats / conclusions
La Figure 10 montre les changements typiques dans les signaux de GRF verticale et de
déplacement vertical du centre de masse lors d’un pas dans les trois conditions de temps de
contact testées. Dans les conditions « tc court » et « tc long », les sujets ont été capables de
réduire leurs tc en moyenne de 14,3 %, et de l’augmenter de 27 %, respectivement. L’ampleur
de ces variations n’était pas contrôlée (et auraient difficilement pu l’être), mais ceci n’était pas
problématique dans la mesure où les données individuelles de variation de kleg en fonction
des variations de tc étaient testées par des régressions linéaires.
Figure 10. Tracés typiques de GRF
verticale et de déplacement vertical du
centre de masse pour un pas dans les
conditions
de
temps
de
contact
« normal », court et long. La vitesse (12
km/h) et la fréquence (fréquence
« naturelle » des sujets) sont contrôlées
dans les trois conditions.
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Le principal résultat montre une régression linéaire significative entre les variations de
fréquence et celles de kleg (r² = 0,47 ; P < 0,05, Figure 11B), confirmant les résultats de
Farley et Gonzalez (1996), mais surtout une régression beaucoup plus forte entre les
variations de tc et celles de kleg (r² = 0,90 ; P < 0,05, Figure 11A). Le coefficient de
détermination monte même à r² = 0,96 lorsque les données de tc des conditions vari-f et varitc sont cumulées (Figure 11C).

Figure 11. Régressions linéaires obtenues entre les
variations de temps de contact (A, conditions vari-f)
ou de fréquence (B, conditions vari-f) et les variations
induites de kleg.
Le graphique C montre l’effet de tc sur kleg lorsque
les données des conditions vari-f et vari-tc sont
cumulées. Pour les trois graphiques, les points noirs
sont les données individuelles et les points blancs les
moyennes pour le groupe

Ces résultats expérimentaux montrent le rôle primordial de tc dans la détermination de kleg en
course, et le fait que le rôle de f jusqu’ici invoqué était sous la dépendance de tc. La fréquence
de pas pouvant être considérée comme un facteur co-variant du changement de tc. En effet,
lorsqu’un sujet modifie f, c’est en partie par une modification de tc, d’où la variation de kleg
observée. La Figure 12 synthétise les liens entre ces variables et le lien entre tc et kleg
lorsque l’effet de tc est isolé de celui de f.
Figure 12. Synthèse des régressions linéaires (r²)
obtenues entre les variations des différentes variables
testées et celles induites de kleg.

Enfin, il est intéressant de noter que la pente de la relation entre les variations de tc et celles
de kleg (Figure 11C) était de -2,06. Ce coefficient traduit le poids de tc sur kleg, et il est très
proche de la valeur présentée dans la Figure 9 décrivant l’analyse de sensibilité du modèle de
calcul théorique de raideur (pente de la relation entre variations de tc et de kleg d’environ 2,19). Cette adéquation entre données théoriques issues du modèle de calcul de kleg et
données expérimentales tend a renforcer (i) la cohérence du modèle de calcul de raideur et sa
« bio-fidélité » et (ii) l’importance de la variable tc dans la détermination de la raideur
d’oscillation du système mass-ressort en course à pied.
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2.2.2. Effets de la fatigue et de la charge cognitive sur le pattern
mécanique en course d’orientation
Millet GY, Divert C, Banizette M, Morin JB.
Running patterns changes due to fatigue and cognitive load in orienteering.
J Sport Sci. 28(2): 153-160, 2010.
Collaborations : Pôle France course d’orientation – Saint-Etienne
Financements : Equipe d’Accueil PPEH
Etudiants encadrés : -

Problématique / buts
La course d’orientation (CO) est une activité physique qui présente la particularité de cumuler
une charge physiologique élevée du fait des courses rapides demandées (Creagh et Reilly
1997; Smekal et al. 2003) et une charge attentionnelle / cognitive conséquente, du fait de la
lecture des cartes, du terrain accidenté, et des prises de décisions constantes (Eccles et al.
2006). Ainsi la performance dans cette discipline requiert une gestion double face à la fatigue
induite par l’effort : celle de l’aptitude cognitive et celle de l’aptitude de course. Il a été
suggéré que l’entraînement et la pratique de la CO permettaient aux athlètes d’améliorer leur
aptitude à réaliser ces deux tâches complexes (cognitive et motrice) simultanément (Creagh et
Reilly 1997; Eccles et al. 2006). Nous pouvons donc formuler l’hypothèse que des orienteurs
de haut niveau ont développé des aptitudes spécifiques à la course et présentent un pattern
biomécanique spécifique, comparé à des débutants ou à des coureurs non-pratiquants de CO.
Cette étude avait donc pour but de simuler une épreuve de CO et ses demandes
physiologiques et cognitives en laboratoire afin d’étudier (i) dans quelle mesure la
biomécanique de la course est modifiée sous l’effet de la réalisation de tâches typiques de CO
(notamment lecture de carte et prise de décision) versus une tâche cognitive standard (calcul
mental), et (ii) si des athlètes élite et non-élite diffèrent dans leurs pattern de course, en
conditions de fatigue, avec et sans la réalisation de ces tâches.

Méthodes
Un groupe de 8 coureurs entraînés qui avaient une expérience de loisir en CO a été comparé à
un groupe de 4 femmes et 7 hommes de niveau national et international (membres du Pôle
France de Saint-Etienne, dont certains médaillés en Championnats d’Europe et du Monde de
CO). Le protocole de simulation a consisté pour chaque sujet à réaliser sept séquences de 8
min de course à une vitesse correspondant à 70 % de sa vitesse à V O2max quantifiée lors
d’une première session de mesures. A l’intérieur de ces séquences, tout en courant, étaient
proposés au sujet dans un ordre aléatoire 1 min 30 de simulation de CO (lecture de carte
typique de CO inconnue au format A4 prise en main, prise d’information et de décision), 1
min de calcul mental (opérations projetées à effectuer et réponse à annoncer, du type a x b - c
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avec des chiffres compris entre 0 et 9), et 1 min de course « normale », i.e. sans aucune charge
cognitive imposée (condition de contrôle). A l’issue de ces 56 min de course, un temps limite
à 85 % de la vitesse à V O2max était réalisé (sans tâche cognitive), à l’issue duquel une
dernière séquence de 8 min à 70 % de la vitesse à V O2max était réalisée (mêmes tâches que
précédemment), par conséquent en condition de fatigue avancée.
L’utilisation d’une tâche de calcul mental versus une tâche de lecture de carte de CO typique
a permis de distinguer la charge cognitive stricte (calcul arithmétique) de la charge globale
représentée par le port plus la lecture d’une carte de CO, afin de distinguer les effets
spécifiques éventuels de ce geste sur le pattern de course.
Les mesures de principaux paramètres du pattern biomécanique de course dont ceux du
système masse-ressort ont été réalisées à l’insu des sujets pendant 20 s au milieu des
séquences de calcul arithmétique (condition MA), de simulation de CO (condition OS) et de
la course normale (condition CONTR). Les données de 10 pas consécutifs ont été moyennées.

Principaux résultats / conclusions
Pour l’ensemble des sujets (sans distinction de niveau), les analyses de variance ont montré
une absence de différence pour tous les paramètres biomécaniques testés entre la condition
calcul mental et la condition normale, mais une différence significative avec la condition OS.
Par exemple, en condition OS, la fréquence de course était plus élevée sous l’effet d’un ratio
temps de contact / temps de pas (ou duty factor) augmenté, la force verticale maximale de
réaction du sol (Fmax), le déplacement vertical du centre de masse lors de l’appui (Δz), et la
raideur du membre inférieur (kleg) était plus faibles (Figures 13 et 14).
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Figure 13. Fréquence de pas et duty factor (ratio du temps de contact sur le temps de pas) au cours des 7
séquences de course (T1 à T7) et après le temps limite (Tall-out) avec tâche cognitive de calcul mental (MA, trait
gris), de simulation de CO (OS, pointillés noirs), et en condition de contrôle (CONTR, trait noir).
*** : différence post-hoc significative (P < 0.001) entre conditions.
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Figure 14. Déplacement vertical du CM (haut),
GRF verticale maximale (milieu), et raideur du
membre inférieur (bas) au cours des 7 séquences
de course (T1 à T7) et après le temps limite (Tallout) avec tâche cognitive de calcul mental (MA,
trait gris), de simulation de CO (OS, pointillés
noirs), et en condition de contrôle (CONTR, trait
noir). *** : différence post-hoc significative (P <
0.001) entre conditions.
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Dans la condition OS (comparée à CONTR), un effet groupe a été trouvé, avec notamment
des différences significatives entre coureurs élite et non-élite pour les changements de
fréquence de pas, de Δz et de Fmax. Ainsi les coureurs élite, en condition OS, montraient une
plus grande diminution de Fmax et de Δz, soit des changements identiques à ceux des
coureurs non-élites quant à leur direction, mais avec des intensités de changements plus
grandes. Enfin aucune interaction entre le temps et le groupe testé n’a été trouvée, ce qui
suggère que l’effet de la fatigue sur le pattern de course (entre OS et CONTR) n’était pas
niveau-dépendant.
En résumé de ces principaux résultats, le pattern biomécanique de course est modifié lors de
la simulation de CO, vraisemblablement à cause du port de la carte et pas de la charge
cognitive associée (les changements observés ne l’ont pas été en condition de course avec
calcul mental). Ces modifications peuvent être interprétées comme permettant de réduire les
oscillations verticales du corps, pour faciliter la lecture de carte, mais aussi dans un contexte
de pratique réelle (bien que pas testée dans cette étude) pour courir de façon plus « prudente »
et ainsi diminuer le risque de blessure pendant la lecture / concentration sur la carte. Les
modifications observées sur ces paramètres de l’oscillation verticale lors de la course (Fmax
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et Δz), bien qu’allant dans le même sens global, étaient d’intensités différentes chez les
coureurs élite, ce qui permet de formuler l’hypothèse que leur expertise a induit un
renforcement de ces changements en condition de lecture de carte par rapport aux nonspécialistes.
En conclusion, les modifications du pattern de course observées en condition de simulation de
CO sont donc vraisemblablement induites par le fait de porter et lire la carte, étaient
significativement plus importants chez les coureurs élite, et vont dans le sens d’une lecture
plus efficace et/ou d’une course plus sûre quant aux risques de blessures. Les effets de la
fatigue sur le pattern de course n’étaient en revanche pas différents entre les groupes.

2.2.3. Etude de la course à pied d’ultra-endurance

Une série d’études sur les paramètres physiologiques, neuromusculaires et biomécaniques de
la performance en course d’ultra-endurance (ultra-marathon et ultra-trail) a été initiée au sein
du LPE en 2006 en collaboration avec le Pr Guillaume Millet. Les collaborations à l’intérieur
de notre équipe mais également avec d’autres équipes nous ont permis d’investiguer de façon
exhaustive ces efforts de très longue durée, dans des conditions de laboratoire et de
compétition. Pour ma part, les études qui vont être décrites dans cette partie avaient pour but
de mieux comprendre les caractéristiques biomécaniques de la locomotion spécifique à
l’ultra-endurance, et les changements de pattern mécanique induits par ces efforts.
Une première approche a été réalisée à travers l’étude de cas d’un coureur ayant réalisé un
périple de course à pied entre Paris et Pékin.
Millet GY, Morin JB, Degache F, Edouard P, Féasson L, Verney J, Oullion R.
Running from Paris to Beijing: biomechanical and physiological consequences.
Eur J Appl Physiol. 107; 731-738, 2009.
Collaborations : Financements : Equipe d’Accueil LPE
Etudiants encadrés : -

Problématique / buts
Hormis les paramètres cinématiques de base du pas de course (temps de contact, fréquence et
longueur de foulée) étudiés lors de courses de marathon (Hausswirth et al. 1997; Kyrolainen
et al. 2000; Nicol et al. 1991), la biomécanique de la course n’avait fait l’objet d’aucun étude
spécifique sur des courses d’ultra-longue distance (ULD, au-delà du marathon). Ce point peut
paraître paradoxal au vu du développement très important de ce type d’épreuves ces dernières
années (Hofmann et al. 2010; Knez et al. 2006), et du fait que l’Homme a été décrit comme
un « coureur né », notre espèce ayant été décrite comme une des plus aptes du règne animal à
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la course de longue durée à vitesses lentes en comparaison aux autres espèces (Bramble et
Lieberman 2004).
Le but de cette étude de cas était de quantifier les changements dans le pattern mécanique de
course induits par une course par étape reliant Paris à Pékin (P-P) chez un spécialiste de ce
type d’effort.

Méthodes
Le sujet spécifiquement étudié ici est un coureur d’ULD très expérimenté (58 ans ; 1,73 m ;
63,5 kg taux de masse grasse de 21,5 % avant P-P), et spécialisé dans les courses par étapes
de plusieurs jours à plusieurs semaines. Il a depuis 20 ans environ effectué de nombreuses
courses par étapes, dont par exemple Nantes - Besançon (675 km en 10 jours), Paris - Cap
Nord (Norvège) en 1995 (3200 km en 8 semaines) ou Paris - Athènes en 2004 (2400 km en 6
semaines). Dans le cadre de son projet de relier Paris à Pékin en 2008 à l’occasion des Jeux
Olympiques, le sujet a accepté de venir au Laboratoire avant et après P-P afin que nous
mesurions ses paramètres de coût énergétique, de force isocinétique, et de mécanique de
course.
Les sessions de tests Pré- et Post-P-P ont eu lieu dans les mêmes conditions de mesure trois
semaines avant son départ de Paris et 3 semaines après son arrivée à Pékin, ainsi que cinq
mois après ce retour (Post-5). Au cours de ces sessions, le sujet a couru sur le tapis roulant
instrumenté présenté en partie 2.1.2. pendant 1 min à 8, 10, 12, 14 et 16 km/h. Les données
mécaniques de GRF en trois dimensions ont été enregistrées à 1000 Hz pendant 20 s et 10 pas
consécutifs ont été analysés.
Les variables mécaniques étudiées et comparées ont été le temps de contact (tc) et de vol (tv)
ainsi que la fréquence de foulée (f). Les variables de GRF suivantes ont été étudiées : GRF
verticale maximale lors de l’appui (Fmax) exprimée en multiples du poids du sujet (BW), et
taux de charge lors de l’impact (en BW/s), calculé comme la pente de la courbe de GRF en
fonction du temps entre le début du contact et le moment du pic passif (ou pic d’impact
(Figure 16). Enfin, le travail mécanique externe (Wext en J/kg/m) a été calculé comme la
somme du travail potentiel Wpot = m.g.Δh, avec Δh le déplacement vertical total du centre de
masse pendant un pas, obtenu par double intégration de l’accélération verticale du centre de
masse (Cavagna 1975), et du travail cinétique Wcin = 0,5(Vmax² - Vmin²), Vmax et Vmin
étant respectivement les vitesses maximale et minimale du centre de masse au cours du pas
(obtenues par intégration de l’accélération horizontale du centre de masse).
La variabilité du pattern sur les 10 pas consécutifs a été testée pour tous les paramètres étudiés
(coefficient de variation = ecart-type / moyenne).
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Principaux résultats / conclusions
La distance de Paris à Pékin (8500 km) a été parcourue en 161 jours, soit une moyenne
journalière de 53 km de course (Figure 15). La masse du sujet a diminué de 2,0 kg
Intoxication
alimentaire

Kilométrage

Blessure +
Visa Moscou

Figure 15. Kilométrage quotidien relevé par le
coureur lors du Paris-Pékin. Le périple a été
interrompu à deux occasions pour raisons
médicales et/ou administratives.

Jours

Les changements de pattern de course mesurés Post-P-P se sont traduits par des différences
notables sur les paramètres cinématiques du pas : une fréquence de pas plus élevée (par
exemple 8 % plus élevée à 12 km/h), causée par un temps de vol plus faible, pour un temps de
contact au sol identique, et ce à toutes les vitesses testées.
Ces changements se sont accompagnés d’un taux de charge réduit lors de l’impact à toutes les
vitesses testées, avec par exemple des valeurs à 12 km/h de 46,7 BW/s Pre-P-P contre 35,9
BW/s Post-P-P, ainsi que d’une moindre Fmax aux vitesses supérieures à 12 km/h (Figure

GRF verticale (BW)

16).

Taux de charge

Temps de contact

Temps de vol

Temps (s)
Figure 16. Signaux typiques de force verticale de réaction du sol lors d’un pas de course à 14 km/h. On y
distingue les moindres taux de charge, Fmax et temps de vol Post-P-P.

Enfin, les travaux mécaniques étaient tous réduits Post-P-P (d’environ 6 à 10 %). Par
exemple, Wext à 12 km/h est passé de 1,14 à 1,03 J/kg/m, avec Wpot passant de 0,59 à 0,55
J/kg/m et Wcin de 0,55 à 0,48 J/kg/m.
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Il est intéressant de noter que les changements dans le pattern mécanique observés entre Préet Post-P-P ont eu tendance à revenir à la normale cinq mois après (Post-5), sauf pour la
fréquence de pas, qui était toujours supérieure aux valeurs Pre-P-P, et ce particulièrement aux
vitesses élevées de test (Figure 17). Enfin, la variabilité des paramètres mécaniques (très
faible en condition Pré-P-P chez ce coureur très expérimenté : environ 4 % en moyenne, tous
paramètres confondus) n’a changé Post-P-P pour aucun des paramètres testés.
Fréquence de pas (Hz)

Figure 17. La fréquence de pas a été le
paramètre du pattern mécanique de course
le plus modifié par le Paris-Pékin (sous
l’influence du temps de vol uniquement).
Les valeurs aux vitesses supérieures à 12
km/h n’étaient pas revenues à la normale
cinq mois après l’arrivée à Pékin.

Vitesse (km/h)

La principale interprétation de ces résultats est qu’ils allaient dans le sens de l’adoption par le
coureur, à la suite de son périple, d’un pattern de course « protecteur » et plus « doux », qui
permettait (i) de réduire l’impact au sol lors de chaque pas, (ii) de réduire les oscillations
verticales du centre de masse, pendant la phase de contact, mais surtout pendant la phase de
vol, et (iii) de diminuer le travail mécanique nécessaire aux mouvements verticaux et
horizontaux du centre de masse. Ces adaptations étaient d’autant plus marquées que les
vitesses de course étaient élevées, et concernant la fréquence de pas à des vitesses de course
élevées supérieures à 12 km/h, n’étaient pas revenues aux valeurs Pré-P-P lors des tests
effectués cinq mois après l’arrivée.

Afin d’étudier de façon standardisée et contrôlée, chez un groupe de sujets plus conséquent,
l’impact biomécanique d’une course d’ULD, nous avons collaboré à un protocole inédit de
course de 24-h sur tapis roulant. Ce projet a fait intervenir tous les thèmes du LPE, dans le
cadre d’une collaboration à grande échelle, permettant une intégration des aspects
physiologiques, biologiques, biomécaniques et de fatigue neuromusculaire de ce type d’effort.
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Morin JB, Samozino P, Millet GY.
Changes in Running Kinematics, Kinetics, and Spring-Mass Behavior over a 24-H Run.
Med Sci Sports Exerc. 43(5); 829-836, 2011.
Collaborations : Equipe PPEH, CHU St-Etienne
Financements : Equipe d’Accueil PPEH – CHU St-Etienne
Etudiants encadrés : -

Problématique / buts
Comme indiqué dans l’étude précédente, la biomécanique de la locomotion en course de
longue durée a fait l’objet de très peu d’études spécifiques, et d’aucune à notre connaissance
pour des distances / durées bien supérieures à celles d’un marathon. Si le pattern de course et
notamment le comportement masse-ressort a été étudié dans différentes conditions de vitesse
(e.g. Farley et al. 1993), de fréquence de pas (e.g. Farley et Gonzalez 1996), de nature de
surface (e.g. Ferris et al. 1998, 1999) ou même de niveau de gravité (He et al. 1991), la
fatigue induite par une épreuve de très longue durée n’a jamais été utilisée comme moyen
d’explorer la locomotion de course et la façon dont les sujets adaptent leur pattern dans de
telles conditions. Seules des études sur l’évolution de la raideur en situation de fatigue en
course de courte durée (épreuves de temps limite de 6 à 60 min environ) ont été publiées
(Dutto et Smith 2002; Hunter et Smith 2007; Rabita et al. 2011; Slawinski et al. 2008b), sans
montrer de clair consensus, probablement à cause de la forte variabilité des protocoles
(intensité et constance de la vitesse de course, durée de l’effort, mesures avant-après ou
pendant l’effort, type de sujets). Etant donné que le comportement masse-ressort d’un coureur
est permis par un ensemble de structures anatomiques et de fonctions physiologiques et
neuromusculaires complexes (Farley et Ferris 1998), l’altération de ces structures / fonctions
en ULD pouvait laisser attendre des variations de ce comportement masse-ressort, et du
pattern mécanique de course.
Le but de cette étude était de tester, chez des sujets familiers avec ce type d’épreuve, les
conséquences d’une course de 24-h sur tapis roulant sur le pattern mécanique de course et
spécifiquement sur le comportement masse-ressort.

Méthodes
10 sujets expérimentés en ULD (age : 40,4 ± 6,5 ans ; masse : 75,0 ± 7,9 kg ; taille : 177 ± 6
cm ; masse grasse : 17,9 ± 4,9 % ; V O2max : 52,8 ± 5,7 mL/min/kg) ont participé à cette étude.
Sur les 14 sujets initialement inclus pour le protocole 24-h, deux ont été arrêtés en cours de
protocole pour raisons médicales, et deux autres n’ont pas pu courir aux vitesses requises pour
les mesures de la présente étude. Les sujets ont mentionné une moyenne de 15 ans de pratique
de la course à pied, et avaient tous complété au moins une épreuve de 24-h ou de 100-km en
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compétition avant l’étude. Après une session de familiarisation avec les tapis roulants et de
contrôle médical en visite d’inclusion (protocole validé par le CPP Sud-Est 1,
http://clinicaltrial.gov, NTC00428779), les sujets se sont présentés par groupes de deux pour
la session de 24-h.
Environ 2 h après une biopsie du muscle vastus lateralis de la jambe gauche par la technique
de prélèvement percutanée (Bergström 1975; Féasson et al. 1997), sur la base d’une allure de
course individuelle volontairement déterminée et sous le chaperonnage d’un expérimentateur
leur fournissant alimentation et boisson ad libitum, les sujets devaient courir pendant 24-h (du
vendredi à 17 h au samedi à 17 h) sur un tapis roulant motorisé (Gymrol S2500, HEF
Tecmachine, Andrézieux-Bouthéon, France ou Proform 585, Perspective Health & Fitness,
Logan, UT). Juste avant (PRE), juste après (POST) et toutes les 2 h pendant les 24-h, les
sujets ont couru sur le tapis instrumenté décrit en partie 2.1.2. pendant 1 min à 10 km/h
(vitesse choisie car proche de la vitesse globale moyenne des sujets dans leurs phases de
course au long des 24-h). Les enregistrements de force ont été effectués pendant les dix
dernières secondes de cette minute et 10 pas consécutifs analysés.
Les paramètres cinématiques du pas, de forces de réaction du sol et du modèle masse-ressort
décrits dans les parties précédentes (notamment 2.1.2. et 2.2.2.) ont été analysés et une
analyse de variance à mesures répétés (test post-hoc de Student-Newman-Keuls) a été
effectuée pour étudier les variations des paramètres tout au long des 24-h. La taille des effets a
été également quantifiée par des pourcentages d’évolution entre PRE et POST, et par le
coefficient d de Cohen (Cohen 1998). Enfin, la variabilité du pattern sur les 10 pas consécutifs
a été testée pour tous les paramètres étudiés (coefficient de variation = écart-type / moyenne).

Principaux résultats / conclusions
Au cours des 24-h, les sujets ont parcouru 153 ± 15 km (étendue : 130 à 173 km), pour une
durée de course effective d’environ 19 h, les tests biomécaniques et les autres mesures (force,
facteurs neuromusculaires, prélèvements d’urine et de sang) ayant occupé le reste du temps
total de 24 h.
Le Tableau 3 résume les principaux résultats. De façon synthétique, il apparaît que le pattern
de course a été significativement modifié vers une fréquence de pas plus élevée (causée par un

tc plus court, sans variation de tv), des Fmax, oscillations verticales du centre de masse et
variations de longueur du membre inférieur réduites, et une raideur du système masse-ressort
(verticale et du membre inférieur) augmentée. Les changements étaient de l’ordre de 5 à 10 %
environ en moyenne, pour des tailles d’effet moyennes ou élevées (> 0,36). Enfin, les test

post-hoc ont montré que certains paramètres (notamment f, Δz, et ΔL) variaient
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significativement dès la quatrième heure de course (par exemple Figure 18 pour la fréquence
de pas).
Tableau 3. Paramètres mécaniques étudiés PRE et POST-24-h (moyennes ± ET).
P de
% écart PREPOST
PRE
Effet (d )
Paramètre
l'ANOVA
POST
-4,50
0,277
0,265
0,92
t c (s)
< 0,001
± 3,32
± 0,016
± 0,011
(large)
0,078
0,073
-5,70
0,34
t v (s)
0,679
± 0,016
± 0,013
± 19,4
(moyen)
4,90
2,96
2,82
1,05
< 0,001
f (Hz)
± 3,56
± 0,13
± 0,15
(large)
2,24
-4,42
2,14
0,36
F max (BW)
0,011
± 0,33
± 5,76
± 0,25
(moyen)
0,049
-13,9
0,057
1,19
< 0,001
Δz (m)
± 0,006
± 9,43
± 0,008
(large)
0,109
0,095
-13,0
1,32
< 0,001
ΔL (m)
± 0,013
± 0,009
± 5,33
(large)
29,4
32,3
9,96
0,61
k vert (kN/m)
< 0,001
± 5,54
± 4,34
± 10,8
(moyen)
15,5
16,8
8,58
0,44
0,026
k leg (kN/m)
± 3,55
± 2,53
± 10,0
(moyen)

De même que pour le coureur de Paris-Pékin, la variabilité des paramètres mécaniques (très
faible en condition Pré-P-P chez ces coureurs très expérimentés : de 4,6 % en moyenne, tous
paramètres et conditions PRE et POST confondus) n’a changé POST-24-h pour aucun des
paramètres testés.
Figure 18. Evolution de la fréquence
de pas au cours des 24 h de course
sur tapis roulant.
* : différence significative.

Enfin, le taux de charge lors de l’impact au sol a eu tendance (P = 0,062) à augmenter : de
55,8 ± 13,1 BW/s en PRE à 59,2 ± 11,0 BW/s en POST, mais avec de fortes disparités entre
les sujets (variation moyenne PRE-POST de 5,96 ± 16,1 % soit un coefficient de variation
d’environ 270 %).
Ces observations vont dans le sens d’un pattern de course moins « oscillant » et induisant
moins de changements de longueur du « ressort membre inférieur » au fil des 24-h. Ainsi, les
sujets courent avec une fréquence de pas plus grande, un déplacement vers le bas du centre de
masse lors de l’appui réduit et un raccourcissement moindre de leur membre inférieur. Ces
paramètres sont cohérents avec les raideurs verticale et du membre inférieur plus grandes
observées. Notre hypothèse est que ce faisceau de changements va dans le sens d’une course
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plus « protectrice », c’est-à-dire induisant de moindres flexions du membre inférieur lors des
appuis (et indirectement l’intensité des actions excentriques induites), potentiellement sources
de douleurs musculaires et/ou articulaires. Néanmoins, l’origine de ces changements reste à
éclaircir : sont-ils volontaires et anticipés de la part des sujets, ou sont-ils la conséquence des
douleurs qui se développent au long des kilomètres parcourus ?
Par ailleurs, nous pensons que cette origine ne se trouve pas dans la perte de force des
extenseurs du genou et fléchisseurs plantaires importante mesurée lors de ce protocole
(Martin et al. 2010). En effet, les changements observés dans les valeurs de paramètres
mécaniques du pattern de course n’étaient pas corrélés aux pertes de forces observées.
Enfin, contrairement à ce que nous attendions au vu des résultats de l’étude précédente (ParisPékin), la fréquence de pas a bien augmenté lors du 24-h, mais à cause d’une réduction du
temps de contact, et pas de vol. Ceci est également en désaccord avec les données du coureur
de Paris-Pékin et la logique de réduction des impacts (un moindre temps de vol engendre un
moindre impact à compenser à chaque « réception » de pas).
Un point cependant intéressant est que les changements observés sont globalement proches de
ceux observés chez le coureur de Paris-Pékin, mais également dans des études dans lesquelles
la structure et/ou la fonction musculaire sont altérées : après une biopsie musculaire (voir
Morin et al. 2009 et partie 2.2.4.) ou avec le vieillissement (Cavagna et al. 2007; Karamanidis
et al. 2011). En effet, ces deux études montrent que comparé à leurs pairs plus jeunes, les
sujets âgés courent avec une fréquence de foulée plus grande (causée par un temps de vol plus
court), et des oscillations verticales du centre de masse plus faibles. Karamanidis et
Arampatzis ont interprété ceci comme étant une réaction aux capacités diminuées du couple
muscle-tendon, par une augmentation de la « sécurité de course » ou running safety
(Karamanidis et Arampatzis 2005). Enfin, la fréquence de pas plus élevée (de 4,2 % en
moyenne) avait été observée à la suite d’un marathon (Kyrolainen et al. 2000) mais ces
résultats contrastaient avec ceux de Nicol et al. (1991) qui n’avaient pas observé de variations
significatives pour le groupe étudié là-aussi après un marathon.
En résumé, il semble que le comportement masse-ressort en course d’ULD évolue vers une
fréquence d’oscillation élevée, et par conséquent une ampleur d’oscillations réduite.
Cependant, une limite évidente de cette étude est qu’elle s’est déroulée sur tapis roulant en
conditions de laboratoire, et n’a donc pas permis d’étudier (i) la course ULD en conditions
réelles de pratique, et par conséquent (ii) les conséquences des conditions environnementales
(terrain accidenté, conditions météorologiques variables) et dénivelés importants rencontrés
habituellement dans les épreuves d’ULD de type ultra-trail en montagne. Ceci a été abordé
dans une étude de terrain lors de l’Ultra-Trail du Mont Blanc 2009.
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Changes in running mechanics and spring-mass behavior induced by a mountain ultramarathon race.
J Biomech. 44(6); 1104-1107, 2011.
Collaborations : Equipe LPE, CHU St-Etienne, ENSA Chamonix
Financements : Equipe d’Accueil LPE
Etudiants encadrés : -

Le North Face® Ultra Trail du Mont Blanc® 2009 (UTMB, Chamonix) a été la compétition
d’accueil de cette étude menée en conditions de terrain. Nous avons utilisé dans le cadre de
cette course la méthode simple de calcul présentée en partie 2.1.1.

Problématique / buts
Les hypothèses testées et mises en avant lors de notre étude précédente sur une course de 24-h
en laboratoire ont trouvé lors de cette étude un complément indispensable à une vision
complète des effets sur le pattern de course de la fatigue induite par l’ULD. Ainsi, par sa
longueur (166 km), la nature du terrain (accidenté en montagne), et le dénivelé cumulé
(environ 9500 m), cet ultra-trail représente une des plus prestigieuses course d’ULD au
monde, mais également un des efforts humains les plus difficiles réalisés en compétition.
Le but de l’étude était d’évaluer les changements dans le pattern mécanique de course et le
comportement masse-ressort induits par l’UTMB. Etant donné nos hypothèses expliquant les
résultats de la course de 24-h et notamment celle sur l’adoption d’un pattern de course
« protecteur », nous attendions des résultats similaires, voire plus marqués encore du fait des
durées attendues plus longues, et de l’impact plus élevé de la course en descente sur les
structures musculo-tendineuse et articulaire comparé au tapis roulant.

Méthodes
Les données de 18 sujets expérimentés en ULD (age : 39,1 ± 7,6 ans ; masse : 72,9 ± 16,2 kg ;
taille : 178 ± 7 cm ; masse grasse : 12,8 ± 3,1 % ; V O2max : 53,1 ± 4,1 mL/min/kg) ont été
utilisées lors cette étude. Sur les 34 sujets initialement inclus pour le protocole, et qui ont pris
le départ de la course, seulement 22 l’ont terminée (taux d’abandon cohérent avec le taux
d’abandon global de cette course), et 4 n’ont pas été capables de réaliser les tests de course à
l’issue de l’UTMB. Les sujets avaient tous complété au moins une épreuve d’ULD
qualificative pour l’UTMB et avaient réalisé un entraînement spécifique en vue de réaliser
cette compétition avec un objectif de performance. L’inclusion des sujets a par ailleurs
consisté en une visite médicale avec recueil du consentement informé des sujets (protocole
validé par le CPP Sud-Est 1).
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Figure 19. Profil (kilométrage, altitude) de la course Ultra-Trail du Mont-Blanc.

L’UTMB est une course d’ultra-trail en montagne de 166 km, avec environ 9500 m de
dénivelé positif cumulé (http://www.ultratrailmb.com) à laquelle participent chaque année
environ 2500 compétiteurs. Les mesures du pattern mécanique de course ont été réalisées un
ou deux jours avant le départ de l’épreuve (mesures PRE), et environ 3 h après le
franchissement de la ligne d’arrivée (mesures POST). Ce délai était du au transport des sujets
de la ligne d’arrivée au Laboratoire de l’ENSA Chamonix, et au délai d’exécution des
différents tests neuro-physiologiques également réalisés dans cette étude.
Pour les mesures biomécaniques, les sujets ont couru sur un tapis de mesure de pressions
(GAITRite Gold, CIR Systems, Havertown, PA) de 7,32 m de long et 0,61 m de large, à une
vitesse de 12 km/h qui leur était imposée par un expérimentateur (toujours le même) courant à
leurs côtés pour donner le rythme. Après un élan d’environ 6 m, les sujets couraient à vitesse
constante sur le tapis, la vitesse était vérifiée au moyen de cellules photo-électriques et les
essais s’écartant de 12 km/h de plus de 5 % étaient annulés et répétés.
Sur la base des temps de contact (tc), de vol (tv) et de la vitesse de déplacement (v) mesurés
par le tapis de pression (80 Hz), les équations de la méthode simple de calcul de la raideur
présentée en partie 2.1.1. (Morin et al. 2005) ont été utilisées pour déterminer la GRF
verticale maximale lors de l’appui (Fmax), l’abaissement vertical du centre de masse (Δz) et
la variation de longueur du membre inférieur (ΔL), ainsi que les raideur verticale (kvert) et du
membre inférieur (kleg).
Deux passages valides ont été échantillonnés soit au total 5 à 8 pas selon les sujets. Des tests
de Student ont été effectués entre les données PRE et POST-UTMB, les pourcentages de
variation entre PRE et POST calculés, ainsi que la taille de l’effet pour ses différences
(coefficient d de Cohen). Enfin, l’échantillon de 18 coureurs a été ensuite analysé en
comparant les 9 meilleurs coureurs aux 9 moins bons.
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Principaux résultats / conclusions
Les temps de course des sujets de cette étude ont été de 37,9 ± 6,2 h (étendue : 23,5 à 46 h, le
meilleur sujet du groupe testé a terminé la course en 5ème position au classement général). Les
changements dans les paramètres mécaniques étudiés sont présentés dans le Tableau 4.
Tableau 4. Paramètres mécaniques étudiés PRE et POST-UTMB (moyennes ± ET).

PRE

POST

P des
test-t

t c (s)

0,249
± 0,016

0,252
± 0,017

0,49

t a (s)

0,118
± 0,019

0,096
± 0,022

f (Hz)

2,73
± 0,10

F max (BW)

Paramètre

% variation
PRE-POST
1,40
± 7,21

Taille
d'effet
0,19
(petit)

< 0,001

-18,5
± 17,4

(très large)

2,89
± 0,19

< 0,001

5,88
± 5,53

(large)

2,32
± 0,16

2,17
± 0,16

< 0,001

-6,30
± 7,03

(large)

Δz (m)

0,066
± 0,005

0,059
± 0,008

< 0,001

-11,6
± 10,5

(large)

ΔL (m)

0,169
± 0,014

0,164
± 0,014

0,1

-2,90
± 7,55

(petit)

25,1
± 2,32
9,87
± 1,45

26,6
± 3,32
9,44
± 1,10

k vert (kN/m)
k leg (kN/m)

0,053
0,09

5,64
± 11,7
-3,71
± 8,78

1,15
1,08
0,96
1,08
0,37
0,54
(moyen)

0,35
(petit)

La comparaison des deux groupes de niveau n’a pas montré de différence entre meilleurs et
moins bons coureurs pour les valeurs PRE-UTMB. En revanche, le temps de vol et Fmax
étaient significativement différents entre ces groupes POST-UTMB (valeurs plus élevées pour
ces deux paramètres chez les 9 moins bons coureurs), et les changements PRE-POST pour ces
deux paramètres étaient significativement plus grands pour les 9 meilleurs coureurs (-24,7 %
en moyenne pour tv contre -9,38 %, et -8,41 % pour Fmax contre -3,18 %).
Ces résultats confirment ceux obtenus lors du protocole de 24-h sur tapis roulant (Morin et al.
2011c) et les données du coureur de Paris-Pékin (Millet et al. 2009) : après l’UTMB, les
sujets ont couru avec une fréquence de pas augmentée de 5,88 % en moyenne (causée par un
temps de vol plus court, sans changement de temps de contact), une moindre oscillation
verticale du centre de masse, et une forte tendance (P = 0,053) à l’augmentation de raideur
verticale. La fréquence de course plus élevée avait également été observée par Kyrolainen et
al. (2000) à la suite d’un marathon.
De plus, les sujets qui ont couru le plus vite, et dont on peut penser que la charge
« excentrique » induite par des courses plus rapides en descente a été plus importante, ont
montré une réduction du temps de vol plus importante que les autres. Ce point peut être
interprété comme une recherche (volontaire ou non) d’atténuation des douleurs musculaires,
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tendineuses et articulaires induites à chaque appui par l’impact et l’abaissement du centre de
masse. Ce dernier a pour conséquence un allongement global des structures muscle-tendon
des extenseurs du membre inférieur.
Une nouvelle fois, ces résultats sont très cohérents avec ceux d’expérimentations étudiant le
pattern de course en situation d’altération de la structure ou de la fonction musculaire : après
biopsie (Morin et al. 2009), avec le vieillissement (Cavagna et al. 2007; Karamanidis et
Arampatzis 2005), ou au retour du Paris-Pékin (Millet et al. 2009) et vont dans le sens de
l’adoption d’un style de course plus « sûr » et plus « protecteur ». L’expression populaire
« courir sur des œufs » résume très bien ce pattern de course dans de telles situations.
Enfin, comme pour le protocole de 24-h sur tapis-roulant, aucun des changements mécaniques
observés après l’UTMB n’a été lié aux pertes de force maximale volontaire des extenseurs du
genou des sujets, pourtant très élevées : -35 % en moyenne pour les extenseurs du genou, et 39 % en moyenne pour les fléchisseurs plantaires (Millet et al. 2011).
Ainsi il semble qu’en situation de fatigue induite par la course ULD (tapis roulant ou ultratrail en montagne), les changements de pattern de course sont manifestes, ne semblent pas liés
aux pertes de force maximale volontaire des principaux groupes musculaires du membre
inférieur, et vont dans le sens d’un pattern plus protecteur, et générant moins d’oscillations
verticales du système masse-ressort, notamment par une fréquence de pas et une raideur
verticale plus élevées. A la suite de ces études, et dans le but de confirmer l’hypothèse de
l’absence de lien entre pertes de force maximale volontaire et changements de pattern de
course (et donc indirectement renforcer celle du pattern protecteur), nous avons réalisé une
étude visant à induire des niveaux de perte de force importants, mais sans avoir à courir de
très longues distances. La répétition de sprints a été utilisée comme moyen expérimental d’y
parvenir.

Morin JB, Tomazin K, Samozino P, Edouard P, Millet GY.
High-intensity sprint fatigue does not alter constant-submaximal velocity running mechanics and
spring-mass behavior.
Eur J Appl Physiol. In press, 2011.
Collaborations : K Tomazin, Post-Doctorat, Université de Ljubjana, Slovénie
Financements : Equipe d’Accueil LPE
Etudiants encadrés : -

Problématique / buts
L’idée directrice de cette étude était d’utiliser les sprints courts répétés pour induire une
fatigue neuromusculaire quantifiable par une perte significative de force maximale volontaire
(FMV) dans les membres inférieurs, et comparer le pattern de course à vitesse constante sousmaximale avant et après (comme pour les protocoles précédents sur l’ULD). Les sprints
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répétés ont en effet été étudiés à de nombreuses reprises ces dernières années, et la perte de
puissance et/ou de FMV des extenseurs du membre inférieure a été unanimement associée à la
perte de performance avec la répétition des efforts (e.g. Girard et al. 2011a; Glaister 2005;
Perrey et al. 2010 ). Ainsi, cette situation de fatigue ne s’accompagnant pas d’une durée ni des
conditions extrêmes de course typiques de l’ultra-trail (et des douleurs musculo-tendineuses et
articulaires associées), la modification ou non du pattern de course pourrait être interprétée
comme allant dans le sens ou non de l’hypothèse du « pattern protecteur » décrite
précédemment. Dans cette étude, la fatigue était entendue comme une décroissance de FMV
liée à l’exercice pour les muscles moteurs principaux (membre inférieur) (Bigland-Ritchie et
Woods 1983) associée à une augmentation de la sensation d’effort perçue pour produire cette
force (Enoka et Stuart 1992). Cette décroissance de FMV a été analysée globalement, sans
distinction des différents niveaux fonctionnels impliqués (voies motrices, muscle, niveaux
centraux et périphériques).
Le but de cette étude était donc de quantifier les changements dans le pattern de course à
vitesse constante sous-maximale induits par un exercice épuisant de sprints répétés et de
discuter les hypothèses nées des études ULD au vu de ces changements. Les vitesses
constantes de 10 et 20 km/h ont été testées, ainsi que les modalités de sprints répétés en
course (RSrun) et bicyclette (RScyc), afin de distinguer éventuellement un effet de
l’intervention ou non du cycle étirement-détente dans l’exercice générant la fatigue.

Méthodes
11 sujets masculins (âge : 25,6 ± 6,5 ans ; masse : 74,0 ± 6,0 kg ; taille : 180 ± 5 cm) ont
donné leur accord informé pour participer à cette étude. Ils étaient tous étudiants en sciences
et techniques des activités physiques et sportives (STAPS), et pratiquaient tous ou avaient
pratiqué des sports incluant des sprints durant les 6 mois précédant l’étude. Une semaine
avant la session de mesure, les sujets ont réalisé une session d’habituation au cours de laquelle
ils se sont familiarisés avec les sprints sur tapis, et ont réalisé un sprint de 6 s permettant de
mesurer leur niveau de puissance maximale en course et bicyclette. Cette valeur a servi de
référence pour contrôler le niveau d’engagement des sujets lors de la session de sprints
répétés. En effet, les stratégies de gestion de l’effort au cours de telles séries sont telles que
l’on doit s’assurer de l’engagement maximal des sujets (Billaut et al. 2011). Ainsi le critère de
95 % de la puissance maximale produite lors du premier sprint de la série a été utilisé et
vérifié.
Deux sessions de tests (RSrun et RScyc) ont été réalisées à au moins une semaine d’intervalle et
dans un ordre équilibré entre les sujets. Que ce soit sur tapis roulant ou bicyclette, la série de
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sprints répétés a consisté à réaliser 4 blocs de 5 sprints de 6-s chacun, avec 24 s de
récupération passive entre les sprints et 3 min entre les blocs. La période séparant deux blocs
de sprints était dévolue à la réalisation de tests neuromusculaires dont deux contractions
maximales volontaires du groupe quadriceps. Chaque sujet devait compléter les 4 blocs (20
sprints au total) mais était libre de s’arrêter à la fin d’un bloc en cas d’épuisement.
Sur le tapis roulant de sprint (voir partie 2.1.2.), la performance a été principalement
quantifiée par la vitesse de course moyenne et maximale sur les 6 s (V et V-max, en m/s), ainsi
que par la puissance moyenne et maximale (P et P-max, en W/kg).
La méthodologie et la bicyclette instrumentée utilisées pour les sprints sur bicyclette étaient
en tous points identiques à celles de Morin et Belli (2004), et elles ont permis de quantifier les
mêmes paramètres de performance (vitesses et puissances moyennes et maximales, mêmes
unités) que sur le tapis.
Enfin, juste avant et environ 2,5 min après le dernier sprint, les sujets ont couru pendant 1 min
à 10 km/h puis à 20 km/h sur le tapis roulant instrumenté. Les paramètres du pattern de course
identiques aux études présentées dans cette partie 2.2.3. ont été enregistrés dans les mêmes
conditions que l’étude sur les 24-h de course.
De même, 3 min avant et environ 30 s après le dernier sprint, la FMV des extenseurs du
genou a été mesurée par deux contractions maximales isométriques volontaires de 5 s
(acquisitions par jauge de contrainte, sujet attaché en position assise, genou à 90°).
Les données moyennes des deux premiers et deux derniers sprints de chaque série individuelle
ont été comparées, et des ANOVA à deux facteurs (moment de mesure et vitesse de course)
ont été réalisées pour les paramètres du pattern mécanique de course, et ce pour chaque
modalité d’exercice (RSrun et RScyc).

Principaux résultats / conclusions
Les résultats de cette étude montrent que malgré les pertes de FMV des extenseurs du genou
de 15 à 20 % induites par les sprints (16,8 ± 4,4 sprints réalisés), et une perte de P-max
d’environ 27 % en RSrun (de 21,9 ± 1,7 à 15,9 ± 1,6 W/kg) et d’environ 15 % en RScyc (de
21,9 ± 1,7 à 15,9 ± 1,6 W/kg) aucun paramètre mécanique du pattern de course n’a été
modifié significativement, que ce soit à 10 ou à 20 km/h (Tableau 5). Ces résultats ont été
obtenus à l’identique après des sprints répétés sur bicyclette ergométrique et sur tapis de
sprint. La modalité d’exercice et l’intervention du cycle étirement-détente en course n’a donc
pas modifié les résultats : le pattern de course à vitesse constante (basse comme élevée) n’est
pas influencé par une fatigue générée par la répétition de sprints courts. De plus, ce pattern
était très stable chez les sujets testés, comme attesté par la grande proximité entre les valeurs
PRE-sprints obtenues lors des deux sessions de tests à environ une semaine d’intervalle.
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Tableau 5. Paramètres mécaniques étudiés PRE et POST-sprints répétés (moyennes(ET)) à vitesses
constantes basse (10 km/h) et élevée (20 km/h). * : significativement différent de la valeur à 10 km/h.
COURSE
PEDALAGE
Vitesse basse (10 km/h)

Vitesse élevée (20 km/h)

PRE

POST

PRE

POST

t c (s)

0,231 (0,017)

0,231 (0,019)

0,148 (0,008)*

0,15 (0,007)*

0,233 (0,015)

0,234 (0,015)

0,148 (0,007)*

0,15 (0,019)*

t a (s)

0,136 (0,024)

0,131 (0,019)

0,144 (0,015)*

0,145 (0,011)*

0,138 (0,027)

0,136 (0,026)

0,145 (0,014)*

0,151 (0,014)*

f (Hz)

2,73 (0,10)

2,8 (0,26)

3,44 (0,17)*

3,4 (0,12)*

2,7 (0,11)

2,7 (0,10)

3,44 (0,18)*

3,34 (0,23)*

2,8 (0,26)

2,72 (0,20)

3,33 (0,30)*

3,27 (0,21)*

2,82 (0,30)

2,82 (0,25)

3,33 (0,17)*

3,33 (0,28)*

Δz (m)

0,068 (0,006)

0,064 (0,008)

0,039 (0,004)*

0,038 (0,004)*

0,069 (0,005)

0,068 (0,005)

0,039 (0,003)*

0,039 (0,006)*

ΔL (m)

0,113 (0,013)

0,111 (0,020)

0,125 (0,16)*

0,128 (0,15)*

0,115 (0,009)

0,115 (0,009)

0,125 (0,014)*

0,129 (0,035)*

k vert (kN/m)

29,4 (4,0)

30,6 (5,8)

60,4 (7,1)*

61,6 (9,1)*

29,1 (3,7)

29,4 (3,6)

60,3 (6,8)*

61,4 (11,2)*

k leg (kN/m)

17,8 (3,5)

18,6 (5,7)

19,2 (3,1)

18,5 (3,0)

17,6 (3,5)

17,6 (3,2)

19,2 (2,9)

19,5 (5,4)

F max (BW)

POST

Vitesse élevée (20 km/h)

PRE

Variable

PRE

Vitesse basse (10 km/h)

POST

Ces résultats renforcent à notre sens (bien entendu indirectement) l’hypothèse selon laquelle
les modifications de pattern de course après épreuves d’ULD sont bien liées à l’adoption
(volontaire ou non, cela reste à éclaircir) d’un pattern protecteur, et non une conséquence
directe des pertes de force des groupes musculaires testés (extenseurs du genou). En effet,
cette dernière était clairement présente après des séries de sprints (bien qu’inférieure à celles
de 30 à 40 % rapportées par Martin et al. (2010) et Millet et al. (2011) après le 24-h sur tapis
roulant et l’UTMB, respectivement), sans pour autant que l’on observe une modification du
pattern de course chez les sujets testés. Nous pouvons en effet estimer que les douleurs
musculaires et articulaires telles que rencontrées après 10 à 30 h de course n’étaient pas
présentes après la série de sprints proposée. Ces dernières avaient été quantifiées notamment
par les intensités d’efforts perçues, les discussions avec les sujets, et des marqueurs
physiologiques de dommages musculaires et de douleur au cours de ces deux protocoles
d’ULD (Millet et al. 2011).
Il est intéressant de noter que Chen et al. (2007) ainsi que Braun et Dutto (2003) ont montré
que 30 min de course en descente (pentes de -15 et -10 %, respectivement) à une vitesse
correspondant à 70 % de la vitesse maximale aérobie des sujets avait induit des pertes de
FMV des extenseurs du genou similaires à celles de la présente étude (i.e. 7 à 21 %). Ceci
s’accompagnait en revanche dans ces deux protocoles par une fréquence de pas
significativement plus élevée (longueur de pas moindre à vitesse égale) et un moindre
abaissement du centre de masse lors du contact après la course en descente, soit des
adaptations similaires à celles des sujets de nos études ULD, mais opposées à celles de la
présente étude. Dans l’étude de Chen et al. (2007), ces changements étaient significatifs
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jusqu’à 3 jours après l’effort, puis les valeurs revenaient à la normale 4 à 5 jours après, soit
avec la disparition des douleurs induites par l’exercice sévère en descente.
Nous pensons donc que les sujets adoptent ce pattern « protecteur » afin d’atténuer les
douleurs induites lors des pas de course par les efforts d’ULD ou de course en descente
sévère, alors qu’ils ne le font pas en l’absence de telles douleurs, malgré une fatigue
importante et la perte de FMV associée. Ainsi, chez les sujets de la présente étude, nous
pensons que le niveau de force restant après la répétition de sprint était suffisant pour
permettre la course normale à 10 et 20 km/h, et que le pattern mécanique n’était pas modifié
en raison de l’absence de douleurs lors des appuis telles que celles ressenties dans les autres
protocoles cités.

En marge de ces études et notamment celle des 24-h simulées en laboratoire, deux
questionnements méthodologiques ont vu le jour et deux hypothèses ont été testées (partie
2.2.4.) : celle concernant l’impact d’une biopsie musculaire sur le pattern mécanique de

course, et celle concernant l’effet des consignes données au sujets à propos des mesures
réalisées sur ce pattern de course.
2.2.4. Effets de la biopsie musculaire et des consignes de mesures
sur le pattern mécanique de course
Morin JB, Samozino P, Féasson L,Geyssant A, Millet GY.
Effects of muscular biopsy on the mechanics of running.
Eur J Appl Physiol. 105; 185-190, 2009.
Collaborations : CHU St-Etienne
Financements : Equipe d’Accueil PPEH
Etudiants encadrés : -

Problématique / buts
Depuis son introduction, l’examen de biopsie musculaire réalisé notamment sur le muscle

vastus lateralis permet une connaissance précise de la typologie du muscle strié et de la
biologie musculaire à l’effort (Baguet et al. 2011; Bergström 1975; Gollhofer et al. 1984;
Henriksson 1979), et a été utilisé à de très nombreuses reprises lors d’exercices de course,
pédalage, musculation d’intensités sous-maximales à maximales (e.g. Bogdanis et al. 1996;
Cheetham et al. 1986; Dawson et al. 1997; Denis et al. 1992; Hirvonen et al. 1987), souvent
dans des protocoles « pre-post » dans lesquels des biopsies sont réalisées juste avant et juste
après un exercice.
Cependant, cet examen invasif (prélèvement de tissu) s’accompagne souvent de douleurs
locales et unilatérales (examen réalisé sur une des deux jambes pré-exercice). Il a été ainsi
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montré récemment que la biopsie seule (comparée à biopsie + exercice) avait des effets
« collatéraux » mis en avant sur les paramètres de l’inflammation (Constantin-Teodosiu et al.
1996; Malm 2001; Malm et al. 2000; Staron et al. 1992). Etant donné (i) que l’étude sur les
24-h de course sur tapis roulant impliquait une biopsie du vastus lateralis de la jambe gauche
avant le début de l’exercice de course, et (ii) les conséquences physiologiques d’une biopsie
décrites ci-avant, nous avons voulu quantifier l’impact de cet examen invasif sur le pattern
biomécanique de course.
Le but de cette étude était donc de savoir si une biopsie unilatérale du muscle vastus lateralis
par la technique de prélèvement percutané modifiait le pattern mécanique de la locomotion en
course.

Méthodes
Nous avons comparé le pattern de course de 10 coureurs d’ULD (sujets de l’étude 24-h
présentée en partie 2.2.3.) entre avant et après une telle biopsie musculaire. Les sujets ont
couru sur le tapis roulant instrumenté et les paramètres de leurs patterns de course ont été
enregistrés dans les mêmes conditions que pour l’étude 24-h présentée en partie 2.2.3. (Morin
et al. 2011c). Ces courses de 4 min ont eu lieu à une vitesse de 10 km/h, et ce 1 h au moins
avant la biopsie (pre-biopsie) et après 1,5 h de récupération passive après biopsie (postbiopsie).
L’examen de biopsie du muscle vastus lateralis de la jambe gauche a été réalisé par le même
médecin selon la technique percutanée (Henriksson 1979) utilisant une pince de WeilBlakesley à travers une incision de 8 mm sur une peau préalablement rasée et aseptisée. Un
échantillon d’environ 100 mg (environ 5 x 10 mm au maximum) de tissu musculaire était
prélevé après anesthésie cutanée. A la suite du prélèvement, l’homéostasie était assurée par
une compression de 5 min, et l’accès fermé par des bandes stériles.

Figure 20. Illustrations de l’examen de biopsie musculaire, qui permet le prélèvement et l’étude de ce tissu.

Des tests de Student on été effectués pour localiser les différences significatives, et l’analyse
des 10 pas consécutifs a été également complétée par une analyse des différences entre les
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deux jambes (biopsiée et non-biopsiée) avant et après biopsie (5 pas gauche versus 5 pas
droit).

Principaux résultats / conclusions
La biopsie a induit des changements significatifs de certains paramètres du pattern mécanique
de course (Tableau 6) : une fréquence de pas augmentée (par réduction de tv, sans
changement significatif de tc), de plus faibles Fmax et Δz, ainsi qu’un taux de charge moindre
d’environ 8 %). Enfin, le travail mécanique externe était réduit par réduction des travaux
cinétique et potentiel. En revanche, la raideur du membre inférieur n’était pas
significativement différente.
Tableau 6. Paramètres mécaniques étudiés pré et post-biopsie (moyennes
± ET) à 10 km/h. * : significativement différent (P < 0,05).

Variable
tc (s)
tv (s)
f (Hz)
Fmax (N)
Taux de charge (BW/s)
Δz (m)
ΔL (m)
kleg (kN/m)
Wpot (J/kg/pas)
Wcin (J/kg/pas)
Wext (J/kg/pas)

Pre-biopsie
0,267 ± 0,02
0,088 ± 0,02
2,82 ± 0,15
1643 ± 230
58,4 ± 13,5
0,058 ± 0,008
0,106 ± 0,01
15,8 ± 3,3
0,741 ± 0,10
0,499 ± 0,06
1,24 ± 0,10

Post-biopsie
0,271 ± 0,018
0,079 ± 0,017 *
2,86 ± 0,14 *
1601 ± 240 *
53,9 ± 12,8 *
0,056 ± 0,008 *
0,106 ± 0,01
15,4 ± 3,6
0,697 ± 0,09 *
0,443 ± 0,05 *
1,14 ± 0,10 *

Bien que significatifs (P < 0.05), ces changements étaient d’une relativement faible ampleur
(1,5 à 8 %). La comparaison entre les deux jambes a montré que la biopsie de la jambe gauche
a également induit des changements de pattern sur la jambe droite : réduction significative de

tv, de Fmax, mais aussi de ΔL et de kleg. Ceci sur la base d’une absence de différences
vérifiée entre les deux jambes pré-biopsie. Les deux derniers changements significatifs étaient
spécifiques à la jambe droite car pas observés sur la gauche, ni sur le pattern global analysant
GRF Verticale (N)

les deux jambes indifféremment. La Figure 21 illustre cette différence pre-post-biopsie.
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Figure 21. Signal de GRF verticale pour 10 pas consécutifs (5 gauche et 5 droits) pour un sujet typique.
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Ces résultats montrent (i) que le pattern global de course était différent (fréquence de course
plus élevée, force appliquée au sol et abaissement du centre de masse lors de l’appui plus
faibles) après biopsie, et (ii) que les deux jambes (celle ayant subi la biopsie mais également
l’autre) montraient des modifications de ce pattern. Nous avons noté également que les
adaptations observées sont très proches de celles observées après une course d’ultramarathon, ce qui renforce notre hypothèse du changement de pattern mécanique de course
post-ultra-marathon en lien avec des douleurs musculaires et/ou articulaires.
Ces résultats montrent l’effet d’une biopsie sur le pattern de course, et que par conséquent cet
examen a des conséquences biomécaniques, qui viennent compléter les conséquences
biologiques décrites en introduction. Ainsi il a été évoqué à juste titre comme une limite de
notre étude de 24-h que la biopsie des sujets pouvait avoir été un facteur de biais des résultats.
Cependant, il faut noter que tous les sujets de l’étude 24-h ont subi cet examen avant le début
de la course, et ont été par la suite leurs propres témoins. Ensuite, les changements induits par
la biopsie sont très faibles (par exemple 1,5 % sur la fréquence) en comparaison de ceux
induits par les 24-h de course. Par conséquent (et même si un effet croisé de fatigue et biopsie
ne peut être totalement écarté), nous pensons que cet examen n’a pas constitué, par ses
conséquences sur le pattern biomécanique de course, une source de biais majeur de notre
étude sur la course de 24-h.
En parallèle, les résultats et le vécu de ce protocole de course sur 24-h ont généré une autre
interrogation : bien que les sujets couraient sur un tapis roulant dans une partie du Laboratoire
pendant 24-h, ils étaient « transférés » toutes les 2 h sur un autre tapis, et ce spécifiquement
pour que l’analyse de leur pattern de course y soit réalisée. Surtout, ils avaient évidemment
connaissance de ceci (étude spécifique de leur course lors du changement de tapis). Nous
avons pensé que cela pouvait induire une modification (même inconsciente, malgré la
consigne de « courir normalement ») de leur façon de courir. Nous avons mené une étude
pour tester cette hypothèse.

Morin JB, Samozino P, Peyrot N.
Running pattern changes depending on the level of subjects’ awareness of the measurements
performed: a “sampling effect” in human locomotion experiments?
Gait & Posture. 30; 507-510, 2009.
Collaborations : Financements : Equipe d’Accueil LPE
Etudiants encadrés : -

Problématique / buts
Dans de très nombreuses situations expérimentales étudiant la locomotion humaine, les outils,
les enregistrements et les conditions des protocoles induisent un niveau de connaissance des
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sujets des actions en cours parfois très élevé. Ainsi même si les sujets n’ont pas connaissance
des hypothèses testées (ce qui pourrait influencer leur comportement), ils ont parfois
connaissance du fait que leur locomotion est étudiée, voire même des moments de mesure
(« 3, 2, 1, acquisitions en cours ! »). A notre connaissance l’effet de cette information des
sujets sur les paramètres ainsi mesurés n’avait pas fait l’objet d’une étude spécifique, et nous
avons fait appel au champs scientifiques médical et psychologique concernant l’observance
des traitements médicaux, et les effets « placebo » (Benedetti 2002; 2009) et « Hawthorne »
(Campbell et al. 1995; McCarney et al. 2007) afin de construire un protocole permettant
d’approcher la question, notamment à travers le système d’acquisitions annoncées et cachées
aux sujets. Cette méthode a montré des résultats surprenants dans le domaine du traitement
médical (Colloca et al. 2004), et est à rapprocher des études avec annonces fausses dans
lesquelles les performances physiques sont modifiées (e.g. temps limite en pédalage : Morton
2009).
Le but de cette étude était de tester les changements de pattern mécanique de course induits
par différents niveaux de connaissance des sujets à propos des mesures effectuées.

Méthodes
Les nombreuses précautions expérimentales prises pour standardiser au mieux le protocole
sont consultables dans le Tome 2 de ce mémoire (matériel additionnel de l’article).
Brièvement, nous avons pris des précautions particulières quant au choix des sujets (novices
quant aux mesures de laboratoire), à l’explication qui leur a été faite du protocole, aux
consignes verbales et mouvements exacts des expérimentateurs, et à la gestion de l’issue du
protocole (explications complètes).
14 étudiants masculins (âge : 25,6 ± 6,5 ans ; masse : 74,0 ± 6,0 kg ; taille : 180 ± 5 cm) ont
donc été recrutés pour courir pendant environ 15 min à 12 km/h. Le message donné aux sujets
était que deux mesures de leur biomécanique de course seraient réalisées.
Les sujets ont couru sur le tapis roulant instrumenté décrit précédemment, et les paramètres
mécaniques de leurs patterns de course, dont les paramètres masse-ressort ont été étudiés par
des acquisitions de 20 s (10 pas consécutifs analysés) dans les conditions suivantes, établies
pour donner aux sujets un niveau croissant d’information sur les mesures effectuées : de leur
méconnaissance totale (acquisitions cachées) à la connaissance du moment exact de
l’acquisition et également du paramètre spécifiquement étudié. Ces conditions sont décrites
dans le Tableau 7 :
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Tableau 7. Détail des conditions expérimentales comparées.

Niveau d’attente des
sujets

Spécification du parametre mesuré /
étudié

A1

Aucune

A2

Aucune

A3

Aucune

A4
A5

Attentes des sujets:

Spécification explicite:
“forces au sol et raideur du membre
inférieur”
Spécification explicite:
“forces au sol et raideur du membre
inférieur”

Moment réel de la mesure
Chaque minute, à la 50ème seconde
(WU1) à 5 min 50 s (WU6)
20 s après l’annonce verbale de la
mesure à venir
Immédiatement au “0” du décompte
verbal de 5 s
20 s après l’annonce verbale de la
mesure à venir
Immédiatement au “0” du décompte
verbal de 5 s

A1: aucune mesure n’est actuellement effectuée : « échauffement »
A2: une mesure sera effectuée dans 2 min, paramètre(s) mesuré(s) inconnu(s)
A3: une mesure est en cours, paramètre(s) mesuré(s) inconnu(s)
A4: une mesure sera effectuée dans 2 min, paramètre mesuré connu: kleg
A5: une mesure est en cours, paramètre mesuré connu: kleg

Enfin, une dernière acquisition (masquée) a été réalisée à la toute fin du protocole (condition

A6), afin de tester un effet fatigue éventuel.
Des ANOVA à mesures répétées ont été utilisées (effet condition) pour (i) tester les
différences entre les 6 échantillons de valeurs pour les conditions « d’échauffement » en
situation A1 : conditions WU1 à WU6. Ensuite, une seconde série d’ANOVA a été utilisée
pour tester les différences entre les différents niveaux d’information des sujets (A1 à A5).

Principaux résultats / conclusions
Le principal résultat de cette étude montre qu’après une stabilité du pattern de course
(coefficients de variation de 1,53 à 4.42 % en moyenne selon les paramètres et ANOVA non
significative sauf pour Fmax et Δz) pendant les 6 premières minutes (A1, le sujet ne se doute
pas des mesures en cours), l’ANOVA a donné un effet condition significatif entre les cinq
niveaux de connaissance des sujets : P < 0,05 pour les paramètres f et Δz, P < 0,01 pour tc, et

P < 0,001 pour Δz et kleg. En revanche, les ANOVA étaient non-significatives pour tv et
Fmax. L’analyse des paramètres et les valeurs détaillées figurent en Tome 2 de ce mémoire.
Si nous prenons le cas spécifique de kleg (la variable mécanique spécifiquement annoncée aux
sujets), le test post-hoc (PLSD Fisher, confirmé par Student-Neuwman-Keuls) montre
qu’hormis une baisse entre la fin de l’échauffement tel qu’annoncé aux sujets et le début de la
période de mesure, ce paramètre a augmenté à mesure que le niveau d’information augmentait
(Figure 22). Ainsi, les sujets ont augmenté leur raideur d’environ 6,3 % en moyenne entre le
moment où ils savaient juste qu’une mesure (d’un paramètre inconnu) allait être effectuée
dans 2 min (niveau A2), et le moment où ils savaient qu’une acquisition était en cours, et que

kleg était le paramètre spécifiquement étudié (niveau A5).
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Figure 22. Valeurs de kleg en fonction des différentes conditions testées (voir Tableau 7). La première ANOVA
à mesures répétées n’a pas montré de différences entre les 6 mesures réalisées en condition A1. La seconde
ANOVA (entre les 5 niveaux croissants d’information) était significative (P < 0,001).
* : test post-hoc significatif entre deux conditions.

En tenant compte des limites d’une telle étude (par exemple randomisation impossible des
niveaux d’information, par définition), mais aussi des précautions expérimentales prises (par
exemple expérimentation par un seul et même expérimentateur, discours et gestes appris par
cœur et répétés à l’identique, acquisitions totalement cachées aux sujets sauf celles
annoncées), le résultats principal montre une sensibilité des mesures biomécaniques à
l’information des sujets dans un contexte d’étude de la locomotion humaine en laboratoire.
Au-delà de cet effet principal, significatif pour la majeure partie des paramètres étudiés, la
discussion des tests post-hoc et des différences entre conditions est plutôt spéculative. Notre
principale hypothèse est qu’avec le niveau de connaissance grandissant, les sujets ont eu
tendance (malgré la consigne systématique de « courir normalement ») à courir en augmentant
leur dynamisme d’appui et donc kleg d’une part parce qu’ils savaient que ce paramètre était
spécifiquement étudié, mais aussi peut-être parce qu’ils savaient que ce type d’appuis
dynamiques sont caractéristiques de coureurs de bon niveau. Ce dernier point reste à
démontrer, mais il est fort probable que dans l’inconscient des sujets testés, un « bon
coureur » ou en tout cas un beau style de course passe par des appuis brefs et dynamiques au
sol. Le plus probable est cependant que les sujets ont été conditionnés par les attentes de
l’expérimentateur (Kirsch 1999), qu’ils n’ont pas voulu décevoir.
Ainsi, entre les extrêmes inconcevables consistant à ne rien dire aux sujets d’une étude quant
aux mesures qu’ils vont subir et tout leur expliquer des paramètres étudiés, moments de
mesure voire hypothèses testées, il peut sembler intéressant de trouver un compromis tenant
compte des résultats de cette étude. Cette phrase traduite de l’article de Wendler et Miller (
2004) sur l’utilisation des « messages trompeurs » en science résume bien les choses : « soit
les sujets peuvent être informés précisément, soit les chercheurs peuvent obtenir des données
valides, mais pas les deux ». Le champ de la biomécanique peut à notre avis être marqué par
ces phénomènes, la présente étude en apporte un exemple.
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Parmi les applications de la méthode simple de calcul des paramètres masse-ressort présentée
en partie 2.1.1., les applications « fondamentales » telles que l’étude de la course UTMB ont
été complétées par une application industrielle dans laquelle nous avons collaboré au
développement d’un outil portable de mesure de la biomécanique de course, le Myotest Run.
2.2.5. Application au développement d’un appareil de mesure
Morin JB, Tinoco, Peyrot N.
Rapport d’expérimentation : validité du système accélérométrique MYOTEST pour l’étude de la
biomécanique de la foulée de course.
Rapport de fin de contrat. 63p., 2010.
Collaborations : Cyrille Gindre (Volodalen), Patrick Flaction (Myotest SA), Jacques Quièvre (Myotest SA)
Financements : Myotest SA
Etudiants encadrés : Nuno Tinoco (Master 2 STAPS-Santé)

Cette étude a été menée en janvier 2010 en collaboration avec Patrick Flaction et Jacques
Quièvre (Myotest SA, Suisse), et avec Cyrille Gindre (Volodalen, France). Elle a été réalisée
en deux temps : une étude de comparaison / validation en laboratoire sur tapis roulant abordée
ici (travail de Master 2 de l’étudiant encadré Nuno Tinoco), et une étude de validation en
conditions de course sur le terrain (article en cours de rédaction, données non abordées ici).
Pour des raisons de confidentialité, la méthodologie de notre étude et une synthèse seulement
des résultats seront présentées dans ce mémoire. Notre collaboration avec Myotest se poursuit
activement, notamment par des interventions en colloques et interactions scientifiques pour le
développement de ces produits.

Problématique / buts
Pionnière dans l’utilisation d’appareils portables d’accélérométrie pour l’évaluation des
sportifs, la société Myotest SA (www.myotest.com) a développé un appareil simple (type
lecteur mp3, Figure 22) qui se fixe à la taille ou sur une barre de musculation, et permet
d’évaluer la force, la vitesse et la puissance ou la réactivité lors de sauts ou de mouvements de
barres de musculation. Ces mesures sont réalisées sur la base du signal d’accélération
verticale à partir duquel la vitesse verticale est obtenue par intégration, et par les lois
mécaniques du mouvement la force appliquée au centre de masse.
L’évolution qu’ont voulu impulser les responsables du développement était d’envisager une
mesure des paramètres biomécaniques de la course à pied, sur la base des signaux
accélérométriques verticaux et horizontaux, faisant évoluer l’appareil Myotest jusque-là
utilisé pour les sauts et mouvements de musculation vers une fonctionnalité « Run », pour en
faire l’équivalent des cardio-fréquencemètres, mais pour l’analyse de la biomécanique de la
course.
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Notre rencontre a donc mis sur pied le projet de confronter les données mécaniques de course
obtenues par le Myotest à celles mesurées par le tapis roulant instrumenté, dans un protocole
de comparaison exhaustive. Ce protocole limité aux conditions de laboratoire et à la course
sur tapis roulant a ensuite été étendu à des mesures de terrain comparant cette fois les données
à celles obtenues par système Optojump et vidéo.
Le but principal de l’étude était donc de comparer les systèmes de mesure accélérométrique
Myotest et MT9 au système de mesure dynamométrique tapis ADAL et entre eux pour les
principaux paramètres biomécaniques de la course, tous dérivés des signaux de force verticale
et horizontale en fonction du temps (signaux de base des mesures effectuées).

Méthodes
Quatre sujets masculins (27,5 ± 2 ans ; 1,78 ± 0,05 m ; 73,4 ± 6,8 kg) se sont portés
volontaires pour réaliser ce protocole après en avoir reçu un descriptif complet. Ces sujets
étaient tous des sportifs entraînés et pratiquant ou ayant pratiqué respectivement le basketball, le football, le décathlon et la course à pied en compétition. De plus, ils avaient tous une
expérience de course sur tapis roulant supérieure à deux heures (temps cumulé), dont au
moins une demi-heure dans les six mois précédents l’expérimentation. Deux d’entre eux
étaient des non-spécialistes de course, et présentaient une attaque du sol caractéristique « en
talon » (rearfoot strikers), tandis que les deux autres ont pratiqué l’athlétisme et le sprint
pendant plusieurs années et présentaient une attaque du sol caractéristique « en plante de pied
» (forefoot strikers).
Les sujets ont effectué les tests avec leurs chaussures de pratique habituelles, et en tenue
standard de running (short, t-shirt), sur le tapis roulant instrumenté présenté en partie 2.1.2.
Un capteur portable de mouvement MT9 (Xsens, Pay-bas) a été utilisé dans ce protocole. Il a
la particularité d’intégrer un accéléromètre en trois dimensions, mais également un gyroscope
à inertie, ce qui permet de mesurer accélérations, angles et variation d’angle en fonction du
temps, dans les trois dimensions du capteur (mesures sensibles à l’orientation du capteur),
mais également dans un repère à trois dimensions indépendant de la position du capteur
(mesures insensibles à l’orientation du capteur). Ce dernier type de mesure permet donc de
connaître les accélérations verticale et antéro-postérieure « absolues » réelles.
Ces capteurs pèsent environ 30 g et permettent une fréquence d’échantillonnage de 100 Hz en
continu sur plusieurs secondes, ainsi qu’une transmission des données par Bluetooth, ce qui
leur confère un aspect portable similaire à celui du Myotest (Figure 22).
Enfin, ces capteurs ont fait l’objet de deux études récentes de validation pour utilisation dans
l’exploration du mouvement et de la locomotion, notamment à travers l’analyse des vitesses et
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trajectoires du centre de masse : Meichtry et al. 2007; Pfau et al. 2005.
L’appareil Myotest utilisé dans ce protocole était un prototype fourni par le fabricant, il
mesure l’accélération dans le repère tridimensionnel dépendant de sa position (mesures
sensibles à l’orientation du capteur). Il permet des échantillonnages de données à 500 Hz et
des mesures en continu sur plusieurs secondes, et il est totalement portable, les données étant
stockées dans l’appareil puis transmises par lien USB vers PC pour analyse.
Les sujets ont réalisé des courses d’environ 2 min dans un ordre aléatoire, à une vitesse basse
(10 km/h), à une vitesse de confort individuel (12, 12, 13 et 15 km/h respectivement pour les
quatre sujets testés) et à vitesse haute (20 km/h) en portant les deux systèmes Myotest et MT9
fixés de façon solidaire et alignés l’un avec l’autre sur une plaque plastique légère et rigide, au
moyen de bandes scratch. Cet ensemble était ensuite fixé sur la ceinture néoprène-scratch
Myotest, elle-même enroulée et fixée autour du tronc du sujet, la ceinture étant toujours
positionnée avec le bord bas juste au-dessus de la crête iliaque. Cette position est la position
d’utilisation classique du Myotest. Les fréquences d’échantillonnage des signaux du tapis
ADAL et du Myotest ont été fixées à 500 Hz, celle du MT9 à 100 Hz. Le filtrage a été réalisé
par filtre passe-bas de type Butterworth (VisualBasic), avec pour fréquence de coupure 30 Hz
pour les signaux ADAL et Myotest, et 10 Hz pour le signal MT9.
Afin de procéder à une comparaison des paramètres mécaniques de la course entre les trois
systèmes, et dans la mesure où leurs acquisitions respectives (déclenchement et déroulement)
étaient indépendantes, une synchronisation des trois signaux a été réalisée. Cette
synchronisation a été effectuée sur les signaux de force verticale (les signaux de force
horizontale étant automatiquement synchronisés en conséquence), puisqu’obtenus de façon
simultanée aux signaux verticaux pour chacun des systèmes). La force verticale en fonction
du temps était mesurée directement pour l’ADAL, et calculée à partir des accélérations pour
les systèmes Myotest et MT9.
Pour chacune des conditions, une phase d’immobilité d’environ 10 s a été observée par les
sujets avant et après la phase de course. Ainsi, après le déclenchement quasi-simultané des
trois systèmes par trois expérimentateurs, les sujets restaient immobiles debout avec les pieds
de part et d’autre de la bande du tapis roulant, puis débutaient leur course en s’aidant des
barres de sécurité pour entrer en course sur la bande. En fin de condition, à l’inverse, ils
quittaient la bande du tapis en marche pour s’immobiliser de nouveau debout et pieds de part
et d’autre de la bande du tapis. Ceci a permis d’observer une phase de « silence » des trois
signaux de force avant et après les pas de course, et de synchroniser les signaux de force
verticale (Figure 23).
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Les données analysées ont été celles présentées dans les parties précédentes notamment 2.1.1.
et 2.2.3., elles regroupent les variables cinématiques du pas, les GRF verticale et horizontale,
ainsi que les impulsions correspondantes, et les paramètres du modèle masse-ressort obtenus
par la méthode simple présentée en partie 2.1.1. (Morin et al. 2005), à partir des temps de
contact et de vol mesurés par l’appareil. En effet, les équations de cette méthode ont été
intégrées à l’appareil pour délivrer, entre autres, une valeur de raideur ou « stiffness » en
course (Figure 22).

Figure 22. Gauche : fixation du Myotest et du gyroscope-accéléromètre MT9 en alignement sur une plaque
rigide. Centre : port des appareils en position de référence pour les mesures en course. Droite : imprimé
d’écran du Myotest donnant entre autres une valeur de raideur « stiffness » kvert calculée lors d’une course à
partir des équations de notre méthode simple présentée en partie 2.1.1.

Principaux résultats / conclusions
Les résultats de comparaison entre les systèmes (exemple de comparaison des signaux de
force verticale entre les trois systèmes Figure 23) ont amené les conclusions suivantes
(extraites du rapport final d’étude) :
♦ Nous avons constaté l’utilisation très pratique du Myotest pour effectuer des acquisitions
et en lire les résultats, et que la fréquence d’échantillonnage et les temps d’acquisitions
permis en font un outil portable très efficace en termes d’autonomie et de simplicité
d’utilisation.
♦ Les résultats de l’étude montrent que globalement, sur le grand nombre de paramètres de
la course considérés, les deux accéléromètres Myotest et MT9 sont très proches et souvent
significativement corrélés, mais sont en revanche souvent éloignés du dynamomètre
ADAL, renvoyant inévitablement à la limite du fait d’estimer des paramètres du
mouvement du centre de masse à partir des accélérations mesurées à ses environs versus à
partir des forces de réaction du sol. Ceci étant, un accord satisfaisant à très satisfaisant a
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été observé entre Myotest et ADAL pour les paramètres temporels du pas : temps de
contact, vol, fréquence, pour la force verticale moyenne et les paramètres masse-ressort
dans leur ensemble à la vitesse de confort des sujets (12 à 15 km/h respectivement). Cet
accord se dégrade à mesure que la vitesse de course s’éloigne de cette vitesse de confort
(ex. à vitesse élevée de 20 km/h dans cette étude).
♦ Les paramètres horizontaux et de vitesse et position verticale du centre de masse (obtenus
par analyse dynamique et intégrations successives du signal de force) montrent un accord
faible entre Myotest et ADAL, ce qui, ajouté au fort accord entre les données Myotest et
MT9 pour ces paramètres, illustre une des limites de cette comparaison entre systèmes
mesurant des quantités différentes (forces calculées d’après accélérations versus forces de
réaction du sol).
♦ MYOTEST présente une bonne qualité de mesure concernant les paramètres masseressort dont la raideur, tels qu’obtenus par les équations de calculs à partir des temps de
vol et de contact, et ce à la vitesse de confort des sujets (en comparaison à MT9 et
ADAL). Cette qualité d’accord diminue de façon logique (comme pour les paramètres
temporels du pas) à vitesse élevée.
♦ Parmi les pistes de développement possibles, une analyse des temps de contact et vol
effectifs (autour d’une valeur de force égale au poids du corps) pourrait permettre
d’améliorer encore la précision de la détermination des paramètres temporels du pas pour
les conditions autres que la vitesse de confort.

Figure 23. Signaux typiques de GRF verticale obtenue par les trois systèmes comparés, à 13 km/h, vitesse de
confort pour ce sujet athlète d’1,78 m, 68 kg, coureur en plante de pied « forefoot striker ».

Ces résultats ont été par la suite complétés par l’accord satisfaisant à très satisfaisant entre les
paramètres cinématiques mesurés par Myotest avec ceux obtenus lors de l’expérimentation en
course en condition de terrain. La publication des résultats de validation (collaboration
scientifique avec Myotest et le Dr Cyrille Gindre, Volodalen) est en cours d’écriture. Une
partie des résultats est disponible sur http://www.volodalen.com/54laboratoire/laboratoiremyotest.htm.
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2.3. APPLICATION A L’ETUDE DE LA LOCOMOTION ET
DE LA PERFORMANCE EN SPRINT
Nos travaux réalisés sur le sprint peuvent se distinguer en deux parties : ceux utilisant la
méthode simple de calcul des paramètres masse-ressort présentée en partie 2.1.1., et qui seront
abordés dans un premier temps (partie 2.3.1.), et ceux utilisant le tapis de sprint instrumenté
présenté en partie 2.1.2., qui seront abordés dans les parties 2.3.2. et 2.3.3.
2.3.1. Performance et fatigue en sprint : lien avec la raideur
mesurée en conditions de terrain
Morin JB, Jeannin T, Chevallier B, Belli A.
Spring-mass model characteristics during sprint running: relationship with performance and fatigueinduced changes.
Int J Sports Med. 27; 158-165, 2006.
Collaborations : Financements : Equipe d’accueil PPEH
Etudiants encadrés : Thibaud Jeannin (Master 2 Exercice Sport Santé Handicap)

Problématique / buts
Bien que les choses aient évolué depuis 2006, les mesures cinématiques ou dynamiques
réalisées pendant des sprints en condition de terrain étaient alors rares et souvent cantonnées à
quelques pas échantillonnés, le plus souvent dans la phase de starting-blocks (e.g. Mero 1988;
Mero et Komi 1986; Mero et al. 1992; Mero et al. 1983; Nummela et al. 1992, 1994). De plus,
malgré l’intérêt que peut avoir l’étude du système masse-ressort dans la locomotion de course
à vitesse maximale (sprint), seules les mesures avec outils d’analyse dynamique /
vidéographique étaient possible (voir partie 2.1.1.). La validation de la méthode simple de
calcul de ces paramètres (Morin et al. 2005) a rendu envisageable leur étude lors de la course
en condition de terrain, et dans le cas qui nous intéresse en situation de sprint.
Ainsi le but de cette étude était d’utiliser cette méthode basée sur les données de vitesse,
temps de contact et vol, pour mesurer les paramètres principaux du système masse-ressort tout
au long de sprints de 100-m en conditions de terrain, et d’explorer les liens entre ces
paramètres et la performance réalisée. De plus, nous avons étudié ces liens en situation de
fatigue en sprint induite par la répétition de quatre courses de 100-m avec récupération très
limitée.
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Méthodes
Huit sujets masculins (23 ± 4 ans, 177 ± 6 cm, 72,7 ± 6,7 kg) se sont portés volontaires pour
cette étude, ils étaient tous étudiants en STAPS et avaient pratiqué des activités physiques
incluant des sprints dans les six mois précédant l’étude. Aucun n’était spécialiste de sprint.
Les performances sur 100-m en condition de terrain ont été mesurées au moyen d’un radar
(ATS SystemTM, RadarSales, Mineapolis, MN) environ 10 m derrière la ligne de départ et sur
un trépied, à hauteur du centre de masse des sujets. Cet outil a été validé et utilisé dans de
précédentes études (Chelly et Denis 2001; di Prampero et al. 2005), et permet un
échantillonnage de la vitesse horizontale de déplacement à une fréquence de 35 Hz. Les
données de distance-temps et vitesse-distance sont ensuite calculées sur la base de ces
mesures de vitesse-temps (voir Figure 26 en partie 2.3.2.). Les vitesses maximales (Vmax en
m/s) et moyennes (V100 en m/s) ainsi que les temps au 100-m (t100 en s) ont été calculés. Les
relations vitesse-temps ont également été modélisées par une fonction bi-exponentielle afin de
déterminer les constantes de temps d’accélération et de décélération du 100-m. Cette
procédure et la fidélité de cette modélisation bi-exponentielle ont été vérifiées comme très
acceptables, et avaient été présentées dans de précédentes études (Chelly and Denis 2001; di
Prampero et al. 2005; Volkov and Lapin 1979). La vitesse en fonction du temps a donc été
calculée selon ce modèle comme :

V(t) = V max ⎡e(
⎣

( − t + tV max) / τ2 ) )

− e( − t / τ1) ⎤
⎦

avec tVmax le temps d’atteinte de Vmax (en s) et τ1 et τ2 (en s) les constantes de temps
d’accélération et de décélération de cette courbe vitesse-temps, respectivement (Figure 26).
Suite au premier 100-m, les sujets ont réalisé 3 autres 100-m avec 2 min de récupération
passive entre chaque effort.
Les paramètres biomécaniques du système masse-ressort étudiés étaient ceux présentés en
partie 2.1.1. et 2.2.3., tous étant basé sur les cinq paramètres d’entrée de notre méthode de
calcul : tc, tv, v, m et L. La longueur du membre inférieur était mesurée comme la distance
grand trochanter - sol en position anatomique de référence, et les données de v, tc et tv, et par
conséquent celles des autres paramètres masse-ressort ont été moyennées par tranche de 20 m
à partir des 20 m de course.
Les temps de contact et de vol ont été obtenus par l’insertion sous les semelles de propreté des
chaussures de capteurs de pression FSR (Interlink, UK) en regard de l’os calcanéen et du
premier métatarsien (Figure 24). Les données de ces capteurs étaient sommées et
échantillonnées à 400 Hz via un boitier léger porté par les sujets dans une combinaison
spécifiquement réalisée pour contenir proche du corps boitier et câblerie, et en limiter les
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mouvements (Figure 24), et une transmission filaire vers un PC porté par un expérimentateur

Pression (Unité Arbitraire)

pilotant une moto aux côtés du sujet pendant le 100-m.
Capteur avant
Capteur arrière
Somme des signaux

tc

0.00

0.05

0.10

0.15

0.20
Temps (s)

Figure 24. Gauche : capteurs de pression FSR installés sous la semelle de confort à l’avant et l’arrière du pied.
Centre : combinaison spécifique permettant de courir sans gêne du boîtier et de la câblerie légers emportés.
Droite : signal typique (course lente) des deux capteurs, dont la somme a été utilisée pour calculer les temps de
vol et de contact avec une très grande validité (données de comparaison au tapis non présentées).

Des ANOVA à mesures répétées (facteur distance) ont été effectuées pour étudier les
changements des paramètres mécaniques au cours du 100-m. Le même type d’analyse a été
réalisé pour étudier les différences entre les valeurs moyennes entre chaque 100-m.

Principaux résultats / conclusions
Les sujets ont couru le 100-m en 14,21 ± 0,79 s, ce qui représente une vitesse moyenne de
7,06 ± 0,38 m/s, pour une vitesse maximale de 8,74 ± 0,28 m/s. Les données biomécaniques
mises en avant (mesures continues des temps de contact et de vol et des paramètres masseressort au long d’un 100-m) étaient une nouveauté dans la littérature. Les principales variables
mesurées sont présentées dans le Tableau 8.
Tableau 8. Paramètres mécaniques (moyenne ± écart-type) obtenus au cours des différentes parties du premier
100-m et valeurs moyennes pour le 100-m entier. ANOVA ns: non significatif
a
: différence significative (P < 0,05) avec la valeur de 20-40 m
b
: différence significative (P < 0,05) avec la valeur de 40-60 m
c
: différence significative (P < 0,05) avec la valeur de 60-80 m
Paramètre

20-40 m

40-60 m

60-80 m

80-100 m

100-m entier

ANOVA

tc (ms)

111 ± 14

108 ± 15

110 ± 12

113 ± 11

110 ± 13

ns

tv (ms)

137 ± 13

141 ± 13

142 ± 11

146 ± 16

141 ± 13

ns

f (Hz)

4,1 ± 0,3

4,1 ± 0,3

4,0 ± 0,2

3,9 ± 0,2

4,0 ± 0,2

ns

8,10 ± 0,31

P < 0,05

v (m/s)

7,93 ± 0,34 8,33 ± 0,34

kleg (kN/m)

19,7 ± 4,8

kvert (kN/m)
Fmax (kN)

a

b,c

8,24 ± 0,24

7,89 ± 0,40

19,8 ± 5,2

18,9 ± 3,5

19,5 ± 4,3

19,5 ± 4,3

ns

93,9 ± 14,6

98,3 ± 16,6

93,8 ± 10,2

89,6 ± 9,8

93,9 ± 12,4

ns

2,54 ± 0,25

2,63 ± 0,27

2,60 ± 0,20

2,60 ± 0,21

2,60 ± 0,22

ns

Δz (cm)

2,8 ± 0,4

2,8 ± 0,4

2,8 ± 0,3

3,0 ± 0,3

2,8 ± 0,3

ns

ΔL (cm)

13,8 ± 2,7

14,2 ± 2,8

14,5 ± 2,3

14,2 ± 2,2

14,2 ± 2,4

ns
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Malgré une variation de vitesse significative au cours du 100-m, aucun des paramètres
mécaniques n’a varié significativement, de plus, aucune corrélation significative n’a été
obtenue entre paramètres de performance et paramètres mécaniques.
Avec la fatigue induite par la répétition de sprints à intervalles très proches, des variations
significatives de tous les paramètres sauf tv, kleg, Fmax et ΔL ont été observées (Tableau 9).
Tableau 9. Paramètres mécaniques du modèle masse-ressort et de performance pour les quatre sprints
(moyenne ± écart-type). Les « % variation » correspondent à la variation moyenne (en pourcentage de la valeur
du premier 100-m) des paramètres entre le premier et le dernier sprint pour les huit sujets. Seules les variations
statistiquement significatives (*: P < 0,05) sont répertoriées.
a
: différence significative (P < 0,05) avec le 1er 100-m
b
: différence significative (P < 0,05) avec le 2ème 100-m
c
: différence significative (P < 0,05) avec le 3ème 100-m
er
1 100-m

Paramètre

2ème 100-m

3ème 100-m

110 ± 13
120 ± 13
143 ± 10
141 ± 13
3,9 ± 0,1
4,0 ± 0,2
8,10 ± 0,31 7,75 ± 0,23 a
19,5 ± 4,3
17,1 ± 3,4
93,9 ± 12,4 81,4 ± 10,0
2,60 ± 0,22 2,52 ± 0,26
2,8 ± 0,3
3,2 ± 0,3
14,2 ± 2,4
15,5 ± 2,3
7,06 ± 0,38 6,96 ± 0,21
8,74 ± 0,28 8,36 ± 0,32 a
2,84 ± 0,46 2,31 ± 0,52 a
128 ± 94
78 ± 26

tc (ms)
tv (ms)
FP (Hz)
v (m/s)
kleg (kN/m)
kvert (kN/m)
Fmax (kN)
Δyc (cm)
ΔL (cm)
v100 (m/s)
vmax (m/s)
τ1 (S)
τ2 (s)

4ème 100-m

ANOVA

% variation

*
ns
*
*
ns
*
ns
*
ns
*
*
*
*

14,7 ± 7,2
3,87 ± 4,2
- 8,03 ± 3,34
- 11,6 ± 3,1
-9,53 ± 9,63
- 20,6 ± 7,9
-4,88 ± 3,67
21,2 ± 9,4
6,88 ± 7,7
- 7,30 ± 5,23
- 10,9 ± 2,0
- 25,2 ± 18,9
- 38,6 ± 30,5

123 ± 18
129 ± 21 a
146 ± 15
148 ± 16
a
3,7 ± 0,2
3,6 ± 0,2 a
7,42 ± 0,35 a 7,10 ± 0,33 a,b
17,9 ± 5,3
18,3 ± 5,5
78,4 ± 13,5 a 74,9 ± 14,2 a
2,51 ± 0,31
2,53 ± 0,27
3,3 ± 0,4 a
3,5 ± 0,4 a
15,2 ± 2,8
15,3 ± 3,6
a
6,68 ± 0,30
6,45 ± 0,27 a,b
8,08 ± 0,34 a 7,73 ± 0,28 a,b,c
2,16 ± 0,62 a 2,13 ± 0,27 a
83 ± 30
59 ± 11 a

Enfin, une corrélation significative a été obtenue entre les changements de paramètres masseressort (illustrés ici par les changements de kvert) et les pertes de performance avec la
répétition de sprints : les sujets limitant le plus leur perte de raideur (notamment par une
limitation du trajet vertical du centre de masse lors de l’appui) étaient ceux dont les
performances (vitesses maximale et moyenne au 100-m) se dégradaient le moins au fil des
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répétitions d’efforts (Figure 25).
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Figure 25. Régressions linéaires significatives entre la perte de raideur et celle de vitesse maximale (à gauche),
et de vitesse moyenne sur 100-m (à droite) observées entre le premier et le quatrième 100-m.
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Ces résultats n’ont pas validé l’hypothèse d’un lien entre qualités de raideur et propriétés
masse-ressort et performance sur un 100-m unique. Nous avions mis en avant que la
production de force et de puissance mesurées sur bicyclette ergométrique étaient liées au
niveau de performance lors d’accélération (Morin et al. 2002; Morin et Belli 2003), et Chelly
et Denis (2001) avaient montré un lien entre raideur en saut et performance en sprint chez de
jeunes joueurs de handball. Mais le lien raideur - performance en sprint n’est pas apparu dans
les résultats, lorsque la raideur est mesurée en situation de course chez une population
homogène de non-spécialistes de sprint. Une étude menée cette fois sur des spécialistes aurait
pu permettre de mettre d’infirmer ou de confirmer cette absence de lien entre raideur du
système masse-ressort et performance en sprint.
En revanche, les résultats obtenus avec la répétition de sprints ont amené la raideur du
système masse-ressort comme un potentiel facteur de performance lors de sprints répétés, ce
qui a été confirmée par une étude récente d’un autre groupe de chercheurs (Girard et al.,
2010). Un aspect de biais potentiel de ces résultats est important à discuter, il s’agit du lien
intrinsèque entre la vitesse de course et la raideur verticale du système masse-ressort (e.g.
Farley et al. 1993; McMahon et Cheng 1990). Ainsi il n’est pas étonnant qu’avec la
diminution de la vitesse de course au fil des répétitions de 100-m kvert ait aussi diminué vu le
lien entre ces deux variables dans le modèle masse-ressort. Cependant, les variations de
raideur observées dans cette étude étaient plus grandes (d’environ deux fois) que les seules
évolutions habituellement dues à des changements de vitesse. En effet, on observe
généralement des pourcentages de variation identiques entre kvert et vitesse (données
personnelles, et Farley et al. 1993), or la Figure 25 montre que les changements de kvert sont
au-delà des droites d’identité les liant à la vitesse maximale ou moyenne sur 100-m. ainsi
nous pouvons raisonnablement penser que les liens entre perte de kvert et perte de vitesse de
course mis en avant vont au-delà de ce lien « naturel » entre ces deux facteurs.

NOTA : depuis cette étude publiée en 2006, nous avons amélioré l’acquisition des données
dans ce type de contexte de mesure, en nous affranchissant de la câblerie nécessitant un
suiveur sur moto (mémoire flash intégrée au boîtier d’acquisition). De plus, dans le cadre
d’une collaboration avec nos collègues de l’INSEP, nous avons utilisé le même type de
capteurs et de montage en branchant cette fois les voies de mesure sur un appareil d’analyse
d’électromyographie portable. Ceci nous a permis d’étudier les propriétés masse-ressort lors
de sprints longs sur des athlètes élite français (données non-publiées à ce jour) et leur pattern
d’activité musculaire lors de sprints longs sur le plat et en côte (Slawinski et al. 2008a). Une
autre forte évolution dans nos études du sprint a été impulsée par la modification du tapis
instrumenté en juin 2010 vers une utilisation en mode « sprint » présentée en partie 2.1.2.
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2.3.2. Etude de la performance en sprint unique court (100-m)

A ce jour, un an après la mise à disposition du tapis de sprint instrumenté présenté en partie
2.1.2. (voir partie 3. pour les projets à venir), notre étude du sprint est passée par une
précision méthodologique quant à sa faculté de permettre de reproduire (et dans quelle
mesure) les performances de sprint réalisées en condition de terrain. Par la suite, la mesure de
GRF nous a permis de mettre en avant des paramètres mécaniques innovants et liés à la
performance.
Morin JB,Sève P.
Sprint running performance: comparison between treadmill and field conditions.
Eur J Appl Physiol. 111 : 1695-1703, 2011.
Collaborations : Financements : Equipe d’accueil LPE
Etudiants encadrés : Pierrick Sève (Master 1 STAPS-Santé)

Problématique / buts
Les ergomètres utilisés en laboratoire ont un intérêt principal : permettre la quantification de
paramètres de l’exercice humain (par exemple pédalage, course à pied, gestes de musculation,
actions isométriques, etc…). Une question qui est naturellement associée à leur utilisation est
la proximité des gestes et efforts « réels », c’est-à-dire en condition de pratique réelle de
terrain, qu’elle implique. L’idéal étant un ergomètre permettant à la fois de mesurer des
paramètres physiologiques ou biomécaniques intéressants, tout en permettant aux sujets des
gestes et efforts proches de ceux de leur pratique habituelle, donnant ainsi du sens à ces
paramètres. Ce compromis est rarement poussé à son optimum, et nous voulions situer le tapis
instrumenté de sprint dans cette problématique. Devant la qualité et la quantité de paramètres
qu’il permet de mesurer (partie 2.1.2. et Morin et al. 2010), et dans la mesure où cet
ergomètre permet d’effectuer des sprints sur des distances officielles de compétition
athlétique telles que le 100-m, le but de cette étude était de comparer la performance sur 100m produite sur le tapis roulant ergométrique de sprint à celle produite sur la piste en condition
libre de sprint. Cette étude permettra notamment de juger de la façon dont les données de
terrain et les différences inter-individuelles peuvent être interprétées à la lumière de celles
obtenues sur l’ergomètre, et vice versa.

Méthodes
Onze sujets masculins (70,4 ± 5,8 kg; 177 ± 5 cm; 24,4 ± 3,9 ans) se sont portés volontaires
pour cette étude après avoir pris connaissance de ses détails. Les sujets étaient tous
physiquement actifs et avaient tous pratiqué ou pratiquaient au moment de l’étude des sports
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incluant des sprints (e.g. football, basketball). Deux sujets étaient des sauteurs en longueur de
niveau régional et national (records sur 100-m de 10,90 et 11,04 s).
Les sujets ont effectué un 100-m sur le tapis et un autre sur une piste standard d’athlétisme en
Tartan, dans un ordre tiré au sort et équilibré entre sujets, et séparés par 30 min de
récupération passive. Les deux efforts ont ainsi été réalisés dans des conditions de
température et de forme physique des sujets similaires. De plus, les mêmes chaussures ont été
utilisées (sans pointes) et la position de départ (debout immobile et penché vers l’avant, sans
starting-blocks) était la même entre les deux modes.
Les sujets avaient été préalablement habitués au sprint sur tapis et échauffés de façon
appropriée. Le tapis roulant instrumenté a été utilisé, et le couple moteur du tapis a été réglé à
160 % de la valeur de couple par défaut (voir partie 2.1.2.). Cette valeur de 160 % du couple
par défaut utilisée pour le sprint a été choisie après de nombreuses mesures préliminaires car
(i) elle est suffisamment élevée pour envisager des vitesses de course et une gestuelle de
sprint proches de celles « libres » adoptées sur le terrain, et (ii) des couples moteurs supérieurs
(180 et 200 % du couple par défaut) ne garantissaient pas une exécution de sprint équilibrée et
confortable systématique pour tous les sujets. Une fois correctement attachés, les sujets se
plaçaient immobiles en position de départ penchés vers l’avant avec le pied de leur choix en
avant. Après un décompte oral de 3 s, les sujets débutaient leur sprint et étaient encouragés
tout au long des 100-m, cette distance étant contrôlée par un odomètre placé en contact avec
la bande du tapis, puis fixée rigoureusement a posteriori à partir des données de vitesse du
tapis. Les données mécaniques instantanées ont été échantillonnées à 1000 Hz.
Les performances de terrain ont été mesurées par radar, de la même façon que pour l’étude
précédente, et les paramètres de performances identiques ont été comparés : les vitesses
maximales (Vmax en m/s) et moyennes (V100 en m/s) ainsi que les temps au 100-m (t100 en s)
et τ1 et τ2 (en s) les constantes de temps d’accélération et de décélération de la courbe vitessetemps modélisée par une fonction bi-exponentielle.
Après vérification de la distribution normale des données par le test de Shapiro-Wilk, les
comparaisons entre les deux modes ont été faites au moyen de tests t et de corrélations de
Pearson, avec un seuil de significativité statistique fixé à P = 0,05.

Principaux résultats / conclusions
La Figure 26 montre les allures typiques des relations vitesse-distance et vitesse-temps dans
les deux modes comparés (tapis et terrain). Cette figure permet d’observer que malgré une
allure globale similaire, ces deux courbes ne se superposent pas. Elle permet par ailleurs
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d’observer la très bonne modélisation de la relation vitesse-temps par la fonction biexponentielle décrite ci-avant, que ce soit sur tapis roulant ou sur la piste.
Figure 26. Relations vitesse-temps-distance
typiques lors d’un 100-m pour un même sujet.
Les courbes grises représentent les données
mesurées, les courbes noires représentent les
données du modèle bi-exponentiel appliqué
aux données mesurées.

Comme indiqué dans le Tableau 10, la plupart des paramètres mesurés ont été
significativement différents entre tapis et terrain. Ces différences, d’environ 20 % en moyenne
ont révélé une performance globalement inférieure sur tapis par rapport à la piste.
Tableau 10. Comparaisons entre les paramètres de la performance au 100-m obtenus sur le tapis roulant
instrumenté et sur la piste (moyenne ± écart-type). Les valeurs en gras indiquent une différence significative.

Paramètre
t 100 (s)
V 100 (m/s)
V max (m/s)
τ1 (s)
τ2 (s)

TERRAIN
13,25 ± 0,71
7,57 ± 0,42
8,84 ± 0,51
1,94 ± 0,38
73,4 ± 26,8

TAPIS
17,0 ± 1,01
5,90 ± 0,36
6,90 ± 0,39
1,60 ± 0,20
69,7 ± 17,2

Test-t
< 0,001
< 0,001
< 0,001
< 0,01
0.49

% écart
28,3 ± 4,54
22,0 ± 2,79
21,9 ± 2,15
15,5 ± 13,0
0,29 ± 24,0

Corrélation r
0,82
0,82
0,89
0,63
0,76

P
< 0,01
< 0,01
< 0,001
< 0,05
< 0,01

Cependant, ces variables ont montré une corrélation significative et systématique entre les
deux modes (r > 0,63 ; P < 0,05). La corrélation pour le temps au 100-m est présentée en
Figure 27 par un graphique de régression linéaire entre les valeurs obtenues sur le tapis et

celles obtenues sur la piste.
Figure 27. Régression linéaire significative
entre les temps au 100-m réalisés sur le tapis
et en conditions de terrain sur la piste.

Le principal résultat de cette étude est que la performance au 100-m est significativement
différente entre les modes tapis roulant et terrain, en faveur de cette seconde modalité.
Cependant, l’allure des relations vitesse-distance est comparable et les paramètres de
performance significativement corrélés entre ces deux conditions.
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Seul le paramètre de vitesse maximale de sprint (Vmax dans la présente étude) avait fait
l’objet de comparaisons entre tapis ergométrique et terrain. Certaines études ont montré des
différences significatives (Frishberg 1983; Kivi et al. 2002) avec des performances inférieures
sur tapis, et plus rarement des performances plus élevées sur tapis (de 11,5 % en moyenne
pour Bowtell et al. 2009). A notre connaissance, seuls Bundle et al. en 2003 ont présenté des
valeurs similaires de Vmax entre tapis de sprint et terrain, mais leur protocole de
détermination de Vmax sur tapis voyait les sujets « prendre le tapis en route » et s’abaisser en
appui sur des barres métalliques et entrer en contact avec la bande du tapis préalablement
lancée à vitesse élevée. La vitesse la plus élevée à laquelle les sujets ont pu réaliser 8 pas
consécutifs était alors retenue comme Vmax (Bundle et al. 2003). Ce mode de détermination
est très éloigné d’un sprint standard comme sur 100-m, au cours duquel par définition, Vmax
est atteinte après une phase d’accélération qui fait suite à un départ immobile.
Notre hypothèse la plus probable pour expliquer ces différences de performance entre tapis et
terrain est que les caractéristiques du tapis, son inertie globale et la friction entre la bande et le
cadre rigide sur lequel elle se déroule à chaque pas limitent la production de vitesse et ne sont
pas totalement compensées par le couple moteur appliqué. Dans une tentative (i) de quantifier
les différences de force nette appliquées au niveau du sol entre les deux modalités et (ii)
d’étudier plus en détails leurs origines, et si elles étaient liées à des paramètres mécaniques du
sprint, nous avons comparé tout au long du 100-m les forces nettes horizontales mesurées
pour chaque pas sur le tapis à celles estimées à partir des données de terrain.
En appliquant la loi fondamentale de la dynamique dans la direction horizontale, la force nette
accélérant la masse m des sujets (soit la force correspondante à la force nette moyennée lors
de chaque pas sur le tapis FH) peut être calculée comme F = m.a, avec a l’accélération (en
m/s²) du centre de masse du coureur vers l’avant dans la direction horizontale, obtenue par
dérivation de la vitesse donnée par le modèle bi-exponentiel par rapport au temps. Etant
donné que vaincre les frottements de l’air peut représenter une source de production de force
horizontale lors d’un 100-m sur piste, nous avons estimé la force horizontale produite contre
la friction de l’air comme Fair = 0.5ρSCxV² avec ρ (en km/m3) la densité de l’air, S (en m²) la
surface frontale du coureur, Cx son coefficient de pénétration dans l’air et V (en m/s) sa
vitesse de déplacement horizontal. Fair a été estimée à partir de cette équation, de la masse et
de la taille des sujets (utilisées pour calculer S) et de données de la littérature, selon la
méthode proposée par Arsac et Locatelli (2002). Ensuite, la force horizontale nette estimée
pour les conditions de terrain a été calculée comme FHterrain = F+Fair. Les comparaisons de FH
et FHterrain pendant le 100-m ont montré que la différence était de 79,7 ± 6,9 N en moyenne, et
significativement plus grande (P < 0,001) pendant la seconde partie du 100-m (soit après
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Vmax): 86,7 ± 8,1 N versus 69,9 ± 8,5 N du départ à Vmax. De plus, les différences
individuelles de force horizontale entre tapis et terrain calculées sur l’ensemble du 100-m
étaient significativement corrélées avec les valeurs correspondantes de force verticale
normalisée par la masse corporelle (soit en N/kg) (r = 0,69; P = 0,02), mais pas avec la masse
des sujets, ni la force horizontale appliquée, ni aucun autre paramètre mécanique étudié. Ces
données supportent clairement l’hypothèse selon laquelle cette différence de production de
force horizontale entre les deux situations (et par conséquent la différence de production de
vitesse de déplacement, donc de performance) est liée aux variables mécaniques représentant
l’intensité des actions verticales des sujets et les forces appliquées sur la bande pendant le
sprint, et donc à la friction engendrée, dans la mesure où la friction entre la bande et son
support est directement proportionnelle à la quantité de force appliquée verticalement au
niveau du pied.
En conclusion, malgré l’écart de performance d’environ 20 % en faveur de la condition de
terrain, les corrélations significatives observées entre les deux modes de course de sprint
comparés rendent l’ergomètre utilisé valide pour les comparaisons inter-individuelles dans les
capacités de production de performance en sprint. Ainsi, nous pensons que les performances
de terrain peuvent être interprétées à la lumière de celles obtenues sur l’ergomètre, dont les
mesures de GRF en trois dimensions ont été utilisées pour proposer un paramètre innovant de
l’analyse biomécanique du sprint : l’efficacité d’application de la force au sol.

Morin JB, Edouard P, Samozino P.
Technical ability of force application as a determinant factor of sprint performance.
Med Sci Sports Exerc. 43(9): 1675-1679, 2011.
Collaborations : Financements : Equipe d’accueil LPE
Etudiants encadrés : -

Problématique / buts
D’un point de vue mécanique, une accélération du centre de masse du coureur dans la
direction horizontale (direction du déplacement sur 100-m) dépend de l’application d’une
GRF horizontale nette positive sur la masse du coureur. Ainsi par exemple, Hunter et al.
(2005) ont montré que lors d’une accélération, le déterminant principal de la vitesse de sprint
à une marque de 16 m après le départ était l’impulsion horizontale nette (FH x tc). Cependant,
la force verticale appliquée lors des appuis (FV) a aussi été liée à la performance en sprint,
mais uniquement à la vitesse maximale que les sujets peuvent atteindre en « prenant le tapis
en route », donc en occultant la phase d’accélération, et sur une population très hétérogène
allant de sédentaires à finalistes des Jeux Olympiques (Weyand et al. 2000). Ces résultats ont
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néanmoins eu du poids dans la littérature de ces dernières années et dans les pratiques
d’entraînement, en plaçant la force appliquée verticalement au sol comme un facteur de
performance en sprint. Afin de quantifier le rapport entre la force horizontale et totale
appliquées au sol par un coureur qui accélère, notre approche a proposé le calcul du ratio de
forces (RF), qui est aussi l’équivalent de l’angle d’orientation du vecteur force totale (FTot)
(Figure 28). Ce ratio RF = FH / FTot avait été proposé et étudié en pédalage (Davis et Hull
1981; Ericson et Nisell 1988; Patterson et Moreno 1990; Sanderson 1991), où un RF élevé
signifie que pour une même quantité de force totale appliquée sur la pédale, une plus grande
force efficace (i.e. tangente à la trajectoire de la pédale) est produite. L’efficacité de pédalage
avait d’ailleurs été reliée à la technique de pédalage des sujets (Dorel et al. 2010) et
partiellement à leur rendement mécanique (Zameziati et al. 2006). Ainsi en sprint en course le

RF représente le pourcentage de FTot qui est appliqué dans la direction horizontale.
Figure 28. Illustration schématique du ratio de
forces. Les vecteurs et forces évoqués
correspondent à des valeurs moyennes
(nettes) sur une phase de contact. Un RF
positif traduit donc une accélération. Lors de
la course à vitesse constante (force
horizontale nette théoriquement nulle), le RF
est théoriquement nul de même que l’angle
moyen de FTot au cours du pas.

L’analogie avec le pas de course fait qu’avec un RF élevé, une même FTot se traduira par une

FH plus importante, et donc une accélération vers l’avant plus élevée. Cependant, l’analogie
n’est pas complète car maximiser RF en pédalage est important, mais n’a pas de sens en
course, où une certaine quantité de FV est nécessaire. A notre connaissance, bien que des
études aient rapporté des mesures de FH, FV et FTot, sur un ou deux pas par exemple lors de
départs en starting-blocks ou lors de phases d’accélération (Bezodis et al. 2008; Hunter et al.
2005; Mero 1988; Mero et Komi 1986; Nummela et al. 2007) ou récemment des angles de
vecteur FTot lors d’accélérations (Kugler et Jahnsen, 2010), aucune n’avait proposé cette
mesure de l’efficacité d’application de la force en sprint, et a fortiori continuellement au long
de l’accélération. Enfin, une étude détaillée des forces verticale et horizontale au sol lors de
l’accélération a été proposée, mais chez des animaux bipèdes lors de la course (dindes) ou du
bondissement (kangourous) (McGowan et al. 2005; Roberts et Scales 2002).

Habilitation à Diriger des Recherches, JB Morin

75

Partie 2 : Synthèse des travaux de recherche

Le but de cette étude était donc de quantifier cette efficacité d’application de la force totale
produite au sol tout au long d’une accélération de sprint grâce aux mesures de FH et FTot à
chaque pas, et de tester les liens entre les paramètres mécaniques mesurés lors de sprints sur
tapis et la performance de terrain sur 100-m.

Méthodes
12 sujets masculins ont participé à cette étude (72,4 ± 8,6 kg; 176 ± 8 cm; 26,2 ± 3,6 ans). Ils
étaient tous physiquement actifs et avaient tous pratiqué ou pratiquaient au moment de l’étude
des sports incluant des sprints (e.g. football, basketball). Deux sujets étaient des sauteurs en
longueur de niveau régional et national (records sur 100-m de 10,90 et 11,04 s).
Leurs performances sur 100-m ont été analysées par mesure radar de la même façon que dans
l’étude précédente, et les mêmes paramètres analysés. Une variable supplémentaire a été
analysée en lien avec la performance en sports collectifs (e.g. football, rugby) pour lesquels la
vitesse maximale ou la vitesse sur 100-m n’ont que peu de sens : la distance couverte en 4 s.
Après une familiarisation complète avec le sprint sur le tapis roulant instrumenté présenté en
partie 2.1.2., un sprint de 6 s a été réalisé dans les mêmes conditions que dans l’étude
précédente. Les données mécaniques ont été échantillonnées à 1000 Hz et moyennées pour
chaque phase de contact (force verticale > 30 N). Les variables cinématiques du pas ont été
étudiées (tc, tv, f et tswing, soit le temps de ramené d’un pied entre deux contacts successifs ou
swing time), ainsi que FH, FV et FTot, exprimées en N et en BW.
Le ratio de forces RF a été calculé, et nous avons également proposé un autre indice
d’efficacité de la propulsion lors de l’accélération. En effet, RF est maximal lors des premiers
pas et diminue ensuite à mesure que le sujet accélère. Ceci a été observé systématiquement et
correspond au redressement du grand axe du corps, et ce jusqu’à la fin de l’accélération. A ce
moment, le sujet coure à vitesse maximale, constante, et en théorie le RF est nul. Or nous
avons observé que chez tous les sujets testés, cette décroissance du RF avec l’augmentation de
vitesse était linéaire (Figure 29). Ainsi, la pente de cette relation linéaire a été retenue comme
un indicateur de la façon dont les sujets « perdent » leur RF pas après pas au cours de
l’accélération (indice de décroissance du RF ou DRF). Cette variable a été proposée comme
étant un indicateur de la technique individuelle de propulsion ou d’application de la force au
sol. En effet, une pente très négative signifie que le sujet voit son RF diminuer très vite au
cours de l’accélération, alors qu’à l’inverse, une pente moins négative (valeur de DRF plus
élevée) signifie que le sujet parvient à limiter la diminution de RF au cours de l’accélération.
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Figure 29. Deux exemples typiques de calcul du
DRF chez un non-spécialiste de sprint (points
noirs), la relation RF-vitesse est plus pentue (DRF
= 0,083) que chez un sauteur en longueur de
niveau national (points blancs, DRF = 0,051).

Enfin, afin de vérifier les hypothèses de la littérature sur l’importance de FV spécifiquement
produite à vitesse maximale de course, nous avons quantifié cette force moyenne des cinq pas
autour de la vitesse maximale atteinte sur tapis (FV-Vmax).

Principaux résultats / conclusions
Les valeurs des principaux paramètres sont résumées dans le Tableau 11, et les principales
corrélations montrent que le DRF est significativement lié à la performance en sprint, de même
que la force horizontale, mais pas la force verticale (Tableau 12). Seule la force verticale
spécifiquement mesurée à vitesse maximale de course sur le tapis était liée à la vitesse
maximale de course sur le terrain, ce qui confirme l’hypothèse de Weyand et al. (2000) mais
cantonne l’importance de FV uniquement à la phase de vitesse maximale. La phase
d’accélération et la performance globale sur 100-m semblent donc dépendre de la faculté à
produire FH, et donc à l’habilité technique des sujets à orienter efficacement FTot tout au long
de l’accélération (traduite par le DRF), plus qu’à leur capacité physique à produire de grandes
valeurs de FTot par leurs groupes musculaires des membres inférieurs.
Tableau 11. Principaux paramètres mécaniques enregistrés lors des sprints sur
tapis roulant (pour les pas allant du second pas au pas à vitesse maximale).

Moy (ET)

Variable
Valeur maximale de RF (%)
Valeur moyenne de RF (%)
Index technique d'application de force (D RF)
Force de réaction du sol
F H (BW)
F H (N)
F V (BW)
F V (N)
F Tot (BW)
F Tot (N)
F V-Vmax (BW)
F V-Vmax (N)
Puissance (W/kg)
V max (m/s)
tc (s)
tv (s)
f (Hz)
t swing (s)

Etendue

28,9 - 42,4
37,6 (4,22)
13,9 - 23,7
19,9 (2,98)
-0,071 (0,010) -0,083 - -0,051
0,322 (0,056)
225 (27)
1,62 (0,14)
1144 (150)
1,65 (0,14)
1170 (151)
1,79 (0,16)
1267 (153)
16,5 (3,18)
6,61 (0,45)
0,153 (0,016)
0,094 (0,013)
4,11 (0,27)
0,35 (0,025)

0,224 - 0,411
184 - 275
1,45 - 1,85
915 - 1465
1,49 - 1,89
937 - 1484
1,59 - 2,10
1001 - 1554
11,1 - 22,4
6,75 - 7,34
0,127 - 0,181
0,077 - 0,121
3,80 - 4,69
0,312 - 0,383
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Les données obtenues sont cohérentes avec celles déjà observées lors de sprints sur tapis
roulant ou en conditions de terrain (e.g. Bundle et al. 2003; Kugler et Janshen 2010; Mero
1988; Morin et al. 2010; Weyand et al. 2000, 2010), et les valeurs de RF sont en accord avec
celles qui ont pu être estimées dans des conditions similaires à partir des données de la
littérature décrites en introduction (e.g. Kugler et Janshen 2010). Les valeurs maximales de

RF dans notre étude sont cependant bien en deçà de celles qui ont pu être estimées à partir des
données de Mero et al. (Tableau 3 dans Mero 1988) mesurées en phase de starting-blocks : 30
à 40 % dans notre étude versus environ 75 % pour Mero et al., soit un angle d’environ 48° en
avant de la verticale. Ceci est logique dans la mesure où un départ en starting-blocks autorise
une application de FTot avec une orientation bien plus horizontale (et donc un RF plus élevé)
que lors d’un départ debout penché en avant comme dans notre étude. L’avantage de notre
méthodologie est qu’elle permet de mesurer continuellement ces valeurs tout au long de
l’accélération, contrairement à l’analyse d’un ou deux pas jusqu’ici proposée dans la
littérature.
Tableau 12. Corrélations entre les principaux paramètres mécaniques (lignes) et de performance sur 100-m
(colonnes). Les données en gras indiquent des corrélations significatives. Les régressions linéaires sont
disponibles dans l’article correspondant en Tome 2.

Valeur maximale de RF (%)
Index technique d'application de force (D RF)
F H (BW)
F V (BW)
F Tot (BW)
F V-Vmax (BW)
Puissance (W/kg)

Vitesse max.

Vitesse moy. 100-m

(m/s)

(m/s)

0,013 (0,97)
0,735 (<0,01)
0,775 (<0,01)
0,501 (0,10)
0,52 (0,08)
0,612 (<0,05)
0,891 (<0,001)

-0,018 (0,96)
0,779 (<0,01)
0,736 (<0,01)
0,39 (0,22)
0,411 (0,19)
0,507 (0,09)
0,862 (<0,001)

Distance 4-s
(m)

-0,217 (0,96)
0,745 (<0,01)
0,621 (<0,05)
0,466 (0,13)
0,471 (0,13)
0,498 (0,10)
0,715 (<0,01)

Dans l’examen des corrélations entre paramètres mécaniques et performance de terrain sur
100-m, nos résultats montrent que la quantité de force totale produite n’est pas corrélée à la
performance des sujets sur 100-m (P > 0,08), mais que l’indice d’application de la force
(DRF), et donc la part de force horizontale produite (FH), le sont significativement (r > 0,621 ;

P < 0,05). Ce qui compte pour la performance en sprint semble donc être la façon dont la
force est appliquée / orientée sur le sol plus que la quantité de force totale produite par les
membres inférieurs.
Cette étude et ses résultats ont concerné des sportifs non-spécialisés en sprint (hormis deux
sujets de niveau régional à national). Ainsi ses conclusions sont peut-être limitées à une telle
population. Afin entre autres d’étendre le test de ces conclusions sur une population de
spécialistes, nous avons eu l’opportunité d’étudier dans les mêmes conditions que pour cette
étude une population de sprinters de très haut niveau, incluant le recordman de France du 100m et 200-m et triple Champion d’Europe 2010 Christophe Lemaitre.
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Sprint running performance: a case study of the 2010 triple European Champion
J Appl Physiol. Soumis, 2011.
Collaborations : JR Lacour, M Bourdin (Univestité Lyon 1), P Carraz et athlètes de l’AS Aix-les-Bains Athlétisme
Financements : Equipe d’accueil LPE
Etudiants encadrés : -

Problématique / buts
L’hypothèse mise en avant dans l’étude précédente méritait d’être testée sur une population de
spécialistes de sprint afin d’être modérée ou renforcée. Dans le cadre d’une collaboration avec
des collègues de l’Université de Lyon I et les athlètes du groupe de sprint élite de l’ASA Aixles-Bains, nous avons eu l’opportunité d’étendre notre étude des paramètres mécaniques de la
performance en sprint chez quatre sprinters de niveau national et international dont l’actuel
recordman de France du 100-m (9,92 s) et 200-m (19,80 s), Champion du Monde Junior sur
200-m en 2008, triple Champion d’Europe 2010 (100-m, 200-m et relais 4x100-m), et
récemment 4ème et 3ème des Championnats du Monde respectivement sur 100-m et 200-m,
Christophe Lemaitre (CL). Ce dernier, au-delà de sa position dans les 10 meilleurs mondiaux
sur 100 et 200-m (8ème en 9,92 et 3ème en 19,80 s au 5 septembre 2011), a la particularité
d’avoir été un des plus jeunes athlètes à passer sous le temps symbolique de 10 s (à 20 ans, le
9 juillet 2010), et de l’avoir fait après seulement 5 années de pratique de l’athlétisme, ce qui
lui a conféré un très faible volume total d’entraînement et particulièrement en musculation. Ce
point rend son étude de cas intéressante au regard des hypothèses mises en avant dans l’étude
précédente sur l’habileté technique d’application / orientation de force versus la capacité
physique de production de force totale en sprint.
Le but de cette étude de cas était de comparer les variables mécaniques produites lors de
sprints sur tapis roulant aux performances de terrain d’un athlète de l’élite mondiale à celles
de trois de ses pairs de niveau national et de neuf sujets non-spécialistes, dans le but de
discuter plus précisément les hypothèses mises en avant dans l’étude précédente.

Méthodes
Les athlètes ont réalisé des tests de sprint sur tapis en laboratoire et de performance sur 100-m
en mars et avril 2011 lors de deux sessions distinctes. Trois populations ont été comparées :
CL (21 ans ; 81,0 kg ; 1,91 m), un groupe de pairs et partenaires d’entraînement de niveau
national et membres pour deux d’entre eux du relais 4x100-m de l’équipe de France en 2010
(26,3 ± 2,1 ans; 77,5 ± 4,5 kg; 183 ± 5 cm). Leurs records personnels sur 100-m (au 1er août
2011) allaient de 10,31 à 10,61 s. Le troisième groupe était constitué de neuf des sujets de
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l’étude précédente (Morin et al. 2011a), qui étaient des sportifs actifs mais non-spécialistes de
sprint (26,5 ± 1,8 ans; 72,6 ± 8,4 kg; 175 ± 8 cm).
Après familiarisation complète avec les procédures, les sujets ont réalisé un sprint de 6 s au
cours duquel les variables mécanique de production et application de force identiques à
l’étude précédente ont été enregistrées. En complément, les relations linéaires force-vitesse
(F-V) individuelles des sujets ont été établies pour les pas allant du pas à force maximale (un
des deux ou trois premiers pas du sprint) à celui à vitesse maximale (voir Figure 6, partie
2.1.2.), et ces relations F-V ont permis d’étudier le « profil F-V » des sujets à travers trois
paramètres : (i) la force maximale théorique que les membres inférieurs peuvent produire lors
d’un contact au sol à vitesse nulle (FH0), (ii) la vitesse maximale théorique du tapis que les
actions des membres inférieurs peuvent générer face à une charge nulle (V0), et (iii) la pente
de la relation F-V linéaire (SF-V). FH0 et V0 sont les extrémités théoriques extrapolées de la
relation F-V mesurée (Figure 31) et les trois variables retenues dont des paramètres
intégratifs qui caractérisent les limites de la fonction neuromusculaire globale du membre
inférieur en sprint. Elles englobent ainsi de nombreuses propriétés musculaires individuelles,
ainsi que des facteurs morphologiques et nerveux (Cormie et al. 2011) et donnent ainsi une
vue intégrative globale du profil F-V d’un athlète dans la tâche spécifique de sprint en course.
Ce type d’approche a été également menée pour des exercices de pédalage (e.g. Dorel et al.
2010) et de saut (Rahmani et al. 2001, 2004; Samozino et al. In press., partie 2.3.)
Figure 30. Illustrations des tests de sprint sur tapis
roulant (gauche) et sur 100-m en conditions de terrain
(bas) réalisés sur l’athlète élite sujet de cette étude de
cas.

La double comparaison entre CL et les deux autres populations testées a été faite au moyen de
pourcentages d’écarts entre les valeurs de CL et les valeurs moyennes des deux groupes. Les
écarts absolus ont été également exprimés en nombre d’écart-types de chacun des groupes.
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Les variables ont été considérées comme différant de façon importante au-delà de 2 écarttypes de différence.

Principaux résultats / conclusions
Le Tableau 13 résume les principaux résultats obtenus. Il y apparaît que les paramètres pour
lesquels CL diffère de façon notable de ses pairs (et a fortiori encore plus des nonspécialistes) sont la capacité de production de force horizontale supérieure pour une
production de force totale similaire, et ce d’autant plus que la vitesse de course augmente lors
de son accélération sur le tapis. Ainsi sont DRF était meilleur (donc avec une valeur moins
négative) que celui des trois autres spécialistes par plus de 3 écart-types, ceci correspond à
une excellente efficacité d’application de la force au sol telle que décrite dans l’étude
précédente.
Tableau 13. Principaux paramètres (Moy(ET)) de performance sur 100-m et mécaniques enregistrés lors des
sprints sur tapis roulant pour les trois populations testées.
* : Ecart supérieur à 2 ET ; ** : écart supérieur à 3 ET ; *** : écart supérieur à 4 ET

CL

Pairs de niveau Différence
Différence
Non-spécialistes
national
avec CL (%)
avec CL (%)

Performances au 100-m
10,35
t 100 (s)
10,92 (0,20)
11,21
10,78 (0,37)
Vmax (m/s)
9,66
V 100 (m/s)
9,16 (0,17)
Paramètres mécaniques (sprint de 6 s sur tapis)
8,67
8,13 (0,18)
Vmax (m/s)
31,9
28,5 (1,16)
Pmax (W/kg)
8,54
F H 0 (N/kg)
9,28 (0,42)
13,1
11,3 (0,31)
V 0 (m/s)
-0,655 -0,821 (0,050)
S F-V (N.s/m/kg)
0,121
0,129 (0,003)
tc (s)
0,095
0,097 (0,003)
ta (s)
t swing (s)
0,309
0,311 (0,012)
4,64
4,39 (0,093)
f (Hz)
1,54 (0,010)
Longueur de pas (m) 1,53
0,398
F H (BW)
0,351 (0,030)
1,85
F V (BW)
1,79 (0,06)
1,9
F Tot (BW)
1,83 (0,06)
F V-Vmax (BW)
1,97
1,99 (0,06)
-0,042
D RF
-0,06 (0,006)

5,51*
-3,83
- 5,18*

13,6 (0,70)
8,63 (0,39)
7,36 (0,38)

31,4***
-23,0***
-23,8***

-6,23**
-10,7*
8,67
-13,7***
25,3**
6,61*
2,11
0,65
-5,39*
0,65
-11,8
-3,24
-3,68
1,02
- 42,9**

6,5 (0,38)
19,8 (2,05)
8,4 (1,22)
8,91 (0,61)
-0,951 (0,192)
0,156 (0,015)
0,093 (0,014)
0,338 (0,025)
4,05 (0,20)
1,36 (0,16)
0,31 (0,052)
1,6 (0,12)
1,63 (0,13)
1,78 (0,12)
-0,082 (0,007)

-25,0***
-37,9***
-1,64
-32,0***
45,2
28,9*
-2,11
9,39
-12,7*
-11,1
-22,1
-13,5*
-14,2*
-9,64
- 95,2**

Ainsi à une vitesse donnée (et ce d’autant plus que cette vitesse est grande), CL produit un
niveau de FH plus important (Figure 31). Ceci était vraisemblablement la cause de son profil
F-V décalé vers le haut à mesure que la vitesse s’élève. Ainsi CL présente une FH0 très
similaires à celles de ses pairs et des non-spécialistes, mais des qualités de V0 et de production
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de force élevée à des niveaux de vitesse élevés hors du commun (Figure 31), ce qui est
associé à un profil (SF-V) très orienté vers les qualités de vitesse plutôt que de force.

Figure 31. Gauche : relation entre le RF et la vitesse, la pente de ces relations linéaires est égale au DRF des
sujets. Droite : relations linéaires F-V individuelles lors des sprints sur tapis roulant.

Cette étude de cas impliquant une population élite confirme nos résultats précédents sur
l’importance de l’orientation horizontale de la force appliquée au sol tout au long de
l’accélération, par rapport à la production de force verticale ou totale. Ainsi, la corrélation
entre le DRF et la vitesse moyenne sur 100-m était significative (r = 0,897 ; P < 0,001), comme
dans l’étude précédente, mais cette fois en considérant l’ensemble des sujets testés, allant de
non-spécialistes à spécialiste de haut niveau mondial.

NOTA : d’autres mesures ont été effectuées dans cette étude de cas, dans le cadre d’autres
hypothèses de recherche et d’un suivi longitudinal engagé en collaboration avec les athlètes.
Certaines d’entre elles (mesures anthropométriques) sont disponibles dans le manuscrit en
Tome 2 de ce mémoire. Nous n’avons présenté ici que les principaux facteurs mécaniques
pour des raisons de concision et de logique scientifique avec l’étude présentée juste avant.

Si le sprint unique et le 100-m en particulier sont des disciplines athlétiques à part entière, le
sprint est une composante très importante de la performance dans de nombreux sports et en
particulier les sports collectifs de grand terrain tels que le football ou le rugby. Or dans ces
pratiques, la performance en sprint unique n’est pas décisive, mais la faculté à répéter des
efforts de sprints au long d’une partie est un élément essentiel de la performance. Nous avons
débuté une série d’études sur la fatigue et la performance en sprints répétés (voir projets en
partie 3.) par un questionnement sur l’évolution des paramètres de la technique d’application /
orientation de la force au sol tels que décrits dans cette partie 2.3.2.
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2.3.3. Etude de la performance en sprints répétés
Morin JB, Samozino P, Edouard P, Tomazin K.
Effect of fatigue on force production and force application technique during repeated sprints.
J Biomech. In press, 2011.
Collaborations : K Tomazin (Post-Doctorat, Université de Ljubjana, Slovénie)
Financements : Equipe d’accueil LPE
Etudiants encadrés : -

Problématique / buts
La répétition de sprints courts avec des temps de récupération courts et variables est une des
caractéristiques principales de la performance physique en sports collectifs (football et rugby
par exemple). Etant donnée l’importance de ce type d’exercice pour la performance et son
développement dans la préparation physique moderne des sports collectifs, de nombreuses
études ont abordé les aspects physiologiques de ce type d’effort ces 15 dernières années,
comme l’attestent de récentes ou très récentes revues de litérature (Girard et al. 2011a;
Glaister 2005; Spencer et al. 2005) et un chapitre d’ouvrage (Bishop et Girard 2011),
quelques études ayant également abordé les aspects de fatigue neuromusculaires (e.g. Perrey
et al. 2010; Racinais et al. 2007) de ce type d’effort.
A notre connaissance, deux études se sont penchées sur les aspects biomécaniques lors de
sprints répétés. Dans notre étude de 2006 (Morin et al. 2006, partie 2.3.1.), nous avions
abordé la répétition de sprints, mais pas au sens décrit plus haut en lien avec les sports
collectifs (4 fois 100-m), et sans mesurer directement de GRF. Plus récemment, Girard et al.
(2011b) ont étudié un effort typique des sprints répétés : 12 fois 40-m en condition de terrain.
Cependant, leur étude, centrée sur les mesures de GRF, ne contenait que l’analyse de deux pas
au maximum (plate-forme de force de 5 m) au début (5 à 10 m) ou à la fin (30 à 35 m) des
sprints, et ce en alternance (protocole en aller-retour, plate-forme fixe). Le tapis instrumenté
de sprint permet de lever cette dernière limite, et d’effectuer des mesures (certes pas en
conditions de sprint sur le terrain) de GRF en continu pour tous les pas d’un sprint, et donc de
sprints répétés selon des protocoles proches de ceux rencontrés dans la littérature. Il permet
donc d’envisager une étude biomécanique détaillée de tels efforts, et notamment à travers le
concept d’efficacité de l’application de force au sol décrit en partie 2.3.2.
Le but de cette étude était donc de décrire les changements dans les variables biomécaniques
du pattern de course, de la production et de l’efficacité de l’application de la force au sol lors
de sprints répétés. Nous attendions au vu de la littérature une diminution des capacités de
production de force totale (associée avec la baisse de performance : vitesse de course et
puissance mécanique manifestement attendue), mais également dans l’habileté technique
d’application de la force au sol, étant donné son lien avec la performance en sprint (étude
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précédente). La comparaison des ampleurs respectives de ces changements (production :
capacité « physique » versus application de la force : habileté « technique ») était le second
but de l’étude.

Méthodes
12 sujets masculins, étudiants en STAPS et habitués aux efforts de sports collectifs se sont
prêtés à ce protocole, qui a été similaire à celui exposé en partie 2.2.3. (effets de sprints
répétés sur le pattern de course à vitesse sous-maximale, Morin et al. 2011b). Ainsi les sujets
(après une session d’habituation et un échauffement approprié lors de la session de tests) ont
réalisé 4 blocs de 5 sprints de 6 s chacun, avec 24 s de récupération passive entre les sprints et
3 min entre les blocs. La période séparant deux blocs de sprints était dévolue à la réalisation
de tests neuromusculaires dont deux contractions maximales volontaires des extenseurs du
genou. Chaque sujet devait compléter les 4 blocs (20 sprints au total) mais était libre de
s’arrêter à la fin d’un bloc en cas d’épuisement. Ce design en blocs de sprints a été préféré à
une série unique plus classiquement rencontrée dans la littérature (type 20 fois 6 s de sprint
avec 24 s de récupération) car plus proche des efforts typiques de sports collectifs pendant
lesquels les sprints sont distribués en périodes intenses (phases d’attaque ou de défense) et
phases de récupération (discussion sur ce point dans Serpiello et al. 2011).
Les paramètres de performance (vitesse et puissance) ainsi que les paramètres mécaniques
présentés dans les deux études précédentes ont été échantillonnés à 1000 Hz pour chaque
sprint, et les valeurs moyennes reportées (sauf cas de valeurs maximales indiquées « max »).
Les données ont été comparées entre pre- et post-sprints (valeurs moyennes des deux premiers
et des deux derniers sprints de chaque série individuelle) par des tests de Student, et l’ampleur
des différences a été quantifiée par le coefficient d de Cohen.

Principaux résultats / conclusions
Les résultats ont montré une perte de performance significative induite par la fatigue et les
16,7 ± 4,4 sprints réalisés en moyenne par les sujets : environ 15 à 20 % pour vitesse et
puissance (Tableau 14). De plus, nous avons observé une diminution significative de la force
totale produite au sol FTot (environ 6% en moyenne), et en particulier de sa composante
horizontale FH (environ 14 % en moyenne), mais surtout la détérioration significativement
plus grande encore de l’indice technique d’application de cette force DRF (environ 20% en
moyenne). En effet, les changements de DRF étaient significativement plus élevés que ceux de

FTot (test-t, P < 0,01). Ainsi avec la fatigue induite par une répétition de sprints, non
seulement la force totale produite était moindre, mais elle était également appliquée avec
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beaucoup moins d’efficacité (c’est-à-dire moins bien orientée vers l’avant, ce qui s’est traduit
par une composante propulsive horizontale FH fortement diminuée).
Tableau 14. Principaux paramètres (Moy(ET)) mécaniques enregistrés pré- (moyenne des deux premiers sprints
de chaque série individuelle) et post-fatigue (moyenne des deux derniers sprints de chaque série individuelle).

V (m/s)
Vmax (m/s)
F H (N)
F H (BW)
F V (N)
F V (BW)
F Tot (N)
F Tot (BW)
RF (%)
RF-max (%)
D RF

pre-sprints

post-sprints

4,55 (0,29)
5,47 (0,40)
309 (25)
0,416 (0,033)
1074 (97)
1,44 (0,10)
1121 (99)
1,51 (0,11)
27,7 (1,1)
42,1 (2,6)
-0,069 (0,007)

3,83 (0,36)
4,53 (0,42)
267 (35)
0,359 (0,050)
1023 (103)
1,37 (0,12)
1060 (106)
1,42 (0,13)
25,6 (2,6)
38,4 (3,2)
-0,081 (0,013)

Valeurs de P
(t-test)
< 0,001
< 0,001
< 0,001
< 0,001
< 0,05
< 0,05
< 0,001
< 0,001
< 0,001
< 0,01
< 0,001

% variation
pré-post
-15,7 (5,4)
-17,2 (5,7)
-13,9 (8,5)
-13,9 (8,5)
-5,12 (5,88)
-5,12 (5,88)
-5,81 (5,76)
-5,81 (5,76)
-7,74 (8,13)
-8,41 (9,48)
-19,2 (20,9)

Taille d'effet
2,30 (très large)
2,39 (très large)
1,41 (très large)
1,41 (très large)
0,66 (moyen)
0,66 (moyen)
0,78 (large)
0,78 (large)
1,10 (très large)
1,33 (très large)
1,20 (très large)

L’analyse présentée ici sur l’ensemble de la série de sprints (soit deux à quatre blocs de 5
sprints selon les sujets) a été observée à l’identique au sein de chacun des blocs de sprints
(données non présentées, disponibles en Tome 2).
La diminution forte et significative du DRF observée signifie qu’avec la fatigue induite par la
répétition de sprints, les sujets ont eu une décroissance de leur ratio de force FH / FTot plus
rapide à mesure que la vitesse augmentait lors de chaque sprint (Figure 32, relation RFvitesse plus pentue en situation de fatigue). Traduit en termes d’angle d’application du vecteur
force totale, cela signifie que les sujets ont eu une application de ce vecteur force totale
beaucoup plus rapidement « verticale » et donc moins orientée vers l’avant (c’est-à-dire moins
efficace) au fur et à mesure de la répétition des efforts.
Figure 32. Diminution de la pente liant
le ratio de force (RF) à la vitesse lors de
chaque pas d’une accélération typique
lors du premier et du dernier d’une série
de 20 sprints. Le DRF (pente de ces
relations linéaires) diminue fortement
avec la fatigue (dans ce cas typique de 0,079 à -0,116).
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Enfin, ces changements dans les paramètres cinétiques des sprints se sont accompagnés par
des changements significatifs dans les paramètres cinématiques du pas : diminution d’environ
12 % en moyenne de la fréquence de pas (P < 0,001) causée par une augmentation
concomitante des temps de vol (17,2 % en moyenne) et de contact (12,6 %). Ces derniers
changements étaient conformes à ceux observés récemment par Girard et al. (2011b).
En conclusion, cette étude a montré, en cohérence avec les résultats des deux études
précédentes sur la performance en sprint unique (100-m), que la technique d’application /
orientation de la force totale était également altérée avec la fatigue générée par une répétition
de sprints. Ainsi nous pensons que cet aspect « technique » mérite une attention particulière,
en complément des aspects de « capacité physique » visant le développement de la faculté à
produire (ou limiter la perte) de force totale. Améliorer l’habileté d’orientation efficace de
cette force au sol (ou à limiter sa diminution en situation de sprints répétés) semble constituer
un facteur en lien avec la performance, et dont le développement par un entraînement
approprié peut s’avérer intéressant.

Les trois dernières études présentées donnent un poids particulier à la façon dont la force
produite par les membres inférieurs est appliquée / orientée efficacement au sol. Ce point est
novateur dans la littérature sur la performance en sprint qui plaçait jusqu’ici beaucoup
d’importance sur la seule quantité de force produite, et notamment verticale. La faculté à
produire de grandes quantités de force dans la direction horizontale pour accélérer en sprint
est connue des entraîneurs spécialistes, elle a trouvé dans nos travaux (grâce notamment au
tapis instrumenté) un appui expérimental à notre sens solide. Des travaux en cours et en projet
s’attacheront à « remonter » aux tenants musculaires (groupes en jeu, coordinations) de
l’indice technique d’application de la force proposé. En particulier, nous pensons que les
extenseurs de la hanche jouent un rôle crucial, à notre sens trop peu considéré par rapport à
celui des extenseurs du genou et de la cheville.
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2.4. APPLICATION A L’ETUDE DES MOUVEMENTS
BALISTIQUES ET DE LA PERFORMANCE EN SAUT
Ces études viennent en suite du développement de la méthode simple présentée en partie
2.1.3. dont elles reprennent et développent les bases théoriques de calcul. Bien que
comportant une application directe à la performance humaine en saut vertical, cette dernière
est plutôt une illustration des ces démarches qui visent davantage à comprendre la fonction
musculaire et neuromusculaire de production de puissance maximale par les membres
inférieurs chez l’Homme (voire chez les animaux « sauteurs » au sens plus large) que la
performance en saut stricto sensu. Cette dernière est en revanche une très bonne illustration de
la problématique et un très bon moyen pratique de l’aborder expérimentalement. De plus, elle
trouve potentiellement de nombreuses applications dans les domaines de l’évaluation des
capacités physiques du sportif, et dans la gestion de son entraînement, et ce dans de
nombreuses disciplines.
L’application de l’approche mécanique simple présentée en partie 2.1.3. a été réalisée au
travers de deux études dans le cadre de la thèse de Doctorat de Pierre Samozino que j’ai coencadrée : l’une était théorique (partie 2.4.1.) et l’autre, validant cette approche par
l’expérimentation (partie 2.4.2.) a été réalisée dans le cadre d’une collaboration avec l’équipe
du Pr di Prampero à l’Université d’Udine (Italie).

2.4.1. Déterminants mécaniques de la performance en saut :
approche théorique intégrative
Samozino P, Morin JB, Hintzy F, Belli A.
Jumping ability: a theoretical integrative approach.
J Theor Biol. 264; 11-18, 2010.
Collaborations : Financements : Equipe d’accueil LPE
Etudiants encadrés : Pierre Samozino (Doctorant, Université de Saint-Etienne)

Problématique / buts
Les lois de la mécanique classique « Newtonienne » dictent que l’accélération d’une masse,
ce qui se produit lors de la poussée d’un mouvement de saut standard de type Squat Jump (SJ)
chez l’Homme, dépend de l’application d’une force nette sur cette masse, grâce à l’interaction
avec l’environnement, et en particulier la surface de support. Ainsi identifier les
caractéristiques mécaniques du générateur de force ou effecteur peut permettre une analyse
éclairée des facteurs expliquant / limitant ce type de performance. Les effecteurs de ce type de
mouvement « explosif » ou « balistique » étant principalement situés dans la ceinture
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pelvienne et le membre inférieur, de nombreuses études expérimentales ont exploré la
performance en saut chez l’animal dont l’Homme à travers des paramètres morphologiques ou
physiologiques : masse musculaire, longueur des segments, typologie musculaire (e.g. James
et al. 2007; Marsh 1994). Or ces études étaient centrées sur des traits biologiques /
phénotypiques mais pas sur les caractéristiques et entités mécaniques directement en lien avec
la performance en saut (dont elles sont certes, indirectement, les origines). Par exemple, Rob
James dans l’article de revue en 2007 (James et al. 2007): « However, further integrative

studies are needed to provide conclusive evidence of which morphological and physiological
adaptations are the most important in enhancing jump performance ».
Par ailleurs, d’autres études expérimentales ont exploré chez des populations sportives les
relations entre capacité de production de puissance, force ou vitesse par les membres
inférieurs et performance de saut (essentiellement le changement de hauteur du centre de
masse). Ces études (e.g. Driss et al. 1998; Yamauchi et Ishii 2007; Young et al. 1999) ont
donné des résultats contrastés voire en désaccord, probablement du fait de leur approche
statistique (corrélations et régressions linéaires entre paramètres mécaniques et performance),
qui rend les résultats expérimentaux très population-dépendants, et sujets à facteurs covariants et confondants, qui interagissent dans leur lien causal avec la performance en saut.
Devant cette difficulté de l’exploration expérimentale des liens entre capacités mécaniques
des membres inférieurs et performance en saut, des approches théoriques ont été proposées et
notamment à base de modèles de simulations complexes (« forward simulation models ») qui
ont l’avantage de pouvoir intégrer un grand nombre de paramètres morphologiques,
physiologiques et neuromusculaires (e.g. Bobbert et Casius 2005; Bobbert et Van Soest 1994;
Pandy et Zajac 1991) dans des simulations pas à pas qui visent in fine à retrouver les
caractéristiques mécaniques (déplacement, vitesse) d’un saut réel. Cependant, ces modèles
n’ont pas permis d’isoler clairement la(les) capacité(s) mécanique(s) des membres inférieurs
déterminant la performance en saut, ni de s’affranchir des interactions entre les différentes
entités présentes.
En particulier, la maximisation de la performance en saut (donc de la vitesse de décollage du
corps en fin de poussée des membres inférieurs) dépend de l’application sur cette masse d’une
force nette importante (contraintes mécaniques imposées par les lois du mouvement). Or le
générateur de cette force est lui-même contraint par ses propres propriétés mécaniques : plus
il génère de force, plus le mouvement de la masse sera rapide comme vu ci-dessus, or dès
lors, plus sa capacité de production de force sera faible, comme le dicte la propriété
mécanique musculaire fondamentale « force-vitesse » (e.g. Hill 1938, 1951). Cette
« interaction circulaire » entre les capacités mécaniques du générateur de force et la
dynamique du mouvement rend nécessaire la prise compte simultanée de cette « double
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contrainte » : contrainte imposée par la mécanique du mouvement, et contrainte imposée par
la nature même du générateur de force.
Ainsi l’objectif de cette étude était de proposer une approche théorique intégrative de la
performance en saut basée sur les principes mécaniques du mouvement et de l’action
musculaire, et non sur une modélisation de type « forward simulation », permettant (i)
d’identifier les capacités mécaniques des membres inférieurs déterminant la performance en
saut vertical et (ii) de quantifier leur influence respective sur la performance, au moyen des
expressions mathématiques les plus simples possibles.

Méthodes
Les équations complètes de cette partie sont disponibles en Tome 2 de ce mémoire, notre but
ici est de décrire notre approche théorique de la façon dont les contraintes évoquées en
introduction affectent l’interdépendance entre production de force et performance en saut
(vitesse de décollage en fin de poussée ou hauteur de saut, étroitement liées, équation 1).
D’abord, les contraintes imposées par la dynamique du mouvement montrent que la
performance (hauteur de saut ou déplacement vertical du centre de masse (CM) en phase de
vol h) dépend de la vitesse verticale de décollage du CM (vDEC) selon les lois basiques de la
chute libre (frottements de l’air négligeables dans de telles conditions de vitesses) :
2
vDEC
h=
2g

[Eq. 1]

Lors d’une poussée considérée dans sa totalité sur une direction verticale avec départ en
position immobile (vitesse nulle), ce qui est le cas du SJ, le travail mécanique total (W)
produit par les membres inférieurs est égal aux variations d’énergie mécanique du CM, soit à
la somme des énergies cinétique et potentielle :

W=

1 2
mvDEC + mghpo
2

[Eq. 2]

avec m la masse du sujet en kg et hpo la distance de poussée en mètres, soit la différence entre
la longueur du membre inférieur étendu au moment du décollage et sa hauteur par rapport au
sol en position immobile avant le début de la poussée (voir partie 2.1.3.).
Par ailleurs, le travail mécanique W est aussi égal au produit de hpo par la force externe nette
moyenne appliquée en direction verticale durant la poussée, ce qui donne :

F=

W
hpo

[Eq. 3]
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avec F la force externe verticale moyenne durant la poussée, exprimée par unité de masse
corporelle (en N/kg). En substituant l’équation 2 dans cette équation 3, et en isolant la
variable vDEC, nous obtenons :

vDEC = 2hpo ( F − g )

[Eq. 4]

Cette équation montre que la performance en saut (vitesse de décollage et donc hauteur de
saut) dépend de la distance de poussée (voir discussion et conclusions de la partie 2.1.3.) et de
la force moyenne produite par le générateur de force pendant cette phase. Ainsi, pour une
masse et une hpo donnée, la performance augmentera avec l’augmentation de F (Figure 33).
Or cette augmentation de F va être limitée par les propriétés mécaniques mêmes du
générateur de force, le muscle squelettique.
Ainsi les contraintes mécaniques du générateur de force chez les grands animaux se
propulsant par l’action directe de muscles squelettiques (dont l’Homme) sont celles
caractérisant les capacités de production de force de sa composante contractile, à travers la
relation inverse entre force et vitesse (F-V). Cette dernière a été décrite en détails sur le
muscle isolé (e.g. travaux précurseurs de Hill 1938 ou Fenn et Marsh 1935) mais également
pour divers types de mouvements complexes impliquant l’ensemble du membre inférieur (e.g.
Bosco et al. 1995; Rahmani et al. 2001; Vandewalle et al. 1987). Pour ces derniers
(mouvements pluri-articuliares), la relation F-V traduisant la décroissance dans la capacité de
production de force à mesure de l’augmentation de la vitesse de mouvement a été
fréquemment décrite comme étant linéaire (e.g. Bosco et al. 1995; Dorel et al. 2010; Morin et
al. 2002, 2010; Rahmani et al. 2001; Vandewalle et al. 1987; Yamauchi et Ishii 2007). Ces
relations F-V pour les membres inférieurs ont été largement étudiées à travers des valeurs de
force et vitesse moyennées sur la phase d’extension du membre, et souvent définies par deux
valeurs caractéristiques : la valeur maximale de force que les membres inférieurs peuvent
théoriquement produire au cours d’une extension à vitesse nulle ( F 0 , en N/kg) et la valeur
maximale de vitesse à laquelle les membres inférieurs peuvent théoriquement s’étendre au
cours d’une extension sous l’action des muscles ( V 0 , en m/s). Graphiquement, F 0 et V 0
correspondent aux intersections de la relation F-V avec les axes de la force et de la vitesse,
respectivement (Figure 33). Ainsi, au cours d’un effort maximal tel que la phase de poussée
d’un SJ, la force F peut être exprimée en fonction de la vitesse V correspondante (en
abscisses et ordonnées, respectivement) comme :

F = F0 −

F0
V
V0

[Eq. 5]
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Ainsi la maximisation de la hauteur de saut (ou de la vitesse de décollage) lors d’efforts
maximaux d’extension des membres inférieurs comme lors du SJ passe par le respect des
deux contraintes détaillées ci-dessus. Une telle condition optimale correspond graphiquement
aux valeurs de force et vitesse à l’intersection entre les courbes issues des équations 4 et 5 :
Figure 33. Représentation théorique des
contraintes mécaniques imposées par la
dynamique du mouvement (ligne noire)
et par les propriétés mécaniques
musculaires (tirets) lors d’un saut vertical.
Les valeurs de F 0 , V 0 et hpo sont ici
respectivement de 30 N/kg, 3 m/s et 0,4
m, soit des valeurs typiques rencontrées
pour un homme adulte familier avec les
efforts de saut vertical.
Adapté d’après Samozino 2009.

La résolution du système comportant les équations 4 et 5 (détails en Tome 2) donne une
solution réelle positive permettant d’exprimer la vitesse maximale de décollage (VDECmax) en
fonction des variables précitées :
⎛ F 02
2
F0 ⎞
+
− g) −
VDEC max = hpo ⎜
F
0
⎟
(
⎜ 4V 02 hpo
2V 0 ⎟⎠
⎝

[Eq. 6]

A partir des équations 1 et 6, la hauteur atteinte peut donc être exprimée comme :
hpo 2 ⎛ F 02
2
F0 ⎞
+
h max =
F0 − g) −
⎜
⎟
(
2
2g ⎜⎝ 4V 0 hpo
2V 0 ⎟⎠

2

[Eq. 7]

Ainsi, la performance en saut peut être analysée en fonction des seules variables hpo, F 0 , et

V 0 , qui sont trois entités mécaniques distinctes caractérisant le membre inférieur et ses
capacités globales. La partie suivante de cette étude théorique va consister à utiliser l’équation
7 afin de discuter des influences des variables mécaniques qui la constituent sur la
performance.

Principaux résultats / conclusions
L’analyse de sensibilité réalisée sur l’équation 7 (sur la base de données typiques humaines
« centrales » issues de la littérature : Bosco et al. 1995; Rahmani et al. 2001 et de données
personnelles) montre que la performance en SJ augmente avec l’augmentation de hpo, F 0 ,
ou V 0 , et qu’elle est plus sensible à l’augmentation de F 0 qu’à celle des deux autres
variables (Figure 34). Par exemple, une augmentation de 10 % de F 0 induit une
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augmentation de performance d’environ 10 à 15 %, contre 6 à 11 % et 4,5 à 7,5 % pour la

Variation résultante normalisée de hmax

même augmentation de V 0 et hpo, respectivement.

Figure 34. Analyse de sensibilité de
l’équation
7:
variations
des
trois
caractéristiques mécaniques des membres
inférieurs ( F 0 , V 0 et hpo) et variations
correspondantes de la hauteur maximale
de saut atteinte. Les valeurs de référence
sont : 30 N/kg, 3 m/s et 0,4 m.

Variation normalisée du paramètre

De plus, en utilisant les données de F 0 (25 à 50 N/kg) et V 0 (1,5 à 8 m/s) présentes dans la
la littérature sur le saut chez l’Homme (Bosco et al. 1995; Rahmani et al. 2001, 2004;
Yamauchi et Ishii 2007), et des valeurs de hpo entre 0,35 et 0,45 m (mesures moyennes pour
des individus masculins de taille 1,65 à 1,90 m), l’équation 7 donne des valeurs de
performance (hauteur de saut) allant d’environ 20 à 60 cm, ce qui est cohérent avec les
données classiquement reportées (e.g. Bosco 1992).
Cette étude théorique montre donc qu’en prenant en compte la double contrainte de la
dynamique du mouvement et de la mécanique musculaire, l’approche intégrative donne la
performance lors d’une extension maximale du membre inférieur en fonction de seulement
trois entités mécaniques qui représentent des caractéristiques globales du membre inférieur :
la valeur maximale de force que les membres inférieurs peuvent théoriquement produire au
cours d’une extension à vitesse nulle ( F 0 ), la valeur maximale de vitesse à laquelle les
membres inférieurs peuvent théoriquement s’étendre au cours d’une extension sous l’action
des muscles ( V 0 ), et hpo, leur distance d’extension lors de la poussée. Il est important de
noter que F 0 et V 0 sont des valeurs purement théoriques caractérisant le générateur de force
du mouvement de saut, vers lesquelles tendent les capacités maximales du membre inférieur.
L’avantage de cette approche est de résumer la performance en saut à trois entités, qui sont
par conséquent des caractéristiques intégratives regroupant au niveau macroscopique
plusieurs traits phénotypiques, morphologiques et biologiques jusqu’ici liés à la performance
en saut. Par exemple, le lien entre F 0 et la performance est cohérent avec les études ayant
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relié cette performance avec la force musculaire (e.g. Alexander 1995; Cheng 2008; Scholz et
al. 2006; Ugrinowitsch et al. 2007; Yamauchi et Ishii 2007) ou la masse musculaire des
animaux (e.g. James et al. 2007). D’autres facteurs influençant F 0 ont également été liés à la
performance : un taux de développement de la force élevé (Vanezis et Lees 2005), un
recrutement optimal des unités motrices (Maffiuletti et al. 2002). De même, le lien entre

V 0 et la performance confirme des études mettant en avant l’importance de la typologie
musculaire « rapide » chez les batraciens (Marsh 1994). De même que pour F 0 , les
coordinations neuromusculaires, intégrées également dans V 0 , ont été montrées comme
déterminantes de la performance en saut (Bobbert et Van Soest 1994; Pandy et Zajac 1991).
Enfin, concernant hpo, cette variable intègre de nombreuses caractéristiques morphologiques
toutes mises en lien avec la performance de saut : la longueur des segments, le nombre
d’articulations et leur amplitude de mouvement, ou la hauteur de la position de départ du saut
(e.g. Alexander 1995; Domire et Challis 2007; Harris et Steudel 2002; James et Wilson 2008).
Ainsi, comme mentionné par Gray (1953), ce n’est pas la longueur du membre inférieur ellemême qui est avantageuse en saut, mais bien l’habileté d’extension de ce membre lors de la
poussée.
L’approche mathématique présentée dans cette étude théorique donne donc un cadre
permettant de séparer de façon macroscopique les effets d’entités mécaniques intégratives sur
la performance en saut. Néanmoins, si cette approche a permis de mieux comprendre les
mécanismes en jeu, il était indispensable de la compléter par une approche expérimentale
visant à tester la validité des équations mises en avant, notamment de l’équation 7, et à
confirmer par des mesures les éléments théoriques développés ici, et l’importance relative des
trois entités mécaniques caractérisant les membres inférieurs. Ceci a été réalisé dans le cadre
d’une collaboration récente avec nos collègues de l’Université d’Udine, Italie.
2.4.2. Profil force-vitesse optimal: définition du concept et lien
avec la performance en saut
Samozino P, Rejc E, diPrampero PE, Belli A, Morin JB.
Optimal force-velocity profile in ballistic movements. Altius: Citius or Fortius?
Med Sci Sports Exerc. In press, 2011.
Collaborations : Dipartimento di Scienze e Tecnologie Biomediche, Université d’Udine, Italie. Enrico Rejc, Pietro Enrico di
Prampero
Financements : Equipe d’accueil LPE
Etudiants encadrés : -

Problématique / buts
Sur la base des considérations de l’étude précédente, la question des qualités musculaires de
force ou de vitesse en lien avec la performance a été explorée. En effet, si l’impulsion est la
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variable mécanique dont va dépendre la vitesse de décollage du CM en fin de poussée,
développer une grande impulsion a été souvent attribué à la capacité à produire de la
puissance par le système neuromusculaire des membres inférieurs (e.g. Cormie et al. 2010;
2011; Frost et al. 2010; James et al. 2007), d’où l’importance accordée à la puissance dans
l’entraînement pour ce type d’efforts. Or la puissance est mécaniquement déterminée par la
production concomitante de force et de vitesse, et la meilleure stratégie de développement de
ces deux facteurs reste une source de questionnement et de débat (e.g. revues par Cormie et al.
2010; 2011).
Les influences respectives des capacités de force et vitesse des membres inférieurs sur la
performance en saut ont été approchées dans l’étude précédente (Samozino et al. 2010) et les
effets positifs de F 0 et V 0 ont été étudiés et discutés hors de leur possible dépendance vis-àvis de la capacité de production de puissance maximale P max . En effet, les relations F-V
linéaires décrites précédemment (équation 5) montrent ce lien entre ces trois paramètres :
P max =

F 0V 0
4

[Eq. 8]

Dans la mesure où ils représentent les limites du système neuromusculaire et regroupent des
propriétés musculaires propres (e.g. relations force-vitesse et tension-longueur intrinsèques,
taux de développement de force), des facteurs morphologiques (e.g. surface de section
transverse, longueur des fibres, pennation, propriétés tendineuses) et nerveux (e.g.
recrutement des unités motrices, fréquence de décharge, synchronisations des unités motrice
et inter-musculaire), ces trois paramètres intégratifs sont à la base de notre approche.
De plus, l’équation 8 montre qu’une même P max peut être produite par des combinaisons

différentes de F 0 et V 0 , soit des « profils F-V » différents.
Ainsi, le but de cette étude était d’examiner les importances respectives de la puissance
maximale et du profil F-V sur la performance dans des efforts maximaux de saut. Pour ce
faire, l’appui théorique de l’étude précédente a été complété par des résultats expérimentaux.

Méthodes
Le cadre théorique de cette étude a consisté à comparer la performance en saut (donnée par la
vitesse de décollage maximale de l’équation 6), à laquelle a été ajoutée l’influence de l’angle
de poussée par rapport à l’horizontale (l’étude précédente n’avait considéré que des poussées
verticales), celle-ci concernera ainsi tout angle de poussée α en degrés (par rapport à
l’horizontale).
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⎛ F0
2
F0 ⎞
+
VDEC max = hpo ⎜
F 0 − g sin α ) −
⎟
(
2
⎜ 4V 0 hpo
2V 0 ⎟⎠
⎝
2

[Eq. 9]

Le profil F-V (SFV), soit la balance entre les caractéristiques F 0 et V 0 des membres
inférieurs d’un individu donné est mathématiquement la pente de la relation linéaire F-V telle
que présentée en Figure 33, en considérant la force en ordonnées et la vitesse en abscisses :

SFV = −

F0
V0

[Eq. 10]

Plus cette pente sera négative, plus le profil F-V de cet individu sera orienté vers les capacités
de force de son système neuromusculaire, et vice versa.
Ainsi, en utilisant l’expression de F 0 issue des équations 8 et 10 dans l’équation 9, on obtient
l’expression de la performance maximale de saut pour tout angle de poussée α en fonction des
seules variables hpo, P max et SFV :
⎛ SFV 2
2
SFV ⎞
+
VDEC max = hpo ⎜
2 − P max SFV − g sin α +
⎟
⎜ 4
⎟
h
po
2
⎝
⎠

(

)

[Eq. 11]

Cette étude consistera donc à valider la présente équation en la confrontant à des mesures
expérimentales, et à l’utiliser pour simuler et étudier / discuter les effets de la puissance
maximale des membres inférieurs et du profil individuel F-V sur la performance en saut.
Les mesures expérimentales ont été réalisées sur 14 hommes (26,3 ± 4,5 ans; 83,9 ± 18,3 kg;
181 ± 7 cm) pratiquants réguliers d’activités physiques impliquant des sauts. Huit d’entre eux
étaient des joueurs de Rugby, dont 4 joueurs professionnels de division 1 italienne. Après
échauffement et familiarisation avec les procédures, les sujets ont effectué deux séries de
sauts : une série de sauts avec extension horizontale contre diverses forces de résistances afin
de déterminer leur profil F-V des membres inférieurs (Figure 35), et une série de sauts
inclinés (10, 20 et 30° au-dessus de l’horizontale) afin de mesurer leurs performances
expérimentalement et de les comparer aux données théoriques. Les mesures ont été réalisées
sur l’appareil Explosive Ergometer (EXER, Figure 35) qui consiste en un siège de 36 kg
glissant sur un rail inclinable de 0 à 30° par rapport à l’horizontale (détails dans le Tome 2 et
dans Rejc et al. 2010). La force et la vitesse développées dans la direction du mouvement du
siège ont été enregistrées de façon synchrone à 1000 Hz par des plates-formes de force
(Laumas PA300, Parma, Italie) sur lesquelles les sujets prenaient appui, et par un tachymètre
à fil (Lika SGI, Vicenza, Italie), respectivement. Un moteur électrique a permis d’appliquer
des charges de résistance de 200 à 2300 N dans la direction du mouvement via une chaîne
attachée au siège coulissant.
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A

D
E

C

Force (N/kg)

Puissance (W/kg)

B

Figure 35. Gauche : illustration d’une
poussée horizontale sur l’EXER. Le sujet
assis sur le siège (A) coulissant sur un rail
métallique (B), pousse contre une force de
résistance transmise par le moteur via une
chaine (C). La force et la vitesse sont
mesurées par plates-formes de force (D) et
tachymètre à fil (E), respectivement.
Bas : relations linéaires F-V (gauche) et
polynomiales 2° degré P-V (droite) pour deux
sujets typiques. On observe ici le profil F-V
plus orienté « vitesse » et moins « force » du
sujet représenté par les points noirs. Ce
dernier a par ailleurs produite une puissance
maximale plus importante.

Vitesse (m/s)

Vitesse (m/s)

Pour chaque sujet, la relation F-V a été établie sur la base des forces et vitesses moyennes
produites lors de la poussée du meilleur de deux sauts horizontaux réalisés contre des charges
allant de 0 à 240 % du poids du corps (ordre aléatoire), comme indiqué dans la Figure 35. La
puissance maximale (en W/kg de masse en mouvement : sujets + chariot) des sujets a été
déterminée à la fois comme la valeur maximale des relations polynomiales du 2° degré
puissance-vitesse ( P max ), Figure 35 et comme le résultat de l’équation théorique 8, afin de
valider cette dernière ( P max TH ). Enfin, pour chaque saut, en plus de la vérification
systématique d’un angle de genou de 90° en position immobile de départ, la distance de
poussée hpo a été calculée en intégrant le signal de vitesse au cours due temps pendant la
poussée (départ immobile : constante d’intégration égale à 0).
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Principaux résultats / conclusions
Validation de l’approche théorique.

Les valeurs des paramètres de l’équation 11 tels que mesurés expérimentalement ont été les
suivantes (moyennes ± ET, données normalisées par la masse corporelle) : hpo = 0,39 ± 0,04
m ; F 0 = 24,2 ± 2,97 N/kg ; V 0 = 2,78 ± 0,63 m/s ; P max = 11,8 ± 1,80 W/kg ; SFV = -9,33
± 3,31 N.s/m/kg. La différence entre P max telle que mesurée ou P max TH calculée selon
l’équation 8 était non-significative, et très faible : biais absolu moyen de 1,81 ± 0,76 % toutes
conditions confondues, montrant la validité de cette équation.
La validité de l’équation 11 qui portait notre approche théorique intégrative a été montrée par
l’absence de différence significative, pour tous les angles testés, entre la vitesse de décollage
mesurée, et VDEC max telle que calculée par l’équation 11. Le biais moyen était de -0,05 ± 0,17
m/s soit entre 4,40 ± 4,94 (angle de 10°) et 6,56 ± 5,46 % (angle de 20°) (Figure 36). Cette
variation est de l’ordre de celles communément rencontrée (reproductibilité) pour les
variables testées (vitesse, puissance, hauteur de saut) dans des études incluant des efforts

Différence de vitesse de décollage entre les
deux méthodes (m/s)

maximaux d’extension des membre inférieurs (e.g. Bosco et al. 1995; Hopkins et al. 2001).

Biais + 1,96 ET

Figure 36. Graphique de Bland et
Altman pour les différences entre
vitesse de décollage mesurée et
calculée d’après l’équation 11, pour
des angles de 10° (points noirs), 20°
(points gris) et 30° (points blancs).

Biais moyen

Biais - 1,96 ET

Vitesse de décollage moyenne pour les deux méthodes
(m/s)

Simulations théoriques et notion de profil optimal F-V individuel.

L’analyse de sensibilité de l’équation 11 a montré que la performance était positivement
influencée par P max , ce qui était attendu, comme discuté en introduction, mais nécessitait
un support théorique et expérimental clair (Cronin et Sleivert 2005). Le résultat plus novateur
était que la performance en saut était également fortement influencée par l’« équilibre » entre
les capacités de force et de vitesse, décrites par le profil SFV. Pour un individu donné (c'est-àdire un niveau de P max et une valeur de hpo donnés), il existe donc un profil force-vitesse
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optimal maximisant la performance. En effet, la relation entre le profil F-V (SFV) et la vitesse
de décollage a une forme curvilinéaire avec présence d’une valeur de SFV optimale
maximisant la performance. D’éventuels déséquilibres entre capacités de force ( F 0 ) et de
vitesse ( V 0 ) pour une même P max peuvent mener à des écarts de performance allant
jusqu’à 10 à 20 %. De plus, la valeur même de ce profil optimal est dépendante de l’angle de
poussée (Figure 37). Ce dernier point peut avoir une importance dans l’approche de la
performance dans des disciplines dans lesquelles la poussée n’est pas strictement verticale
comme abordé jusqu’à présent.

(Poussée horizontale)

VDECmax (m/s)

Hauteur de saut (m)

(Poussée verticale)

Profil
« Force »

Profil
« Vitesse »

Profil
« Force »

Profil
« Vitesse »

Figure 37. Changements de vitesse de décollage et hauteur de saut atteintes en fin de poussée verticale (gauche)
et horizontale (droite), en fonction des changements de profil F-V (SFV) pour différents niveaux de P max , et une
hpo fixée à 0,40 m. Les points blancs représentent les valeurs de profil optimal F-V (SFVopt ) maximisant la
performance pour chaque niveau P max .

De plus, l’équation 11 a permis de calculer la valeur exacte du profil individuel F-V optimal
(« SFVopt », soit la valeur annulant la dérivée première de VDECmax par rapport à SFV, calculs
disponibles en Tome 2), et rend donc possible de juger, pour chaque individu, de son écart à
ce profil optimal, et de la nature (force ou vitesse) et de l’ampleur de son « déséquilibre »
éventuel. Ainsi dans la présente étude, les profils individuels mesurés chez les sujets testés
allaient de 36 à 104 % de leurs profils optimaux maximisant théoriquement leurs
performances respectives. La manipulation de l’équation 11 montre que pour un niveau de
puissance maximale et une hpo donnés, ces déséquilibres peuvent être à l’origine de
performances 30 % plus faibles que celles qui auraient été permises par un profil nondéséquilibré ou « optimisé »…Ainsi, l’amélioration de la performance peut passer par une
augmentation de la capacité de production de puissance maximale (décalage de la relation FHabilitation à Diriger des Recherches, JB Morin
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V vers le haut et/ou la droite), mais aussi en modifiant le profil F-V pour le faire tendre vers
l’optimum de l’individu (en cas de déséquilibre). Des travaux en cours (voir partie 3. Projets)
tendent à montrer qu’il est possible par un entraînement ciblé et spécifique de modifier,
d’« optimiser » le profil F-V. Ces points, et notamment la facilité d’obtention du profil F-V
réel d’un athlète (quelques sauts contre différentes charges, en utilisant la méthode simple
présentée en partie 2.1.3.), et de calcul de son profil optimal (équations complètes publiées et
simples à entrer dans un tableur type Excel) rendent l’approche présentée ici du profil
musculaire force-vitesse intéressante de notre point de vue pour les praticiens de l’étude et de
l’entraînement de ces qualités indispensables à la performance dans de nombreuses pratiques
sportives.

Cette conclusion de l’existence d’un profil optimal entre capacités de force et de vitesse peut
potentiellement engendrer un fort changement dans la vision du développement de ces
qualités par l’entrainement, à travers notamment un travail spécifique d’équilibration et
d’optimisation de ce profil force-vitesse. Des travaux en cours (voir partie 3. Projets) viseront
à étudier si un tel profil optimal existe dans d’autres types d’exercices à intensité maximale,
tels que le sprint en course à pied.
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NOTA : nous avons également mené et encadré des travaux originaux sur l’étude de la
biomécanique et de l’énergétique de la marche en conditions de surcharge spécifiques. Ces
études ne figureront cependant pas dans le manuscrit d’HDR pour des raisons de cohérence
des thèmes développés.
D’une part chez les adolescents obèses, dans le cadre de la thèse co-encadrée de Nicolas
Peyrot, qui a permis de comprendre le lien entre l’obésité et la surcharge pondérale qu’elle
engendre et la mécanique ainsi que l’énergétique de la marche1, et comment ces liens
évoluent avec la perte de poids2,3.
D’autre part, très récemment (publication en cours d’expertise4), dans le cadre de la thèse
co-dirigée de Jordane Grenier, chez des soldats réalisant un effort de mission militaire
simulée de 24 h en condition de portage lourd (tenue + équipement d’une masse totale
avoisinant 50% de la masse corporelle). Ce dernier type d’étude est original dans le sens où
l’impact énergétique, biomécanique et de fatigue neuromusculaire de telles durées d’efforts et
avec de tels niveaux de charge portées n’ont jamais été étudiés.
-------
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Cette partie présente les projets de recherche que je dirige actuellement ou dirigerai dans un
avenir proche, ainsi que ceux pour lesquels je suis collaborateur principal, en les limitant à
ceux qui sont dans le prolongement thématique des travaux présentés en Partie 2. Ils seront
présentés selon le plan de la Partie 2, avec ceux visant au développement de méthodes simples
pour mesures de terrain (Partie 3.1.), puis avec ceux ayant pour but l’étude de la locomotion
et de la performance en course (Partie 3.2.), en course de sprint (Partie 3.3.) et dans les
mouvements « balistiques » ou explosifs (Partie 3.4.). La poursuite de ces projets va se
réaliser avec les trois objectifs directeurs suivants :
♦

Continuer dans la direction prise par les travaux présentés dans la Partie 2., à savoir le
développement de méthodes simples et l’exploration de la locomotion et de la
performance en situations de course à pied, de sprint et d’exercices maximaux tels que
le saut.

♦

Collaborer avec des collègues en France mais également à l’étranger, en impulsant
les collaborations autant que possible (la plupart des projets présentés ci-dessous sont
des collaborations déjà validées sur le principe avec les acteurs et en cours de
développement). Bien que déjà présent dans les travaux présentés en Partie 2., ce point
revêt une importance particulière dans la mesure où les remarques faites par l’Agence
d’Evaluation de la Recherche et de l’Enseignement Supérieur au dossier de
labellisation de notre Equipe d’Accueil 4338 « Laboratoire de Physiologie de
l’Exercice » mentionnaient le rayonnement et l’attractivité internationale comme un
point à développer. La plupart des collaborations mentionnées ci-dessous iront dans ce
sens, et permettront je l’espère l’inclusion d’étudiants (Master, Doctorat, PostDoctorat) dans ce processus. Dans ce sens, des candidatures à l’encadrement de PostDoctorat ont été proposées lors des campagnes 2010 et 2011 de l’Université de SaintEtienne. Malgré le soutien de notre Equipe d’Accueil, ces demandes n’ont pas été
satisfaites par notre Université, mais les projets ci-dessous en génèreront
vraisemblablement d’autres.

♦

Valoriser les travaux menés dans le cadre de ces projets. Ce souci de valorisation des
travaux menés et dirigés a été constant tout au long de la période de référence de cette
HDR, et il le sera encore dans les travaux à venir. Cette valorisation passe par une
publication systématique ou quasi-systématique de toutes les études menées dans des
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revues internationales à comité de lecture, mais également par des communications en
Congrès nationaux et internationaux (au minimum une par année), et des articles de
vulgarisation scientifique ou interviews media. J’insisterai particulièrement sur ce
souci constant de valorisation pour trois raisons : d’une part, cette valorisation
renforce le rayonnement national et international de notre Equipe d’Accueil,
notamment dans le champ des STAPS. D’autre part, elle est une aide, une motivation
et un gage de rigueur essentiel dans la réflexion, la préparation et la direction des
études expérimentales que nous menons, et enfin d’un point de vue de l’éthique
personnelle de travail, je conçois très difficilement un travail qui n’a pas pour but
d’être diffusé, partagé et expliqué à la communauté au sens large : collègues,
étudiants, grand public (hors valorisation industrielle sous confidentialité, bien
entendu). Cette réflexion n’est pas à confondre avec le fameux « Publish or Perish »,
mais je pense fondamentalement que l’objectif de valorisation d’un travail scientifique
en améliore la qualité et augmente l’investissement des acteurs (étudiants encadrés,
tuteurs et directeurs de recherche) à tous les stades d’une étude : connaissance de la
littérature et positionnement de la problématique de recherche, élaboration des
hypothèses, design expérimental, traitement et interprétation des données, etc. Je
m’attacherai donc à mener les projets qui vont être présentés ci-après avec ce souci
constant de la valorisation des recherches réalisées, qu’elles soient des collaborations
internationales avec des acteurs « senior » reconnus dans notre domaine, ou des
projets de recherche d’étudiants de Master. La valorisation des travaux ne débute pas
de mon point de vue une fois les études afférentes publiées, le cas échéant.

3.1. DEVELOPPEMENT DE METHODES SIMPLES POUR
MESURES DE TERRAIN
Les projets en cours visant au développement de méthodes de mesures simples concernent les
relations force-vitesse en sprint en conditions de terrain, soit lors de sprints uniques, soit lors
de sprints répétés contre charges variables. Ces deux approches correspondent dans l’esprit
global à celles déjà présentées dans la littérature en bicyclette ergométrique (e.g. Arsac et al.
1996; Dorel et al. 2010; Martin et al. 1997; Seck et al. 1995; Vandewalle et al. 1987a, 1987b),
et seront menés en collaboration avec les Drs Pierre Samozino (Maître de Conférences, LPE,
Université de Savoie), Nicolas Peyrot (Maître de Conférences, Université de La Réunion) et
Philippe Gimenez (Université de Saint-Etienne).
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3.1.1. Relations force-vitesse lors d’un sprint unique en conditions
de terrain
Ce projet découle de notre réflexion menée lors de l’étude de comparaison entre performances
en sprint sur le tapis roulant dynamométrique et sur le terrain (Partie 2.3.2., Morin et Sève
2011c). Afin d’expliquer les différences de performance entre ces deux situations, nous avons
utilisé les données de la littérature (Arsac et Locatelli 2002) pour estimer la force horizontale
nette produite par un coureur en fonction du temps lors d’un 100-m, et ce à partir de son
accélération horizontale, elle-même issue des données de vitesse instantanées obtenues par
mesure radar. Ainsi, à chaque donnée de vitesse instantanée correspond une donnée de force
horizontale nette incluant ou non les résistances dues à l’air. Sur la base de seules mesures
radar, ou alternativement de données de temps de passages tous les 10 ou 20 m, il est donc
possible de décrire avec précision la relation vitesse-distance grâce à la très bonne puissance
prédictive de l’équation présentée en Partie 2.3.1. :

Les valeurs de force horizontale nette seront ensuite issues de ces données de vitesse
horizontale, via celles d’accélération horizontale (dérivée première de la vitesse par rapport au
temps). La Figure 38 présente les courbes de vitesse et force horizontales instantanées en
fonction de la distance sur la base de cette analyse et des temps de passages tous les 20-m
d’Usain Bolt publiés par la Fédération Allemande d’Athlétisme lors de son record du monde
du 100-m (9,58 s) à Berlin en 2009 (données utilisées par exemple par Beneke and Taylor
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Figure 38. Gauche : enregistrement de vitesse de courbe instantanée brute (bleu) et filtrée (rouge) lors de la phase
d’accélération du record du monde actuel du 100-m (Usain Bolt, Berlin 2009 : 9,58 s). Les points blancs sont des
points estimés manuellement. Droite : à partir des points estimés manuellement, et de l’équation présentée cidessus, la courbe vitesse-temps a été tracée et les données correspondantes de force horizontale nette estimées
ont été obtenues par l’approche simple proposée.
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Ainsi, sur la base des deux séries de données (force et vitesse instantanées), nous pouvons
établir les relations F-V lors d’une accélération de sprint (jusqu’à l’atteinte de vitesse
maximale), comme lors de sprints sur bicyclette ou tapis roulant. La Figure 39 présente les
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Figure 39. Relations linéaires force-vitesse (points noirs) et polynomiales 2° degré puissance-vitesse (points gris)
obtenues à partir des données présentées dans la Figure 38. La méthode simple proposée permet d’estimer F0,
V0, ainsi que la vitesse optimale et la puissance maximale (ici 29,2 W/kg) d’un athlète à partir de la seule mesure
de sa vitesse instantanée de course, voire de ses temps de passage tous les 10 à 20 m.

La validation de cette approche, en cours, vise à comparer les relations F-V obtenues pour un
groupe de sujets lors de sprints sur le tapis roulant instrumenté (voir Figure 6) à celles
obtenues à partir des données de leurs sprints sur terrain. Dans le cas d’une validation de cette
méthode, elle permettrait un établissement des relations F-V, et leur étude à travers
notamment les paramètres de pente, et les extremums (F0 et V0), donc du profil F-V des
athlètes, sur la seule base de mesures radar. Ces dernières étant relativement accessibles à
toute structure sportive de niveau intermédiaire à élevé (prix du radar d’environ 3000 eur).
Néanmoins, toujours dans un souci de rendre accessible ces analyses au plus grand nombre,
des mesures préliminaires ont été effectuées afin d’estimer les temps de passages tous les 5 ou
10 m sur les premiers 40 m d’un sprint à l’aide de caméscopes grand public. Les données
ainsi obtenues (qui pourraient aussi l’être avec des systèmes de chronométrages classiques)
permettent de reconstruire avec une précision acceptable les relations vitesse-distance à l’aide
de l’équation présentée ci-dessus, comme pour la Figure 38. Etant donné la linéarité des
relations F-V observée sur nos données préliminaires, les données des 30 ou 40 premiers
mètres peuvent suffire, sans avoir à filmer l’ensemble de la phase d’accélération, ce qui
impliquerait une perte de précision à cause des phénomènes de parallaxe.
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3.1.2. Relations charge-vitesse lors de sprints répétés en
conditions de terrain
Cette variante de la méthode précédente a pour but de permettre une reconstruction des
relations F-V, cette fois sans utilisation de radar ou de film, mais en utilisant un exercice
commun de l’entraînement en sprint : le sprint avec traction de charges additionnelles. Ce
projet est en développement en collaboration avec le groupe d’athlètes d’Aix-les-Bains et leur
entraîneur Pierre Carraz. Les méthodes de détermination des relations charge-vitesse (e.g.
Vandewalle et al. 1987a, 1987b) ont été historiquement antérieures aux méthodes en sprint
unique (e.g. Dorel et al. 2010; Martin et al. 1997), et ont été également menées lors de sprints
répétés sur tapis roulant instrumenté (Jaskolska et al. 1999a; 1999b). L’idée principale de
cette approche est de mesurer la vitesse maximale atteinte contre une résistance donnée, la
première diminuant en théorie linéairement avec l’augmentation de la seconde. Ainsi en sprint
en conditions de terrain, les relations charge-vitesse peuvent être établies sur la base de 5 à 8
sprints réalisés contre des charges s’étalant de très légères voire nulles à très lourdes. De
même que lors de leur établissement sur bicyclette ergométrique, la vitesse maximale produite
contre chaque charge sera relevée et utilisée pour établir les relations entre charge de
résistance (en kg de masse du chariot + masse additionnelle) et vitesse de course.
L’utilisation du chariot permettant l’ajout de charge est fréquente en routine d’entraînement
chez les sprinters, et permettrait ainsi de s’affranchir de l’utilisation du radar pour estimer le
profil force-vitesse des athlètes. La vitesse de course relevée sera celle sur une zone de 5 m au
bout d’une vingtaine ou quarantaine de mètres d’élan, selon l’importance de la charge tractée.
Le protocole de validation consistera, comme dans l’étude précédente, à comparer les
relations F-V obtenues sur le tapis roulant instrumenté chez un groupe de sujets habitués à
leurs relations charge-vitesse obtenues sur le terrain. Etant donné la collaboration avec le
groupe d’athlètes élite citée ci-dessus (Partie 2.3.2.), ces données de validation seront
complétées par celles d’athlètes de haut niveau. Le but étant de voir si les relations chargevitesse et les profils induits sont corrélés aux profils F-V obtenus sur tapis, et donc
interprétables par les athlètes et entraîneurs. Dans l’affirmative, cette méthode simple rendrait
l’étude des profils F-V simple d’accès et de mise en place pour le plus grand nombre de
praticiens du sport, en athlétisme mais également dans les sports collectifs de grand terrain
tels que le football ou le rugby.
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3.2. ETUDE DE LA LOCOMOTION ET DE LA
PERFORMANCE EN COURSE A PIED
Notre étude de la course à pied à vitesse sous-maximale s’est principalement centrée sur la
fatigue et les épreuves d’ULD, et lors de la discussion de nos résultats et leur interprétation,
notre réflexion a évolué dans deux directions, qui seront développées dans cette partie. D’une
part, nous avons observé chez les nombreux coureurs d’ULD étudiés une grande variabilité
inter-individuelle dans les patterns mécaniques (qui contraste avec leurs très faibles
variabilités intra-individuelles respectives pour les mêmes paramètres étudiés). De plus, les
réponses à la fatigue et aux efforts d’ULD (par exemple 24-h ou Ultra-Trail du Mont-Blanc)
ont montré, au-delà des changements significatifs pour l’ensemble de la population étudiée,
de fortes variations entre individus, voire pour certains des évolutions totalement opposées.
Nous étudierons ce phénomène à travers la caractérisation des patterns de course en fonction
des spécialités des athlètes en termes de distance de course. D’autre part, les résultats obtenus
lors des épreuves d’ULD et notre hypothèse du « pattern protecteur » nous font envisager une
étude plus approfondie de l’impact au sol en course et notamment du « taux de charge » ou
« loading rate ». En effet, ce dernier paramètre a montré une forte variabilité lors de son étude
dans le protocole 24-h sur tapis roulant, du fait de l’adoption de patterns très variables entre
les sujets. Nous nous interrogerons sur les origines et effets de ces différents patterns
(réduction versus augmentation du loading rate en conditions de fatigue), et plus largement
sur la façon de réduire cette variable de l’impact, à court et long terme en course à pied.
3.2.1. Caractérisation du pattern mécanique en fonction de la
distance de pratique chez des coureurs spécialistes
Les études présentées en Partie 2.2., mais également en Partie 2.3. (sprinters élite) nous ont
permis de mesurer en détails les patterns mécaniques de course de très nombreux sujets, de
niveaux intermédiaires à confirmé, en situation de fatigue ou en absence de fatigue. Dans
cette dernière situation, les adaptations entre ces différents sujets ont montré (au-delà de
tendances significatives ou non) de très fortes variations inter-individuelles. Par exemple, le
Tableau 3 présente pour l’étude de 24-h sur tapis roulant des coefficients de variations allant
de 91 à 515 % (201 ± 145 % en moyenne) ; de même, le Tableau 4 présente des données
similaires (coefficients de variabilité de 119 ± 145 % en moyenne) pour l’étude sur l’UltraTrail du Mont-Blanc. Nous pensons que cette forte variabilité dans l’adaptation du pattern de
course à la fatigue peut, entre autres, provenir d’ « histoires individuelles » très variables en
termes de distance parcourue à l’entraînement, en compétition, d’allures habituelles de
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pratiques, et pour résumer, de tout ce qui peut constituer le « patrimoine individuel » de
chaque coureur. Ainsi, ce projet longitudinal mené en collaboration avec le Pr. Guillaume
Millet (LPE, Université de Saint-Etienne) et le Dr Cyrille Gindre (Volodalen.com) visera à
réaliser un inventaire des différentes « signatures mécaniques », si elles existent, présentées
par des athlètes ayant une forte spécialisation (en termes d’historique de pratique mais
également de niveau, les deux n’étant pas systématiquement corrélés) dans cinq grandes
disciplines athlétiques : le sprint (court et long : 100 à 400 m) ; le demi-fond (court et long :
800 à 10000 m), le fond (semi-marathon et marathon), l’ultra-marathon (principalement 100
km et 24-h) et enfin le trail et l’ultra-trail (courses en montagne et terrains accidentés
naturels).
Ce projet à long terme passera par l’analyse de nombreux patterns de coureurs, spécialistes le
plus souvent de haut-niveau, dans les mêmes conditions que celles présentées dans la Partie
2.2. Ce projet à déjà débuté et sa poursuite se fera grâce aux collaborations en cours et à venir
avec les structures dans lesquelles évoluent ces athlètes :
- Sprint : données acquises et à venir chez les sprinters élite de l’AS Aix-les-Bains et chez les
sprinters de niveau national du Coquelicot 42.
- Demi-fond : données existantes et à venir chez les athlètes coureurs de demi-fond de haut
niveau de l’AS Aix-les-Bains et du Coquelicot 42, dans le cadre d’une collaboration en cours
dirigée par le Pr. Laurent Messonnier (LPE, Université de Savoie).
- Fond : données acquises et à venir, collaborations à activer / finaliser.
- Ultra-marathon : données acquises et à venir chez les athlètes de l’équipe de France des 24h et 100 km, collaboration dans le cadre de leur préparation en partenariat avec le Conseil
Général de la Loire (suivi, stages, rassemblements pré-compétitions).
- Trail et Ultra-trail : données existantes et à venir dans le cadre de collaborations à activer /
finaliser, par exemple avec des équipes internationales (Lafuma, Salomon, Asics).
Ces données seront complétées par celles existantes, qui ont été acquises au cours des 10
dernières années chez des sujets entrant parfois dans une des catégories de spécialités citées
ci-dessus, et à des vitesses correspondantes à celles principalement visées par cette étude :
vitesse lente (10 – 12 km/h) et élevée (18 – 20 km/h).
Ce projet ambitieux et à long terme permettra de mettre en évidence l’existence ou non d’une
adaptation spécifique du pattern mécanique de course en fonction de la haute spécialisation
athlétique, et le cas échéant, de préciser / interpréter les différences de pattern observées selon
les spécialités de course.
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3.2.2. Etude des impacts au sol en course à pied
Cette étude sera menée dans le cadre du Master 2 Recherche de Marlène Giandolini, étudiante
encadrée en Master 1, avec pour objectif une poursuite en thèse de Doctorat en convention
CIFRE avec un industriel de la chaussure de course à pied. Elle fera suite à deux études
menées récemment sur ce thème (voir ci-dessous), en collaboration avec le Dr pierre
Samozino (LPE, Université de Savoie).
Devant la prévalence des blessures chez les coureurs à pieds occasionnels ou réguliers et
notamment des fractures de fatigue du membre inférieur (jusqu’à 20 % des blessures totales
en médecine du sport selon une étude de synthèse Fredericson et al. 2006), de nombreuses
études se sont intéressées à l’origine mécanique et aux conditions favorisant les fractures de
fatigue. Des données très récentes (revue systématique de Zadpoor and Nikooyan 2011)
tendent à montrer qu’au-delà l’intensité absolue de la force de réaction du sol à l’impact, son
taux de développement lors de la première partie du contact (taux de charge ou loading rate
lors des premières millisecondes de contact) semble être le paramètre essentiel de l’impact, et
par suite du choc créé et transmis dans les structures ostéo-articulaires du membre inférieur.
Une étude menée par notre Equipe sur ce thème a en effet montré que le taux de charge était
bien le paramètre le plus discriminant de l’intensité du choc transmis au membre inférieur
(Samozino et al. 2008a) dans cette étude, diverses conditions de course (allègement,
surcharge, fréquence de foulée variables) ont été utilisées pour mettre en lien les paramètres
mécaniques (notamment forces de réaction du sol et de taux de charge) avec le pic
accélérométrique mesuré au tibia.
Nous avons donc mené au cours de l’année universitaire 2010-2011 une étude dans le but de
tester différentes stratégies de réduction de ce taux de charge en conditions aigues de course
sur tapis roulant. Cette étude a été menée dans le cadre du Master 1 encadré de Marlène
Giandolini (2011) en collaboration avec les Drs Nicolas Peyrot et Pierre Samozino, le Pr
Guillaume Millet (LPE, Université de Saint-Etienne), et le Dr Blaise Dubois (La clinique du
coureur, Canada), spécialiste de l’entraînement en course à pied et de la prévention des
blessures du coureur. Parmi les interventions / hypothèses les plus rencontrées dans la
littérature comme induisant une réduction du taux de charge ou attendues comme pouvant
permettre de réduire les chocs lors de la course, nous avons testé chez des coureurs présentant
une pose de pied par le talon, et donc un loading rate important (i) l’adoption d’une fréquence
de pas supérieure à la fréquence préférée des sujets, (ii) le port de chaussures de type
« racer » légères, à semelle fine et ne comportant pas de système de contrôle du mouvement
ou d’amorti, (iii) l’adoption d’une pose de pied de type « midfoot », soit pied à plat, et enfin
(iv) un cumul de ces trois conditions.
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Comme le montre la Figure 40, le taux de charge a été significativement réduit lors de
courses de 5 min avec adoption d’une pose de pied midfoot par rapport à la condition normale
de référence (vitesse de confort, fréquence préférée, chaussures de running habituelles). De
plus, les solutions d’augmentation de fréquence de pas et d’utilisation de chaussures type
« racer » n’ont pas permis de diminuer significativement le loading rate, et le cumul de ces
conditions n’a pas induit une diminution plus importante que pour la condition midfoot seule.

Figure 40. Gauche : tracé moyen de force verticale de réaction du sol pour 10 pas consécutifs chez un sujet type.
Le signal de force montre (i) une disparition du pic d’impact et (ii) du loading rate (traits gris) en conditions
MIDFOOT et COMBI (pointillés) par rapport à la condition normale (trait plein). Droite : comparées à la condition
normale de référence (NORM), seules les conditions MIDFOOT et COMBI (combinaison des autres conditions)
induisent une diminution significative du loading rate. Chaussure de type « racer » (MINI) et fréquence de pas
préférée augmentée de 10 % n’ont pas induit de variations significatives. D’après Giandolini, 2011.

Ces résultats sont en cours publications, et les données d’activité musculaire des principaux
extenseurs et fléchisseurs de la cheville et du genou (gastrocnemius, tibialis anterior, biceps
femoris et vastus lateralis) seront ajoutées aux données mécaniques afin notamment de
déterminer si une réorganisation de l’activité musculaire du membre inférieur (et laquelle) a
été associée aux diminutions de loading rate observées (données en cours de traitement).
Ainsi, sur la base de ces résultats obtenus en condition aigüe (paliers de 5 min), une partie du
projet visera donc à tester l’effet chronique de l’adoption du style de course midfoot chez des
coureurs présentant « naturellement » une pose du pied au sol par le talon.
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3.3. ETUDE DE LA LOCOMOTION ET DE LA
PERFORMANCE EN SPRINT
Les développements de nos recherches sur la thématique de la performance en sprint
passeront par l’utilisation du tapis roulant instrumenté présenté en Partie 2.1., mais aussi par
des extensions des études récemment publiées dans deux directions : le lien avec l’activité
musculaire sous-jacente (muscles en jeu et coordinations), et le rôle des relations force-vitesse
dans ce type de performance, par extension de nos résultats obtenus pour les exercices de saut
(Partie 2.4.). La majorité des projets présentés ici seront menés dans le cadre de collaborations
nationales et internationales dont le principe a été discuté et approuvé par les partenaires, et ils
seront présentés dans leur ordre chronologique de réalisation, du très court terme au plus long
terme. Enfin, nous envisageons de mener certaines des études présentées ci-après dans le
cadre d’un financement de projet de recherche par l’Institut National du Sport, de l’Expertise
et de la Performance (INSEP). Nous avions en effet établi un dossier de candidature à l’appel
à projet 2011 de l’INSEP, que nous avons présenté aux Entraîneurs Nationaux d’athlétisme
de l’INSEP ainsi qu’au Directeur Technique National adjoint de la Fédération Française
d’Athlétisme. Cependant, ce dossier n’a pas été déposé en 2011, année pré-olympique, car les
partenaires fédéraux cités ont jugé plus opportun de déposer ce projet pour envisager un
financement sur la période menant aux Jeux Olympiques de 2016. Ainsi, nous déposerons ce
dossier de demande de financement en réponse aux appels à projet de recherche de l’INSEP
en 2012. En cas de réponse favorable, ce financement permettra (i) le recrutement d’un(e)
étudiant(e) de Doctorat pour mener les projets concernés, et (ii) d’inclure les athlètes
olympiques parmi les populations étudiées.
3.3.1. Déterminants musculaires de l’indice d’application de force
au sol
Les études présentées en Partie 2.3.2. ont établi la capacité de production de force horizontale
et l’indice d’application de force comme des facteurs déterminants de la performance en
sprint. Cependant, nous ne nous sommes intéressés qu’à la production de force externe, et à la
« sortie » de la chaîne complexe de production de transmission de force au sol. Bien que cette
approche intégrative et globale nous ait permis de mettre en avant des résultats et des pistes de
compréhension du mouvement intéressantes, il est nécessaire à ce stade de « remonter » cette
chaîne en direction des activités musculaires et des groupes musculaires responsables de cette
production / orientation de force au sol. Ainsi, nous testerons en particulier l’hypothèse du
rôle fondamental joué par les groupes musculaires extenseurs de la hanche (en particulier
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fessiers et ischio-jambiers) dans la capacité de production et d’orientation de la force
horizontale au sol.
Cette étude sera menée en collaboration principale avec le Dr Matt Brughelli (Auckland
University of Technology, Nouvelle-Zélande), et avec les Drs Pascal Edouard (LPE,
Université de Saint-Etienne) et Pierre Samozino (LPE, Université de Savoie).
Le protocole expérimental verra les sujets réaliser des sprints (uniques et répétés afin
d’explorer les conditions de fatigue inhérentes à ce type d’effort) avec une synchronisation
entre (i) données de force de réaction du sol et de vitesse de course, (ii) d’électromyographie
des principaux groupes musculaires du membre inférieur, et (iii) d’analyse vidéo 2D à 200 Hz
des positions / vitesses et accélérations des segments (notamment du pied) dans le plan
sagittal (Figure 41). Notre principale hypothèse est que l’activité musculaire des extenseurs
de la hanche est primordiale dans l’accélération du pied vers l’arrière dans la phase précédent
le contact, et dans la production de force horizontale au sol durant le contact. Ces deux points
sont attendus comme étant corrélés à la capacité de production de force horizontale nette, et à
l’indice d’application de cette force (DRF) tel que présenté et mise en lien avec la performance
en Partie 2.3.2. et dans nos études récentes.
Figure 41. Capture d’écran de démonstration montrant la
synchronisation entre film 2D de la position du pied
(repère en regard du 5° os métatarsien, écran hautgauche), angle du membre inférieur par rapport au sol
(haut-droite), et données de force de réaction du sol et de
vitesse de la bande du tapis (bas-droite) lors d’un sprint.
Les données d’EMG des principaux groupes musculaires
étudiés seront synchronisées avec les données de force
tapis (1000 Hz).

La synchronisation de l’activité EMG avec les données de force tapis nous permettra
notamment d’étudier spécifiquement la phase de pré-contact et de « griffé » : accélération
forte du pied vers l’arrière avant le contact au sol, telle que nous l’avions menée lors d’une
étude précédente en collaboration avec les collègues de l’INSEP (Slawinski et al. 2008a).
Enfin, nous réaliserons également une évaluation des capacités musculaires des groupes
ischio-jambiers et quadriceps crural des sujets ainsi que de la balance entre ces deux groupes
par mesures sur dynamomètre isocinétique (ConTrex), en situation « normale » et en situation
de fatigue intense (post-sprints répétés). L’objectif sera alors de permettre une compréhension
plus avancée du rôle des extenseurs de la hanche dans la capacité d’accélération en course de
sprint, et l’impact de leur fatigue sur (i) la perte de performance et (ii) les blessures
potentielles engendrées. Ces points auront une application particulière dans les sports
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collectifs (football, rugby notamment) dans lesquels nous pensons que le travail de
préparation physique présente un déséquilibre trop important entre les groupes musculaires
extenseurs du genou et de la hanche, les premiers étant traditionnellement trop considérés, au
détriment des seconds. Enfin, la collaboration avec les collègues de l’Université d’Auckland
permettra d’étendre les conclusions de cette étude (en cas de validation de nos hypothèses)
aux situations pratiques d’entraînement permettant le travail spécifique de ces groupes
musculaires et à leurs effets.
3.3.2. Mesure de l’indice d’application de force au sol lors de
sprints en conditions de terrain
Malgré la corrélation démontrée entre performances (en termes de vitesse de course) en sprint
réalisées sur le tapis instrumenté et en conditions de terrain, une des principales limites de
l’approche développée en Partie 2.3. est que l’analyse des forces au sol, du ratio de forces, et
la validation de l’indice d’application de force DRF ont toutes été menées sur la base de
mesures réalisées en situation de sprint sur tapis roulant.
Ainsi, il nous semble indispensable de réaliser les mesures correspondantes et d’établir des
comparaisons avec des efforts réalisés en conditions de terrain, sur une piste d’athlétisme.
Bien entendu, une installation permettant l’enregistrement de forces au sol en continu sur la
longueur d’une phase d’accélération (40 à 60 m) est à notre connaissance inexistante (en tout
cas aucune publication n’y fait référence à ce jour). Néanmoins, des publications récentes ont
inclus l’utilisation de plate-formes alignées sur une longueur totale d’environ 5 m. Ainsi,
Girard et al. (2001b) ont présenté des données innovantes de force de réaction du sol en sprint
utilisant ce système à l’Université de Montpellier I :

Figure 42. Illustration du système de plateformes de force alignées permettant une analyse
sur 5 m. Dans cette publication (Girard et al.
2011), les auteurs ont ainsi pu analyser le début
et la fin de sprints de 40 m en procédant par
allers-retours.

Ainsi, nous avons initié une collaboration avec le Dr Olivier Girard (Centre de Recherche
ASPETAR, Qatar) et les collègues de la Faculté des Sciences du Sport de l’Université de
Montpellier 1 et de l’INSEP (contacts en cours) afin de réaliser une expérimentation visant :
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-

à mesurer ratio de force et DRF lors de sprints sur une piste d’athlétisme. Le système
de mesure ne permettant que 5 m d’analyse, la répétition de plusieurs sprints de
distances variables permettra par « regroupement des données » de cumuler les valeurs
de RF tout au long d’un sprint théorique de 40 m environ, et ainsi de quantifier les
valeurs de DRF.

-

à le comparer aux données de DRF obtenues dans nos précédentes études, sur tapis
roulant, et ce si possible en complément sur un même groupe de sujets.

-

à confirmer sa corrélation avec la performance en sprint (évaluée par radar), cette fois
en ne comparant que des données obtenues en conditions de terrain.

Cette collaboration sera menée au cours de l’année universitaire 2011-2012, dans le cadre de
l’encadrement d’un étudiant de Master Recherche en STAPS.
3.3.3. Profil force-vitesse optimal et performance en sprint
Notre étude récente présentée en Partie 2.4.2 (Samozino et al. In press.) a montré l’existence
d’un profil F-V optimal pour lequel la performance lors d’un effort de poussée maximale
(saut vertical ou incliné) était maximisée. L’équation donnant la vitesse de décollage en fin de
poussée du membre inférieur en fonction des variables de puissance maximale, de pente de la
relation F-V, de distance de poussée, et de l’angle de cette poussée est applicable à toute
génération de mouvement « explosif » par les membres inférieurs, et par exemple à des sauts
inclinés d’un angle α par rapport à l’horizontale :
⎛ SFV 2
2
SFV ⎞
VDEC max = hpo ⎜
+
2 − P max SFV − g sin α +
⎟
⎜ 4
⎟
h
po
2
⎝
⎠

(

)

[Eq. 11]

Ainsi, le but de ce projet mené en collaboration avec le Dr Pierre Samozino (LPE, Université
de Savoie) sera de tenter d’adapter cette approche à la performance lors d’accélérations en
sprint. En effet, nous avons observé et montré que les relations F-V établies en sprint sur tapis
roulant instrumenté et lors de Squat Jumps effectués avec différentes charges étaient linéaires
(e.g. Figures 6 et 31), et nous chercherons à valider le fait qu’elles le sont également
lorsqu’obtenues par mesures de terrain (voir Figure 39). Dès lors, les variables de pente du
profil F-V et de puissance maximale peuvent être déterminées, et si l’on considère chaque
phase de contact lors d’un pas de sprint comme une poussée maximale du membre inférieur
(alternant chaque membre droite et gauche), notre approche de profil F-V individuel optimal
pourrait être adaptée au sprint. Les seules limites à lever sont la détermination de l’angle de
poussée α, et de la distance d’extension du membre inférieur lors de la poussée hpo (voir plus
loin) : la première de ces mesures sera réalisée via l’analyse des forces présentée en Figure
28 : l’angle d’orientation moyenne du vecteur force totale au cours du pas par rapport à la
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verticale peut se calculer par trigonométrie à partir du RF présenté précédemment. Enfin, la
distance de poussée lors de chaque pas pourra être mesurée par l’utilisation de vidéo 2D
(Figure 41).
Cette approche permettra de tester si l’hypothèse validée en saut de l’existence d’un profil FV optimal maximisant la performance est également valide lors d’une accélération de sprint.
Le cas échéant, nous pourrons vérifier si les athlètes qui se rapprochent le plus de leur profil
optimal (pour chaque pas de l’accélération et/ou pour l’ensemble de ceux-ci) sont aussi les
plus performants lors d’accélérations (sur tapis roulant mais également sur le terrain).
Une première approche a été réalisée avec les sprinters élite de l’AS Aix-les-Bains (voir
Partie 2.3.1.) : en plus de l’analyse de leur profil F-V en SJ (trois charges testées) et de leur
profil individuel optimal en saut, nous avons réalisé une analyse de leurs profils F-V lors des
sprints sur tapis roulant (Figure 31), et un calcul de leurs profils F-V individuels optimaux
lors du premier pas du sprint (angle de poussée moyen lors du pas connu d’après les mesures
de forces horizontale et verticale du tapis). La Figure suivante montre les profils F-V mesurés
en saut pour un sprinter typique, ainsi que les profils optimaux calculés pour ces deux
activités (seul le premier pas du départ en sprint a été étudié) sur la base de ces données :

Figure 43. Gauche : relation linéaire force-vitesse obtenue à partir de trois SJ contre des charges allant de 0 à
environ 100 % du poids du corps. Droite : relation et profil force-vitesse issue des mesures présentées dans le
graphique de gauche (en noir), et relations force-vitesse présentant le profil optimal pour ce sujet (calculées d’après
notre méthode présentée en Partie 2.4.2. : Samozino et al. In press.) en SJ (pointillés bleus) et pour un premier pas
de sprint avec un angle de poussée de 30° par rapport à l’horizontale (pointillés roses). Cet angle correspondrait à
un RF d’environ 86 %, ce qui est cohérent avec les données de force horizontale et totale produites lors de la
poussée en starting-blocks (Mero 1988). Dans ce cas typique, le sujet présente un profil F-V qui n’est pas optimal,
et qui semble trop orienté vers les qualités de vitesse, ou plutôt pas assez vers celles de force. Ce profil s’éloigne
de son profil individuel F-V optimal de 8 % pour la poussée dans les starting-blocks, et de 32 % pour le SJ.

Le principal développement à venir à la suite des résultats préliminaires présentés ici visera à
établir avec précision et utiliser dans nos équations les variables de distance de poussée (hpo)
et d’angle d’orientation de celle-ci (α) en sprint. En effet, si ces variables d’entrée sont
mesurées avec précision et « stables » dans le cas du SJ ou de poussées uniques sur rail
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incliné (conditions d’application de notre méthode jusqu’alors), elles demanderont une
approche expérimentale plus fine (et seront certainement source de réflexion et de travail à
venir) en sprint, exercice dans lequel ces deux variables sont différentes à chaque pas, voire
même (pour l’angle de poussée) à l’intérieur d’une même phase de contact. Ainsi l’extension
de notre approche du profil individuel force-vitesse optimal des sauts au sprint, possible et
envisageable en théorie et dans nos mesures préliminaires, devra considérer ce principal
challenge.

3.4. ETUDE DE LA PERFORMANCE DANS LES
MOUVEMENTS BALISTIQUES
Les développements de notre approche innovante de la performance lors d’exercices
maximaux de type balistiques (en particulier les sauts) sont très récents, et donneront lieu à
divers projets à long terme, dont les contours sont encore en réflexion. Cependant, nous
envisageons de développer cette approche à court et moyen terme dans deux directions : les
effets de l’entraînement sur le profil force-vitesse, et l’applicabilité de notre approche
(méthode de mesure simple de force, vitesse et puissance, profil force-vitesse individuel
optimal) aux mouvements de poussée maximale par les membres supérieurs.
3.4.1. Effets de l’entraînement sur le profil force-vitesse
Etant donné notre démonstration de l’existence d’un profil F-V individuel optimal
maximisant la performance en saut, et notre observation de l’écart chez certains athlètes entre
leur profils individuels réel et optimal (voir Figure 43), la question d’un entraînement
permettant de modifier et donc optimiser ce profil s’est posée naturellement. En effet, dans
une optique d’amélioration des performances sportives par un entraînement individualisé, il
peut être envisageable de modifier le profil F-V d’athlètes pour le faire tendre vers leur profil
optimal dans le mouvement considéré. Cette démarche est en lien fort avec l’actualité des
publications sur ce thème, notamment de la revue de littérature par Prue Cormie et ses
collaborateurs (Cormie et al. 2010; 2011) sur les mécanismes déterminants de la puissance
maximale et son développement par l’entraînement. Ce projet visera à déterminer si le profil
F-V d’un athlète est modifiable par l’entraînement, que la « rééquilibration » concerne les
qualités de force, de vitesse, ou de puissance maximale en cas d’équilibre optimal entre force
et vitesse, mais aussi et surtout par quels moyens concrets et pratiques (exercices, charges,
programmation). Dans ce sens, une collaboration avec les Drs Pierre Samozino et Pascal
Edouard (LPE, Universités de Savoie et de Saint-Etienne), ainsi qu’avec le Dr Matt Brughelli
(Auckland University of Technology, Nouvelle-Zélande) est en cours d’établissement. Ce
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projet sera notamment mené avec pour sujets d’étude de jeunes espoirs de disciplines
sportives telles que le décathlon (collaboration en cours avec le pôle espoir décathlon du
Coquelicot 42 athlétisme) ou le rugby (collaboration à venir avec le Sports Performance
Research Institute New Zealand). Le but étant de suivre l’entraînement de jeunes athlètes en
formation, d’évaluer leurs profils F-V individuels et d’orienter leur entraînement vers une
optimisation de ce dernier, en lien étroit avec entraîneurs et préparateurs physiques. En ce
sens, d’autres collaborations, notamment avec l’Institut de Formation du Football français et
le club professionnel de Basketball de l’Elan Béarnais Pau-Lacq-Orhtez sont à l’étude.
Nous avons réalisé des mesures préliminaires chez un athlète pratiquant le décathlon à un
niveau départemental dans le but de tester la possibilité de rééquilibrer le profil F-V, dans le
cas d’un profil F-V non-optimal. Le profil F-V de cet athlète mesuré en SJ présentait un
déséquilibre avec un déficit dans les qualités de vitesse. Ainsi, nous avons programmé un
cycle d’entraînement orienté vers le développement de qualités de vitesse en majorité, avec
exercices de mobilisation de charges faibles à nulles, plyométrie, travail de bondissements, de
fréquence gestuelle, et recherche systématique de grandes vitesses d’exécution. Ce
programme a été réalisé consciencieusement à raison d’environ deux à trois séances
spécifiques par semaines pendant environ six semaines. Nous avons obtenus trois résultats
principaux dans cette approche préliminaire :
1) Le profil individuel F-V (testé à l’identique pré- et post-entraînement) a été modifié : V0 a
augmenté d’environ 18 % en passant de 2,82 à 3,35 m/s alors que F0 est restée quasiment
inchangée (38,6 N/kg versus 38,9 N/kg en début de programme). Ainsi la pente de son
profil F-V est passée de -13,8 à -11,5 N.s/m/kg, ce qui correspond à une réorientation vers
des qualités de vitesse supérieures.
2) La puissance maximale en SJ a augmenté, passant de 27,5 à 32,3 W/kg (calculée comme le
produit des force et vitesse optimales de la relation F-V linéaire).
3) L’athlète a amélioré sa hauteur de SJ à la suite de ce programme d’entraînement intensif,
individualisé, et visant au rééquilibrage de son profil F-V.
Avec toutes les précautions d’interprétation qu’implique cette approche préliminaire, les
résultats obtenus nous rendent confiants dans le fait que le profil individuel F-V est
modifiable par un entraînement adapté et individualisé, et que les performances qui en
découlent peuvent être améliorées par le gain de puissance engendré, mais également par le
profil F-V optimisé. Les recherches à venir devront entre autres montrer que cette approche
est efficace avec un grand nombre d’athlètes, qui présentent des déséquilibres de leur profil FV dans les deux directions possibles (qualités de force ou de vitesse), mais également les
exercices spécifiques permettant le travail spécifique et efficace des qualités de force, et de
vitesse.
Habilitation à Diriger des Recherches, JB Morin

117

Partie 3 : Projets de recherche

3.4.2. Extension aux mouvements du membre supérieur
Notre approche de la production de force, vitesse et puissance ainsi que de performance par
les membres inférieurs (méthode simple de calcul et concept de profil F-V optimal) sont
applicables à des exercices de type balistiques des membres supérieurs. Les applications
éventuelles pourraient concerner des disciplines sportives dont ces paramètres sont des
facteurs directs de performance (lancer de poids en particulier), mais aussi celles dans
lesquelles la puissance des membres supérieurs est essentielle à la performance (e.g. judo,
rugby, force athlétique). D’un point de vue fondamental, étendre cette analyse permettra
également d’étudier la cohérence entre les capacités physiques des membres inférieurs et
supérieurs, notamment chez des spécialistes de disciplines impliquant une forte spécificité
d’un des deux membres. Les profils F-V du membre supérieur et inférieur sont-ils
identiques ? Diffèrent-ils chez des athlètes hyper-spécialisés ? Ce projet sera mené en
collaboration avec le Dr Abdel Rahmani (Laboratoire Motricité, Interactions, Performance,
Université du Maine), auteur d’analyses biomécaniques de l’exercice de développé-couché
(Rahmani et al. 2009). Ce type d’exercice se prête en effet très bien à notre projet dans la
mesure où (i) il est un exercice « standard » utilisé pour la musculation globale du membre
supérieur, et (ii) il est très similaire au Squat Jump, mais pour le membre supérieur. Enfin et
surtout, son déroulement permet d’envisager une application directe de notre méthode simple
de mesure de force, vitesse et puissance (Partie 2.1.3.), et la mesure du profil F-V individuel
optimal. En effet, les variables d’entrée de notre méthode simple de calcul sont (pour le SJ) la
masse totale en mouvement (corps et charge additionnelle le cas échéant), la distance de
poussée (hpo, extension du membre inférieur lors de la poussée), ainsi que la hauteur de saut.
Par analogie, notre méthode de calcul pourrait être appliquée et validée en confrontant les
données de force, vitesse et puissance moyennes lors de la poussée (départ immobile avec la
barre proche de la poitrine) issues de plate-forme de force (placée sous le banc supportant
l’athlète) aux données de masse en mouvement (charge additionnelle + masse du membre
propulseur en mouvement), de longueur d’extension du membre supérieur (aisée à mesurée
lors d’un essai barre à vide en mesurant le déplacement total de la barre induit par cette
extension), et enfin de « hauteur de saut » de la barre, c’est-à-dire de déplacement aérien de la
barre une fois lâchée par le sujet (l’équivalent de la hauteur de saut en SJ). Cette dernière est
mesurée simplement à l’aide d’un petit collier de plastique entourant le rail vertical qui sert de
guide à la barre : le mouvement ascendant de la barre pousse ce collier vers le haut, et une fois
la hauteur maximale atteinte, la barre retombe (amortie à l’aide d’un système d’assurage
corde / poulie), mais le collier reste en place.
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Des essais de mesures ont été effectués chez des athlètes pratiquant le décathlon (voir mise en
place ci-dessous), et les relations force-vitesse obtenues suite à la mobilisation de cinq
charges en développé-couché sont présentées en Figure 45.

C

A

B

D

Plate-forme de force

Force (N)

Figure 44. Gauche : Figure modifiée d’après Rahmani et al. (2009) schématisant l’installation permettant de
confronter les données de force, vitesse et puissance produites lors d’une poussée du membre supérieur en
développé-couché et enregistrées par plate-forme de force au sol (voir Rahmani et al. 2009) à celles calculée en
adaptan notre méthode de calcul (Samozino et al. 2008b). Droite : Illustration de la mise en place de projections
de barres en développe-couché afin d’appliquer notre méthode de calcul. A. Le calcul de la longueur d’extension
du membre (hpo) se fait par la différence des positions de la barre sur son rail entre les positions de départ et
d’extension complète. B. La performance est déduite de la position atteinte sur ce même rail par le collier-repère.
C. Afin d’assurer sécurité et engagement total du sujet, la barre est retenue une fois lancée par un pareur,
permettant une propulsion avec la recherche de plus grande vitesse de lâcher par le sujet (D).

Figure 45. Relation linéaire force-vitesse
typique obtenue en développé-couché par
notre méthode simple de calcul chez un
athlète pratiquant le décathlon. Les
couples de valeurs force-vitesse sont des
valeurs moyennes pour les poussées
contre des charges de 31, 36, 41, 46 et
51 kg (points de gauche à droite).

Vitesse (m/s)
Ces données préliminaires et notamment la linéarité des relations F-V ainsi obtenues
(systématique et très claire pour la dizaine d’athlètes testés) nous laissent raisonnablement
penser que notre approche de la production de force-vitesse-puissance et notre analyse du
profil F-V et du profil F-V individuel optimal pourront être adaptées avec succès à ce type
d’exercice. Il est à noter par exemple que les valeurs de force observées en Figure 45 sont
cohérentes avec celles présentées par Rahmani et al. (2009) pour les charges comparables.
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Ces travaux, qui s’inscrivent dans une approche intégrative de la biomécanique de l’exercice
visant à la compréhension des productions mécaniques sous-tendant la performance motrice
humaine sur la base de l’interprétation des productions de force, vitesse, puissance ou raideur
mécaniques externes ont permis de mettre en avant les points essentiels et novateurs suivants,
le plus souvent grâce aux méthodes (calculs, outils) innovants développés en amont :
-

les conséquences biomécaniques de la course d’ultra-longue durée sont une
réorganisation du pattern de course vers une oscillation verticale moindre du système
masse-ressort modélisant le comportement du coureur et une fréquence d’oscillation
augmentée, en lien avec une raideur de ce système plus élevée. Ces changements sont
compatibles avec une recherche de réduction des douleurs musculaires et ostéoarticulaires induites dans de telles conditions par la répétition des impacts.

-

la performance en sprint (phase d’accélération ou 100-m complet) est fortement
corrélée avec la capacité d’orientation / application efficace de la force produite par les
membres inférieurs (i.e. son orientation la plus horizontale possible pendant
l’accélération), et pas avec la quantité de force totale produite par le membre inférieur
pendant cette accélération (hormis pour une population très homogène).

-

la performance en saut vertical est sous la forte influence de la production de
puissance externe par le membre inférieur, mais également (pour un niveau de
puissance donné) d’un équilibre optimal entre qualités de force et de vitesse. De plus,
ce dernier peut désormais être déterminé très facilement par les praticiens de l’activité
physique et de l’entraînement.

Sur les bases de cette approche mécanique considérant quasi exclusivement les entités
mécaniques « externes » produites en sortie ou outputs du mouvement, nos perspectives à
moyen et long terme viseront à comprendre l’interaction entre les contraintes et
caractéristiques mécaniques du mouvement et les caractéristiques de la fonction / dysfonction
musculaire et des aspects énergétiques associés. A l’heure de rédaction de ce manuscrit, ces
perspectives passent par une réflexion sur trois thèmes :
1) Les origines musculaires (groupes en jeu, coordinations) de l’habileté à orienter /
appliquer efficacement la force au sol en sprint. Cette perspective fait partie de nos
projets de recherche en cours.
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2) La détermination expérimentale du coût et du rendement énergétiques de la course de
sprint. Ce dernier point a jusqu’ici été abordé seulement par des estimations et
modèles mathématiques, et nous envisageons, en collaboration avec le Pr Pietro di
Prampero, une approche expérimentale de ce rendement, véritable terra incognita de
la physiologie expérimentale de l’exercice.
3) Enfin, dans le cadre de l’identité hospitalo-universitaire de notre Equipe de Recherche
(Laboratoire de Physiologie de l’Exercice, EA 4338) et de nos activités qui s’attachent
à la fois à la physiologie et à la physiopathologie de l’exercice et du handicap, nous
souhaitons apporter un versant mécanique à l’étude des dysfonctions musculaires. Ce
type de transversalité a débuté par une collaboration avec les Dr Léonard Féasson
(LPE, CHU Saint-Etienne), Pierre Samozino (LPE, université de Savoie) et Cyrille
Bankolé (LPE, Université de Saint-Etienne) dans laquelle nous suivons les adaptations
en force et en vitesse de mouvement chez des patients atteintes de dystrophie facioscapulo-humérale (FSHD) suivant un protocole longitudinal pluriannuel de
reconditionnement à l’effort, qui inclut des exercices de pédalage. Après une période
d’habituation à l’effort de pédalage d’environ trois mois, nous suivrons
l’augmentation attendue de puissance mécanique produite au long des deux ans de
reconditionnement, et en particulier la part de la production de force et de vitesse de
mouvement par leurs membres inférieurs. En effet, les altérations de la structure et de
la fonction musculaire induites par leur condition engendrent chez ces patients un
déficit de force et une fatigabilité importants. Notre approche distinguant les qualités
de production de force et de vitesse par le membre inférieur permettra d’ajouter une
interprétation supplémentaire et innovante au suivi des effets du reconditionnement de
ces patients.

Habilitation à Diriger des Recherches, JB Morin

122

Bibliographie

BIBLIOGRAPHIE

Habilitation à Diriger des Recherches, JB Morin

123

Bibliographie
Alexander RM (1992) A model of bipedal locomotion on compliant legs. Philos Trans R Soc Lond B Biol Sci
338:189-198.
Alexander RM (1995) Leg design and jumping technique for humans, other vertebrates and insects. Philos
Trans R Soc Lond B Biol Sci 347:235-248.
Alexander RM (2005) Mechanics of animal movement. Curr Biol 15:R616-619.
Alexander RM, Ker RF (1990) Locomotion. Running is priced by the step. Nature 346:220-221.
Andrews JG (1983) Biomechanical measures of muscular effort. Med Sci Sports Exerc 15:199-207.
Arampatzis A, Bruggemann GP, Klapsing GM (2001) Leg stiffness and mechanical energetic processes during
jumping on a sprung surface. Med Sci Sports Exerc 33:923-931.
Arampatzis A, Bruggemann GP, Metzler V (1999) The effect of speed on leg stiffness and joint kinetics in
human running. J Biomech 32:1349-1353.
Arsac LM, Belli A, Lacour JR (1996) Muscle function during brief maximal exercise: accurate measurements on
a friction-loaded cycle ergometer. Eur J Appl Physiol Occup Physiol 74:100-106.
Arsac LM, Locatelli E (2002) Modeling the energetics of 100-m running by using speed curves of world
champions. J Appl Physiol 92:1781-1788.
Avogadro P, Chaux C, Bourdin M, Dalleau G, Belli A (2004) The use of treadmill ergometers for extensive
calculation of external work and leg stiffness during running. Eur J Appl Physiol 92:182-185.
Avogadro P, Dolenec A, Belli A (2003) Changes in mechanical work during severe exhausting running. Eur J
Appl Physiol 90:165-170.
Baguet A, Everaert I, Hespel P, Petrovic M, Achten E, Derave W (2011) A new method for non-invasive
estimation of human muscle fiber type composition. PLoS One 6:e21956.
Bahamonde RE (2005) Power prediction equations. Med Sci Sports Exerc 37:521; discussion 522-524.
Belli A, Bui P, Berger A, Geyssant A, Lacour JR (2001) A treadmill ergometer for three-dimensional ground
reaction forces measurement during walking. J Biomech 34:105-112.
Belli A, Lacour JR (1989) Treadmill ergometer for power output measurement during sprint running.
Proceedings, XII° International Congress of Biomechanics: Abstract 391.
Benedetti F (2002) How the doctor's words affect the patient's brain. Eval Health Prof 25:369-386.
Beneke R, Taylor MJD (2010) What gives Bolt the edge - A.V. Hill knew it already! J Biomech 43:2241-2243.
Bergström J (1975) Percutaneous needle biopsy of skeletal muscle in physiological and clinical research. Scand
J clin Lab Invest 35:609-616.
Bezodis IN, Kerwin DG Salo AI (2008) Lower-limb mechanics during the support phase of maximum-velocity
sprint running. Med Sci Sports Exerc 40:707-715.
Bigland-Ritchie B Woods JJ (1983) Changes in muscle contractile properties and neural control during human
muscular fatigue. Muscle Nerve 7:691-699.
Billaut F, Bishop DJ, Schaerz S Noakes TD (2011) Influence of Knowledge of Sprint Number on Pacing During
Repeated-Sprint Exercise. Med Sci Sports Exerc 43:665-672.
Bland JM, Altman DG (1986) Statistical methods for assessing agreement between two methods of clinical
measurement. Lancet 1:307-310.
Blickhan R (1989) The spring-mass model for running and hopping. J Biomech 22:1217-1227.
Blum Y, Lipfert SW, Seyfarth A (2009) Effective leg stiffness in running. J Biomech 42:2400-2405.
Bobbert MF, Casius LJ (2005) Is the effect of a countermovement on jump height due to active state
development? Med Sci Sports Exerc 37:440-446.
Bobbert MF, Van Soest AJ (1994) Effects of muscle strengthening on vertical jump height: a simulation study.
Med Sci Sports Exerc 26:1012-1020.
Bogdanis GC, Nevill ME, Lakomy HK, Graham CM, Louis G (1996) Effects of active recovery on power
output during repeated maximal sprint cycling. Eur J Appl Physiol Occup Physiol 74:461-469.
Bosco C, Belli A, Astrua M, Tihanyi J, Pozzo R, Kellis S, Tsarpela O, Foti C, Manno R, Tranquilli C (1995) A
dynamometer for evaluation of dynamic muscle work. Eur J Appl Physiol Occup Physiol 70:379-386.
Habilitation à Diriger des Recherches, JB Morin

124

Bibliographie
Bosco C, Luhtanen P, Komi PV (1983) A simple method for measurement of mechanical power in jumping. Eur
J Appl Physiol Occup Physiol 50:273-282.
Bowtell MV, Tan H, Wilson AM (2009) The consistency of maximum running speed measurements in humans
using a feedback-controlled treadmill, and a comparison with maximum attainable speed during
overground locomotion. J Biomech 42:2569-2574.
Bramble DM, Lieberman DE (2004) Endurance running and the evolution of Homo. Nature 432:345-352.
Braun WA, Dutto DJ (2003) The effets of a single bout of downhill running and ensuing delayed onset muscle
soreness on running economy performed 48 h later. Eur J Appl Physiol 90:29-34.
Brughelli M, Cronin J (2008a) Influence of Running Velocity on Vertical, Leg and Joint Stiffness : Modelling
and Recommendations for Future Research. Sports Med 38:647-657.
Brughelli M, Cronin J (2008b) A review of research on the mechanical stiffness in running and jumping:
methodology and implications. Scand J Med Sci Sports 18:417-426.
Bullimore SR, Burn JF (2006) Consequences of forward translation of the point of force application for the
mechanics of running. J Theor Biol 238:211-219.
Bullimore SR, Burn JF (2007) Ability of the planar spring-mass model to predict mechanical parameters in
running humans. J Theor Biol 248:686-695.
Bundle MW, Hoyt RW, Weyand PG (2003) High-speed running performance: a new approach to assessment
and prediction. J Appl Physiol 95:1955-1962.
Campbell JP, Maxey VA, Watson WA (1995) Hawthorne effect: implications for prehospital research. Ann
Emerg Med 26:590-594.
Canavan PK, Vescovi JD (2004) Evaluation of power prediction equations: peak vertical jumping power in
women. Med Sci Sports Exerc 36:1589-1593.
Cavagna GA (1975) Force platforms as ergometers. J Appl Physiol 39:174-179.
Cavagna GA, Legramandi MA (2009) The bounce of the body in hopping, running and trotting: different
machines with the same motor. Proc Biol Sci 276:4279-4285.
Cavagna GA, Legramandi MA, Peyré-Tartaruga LA (2007) Old men running: mechanical work and elastic
bounce. Proc R Soc B 275:411-418.
Cheetham ME, Boobis LH, Brooks S, Williams C (1986) Human muscle metabolism during sprint running. J
Appl Physiol 61:54-60.
Cheetham ME, Williams C, Lakomy HK (1985) A laboratory running test: metabolic responses of sprint and
endurance trained athletes. Br J Sports Med 19:81-84.
Chelly SM, Denis C (2001) Leg power and hopping stiffness: relationship with sprint running performance. Med
Sci Sports Exerc 33:326-333.
Chen TC, Nosaka K, Tu J-H (2007) Changes in running economy following downhill running. J Sports Sci
25:55-63.
Cheng KB (2008) The relationship between joint strength and standing vertical jump performance. J Appl
Biomech 24:224-233.
Colloca L, Lopiano L, Lanotte M, Benedetti F (2004) Overt versus covert treatment for pain, anxiety, and
Parkinson's disease. Lancet Neurol 3:679-684.
Constantin-Teodosiu D, Casey A, Short AH, Hultman E, Greenhaff PL (1996) The effect of repeated muscle
biopsy sampling on ATP and glycogen resynthesis following exercise in man. Eur J Appl Physiol
73:186-190.
Cormie P, McGuigan MR, Newton RU (2010) Developing maximal neuromuscular power: part 1 - biological
basis of maximal power production. Sports Med 41:17-38.
Cormie P, McGuigan MR, Newton RU (2011) Developing maximal neuromuscular power: part 2 - training
considerations for improving maximal power production. Sports Med 41:125-146.
Creagh U, Reilly T (1997) Physiological and biomechanical aspects of orienteering. Sports Med 24:409-418.
Cronin J, Sleivert G (2005) Challenges in understanding the influence of maximal power training on improving
athletic performance. Sports Med 35:213-234.
Habilitation à Diriger des Recherches, JB Morin

125

Bibliographie
Dalleau G, Belli A, Viale F, Lacour JR, Bourdin M (2004) A simple method for field measurements of leg
stiffness in hopping. Int J Sports Med 25:170-176.
Davis RR, Hull ML (1981) Measurement of pedal loading in bicycling: II. Analysis and results. J Biomech
14:857-872.
Dawson B, Goodman C, Lawrence S, Preen D, Polglaze T, Fitzsimons M, Fournier P (1997) Muscle
phosphocreatine repletion following single and repeated short sprint efforts. Scand J Med Sci Sports
7:206-213.
Denis C, Linossier M-T, Dormois D, Padilla S, Geyssant A, Lacour J-R, Inbar O (1992) Power and metabolic
responses during supramaximal exercise in 100-m and 800-m runners. Scand J Med Sci Sports 2:6269.
di Prampero PE, Fusi S, Sepulcri L, Morin JB, Belli A, Antonutto G (2005) Sprint running: a new energetic
approach. J Exp Biol 208:2809-2816.
Dickinson MH, Farley CT, Full RJ, Koehl MAR, Kram R, Lehman S (2000) How animals move: an integrative
view. Science 288:100-106.
Divert C, Baur H, Mornieux G, Mayer F, Belli A (2005a) Stiffness adaptations in shod running. J Appl Biomech
21:311-321.
Divert C, Mornieux G, Baur H, Mayer F, Belli A (2005b) Mechanical comparison of barefoot and shod running.
Int J Sports Med 26:593-598.
Divert C, Mornieux G, Freychat P, Baly L, Mayer F, Belli A (2008) Barefoot-shod running differences: shoe or
mass effect? Int J Sports Med 29:512-518.
Domire ZJ, Challis JH (2007) The influence of squat depth on maximal vertical jump performance. J Sports Sci
25:193-200.
Dorel S, Couturier A, Lacour JR, Vandewalle H, Hautier C, Hug F (2010) Force-velocity relationship in cycling
revisited: benefit of two-dimensional pedal forces analysis. Med Sci Sports Exerc 42:1174-1183.
Driss T, Vandewalle H, Monod H (1998) Maximal power and force-velocity relationships during cycling and
cranking exercises in volleyball players. Correlation with the vertical jump test. J Sports Med Phys
Fitness 38:286-293.
Dutto DJ, Smith GA (2002) Changes in spring-mass characteristics during treadmill running to exhaustion. Med
Sci Sports Exerc 34:1324-1331.
Eccles DW, Walsh SE, Ingledew DK (2006) Visual attention in orienteers at different levels of experience. J
Sports Sci 24:77-87.
Enoka RM, Stuart DG (1992) Neurobiology of muscle fatigue. J Appl Physiol 72:1631-1648.
Ericson MO, Nisell R (1988) Efficiency of pedal forces during ergometer cycling. Int J Sports Med 9:118-122.
Falk B, Weinstein Y, Dotan R, Abramson DA, Mann-Segal D, Hoffman JR (1996) A treadmill test of sprint
sunning. Scand J Med Sci Sports 6:259-264.
Farley CT, Ferris DP (1998) Biomechanics of walking and running: center of mass movements to muscle action.
Exerc Sport Sci Rev 26:253-286.
Farley CT, Glasheen J, McMahon TA (1993) Running springs: speed and animal size. J Exp Biol 185:71-86.
Farley CT, Gonzalez O (1996) Leg stiffness and stride frequency in human running. J Biomech 29:181-186.
Feasson L, Gautheron V, Mosnier J-F, Antoine J-C, Damon G, Michel D, Denis C (1997) Intérêt de la biopsie
musculaire à la pince dans le diagnostic étiologique des pathologies neuromusculaires. Ann
Réadaptation Med Phys 40:527-533.
Fenn WO, Marsh BS (1935) Muscular force at different speeds of shortening. J Physiol 85:277-297.
Ferris DP, Liang K, Farley CT (1999) Runners adjust leg stiffness for their first step on a new running surface. J
Biomech 32:787-794.
Ferris DP, Louie M, Farley CT (1998) Running in the real world: adjusting leg stiffness for different surfaces.
Proc R Soc Lond B Biol Sci 265:989-994.
Fredericson M, Jennings F, Beaulieu C, Matheson GO (2006) Stress fractures in athletes. Top Magn Reson
Imaging 17:309-325.
Frishberg BA (1983) An analysis of overground and treadmill sprinting. Med Sci Sports Exerc 15:478-485.
Habilitation à Diriger des Recherches, JB Morin

126

Bibliographie
Frost DM, Cronin J, Newton RU (2010) A biomechanical evaluation of resistance: fundamental concepts for
training and sports performance. Sports Med 40:303-326.
Giandolini M (2011) Effets d’interventions aigües sur le loading rate dans la prévention des fractures de fatigue
en course à pied : pattern de course, fréquence de foulée et matériel minimaliste. Mémoire de Master
1 STAPS-Santé. Université de Saint-Etienne.
Girard O, Mendez-Villaneuva A, Bishop D (2011a) Repeated-Sprint Ability - Part I. Factors contributing to
fatigue. Sports Med 41:673-694.
Girard O, Micallef JP, Millet GP (2011b) Changes in spring-mass model characteristics during repeated running
sprints. Eur J Appl Physiol 111:125-134.
Glaister M (2005) Multiple sprint work : physiological responses, mechanisms of fatigue and the influence of
aerobic fitness. Sports Med 35:757-777.
Gollhofer A, Schmidtbleicher D Dietz V (1984) Regulation of muscle stiffness in human locomotion. Int J
Sports Med 5:19-22.
Harris MA, Steudel K (2002) The relationship between maximum jumping performance and hind limb
morphology/physiology in domestic cats (Felis silvestris catus). J Exp Biol 205:3877-3889.
Hausswirth C, Bigard XA, Guezennec CY (1997) Relationships between running mechanics and energy cost of
running at the end of a triathlon and a marathon. Int J Sports Med 18:330-339.
He JP, Kram R, McMahon TA (1991) Mechanics of running under simulated low gravity. J Appl Physiol
71:863-870.
Heiderscheit BC, Chumanov ES, Michalski MP, Wille CM, Ryan MB (2011) Effects of step rate manipulation
on joint mechanics during running. Med Sci Sports Exerc 43:296-302.
Henriksson KG (1979) "Semi-open" muscle biopsy technique. Acta Neurol Scand 59:317-323.
Hertogh C Hue O (2002) Jump evaluation of elite volleyball players using two methods: jump power equations
and force platform. J Sports Med Phys Fitness 42:300-303.
Hill AV (1938) The heat of shortening and the dynamic constants of muscle. Proc R Soc Lond B Biol Sci
126B:136-195.
Hill AV (1951) The mechanics of voluntary muscle. Lancet 2:947-951.
Hirvonen J, Rehunen S, Rusko H, Harkonen M (1987) Breakdown of high-energy phosphate compounds and
lactate accumulation during short supramaximal exercise. Eur J Appl Physiol Occup Physiol 56:253259.
Hofmann MD, Hong JC, Wang G (2010) Historical analysis of participation in 161-km ultramarathons in NorthAmerica. Int J History Sport 27:1877-1891.
Hopkins WG, Schabort EJ, Hawley JA (2001) Reliability of power in physical performance tests. Sports Med
31:211-234.
Hunter I, Smith GA (2007) Preferred and optimal stride frequency, stiffness and economy: changes with fatigue
during a 1-h high intensity run. Eur J Appl Physiol 100:653-661.
Hunter JP, Marshall RN, McNair PJ (2005) Relationships between ground reaction force impulse and
kinematics of sprint-running acceleration. J Appl Biomech 21:31-43.
James RS, Navas CA, Herrel A (2007) How important are skeletal muscle mechanics in setting limits on
jumping performance? J Exp Biol 210:923-933.
James RS, Wilson RS (2008) Explosive jumping: extreme morphological and physiological specializations of
Australian rocket frogs (Litoria nasuta). Physiol Biochem Zool 81:176-185.
Jaskolska A, Goossens P, Veenstra B, Jaskolski A, Skinner JS (1999a) Comparison of treadmill and cycle
ergometer measurements of force-velocity relationships and power output. Int J Sports Med 20:192197.
Jaskolska A, Goossens P, Veenstra B, Jaskolski A, Skinner JS (1999b) Treadmill measurement of the forcevelocity relationship and power output in subjects with different maximal running velocities. Sports
Med Training and Rehab 8:347-358.
Jaskolski A, Veenstra B, Goossens P, Jaskolska A (1996) Optimal resistance for maximal power during
treadmill running. Sports Med Training and Rehab 7:17-30.
Habilitation à Diriger des Recherches, JB Morin

127

Bibliographie
Johnson DL, Bahamonde RE (1996) Power output estimate in university athletes. J Strength Cond Res 10:161166.
Karamanidis K, Albracht K, Braunstein B, Catala MM, Goldmann JP, Bruggemann GP (2011) Lower leg
musculoskeletal geometry and sprint performance. Gait Posture 34:138-141.
Karamanidis K, Arampatzis A (2005) Mechanical and morphological properties of different muscle–tendon
units in the lower extremity and running mechanics: effect of aging and physical activity. J Exp Biol
208:3907-3923.
Kivi DM, Maraj BK, Gervais P (2002) A kinematic analysis of high-speed treadmill sprinting over a range of
velocities. Med Sci Sports Exerc 34:662-666.
Knez WL, Coombes JS, Jenkins DG (2006) Ultra-endurance exercise and oxidative damage: implications for
cardiovascular health. Sports Med 36:429-441.
Kram R, Dawson TJ (1998) Energetics and biomechanics of locomotion by red kangaroos. Comp Bioch Physiol
120:41-49.
Kram R, Powell AJ (1989) A treadmill-mounted force platform. J Appl Physiol 67:1692-1698.
Kram R, Taylor CR (1990) Energetics of running: a new perspective. Nature 346:265-267.
Kugler F, Janshen L (2010) Body position determines propulsive forces in accelerated running. J Biomech
43:343-348.
Kyrolainen H, Pullinen T, Candau R, Avela J, Huttunen P, Komi PV (2000) Effects of marathon running on
running economy and kinematics. Eur J Appl Physiol 82:297-304.
Lakomy H (1987a) The use of a non-motorized treadmill for analysing sprint performance. Ergonomics 30:627637.
Lakomy HK (1987b) Measurement of human power output in high intensity exercise. Med Sport Sci 25:46-57.
Lara AJ, Alegre LM, Abian J, Jimenez L, Urena A, Aguado X (2006) The selection of a method for estimating
power output from jump performance. J Hum Movement Stud 50:399-410.
Maffiuletti NA, Dugnani S, Folz M, Di Pierno E, Mauro F (2002) Effect of combined electrostimulation and
plyometric training on vertical jump height. Med Sci Sports Exerc 34:1638-1644.
Malm C (2001) Exercise-induced muscle damage and inflammation: fact or fiction? Acta Physiol Scand
171:233-239.
Malm C, Nyberg P, Engström M, Sjödin B, Lenkei R, Ekblom B, Lundberg IE (2000) Immunological changes
in human skeletal muscle and blood after eccentric exercise and multiple biopsies. J Physiol 529:243262.
Marsh RL (1994) Jumping ability of anuran amphibians. Adv Vet Sci Comp Med 38B:51-111.
Martin JC, Wagner BM Coyle EF (1997) Inertial-load method determines maximal cycling power in a single
exercise bout. Med Sci Sports Exerc 29:1505-1512.
Martin V, Kerhervé H, Messonnier L, Banfi J-C, Geyssant A, Bonnefoy R, Féasson L, Millet GY (2010)
Central and peripheral contributions to neuromuscular fatigue induced by a 24-hour treadmill run. J
Appl Physiol 108:1224-1233.
McCarney R, Warner J, Iliffe S, van Haselen R, Griffin M, Fisher P (2007) The Hawthorne Effect: a
randomised, controlled trial. BMC Med Res Methodol 7:30.
McGowan C, Baudinette R, Biewener A (2005) Joint work and power associated with acceleration and
deceleration in tammar wallabies (Macropus eugenii). J Exp Biol 208:41-53.
McMahon TA, Cheng GC (1990) The mechanics of running: how does stiffness couple with speed? J Biomech
23 Suppl 1:65-78.
Meichtry A, Romkes J, Gobelet C, Brunner R, Muller R (2007) Criterion validity of 3D trunk accelerations to
assess external work and power in able-bodied gait. Gait Posture 25:25-32.
Mero A (1988) Force-time characteristics and running velocity of male sprinters during the acceleration phase of
sprinting. Res Q Exercise Sport 59:94-98.
Mero A, Komi PV (1986) Force-, EMG-, and elasticity-velocity relationships at submaximal, maximal and
supramaximal running speeds in sprinters. Eur J Appl Physiol Occup Physiol 55:553-561.
Habilitation à Diriger des Recherches, JB Morin

128

Bibliographie
Mero A, Komi PV, Gregor RJ (1992) Biomechanics of sprint running. A review. Sports Med 13:376-392.
Mero A, Luhtanen P Komi PV (1983) A biomechanical study of the sprint start. Scand J Sports Sci 5:20-28.
Millet GY, Morin J-B, Degache F, Edouard P, Féasson L, Verney J Oullion R (2009) Running from Paris to
Beijing: biomechanical and physiological consequences. Eur J Appl Physiol 107:731-738.
Millet GY, Tomazin K, Verges S, Vincent L, Bonnefoy R, Boisson RC, Gergelé L, Féasson L Martin V (2011)
Neuromuscular consequences of an extreme mountain ultra-marathon. PLoS One 6: e17059.
Minetti AE (1998) The biomechanics of skipping gaits: a third locomotion paradigm? Proc R Soc Lond B Biol
Sci 265:1227-1235.
Morin J-B, Edouard P, Samozino P (2011a) Technical ability of force application as a determinant factor of
sprint performance. Med Sci Sports Exerc, 43(9): 1675-1679.
Morin J-B, Hintzy F, Belli A, Grappe F (2002) Relations force-vitesse et performances en sprint chez des
athlètes entraînés. Sci Sport 17:78-85.
Morin J-B, Tomazin K, Samozino P, Edouard P, Millet GY (2011b) High-intensity sprint fatigue does not alter
constant-submaximal velocity running mechanics and spring-mass behavior. Eur J Appl Physiol, In
press.
Morin J-B, Belli A (2003) Facteurs mécaniques de la performance en sprint sur 100 m chez des athlètes
entraînés. Sci Sport 18:161-163.
Morin J-B, Belli A (2004) A simple method for measurement of maximal downstroke power on friction-loaded
cycle ergometer. J Biomech 37:141-145.
Morin J-B, Sève P (2011c) Sprint running performance: comparison between treadmill and field conditions. Eur
J Appl Physiol 111:1695-1703.
Morin J-B, Dalleau G, Kyrolainen H, Jeannin T, Belli A (2005) A simple method for measuring stiffness during
running. J Appl Biomech 21:167-180.
Morin J-B, Jeannin T, Chevallier B, Belli A (2006) Spring-mass model characteristics during sprint running:
correlation with performance and fatigue-induced changes. Int J Sports Med 27:158-165.
Morin J-B, Samozino P, Bonnefoy R, Edouard P, Belli A (2010) Direct measurement of power during one
single sprint on treadmill. J Biomech 43:1970-1975.
Morin J-B, Samozino P, Feasson L, Geyssant A, Millet G (2009) Effects of muscular biopsy on the mechanics
of running. Eur J Appl Physiol 105:185-190.
Morin J-B, Samozino P, Millet GY (2011c) Changes in running kinematics, kinetics, and spring-mass behavior
over a 24-h run. Med Sci Sports Exerc 43:829-836.
Morton H (2009) Deception by manipulating the clock calibration influences cycle ergometer endurance time in
males. J Sci Med Sport 12:332-337.
Nevill ME, Boobis LH, Brooks S, Williams C (1989) Effect of training on muscle metabolism during treadmill
sprinting. J Appl Physiol 67:2376-2382.
Nicol C, Komi PV, Marconnet P (1991) Effects of marathon fatigue on running kinematics and economy. Scand
J Med Sci Sports 1:195-204.
Nummela A, Keranen T, Mikkelsson LO (2007) Factors related to top running speed and economy. Int J Sports
Med 28:655-661.
Nummela A, Rusko H, Mero A (1994) EMG activities and ground reaction forces during fatigued and
nonfatigued sprinting. Med Sci Sports Exerc 26:605-609.
Nummela A, Vuorimaa T, Rusko H (1992) Changes in force production, blood lactate and EMG activity in the
400-m sprint. J Sports Sci 10:217-228.
Pandy MG, Zajac FE (1991) Optimal muscular coordination strategies for jumping. J Biomech 24:1-10.
Patterson RP, Moreno MI (1990) Bicycle pedalling forces as a function of pedalling rate and power output. Med
Sci Sports Exerc 22:512-516.
Perrey S, Racinais S, Saimouaa K, Girard O (2010) Neural and muscular adjustments following repeated
running sprints. Eur J Appl Physiol 109:1027-1036.
Habilitation à Diriger des Recherches, JB Morin

129

Bibliographie
Pfau T, Witte TH, Wilson AM (2005) A method for deriving displacement data during cyclical movement using
an inertial sensor. J Exp Biol 208:2503-2514.
Rabita G, Slawinski J, Girard O, Bignet F, Hausswirth C (2011) Spring-Mass Behavior during Exhaustive Run
at Constant Velocity in Elite Triathletes. Med Sci Sports Exerc 43:685-692.
Racinais S, Bishop D, Denis R, Lattier G, Mendez-Villaneuva A, Perrey S (2007) Muscle deoxygenation and
neural drive to the muscle during repeated sprint cycling. Med Sci Sports Exerc 39:268-274.
Rahmani A, Rambaud O, Bourdin M, Mariot JP (2009) A virtual model of the bench press exercise. J Biomech
42:1610-1615.
Rahmani A, Locatelli E, Lacour JR (2004) Differences in morphology and force/velocity relationship between
Senegalese and Italian sprinters. Eur J Appl Physiol 91:399-405.
Rahmani A, Viale F, Dalleau G, Lacour JR (2001) Force/velocity and power/velocity relationships in squat
exercise. Eur J Appl Physiol 84:227-232.
Rejc E, Lazzer S, Antonutto G, Isola M, di Prampero PE (2010) Bilateral deficit and EMG activity during
explosive lower limb contractions against different overloads. Eur J Appl Physiol 108:157-165.
Roberts TJ, Kram R, Weyand PG, Taylor CR (1998) Energetics of bipedal running. I. Metabolic cost of
generating force. J Exp Biol 201:2745-2751.
Roberts TJ, Scales JA (2002) Mechanical power output during running accelerations in wild turkeys. J Exp Biol
205:1485-1494.
Saibene F, Minetti AE (2003) Biomechanical and physiological aspects of legged locomotion in humans. Eur J
Appl Physiol 88:297-316.
Samozino P (2009) Capacités mécaniques des membres inférieurs et mouvements explosifs, approches
théoriques intégratives appliquées au saut vertical. Thèse de Doctorat Motricité Humaine et
Handicap. Université de Saint-Etienne.
Samozino P, Morin J-B, Mermet V, Barla C, Ouillon R, Baly L, Belli A (2008a) What is the best parameter to
quantify shocks during heel-toe running? Proceedings of the 13th annual congress of the European
College of Sport Science, Estoril, Portugal.
Samozino P, Morin J-B, Hintzy F, Belli A (2008b) A simple method for measuring force, velocity and power
output during squat jump. J Biomech 41:2940-2945.
Samozino P, Morin J-B, Hintzy F, Belli A (2010) Jumping ability: A theoretical integrative approach. J Theor
Biol 264:11-18.
Samozino P, Rejc E, Di Prampero PE, Belli A, Morin J-B (2011) Optimal Force-Velocity Profile in Ballistic
Movements. Altius: citius or fortius? Med Sci Sports Exerc, In press.
Sanderson DJ (1991) The influence of cadence and power output on the biomechanics of force application
during steady rate cycling in cometitive and recreational cyclists. J Sports Sci 9:191-203.
Sayers SP, Harackiewicz DV, Harman EA, Frykman PN, Rosenstein MT (1999) Cross-validation of three jump
power equations. Med Sci Sports Exerc 31:572-577.
Scholz MN, D'Aout K, Bobbert MF, Aerts P (2006) Vertical jumping performance of bonobo (Pan paniscus)
suggests superior muscle properties. Proc Biol Sci 273:2177-2184.
Seck D, Vandewalle H, Decrops N, Monod H (1995) Maximal power and torque-velocity relationship on a cycle
ergometer during the acceleration phase of a single all-out exercise. Eur J Appl Physiol Occup
Physiol 70:161-168.
Serpiello FR, McKenna MJ, Stepto NK, Bishop DJ, Aughey RJ (2011) Performance and physiological
responses to repeated-sprint exercise: a novel multiple-set approach. Eur J Appl Physiol 111:669-678.
Slawinski J, Dorel S, Hug F, Couturier A, Fournel V, Morin J-B, Hanon C (2008a) Elite Long Sprint Running:
A Comparison between Incline and Level Training Sessions. Med Sci Sports Exerc 40:1155-1162.
Slawinski J, Heubert R, Quievre J, Billat V, Hannon C (2008b) Changes in spring-mass model parameters and
energy cost during track running to exhaustion. J Strength Cond Res 22:930-936.
Smekal G, Von Duvillard SP, Pokan R, Lang K, Baron R, Tschan H, Hofmann P, Bachl N (2003) Respiratory
gas exchange and lactate measures during competitive orienteering. Med Sci Sports Exerc 35:682689.
Habilitation à Diriger des Recherches, JB Morin

130

Bibliographie
Spencer M, Bishop D, Dawson B, Goodman C (2005) Physiological and metabolic responses of repeated-sprint
activities:specific to field-based team sports. Sports Med 35:1025-1044.
Staron RS, Hikida RS, Murray TF, Nelson MM, Johnson P, Hagerman F (1992) Assessment of skeletal muscle
damage in successive biopsies from strength-trained and untrained men and women. Eur J Appl
Physiol 65:258-264.
Ugrinowitsch C, Tricoli V, Rodacki AL, Batista M, Ricard MD (2007) Influence of training background on
jumping height. J Strength Cond Res 21:848-852.
Vandewalle H, Friemel F (1989) Tests d'évaluation de la puissance maximale des métabolismes aérobie et
anaérobie. Science et Sports 4:265-279.
Vandewalle H, Peres G, Heller J, Panel J, Monod H (1987a) Force-velocity relationship and maximal power on
a cycle ergometer. Correlation with the height of a vertical jump. Eur J Appl Physiol Occup Physiol
56:650-656.
Vandewalle H, Peres G, Monod H (1987b) Standard anaerobic exercise tests. Sports Med 4:268-289.
Vanezis A, Lees A (2005) A biomechanical analysis of good and poor performers of the vertical jump.
Ergonomics 48:1594-1603.
Volkov NI, Lapin VI (1979) Analysis of the velocity curve in sprint running. Med Sci Sports 11:332-337.
Wendler D, Miller FG (2004) Deception in the pursuit of science. Arch Intern Med 164:597-600.
Weyand PG, Sandell RF, Prime DNL, Bundle MW (2010) The biological limits to running speed are imposed
from the ground up. J Appl Physiol 108:950-961.
Weyand PG, Sternlight DB, Bellizzi MJ, Wright S (2000) Faster top running speeds are achieved with greater
ground forces not more rapid leg movements. J Appl Physiol 89:1991-1999.
Yamauchi J, Ishii N (2007) Relations between force-velocity characteristics of the knee-hip extension
movement and vertical jump performance. J Strength Cond Res 21:703-709.
Young W, Wilson G, Byrne C (1999) Relationship between strength qualities and performance in standing and
run-up vertical jumps. J Sports Med Phys Fitness 39:285-293.
Zadpoor AA, Nikooyan AA (2011) The relationship between lower-extremity stress fractures and the ground
reaction force: a systematic review. Clin Biomech 26:23-28.
Zameziati K, Mornieux G, Rouffet D, Belli A (2006) Relationship between the increase of effectiveness indexes
and the increase of muscular efficiency with cycling power. Eur J Appl Physiol 96:274-281.

Habilitation à Diriger des Recherches, JB Morin

131

Ecole Doctorale « Sciences, Ingénierie, Santé » (ED-SIS 488)
Section CNU 74 – Sciences et Techniques des Activités Physiques et Sportives

Habilitation à Diriger des Recherches

BIOMECANIQUE DE LA LOCOMOTION HUMAINE ET
DE LA PERFORMANCE APPREHENDEE PAR DES
MODELES, METHODES ET OUTILS INNOVANTS
TOME II : Publications

Présentée le 17 novembre 2011

Jean-Benoît Morin
Maître de Conférences
Laboratoire de Physiologie de l’Exercice – EA 4338

Jury :
- Eric Berton (Professeur, Université de la Méditerranée)
- Alain Belli (Professeur, Université de Saint-Etienne)
- Georges Dalleau (Professeur, Université de la Réunion)
- Pietro Enrico diPrampero (Professeur, Université d’Udine, Italie)
- Guillaume Millet (Professeur, Université de Saint-Etienne)
- Caroline Nicol (MCU-HDR, Université de la Méditerranée)
- Abderrahmane Rahmani (MCU-HDR, Université du Mans)
Année 2011

Rapporteur
Directeur
Rapporteur
Rapporteur

SOMMAIRE
Ce Tome II présente les publications produites depuis l’obtention du Doctorat (2004), en
distinguant celles présentées dans le Tome I et les autres publications, dont celles issues de
travaux d’étudiants encadrés. Les publications se suivent dans l’ordre présenté ci-dessous.

Publications présentées en Tome I
Partie 2.1. Modèles, outils et méthodes de mesures innovants
Partie 2.2. Application a l’etude de la locomotion et de la performance en
course a pied
Partie 2.3. Application a l’etude de la locomotion et de la performance en
sprint
Partie 2.4. Application a l’etude des mouvements balistiques et de la
performance en saut

Autres publications ; travaux d’étudiants encadrés

Autres publications

Habilitation à Diriger des Recherches, JB Morin

Publications présentées en Tome I

PUBLICATIONS PRESENTEES EN TOME I
(ORDRE D’APPARITION DANS LE TOME I)

Habilitation à Diriger des Recherches, JB Morin

Publications présentées en Tome I

PARTIE 2.1. MODELES, OUTILS ET METHODES
DE MESURES INNOVANTS

Morin J‐B, Dalleau G, Kyröläinen H, Jeannin T, Belli A.
A simple method for measuring stiffness during running.

Journal of Applied Biomechanics, 21(2) : 167‐180. 2005.

Morin J‐B, Samozino P, Bonnefoy R, Edouard P, Belli A.
Direct measurement of power during one single sprint on treadmill.

Journal of Biomechanics. 43(10): 1970‐1975. 2010.

Samozino P, Morin J‐B, Hintzy F, Belli A.
A simple method for measuring force, velocity and power output during squat jump.

Journal of Biomechanics, 41(14): 2940‐2945. 2008.

Habilitation à Diriger des Recherches, JB Morin

ARTICLE IN PRESS
Journal of Biomechanics 43 (2010) 1970–1975

Contents lists available at ScienceDirect

Journal of Biomechanics
journal homepage: www.elsevier.com/locate/jbiomech
www.JBiomech.com

Direct measurement of power during one single sprint on treadmill
J.B. Morin a,b,n, P. Samozino a,b, R. Bonnefoy a,b, P. Edouard a,b, A. Belli a,b
a
b
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We tested the validity of an instrumented treadmill dynamometer for measuring maximal propulsive
power during sprint running, and sought to verify whether this could be done over one single sprint, as
shown during sprint cycling. The treadmill dynamometer modified towards sprint use (constant motor
torque) allows vertical and horizontal forces to be measured at the same location as velocity, i.e. at the
foot, which is novel compared to existing methods in which power is computed as the product of belt
velocity and horizontal force measured by transducers placed in the tethering system. Twelve males
performed 6 s sprints against default, high and low loads set from the motor torque necessary to
overcome the friction due to subjects’ weight on the belt (default load), and 20% higher and lower motor
torque values. Horizontal ground reaction force, belt velocity, propulsive power and linear force–
velocity relationships were compared between the default load condition and when taking all
conditions together. Force and velocity traces and values were reproducible and consistent with the
literature, and no significant difference was found between maximal power and force–velocity
relationships obtained in the default load condition only vs. adding data from all conditions. The
presented method allows one to measure maximal propulsive power and calculate linear force–velocity
relationships from one single sprint data. The main novelties are that both force and velocity are
measured at the same location, and that instantaneous values are averaged over one contact period, and
not over a constant arbitrary time-window.
& 2010 Elsevier Ltd. All rights reserved.

Keywords:
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Dynamometer

1. Introduction
Maximal power output has been explored by means of
ergometers, typically with stationary bicycle on which subjects
produce mechanical power against friction loads. Along with
maximal power, the muscular function has been studied through
force–velocity (F–V) relationships, that were first determined by
plotting the maximal velocity reached against various resistive
loads during multiple sprints (5–8) (multiple sprint methods,
Vandewalle et al., 1987a,b). It has later been shown that F–V
relationships could be determined by plotting the velocity and the
force produced not over multiple sprints, but over the multiple
pedal downstrokes of one single sprint (single sprint method,
Martin et al., 1997; Seck et al., 1995). In both cases, the decrease
in force with increasing velocity was described by linear
relationships.
Another way to measure maximal power output requires
subjects to accelerate a treadmill belt, while their waist is
n
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tethered backwards to a fixed point. Power output is then
measured as the product of the treadmill belt velocity and the
horizontal component of the force exerted on the tether,
measured by force transducers and goniometers. These treadmills
are either non-motorized (Belli and Lacour, 1989; Cheetham et al.,
1985; Funato et al., 2001; Lakomy, 1987; Nevill et al., 1989) or
motorized (Chelly and Denis, 2001; Falk et al., 1996; Jaskolska
et al., 1999b; Jaskolski et al., 1996) and in this case, the default
motor torque is set to compensate for the friction of the treadmill
belt-bed due to subjects’ body weight.
The main issues put forward concerning sprint treadmills are
the following, most of them being discussed in the basic paper of
Lakomy (1987). First, the ‘‘tethered’’ method implies approximations, in that the tethering device is not warranted a horizontal
orientation. As a consequence, when the tether is not close to the
horizontal (during the up and down motion of the subject) and
short in length, the vertical ground reaction force affects the
tether horizontal force. Propulsive power is thus the product of
the horizontal component of force and velocity, though these two
entities are not applied/measured at the same location (the end of
the tether and the ground, respectively). Further, an additional
torque is needed to compensate the friction due to subjects’
weight on the belt and allow them to reach maximal running
velocities close to free running ones (Chelly and Denis, 2001;
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Falk et al., 1996; Jaskolska et al., 1999b; Jaskolski et al., 1996;
McKenna and Riches, 2007).
Second, existing methods propose averaging of instantaneous
values of force, velocity and power over arbitrary time windows
(0.25, 1 s or longer). This is a drawback influencing power
measurements (Lakomy, 1986), which could be avoided thanks
to high sampling frequencies allowing averaging over appropriate
and variable time windows.
Beyond these limitations, sprint treadmills have been shown
accurate and reliable for measuring maximal power output in
humans (McKenna and Riches, 2007; Sirotic and Coutts, 2008),
and to calculate linear F–V relationships according to the multiple
sprint method (Jaskolska et al., 1999a). In parallel, instrumented
treadmill dynamometers have been developed, validated and
used to measure three-dimensional ground reaction forces during
walking and running (e.g. Belli et al., 2001; Kram et al., 1998),
forces being in these cases measured at the same location than
velocity: the contact between the foot and the belt.
Our aims were to: (1) test the validity of an instrumented
treadmill modified for sprint use to measure maximal propulsive
power output avoiding some of the drawbacks of the existing
methods, and (2) determine if maximal propulsive power output
and linear F–V relationships could be calculated using only one
single sprint, as it is the case during cycle ergometer sprint. We
therefore tested whether the default load described earlier could
be considered an optimal load.

2. Materials and methods
2.1. Sprint treadmill dynamometer and load setting
The device presented is not a novel device; it is a three-dimension treadmill
ergometer (ADAL3D-WR, Medical Developpement – HEF Tecmachine, AndrézieuxBouthéon, France) that had already been used in our research group but it was
modified for sprint use. It is similar to that validated for walking by Belli et al.
(2001), with only one large belt. This device (Fig. 1) has been used in studies about
running mechanics (Divert et al., 2005; Morin et al., 2005, 2007, 2009), is mounted
on a highly rigid metal frame fixed to the ground through four piezoelectric force
transducers (KI 9077b, Kistler, Winterthur, Switzerland), and installed on a
specially engineered concrete slab to ensure maximal rigidity of the supporting
ground. The technical details of the treadmill are listed in Table 1.
Beyond the classical constant velocity mode, a ‘‘constant driving torque’’ mode
was added, with the torque set with an accuracy of 0.01 Nm. This allowed us to set,
for each subject, the default motor torque that was necessary to overcome the

Table 1
Main technical characteristics of the treadmill dynamometer.
Force range

Vertical (Fz)
Antero-posterior (Fy)
Medio-lateral (Fx)

60 kN
710 kN
710 kN
o 70.5%

Cross-talk effects

Fz to Fx and Fy
Fx to Fy and Fz
Fy and Fx to Fz

o1%
o2%
o2%

Natural vibration frequency

Vertical
Antero-posterior
Medio-lateral

147 Hz
135 Hz
135 Hz

Belt dimensions

Width
Length (available for running)
Total length

0.54 m
2.53 m
5.52 m

Motor

Power
Type
Accuracy of feedback (speed)
Accuracy of motor torque
setting

4 kW
Brushless
71%
70.01 Nm

Static non-linearity (Fz)

friction on the belt due to subject’s body weight. This was done by requiring the
subject to stand still and by increasing the driving torque value until observing a
movement of the belt greater than 2 cm over 5 s. This default torque setting as a
function of belt friction is in line with previous motorized-treadmill studies
(Chelly and Denis, 2001; Falk et al., 1996; Jaskolska et al., 1999a,b; Jaskolski et al.,
1996), and with the detailed discussion by McKenna and Riches in their recent
study comparing ‘‘torque treadmill’’ sprint to overground sprint (McKenna and
Riches, 2007). From this value of default load, we determined individual values of
higher resistance (20% lower motor torque) and lower resistance (20% higher
motor torque).

2.2. Subjects and protocol overview
Twelve male physical education students (age: 24.5 73.7 years; body mass:
74.5 79.1 kg; stature: 1.78 7 0.05 m) gave their written informed consent to
participate in this study, conducted according to the Declaration of Helsinki, and in
accordance with the local ethical committee. They were all involved in regular
physical activities, involving sprints (track and field or team sports) for 8 of them.
Prior to testing, all subjects were given enough familiarization with the device and
the sprint technique it involves. After appropriate standardized warm-up and
determination of the individual default torque and height of the tether fixing, they
were asked to perform three all-out 6 s sprints against their optimal load, and 20%
higher and 20% lower loads, in a randomized order. Six minutes of passive rest
were allowed between each sprint.

2.3. Sprint procedure and data collection

Fig. 1. Picture of the sprint treadmill. (A) wall-anchored metal rail allowing to
individualize the height of the fixing point (B), and to keep the rope horizontal.
(C) Inextensible climbing rope. (D) Weightlifting belt. (E) Treadmill belt and
treadmill frame mounted on the four piezoelectric crystal transducers.

Subjects were tethered to the wall by means of a leather weightlifting belt and
a stiff thin rope (0.6 mm in diameter), itself attached to a ring that could be fixed in
any chosen vertical position along a 0.4 m vertical metal rail, rigidly anchored to
the wall (Fig. 1). The horizontal distance between the wall and the subject ends of
the rope was ! 2 m. This system allowed (1) individual setting of the height of the
wall-mounted fixation for an horizontal position of the rope, (2) subjects to run at
the same horizontal position along the treadmill, and (3) running at a horizontal
distance (2 m) that reduced the ratio of the vertical component of the wall reaction
force to the propulsive force as discussed in Introduction.
When correctly attached, subjects were required to lean a little bit forward in a
typical sprint start position (standardized for all subjects) with their preferred foot
forward, the slight motion of the treadmill belt induced by this forward-leaning
position being stopped by an experimenter to ensure a motionless posture. After a
3 s countdown, the treadmill was released and subjects were encouraged
throughout the 6 s sprint.
Mechanical data were sampled at 1000 Hz during a 10 s period starting at the
onset of the verbal countdown, which allowed determination of the beginning of
the sprint as the moment when the belt velocity exceeded a value of 0.2 m/s. After
appropriate filtering (Butterworth-type 30 Hz low-pass filter), instantaneous
values of vertical and horizontal ground reaction forces and belt velocity were
averaged for each contact period (vertical force above 30 N). The contact period
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was chosen since it corresponds to the biomechanical and muscular specific event
of one leg push (Martin et al., 1997; Williams et al., 1988), and since it is short
enough (about 0.15 to 0.25 s) to ensure accurate measurements of actual maximal
power output. For discussion of the maximal values averaging periods in human
power output measurements, see Lakomy (1986) and Martin et al. (1997). Then, all
instantaneous data of propulsive force (F in N), velocity (V in m/s) and power (P in
W/kg) were averaged for each contact period, and maximum average values for
each sprint were retained for analysis as Fmax, Vmax and Pmax, respectively.
For each sprint, linear F–V relationships were plotted from F and V values
ranging from the step at Fmax to the step at Vmax, and described through their
slopes and y-intercept values.
2.4. Test re-test reproducibility of power measurements
Reproducibility of Pmax measurements was tested on 8 of the 12 subjects, who
performed a sprint in the default load condition following the same procedure as
during the first session during a re-test that took place within the two weeks
following the first session, at similar times of the day.
2.5. Statistical analysis
After checking the normal distribution of the values for each parameter using a
Shapiro-Wilk test, and the variance homogeneity between samples by the
F-Snedecor test, a first series of repeated measures ANOVAs was performed to
detect differences in Fmax, Vmax and Pmax between the three loading conditions, and
a second series of ANOVAs was performed to test whether F–V relationship slopes
and y-intercepts differed between the four possible computations: in each of the
three load conditions and when considering all these conditions together. When
warranted, Student–Newman–Keuls post-hoc tests were performed to identify
which conditions differed. Test re-test reproducibility of Pmax measurements was
studied by means of Pearson correlations and ICC coefficients (Portney and
Watkins, 1993). Last, the hypothesis that attaching subjects to a slightly rotating
horizontal tether system did not induce a vertical component of force (either to
artificially unload or load them in the vertical direction) was tested comparing the
mean vertical force over the 6 s period to subjects’ body weight using Student
t-tests. Statistical significance was defined as P o 0.05.

3. Results
Typical traces of instantaneous (Fig. 2) and averaged (Fig. 3)
velocity, horizontal and vertical forces are shown along with the
corresponding typical linear force–velocity relationship obtained
from the data of one single sprint (Fig. 3). For all subjects and all
loading conditions, linear F–V relationships were observed, and
Fmax, Pmax and Vmax values occurred systematically in this order.
No statistical difference was found between the three load
conditions for Pmax (P¼0.695), whereas Fmax increased and Vmax
decreased significantly (Po0.05) with increasing loads (Table 2 and
Fig. 4). No statistical difference was observed in the F–V
relationships among the various load conditions (Table 3),
especially between the default condition (F¼ # 67.8 V7627) and
when taking all conditions into account (F¼ #66.6 V7621) (Fig. 5).
The mean value of vertical force over the 6 s sprints was
723759 N, which was very close to subjects’ body weight:
726754 N (P¼0.23).
Test and re-test individual data for Pmax (default load
condition) were highly correlated: r ¼0.940; Po0.01, with values
of 22.2 72.01 W/kg (range: 18.3 # 24.5) vs. 22.9 72.00 W/kg
(range: 19.1–25.0), respectively. The ICC coefficient was 0.903.

4. Discussion
The present method brings novelty and advantages compared
to existing methodologies reported in introduction: force and
velocity are measured at the same location, and therefore no
assumption or computations of force components are made, and
no vertical component of subjects’ horizontal pulling force on the
2 m rope interfered with their effort. Further, contrary to what
could be observed with force measured along the tethering

Fig. 2. Typical traces of instantaneous velocity (upper panel), horizontal force
(middle panel) and vertical force (lower panel) obtained during a 6 s sprint.

system (as discussed by Lakomy (1987), no ground reaction force
was measured during off-ground periods (Fig. 2). With this
method, the high sampling frequency allowed accurate determination of instantaneous values, and to average values over each
muscular event (one contact period), whatever its duration, rather
than over arbitrary periods (0.25 s at best for Lakomy (1987)). We
moved from an arbitrary time-window method to a more sensible
contact-phase criterion for averaging power. The importance of
this averaging period was put forward and discussed by Martin
et al. (1997), and one of its advantages is that the points used to
calculate the F–V relationships make more sense from a
biomechanical point of view, because they represent specific
muscular events occurring during contact.
The values of Pmax are in line with those previously reported
for similar subjects and loading conditions when expressed over
similar averaging periods (Funato et al., 2001; Jaskolska et al.,
1999a; Jaskolski et al., 1996). To our knowledge, no study has
reported power averaged for a single contact period during sprint
running. Further, Fmax and Vmax were also consistent with values
reported in previous studies (Cheetham et al., 1985; Jaskolska
et al., 1999a; Jaskolski et al., 1996). These measurements of Pmax
showed a high reproducibility, and could be performed during
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Table 3
Slopes and y-intercept values of the linear force–velocity relationships for the
different load conditions and for all conditions plotted together (absolute and
normalized data). No significant differences were found for slopes and y-intercepts
between load conditions as well as between the default load condition and when
considering all loads together.

Fig. 3. Upper panel: typical curves of propulsive power (gray), velocity (white)
and force (black dots) averaged for each step during a 6 s sprint in the default load
condition. Lower panel: corresponding linear force–velocity relationship, each
diamond represents one step, from the step at the maximal force to the one at the
maximal velocity.

Table 2
Maximal values of propulsive power, velocity and force for the three load
conditions. No significant difference was found between load conditions for Pmax
(P¼ 0.695), whereas Fmax increased and Vmax decreased significantly (P o 0.05)
with increasing load.
Parameter

Load condition

Mean (SD)

Range

Pmax (W/kg)

High
Default
Low

22.1 (3.9)
22.2 (3.2)
21.9 (3.9)

17.3 # 31.3
17.0 # 29.4
16.7 # 29.5

Vmax (m/s)

High
Default
Low

5.11 (0.32) a
5.47 (0.31)
5.91 (0.46)a,b

4.66 # 5.76
5.08 # 6.21
5.21 # 6.70

Fmax (N)

High
Default
Low

471 (70)
450 (66)
431 (72)b

369 # 573
361 # 566
358 # 572

a
b

Significantly different from the default condition.
Significantly different from the high load condition.

one single sprint, since Pmax and F–V relationships did not differ
significantly when subjects ran against their default load vs.
against a higher or lower load, or when taking all these conditions
into account. This is similar to what was observed in cycle
ergometer sprints (Martin et al., 1997; Seck et al., 1995), and
makes the ‘‘single sprint method’’ transposable to treadmill
sprint.
Some limitations either persisted or appeared with this new
method: determining the individual motor torque requires time
and should be improved by the use of a systematic equation
depending on subjects’ weight since it is the only mechanical

Parameter

Load condition

Mean (SD)

F–V relationship slope

High
Default
Low
All

# 71.9
# 67.8
# 62.8
# 66.6

F–V relationship y-intercept

High
Default
Low
All

648
627
596
621

Normalized F–V relationship slope

High
Default
Low
All

# 0.79
# 0.82
# 0.86
# 0.82

Normalized F–V relationship y-intercept

High
Default
Low
All

1.38
1.40
1.39
1.38

(17.9)
(13.4)
(15.3)
(11.3)

(81)
(73)
(95)
(71)
(0.22)
(0.07)
(0.15)
(0.14)

(0.19)
(0.08)
(0.12)
(0.14)

variable involved. Further, the running technique requires 10–20
familiarization trials during a preliminary session to allow
subjects to sprint while sufficiently leaned forward and well
balanced laterally.
A direct consequence of the additional motor torque needed to
compensate for the friction due to subjects weight (and to attain
subjects’ actual Pmax), was that the maximal velocities reached
were not close to those expected in field conditions for this
population: 5.9170.46 m/s in the low load condition whereas
these subjects could reach !8–9 m/s in free running. Though this
discrepancy was also observed by Lakomy (1987) and seems
unavoidable with this method aiming at measuring Pmax, it is not
in line with previous studies reporting velocities closer to free
running (Chelly and Denis, 2001; Falk et al., 1996; Jaskolska et al.,
1999a; Jaskolski et al., 1996; McKenna and Riches, 2007).
However, our aim was to quantify Pmax, which requires subjects
to run against loads that inevitably prevent them from reaching
their maximal velocity. Indeed, maximal power output production occurs at intermediate (and thus not maximal) levels of both
force and velocity (Wilkie, 1950).
In the present study as in previous ones, propulsive or
‘‘forward’’ power is the parameter of interest, and is the
component of total power the most directly related to performance in forward sprint running. However, total power measurements might be of interest. Unfortunately, we could not measure
total power mainly because the classical ‘‘Newtonian-force plate’’
method did not allow correct computing of the vertical velocity of
subjects’ center of mass from the time-integral of the ground
reaction force (Cavagna, 1975). Indeed, in the context of subjects
raising their center of mass from an incline starting position when
accelerating at the onset of the sprint (Fig. 1a in Cavagna et al.
(1971)), the assumptions of the time-integral method (Cavagna,
1975) are not verified. This issue had already been encountered by
Lakomy (1987), and experimentally approached by Cavagna et al.
(1971), but future developments of the present method combining kinematic and kinetic measurements might allow solving this
issue and consider total power output accurately.
The instrumented treadmill dynamometer modified for sprint
use gave reproducible and consistent values of propulsive force,
velocity and power during short sprints, and allowed calculation
of linear F–V relationships from one single sprint data obtained
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Fig. 5. Comparison of the typical linear force–velocity relationships obtained
during one single sprint when adding the data of the three load conditions (all
dots, gray line), and when only considering the default load condition (crossed
dots, bold line).
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Our aim was to clarify the relationship between power output and the different mechanical parameters
influencing it during squat jumps, and to further use this relationship in a new computation method to
evaluate power output in field conditions. Based on fundamental laws of mechanics, computations were
developed to express force, velocity and power generated during one squat jump. This computation
method was validated on eleven physically active men performing two maximal squat jumps. During
each trial, mean force, velocity and power were calculated during push-off from both force plate
measurements and the proposed computations. Differences between the two methods were not
significant and lower than 3% for force, velocity and power. The validity of the computation method was
also highlighted by Bland and Altman analyses and linear regressions close to the identity line
(Po0.001). The low coefficients of variation between two trials demonstrated the acceptable reliability
of the proposed method. The proposed computations confirmed, from a biomechanical analysis, the
positive relationship between power output, body mass and jump height, hitherto only shown by means
of regression-based equations. Further, these computations pointed out that power also depends on
push-off vertical distance. The accuracy and reliability of the proposed theoretical computations were in
line with those observed when using laboratory ergometers such as force plates. Consequently, the
proposed method, solely based on three simple parameters (body mass, jump height and push-off
distance), allows to accurately evaluate force, velocity and power developed by lower limbs extensor
muscles during squat jumps in field conditions.
& 2008 Elsevier Ltd. All rights reserved.
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1. Introduction
The ability to quickly accelerate the body from a resting
position is considered to be particularly important for successful
performance in many sport activities. Based on Hill’s muscle
mechanical model (Hill, 1938), this ‘‘explosive’’ ability is directly
related to the mechanical characteristics of the muscle contractile
component, and notably to maximal power output. Further,
testing the maximal power output of lower limbs extensor
muscles is a common practice in the assessment of human
exercise performance. Maximal power output has been assessed
from different leg movements, namely sprint running (Jaskolska
et al., 1999; Jaskolski et al., 1996), sprint pedalling (Arsac et al.,
1996; Seck et al., 1995; Vandewalle et al., 1987a) or vertical
jumping (Davies and Young, 1984; Rahmani et al., 2000; Wilson et
al., 1997). No matter what the type of leg movement analysed,
power output may be computed as the product of force times
velocity. Measuring force and velocity with accuracy requires
specific and/or expensive devices, such as cycle ergometers (Arsac

! Corresponding author. Tel.: +33 4 77 12 07 33; fax: +33 4 77 12 72 29.

E-mail address: pierre.samozino@univ-st-etienne.fr (P. Samozino).
0021-9290/$ - see front matter & 2008 Elsevier Ltd. All rights reserved.
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et al., 1996), force plates (Harman et al., 1991) or linear position
transducers (Cormie et al., 2007a, b), which may be impractical for
field use. Consequently, a convenient, simple and accurate method
available for measuring power output could be essential for sport
performance professionals.
Beyond being the most widely used movement because of its
simplicity (Lara et al., 2006b; Vandewalle et al., 1987b), vertical
jump can be considered one of the most ‘‘explosive’’ tests due to
both its very short duration and the high intensity involved. Even
being positively correlated to peak power output (Davies and
Young, 1984), vertical jump height is only an alternative and
indirect indicator of lower limbs explosive capacities, and has the
dimension of mechanical work and not that of power (Vandewalle
et al., 1987b). The late Carmelo Bosco test proposed a simple
methodology for measuring mechanical power during repeated
jumps (Bosco et al., 1983). Its different computations, based on
contact and flight times, might also be applied to the drop jump
exercise in order to obtain maximal power values. However, other
muscle characteristics are also involved during this kind of jump,
especially those related to stretch-shortening cycle (cf. Asmussen
and Bonde-Petersen, 1974). Hence, Bosco’s power test, but also
drop and countermovement jump tests, cannot be used to
evaluate only the explosive concentric capacities.
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Nomenclature
WT
CM
hPO
h
hS
F
v
P
F FPM

total work done during squat jump (in J)
body center of mass
vertical push-off distance (in m)
jump height corresponding to the vertical distance
covered by CM during aerial phase (in m)
height of CM in starting position (in m)
mean vertical force (in N)
mean vertical velocity (in m s% 1)
mean vertical power (in W)
mean vertical force obtained with the force plate
method (in N)

Furthermore, different formulae have been proposed to
estimate power output from vertical jump height and body mass.
Some of them are derived from fundamental laws of mechanics
(Gray et al., 1962; Lewis cited in Fox and Mathews, 1974), but the
underlying biomechanical models from which they were developed have been challenged. Indeed, it has been argued that
Lewis’s formula divides the change in potential energy by the
aerial ascending phase duration instead of that of the push-off,
and does not take into account the change in potential energy
during push-off (Harman et al., 1991; Vandewalle et al., 1987b).
Gray’s formula assumes that the vertical acceleration of the center
of mass (CM) is constant during push-off, which is in contradiction to some experimental results frequently presented in the
literature (Cormie et al., 2007a, b; Harman et al., 1991). Other
formulae arose from experimental regression equations obtained
between power and biomechanical parameters, which statistically
showed that maximal power output was highly dependent on
vertical jump height and body mass (Canavan and Vescovi, 2004;
Harman et al., 1991; Johnson and Bahamonde, 1996; Sayers et al.,
1999; Lara et al., 2006a, b). The first limitation of such predictive
equations is the lack of theoretical rationale explaining the link
between power and these two parameters, there remaining the
doubt if all athletes with the same body mass and reaching the
same jump height develop the same power output, as well as if
push-off time should not be taken into account. The other
limitation of such equations is the population-dependence of
the proposed regressions, which may lead to a lower accuracy for
estimating power (Canavan and Vescovi, 2004; Hertogh and Hue,
2002; Lara et al., 2006a, b).
If these different studies did not propose an accurate method
for measuring power output in field conditions, the fact remains
that they showed (i) the strong influence of body mass and
vertical jump height on maximal power developed, and (ii) the
enduring interest observed throughout the literature (at least
from 1962 to 2006) towards evaluating maximal power output
from simple parameters during vertical jumps. Therefore, the aim
of this study was to clarify the relationship between power output
and the different mechanical parameters influencing it during
squat jumps by the sole use of the fundamental laws of
mechanics, and to further use this relationship to elaborate a
new computation method for power output evaluation in field
conditions.

2941

mean vertical velocity obtained with the force plate
method (in m s% 1)
mean vertical power obtained with the force plate
method (in W)
ground reaction force (in N)
aerial time (in s)
push-off time (in s)
vertical velocity at takeoff (in m s% 1)
vertical acceleration of the center of mass (in m s% 2)
body mass (in kg)
gravitational acceleration (9.81 m s% 2)

vFPM
PFPM
GRF
tA
tPO
vTO
a
m
g

(and hence kinetic energy) being null at these two instants, the total work done
(W T) is equal to the potential-energy change between these two positions:
W T ¼ mgðhPO þ h þ hS Þ % mghS

(1)

W T ¼ mgðhPO þ hÞ

(2)

with m the body mass, g the gravitational acceleration, hPO the vertical push-off
distance, h the jump height and hS the height of CM in the starting position (Fig. 1).
Furthermore, W T, developed by the lower limbs during push-off, is also equal
to the product of hPO times the mean vertical force ðFÞ generated by lower limbs.
Consequently
F̄ ¼

WT
hPO

(3)

Substituting (2) in this equation gives
F̄ ¼ mg

!

"
h
þ 1
hPO

(4)

The mean vertical velocity of the CM during push-off ðvÞ was computed as
v̄ ¼

hPO
t PO

(5)

with tPO, the push-off phase duration, obtained from the impulse–momentum
relationship. Applying it to squat jump with null starting velocity, the following
equation is obtained:
t PO ¼

mvTO
ðF̄ % mgÞ

(6)

2. Methods
2.1. Theoretical background and development of formulae
During a squat jump, the lower limbs produce mechanical work to elevate the
CM from its initial vertical position to that of maximal height. The vertical velocity

Fig. 1. The three key positions during a vertical squat jump and the three distances
used in the proposed computations.
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with vTO the vertical velocity at takeoff calculated as
vTO ¼

pﬃﬃﬃﬃﬃﬃﬃﬃ
2gh

(7)

From (4–7), the final expression of the mean velocity is
v̄ ¼

rﬃﬃﬃﬃﬃﬃ
gh
2

(8)

(The complete calculations of vTOand v are presented in the Appendix section.)
The mean power developed by the lower limbs ðPÞ was the product of F and v,
obtained from (4) and (8):
P̄ ¼ mg

!

h
þ 1
hPO

"rﬃﬃﬃﬃﬃﬃ
gh
2

(9)

2.3.2. Computation method
The mean force ðFÞ , velocity ðvÞ and power ðPÞ were also calculated from Eqs.
(4), (8) and (9), respectively. Only three simple parameters are required for these
computations: body mass (m), jump height (h) and vertical push-off distance (hPO).
In the present study, h was determined from aerial time (tA), applying the
fundamental laws of dynamics (Asmussen and Bonde-Petersen, 1974):
h¼

1 2
gt
8 A

(11)

with tA measured here from GRF-time signal. Lastly, hPO corresponded to the lower
limbs’ length change between the starting position and the moment of takeoff. For
convenience reasons, it was assumed that changes in the relative vertical positions
of the great trochanter and CM during a squat jump may be neglected. hPO was
then calculated as the difference between hS and the extended lower limb length
with maximal foot plantar flexion (great trochanter to tiptoe distance).

2.2. Subjects and experimental procedure
Eleven healthy male subjects (age ¼ 27.173.6 yr, height ¼ 173.677.2 cm,
mass ¼ 76.9711.4 kg) were informed about the procedures and demands of the
study, and signed a written informed consent, which was approved by the ethics
review board of the Faculty of Human Science. They were all involved in regular
physical activities, but not specialized in weight-lifting or jumping disciplines. For each
subject, the vertical distance between the ground and the right leg great trochanter
was measured in a 901-knee angle crouch position set using a square (hS in Fig. 1).
After a 5-min warm-up, each subject had to perform two maximal squat jumps
with the arms crossed on the torso. While standing on the force plate, subjects
were asked to bend their legs and reach the starting height hS (carefully checked,
thanks to a ruler). After having maintained this crouch position for about 2 s, they
were asked to apply force as fast as possible and to jump for maximum height.
Countermovement was verbally forbidden and carefully checked after each trial
using force–time curves. At landing, subjects were asked to touch down with the
same leg position as when they took off, i.e. with extended leg and maximal foot
plantar flexion. If all these requirements were not met, the trial was repeated. Each
trial was followed by a 5-min rest. Two or three days before this test session,
subjects were allowed enough supervised practice to rightly perform squat jumps
without countermovement.

2.4. Comparison of the two methods and statistical analysis
Mean7standard deviation (SD), correlations, linear regressions and Bland and
Altman analyses (Bland and Altman, 1986 ) were performed from the two trials to
compare F , v and P obtained with the two methods. After checking distributions
normality with the Shapiro–Wilk test, the difference between the two methods
(bias) was computed for these parameters and tested for each trial using t-test for
paired samples. To complete this quantification of inter-methods differences,
another bias (absolute bias) was also calculated for each subject and each trial as
follows: absolute bias ¼ j(computation method–force plate method) & force plate
method% 1j & 100. Further, the reliability of both methods was assessed from
the coefficient of variation of the difference between the two trials divided by O2
(CV in %) (Hopkins et al., 2001). The difference between the two trials was then
tested by t-test for paired samples. For all statistical analyses, a P value of 0.05 was
accepted as the level of significance.

2.3. Apparatus and measurements

3. Results

All trials were performed on a force plate (Kistler type 9281B, Winterthur,
Switzerland) connected to an amplifier system (Kistler type 9861A, Winterthur,
Switzerland). The output signal, representing vertical ground reaction force (GRF),
was sampled continuously at 2000 Hz for every trial and stored in a computer via a
data logger (Type SEP3, E.I.P., Jonzieux, France). This signal was low-pass filtered
with a cut-off frequency of 30 Hz and converted into force through laboratory
standard calibrations.
The mean vertical force developed by the lower limbs during push-off ðFÞ , the
corresponding mean vertical velocity ðvÞ and the mean power ðPÞ were determined
from the two methods (force plate and computations) for each trial.

Mean values (7 SD) of F , v and P obtained with the two
methods, as well as mean values (7SD) of the absolute bias, are
presented in Table 1 . For each trial, F , v and P values were not
significantly different between the two methods. When considering the two trials for all subjects, F , v and P were highly positively
correlated (Po 0.001) with F FPM , vFPM and PFPM , respectively
(Table 1). Slopes and y-intercept values of the linear regressions
were not significantly different from one and zero, respectively
(Table 1).
The Bland and Altman plots are presented in Fig. 2. The mean
bias between the two methods computed was % 11.5725.4 N,
0.01770.033 m s% 1 and % 1.66739.8 W for F , v and P, respectively. Expressed relatively to the mean values obtained with the
force plate method, these biases were % 0.8871.96%, 1.6073.01%
and % 0.1272.82%, respectively.
The coefficients of variation obtained from the two trials are
presented in Table 2 . Values of F , v and P were not significantly
different between the two trials.

2.3.1. Force plate method
The instantaneous vertical velocity was obtained during push-off by integration of the CM vertical acceleration (a) over time:
a ðtÞ ¼

GRF ðtÞ
% g
m

(10)

The integration constant was set to zero because of the null starting velocity. The
instantaneous vertical power was the product of force and velocity at each instant.
The mean force ðF FPM Þ , velocity ðvFPM Þ and power ðPFPM Þ for each trial were all
calculated as averages of instantaneous force (GRF), velocity and power,
respectively, over the whole push-off phase.

Table 1
Mean values7SD of F , v and P obtained from the two trials with both methods, mean absolute bias between the two methods and characteristics of correlations and
regressions between the two methods. Data were obtained from the 2 trials

F̄ (N)
v̄ (m s% 1)
P̄ (W)
a

Force plate method

Computation method

Absolute bias (%)

12947132
1.0870.12
14127221

12827133
1.1070.12
14117224

1.7471.17
2.8872.00
2.2971.95

Not significantly different from unity.
Not significantly different from 0.
!!! Po0.001.
b

Pearson correlation
coefficient (r)

Slope of the linear
regression linea

y Intercept of the linear
regression lineb

0.98!!!
0.96!!!
0.98!!!

0.98
0.98
1.00

10.56
0.04
0.27
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4. Discussion

Table 2
Coefficients of variation (CV) of the difference between the two trials for F, v and P

The first part of this study aimed at explaining, from
fundamental laws of mechanics, the statistical results obtained
from multiple regressions in studies proposing linear-regression-

F
v
P

Fig. 2. Bland and Altman plot of differences between the force plate and
computation method for force (a), velocity (b) and power (c). Data were obtained
from the two trials. The solid horizontal line corresponds to the mean bias. Upper
and lower horizontal dotted lines represent the limits of agreement (mean71.96
SD of the difference between methods).

Force plate method (%)

Computation method (%)

2.52

2.56

6.23
7.24

3.84
6.35

based equations for estimating power output (Canavan and
Vescovi, 2004; Harman et al., 1991; Johnson and Bahamonde,
1996; Sayers et al., 1999). The positive relationship between
power output, body mass and jump height was confirmed and
mechanically explained by the presented computations (Eq. (9)).
It also confirms that measuring jump height alone does not allow
to distinguish different power outputs (Vandewalle et al.,
1987a, b). In this sense, two athletes with different body weights
might be able to reach the same jump height whereas the heaviest
one develops a greater amount of power. This could induce a
methodological bias when seeking to quantify the effect of a
typical strength training associated with weight gain. Further, the
power expression proposed in the present study put forward
another important parameter, hitherto not considered: the pushoff distance. Indeed, two athletes with the same body mass,
reaching the same height, but beginning their respective push-off
phases from different starting heights, do not develop the same
amount of power. The one beginning from the lowest position is
the least explosive, which is obvious in power expression as
developed here (Eq. (9)). Consequently, regression equations
(Canavan and Vescovi, 2004; Harman et al., 1991; Sayers et al.,
1999) will not distinguish these two athletes, except if their
starting position is fixed in terms of vertical distance instead of
knee angle. In the case of two athletes of different statures, if the
starting position is standardized through vertical distance, the
conditions of the jump are not the same because of their
respective knee angles. Thus, the only way to accurately apply a
power computation to a large population is to consider the pushoff distance (or duration). It is worth noting that push-off distance
and duration are strongly linked during a vertical jump due to the
movement specificities. Johnson and Bahamonde (1996) have
shown that subjects’ stature is a key parameter statistically
related to power estimate. Therefore, here it appears reasonable to
infer by syllogism that push-off distance is linked to stature.
The subsequent part of this study consisted in testing our
computation equations as representing a new simple method for
evaluating power output during squat jump. Such a simple field
method has been an important focus for athlete training
evaluation for decades (Bosco et al., 1983; Canavan and Vescovi,
2004; Gray et al., 1962; Harman et al., 1991; Sayers et al., 1999).
Our equations result from computations based on fundamental
laws of mechanics, and no postulate in conflict with reality was
required, as it was the case for instance in the work of Gray et al.
(1962). The only assumptions admitted here were those inherent
to all studies applying Newton’s laws to the whole human body
considered as a system represented by its CM (Bosco and Komi,
1979; Harman et al., 1990). Note that our computations lead to
mean values during push-off phase, as opposed to peak values
estimated in many studies (Canavan and Vescovi, 2004; Rahmani
et al., 2000). Nevertheless, even if instantaneous and mean values
may reasonably be assumed to be linked during vertical jumps,
mean values (i.e. averaged over the whole movement) appeared to
be more representative of the muscular effort analysed (Andrews,
1983).
The interest and validity of a computation method in the
field of human exercise testing depend on both its pertinence
and reliability. The pertinence of the proposed method is
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supported by the power values obtained, which are in accordance
with studies testing the same kind of subjects (Harman et al.,
1991). It is further shown here by both the correlation results
and the comparison of values obtained with the proposed method
versus those measured by the force plate. It is worth noting
that Pearson’s correlation coefficients were similar to those
obtained in other laboratory squat device validation protocols
(Rahmani et al., 2000). Additionally, the mean bias and the
limits of agreement presented in Bland and Altman plots (Fig. 2 )
showed a great accuracy for F , v and P parameters during
squat jumps. Absolute bias values inferior to 3% confirmed this
result. It must be pointed out that the absolute bias is a key
parameter to quantify the validity and the accuracy of a new
method because it considers both the bias and the SD of the
differences.
As a consequence, the bias was low enough to support the
validation of the proposed method. Furthermore, because body
weight has been shown to be the optimal load maximising power
output (Cormie et al., 2007c; Markovic and Jaric, 2007), the
proposed method can be considered an accurate test to evaluate
maximal power output during squat jumps. Contrary to other
simple methodologies, such as regression equations, not only
power, but also force and velocity values can be obtained from the
present computations. When using additional loads, it could allow
to explore, in field conditions, muscles mechanical characteristics
through force and power–velocity relationships (Rahmani et al.,
2001; Vandewalle et al., 1987a), which is in the center of athletes
complete evaluations.
In addition to a high degree of accuracy, a test should lead to
consistent results over repeated measurements. Concerning the
proposed method, the reliability for two consecutive trials was in
line with previous studies using the same kind of movement
(Bosco et al., 1995; Rahmani et al., 2000; see review in Hopkins et
al. (2001)), and the values obtained were not different between
the two trials.
The accuracy and reliability of the proposed method may
even be improved through the way the jump height (h) and
the distance covered during the push-off (hPO) are measured.
On the one hand, jump height has been estimated here using
the aerial time method (Asmussen and Bonde-Petersen, 1974),
but could have been measured with other methodologies
(‘‘sargent test’’ or ‘‘jump-and-reach test’’, see review in Vandewalle et al. (1987b)), each of them having their advantages and
disadvantages. On the other hand, the vertical distance covered
during push-off was estimated here through the leg length
change, which is convenient and simple, though subject to
improvement.
In light of the above-mentioned points, one can consider that the
present study proposes an accurate and reproducible simple field
method to evaluate the power output of lower limbs’ extensor
muscles with a precision similar to that obtained with specific
laboratory ergometers. This method is convenient for field use
because the computations only require one squat jump (accurately
standardized and performed) and three parameters rather easily
measurable: body mass, jump height and push-off distance. Lastly,
further studies could be led to check the applicability of these
computations in other jumping contexts (e.g. countermovement
jump test, team sports specific jump moves), provided that the
vertical push-off distance is accurately quantified.
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Abstract
Many studies have demonstrated that contact time is a key factor affecting both the energetics and mechanics of running. The purpose
of the present study was to further explore the relationships between contact time (tc), step frequency (f) and leg stiffness (kleg) in human
running. Since f is a compound parameter, depending on both contact and aerial time, the specific goal of this study was to independently
vary f and tc and to investigate their respective effects on spring–mass characteristics during running, seeking to determine if the changes
in kleg observed when running at different f are mainly due to inherent changes in tc. We compared three types of constant 3.33 m s!1
running conditions in 10 male subjects: normal running at the subject’s freely chosen f, running with decreased and increased f, and
decreased and increased tc at the imposed freely chosen f. The data from the varied f trials showed that the variation of tc was strongly
correlated to that of kleg (r2 ¼ 0.90), and the variation of f was also significantly correlated to that of kleg (r2 ¼ 0.47). Further, changes in
tc obtained in various tc conditions were significantly correlated to changes in kleg (r2 ¼ 0.96). These results confirm that leg stiffness was
significantly influenced by step frequency variations during constant speed running, as earlier demonstrated, but our more novel finding
is that compared to step frequency, the effect of contact time variations appears to be a stronger and more direct determinant of kleg.
Indeed, 90–96% of the variance in kleg can be explained by contact time, whether this latter parameter is directly controlled, or indirectly
controlled through its close relationship with step frequency. In conclusion, from the comparison of two experimental procedures, i.e.
imposing various step frequency conditions vs. asking subjects to intentionally vary contact time at their freely chosen step frequency, it
appears that changes in leg stiffness are mainly related to changes in contact time, rather than to those in step frequency. Step frequency
appears to be an indirect factor influencing leg stiffness, through its effect on contact time, which could be considered a major
determinant of this spring–mass characteristic of human running.
r 2007 Elsevier Ltd. All rights reserved.
Keywords: Spring–mass model; Stiffness; Time of force application; Stride rate

1. Introduction
When bipeds or quadrupeds hop, skip, trot, gallop or
run, the forces produced by their muscular machinery are
applied to the ground and oriented in order to increase,
maintain or decrease their momentum, during the time that
a foot, hoof or paw is in contact with the ground, i.e.
during the ‘‘contact time’’ (tc). In addition to mechanics, it
has been shown that the inverse of contact time (t!1
c ), also
referred to as the rate of force application is an important
!Corresponding author. Tel.: +33 477 127985; fax: +33 477 127229.

E-mail address: jean.benoit.morin@univ-st-etienne.fr (J.B. Morin).
0021-9290/$ - see front matter r 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jbiomech.2007.05.001

determinant of the energetic cost of running across speed in
various species of terrestrial mammals and birds (e.g. Kram
and Taylor, 1990; Roberts et al., 1998). Indeed, Kram and
Taylor (1990) showed that the rate of force application was
strongly related to and could primarily explain the
metabolic cost of locomotion in small to large mammals,
i.e. in 30 g kangaroo rats (Dipodomys merriami) to 140 kg
ponies (Equus caballus). These findings were further
confirmed by Roberts et al. (1998), who included humans
and running birds in their study. Other studies have shown
could estimate mass-specific rates of oxygen
that t!1
c
uptake in freely running humans (Hoyt et al., 1994;
Weyand et al., 2001).
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Nomenclature
F
Fmax
tc
ta
f
FCf
VARI-f
VARI-tc

COM
GRF
PFA

vertical force
peak vertical force
contact time
aerial time
step frequency
freely chosen step frequency
reduced or increased step frequency running
conditions
reduced or increased contact time running
conditions
center of mass
ground reaction force
point of force application to the ground

Biomechanically, tc is a critical parameter in the various
spring–mass models for running (Alexander, 1992; Blickhan, 1989; Dalleau et al., 1998; Dickinson et al., 2000;
Farley et al., 1991, 1993; Farley and Gonzalez, 1996; Ferris
et al., 1998; He et al., 1991; McMahon and Cheng, 1990;
McMahon et al., 1987). In these models, widely used to
describe and study the mechanics of human and other
animals bouncing and running gaits, the musculo-skeletal
structures of the legs alternately store and return elastic
energy (though one should keep in mind that the spring
term used in this model does not imply a pure linear
elasticity of the leg). The main mechanical parameter
derived from spring–mass models is the stiffness of the leg
spring, defined as the ratio of the maximal force applied to
the leg-spring to the maximum leg compression. Recently,
Morin et al. (2005) developed and validated a simple
computational method (based on a sine-wave modeling of
force–time curves) that estimates leg stiffness from few
simple mechanical parameters including contact time. A
sensitivity analysis of that theoretical model showed that
contact time is the parameter with the greatest relative
influence on leg stiffness. Indeed, tc has a 1:2.5 effect in this
sensitivity analysis (a 10% decrease in contact time leading
to a 25% increase in leg stiffness and vice versa) whereas all
other mechanical and anthropometrical parameters tested
showed a 1:1 or lower relative influence (Morin et al.,
2005).
The purpose of the present study was to further explore
the relationships between contact time, step frequency and
leg stiffness in human running. Indeed, the basic kinematics
of running state that tc is related to step frequency (f)
!1

f ¼ ðtc þ ta Þ ,

(1)

where ta is the aerial or flight time. The relationships
between step frequency and leg stiffness were studied by
Farley and Gonzalez (1996) who clearly demonstrated that
although leg stiffness did not significantly change with
running speed, it did when step frequency varied at a given
constant speed. They reported that leg stiffness increased

PFAT point of force translation during contact
d
point of force translation distance
Dy
vertical downward peak displacement of the
center of mass during contact
DL
leg length variation (compression) during contact in the classical spring–mass model
leg length variation (compression) during conDL0
tact taking into account the displacement of the
point of force application
Dy
vertical downward peak displacement of the
center of mass during contact
L
initial leg length
v
forward running velocity
DF
duty factor
leg stiffness
kleg
by about two-fold when step frequency was increased by
65% (Farley and Gonzalez, 1996). However, as seen in
Eq. (1), f is not only depending on tc, but also on ta.
Consequently, we sought to examine these frequency–stiffness relationships in more detail since frequency is a
compound parameter, and to determine if the changes in
leg stiffness observed when running at different step
frequencies are mainly due to inherent changes in contact
time. Therefore, the specific goal of this study was to
independently vary step frequency and contact time and to
investigate their respective effects on spring–mass characteristics during running.
2. Materials and methods
2.1. Subjects and protocol overview
Ten male subjects gave their written informed consent to participate in
this study. They were all involved in regular physical activities, but not
specialized in running. Their main anthropometric data and their freely
chosen step frequency (FCf) are shown in Table 1. The reference period
considered in the present study regarding running kinematics was the step
(i.e. the time period from the onset of one foot contact, to the onset of the
contralateral foot contact). We compared three types of constant submaximal velocity running conditions summarized in Table 2: normal
running (Normal), running with decreased and increased step frequencies
(VARI-f), and decreased and increased contact times at the imposed FCf
(VARI-tc).
After a standardized 5 min warm-up run at 2.78 m s!1, subjects ran
2 min on a treadmill dynamometer at 3.33 m s!1 allowing the computation
of their FCf from force signals. Then, subjects were asked to run at
3.33 m s!1 at various step frequencies (set by a metronome tone) for six
Table 1
Physical characteristics of subjects, and freely chosen step frequency (FCf)
values at 3.33 m s!1

Mean
SD

Age
(years)

Body
mass (kg)

Stature
(m)

FCf (Hz)

28.6
6.4

75.6
10.4

1.75
0.10

2.75
0.13

SD: standard deviation.
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Table 2
Summary of the running conditions imposed to the subjects
Normal

VARI-f

VARI-tc

Velocity
Frequency

3.33 m s!1
FCf
(measured)

3.33 m s!1
FCf matched
to audio signal

Contact time

Freely chosen

3.33 m s!1
0.7–1.3 FCf
matched to
audio signal
Freely chosen

Duration

2 min (1 trial)

2 min per trial
(6 trials)

Intentionally
reduced or
increased
3 min per trial
(2 trials)

accuracy of the spring–mass model for describing the lower limbs
mechanics during human running (Bullimore and Burn, 2006). Leg length
variation during contact was therefore calculated on the basis of Eq. (4),
incorporating the distance of PFAT into the ‘‘traditional’’ planar
spring–mass model:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
$
%ﬃ
vtc ! d 2
0
2
þ Dy.
(5)
DL ¼ L ! L !
2
The distance of PFAT (d) was shown to be 0.15770.006 m in subjects
running from 1.5 to 5.0 m s!1 (Lee and Farley, 1998), and this value was
estimated to be equal to about 18% of the mean leg length of these
subjects (Bullimore and Burn, 2006). As we could not measure d in the
present study, this parameter was assumed to be
d ¼ 0:18L.

randomized 2 min trials under imposed 30% decreased to 30% increased
FCf. Lastly, subjects performed two randomized 3 min running trials at
3.33 m s!1 while matching a metronome set to their FCf with either shorter
(Stc) or longer (Ltc) contact time. During these two conditions, no contact
time value was accurately imposed to the subjects (by audio tone, or real
time feedback for instance), they were verbally asked before the trials to
reduce and increase contact time as much as possible.

2.2. Stride kinematics and dynamics
Mechanical parameters were measured for each step using a treadmill
dynamometer (HEF Techmachine, Andrézieux-Bouthéon, France), for
details, see Belli et al. (2001). Vertical ground reaction force (F) data and
belt velocity were sampled at a rate of 1000 Hz. Contact and aerial times
were measured from F(t) signals, as shown in Fig. 1. Duty factor was
computed as
DF ¼ tc ðtc þ ta Þ!1 .

(2)

The different decreased (f!30%, f!20% and f!10%) and increased (f+30%,
f+20% and f+10%) step frequency conditions were calculated from FCf
(measured after 2 min during the first run) and imposed by an audio signal.
In VARI-f conditions, force data were collected after 1 min, and in VARItc conditions, measurements were performed at 30 s, 1 min 30 s and 3 min,
in order to study the ability of the subjects to maintain either the increased
or reduced contact times consistently. All mechanical parameters
measured were averaged for 10 consecutive steps.

2.3. Spring–mass characteristics
A spring–mass model paradigm (for details see Alexander, 1992;
Blickhan, 1989; Farley et al., 1991, 1993; Farley and Gonzalez, 1996;
He et al., 1991; McMahon and Cheng, 1990; Morin et al., 2005) was used
to investigate the main mechanical parameters characterizing the lower
limbs behavior during running. In these studies, the stiffness of the leg
spring (kleg in kN m!1) was calculated from F(t) measurements as follows:
kleg ¼ F max DL!1

(3)

with DL the maximum leg spring compression (in m) calculated from
values of initial leg length L (great trochanter to ground distance in a
standing position), running velocity v (in m s!1), contact time tc (in s) and
vertical maximal downward displacement of the center of mass (COM)
during contact Dy, as per (Farley and Gonzalez, 1996; He et al., 1991;
McMahon and Cheng, 1990; Morin et al., 2005)
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
"vt #2
c
þ Dy.
(4)
DL ¼ L ! L2 !
2
However, during level running the point of force application (PFA) is
not a fixed point over a typical stance phase (Lee and Farley, 1998), and it
has recently been shown that the distance of the PFA translation (PFAT)
should be taken into account when computing DL, in order to increase the
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(6)

Therefore, leg stiffness was calculated in the present study, from Eqs. (3)
and (5) as
kleg ¼ F max DL0 !1 .

(7)

Dy being determined by double integration of the vertical acceleration
of the COM over time, as proposed by Cavagna (1975).

3. Statistical analysis
After checking the normal distribution of the values for
each parameter using a Shapiro–Wilk test, an ANOVA
with Tukey’s honestly significant difference post hoc test
was performed to investigate differences in the previously
described parameters between Normal, VARI-f and VARI-tc
conditions.
We investigated the influence of both contact time and
step frequency variations on changes in leg stiffness using
Pearson’s correlation test, and linear regressions were used
to further describe significant correlations. Statistical
significance was accepted at Po0.05.
4. Results
For all conditions, subjects matched the imposed step
frequencies quite well, as shown by the non-significant
ANOVA comparing imposed and actual frequencies
through the entire protocol. Typical curves of vertical
ground reaction force and vertical displacement of the
COM during contact in VARI-f and VARI-tc conditions are
shown in Figs. 1 and 2, respectively.
Mechanical parameters of stride kinematics and dynamics, as well as spring–mass parameters are shown in
Table 3. In the VARI-f conditions, tc, Dy and DL0
significantly decreased (Po0.05) with increasing f, Fmax
and ta remaining unchanged. This corresponded to a
significant increase in kleg (Po0.05). To the contrary, with
decreasing f, neither tc nor stiffness changed significantly,
whereas Fmax, Dy and DL0 significantly increased (Po0.05).
These changes observed when f ranged from f!30% to
f+30% are shown in Fig. 3 concerning step kinematics and
in Fig. 4 for step dynamics and spring–mass model
parameters.
As the changes in tc in VARI-tc conditions show (Table 3),
the significant changes in tc ranged from !14.374.19% in
Stc condition to+27.078.2% in Ltc condition. During
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Fig. 1. Typical curves of vertical ground reaction force (bottom) and vertical displacement of the center of mass (top) as a function of time during normal
(line), decreased step frequency (dashes) and increased step frequency (dots) running.

Fig. 2. Typical curves of vertical ground reaction force (bottom) and vertical displacement of the center of mass (top) as a function of time during normal
(line), decreased contact time (dashes) and increased contact time (dots) trials.

these VARI-tc running trials, kleg increased significantly
(Po0.05) by 44.1713.8% in Stc, and decreased significantly (Po0.05) by 45.979.3% in Ltc.
The data from the varied f and tc trials show that the
variation of tc was strongly correlated to that of kleg
(r2 ¼ 0.90; Po0.05, Fig. 5A), and the variation of f was
also significantly correlated to that of kleg (r2 ¼ 0.47;
Po0.05, Fig. 5B).

Lastly, Fig. 6 shows changes in tc obtained both in
or VARI-tc conditions (i.e. either depending on f
variations, or directly and intentionally controlled by
the subjects). Changes in tc observed in both VARI-tc
and VARI-f conditions were significantly correlated to
changes in kleg (r2 ¼ 0.96; Po0.05), that ranged from
about !50% to about +150% of that measured in Normal
condition.
VARI-f
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Table 3
Grand averages of contact (tc) and aerial (ta) times, duty factor (DF), maximal vertical ground reaction force (Fmax), downward displacement of the center
of mass (Dy), leg compression (DL0 ), vertical (kvert) and leg (kleg) stiffness, and the absolute percentage difference between the step frequency of the
condition and the freely chosen step frequency (fdiff)
Condition

tc (s)

ta (s)

DF

Fmax (bw)

Dy (m)

DL0 (m)

kleg (kN m–1)

fdiff (%)

Normal

0.24
70.02
0.20*
70.03
0.25
70.01
0.21*
70.01
0.31*
70.02

0.12
70.02
0.09
70.03
0.25*
70.03
0.17*
70.02
0.07*
70.02

0.67
70.04
0.7
70.09
0.50*
70.03
0.56*
70.04
0.82*
70.05

2.52
70.21
2.42
70.42
3.08*
70.26
3.15*
70.22
1.92*
70.14

0.06
70.01
0.04*
70.01
0.10*
70.01
0.06
70.01
0.06
70.01

0.12
70.01
0.08*
70.01
0.16*
70.02
0.1
70.01
0.17*
70.02

16.6
72.9
25.7*
78.5
15.4
72.5
23.7*
72.8
8.86*
71.3

–

f+30%
f!30%
Stc
Ltc

+26.8*
72.3
!26.0*
76.1
+2.48
72.88
+4.36
72.75

The five running conditions presented are normal running (Normal), running with 30% increased (f+30%) and 30% decreased (f!30%) step frequency, and
running with short (Stc) and long (Ltc) contact times. During the two latter conditions, the frequency imposed was the normal freely chosen step frequency.
Values are means7SD. *Significantly different from the normal running condition (Po0.05).

Fig. 3. Changes in step kinematics (contact times, aerial times and duty
factor) as a function of changes in step frequency, from 30% decreased to
30% increased step frequency compared with the normal running
condition performed at the freely chosen step frequency (FCf). *:
significantly different from the normal running condition (Po0.05).

5. Discussion
The results of the present study confirm that kleg was
significantly influenced by f variations during constant
speed running, as earlier demonstrated by Farley and
Gonzalez (1996). Our more novel and important finding is
that compared to f, the effect of tc variations appears to be
a stronger and more direct determinant of kleg. Indeed, in
VARI-f conditions, 47% of the variance in kleg can be
explained by variation in f (Fig. 5B), whereas 90% of this
variance in kleg is explained by tc variations, when taking
only the latter parameter into account (Fig. 5A). While it

Fig. 4. Changes in the main spring–mass parameters of maximal vertical
ground reaction force (Fmax), downward displacement of the center of
mass (Dy), leg compression (DL0 ), leg stiffness (kleg) induced by changes in
step frequency, from 30% decreased to 30% increased step frequency
compared with the normal running condition performed at the freely
chosen step frequency (FCf). *: significantly different from the normal
running condition (Po0.05).
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Fig. 5. (A) Changes in leg stiffness (kleg) as a function of contact time
variations in VARI-f conditions. The coefficient of determination is
r2 ¼ 0.90 (Po0.05). Black dots: mean values for each subject during each
VARI-f condition. White dots: grand means for all subjects during each
VARI-f condition. (B) Changes in leg stiffness (kleg) as a function of step
frequency variations in VARI-f conditions. The coefficient of determination
is r2 ¼ 0.47 (Po0.05). Black triangles: mean values for each subject during
each VARI-f condition. White triangles: grand means for all subjects during
each VARI-f condition.

Fig. 6. Linear inverse relationship between changes in contact time and in
leg stiffness (kleg). Contact time variations were obtained in two ways:
either induced by various step frequencies conditions (VARI-f conditions,
black dots) or intentionally increased or decreased by subjects (VARI-tc
conditions, white dots). Dashed line: significant linear regression
(r2 ¼ 0.96; Po0.05) between contact time and leg stiffness observed in
VARI-tc conditions.

was to be expected that kleg is closely related to tc, this is to
our knowledge the first study to investigate kleg while
subjects vary their tc. The predominance of tc effect on kleg
variations was further confirmed by the VARI-tc part of the

experiment and the significant linear regression observed
between tc variations (induced by varying f and directly in
the trials where the subjects ran at their FCf) and kleg
variations. Overall, these results demonstrate that in
human running, 90–96% of the variance in kleg can be
explained by that in tc, whether this latter parameter is
directly controlled, or indirectly controlled through its
close relationship with f (Eq. (1)). This interdependency is
emphasized if one considers that the significant effect of tc
on kleg is about twice as great as that of f in VARI-f
conditions (r2 ¼ 0.90 vs. 0.47, Fig. 5A and B), and even
more so when tc is considered independently, as in the VARItc conditions of this study. The results shown in Table 3
also make this point: in Stc and Ltc conditions, tc values
were significantly shorter and longer, respectively, which
corresponded to significant increase and decrease in kleg
(Po0.05). If one considers the extreme VARI-f conditions,
kleg only increased significantly for f+30% reaching
25.778.5 kN m!1 vs. 16.672.9 kN m!1 in Normal running, and f!30% was not marked by a decrease in kleg, or in
tc. When comparing results in VARI-tc and VARI-f conditions, it can be noticed that changes in kleg followed those
in tc, and that running with 30% reduced f did not induce a
significant increase in tc in this study (0.2570.01 s vs.
0.2470.02 s in Normal condition), nor did it affect kleg.
This point contrasts with the results of Farley and
Gonzalez (1996), who found ‘‘symmetrical’’ variations of
kleg when f varied similarly below and beyond FCf (i.e.
about 2.66 steps s!1, and !26 to+36% of this FCf ,
respectively). They reported that kleg doubled between the
lowest and the highest f, whereas in this study, kleg only
increased at the highest f, and did not vary with decreasing
f, as shown in Fig. 4. Both main spring–mass parameter
values and their changes with f were quite similar to those
obtained by Farley and Gonzalez (1996), i.e. Fmax
decreased by about 20% (vs. from 3.0870.26 to
2.4270.42 bw in the present study) and DL0 decreased by
about 65% (vs. from 0.1670.02 to 0.0870.01 m in this
study), but our values for kleg differ from Farley and
Gonzalez (1996). In one sense, this could be explained by
tc, which linearly decreased from 0.365 to 0.248 s in their
study (Fig. 3 in Farley and Gonzalez, 1996), subjects
running at 2.5 m s!1) whereas tc only decreased in the
present study from FCf to f+30% (0.24–0.20 s), with our
subjects running at a faster velocity: 3.33 m s!1. Therefore,
it may be hypothesized that the decrease in kleg that could
have been expected was not observed because tc did not
significantly increase at low f in our study, remaining
constant at about 0.25 s in f+30% condition (Fig. 3).
Concerning the Normal and VARI-f conditions, our
results are in line with the spring–mass model literature
(e.g. Alexander, 1992; Arampatzis et al., 1999; Blickhan,
1989; Dutto and Smith, 2002; Farley et al., 1993; Farley
and Gonzalez, 1996; He et al., 1991; Lee and Farley, 1998;
McMahon and Cheng, 1990; Morin et al., 2005). It is
however worth noting that tc values reported here in
Normal conditions at 3.33 m s!1, i.e. 0.2470.02 s, are lower
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than those reported by Farley and Gonzalez (1996). This
discrepancy can be mainly assumed to be due to the
different running speeds, as reported for instance by Hoyt
et al. (2000). Indeed, for instance, similar tc values of about
0.26 s were observed in subjects running at 3.33 m s!1
(Chang and Kram, 1999).
The influence of tc on kleg can also be seen in light of the
linear regression obtained between tc variations (both
depending on f variations and intentionally performed by
the subjects) and the related kleg variations, as shown in
Fig. 6. This figure shows that 96% of the variance in kleg
can be explained by tc variations, but also that this linear
relationship is beyond the line of identity, meaning that the
relative weight of tc variations on kleg changes during
running is greater than 1:1. In this study, the absolute
relative slope of this relationship was 2.06, which means
that during running, a 10% decrease in tc corresponded to
a & 20% increase in kleg, and inversely, the decrease in kleg
was worth twice the increase in tc. These experimental data
can be compared to those obtained theoretically by Morin
et al. (2005), who computed that (all other parameters
remaining equal) a 10% decrease in tc would correspond to
a 25% increase in kleg and vice versa, which corresponded
to the experimental results shown in Fig. 6.
These relationships could have been expected from a
theoretical computation. Indeed, spring–mass theory applied to running mechanics states that kleg ¼ FmaxDL!1,
and from impulse considerations, Fmax can be expressed as
a function of DF (hence tc and f), and a constant parameter
(p) describing the assumed sine shape of the force profile
(Alexander, 1989; Kram and Dawson, 1998):
pmg
(8)
F max ¼
2DF
and with
p ¼ pmg=2,
F max ¼

p
p
.
¼
DF tc f

(9)
(10)

Therefore, kleg can be expressed theoretically as a
function of tc and f, rewriting Eqs. (3) and (4)
"
#!1
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
"vt #2
p
c
kleg ¼
þ Dy
L ! L2 !
.
(11)
2
tc f
From typical mean values which reflect our data set
(Normal condition), we computed !30% to +30%
changes in tc, to study their effects on kleg, all other
parameters remaining equal (Fig. 7).
From the unit value of tc at a constant f, it appears that a
25% increase in kleg can be induced by a & 10% decrease in
tc, which tends to confirm the & 1:2 to 1:2.5 weight of
changes in tc on those in kleg, which approximately
corresponds to the experimental data we obtained through
our measurement protocol. The results of this theoretical
analysis lead us to the following remarks: (I) our
experimental protocol allowed us to actually observe and
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Fig. 7. Theoretical changes in leg stiffness as a function of normalized
30% increases and decreases in contact time (below and beyond reference
unit values). The central black point represents a typical kleg value
obtained for a dataset measured in Normal condition. These typical
reference values are kleg ¼ 10.9 kN/m, tc ¼ 0.25 s, ta ¼ 0.12 s, f ¼ 2.70 Hz,
m ¼ 75 kg, L ¼ 0.94 m, v ¼ 3.33 m/s and Dy ¼ 0.06 m.

measure the tc!f!kleg relationships that could have been
expected from a theoretical consideration of the spring–
mass model mechanics, and (II) the spring–mass model
assumptions (e.g. lower limb geometry during contact and
sine shape of F(t) curves) reflect a lower limb behaviour
that actually matches the reality of human running.
Another way to show that kleg was highly related to tc,
rather than directly to f, is to observe experimental values
of kleg obtained either in VARI-tc and VARI-f conditions,
focusing in both cases, on similar tc values. For instance, as
shown in Table 3, a kleg value of 16.672.9 kN m!1 was
measured in Normal running (for a tc of 0.2470.02 s),
and increased to 23.772.8 kN m!1 in the Stc condition
(f remaining unchanged), for a corresponding tc of
0.2170.01 s. In order to obtain such high kleg values in
the VARI-f conditions, subjects had to run with a 30%
greater f, characterized by a tc of 0.2070.03 s, i.e. almost
exactly the one previously described in the Stc condition.
Thus, in constant running speed conditions, similar kleg
values can be observed independently of f variations,
provided that similar tc are performed, reinforcing the
dominant effect of tc (rather than f) on kleg.
From the partial analysis reflected in a schematic
summary (Fig. 8), it becomes clear that the main factor
related to kleg seems to be tc, whether it is influenced by f
(Fig. 8A), or not (Fig. 8B).
Furthermore, it must be pointed out that the significant
relationship between tc and kleg may not hold across
running speed. Indeed, it is commonly observed that kleg
stays nearly constant across various speeds (from 2 m s!1 to
maximal sprint speed) yet tc changes with running speed
(e.g. Farley et al., 1993; Farley and Gonzalez, 1996;
He et al., 1991; McMahon and Cheng, 1990; Morin et al.,
2005). Lastly, this study shows that subjects were able to
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Fig. 8. Schematic summary of the linear regressions obtained between
changes in step frequency (Df), contact time (Dtc) and leg stiffness (Dkleg)
in VARI-fq conditions (A) and in VARI-tc conditions (B). Determination
coefficients (r2) of the linear regressions are adjoining the arrows.

voluntarily increase or decrease tc during running at a
constant sub-maximal velocity (without changing f), in a
consistent manner over several minutes (up to 3 min in this
protocol). Thus, it would be possible to conduct studies in
reduced and increased tc conditions and steady-state
energetics measurements, providing interesting experimental evidences to the fact that energetic cost of human
running may strongly depend on tc, as previously
mentioned.
In conclusion, it appears from these experimental results
that changes in leg stiffness are mainly related to changes in
contact time, rather than to those in step frequency. Step
frequency appears to be an indirect factor influencing leg
stiffness, through its effect on contact time. This latter
could be considered a major determinant of this spring–
mass characteristic of human running.
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Abstract
The aim of this study was to examine the influence of fatigue on running biomechanics in normal running, in normal
running with a cognitive task, and in running while map reading. Nineteen international and less experienced orienteers
performed a fatiguing running exercise of duration and intensity similar to a classic distance orienteering race on an
instrumented treadmill while performing mental arithmetic, an orienteering simulation, and control running at regular
intervals. Two-way repeated-measures analysis of variance did not reveal any significant difference between mental
arithmetic and control running for any of the kinematic and kinetic parameters analysed eight times over the fatiguing
protocol. However, these parameters were systematically different between the orienteering simulation and the other two
conditions (mental arithmetic and control running). The adaptations in orienteering simulation running were significantly
more pronounced in the elite group when step frequency, peak vertical ground reaction force, vertical stiffness, and maximal
downward displacement of the centre of mass during contact were considered. The effects of fatigue on running
biomechanics depended on whether the orienteers read their map or ran normally. It is concluded that adding a cognitive
load does not modify running patterns. Therefore, all changes in running pattern observed during the orienteering
simulation, particularly in elite orienteers, are the result of adaptations to enable efficient map reading and/or potentially
prevent injuries. Finally, running patterns are not affected to the same extent by fatigue when a map reading task is added.

Keywords: Running biomechanics, orienteering, map reading, cognitive processing, fatigue

Introduction
One million people participate in orienteering across
58 countries (Eccles, Walsh, & Ingledew, 2006).
Orienteering is a running event that differs from
other long-distance running exercises both in its
cognitive component and in the type of terrain
encountered (Creagh & Reilly, 1997). During
competitions, orienteers run at high velocities
(Creagh & Reilly, 1997; Smekal et al., 2003) and
simultaneously face demanding decision making and
perceptual tasks (Eccles et al., 2006). As a consequence, international-level orienteers have both
elevated aerobic capacities (Creagh & Reilly, 1997;
Larsson, Burlin, Jakobsson, & Henriksson-Larsen,
2002) and an excellent ability to navigate. This latter
ability is complex because to plan a route an
orienteer has to consider several elements, including
distance, elevation, technical difficulties due to the
ground surface, and the presence of obstacles
(Eccles, Walsh, & Ingledew, 2002). It is known that

experienced orienteers attend to the map frequently
while moving and spend less time, if any, stationary
than their less experienced counterparts (Eccles
et al., 2006). Skilled orienteers must then be able
to run at a high velocity while interpreting visual
information from a highly detailed orienteering map.
It has been suggested that extensive practice can
improve the ability to perform two complex tasks
simultaneously (Eccles et al., 2006). It is possible
that elite orienteers have developed specific running
aptitudes to be able to run at high velocity, while
processing visual information on a map, without
injury (Creagh & Reilly, 1998). However, to the best
of our knowledge, these specific skills have never
been evaluated. That is, no study has examined
specifically: (1) adaptations to running biomechanics
for map reading and (2) the influence of orienteering
experience on these adaptations.
A high level of performance in orienteering also
implies that orienteers are able to preserve both their
cognitive function (Hancock & McNaughton, 1986)
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and their technical running ability during the race.
Resistance to fatigue is thus another important factor
in orienteering. However, it has yet to be ascertained
(1) whether running biomechanics in normal running versus map reading running is similarly affected
by fatigue, and (2) whether elite and non-athletes
athletes are similarly affected in this regard. Orienteering requires, among other qualities, very high
aerobic power, the ability to run effectively while
frequently attending to a map, elevated cognitive
skills, and great mental and physical resistance to
fatigue. We believe that orienteering is an excellent
model to examine the interaction between cognitive
tasks, biomechanical responses, and fatigue.
The main aim of the present study was to
determine the extent to which running while processing simulated orienteering exercises on a map
influences running biomechanics. A secondary aim
was to determine, in elite (international-level) and
non-elite athletes, the influence of fatigue on running
biomechanics with and without map reading.

Methods
Participants
Nineteen participants (4 females, 15 males) were
recruited for the study. Their mean (+ standard
error, sx) age, body mass, and height were 25.7 + 1.2
years, 68.2 + 1.4 kg, and 1.79 + 0.02 m, respectively. The four females and seven of the males were
elite orienteers from the French national training
centre, most of whom were members of the French
national team. Of these athletes, several had won
medals in the World and Europe championships over
the previous 4 years (individual or relay). The other
eight male participants were trained runners who had

practised orienteering at a lower level. Mean age,
body mass, and height were not significantly different
between the elite and non-elite groups (24.7 vs. 29.0
years, 71.0 vs. 68.6 kg, and 1.83 vs. 1.78 m,
respectively). Written informed consent was obtained from the participants and the study was
conducted according to the Declaration of Helsinki.
The protocol had been approved by the local review
board.
Protocol
Before the experiment, the participants attended the
laboratory on two separate occasions. On the first
preliminary visit, the participants were familiarized
with the equipment and procedures. On the second
preliminary visit, the running velocity associated with
maximum oxygen consumption (v-V_ O2max) was
determined on a motorized treadmill. We used a
maximal discontinuous incremental test, where the
speed was progressively increased by 1.5 km ! h7 1
every 3 min, followed by 1 min of rest. All participants were familiar with treadmill running before the
first visit.
After discussion with the French national team
coach, the type of exercise used during the fatiguing
session (about 1 h at 70% v-V_ O2max followed by an
all-out test at 85% v-V_ O2max) was chosen to be in
the range of intensity and duration experienced by
orienteers during a classic distance race. A schematic
representation of the exercise test is shown in
Figure 1.
After a 5-min warm-up on the treadmill at a selfselected speed, the participants performed maximal
voluntary contractions to determine knee extensor
strength. Maximal voluntary contractions were made
of the right lower limb with the participants seated in

Figure 1. Schematic representation of the protocol. # ¼ biomechanical measurements; MVC ¼ maximal voluntary contractions; rating of
perceived exertion (RPE), mental rotation and cognitive strategies are not presented here; T ¼ 8-min sequence; v-V_ O2max ¼ velocity
associated with V_ O2max; "[La] ¼ blood sample taken for determination of lactate concentration.
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a Cybex II (Ronkonkoma, NY). Velcro straps were
used to limit lateral and frontal displacements. In
addition, the participants were asked to use their
hands to maintain their position during knee extensions. The biomechanical response was recorded by
a strain gauge (SBB 200 kg, Tempo Technologies,
Taipei, Taiwan). The leg was fixed to the sensor with
a Velcro belt so that no soft material altered force
production, especially during twitches. The knee
angle was fixed at 908 (08 ¼ full knee extension).
During the maximal voluntary contractions, the
participants were requested to produce the highest
possible strength for 3–4 s. The participants were
strongly encouraged during the maximal voluntary
contractions and the best of three trials was retained
for analysis. The participants then started running at
70% v-V_ O2max. While running, they were requested
to perform different cognitive tests that were
presented in random order during seven 8-min
sequences, as illustrated in Figure 1. Three types of
running tasks were included in random order in each
8-min sequence: (1) running normally with no
cognitive load (i.e. control condition), (2) running
normally and performing a mental arithmetic task,
and (3) running while performing an orientation
simulation task that required running with a map,
similar to orienteering competitions (see below). The
biomechanical measurements were taken for 20 s in
the middle of the mental arithmetic, control running,
and orienteering simulation tasks. The participants
were blinded as to when the biomechanical measurements were taken. After the seven (T1 to T7) 8-min
sequences at 70% v-V_ O2max, a second bout of
maximal voluntary contractions of the knee extensors
was measured. The participants then returned to the
treadmill to perform an all-out test at 85% vV_ O2max. No cognitive task was imposed during the
all-out test. At exhaustion, the treadmill velocity was
reduced to 70% v-V_ O2max and an 8-min sequence
was performed again (Tall-out). Thus, all biomechanical measurements were performed at the same
speed for a given participant. Blood samples were
taken for lactate analysis at the beginning of the
session, after T7, before Tall-out, and after Tall-out.
Heart rate was measured continuously.
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reaction force data were sampled at a rate of
1000 Hz. Contact (tc) and aerial (ta) times were
measured from vertical ground reaction force
signals and used to compute runners’ step frequency (fq in Hz),
fq ¼ ðtc þ taÞ& 1 ;

ð1Þ

and the duty factor (DF),
DF ¼ tc ! ðtc þ taÞ& 1 :

ð2Þ

The spring-mass model paradigm (for details, see
Farley & Gonzalez, 1996; McMahon & Cheng,
1990) was used to investigate the main biomechanical parameters characterizing lower limb behaviour
during running. In theses studies, the stiffness of the
leg spring (Kleg in kN ! m7 1) was calculated from
vertical ground reaction force measurements as
follows:
Kleg ¼ Fmax ! DL& 1 ;

ð3Þ

where Fmax is the peak vertical ground reaction force
measured during stance and DL is the maximum leg
spring compression (in metres). DL was calculated
from values of initial leg length, L (greater trochanter
to ground distance in a standing position), running
velocity (v in m ! s7 1), contact time (tc), and vertical
maximal downward displacement of the centre of
mass during contact (Dz), following McMahon and
Cheng (1990):
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
"v tc#2
þ Dz
DL ¼ L &
L2 &
2

ð4Þ

Dz was determined by double integration of the
vertical acceleration of the centre of mass over time,
as proposed by Cavagna (1975).
Lastly, the vertical stiffness (Kvert in kN ! m7 1)
was calculated as follows:
Kvert ¼ Fmax ! Dz& 1
Physiological measurements

Running biomechanics
Regarding running kinematics, the step period (i.e.
the time from the onset of foot contact to the onset
of contact of the contralateral foot) was used as a
reference. Biomechanical parameters were measured for each step using a treadmill dynamometer
(HEF Tecmachine, Andrézieux-Bouthéon, France)
(for details, see Belli, Bui, Berger, Geyssant, &
Lacour, 2001). All biomechanical parameters were
averaged for ten consecutive steps. Vertical ground

Blood lactate concentration was determined using
capillary blood samples obtained from the finger.
Blood samples (20 ml) were taken four times as
outlined above (see Figure 1). Blood was diluted in
180 ml of a haemolysing phosphate buffer solution
and lactate concentration was determined enzymatically using an YSI 2300 Stat plus analyser (Yellow
Springs, OH). Heart rate was measured using a Polar
S810 heart rate monitor (Polar Electro Oy, Kempele,
Finland).
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Cognitive function tasks
Orienteering simulation. The orienteering simulation
tasks were designed by one of the French national
team coaches and were based on orienteering
simulation used by orienteers during training. In
each 8-min sequence, the participants were randomly given an A4-size plasticized orienteering map
(scale 1:10000) for 1 min 30 s. The maps were
unknown to all participants. On the back of each
map, 30 questions were listed, as illustrated in
Table I. Each question was connected to a circle
connected by red lines as for a normal orienteering
course (i.e. 30 circles on each map). Each participant
was given a different map, and thus a different 30
questions, for each 8-min sequence. They were asked
to respond to as many questions as possible over
the 90 s.
Mental arithmetic. To differentiate the influence of the
cognitive load from the influence of running while
map reading, running patterns were also recorded
during a cognitive task that did not modify ‘‘natural’’
running. A slide displaying a simple arithmetic
operation was projected for 2 s on a screen in front
of the treadmill. All arithmetic operations were built
on the same model: a 6 b – c, with a, b, and c ranging
from 1 to 9. During the next 2 s, a black slide was
projected and the participants gave their response. For
each 8-min sequence, 15 operations in a row (i.e.
1 min) were presented to the participants.

and a Bartlett’s test, respectively. The effects of run
conditions on biomechanical parameters were first
analysed in all participants (n ¼ 19) using a two-way
repeated-measures analysis of variance (ANOVA)
(mental arithmetic/control running/orienteering simulation 6 time). When a main effect for conditions
was found, differences between conditions were
analysed with one-way repeated-measures ANOVA
for average values over each 8-min section from T1 to
Tall-out. The effects of fatigue on heart rate and
lactate concentration were also analysed with a oneway repeated-measures ANOVA.
For analysis of level of performance, the two groups
of seven elite and eight non-elite males were
compared. Analyses were done on the biomechanical
measurements recorded during the orienteering
simulation normalized by the value recorded during
the same 8-min sequence during control running. For
each variable (orienteering simulation as a percentage
of control running), the differences between groups
were compared with a two-way ANOVA (time 6 elite
vs. non-elite) at T1 (resting state), T7 (intermediate
fatigued state), and Tall-out (exhaustion). For analysis
of level of performance, the effects of fatigue on heart
rate and lactate concentration were also analysed with
a two-way ANOVA at T1 (or PRE), T7 (or post-T7),
and Tall-out (or post-Tall-out). For all ANOVAs, when a
main effect was detected, a post-hoc analysis (Tukey)
was used to localize the differences among the 8-min
sequences or the physiological measurements. For all
statistical analyses, statistical significance was set at
P 5 0.05.

Statistical analysis
The data are presented as means + standard errors
(sx). Normality of distribution and homogeneity of
variances were controlled with a Shapiro-Wilk test

Table I. Examples of orienteering simulation questions, each of
which corresponds to a control number on the orienteering map.
Answers
Question
1
2
3
4
5
6
7
8
9
10

Question
The red line crosses 3 streams
Number of hillocks
(symbol: .) in the circle
Profile between 2 and 3
Marshland (symbol: : )
in the circle is
Profile between 4 and 5
The definition is a hillock
Number of trails cut by
the red line
The red line cut a power line
The red line cut an
impassable element
Profile between 9 and 10

A

B

True
3

False
4

Left

Right

%
True
5

&
False
6

True
True

False
False

Results
Knee extensor maximal voluntary contractions decreased from 524 + 22 N at rest to 494 + 23 N after
T7 (P 5 0.05) and to 486 + 25 N after Tall-out
(P 5 0.01). Lactate concentration rose from
2.0 + 0.1 mmol ! l7 1 at rest to 2.8 + 0.2 mmol ! l7 1
at the end of T7 (P 5 0.05) and to 6.9 +
0.4 mmol ! l7 1 (P 5 0.001) at the end of the all-out
test (i.e. at the beginning of Tall-out). By the end of
Tall-out, lactate concentration had declined to 3.4 +
0.2 mmol ! l7 1, a value not significantly different to
that after T7. Heart rate was significantly higher from
T4 to Tall-out (169 + 3 to 175 + 3 beats ! min7 1)
compared with T1 (158 + 2 beats ! min7 1). At 70%
v-V_ O2max, the elite and non-elite male orienteers ran
at 14.7 + 0.2 and 13.4 + 0.3 km ! h7 1, respectively
(P 5 0.01), but no main effect of level of performance
or of a level 6 time interaction was observed for heart
rate or lactate concentration.
A condition effect was observed for all biomechanical parameters analysed (P 5 0.001; Figures 2
and 3). The differences were always identified as
being between the orienteering simulation and the

Running biomechanics in orienteering

Figure 2. Changes (mean + sx) in step frequency (A), contact and
aerial times (B and C), and duty factor (D) with fatigue.
MA ¼ mental arithmetic task; CONTR ¼ normal running;
OS ¼ orienteering simulation. Post-hoc analysis for conditions
effects: ***P 5 0.001.

other two conditions. No significant difference was
found between mental arithmetic and control running for any biomechanical variables. For reasons of
clarity, the orienteering simulation was thus only
compared with control running when assessing the
influence of level of performance. As shown in
Figure 4, map reading induced significant differences between groups in terms of frequency, peak
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Figure 3. Changes (mean + sx) in (A) peak vertical ground
reaction force measured during stance (Fmax), (B) vertical maximal
downward displacement of the centre of mass (Dz), (C and D)
vertical and leg stiffness (Kvert and Kleg) with fatigue. MA ¼ mental
arithmetic task; CONTR ¼ normal running; OS ¼ orienteering
simulation. Post-hoc analysis for conditions effects: **P 5 0.01;
***P 5 0.001; interaction of condition 6 time: $P 5 0.05.

vertical ground reaction force, vertical maximal
downward displacement of the centre of mass during
contact, and vertical stiffness. A tendency was also
found towards a shorter aerial time (P ¼ 0.07) for the
elite group when using the map. A time effect was
observed for frequency, vertical stiffness, and vertical
maximal downward displacement of the centre of
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Figure 4. (A) Step frequency, (B) peak vertical ground reaction force (Fmax), (C) maximal downward displacement of the centre of mass
during contact (Dz), and (D) vertical stiffness (Kvert) measured during the orientation stimulation task (OS) for the elite and non-elite groups
(mean + sx). Data are expressed as a percentage of ‘‘normal’’ runbing (CONTR). Main effect for level of performance: ¤ P 5 0.05,
¤¤ P 5 0.01, ¤¤¤ P 5 0.001; Main effect for time x P 5 0.05.

Running biomechanics in orienteering
mass during contact but no time 6 group interaction
was observed for any biomechanical variables.
Compared with the non-elite orienteers, a greater
decrease in the maximal vertical position of the
centre of mass was also observed in the elite group
when reading the map. In fact, when maximal
vertical position of the centre of mass during the
orienteering simulation was expressed as a percentage of its value during control running, the elite
group results were 70% (at T1) and 66% (at T7),
while the non-elite group recorded 77% and 79%,
respectively. This difference was statistically significant (P 5 0.05) at both time points.
Discussion
To our knowledge, the present experiment is the first
to examine alterations to running biomechanics in
orienteers while reading a map, thus a comparison
with previous studies is not possible. To differentiate
the respective parts of the cognitive load and of the
act of running while map reading, biomechanical
parameters were recorded, not only during the
orienteering simulation but also during a mental
arithmetic task, which was a cognitive task that did
not modify ‘‘natural’’ running. The results of the
present study show that a mental load did not modify
the running patterns. Therefore, the alterations to
running biomechanics during map reading might
have been caused by holding the map in a readable
position. It can also be speculated that this type of
running pattern could potentially protect the orienteers from injuries. It has been suggested that rough
terrain encountered in orienteering results in a
higher incidence of sport-specific injuries, especially
at the ankle (Creagh & Reilly, 1997). Here the terrain
was not problematic but running at high speed on a
0.55-m wide treadmill while reading a map is
physically and mentally challenging. We hypothesized that the purpose of the approximately 10%
diminution of vertical maximal downward displacement of the centre of mass during contact observed
during the orienteering simulation was to reduce the
risk of injury and/or to limit vertical oscillations of the
map. This vertical maximal downward displacement
of the centre of mass during reduction in contact was
associated with a lower peak vertical ground reaction
force (Figure 3A) during the orienteering simulation,
as also seen in the case of ‘‘Groucho’’ running (i.e.
running with the knees bent more than usual;
McMahon, Valiant, & Frederick, 1987). Leg stiffness
was decreased while map reading but this was not the
case with vertical stiffness as observed by McMahon
and Cheng (1990) during ‘‘Groucho’’ running.
Thus, since an inverse relationship between vertical
stiffness and running economy was observed, suggesting that less economical runners possess a less
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stiff running style during ground contact (Heise &
Martin, 1998), it remains to be determined whether
such an altered running pattern during the orienteering simulation induces an increased energy cost
(McMahon & Cheng, 1990). It was reported that
the oxygen cost was 41–52% higher while running on
a rough terrain when compared with horizontal path
running and that this deterioration was less pronounced in orienteers than in track runners (Jensen,
Johansen, & Karkkainen, 1999). However, no studies
have addressed whether the biomechanical patterns
adopted by orienteers to read a map in a relatively safe
position result in an increased energy cost.
In the present study, the elite group was composed
of international-level athletes, including several
medallists in recent major orienteering events. The
present results show that, while running patterns
used by orienteers to perform the orienteering
simulation task were in the same direction for both
groups, these adjustments were different between the
elite orienteers and their non-elite counterparts. In
particular, compared with the technique used in the
control running condition, elite orienteers ran with a
lower maximal vertical force and with a reduced
maximal downward displacement of their centre of
mass over the stance. They also exhibited a more
marked decrease in the maximal vertical position of
the centre of mass when reading the map. No
differences were observed for contact time or for leg
stiffness, but a higher frequency, which is associated
with a higher vertical stiffness (Dutto & Smith, 2002;
Farley & Gonzalez, 1996; Hunter & Smith, 2007),
was observed for the elite group together with a
tendency towards a shorter aerial time. It is
important to remember that the comparisons between running variables between elite and non-elite
orienteers during the orientation simulation task are
reported as percentages of the variables measured
during ‘‘normal’’ running (i.e. control running), so
that the higher running velocity (about þ
1.3 km ! h7 1) in the elite group did not influence
the results. It has to be verified if similar adaptations
occur in real orienteering. Although the present
study was cross-sectional and not longitudinal in
nature, it can be speculated that the adaptations
observed, which are the result of years of map
reading while running in challenging terrain, are
aimed at limiting vertical movements of the map and
may also prevent injuries.
The average intensity and the average lactate
concentration measured in orienteering competitions
were reported to be 83% V_ O2max and 5.2
mmol ! l7 1, respectively (Smekal et al., 2003),
similar to the values in the present study. Similarly,
the range of heart rates in the present study is similar
to those recorded during competition (Smekal et al.,
2003). Bird and colleagues (Bird, Bailey, & Lewis,
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1993) reported heart rates of between 140 and 180
beats ! min7 1, irrespective of age or type of course,
while Smekal et al. (2003) reported an average value
of 172 beats ! min7 1 during a simulated orienteering
competition. These values are close to the heart rates
experienced by the orienteers in the present experiment (i.e. 158 beats ! min7 1 at T1 to 175
beats ! min7 1 at Tall-out). It is suggested that the
intensity of the present study matched the range of
metabolic stress encountered by orienteers during
competitions. When normalizing the running variables measured during the orientation simulation task
by the control running condition, a main effect of
time was observed for frequency, vertical stiffness,
and vertical maximal downward displacement of the
centre of mass during contact (Figure 4). This
suggests that the effects of fatigue on running
biomechanics differ depending on whether the
orienteers read their map or run normally. However,
no time 6 group interaction was observed, suggesting that the different changes observed with fatigue
between the orienteering simulation and control
running were not dependent on level of performance.
In conclusion, the results of the present study
demonstrate that adding a cognitive load alone does
not modify running patterns. As a consequence, all
running pattern adjustments during the orienteering
simulation, which were significantly more noticeable
in the elite group, are the result of adaptations to
allow reading of the map efficiently and/or to prevent
injury. The present findings also show that the effects
of fatigue on running biomechanics are different
between normal running and running while map
reading but these alterations are not dependent on
level of performance.
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Abstract The purpose of this study was to examine the
physiological and biomechanical changes occurring in a
subject after running 8,500 km in 161 days (i.e. 52.8 km
daily). Three weeks before, 3 weeks after (POST) and
5 months after (POST?5) running from Paris to Beijing,
energy cost of running (Cr), knee flexor and extensor
isokinetic strength and biomechanical parameters (using a
treadmill dynamometer) at different velocities were
assessed in an experienced ultra-runner. At POST, there
was a tendency toward a ‘smoother’ running pattern, as
shown by (a) a higher stride frequency and duty factor, and
a reduced aerial time without a change in contact time, (b)
a lower maximal vertical force and loading rate at impact
and (c) a decrease in both potential and kinetic energy
changes at each step. This was associated with a detrimental effect on Cr (?6.2%) and a loss of strength at all
angular velocities for both knee flexors and extensors. At
POST?5, the subject returned to his original running
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patterns at low but not at high speeds and maximal strength
remained reduced at low angular velocities (i.e. at high
levels of force). It is suggested that the running pattern
changes observed in the present study were a strategy
adopted by the subject to reduce the deleterious effects of
long distance running. However, the running pattern
changes could partly be linked to the decrease in maximal
strength.
Keywords Extreme exercise ! Ultra-marathon !
Human locomotion ! Biomechanics
Introduction
Humans have adapted well to long distance running. This is
likely due to evolutionary adjustments made during our
hunting and scavenging days (Bramble and Lieberman
2004), including advanced skeletal design, our ability to
sweat and our exceptional endurance capacity (Noakes
2006). Today, there are a number of ultra-endurance races
around the world, performed on both roads and trails, many
of them ranging between 100 km and 100 miles. The
number of athletes competing in these events continues to
rise, as evidenced by the increased number of new races
being established each year (Knez et al. 2006). This
growing interest in extreme endurance events has also
stimulated research by the sports science community
(Knechtle et al. 2008; Laursen et al. 2005; Skenderi et al.
2006; Weir 2000; Zouhal et al. 2009). For example,
research has examined the effects of ‘classic’ ultra-marathon running on injuries and muscle damage (Holtzhausen
et al. 1994; Kim et al. 2007), biochemical changes (Noakes
and Carter 1982; Overgaard et al. 2002) and neuromuscular
fatigue (Millet et al. 2002; Place et al. 2004).
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The longest competitive running event in the world is
the ‘Self-Transcendence 3100 mile race’, an event run in
New York that must be performed within a 51-day limit.
However, ultra-marathon running is also performed during
non-official events. For example, Dean Karnazes recently
ran 50 marathons in 50 days over 50 US states. Serge
Girard, who is also known for crossing the five continents
without a single day rest, recently aimed to beat the nonofficial world record for the longest distance ran in
365 days; a record currently held by Tirtha Kuma Phani
who ran 22,581 km in 365 days (61.87 km day-1). While
these types of endurance feats are difficult to comprehend
for some, they are nevertheless achieved by some incredibly gifted and motivated individuals. Still, nothing is
known concerning the physiological and biomechanical
consequences of such extreme endurance feats. The scientific question is important because it addresses the
human adaptations that can potentially occur to afford this
type of extremely hard exercise.
In 2008, we had the opportunity to monitor another
ultra-runner, Philippe Fuchs, for potential changes in
physiological and biomechanical parameters when he
decided to run from Paris to Beijing (RPB, about 8,500 km
in 161 days, i.e. 52.8 km, a distance about 25% longer than
a marathon, per day for several months). Our aim was to
analyze changes in muscle function and running patterns
induced over the course of RPB. For that purpose, energy
cost of running (Cr), isokinetic strength of the knee
extensors/flexors as well as biomechanical running
parameters were measured in this experienced ultra-marathon runner before, after and 5 months after his run.

Materials and methods
Subject
The subject of this case study was male, aged 58 years,
having a stature of 1.73 m. Before and after the RPB, his
body mass was 63.5 and 61.5 kg and body fat was 21.5%
and 16.5%, respectively. He was an experienced ultraendurance runner. The subject had completed a number of
prior multi-stage runs. Indeed, for more than 20 years, he
performed every summer a long (several days to several
weeks) run. For instance, he ran from Nantes to Besançon
(675 km in 10 days), from Paris to Barcelona in 1992
(880 km in 15 days), from Paris to North Cap (Norway) in
1995 (3,200 km in 8 weeks) or from Paris to Athens in
2004 (2,400 km in 6 weeks). The protocol, which was
conducted according to the guidelines outlined in the 1964
Declaration of Helsinki, has been approved by the local
ethics committee. The subject provided his written
informed consent to partake in the study.
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Procedures
The subject reported to the laboratory on three separate
occasions: about 3 weeks before (PRE), 3 weeks after
(POST) and 5 months after (POST?5) the RPB. He was
familiar with running on motorized treadmills before his
first visit. This is important because Cr decreased over the
first sessions of treadmill running in unaccustomed runners
(Brueckner et al. 1991). The first two sessions were organized in a similar fashion. For the measurement of biomechanical parameters during running, the subject was first
asked to warm-up by running for 5 min at 8 km h-1 on a
treadmill dynamometer (HEF Techmachine, AndrézieuxBouthéon, France). The subject then ran for 2 min at
8 km h-1, with 2 km h-1 increases in treadmill speed
occurring every 2 min (with a 2-min pause between stages)
until attainment of 16 km h-1. After a 30-min break, body
mass (BM), height and percent body fat were measured.
The subject then performed an incremental test on a
motorized treadmill (Gymrol S2500, HEF Tecmachine)
that aimed at determining his Cr and submaximal blood
lactate concentrations and heart rate. The first three stages
were set at 8, 10 and 12 km h-1 and lasted for 4 min of
running, followed by 1 min of rest for blood sampling. The
subsequent stages were discontinuous, with speed progressively increasing by 1.5 km h-1 every 3 min, also
followed by 1 min of rest for blood sampling. Such long
_ 2 meastages were chosen to ensure steady state for VO
surements because energy cost was an important variable
of this study. Discontinuous protocol was chosen for blood
samples and for ECG recordings. Because the subject did
not want to risk injury prior to the RPB, he opted to not run
to exhaustion, and the last stage of testing was
_ 2 max and maximal lactate
16.5 km h-1. As a result, VO
concentration were not determined. About 45 min after the
non-maximal incremental test, the subject performed the
isokinetic strength measurements. During his third visit,
the subject performed only the running bouts on the
treadmill dynamometer and the isokinetic strength measurements. From POST to POST?5, after a few weeks of
recovery, the subject returned to his normal training load.
Criterion measurements and data analysis
Gas exchange measurements
During the incremental test, measures of oxygen uptake
and carbon dioxide production were determined during the
last 45 s of each 3- or 4-min period. For this measure, the
subject breathed through a two-way non-rebreathing valve
(series 2700, Hans Rudolph, Kansas City, MO) connected
to a three-way stopcock that stemmed into a 100 l Douglas
bag. The volume of the expired gas was measured in a
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Tissot spirometer (Gymrol, Roche-la-Molière, France) and
fractions of gases were determined with a Zirconcell O2
analyzer and an infrared CO2 analyzer (Servomex 2240,
Crowborough, England). The analyzers were calibrated
with mixed gases; the composition of which was determined using Scholander’s method. Cr was determined as
_ 2 at 8, 10 and 12 km h-1.
the average value of VO
Heart rate and lactate concentration
Heart rate throughout each test was determined via electrocardiogram (Cardiotest EK 51, Hellige, Freiburg,
Germany), while blood was sampled from the fingertip
after each stage of the test for lactate concentration ([La-])
using an enzymatic method (YSI 1500 Sport, Yellow
Springs Instruments, Yellow Springs, OH). The blood
lactate analyzer was calibrated before each test using
standard solutions of 5 and 15 mmol l-1.
Isokinetic strength
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1%, respectively, in vertical and horizontal directions.
The measured natural vibration frequency (treadmill hit
with a hammer) was 147 Hz in the vertical direction and
135 Hz in the anterior–posterior and medio-lateral directions. Vertical ground reaction force (F) data and treadmill belt velocity (v) were sampled at a rate of 1,000 Hz.
The reference period considered for running kinematics
in the present study was the step, i.e. the time period from
the onset of one foot contact to the onset of the contralateral foot contact. All biomechanical parameters were
measured for each step and were averaged over ten
consecutive steps.
Running kinematics
Contact (tc) and aerial (ta) times were measured from F(t)
signals, expressed in s, and further used to compute the
subject’s step frequency (Fq, Hz):
Fq ¼ ðtc þ ta Þ& 1
The duty factor (DF) was calculated as follows:

Knee flexion and extension muscle strength were measured isokinetically on the subject’s left limb as maximum
concentric knee torques using an isokinetic dynamometer
(Con-Trex, CMV AG, Dübendorf, Switzerland). The
dynamometer was calibrated according to the manufacturer’s recommendations and following the instructions
for optimal reproducibility. The subject remained in a
seated position, with hip flexion angle held at 90". Stabilization straps were positioned across the subject’s
chest, pelvis, and ipsilateral thigh. The lever arm shin-pad
was placed just proximal to the malleoli. The subject
performed two series of five graded submaximal repetitions at 120" s-1 as an initial isokinetic familiarization
and warm-up. Data were obtained at the four testing
velocities of 60, 120, 180 and 240" s-1 concentrically,
with 4, 5, 5 and 6 repetitions, respectively. Before each
testing velocity, the subject was familiarized using 4–6
submaximal repetitions at the considered velocity. One
minute separated each set of movements. The subject was
encouraged to work as hard as possible. The highest torque (in N m, expressed with gravity correction) generated
during these trials was considered as the maximal peak
torque at each velocity.
Running biomechanics
All biomechanical parameters described below were
measured at 8, 10, 12, 14 and 16 km h-1 using a treadmill dynamometer each stage lasting about 1 min. Using
the same calibration procedure as Belli et al. (2001) did
for validating a similar walking treadmill, the treadmill
static non-linearity was determined to be less than 0.5 and

DF ¼ tc ðtc þ ta Þ& 1
Running dynamics and mechanical work
The peak vertical ground reaction force measured during
the contact phase (Fmax) was characterized. The mean
loading rate was also determined as the mean slope of the
vertical ground reaction force from touch down to the
passive peak. The external mechanical work (Wext,
J kg-1 m-1) developed at each step to move the center of
mass in the sagittal plane was computed from potential and
kinetic energy changes in the center of mass (for details,
see Cavagna et al. 1964; Cavagna 1975). This was calculated as the sum of potential (Wpot) and kinetic (Wkin)
works, which were obtained from vertical and antero-posterior force signals allowing the computation of vertical
displacement and horizontal velocity of the center of mass
over time, by, respectively, double integration of vertical
acceleration and single integration of horizontal acceleration (obtained from force measurements), according to the
method proposed by Cavagna (1975) as follows.
Potential and kinetic works were calculated from
changes in potential and forward kinetic energies of the
center of mass over a complete step:
Wpot ¼ mgDh
with m the subjects’ body mass (kg), g the acceleration of
gravity (m s-2), and Dh the difference between the highest
and the lowest vertical positions of the CM over one
complete step (m) and:
Wkin ¼ 0:5mðv2max & v2min Þ
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Fig. 1 Self-reported daily running distance. Two main stops can be
distinguished over the 161 days: one in Moscow for injury plus
administrative problems (visa) and one in Kansk for food poisoning

vmax and vmin being, respectively, the maximal and minimal
horizontal velocities of the CM during the complete step
(m s-1).
Since this methodology was initially developed to
compute external work during level running on a force
plate and not during running on a treadmill, care was taken
to ensure that the subject ran in the same relative horizontal
position with respect to the treadmill belt, to ensure that no
overall forward or backward displacement of the center of
mass occurred, since the method used to compute external
work assumes constant average velocity of forward displacement (Cavagna 1975). This is a limitation of the use
of treadmill dynamometers to compute external work since,
by definition, the center of mass of the body is assumed not
to move horizontally with respect to the treadmill belt, yet
this belt moves with respect to the center of mass. Also, the
requirement for constant treadmill belt speed was not
strictly met by the instrumented treadmill used in the
present study, the absolute percent variations being within
a ±5% maximum range (personal data).
Results
Daily running distance for the RPB is shown in Fig. 1. The
blood lactate concentration–speed and heart rate–speed

relationships are presented in Table 1. Gross Cr was 160.4
and 170.3 ml O2 kg-1 km-1 before and after the RPB,
respectively (difference PRE - POST ?6.2%).
The main kinematic and dynamic variables are presented in Figs. 2 and 3. While contact time did not change,
there was a general tendency toward a ‘smoother’ running
pattern between PRE and POST (i.e. a higher Fq and DF
along with a lower ta). This was accompanied by lower
vertical forces; both Fmax and loading rate at impact
(Fig. 3). This ‘smoother’ pattern can also be observed
throughout the evolution of Wpot, Wkin and Wext at POST
compared with PRE (see Table 2). At POST?5, the subject
tended to return to the PRE running pattern at low
(8–12 km h-1) but not at high speeds (14 and 16 km h-1).
Knee flexion and extension isokinetic muscle strength at
PRE, POST and POST?5 are presented in Fig. 4. At
POST, there was a strength loss at every angular velocity
for both knee flexors and extensors. When considering the
knee extensor muscle contraction, the higher the angular
velocity, the larger the strength loss between PRE and
POST (-22% at 60" s-1 vs. -28% at 240" s-1) but this
was not the case for the flexor muscles. At POST?5, a
clear improvement was noticeable for both knee extensors
and flexors, with the exception of incomplete recovery at
low angular velocities for knee extensors.

Discussion
While adventure runners like Serge Girard have performed
longer distances without a single day rest, running from
Paris to Beijing represents an extremely challenging
experience. As such, the present case study represented a
unique opportunity to examine human biomechanical and
physiological adjustments to such an extreme exercise
load. The main results of the present study were that a
subject who was already an experienced ultra-runner
before the RPB changed his running pattern to a ‘smoother’
locomotion after 5 months of running. Other important
findings from the study were that (a) these adaptations were
accompanied by a slight deterioration in Cr and a reduction

Table 1 Submaximal blood lactate concentration ([La-]) and heart rate (HR) measured at different running speeds 3 weeks before (PRE) and
3 weeks after (POST) the run from Paris to Beijing
8 km h-1

10 km h-1

12 km h-1

13.5 km h-1

15 km h-1

16.5 km h-1

[La-]
PRE

1.5

1.0

1.1

1.5

1.9

4.3

POST

1.2

1.1

1.5

1.6

2.2

4.4

HR
PRE
POST

92

114

118

136

148

162

107

116

126

132

145

158

Metabolic measurements were not performed 5 months after the run from Paris to Beijing
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Fig. 3 Typical representation of the vertical force–time curve
3 weeks before (PRE) and 3 weeks after (POST; a) the run from
Paris to Beijing and evolution (mean ± SD) of the mean load during
impact (loading rate) at various running speeds (b) measured at PRE,
POST and 5 months after (POST?5) the run from Paris to Beijing.
The evolution (mean ± SD) of the peak vertical force (Fmax) is also
shown (c)

Fig. 2 Evolution (mean ± SD) of step frequency (a), contact and
aerial times (b, c) and duty factor (d) at various running speeds
measured 3 weeks before (PRE), 3 weeks after (POST), and 5 months
after (POST?5) the run from Paris to Beijing

in maximal force generating capacities and (b) 5 months
after completing the RPB, the subject had still not fully
recovered maximal strength at high force levels and his
running patterns at high speed. Some changes may have
occurred in the 3 weeks between the end of the RPB and
the POST measurements so the present data should probably be seen as the minimum changes induced by this
extreme run.
No major changes were observed for heart rate or blood
lactate concentration at a given submaximal running speed.

On the contrary, marked and consistent modifications in
running pattern were shown in the kinematic, dynamics of
the running step and mechanical work data from PRE to
POST at all speeds. These results likely occurred to minimize the vertical and antero-posterior velocity and displacement of the center of mass as well as the impact load
and maximal force occurring during the propulsive phase.
While contact time was not modified, the subject did
re-organize his running pattern toward that of a lower aerial
time and a higher duty factor, therefore leading to a higher
step frequency. Interestingly, we have recently reported
(Morin et al. 2009) that a biopsy performed in the vastus
lateralis muscle has biomechanical consequences comparable to the adaptations observed in the present study (i.e.
higher frequency and duty factor and a lower aerial time).
As with the present study in the POST condition, force
application parameters were significantly lowered postbiopsy (Morin et al. 2009). These results were interpreted
as subjects tending toward a ‘‘safer’’ style of running, with
subjects limiting the amplitude of muscular recruitment at
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Table 2 Mean (±SD, J kg-1 m-1) values for the potential (Wpot), kinetic (Wkin) and external (Wext) mechanical work measured at different
running speeds 3 weeks before (PRE), 3 weeks after (POST), and 5 months after (POST?5) the run from Paris to Beijing
8 km h-1

10 km h-1

12 km h-1

14 km h-1

16 km h-1

Wpot
PRE

0.75 ± 0.02

0.62 ± 0.02

0.59 ± 0.03

0.56 ± 0.02

0.52 ± 0.03

POST

0.66 ± 0.02

0.58 ± 0.02

0.55 ± 0.02

0.48 ± 0.02

0.42 ± 0.02

POST?5

0.72 ± 0.02

0.63 ± 0.03

0.58 ± 0.02

0.50 ± 0.01

0.45 ± 0.01

PRE

0.35 ± 0.04

0.48 ± 0.07

0.55 ± 0.03

0.55 ± 0.03

0.62 ± 0.04

POST
POST?5

0.29 ± 0.04
0.38 ± 0.03

0.41 ± 0.04
0.44 ± 0.04

0.48 ± 0.03
0.49 ± 0.04

0.55 ± 0.03
0.56 ± 0.05

0.60 ± 0.03
0.64 ± 0.04

Wkin

Wext
PRE

1.10 ± 0.06

1.10 ± 0.08

1.14 ± 0.06

1.11 ± 0.03

1.13 ± 0.05

POST

0.95 ± 0.05

0.99 ± 0.04

1.03 ± 0.03

1.03 ± 0.04

1.02 ± 0.03

POST?5

1.10 ± 0.03

1.07 ± 0.06

1.07 ± 0.04

1.07 ± 0.06

1.09 ± 0.04

Fig. 4 Isokinetic concentric knee extension (a) and flexion (b)
torques at different angular velocities measured 3 weeks before
(PRE), 3 weeks after (POST), and 5 months after (POST?5) the run
from Paris to Beijing

landing (through a lower loading rate) and during the step
(lower Fmax). Together, this resulted in a ‘‘smoother’’
stride, and a lower change in antero-posterior vertical
velocity and displacement of the center of mass over a step
(lower Wpot, Wkin and Wext). One limit of the present study
is nevertheless the fact that POST-RPB measurements were
not made until 3 weeks after the run, permitting changes
that may have occurred to mitigate so it cannot be ruled out
that the adaptations were even larger.
In the present study, the biomechanical parameters
returned to their PRE-RPB values at POST?5 at low
speeds only (8–12 km h-1). At higher speeds (14 and
16 km h-1), the running patterns were similar to those
found at POST. It is speculated that the subject was able to
‘tolerate’ a normal running pattern at low speeds, but
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changed to a safer mode when the running speed and
associated mechanical stresses were increased.
It must be mentioned that the biomechanical changes
were associated with a slightly depreciated Cr, since this
parameter was deteriorated by 6.2%, as it occurred with
acute fatigue (Brueckner et al. 1991). It has been reported
that Cr was negatively related to body mass (Lacour 1996).
As a result, the Cr measured before RPB in a 63.5 kg
subject can be considered as low. This can probably be
explained by the training history of this subject since
training in endurance running may decrease Cr (Lacour
1996) even if no data exist to our knowledge on very
experienced ultra-endurance runners.
While Cr increased by about 6%, the external mechanical work decreased by 12% (when considering only
8–12 km h-1) so that the mechanical efficiency of external
work performance decreased by about 16%. One could
suggest that this indicates a substantial deterioration of
muscle bioenergetics brought about by the RPB. Nevertheless, the main explanation to the deteriorated Cr with a
lower Wext probably deals, at least partly, with internal
work linked to the higher step frequency (Minetti 1998).
It has been shown that running velocity is set by
_ 2 max , its maximal sustainable fraction, and Cr (Di
VO
Prampero et al. 1986). Indeed, possessing a good running
economy has been suggested as being essential for ultramarathon running performance (Jung 2003), particularly in
_ 2 max and %VO
_ 2 max sustained
subjects with comparable VO
during competition (Scrimgeour et al. 1986). However, the
task of running from Paris to Beijing is much different
compared with traditional ultra-marathon performances. In
fact, the main running factor to consider during extreme
low intensity running is probably not Cr, but the ability to
preserve muscle, tendon and cartilage structure, that could
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be damaged by long distance running (Kim et al. 2007). It
might then be considered that the running pattern adaptations observed in the present study were aimed at minimizing muscle lesion in order to allow completion of the
8,500 km trip.
Strength losses from PRE to POST were consistently
detected in both extensor and flexor muscles at all angular
velocities, a finding that could be linked to muscular and/or
neural changes. No biopsies or neuromuscular function
investigation were conducted in the present study, so we
can only speculate regarding the potential contributors to
this loss. In particular, a decrease in fiber cross-sectional
area (CSA) may be expected (Widrick et al. 1996).
A change in muscle fibers type toward an increase of slow
twitch fibers percentage and a decrease in IIx fibers might
also be expected, but this would not markedly affect
maximal torque since the CSA normalized peak fiber torque (P0) has been found to be comparable among fiber
types (Malisoux et al. 2007), at least at slow or moderate
contraction velocities. Whether P0/CSA could be affected
by such extreme exercise is unknown.
A reduction in maximal voluntary activation could also,
in theory, explain the strength loss shown after the RPB.
However, we have previously demonstrated that, while
sedentary subjects have a lower maximal voluntary activation compared with trained athletes, there is no difference between endurance- and explosive-type athletes for
this parameter when measured under isometric conditions
(Lattier et al. 2003). It might be that the neural input is
partly responsible for the higher loss of knee extensor
angular velocity strength. In fact, even if 240" s-1 is not an
explosive contraction, it is possible that the discharge frequency or the number of doublet or triplet impulses, which
are known to affect explosive strength (Van Cutsem et al.
1998), were altered by RPB. However, why this result was
not observed for the knee flexors is not clear. Little is
known regarding the relative contributions of the
descending drive, afferent feedback, spinal circuitry, and
motor neuron properties to training (Duchateau et al. 2006)
and even less is known concerning extreme training loads,
such as running from Paris to Beijing. Further studies
dedicated to the neuromuscular adaptations that occur
following chronic extreme muscular loading are needed.
In conclusion, clear adaptations of running patterns
together with knee extensor/flexor strength loss and a slight
deterioration in energy cost of running were observed in a
subject who ran from Paris to Beijing in 161 days. It is
speculated that the changes in running patterns observed in
the present study were a strategy adopted by the subject to
reduce the deleterious effects of long distance running.
However, it is not possible to rule out the fact that running
pattern alterations are at least partly due to the decrease in
maximal strength.
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Changes in Running Kinematics, Kinetics,
and Spring–Mass Behavior over a 24-h Run
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ABSTRACT
MORIN, J.-B., P. SAMOZINO, and G. Y. MILLET. Changes in Running Kinematics, Kinetics, and Spring–Mass Behavior over a
24-h Run. Med. Sci. Sports Exerc., Vol. 43, No. 5, pp. 829–836, 2011. Purpose: This study investigated the changes in running
mechanics and spring–mass behavior over a 24-h treadmill run (24TR). Methods: Kinematics, kinetics, and spring–mass characteristics of the running step were assessed in 10 experienced ultralong-distance runners before, every 2 h, and after a 24TR using
an instrumented treadmill dynamometer. These measurements were performed at 10 kmIhj1, and mechanical parameters were
sampled at 1000 Hz for 10 consecutive steps. Contact and aerial times were determined from ground reaction force (GRF) signals
and used to compute step frequency. Maximal GRF, loading rate, downward displacement of the center of mass, and leg length
change during the support phase were determined and used to compute both vertical and leg stiffness. Results: Subjects’ running
pattern and spring–mass behavior significantly changed over the 24TR with a 4.9% higher step frequency on average (because of a
significantly 4.5% shorter contact time), a lower maximal GRF (by 4.4% on average), a 13.0% lower leg length change during
contact, and an increase in both leg and vertical stiffness (+9.9% and +8.6% on average, respectively). Most of these changes were
significant from the early phase of the 24TR (fourth to sixth hour of running) and could be speculated as contributing to an overall
limitation of the potentially harmful consequences of such a long-duration run on subjects’ musculoskeletal system. Conclusions:
During a 24TR, the changes in running mechanics and spring–mass behavior show a clear shift toward a higher oscillating frequency
and stiffness, along with lower GRF and leg length change (hence a reduced overall eccentric load) during the support phase of
running. Key Words: ULTRAENDURANCE, FATIGUE, LOWER LIMBS STIFFNESS, STRIDE MECHANICS
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over, although it does not correspond to any physical spring,
the vertical stiffness is used to describe the vertical motion
of the center of mass (COM) during contact (16,30) and is
defined as the ratio of the maximal force to the vertical
displacement of the COM as it reaches its lowest point, that
is, the middle of the stance phase.
Runners have been shown to consistently maintain their leg
stiffness constant despite changes in running velocity (22,30)
or gravity level (22). Even when running or forward hopping
on surfaces with variable stiffness, subjects have been shown
to adjust their leg stiffness to maintain the overall stiffness
of the system (surface + leg) and their support mechanics
close to constancy (18). These adjustments are almost instantaneous because they occur right from the first step on a
changing surface (17). Further, this capacity to regulate the
neuromuscular system to adjust leg stiffness to external
changes in running conditions has been observed in other
species of bipeds or quadrupeds, ranging from kangaroo rats
to horses (15). This demonstrates the ability of running bodies
to adjust the overall stiffness of their lower limbs toward
constancy. To our knowledge, the only external change in the
conditions of level running that has been shown to be systematically associated with a change in leg stiffness is when

uring running, the mechanical behavior of the musculoskeletal structures of the legs is often described
as that of a spring loaded by the runner’s mass,
constituting the ‘‘spring–mass model’’ (3,30). This model
has been a widely used paradigm for describing and studying the mechanics and energetics of bouncing and running
gaits (10,16,18,22,38). The model consists of a point mass
supported by a single massless linear ‘‘leg spring,’’ and the
main mechanical parameter studied when using the spring–
mass model is the stiffness of the leg spring, defined as the
ratio of the maximal force in the spring to the maximum leg
compression at the middle of the stance phase (16). MoreAddress for correspondence: Jean-Benoit Morin, Ph.D., Médecine du SportMyologie, Laboratoire de Physiologie de l’Exercice (EA4338), CHU
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step frequency is changed (16,38) and more precisely when
contact time is the variable responsible for this change in
frequency or changed alone (38).
Beyond these mechanical external changes, one may wonder how internal changes in the physiological status of the
neuromuscular system could affect leg stiffness. Because the
spring–mass behavior of biped running locomotion is allowed
by a complex neuromuscular system (14), the alterations
induced by fatigue could be expected to modify its properties
and to induce regulations, similar or not to those observed
under external changes in running conditions. For instance,
Kuitunen et al. (26) showed that joint stiffness (knee and
ankle) was modified after exhausting stretch–shortening exercises consisting of performing rebound jumps until exhaustion. When broadening the focus of study to running and
the overall lower limb stiffness, studies have been undertaken
about sprint running (e.g., repeated 100-m runs (35)), but
very little is known about how the mechanical behavior of
the spring–mass system changes (if changing) in extreme
fatigue conditions induced by ultraendurance runs.
When considering fatigue as an appropriate paradigm to
study how changes in the physiological status of lower limbs
neuromuscular system may affect running mechanics, the
literature is limited to very simple mechanical parameters and
most often the temporal characteristics of the running step:
decrease in step frequency (1,4,6,13,20,24), increase in contact time (1), or no changes in these parameters (19,34). It was
also reported an increase in COM downward displacement
during contact (33) and an increase in ground reaction forces
(GRF) and impact (12) or a decrease in impact with the
constant peak vertical GRF (VGRF) (20). To our knowledge,
only Dutto and Smith (13) and Slawinski et al. (40) studied
changes in spring–mass behavior with fatigue but during
rather short-lasting running exercises (È57 and È6 min, respectively). Dutto and Smith (13) observed a decrease in both
vertical and leg stiffness (mainly caused by a higher downward displacement of the COM during contact), whereas
Slawinski et al. (40) observed no change in vertical and leg
stiffness or any other mechanical parameter of the running
step before and after exercise.
However, all these studies only considered exhausting
but short-lasting runs, through typical ‘‘time-to-exhaustion’’
protocols in which subjects are required to run for as long
as possible: typically 5–30 min (1,4,6,19,20,33,34) and more
rarely 60 min (24) at a given velocity, set as a percent of that
corresponding to their respective maximal aerobic capacity.
Although one cannot deny that these conditions allow to
explore fatigue, they do not correspond to long or very long
running efforts, such as the marathon or those longer than
a marathon (ultramarathon distances). Very few studies focused on marathon and with little focus on running mechanics
(21,27,39). In addition, distances longer than a marathon have
not been investigated to our knowledge, although this type of
extreme exercise is increasingly popular in Europe and in
several other countries (United States, South Africa, Japan,
Korea, etc.). This is rather intriguing because they may rep-
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resent a good model as they induce a heavier and different
load on the musculoskeletal and neuromuscular systems. In
particular, it has been shown that maximal voluntary force is
reduced to a great extent after a 24-h treadmill run (24TR)
(29), which could potentially influence lower limb stiffness.
Therefore, we thought of interest to study whether and how
ultralong-distance running induced changes in running mechanics by the spring–mass model.
In a recent case study (32), we observed that after a 161-d,
8500-km run, an experienced ultraendurance runner ran with
a significantly higher step frequency, reduced aerial time
without change in contact time, and lower maximal vertical
force and loading rate (LR) at impact. This has been interpreted as a smoother and safer running pattern used by this
runner to limit the overall loading experienced at each step
and/or the associated painful consequences after such an
extreme running feat. We sought to determine whether similar modifications also occurred during an ‘‘acute’’ extreme
running exercise of 24TR, which induced large impairments
in the neuromuscular function (29).
In this study, the authors showed substantial impairments
in the neuromuscular function and a strength loss (maximal
voluntary contraction (MVC)) as high as È40% for knee extensors and È30% for plantarflexors in trained ultraendurance
runners. Given that leg stiffness represents the overall behavior of the lower limb and integrates both the mechanical
characteristics of its musculotendinous structures and the
neuromuscular mechanisms of actions of the various muscle
groups involved (14), the abovementioned alterations in the
neuromuscular and force production functions may reasonably be expected to induce changes in the spring–mass behavior, either directly or indirectly (through runners modified
running pattern). If so, running kinematics and kinetics may
reflect and help describe accurately how these changes in
spring–mass behavior and leg stiffness occur during the 24TR.
Our aim was therefore to investigate the changes in running kinematics, kinetics, and in spring–mass behavior of the
lower limbs over a 24TR. These variables were measured and
compared before and after exercise but also every 2 h to better
describe how changes occurred within this 24-h period.
Given i) the results of previous studies, a higher step
frequency after the Paris–Beijing run (32) and a marathon
(27), an impairment of the neuromuscular function of force
production of lower limb extensors during a 24TR (29), a
tendency put forward after a marathon of ‘‘loss of tolerance
to impact during the belt contact’’ (39), and a reduced VGRF
after the Paris–Beijing run (32) and ii) the fact that step
frequency, stiffness, and length change of the leg spring are
inherently related in running (e.g., (30,38)), we hypothesized that the spring–mass system would be regulated toward a higher leg stiffness and oscillating frequency, along
with reduced downward displacement of the COM, leg
compression, and vertical forces during the support phase.
Although it is almost exactly the opposite of what was observed during short-lasting exhausting runs, this would likely
allow subjects to attenuate the overall load faced by their
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musculoskeletal system at each step in such extreme running
conditions.

METHODS

RUNNING BIOMECHANICS DURING ULTRAENDURANCE

$L ¼ L "

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
"Mt #2
c
L2 "
þ $z
2

½1%

with $z being determined by double integration of the vertical acceleration of the COM over time, as proposed by
Cavagna (7).
However, during level running, the point of force application is not a fixed point over a typical stance phase (28), and it
has been shown that the distance of the point of force application translation (PFAT) should be taken into account when
computing $L to increase the accuracy of the spring–mass
model for describing the lower limbs mechanics during human
running (5). Leg length variation during contact was therefore
calculated on the basis of equation 1, incorporating the distance
of PFAT into the ‘‘traditional’’ planar spring–mass model:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
$
%ﬃ
Mtc " d 2
2
$L ¼ L " L "
þ $z
2

½2%

The distance of PFAT (d) was shown to be 0.157 T 0.006 m
in subjects running from 1.5 to 5.0 mIsj1 (28), and this value
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Subjects and experimental protocol. Ten healthy men
(mean T SD: age = 40.4 T 6.5 yr, body mass = 75.0 T 7.9 kg,
height = 176.9 T 5.8 cm, body fat = 17.9% T 4.9%, V̇O2max =
52.8 T 5.7 mLIminj1Ikgj1) participated in this experiment,
which was a part of a larger project initially involving 14
subjects. However, only 12 were able to complete the 24TR,
and among them, 2 were not able to complete all the mechanical measurements at the imposed velocity. Subjects
were experienced ultraendurance runners (they reported more
than 15 yr of training in running on average), and all of them
had completed at least one 24-h or 100-km race. For full
details on the physiological characteristics of these subjects,
see Millet et al. (31). Written informed consent was obtained
from the subjects, and the study was conducted according
to the Declaration of Helsinki II, approved by the local ethics
committee (CPP Sud-Est 1, France) and registered on http://
clinicaltrial.gov (NCT 00428779).
The subjects reported to the laboratory approximately 3 wk
before the 24TR for a first session, during which they underwent a complete medical examination and were fully
informed about the experimental procedures. They also confirmed having run at least three times on a treadmill during the
year preceding the protocol and were familiarized with the
treadmill dynamometer used for mechanical measurements.
For the second session, the subjects reported to the laboratory to perform the 24TR. After appropriate welcoming and
preparation, subjects underwent a muscle biopsy aiming at
collecting a sample (È120 mg) of their vastus lateralis muscle
under local anesthesia using a percutaneous technique (for
details, see Morin et al. (36)).
After a 2-h rest, the 24TR started (time of the day around
5:00 p.m.), and subjects ran on a calibrated level motorized
treadmill (Gymrol S2500, HEF Tecmachine, AndrézieuxBouthéon, France, or Proform 585 Perspective, Health &
Fitness Inc., Logan, UT) at a freely chosen pace. Subjects
were individually chaperoned by an experimenter who ensured the required pace setting, the appropriate cooling of
subjects, and their food and drink intakes (meals with carbohydrates and energy bars and drinks, ad libitum), and wrote
down subjects’ exact time and running pace over the 24TR
(for accurate performance analysis).
Just before, every 2 h, and at the end of the 24TR, subjects
ran at 10 kmIhj1 for 60 s on a treadmill dynamometer (HEF
Tecmachine; for details, see Belli et al. (2)). Stride mechanics
were studied from a 10-s sample of data recorded between
the 50th and 60th second. As the present study was part of
a larger experiment, subjects also underwent physiological
and neuromechanical tests/samples (before, every 4 h, and
after 24TR), which are fully described by Martin et al. (29)
and Millet et al. (31) and which represented experimental
‘‘pit stops’’ of È25 min every 4 h. All mechanical parameters

were averaged more than 10 consecutive steps, allowing us
to calculate the coefficient of variation (CV in %) as the ratio
of the SD to the mean of the parameter for the 10 consecutive
steps analyzed. This coefficient was further used to test potential effects of the 24TR on the variability of the running step.
Running kinematics and kinetics. Mechanical parameters were measured for each step (the period from the
onset of one foot contact to the onset of the contralateral
foot contact) using the treadmill dynamometer with anteroposterior and VGRF data sampled at 1000 Hz. Contact (tc)
and aerial (ta) times were measured from VGRF(t) signals,
expressed in seconds, and used to compute runners’ step
frequency f = 1/(tc + ta).
The intensity of impact at the onset of each contact phase
was quantified through the impact LR (in body weight per
second), which corresponded to the maximal value of the
time derivative of vertical force signals within the first 50 ms
of the contact phase (11), whereas Fmax was the intensity of
the active force peak (expressed in body weight), that is, the
maximal value of VGRF during contact.
Spring–mass characteristics. A spring–mass model
paradigm (for details, see Blickhan (3) and McMahon and
Cheng (30)) was used to investigate the main mechanical
parameters characterizing the lower limbs behavior during
running. Two important assumptions of this model are that i)
the leg length at the moment of ground contact is equal to
the initial (standing) length and ii) the horizontal motion and
displacement of the COM are equivalent before and after
mid-stance. According to this model, the stiffness of the leg
spring (kleg, in kNImj1) was calculated from F(t) measurements as kleg = Fmax/$L, with $L as the maximum leg spring
compression (m) calculated from values of initial leg length
L (great trochanter to ground distance in a standing position), running velocity v (mIsj1), contact time tc (s), and
vertical maximal downward displacement of the COM during contact $z, as per (16,22,39)
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FIGURE 1—Changes in contact time (tc), aerial time (ta), and
step frequency (f) during the 24TR. *Significantly different (ANOVA
post hoc test).

was estimated to be equal to approximately 18% of the mean
leg length of these subjects (5). As we could not measure d in
the present study, this parameter was assumed to be d = 0.18 L.
Therefore, leg stiffness was calculated as kleg = Fmax/$L.
Further, vertical stiffness was calculated as kvert = Fmax/$z and
expressed in kilonewtons per meter.
Data analysis and statistics. Descriptive statistics are
presented as mean T SD. Normal distribution of the data was
checked by the Shapiro–Wilk normality test, and the mechanical variables studied were compared before, every 2 h,
and after 24TR using a one-way (time), repeated-measures
ANOVA. When warranted, the Student–Newman–Keuls

FIGURE 2—Changes in maximal GRF (Fmax), COM downward
displacement ($z), and leg length change ($L) during contact during
the 24TR. *Significantly different (ANOVA post hoc test).

post hoc tests were performed to identify which conditions
differed. The importance of the differences found between
pre-24TR and post-24TR conditions was assessed through
the effect size and Cohen’s d coefficient (9). The interpretation of the effect size was as follows: according to Cohen (9),
d G 0.2, small difference; 0.2 G d G 0.5, medium difference;
and d 9 0.8, large difference. The significant level was set
at P G 0.05.

RESULTS
Running performance. The average distance covered
by the subjects was 153 T 15 km (ranging from 130 to

TABLE 1. Kinetic, kinematic, and spring–mass parameters of running before (PRE) and after (POST) the 24TR.
Parameter
tc (s)
ta (s)
f (Hz)
Fmax (BW)
$z (m)
$L (m)
kvert (kNImj1)
kleg (kNImj1)

PRE
0.277
0.078
2.82
2.24
0.057
0.109
29.4
15.5

T
T
T
T
T
T
T
T

0.016
0.016
0.15
0.33
0.008
0.013
5.54
3.55

POST
0.265
0.073
2.96
2.14
0.049
0.095
32.3
16.8

T
T
T
T
T
T
T
T

0.011
0.013
0.13
0.25
0.006
0.009
4.34
2.53

ANOVA P Values
G0.001
0.679
G0.001
0.011
G0.001
G0.001
G0.001
0.026

PRE–POST % Change
j4.50
j5.70
4.90
j4.42
j13.9
j13.0
9.96
8.58

T
T
T
T
T
T
T
T

3.32
19.4
3.56
5.76
9.43
5.33
10.8
10.0

Effect Size
0.92
0.34
1.05
0.36
1.19
1.32
0.61
0.44

(large)
(medium)
(large)
(medium)
(large)
(large)
(medium)
(medium)

Values are presented as mean T SD.
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FIGURE 3—Changes in vertical (k vert) and leg (k leg) stiffness during the
24TR. *Significantly different (ANOVA post hoc test).

RUNNING BIOMECHANICS DURING ULTRAENDURANCE

FIGURE 4—Typical running steps representative of the changes in
Fmax, tc, ta, f, LR, and $z between pre-24TR (in black) and post-24TR
(in gray). Subject’s body mass: 83.1 kg pre-24TR and 82.9 kg
post-24TR.

ranged from 1.60% (tc post-24TR) to 13.0% (LR pre-24TR),
all parameters considered.
Most of the changes observed in running mechanics are
illustrated in Fig. 4 through a representative running step pre24TR and post-24TR.

DISCUSSION
The main result of this study is that subjects modified
their running pattern and spring–mass behavior toward a
significantly higher leg stiffness (P G 0.05) during a 24TR.
This change in kleg was mainly related to a significantly
(P G 0.001; j13.0% on average, large effect size) lower $L
(and $z), despite a significantly lower (P G 0.05; j4.4% on
average, medium effect size) Fmax during contact (Table 1).
These changes were associated with a large and significant
(P G 0.001) increase in the frequency of oscillation of the
spring–mass system, the latter being directly induced by
lower contact times (P G 0.001), because aerial times did not
change over the 24TR (Fig. 1).
Because, to our knowledge, no study reports how spring–
mass behavior of the lower limbs and running mechanical
pattern change during such a long-duration run as the 24TR
studied here, the interpretation of our data in light of existing
studies is limited. That said, the modifications of the running
pattern we observed are in line with the study of Kyröläinen
et al. (27), who report a significant È4.2% increase in stride
frequency after a marathon, although in their study frequency
was the only kinematic parameter measured that significantly
changed. The only other study that considered the changes
in running mechanics (mainly contact and aerial times) after a
marathon showed very high interindividual variations, without
significant results for the entire group (39). When comparing
the changes observed here with those of ultralong-distance
running, only the case study recently published about the
Paris–Beijing runner (31) is available to our knowledge and
also reported a higher step frequency (although caused by a
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173 km), for an average effective running time, that is, the
actual time spent running or walking on the treadmill for 18 h
53 T 36 min). The average speed was 40.4% T 3.9% of
subjects’ velocity at V̇O2max when considering the effective
running time. For detailed performance results of the entire
group of subjects during this experiment, the reader can refer
to Martin et al. (29) and Millet et al. (31).
Running kinematics and kinetics. Step frequency
increased significantly (P G 0.001) from the fourth hour of
the 24TR until the end of the run. This was caused by a significant (P G 0.001) decrease in contact time, with aerial time
remaining constant throughout the 24TR (Fig. 1).
Overall, Fmax decreased significantly (P G 0.05) with
time, with high interindividual variations (mean and SD of
individual percent changes: j4.42% T 5.76%; Table 1),
which could explain the significant ANOVA, yet without
significant post hoc results for this variable. This interindividual variability was also found for the LR at impact, which
only tended to increase from 55.8 T 13.1 to 59.2 T 11.0 body
weight per second between pre-24TR and post-24TR
(P = 0.062), with a mean T SD increase for the group of
5.96% T 16.1%.
Spring–mass parameters. Both $z and $L decreased
significantly (P G 0.001) from the fourth hour of the 24TR
until the end of the run (Fig. 2), and this decrease was associated with significantly (P G 0.05) higher vertical and leg
stiffness (Fig. 3).
The effect sizes of the changes observed in all the mechanical parameters are described in Table 1, along with the
magnitude of changes as a percent of the initial (PRE) values.
Concerning stride variability, none of the CV calculated
here was significantly different after the 24TR. These CV

APPLIED SCIENCES

shorter ta, with no change in tc) and a lower Fmax yet in one
single experienced ultraendurance runner.
Interestingly, very similar changes in running mechanics
were observed after a biopsy of the vastus lateralis muscle in
trained ultraendurance runners (36): subjects’ step frequency
was significantly higher after biopsy, whereas other factors
were significantly lower: Fmax, LR, and $z. As for the Paris–
Beijing run, the higher step frequency was due to a shorter
ta, with no change in tc, and these changes were interpreted
as being associated with a tendency to limit of the overall
loading underwent by the musculoskeletal system when the
muscular function is impaired by extremely long exercise
duration (Paris–Beijing) or a structural modification of the
muscle tissue, which is potentially painful (biopsy). However, if one focuses on the cause of this increase in step
frequency in the present study compared with the Paris–
Beijing and the biopsy protocols, it was not due to a shorter
ta but to a shorter tc, the decrease in ta over the 24TR being
not significant. Possible explanations for this discrepancy
in what caused the increased step frequency are that i) 24TR
subjects may have faced intense pain and run with decreased
tc (hence braking phase duration), whereas it was less or
not the case in the two aforementioned protocols, and ii)
they may not have run on the instrumented treadmill with
the exact same pattern as on the 24TR one, their ta remaining unchanged during the measurements, although it was
expected to decrease, and may have actually on the 24TR
treadmill, that is, when subjects knew no measurement was
performed (see the ‘‘sampling effect’’ described in the following paragraphs).
If one considers the aging process as a slow yet actual
impairment of the muscular function, the results of Cavagna
et al. (8) and Karamanidis and Arampatzis (25) also match
most of those presented here: compared with their younger
counterparts, old men run with a lower vertical displacement of the COM during contact, a higher step frequency
(caused in both studies by a reduced aerial time with no
change in contact time), and a reduced maximal VGRF (25).
Karamanidis and Arampatzis (25) also interpreted these
changes as a reaction to the reduced capacities of subject’s
muscle–tendon unit by increasing the running safety.
It appears that when the overall neuromuscular function
is impaired, noticeably because of ultralong-duration running, the overall behavior of the lower limb considered as a
spring–mass system shifts toward a higher stiffness and oscillating frequency, allowing for reduced vertical force during each support phase and lower vertical displacements
of the COM. The latter reduced lowering of the body mass
during contact is illustrated by the decrease in leg length
change during contact (significant from the fourth hour;
Fig. 1), which could logically be associated with a reduced
lengthening of the main lower limb extensor muscle–tendon
units (knee extensors and plantarflexors) during the eccentric (braking) phase of the contact. Further, these muscles
have specifically been shown to face a substantial peripheral
fatigue during the 24TR (29). It is also interesting to note
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that the leg length change during contact ($L) was reduced
by ~13% on average, for an È5% shorter contact time,
which logically means that the rate of leg length change was
reduced post-24TR. One may reasonably assume this to result in a lower overall lengthening velocity of the muscle–
tendon units of lower limbs extensors during the first half
of the contact phase. Further, it has been hypothesized (23)
that an increase in kleg (mainly through a reduced $L) could
be related to a decrease in oxygen consumption because according to these authors, $L may be a variable describing the
deformation of the leg spring and the ‘‘collective effect of
muscle force demands of the entire lower extremity.’’ However, to our knowledge, no clear, consistent, and direct link
between spring–mass model and the energetics of normal
running (i.e., with no exaggerated running style) has been
shown, and the experimental data of the 24TR do not show
any relationship between changes in spring–mass characteristics and running energetics (data not presented). Lastly, the
increase in LR at impact, although only tending to be significant (P = 0.062), could seem contradictory with the lower
values of Fmax observed post-24TR. However, LR and Fmax
are mechanical variables representing the initial impact peak
of force (caused by the foot colliding with the ground) and the
active one (at midstance), respectively. Therefore, we think
that post-24TR, the subjects could no longer control the falling of their lower limbs onto the ground, which resulted in a
heel impact shock (LR) that tended to increase (with a high
intersubjects variability).
The changes in running mechanics observed in the present
study are almost exactly opposite to what has been observed
in other fatigue conditions during running, that is, in cases of
much shorter (hence ran at higher velocities) running efforts.
Indeed, in the majority of ‘‘time-to-exhaustion’’ protocols we
are aware of, either running mechanics and spring–mass
characteristics did not change before and after fatigue (19,34)
or they changed toward a lower step frequency (1,4,6,13,
20,24) and longer contact time (1), higher vertical downward
displacement of the COM (33), and higher vertical forces
during impact and support phases (12). Lastly, for the two
studies measuring leg stiffness, this parameter was reported
to decrease (running time of ~57 min (13)) or remain unchanged (È6 min (40)).
Our main hypothesis to explain this manifest discrepancy
between modifications reported after time-to-exhaustion
runs and what we observed after a 24TR is that in the latter
case, subjects may wish to preserve (at least partly) the safety
of their musculoskeletal structures and avoid pain by adopting
the running pattern observed, mainly through reduced Fmax,
$z, and $L. This may not be an issue of importance in shortlasting time-to-exhaustion runs. Indeed, although very intense, the duration of the time-to-exhaustion runs is È60 min
at the most and È20 min on average and may not be long
enough to induce the modifications observed during the
24TR. Further, the decrease in force production (plantarflexor
MVC) after a 10-km run (19) was shown to be less than
that recently reported in 24TR subjects (29): ~19% versus
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eralis muscle, which has been shown to affect their running
mechanics (36). However, although significant, the changes
in mechanical variables were much less important in the
context of a before and after biopsy comparison than those
we report after the 24TR. For instance, the biopsy did not
affect contact time or leg stiffness (36), and the changes it
induced on step frequency were rather small (È1.4% on average, effect size of 0.29) compared with È4.9% (effect size
of 1.05) induced by the 24TR. The vertical downward displacement of the COM during contact was È13.9% lower
after the 24TR (effect size of 1.19) versus È3.4% (effect size
of 0.26) after biopsy. Further, the biopsy did not affect the
variability of the running pattern. Lastly, all the subjects of
the present study ran the entire 24TR after having underwent
a biopsy following the exact same procedure, and comparisons (t-tests) made between the left and the right legs (five
steps for each in the 10 steps samples studied) for all the
mechanical variables measured pre-24TR and post-24TR
showed no significant difference, except for kleg pre-24TR
(15.9 T 3.8 kNImj1 for the left leg vs 15.0 T 3.4 kNImj1 for
the right leg). That said, we acknowledge that we cannot
rule out crossed effects (biopsy & running time) potentially
variable among subjects.
In such long-lasting efforts involving sleep deprivation
and the potential effects of circadian rhythms, a control
group could have helped us separate the specific effects of
running fatigue from those of sleep deprivation. Although to
our knowledge no study investigated the effects of circadian
rhythm and sleep deprivation on running mechanics, the fact
that Martin et al. (29) observed that knee extensors MVC did
not vary significantly during the 24-h period in their control
group makes us reasonably assume that 10 kmIhj1 running
mechanics was not affected by sleep deprivation.
The last limit of the present study is that we observed
changes over a level 24-h run in laboratory conditions, that
is, with no impact of climate change and night, uphill, and
downhill running (and the associated eccentric load). Thus,
further studies performed in field conditions would be
helpful to confirm the present results and whether they apply
to ultratrail performance. For instance, we could expect that
studying typical ultratrail races such as the Ultra Trail du
Mont Blanc (166 km, 9400 m of negative altitude change,
performances ranging from È21 to 46 h) could allow us to
verify the hypothesis according to which changes in running
pattern and spring–mass behavior occur to attenuate painful support phases because i) the duration of such an event
is longer than 24 h and ii) the eccentric load faced by the
musculoskeletal system is obviously more important than
during a level 24TR.
In conclusion, all the changes observed show that the impairment of the muscular function caused by the 24TR is associated with a modification of the spring–mass behavior
that is regulated toward a higher stiffness and oscillating frequency and reduced VGRF and vertical downward displacement of the COM. It remains unclear whether this spectrum of
changes characterizing an overall ‘‘safer’’ running technique
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30.3% T 12.5%. Therefore, during a 24TR (compared with
exhausting yet shorter runs), there may be a cumulative effect
of more important loss of force production in lower limbs
muscles and a necessity for subjects to limit duration-induced
traumas, which could help them to stay below a maximal
tolerated activation level (29).
Although significant, these changes in running mechanics
are of lower relative magnitude than those reported by
Martin et al. (29) about the subjects’ neuromuscular function,
particularly maximal voluntary force production. One can
therefore wonder whether the observed changes in running
mechanics and spring–mass behavior are caused by the important losses in knee extensors and plantarflexor maximal
force (and somewhat escaping subjects’ voluntary control)
or the consequence of an anticipated strategy (conscious or
not) adopted by subjects to maintain their running speed and
to avoid or limit the potential pain and the effects of impacts
generated at each step (particularly during the braking phase
of the step). Further, the subjects of the present study reported
a rate of perceived exertion that was increasing right from
the early phases of the 24TR (significantly higher perceived
exertion from the second and fourth hours; see Fig. 3B in
Martin et al. (29)). In the present study, some of the mechanical changes were also significant after only 4 h of running,
especially $z and $L (Figs. 1 and 2), which could illustrate
a choice made by subjects rather than a change induced by
an alteration of their force capacities. This is further supported
by the total absence of correlation (data not presented) we observed in these subjects between the alterations of the neuromuscular function reported by Martin et al. (29), including the
loss of force (MVC) in knee extensors and plantarflexor
muscle groups and the changes in running mechanics.
Some methodological limitations should be addressed in
this study. Between measurement ‘‘breaks,’’ that is, during
the almost entire 24TR, subjects ran on a treadmill that was
not the same as the instrumented treadmill used for measurements. Although the difference in treadmills rigidity may
not have influenced our results (running mechanics measured
on the same treadmill throughout the 24TR), subjects were
fully aware of the moment measurements were performed
because they were specifically requested to move from one
treadmill to the other for that purpose. Consequently, it is
possible that they changed their running pattern for the only
reason that they were aware it was measured and when. This
‘‘sampling effect’’ phenomenon has recently been shown (37)
and might have affected the data of this study because we did
not measure the actual running mechanics and spring–mass
behavior of subjects over the 24TR but rather those they
adopted when running on the instrumented treadmill once
every 2 h and most of all when knowing measurements were
performed. Once again, this may have characterized all the
subjects, although we cannot rule out a potential attenuation
of actual changes in running mechanics over the 24TR induced by the way we measured them.
Two hours before the beginning of the 24TR, the subjects
underwent a unilateral (left leg) biopsy of their vastus lat-

is deliberately chosen by the subjects (by anticipation or
adaptation) and/or imposed by the neuromuscular consequences of exercise duration. However, these changes all lead
to the same fact: runners attenuate the potentially harmful
eccentric phase and overall load faced by their lower limbs
musculoskeletal system at each step; this event occurring
roughly 200,000 times over a typical 24-h run.
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Changes in running mechanics and spring–mass behavior due to fatigue induced by a mountain ultramarathon race (MUM, 166 km, total positive and negative elevation of 9500 m) were studied in 18
ultra-marathon runners. Mechanical measurements were undertaken pre- and 3 h post-MUM at
12 km h ! 1 on a 7 m long pressure walkway: contact (tc), aerial (ta) times, step frequency (f), and
running velocity (v) were sampled and averaged over 5–8 steps. From these variables, spring–mass
parameters of peak vertical ground reaction force (Fmax), vertical downward displacement of the center
of mass (Dz), leg length change (DL), vertical (kvert) and leg (kleg) stiffness were computed. After the
MUM, there was a significant increase in f (5.97 5.5%; P o 0.001) associated with reduced ta
( ! 18.5 7 17.4%; P o 0.001) with no change in tc, and a significant decrease in both Dz and Fmax
( ! 11.6 7 10.5 and ! 6.3 7 7.3%, respectively; P o 0.001). kvert increased by 5.6 7 11.7% (P ¼ 0.053), and
kleg remained unchanged. These results show that 3 h post-MUM, subjects ran with a reduced vertical
oscillation of their spring–mass system. This is consistent with (i) previous studies concerning muscular
structure/function impairment in running and (ii) the hypothesis that these changes in the running
pattern could be associated with lower overall impact (especially during the braking phase) supported
by the locomotor system at each step, potentially leading to reduced pain during running.
& 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
During running, the mechanical behavior of the musculoskeletal structures of the lower limbs is often described as that of a
spring–mass system bouncing onto the ground (Blickhan, 1989;
Dickinson et al., 2000; McMahon and Cheng, 1990). This model
has been used to describe and study the mechanics and energetics
of bouncing and running gaits (Ferris et al., 1998; He et al., 1991;
Heise and Martin, 1998; Morin et al., 2007), and consists of a
point mass supported by a single massless linear ‘‘leg spring’’.
Thus, the main mechanical parameter studied when using the
spring–mass model is the stiffness of the leg spring, which is the
ratio of the maximal force in the spring to the maximum leg
compression at the middle of the stance phase. Moreover, the
vertical stiffness is used to describe the vertical motion of the
center of mass (COM) during contact (Farley and Gonzalez, 1996;
McMahon and Cheng, 1990), and is defined as the ratio of the
maximal force to the vertical displacement of the COM as it
reaches its lowest point, i.e. at the middle of the stance phase.
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The mechanical variables describing this spring–mass behavior are integrative and encompass numerous neuromuscular and
mechanical phenomena simultaneously characterizing the running system (Farley and Ferris, 1998). They may be of interest
when studying how extreme fatigue conditions and damage to
the locomotor system may affect running mechanics during
long or ultra-long distance running. In the past very few studies focused on running mechanics over long distance races
(e.g. Kyrolainen et al., 2000; Nicol et al., 1991) but this is
changing: studies on a 24-h treadmill run (24TR), recently
focused on the physiological factors associated with performance
(Millet et al., 2011), neuromuscular fatigue (Martin et al., 2010)
and changes in running mechanics and spring–mass characteristics (Morin et al., in press). We showed that the spring–mass
behavior significantly changed after a 24TR, with # 5% higher step
frequency (caused by a decrease in contact time, with unchanged
aerial time) and 4.4% lower peak ground reaction forces (GRF).
Furthermore, the vertical displacement of the COM and the leg
length change during contact were lower, which resulted in # 10%
higher vertical and leg stiffness values. While no comparable
data exist for ultra-marathons, overall these results were very
consistent with studies which observed an impairment of
muscular function, i.e. after a 160-day running trip from Paris
to Beijing (Millet et al., 2009), a muscular biopsy of the vastus
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lateralis (Morin et al., 2009), or with ageing (Cavagna et al., 2007;
Karamanidis and Arampatzis, 2005). One exception was that the
higher step frequency observed in these protocols was caused by
a lower aerial time, with no change in contact time, in opposition
to the 24TR protocol (i.e. higher step frequency but lower contact
time and no change in aerial time). Furthermore, the changes
reported post-24TR were hypothesized to tend towards the same
functional consequence: possibly contributing to an overall limitation of the potentially painful consequences of ultra-long
distance runs on a subject’s musculoskeletal system, mainly
because running with a higher step frequency and thus a lower
amplitude of oscillation of the COM could help lower the overall
eccentric action of the lower limbs’ extensor muscles at each step,
these actions becoming painful with increasing run duration and
fatigue.
One limitation of the 24TR study was that it was not a typical
overground race; neither did it account for the effect of negative
elevation and the corresponding eccentric load. Thus, our aim was
to study the changes in the main running mechanics and spring–
mass variables after a mountain ultra-marathon race (MUM)
performed in actual race conditions. We hypothesized that larger
changes than those reported after the 24TR would be observed
given (i) the longer duration of the run and (ii) the tougher
running conditions especially with the higher eccentric load
induced by downhill running. The originality of this study is that
it was performed during an international MUM, one of the hardest
exercises performed by humans in race conditions.

further details on the validity of this device for gait analysis, see Menz et al., 2004;
Webster et al., 2005; Cutlip et al., 2000). Step frequency was calculated as
f¼ 1/(tc + ta). Subjects’ running velocity (v) was calculated from the electronic
walkway data, and carefully checked to be within 75% of the reference value of
12 km h ! 1.
From these measurements of tc, ta (in s), v (in m s ! 1) and from subjects’ body
mass m (in kg) and lower limb length L (in m), measured as the great trochanterto-ground distance in a standing position, spring–mass parameters were calculated using the computation method proposed by Morin et al. (2005). This
method, based on a modeling of the ground reaction force signal during the
contact phase by a sine function, allows computation of vertical stiffness (kvert in
kN m ! 1) as the ratio of the maximal ground reaction force (Fmax in N) to the
maximal downward displacement of COM during contact (Dz in m)
kvert ¼ Fmax=Dz

ð1Þ

with
Fmax ¼ mg

!

p ta
2 tc

"
þ 1

ð2Þ

and

Dz ¼ !

Fmax tc2
t2
þ g c
m p2
8

ð3Þ
!1

Leg stiffness (kleg in kN m ) was calculated as the ratio of Fmax to the peak
displacement of the leg spring DL (in m) during contact
kleg ¼ Fmax=DL

ð4Þ

with
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
! "2
vtc
þ Dz
2

DL ¼ L! L2 !

ð5Þ

2.3. Statistical analysis
2. Materials and methods
2.1. Subjects and protocol overview
Thirty-four subjects initially volunteered for this study after complete medical
examination, but only 22 were able to complete the MUM. All the subjects were
experienced ultra-marathon runners with 13 years of running and 5 years of ultraendurance training. Among these 22 subjects, 4 were unable to complete all the
mechanical measurements at the imposed running velocity. Therefore, only the
data of the remaining 18 subjects were analyzed in the present pre-/3 h postMUM comparison. Their main characteristics were age (mean 7 SD): 39.1 77.6 yr;
height: 1.78 7 0.07 m; body mass: 72.9 7 16.2 kg; body fat: 12.8 7 3.1% and
_ 2 max: 53.1 74.1 ml kg ! 1 min ! 1. All subjects were fully informed of the
VO
procedure and risks involved and gave their written consent. The experiment
was conducted according to the Declaration of Helsinki, and approval for the
project was obtained from the local ethics committee (Comité de Protection des
Personnes Sud-Est 1, France). The international race supporting the study was the
North-Faces Ultra-Trail du Mont-Blancs 2009, in which about 2500 competitors
participated. It consisted in running/walking 166 km around the Mont-Blanc with
a total positive and negative elevation of 9500 m (for further details, see http://
www.ultratrailmb.com/).
Measurements of the mechanical variables were performed one or two days
before the start of the race (pre-MUM values) and about three hours after the
subjects crossed the finishing line (3 h post-MUM values). The three hours are
explained by the traveling time to the laboratory ( # 1 km, over which they were
transported by car as soon as they crossed the finishing line), and the carrying out
of other measurements, this experiment being part of a larger protocol. The type
and sequence of subjects’ actions between the finishing line and the running
mechanics 3 h post-MUM measurements were very similar among individuals.
Measurements were performed on a pressure mat set on the floor at a 12 km h ! 1
pace given by an experimenter running next to the subjects. This running velocity
was checked by means of two photocells placed 5 m apart and any trial run 5%
slower or faster than 12 km h ! 1 was repeated. Mechanical data were sampled for
two consecutive valid trials at 12 km h ! 1, allowing us to analyze 5–8 steps for
each subject and condition. All measurements were performed on the same mat,
on the same floor, in the same room, ensuring similar measurement conditions
pre- and 3 h post-MUM.
2.2. Running mechanics
Subjects ran over an electronic walkway (GAITRite Gold, CIR Systems, Havertown, PA, USA) 7.32 m long and 0.61 m wide, comprising a series of pressure
sensor pads placed # 1.3 cm apart. This pressure mat was connected to a personal
computer yielding contact (tc) and aerial (ta) times at a sampling rate of 80 Hz (for

Descriptive statistics are presented as mean values 7SD for the 5–8 steps
sampled in each subject/condition. Normal distribution of the data was checked
by the Shapiro–Wilk normality test, and the mechanical variables studied were
compared between pre- and 3 h post-MUM using t-test for paired samples. The
importance of the differences found between pre- and 3 h post-MUM conditions
was assessed through the effect size and Cohen’s d coefficient (Cohen, 1988),
interpreted as follows: small difference: 0.15r d o0.4; medium difference:
0.40r d o0.75, large difference: 0.75 r d o1.10 and very large difference:
dZ 1.10. The significance level was set at P o0.05. Finally, given the expected
wide range of performances (usually ranging from # 21 to # 46 h for this race),
and the fact that despite having run the same distance, their effort time could vary
two-fold, two sub-groups of 9 subjects were studied on the basis of subjects’ final
ranking. This allowed us to compare the running mechanics of good runners with
their less performant counterparts before and after the MUM, and the pre- and 3 h
post-MUM changes in running mechanics between these two groups.

3. Results
The subjects studied ran the MUM in 37.976.2 h (range 23.5–
46 h, data from the race organizers). The changes in the main
running mechanics are reported in Table 1. Subjects ran 3 h postMUM with significantly (Po0.001) reduced ta, increased f and
reduced Fmax and Dz. These changes were accompanied by a nearly
significant (P¼ 0.053) change in kvert, which increased by 6.01% on
average for the group. No change was observed in tc or kleg.
The sub-groups comparison showed that none of the tested
mechanical parameters differed between more and less skilled
runners pre-MUM. However, ta and Fmax after the MUM were
significantly different as were the pre-/3 h post-MUM changes in
these two parameters. The best runners experienced significantly
higher decreases in ta and Fmax 3 h post-MUM (Table 2).

4. Discussion
The main result of this study was that after a MUM run over
166 km and with more than 9000 m of altitude change – which
represented # 23–46 h of running/walking – subjects modified their
running pattern towards a significantly higher step frequency by
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Table 1
Step kinematics and spring–mass parameters of running before and 3 h after the mountain ultra-marathon.
Parameter

Pre-

3 h post

t-test values

Pre-3 h post-% change

Effect size

tc (s)
ta (s)
f (Hz)
Fmax (BW)
Dz (m)
DL (m)
kvert (kN m ! 1)
kleg (kN m ! 1)

0.249 70.016
0.118 70.019
2.73 70.10
2.32 70.16
0.066 70.005
0.169 70.014
25.1 72.32
9.87 71.45

0.252 7 0.017
0.096* 7 0.022
2.89* 7 0.19
2.17* 7 0.16
0.059* 7 0.008
0.164 7 0.014
26.6 7 3.32
9.44 7 1.10

0.49
o 0.001
o 0.001
o 0.001
o 0.001
0.10
0.053
0.09

1.40 7 7.21
! 18.5 7 17.4
5.88 7 5.53
! 6.30 7 7.03
! 11.6 7 10.5
! 2.90 7 7.55
5.64 7 11.7
! 3.71 7 8.78

0.19
1.15
1.08
0.96
1.08
0.37
0.54
0.35

(small)
(very large)
(large)
(large)
(large)
(small)
(medium)
(small)

Values are mean 7 SD.
n

Significantly different from pre- (t-test).

Table 2
Sub-group comparison between the first and last nine runners of the group for the mechanical parameters tested. Overall MUM time was 33.27 4.5 h for the first nine and
43.1 71.6 h for the last nine runners (significantly different; Po 0.001).
First 9 runners

Last 9 runners

Parameter

Pre-

3 h post

Pre-3 h post-% change

Pre-

3 h post

Pre-3 h post-% change

tc (s)
ta (s)
f (Hz)
Fmax (BW)
Dz (m)
DL (m)
kvert (kN m ! 1)
kleg (kN m ! 1)

0.2527 0.018
0.1147 0.020
2.747 0.13
2.297 0.17
0.0667 0.006
0.1697 0.019
25.17 2.32
9.877 1.45

0.257 7 0.017
0.0857 0.021
2.95 7 0.24
2.097 0.13
0.0567 0.01
0.1607 0.017
25.1 7 2.32
9.87 7 1.45

2.09 77.70
! 24.7 717.9
7.67 76.08
! 8.41 76.97
! 15.1 711.6
! 4.72 78.03
5.64 711.7
! 3.71 78.78

0.246 70.014
0.121 70.017
2.73 70.07
2.35 70.15
0.067 70.004
0.170 70.009
25.1 72.32
9.87 71.45

0.245 70.016
0.108* 70.015
2.84 70.12
2.27* 70.13
0.061 70.005
0.165 70.01
25.1 72.32
9.87 71.45

! 0.28 7 7.43
! 9.38* 7 16.0
4.11 7 4.55
! 3.18* 7 7.21
! 7.69 7 8.47
! 2.65 7 5.62
5.64 7 11.7
! 3.71 7 8.78

Values are mean 7 SD.
n

Significantly different from the best runners sub-group value.

reducing their aerial time. This was associated with a lower vertical
GRF, a reduced vertical oscillation of the COM, and a strong tendency
(P¼ 0.053) towards a higher vertical stiffness. All these significant
changes were of large magnitude (absolute mean percent changes
from #6 to 19%), with large to very large effect sizes.
The mechanical parameter values reported in Table 1 are in line
with those measured in such specific ultra-long distance runners
(Millet et al., 2009; Morin et al., in press). In particular, these
results are comparable to the only study which, to our knowledge,
focused on the effects of an ultra-marathon on running mechanics
and spring–mass behavior (Morin et al., in press). In this study
performed over 24 h on a treadmill, we observed that subjects ran
with reduced Fmax and Dz ( !4.475.8 and ! 13.979.4%, respectively; Po0.01) and increased f and kvert (4.973.6 and
10.0710.8%, respectively; Po0.001) post-24TR, although the
subjects’ higher f was due to a significantly shorter tc, with no
change in ta (Morin et al., in press). In the present study, subjects
ran 3 h post-MUM with a significantly 18.5% shorter ta (95%
confidence interval ranging from 10.2% to 27.2%) with no change
in tc. This discrepancy between the two ultra-marathon studies
may be explained by the potential differences between ultra-long
distance running on a treadmill and overground, which may have
induced different adaptations of tc and ta, for a similar increase in f
in both cases. Another hypothesis is that the differences are due to
the much larger positive and negative work performance brought
about by the large difference in altitude (# 9500 m) over the
MUM. Further studies should assess changes in running patterns
in an overground ultra-marathon on the flat to differentiate these
two hypotheses. Finally, it cannot be ruled out that the way
running mechanics were tested in the 24TR study (treadmill
measurements averaged for 10 consecutive steps) and in this
study (5–8 overground running steps averaged) may partly
account for this discrepancy.

Interestingly, this MUM result regarding step frequency is
totally in line with protocols reporting changes in running
mechanics (tested at similar running speeds) in situations involving alterations in the muscular function, structure and/or very
long-lasting runs. Indeed, a higher f caused by shorter ta, with no
change in tc was observed in an experienced ultra-marathon
runner following a Paris–Beijing running trip (Millet et al.,
2009), in ultra-marathon runners following a muscular biopsy
of their vastus lateralis (Morin et al., 2009), and in two extensive
studies comparing old runners to their younger counterparts
(Cavagna et al., 2007; Karamanidis and Arampatzis, 2005).
Furthermore, the decreases observed 3 h post-MUM in both Fmax
and Dz are in line with those reported in all these studies, making
these changes in the running pattern (i) consistent among studies
(except for the cause of the increased f post-24TR), and (ii)
consistent with an overall decrease in the amplitude of oscillation
of the spring–mass system at each step, along with a higher f, and
a higher kvert (though almost significant: P¼0.053 in the present
study). The common feature of all these studies is their description of the overall impact of an impairment of muscular function
and/or structure on a person’s running mechanics.
These changes in running pattern were interpreted in the first
two above-cited studies as leading to a ‘‘smoother’’ and ‘‘safer’’
running style, i.e. the increased f and thus decreased vertical
oscillation of the spring–mass system (both in terms of Fmax and
Dz) could be associated with an overall lower impact, especially
during the braking phase of each step. Two main hypotheses
could be put forward to explain these changes in the running
pattern. First, they may be related to the decrease in force
capabilities of the main lower limb muscles, as hypothesized
by Cavagna et al. (2007) when comparing old and young runners.
These authors proposed that in old men, ‘‘the deficit in force would
result in a lower push, causing reduced amplitude of the vertical
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oscillation’’. However, though large losses of force ( !40.9717.0%
and !30.3712.5% for the knee extensors and plantar flexors
maximal voluntary contractions, respectively) were reported after
both the 24TR (Martin et al., 2010) and in the present study
(Millet et al., in press), no correlation existed in these studies
(24TR study and the present one) between the individual losses of
force and changes in running mechanics; even after an ultramarathon, the force necessary at each step is still far below the
maximal strength capabilities in the fatigue state. Second, from
the observations made in the 24TR, biopsy and Paris–Beijing
studies, it was hypothesized that this smoother running pattern
could be associated with a safer running technique with runners
attenuating the potentially painful eccentric (braking) phase and
overall load faced by their locomotor system at each step. The
question of whether it is voluntary or not remains unanswered.
The clear absence of correlation between the changes in running
pattern and the loss of force capacities in both studies (24TR and
the present one) and the fact that the MUM could reasonably be
expected to induce even higher musculo-tendinous trauma than
the 24TR gives credence to the second hypothesis of a safer
running technique. Furthermore, the sub-group analysis reported
in Table 2 shows that the best runners had significantly higher
decreases in both ta and Fmax than the other runners. This could be
interpreted as being the result of their faster overall run, which
could have resulted in higher impact on their musculoskeletal
system (particularly in downhill running), hence a smoother
running pattern when tested 3 h post-MUM than subjects who
ran the MUM more slowly.
One limit of the present study was sleep deprivation in some,
but not all, subjects (average sleep time of 15725 min). Therefore,
we cannot rule out the potential effect of this sleep deprivation and
circadian rhythms on the running pattern. However, Martin et al.
(2010) showed that sleep deprivation did not affect the force
capacities in the control group of the 24TR study, which was
assumed to not affect the running pattern (Morin et al., in press).
Another limit is the time between crossing the finishing line and
the post-race running tests. Thus, the present results must be seen
as reflecting the effects of long-lasting fatigue rather than total
fatigue, i.e. involving the metabolic part. In particular, it is possible
that central fatigue was attenuated 3 h post-MUM. However,
central fatigue is probably mainly linked to peripheral feedback
from muscle afferents triggered by cytokines (Millet, in press) that
were still present 3 h after crossing the finishing line. However, we
can expect that post-MUM mechanical measurements performed
earlier after the finishing line would have led to even larger changes
than those reported in the present study.
In conclusion, a 166-km mountain ultra-marathon run modified the running step mechanics and spring–mass behavior of
experienced runners towards a higher oscillating frequency and
reduced aerial time, vertical GRF and COM oscillating amplitude.
This could result overall in a safer running pattern given the high
impact loads induced by such extreme conditions in terms of
duration, weather conditions and downhill running. The almost
entire spectrum of changes observed was (i) very consistent with
other protocols exploring running mechanics after impairments
of muscular function (induced by ageing, long distance running or
muscular biopsy), and (ii) not correlated to the large loss of force
experienced after such running feats.
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Abstract We investigated the changes in constant
velocity spring-mass behavior after high intensity sprint
fatigue in order to better interpret the results recently
reported after ultra-long distance (ULD) exercises. Our
hypothesis was that after repeated sprints (RS), subjects
may likely experience losses of force such as after ULD,
but the necessity to modify their running pattern to attenuate the overall impact at each step (such as after ULD)
may not be present. Eleven male subjects performed four
sets of five 6-s sprints with 24-s recovery between sprints
and 3 min between sets, on a sprint treadmill and on a
bicycle ergometer. For each session, their running
mechanics and spring-mass characteristics were measured
at 10 and 20 km h-1 on an instrumented treadmill before
and after RS. Two-way (period and velocity) ANOVAs
showed that high-intensity fatigue did not induce any
change in the constant velocity running pattern at low or
high velocity, after both running and cycling RS, despite
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significant decreases (P \ 0.001) in maximal power
(-27.1 ± 8.2% after running RS and -15.4 ± 11.5 %
after cycling RS) and knee extensors maximal voluntary
force (-18.8 ± 6.7 % after running RS and -15.0 ± 7.6
% after cycling RS). These results bring indirect support to
the hypothesis put forward in recent ULD studies that the
changes in running mechanics observed after ULD are
likely not related to the decrease in strength capabilities,
but rather to the necessity for subjects to adopt a protective
running pattern.
Keywords Stiffness ! Power output !
Instrumented treadmill ! Cycle ergometer
Introduction
During running, the entire lower limb musculoskeletal
system has been described to behave like a spring loaded
by the runner’s mass, constituting the well-accepted
‘‘spring-mass model’’ (Blickhan 1989; McMahon and
Cheng 1990). The mechanical variables describing this
spring-mass behavior, among which the stiffness of the leg
spring and the vertical stiffness of the system, are integrative and encompass numerous neuromuscular and
mechanical phenomena simultaneously characterizing the
running system (Farley and Ferris 1998). This model has
been used to show that humans and other species of bipeds
or quadrupeds have the ability to regulate their spring-mass
system while running under changing external conditions:
moving velocity (He et al. 1991; McMahon and Cheng
1990; Farley et al. 1993), imposed step frequency (Farley
and Gonzalez 1996) or contact time (Morin et al. 2007),
gravity level (He et al. 1991) or type of surface (Ferris et al.
1998). Beyond these mechanical external changes, one

123

Eur J Appl Physiol

may wonder how changes in the physiological status of the
neuromuscular system could affect the spring-mass
behavior of runners. Because this behavior is allowed by a
complex neuromuscular system (Farley and Ferris 1998),
alterations associated with muscle fatigue could be
expected to modify its properties and to induce observable
regulations. Muscle fatigue may be defined as a reduction
in the force generating capacity of the total neuromuscular
system (Bigland-Ritchie and Woods 1984) associated with
an increase in the perceived effort of exerting the desired
force (Enoka and Stuart 1992). This decrease potentially
involves processes at all levels of the motor pathway from
the brain to the skeletal muscle. In the present study, the
decrease in maximal voluntary force was used as the main
variable reflecting muscle fatigue.
Studies investigating how constant speed running
mechanics and spring-mass behavior are affected by fatigue were based on exercise durations of 5–60 min
(*25 min on average for the studies cited thereafter). To
our knowledge, only Slawinski et al. (2008) and Rabita
et al. (2011) studied changes in spring-mass behavior and
stiffness with fatigue during middle-distance running
exercises (*6 and *11 min, respectively), while Dutto
and Smith (2002) and Hunter and Smith (2007) explored
them during longer runs (*60 min). These authors found
contrasted results. Indeed, while Slawinski et al. (2008) and
Hunter and Smith (2007) observed no change in vertical
and leg stiffness on average for the populations studied,
and a high variability in individual changes (Hunter and
Smith 2007), Dutto and Smith (2002) observed a decrease
in both vertical and leg stiffness, mainly caused by a higher
downward displacement of the center of mass (COM)
during contact and Rabita et al. (2011) reported a significant decrease in leg stiffness with no change in vertical
stiffness. The latter result was associated with a significantly lower peak vertical ground reaction force (GRF),
that the authors related to an alteration of subjects’ neuromuscular capacity of the lower limbs.
Regarding exercises of longer duration (hence lower
intensity) some studies about long distance races such as
the marathon have included measurements of running
kinematics. For instance, after a marathon, step frequency
was reported to increase (Hausswirth et al. 1997; Kyrolainen et al. 2000) or remain unchanged (Nicol et al. 1991a,
b). However, stiffness changes after a marathon run have
not been studied. Running mechanics during extreme
duration exercises such as ultra-long distance runs (ULD,
beyond the marathon) had not been investigated until very
recently. Morin et al. (2011b) observed that spring-mass
behavior and running pattern significantly changed over a
24-h treadmill run (24TR). They reported an increase in
both leg and vertical stiffness (?9.9 and ?8.6% on average, respectively) associated with a 4.9% higher step
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frequency (due to a significantly 4.5% shorter contact
time), a 4.4% lower maximal vertical GRF, and a 13.0%
lower leg length change during contact. These results were
consistent with those reported by Morin et al. (2011a) after
a mountain ultra-marathon run (166 km, 37.9 ± 6.2 h,
total positive and negative elevation of 9,500 m), i.e. a
higher vertical stiffness, a 5.9 ± 5.5% higher step frequency (yet caused by a reduced aerial time with no change
in contact time), decreased downward displacement of the
COM during contact and maximal vertical GRF
(-11.6 ± 10.5 and -6.3 ± 7.3%, respectively). An
increase in step frequency was also observed after a 5-h
treadmill run (Place et al. 2004). Finally, a case study
(Millet et al. 2009) led in an experienced ULD runner
reported that after having run from Paris to Beijing (53 km
per day on average for 161 days), his step frequency was
higher (because of a reduced aerial time), and both maximal and impact GRFs were reduced while running at various constant velocities (8–16 km h-1).
Surprisingly, these changes observed after ULD
(increase in stiffness and step frequency) were the opposite
of those reported in the aforementioned studies (decrease
or no change in stiffness, Dutto and Smith 2002; Hunter
and Smith 2007; Slawinski et al. 2008; Rabita et al. 2011).
Our main hypothesis to explain this discrepancy was that
after ULD, subjects modify their running pattern and adopt
a safer running technique through a higher frequency/lower
amplitude of oscillation of their spring-mass system
(higher step frequency and vertical stiffness, reduced lower
downward displacement of the COM during the stance
phase). These changes may contribute to attenuate the
potentially harmful eccentric phase and overall load faced
by their musculo-skeletal system at each step (Morin et al.
2011a, b), which may not be an issue of importance during
exhaustive runs of shorter durations. Further support to this
hypothesis was given by the absence of correlation
observed between the changes in running pattern and the
large losses of force (maximal voluntary contraction,
MVC) observed in the knee extensors and plantar flexors
(Martin et al. 2010; Millet et al. 2011). Furthermore, the
changes in running pattern reported after ULD were very
consistent (a) with an overall decrease in the amplitude of
oscillation of the spring-mass system at each step, and
(b) with changes reported in particular situations where an
impairment of muscular function and/or structure and/or
localized pain was induced by a muscular biopsy of the
vastus lateralis (Morin et al. 2009a) or by the natural
ageing process (Cavagna et al. 2007; Karamanidis and
Arampatzis 2005).
At the other end of the exercise intensity/duration
spectrum, very short duration and maximal intensity
exercises (e.g. repeated sprint runs) may also induce a high
fatigue state. Indeed, large decreases in performance and/or
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force production capability have consistently been
reported after series of repeated sprints (RS) of short (i.e.
4–6 s) duration (e.g. Beckett et al. 2009; Girard et al.
2011; Hughes et al. 2006; Perrey et al. 2010; Serpiello
et al. 2011). However, although this type of fatigue is
common in team sports (e.g. Spencer et al. 2005) where
participants have to run at low to high constant velocities
while facing various states of fatigue, no study reports the
consequence of this specific type of fatigue on constant
velocity running mechanics and spring-mass behavior.
Few studies have focused on the changes in spring-mass
behavior over repeated short (Girard et al. 2011) and long
sprints (Morin et al. 2006) or over a single 400-m sprint
(Hobara et al. 2010). Yet, none specifically addressed
how high-intensity running fatigue affects the regulation
of the spring-mass system during constant submaximal
velocity.
The question of whether and how humans modify their
constant velocity running pattern and spring-mass
behavior after high intensity sprint fatigue has not been
addressed, and doing so could be helpful to better
interpret the results recently reported after ULD exercises. Indeed, after repeated sprints, subjects may very
likely experience losses of MVC (such as after ULD),
and run in an intense fatigue state, but the necessity to
modify the running pattern to reduce pain and/or attenuate the overall impact at each step (such as after ULD)
may not be present. The context of repeated sprints
fatigue could therefore be used to better distinguish the
consequences of impact pain specifically faced during
ULD on runners spring-mass behavior from other fatigue-induced mechanisms (e.g. loss of force or neuromuscular alterations). We used the repeated sprints
approach in order to possibly induce contracting failure
with limited or inexistent muscle damage/joint pain and
central fatigue. The latter point (central fatigue minor or
absent after running RS) has been recently pointed out by
Perrey et al. (2010).
Our aim was therefore (a) to study the effects of high
intensity sprint fatigue on constant velocity running
mechanics and (b) to discuss the post-ULD changes
reported in previous studies in light of these effects. To
this aim, running mechanics were studied in subjects
running at low and high constant velocities before and
after having performed 6-s sprints sets until volitional
fatigue. Two modalities of repeated sprints were used:
repeated running sprints (RSrun) and cycling sprints
(RScyc), in order to differentiate a weight-bearing effort
involving both eccentric and concentric actions (running)
and another one involving only concentric actions, with
no weight-bearing (cycling). The former was assumed to
put an overall higher load on the musculo-tendinous
system than the latter.

Methods
Subjects and experimental protocol
Eleven male subjects (body mass (mean ± SD) 74.0 ±
6.0 kg; height 1.80 ± 0.05 m; age 25.6 ± 4.2 years) volunteered to participate in this study. All subjects were free
of musculoskeletal pain or injuries, as confirmed by medical and physical examinations. They were all physical
education students and physically active, and had all
practiced physical activities including sprints and constant
velocity running in the 6 m preceding the study. Written
informed consent was obtained from the subjects, and the
study was approved by the institutional ethics review board
of the Faculty of Sport Sciences, and conducted according
to the Declaration of Helsinki II.
About 1 week prior to the first testing session, subjects
undertook a familiarization session during which they
performed repeated short (\5 s) treadmill sprints at
increasing intensities, with full recovery and until being
comfortable with the running technique required (this took
about 10 trials). After 10 min of recovery, subjects performed one maximal 6-s sprint, from which maximal
power output was measured and used as the criterion score
for the first sprint of the RS series performed during the
testing sessions. Indeed, to prevent pacing effects occurring
during such RS protocols (Billaut et al. 2011), subjects
were requested to achieve at least 95 % of their respective
criterion score during the first sprint of the testing session. At the end of the warm-up and before performing
repeated sprints, subjects performed 1-min runs at 10 and
20 km h-1 to test the reproducibility of their running pattern by comparison of these data to the data obtained
during the pre-fatigue measurements of the testing
sessions.
RSrun and RScyc testing sessions were performed in a
randomized order and separated by at least 1 week. For the
RSrun testing session, the warm-up consisted of 5 min of
running at 10 km h-1, followed by 5 min of sprint-specific
muscular warm-up exercises, and three progressive 6-s
sprints separated by 2 min of passive rest. Subjects were
then allowed *5 min of free cool-down prior to the RS
protocol, which consisted in performing four sets of five
6-s sprints. Sprints were separated by 24-s of passive rest,
and sets of five sprints were separated by 3 min. Subjects
exercised to protocol completion or volitional fatigue,
whichever occurred first. In the case of volitional fatigue,
they were requested to stop at the end of a sprint set, so that
post-effort measurements were systematically performed
just after the last sprint of the set, whatever its number. Just
before and 2.5 min after the RS series, subjects ran for
1 min at 10 and then at 20 km h-1, and mechanical measurements were performed at the 30th second of these runs,
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without subjects knowing the exact moment of the sampling (Morin et al. 2009b). The 3-min delay was due to
neuromuscular testing, including maximal voluntary force
measurements (see below). The RScyc testing session
design was exactly the same as that of the RSrun one,
except for the warm-up which was performed entirely on
the cycle ergometer.
Since the present paper reports data from a larger project, subjects performed the exact same succession of tasks
(with the exact same time-distribution) during the 3-min
recovery period between sets: one maximal squat jump,
and then two 5-s maximal knee extensors isometric contractions during which neuromuscular measurements were
performed (data not shown). Further, *3 min prior to the
first sprint and 30-s after the last sprint, two 5-s maximal
knee extensors isometric contractions were performed. This
allowed monitoring of the knee extensors MVC before,
between and after sprint sets. Subjects were vigorously
encouraged throughout MVC and RS measurements.
Instrumented treadmill
The motorized instrumented treadmill (ADAL3D-WR,
Medical Development—HEF Tecmachine, AndrézieuxBouthéon, France) has been used to investigate constant
velocity running mechanics (e.g. Morin et al. 2007), and
has recently been validated for sprint use (for full details,
see Morin et al. (2010)). It is mounted on a highly rigid
metal frame fixed to the ground through four piezoelectric
force transducers (KI 9077b, Kistler, Winterthur, Switzerland), and installed on a specially engineered concrete slab
to ensure maximal rigidity of the supporting ground. In this
study, the treadmill function was switched to either constant velocity mode (to measure the constant velocity
running pattern) or constant motor torque mode (to allow
subjects to perform sprints). When used in sprint mode, the
constant motor torque was set to 160% of the default torque, i.e. the motor torque necessary to overcome the friction on the belt due to subject’s body weight. The default
torque was measured by requiring subjects to stand still and
by increasing the driving torque until observing a movement of the belt greater than 2 cm over 5 s. This default
torque setting as a function of belt friction is in line with
previous motorized-treadmill studies (Chelly and Denis
2001; Morin et al. 2010). Motor torque of 160% of the
default value was selected after several preliminary measurements (data not shown) comparing various torques,
because it allowed subjects to sprint in a comfortable
manner and produce maximal effort without risking loss of
balance. Subjects were tethered by means of a leather
weightlifting belt and thin stiff rope (0.6 cm in diameter)
rigidly anchored to the wall behind the subjects by a 0.4 m
vertical metal rail. When correctly attached, subjects were
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required to lean forward in a typical crouched sprint-start
position with their preferred foot forward. After a 3-s
countdown, the treadmill was released, and the belt began
to accelerate as subjects applied a positive horizontal force.
Constant velocity running mechanics and spring-mass
characteristics
Mechanical parameters were measured for each step using
the instrumented treadmill with antero-posterior and vertical GRF data sampled at 1,000 Hz. Contact (tc) and aerial
(ta) times were measured from vertical GRF signal,
expressed in seconds, and used to compute runners’ step
frequency f = 1/(tc ? ta). A spring-mass model (for
details see Blickhan 1989; McMahon and Cheng 1990) was
used to investigate the main mechanical parameters characterizing the lower limbs behavior during running. Two
important assumptions of this model are that (a) the leg
length at the moment of ground contact is equal to the
initial (standing) length, and (b) the horizontal motion and
displacement of the COM are equivalent before and after
mid-stance. According to this model, the stiffness of the leg
spring (kleg in kN m-1) was calculated from F(t) measurements as kleg = Fmax/DL with DL the maximum leg
spring compression (in m) calculated from values of initial
leg length L (great trochanter to ground distance in a
standing position), running velocity v (in m s-1), contact
time tc (in s) and vertical maximal downward displacement
of the COM during contact Dz, as per (Farley and Gonzalez
1996; He et al. 1991; Morin et al. 2007):
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
"vtc#2
þ Dz
ð1Þ
DL ¼ L #
L2 #
2
Dz being determined by double integration of the
vertical acceleration of the COM over time, as proposed
by Cavagna (1975). Furthermore, vertical stiffness was
calculated as kvert = Fmax/Dz and expressed in kN m-1.
Running sprint performance variables
Mechanical data were sampled at 1,000 Hz throughout the
sprints, allowing determination of the beginning of the sprint,
defined as the moment the belt speed exceeded 0.2 m s-1.
After appropriate filtering (Butterworth-type 30 Hz low-pass
filter), instantaneous values of horizontal GRF (FH) were
averaged for each support phase (vertical force above 30 N)
over the 6-s sprints and used with the corresponding average
belt speed (S in m s-1) to compute net power produced in the
horizontal direction (Prun = FH.S, expressed in W kg-1). For
each 6-s sprint, performance was described through mean and
maximal running velocity (S and S-max, respectively) and
mean and maximal horizontal power (Prun and Prun-max,
respectively).
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Cycling sprint performance variables
Cycling sprints were performed on a on a standard friction
loaded cycle ergometer (Monark type 818 E, Stockholm,
Sweden) against a 0.75 N kg-1 friction load. Instantaneous
force and velocity were measured, respectively, by a strain
gauge (Interface MFG type, Scottsdale, AZ, USA) and an
optical encoder (Hengstler RIS IP50, 100 pts/turn, Aldingen, Germany) at 200 Hz. Instantaneous power (P in W)
was computed as the product of instantaneous total force
and flywheel velocity:
P ¼ ðFI þ Ff Þ ! V

ð2Þ

where Ff (N) is the friction force, FI (N) the inertial force
and V (m s-1) the flywheel linear velocity. For each sprint,
force, velocity and power were averaged by pedal downstroke (the mean power output P-mean in W kg-1 was
retained for analyses) and P-max (W kg-1), F-max (N) and
V-max (m s-1) were the maximal downstroke power, force
and velocity, respectively. For full details on these measurements, see Morin and Belli (2004).
Knee extensors maximal voluntary force
For MVC measurements, subjects seated in the frame of a
Cybex II (Ronkonkoma, NY, USA), and Velcro straps were
strapped across the chest and hips in order to avoid lateral
and frontal displacements. Subjects were also instructed to
grip the seat during MVCs in order to further stabilize the
pelvis. The distal part of the right shank was fixed to a
crank connected to a strain gauge (SBB 200 Kg, Tempo
Technologies, Taipei, Taiwan) located at the level of the
external malleolus, and with a constant lever arm to the
knee joint axis. The knee and hip angles were 908, with 08
corresponding to a full extension. Subjects performed two
5-s maximal isometric voluntary knee extensions separated
by 30-s rest periods. The highest value of the two MVCs
was retained for analysis and expressed in N.
Data analysis and statistics
Descriptive statistics are presented as mean values ± SD.
Normal distribution of the data and variance homogeneity
of samples were checked by the Shapiro–Wilk normality

Table 1 Changes in
performance variables between
the first two (pre-fatigue) and
last two (post-fatigue) sprints of
the running multiple-set
repeated sprint series

Values are mean (SD)

test and the F test, respectively. For both RSrun and RScyc
sessions, two-way (period and velocity) within-subjects
ANOVAs were used to determine the effects of the period
(before vs. after RS), and velocity (10 vs. 20 km h-1) and
their interaction (period 9 velocity) on the variables
studied. Significant ANOVA results were followed by post
hoc comparisons using Newman–Keuls post hoc tests.
Furthermore, intraclass correlation coefficients were computed for all the mechanical variables assessed between
values of the familiarization and testing sessions at the two
velocities tested, in order to test the reliability and constancy of subjects’ running pattern in non-fatigued condition. The values of performance variables compared were
averaged data for the first two and last two sprints of each
individual RS series, respectively. Comparing average
values of the first two and last two sprints of the series
allowed us to better control for two phenomena often
observed in RS protocols: (a) in some subjects, the first
sprint is not systematically the best one regarding velocity
or power output (e.g. Glaister et al. 2005, 2008), and (b) an
upsurge in performance is sometimes observed between the
last-but-one and the last sprint (e.g. Glaister et al. 2006,
2008; Perrey et al. 2010; Racinais et al. 2007). The significance level was set at P \ 0.05.

Results
Subjects performed (mean ± SD) 16.8 ± 4.4 sprints in
RSrun and 20.0 ± 0.0 sprints in RScyc. Among the eleven
subjects, seven performed 20 running sprints (4 sets), one
performed 15 sprints (3 sets) and three completed 10
sprints (2 sets). Performance decreased significantly over
the RS series as shown in Table 1 for RSrun and Table 2 for
RScyc. For instance, maximal power output decreased by
27.1 ± 8.2% (P \ 0.001) between the first two and last
two running sprints, and by 15.4 ± 11.5% (P \ 0.01)
between the first two and last two cycling sprints. The
overall decrease in knee extensors MVC between the first
and last two sprints was 18.8 ± 6.7 % (P \ 0.001) after
RSrun and 15.0 ± 7.6 % (P \ 0.001) after RSrun.
No significant difference was found for any variable
between values obtained during the familiarization and
testing sessions (both RSrun and RScyc), be it at 10 or

t test (P values)

Pre-fatigue

Post-fatigue

Pre–post % change

S (m s-1)

4.60 (0.23)

3.91 (0.23)

\0.001

-14.8 (4.6)

S-max (ms-1)

5.54 (0.32)

4.63 (0.23)

\0.001

-16.3 (5.0)

Performance variables

Prun (W kg-1)

18.2 (1.4)

13.3 (0.9)

\0.001

-26.6 (5.7)

Prun-max (W kg-1)

21.9 (1.7)

15.9 (1.6)

\0.001

-27.1 (8.2)
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Table 2 Changes in
performance variables between
the first two (pre-fatigue) and
last two (post-fatigue) sprints of
the cycling multiple-set
repeated sprint series

Values are mean (SD)
Table 3 Constant velocity
running kinetics, kinematics and
spring-mass variables pre- and
post-fatigue induced by
repeated running sprints

No variable significantly
differed between pre- and postfatigue, be it at low or high
velocity

Pre-fatigue

Post-fatigue

t test (P values)

Pre–post % change

V-max (m s-1)

14.0 (1.5)

12.4 (1.9)

\0.001

-11.4 (8.7)

F-max (N)

124 (12)

110 (14)

\0.01

-11.3 (9.2)

P-mean (W kg-1)

12.2 (1.8)

10.5 (1.9)

\0.001

-14.1 (9.4)

P-max (W kg-1)

14.6 (2.2)

12.4 (2.5)

\0.01

-15.4 (11.5)

Performance variables

Low velocity (10 km/h)

High velocity (20 km h

-1

)

Variable

Pre

Post

Pre

Post

tc (s)

0.231 (0.017)

0.231 (0.019)

0.148 (0.008)*

0.150 (0.007)*

ta (s)

0.136 (0.024)

0.131 (0.019)

0.144 (0.015)*

0.145 (0.011)*

f (Hz)

2.73 (0.10)

2.80 (0.26)

3.44 (0.17)*

3.40 (0.12)*

Fmax (BW)

2.80 (0.26)

2.72 (0.20)

3.33 (0.30)*

3.27 (0.21)*

Dz (m)

0.068 (0.006)

0.064 (0.008)

0.039 (0.004)*

0.038 (0.004)*

DL (m)

0.113 (0.013)

0.111 (0.020)

0.125 (0.16)*

0.128 (0.15)*

29.4 (4.0)

30.6 (5.8)

60.4 (7.1)*

61.6 (9.1)*

* Significantly different from
the 10 km h-1 value (P \ 0.05)

kvert (kN m-1)
kleg (kN m-1)

17.8 (3.5)

18.6 (5.7)

19.2 (3.1)

18.5 (3.0)

Table 4 Constant velocity
running kinetics, kinematics and
spring-mass variables pre- and
post-fatigue induced by
repeated cycling sprints

Low velocity (10 km h-1)

Values are mean (SD)

No variable significantly
differed between pre- and postfatigue, be it at low or high
velocity
Values are mean (SD)
* Significantly different from
the 10 km h-1 value (P \ 0.05)

Variable

Pre

Post

Pre

Post

tc (s)

0.233 (0.015)

0.234 (0.015)

0.148 (0.007)*

0.150 (0.019)*

ta (s)

0.138 (0.027)

0.136 (0.026)

0.145 (0.014)*

0.151 (0.014)*

f (Hz)

2.70 (0.11)

2.70 (0.10)

3.44 (0.18)*

3.34 (0.23)*

Fmax (BW)

2.82 (0.30)

2.82 (0.25)

3.33 (0.17)*

3.33 (0.28)*

Dz (m)

0.069 (0.005)

0.068 (0.005)

0.039 (0.003)*

0.39 (0.006)*

DL (m)
kvert (kN m-1)

0.115 (0.009)

0.115 (0.009)

0.125 (0.014)*

0.129 (0.035)*

29.1 (3.7)

29.4 (3.6)

60.3 (6.8)*

61.4 (11.2)*

kleg (kN m-1)

17.6 (3.5)

17.6 (3.2)

19.2 (2.9)

19.5 (5.4)

20 km h-1 (lowest t test P value of 0.18 for all the variables tested). Furthermore, intraclass correlation coefficients ranging from 0.71 to 0.97 were found for all
mechanical parameters tested between values of the
familiarization and testing sessions (average ± SD intraclass correlation coefficient of 0.89 ± 0.07 when considering all parameters at the two velocities tested). These
results show the reliability and constancy of the running
pattern in non-fatigued condition in the population tested.
As reported in Table 3 for RSrun and Table 4 for RScyc, the
two-way ANOVAs showed no RS fatigue effect for all the
variables of the constant velocity running pattern tested (all
P [ 0.104). Furthermore, no interaction (period 9 velocity) was found, and the absence of fatigue effect was found
at both low (10 km h-1) and high (20 km h-1) running
velocities. Finally, in both RSrun and RScyc testing sessions,
a velocity effect was found for all the mechanical variables
tested (all P \ 0.013), both before and after RSrun and
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High velocity (20 km h-1)

RScyc fatigue, except for kleg (P = 0.538 in RSrun and
P = 0.161 in RScyc).

Discussion
The main result of this study is that after a multiple-set
repeated sprints series, the fatigue induced did not change
the running patterns tested at low or high constant velocity.
This result was similar between the running and the cycling
sprint modalities tested. This absence of alteration of the
running pattern and spring-mass behavior contrasted with
the fact that repeated sprints induced large and significant
decreases in both performance (e.g. maximal power output)
and knee extensors MVC force.
The *15–20% loss in knee extensors MVC after RSrun
and RScyc was slightly higher or in the range of what is
typically observed after similar running or cycling RS
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series (e.g. Perrey et al. 2010; Racinais et al. 2007). Furthermore, the decrease in performance was also in line with
results of similar RS protocols (e.g. Gaitanos et al. 1991;
Mendez-Villanueva et al. 2007, 2008; Perrey et al. 2010;
Racinais et al. 2007). The present results bring indirect
support to the hypothesis put forward in previous ULD
studies (Morin et al. 2011a, b) that the significant changes
in the running pattern observed after ULD are not related to
the decrease in strength capability of the lower limb extensors. Indeed, after a 24TR and a mountain ultra-marathon run, no correlation was found between the changes in
running mechanics and the losses of knee extensors MVC
(Martin et al. 2010; Millet et al. 2011).
To explain the changes in running pattern observed after
24TR and mountain ultra-marathon runs (Morin et al.
2011a, b) and the Paris–Beijing running trip (Millet et al.
2009), we proposed the hypothesis that subjects used a
safer and ‘‘protective’’ running pattern, allowing them to
attenuate the potentially harmful impact and support phases
of the running step, and the associated braking/eccentric
effort. Indeed, it is obvious that after a 24TR and a fortiori
after a 166-km mountain ultra-marathon run with about
9,500 m of negative elevation run, each running step may
generate pain and harm the musculo-tendinous and skeletal
systems of ULD runners. This was highlighted by experimental data of rate of perceived exertion and physiological
markers of muscular damage and overall pain in the 24TR
and mountain ultra-marathon run studies (Martin et al.
2010; Millet et al. 2011). Thus, the changes in running
pattern reported after these ULD runs all tended towards a
higher oscillating frequency and reduced aerial time, vertical GRF and COM oscillation amplitude, and consequently a running technique inducing less overall impact
and eccentric load. This spectrum of changes had also
partially been reported (only through an increased step
frequency) after marathon runs (Hausswirth et al. 1997;
Kyröläinen et al. 2000).
Interestingly, this spectrum of changes in the running
pattern has been consistently reported in protocols
exploring constant velocity running mechanics after
impairments of the muscular function. For instance, subjects modified their running pattern in a very close manner
to what was observed after ULD when running after having
underwent a biopsy of the vastus lateralis (Morin et al.
2009a) or after having simply aged (Cavagna et al. 2007;
Karamanidis and Arampatzis 2005). Despite the significant
loss in maximal voluntary force observed after repeated
sprints fatigue, it seems obvious that the subjects of the
present study did not underwent such muscle damages as
those observed after ULD, and thus it is likely that they did
not need to modify their running technique accordingly.
Our hypothesis is that this is the main reason why a change
in running pattern was observed after ULD fatigue, and not

after high-intensity sprint fatigue. Further support to this
hypothesis is also given by the results of studies by Chen
et al. (2007) and Braun and Dutto (2003) who showed
significantly higher step frequency and reduced range of
motion of the knee during support phases after a 30-min
downhill (-15%) run at 70% of peak aerobic power, and
lower step length (hence higher frequency) after a 30-min
downhill (-10%) run at the same intensity, respectively.
These two protocols induced significant muscle damage,
and although Chen et al. (2007) reported similar decreases
in knee extensors MVC (i.e. 7–21%) as those observed in
the present study, we speculate that the concomitant
alterations in the running pattern they observed (similar to
ULD studies) were related to a reduction of the impactrelated pain or ‘‘protective’’ behaviour, rather than
decreased force capabilities.
The fatigue generated by the multiple-set repeated
sprints series did not prevent subjects to run in the same
manner before than after fatigue, at both low (10 km h-1)
and high but still submaximal (20 km h-1) velocity. It
should be noticed that all the mechanical variables tested
significantly differed between these two velocity conditions (Tables 3, 4), except leg stiffness. The latter result is
consistent with previous studies which showed that leg
stiffness was independent of running velocity (e.g.
McMahon and Cheng 1990; Farley et al. 1993). Therefore,
it could reasonably be hypothesized that the level of force
(relative to subjects’ MVC force) necessary at each step to
run at 10 or 20 km h-1 was still far below the remaining
strength capabilities of subjects, which was logically
around 80% of their pre-fatigue MVC level. The
20 km h-1 velocity tested here allowed us to explore the
impact of knee extensor loss of force on the spring-mass
behavior, not only at slow (such as in ULD protocols) but
also high velocity. In addition, higher influence of force
loss could have been expected in such a condition, but the
present results showed that subjects had enough remaining
strength capabilities post-RSrun as well as post-RScyc to run
at 20 km h-1 with unchanged patterns. This is consistent
with the data discussed by Nicol and Komi (2011) showing
limited reductions in maximal stretch-shortening cycle
performances (e.g. in drop jumps) compared to associated
reductions in single-joint MVC tests. Since running at 10 or
20 km h-1 may be seen as a stretch–shortening cycle
exercise of lower intensity, the absence of changes in the
running pattern despite lower knee extensor MVC force is
in line with data earlier reported (for instance, a decrease of
22.3 ± 14 % in maximal knee-extensors torque vs. a
16 ± 18.4% lower drop jump performance, Nicol et al.
1991b).
Our main hypothesis is therefore that subjects of both
sprint and ULD fatigue studies had enough remaining
strength capabilities to run at constant velocity despite
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fatigue, but the latter likely had to face pain issues during
impact and support, which was very likely not the case of
the former. Furthermore, the RSrun modality did not cause
higher alterations of the constant running pattern as RScyc,
despite the *27% higher decrease in knee extensors MVC
(-18.8% on average after RSrun vs. -15.0% after RScyc)
and the *80% higher decrease in maximal power output
(-27.1% on average after RSrun vs. -15.4 % after RScyc) it
induced. A higher influence of RSrun fatigue on constant
velocity running mechanics could have been expected
since in comparison to sprint cycling, sprint running
induces weight-bearing and eccentric–concentric actions,
which were expected to induce an overall higher load on
the lower limbs musculo-tendionous system. However, it
cannot be totally ruled out that the decreases in MVC
induced by both RScyc and RSrun (i.e. *15–20%) were
not high enough to induce changes in the sub-maximal
running pattern. Indeed, Nicol et al. (1991a) observed that
contrary to the data for the entire group of subjects, the
most fatigued subject, showing the most intense loss of
knee extension MVC after the marathon (*40%) experienced changes in the running pattern, contrary to the
average of the group (data reported in Nicol and Komi
2011).
Changes in running mechanics with fatigue have also
been reported in studies focusing on intermediate durations
(i.e. *5–60 min), leading to contrasted results. During
these protocols, subjects were either required to run until
volitional fatigue at a preset individualized velocity (e.g.
Borrani et al. 2003; Dutto and Smith 2002; Rabita et al.
2011; Slawinski and Billat 2005) or to run as fast as possible over a preset distance (e.g. Finni et al. 2003; Paavolainen et al. 1999; Slawinski et al. 2008) or duration (e.g.
Hunter and Smith 2007; Mizrahi et al. 2000; Morgan et al.
1990). The results of most (but not all) of these studies
show that the running pattern is modified towards a
decrease in step frequency (Avogadro et al. 2003; Borrani
et al. 2003; Candau et al. 1998; Dutto and Smith 2002;
Gerlach et al. 2005; Hunter and Smith 2007), an increase in
center of mass (COM) downward displacement during
contact (Mizrahi et al. 2000, 2001). These results are
opposite to those observed in ULD studies. However, other
middle-distance studies did not show changes in the running pattern or in spring-mass characteristics (Slawinski
and Billat 2005; Finni et al. 2003; Hunter and Smith 2007;
Slawinski et al. 2008). As pointed out by Nummela et al.
(2008), it is possible that ‘‘the results of fatigue depend on
the type of the measurements, and whether the fatigue is
measured pre- and postexercise or during the fatiguing
exercise’’ in studies seeking to relate fatigue and running
mechanics. A large variety in the protocol designs may be
partly responsible for the lack of consensus observed in the
literature for such intermeditate distance/duration runs.
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A limit of the present study is the delay separating the
end of the last sprint from the constant submaximal
velocity measurements performed post-RS. As mentioned
in the methods section, this delay was constant among
subjects, and was about 2.5 min (due to measurements of
the neuromuscular function, and notably knee extensors
MVCs). We cannot rule out the fact that some recovery
occurred between the very end of the RS series and 10 and
20 km h-1 running measurements, and that the results of
the present study might have been slightly different, should
these measurement have been performed right after the last
sprint. However, these constant velocity measurements
were performed less than 40 s after the last 5-s MVC which
revealed that subjects’ loss of knee extensors force was
about 20% (see results section). Therefore, we can reasonably assume that fatigue (i.e. decreased maximal voluntary force capability) was still substantial at the moment
post-RS running mechanics measurements were performed.

Conclusion
Fatigue induced by repeated running and cycling sprints
was associated with losses of maximal voluntary force in
the knee extensors, but with no change in constant velocity
running pattern, whether at low (10 km h-1) or high
(20 km h-1) velocity. These results contrast with those of
recent studies about ultra-long distance running fatigue,
and bring support to the hypothesis that the changes
observed in these protocols were mainly due to the
necessity for subjects to run with a ‘‘protective’’ technique,
i.e. less oscillating frequency and amplitude of their springmass system, rather than to their decrease in lower limb
extensor muscles strength.
Acknowledgments We are grateful to Gauthier Perez for his
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willingness to perform maximal efforts until volitional fatigue.
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Abstract Muscle biopsy is a widely used technique in
protocols aiming at studying physical capacities and fiber
profiles of athletes, and muscular adaptations to exercise.
Side effects of biopsy alone on physiological parameters
have recently been pointed out, and we sought to determine
whether a single biopsy had effects on the main stride
mechanical parameters. Ten male runners performed 4-min
runs before and after undergoing a biopsy of their left vastus
lateralis muscle. Step frequency and duty factor were
significantly higher after biopsy (2.86 ± 0.14 vs.
2.82 ± 0.15 Hz, and 0.77 ± 0.04 vs. 0.75 ± 0.05, respectively), whereas other factors were significantly lower:
maximal vertical ground reaction force (1,601 ± 240 vs.
1,643 ± 230 N), loading rate (53.9 ± 12.8 vs. 58.4 ±
13.5 bw s-1), center of mass vertical displacement
(0.056 ± 0.008 vs. 0.058 ± 0.008 m) and external
mechanical work at each step (1.14 ± 0.10 vs. 1.24 ± 0.10
J kg-1 step-1). These effects were observed on the left
(biopsed) leg, but also on the right one for the external
mechanical work, the duty factor and the maximal vertical
ground reaction force, showing that a single biopsy had both
ipsi- and contralateral effects on running mechanics.
Keywords Muscle biopsy ! Stride kinematics !
Mechanical work ! Spring-mass model ! Running
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Unité de Recherche PPEH, Universite de Saint-Etienne,
St Etienne, France
e-mail: jean.benoit.morin@univ-st-etienne.fr

Introduction
Since its introduction and early developments, muscle
biopsy has been a widely used technique in human exercise
science (Bergström 1975; Henriksson 1979). For instance,
it has been used, among others, to better understand the
link between muscle fiber profile of athletes and their
physical capacities (for detailed review, see Gollnick and
Matoba 1984), to quantify the physiological implications of
acute low intensity to maximal running, cycling, weightlifting or other exercises through typical pre–post protocols
(e.g., Bogdanis et al. 1996; Cheetham et al. 1986; Dawson
et al. 1997; Denis et al. 1992; Hirvonen et al. 1987), and to
investigate the various muscular adaptation processes
induced by training (e.g., Allemeier et al. 1994; Dawson
et al. 1998; Howald 1982; Jacobs et al. 1987). Though now
widely spread in experimental protocols, this technique
remains invasive, potentially painful, and authors recently
pointed out its effects on physiological markers. Indeed,
some studies compared the physiological impact of biopsy
alone with exercise plus biopsy, and found ‘‘collateral’’
effects on inflammation parameters measured post-biopsy
(Constantin-Teodosiu et al. 1996; Malm 2001; Malm et al.
2000; Staron et al. 1992). Thus, these authors highlighted
the relevance of control groups in pre–post like studies
involving biopsies, and recommended caution towards the
interpretation of some published data (Malm et al. 2000).
While muscle biopsy is also used in running protocols,
and this locomotion mode involves high tensions and
eccentric actions of the most commonly biopsed vastus
lateralis muscle, it is not known whether biopsy had acute
effects on subsequent running mechanics. Therefore, this
study was undertaken to investigate whether biopsy affects
the mechanics of locomotion, as shown for some physiological parameters. This may be useful to prevent

123

186

experimental biases in studies involving both muscle
biopsy and running mechanics, or, more generally, running
performance.

Methods
Subjects and protocol overview
Ten male experienced endurance and ultra-endurance
runners (age: 40.5 ± 8.3 years; body mass: 72.4 ± 9.1 kg;
stature: 1.76 ± 0.06 m) participated in this study. Written
informed consent was obtained from the subjects, and the
study was conducted according to the Declaration of Helsinki and registered in clinicaltrial.gov (# NCT 00428779).
The present study is a part of a larger experiment that
aimed at characterizing fatigue from various physiological
and neuro-mechanical points of view during a 24-h treadmill run. The overall study was divided into several
sessions sharing identical schedules, and subjects were
asked to report at the laboratory and perform the first 4-min
run on a treadmill dynamometer from which pre-biopsy
data were obtained. At least 1 h after this first run, they
underwent muscle biopsy. The second 4-min run took place
after 90 min of passive rest, and allowed collecting postbiopsy biomechanical data. The running velocity was set at
2.78 m s-1, which was the velocity set throughout the
overall protocol.
Muscle biopsy
Muscle samples were taken from the vastus lateralis
muscle of the left leg (at a level corresponding to one-third
of the distance from the upper margin of the patella to the
anterior superior iliac spin) using a Weil–Blakesley
conchotome according to the percutaneous technique
(Henriksson 1979).
After shaving, asepsis was obtained using alcohol and
iodized derivatives, and a local anesthesia of cutaneous and
subcutaneous tissues was made (2% lidocaine), without
crossing the muscular aponeurosis. An incision not
exceeding 8 mm was made until the crossing of the epimysium, through which the Weil–Blakesley forceps was
introduced in the subjacent muscle and the sample
extracted (approximately 100 mg and 5 9 10 mm in its
upper limits of size). Hemostasis was then ensured by a
5-min compression, and the access closed by sterile strips.
Mechanical parameters
The reference period considered in the present study
regarding running kinematics was the step (i.e., the time
period from the onset of one foot contact, to the onset of
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the contralateral foot contact). Mechanical parameters were
measured for each step using a treadmill dynamometer
(HEF Techmachine, Andrézieux-Bouthéon, France), for
details, see (Belli et al. 2001). Using the same calibration
procedure as Belli et al. (2001), the treadmill static non
linearity was determined to be less than 0.5 and 1%
respectively, in vertical and horizontal directions. The
measured natural vibration frequency (treadmill hit with a
hammer) was 147 Hz in the vertical direction and 135 Hz
in the anterior-posterior and medio-lateral directions.
Vertical ground reaction force (VGRF) data were sampled
at a rate of 1,000 Hz. Contact (tc) and aerial (ta) times
were measured from VGRF(t) signals, expressed in s, and
further used to compute runners’ step frequency fq (in Hz):
fq ¼ ðtc þ taÞ& 1

ð1Þ

and the duty factor (DF):
DF ¼ tcðtc þ taÞ& 1

ð2Þ

The impact intensity at the onset of each contact phase
was quantified through the impact loading rate (LR in body
weight s-1) and corresponded to the maximal value of the
time derivative of vertical force signals within the first
50 ms of the contact phase (De Wit et al. 2000; Milani
et al. 1997; Nigg et al. 1995).
The spring-mass model paradigm (for details see
Blickhan 1989; McMahon and Cheng 1990) was used to
investigate the main mechanical parameters characterizing
lower limbs behavior during running. In theses studies, the
stiffness of the leg spring (kleg in kN m-1) was calculated
from VGRF(t) measurements as follows:
kleg ¼ Fmax L& 1

ð3Þ

with Fmax the peak vertical ground reaction force measured
during the stance and DL the maximum leg spring
compression (in m). In turn, DL was estimated from
values of initial leg length L (great trochanter to ground
distance in a standing position), running velocity (v in
m s-1), tc and vertical maximal downward displacement of
the center of mass (CoM) during contact Dz, as per (Farley
and Gonzalez 1996; McMahon and Cheng 1990; Morin
et al. 2007):
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
"v tc#2
þ Dz
ð4Þ
DL ¼ L &
L2 &
2

Dz was determined by double integration of the vertical
acceleration of the CoM over time, as proposed by
Cavagna (Cavagna 1975).
The external mechanical work (Wext in J kg-1 step-1)
developed at each step to move the CoM in the sagittal
plane was computed from potential and kinetic energy
changes of the CoM (for details see Cavagna and Kaneko
1977; Saibene and Minetti 2003). It was calculated as the
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sum of potential (Wpot) and kinetic (Wkin) works which
were obtained from vertical and antero-posterior force
signals allowing the computation of vertical displacement
and horizontal velocity of the CoM over time, respectively,
by double integration of vertical acceleration and single
integration of horizontal acceleration, according to the
method proposed by Cavagna and others (for complete
details, see Cavagna 1975; Cavagna and Kaneko 1977;
Saibene and Minetti 2003).
All mechanical parameters were averaged over ten
consecutive steps, allowing us to calculate the coefficient
of variation (CV in %) as the ratio of the standard deviation
to the mean of the parameter for the ten consecutive steps
analyzed. This coefficient was further used to test potential
effects of the muscle biopsy on the variability of the
mechanical parameters of the running step.
Lastly, in order to compare separately left and right legs
before and after muscle biopsy, and seek hypothetical
ipsilateral and contralateral effects of the muscle biopsy,
these ten consecutive steps were divided into five consecutive left steps and five consecutive right steps pools of
data, mechanical parameters being consequently averaged
for five steps in this case.
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Table 1 Effect of left leg biopsy on the mechanical parameters of the
stride for ten consecutive steps (mean ± SD): contact (tc) and aerial
(ta) times, step frequency (fq), duty factor (DF), maximal vertical
ground reaction force (Fmax), loading rate (LR), vertical maximal
displacement of the center of mass (Dz), maximal leg compression
(DL), leg stiffness (kleg), potential work (Wpot), kinetic work (Wkin)
and external work (Wext)
Pre-biopsy

Post-biopsy

0.267 ± 0.02
0.088 ± 0.02

0.271 ± 0.018
0.079 ± 0.017*

fq (Hz)

2.82 ± 0.15

2.86 ± 0.14*

DF

0.75 ± 0.05

0.77 ± 0.04*

Stride kinematics
tc (s)
ta (s)

Dynamics and spring-mass model
Fmax (N)

1643 ± 230

LR (bw s-1)

58.4 ± 13.5

53.9 ± 12.8*

Dz (m)

0.058 ± 0.008

0.056 ± 0.008*

DL (m)

0.106 ± 0.01

0.106 ± 0.01

15.8 ± 3.3

15.4 ± 3.6

Wpot (J kg-1 step-1)

0.741 ± 0.10

0.697 ± 0.09*

Wkin (J kg-1 step-1)

0.499 ± 0.06

0.443 ± 0.05*

1.24 ± 0.10

1.14 ± 0.10*

kleg (kN m-1)

1601 ± 240*

Mechanical work

-1

Wext (J kg

-1

step )

* Significant difference (P \ 0.05) between pre- and post-biopsy

Statistics
Student’s t tests were used to study differences between preand post-biopsy values of the above mentioned mechanical
parameters, with a significant level of P \ 0.05.

Results
The results presented in Table 1 show the overall effects of
muscle biopsy when not distinguishing left and right legs.
Biopsy induced significant (P \ 0.05) changes in aerial
time (decreased) and step frequency (increased), maximal
VGRF, loading rate and vertical downward displacement
of the CoM during contact (all decreased). This came along
with an overall significant (P \ 0.05) decrease in the
external mechanical work (from 1.24 ± 0.10 to 1.14 ±
0.10 J kg-1 step-1). These changes may be further illustrated by the typical force-time traces shown in Fig. 1.
Indeed, the typical subject concerned experienced most of
the changes previously described: decrease in aerial time
and in total stride (two consecutive right and leg steps),
in maximal VGRF, and modifications of the early phase of
the contact (impact phase), corresponding to changes in
the loading rate and impact force peak. These changes
occurred mainly in the left (biopsed) leg, and it is clear in
Fig. 1 that the two traces were rather similar before the
biopsy (left part of the plot), and differed after the biopsy

Fig. 1 Pre-biopsy (black lines) and post-biopsy (gray lines) traces of
vertical ground reaction force (VGRF) as a function of time during a
typical running stride (right step followed by left step) for a typical
subject (24 years, 75.8 kg, running at 2.78 m s-1). Mean and
standard deviation curves were computed for five consecutive strides
(i.e., ten steps: five right steps and five left steps)

(right part of the plot), highlighting the effect of biopsy on
the left leg.
The distinction between left and right leg is made in
Table 2, showing that left and right leg stride mechanics
were not different before biopsy, but a right–left significant
difference (P \ 0.05) appeared post-biopsy in kleg, Wkin
and Wext. Further, stride kinematics (tc excepted) and
mechanical work, were affected by the biopsy (left leg
results in Table 2), but the results also show quite similar
contralateral effects (right leg results in Table 2).
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Table 2 Pre- and post-biopsy values for the left leg (which underwent a biopsy), and the contralateral leg: contact (tc) and aerial (ta)
times, step frequency (fq), duty factor (DF), maximal vertical ground
reaction force (Fmax), loading rate (LR), vertical maximal

displacement of the center of mass (Dz), maximal leg compression
(DL), leg stiffness (kleg), potential work (Wpot), kinetic work (Wkin)
and external work (Wext)

Left leg (biopsy)

Right leg

Pre

Post

Pre

Post

tc (s)

0.269 ± 0.02

0.269 ± 0.02

0.266 ± 0.02

0.273 ± 0.02

ta (s)

0.079 ± 0.02*

Stride kinematics
0.089 ± 0.02

0.079 ± 0.02*

0.087 ± 0.02

fq (Hz)

2.80 ± 0.15

2.88 ± 0.13*

2.84 ± 0.15

2.84 ± 0.16

DF

0.75 ± 0.05

0.77 ± 0.04*

0.75 ± 0.05

0.78 ± 0.05*

1639 ± 245

1597 ± 244

1647 ± 219

1606 ± 245*

Dynamics and spring-mass model
Fmax (N)
-1

LR (bw s )
Dz (m)
DL (m)
-1

kleg (kN m )
Mechanical work
Wpot (J kg-1 step-1)
Wkin (J kg
Wext (J kg

-1

-1

56.9 ± 13.0

52.3 ± 11.0

59.8 ± 14.5

56.1 ± 15.2

0.058 ± 0.008

0.054 ± 0.007

0.059 ± 0.007

0.059 ± 0.009

0.106 ± 0.014

0.103 ± 0.011

0.106 ± 0.013

0.109 ± 0.013a

15.8 ± 3.8

15.8 ± 3.8

15.8 ± 2.9

14.9 ± 3.3a

0.74 ± 0.11

0.68 ± 0.09*

0.74 ± 0.10

0.72 ± 0.11

-1

0.50 ± 0.08

0.43 ± 0.05*

0.49 ± 0.04

0.45 ± 0.06*,a

-1

1.25 ± 0.12

1.11 ± 0.09*

1.23 ± 0.10

1.17 ± 0.12*,a

step )
step )

* Significant difference (P \ 0.05) between pre- and post-biopsy values for the same leg
a

Significantly different (P \ 0.05) from the other leg

Concerning stride variability, none of the CV calculated
here was significantly different after biopsy. These CV
ranged from 1.81 to 13.2%, all parameters considered
(Table 3). However, biopsy induced an increase (not significant) in most of the dynamic parameters of the running
step (Table 3). This inter-step variability can be seen in
Fig. 1. Indeed, the standard deviation curves are more
distant on either side of the mean curve after biopsy than
before, and more markedly for the biopsed leg.

Table 3 Effect of biopsy on the variability of the measured stride
mechanical parameters for ten consecutive steps: contact (tc) and
aerial (ta) times, step frequency (fq), duty factor (DF), maximal vertical ground reaction force (Fmax), loading rate (LR), vertical maximal
displacement of the center of mass (Dz), maximal leg compression
(DL), leg stiffness (kleg), potential work (Wpot), kinetic work (Wkin) and
external work (Wext). Coefficients of variation are expressed in %. No
significant difference was found between pre- and post-biopsy values
Pre-biopsy

Post-biopsy

Stride kinematics
tc

1.99

1.89

Discussion

ta

7.28

7.61

fq

2.08

1.81

This study shows significant changes in running mechanics
following a unilateral muscle biopsy. Indeed, when averaged over ten consecutive steps, ta significantly decreased,
which was associated with a higher fq and a higher DF
(Table 1). Impact and force application parameters were
significantly lowered post-biopsy, as were mechanical
works. This could be interpreted as a ‘‘safer’’ style or running, subjects tending to limit the amplitude of muscular
solicitation at landing (lower LR) and during the step (lower
Fmax), and a ‘‘smoother’’ stride regarding changes in anteroposterior and vertical velocity and displacement of the CoM
over a step (lower Wpot, Wkin and Wext). These mechanical
changes may be interpreted as converging evidences for a
general adjustment of the running pattern that leads to a
lowering of the impact undergone by the lower limbs

DF

2.37

3.11
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Dynamics and spring-mass model
Fmax

4.16

6.79

LR

9.50

Dz

3.69

11.6
4.48

DL

3.70

5.32

kleg

4.69

4.60

Wkin

3.83
13.2

5.29
8.53

Wext

6.34

5.33

Mechanical work
Wpot

musculo-skeletal system: less muscular work to decelerate/
accelerate the body mass in both vertical and antero-posterior directions at each step, a shorter aerial phase and
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lower amount of force applied to the running surface: (1) at
the onset of the contact phase (impact peaks and loading
rates) and (2) at midstance (active pushing peaks). Whether
these concordant changes are a direct effect of biopsy and
the accompanying muscle impairment and discomfort, or
the measurable aspect of a strategy adopted by subjects to
avoid or reduce pain, remains unknown.
The entire set of mechanical data obtained in this study is
in the range of those encountered in the literature for similar
external conditions (running velocity, step frequency, state
of fatigue, nature of the running surface, type of subjects).
Indeed, this acceptable agreement between our mechanical
data and existing ones applies to VGRF and force-time traces
as shown in Fig. 1 (e.g., Morin et al. 2007; Nigg et al. 1995;
Nilsson and Thorstensson 1989), stride kinematics (e.g.,
Cavanagh and Kram 1989; Morin et al. 2005), dynamics:
maximal ground reaction forces, loading rates, vertical
downward displacement of the centre of mass, leg stiffness
(e.g., Chang et al. 2000; De Wit et al. 2000; Farley and
Gonzalez 1996; Morin et al. 2007), and external mechanical
work (e.g., Cavagna and Kaneko 1977; Saibene and Minetti
2003; Willems et al. 1995). Further, given the training
background of the subjects in both overground and treadmill
running, the good reproducibility of the treadmill dynamic
measurements (Avogadro et al. 2004), and the short span
between pre- and post-measurements, one can reasonably
assume that these significant effects were due exclusively to
the muscle biopsy.
When seeking lateral effects, we observed similar
changes on the left leg (except non-significant tendencies
for Fmax and LR), but also on the right leg. Indeed, ta, DF,
Fmax and Wext were also significantly modified, and thus
biopsy had both ispilateral and contralateral similar effects
(Table 2). This might be linked to the fact that overall
running variability did not change significantly, as it may
have been the case if biopsy had affected the left leg only
(Table 3). Since changes on both sides showed similar
trends, we could hypothesize that subjects did not adopt
contralateral compensation strategies, though inter-legs
significant differences emerged only post-biopsy on kleg
and both Wkin and Wext (Table 3).
Interestingly, the biopsy effect observed here can be
compared to that put forward when studying the effect of
biopsy on muscle physiology (Constantin-Teodosiu et al.
1996; Malm 2001; Malm et al. 2000; Staron et al. 1992).
Indeed, it appears that muscle biopsy affects mechanical
parameters of human exercise (here running), as it has been
shown to do with some of the physiological parameters,
leading us to recommend caution when planning experimental protocols involving both muscle biopsy and running
mechanics, and aiming at studying running performance
and/or economy. Though we are not aware of such protocols to date, we think that this biopsy effect should be
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carefully considered. Such cautions may be also taken
when using biopsy of the leg muscles to study locomotion
types involving high impacts and vertical force production,
and hence solicitations of the knee extensors potentially
affected by the biopsy (one might expect the effects to be
even larger when the locomotion involves high loads
imposed to the main knee extensors, because of additional
mass or eccentric work): load-carrying running, sprinting,
downhill and uphill running, jumping, etc.
The parameters considered here were basically
mechanical parameters of the running step. Even if they
were not measured here, it may be hypothesized that
muscle biopsy could also lead to changes in the energetics
of constant velocity sub-maximal running. Indeed, one of
the effects shown in this study is that the variability of the
running step is affected (though not significantly), as
shown in Table 3 and Fig. 1. Inter-step variability has been
put forward as a factor to take into account when studying
running economy (Belli et al. 1995) and the impact of the
significant mechanical changes induced by the biopsy on
the energetic cost of running could be a track for future
investigations, and is, at the least, a hypothetical phenomenon to keep in mind.
Lastly, it would also be interesting to investigate such
effects on cycling pattern since protocols involving vastus
lateralis biopsy(ies) and subsequent maximal power production in cycling (e.g., Bogdanis et al. 1996; Dawson
et al. 1997; Denis et al. 1992) are rather common in human
exercise science. Indeed, since large amounts of muscular
force are also produced by the knee extensors when
pushing the pedals during sprint cycling, it is reasonable to
infer that force and power production may also be affected
by biopsy(ies) in this kind of studies.
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The aim of this study was to know whether subjects involved in a locomotion experiment modified their
running pattern when made aware that data were being collected, and of the specific parameters
studied. We used standardised actual and deceptive messages to induce increasing levels of awareness,
and analysed subjects’ running pattern on a treadmill dynamometer, using lower limb stiffness as the
key mechanical parameter. The five levels of awareness were: (1) subjects thought no sampling was
performed, (2) they knew a sampling was about to take place, without knowing the parameter studied,
(3) they knew this sampling was in progress, (4) they knew that sampling of lower limb stiffness was
about to take place, and (5) they knew this sampling was in progress. Subjects’ running pattern
significantly changed with the increasing level of information given, with a higher stiffness and step
frequency, a reduced contact time and a lower change in leg length during contact. Post hoc tests showed
that subjects changed their running pattern when knowing (i) that a sampling was performed and (ii) the
mechanical parameter studied. These preliminary results suggest that experimental designs in
locomotion protocols should take this potential ‘‘sampling’’ effect into account, whenever possible.
! 2009 Elsevier B.V. All rights reserved.
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1. Introduction
Locomotion experiments typically involve subject(s), experimenter(s) and measurement devices, interacting as planned in the
experimental procedure. Biomechanical experiments in which
subjects do not know that their locomotion is being studied are
scarce, if existing. Ethical rules usually dictate informed consent
from the subjects and the information provided includes the
objectives of the research and what subjects will be required to do,
or to undergo. Thus, subjects involved in an experiment studying
their locomotion are usually aware of its aims, the devices
involved, the parameters studied, or even the exact timing of the
measurements. In drug studies, it is well known and documented
that subjects do not behave, judge or react the same when given
actual rather than deceptive information about the administered
medication (caffeine or analgesics for instance), and that subjects’
expectations affect their physiological and psychological status
[1,2]. In the present study we aimed to assess whether and how the
level of subjects’ awareness (and their expectations) of what was
being measured during a standard locomotion experiment could
affect their natural locomotion pattern. Indeed, this natural pattern
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is supposed to remain unchanged if not explicitly required to be
modified. Experimental paradigms used in the medical field
compared open administration of drugs against ‘‘hidden’’ and
observed different responses in patients [3,4]. Similarly, using
standardised deceptive messages and overt vs. hidden samplings of
data in runners could allow assessment of the influence of
awareness on locomotion patterns. We analysed running patterns
on a treadmill dynamometer through the spring-mass model [5–
12], and used this model’s most integrated parameter, lower limb
stiffness (kleg), as the key mechanical parameter. We intentionally
chose to mention ‘‘stride dynamics and lower limbs stiffness’’,
because kleg has the advantage of being (1) sensitive enough to
voluntary motor control to significantly change when subjects are
explicitly required to voluntarily change it during running [12],
and (2) considered as a component of a ‘‘good running technique’’
by most runners: forefoot strike, short contact time, low vertical
displacement of the centre of mass (COM) [11,13–17] being
mechanical parameters usually associated with high kleg values
[9,10,12,18]. Consequently, our hypothesis was that changes in kleg
and related parameters (e.g. contact time, step frequency, change
in leg length between the length at touchdown and that at
midstance) would be observed if the subjects modified (consciously or not) their running pattern when given information
about the measurements they were undergoing (their timing and
the parameter concerned). We also hypothesised that potential
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changes in mechanical parameters among the different levels of
awareness would occur after a period of 6-min warm-up (lowest
level of awareness) when parameters were expected to remain
unchanged. This could reasonably be expected in the population
studied, and in submaximal treadmill running conditions [19–21].
2. Materials and methods
2.1. Subjects
Fourteen male physical education students (age: 21.9 ! 3.3 years; body mass:
73.2 ! 8.6 kg; stature: 1.78 ! 0.09 m) gave their written informed consent to
participate in this study, conducted according to the Declaration of Helsinki, and in
accordance with the local ethical committee. They were all familiar with treadmill
running, but not involved in regular running practice. None of them reported
neuromuscular or musculoskeletal impairment that could have affected their running
pattern. Subjects were carefully recruited among either first year students or older
ones, with a focus on recruiting individuals who were not accustomed to laboratory
testing.

2.3. Running mechanics
Mechanical parameters were measured for each step using a treadmill
dynamometer (ADAL, HEF Tecmachine, Andrézieux-Bouthéon, France). Using the
same calibration procedure as Belli et al. [22], the treadmill static non-linearity was
determined to be less than 0.5% and 1% respectively in vertical and horizontal
directions. The measured natural vibration frequency (treadmill hit with a hammer)
was 147 Hz in the vertical direction and 135 Hz in the anterior–posterior and
medio-lateral directions. Vertical ground reaction force (VGRF) data were sampled
at 1000 Hz and low-pass filtered at 30 Hz. Contact (tc) and aerial (ta) times (in s)
were measured from VGRF(t) signals, and further used to compute runners’ step
frequency f (in Hz). The stiffness of the lower limb (in kN m"1) was calculated from
VGRF(t) measurements as follows:
kleg ¼ F max $ DL"1

with Fmax the peak VGRF measured during the stance and DL the maximum leg
spring compression (in m). In turn, DL was estimated from values of initial leg
length L (great trochanter to ground distance in a standing position), running
velocity (v in m s"1), tc and vertical maximal downward displacement of the body
COM during contact Dz, as per [10,12,18]:

2.2. Protocol standardisation
Attention was paid to standardise the technical, environmental, and human parts
of the protocol as much as possible. The consent form stated that subjects would be
required to run for about 12 min at 12 km h"1, and that two 20-s samples of
biomechanical data would be recorded, in order to complete an existing database
on human running biomechanics (see supplementary material for the exact content
of messages systematically delivered). Subjects reported individually to the
laboratory and were in contact with only one (and the same) experimenter. They
were given exactly the same instructions by the experimenter. After a 2-min walk
on the treadmill at increasing velocity, the subjects were asked to run at 12 km h"1
for a 6-min warm-up, followed by four more minutes during which the two
aforementioned 20-s samples of data were announced to subjects and recorded.
Beyond these instructions (only two samples recorded), actual samples were
recorded every minute during the warm-up, and on four occasions over the
following 4 min, but the subjects were aware of only two of them. These various
combinations allowed us to set five different levels of subject awareness and
expectations about what was really being, or about to be measured (details are
listed in Table 1). In level A1, subjects thought that no measurements were
undertaken (samples A1-1 to A1-6); in A2, they knew that a measurement (of an
unknown parameter) was about to begin; in A3, they knew that a measurement (of
an unknown parameter) was in progress; in A4, they knew that a specific
measurement was about to begin: ‘‘stride dynamics and lower limbs stiffness’’;
finally, in A5, they knew this particular measurement was in progress. Subjects were
only informed about the parameter studied, and were not (explicitly or implicitly)
required to run and modify it, the last words of each information message being ‘‘run
normally’’. A very last (hidden) sampling (A6) was performed just after A5, between
the last verbal announcement mentioning samplings were over and the actual
stopping of the treadmill to test a potential drift or fatigue effect.
The surroundings of the treadmill were separated from the rest of the room by a
curtain, sources of disturbance avoided, and all the devices coupled with the
treadmill were placed outside the subjects’ field of vision, except for the digital
speedometer of the treadmill, continuously displaying the 12 km h"1 velocity.
Consequently, ‘‘hidden’’ acquisition of data was easily performed since the
experimenter was standing on one side of the subject (in his field of vision),
changing side nonchalantly every minute (walking around the back of the
treadmill), so that he could briefly and discreetly click on a mouse button to trigger a
20-s sampling of data without interrupting his side-to-side typical walking pace.

(i)

DL ¼ L "

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
"v tc#2
þ Dz
L2 "
2

(ii)

Dz was determined by double integration of the vertical acceleration of the body
COM over time, as proposed by Cavagna [23].
All mechanical parameters were averaged over 10 consecutive steps, allowing us
to calculate the coefficient of variation (CV in %) for each subject as the ratio of the
standard deviation to the mean of the parameter. This coefficient was further used
to test potential effects of the various levels of awareness on the variability of the
mechanical parameters studied.
2.4. Statistical analysis
Normal distribution of the data was checked by the Shapiro–Wilk normality test,
and variance homogeneity between samples was tested by the F-Snedecor test.
Firstly, in order to check that mechanical parameters remained constant during the
6-min warm-up, (i) intra-individual coefficients of variation were computed for
each subject and for each parameter over the six samples of this warm-up; and (ii) a
first series of repeated measures ANOVAs was performed to test whether
mechanical parameters changed (conditions A1-1 to A1-6). Then, a second series
of repeated measures ANOVAs were performed to test whether the five increasing
levels of subjects’ awareness induced changes in the mechanical parameters
measured. Fisher’s post hoc tests were used to determine differences among
conditions. Last, in order to test whether potential changes in mechanical
parameters were due to a drift or fatigue effect, a Student’s t-test was performed
between A1-6 and A6. The statistical significance was accepted at p < 0.05.

3. Results
During the 6-min ‘‘warm-up’’, mechanical parameters showed a
low intra-individual variation, CVs ranging from 1.53 ! 0.96% for f
to 4.42 ! 1.92% for ta. None of the mechanical parameters changed
significantly over 6 min in the A1 level of awareness (A1-1 to A1-6),
except Dz and Fmax (Table 2). The second series of ANOVAs showed a
significant effect (p < 0.001 to <0.05) of the level of information given

Table 1
Details of the experimental conditions. Each condition is represented by one sample of data, except A1, for which six samples (one every minute) were performed: A1-1 to A1-6.
Level of subjects’
awareness

Specification of the parameter measured

Actual moment of measurement

A1

No specification

Every minute from the 50th second (A1-1) to 5 min 50 s (A1-6)

A2

No specification

20 s after the verbal announcement of the coming measurement

A3

No specification

Immediately at the ‘‘0’’ of a verbal 5-s countdown

A4

Explicit specification of the parameter measured:
‘‘stride dynamics and lower limbs stiffness’’

20 s after the verbal announcement of the coming measurement

A5

Explicit specification of the parameter measured:
‘‘stride dynamics and lower limbs stiffness’’

Immediately at the ‘‘0’’ of a verbal 5-s countdown

Subjects’ expectations: A1: no measurement is being performed.
A2: a measurement is to be performed in 2 min, the parameter(s) studied is(are) unknown.
A3: a measurement is ongoing, the parameter(s) studied is(are) unknown.
A4: a measurement is to be performed in 2 min, the parameter studied is known: kleg.
A5: a measurement is ongoing, the parameter studied is known: kleg.
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Table 2
Mean (SD) of the mechanical parameters measured over the various samplings taken during the first six minutes of running. The first series of ANOVAs was performed to test
whether parameters changed over this 6-min ‘‘warm-up’’ (A1-1 to A1-6). ns: not significant.
Mechanical parameter

tc (s)
ta (s)
f (Hz)
Fmax (N)
Dz (m)
DL (m)
kleg (kN m"1)
a
b
c

Experimental condition and sample name

ANOVA

A1-1

A1-2

A1-3

A1-4

A1-5

A1-6

p values

Fwarm-up

0.241 (0.016)
0.118 (0.014)
2.79 (0.15)
1835a,b,c (262)
0.059 (0.006)
0.116 (0.014)
16.2 (3.36)

0.240 (0.017)
0.118 (0.014)
2.81 (0.16)
1844a,b,c (258)
0.058a (0.006)
0.114 (0.015)
16.5 (3.30)

0.239 (0.017)
0.117 (0.013)
2.82 (0.17)
1838a,b,c (248)
0.057a,b (0.007)
0.113 (0.015)
16.7 (3.27)

0.238 (0.017)
0.121 (0.012)
2.80 (0.18)
1872 (246)
0.060 (0.007)
0.115 (0.015)
16.7 (3.44)

0.238 (0.017)
0.121 (0.012)
2.81 (0.15)
1875 (239)
0.059 (0.006)
0.114 (0.014)
16.7 (3.29)

0.237 (0.016)
0.121 (0.013)
2.80 (0.15)
1874 (232)
0.059 (0.006)
0.113 (0.014)
16.9 (3.02)

ns
ns
ns
<0.01
<0.05
ns
ns

1.23
1.45
0.49
4.48
2.68
1.10
1.38

Significantly different from A1-4.
Significantly different from A1-5.
Significantly different from A1-6.

Table 3
Mean (SD) of the mechanical parameters measured while subjects were running in the five increasing levels of awareness and expectations (A1 to A5). ns: not significant. Data
from the sample A1-6 were used to characterize the level A1.
Mechanical parameter

tc (s)
ta (s)
f (Hz)
Fmax (N)
Dz (m)
DL (m)
kleg (kN m"1)
a
b
c
d

Experimental condition and sample name

ANOVA

A1

A2

A3

A4

A5

p values

Fawareness

0.237 (0.016)
0.121 (0.013)
2.80b,d (0.15)
1874 (232)
0.059d (0.006)
0.113a,d (0.014)
16.9a,d (3.02)

0.240c,d (0.014)
0.118 (0.014)
2.80d (0.16)
1850 (270)
0.058c,d (0.007)
0.115b,c,d (0.013)
16.3b,c,d (3.40)

0.238d (0.017)
0.117 (0.014)
2.83 (0.17)
1860 (262)
0.058 (0.007)
0.113d (0.015)
16.9d (3.53)

0.235 (0.017)
0.122 (0.013)
2.81d (0.16)
1873 (246)
0.058 (0.008)
0.111 (0.015)
17.3 (3.48)

0.235 (0.017)
0.119 (0.016)
2.84 (0.17)
1879 (247)
0.057 (0.007)
0.110 (0.015)
17.4 (3.47)

<0.01
ns
<0.05
ns
<0.05
<0.001
<0.001

4.46
1.43
3.02
2.06
3.35
6.09
5.70

Significantly different from A2.
Significantly different from A3.
Significantly different from A4.
Significantly different from A5.

and subjects’ awareness on the mechanics of running for most of the
parameters studied (Table 3).
Post hoc tests (A2 vs. A3) revealed a significant effect of knowing
that a measurement (of an unknown parameter) was taking place
vs. knowing it will be undertaken in 2 min on DL and kleg. Further,
subjects changed their running pattern when knowing the exact
parameter studied vs. not knowing it, both while expecting a 2-min
away sampling (A2 vs. A4) and while actually undergoing this
sampling (A3 vs. A5). Indeed, kleg significantly increased (on average
by 5.68%; p < 0.01), and tc, Dz and DL significantly decreased (on
average by 2.03%, 2.70% and 3.95%, respectively; p < 0.001 to
<0.05) between A2 and A4. Further, kleg significantly increased (on
average by 3.48%; p < 0.001), and tc, and DL significantly decreased
(on average by 1.36% and 2.51%, respectively; p < 0.001) between
A3 and A5. These results are summarized in Table 3, and in Fig. 1 for
kleg. No significant difference was observed for any of the
mechanical parameters between the A6 condition and the

Fig. 1. Leg stiffness values as a function of the measurements performed and the
corresponding levels of subjects’ awareness (A1-1 to A5). ns: not significant; *:
significant (p < 0.05) difference in post hoc test.

warm-up condition (A1-6). For instance, kleg value was
17.0 ! 3.04 kN m"1 in A6 vs.16.9 ! 3.02 kN m"1 in A1-6.
The inter-step variability, as assessed through CV, did not
change significantly over the warm-up, and was not affected by the
level of awareness averaged for all conditions and all subjects. It
ranged from 2.12 ! 0.17% for tc to 6.35 ! 0.45% for Dz.
4. Discussion
The main finding of this study is that subjects altered the
mechanical pattern of their running depending on their awareness
of the measurements performed.
Subjects significantly modified their running pattern between
the no sampling condition (A1 level) and the one when they knew a
measurement was ongoing, and that kleg was the parameter
specifically studied (A5 level). We propose to interpret this as a
‘‘measurement effect’’: thinking nothing is being (or about to be)
measured vs. all other measurement conditions.
The significant differences in kleg and DL between conditions A2
and A3 indicate that subjects modified their running pattern when
expecting a sampling vs. knowing this sampling was in progress.
This could be interpreted as a potential ‘‘sampling effect’’.
However, knowing the parameter studied did not induce this
‘‘sampling effect’’: except for f, no change was observed between A4
and A5 conditions. Our interpretation here is that subjects modified
their running pattern towards a higher kleg right from the early
announcement that this parameter was the one studied (i.e. A4
condition). This is supported by the fact that kleg, tc, Dz, and DL
differed significantly between A2 and A4. Finally, subjects ran
differently when knowing something was being (or going to be)
measured vs. knowing what parameter was being (or going to be)
measured. This effect, that could be named ‘‘parameter effect’’, was
illustrated clearly through the significant differences between A3
and A5 levels of awareness. In this case, subjects tended, as
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hypothesised, to increase kleg when they knew this parameter was
being specifically studied.
When comparing the two extreme levels of awareness in
measurement conditions (A2 and A5), post hoc tests showed
significant differences for six parameters out of eight. This suggests
that the increasing level of subjects’ expectations induced
significant increases in kleg, and the entire spectrum of associated
changes expected in the running pattern (i.e. shorter tc, higher f,
lower Dz and DL) when kleg is intentionally modified through
explicit instructions or external mechanical conditions [12,18].
This ‘‘unconscious’’ change in kleg was worth about 50% of the
‘‘conscious’’ one, highlighting the relative importance of the
changes put forward in this study (see details of the computation
in supplementary material).
Interpreting the changes observed in subjects’ behaviour and
response (here their running pattern) as a function of the
deceptive instructions and information given by an experimenter
may be done through experimental neuro-psychological paradigms (see supplementary material). Our most likely psychological explanation is that subjects tended to be conditioned by the
information given, and, as proposed by Kirsch [2], that their
expectations shaped, if not their experience, at least their
locomotion pattern.
One of the limitations of our protocol is that conditions were
not randomised, and, though duration and velocity were set to rule
it out, a ‘‘fatigue’’ effect (or rather an order effect) could be
considered possible. We tested this by adding a very last (hidden)
sampling just after A5, between the last verbal announcement
mentioning samplings were over and the actual stopping of the
treadmill. In this ‘‘cool-down’’ (A6) condition, all parameters values
did not significantly differ from A1-6. Everything happened as if
subjects came back to their initial running pattern (A1 level), which
tends to rule out any fatigue, order or ‘‘drift’’ effect. Further, the
order of the various conditions could not be randomised, because
we wanted subjects to be given increasing levels of information,
which could obviously not be done in another order than the one
used.
These results may have implications in the field of locomotion biomechanics. Further studies should be undertaken to
verify whether the statement by Wendler and Miller [24] that in
some experimental circumstances, ‘‘Either subjects can be
informed accurately or investigators can obtain valid data, but
not both’’ also applies to locomotion biomechanics. Although we
do not bring the informed consent process into question, we
recommend that the above-mentioned effects should be taken
into account when designing experimental protocols. For
instance, when collecting expired gas in running or walking
subjects concomitantly with mechanical measurements, informing subjects of the onset of the sampling may involve a risk of
change in the locomotion pattern. Fatigue experiments may also
be affected: subjects undergoing exhausting exercises during
which regular measurements are performed may consequently
modify their behaviour if they know the exact timing of these
samplings.
We suggest that locomotion study protocols should take the
potential bias effect described in this study into account.
Withholding all information from subjects is not acceptable
from an ethical point of view. However, the opposite extreme
(informing subjects of every detail, including timing of
samplings and the nature of the parameters studied) may affect
the validity of the data obtained, as suggested by the present
study.
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Supplementary data

SUPPLEMENTARY METHODS
Exact content of the messages used
The following standardised verbal messages were given to the subjects, in order to induce the five
increasing levels of awareness. These messages are the closest translations into English of the actual
ones, delivered in the subjects’ first language.
•

During the recruitment process of the subjects, and prior to their arrival at the laboratory.
“You will be involved in a research protocol during which you will be required to run for
about 12 minutes at the constant velocity of 12 km.h-1. We will perform two 20-s samples of
data, which we need in order to feed an existing database on running biomechanics and to
complete the reviewing process of a former study”.
This message was also repeated on subjects’ arrival, before they went to the changing room.
•

Just before initiating the 12 km.h-1 run, while subjects were walking on the treadmill.
“You will run during 6 minutes at 12 km.h-1, as a warm-up before the 4 minutes devoted to
the two acquisitions of data. Nothing will be recorded during these 6 minutes, but we need
you to perform them in order to be sure that you’ll have reached a steady state at the
moment of the acquisitions. If you have any question, please ask it now, because you will be
asked to keep silent, and to focus on your run during the running protocol. In case of
problem, mention it clearly, catch the security bars, stop running and step on the sides of the
running belt”.

At the onset of the 12 km.h-1 run.
“All right [first name of the subject], here we go, I’ll inform you 30 seconds before the end
of the 6-min warm-up. No measurement will be performed, please run normally”.
Subjects were at that time in the A1 level of awareness.
•

•

At the onset of the 4-min period following the 6-min warm-up.
“Good, we are beginning the measurement period. In about 2 minutes, I will give you a
verbal 5-4-3-2-1-0 countdown, and I’ll trigger a 20-s acquisition at the end of this
countdown. Until then, no measurement will be performed, please run normally”.
Subjects were at that time in the A2 level of awareness.
•

Five seconds before the first “official” sampling of data.
“Attention please [first name of the subject], 5-4-3-2-1-acquisition, please run normally”.
Subjects were at that time in the A3 level of awareness.
•

Just after the end of the first “official” acquisition of data.
“Ok [first name of the subject], perfect. Now in about 2 minutes, I will give you a verbal 54-3-2-1-0 countdown, and I will trigger a 20-s acquisition at the end of this countdown.
Actually, the mechanical parameters that we are studying are the stride dynamics, and the
lower limbs stiffness, or if you prefer, the way the legs behave and “react” on the ground
during the stance phase. Until the countdown, no measurement will be performed, please
run normally”.
Standardised gestures were accompanying these words to make the concept of lower limbs stiffness
clear. A direct visual feedback of understanding by the subjects was sought by the experimenter.
Subjects were at that time in the A4 level of awareness.
1

•

Five seconds before the second “official” sampling of data.
“Attention please [first name of the subject], 5-4-3-2-1-acquisition, please run normally”.
Subjects were at that time at the A5 level of awareness.
•

Just after the end of the second “official” acquisition of data.
“Ok [first name of the subject], perfect, the two samples of data have been correctly
recorded, thank you for your cooperation. Now I will let you run for one more minute, and I
will stop the treadmill afterwards, which will end the protocol”.

In case of questions asked while running, subjects were repeated the exact same instructions, and
asked to focus on running normally.
Debriefing
We fully explained the entire protocol to the subjects, because we were facing two risks of bias at
the outcome of each individual session. First, if we had not explained the protocol rationale and its
aims, subjects could have talked about it with other subjects recruited (classmates, team-mates),
revealing the nature of the mechanical parameter studied, which would have irrevocably changed
the “naïve” status of these subjects. On the opposite, by fully explaining the protocol, we were
running the risk of subjects revealing its aims and specifics to other subjects recruited, which could
have also ruined it. Since we had to choose between these two risks, we decided to control the
second one, and to strongly ask “aware” subjects to help us keep the other subjects “naïve”, by
repeating what the inform consent form was stating, in case of enquiry. Only three subjects reported
that they had been told by a classmate the equivalent of the inform consent sentence mentioned,
confirming that it was preferable to fully “involve” aware subjects in the success of the protocol.
Further, during this debriefing, subjects confirmed that they did not have suspicions regarding any
hidden sampling of data during the running protocol, apart from the explicitly indicated ones.
Test re-test protocol
Eight subjects involved in the first protocol were available to come back to the laboratory nine
months after the first series of measurements, at similar moments of the day as during the first series
of tests. Using the very same conditions, we asked them to run for a supplementary sample of data
(one sample was announced). They were at the moment of this sample in a level of awareness
equivalent to the level A2 of the first protocol. At the end of this sample, they were informed that we
were about to perform a second sample of data, but this time we asked them to run for 30s with “a
very dynamic stride, and a high lower limb stiffness”, without explaining them how to perform it
(we wanted to quantify their “natural” ability to run with a high kleg).
This second series of data samplings allowed us, by comparing the two sets of data, to verify two
main issues regarding the first protocol. First, we wanted to see whether subjects’ running pattern
remained the same after these nine months (we hypothesised that no significant change in any
mechanical parameter would be observed, which would confirm subjects’ running pattern
reproducibility). Second, we wanted to quantify the range of changes in mechanical running
parameters when subjects were explicitly required to modify their running pattern towards a higher
kleg, and to compare this range of changes to that observed during the first protocol (i.e. when
subjects were not asked to modify their running pattern, but when they only knew the parameters
studied). This comparison could lead us to consider the magnitude of “involuntary” running pattern
changes relatively to their absolute magnitude, and to quantify more precisely the importance (or
unimportance) of the various bias effects put forward in this study.
These comparisons were made on all the mechanical parameters considered during the first
protocol, using Student t-tests (significant level set at p < 0.05).

2

SUPPLEMENTARY RESULTS
Test re-test protocol
The results of the re-test protocol appear in the Supplementary Table. None of the mechanical
parameters tested differed from the first protocol, confirming our hypothesis of running pattern
reproducibility in the eight subjects tested and re-tested. Further, all the tendencies (significant or
not) observed in the first protocol were also observed (more markedly for most of the parameters) in
the re-test protocol, between the “normal” and the “dynamic and stiff” condition. When taking kleg
apart, again only for the eight subjects re-tested, it significantly increased between the two
conditions of the re-test protocol (as it did during the first protocol between A2 and A5 for the entire
group), but to a two folds larger extent (on average + 17.45%; p = 0.0003 in the re-test vs. + 8.14%;
p = 0.014 in the first protocol).
These results show that the changes observed during the first protocol are not as important as those
observed when subjects intentionally modify their running pattern, but they reach about 50% of the
latter on average, which, to our opinion, makes the “parameter effect” put forward in this study
worth considering.
SUPPLEMENTARY DISCUSSION
Psychological considerations
Interpreting the observed changes in subjects’ behaviour and response (here their running pattern)
as a function of the deceptive instructions and informations given by an experimenter may be done
through experimental neuro-psychological paradigms. The first one that might come to mind is the
placebo effect, or placebo response [1-4]. It was obviously not present in this study, since it
basically involves an inert substance given to the subjects (accompanied by deceptive messages)
which was not the case here. That said, in some circumstances, placebo-like effects do not
necessarily involve inert substances administration ([2] p.36, [5]). Another effect might be evoked:
the Hawthorne effect, according to which an experimental undesired result is assumed to stem from
the sole fact that subjects are aware of being part of an experiment, their tendency to behave (here
run) differently because of their being observed [6-9]. This effect, often put forward when trying to
explain unexpected changes in control groups of double-blind, placebo-controlled studies, was
assumed here to be present in all subjects (since they all knew they were being observed), and not to
be a likely explanation for the results observed (since subjects knew they were observed throughout
the conditions proposed).
When referring to subjects’ responses and how they might be influenced by their expectations in
research protocols, a parallel between our results and those observed in clinical trials around
placebo treatments could be made. Indeed, some authors used deceptive messages and the “overt vs.
covert treatment” paradigm to isolate specific and non-specific effects of a treatment and to study
the influence of the psychosocial context of treatment administration [5,10,11]. In a few words,
authors used open vs. hidden injections or administrations, and observed different responses in
patients, that could be attributed to “the psychosocial component of the treatment that comes from
patient knowledge that they are receiving treatment.” [5]. Similarly, in our study, open vs. hidden
samplings of mechanical data may have led to different behaviours (running patterns) coming from
the subjects’ awareness that samplings were being recorded, and their knowledge of the parameter
studied.
Interestingly, a subject had a typical adaptation during this protocol, which may illustrate this point.
When watching his VGRF(t) curves during the debriefing, we noticed a strong right-left difference
in the signal of the A1 condition (Supplementary Fig., left part). He mentioned having suffered from
a right knee tendonitis in the past, but he had not reported it during the inclusion process, since he
does not suffer anymore, though his curves indicate that his running pattern kept a mark of this
3

dissymmetry (not seen with the naked eye). This dissymmetry tended to be “corrected” (again,
voluntarily or not) in A3 and A5 conditions (Supplementary Fig., central and right part). This subject
did not report having voluntarily wanted to correct his running pattern, which seems logical given
that he did not report any known dissymmetry prior to the protocol. This typical example could be
an element toward unconscious processes, since one can not consciously correct what one is not
conscious of.
Ethical considerations
Using deceptive messages in an experimental context inevitably raises the question of their
acceptability and accordance with ethical principles [12]. It is important to note that in the present
study, subjects were not deceived about what they would be required to do (i.e. run for 12 min at 12
km.h-1 on a dynamometer treadmill), but only about the number and moments of data samplings.
Further, the nature of the deception used here did not imply any direct physical intervention or
modification in subjects (performing a mechanical sampling did absolutely not involve any physical
modification in subjects, who underwent the exact same running conditions, whether samplings
were performed or not).
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SUPPLEMENTARY TABLE
Mean (SD) of the mechanical parameters measured during the first protocol (A1 and A5 conditions)
and during the re-test in comparable conditions (Normal and with voluntarily increased kleg). Eight
out of the initial fourteen subjects were available to perform the re-test protocol.

Mechanical
parameter

tc (s)
ta (s)
f (Hz)
Fmax (N)
Δz (m)
ΔL (m)
kleg (kN.m-1)

First protocol

Re-test

A1

A5

Normal
running

Voluntarily
increased kleg

0.238
(0.008)
0.118
(0.017)
2.82
(0.18)
1853
(293)
0.059
(0.008)
0.114
(0.010)
16.5
(3.15)

0.230
(0.009)
0.124
(0.015)
2.83
(0.17)
1903
(250)
0.057
(0.007)
0.108
(0.009)
17.8
(2.39)

0.239 ns
(0.011)
0.123 ns
(0.013)
2.77 ns
(0.13)
1848 ns
(249)
0.061 ns
(0.007)
0.117 ns
(0.013)
16.0 ns
(3.01)

0.222*
(0.012)
0.135
(0.019)
2.81
(0.20)
1973*
(234)
0.060
(0.006)
0.106
(0.010)
18.8
(2.89)

Mean % change
and t-test p values
A1
Normal running
vs. voluntarily
vs.
A5
increased kleg
- 3.34%
- 6.95%
0.035
< 0.001
+ 5.38%
+ 9.84%
0.040
0.134
+ 0.52%
+ 1.48%
0.349
0.539
+ 2.72%
+ 6.71%
0.027
< 0.001
- 2.41%
- 2.49%
0.010
0.552
- 5.58%
- 9.55%
0.013
0.012
+ 8.14%
+ 17.5%
0.014
< 0.001

ns
*

: not significantly different from A1
: significantly different from A5
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SUPPLEMENTARY FIGURE

VGRF (N)

Typical curves of vertical ground reaction force (VGRF) for subject 7 (18 yrs, 1.91 m, 83.4 kg,
specialised in soccer) for three increasing levels of awareness (conditions A1, A3 and A5). Traces for
the right (in grey) and left (in black) lower limbs tend to come closer when the subject is aware of
an ongoing measurement (A3), and even more when he additionally knows the mechanical
parameter studied: lower limbs stiffness (A5). Mean curves for five consecutive right or left contact
phases.
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Abstract We investigated the differences in performance
between 100-m sprints performed on a sprint treadmill
recently validated versus on a standard track. To date,
studies comparing overground and treadmill running have
mainly focused on constant and not maximal ‘‘free’’ running speed, and compared running kinetics and kinematics
over a limited number of steps, but not overall sprint performance. Eleven male physical education students
including two sprinters performed one 100-m on the
treadmill and one on a standard athletics track in a randomized order, separated by 30 min. Performance data
were derived in both cases from speed–time relationships
measured with a radar and with the instrumented sprint
treadmill, which allowed subjects to run and produce speed
‘‘freely’’, i.e. with no predetermined belt speed imposed.
Field and treadmill typical speed–distance curves and data
of maximal and mean speed, 100-m time and acceleration/
deceleration time constants were compared using t tests
and field–treadmill correlations were tested. All the performance parameters but time to reach top speed and
deceleration time constant differed significantly, by about
20% on average, between field and treadmill (e.g. top
speed of 8.84 ± 0.51 vs. 6.90 ± 0.39 m s-1). However,
significant correlations were found (r [ 0.63; P \ 0.05)
for all the performance parameters except time to reach top
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speed. Treadmill and field 100-m sprint performances are
different, despite the fact that subjects could freely accelerate the belt. However, the significant correlations found
make it possible to investigate and interpret inter-individual differences in field performance from treadmill
measurements.
Keywords

Top speed ! 100-m ! Acceleration ! Ergometer

Introduction
Treadmills have long been used to investigate walking and
running locomotion and monitor physical rehabilitation.
Their main interest is that they allow a high level of
standardization and convenience of measurements in
research laboratory and/or medical context. Further, in the
field of research on human locomotion and exercise
physiology, they allow subjects to perform and be studied
while walking or running in place, the supporting ground
(i.e. the treadmill belt) being the element moving relatively
to subjects’ centre of mass (CM). Consequently, and
because this situation is almost the opposite of real world
biped locomotion (in which subjects’ CM moves relatively
to the supporting ground), studies have investigated the
differences between field and treadmill conditions in the
past 40 years or so (e.g. Nigg et al. 1995).
These comparative studies were basically aimed at
answering the question as to whether overground locomotion could be interpreted/investigated in light of the
measurements performed on treadmills. The main limit of
existing studies is that they investigated various kinetic and
kinematic parameters, but reported some contradicting
results. Further, low-speed and high-speed (sprint) running
should be distinguished.
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In studies comparing overground and treadmill running
at low speeds, Van Ingen Schenau (1980) showed that the
mechanics of running were basically similar provided that
the belt speed was constant and a coordinate system
moving with the belt was used. This overall similarity was
also supported by other studies (e.g. Williams 1985; Kram
et al. 1998; Riley et al. 2008; Schache et al. 2001). In
contrast, several studies reported significant differences
between the two conditions (e.g. Nelson et al. 1972; Dal
Monte et al. 1973; Elliot and Blanksby 1976; Nigg et al.
1995).
When focusing on sprint (i.e. maximal speed) running,
contradicting results have also been reported. Frishberg
(1983) and Kivi et al. (2002) showed biomechanical differences between field and treadmill sprint running,
whereas McKenna and Riches (2007) recently concluded
that sprinting on a treadmill was similar to overground
sprinting for the majority of the kinematic variables they
studied, and specified that a motorized treadmill was necessary to reach a similarity between the two conditions of
measurements.
As detailed in this brief overview of literature, whatever
the level of running speed considered, field–treadmill
comparison studies did not reach a consensus, but all these
studies have in common the following limits. First, mainly
for technical and methodological reasons (video analysis
and inverse dynamics), the sample of data used for these
comparisons systematically consists of one to four steps/
strides at most (Frishberg 1983; Kivi et al. 2002; McKenna
and Riches 2007; Riley et al. 2008). Consequently, kinetic
and kinematic variables are compared on the basis of only a
few number of steps and at specific velocities that are not
systematically maximal (Kivi et al. 2002; McKenna and
Riches 2007; Nigg et al. 1995; Riley et al. 2008; Schache
et al. 2001).
Second, the sprint running speed was imposed on the
subjects either to match the one previously measured in the
field or from the treadmill motor setting high-to-maximal
speed, but constant speed. An example of the first type of
setting is given in the study of Frishberg (1983), who
recorded a typical sprint performance (a 91.44-m sprint)
through 9.14-m sections in order to set the speed of the
treadmill belt with corresponding increasing values (one
mean 9.14-m constant speed value for every span corresponding to those covered in field conditions). The second
type of setting typically requires subjects to run at constant
velocities either corresponding to their maximal speed
recorded beforehand during field measurements (e.g.
(Frishberg 1983; Kivi et al. 2002) or to the maximal speed
they are able to maintain for a few steps performed after a
lowering movement from the handrails onto the moving
treadmill belt (e.g. Bundle et al. 2003, 2006; Kivi et al.
2002; Weyand et al. 2000). Both these settings do not
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exactly reproduce ‘‘free’’ sprint running on the field during
which the runner’s speed constantly changes as a function
of the amount of force applied onto the supporting ground,
and over a typical acceleration phase. During acceleration,
the speed increases from null to maximal speed, and thus
by definition with no constant speed phase in between.
Bowtell et al. (2009) recently proposed that such a fundamental basic of field sprinting mechanics should be
respected in treadmill conditions to better simulate field
sprint. Basically, subjects (through their muscular actions)
should ‘‘command’’ the belt speed, not the other way
round: ‘‘to measure peak performance there is a requirement for a runner to speedup and slowdown as they want
and the speed of the treadmill belt should be capable of
responding adequately and consistently’’ (Bowtell et al.
2009).
Last but not least, though Lakomy (1987) reported a
comparison of mean and peak speeds during 30-s field and
treadmill sprints, no study has specifically approached
field–treadmill sprint comparisons from the performance
standpoint. Indeed, except for maximal speed, which is
sometimes investigated, studies have focussed on specific
kinetic and kinematic parameters and not on overall sprint
performance. By sprint performance, we mean the
mechanical output in terms of speed–time and distance–
time relationships, which are the variables firstly and
mainly quantified in sprint running (be it competitive or
not). For instance, time to cover a given distance is the
main variable retained in our current mode of judging
athletics performance. On the 100-m, and on some toplevel occasions, mean and instantaneous speeds are measured/reported (e.g. Brüggemann et al. 1999), and the
shapes of speed–time curves and acceleration/deceleration
phases discussed (e.g. Arsac and Locatelli 2002; Beneke
and Taylor 2010). Therefore, we will focus in the present
study on these performance variables, and investigate
whether field performance over an entire sprint could be
appropriately simulated on a treadmill.
Following the recent recommendations for studying
the entire acceleration phase and using motorized treadmills (McKenna and Riches 2007) allowing free sprint
running, i.e. with no predetermined belt speed (Bowtell
et al. 2009), we recently presented an instrumented
motorized treadmill for sprint use (Morin et al. 2010).
This device allows subjects to accelerate the treadmill
belt from a standing start-up to the plateau of maximal
speed and further in case of long sprints. The only
additional help to subjects’ effort is the constant motor
torque necessary to overcome the friction caused by
subjects’ body weight on the belt. Thus, given (a) the
above-mentioned limitations of existing studies, and
(b) the characteristics of this treadmill, we thought it
would be of interest to use this device to investigate the
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similarities between overground and sprint running performance over a typical distance of 100 m.
The aim of the present study was therefore to compare
overground and treadmill sprint running performance
through the variables derived from speed–time and speed–
distance relationships, i.e. maximal and mean speeds,
100-m time, and the characteristics of acceleration and
deceleration phases.

Methods
Subjects and experimental protocol
Eleven subjects (body mass (mean ± SD) 70.4 ± 5.8 kg;
height 1.77 ± 0.05 m; age 24.4 ± 3.9 years) volunteered
to participate in this study. They were all physical education students and physically active, and had all practised
physical activities including sprints (e.g. soccer, basketball)
in the 6 months preceding the study. Two subjects were
national level long jump and sprint competitors (100-m
personal best of 10.90 and 11.04 s). Written informed
consent was obtained from the subjects, and the study was
approved by the Institutional Ethics Review Board of the
Faculty of Sport Sciences, and conducted according to the
Declaration of Helsinki II.
The comparison protocol consisted in performing one
100 m on the treadmill and one on a standard athletic
TartanTM track. The two sprints were performed in a randomized counterbalanced order (six subjects began with
the treadmill 100 m) and separated by 30 min of passive
rest, in similar ambient temperature conditions. Subjects
wore the same outfit and shoes in both conditions. Whether
the field or the treadmill 100 m was performed first, the
warm-up was similar and consisted in 5 min of low-pace
(*10 km h-1) running, followed by 5 min of sprint-specific muscular warm-up exercises, and three progressive
6-s sprints separated by 2 min of passive rest. Subjects
were then allowed *5 min of free cool down prior to the
100-m sprint. The warm-up preceding the second 100-m
sprint (be it on the treadmill or on the track) consisted in
repeating the last part of the warm-up (from the three 6-s
sprints).
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forward speed of the runner at a sampling rate of 35 Hz. It
was placed on a tripod 10 m behind the subjects at a height
of 1 m (corresponding approximately to the height of
subjects’ CM).
From these measurements, speed–time curves were
plotted (Fig. 1), and maximal running speed (Smax in
m s-1) and time to reach Smax (tSmax in s) were obtained, as
well as the 100-m time (t100 in s) and the corresponding
mean 100-m speed (S100 in m s-1). To better analyse the
100-m performance and especially the acceleration and
deceleration characteristics of each sprint, speed–time
curves were then fitted by a biexponential function (Henry
1954; Morin et al. 2006; Volkov and Lapin 1979):
h
i
SðtÞ ¼ Smax eðð% tþ tSmax Þ= s2 Þ % eð% t= s1 Þ
ð1Þ

s1 and s2 being, respectively, the time constant for acceleration and deceleration of this relationship (expressed in s),
determined by the least square method. Speed–distance curves
(Fig. 1) were then obtained from speed–time curves by simple
time integration of modelled speed data.
Treadmill measurements
The motorized instrumented treadmill (ADAL3D-WR,
Medical Developpement––HEF Tecmachine, AndrézieuxBouthéon, France) used has been recently validated for
sprint use [for full details, see (Morin et al. 2010)]. It is
mounted on a highly rigid metal frame fixed to the ground

Field measurements
The 100-m sprints were performed from a standing start
(crouched position similar to that on the treadmill), and
performance was measured by means of a radar Stalker
ATS SystemTM (Radar Sales, Minneapolis, MN). This
device has been validated and used in previous human
sprint running experiments (Chelly and Denis 2001; Di
Prampero et al. 2005; Morin et al. 2006) and measures the

Fig. 1 Typical speed–time curve measured by the radar (black line) and
modelled by the biexponential equation (grey line). In this typical example
(the subject is a basketball player, 1.80 m; 80 kg): Smax = 8.46
m s-1, tSmax = 5.95 s, s1 = 1.48 s, s2 = 92.9 s, t100 = 13.44 s and
S100 = 7.44 m s-1. The biexponential equation fitting this typical speed–
!
"
time curve at best is SðtÞ ¼ 8:46 eðð% tþ 5:95Þ= 92:9Þ % eð% t= 1:48Þ . The
coefficient of correlation between actual and modelled data of speed
was r = 0.997
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through four piezoelectric force transducers (KI 9077b,
Kistler, Winterthur, Switzerland) and installed on a specially engineered concrete slab to ensure maximal rigidity
of the supporting ground.
The constant motor torque was set to 160% of the
default torque, i.e. the motor torque necessary to overcome
the friction on the belt due to subject’s body weight. The
default torque was measured by requiring the subject to
stand still at the centre of the treadmill and by increasing
the driving torque value until observing a movement of the
belt greater than 2 cm over 5 s. This default torque setting
as a function of belt friction is in line with previous
motorized treadmill studies (Chelly and Denis 2001; Falk
et al. 1996; Jaskolski et al. 1996; Jaskoska et al. 1999) and
with the detailed discussion by McKenna and Riches in
their recent study comparing ‘‘torque treadmill’’ sprint to
overground sprint (McKenna and Riches 2007). The motor
torque of 160% of the default value was selected after
several preliminary measurements (data not shown) comparing various torques, because (a) it allowed subjects to
sprint in a comfortable manner and produce their maximal
effort without risking loss of balance, and (b) higher torques (180 and 200%) caused loss of balance in some of the
subjects. This prevented them, even after the longer
familiarization necessary in such conditions, to sprint with
the overall sprint technique they are used to on the field.
Subjects were tethered by means of a leather weightlifting belt and a stiff thin rope (0.6 cm in diameter), itself
attached to a 0.4-m vertical metal rail, rigidly anchored to
the wall behind the subjects. The horizontal distance
between the wall and the subjects’ ends of the rope was
*2 m. This system allowed (a) individual setting of the
height of the wall-mounted fixation for a horizontal position of the rope, (b) subjects to run at the same horizontal
position along the treadmill, and (c) running at a horizontal
distance (2 m) that reduced the ratio of the vertical component of the wall reaction force to the propulsive force.
When correctly attached, subjects were required to lean a
little bit forward in a typical sprint start position (standardized for all subjects) with their preferred foot forward.
After a 3-s countdown, the treadmill was released, and the
belt began to accelerate as subjects applied fore–aft force.
On the field as well as on the treadmill, subjects were
encouraged throughout the 100-m sprint.
Mechanical data were sampled at 1,000 Hz during a
30-s period, which included the 100-m, allowing determining the beginning of the sprint as the moment when the
belt speed exceeded a value of 0.2 m s-1. After appropriate
filtering (Butterworth-type 30 Hz low-pass filter), instantaneous values of ground reaction forces and belt speed
were averaged for each contact period (vertical force above
30 N). Then, instantaneous speed (S in m s-1) was averaged for each contact period, which corresponded to the
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biomechanical and muscular-specific event of one leg push
(Martin et al. 1997), and maximum average value for the
100 m was retained for analysis as Smax.
The 100-m distance was checked during the sprint by
means of a wheel odometer placed in contact with the
treadmill belt, at the back end of the treadmill. The individual exact time–distance curves were then computed
a posteriori from instantaneous speed–time relationships.
As shown in Fig. 2, the instantaneous speed–time curves
allowed the same biexponential modelling as in field conditions and, thus, the same performance variables, i.e. Smax,
tSmax, t100, S100, s1 and s2 to be determined.
Last, in order to discuss the differences or similarities
between 100-m performances in field and treadmill conditions in light of the main physical capacities and
mechanical output of the subjects, instantaneous data of

Fig. 2 Upper panel typical speed–time curve obtained on the
treadmill for the typical subject mentioned in Fig. 1. Speed data are
reported as instantaneous actual (black line) and modelled (grey line)
values, and as values averaged for each contact phase during the 100m sprint (circles). The biexponential equation fitting this typical
!
"
speed–time curve at best is SðtÞ ¼ 6:96 eðð% tþ 4:61Þ= 62:8Þ % eð% t= 1:43Þ .
The coefficient of correlation between actual and modelled data of
speed was r = 0.993. Lower panel values of vertical (black circles)
and net horizontal (white circles) ground reaction forces averaged for
each contact phase during the 100-m sprint for the typical subject
mentioned in Fig. 1

Eur J Appl Physiol (2011) 111:1695–1703

1699

vertical (Fv) and net horizontal force (Fh) and horizontal
power (Ph in W/kg) were averaged for each contact period
(Fig. 2) and measured along with the main running step
kinematics: contact time (tc in s), aerial time (ta in s) and
step frequency (f in Hz).

Step-averaged values of Fv and Fh were 1,108 ± 121
and 228 ± 29 N, respectively, and Ph was 17.3 ± 2.8
W kg-1. The main step kinematics were tc = 0.150 ±
0.02 s, ta = 0.150 ± 0.02 s and f = 3.00 ± 0.24 Hz (values
averaged over the entire 100 m).

Data analysis and statistics
Discussion
Descriptive statistics are presented as mean values ± SD.
Normal distribution of the data was checked by the Shapiro–Wilk normality test, and the mechanical variables
studied were compared between treadmill and field conditions using t tests and Pearson’s correlations. The quality
of the fitting of speed–time curves by the biexponential
equation was tested by means of Pearson’s correlations
computed between instantaneous values of actual and
predicted speed, in both treadmill and field conditions. The
significant level was set at P \ 0.05.

Results
As shown in Table 1, most of the performance parameters
differed significantly between track and treadmill conditions, i.e. t100, S100, Smax, and s1, with a non-significant
tendency for tSmax (P = 0.071). These differences all
characterized an overall lower performance in treadmill
condition. The correlations between these two sets of data
were significant (correlation coefficients ranging from
r = 0.63 to r = 0.89; P \ 0.05; Fig. 3) for all of the
parameters studied, except tSmax.
The typical speed–distance curves shown in Fig. 4 show
that despite the almost constant (about 20%) difference
over the 100-m sprint, their overall shape is basically
similar, which is confirmed by the significant correlation
(P \ 0.05; Table 1) found between the three variables
setting the overall shape: Smax, s1 and s2. Further, the
quality of the fitting of speed–time curves by the biexponential model equation was very high both on track or
treadmill (r [ 0.956; P \ 0.01 for all conditions).

The main result of this study is that 100-m sprint performance variables were different between treadmill and field
conditions (by *20% on average) except for the time
constant for deceleration. These differences all characterized a lower performance on the treadmill compared
to field sprint running. However, speed–distance curves
are similar in their overall shape, and all the performance variables but tSmax were significantly correlated
(P \ 0.05).
Performance data obtained on the track are in line with
previous studies led in similar populations, i.e. S100 and
Smax (Best and Partridge 1928; Bowtell et al. 2009; Chelly
and Denis 2001; Falk et al. 1996; Lakomy 1987; McKenna
and Riches 2007; Morin et al. 2006; Volkov and Lapin
1979), and s1 (Di Prampero et al. 2005; Morin et al. 2006;
Volkov and Lapin 1979) were close to values reported in
previous studies, whereas s2 was lower in this study than
for Morin et al. (2006): 73.4 ± 26.8 versus 128 ± 94 s,
but the latter study was conducted in less skilled subjects,
as shown by their 100-m performance (14.21 ± 0.79 s),
i.e. *1 s longer than in this study.
The comparison of data with previous treadmill studies
is rather limited since (a) some of them used motorized
treadmills and some others did not, (b) no study used the
same instrumented sprint treadmill as the present one
(except Morin et al. 2010) and hence different characteristics of the measuring device itself, and (c) only Bowtell
et al. (2009) and Morin et al. (2010) used a treadmill with
no pre-determined belt speed that reacted to subjects’
propulsive actions, such as in this study. However, the
maximal speed values we report are comparable, though

Table 1 Comparison of performance variables for field and treadmill conditions and correlations between values for the two conditions
Variable

Field

t100 (s)

Treadmill

t test
P values

Absolute % difference

r

Correlation P values

13.25 ± 0.71

17.0 ± 1.01

<0.001

28.3 ± 4.54

0.81

<0.01

S100 (m s-1)

7.57 ± 0.42

5.90 ± 0.36

<0.001

22.0 ± 2.79

0.82

<0.01

Smax (m s-1)

8.84 ± 0.51

6.90 ± 0.39

<0.001

21.9 ± 2.15

0.89

<0.001

tSmax (s)

6.21 ± 1.43

5.12 ± 1.05

0.071

13.1 ± 27.3

-0.01

0.98

s1 (s)
s2 (s)

1.94 ± 0.38
73.4 ± 26.8

1.60 ± 0.20
69.7 ± 17.2

15.5 ± 13.0
0.29 ± 24.0

0.63
0.76

<0.05
<0.01

<0.01
0.49

Values are mean ± SD. Bold values indicate significant differences (field vs. treadmill) or correlations
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Fig. 3 Correlations between
field and treadmill performance
parameters

slightly lower than those of Bowtell et al. (2009):
6.90 ± 0.39 versus 7.92 ± 0.27 m s-1, and higher than
those of Morin et al. (2010): 6.90 ± 0.39 versus
5.91 ± 0.46 m s-1, which seems logical since in their
study, they set a motor torque of only 120% of the default
torque (vs. 160% in the present study) in order to allow
subjects to reach their maximal power, and not maximal
speed. Nevertheless, our data of treadmill Smax are well in
the range of those previously reported in several similar
experiments (Bundle et al. 2003; Chelly and Denis 2001;
Frishberg 1983; Lakomy 1987; McKenna and Riches 2007;
Weyand and Bundle 2005; Weyand et al. 2000, 2009,
2010), whatever the treadmill and protocol used (ranging
from 6.1 m s-1 for Chelly and Denis 2001) to 11.1 m s-1
for (Weyand et al. 2000), with a grand average among
studies of *8.5 m s-1).
When focusing on the few studies that specifically
investigated or reported among other results field–treadmill
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comparisons of sprint mechanics and Smax as the only
performance variable, some report significant differences
(Frishberg 1983; Kivi et al. 2002) and/or lower performance on the treadmill (Chelly and Denis 2001; Lakomy
1987) and less often a higher one (by 11.5% on average for
Bowtell et al. 2009), whereas McKenna and Riches (2007)
report no fundamental difference between field and treadmill conditions. Last, Frishberg (1983) showed no difference in Smax between field and treadmill, but this was very
likely due to the fact that treadmill speed was determined
and set from individual values of field Smax in these studies.
To our knowledge, only Bundle et al. (2003) reported
similar values of track and treadmill Smax, but not after a
typical acceleration phase. Indeed, they used a specific
experimental procedure in which subjects lowered them
from the handrails onto the belt, already rolling at high
speeds, up to the maximal speed they could handle that
way.

Eur J Appl Physiol (2011) 111:1695–1703

Fig. 4 Comparisons of distance-normalized typical instantaneous
speed curves obtained in the typical subject mentioned in Fig. 1 on
the track and on the treadmill. Grey lines are instantaneous velocities
measured by the radar (track) and the treadmill. Black lines are the
speed–distance curves predicted by the biexponential model described
in Eq. 1

The performance variables put forward in our study
clearly show an overall lower level of performance on the
treadmill, by *20% on average (Table 1), despite maximal effort made by subjects and ‘‘free’’ running made
possible in both conditions. However, these variables
(except tSmax) were all highly and significantly correlated
between track and treadmill (Fig. 3). Such correlations had
not been tested, to our knowledge in previous studies,
except for Smax by Bundle et al. (Bundle et al. 2003), who
showed a significant and high correlation, close to the line
of identity (Fig. 4 in their study). Thus, we can reasonably
state that when using a motorized treadmill (and setting a
constant torque to overcome friction or at least limit its
effects on speed), and allowing subjects to accelerate the
belt voluntarily (i.e. without setting predetermined speed
values), it is possible not to reproduce, but to interpret
100-m field sprint performance and investigate inter-subject
differences. In other words, treadmill sprint performance is
not equal to that observed in field conditions, but correlates
significantly with it.
In this study, the motor torque was set to constantly
assist subjects in their effort to accelerate the belt and
maintain their speed (by overcoming the friction due to
their body weight), and air friction was absent (contrary to
field sprint). Thus, it seemed paradoxical to observe lower
performances, though all the subjects performed all-out
efforts and reported having had the feeling of maximal
horizontal force production, very close to what they felt
during field sprinting. This discrepancy was also intriguing
since we observed the logical acceleration of the belt
during aerial phases of the running steps. These phases
lasted typically *150–180 ms at high velocities, and the
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constant motor torque led to belt accelerations of about 2%
of the belt speed at the moment of foot takeoff, on average
for the entire group (data not presented). This change in
belt speed during aerial phases is rather small (because of
very short aerial phases during sprint running), but it may
have been a reason for expecting higher Smax values
compared to field conditions, since it occurs at each step.
Our most likely hypothesis to explain this difference in
performance is that the characteristics of the treadmill,
friction between the belt and the supporting frame during
contact and vertical impulses, and overall inertia of the
rollers–belt system limiting the speed production, are not
fully overcome by the assisting motor torque. In an attempt
(a) to estimate the difference in net horizontal force output
between treadmill and field conditions and (b) investigate
whether it was linked to subjects performance or
mechanical output variables, we basically compared stepaveraged values of Fh on the treadmill to estimated ones
produced on the field at corresponding distances over the
entire 100 m. When applying the fundamental law of
dynamics in the horizontal direction (field data), the net
force accelerating the body mass m (i.e. the force corresponding to Fh on the treadmill) may be computed as
Ff-a = ma, with a the forward acceleration of the runner (in
m s-2) obtained from time derivation of modelled speed
data. Since overcoming air friction may represent a source
of force production in this direction in sprint running, we
estimated the horizontal force produced against air friction
as Fair = !.q A Cd S2 with q the air density (in kg m-3),
A the frontal area of the runner (in m2), and Cd the drag
coefficient. Fair was then estimated from this equation,
subjects’ body mass and height (used to compute A) and
literature data, according to Arsac and Locatelli (2002).
Then, the net horizontal force estimated on the field was
computed as FhFIELD = Ff-a ? Fair.
The typical comparison of Fh and FhFIELD during the
100 m (Fig. 5) shows the difference between track and
treadmill. The data for the group show that this difference
between Fh and FhFIELD was 79.7 ± 6.9 N on average
(0.117 ± 0.009 times body weight) and significantly
higher (t tests; P \ 0.001) during the second part of the
100 m (i.e. after Smax), 86.7 ± 8.1 N than during acceleration (i.e. from start to Smax): 69.9 ± 8.5 N. Further,
individual differences in net horizontal force between field
and treadmill conditions computed over the 100-m sprint
were significantly correlated with corresponding values of
mean Fv per unit body weight (r = 0.69; P = 0.023), and
not with subjects’ body mass or treadmill Fh, S100, Smax,
Ph, ta, tc and f. These data clearly support the hypothesis
that the difference in force production between the two
situations is linked to mechanical variables representing the
intensity of the vertical actions of subjects onto the belt
during sprint, and thus to friction forces, since the friction

123

1702

Fig. 5 Typical comparison between the step-averaged net horizontal
force measured on the treadmill (spline curve between step-averaged
values, upper trace) and that estimated from field instantaneous
horizontal speed values (instantaneous values of modelled speed,
black lower trace), and without taking account of the estimated
horizontal force due to air friction (grey lower trace). For this typical
subject (28 year-old athlete of 1.78 m, 71 kg), the mean difference in
step-average value of propulsive force over the field 100 m was
84.3 ± 14.5 N, i.e. 0.128 ± 0.02 times the body weight

of the belt onto its supporting frame during contact is
directly dependent on the amount of vertical force applied
at the foot. This hypothesis was also proposed by Lakomy
(1987) to explain the *20% lower top speed reached on a
non-motorized treadmill compared to the track condition:
‘‘The first major difference was due to the intrinsic resistance of the treadmill. This resistance, which was related to
the weight of the runner, resulted in maximal velocities that
were approximately 20% lower […]’’. The present study,
though undertaken on a motorized treadmill, brings
experimental evidences that support this hypothesis, with
the novel point that the vertical force per unit body weight
subjects apply onto the belt is related to this difference in
performance, and that subjects’ weight is not. Last, it is
interesting to observe (Fig. 5) that on the treadmill,
although maximal treadmill speed is reached, the stepaveraged net horizontal force is still (a) positive, and
(b) around 80 N in the typical example taken. This illustrates the fact that on the treadmill, subjects have to
overcome an amount of force due to friction and/or inertia
of the system, whereas on the track, maximal and then
slightly decreasing speed are mechanically expected to be
associated with approximately null and negative net horizontal forces, respectively.
Limits of the study
One of the limits of the present study is that a higher motor
torque (i.e. 180 or 200% of the default value) could have
been set, and thus could have allowed subjects to reach
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higher Smax. However, preliminary measurements (data not
presented) performed on several subjects familiarized with
the treadmill showed that even if Smax increased as the
motor torque value increased, motor torques higher than
the one used in the study (160% of the default torque) were
too high to allow all the subjects to sprint comfortably (loss
of balance, no upright position possible) and made them
face a serious risk of fall.
Another limit is that this study investigated performance
variables, which had, to our knowledge not been done to
date, but the underlying mechanisms explaining the performances observed in both conditions are not known. If
considered, as done in previous studies, they could help
understand the origins of the field–treadmill differences put
forward. Last, because the treadmill used in the present
study was of a motorized type, this study could not test
treadmill-field differences when a non-motorized treadmill
is used, such as in previous studies (e.g. Lakomy 1987).
Therefore, the present conclusions may be limited to
motorized treadmills; the corresponding results for nonmotorized treadmills remain unknown and are potential
tracks of further research.

Conclusions
The motorized instrumented treadmill used allowed subjects to run in ‘‘free’’ running conditions, i.e. with no predetermined speed belt, but the overall 100-m performances
were lower than those observed during a field 100-m sprint.
However, significant correlations were observed between
field and treadmill performance variables, for instance for
maximal and mean running speed. Therefore, it may be
possible and useful to investigate sprint performance and
mechanics on the treadmill, and possibly discuss interindividual field sprint performance in light of treadmill
measurements. From this comparison with field performance, it appears that the instrumented sprint treadmill
could be a useful device to assess physical capacities of
subjects involved in activities that include sprints (athletes,
team sport players), and to monitor these capacities in the
long term through a standardized follow-up. For instance, it
could be used to follow and guide training programs aimed
at improving mechanical power output during sprint running. Further, since the measurements of ground reaction
force are made in both horizontal and vertical directions, an
accurate assessment of the sprinting technique and the way
subjects develop and apply force onto the ground is possible. Last, the instrumented treadmill used in this study
could allow exploring running kinetics and kinematics over
typical sprint distances (e.g. 50–400 m), including the
acceleration phase, and not only over two or three steps at
Smax. To our knowledge, this has never been done yet.
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Technical Ability of Force Application as a
Determinant Factor of Sprint Performance
JEAN-BENOÎT MORIN, PASCAL EDOUARD, and PIERRE SAMOZINO
Université de Lyon; and Laboratory of Exercise Physiology, Saint-Etienne, FRANCE
ABSTRACT
MORIN, J-B., P. EDOUARD, and P. SAMOZINO. Technical Ability of Force Application as a Determinant Factor of Sprint Performance. Med. Sci. Sports Exerc., Vol. 43, No. 9, pp. 1680–1688, 2011. Purpose: We transposed the concept of effectiveness of force
application used in pedaling mechanics to calculate the ratio of forces (RF) during sprint running and tested the hypothesis that field
sprint performance was related to the technical ability to produce high amounts of net positive horizontal force. This ability represents
how effectively the total force developed by the lower limbs is applied onto the ground, despite increasing speed during the acceleration
phase. Methods: Twelve physically active male subjects (including two sprinters) performed 8-s sprints on a recently validated instrumented treadmill, and a 100-m sprint on an athletics track. Mean vertical (FV), net horizontal (FH), and total (FTot) ground reaction forces
measured at each step during the acceleration allowed computation of the RF as FH/FTot and an index of force application technique
(DRF) as the slope of the RF–speed linear relationship from the start until top speed. Correlations were tested between these mechanical
variables and field sprint performance variables measured by radar: mean and top 100-m speeds and 4-s distance. Results: Significant
(r 9 0.731; P G 0.01) correlations were obtained between DRF and 100-m performance (mean and top speeds; 4-s distance). Further, FH
was significantly correlated (P G 0.05) to field sprint performance, but FTot and FV were not. Conclusions: Force application technique
is a determinant factor of field 100-m sprint performance, which is not the case for the amount of total force subjects are able to apply
onto the ground. It seems that the orientation of the total force applied onto the supporting ground during sprint acceleration is more
important to performance than its amount. Key Words: TOP SPEED, 100-M, POWER, RUNNING, LOCOMOTION MECHANICS

W

itive horizontal GRF) (e.g., Hunter et al. [13] and Roberts
and Scales [29]). Thus, a positive acceleration in the forward
direction will result from a positive value of this net (i.e.,
stance-averaged) horizontal force (FH), and the higher FH,
the higher the acceleration. Further, it has been shown that
high accelerations in running and bouncing bipeds were
achieved by increasing the amount of positive horizontal
GRF (18,29) and concomitantly decreasing the amount of
negative horizontal GRF (29). From this basic standpoint,
it seems logical to expect forward acceleration (hence, high
FH application onto the ground) to be a major determinant
of field sprint performance. For instance, Hunter et al. (13)
showed that the strongest predictor of the sprint velocity
measured at the 16-m mark during acceleration (61% of the
variance explained) was the relative horizontal impulse.
On the other hand, studies report relationships between
the top speed reached during treadmill sprint and mechanical
variables, but only at top speed. These protocol designs
required subjects to lower themselves onto the running
treadmill belt and perform about eight complete steps at increasing steady speeds, until top speed was reached (e.g.,
Bundle et al. [4] and Weyand et al. [33–35]). Thus, in such
protocols, only the flying top speed that could be maintained
for a few steps was considered, irrespective of the typically
preceding acceleration phase. That said, the authors showed

hether it is a direct (track and field events) or
indirect (e.g., team sports) factor of performance,
the ability to sprint is a key parameter in many
sports and the focus of many training programs. This ability
mechanically corresponds to the capability to produce highto-top speeds and cover given distances in the shortest times
possible or conversely to cover the largest distances in a
given span. Contrary to cutting movements that are used in
some disciplines (e.g., basketball), sprinting predominantly
implies accelerating forward on a level ground.
During accelerated runs, a typical support phase is characterized by a braking phase (negative horizontal ground
reaction force (GRF)) followed by a propulsive phase (pos-
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that it was very close to the top speed reached in field sprint
(5). Using this kind of design, Weyand et al. (35) showed
that the support vertical force produced onto the ground per
unit body weight (BW) at top speed was a key determinant
of this speed. Knowing the determinants of human top speed
and its biological limits is of interest. However, in many
sports, if not all, athletes almost never reach their actual individual top speed, yet their forward acceleration capabilities
are often necessary for successful performance (e.g., in
soccer or rugby).
Accelerating body mass and producing forward speed
logically requires production of high amounts of FH. However, during forward acceleration, the human body is in a
mechanical situation in which gravitational constraints are
such that the total force is predominantly produced in a direction that is not that of their displacement. Therefore, only
the horizontal component of the total force is directed forward, and the other component (vertical) can be considered
as ineffective in producing forward acceleration, although
necessary to keep moving forward (Fig. 1). In pedaling
mechanics, where the total force applied onto the pedal has
also been analyzed through its components (e.g., Davis and
Hull [7]), only one component of the total force (that oriented perpendicular to the crank arm) is propulsive and
necessary to the rotation of the drive. Thus, effectiveness of
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FIGURE 1—Schematic representation of the ratio of forces (RF) and
mathematical expression as a function of the total (FTot) and net positive
horizontal (FH) (i.e., contact-averaged) ground reaction forces. The forward orientation of the total GRF vector is represented by the angle >.

force application in pedaling has been defined as the ratio
of this effective force to the total force applied onto the pedal
(7,11,28,30). Since then, effectiveness has been related to
subjects’ pedaling technique (e.g., Dorel et al. [10]) and
cycling mechanical efficiency (e.g., Zameziati et al. [36]).
Applying this to sprint running for a given support phase,
the mean ratio of forces applied onto the ground (RF) could
objectively represent runners’ force application technique.
This could also be independent from the amount of total
force applied, i.e., their physical capabilities. Therefore, we
hereby propose to study RF in sprint running, which we
define as the ratio of FH to the corresponding total GRF
averaged over the support phase (FTot). Thus, theoretically,
for the same FTot applied onto the ground over a given
stance phase, different strategies of force application (hence,
different RF values) may be used and result in different
amounts of FH and, in turn, different net forward accelerations (Fig. 1).
However, contrary to cycling where the aim of a good
pedaling technique is to reach maximal RF (i.e., effectiveness of 100%), the necessary vertical component of the total
force in running makes it mechanically counterproductive to
maximize RF. Indeed, an RF of 100% would mean that the
total force is applied horizontally, with no vertical component, making the running motion impossible. Between this
implausible maximal RF and RF equal to zero (which theoretically means no net forward acceleration is produced and
the total force over the stance is applied vertically), it is not
known whether or how RF could be optimized or whether
it is related to field sprint performance. Thus, we thought it
would be interesting and novel to analyze RF values during
sprint acceleration.
To our knowledge, no such approach has been undertaken
that would allow calculation of RF over a sprint acceleration
phase (and consequently test its potential relationship to field
sprint performance). This could be explained by the fact that
computing RF requires measurements of the total GRF and
both its vertical and horizontal components. To date, some
studies performed these measurements using force plates
(2,13,16,20,22,23,27), but none reported RF values. That
said, some studies reported incline angles of the total GRF
vector relative to vertical (16,20), which is mathematically
close to the expression of RF proposed here (Fig. 1). These
studies suggest that the forward incline angle of the total force
vector relative to vertical (and thus RF; Fig. 1) decreases with
increasing running speed over a typical sprint acceleration.
The characteristics of this decrease in RF and whether
limiting it may enhance field sprint performance are unknown. We hypothesized that the technical ability to limit
the decrease in RF with increasing speed would be of interest to sprint performance and used a practical index to
characterize subjects’ technique of force application measured during maximally accelerated runs. Computing such
an index requires GRF measurements during the entire acceleration phase of a sprint, which has never been done to
our knowledge, for obvious technical and material reasons.
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Indeed, to date, such relationships between force
production/application and acceleration/sprint performance
have been mainly approached through comparisons between
steady-speed (i.e., not accelerated) runs including top speed
(e.g., Brughelli et al. [3], Mero and Komi [21], Nummela
et al. [27], Weyand et al. [35]). Furthermore, field sprint
kinetics have most often been analyzed for three steps or
fewer during the starting blocks push-off and/or the first step
of the sprint (e.g., Kugler and Janshen [16], Mero [20], Mero
et al. [23]), constant-speed runs [21,27], or, more recently,
the acceleration phase (È16 m [13]) and around top speed
(È45 m [2]). Finally, detailed kinetics of acceleration runs
have been studied, and comparisons between different accelerations have been reported in comprehensive animal
studies of turkeys (29) and dogs (32).
Thus, to the best of our knowledge, no GRF data are
available for the entire sprint acceleration phase of humans.
The recent validation of an instrumented treadmill allowing continuous GRF measurements during sprint running
(including the typical acceleration phase) from a typical
crouched sprint start (25,26) makes it possible to measure
both instantaneous horizontal and vertical components of the
total GRF and thus calculate RF for each step of a sprint.
Indeed, this treadmill allows high-rate samplings of both
GRF and belt velocity (25), allowing computation of instantaneous and step-averaged propulsive power and RF. It
also allows subjects to adopt a standard sprint-start position
and to begin their sprints in a balanced position before their
first push-off. Afterward, subjects can sprint ‘‘freely’’ because the belt velocity is not preset and depends on subjects’
actions, especially their horizontal force production (see
‘‘Methods’’ section).
Our aim was therefore to use this recently validated
instrumented treadmill to (i) quantify RF and its changes
with increasing speed over an entire sprint acceleration
phase (from null to top speed) and (ii) investigate the relationships between these technical characteristics of sprint
motion and field sprint performance during a 100-m maximal sprint (thereafter named 100 m).
Given the expected importance of the horizontal component of the total force runners apply onto the ground, our
main hypothesis was that RF is a key factor of sprint performance. This would represent the technical ability to orient the total GRF vector forward compared with the absolute
value of total GRF, which corresponds to the physical capabilities of athletes. This point has recently been suggested
by Kugler and Janshen (16), who showed that faster runners
were applying more forward-oriented, but not greater, forces
against the ground, although the authors analyzed only one
running step for each of their subjects’ runs. In terms of RF,
this would mean that better sprinters have a higher RF over
the acceleration phase for a similar amount of total force.
This hypothesis, on the basis of mechanical reasoning about
forward speed production, is already known and used in
practice by many sprint coaches but has hitherto not been
supported by experimental data.
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METHODS
Subjects and experimental protocol. Twelve male
subjects (body mass (mean T SD) = 72.4 T 8.6 kg, height =
1.76 T 0.08 m, age = 26.2 T 3.6 yr) volunteered to participate
in this study. All subjects were free of musculoskeletal pain
or injuries, as confirmed by medical and physical examinations. They were all physical education students and
physically active and had all practiced physical activities including sprints (e.g., soccer, basketball) in the 6 months preceding the study. Two subjects were national-level long jump
competitors (100-m personal bests of 10.90 and 11.04 s).
Written informed consent was obtained from the subjects,
and the study was approved by the institutional ethics review
board of the Faculty of Sport Sciences and was conducted
according to the Declaration of Helsinki II.
The protocol consisted in performing one 8-s treadmill
sprint and one 100 m on a standard synthetic track. The
two sprints, which were performed in a randomized and
counterbalanced order, were separated by 30 min of passive
rest and performed in similar ambient conditions. Subjects
wore the same outfit and shoes in both conditions (no athletics spikes used). About 1 wk before the testing session,
subjects undertook a familiarization session during which
they repeated treadmill sprints until being comfortable with
the running technique required (this took between 10 and
20 short sprints). For the testing session, the warm-up consisted of 5 min of 10 kmIhj1 running, followed by 5 min of
sprint-specific muscular warm-up exercises, and three progressive 6-s sprints separated by 2 min of passive rest.
Subjects were then allowed È5 min of free cool-down before the treadmill sprint. The warm-up preceding the 100 m
consisted of repeating the last part of the warm-up (from the
three 6-s sprints on).
Mechanical variables. The motorized instrumented treadmill (ADAL3D-WR; Medical Development, HEF Tecmachine,
Andrézieux-Bouthéon, France) used has been recently validated for sprint use (for full details, see Morin et al. [25]).
It is mounted on a highly rigid metal frame fixed to the
ground through four piezoelectric force transducers (KI 9077b;
Kistler, Winterthur, Switzerland) and installed on a specially
engineered concrete slab to ensure maximal rigidity of the
supporting ground.
The constant motor torque was set to 160% of the default
torque, i.e., the motor torque necessary to overcome the
friction on the belt due to the subject’s BW. The default
torque was measured by requiring the subject to stand still
and by increasing the driving torque value until observing a
movement of the belt 92 cm during 5 s. This default torque
setting as a function of belt friction is in line with previous
motorized treadmill studies (6,12,14,15) and with the detailed
discussion by McKenna and Riches (19) in their recent study
comparing ‘‘torque treadmill’’ sprint to overground sprint.
Motor torque of 160% of the default value was selected after
several preliminary measurements (data not shown) comparing various torques because (i) it allowed subjects to sprint
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FIGURE 2—A, Typical traces of vertical (black line) and horizontal
(gray line) GRF and of RF (dotted black line) during the support phase
of a sprint step. This typical example (subject 11, body mass = 68.1 kg)
corresponds to the 10th step of the sprint, for which top speed was
reached after 17 steps. Mean values of FH, FV, and RF for this step were
195 N, 1348 N, and 19.6%, respectively. This value of mean RF corresponds to a forward inclination angle of > = 11.3-. B, Linear relationship between RF and speed during the acceleration phase of the
treadmill sprint (from the second step and the step at top speed) for
subjects 2 (black circles) and 11 (white circles). Each point corresponds
to values of RF and running speed averaged for one contact phase.
Despite similar initial maximal values of RF, their DRF (i.e., the slopes
of their respective RF–speed relationships) differed strongly: j0.051
for subject 11 and j0.083 for subject 2.

(i.e., a steep RF–speed relationship) were those who had the
highest decreases in RF with increasing speed. To summarize these two concepts, RF represents the part of FTot that is
directed forward, and DRF indicates how runners limit the
decrease in RF with increasing speed during an acceleration
run (or conversely how they maintain RF to produce high
amounts of FH during their acceleration).
Field sprint performance. The 100-m sprints were
performed from a standing start (crouched position similar to
that on the treadmill), and performance was measured using
a radar Stalker ATS Systemi (Radar Sales, Minneapolis,
MN), which has been validated and used in previous human
sprint running experiments (6,9,24,26), to measure the
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in a comfortable manner and produce maximal effort without risking loss of balance and (ii) higher torques (180%
and 200%) caused loss of balance in some subjects. The
latter phenomenon prevented them, even after familiarization, to sprint with the same technique as on the track.
Subjects were tethered using a leather weightlifting belt
and thin stiff rope (0.6 cm in diameter) rigidly anchored to
the wall behind the subjects by a 0.4-m vertical metal rail.
When correctly attached, subjects were required to lean
forward in a typical crouched sprint-start position (standardized for all subjects and close to that in the field) with
their preferred foot forward. After a 3-s countdown, the
treadmill was released, and the belt began to accelerate
as subjects applied a positive horizontal force. On both the
track and the treadmill, subjects were encouraged throughout the sprint.
Mechanical data were sampled at 1000 Hz throughout the
sprint, allowing determination of the beginning of the sprint,
defined as the moment the belt speed exceeded 0.2 mIsj1.
After appropriate filtering (Butterworth-type 30-Hz lowpass filter), instantaneous values of GRF and belt speed were
averaged for each contact period (vertical force 930 N),
which corresponds to the biomechanical/muscular specific
event of one leg push (1,17).
Instantaneous data of vertical, horizontal, and total GRF
were averaged for each support phase (FV, FH, and FTot,
respectively), expressed in newtons and BW and used with
the corresponding average belt speed (S, mIsj1) to compute
net horizontal power (PP = FH S, WIkgj1). These running
kinetics were completed by measurements of the main step
kinematic variables: contact time (tc, s), aerial time (ta, s),
step frequency ( f, Hz), and swing time at top speed (tswing),
i.e., the time to reposition the limb, from take-off to touchdown of the same foot. Finally, FV was specifically averaged
for the five steps around top speed on the treadmill and
reported as FV–Smax.
Ratio of forces and index of force application
technique. For each step, RF (%) was calculated as the
mean ratio of FH to FTot for one contact period. The angle of
orientation of the FTot vector with respect to vertical could
therefore be calculated as > = sinj1RF (Fig. 1). Furthermore, RF for the very first step (i.e., at very low forward
speeds) was expected to be high (crouched position when
attached backward to a fixed point) and then to decrease
with acceleration. Indeed, at the end of the acceleration (i.e.,
at top speed), RF was expected to be close to zero (no net
forward acceleration). Therefore, we calculated an index of
force application technique (DRF) representing the decrement in RF with increasing speed. Because with increasing
speed, the overall inclination of the body was expected to
approach vertical (9), DRF was computed as the slope of the
linear RF–speed relationship calculated from step-averaged
values between the second step and the step at top speed
(Fig. 2B). Therefore, the higher the DRF value (i.e., a flat
RF–speed relationship), the more RF is maintained despite
increasing velocity. Conversely, subjects with a low DRF

TABLE 1. Ratio of forces, index of force application technique, and main mechanical
variables averaged over the acceleration phase of the sprint on the instrumented
treadmill (from the second step until top speed).
Variable

Mean T SD

APPLIED SCIENCES

Maximal value of RF (%)
37.6 T 4.22
Mean value of RF (%)
19.9 T 2.98
Mean 4-s RF (%)
21.8 T 2.78
Index of force application technique (DRF) j0.071 T 0.01
Ground reaction forces
0.322 T 0.056
FH (BW)
FH (N)
225 T 27
1.62 T 0.14
FV (BW)
1144 T 150
FV (N)
FTot (BW)
1.65 T 0.14
1170 T 151
FTot (N)
FV at top speed (BW)
1.79 T 0.16
1267 T 153
FV at top speed (N)
j1
16.5 T 3.18
PP (WIkg )
Smax (mIsj1)
6.61 T 0.45
Contact time (s)
0.153 T 0.016
Aerial time (s)
0.094 T 0.013
Step frequency (Hz)
4.11 T 0.27
Swing time (s)
0.350 T 0.025

Range
28.9
13.9
16.6
j0.083

to
to
to
to

42.4
23.7
25.0
j0.051

0.224
184
1.45
915
1.49
937
1.59
1001
11.1
6.75
0.127
0.077
3.80
0.312

to
to
to
to
to
to
to
to
to
to
to
to
to
to

0.411
275
1.85
1465
1.89
1484
2.10
1554
22.4
7.34
0.181
0.121
4.69
0.383

forward speed of the runner at a sampling rate of 35 Hz. It
was placed on a tripod 10 m behind the subjects at a height
of 1 m (corresponding approximately to the height of subjects’ CM).
From these measurements, speed–time curves were plotted (6,9,24,26), and maximal running speed (Smax, mIsj1)
was obtained, as well as the 100-m time (t100, s) and the
corresponding 100-m mean velocity (S100, mIsj1). To describe the acceleration performance in relation to sports
other than track and field, and with a practical and simple
index, the 4-s distance (d4, m) was measured as the distance
covered during the first 4 s of the 100 m.
Data analysis and statistics. Descriptive statistics are
presented as mean values T SD. Normal distribution of the
data was checked by the Shapiro–Wilk normality test. Our
hypothesis was tested using Pearson correlation computed
between experimental variables measured on the treadmill
and field performance variables measured during the 100 m.
Individual RF–speed relationships were described by linear
regression calculated from step-averaged values, from the
second step (we did not take the very first push-off into account because it was not a complete push-off ) to the step
at top speed. Further, a mean RF value was calculated for
the first 4 s of the treadmill sprint to correspond to the performance variable d4 and describe the early phase of the
sprints. The significance level was set at P G 0.05.

RESULTS
The RF–speed relationships were linear for all subjects (r2
ranging from 0.707 to 0.975; P G 0.05). The maximal and
mean values of RF for the acceleration phase of the treadmill
sprints are shown in Table 1, along with values of DRF and
mechanical variables of the sprints.
On the track, subjects ran the 100 m in 13.40 T 0.85 s
(range = 11.90–15.01 s), which corresponded to S100 =
7.48 T 0.48 mIsj1, for a top speed of 8.79 T 0.59 mIsj1
(range = 7.80–9.96 mIsj1). The 4-s distance was 23.6 T 1.9 m
(range = 20.9–26.3 m). Table 2 and Figure 3 show the
main relationships between mechanical variables and field
sprint performance over the 100 m. The index of force application technique, DRF, was significantly related to the
three main 100-m performance parameters: Smax, S100, and
d4 (r 9 0.735, P G 0.01), as were the mean 4-s RF (r 9 0.689,
P G 0.05) and the mean value of FH over the acceleration
(r 9 0.621, P G 0.05). Contrastingly, neither FV nor FTot
averaged over the acceleration phase was related to these
performance parameters. An exception to this result was
when FV was computed specifically at top speed on the
treadmill: FV–Smax was significantly correlated (r = 0.612,
P G 0.05) to the top speed reached on the track.
Finally, subjects’ capabilities to apply high amounts of
total force onto the ground, as quantified by FTot per unit
BW, was not significantly correlated to any calculated indices of force application technique: mean RF (P = 0.68),
DRF (P = 0.25), or mean 4-s RF (P = 0.26).

DISCUSSION
The main result of this study is that the force application
technique, and more precisely the ability to limit the decrease in RF during accelerated runs on a sprint treadmill
despite the increasing speed, was highly (P G 0.05) correlated to field 100-m performance (4-s distance, 100-m top,
and mean speeds). This was not the case for total force produced. Thus, the way runners apply force onto the ground
(technical ability) seems to be more important to field sprint
performance than the amount of total force they are able to
produce (physical capability), confirming our hypothesis (at
least for the population tested). Net positive horizontal force
and power as measured on the instrumented sprint treadmill
were also significantly (P G 0.05) correlated with the field
sprint performance variables Smax, S100, and d4. Further, Smax

TABLE 2. Correlations between mechanical variables (rows) and 100-m performance variables (columns).
Maximal Speed (mIsj1)
Maximal value of RF (%)
Mean 4-s RF (%)
Index of force application technique (DRF)
FH (BW)
FV (BW)
FTot (BW)
FV at top speed (BW)
PP (WIkgj1)

0.013
0.695
0.735
0.775
0.501
0.520
0.612
0.891

(0.97)
(G0.01)
(G0.01)
(G0.01)
(0.10)
(0.08)
(G0.05)
(G0.001)

Mean 100-m Speed (mIsj1)
j0.018
0.773
0.779
0.736
0.390
0.411
0.507
0.862

(0.96)
(G0.01)
(G0.01)
(G0.01)
(0.22)
(0.19)
(0.09)
(G0.001)

4-s Distance (m)
j0.217
0.689
0.745
0.621
0.466
0.471
0.498
0.715

(0.96)
(G0.05)
(G0.01)
(G0.05)
(0.13)
(0.13)
(0.10)
(G0.01)

FH, FV, FTot, and PP are mean values for the acceleration phase. Values are presented as Pearson correlation coefficient (P values).
Significant correlations are reported in bold.
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was only significantly (P G 0.05) related to the vertical force
per unit BW applied onto the ground when the latter was
measured specifically at Smax on the treadmill and not when
averaged during the entire acceleration phase (P = 0.100).
The comparison of RF and DRF data with previous studies
is limited because, to our knowledge, this study is the first to

FORCE APPLICATION TECHNIQUE IN SPRINT RUNNING

present such data. That said, the values of RF reported here
are consistent with those that could be estimated from total
GRF vector angle and horizontal and vertical components of
GRF reported in previous studies (because RF equals the
sine of this angle). For instance, at the first step of a maximal
acceleration from a standing start, Kugler and Janshen (16)
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FIGURE 3—Linear regressions between field and treadmill performance parameters of index of force application technique, DRF (left panels) and
horizontal, vertical, and total GRF (right panels). The linear regressions between FV and Smax and between FTot and Smax were not significant.
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reported a forward orientation of the maximal ground reaction force vector of 22- from the vertical. This angle
would correspond to a RF value of È37.5%. This is very
close to the maximal RF values reported in the present study
(Table 1). Further, RF as computed in the present study (i.e.,
from net forces) can be compared with RF estimated from
corresponding data in the literature. For instance, from the
average values of horizontal and vertical forces and impulses
during braking and pushing phases measured for the first
contact after the blocks in eight sprinters (Table 3 in Mero
[20]), the calculated net horizontal and vertical forces were
È325 and 288 N, respectively. This corresponds to an estimated total force of È434 N and an RF of È74.9%. Our
maximal values of RF are well in line with those of Kugler
and Janshen (16) but far below those of Mero (20). This
could be explained by the fact that, contrary to our study and
that of Kugler and Janshen (16), subjects did not take a
standing start in a crouched position. Instead, subjects used
starting blocks, which likely allowed them to apply a more
forward-oriented force onto the ground at their first step,
hence the much higher estimated RF. Finally, our values of
FV, FH, and FTot (maximal, mean for the acceleration phase,
or at top speed) are in line with previous human sprinting
studies (16,20,25,34,35).
The main originality of our approach is that, contrary to
previous studies in which RF could be estimated for only
a very limited number of steps during a sprint (most of
the time one or two), the instrumented treadmill used here
allowed calculation of RF for each step and, consequently,
accurate study of its continuous changes with increasing
running speed. This is, in our opinion, a novel and direct
way to approach acceleration capabilities compared with
previous protocol designs (see introduction). Further, it allowed proposal and computation of DRF, which represents
the ability of runners to produce and maintain optimal values
of RF over the entire acceleration, despite the overall
straightening up of their body with increasing speed.
This decrease in RF with increasing speed has also been
observed in cycling, where subjects could not maintain high
values of force effectiveness when pedaling frequency increases (10,30). Therefore, we think that DRF (the slope of the
RF–speed relationship) is a better index of the technical
ability of runners to apply force effectively onto the ground
over the entire acceleration phase than mean or maximal RF.
Indeed, maximal RF is measured at the first or second step of
the sprint and is less representative of the entire acceleration
than DRF. Maximal RF may also be related to/caused by the
overall geometric configuration of the standing start on the
treadmill: subjects are attached at the same location (their
waist and the wall anchor, 2 m behind them), and the maximal angle they can achieve in a crouched position (and thus
their maximal RF) may not be totally independent of the
geometric constraints this method. However, DRF depends on
the ability to orient total force at each step and is closely
linked to overall sprint training background (the sprint-trained
subjects demonstrated the best DRF values). Therefore, we
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can reasonably hypothesize that training this ability to limit
the loss of RF during an acceleration phase could be useful to
improve sprinting skills.
Indeed, as expected, our results show that net horizontal
power output is a mechanical variable strongly related to
field 100-m sprint performance (be it quantified through
Smax, S100, or d4). However, the total force, FTot, was not
significantly related to these performances (Table 2),
whereas the force application technique (be it represented
by the mean 4-s RF or DRF) and the horizontal force were
(P G 0.05; Table 2). It must be noted that the maximal possible value of RF (i.e., È100%) is not ideal because it precludes the running motion, which requires a certain amount
of vertical force to be applied onto the ground. Further, the
maximal reported values of RF (i.e., È38% at the first or
second steps) were not correlated with performance. Because it is not feasible to maximize initial RF values, further
studies could investigate individual optimum values of RF,
if an optimum exists.
Contrary to FV (which is an average value for the entire
acceleration phase), the amount of vertical force per unit
BW applied onto the supporting ground specifically measured at top speed on the treadmill (FV–Smax) was significantly linked to track Smax (P G 0.05; Table 2). This confirms
results of Weyand et al. (35) who showed a similar significant relationship between FV–Smax and Smax (r2 = 0.39,
P = 0.02, n = 33 vs r2 = 0.38, P = 0.03, n = 12 in the present
study), yet for a much wider range of top speeds (6.2–
11.1 vs 7.80–9.96 mIsj1). Further, as also reported by
Weyand et al. (35), we did not observe a significant correlation between tswing and Smax (r2 = 0.04, P = 0.56), confirming their hypothesis that vertical force per unit BW
produced at top speed is a determining factor of top speed
(here on the track during the 100 m) rather than the ability to
quickly reposition the lower limbs at each step. Our results
confirm those of Weyand et al. (35) that applying a high
amount of vertical force per unit BW at the moment top
speed is reached is necessary to run at a high Smax. However,
this may be mechanically counterproductive when trying to
increase forward speed during the overall acceleration phase
of a sprint. Indeed, during the acceleration phase, our results
show that FH is a key variable but not FV.
The 100 m has often been described as a three-component
race: acceleration phase, approximately constant top speed
phase, and deceleration phase (8,22,31). Our results support
the fact that net horizontal force and power, partly influenced
by subjects’ force application technique, are significantly related to performance in the acceleration phase. Further, they
confirm that top speed is significantly related to the ability of
subjects to apply high amounts of vertical GRF onto the
supporting ground when running at top speed. Factors associated with performance during the deceleration phase remain
to be thoroughly investigated. In a previous study (24), we
proposed the hypothesis that the capability to maintain overall
lower limb stiffness despite fatigue in sprint running was related to sprint performance in fatigue conditions based on
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100 m were significantly correlated with corresponding
values of mean FV per unit BW (r = 0.69, P = 0.023) and not
with subjects’ body mass or treadmill FH, Smax, contact time,
aerial time, or step frequency. These data clearly support the
hypothesis that the differences in force production between
treadmill and track are linked to mechanical variables representing the intensity of subjects’ vertical actions against
the belt rather than to the amounts of FH produced.
This limit may not fundamentally challenge the proposed
calculation of DRF. As may be observed in Figure 2B, and
as mentioned above, the right parts of RF–speed linear
regressions do not reach null values of RF (y axis) or top
speeds similar to those observed in the field (x axis), i.e.,
8.79 T 0.59 mIsj1. Given that (i) DRF is computed as the
slope of this linear relationship and (ii) this linearity is significant and clear for all subjects for the range of RF and
speeds tested on the treadmill (i.e., up to 6.61 T 0.45 mIsj1
on average), it is very likely that if the treadmill had allowed
subjects to reach top speeds equivalent to those on the track
(through reduced resistance), DRF values would have been
very close to those reported. To support this assumption,
we compared theoretical treadmill top speed values (x axis
intercept obtained by extrapolation of the linear RF–speed
relationship; Fig. 2B) to field Smax for each individual. The
values were very close (8.53 T 0.84 mIsj1 on the treadmill
vs 8.79 T 0.59 mIsj1) and highly correlated (r = 0.899,
P G 0.001). Consequently, it is likely that the RF–speed relationship in the incomplete bottom right part of Fig. 2B
would follow the observed linearity of the data measured,
and thus that the slope (i.e., DRF) would be similar.
That said, the treadmill measurements aimed at quantifying
subjects’ ability to apply/orient force onto the ground while
sprinting at their maximum, as opposed to reproducing exact
field sprint conditions. Consequently, despite a lower running
speed on the treadmill, we can reasonably hypothesize that the
interindividual differences observed in physical and technical
capabilities did not fundamentally differ between treadmill
and track conditions. Data obtained on 11 of the present 12
subjects showed that the performance parameters studied
(100-m times and top speeds included) were significantly
correlated between the two conditions (n = 11, r 9 0.63, P G
0.05) (26). Finally, the main step kinematics (tc, ta, tswing, and
f ) observed in the present study were in accordance with
those reported at similar speeds during maximal-speed
treadmill sprinting (e.g., Weyand et al. [33–35]). Therefore,
we think that, despite the lower performance observed on the
treadmill, the overall sprint mechanical pattern was not fundamentally altered. Thus, we think that the advantage and
novelty of being able to continuously measure GRF and RF
and compute DRF over the entire acceleration phase of a
maximal sprint outweighs the issue of lower top speed values.
In conclusion, ground reaction force measurements during
treadmill sprinting allowed calculation of an index of force
application technique and to show that it was significantly
correlated to field 100-m performance. This was not the case
for the amount of total force per unit BW the subjects were
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results obtained over repeated 100 m. This hypothesis could
be transposed to a single 100 m during which the systematically observed decrease in speed could be explained by
changes in the overall capability of athletes to run with high
values of lower limb stiffness or at least to maintain this
stiffness over the last two phases of the 100 m. It is interesting to note that RF, DRF and PP measured during treadmill
acceleration were significantly related not only to field Smax
and d4 but also to overall field 100-m performance (Table 2).
This study shows that the technical ability of sprinters,
represented by RF and DRF, rather than their capability to
produce total force (FTot), is related to acceleration (d4) and
overall field 100-m (S100 and Smax) performance. These two
parameters correspond to different and independent capabilities and should therefore be the focus of specific training
programs and exercises. The fact that these parameters are
distinct is supported by the absence of significant correlation
between FTot and calculated indexes of force application
technique (mean or maximal RF, 4-s RF, or DRF).
A good example of the distinction between the technical
and physical capabilities put forward in this study is that of the
two typical subjects presented in Figure 2B. Subject 11 is a
national-level long jumper, has been training for sprint and
long jump for about 10 yr, and has a personal best of 10.90 s
in the 100 m. Subject 2 is a basketball and mountain bike
competitor and not specialized in sprint. These two subjects
have about the same body mass (68.1 vs 69.9 kg) and similar
values of maximal RF (Fig. 2B). Further, their capabilities of
total force production over the acceleration phase were very
close: FTot = 1.87BW for subject 11 and 1.89BW for subject
2. However, their DRF (j0.051 vs j0.083) were the two
extreme values for the population tested. This means that
subject 11 was able to maintain much higher values of RF
when accelerating compared with subject 2, despite similar
RF at the first step. What is interesting and clearly illustrates
the superior 100 m of subject 11 (Smax of 9.96 vs 8.80 mIsj1,
t100 of 11.90 vs 13.66 s, and d4 of 26.3 vs 23.3 m) is that
despite similar total force production capabilities, he had a
better DRF during treadmill accelerated runs.
A limit of the present study is that we did not observe RF
values reaching zero as subjects reached their top speed on
the treadmill (Fig. 2B), which should have theoretically
been the case. Further, top speeds reached on the treadmill
were lower than those on the track (6.61 T 0.45 vs 8.79 T
0.59 mIsj1). This is because friction forces and overall inertia of the treadmill system require subjects to produce a
low but not null amount of net horizontal force at each step
to maintain a nearly constant top speed. Indeed, we estimated the net horizontal force production during the field
100 m from speed–time curves, forward acceleration as a
function of time, and basic laws of dynamics (26). The
results show that the difference between measured (treadmill) and estimated (field) FH was 69.9 T 8.5 N on average
for the group over the acceleration phase of the 100 m (i.e.,
from start to Smax). Further, individual differences in FH
between field and treadmill conditions computed over the

able to produce. In other words, it seems that the importance
is not so much the amount of total force produced, but the
way it is oriented onto the supporting ground during the acceleration phase of the sprint. Because this may be considered
a technical ability, further studies should investigate whether
it could be trained/improved, by what practical means, and
whether the training exercises typically used by coaches to
train athletes to ‘‘push forward for a greater distance’’ actually and efficiently do so.
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Abstract
In order to further investigate the determinant variables of sprint performance, the sprint
running mechanics, anthropometrics and 100-m performance of a world-elite young sprinter
(2010 European Champion on 100-m, 200-m and 4x100-m relay) were tested and compared
to that of three national-level peers, and nine non-specialists. Subjects performed 6-s sprints
on an instrumented treadmill during which step kinematics, vertical, horizontal and total
ground reaction forces (GRF), and belt velocity were continuously recorded and used to
compute mechanical power output and linear force-velocity relationships. An index of the
force application technique was computed as the slope of the relationship between the ratio of
horizontal-to-total GRF and the velocity. Last, the spring-mass behavior of runners was
quantified through their lower limb stiffness, and field 100-m performances recorded by
radar. All variables that differed (from more than 2 SD) between the world-elite individual
and groups tested (national-level peers and non-specialists) were systematically following a
graded change: the level of 100-m performance was mainly associated with (i) a “velocityoriented” force-velocity profile, likely explained by (ii) a higher ability to apply the total GRF
vector with a forward orientation over the acceleration, and finally (iii) a higher step
frequency caused by a shorter contact time. Anthropometric data showed a lower body mass
index and a higher lower-limb-to-height ratio for the elite athlete compared to his peers. Last,
total GRF production was less clearly related to the level of performance, and lower limb
stiffness did not differ between runners of very different levels.
Key-words: Performance; force-velocity; power output; ground reaction force application;
spring-mass behaviour

INTRODUCTION
Competitive sprint running (and especially the 100-m event) is the organized and standardized
way of expression of the extreme speed capabilities of human bipedal locomotion. Sprint
events have always been described as featuring the “fastest humans” of a given period. The
scientific research about the limits of human locomotion has therefore considered record
holders as examples of the limits of muscular, physiological and mechanical features of
human locomotion (e.g. 17). Paradoxically, although elite sprinters (i.e. among the world 1020 best specialists for a given period) represent typical examples of such extreme human
capabilities for running speed production, they have been the specific focus of very few
experimental studies.
To our knowledge, only Weyand et al. (59) presented experimental data obtained in the three
100-m medalists of the 1996 Olympic Games in a study about top speed production, and a
detailed case-study about the fastest paralympic sprinter (bilateral transtibial amputee), who
almost reached performances allowing him to qualify for able-bodied Olympic Games (56).
Other studies considered world-elite sprinters, but used their official performance data as
inputs of mathematical models (e.g. 1, 2, 5, 55), and did not perform or report specific
experimental measurements. This lack of experimental data in elite sprinters contrasts with
other competitive sports for which experimental case-studies of world top-level athletes and
World Record holders have been published, for instance in rowing (36), cycling (16), or
middle-distance and marathon running (35, 37).
In the present study, we specifically studied the running mechanics and 100-m field
performance variables of a young world-elite sprinter, and compared these data to that of a
group of national-level peers, and a group of non-specialists. Beyond his world rankings on
100-m and 200-m at the moment of writing of the current paper (9th and 9th, respectively, all
performance data available at http://www.iaaf.org/statistics/toplists/index.html), he has the
particularity of (i) being one of the youngest athletes ever to run the 100-m under the
symbolic 10 s barrier (at age 20, on July 9, 2010, only 5 years after his first official race), and
(ii) owning the symbolic title of first Caucasian athlete to break this 10 s barrier in an
officially timed event (7).
When considering the physiological correlates of 100-m performance, except for muscle
fibres distribution (e.g. 3, 27) and the capacity for using high-energy phosphates (30), no clear
consensus has been made from experimental data on the fact that 100-m performance and
human maximal running speed were predominantly determined by physiological factors /
pathways such as for instance lactate accumulation or clearance (e.g. 8, 30). Moreover,
metabolic power has been related to sprint performance and acceleration capabilities, but
through indirect estimations (e.g. 2, 5, 19), which is mainly due to the high difficulty (not to
say impossibility) of experimentally measuring maximal sprint running energetics in situ.
Among these indirect estimations, the method proposed by di Prampero et al. (19) is
interesting because based on field measurements of instantaneous running speed and
acceleration over time, and has recently been used to discuss metabolic power in the current
100-m World Record holder (5).
Consequently, and in light of existing studies about high-speed running mechanics, we think
that neurological and mechanical factors are more relevant to 100-m sprint performance and
top speed in humans, the latter factors being currently easier to assess experimentally than the
former. For instance, Weyand et al. (58, 59) related the specific ability to run at high speed to
the production of high amounts of vertical ground reaction force (GRF) per unit body weight

(BW) (59), and to the time needed / available to apply these high amounts of force onto the
supporting ground (58) through experimentally controlled research designs. Other scientists
showed the important role of horizontal GRF and impulses in animals (38, 51) and human
(11, 32) acceleration capability. In parallel to these functional abilities of force production,
some aspects of human body design are supposed to be requirements for high sprinting speed:
specifically a high BMI (57) and long limbs (53). The present study also allowed us to further
discuss these anthropometric results.
Running mechanics data very recently obtained on a sprint instrumented treadmill allowing
continuous measurements of GRF during typical sprints (45) suggest that what is important to
accelerate and perform on 100-m is not so much the amount of total force produced by the
lower limbs, but the way it is oriented onto the supporting ground during the acceleration
phase of the sprint (41). Indeed, Morin et al. (41) showed that the amount of the horizontal
component of the GRF per unit BW measured on the treadmill over an accelerated run was
highly correlated to 100-m performance (mean and top running speeds), whereas the total
GRF was not. They also defined an index of force application technique which quantifies a
runner’s ability to keep on orienting the total GRF vector forward despite increasing speed
over the entire acceleration phase (see Methods section), and concluded that the orientation of
the total force applied against the supporting ground during sprint acceleration was more
important to 100-m performance than its amount. However, their results were obtained in
subjects of heterogeneous and rather low sprinting capabilities (ranging from non-specialists
to regional-level sprinters).
As shown in Morin et al (45), the horizontal GRF and running velocity data obtained on the
instrumented treadmill allow computation of linear force-velocity (F-V) relationships, as done
in cycling (e.g. 21), and discussion of subject’s capabilities of force versus velocity outputs
during running sprints. In particular, since mechanical power is the product of force and
velocity, the orientation (slope) of the linear F-V relationship (33, 34, 45) may indicate the
relative importance of force and velocity capabilities in the power output, and the individual
« F-V profile » of the subjects. Such a profile has recently been studied and related to power
output and performance in jumping exercises (52).
Last, the spring-mass behaviour and characteristics of a runner have well been accepted as a
practical and effective model to describe and interpret running mechanics (e.g. 6, 20, 22, 23,
39). In addition to numerous sub-maximal running studies (e.g. 24, 28, 47, 48), the most
integrative and characteristic variable describing the spring-mass behaviour, i.e. the lower
limb stiffness, has been measured and studied during sprinting in field conditions (25, 31, 44).
However, although it may reasonably be supposed that a stiff spring may allow efficient
storage and re-use of elastic energy at high running speeds, and thus be a key determinant of
sprint performance, it is not clear from existing studies. While the vertical stiffness of the
spring-mass system is closely and inherently related to running speed (23, 39), and has
therefore been clearly related to sprint performance (25, 31, 44), the specific stiffness of the
spring (i.e. leg stiffness), which is independent from running speed (23, 24), was not
correlated to 100-m performance (44). However, the subjects of the latter study were not
sprint specialists, and had not undertook the typical training background of high-level and
elite sprinters (which includes rebound jumps and intense bouncing and stretch-shortening
cycle exercises for instance). Consequently, studying the spring-mass characteristics of highlevel specialists and notably the relationship between their leg stiffness and 100-m
performance could be helpful to clarify the importance of this parameter.

Thus, we thought the data obtained in national-level specialists and the world-elite sprinter
studied useful to potentially moderate or strengthen the aforementioned hypotheses.
Furthermore, we thought that the detailed mechanical variables measured on an instrumented
treadmill in such a group of athletes would help better understand and discuss the mechanical
correlates of sprint performance (and especially for the 100-m). Therefore, the main aim of
this study was to investigate the detailed running mechanics and the 100-m performance of an
elite sprinter (world top 10 on 100-m and 200-m events), and to compare them to those of
national-level peers and non-specialists. The secondary aim was to further test and discuss
recent hypotheses about the mechanical determinants of sprint performance (e.g. 41, 59) in
light of these data.
METHODS
Experimental protocol
The elite sprinter and his national-level peers were tested on two distinct occasions: in midMarch and mid-April 2011 (treadmill and field performance measurements, respectively).
This corresponded to the training period just preceding the beginning of their official
competitive season. During the laboratory test session, subjects performed a 6-s maximal
sprint after full familiarization with the sprint treadmill and an appropriate standardized
warm-up. Field 100-m performance was performed on their usual synthetic training track,
after an appropriate standardized warm-up, and in ambient temperature conditions very close
to those of the laboratory session. The non-specialist subjects performed the same tests, within
a unique testing session, with treadmill and field sprints (synthetic track) performed in a
randomized counterbalanced order among subjects, and with about 30 to 45 min of passive
rest (for full details, see 41).
Subjects
The elite sprinter tested (CL) was 21 yrs old at the moment of the study, his body mass was
81.0 kg and his stature was 1.91 m. His official best performances were (last update August
1st, 2011): 9.92 s on the 100-m and 20.16 s on the 200-m. Among his official titles, he is
National Champion and record holder on 100-m and 200-m, he has won the World Junior
Championships on 200-m in 2008, and has been European Champion in 2010 on 100-m, 200m and 4x100-m relay, a triple title no athlete had ever obtained. He won the 2010 men's
European Athlete of the Year Award, and his current world rankings on 100-m and 200-m
(last update August 16th, 2011) are 9th and 9th, respectively (all data from the International
Association of Athletics Federation: http://www.iaaf.org/statistics/toplists/index.html).
The second group of subjects considered in the present study was composed of three nationallevel peers (age (mean ± SD) age 26.3 ± 2.1 yrs; body mass 77.5 ± 4.5 kg; height 1.83 ± 0.05
m). Their personal best times on 100-m (last update August 1st, 2011) ranged from 10.31 to
10.61 s. The third group of subjects was composed of nine physical education students (age
(mean ± SD) age 26.5 ± 1.8 yrs; body mass 72.6 ± 8.4 kg; height 1.75 ± 0.08 m) who were all
physically active and had all practiced physical activities including sprints (e.g. soccer,
basketball) in the six months preceding the study, but who were not sprint specialists. All
subjects gave their written informed consent to participate in this study after being informed
about the procedures approved by the local ethical committee and in agreement with the
Declaration of Helsinki.
Instrumented treadmill
The motorized instrumented treadmill (ADAL3D-WR, Medical Development – HEF
Tecmachine, Andrézieux-Bouthéon, France) used has recently been validated for sprint use

(for details, see 45). It is mounted on a highly rigid metal frame fixed to the ground through
four piezoelectric force transducers (KI 9077b, Kistler, Winterthur, Switzerland), and
installed on a specially engineered concrete slab to ensure maximal rigidity of the supporting
ground. The constant motor torque was set to 160 % of the default torque, i.e. the motor
torque necessary to overcome the friction on the belt due to subject’s body weight. The
default torque was measured by requiring subjects to stand still and by increasing the driving
torque until observing a movement of the belt greater than 2 cm over 5 s. This default torque
setting as a function of belt friction is in line with previous motorized-treadmill studies (14,
33, 41, 42). Motor torque of 160 % of the default value was selected after several preliminary
measurements comparing various torques, because it allowed subjects to sprint in a
comfortable manner and produce maximal effort without risking loss of balance. Subjects
were tethered by means of a leather weightlifting belt and thin stiff rope (0.6 cm in diameter)
rigidly anchored to the wall behind the subjects by a 0.4 m vertical metal rail. When correctly
attached, subjects were required to lean forward in a typical crouched sprint-start position
with their preferred foot forward. This starting position was used and standardized all along
the sprint series. After a 3-s countdown, the treadmill was released, and the belt began to
accelerate as subjects applied a positive horizontal force.
Sprint mechanics
Mechanical data were sampled at 1000 Hz continuously over the sprints, the beginning of the
sprint being determined with a velocity threshold of 0.2 m.s-1. After appropriate filtering
(Butterworth-type 30 Hz low-pass filter), instantaneous data of vertical, net horizontal and
total GRF were averaged for each support phase (vertical force above 30 N) over the 6-s
sprints (FV, FH and FTot, respectively), and expressed in N and BW. Furthermore, FV was
specifically averaged for the five steps around maximal velocity on the treadmill (i.e. the step
at maximal velocity and the two preceding and following steps) and reported as FV-Vmax. For
each 6-s sprint, performance was described through mean and maximal running speeds (V and
V-max, respectively). These data were completed by measurements of the main step kinematic
variables: contact time (tc in s), aerial time (ta in s), step frequency (SF in Hz), step length (SL
in m) and swing time (tswing), i.e. the time to reposition the limb, from take-off to touch-down
of the same foot.
For each step, the net power output in the horizontal direction was computed according to
Morin et al. (45) as P = FH.V, and expressed in W.kg-1. As for velocity, mechanical power
output was described through mean and maximal values over the 6-s sprints (P and P-max,
respectively). For each sprint, the linear F-V relationship was plotted from FH (expressed in
N.kg-1) and V values of steps ranging from the step at maximal FH (typically one of the three
first steps) to the step at Vmax, as for (45). These individual relationships describe the changes
in external horizontal force generation with increasing running velocity and were summarized
through three typical variables: (i) the theoretical maximal horizontal force lower limbs can
produce over one contact phase at null velocity (FH0), (ii) the theoretical maximal velocity of
the treadmill belt lower limbs can produce during the same phase under zero load (V0), and
(iii) the slope of the linear F-V relationship (SF-V). These three integrative parameters
characterize the mechanical limits of the entire neuromuscular function during sprint running,
encompass numerous individual muscle mechanical properties, morphological and neural
factors (15) and therefore provide an integrative view of the “F-V profile” of an athlete in his
specific sprint running task. Furthermore, this F-V profile may be related to the ability of
subjects to specifically apply high amounts of GRF in the horizontal direction at the various
speeds produced over a typical sprint acceleration.

In order to quantify this FH production compared to the FTot production, a ratio of forces (RF
in %) was calculated as the ratio of FH to FTot for one contact period (41). This ratio basically
represents, for a given support phase, the amount of the total GRF that is applied in the
forward direction. As recently presented by Morin et al. (41), an index of force application /
orientation technique (DRF) representing the decrement in RF with increasing running velocity
was computed for each subject as the slope of the linear RF-velocity relationship calculated
from step-averaged values between the second step and the step at top speed (see 41). A high
value of DRF (i.e. a flat RF-velocity relationship), indicates that the systematical decrease in
RF with increasing velocity is rather limited, and vice versa (see for instance the typical
comparison of two individuals in Fig. 2B of (41)). In two recent studies, these authors
proposed and experimentally supported the fact that the DRF index was significantly related to
field 100-m performance (41) and significantly altered with fatigue over a repeated sprints
series (46).
Last, the spring-mass characteristics of running (e.g. 6, 22, 39) and especially lower-limb
(kleg) and vertical (kvert) stiffness, both in kN.m-1, were computed and averaged for the five
steps around V-max (i.e. in approximately constant running speed conditions). Computations
were performed from the instrumented treadmill data as in former low-pace running studies
(e.g. 43, 47), so that comparisons could be made with former field studies in which sprint
running spring-mass data have also been measured or computed (e.g. 25, 31, 43, 44). For each
of the five steps around V-max, the stiffness of the leg spring was calculated as kleg = Fmax/Δl
with Δl the maximum leg spring compression (in m) calculated from values of initial leg
length l (great trochanter to ground distance in a standing position), V, tc and the vertical
maximal downward displacement of the centre of mass during contact Δz:
2

⎛ Vtc ⎞
Δl = l − l 2 − ⎜
(1)
⎟ + Δz
⎝ 2 ⎠
Δz being determined by double integration of the vertical acceleration of the center of mass
over time, as proposed by Cavagna (13). The vertical stiffness was computed as kvert =
Fmax/Δz.
Field 100-m performance
The 100-m sprints were performed individually, and performance was measured by means of
a radar Stalker ATS System™ (Radar Sales, Minneapolis, MN). This device has been
validated and used in previous human sprint running experiments (e.g. 14, 19, 42, 44) and
measures the forward running speed of the subject at a sampling rate of 35 Hz. It was placed
on a tripod 10 m behind the subjects at a height of 1 m (corresponding approximately to the
height of subjects’ centre of mass).
In order to better analyze the 100-m performance and compute estimated metabolic power
(see below), radar speed-time curves were fitted by a bi-exponential function (29, 42, 44, 54):
( − t + tS max) /τ 2 ) )
− e( − t /τ 1) ⎤
S (t) = S max ⎡e(
(2)

⎣

⎦

τ1 and τ2 being respectively the time constant for acceleration and deceleration of this
relationship, determined by the least square method. Speed-distance curves were then
obtained from these modelled speed-time curves by simple time-integration of modelled
speed data. For clarity and metabolic power computation purposes, and given the high quality
of the bi-exponential fitting of instantaneous radar data (see for instance 42, 44), only the
modelled speed data were analysed. From these data, maximal running speed (S-max in m.s-1)
was obtained, as well as the 100-m time (t100 in s) and the corresponding mean 100-m speed

(S100 in m.s-1) for each subject. For CL and his peers, 100-m times were also measured with a
pair of photo-cells and a chronometer triggered by a standard audio signal similar to those of
typical competitions. These sprinters used spiked shoes and starting-blocks during the field
tests, which was not the case of the non-specialists group. The latter subjects used a standard
crouched-position start, similar to that used for the treadmill sprints.
Metabolic power
An estimation of the metabolic power above resting value was performed using the theoretical
approach proposed by di Prampero et al. (19). This model yields an estimate of the energetic
cost and metabolic power (Pmet in W.kg-1) produced during field sprint running, which is to
date experimentally impossible to measure. Briefly, this method is based on a mechanical
equivalence between running on a flat terrain while accelerating or decelerating (typical from
a 100-m sprint) and running at a constant speed on a terrain with varying slope (uphill and
downhill slopes representing acceleration and deceleration, respectively). The higher the
sprint acceleration, the higher the “equivalent slope”, and vice versa (18, 19). Then, the
energetic cost of sprint running is computed from values of equivalent slopes (themselves
obtained from instantaneous values of forward acceleration of the runner, i.e. from the first
time-derivate of instantaneous running speed data recorded by the radar) and using the
equation reported by Minetti et al. (40) which relates the incline of the terrain and the energy
cost of uphill running. Last, instantaneous metabolic power above resting is computed as the
product of the energetic cost of sprint running and the running speed. This estimation method
has recently been used to study the metabolic power of professional soccer players during
typical games (49), and to compare the metabolic power of the current 100-m and 200-m
World Record holder to those of other elite athletes (5). Thus, though it is an indirect
estimation method (though using radar measurements as main input variable), it allows study
and discussion of variables of the maximal sprint running effort which are not possible to
approach by other experimental means. In this study, maximal value of metabolic power
(Pmet-max) and average value over the first 4 s (Pmet-4s) and over the entire 100-m (Pmet-100)
were computed, to allow comparison with previous studies and populations.
Anthropometric measurements
Sub-ischial length (L, cm), referred to as leg length was measured by subtracting sitting
height from standing height, both measured with 0.5 cm accuracy. To facilitate comparison
between subjects, the leg length to standing height ratio (L/H) and body mass index (BMI,
kg.m-2) were used.
Statistical analyses
All data are presented as mean ± SD. For comparison purposes, the differences between the
individual (CL) and the groups compared (peers and non-specialists) were expressed as
percent of the mean values of each of the groups compared. Furthermore, these differences
were expressed as multiples of the peers and non-specialists groups SD as *: more than 2SD;
**: more than 3SD, and ***: more than 4SD. After normality checking by the Shapiro-Wilk
test, and in case of normal distribution, correlations between mechanical and performance
parameters were tested by means of Pearson’s correlation coefficients. In case of absence of
normal distribution, the Spearman rank test was used to test these correlations. A P value of
0.05 was accepted as level of significance.
RESULTS
The main field sprint performance (100-m time) was more than 2 SD lower for CL (10.35 s)
than for his peers (10.92 ± 0.20 s), and much lower than for the non-specialists group (13.60 ±

0.70 s). The performances of CL and his peers corresponded to 96.1 and 95.6 ± 1.6 % of their
personal best times at the moment of the study. Fig. 1 illustrates the individual speed-distance
curves obtained during the 100-m.
Figure 1 – Individual speed-distance relationships obtained during the field 100-m test. These
curves are modelled values of running speed obtained from the bi-exponential fitting equation
(Eq. 2).

TABLE 1. Main field performance, running mechanics and metabolic power variables for the elite
sprinter tested and the national-level peers (n = 3) and non-specialists (n = 9) groups compared.
National-level
peers
Field 100-m performance variables
CL

% difference
with CL

Non-specialists

% difference
with CL

t 100 (s)

10.35

10.92 (0.20)

5.51*

13.60 (0.70)

31.4***

S-max (m.s-1)

11.21

10.78 (0.37)

-3.83

8.63 (0.39)

-23.0***

7.36 (0.38)

-23.8***

9.66
S 100 (m.s-1 )
9.16 (0.17)
-5.18*
Treadmill running velocity, power output and F-V characteristics
V (m.s- 1)

7.08

6.77 (0.21)

-4.35

5.50 (0.40)

-22.3**

V-max (m.s-1 )

8.67

8.13 (0.18)

-6.23**

6.50 (0.38)

-25.0***

P (W.kg-1 )

25.5

22.7 (1.67)

-11.0

15.7 (2.31)

-38.4***

P-max (W.kg-1 )

31.9

28.5 (1.16)

-10.7*

19.8 (2.05)

-37.9***

F H 0 (N.kg-1)

8.54

9.28 (0.42)

8.67

8.40 (1.22)

-1.64

V 0 (m.s-1)

13.1

11.3 (0.31)

-13.7***

8.91 (0.61)

-32.0***

-0.951 (0.192)

45.2

-0.655

-0.821 (0.050)

25.3**

Running kinematics
0.121
tc (s)

0.129 (0.003)

6.61*

0.156 (0.015)

28.9*

ta (s)

0.095

0.097 (0.003)

2.11

0.093 (0.014)

-2.11

t swing (s)

0.309

0.311 (0.012)

0.65

0.338 (0.025)

9.39

SF (Hz)

4.64

4.39 (0.093)

-5.39*

4.05 (0.20)

-12.7*
-11.1

S F-V (N.s.m-1.kg-1)

1.53
1.54 (0.010)
SL (m)
Running kinetics and spring-mass behaviour
0.398
F H (BW)
0.351 (0.030)

0.65

1.36 (0.16)

-11.8

0.310 (0.052)

-22.1

F V (BW)

1.85

1.79 (0.06)

-3.24

1.60 (0.12)

-13.5*

F To t (BW)

1.90

1.83 (0.06)

-3.68

1.63 (0.13)

-14.2*

F V-Vmax (BW)

1.97

1.99 (0.06)

1.02

1.78 (0.12)

-9.64

-0.042

-0.060 (0.006)

-42.9**

-0.082 (0.007)

-95.2**

k leg (kN.m-1 )

15.1

15.9 (1.11)

5.30

15.1 (3.97)

0.00

k vert (kN.m-1)

103

102 (3.8)

-0.97

68.4 (12.1)

-33.6*

P met -100 (W.kg-1 )

54.3

48.5 (3.52)

-10.7

33.1 (2.49)

-39.0***

P met -max (W.kg-1)
P met -4s (W.kg-1)

108
77.1

99.3 (3.85)
69.5 (3.34)

-8.06*
-9.86*

51.7 (5.59)
43.6 (3.74)

-52.1***
-43.4***

D RF

Metabolic power

Values are mean(SD)
*: difference higher than 2SD
**: differences higher than 3SD
***: difference higher than 4SD

All the mechanical and metabolic power results are shown in Table 1. The elite sprinter tested
differed substantially (more than 2 SD) from his peers for the maximal velocity and power
output produced on the treadmill, and in his F-V relationship orientation. The latter was much
more oriented towards velocity capabilities (V0 and SF-V were more than 3 SD higher, i.e.
oriented towards velocity) than for his peers and non-specialists. Contrastingly, his
theoretically maximal force capability (represented by FH0) was within the range and even
slightly lower than that of his peers, but also in the range of that of non-specialists (Table 1).
The individual F-V profiles of the three populations tested are presented in Fig. 2.
Figure 2 – Individual linear force-velocity relationships obtained on the sprint instrumented
treadmill. Each point represents averaged data for one contact period from the step at maximal
horizontal force to the step at maximal velocity.

CL showed a higher step frequency, caused by a shorter contact time, compared to both his
peers and the non-specialists. Contrastingly, other running kinematics: aerial time, swing time
and step length (Table 1) showed no difference between CL and his peers. This tendency was
also observed in comparison to the non-specialists group.
Analysis of GRF showed that CL had remarkably higher values of horizontal net force than
the other individuals tested (Table 1), whereas his vertical and total force production per unit
BW was within the range of those of his national-level peers (yet much higher than for the
non-specialists group). Furthermore, the particularity of CL to produce high amounts of FH
vs. FV or FTot was accompanied by the ability to maintain higher values of FH with increasing
speed during acceleration on the treadmill. This is illustrated by the DRF index, which was
42.9 % (3.21 SD) better than for his peers, and 95.2 % (3.47 SD) better than for nonspecialists. Individual RF-velocity linear relationships (from which DRF is the slope) are
detailed in Fig. 3, in which one can observe the overall steeper RF-velocity relationship (i.e.
faster decrease in RF with increasing velocity) as subjects’ 100-m performance level lowers
(overall downward shifts of the right parts of the linear relationships between the individual
and the two groups tested).

Figure 3 – Individual RF-velocity linear relationships during the acceleration phase of the
treadmill sprint. Each point represents average values of ratio of forces and velocity for one
contact phase.

No difference was found between the subjects compared concerning leg stiffness (15.1 kN.m-1
for CL vs. 15.9 on average for his peers and 15.1 on average for the non-specialists, Table 1).
However, as a whole, the sprinters studied strongly differed from the non-specialists for
vertical stiffness, yet CL did not differ from his peers (Table 1).
As shown in Fig. 4, the metabolic power of CL during the 100-m was higher than for his
peers (~10% and 1.64 to 2.34 SD higher Pmet-max, Pmet-4s and Pmet-100, Table 1), and in turn
much above those produced by non-specialists.
Figure 4 - Individual curves of estimated metabolic power over the 100-m.

Last, the BMI of CL was 22.3 kg.m-2 and the L/H ratio was 0.50. The corresponding values of
his peers were 23.3 ± 1.05 and 0.475 ± 0.01 respectively and a BMI of 22.9 ± 2.67 kg.m-2 for
the non-specialists.

DISCUSSION

The main results of the present two-step comparison between a world-elite sprinter, nationallevel peers and non-specialists allowed us to put forward a spectrum of biomechanical
parameters related to 100-m sprint performance. Overall, CL showed a clear difference in
variables associated with velocity rather than force capabilities. This was particularly
characterized at high running speeds by his outstanding ability (compared to his peers) to
orient the total GRF generated by his lower limbs with a forward incline, i.e. to produce
higher amounts of horizontal net force at each step, for a very similar total force production
capability. Interestingly, for all the variables showing differences above 2 SD between CL and
his peers, the tendencies were systematically consistent and differences even larger when
extending the comparison from CL to his peers and in turn to non-specialists (Table 1). This
section will focus on discussing these results and their potential importance for human
sprinting performance, in light of the variables for which CL and peers differ from each other
and from non-specialists, but also for the variables for which they did not.
First, the 100-m field performance test confirmed what was obviously expected from subjects’
personal best times: with all sprinters performing close to 96 % of their best times at the
moment of the study, CL ran about 5.5 % (2.95 SD) faster than his peers on average (Fig. 1).
This was associated with a higher estimated metabolic power, especially at the beginning of
the 100-m (Pmet-max and Pmet-4s about 10 % and 2 SD higher than for his peers). The data of
Pmet-max and Pmet-4s found for sprinters were much higher than for the non-specialists (Table
1). The latter group produced amounts of estimated metabolic power that were below the
values reported by di Prampero et al. (19) for a group of subjects with an overall level of
performance ranging between those of the sprinters and the non-specialists tested in the
present study. Since sprint performance is highly depending on acceleration and metabolic
power (17, 19), it is not surprising to observe that the value of Pmet-max and Pmet-100 for CL,
though much higher than that of his peers, were below those recently reported by Beneke and
Taylor (5) for the current 100-m and 200-m World Record holder Usain Bolt. Indeed, from
the instantaneous speed data of his 100-m World Record race (9.58 s on August 16, 2009) and
using the same approach as in the present study, these authors reported Pmet-100 of 76.7 W.kg1
for the World Record holder, and 72.5 W.kg-1 for other Championships finalists of similar
stature. Last, the maximal and 100-m averaged values found here for CL are well in line with
those of Arsac and Locatelli who used another modelling approach to estimate the energetics
of world-elite sprinters (2).
During the treadmill sprint tests, CL produced higher mechanical power normalized to body
mass in the horizontal direction, and especially, his P-max was ~10 % higher than for his
peers, and ~40 % (5.90 SD) higher than that of non-specialists (Table 1). Furthermore, this
higher mechanical power was due to both a higher velocity (both V and V-max values) and a
higher FH (Table 1). These two entities and how they are respectively produced by subjects
during sprints were analysed through the F-V relationships. From Fig. 2, it clearly appears
that with the increase in overall sprint running level (i.e. from non-specialists to national-level
sprinters to CL), the orientation of the F-V relationship differs more on the velocity axis than
on the force axis. This is illustrated by the theoretical extrema of CL’s F-V relationship,
which were strongly differing from peers’ and non-specialists’ for the velocity capability (V0
more than 5 SD higher than for his peers), but not for the force capability (FH0 within the
range of other subjects tested, and even slightly lower than his peers). This was consistent
with the overall orientation of his F-V profile towards velocity (Fig. 2), and the higher SF-V of
CL compared to his peers, and in turn to non-specialists. This could be interpreted as a higher

relative capability of his neuromuscular system to keep on producing horizontal force at very
high velocities, rather than to produce high levels of maximal force. Indeed, it is clear from
Fig. 2 that at any given sprint velocity (for instance at 6 m.s-1), CL is able to produce more FH
than his peers, who are in turn able to produce more FH than non-specialists, despite very
close levels of FH0 (i.e. theoretically maximal): 8.54 N.kg-1 for CL vs. 9.28 N.kg-1 for his
peers and 8.40 N.kg-1 for non-specialists. Thus, it seems that what matters is not so much the
absolute maximal level of force an individual can produce, but the relative amount of force he
is able to produce and apply in the horizontal direction at any given velocity (and especially at
high velocities). From a training standpoint, this result may have consequences on the
physical qualities that are useful to develop for a sprinter, and the specific means (training
programs and exercises) to do so. Since sprint running performance depends on mechanical
power, and in turn on both force and velocity outputs, further studies should investigate
whether and how sprint running performance could be maximised through an optimal
combination of force and velocity capabilities, i.e. whether an “individually optimal F-V
profile” exists, as recently shown for jumping exercises by Samozino et al. (52).
This specific F-V profile characterized by substantially higher horizontal force production at
high running velocities can be explained by (i) a higher capability to produce total force at
high movement velocities, which may be related to favourable intrinsic muscular properties
and muscle fibre typology (i.e. high proportion of fast-twitch fibres (3, 27)), but also by (ii)
the second main difference between the elite individual and groups tested: their ability to
orient force horizontally during sprint acceleration. Indeed, we observed that CL had a clear
and substantially higher (11.8 %, 1.56 SD) ability to produce net horizontal force per unit BW
(Table 1), which is consistent with his higher V0 compared to his FH0 value. Given his
slightly higher (3.68 %) total force production compared to his peers (1.90 vs. 1.83 ± 0.06
BW), his ability to produce and apply high FH onto the ground comes from his much greater
ability to orient the FTot vector forward during the entire acceleration phase, despite increasing
velocity. This is illustrated by the index of force application technique DRF, which was about
40 % and 3 SD higher for CL. As seen in Fig. 3, the RF-velocity linear relationship is overall
less steep as level of performance increases from non-specialists to national-level sprinters to
CL. This means that sprint level was related to the ability to maintain a high RF (i.e. a high
amount of FH for a given amount of FTot) with increasing speed during the acceleration, which
in turn gives a high DRF index, as proposed by Morin et al. (41). The correlation between DRF
and 100-m performance (S100) recently shown by Morin et al. (41) in a group of sportsmen
including three regional-level sprinters finds here a confirmation with a more heterogeneous
population, including top-level sprinters. Indeed, Fig. 5 shows the significant correlation (r =
0.897; P < 0.001) between DRF and S100 for the subjects of the present study.
Figure 5 – Correlation between the index of force application measured during treadmill
sprints and the average running speed on 100-m.

In their recent study, Morin et al. (41) found that contrary to DRF, the total force production
capabilities of subjects while sprinting on the treadmill (FTot) was not related to S100 (P =
0.19). The present results confirmed that FTot was not significantly related to S100 when
pooling the data of all the subjects tested (P = 0.16). Furthermore, although sprinters differed
from non-specialists, CL did not differ from his peers. This tendency was also observed for
the vertical GRF, be it averaged over the entire acceleration phase (FV) or only for the steps at
top-velocity (FV-Vmax). The significant correlation found here between FV-Vmax and field 100-m
S-max (P = 0.003) is consistent with the results of Morin et al. (41) and the hypothesis put
forward by Weyand et al. (59) that top-speed reached on the field is related to the ability to
produce high amounts of vertical GRF per unit BW, measured at top-running velocity on the
treadmill. That said, this hypothesis is confirmed when comparing sprinters to non-specialists
within a heterogeneous population, but the data of CL did not fully verify this hypothesis: his
values of both FV and FV-Vmax were well within the range of those of his peers (1.85 vs. 1.79
BW on average for FV, and 1.90 vs. 1.83 BW on average for FV-Vmax). To further analyse these
GRF data, we normalized them to the time available for force production during each support
phase, i.e. contact time. It is interesting to see that the rate of force production obtained was
much higher for CL than for his peers in the horizontal direction: 3.24 vs. 2.68 ± 0.18 BW.s-1,
which corresponds to a difference of 17.3 % (3.02 SD), but not in the vertical direction: 15.5
vs. 14.5 ± 0.84 BW.s-1, which corresponds to a difference of 6.45 % (1.2 SD). However, both
the horizontal and vertical rates of GRF production for CL and his peers were much higher
than for non-specialists (2.00 ± 0.53 and 11.2 ± 2.14 BW.s-1, respectively).
Consistently with his “velocity-oriented” F-V profile earlier discussed, the step kinematics of
CL were characterized by a markedly higher step frequency compared to his peers (4.64 vs.
4.39 ± 0.09 Hz), with no difference in SL (Table 1). This higher SF over the 6-s was caused
by a shorter tc, for similar ta and tswing. The absence of difference in tswing between CL and his
peers and the slight difference with the non-specialists group tend to support the hypothesis of
Weyand et al. (59) that the time to reposition the limbs from one foot contact to another is not
a key factor of sprint performance. It also supports the idea that high running speeds are
achieved through reduced contact times (e.g. 58, 59). However, it must be kept in mind that
(i) the data presented here were obtained on a sprint treadmill, on which lower top speeds are
reached compared to field conditions (42), and (ii) they are averaged data for the entire 6-s
sprints, and not only data averaged for the steps around top velocity. The same applied to
values of SL, which are much lower than what is typically measured at top-speed on the field
(Table 1). However, we wanted our analysis to focus on the entire acceleration phase of a
sprint, and not only to the very specific top-velocity phase hitherto studied by colleagues (e.g.
12, 59).
Last, the spring-mass characteristics of subjects’ lower limbs musculo-tendinous system
showed no difference in kleg, though kvert changes followed the level of performance, and thus
running speed (Table 1). The latter phenomenon was expected since there is a direct
relationship between running speed and kvert (e.g. 23, 28, 39, 43), and since the individual and
the two groups studied showed increasing values of running velocity on the treadmill. Further
support to this “velocity effect” on kvert values and to the absence of difference in spring-mass
behaviour between the subjects tested was brought by a comparison of kleg and kvert at a
similar constant running velocity of 5.55 m.s-1 (20 km.h-1) on the treadmill. In such conditions
(data not presented), CL, his peers and the non-specialists did not differ for kleg or kvert. This
point is contrasting with previous experimental studies discussing the potential link between
lower limb or vertical stiffness and sprint performance (e.g. 25, 26, 31, 44), and the
hypothesis that applying high forces onto the ground within short contact periods (which

theoretically requires a high rate of force production and stiffness of the spring-mass system)
is related to fast running speed. Because kleg did not differ between subjects of various
performance level, whatever the velocity, and because kvert did, but consistently with subjects’
different running velocities, further studies should clarify the importance of these spring-mass
variables for sprint performance. Especially for kvert: as in the present study, it is usually
observed that fast running speeds are associated with high values of kvert (e.g. 23, 31, 39, 44),
but the causality is unclear, and more experimental data are needed (9, 10). Do fast runners
reach high speeds because of their ability to produce high kvert, or is kvert a co-varying factor of
high running speeds?
CL demonstrated two differences with his peers relative to anthropometry. The first one was
relative to BMI, which was lower by 1 SD. By comparing body mass and stature values for
the world’s fastest performers at track racing distances from 100-m to 10 000-m, Weyand and
Davis (57) observed that BMI increased as running distance decreased. High BMI (for similar
body fat percentage among athletes) would therefore allow sprinters to reach the required
support force earlier discussed. It is worth noting that CL’s BMI was consistently lower than
the value (close to 24.3 ± 0.3) reported by Weyand and Davis (57). It will be of interest to
follow whether, in this young sprinter, an increase in BMI related to strength training is to be
associated with improved performances. The L/H ratio was higher by 5.2 % (2.5 SD). Long
limbs could be a key factor by allowing extended stride length and providing greater forward
propulsion (53); furthermore, the higher the lower limb-body height ratio the faster the center
of mass falls down and forward during running. According to the recent paper of Bejan et al.
(4), the higher ratio observed in populations living in or originating from Western Africa
accounts for the domination of these populations on sprint events. The ratio of CL was close
to the mean value (0.50 ± 0.1) of the population of west-African sprinters described by
Rahmani et al (50); it was also higher than the ratio measured in a population of Italian peers
(0.48 ± 0.15). In association with the functional abilities above discussed, it is likely that his
long limbs would provide CL a further advantage in sprinting.
To conclude, this case-study of an elite sprinter and the comparison of his specific running
mechanics to those of national-level peers and non-specialists provided qualitative
information towards a better understanding of the biomechanical correlates of sprint running
performance, and confirmed recent hypotheses of the literature. The main result of the present
study is that a higher level of 100-m performance is mainly associated with (i) a “velocityoriented” force-velocity profile, likely explained by (ii) a higher ability to apply the total GRF
vector with a forward orientation over the acceleration, and finally (iii) a higher step
frequency caused by a shorter contact time. Total GRF production was less clearly related to
the level of performance between world-elite and national-level sprinters, and spring-mass
characteristics of running, particularly lower limb stiffness did not differ between runners of
very different levels. Further studies should focus on the necessity, effectiveness and practical
feasibility of training programs / exercises that could develop the key variables of sprint
performance put forward, and on the neuromuscular origin of the macroscopic results
obtained here about the integrative variables of lower limbs force and velocity outputs.
ACKNOWLEDGEMENTS

We are very grateful to Pierre Carraz and the athletes of the AS Aix-les-Bains Track and Field
club for their involvement in the protocol. We also thank Johan Cassirame (Matsport, France),
Thibault Lussiana and Nicolas Tordi (Centre d’Optimisation de la Performance, Université de

Franche-Comté, France) and Mathieu Lacome and Olivier Rambaud for their precious help in
field and laboratory data collection.
CONFLICT OF INTEREST
We declare that we have no conflict of interest.
REFERENCES

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

Arsac LM. Effects of altitude on the energetics of human best performances in 100 m
running: a theoretical analysis. Eur J Appl Physiol 87: 78-84, 2002.
Arsac LM, Locatelli E. Modeling the energetics of 100-m running by using speed
curves of world champions. J Appl Physiol 92: 1781-1788, 2002.
Baguet A, Everaert I, Hespel P, Petrovic M, Achten E, Derave W. A new method for
non-invasive estimation of human muscle fiber type composition. PloS one 6: e21956,
2011.
Bejan A, Jones EC, Charles JD. The evolution of speed in athletics: why the fastest
runners are black and swimmers white. Int J Design Nature 5: 1-13, 2010.
Beneke R, Taylor MJD. What gives Bolt the edge - A.V. Hill knew it already! J
Biomech 43: 2241-2243, 2010.
Blickhan R. The spring-mass model for running and hopping. J Biomech 22: 12171227, 1989.
Boucey B. Lemaitre first white man to run 100m in under 10 seconds. Reuters.
http://www.reuters.com/article/2010/07/09/us-athletics-lemaitreidUSTRE6684KL20100709. [24 June 2011].
Bret C, Messonnier L, Nouck Nouck JM, Freund H, Dufour AB, Lacour J-R.
Differences in lactate exchange and removal abilities in athletes specialised in different
track running events (100 to 1500 m). Int J Sports Med 24: 108-113, 2003.
Brughelli M, Cronin J. Influence of Running Velocity on Vertical, Leg and Joint
Stiffness : Modelling and Recommendations for Future Research. Sports Med 38: 647657, 2008.
Brughelli M, Cronin J. A review of research on the mechanical stiffness in running and
jumping: methodology and implications. Scand J Med Sci Sports 18: 417-426, 2008.
Brughelli M, Cronin J, Chaouachi A. Effects of Running Velocity on Running
Kinetics and Kinematics. J Strength Cond Res 25: 933-939, 2010.
Bundle MW, Hoyt RW, Weyand PG. High-speed running performance: a new
approach to assessment and prediction. J Appl Physiol 95: 1955-1962, 2003.
Cavagna GA. Force platforms as ergometers. J Appl Physiol 39: 174-179, 1975.
Chelly SM, Denis C. Leg power and hopping stiffness: relationship with sprint running
performance. Med Sci Sports Exerc 33: 326-333, 2001.
Cormie P, McGuigan MR, Newton RU. Developing maximal neuromuscular power:
part 2 - training considerations for improving maximal power production. Sports Med
41: 125-146, 2011.
Coyle EF. Improved muscular efficiency displayed as Tour de France champion
matures. J Appl Physiol 98: 2191-2196, 2005.
di Prampero PE. Factors limiting maximal performance in humans. Eur J Appl Physiol
90: 420-429, 2003.
di Prampero PE, Fusi S, Antonutto G. Of sprint running or running uphill? J Physiol
543P: 198, 2002.
di Prampero PE, Fusi S, Sepulcri L, Morin JB, Belli A, Antonutto G. Sprint
running: a new energetic approach. J Exp Biol 208: 2809-2816, 2005.

20. Dickinson MH, Farley CT, Full RJ, Koehl MAR, Kram R, Lehman S. How animals
move: an integrative view. Science 288: 100-106, 2000.
21. Dorel S, Couturier A, Lacour JR, Vandewalle H, Hautier C, Hug F. Force-velocity
relationship in cycling revisited: benefit of two-dimensional pedal forces analysis. Med
Sci Sports Exerc 42: 1174-1183, 2010.
22. Farley CT, Ferris DP. Biomechanics of walking and running: center of mass
movements to muscle action. Exerc Sport Sci Rev 26: 253-286, 1998.
23. Farley CT, Glasheen J, McMahon TA. Running springs: speed and animal size. J Exp
Biol 185: 71-86, 1993.
24. Farley CT, Gonzalez O. Leg stiffness and stride frequency in human running. J
Biomech 29: 181-186, 1996.
25. Girard O, Micallef JP, Millet GP. Changes in spring-mass model characteristics
during repeated running sprints. Eur J Appl Physiol 111: 125-134, 2011.
26. Girard O, Racinais S, Kelly L, Millet GP, Brocherie F. Repeated sprinting on natural
grass impairs vertical stiffness but does not alter plantar loading in soccer players. Eur J
Appl Physiol In press, 2011.
27. Gollnick PD, Matoba H. The muscle fiber composition of skeletal muscle as a
predictor of athletic success. An overview. Am J Sports Med 12: 212-217, 1984.
28. He JP, Kram R, McMahon TA. Mechanics of running under simulated low gravity. J
Appl Physiol 71: 863-870, 1991.
29. Henry FM. Time-velocity equations and oxygen requirements of "all-out" and "steadypace" running. Res Q Exercise Sport 25: 164-177, 1954.
30. Hirvonen J, Rehunen S, Rusko H, and Harkonen M. Breakdown of high-energy
phosphate compounds and lactate accumulation during short supramaximal exercise.
Eur J Appl Physiol 56: 253-259, 1987.
31. Hobara H, Inoue K, Gomi K, Sakamoto M, Muraoka T, Iso S, Kanosue K.
Continuous change in spring-mass characteristics during a 400 m sprint. J Sci Med Sport
13: 256-261, 2010.
32. Hunter JP, Marshall RN, McNair PJ. Relationships between ground reaction force
impulse and kinematics of sprint-running acceleration. J Appl Biomech 21: 31-43, 2005.
33. Jaskolska A, Goossens P, Veenstra B, Jaskolski A, Skinner JS. Comparison of
treadmill and cycle ergometer measurements of force-velocity relationships and power
output. Int J Sports Med 20: 192-197, 1999.
34. Jaskolska A, Goossens P, Veenstra B, Jaskolski A, Skinner JS. Treadmill
measurement of the force-velocity relationship and power output in subjects with
different maximal running velocities. Sports Med Training and Rehab 8: 347-358, 1999.
35. Jones AM. The physiology of the world record holder for the women's marathon. Int J
Sports Sci Coach 1: 101-116, 2006.
36. Lacour JR, Messonnier L, Bourdin M. Physiological correlates of performance. Casestudy of a world-class rower. Eur J Appl Physiol 106: 407-413, 2009.
37. Lucia A, Olivan J, Bravo J, Gonzalez-Freire M, Foster C. The key to top-level
endurance running performance: a unique example. Br J Sports Med 42: 172-174, 2008.
38. McGowan C, Baudinette R, Biewener A. Joint work and power associated with
acceleration and deceleration in tammar wallabies (Macropus eugenii). J Exp Biol 208:
41-53, 2005.
39. McMahon TA, Cheng GC. The mechanics of running: how does stiffness couple with
speed? J Biomech 23 Suppl 1: 65-78, 1990.
40. Minetti AE, Moia C, Roi GS, Susta D, Ferretti G. Energy cost of walking and
running at extreme uphill and downhill slopes. J Appl Physiol 93: 1039-1046, 2002.

41. Morin JB, Edouard P, Samozino P. Technical ability of force application as a
determinant factor of sprint performance. Med Sci Sports Exerc In press, 2011.
42. Morin JB, Sève P. Sprint running performance: comparison between treadmill and field
conditions. Eur J Appl Physiol In press, 2011.
43. Morin JB, Dalleau G, Kyrolainen H, Jeannin T, Belli A. A simple method for
measuring stiffness during running. J Appl Biomech 21: 167-180, 2005.
44. Morin JB, Jeannin T, Chevallier B, Belli A. Spring-mass model characteristics during
sprint running: correlation with performance and fatigue-induced changes. Int J Sports
Med 27: 158-165, 2006.
45. Morin JB, Samozino P, Bonnefoy R, Edouard P, Belli A. Direct measurement of
power during one single sprint on treadmill. J Biomech 43: 1970-1975, 2010.
46. Morin JB, Samozino P, Edouard P, Tomazin K. Effect of fatigue on force production
and force application technique during repeated sprints. J Biomech In press, 2011.
47. Morin JB, Samozino P, Millet GY. Changes in running kinematics, kinetics, and
spring-mass behavior over a 24-h run. Med Sci Sports Exerc 43: 829-836, 2011.
48. Morin JB, Samozino P, Zameziati K, Belli A. Effects of altered stride frequency and
contact time on leg-spring behavior in human running. J Biomech 40: 3341-3348, 2007.
49. Osgnach C, Poser S, Bernardini R, Rinaldo R, di Prampero PE. Energy cost and
metabolic power in elite soccer: a new match analysis approach. Med Sci Sports Exerc
42: 170-178, 2010.
50. Rahmani A, Locatelli E, Lacour JR. Differences in morphology and force/velocity
relationship between Senegalese and Italian sprinters. Eur J Appl Physiol 91: 399-405,
2004.
51. Roberts TJ, Scales JA. Mechanical power output during running accelerations in wild
turkeys. J Exp Biol 205: 1485-1494, 2002.
52. Samozino P, Rejc E, Di Prampero PE, Belli A, Morin JB. Optimal Force-Velocity
Profile in Ballistic Movements. Altius: citius or fortius? Med Sci Sports Exerc In press,
2011.
53. van Ingen Schenau GJ, de Koning JJ, de Groot G. Optimisation of sprinting
performance in running, cycling and speed skating. Sports Med 17: 259-275, 1994.
54. Volkov NI, Lapin VI. Analysis of the velocity curve in sprint running. Med Sci Sports
11: 332-337, 1979.
55. Ward-Smith AJ, Radford PF. Investigation of the kinetics of anaerobic metabolism by
analysis of the performance of elite sprinters. J Biomech 33: 997-1004, 2000.
56. Weyand PG, Bundle MW, McGowan CP, Grabowski A, Brown MB, Kram R,
Herr H. The fastest runner on artificial legs: different limbs, similar function? J Appl
Physiol 107: 903-911, 2009.
57. Weyand PG, Davis JA. Running performance has a structural basis. J Exp Biol 208:
2625-2631, 2005.
58. Weyand PG, Sandell RF, Prime DNL, Bundle MW. The biological limits to running
speed are imposed from the ground up. J Appl Physiol 108: 950-961, 2010.
59. Weyand PG, Sternlight DB, Bellizzi MJ, Wright S. Faster top running speeds are
achieved with greater ground forces not more rapid leg movements. J Appl Physiol 89:
1991-1999, 2000.

Journal of Biomechanics ] (]]]]) ]]]–]]]

Contents lists available at ScienceDirect

Journal of Biomechanics
journal homepage: www.elsevier.com/locate/jbiomech
www.JBiomech.com

Effect of fatigue on force production and force application technique
during repeated sprints
Jean-Benoit Morin a,b,n, Pierre Samozino a,b, Pascal Edouard a,b, Katja Tomazin a,b,c
a

University of Lyon, F-42023 Saint-Etienne, France
Laboratory of Exercise Physiology (EA4338), F-42000 Saint-Etienne, France
c
Faculty of Sport, University of Ljubljana, Ljubljana, Slovenia
b

a r t i c l e i n f o

abstract

Article history:
Accepted 17 July 2011

We investigated the changes in the technical ability of force application/orientation against the ground
vs. the physical capability of total force production after a multiple-set repeated sprints series. Twelve
male physical education students familiar with sprint running performed four sets of five 6-s sprints
(24 s of passive rest between sprints, 3 min between sets). Sprints were performed from a standing
start on an instrumented treadmill, allowing the computation of vertical (FV), net horizontal (FH) and
total (FTot) ground reaction forces for each step. Furthermore, the ratio of forces was calculated as
"1
, and the index of force application technique (DRF) representing the decrement in RF with
RF ¼ FHFTot
increase in speed was computed as the slope of the linear RF-speed relationship. Changes between pre(first two sprints) and post-fatigue (last two sprints) were tested using paired t-tests. Performance
decreased significantly (e.g. top speed decreased by 15.7 75.4%; P o 0.001), and all the mechanical
variables tested significantly changed. FH showed the largest decrease, compared to FV and FTot. DRF
significantly decreased (P o 0.001, effect size ¼ 1.20), and the individual magnitudes of change of DRF
were significantly more important than those of FTot (19.2 7 20.9 vs. 5.81 7 5.76%, respectively;
P o 0.01). During a multiple-set repeated sprint series, both the total force production capability and
the technical ability to apply force effectively against the ground are altered, the latter to a larger extent
than the former.
& 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Although top running speed and single all-out sprint effort are
the basis of the main track and field event (100 m), the ability to
repeat shorter sprints is of importance in many sports such as
soccer or rugby. Therefore, repeated sprint ability (RSA) has been
a recent area of investigations, and the focus of many studies in
the past 15 years or so (for reviews, see Glaister, 2005; Spencer
et al., 2005), which almost exclusively focused on the physiological features of RSA, contributing to a detailed knowledge of this
type of exercise. Comparatively, the biomechanical aspects of
running RSA have almost never been explored.
Indeed, except for the mechanical output variables (typically
work, velocity or power) measured as indicators of the performance
decrement during cycling or running sprints series (e.g. Balsom et al.,
1994; Gaitanos et al., 1993; Hughes et al., 2006; Mendez-Villanueva
et al., 2008; Serpiello et al., 2011; Spencer et al., 2008), no study
n
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focused on how the orientation of the total force produced by lower
limbs changes over a series of repeated sprints (RS). Morin et al.
(2006) reported changes in running kinematics and spring–mass
parameters over four consecutive field 100 m, but their field measurements at each step of the sprints did not include data of ground
reaction forces (GRF) amplitude or orientation. More recently, Girard
et al. (2011) reported changes in sprinting kinetics, kinematics and
spring–mass characteristics over a series of 12 40 m sprints, and
showed that positive peaks of horizontal GRF and horizontal positive
and net impulses decreased, but peak vertical GRF did not change
with fatigue. However, in their study, data were measured using a
5 m force plate yielding measurements of 2–4 steps in the 5–10 m
(odd-numbered trials) or 30–35 m (even-numbered trials consisting
in sprinting back to the starting point) zones.
In contrast to this limited number of steps analyzed over each
sprint, the recent validation of an instrumented sprint treadmill
(Morin et al., 2010) makes continuous measurements of instantaneous horizontal and vertical GRF as well as the running speed
(S) possible over an entire sprint, whatever its duration.
On the basis of these GRF measurements, we recently proposed the computation of the ratio of support-averaged net
"1
) as an indicator of the
horizontal and vertical forces (RF¼ FHFTot

0021-9290/$ - see front matter & 2011 Elsevier Ltd. All rights reserved.
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overall technical ability of force application and orientation
against the ground, independently from the amount of total force
applied (Morin et al., in press). Further, RF decreasing linearly
with the increase in speed over a sprint acceleration from null to
top speed, an index of force application technique (DRF) was
computed as the slope of the linear RF-speed relationship (Morin
et al., in press). Thus for a given sprint, the higher DRF, the more RF
is maintained at high values despite increasing speed, and the
more forward-oriented FTot. In turn, higher values of FH are
applied against the ground for a same given amount of FTot
produced by the lower limbs. This DRF index was highly and
significantly correlated with field 100-m performance, while FTot
computed over the entire acceleration phase was not (Morin
et al., in press). Therefore, we proposed DRF as an index of the
overall force application technique during an accelerated run, in
contrast to the amount of total force applied against the supporting ground FTot, which represents the overall physical capability
of force production. In this study, it was shown that these two
mechanical variables were not correlated, and that (at least for
the population tested) the orientation of the total force applied
against the ground at each step seemed more important than its
amount.
The aim of the present study was therefore to compare the
fatigue-induced changes in the technical ability of force application/orientation against the ground (especially represented by the
DRF index) to those in the physical capability of force production
(especially the amount of total force applied against the ground
per unit body weight (BW)). The physical capability of total force
production was expected to decrease with fatigue and performance decrement induced by RS, and since force application
technique has recently been related to single sprint performance
(Morin et al., in press), we hypothesized that this variable would
also decrease over a series of RS. The comparison of the respective
extents of these decreases, if observed, was the main focus of
this study.
2. Methods
2.1. Subjects and experimental protocol
Twelve male subjects (body mass (mean 7 SD) 75.17 6.9 kg; height
1.80 70.06 m; age 25.4 7 4.1years) volunteered to participate in this study. They
were all physical education students and physically active, and had all practiced
physical activities including sprints (e.g. soccer, basketball) in the 6 months
preceding the study. Written informed consent was obtained from the subjects,
and the study was approved by the institutional ethics review board of the Faculty
of Sport Sciences, and conducted according to the Declaration of Helsinki II.
About 1 week prior to the testing session, subjects undertook a complete
familiarization session during which they repeated short ( o5 s) treadmill sprints
at increasing intensities, with full recovery and until being comfortable with the
running technique required (this took about 10 trials). Subjects then performed
one maximal 6-s sprint, from which maximal power output was used as the
criterion score for the first sprint of the RS series performed during the testing
session. Indeed, to prevent pacing effects occurring in such RS protocols (Billaut
et al., 2011), subjects were requested to achieve at least 95% of their respective
criterion score during the first sprint of the RS testing session.
For the testing session, the warm-up consisted of 5 min of 10 km h " 1 running,
followed by 5 min of sprint-specific muscular warm-up exercises, and three
progressive 6-s sprints separated by 2 min of passive rest. The RS protocol
consisted of performing four sets of five 6-s sprints separated by 24 s of passive
rest, with 3 min of recovery between sets. Subjects exercised to protocol completion or volitional fatigue, whichever occurred first.
The 6–24 s design was used to match the most common type of effort-rest
durations in the literature (e.g. Edge et al., 2006). The multiple-set design was
preferred to the commonly used single linear series of 5–20 sprints since it is more
consistent with the typical effort of team sports during which sprint bouts are
often clustered with short recovery during intense phases of the game, and these
sprint sets are separated by longer recovery periods (Serpiello et al., 2011). Since
the present study was part of a larger project, subjects performed the exact same
succession of tasks (with the exact same time-distribution) during the 3 min
recovery period between sets: one maximal squat jump, and two 5-s maximal

knee extensors isometric contractions during which neuromuscular measurements were performed (data not shown). Subjects were vigorously encouraged
throughout RS.
2.2. Instrumented sprint treadmill
The motorized instrumented treadmill (ADAL3D-WR, Medical Development—HEF
Tecmachine, Andrézieux-Bouthéon, France) used has recently been validated for sprint
use (see Morin et al. 2010). It is mounted on a highly rigid metal frame fixed to the
ground through four piezoelectric force transducers (KI 9077b, Kistler, Winterthur,
Switzerland), and installed on a specially engineered concrete slab to ensure maximal
rigidity of the supporting ground. The constant motor torque was set to 160% of the
default torque, i.e. the motor torque necessary to overcome the friction on the belt due
to subject’s body weight. The default torque was measured by making the required
subjects to stand still and by increasing the driving torque until observing a movement
of the belt greater than 2 cm over 5 s. This default torque setting as a function of belt
friction is in line with previous motorized-treadmill studies (Chelly and Denis, 2001;
Jaskolska et al., 1999; Morin et al., in press; Morin and Se! ve, in press), and with the
detailed discussion by McKenna and Riches (2007). Motor torque of 160% of the
default value was selected after several preliminary measurements comparing various
torques, because it allowed subjects to sprint in a comfortable manner and produce
maximal effort without risking the loss of balance. Subjects were tethered by means of
a leather weightlifting belt and thin stiff rope (0.6 cm in diameter) rigidly anchored to
the wall behind the subjects by a 0.4 m vertical metal rail. When correctly attached,
subjects were required to lean forward in a typical crouched sprint-start position with
their preferred foot forward. This starting position was used and standardized all along
the sprint series. After a 3-s countdown, the treadmill was released, and the belt began
to accelerate as subjects applied a positive horizontal force.
2.3. Mechanical variables
Mechanical data were sampled at 1000 Hz continuously over the sprints,
allowing determination of the beginning of the sprint, defined as the moment the
belt speed exceeded 0.2 m s " 1. After appropriate filtering (Butterworth-type
30 Hz low-pass filter), instantaneous data of vertical, net horizontal and total
GRF were averaged for each support phase (vertical force above 30 N) over the 6-s
sprints (FV, FH and FTot, respectively), and expressed in N and BW.
For each step, RF (in %) was calculated as the ratio of FH to FTot for one contact
period (Morin et al., in press). Then, mean and maximal values of RF for the 6-s
sprint were computed (RF and RF-max, respectively). The index of force application
technique (DRF) representing the decrement in RF with the increasing speed was
computed as the slope of the linear RF-speed relationship calculated from the
step-averaged values between the second step and the step at top speed. Therefore, the higher the DRF (i.e. a flat RF-speed relationship), the more RF is
maintained despite increasing velocity, and vice versa. Last, for each 6-s sprint,
performance was described through mean and maximal running speeds (S and
S-max, respectively).
These data were completed by measurements of the main step kinematic
variables: contact time (tc in s), aerial time (ta in s), step frequency (SF in Hz), step
length (SL in m) and swing time (tswing), i.e. the time to reposition the limb, from
take-off to touch-down of the same foot.
2.4. Data analysis and statistics
Descriptive statistics are presented as mean values7SD. Normal distribution of
the data was checked by the Shapiro–Wilk normality test, and the mechanical
variables studied were compared between pre- and post-RS using t-test for paired
samples. For each variable studied, pre- and post-values compared were the average
data for the first two and last two sprints of each individual RS series, respectively.
Furthermore, as recovery was expected to occur between sets, changes in performance, force production and force application technique were also studied within
sprint sets (intra-set analysis), based on percent changes between the first and the
last sprint of each set, and using t-test for paired samples. The importance of the
differences found between pre- and post-RS was assessed through the effect size
and Cohen’s d coefficient (Cohen, 1988), interpreted as follows: small difference:
0.15rdo0.4, medium difference: 0.40rdo0.75, large difference: 0.75rdo1.10
and very large difference: dZ1.10. The significance level was set at P o 0.05.

3. Results
Subjects performed (mean7SD) 16.7 74.4 sprints. Among the
12 subjects, seven performed 20 sprints (4 sets), two performed
15 sprints (3 sets) and three completed 10 sprints (2 sets).
Performance decreased significantly over the RS series, as shown
in Table 1. This overall decrease was consistent with intra-set
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Table 1
Changes in performance variables, force production and force application technique variables between the first two (pre-RS) and the last two (post-RS) sprints of the
multiple-set repeated sprint series. All changes reported are significant.
Pre-RS
S (m s " 1)
S-max (m s " 1)
FH (N)
FH (BW)
FV (N)
FV (BW)
FTot (N)
FTot (BW)
RF (%)
RF-max (%)
DRF

4.55
5.47
309
0.416
1074
1.44
1121
1.51
27.7
42.1
" 0.069

Post-RS
(0.29)
(0.40)
(25)
(0.033)
(97)
(0.10)
(99)
(0.11)
(1.1)
(2.6)
(0.007)

3.83
4.53
267
0.359
1023
1.37
1060
1.42
25.6
38.4
" 0.081

(0.36)
(0.42)
(35)
(0.050)
(103)
(0.12)
(106)
(0.13)
(2.6)
(3.2)
(0.013)

t-Test P values

Pre–post % change

Effect size

o0.001
o0.001
o0.001
o0.001
o0.05
o0.05
o0.001
o0.001
o0.001
o0.01
o0.001

" 15.7
" 17.2
" 13.9
" 13.9
" 5.12
" 5.12
" 5.81
" 5.81
" 7.74
" 8.41
" 19.2

2.30
2.39
1.41
1.41
0.66
0.66
0.78
0.78
1.10
1.33
1.20

(5.4)
(5.7)
(8.5)
(8.5)
(5.88)
(5.88)
(5.76)
(5.76)
(8.13)
(9.48)
(20.9)

(very large)
(very large)
(very large)
(very large)
(medium)
(medium)
(large)
(large)
(very large)
(very large)
(very large)

Values are mean (SD).

Table 2
Intra-set percent changes in performance variables, force production and force application technique variables computed between the first and the last sprints of each set.
Set #1 (n¼ 12)
"1

S (m s )
S-max (m s " 1)
FH (BW)
FV (BW)
FTot (BW)
RF (%)
RF-max (%)
DRF

" 8.54
" 10.3
" 8.44
" 1.83
" 2.43
" 5.53
" 9.81
" 4.49

Set #2 (n ¼12)
nnn

(7.57)
(3.6)nnn
(7.56)nn
(3.66)
(3.40)n
(7.79)n
(8.05)nn
(22.9)

" 10.8
" 11.9
" 10.1
" 6.46
" 6.69
" 3.77
" 5.36
" 24.0

Set #3 (n¼9)
nnn

(7.2)
(7.7)nnn
(9.1)nn
(5.64)nn
(4.87)nnn
(12.7)
(17.7)
(29.0)n

" 10.8
" 11.3
" 5.95
" 6.94
" 6.84
1.80
0.061
" 22.0

Set #4 (n¼ 7)
nnn

(9.0)
(6.6)nnn
(5.90)n
(5.04)nn
(4.68)nn
(7.87)
(12.7)
(32.6)

" 5.49
" 6.17
" 12.0
" 5.63
" 6.11
" 5.55
" 2.18
" 16.7

(4.98)n
(6.5)n
(11.5)n
(9.83)
(9.79)
(7.59)
(5.79)
(25.1)

Values are mean (SD).
P o 0.05.
P o0.01.
nnn
Po 0.001.
n

nn

during the first session of the protocol (mean7SD: 10275.7%;
range 94.3–112%).
All the mechanical variables tested significantly changed over
the multiple-set RS series (Tables 1 and 3). FH showed the largest
decrease, compared to FV and FTot. Furthermore, DRF significantly
decreased (Po0.001, very large effect size), meaning that during
each sprint the RF-speed relationship became steeper with fatigue
(Fig. 2). In addition, all the individual RF-speed relationships were
significantly linear (mean r2 of 0.879; Po0.05). Thus, as fatigue
developed over the RS series, not only did subjects begin their
sprints with a lower RF-max value, but RF also decreased more
rapidly (Table 1, Fig. 2). Finally, the individual magnitudes of
change of DRF were greater, and significantly more important than
those of FTot (t-test; Po0.01).

4. Discussion
Fig. 1. Mean (7 SD) changes in peak running speed, total force production and
index of force application technique over the multiple-set sprint series. Values for
the first and the last sprint of each set are expressed relatively to the value of the
first sprint.

decreases in performance (Table 2). For instance, S-max decreased
by $ 8–10% on an average over each of the four sets of 5 sprints
(Table 2), for an overall mean decrease of 17.275.7% (Po0.001)
between the first two and the last two sprints (Table 1). Within
this overall inter- and intra-set decrease in performance, we
observed that the level of performance was almost systematically
higher at the beginning of sets #2, 3 and 4 than at the end of
sets #1, 2 and 3 (Fig. 1). The 95% criterion score was overall
satisfied: during the first sprint of the RS series, only one subject
produced a mean power below 95% (94.3%) of that measured

The present results show that, along with the expected
significant and large decrease in performance, RS induced both
a significant decrease in the capability to produce total force and a
significant and even larger decrease in the ability to apply it with
a forward orientation during acceleration. The magnitude of these
individual changes in DRF was significantly (Po0.01) larger than
for FTot. Finally, this study reported similar ranges of decrease
in performance than previous studies using linear RS series
(e.g. Billaut and Basset, 2007; Bishop et al., 2001; Edge et al.,
2006; Gaitanos et al., 1991, 1993; Girard et al., 2011; Hughes
et al., 2006; Mendez-Villanueva et al., 2008) or a multiple-set RS
design (Beckett et al., 2009; Serpiello et al., 2011).
To our knowledge, this is the first study reporting the effect of RS
fatigue on force orientation technique, i.e. the ability to apply/orient
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Table 3
Changes in running kinematics between the first two (pre-RS) and the last two (post-RS) sprints of the multiple-set repeated sprint series. All changes reported are
significant.
Pre-RS
tc (s)
ta (s)
tswing (s)
SF(Hz)
SL (m)

0.161
0.085
0.328
4.10
1.12

Post-RS
(0.012)
(0.011)
(0.020)
(0.21)
(0.10)

0.181
0.099
0.375
3.61
1.07

(0.021)
(0.009)
(0.024)
(0.26)
(0.08)

t-Test P values

Pre–post % change

o 0.001
o 0.001
o 0.001
o 0.001
o 0.05

12.6
17.2
14.5
" 11.9
" 4.03

Effect size
(10.1)
(15.1)
(8.5)
(6.1)
(5.44)

1.22
1.45
2.22
2.17
0.58

(very large)
(very large)
(very large)
(very large)
(medium)

Values are mean (SD).

Fig. 2. Typical change in the RF-speed relationship between the first and the last
sprints of the multiple-set sprint series (this typical subject completed the 4 sets
of 5 sprints). DRF values are computed as the slopes of these linear relationships
(for this typical subject DRF was equal to –0.079 and –0.116 for the first and the
last sprints, respectively).

force effectively against the supporting ground. Though force
production over RS has been approached in the previous works
(Girard et al., 2011; Hughes et al., 2006), RF and DRF variables had
only been measured during single accelerations (Morin et al., in
press). In the latter study, the authors showed that the variables
characterizing the force application technique (RF and DRF) were
significantly related to field 100 m performance and that the main
variable characterizing force production capability (FTot) was not.
The present results show that the overall magnitude of performance decrease (i.e. $ 20% on an average for the variables tested)
could be related in large part to the technical ability of force
application, since this change in performance was close to the
change in DRF. This index being computed as the slope of the linear
decrease in RF with increasing speed, a decrease in the DRF value
means a faster straightening up of the total force vector during the
acceleration from the start of the sprint (Fig. 2). Furthermore,
a lower RF at the beginning of the acceleration (RF-max)
was cumulated with a lower DRF (i.e. a steeper slope of the
RF-speed relationship), which led to shorter and less effective
acceleration phases.
We observed that the above described decrease in FTot was
accompanied by a very large decrease in FH ( "13.9 78.5%;
Po0.001, effect size of 1.20), while FV decreased significantly,
but to a lesser extent ( " 5.1275.88%; Po0.05, effect size of 0.66).
This confirms that applying high amounts of FH (in other words,
orienting FTot forward) is determinant when trying to limit the
decrease in performance during RS. This is in line with recent
results of Kugler and Janshen (2010) who showed that the
subjects applying more forward-oriented total force against the

ground (measured over one step) were performing better during a
single sprint acceleration phase.
To our knowledge, only two studies described changes in
sprint kinetics during RS (Girard et al., 2011; Hughes et al.,
2006), yet with no focus on the force application/orientation
technique. In a treadmill sprint reliability study, Hughes et al.
(2006) reported horizontal force values (averaged over the entire
6-s sprint) and a mean percentage decrement of $ 7.5% on an
average across a series of 6 sprints. This is close to what we
observed at the end of the first set of 5 sprints, and within each of
the four sets of our study. Recently, Girard et al. (2011) published
a detailed analysis of sprint kinematics and kinetics over a RS
series of 12 40 m sprints performed overground. Though GRF
measurements were only performed over 2–4 steps in the 5–10 m
or 30–35 m intervals, fatigue-induced changes were reported:
decrease in peak vertical GRF (though not significant, P¼0.17),
and significant decreases in both braking and pushing peaks of
horizontal GRF. Though net horizontal force per step was not
reported in their paper, it is likely that this variable (FH in our
study) decreased in their study.
Concerning running kinematics, Girard et al. (2011) observed a
significant increase in tc and ta, and thus a decrease in SF. In
their study, SL only tended (P ¼0.06) to increase. These changes in
step kinematics and the absolute values reported were in line
with the results of the present study: both SF and SL decreased
significantly (Tables 3 and 4), but the latter significantly less than
the former (Po0.05). The decrease in SF was due to increases in tc
and ta of very similar magnitudes (12.6710.1%, Po0.001, effect
size of 1.22, and 17.2 715.1%, Po0.001, effect size of 1.45,
respectively). These changes in ta and tc were not different
(P¼ 0.40), and the absolute values of ta and tc were in line with
field and the sprint treadmill data reported for similar sprint
speeds (e.g. Girard et al., 2011; Morin et al., in press; Weyand
et al. 2000, 2010).
One limit of the present protocol is that the sprints were not
performed overground. Though sprinting efforts would have been
closer to the field performance, it would have made the continuous measurements of GRF impossible and thus running
mechanics such as done here. This main drawback of the treadmill sprinting is outweighed by the possibility to comprehensively study sprinting mechanics. Furthermore, a recent study
compared sprint performance on a 100 m between field and
treadmill conditions (Morin and Se! ve, in press), using the same
motorized treadmill as in the present study. Despite a difference
in performance, the study reported high and significant correlations between the two conditions. Thus, it is reasonable to assume
that the decrease in DRF measured on the treadmill would also
have occurred during such a multiple-set RS protocol performed
on a standard track, and that the intra-individual changes
observed would not have been fundamentally challenged. Finally,
the values of mean and top speeds observed on the treadmill were
ranging between those reported by Serpiello et al. (2011) (nonmotorized treadmill, multiple-set RS study), and those reported
by Girard et al. (2011) (field single-set RS study).
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Table 4
Intra-set percent changes in running kinematics, computed between the first and the last sprints of each set.
Set #1 (n ¼12)
tc (s)
ta (s)
tswing (s)
SF(Hz)
SL (m)

12.2
" 2.04
4.02
" 6.62
" 2.06

Set #2 (n¼ 12)
(10.6)nn
(18.3)
(7.43)
(3.90)nnn
(3.25)n

15.0
2.93
6.67
" 8.53
" 2.06

Set #3 (n ¼9)
(12.6)nn
(20.5)
(6.59)nn
(3.51)nnn
(7.22)

14.1
" 2.37
4.59
" 6.37
" 4.68

Set #4 (n¼7)
(16.8)n
(13.5)
(7.74)
(7.45)n
(5.07)n

12.5
" 4.09
1.96
" 4.53
" 1.71

(10.9)n
(11.3)
(4.15)
(3.10)nn
(3.93)

Values are mean (SD).
P o 0.05.
P o 0.01.
nnn
P o 0.001.
n

nn

In conclusion, both the total force production capability and
the technical ability to apply/orient force effectively against the
ground were altered during a multiple-set repeated sprint series,
and the latter to a larger extent than the former. This study shows
that running mechanics, especially the force production and the
application technique, may bring additional insight to the extensively studied physiological features of repeated sprint performance. This could be of interest in sports where such maximal
accelerations are frequently repeated over the game.
Conflict of interest
We declare that we have no conflict of interest.
Acknowledgments
We are grateful to Gauthier Perez for his assistance in data
collection, and to the subjects of this study for having performed
maximal efforts until volitional fatigue.
References
Balsom, P.D., Gaitanos, G.C., Ekblom, B., Sjödin, B., 1994. Reduced oxygen availability during high intensity intermittent exercise impairs performance. Acta
Physiol. Scand. 152, 279–285.
Beckett, J.R., Schneiker, K.T., Wallman, K.E., Dawson, B.T., Guelfi, K.J., 2009. Effects
of static stretching on repeated sprint and change of direction performance.
Med. Sci. Sports Exerc. 41, 444–450.
Billaut, F., Basset, F.A., 2007. Effect of different recovery patterns on repeatedsprint ability and neuromuscular responses. J. Sports Sci. 25, 905–913.
Billaut, F., Bishop, D.J., Schaerz, S., Noakes, T.D., 2011. Influence of knowledge of
sprint number on pacing during repeated-sprint exercise. Med. Sci. Sports
Exerc. 43, 665–672.
Bishop, D., Spencer, M., Duffield, R., Lawrence, S., 2001. The validity of a repeated
sprint ability test. J. Sci. Med. Sport 4, 19–29.
Chelly, S.M., Denis, C., 2001. Leg power and hopping stiffness: relationship with
sprint running performance. Med. Sci. Sports Exerc. 33, 326–333.
Cohen, J., 1988. Statistical Power Analysis for the Behavioral Sciences, second ed.
Lawrence Erlbaum Associates, Hillsdale, NJ.
Edge, J., Bishop, D., Hill-Haas, S., Dawson, B., Goodman, C., 2006. Comparison of
muscle buffer capacity and repeated-sprint ability of untrained, endurancetrained and team-sport athletes. Eur. J. Appl. Physiol. 96, 225–234.

Gaitanos, G.C., Nevill, M.E., Brooks, S., Williams, C., 1991. Repeated bouts of sprint
running after induced alkalosis. J. Sports Sci. 9, 355–370.
Gaitanos, G.C., Williams, C., Boobis, L.H., Brooks, S., 1993. Human muscle
metabolism during intermittent maximal exercise. J. Appl. Physiol. 75,
712–719.
Girard, O., Micallef, J.P., Millet, G.P., 2011. Changes in spring–mass model
characteristics during repeated running sprints. Eur. J. Appl. Physiol. 111,
125–134.
Glaister, M., 2005. Multiple sprint work: physiological responses, mechanisms of
fatigue and the influence of aerobic fitness. Sports Med. 35, 757–777.
Hughes, M.G., Doherty, M., Tong, R.J., Reilly, T., Cable, N.T., 2006. Reliability of
repeated sprint exercise in non-motorised treadmill ergometry. Int. J. Sports
Med. 27, 900–904.
Jaskolska, A., Goossens, P., Veenstra, B., Jaskolski, A., Skinner, J.S., 1999. Comparison of treadmill and cycle ergometer measurements of force–velocity relationships and power output. Int. J. Sports Med. 20, 192–197.
Kugler, F., Janshen, L., 2010. Body position determines propulsive forces in
accelerated running. J. Biomech. 43, 343–348.
McKenna, M.J., Riches, P.E., 2007. A comparison of sprinting kinematics on two
types of treadmill and over-ground. Scand. J. Med. Sci. Sports 17, 649–655.
Mendez-Villanueva, A., Hamer, P., Bishop, D., 2008. Fatigue in repeated-sprint
exercise is related to muscle power factors and reduced neuromuscular
activity. Eur. J. Appl. Physiol 103, 411–419.
Morin, J.-B., Edouard, P., Samozino, P.. Technical ability of force application as a
determinant factor of sprint performance. Med. Sci. Sports Exerc., in press.
doi:10.1249/MSS.0b013e318216ea37.
Morin, J.-B., Se! ve, P. Sprint running performance: comparison between treadmill
and field conditions. Eur. J. Appl. Physiol., in press, doi:10.1249/MSS.
0b013e318216ea37.
Morin, J.-B., Jeannin, T., Chevallier, B., Belli, A., 2006. Spring–mass model characteristics during sprint running: correlation with performance and fatigueinduced changes. Int. J. Sports Med. 27, 158–165.
Morin, J.-B., Samozino, P., Bonnefoy, R., Edouard, P., Belli, A., 2010. Direct
measurement of power during one single sprint on treadmill. J. Biomech. 43,
1970–1975.
Serpiello, F.R., McKenna, M.J., Stepto, N.K., Bishop, D.J., Aughey, R.J., 2011.
Performance and physiological responses to repeated-sprint exercise: a novel
multiple-set approach. Eur. J. Appl. Physiol. 111, 669–678.
Spencer, M., Bishop, D., Dawson, B., Goodman, C., 2005. Physiological and
metabolic responses of repeated-sprint activities: specific to field-based team
sports. Sports Med. 35, 1025–1044.
Spencer, M., Dawson, B., Goodman, C., Dascombe, B., Bishop, D., 2008. Performance
and metabolism in repeated sprint exercise: effect of recovery intensity.
Eur. J. Appl. Physiol. 103, 545–552.
Weyand, P.G., Sandell, R.F., Prime, D.N.L., Bundle, M.W., 2010. The biological limits
to running speed are imposed from the ground up. J. Appl. Physiol. 108,
950–961.
Weyand, P.G., Sternlight, D.B., Bellizzi, M.J., Wright, S., 2000. Faster top running
speeds are achieved with greater ground forces not more rapid leg movements. J. Appl. Physiol. 89, 1991–1999.

Please cite this article as: Morin, J.-B., et al., Effect of fatigue on force production and force application technique during
repeated sprints. Journal of Biomechanics (2011), doi:10.1016/j.jbiomech.2011.07.020

Publications présentées en Tome I

PARTIE 2.4. APPLICATION A L’ETUDE DES MOUVEMENTS
BALISTIQUES ET DE LA PERFORMANCE EN SAUT

Samozino P, Morin J‐B, Hintzy F, Belli A.
Jumping ability: a theoretical integrative approach.

Journal of Theoretical Biology, 264: 11‐18. 2010.

Samozino P, Rejc E, di Prampero PE, Belli A, Morin J‐B.
An optimal force‐velocity muscular profile in explosive movements. Altius: citius or
fortius ?

Medicine and Science in Sports and Exercise. In press. 2011.

Habilitation à Diriger des Recherches, JB Morin

Author's personal copy
ARTICLE IN PRESS
Journal of Theoretical Biology 264 (2010) 11–18

Contents lists available at ScienceDirect

Journal of Theoretical Biology
journal homepage: www.elsevier.com/locate/yjtbi

Jumping ability: A theoretical integrative approach
Pierre Samozino !, Jean-Benoı̂t Morin, Frédérique Hintzy, Alain Belli
Laboratory of Exercise Physiology (EA4338), University of Lyon, F-42023, Saint-Etienne, France

a r t i c l e in fo

abstract

Article history:
Received 20 July 2009
Received in revised form
15 January 2010
Accepted 19 January 2010
Available online 28 January 2010

A theoretical integrative approach is proposed to understand the overall mechanical characteristics of
lower extremities determining jumping ability. This approach considers that external force production
during push-off is limited by mechanical constraints imposed by both movement dynamics and force
generator properties, i.e. lower extremities characteristics. While the velocity of the body depends on
the amount of external force produced over the push-off, the capabilities of force production decrease
with increasing movement velocity, notably for force generators driven by muscular contraction, such
as lower extremities of large animals during jumping from a resting position. Considering the circular
interaction between these two mechanical constraints, and using simple mathematical and physical
principles, the proposed approach leads to a mathematical expression of the maximal jump height an
individual can reach as a function of only three integrative mechanical characteristics of his lower
extremities: the maximal force they can produce (F 0 ), the maximal velocity at which they can extend
under muscles action (v 0 ) and the distance of force production determined by their usual extension
range (hPO ). These three integrative variables positively influence maximal jump height. For instance in
humans, a 10% variation in F 0 , v 0 or hPO induces a change in jump height of about 10–15%, 6–11% and
4–8%, respectively. The proposed theoretical approach allowed to isolate the basic mechanical entities
through which all physiological and morphological specificities influence jumping performance, and
may be used to separate the very first macroscopic effects of these three mechanical characteristics on
jumping performance variability.
& 2010 Elsevier Ltd. All rights reserved.
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Lower extremity

1. Introduction
Maximal jumps aim to cover the highest vertical and/or
horizontal distance from a large acceleration of the body during
one quick legs extension. According to Newton’s laws of motion,
the acceleration of a body during a push-off phase depends on the
resultant force applied on it (fundamental principle of dynamics),
itself resulting from the force developed by the individual (animal
or human) on the environment (law of reciprocal actions).
Consequently, accelerating one’s body mass from a resting
position to reach the highest jumping performance depends on
the production of a large amount of external force during one
quick lower extremities extension. Identifying the overall mechanical characteristics of the force generator (i.e. the lower
extremities) allowing to maximise this force production over the
whole push-off phase could increase the understanding of the
mechanical factors limiting jumping performance.

! Corresponding author at: Laboratoire de Physiologie de l’Exercice, Université
de Saint-Étienne, Médecine du sport et Myologie, CHU Bellevue, 42055 SaintÉtienne, Cedex 02, France. Tel.: + 33 4 77 12 07 33.
E-mail address: pierre.samozino@univ-st-etienne.fr (P. Samozino).

0022-5193/$ - see front matter & 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jtbi.2010.01.021

The characteristics of lower extremities related to maximal
jumps have been mainly studied through the physiological or
morphological traits statistically related to jumping ability (e.g.
muscle mass, limbs length, muscle fibre types, joint moment
arms), that are the phenotypic expressions of the overall
mechanical characteristics of lower extremities involved in
performance (see reviews by James et al., 2007; Marsh, 1994).
The relationship between jumping performance and overall
mechanical characteristics of lower extremities, such as force or
power output capabilities, has only been explored through
correlations, and in only few studies on humans, which did not
reach a consensus (Driss et al., 1998; Yamauchi and Ishii, 2007).
Such statistical approaches present the risk of interaction
between covariant parameters making uncertain the direct
causal effect between dependent and independent variables,
though related in some cases by significant correlations.
Hence, the large number of biological features that may act on
jumping ability (together or independently) make the overall
understanding of lower extremities characteristics involvement in such abilities difficult on the sole basis of experimental
data.
For these reasons, theoretical approaches have been proposed
to better understand the mechanical factors affecting jumping
ability. The best examples are forward simulation models that
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Nomenclature
CM
m
g
h
WT
hPO
vTO
F

body centre of mass
body mass (in kg)
gravitational acceleration (9.81 m s $ 2)
jump height corresponding to the vertical distance
covered by the CM during the aerial phase (in m)
total external mechanical work produced by lower
extremities during push-off (J)
vertical push-off distance determined by lower
extremities extension range (in m)
CM vertical velocity at take-off (in m s $ 1)
mean vertical external force developed over push-off
(relative to body mass, in N kg $ 1)

integrate a large amount of morphological, physiological or
neuromuscular parameters (Alexander, 1995; Bobbert and Van
Soest, 1994; Pandy and Zajac, 1991). These models allowed to
answer several questions that could not be solved experimentally,
such as optimal muscular coordination strategies or effects of
different jumping techniques (e.g. Alexander, 1995; Bobbert and
Casius, 2005; Pandy and Zajac, 1991). However, they do not make
it possible to isolate the basic mechanical characteristics of lower
extremities determining the ability to accelerate the body. Indeed,
the numerous inputs used do not represent the overall mechanical characteristics of the force generator, but specific biological
features that affect these mechanical characteristics, several of
them acting on the same entity. Other theoretical frameworks
have explored these overall mechanical characteristics affecting
jumping ability through the investigation of the mechanical
requirements of maximal jumps. Indeed, jumping ballistic and
dynamic analyses allow one to identify the mechanical outputs of
push-off determining jumping performance at best. For instance,
jumping performance has been mathematically shown to be
proportional to the mechanical work produced during push-off
(Alexander, 2003a; Emerson, 1985) or to the mean power
developed before take-off (Marsh, 1994). These mathematical
equations let think that maximal jumping performances are
determined by the capability of lower extremities to produce
work or power. However, other authors supported the idea that
impulsive action performance (such as jumping) do not depend
on muscles ability to generate power, but rather on their
capability to produce impulse (Adamson and Whitney, 1971;
Knudson, 2009; Winter, 2005). Even if this distinction may seem
minor, it reveals the difficulty in identifying the mechanical
characteristics of the force generator that maximise jumping
performance from the sole mechanical outputs related to
performance. Whether it is impulse, work or power that
determines performance, the question arises as to which
mechanical characteristic(s) of lower extremities allow(s) to
maximise it.
Further, analyses of the mechanical behaviour of an accelerating body show that all the mechanical outputs characterising
push-off dynamics are closely connected (Marsh, 1994; Minetti,
2002; Wakai and Linthorne, 2005). From a theoretical framework,
Minetti showed that an increase in the force applied to a mass
made the other mechanical outputs of push-off vary: decrease in
push-off duration and increase in power and velocity for instance
(Minetti, 2002). Regarding the latter point, and for most of large
animals in which skeletal muscles form the basis of the force
generator, the increase in movement velocity is associated with a
decrease in force production capability (Hill, 1938). Hence, the
higher the force production, the faster the movement, and the
lower the force production capability. Consequently, take-off

v
F0

v0

tPO
vTO max
hmax

mean vertical CM velocity over push-off (in m s $ 1)
theoretical maximal value of F that lower extremities
can produce during one extension at a theoretical null
v (relative to body mass, in N kg $ 1)
theoretical maximal value of v at which lower
extremities can extend during one extension under
the influence of muscles action in a theoretical
unloaded condition (in m s $ 1)
push-off time (in s)
maximal CM vertical take-off velocity a given animal
can reach (m s $ 1)
maximal jump height a given animal can reach (m)

velocity, and so jumping performance, depends on the force
production of lower extremities over push-off, itself depending on
mechanical characteristics of the force generator, themselves
depending on push-off velocity. Due to this circular interaction
between force generator capabilities and the dynamics of an
accelerated body, the mechanical constraints imposed by both
force generator and movement dynamics should be taken into
account to identify the mechanical characteristics related to
maximal jumps.
The aim of this study is therefore to propose an alternative
theoretical integrative approach (i) to identify the overall
mechanical characteristics of lower extremities determining
maximal jumping ability and (ii) to quantify their respective
influence by means of the simplest mathematical equation (s)
possible. This theoretical framework considers the mechanical
constraints of both movement and force generator limiting
jumping performance. Only vertical jumping will be considered
here since it is an excellent system to investigate jumping
abilities.

2. Theoretical background
The mechanical constraints imposed by both force generator
characteristics and movement dynamics on jumping ability are
mainly expressed through the interaction between the amount of
force produced and the centre of mass (CM) velocity over the
whole push-off. The aim of the following sections is to understand
how these two mechanical constraints affect the interdependence
of force production and movement velocity.
2.1. Mechanical constraints imposed by movement dynamics
Jump height (h), which corresponds here to the CM aerial
vertical displacement, is dependent on the CM vertical velocity at
take-off (vTO ), according to this basic ballistic equation:
h¼

v2TO
2g

ð1Þ

This section analyses the push-off phase through the dynamics
of the body CM, aiming, with a mathematical approach, to
understand how vTO depends on force production. The push-off is
considered here in its wholeness, and not studied moment-bymoment. Let consider here a push-off phase during which a body
of mass m is accelerated along a vertical direction. Lower
extremities are represented by a linear force generator. The CM
velocity (and hence kinetic energy) being null before push-off,
the total external mechanical work (WT) done by lower extremities during push-off is equal to the variation in the mechanical
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energy of the body, which is the sum of potential and kinetic
energies:

capabilities are well known to depend on velocity for force
generators composed by skeletal muscles.

WT ¼ 12mv2TO þ mghPO

2.2. Mechanical constraints imposed by the force generator

ð2Þ

with g the gravitational acceleration and hPO the vertical push-off
distance corresponding to the extension range of lower extremities. Furthermore, WT, developed by lower extremities during
push-off, is also equal to the product of hPO times the mean
vertical external force produced over push-off:
F¼

WT
mhPO

ð3Þ

with F the mean vertical external force produced over push-off
expressed relative to body mass (in N kg $ 1). In this form, F has the
dimension of an acceleration and would correspond to the
component of the CM acceleration induced by the lower
extremities propulsive force.
Substituting (2) in this equation gives
F¼

v2TO
þ g
2hPO

From Eq. (4), vTO may be expressed as
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
vTO ¼ 2hPO ðF $ gÞ

ð4Þ

ð5Þ

This relationship between vTO , F and hPO represents the mechanical constraints imposed by movement dynamics of an accelerated body. Hence, vTO depends on the mean force produced over
push-off, on body mass (since F is expressed relative to body
mass) and on the distance through which the force is produced
(that is the extension range of lower extremities). The general
relationship between vTO and F is presented in Fig. 1 for different
values of hPO during a vertical push-off. Each line represents,
for different values of hPO , the force–velocity conditions (F $ vTO
conditions) allowed by movement dynamics, each F $ vTO
condition corresponding to one jump height (obtained from
Eq. (1)). Jumping performance increases when hPO increases
and/or when F increases, F and vTO changing concomitantly in a
specific way depending on hPO (Eq. (5)). However, this
concomitant increase in F and vTO is limited by the mechanical
characteristics of the force generator. Indeed, force production

Let consider here only individuals propelling themselves by
the direct action of muscles, that is most of large animals
(Alexander, 1995). The mechanical characteristics of the force
generator are thus mainly related to the mechanical properties of
muscles. The mechanical limits of skeletal muscles capabilities,
and notably of the contractile elements, are represented by an
inverse force–velocity relationship (F–V relationship), well documented in isolated muscles (Hill, 1938) as well as in entire lower
extremities musculature during various types of human movement (Rahmani et al., 2001; Sargeant et al., 1981; Vandewalle
et al., 1987). This overall inverse relationship, described as linear
for pluri-articular movements (Bosco et al., 1995; Rahmani et al.,
2001; Vandewalle et al., 1987; Yamauchi and Ishii, 2007),
accounts for the decrease in the maximal capability for entire
lower extremities to generate force with increasing movement
velocity. Such linear F–V relationships have widely been shown
from mean values of force (F ) and velocity (v) over limbs
extension, and have often been defined by two values: the
theoretical maximal F that lower extremities can produce over
one extension (F 0 , expressed relative to body mass, in N kg $ 1) and
the theoretical maximal v at which lower extremities can extend
during one extension under the influence of muscle action (v 0 in
m s $ 1). Graphically, F 0 and v 0 correspond to the force-axis and
velocity-axis intercepts of the F–V curve, respectively. Thus,
during a dynamic maximal effort, such as the push-off phase of a
maximal jump, the maximal F that can be produced may be
expressed as a function of v:
F ¼ F 0$

F0
v
v0

ð6Þ

During a maximal jump with a null starting velocity, v and vTO are
closely related, as shown in the following demonstration. From
Newton’s second law of motion, the change in momentum of a
body is proportional to the net impulse impressed on this body,
and applies along the straight line on which this impulse is
impressed. Applying the impulse–momentum relationship to the

Fig. 1. Changes in the take-off velocity and jump height as a function of the mean force produced over vertical jump push-off for different push-off distances (hPO ). Each
line represents the force–velocity conditions allowed by movement dynamics during a given push-off. Jump height and take-off velocity are related by Eq. (1). Since force is
expressed relative to body mass, the x-axis also corresponds to the component of the CM acceleration induced by the propulsive force.
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considered push-off phase with null starting velocity gives
vTO ¼ ðF $ gÞ & tPO

ð7Þ

with tPO the push-off phase duration. From Eqs. (4) and (7), tPO
may be expressed as
tPO ¼

2hPO
vTO

ð8Þ

The mean CM vertical velocity v over the whole push-off is the
ratio between hPO and tPO , and thus may be obtained from Eq. (8):
v¼

vTO
2

ð9Þ

This equation is only based on the impulse–momentum relationship, and so does not assume that the CM acceleration is constant
during push-off, as it was done by Bosco et al. (1983) to show the
same result.
2.3. Determination of the maximal vTO that can be reached
Considering both the mechanical constraints imposed by the
movement itself (vTO increasing with F , Eq. (5)) and those
imposed by the force generator (force production capability
decreasing with increasing velocity, Eq. (6)) allows to determine
the maximal F that can be produced during a vertical push-off,
maximising vTO and h. Fig. 2 presents these two kinds of
mechanical constraints acting on force production during a
vertical push-off for a given human-like hPO (0.4 m). The grey
area under the F–V relationship (dashed line) represents the
whole F $ v conditions that lower extremities musculature can
develop, the F–V relationship being the F $ v conditions corresponding to maximal efforts. The solid line represents, as in
Fig. 1, the F $ vTO conditions allowed by the movement dynamics,
higher jumping performance being reached when F increases.
Consequently, the maximal value of vTO (vTO max ) that can be
reached is achieved in the push-off condition allowed by both
force generator maximal capabilities and movement dynamics.
Such an optimal condition corresponds graphically to the couple
of force and velocity values at the two lines intersect.
Consequently, the force and velocity values characterising this
optimal condition have to be a valid set of solutions for the system
formed by Eqs. (5), (6) and (9), the unknown variables being F , v
and vTO . Solving this system of equations, which includes a nonlinear equation (Eq. (5)), gives two quadratic equations each

including F or vTO . The quadratic equation including vTO has
only one real positive solution for vTO (vTO max ) that may be
expressed as
0sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
F
2
F
0
0
A
vTO max ¼ hPO @
þ
ðF 0 $ gÞ$
ð10Þ
4v 0 hPO
2v 0

From Eq. (1), the maximal jump height that can be reached (hmax )
may be expressed as
0vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
12
u 2
h2PO Bu
F
2
F
0 C
t 0 þ
ðF 0 $ gÞ$
ð11Þ
hmax ¼
@
A
2g
2v 0
4v 20 hPO

From these computations, hmax that could be conceivable
respecting the mechanical constraints of both movement and
force generator depends only on F 0 , v 0 and hPO , which are three
mechanical entities characterising the lower extremities overall
capabilities. Note that Eq. (11) is true for v 0 4 0, hPO 4 0 and
F 0 4 g.

3. Results
The influences of F 0 , v 0 and hPO on hmax were analysed from
Eq. (11). First, a sensitivity analysis was performed plotting the
relative variations of hmax against the relative variations of F 0 , v 0
and hPO , each parameter being studied separately (Fig. 3). The
reference values of the three parameters corresponded to human$ 1
like values (F 0 ¼ 30 N kg , v 0 ¼ 3 m s$ 1 and hPO =0.4 m; e.g. Bosco
et al., 1995; Rahmani et al., 2001), but the range of variations
considered allowed a wide variety of large animals to be
concerned. Maximal jump height increases when F 0 , v 0 or hPO
increase, and it is more sensitive to F 0 than to v 0 or hPO . Indeed,
changes in hmax with F 0 variations are higher than those induced
by v 0 variations, themselves higher than those induced by hPO
variations: a 10% change in F 0 leads to a ' 10–15% change in hmax ,
while the same 10% change in v 0 and hPO leads to changes in hmax
ranging from 6% to 11% and from 4.5% to 7.5%, respectively. Note
that these relative influences were calculated from reference
values corresponding to human characteristics, and may be
different for other reference values.
Second, absolute influences of F 0 , v 0 and hPO on hmax variations
are presented in Fig. 4. The range of F 0 , v 0 and hPO values were

Fig. 2. Theoretical representation of the mechanical constraints imposed by movement dynamics (continuous line) and lower extremities capabilities (dashed line) during
a typical vertical jump. The continuous line represents the take-off velocity according to the mean force produced over push-off. The force–velocity conditions (mean force
and mean velocity over push-off) allowed by lower extremities mechanical capabilities are represented for sub maximal efforts (grey area) and for maximal explosive effort
(dashed line). Here, hPO , F 0 and v 0 values are 0.4 m, 30 N kg $ 1 and 3 m s $ 1, respectively.
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chosen to correspond to most of large animals, jumping by means
of direct muscles contraction (Alexander, 1995). The positive
influence of the three parameters on hmax is confirmed for a wide
range of values. Moreover, the shape of contours shows that the
influence of each parameter is enhanced by the increase in the
two other parameters.
Considering the few values of F 0 (between 25 and 50 N kg $ 1)
and v 0 (between 1.5 and 8 m s $ 1) reported in previous human
studies (Rahmani et al., 2004, 2001; Yamauchi and Ishii, 2007)
and estimating hPO between 0.35 and 0.45 m, hmax values obtained
range from ' 0.2 to ' 0.6 m, which is in line with human vertical
jumping performance (Fig. 4, the maximal values of each
parameter being unlikely obtained by a same given subject).
Further, the validity of Eq. (11) has been confirmed by experimental data comparing actual and predicted values of hmax in
human vertical jumps (unpublished personal data).

4. Discussion
This study proposes a novel mathematical approach to identify
the mechanical characteristics of lower extremities involved in
maximal jumping ability and to quantify their respective
influence on this ability. Considering the mechanical constraints
of both movement and force generator that limit the force
production during push-off, this integrative approach leads to a
mathematical expression of the maximal jump height an

Fig. 3. Sensitivity analysis: variations of the three lower extremities mechanical
characteristics (F 0 , v 0 and hPO ) against the corresponding variations in maximal
jump height. The reference values for the three mechanical characteristics are
30 N kg $ 1, 3 m s $ 1 and 0.4 m for F 0 , v 0 and hPO , respectively.
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individual can reach (hmax ) as a function of only three mechanical
entities that represent overall mechanical characteristics of
lower extremities: the theoretical maximal dynamic force that
can be generated over one lower extremities extension (F 0 ), the
theoretical maximal velocity at which the lower extremities can
extend under the influence of muscles contraction in unloaded
conditions (v 0 ), and the extension range of the lower extremities
determining the distance over which force can be generated (hPO ).

4.1. Limits of the theoretical integrative approach
The theoretical developments proposed to express hmax as a
function of only three mechanical characteristics of lower
extremities required many simplifying assumptions that could
limit their application. First, since the mechanical properties of
the force generator have been characterised by an inverse F–V
relationship, the present form of Eq. (11) only applies to animals
propelling themselves by the direct action of muscles. Further, the
linearity of the F–V relationship of the entire lower extremities
musculature, as well as the extrapolation of F 0 and v 0 , is well
admitted for human lower limbs extension (Rahmani et al., 2001;
Yamauchi and Ishii, 2007), but has not been thoroughly
investigated in animals, mainly for obvious practical reasons. It
is noteworthy that F 0 and v 0 are two purely theoretical values and
have to be considered as target values towards which maximal
capabilities of the force generator tend. Hence, F 0 and v 0 have to
be understood as the ‘‘force’’ and ‘‘velocity’’ maximal capabilities
of the entire lower extremities. Other reasonable assumptions
have been made, such as those related to the application of
Newton’s laws to a whole body considered as a system or the
neglected air resistance which only affects very small animals
jump height (body mass below 0.5 g, Scholz et al., 2006a).
Moreover, it was supposed that the CM vertical displacement
during push-off corresponded to the extension range of the lower
extremities (i.e. hPO ), whereas the actual relative position of the
CM within the body shifts slightly downwards due to this lower
extremities extension. This overestimation has nevertheless
minor effects on mechanical outputs estimation during a jumping
push-off (Samozino et al., 2008). The main limit of the proposed
approach remains in the relationship, existing in some cases,
between hPO and the two parameters characterising the force
generator (F 0 and v 0 ). Indeed, F 0 and v 0 , as mean values
representing maximal force and velocity over the whole pushoff, are specific to the lower extremities range of extension (hPO ).
For a given individual, a change in hPO (induced for instance by a
change in starting position) may lead to variations in F 0 and v 0
due to the effects of both muscles force–length relationships and
changes in joint moment arms during extension. Hence, F 0 and v 0
correspond to the maximal force and velocity capabilities of lower

Fig. 4. Contour plots showing the influence of F 0 , v 0 and hPO on the maximal jump height an animal can reach using its lower extremities musculature as force generator.
Each plot shows the influence of F 0 and v 0 on maximal jump height for three values of hPO characterising different individuals. The contours show the jump height (in m).
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extremities for a given extension range, i.e. for a given hPO .
Consequently, the effect of intra-individual variations in hPO on
hmax has to be cautiously considered since hPO variations may
involve changes in F 0 and v 0 . Therefore, comparisons of jumping
ability for a given individual at two different instants (e.g. before
and after training) require to keep hPO constant (Minetti, 2002;
Zamparo et al., 2002). However, for inter-individual or interspecies comparisons, the considered hPO has to correspond to the
optimal or usual one for each individual, which allows to
investigate differences in maximal performance between individuals. In the following part of this discussion, when the effect of
hPO on hmax is considered, one should consider several individuals
with different usual or optimal hPO , and not the effect of intraindividual changes in hPO .

joints, favouring in many cases the velocity of movement
(Emerson, 1985). Neuromuscular coordination strategies, widely
presented as determinant for vertical jumping performance
(Bobbert and Van Soest, 1994; Pandy and Zajac, 1991), are also
integrated in the mechanical characteristics F 0 and v 0 . The same
is true for the positive effect of hPO on hmax . Indeed, hPO includes
numerous morphological characteristics that increase the range of
motion and have previously been related to jumping performance,
such as hind limb length (Choi and Park, 1996; Emerson, 1985;
Harris and Steudel, 2002; James and Wilson, 2008), the number of
joints and their angular range of motion (Alexander, 1995), or the
height of the starting position (Alexander, 1995; Domire and
Challis, 2007; Selbie and Caldwell, 1996). Interestingly, James
Gray already put forward that it was not the leg length itself that
is advantageous in jumping, but the ability to extend the limb to a
greater length (Gray, 1953).

4.2. Jumping ability is explained by only three integrative
mechanical variables
4.3. Respective influences of F 0 , v 0 and hPO on hmax
The originality of the proposed approach is to explain jumping
performance from the fewest variables possible, which agrees for
instance with Alexander’s conception of mathematical models in
biological systems: ‘‘the simpler the model, the clearer it is which of
its characteristics are essential to the observed effect’’ (Alexander,
2003b). The whole point of explaining jumping performance by
the fewest lower extremities mechanical characteristics possible
is to isolate the basic mechanical entities through which all
physiological and morphological specificities influence jumping
performance. The three integrative variables (F 0 , v 0 and hPO )
identified in Eq. (11) do not correspond to phenotypic traits, but
represent the overall mechanical characteristics of the entire
lower extremities. This implies these variables to be integrative,
and the explored resulting effects to be macroscopic. These three
mechanical characteristics encompass all the morphological and
physiological parameters previously put forward to explain the
variability in jumping performance. For instance, F 0 and v 0 do not
only correspond to intrinsic muscles properties, but are the
resultant of all the biological features affecting the maximal force
that can be developed during lower extremities extension and the
maximal extension velocity, respectively.
The positive influence of F 0 on hmax is in line with studies
relating jumping ability to muscle strength (Alexander, 1995;
Cheng, 2008; Maffiuletti et al., 2002; Scholz et al., 2006b;
Ugrinowitsch et al., 2007; Yamauchi and Ishii, 2007) or animals
hind limb muscle mass (Choi and Park, 1996; James and Wilson,
2008; James et al., 2007). Indeed, maximal muscle force, which is
proportional to muscles cross-sectional areas (Alexander, 1985),
logically increases with the amount of muscle mass involved in
push-off. Other factors previously related to jumping performance
directly affect F 0 : a high rate of force development (Vanezis and
Lees, 2005), an optimised motor unit recruitment (Maffiuletti
et al., 2002) or positions of muscles origin and insertion increasing
torque and force production (Emerson, 1985). Besides, it is worth
noting that F 0 represents a force normalised to body mass
(expressed in Eq. (11) in N kg $ 1). Since larger animals are known
to produce lower maximal forces relative to their body mass (and
thus lower F 0 ), hmax is logically influenced by animals body size,
as previously reported (Alexander, 1985; James et al., 2007;
Scholz et al., 2006a).
Similarly to F 0 , the positive influence of v 0 on hmax is in
accordance with studies showing that frog muscles used to power
jumping are mainly composed of fast-twitch muscle fibres (Lutz
et al., 1998; Marsh, 1994), and with studies relating jumping
performance to muscle strength only at high movement velocity
(Eckert, 1968). The effect of v 0 on jumping performance has also
been suggested through the positions of muscles insertion around

The three mechanical characteristics F 0 , v 0 and hPO , and all the
above mentioned biological characteristics that positively influence them, have a positive effect on jumping ability. This is
obvious when referring to Figs. 1 and 2: increasing hmax may be
achieved by shifting the F–V relationship of lower extremities to
the right (i.e. increasing both F 0 and v 0 ) and/or by shifting the
curve of the F $ vTO conditions allowed by movement dynamics
upwards (i.e. increasing hPO ). Simulations performed with Eq. (11)
show that hmax is more dependent on F 0 or v 0 than on hPO . As a
result, maximal jump seems to be more limited by the mechanical
characteristics of force generator (i.e. F–V relationship) than by
movement dynamics depending on hPO . When trying to differentiate the respective weight of F 0 and v 0 , simulations performed
from human-like reference values (sensitivity analysis in Fig. 3)
seem to show that maximal jumping ability is more limited by F 0
than by v 0 . Thus, force capabilities seem to represent the
mechanical entity playing the most important role in jumping
performance, at least in humans. The respective weight of either
F 0 or v 0 on hmax seems to be enhanced with the increase in the
other variables, as shown by the shape of contours in Fig. 4.
Consequently, jump height of smaller animals, known to produce
larger relative maximal force (Alexander, 1985), is more sensitive
to v 0 changes than larger animals jump height is, which agrees
with Alexander’s model simulations (Alexander, 1995). In the
same way, in hypogravity conditions, in which the relative
maximal force of an individual is higher than on the Earth, the
influence of v 0 on jump height would increase to the detriment of
the influence of F 0 , which is in line with Minetti’s conclusions
(Minetti, 2002).
The mathematical expression of jumping performance
(Eq. (11)) provides a theoretical framework to separate the very
first macroscopic effects of F 0 , v 0 and hPO on jumping performance
variability. Adopting the same reasoning as Minetti (2002),
Eq. (11) could be used to separate the effects of intra-individual
changes in force or velocity capabilities when a change in jumping
performance is observed. Conversely, one could use Eq. (11) to
predict jump height changes induced by expected modifications
(positive or negative) in force generator capabilities, which may
guide rehabilitation and/or training programs. On the other hand,
such an integrative approach could also form a first stage to guide
further explorations of underlying biomechanical and physiological mechanisms at lower levels of organisation. For instance, a
simple application of Eq. (11) makes it possible to explore the
differences in jumping ability between humans and bonobos from
data presented by Scholz et al. (2006b). If F 0 and v 0 are similar,
the observed difference of maximal jump height between the man
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(0.34 m) and the bonobo (0.52 m estimated without arm
movement effect) may be explained for ' 40% (i.e. ' 0.07 m) by
the difference in hPO ( ' 0.42 m for the man, ' 0.65 m for the
bonobo from their optimal starting position). The remaining
' 60% of difference (i.e. ' 0.11 m) may be then explained by
better force generator characteristics (F 0 and/or v 0 ), and notably,
as argued by the authors, by a higher specific force (maximal force
per unit muscle mass).
4.4. Other strategies to improve jumping abilities
In addition to biological adaptations, individuals also used
specific techniques that allow higher maximal jump height by
overcoming the muscular constraints. The most famous one in
humans is the countermovement performed just before push-off,
leading to 2–4 cm higher jumps (Bobbert and Casius, 2005). This
greater performance has been firstly explained by effects of elastic
energy and myoelectrical potentiation (Bosco et al., 1982), and
more recently by the only fact that muscle active state develops
during the preparatory downward movement, which involves a
higher force at the beginning of push-off, and so improves the
maximal force capability (Bobbert and Casius, 2005). In Fig. 2, the
improvement in jump height thanks to a countermovement may
be graphically represented by a shift of the lower extremities F–V
relationship to the right, that is by an increase in F 0 and/or v 0
(Bosco and Komi, 1979; Bosco et al., 1982). Another strategy has
been observed in small animals to face with morphological or
muscular constraints, such as short hind limbs limiting hPO
(Burrows and Sutton, 2008; James et al., 2007) or poor muscle
maximum shortening velocity reducing v 0 (Alexander, 1995;
James et al., 2007). Such a jump technique, particularly described
in insects (Bennet-Clark, 1975) and commonly called ‘‘catapult
mechanism’’ (Alexander, 1995; James et al., 2007), allows animals
to overcome skeletal muscles limits by storing elastic energy and
releasing it suddenly, that is more quickly than what muscles
alone could do (Alexander, 1995; Bennet-Clark, 1975; Burrows
and Sutton, 2008). In many small insects, in which the whole
amount of energy required to jump can be stored in elastic
structures (Bennet-Clark, 1975), jumping performance is not
limited by muscle contractile properties but rather by the
mechanical characteristics of elastic energy storage and recoil.
Considered as a linear spring, the series elastic elements can
therefore be assumed to shorten at unlimited velocities (Alexander, 1995), the corresponding v 0 value tending then to infinite.
Simple computations (from data reported by Bennet-Clark, 1975;
Alexander, 1995) may show that the maximal jump height a
locust can reach using the catapult mechanism may be estimated
to ' 50 cm while muscles contraction alone would lead to jumps
not higher than 5 cm. With the ‘‘catapult mechanism’’, the muscle
F–V relationship is not a mechanical limit to jumping performance, which is in line with the low influence of the muscle
maximal shortening velocity on the ‘‘catapult’’ jump height
(Alexander, 1995). Other animals, larger than insects, have been
shown to also use ‘‘catapult-like’’ mechanisms to jump, namely
frogs (e.g. James et al., 2007) or bushbabies (e.g. Aerts, 1998). Even
if the mechanical work done during push-off is provided by both
elastic energy release and muscles contraction, this jump
technique, also qualified as a ‘‘mechanical power amplifier’’
(Aerts, 1998), largely improves jumping performance by increasing the ‘‘velocity’’ capabilities of the force generator.
5. Conclusion
This study proposed a new integrative approach leading to a
mathematical expression of the maximal jump height an
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individual can reach from only three mechanical characteristics
of its lower extremities: their maximal capability of force
production, their maximal extension velocity and their usual
extension range. This theoretical approach increases then the
understanding of the mechanical factors limiting jumping
performance. The main originality of this mathematical expression is to isolate the basic mechanical entities through which all
physiological and morphological specificities influence jumping
performance, and to quantify the respective influence of these
entities on jumping ability. When exploring the inter-species,
inter-individuals or intra-individual variability in jumping performance, this integrative expression may help to separate the
very first macroscopic effects of these three lower extremities
characteristics. Even if the proposed integrative approach applies
to vertical jumps in large animals, it could be generalised and
adapted to other types of maximal push-off or other force
generators used to propel a given mass.
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Abstract
Purpose: To determine the respective influences of the maximal power ( Pmax ) and the Forcevelocity (F-v) mechanical profile of lower limbs neuromuscular system on performance in
ballistic movements. Methods: A theoretical integrative approach was proposed to express
ballistic performance as a mathematical function of Pmax and F-v profile. This equation was
(i) validated from experimental data obtained on fourteen subjects during lower limbs ballistic
inclined push-offs, and (ii) simulated to quantify the respective influence of Pmax and F-v
profile on performance. Results: The bias between performances predicted and obtained from
experimental measurements was 4-7%, confirming the validity of the proposed theoretical
approach. Simulations showed that ballistic performance was mostly influenced by Pmax , but
also by the balance between force and velocity capabilities as described by the F-v profile.
For each individual, there is an optimal F-v profile which maximises performance, while
unfavourable F-v balances leads to differences in performance up to 30% for a given Pmax .
This optimal F-v profile, which can be accurately determined, depends on some individual
characteristics (limbs extension range, Pmax ) and on the after-load involved in the movement
(inertia, inclination). The lower the after-load, the more the optimal F-v profile is oriented
towards velocity capabilities, and the greater the limitation of performance imposed by the
maximal velocity of lower limbs extension. Conclusion: High ballistic performances are
determined by both maximization of the power output capabilities and optimization of the F-v
mechanical profile of the lower limbs neuromuscular system.
Keys-words: Maximal power, jumping performance, lower extremity extension, inclined
push-off, explosive strength, muscle function
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Notation
CM

body center of mass

m

body mass or moving mass (in kg)

g

gravitational acceleration on Earth (9.81 m.s-2)

F

mean external force developed over push-off along the push-off axis (relative to
moving mass, in N.kg-1)

v

mean CM velocity over push-off along the push-off axis (in m.s-1)

P

mean power output developed over push-off (relative to moving mass, in W.kg-1)

F0

theoretical maximal value of F that lower limbs can produce during one extension at
a theoretical null v (relative to moving mass, in N.kg-1)

v0

theoretical maximal value of v at which lower limbs can extend during one extension
under the influence of muscles action in a theoretical unloaded condition (in m.s-1)

Pmax

maximal P that lower limbs can produce during a push-off (in W.kg-1)

Pmax TH theoretical value of Pmax estimated from equation [1] (in W.kg-1)

hPO

push-off distance determined by lower limbs extension range (in m)

vTO

CM velocity at take-off (in m.s-1)

vTO max maximal vTO an individual can reach (m.s-1)
push-off angle with respect to the horizontal (in deg)
S Fv

slope of linear force-velocity relationship (in N.s.m-1.kg-1)

S Fv opt optimal value of S Fv maximizing vTO max for given values of Pmax and hPO (in N.s.m1

.kg-1)
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INTRODUCTION
Paragraph Number 1
Ballistic movements, notably jumping, have often been investigated to better understand the
mechanical limits of skeletal muscle function in-vivo, be it in animals (19, 23) or in humans
(6, 9, 20). One of the main questions scientists, coaches or athletes wonder when exploring
factors for optimizing ballistic performance is to know which mechanical quality of the
neuromuscular system is more important : “force” or “velocity” mechanical capability?
Paragraph Number 2
Ballistic movements may be defined as maximal movements aiming to accelerate a moving
mass as much as possible, that is to reach the highest possible velocity in the shortest time
during a push-off. From Newton’s second law of motion, the velocity reached by the body
center of mass (CM) at the end of push-off (or take-off velocity, vTO ) directly depends on the
mechanical impulse developed in the movement direction (22, 26, 42). Since the ability to
develop a high impulse can not be considered as a mechanical property of the neuromuscular
system, the issue is to identify which mechanical capability(ies) of the lower limbs determine
impulse. Developing a high impulse during a lower limb push-off, and in turn accelerating
body mass as much as possible, has often been assumed to depend on power capabilities of
the neuromuscular system involved in the movement (14, 19, 26, 29, 36, 40, 43). This
explains the wide interest of sports performance practitioners in improving muscular power
(9, 10, 12, 14, 27). On this basis, maximal power output may be improved by increasing the
ability to develop high levels of force at low velocities (force capabilities or strength) and/or
lower levels of force at high velocities (velocity capabilities) (10, 11, 27). The best strategy
continues to be an everlasting source of interest and debate (5, 10-12, 14, 29).
Paragraph Number 3
The overall dynamic mechanical capabilities of the lower limb neuromuscular system have
been well described by inverse linear force-velocity (F-v) and parabolic power-velocity (P-v)
relationships during various types of multi-joint concentric extension movements (3, 33, 35,
40, 43). These relationships describe the changes in external force generation and power
output with increasing movement velocity, and may be summarized through three typical
variables: the theoretical maximal force at null velocity ( F0 ), the maximal power output
( Pmax ) the lower limbs can produce over one extension, and the theoretical maximal velocity
at which lower limbs can extend during one extension under zero load ( v0 ). These three
parameters represent the maximal mechanical capabilities of lower limbs to generate external
force, power output, and extension velocity, respectively. Since they characterize the
mechanical limits of the entire neuromuscular function, they encompass individual muscle
mechanical properties (e.g. intrinsic F-v and length-tension relationships, rate of force
development), some morphological factors (e.g. cross sectional area, fascicle length,
pennation angle, tendon properties) and neural mechanisms (e.g. motor unit recruitment,
firing frequency, motor unit synchronization, inter-muscular coordination) (9). Graphically,
F0 and v0 correspond to the force-axis and velocity-axis intercepts of the linear F-v curve,
respectively, and Pmax to the apex of the parabolic P-v relationship. Under these conditions,
the relationship among these three parameters can be described by the following mathematical
equation (41):
F .v
[1]
Pmax = 0 0
4
Consequently, two athletes with similar Pmax could theoretically present different F-v
mechanical profiles, i.e. different combination of F0 and v0 . The issue is therefore to
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determine whether the F-v profile may influence ballistic performances independently of
Pmax . In other words, is it preferable to be “strong” or “fast” to reach the highest performance
in ballistic movements? Such an analysis might provide greater insight into the relationship
between mechanical properties of the neuromuscular system and functional performance,
either to further explore animal motor behaviors (19, 20) or program athletic training in
humans, as underlined in recent reviews (10, 12, 14).
Paragraph Number 4
The effects of F-v mechanical profile on ballistic performance has been experimentally
approached only through studies led in athletes with different training backgrounds (40, 43),
through different training protocols (5, 7, 11, 16, 27), or both (4, 8). However, in these
studies, the various F-v profiles of athletes were also associated with various Pmax values
among subjects, making it impossible to identify the sole effect of the F-v profile. The
influence of force and velocity capabilities on jumping performance has been recently
addressed through a theoretical integrative approach mathematically expressing maximal
jump height an individual can reach as a function of F0 and v0 (37). However, the observed
positive effects of F0 and v0 on performance were not independent from possible effects
of Pmax , the latter being overlooked.
Paragraph Number 5
Based on this theoretical approach, the main aim of this study was to determine the respective
influences of maximal power and F-v profile on performance in ballistic lower limbs
movements. Moreover, force and velocity contributions to power output depend on the load
involved (10, 14). Consequently, the secondary aim of this study was to investigate whether
the effects of the F-v profile on ballistic performances (if any) depend on the after-loads
(additional loads and/or push-off orientation against gravity) involved in the movement. To
these aims, the above mentioned theoretical analysis was compared to experimental
measurements during jumping.
THEORETICAL BACKGROUND
This section is devoted to an analysis of ballistic performance through maximal jumps at
different push-off angles. The entire lower limb neuromuscular system is considered as a
force generator characterized by an inverse linear F-v relationship and a given range of
motion. The maximal jumping performance can be well represented by the maximal take-off
velocity ( vTO max ) of the body centre of mass (CM). As detailed in the recent theoretical
integrative approach, jumping performance can be expressed as a function of some
mechanical characteristics of lower limbs. In this approach mentioned above (see 37), vTO max
can be expressed as:
⎛ F0
F ⎞
2
vTO max = hPO ⎜
+
( F0 − g sin ) − 0 ⎟
[2]
⎜ 4v0
⎟
h
2
v
0 ⎠
PO
⎝
when g is the gravitational acceleration (9.81 m.s-2), the push-off angle with respect to the
horizontal (in deg), hPO the distance covered by the CM during push-off corresponding to the
extension range of lower limbs (in m), and F0 (in N.kg-1 of moving mass) and v0 (in m.s-1)
the maximal force at theoretical null velocity and the theoretical maximal unloaded velocity
of lower limbs, respectively. The push-off angle assumed to be the same as the axis of the
force developed, is considered constant over the entire push-off. In equation 2, the after-load
opposing in motion is taken into account through inertia (i.e. the moving mass present here in
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the normalization of F0 ) and gravity (g.sin , i.e. the component of the gravity opposed to the
movement).
Paragraph Number 7
The F-v mechanical profile of lower limbs can be represented by the ratio between F0 and v0 ,
i.e. by the slope of the linear F-v relationship ( S Fv ) given by
F0
[3]
v0
(with the force graphically represented on the vertical axis of the F-v relationship).
Thus, the lower the S Fv , the steeper the F-v relationship and the higher the force capabilities
S Fv = −

compared to velocity ones (7). Note that S Fv and Pmax are theorized to be independent.
Substituting equation [3] in equation [2]:
⎛ S
S ⎞
2
[4]
vTO max = hPO ⎜⎜ Fv +
( F0 − g sin ) + Fv ⎟⎟
hPO
2 ⎠
⎝ 4
On the other hand, from equations [1] and [3], F0 can be expressed as a function of Pmax and
S Fv :

F0 = −4 Pmax S Fv
[5]
Substituting equation [5] in equation [4]:
⎛ S
S ⎞
2
[6]
vTO max = hPO ⎜⎜ Fv +
(2 − Pmax S Fv − g sin ) + Fv ⎟⎟
hPO
2 ⎠
⎝ 4
Paragraph Number 8
Consequently, vTO max can also be expressed as a function of Pmax , S Fv and hPO . Equation [6]
g sin
g sin
is true for hPO 0 , Pmax
and S Fv −
(see appendices, Supplemental Digital
−4S Fv
4 Pmax
Content 1a, for details on the computations of these values). In the present study, equation [6]
was (i) validated from experimental measurements and (ii) simulated to analyze the respective
influences of Pmax and S Fv on jumping performance.

METHODS USED IN THE EXPERIMENTAL VALIDATION
Subjects and experimental protocol
Fourteen subjects (age: 26.3 ± 4.5 yr, body mass: 83.9 ± 18.3 kg, stature: 1.81 ± 0.07 m) gave
their written informed consent to participate in this study, which approved by the local ethical
committee and in agreement with the Declaration of Helsinki. All subjects practiced physical
activities including explosive efforts (e.g. basket-ball, rugby, soccer), eight of them were
rugby players (four played in the Italian first league). After a 10-min warm-up and a brief
familiarization with the laboratory equipment, each subject performed two series of maximal
lower limbs push-offs: (i) horizontal extensions with different resistive forces allowing us to
determine F-v relationships of the lower limbs; and (ii) inclined jumps used to compare
experimental performances to theoretical predictions.
Paragraph Number 10
Tests were realized on the Explosive Ergometer (EXER, see Figure, Supplemental Digital
Content 2, for a schematic view of the EXER) consisting of a metal frame supporting one rail
on which a seat, fixed on a carriage, was free to move (for more details, see 34). The total
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moving mass (seat + carriage) was 31.6 kg. The main frame could be inclined up to a
maximum angle of 30 deg with respect to horizontal. The subject could therefore accelerate
himself and the carriage seat backward pushing on two force plates (LAUMAS PA 300,
Parma, Italy) positioned perpendicular to the rail, the output of which was independent of the
point of application of the force within a wide area. The velocity of the carriage seat along the
direction of motion was continuously recorded by a wire tachometer (LIKA SGI, Vicenza,
Italy) mounted on the back of the main frame. Force and velocity analog outputs were
sampled at a frequency of 1000 Hz using a data acquisition system (MP100, BIOPAC
Systems, Inc., USA). The instantaneous power was calculated from the product of
instantaneous force and velocity values. Data were processed using the AcqKnowledge
software (BIOPAC Systems, Inc., USA). An electric motor, positioned in front of the carriage
seat, allowed us to impose known braking forces, acting along the direction of motion. The
motor, controlled by a personal computer, was linked to the seat by means of a chain, its
braking action initiating immediately at the onset of the subject’s push. The braking force of
the motor, ranging from about 200 to 2300 N, was set using a custom built Labview program
(National Instruments, Texas, USA).
Paragraph Number 11
For each test, the subject was seated on the carriage seat, secured by a safety belt tightened
around the shoulders and abdomen, with the arms on handlebars. The starting position, set
with feet on the force plates and knees flexed at 90 deg, was fixed thanks to adjustable blocks
positioned on the rail of the EXER to prevent the downward movement of the carriage seat,
and in turn any countermovement.
F-v relationships of lower limbs neuromuscular system
To determine individual F-v relationships, each subject performed horizontal maximal lower
limbs extension against seven randomized motor braking forces: 0, 40, 80, 120, 160, 200 and
240 % of the subject’s body weight. The condition without braking force (0 % of body
weight) was performed with the motor chain disconnected from the carriage seat. For each
trial, subjects were asked to extend their lower limbs as fast as possible. Two trials, separated
by 2 minutes of recovery, were completed at each braking force. Mean force ( F ), velocity
( v ) and power ( P ) for the best trial of each condition were determined from the averages of
instantaneous values over the entire push-off phase. The push-off began when the velocity
signal increased and ended when the force signal (if take-off) or the velocity signal (if no
take-off) fell to zero. As previously suggested (3, 33, 43), F-v relationships were determined
by least-squares linear regressions. Since P-v relationships are derived from the product of
force and velocity, they were logically described by second-degree polynomial functions. F-v
curves were extrapolated to obtain F0 (then normalized to total moving mass, i.e. body +
carriage seat mass) and v0 which correspond to the intercepts of the F-v curve with the force

and velocity axis, respectively. According to equation [3], S Fv was then computed from F0
and v0 . Values of Pmax (normalized to body + carriage seat mass) were determined from the
first mathematical derivation of P-v regression equations. Moreover, to test the validity of
equation [1], maximal power was also computed from this equation ( Pmax TH ).
Inclined push-off performance
To validate equation [6], each subject then performed two inclined maximal push-offs at three
sled angles (10, 20 and 30 deg above the horizontal) with the motor chain disconnected
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from the carriage seat, following the same procedures described above. Take-off velocity
( vTO ) was determined for each trial as the instantaneous velocity value when the force signal
fell to zero. Push-off distance ( hPO ) was determined for each subject by integrating the
velocity signal over time during the push-off phase.
Statistical analyses
All data are presented as mean ± SD. For each subject and each sled angle condition, the
highest vTO reached in the two trials was compared to vTO max computed according to equation

[6], from Pmax , hPO and S Fv . After checking distributions normality with the Shapiro-Wilk
test, the difference between vTO and vTO max (bias) was computed and tested using t-test for
paired samples. To complete this comparison, the absolute difference between vTO and vTO max
(absolute bias) was also calculated as (vTO max − vTO ).vTO −1 .100 (36). Using the same
comparison method, experimental values of Pmax were compared to theoretical values
( PmaxTH ). After checking homogeneity of variances, the effect of sled angle was tested with
one-way ANOVA for repeated measures on vTO and vTO max . When a significant effect was
detected, a post-hoc Newman-Keuls comparison was used to locate the significant
differences. For all statistical analyses, a P value of 0.05 was accepted as the level of
significance.
METHODS USED IN THE SIMULATION STUDY
The relative influences of Pmax and S Fv on vTO max were analyzed via equation [6]. First, vTO max

changes with S Fv were determined for different Pmax values at different push-off angles

.

The range of Pmax and S Fv values used in the simulations were obtained from data ( Pmax , F0 ,
v0 ) previously reported for humans maximal lower limbs extensions: Pmax from 10 to 40
W.kg-1 and S Fv until to -40 N.s.m-1.kg-1 (32, 33, 36, 43). The effect of hPO on performance,
previously studied and discussed (see 37), was not specifically treated here; hPO was set at 0.4
m which is a typical value for humans. Then, sensitivity analyses were performed to assess
the respective weight of each variable plotting relative variations in vTO max against relative

variations in Pmax and S Fv at different push-off angles
separately.

, each variable being studied

RESULTS
Validation of the theoretical approach
Individual F-v and P-v relationships were well fitted by linear (r = 0.75 to 0.99; P 0.012)
and second-degree polynomial (r = 0.70 to 1.00; P 0.024) regressions, respectively. Fig. 1
shows these relationships for two typical subjects with different F-v profiles (i.e. different F0 ,

v0 and S Fv ), and different maximal power capabilities (i.e. different Pmax ).
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Figure 1 - Typical force-velocity (left panel) and power-velocity (right panel) relationships
for two subjects with different F-v profiles ( S Fv =- F0 / v0 ) and maximal power values ( Pmax ,

grey cross). Subject 1 (open circles) presents a lower Pmax and an F-v profile more oriented
towards force capabilities than subject 2 (filled circles), who presents a F-v profile more
oriented towards velocity capabilities.
Mean values (± SD) of hPO , v0 , F0 , Pmax , and S Fv were 0.39 ± 0.04 m, 2.78 ± 0.63 m.s-1, 24.2
± 2.97 N.kg-1 (or 17.3 ± 1.60 N.kg-1 when normalized to body + carriage seat mass), 16.34 ±
2.26 W.kg-1 (or 11.78 ± 1.80 W.kg-1 when normalized to body + carriage seat mass), and 9.33 ± 3.31 N.s.m-1.kg-1 (or -6.64 ± 2.12 N.s.m-1.kg-1 when normalized to body + carriage seat
mass), respectively. The difference between Pmax and Pmax TH was not significant and very low
(absolute bias = 1.81% ± 0.76%), which shows the validity of equation [1]. Mean values (±
SD) of vTO and vTO max , as well as mean values of absolute bias, are presented in Table 1.
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For each push-off angle, vTO and vTO max were not significantly different, and bias was -0.05 ±
0.17 m.s-1 (see Figure, Supplemental Digital Content 3, which shows bias and limits of
agreement in a Bland & Altman plot). On the other hand, the effect of push-off angle was
significant on both vTO and vTO max , with differences between every condition (Table 1).
Theoretical simulations
As expected, Pmax positively affects vTO max , which is clearly shown in Fig. 2 for both vertical
( = 90 deg) and horizontal ( = 0 deg) push-off. The main original result was the curvilinear
changes in vTO max with S Fv for a given Pmax (Fig. 2). Such variations highlight the existence of

an optimal S Fv ( S Fv opt ) maximising vTO max for given Pmax and hPO . Moreover, S Fv opt values
seem to change slightly as a function of both Pmax and
1
.kg-1 for the conditions simulated in Fig. 2.

values, ranging from -18 to -6 N.s.m-

Figure 2 - Changes in maximal centre of mass take-off velocity ( vTO max ) reached at the end of
a lower limbs push-off, as a function of the changes in the force-velocity profile ( S Fv ) for

different maximal power values ( Pmax ) and at two push-off angles ( ). The push-off distance
( hPO ) is fixed here at 0.4 m. For the vertical push-off ( = 90 deg), the corresponding jump
height (obtained from basic ballistic equations) is presented on the additional y-axis. Open
circles represent the maximal take-off velocity ( vTO max ) reached for an optimal force-velocity
profile ( S Fv opt ).

and hPO can be mathematically analyzed: the
The dependence of S Fv opt on Pmax ,
expression of S Fv opt as a function of these three variables is a real solution cancelling out the
first mathematical derivative of vTO max with respect to S Fv (see appendices, Supplemental
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Digital Content 1b, for detailed computations of S Fv opt ). Whatever the value of Pmax , S Fv opt
decreases when increases (Fig. 3).

Figure 3 - Changes in optimal force-velocity profile ( S Fv opt ) as a function of the push-off

angle ( ) for different maximal power values ( Pmax ). The push-off distance ( hPO ) is fixed here
at 0.4 m.
For both vertical and horizontal push-offs, the sensitivity analysis showed that vTO max is more
influenced by Pmax than by S Fv , at least when the S Fv reference value is equal to S Fv opt (Fig.
4). Moreover, the respective effects of Pmax and S Fv on vTO max seem to decrease with
decreasing (Fig. 4).
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Figure 4 - Sensitivity analyses: relative changes in maximal centre of mass take-off velocity
( vTO max ) as a function of the relative variations of maximal power ( Pmax ) and F-v profile ( S Fv )

for two

values. The reference value for Pmax is 25 W.kg-1 and corresponds to the optimal F-

v profile value for S Fv (-14.0 for = 90 deg and -8.20 for = 0 deg). The push-off distance
( hPO ) is fixed here at 0.4 m. For S Fv , the higher the normalized variation, the lower the value
since S Fv values are only negative, and the more the force-velocity profile tends towards force
capabilities.
DISCUSSION
The original and main findings of this study are that ballistic performance of the lower limbs
depends on both maximal power capabilities and F-v profile, with the existence of an
individual optimal F-v profile corresponding to the best balance between force and velocity
capabilities. This optimal F-v profile, which can be accurately determined, depends on some
individual characteristics (limbs extension range, maximal power) and on the after-load
involved in the movement (inertia, inclination). The concept of optimal F-v profile and the
proposed approach make it possible to clarify some scientific issues previously discussed
about the mechanical capabilities of lower limbs that determine ballistic performance and
about the relationships between lower limb neuromuscular system structure and function. The
following discussion is devoted to detail these different points.
Validity of the theoretical approach
These findings were obtained using a theoretical integrative approach based on fundamental
principles of dynamics and on the F-v linear model characterizing the dynamic mechanical
capabilities of the neuromuscular system during a lower limbs extension. This linear model,
as well as the parabolic P-v relationship, have been well supported and experimentally
described for multi-joint movements (3, 33, 43, 44). The linearity of the F-v relationship,
usually presented as hyperbolic for isolated muscles (17), is explained by the integrative
feature of the model. The force generator, and in turn its maximal force ( F0 ), unloaded

velocity ( v0 ) and power ( Pmax ), refer here to the entire in-vivo neuromuscular system
involving several muscles with different mixed fiber composition, architectural
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characteristics, anatomical joint configuration, level of neural activation and specific
coordination strategies (7-9, 44). The limits of this theoretical approach have been previously
discussed (37), but the significance and accuracy of its predictions had not been quantified
yet. Besides validating equation [1] ( Pmax and PmaxTH are very close), the present results
showed no differences between predicted ( vTO max ) and measured ( vTO ) values, associated to a
low absolute bias from 4 to 6.6%. This is within the range of reproducibility indices
previously reported for different variables (performance, velocity, force or power) measured
during lower limbs maximal extensions (3, 18). These results support the validity of the
proposed theoretical approach, which was strengthened by the sensibility of both predicted
and experimental values to changes in push-off angles. Obviously, the accuracy of equation
[6] is enhanced when muscular properties ( Pmax and S Fv ) are assessed in the same conditions
(e.g. joints and muscle groups involved, range of motion) under which the actual performance
is studied, as it was done here on the EXER.
Muscular capabilities determining jumping performance
Among the muscular characteristics determining jumping performance, Pmax has the greatest
weight. Although expected, the importance of maximal power in setting ballistic performance
needed to be established, as concluded by Cronin and Sleivert in their recent review (12):
“power is only one aspect that affects performance and it is quite likely that other strength
measures may be equally if not more important for determining the success of certain tasks”.
The present results clearly demonstrate this idea. On the other hand, the dependence of
ballistic performances on muscular power capability brings new insights into the recurrent
debate about the role of “power” in impulsive performance, such as jumping (22, 26, 42).
Based on Newton’s second law of motion, some authors stated that jumping performance
does not depend on the muscular capability to develop power, but rather on the capability to
develop a high impulse (26, 42). Even if fundamental principles of dynamics directly relate
mechanical impulse to vTO (and in turn jumping performance), the capability to generate
impulse does not represent an intrinsic mechanical property of the lower limb neuromuscular
system, contrary to Pmax . It is important to differentiate mechanical outputs (e.g. external
force, movement velocity, power output, impulse, mechanical work) from mechanical
capabilities of lower limbs ( Pmax , v0 , F0 ). On the one hand, mechanical outputs represent the
mechanical entities that can be externally measured during a movement and are often used to
characterize movement dynamics from a mechanical point of view. On the other hand,
mechanical capabilities of lower limbs characterize the mechanical limits of the
neuromuscular function and refer to the theoretical maximal values of some mechanical
outputs that could be reached by an individual. The proposed theoretical approach
demonstrates that the ability to develop a high impulse against the ground, and in turn the
ability to reach maximal CM velocity at the end of a push-off, is highly related to the maximal
power the lower limbs can produce (over a given extension range).
Paragraph Number 21
That said, the present results show that Pmax is not the only muscular property involved in

jumping performance. Indeed, two individuals with the same Pmax (and the same hPO ) may
achieve different performances, be it during a vertical jump or a horizontal push-off (Fig. 2).
These differences are due to their respective F-v profiles ( S Fv ), i.e. to their respective ratios
between maximal force ( F0 ) and velocity ( v0 ) capabilities. For each individual (given his/her
Pmax and hPO ), there is an optimal F-v profile which maximises performance. The more this
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F-v profile differs from the optimal one, the lower the performance in comparison to the one
that could be reached with the same power capabilities (Fig. 2). The values of S Fv observed
here (from -16.8 to -4.9 N.s.m-1.kg-1) are consistent with F0 and v0 values previously reported
(3, 32, 33, 43). Pmax and F0 values were slightly lower than those reported during vertical
push-offs (3, 32, 33), which is likely due to the specific sitting position imposed by the EXER
compared to the totally extended hip configuration usually tested. Individuals, notably rugby
players as most of our subjects were, may present very different F-v profiles, as shown by
coefficients of variation (CV) of S Fv beyond 30% compared to CVs below 20% for Pmax or
F0 . Among these different individual F-v profiles, most of them differ from the optimal ones,
thus characterizing unfavourable balances between force and velocity capabilities. Indeed,
individual F-v profiles observed in this study ranged from 36% to 104% of the optimal one’s
maximizing vertical jumping performance. Simulations of equation [6] showed that such
unfavourable F-v balances may be related to differences up to 30% in jump height between
two individuals with similar power capabilities (Fig. 2 and 4). Consequently, we think that the
F-v profile represents a muscular quality that has to be considered attentively by scientists
working on muscle function during maximal efforts, but also by coaches for training
purposes.
Effect of after-loads on optimal F-v profile
The optimal F-v profile depends on some individual characteristics ( hPO , Pmax ) and on the
after-load opposing in motion (inertia, inclination). On the one hand, the F-v profile does
affect jumping performances when S Fv is expressed through values normalized to the total
moving mass (in N.s.m-1.kg-1), which may be body mass, body mass plus additional loads or
projectile mass. Thus, the interpretation of F-v profiles is dependent on the movement
considered. On the other hand, the computation of optimal F-v profile also takes account of
the total moving mass: S Fv opt is a function of Pmax , itself expressed relative to moving mass.
Consequently, for a given athlete, the optimal F-v profile is not the same for a javelin throw
(high Pmax relative to moving mass) than for a shot-put (low relative Pmax , see the different
curves in Fig. 3). The optimal F-v profile also depends on push-off angle, and more generally
on the magnitude of the gravity component opposing motion (the lower the push-off angle,
the more the optimal F-v profile is oriented towards velocity capabilities). Thus, the optimal
F-v profile is not the same when seeking to maximize performance during the first push of a
sprint or during a vertical jump; velocity capabilities are more important in the former case,
force capabilities in the latter. This is in line with the theoretical framework proposed by
Minetti showing that power output developed during maximal efforts is less dependent on
muscle strength when the exercise does not involve gravity, as in horizontal extensions (28).
Such horizontal (or very horizontally inclined) push-offs are thus especially limited by the
velocity capabilities of lower limbs. The originality of the present theoretical approach is to
allow the accurate determination of the optimal balance between force and velocity
capabilities (through S Fv opt ) according to movement specificities. The subjects tested here
presented an overall unfavourable balance towards velocity capabilities for vertical jumps
( S Fv from 36% to 104% of their respective S Fv opt ) and towards force capabilities for
horizontal push-offs ( S Fv from 66% to 227% of S Fv opt ).
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F-v profile and athletic training
Assessing F-v profiles when seeking to identify the optimal balance between force and
velocity capabilities may be of interest to set training loads and regimens, as previously
proposed using power-load relationships (10, 20, 27, 38). Values of S Fv allow comparisons
among athletes independently from their power capabilities (which is not possible from only
F0 and v0 values), and thus to know whether an athlete, as compared to another one, is
characterized by a “force” or a “velocity” profile (Fig. 1). To the best of our knowledge, only
Bosco proposed an index to compare athletes’ F-v profiles dividing jump height reached with
an additional load (100% of body mass) by unloaded jump height: the higher this index, the
higher the force capabilities compared to velocity ones (2). However, Bosco’s index does not
allow the orientation of training loads for a given athlete according to his/her own strengths
and weaknesses and to movement specificities. Therefore, we propose the individual value of
S Fv , expressed relatively to S Fv opt , as a good and practical index to characterize F-v profile
and to design appropriate training programs. The present results showed that improving
ballistic performance may be achieved through increasing power capabilities (i.e. shifting F-v
relationships upwards and/or to the right, 21) and moving the F-v profile as close to the
optimal one as possible. Such changes in the F-v relationship, notably in its slope, may be
achieved by specific strength training (7, 8, 21). An athlete presenting an unfavourable F-v
balance in favour of force (relatively to his/her optimal profile corresponding to target
movement specificities) should improve his velocity capabilities as a priority by training with
maximal efforts and light (e.g. < 30% of one repetition maximum, the latter being close to F0 )
or negative loading, which is often referred to as “ballistic” or “power” training (7, 8, 11, 25,
27). On the contrary, an athlete with an imbalanced F-v profile oriented towards velocity
should follow a strength training with heavy loads (> 75-80% of one repetition maximum) in
order to increase his force capabilities as a priority (7, 8, 27). In both cases, it is likely that (i)
maximal power output will increase and (ii) the F-v profile will be optimized (i.e. change
towards the optimal one), partly or totally correcting unfavourable F-v balances. As shown in
the present study, these two changes would both result in a higher performance. The
mechanisms underlying these changes in F-v relationships, specific to the kind of training,
include changes in mixed fiber composition, muscle architecture (hypertrophy, pennation
angle) and neural activation (voluntary activation level, firing frequency, rate of EMG rise,
inter-muscular coordination strategies) (1, 7, 15, 27). These theoretical findings support
previous experimental results about the velocity (or load)-specific changes in performance
after training with light or heavy loads (10, 25, 27), with the additional originality of
controlling the respective effects of F-v qualities and maximal power capabilities.
F-v profile and optimal load
The proposed approach brings new insight into the understanding of the relationships between
structure and mechanical function of the lower limbs neuromuscular system, and notably the
impact of specific changes in F-v relationship on athletic performance. The concept of F-v
profile could be related to the maximum dynamic output hypothesis proposed and discussed
by Jaric and Markovic (20), and supported by recent studies (6, 13, 30). Their hypothesis
states that the optimal load maximizing power output in ballistic movements for physically
active individuals corresponds to their own body weight and inertia (20). They argued that
this optimal load would be related to the particular design of the muscular system (notably its
mechanical properties), itself influenced by the actual load individuals regularly overcome
during their daily activities. They pointed out, however, that the different evidences provided
needed to be supported by theoretical frameworks describing the general aspects of the
neuromuscular system’s ability to provide the maximal power output against a particular load.
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This may be done using the theoretical approach proposed here. Indeed, the slope of the F-v
relationship, and thus the ratio between F0 and v0 , is directly related to the optimal velocity
and force maximizing power output, and so to the corresponding optimal load. From F-v and
P-v relationships (Fig. 1), the higher v0 , the higher the optimal velocity, and the lower the
optimal load. Conversely, high F0 are associated with high optimal loads. Consequently, the
optimal load corresponds to the mass and inertia of the body only for individuals developing
their individual Pmax during an unloaded vertical jump. Since (i) maximal jump height
changes with F-v profile for a given Pmax (Fig. 2 left panel), and (ii) jump height and power
output (relative to body mass) developed during a vertical jump are positively related (36), the
power output developed during an unloaded maximal jump depends on the F-v profile.
Consequently, jumping performance depends directly on the mean power output developed
during push-off (for a given push-off distance), and the latter can be maximized by both
maximizing Pmax and optimizing F-v profile. This is illustrated in Fig. 5 which shows the
power output developed during a vertical jump (expressed relatively to Pmax ) according to the
F-v profile expressed relatively to the optimal one (power output was computed from equation
[6] and equation [9] of Samozino et al (36), see appendices for more details, Supplemental
Digital Content 1c). An optimal F-v profile, i.e. an optimal balance between F0 and v0 ,
allows the development of Pmax during an unloaded jump (Fig. 5 left panel), and thus to
maximize jumping performance (Fig. 5 right panel). Consequently, the body mass represents
the optimal load for individuals with optimal F-v profiles. An athlete with an unfavourable Fv balance develops a power output lower than Pmax during an unloaded jump.

Figure 5 - Left panel: changes in power output developed during a vertical jump (expressed
in % Pmax ) with changes in F-v profile ( S Fv , expressed in % S Fv opt ). Right panel: effect of

the power output developed during a vertical jump (expressed in % Pmax ) on the jump height
reached (expressed relatively to the jump height that could be reached, should the F-v profile
be optimal). Values of Pmax and hPO were fixed here at 25 W.kg-1 and 0.4 m, respectively.
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Such an athlete would produce Pmax against a load lower than body mass if he/she presents a
“velocity” profile, and higher than body mass in the case of a “force” profile. The present
theoretical framework may help to explain and understand the possible inter-individual
differences in optimal load previously observed, discussed and debated (6, 20, 24, 30, 31, 39).
The influence of training history recently proposed supports our findings since training
background specificities directly affect the F-v profile (8, 10, 27), which influences the
optimal load (39). This is in line with the maximum dynamic output hypothesis stating that
strength trained athletes (with high force capabilities) present optimal loads higher than their
body mass (20, 39). Since in humans and animals the lower limbs neuromuscular system is
likely designed to work optimally against loads usually supported and mobilized (20, 23),
animals would naturally present F-v profiles optimizing ballistic performance such as
horizontal jumps, when these latter represent their main survival behaviour.
CONCLUSION
Ballistic performance is mostly determined by the maximal power lower limbs can generate,
but also by the F-v mechanical profile characterizing the ratio between maximal force
capabilities and maximal unloaded extension velocity. This F-v profile of lower limbs,
independent from power capabilities, may be optimized to maximize performance. Altius:
neither Citius, nor Fortius, but an optimal balance between the two. This optimal F-v profile
depends on individual and movement specificities, notably on the after-load involved (inertia
and gravity): the lower the after-load, the more the optimal F-v profile will be oriented
towards velocity capabilities. Considering F-v profile may help better understand the
relationships between neuromuscular system mechanical properties and functional
performance, notably to optimize sport performance and training. This original mechanical
quality was put forward by a theoretical integrative approach, and validated here from
comparisons between theoretically predicted performances and experimental measurements
during jumping. This approach was discussed here for lower limbs extensions, but the results
may be also applied to other multi-joint muscular efforts, such as upper limbs ballistic
movements, or more complex movements such as sprint running.
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ABSTRACT
Purpose: This study tested the hypothesis that the increase in walking economy (i.e. decrease
in net metabolic rate per kilogram) following weight loss in obese adolescents is induced by a
lower metabolic rate required to support the lower body weight and maintain balance during
walking. Methods: Sixteen obese adolescent boys and girls were tested before and after a
weight reduction program. Body composition and oxygen uptake while standing and walking
at four preset speeds (0.75, 1, 1.25, 1.5m.s-1) and at the preferred speed were quantified. Net
metabolic rate and gross metabolic cost of walking vs. speed relationships were determined.
A three-compartment model was used to distinguish the respective parts of the metabolic rate
associated with standing (compartment 1), maintaining balance and supporting body weight
during walking (compartment 2), and muscle contractions required to move the center of
mass and limbs (compartment 3). Results: Standing metabolic rate per kilogram
(compartment 1) significantly increased after weight loss while net metabolic rate per
kilogram during walking decreased by 9% on average across speeds. Consequently, gross
metabolic cost of walking per distance vs. speed relationship and hence preferred walking
speeds did not change with weight loss. Compartment 2 of the model was significantly lower
after weight loss while compartment 3 did not change. Conclusion: The model showed that
the improvement in walking economy following weight loss in obese adolescents was likely
related to the lower metabolic rate of the isometric muscular contractions required to support
the lower body weight and maintain balance during walking. Contrastingly, the part of the
total metabolic rate associated with muscle contractions required to move the center of mass
and limbs did not seem to be related to the improvement in walking economy in weightreduced individuals.
Key words: obesity; energy expenditure; metabolic rate; gait balance; three-compartment
model
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INTRODUCTION
Paragraph Number 1 Walking is a convenient form of daily physical activity
recommended for weight management. However, for obese individuals, walking may be an
exhausting task requiring a considerable fraction of an individual’s maximal aerobic capacity
(VO2max), reaching ~56% at self-selected walking speeds (20). This high fraction of VO2max
in obese individuals during walking is due to reductions of both relative aerobic capacity per
kilogram of total body mass (VO2max/kg) (20, 28) and walking economy (4, 16, 25). Walking
economy is generally represented by the net metabolic rate per kilogram during walking
(metabolic rate above resting; W.kg-1) at a given speed, good economy being associated with
a low net metabolic rate during walking, and vice versa. After weight loss, both VO2max/kg and
walking economy improves, but the underlying mechanisms of the increase in walking
economy (i.e. decrease in net metabolic rate per kilogram) remain unclear (9, 10, 14).
Paragraph Number 2 The main hypotheses advanced to explain the decrease in net
metabolic rate per kilogram during walking following weight loss was due to: an increase in
relative strength (14); an increase in efficiency of muscle mechanical work (26); decreased
isometric muscular contractions required to support body weight and maintain balance during
walking (24). In the latter study, the authors have shown that after weight loss, some changes
in the walking pattern were related to the decrease in net metabolic rate during walking.
These changes included a decrease in the kinetic energy associated with mediolateral motion
(e.g. lateral stability) as well as a decrease in biomechanical parameters associated with body
weight support. Furthermore, these changes did not induce an increase in the external
mechanical work required to lift and accelerate the center of mass. Therefore, the results of
Peyrot et al. (24) support the hypothesis that the decrease in net metabolic rate per kilogram
during walking after weight loss may be due to a decrease in the metabolic rate of the
isometric muscular contractions required to support body weight and maintain balance at
each step, rather than to a decrease in the metabolic rate associated with muscle contractions
required to move the center of mass and limbs.
Paragraph Number 3 To further investigate the causes of this decrease in net metabolic
rate during walking after weight loss in obese adolescents, there are theoretical models that
can quantify and distinguish the possible sources of metabolic rate (17, 30). Malatesta et al.
(17) used a three-compartment model derived from a study by Workman and Armstrong (30)
to investigate the causes of the greater metabolic rate during walking in healthy elderly vs.
young adults. This model differentiates the metabolic rate while walking into three
compartments: standing metabolic rate (compartment 1), metabolic rate associated with
maintaining balance during walking (compartment 2), and metabolic rate associated with
muscle contractions required to move the center of mass and limbs (compartment 3). The
model of Workman and Armstrong (30) has been derived to better assess the differences in
metabolic rate between static balance with double support during standing, and dynamic
balance in single support which is metabolically more costly (17). The new
compartmentalization of the three-compartment model proposed by Malatesta et al. (17)
tended to be correlated with gait instability (P = 0.07) and hence with muscle contractions
required to maintain balance during walking. However, we proposed that compartment 2 of
Malatesta et al.’s model does not represent only the metabolic rate to maintain balance, but
also the metabolic rate to support body weight during walking. Indeed, during the single-limb
support phase of walking, energy-consuming isometric contractions are necessary to both
maintain balance and support body weight, because the knee joint is not locked in extension
such as during standing (13, 22, 27). Therefore, this could explain why compartment 2 of
Malatesta et al.’s model was not significantly and highly correlated with gait instability (P =
0.07) (17). This model offers an interesting tool for investigating the causes of the decrease in
net metabolic rate (per kilogram) during walking after weight loss in obese individuals. We
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hypothesized that in obese adolescents, the decrease in net metabolic rate during walking
following weight loss could be induced by the lower metabolic rate required to support the
lower body weight and maintain balance.
Paragraph Number 4 The aim of this study was to determine whether the decrease in
net metabolic rate during walking after weight loss in obese adolescents was due to the lower
metabolic rate of the isometric muscle contractions required to support the lower body weight
and maintain balance during walking. To this aim we measured the metabolic rate of
overground walking at different speeds before and after a weight loss program in obese
adolescents.
METHODS
Participants
Paragraph Number 5 The present study included 16 obese adolescents (7 boys and 9
girls) who were involved in an obesity management program in the children’s medical center
of Romagnat (CMI, Centre Médical Infantile), France. None of them was regularly practicing
any sport activity or receiving any medication that could interfere with their walking pattern
or influence their energetic metabolism. The main inclusion criteria were age between 12 and
16 years and body mass index (BMI, in kg.m-2) above age- and gender-specific cutoff points
for obesity as defined by Cole et al. (7).
Paragraph Number 6 Subjects were housed at the medical center (except during
weekends, which were spent at home) where they underwent a 12-wk voluntary weight
reduction program including nutritional education, caloric restriction, and physical activities.
The latter consisted of 40-min sessions of aerobic fitness, strength training and supervised
free practice per week. Diet composition was formulated according to the Frenchrecommended dietary allowances (19), and on average, subjects lost 1 kg of total body mass
per week before a stabilization phase that lasted about 2 wk before leaving the center. The
physical characteristics of the subjects before and after weight loss are presented in Table 1.
Paragraph Number 7 Information on the objective of the trial was provided to the
adolescents and their parents and signed written informed consent obtained from both. This
study was approved by the regional ethics committee and performed in accordance with the
declaration of Helsinki II.
Experimental Procedures
Paragraph Number 8 Subjects were tested twice in the same conditions: the first test
was done before weight loss on the first or second day of the obesity management program,
and the second was done during the last week of the stabilization phase. Body composition
was assessed on the day of each test or on the day before.
Paragraph Number 9 For each subject, the standing rates of oxygen uptake ( VO 2 ) and
carbon dioxide production ( VCO 2 ) were first measured over 10 min. Then, all subjects
performed five 4-min tests, walking along an athletic track lane (with 2 straight lines of 25
m), at different walking speeds (0.75, 1, 1.25, 1.5 m.s-1, and preferred walking speed) in a
randomized order, separated by 5 min of rest. The slope of the track was tested every one
meter and ranged from - 0.5 to + 0.5 %. The walking speed was controlled by means of
markers set out every 5 m along the track, and subjects were instructed to walk past the
markers at a pace imposed by a metronome tone. An experimenter walked alongside each
subject to help him/her match the required speed. Preferred walking speed was determined by
measuring the time required to walk 15 m over the central 25-m part of the straight lines
during the 4-min test. The preferred walking speed was calculated as the mean of the last five
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measures of preferred speed. Metabolic parameters of walking were measured with a portable
device carried by subjects around their chest.
Assessment of body composition
Paragraph Number 10 Total body fat and lean body mass (the mass of nonbone lean
tissue) were measured by dual-energy X-ray absorptiometry (QDR 4005, Hologic Inc.,
Bedford, MA). Percentage of total body fat was calculated by dividing total body fat mass by
total body mass. For all subjects, stature was measured to the nearest 0.5 cm using a
standardized wall-mounted height board, and BMI was calculated as body mass divided by
height squared.
Assessment of metabolic parameters
Paragraph Number 11 VO 2 (ml.min-1) and VCO 2 (ml.min-1) were measured using a
breath-by-breath portable gas analyzer (K4b2, COSMED s.r.l., Italy) that weighed less than a
kilogram and recorded and stored the data for the entire session for each subject. The K4b²
unit, previously validated by Duffield et al. (11), was calibrated with standard gases before
each session. Average VO 2 and VCO 2 were calculated over 30s taken during the last minute of
each trial where VO 2 and VCO 2 were stable within ±10%. Gross metabolic rate (W) during
walking for each 4-min test and standing metabolic rate (W) were assessed from the steadystate VO 2 and VCO 2 using Brockway’s standard equation (3). The respiratory exchange ratios
were < 1.0 for all subjects at each trial, indicating that energy was supplied primarily by
oxidative metabolism in all test conditions. Standing metabolic rate (W) was calculated over
the last 4 min of the 10 min measured in the standing position, then divided by body mass to
obtain normalized standing metabolic rate (W.kg-1). Gross metabolic rate during walking was
divided by body mass to obtain normalized gross metabolic rate (W.kg-1) during walking, and
finally by walking speed (m.s-1) to obtain normalized gross metabolic cost of walking (CW; in
J.kg-1.m-1). Normalized gross CW was calculated since Browning et al. (5) have shown that
preferred walking speed corresponds to the minimum gross CW value in obese adults. Finally,
normalized net metabolic rate (W.kg-1) during walking was calculated by subtracting
normalized standing metabolic rate from normalized gross metabolic rate during walking.
Paragraph Number 12 Normalized gross metabolic rates (W.kg-1) for walking at
different speeds were used to calculate the characteristics of individual three-compartment
models. From data of each subject, the linear regression equations (y = ax + b) of normalized
gross metabolic rate during walking (y) vs. squared walking speed (x) were calculated, with a
the slope and b the y-intercept (17, 30). Malatesta et al. (17) define the three-compartment
model derived from the one of Workman and Armstrong (30) as follows: compartment 1 is
the normalized standing metabolic rate; compartment 2, calculated by subtracting normalized
standing metabolic rate from b, theoretically represents the metabolic rate associated with
maintaining balance and supporting body weight at zero walking speed; and compartment 3
is described by the constant a and represents the metabolic rate associated with muscle
contractions required to move the center of mass and limbs.
Statistical Analysis
Paragraph Number 13 Normal distribution of the data was checked by the Shapiro-Wilk
normality test. Variance homogeneity between samples was tested by the Snedecor F-test. All
variables were normally distributed and variances were homogeneous. A two-way (period
and speed) ANOVA with repeated measures was used to determine the effects of the period
(before and after the weight reduction program), speed and their interaction (period × speed)
on mean normalized gross CW and normalized net metabolic rate during walking. When an
5

effect was identified, a Newman-Keuls post hoc test was performed to locate differences
between conditions.
Paragraph Number 14 Linear regression analyses of normalized gross metabolic rate
during walking vs. squared walking speed were performed on the data of each subject. The
equations of the linear regressions were calculated. The three compartments of the model
were then compared before vs after weight loss with paired t-tests. Criterion for statistical
significance was set at P < 0.05.
RESULTS
Paragraph Number 15 The 12-week voluntary weight reduction program was effective,
as shown in Table 1. For instance, the mean weight loss was 5.5 kg (6% of body weight).
Lean body mass did not change significantly with weight loss (P = 0.81; Table 1), while fat
mass was reduced (P < 0.05) by 15%.
TABLE 1. Subjects characteristics before and after weight loss program
Before WLP
After WLP
Parameters
7 M, 9 F
7 M, 9 F
Gender
Age (year)
14.4 ± 1.6
14.7 ± 1.6
Height (m)
1.60 ± 0.10
1.61 ± 0.10
Body mass (kg)
88.8 ± 17.0*
83.4 ± 15.6
34.6 ± 5.1*
32.3 ± 4.7
BMI (kg.m-2)
Lean mass (kg)
48.0 ± 9.2
48.1 ± 9.0
Fat mass (%)
42.8 ± 8.6*
38.9 ± 9.4
Standing Metabolic rate
105.2 ± 24.9
115.7 ± 26.1
(W)
Standing Metabolic rate
1.20 ± 0.26*
1.42 ± 0.35
(W.kg-1)
Standing Metabolic rate
2.20 ± 0.39
2.45 ± 0.57
(W.kgLBM-1)
Values are presented as mean ± SD. * Significant difference between before and
after weight loss program (WLP) (P < 0.05). M, male; F, female; BMI, body mass
index; Lean mass, the mass of nonbone lean tissue (LBM).

Paragraph Number 16 There was no significant difference in metabolic parameters
between obese boys and girls, and no significant effect of sex was found for changes in
metabolic parameters between before and after weight loss. Consequently, data of girls and
boys have been pooled.
Paragraph Number 17 Gross metabolic cost of walking and preferred walking
speed. Preferred walking speed did not change with weight loss (1.25 ± 0.14 m.s-1 vs 1.24 ±
0.15 m.s-1 before and after weight loss, respectively; P = 0.77). Obese adolescents preferred
to walk at the speed at which their gross metabolic cost of walking (CW; J.kg-1.m-1) was
nearly minimized (Fig. 1). Gross CW at preferred and preset walking speeds did not change
significantly after weight loss despite an increase in standing metabolic rate (per kilogram)
after weight loss (P < 0.05; Table 1).
FIGURE 1 Mean (± SD) values of gross
5.5

metabolic cost of walking per unit distance
(CW) as a function of walking speed in obese
adolescents before (open circles, thin line)
and after (open squares, thick line) weight
loss. Both before and after weight loss, gross
CW shows an U-shape relationship with
walking speed. Lines represent second-order
least squares regressions. Before weight loss,
gross CW = 0.146v2 – 0.362v + 0.407 (r2 =
0.99; P<0.01). After weight loss, gross CW =
0.130v2 – 0.323v + 0.382, (r2 = 0.99;
P<0.01). The largest circle and square
represent the means values of preferred
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Paragraph Number 18 Net metabolic rate during walking. After weight loss, the mean
net metabolic rate per kilogram of body mass during walking decreased by 9 % on average
across speeds (P < 0.05; Fig 2). There was no significant effect of speed on the decrease in
net metabolic rate during walking (P = 0.45). Post hoc analyses showed a significant decrease
in net metabolic rate per kilogram while walking at all preset speeds (P < 0.05), but not at the
preferred walking speed (3.41 ± 0.6 W.kg-1 vs 3.34 ± 0.9 W.kg-1 before and after weight loss,
respectively; P = 0.48).
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FIGURE 2 Mean (± SD) values of net metabolic
rate during walking as a function of walking speed
in obese adolescents before (open circles, thin line)
and after (open squares, thick line) weight loss. The
largest circle and square represent the means values
of preferred walking speed before and after weight
loss, respectively. Net metabolic rate during
walking increased with walking speed and was
significantly lower after weight loss at all preset
speeds: *: P<0.05. ANOVA result is reported in the
text.
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Paragraph Number 19 Threecompartment model. Coefficients of
0.5
0.75
1
1.25
1.5
determination (r²) of the individual linear
-1
Speed (m . s )
regressions for gross metabolic rate (W.kg1
) during walking vs. squared speed
relationships ranged from 0.88 to 0.99 for all subjects. All correlations were significant (P <
0.05). Variables of the three-compartment model are presented in Table 2, and a graphical
display of the model is presented in Figure 3.
0

TABLE 2. Three-compartment model before and after weight loss program
Before WLP
After WLP
Parameters
a Coefficient
1.48 ± 0.29
1.51 ± 0.27
b Coefficient
2.36 ± 0.28
2.27 ± 0.50
Compartment 2
1.17 ± 0.39*
0.85 ± 0.36
(W .kg-1)
Values are presented as mean ± SD. * Significant difference between before and
after weight loss program (WLP) (P < 0.05). The constant a defines compartment
3, and the constant b is the sum of compartment 1 and 2. These constants a and b
are the coefficients of the model equation y = ax + b , where y is gross metabolic
rate in W.kg-1 and x is the squared speed in (m.s-1)² for obese adolescents before
[y = 1.48 (±0.29)x + 2.36 (±0.28)] and after [y = 1.51 (±0.27)x + 2.27 (±0.50)]
WLP.

The constants a and b are the coefficients of the model equation y = ax + b, where y is the
gross metabolic rate (W.kg-1) during walking and x the squared speed (m.s-1)² for obese
adolescents before and after weight loss. Constant a, the actual metabolic rate associated with
muscle contractions required to move the center of mass and limbs (compartment 3), did not
change with weight loss (P = 0.63). Constant b, the sum of the metabolic rates associated
with standing (compartment 1) and maintaining balance and supporting body weight during
walking (compartment 2), did not change with weight loss either (P = 0.51). However,
compartment 2 significantly decreased after weight loss (P < 0.05; Table 2).

7

-1

Gross metabolic rate (W. kg )

7

Before weight loss

6
5
4

compartment 3

3
2

compartment 2

1

compartment 1
0

-1

Gross metabolic rate (W. kg )

7
6

0

0.5

1

1.5

2

2.5

FIGURE 3
Three-compartment model
analysis for obese adolescents before and after
weight loss. Open circles are mean (± SD)
values of gross metabolic rate during walking
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DISCUSSION
Paragraph Number 20 The main
1
compartment 1*
result of this study was that after
0
weight loss, the decrease in net
0
0.5
1
1.5
2
2.5
metabolic rate per kilogram of body
Speed² (m . s-1)²
mass during walking in obese
adolescents was due to a lower
metabolic rate related to maintaining balance and supporting body weight during walking.
Paragraph Number 21 Net metabolic rate during walking. The decrease in net
metabolic rate per kilogram of body mass during walking in obese adolescents after weight
loss (i.e. greater decrease in net metabolic rate in W.kg-1 than in body mass) was consistent
with the results of previous studies undertaken in obese adults (10, 14). In the present study,
net metabolic rate (W) during walking decreased by 14.6% ± 14.8%, while body mass
decreased by 6.0% ± 2.2%, which induced a 9.2% ± 15.2% decrease in normalized net
metabolic rate (W.kg-1) during walking on average across speeds (Fig. 2). Furthermore,
Hunter et al. (14) have shown a 7.3 % decrease in net metabolic rate per kilogram during
walking after a weight loss induced by hypocaloric diet and resistance training, which is
similar to our results. However, post-hoc analyses showed in the present study only a
decrease at preset walking speeds and not at the preferred walking speed. This unexpected
result could be due to methodological limits. Indeed, despite a similar mean value for the
group, individual preferred walking speeds changed between before and after weight loss.
This phenomenon has induced a high standard deviation in the changes in net metabolic rate
during walking with weight loss at this preferred walking speed. For instance, net metabolic
rate during walking at 1.5 m.s-1 decreased by 6.0% with a standard deviation of 11.0%, while
net metabolic rate during walking at preferred walking speed did not significantly change (1.2%) but with a standard deviation of 24.8%. To avoid this issue, we should have measured
net metabolic rate during walking after weight loss at the same speed which corresponded to
the preferred walking speed before weigh loss. We assume that this result represents a
measurement artifact induced by a methodological limit more than a true result.
Paragraph Number 22 Gross metabolic cost of walking per distance. The U-shaped
gross metabolic cost of walking per distance (CW; J.kg-1.m-1) vs. speed relationships obtained
2

compartment 2*
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before and after weight loss were not significantly different. This similarity could not be
further discussed since, to our knowledge, no such relationships (both before and after weight
loss) have been reported in previous studies. However, contrary to our results, a slight
decrease in gross CW (per kilogram) at a given speed (~4% at1.34 m.s-1) has been reported
after a weight loss induced by hypocaloric diet and resistance training (14), yet without
change in gross CW when weight loss was induced by hypocaloric diet alone (12, 14). In the
present study, the similarity of the U-shaped gross CW vs. speed relationships before and after
weight loss was primarily due to the greater standing metabolic rate (per kilogram) after
weight loss that offset their lower net metabolic rate during walking. The increase in standing
metabolic rate per kilogram after weight loss was likely resulting from the decrease in fat
mass (i.e. non-metabolically active tissue) while lean body mass did not change. Indeed,
when expressed in Watt or in Watt per kilogram of lean mass, standing metabolic rate did not
change with weight loss (Table 1). This result is consistent with those of Browning et al. (4,
5), who showed that when standing metabolic rate is expressed per kilogram of lean mass, the
difference between obese and normal-weight individuals disappears, which suggests that lean
body mass is the primary determinant of the standing metabolic rate.
However, the finding that gross CW per kilogram was unchanged even though net
metabolic rate per kilogram during walking did change suggests that weight reduced obese
individuals do not have to alter exercise (increase intensity and/or duration) to expend an
equivalent amount of energy relative to body weight.
Paragraph Number 23 Mean preferred walking speed. For each individual, mean
preferred walking speed did not change with weight loss and was close to the speed
minimizing gross CW. Before weight loss, the mean value of preferred walking speed in the
obese adolescents population tested was similar to what is usually reported for obese adults
(~1.2 m.s-1) (18, 20, 21). However, contrary to our results, Öhrström et al. (23) have shown a
lower preferred walking speed before weight loss in obese women, and an increase of this
preferred speed after a 12-month weight loss induced by vertical banded gastroplasty (from
0.75 to 1.06 m.s-1; P < 0.05). The discrepancy between theses results could be due to
methodological differences. Indeed, we measured preferred walking speed outdoors, whereas
Öhrström et al. (23) used a treadmill. It has recently been shown that the preferred walking
speed determined on treadmill is lower than the one determined on overground (8). The
authors postulated that walking on a treadmill requires greater balance and coordination,
which may result in the slower preferred walking speed observed. Moreover, the subjects of
Öhrström et al. (23) study were severely obese which could also explain their much lower
preferred walking speeds. Consequently, the increase in preferred walking speed after weight
loss reported by Öhrström et al. (23) may be induced by a familiarization with treadmill
walking and/or the much higher weight loss experienced by their participants (22% of body
weight vs. 6% in the present study).
Paragraph Number 24 Three-compartment model. Mean value of compartment 3 of the
model in the present study is consistent with that obtained by Malatesta et al. (17) in normal
weight subjects. However, it is difficult to compare values of compartments 1 and 2, because
Malatesta et al. (17) only presented results of the alternate three-compartment model (where
compartment 1 is standing metabolic rate) for healthy octogenarians. The results for the
three-compartment model in the present study showed that compartments 1 and 2 changed
significantly after weight loss while compartment 3 did not. As previously discussed, the
increase in compartment 1 (standing metabolic rate per kilogram of body mass) was likely
resulting from the decrease in fat mass and did not represent an increase in the cost to
maintain static balance with double support during standing. This result is supported by the
fact that standing metabolic rate did not change with weight loss when expressed in Watt.
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Our objective was to assess the metabolic rate of the isometric muscle contractions required
to support body weight and maintain balance during walking before and after weight loss in
obese adolescents, using compartment 2 of the three-compartment model. The results of the
present study support the hypothesis that the decrease in net metabolic rate during walking
following weight loss can be related to fewer muscular isometric contractions required to
support the lower body weight and maintain balance during walking. These results support
those of our recent study (24) in which we showed that the decrease in net metabolic rate
during walking following weight loss was correlated with lower fluctuations in kinetic energy
required to stabilize the center of mass in the mediolateral direction. This could have induced
a lower level of muscle activation and co-contraction of antagonist muscles for stabilizing the
center of mass during mediolateral motions, especially during the single-limb support phase
(24). In addition, as lean body mass did not change, weight loss could have induced a
decrease in the cost of supporting body weight during the single-limb support phase due to an
increased relative strength of our weight-reduced subjects. This increase in relative strength
could require a lower relative intensity for walking at a given speed, and in turn reduced
muscle activation and fast glycolytic fibers recruitment to support body weight (14, 26).
These fibers have been shown to be less economical than slow oxidative ones, especially
when they are forced to shorten at less than optimal velocity, i.e. the velocity at which
maximum power is developed and efficiency is optimized (1, 15). Thus, changes in muscle
activation and in mediolateral movements of the center of mass after weight loss could
explain the decrease in the metabolic rate (per kilogram) of the isometric muscle contractions
required to support body weight and maintain balance during walking.
Paragraph Number 25 The results also showed that compartment 3, which represents
the metabolic rate associated with muscle contractions required to move the center of mass
and limbs, did not change with weight loss. This result is consistent with those of previous
studies showing a similar external mechanical work (per kilogram) between obese and
normal-weight subjects (6, 18, 25), and between before and after weight loss (24). Moreover,
we have also shown in a recent study that although weight-reduced individuals walk with
narrower lateral leg swing, these reduced walking movements did not lead to a decrease in
net metabolic rate during walking (24). Thus, the present results support the fact that the
metabolic rate (per kilogram) associated with muscle contractions required to move the center
of mass and limbs did not change with weight loss (24).
Paragraph Number 26 These results could have important practical applications for
clinicians. The type of exercise prescription could be recommended from these results for
obese individuals in order to improve walking economy. High-intensity intermittent exercise
in addition to continuous exercise, which typically involves repeated brief sprinting at an allout intensity followed by low intensity exercise, could induce a greater increase in lower limb
muscle strength (2). In turn, increased lower limb muscle strength could allow obese
individuals to better stabilize and support their body weight during walking. This could result
in a decrease in the metabolic rate (per kilogram) of the isometric muscle contractions
required to support body weight and maintain balance during walking. This hypothesis is
supported by the results of Hunter et al. (14) who showed that increasing knee extension
strength was positively and independently related to walking economy following weight loss.
Moreover, emerging research examining high-intensity intermittent exercise indicates that it
may be more effective at reducing subcutaneous and abdominal body fat than other types of
exercise (2). Consequently, weight loss programs including high-intensity intermittent
exercise such as cycling in addition to continuous exercise could be effective to improve
walking economy and reduce body fat. However, since there are likely considerable risks
associated with weight-bearing exercises for obese individuals in high-intensity intermittent
exercise (risk of acute/chronic musculoskeletal injury due to greater loads placed on the
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musculoskeletal system), non-weight-bearing exercises such as cycling must be used for such
a protocol in obese individuals.
Paragraph Number 27 Some methodological limitations should be addressed in this
study, such as the normal adolescent development that may have influenced the outcomes of
this study. Indeed, adolescents (and especially boys) grew taller during the 12-week period
which could have interfered with the weight loss program itself. We can reasonably assume
that without this growth effect (obviously inevitable), the weight loss program could have
induced an even greater decrease in body mass. Moreover, in addition to weight loss, the 1cm
(0.5%) increase in adolescents’ average height may have induced changes in their walking
mechanics, and hence in the metabolic cost of walking. Weyand et al. (29) have recently
shown an inverse relationship between mass-specific transport costs and stature. Thus, the
increase in height of our subjects could explain part of the improvement in walking economy
during the weight loss period. However, we can note that although adolescents grew taller
during the 12-wk period, this has not induced any change in subjects' preferred walking speed
which was closed to the speed that minimized gross CW.
Paragraph Number 28 In conclusion, this study shows that following weight loss, the
increase in obese adolescents walking economy (i.e. decrease in net metabolic rate per
kilogram during walking) may be induced by the lower metabolic rate of the isometric
muscular contractions required to support the lower body weight and maintain balance during
walking. The metabolic rate associated with muscle contractions required to move the center
of mass and limbs did not change with weight loss and thus could not be responsible for the
increase in walking economy in weight-reduced individuals. Future studies are needed to
confirm the relative importance of the metabolic rate required to support body weight and
maintain balance during walking in obese and weight-reduced individuals.
ACKNOWLEDGMENTS
Paragraph Number 29 This research program was supported by French Auvergne and
Rhône-Alpes Regions thanks to the European Regional Development Funds (ERDF). We
thank the subjects for their commitment during this study, and Michel Taillardat and the staff
of the “Centre Médical Infantile” (CMI) of Romagnat for their collaboration on this study.
The results of the present study do not constitute endorsement by American College of Sports
Medicine
CONFLICT OF INTEREST
Paragraph Number 30 We declare that we have no conflict of interest.
REFERENCES
1.
Bottinelli R, Reggiani C. Human skeletal muscle fibres: molecular and functional
diversity. Prog Biophys Mol Biol. 2000;73(2-4):195-262.
2.
Boutcher SH. High-intensity intermittent exercise and fat loss. J Obes.
2011;2011868305.
3.
Brockway JM. Derivation of formulae used to calculate energy expenditure in man.
Hum Nutr Clin Nutr. 1987;41(6):463-71.
4.
Browning RC, Baker EA, Herron JA, Kram R. Effects of obesity and sex on the
energetic cost and preferred speed of walking. J Appl Physiol. 2006;100(2):390-8.
5.
Browning RC, Kram R. Energetic cost and preferred speed of walking in obese vs.
normal weight women. Obes Res. 2005;13(5):891-9.
6.
Browning RC, McGowan CP, Kram R. Obesity does not increase external mechanical
work per kilogram body mass during walking. J Biomech. 2009;42(14):2273-8.

11

7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

Cole TJ, Bellizzi MC, Flegal KM, Dietz WH. Establishing a standard definition for
child overweight and obesity worldwide: international survey. BMJ.
2000;320(7244):1240-3.
Dal U, Erdogan T, Resitoglu B, Beydagi H. Determination of preferred walking speed
on treadmill may lead to high oxygen cost on treadmill walking. Gait Posture.
2010;31(3):366-9.
de Souza SA, Faintuch J, Sant'anna AF. Effect of weight loss on aerobic capacity in
patients with severe obesity before and after bariatric surgery. Obes Surg.
2010;20(7):871-5.
Doucet E, Imbeault P, St-Pierre S, et al. Greater than predicted decrease in energy
expenditure during exercise after body weight loss in obese men. Clin Sci (Lond).
2003;105(1):89-95.
Duffield R, Dawson B, Pinnington HC, Wong P. Accuracy and reliability of a
Cosmed K4b2 portable gas analysis system. J Sci Med Sport. 2004;7(1):11-22.
Froidevaux F, Schutz Y, Christin L, Jequier E. Energy expenditure in obese women
before and during weight loss, after refeeding, and in the weight-relapse period. Am J
Clin Nutr. 1993;57(1):35-42.
Grabowski A, Farley CT, Kram R. Independent metabolic costs of supporting body
weight and accelerating body mass during walking. J Appl Physiol. 2005;98(2):57983.
Hunter GR, McCarthy JP, Bryan DR, Zuckerman PA, Bamman MM, Byrne NM.
Increased strength and decreased flexibility are related to reduced oxygen cost of
walking. Eur J Appl Physiol. 2008;104(5):895-901.
Hunter GR, Newcomer BR, Larson-Meyer DE, Bamman MM, Weinsier RL. Muscle
metabolic economy is inversely related to exercise intensity and type II myofiber
distribution. Muscle Nerve. 2001;24(5):654-61.
Lafortuna CL, Agosti F, Galli R, Busti C, Lazzer S, Sartorio A. The energetic and
cardiovascular response to treadmill walking and cycle ergometer exercise in obese
women. Eur J Appl Physiol. 2008;103(6):707-17.
Malatesta D, Simar D, Dauvilliers Y, et al. Energy cost of walking and gait instability
in healthy 65- and 80-yr-olds. J Appl Physiol. 2003;95(6):2248-56.
Malatesta D, Vismara L, Menegoni F, Galli M, Romei M, Capodaglio P. Mechanical
external work and recovery at preferred walking speed in obese subjects. Med Sci
Sports Exerc. 2009;41(2):426-34.
Martin A. The "apports nutritionnels conseilles (ANC)" for the French population.
Reprod Nutr Dev. 2001;41(2):119-28.
Mattsson E, Larsson UE, Rossner S. Is walking for exercise too exhausting for obese
women? Int J Obes Relat Metab Disord. 1997;21(5):380-6.
Melanson EL, Bell ML, Knoll JR, et al. Body mass index and sex influence the
energy cost of walking at self-selected speeds. Med Sci Sports Exerc. 2003;35S183.
Neptune RR, Zajac FE, Kautz SA. Muscle mechanical work requirements during
normal walking: the energetic cost of raising the body's center-of-mass is significant.
J Biomech. 2004;37(6):817-25.
Ohrstrom M, Hedenbro J, Ekelund M. Energy expenditure during treadmill walking
before and after vertical banded gastroplasty: a one-year follow-up study in 11 obese
women. Eur J Surg. 2001;167(11):845-50.
Peyrot N, Morin JB, Thivel D, et al. Mechanical work and metabolic cost of walking
after weight loss in obese adolescents. Med Sci Sports Exerc. 2010;42(10):1914-22.

12

25.
26.
27.
28.
29.
30.

Peyrot N, Thivel D, Isacco L, Morin JB, Duche P, Belli A. Do mechanical gait
parameters explain the higher metabolic cost of walking in obese adolescents? J Appl
Physiol. 2009;106(6):1763-70.
Rosenbaum M, Vandenborne K, Goldsmith R, et al. Effects of experimental weight
perturbation on skeletal muscle work efficiency in human subjects. Am J Physiol
Regul Integr Comp Physiol. 2003;285(1):R183-92.
Russ DW, Elliott MA, Vandenborne K, Walter GA, Binder-Macleod SA. Metabolic
costs of isometric force generation and maintenance of human skeletal muscle. Am J
Physiol Endocrinol Metab. 2002;282(2):E448-57.
Vanhecke TE, Franklin BA, Miller WM, deJong AT, Coleman CJ, McCullough PA.
Cardiorespiratory fitness and sedentary lifestyle in the morbidly obese. Clin Cardiol.
2009;32(3):121-4.
Weyand PG, Smith BR, Puyau MR, Butte NF. The mass-specific energy cost of
human walking is set by stature. J Exp Biol. 2010;213(Pt 23):3972-9.
Workman JM, Armstrong BW. Metabolic cost of walking: equation and model. J
Appl Physiol. 1986;61(4):1369-74.

13

Author's personal copy
Eur J Appl Physiol
DOI 10.1007/s00421-011-2058-1

ORIGINAL ARTICLE

Fatigue after short (100-m), medium (200-m) and long (400-m)
treadmill sprints
K. Tomazin • J. B. Morin • V. Strojnik
A. Podpecan • G. Y. Millet

•

Received: 20 March 2011 / Accepted: 21 June 2011
! Springer-Verlag 2011

Abstract The aim of this study was to compare the
aetiology of neuromuscular fatigue following maximal
sprints of different distances. It was hypothesized that
increasing the distance would modify the type of peripheral
and induce central fatigue. 11 subjects performed 100-,
200- and 400-m sprints on a motorized instrumented
treadmill. Neuromuscular function, evaluated before (Pre),
30 s after (Post), and 5 and 30 min after the sprints (Post5
and Post30), consisted in determining maximal voluntary
knee extensors torque (MVC), maximal voluntary activation of the knee extensors (%AL), maximal compound
muscle action potential amplitude and duration on vastus
lateralis, single twitch (Tw), and low- (Db10) and highfrequency torque. Compared with peak values, running
speed decreased by 8%, (P \ 0.01), 20% (P \ 0.001) and
39% (P \ 0.001) at the end of the 100-, 200- and 400-m
sprints, respectively. MVC was not altered following 100
and 200 m, but decreased by 14% (P \ 0.001) after the
400 m, was still depreciated Post5 (-11%, P \ 0.01) and
went back to initial values Post30. A decrease in %AL
(-6.0%, P \ 0.01) was observed Post5 for the 400 m. Tw,
Db10 and low-to-high doublets ratio decreased Post-sprints
and were not recovered Post30 after all sprints. Single
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maximal sprints of 100–400 m did not alter sarcolemmal
excitability but induced progressive and substantial lowfrequency fatigue and a slight reduction in neural drive
with increasing sprint duration. Despite altered single or
paired stimulations, MVC strength loss was detected only
after the 400 m.
Keywords Neuromuscular ! Central fatigue !
High frequency ! Low frequency
Introduction
Fatigue during sprint running results in a slight (100 m) to
substantial (200 and 400 m) decrease in speed towards the
end of the race (Ferro et al. 2001). Mechanically, running
speed is the product of stride frequency and stride length.
Therefore, the neuromuscular system must be able to
produce fast alternative leg movements together with the
high force output necessary during the sprint support
phases. This high force output is characterized by a maximal stretch-shortening cycle action (SSC) and high metabolic demands (di Prampero et al. 2005). Although many
studies have investigated neuromuscular fatigue after different high-intensity whole body exercises ([60 s) performed in laboratory conditions (Strojnik and Komi 1996,
1998, 2000; Tomazin et al. 2008), very little is known
about central and peripheral fatigue during maximal single
sprints of Olympic distances (100, 200 and 400 m).
SSC exercise performed at maximal intensity is known
to induce high-frequency peripheral fatigue (HFF) (Strojnik
and Komi 1998; Tomazin et al. 2008), due to high firing rate of action potentials which is necessary to optimize
the recruitment of fast twitch fibres during maximal
intensity exercises (Marsden et al. 1971). This high firing
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rate of action potentials could lead to an impairment of
sarcolemmal excitability already reported following 1 min
of exhausting running at constant speed on a treadmill
(Medbø and Sejersted 1990). Accordingly, it is reasonable
to expect that an alteration in sarcolemma excitability
would alter single sprint performance due to HFF. Furthermore, experimental results showed that with the
increase in maximal SSC exercise time, the initial HFF
observed switched to low-frequency peripheral fatigue
(LFF) (Strojnik and Komi 1996). Intense and prolonged
(*7.5 min) submaximal SSC exercise also induces LFF
(Strojnik and Komi 2000), which is theoretically due to an
alteration in excitation–contraction (E–C) coupling (Jones
1996). E–C coupling failure could be due to muscle damage (at the level of connection between dihydropyridine
and ryanodine receptor) during eccentric exercises (Martin
et al. 2004) but during intense exercises, this alteration in
E–C coupling also largely depends on Pi, H? and ADP
ionic perturbations in the muscle fibres (Allen and Lamb
2008).
Sprint duration is an important factor influencing
increased muscle fibre [Pi], since PCr depletion of about
35–55, 73 and 80% has been reported during 6-, 20- and
30-s cycling sprints, respectively (Bogdanis et al. 1996,
1998). Furthermore, during a single, short duration cycling
sprint (B6 s) *50% of ATP is supplied by the PCr degradation, while anaerobic glycolysis and oxidative metabolism provide the rest, thus a progressively greater
participation of anaerobic glycolysis could be expected
with increased sprint duration (from 10 to 30 s) (Jacobs
et al. 1983). Consequently, we hypothesized that progressively greater metabolic perturbation in muscle fibres due
to greater PCr degradation and involvement of anaerobic
glycolysis (e.g. increased [Pi] and [H?]), could induce a
progressively larger deterioration of E–C coupling, and in
turn a more important LFF during longer sprints (i.e. 200
and 400 m), compared to 100-m sprints.
Fatigue during sprinting may have a neural component
as well since fatigue of neural origin already occurs within
a few seconds of maximal force exertion, due to alteration
of optimal output from the motor cortex (Gandevia et al.
1996) which leads to sub-optimal muscle activation (e.g.
central fatigue). Mero and Peltola (1989) found that maximal neural activation of the leg muscle during contact
phase decreased in the fatigue conditions of short (100 m)
sprint running, suggesting that central mechanism failures
could induce velocity deterioration during 100-m sprint as
well. However, higher concentrations of metabolic byproducts (e.g. [K?], [H?] and lactic acid) in the interstitial
space could affect the group III and IV afferent fibres
(Kaufman and Rybicki 1987; Light et al. 2008) to a greater
extent during 400 m compared to 100 m. Notably, this
could lead to Ia-afferent pre-synaptic inhibition (Duchateau
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and Hainaut 1993) with subsequent greater reduction in the
stretch reflex contributions (Nicol et al. 2006) to propulsive
force output during 400 m sprinting compared to shorter
sprint distances. In this context, it is worth reporting that
drop jump performance was impaired by 39% after a
400-m sprint (Nummela et al. 1992). While central fatigue
was not detected after a maximal, short duration (\60 s)
SSC exercise (Strojnik and Komi 1998), Perrey et al.
(2010) have recently shown a slight but significant
decrease in the knee extensor muscles (KE) activation level
(*3%) following repeated sprint runs on short distances
(12 9 40 m). Therefore, the hypothesis of reduced voluntary drive with increasing sprint distance remains to be
tested.
Sprint performance is not only determined by the ability
to accelerate and develop maximal speed, but also by the
ability to maintain maximal speed despite fatigue. Thus, it
seems relevant to determine the exact type of neuromuscular alteration(s); while it is likely that the amplitude of
peripheral alterations would increase with sprint distance, it
is not clear (1) whether the aetiology of peripheral fatigue
would change and (2) whether or not maximal activation
will decrease with increasing sprint distances. We
hypothesized that HFF will explain most of the fatigue for
the shortest Olympic sprint distance (100 m) while LFF
would appear and increase with increasing sprint durations
(200 and 400 m). We also hypothesized that maximal
central drive would be reduced after the 400 m. To test
these hypotheses, central and peripheral fatigues in quadriceps muscle were assessed in the first 30 s following
100-, 200- and 400-m sprints performed on a motorized
instrumented sprint treadmill.

Materials and methods
Subjects
Eleven male subjects (23.8 ± 3.5 years, 73.1 ± 5.9 kg,
178.8 ± 6.3 cm) participated in the experiment. They were
all physical education students and physically active, and
had all practiced physical activities including sprints (e.g.
soccer, basketball) in the 6 months preceding the study.
Among the subjects, two were sprint and long jump competitors. All subjects were free of musculoskeletal pain or
injuries, as confirmed by medical and physical examinations. Subjects were informed about possible risks and gave
their informed consent before the beginning of the experimental protocol. The study was conducted according to the
Declaration of Helsinki and approved by the institutional
ethics review board of the Faculty of Sport Sciences at the
Jean Monnet University.
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Experimental design
Subjects were asked to report to the laboratory 1 week
before the experiment for a first session during which they
familiarized with sprinting on the treadmill and femoral
nerve electrical stimulation. During this session, the default
motor torque of the treadmill was set up and supra-maximal intensity of stimulation was defined for every subject
(see below).
Then, subjects performed three laboratory sessions in a
randomly assigned order, during which they performed one
single maximal sprint (of 100, 200 or 400 m) on an
instrumented sprint treadmill. The sessions were separated
by 1 week.
Before sprint, a standardized warm-up was performed:
6–8 km h-1 running for 10 min, followed by 5 min of
stretching drills and 5 9 10 m of athletic drills. The end of
the warm-up consisted of doing three progressively accelerated 6-s sprints on the treadmill, separated by 2 min. The
third 6-s sprint was nearly maximal. Two minutes after the
end of the warm-up, the neuromuscular testing in resting
condition (Pre) was performed twice and consisted of a 5-s
maximal voluntary contraction (MVC) with high-frequency (100 Hz) double twitch interpolated technique
(10-ms interstimulus interval) followed 3 s after by (1) a
doublet at 100 Hz followed by a doublet at 10 Hz (Db100
and Db10, respectively) and (2) a single twitch on the
relaxed muscle (Fig. 1). The two stimulations series were
separated by 5 s. This neuromuscular testing was performed again 30 s (Post), 5 min (Post5) and 30 min
(Post30) after the sprint.
Treadmill sprints
The sprints were performed on a motorized sprint treadmill
ergometer (ADAL3D-WR, Medical Development—HEF

Tecmachine, Andrézieux-Bouthéon, France). For detailed
description of this device, see Morin et al. (2010). This
motorized treadmill allows subjects to sprint and produce
acceleration and high running speeds due to the constant
motor torque, which was set to 160% of the default torque,
i.e. the motor torque necessary to overcome the friction on
the belt due to subject’s body weight (see reference Morin
et al. 2010 for full details). This default torque value was
measured by requiring the subject to stand unmoving at the
centre of the treadmill and by increasing the driving torque
until observing a movement of the belt greater than 2 cm
over 5 s. This default torque setting as a function of belt
friction is in line with previous motorized-treadmill study
(Chelly and Denis 2001), and with the detailed discussion
by McKenna and Riches (2007) in their recent study
comparing ‘‘torque treadmill’’ sprint to overground sprint.
The motor torque of 160% of the default value was selected
because it allowed subjects to sprint in a comfortable
manner and produce their maximal effort without risking
loss of balance.
A leather weightlifting belt and a stiff rope (0.6 cm in
diameter, *2 m length) were used to tether subjects to the
0.4-m vertical rail anchored to the wall behind them.
Treadmill sprints started from a standardized standing
sprint start position with dominant leg placed forward.
After a 3-s countdown, subjects accelerated from their still
start position and were vigorously encouraged throughout
the required sprint distance. They were informed of the
distance covered every 50 m. The sprint distance was
measured during the sprints with a standard odometer
(accuracy of 0.01 m) placed in contact with the treadmill
belt behind the subjects, and exactly determined a posteriori from belt speed-time measurements. Belt speed, aerial
(ta) and contact time (tc) were measured continuously over
the entire sprint distances (sampling rate of 1,000 Hz). Belt
speed was then averaged for each contact period (vertical
fore above 30 N) to obtain contact-averaged values of
speed. Step frequency (SF) and step length (SL) were
calculated from speed, tc and ta as SF = 1/(tc ? ta) and
SL = speed/SF. Peak values of mechanical parameters for
each sprint represented average values obtained during the
five consecutive steps around the step at maximal speed.
Final values of mechanical parameters considered for
comparison during each sprint were average values for the
last 5 steps of the sprint. Changes in mechanical variables
were calculated as follows:
% change ¼ ðfinal values ! peak values # 1Þ ! 100:
Neuromuscular testing

Fig. 1 Neuromuscular testing procedure (Db, paired electrical stimulation; Tw, single electrical stimulation). Black line, typical torque
trace, MVC, maximum isometric knee extensors contraction, Db100
doublet at 100 Hz (10-ms interstimulus interval), Db10 doublet at
10 Hz (100-ms interstimulus interval), Tw single twitch

During the neuromuscular testing, the subjects remained
seated in the frame of a Cybex II (Ronkonkoma, NY)
testing seat, and were fastened to the frame at the pelvis
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and trunk to prevent movements. The distal part of the right
shank was connected to a strain gauge (SBB 200 kg,
Tempo Technologies, Taipei, Taiwan) at the level of the
external malleolus. The knee and hip angles were 908
(08 = full extension).
Femoral nerve electrical stimulation
The cathode, a self-adhesive electrode (10-mm diameter,
Ag–AgCl, Type 0601000402, Contrôle Graphique Medical, Brie-Comte-Robert, France), was pressed into the
femoral triangle for the femoral nerve stimulation. The
anode, a 10 9 5 cm self-adhesive stimulation electrode
(Medicompex SA, Ecublens, Switzerland), was located in
the gluteal fold. A high-voltage stimulator (Digitimer DS7,
Hertfordshire, UK) was used to deliver square-wave stimulus of 1 ms duration with maximal voltage of 400 V. The
stimulation intensity to elicit a maximal isometric twitch
was determined in each subject by increasing the stimulation intensity by 10 mA until no further increase in torque
was observed despite further increment in current. The
current at maximal twitch torque was further increased by
50% to secure supra-maximal stimulus. This intensity
(84.0 ± 12.7 mA) was maintained for the entire session.
EMG recordings
Surface electromyography (EMG) was recorded from the
vastus lateralis muscle (VL) during isometric maximal
voluntary knee extensions and evoked contractions with a
pair of bipolar self-adhesive electrodes (Ag–AgCl, Type
0601000402, Contrôle Graphique Medical, Brie-ComteRobert, France) with 2.5 cm inter-electrode distance. The
electrodes were positioned according to the ‘‘Surface
ElectroMyoGraphy for the Non-Invasive Assessment of
Muscles’’ instructions with the reference electrode placed
over the patella. Beforehand, subjects’ skin was shaved and
cleaned with alcohol in order to optimize electrode–skin
contact. To obtain low impedance (\5 kX) between electrodes, the skin was gently abraded using sandpaper. EMG
data were recorded with PowerLab system (16/30—
ML880/P, ADInstruments, Bella Vista, Australia) at a
sampling frequency of 2,000 Hz. The EMG signal was
amplified with octal bio-amplifier (ML138, ADInstruments) with a bandwidth frequency ranging from 3 to
1,000 Hz (input impedance = 200 MX, common mode
rejection ratio = 85 dB, gain = 1,000), and analysed with
LabChart6 software (ADInstruments).
Experimental variables and data analysis
The average values computed for two stimulations were
considered for all evoked responses. M-wave. Supra-
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maximal femoral nerve electrical stimulation was used to
elicit maximal VL M-wave. From obtained EMG
response, the following parameters were calculated: (1)
peak to peak M-wave amplitude (Mamp), i.e. amplitude
from the positive to the negative peak, and (2) peak to
peak duration (Mdur), i.e. the time from the positive peak
to the negative peak.

Single twitch
From mechanical response elicited by a single supramaximal femoral nerve electrical stimulation, the following parameters were obtained: (1) peak twitch torque (Tw),
i.e. the highest value of the twitch torque curve, (2) twitch
contraction time (TwCT), i.e. the time from when the initial
torque rose over 5% of the peak Tw to the time at peak Tw,
and (3) half-relaxation time (TwHRT, i.e. the time from the
peak Tw to the time when the peak Tw dropped to half its
value.
High- and low-frequency doublet torque
From mechanical response induced by paired high(100 Hz, i.e. 10-ms interstimulus interval) and low-frequency (10 Hz, i.e. 100-ms interstimulus interval) supramaximal electrical stimulation, the following parameters
were determined: (1) peak torque (Db100), i.e. the highest
value of the Db100 curve and (2) the high- to low-frequency torque ratio (Db10 ! Db100-1). This ratio was used
as a surrogate of low- and high-frequency tetanic stimulations (Vergès et al. 2009).

Maximal voluntary knee extension with twitch
interpolated technique
Subjects performed two 5-s maximal isometric voluntary
KE separated by 30-s rest periods. The highest value of the
two MVCs was retained for analysis. The twitch interpolation technique was performed by superimposing a Db100
on the isometric plateau, and a control Db100 was delivered to the relaxed muscle 3 s after the end of the contraction (Fig. 1). The level of activation (%AL) was
estimated as follows:
%AL ¼

!

1 # superimposed Db100 ! Db100#

1

"

! 100:

The root mean square value (RMS) of VL EMG signal
was calculated over the 0.5-s period of the maximal
voluntary torque. The obtained RMS value was
normalized to the amplitude of the maximal M-wave
(RMS ! M-1
amp).
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Statistical analysis
Data in the text and figures are presented as mean ± SD.
Normal distribution of the presented parameters was
checked using Kolmogorov–Smirnov test. One-way
ANOVAs for repeated measures with one within-subjects
factor (sprint distance) was used to detect differences in
mechanical sprint parameters. Two-way ANOVAs for
repeated measures with two within-subjects factors
(time 9 sprint distance) was used to detect significant
differences in voluntary and evoked force production.
When significant main effects were found, Tuckey post hoc
tests were used to locate the differences. Pearson correlation coefficients were calculated for pairs of variables. The
statistical package Statistica 6.0 (StatSoft, Inc., Tulsa,
USA) was used, and the level of significance for all comparisons was set at P \ 0.05.

Results
Sprint performance and running kinematics
Subjects ran the 100 m in 15.2 ± 0.6 s, the 200 m in
31.2 ± 1.3 s and
the
400 m
in 71.7 ± 3.9 s
(F2,20 = 2,407; P \ 0.001). All sprint distances induced
significant (F3,30 = 187.1; P \ 0.001) decrements in speed
(-8.4 ± 2%, -20.2 ± 3.7% and -38.8 ± 7.5%) at the
end of the 100, 200 and 400 m, respectively. As shown in
Fig. 2, significant changes in step parameters were also
observed. There were no significant correlations between
changes in step parameters and decrement in MVC and/or
evoked torques measured at post, regardless of the sprint
distance. There was only a tendency towards a correlation
between strength loss (MVC) and decrements in sprint
speed at the end of the 400 m (R = 0.57, P \ 0.09).
Maximal voluntary contraction and activation
KE MVC torque alterations were observed only after the
400 m (F6,60 = 3.9; P \ 0.01; Fig. 3a). Compared with
baseline values, KE MVC torque decreased by
13.8 ± 13.6% (P \ 0.001) and 10.7 ± 11.9% (P \ 0.01)
Post and Post5, respectively. At Post30, KE MVC was not
significantly different from Pre anymore. A significant
%AL decrement (-6.0 ± 5.9%; P \ 0.01) was detected
Post5 after the 400 m. This was accompanied by a significant decrease in RMS M-1
amp (Fig. 3c). Surprisingly,
although 100- and 200-m sprints did not induce significant
KE MVC or %AL alterations, significant decreases in
RMS M-1
amp were observed Post5 after these two sprints
(-15.6 ± 20.9 and -16.7 ± 12.4%, respectively).

Fig. 2 Relative changes (% from PRE) in step length (a) and step
frequency decrement (b) and contact time increment at the end of the
100-m (black bars), 200-m (grey bars) and 400-m (white bars)
treadmill sprints. Asterisks indicate significantly different average
values of the 5 last steps and average values around maximal speed
(***P \ 0.001, **P \ 0.01; *P \ 0.05). Values are expressed as
mean (±SD) percentage of values at top speed

Electrically evoked contractions on relaxed muscle
Progressive decreases in Tw (F6,60 = 9.1, P \ 0.001) and
Db100 torques (F6,60 = 2.8; P \ 0.05) with increasing
sprint time were observed: the greatest decrements in Tw
and Db100 torques were obtained after the 400 m (Fig. 4a,
b). Similar decrements in both parameters were still present
Post5 for all sprint distances. A 30-min recovery period
was not long enough to induce the restoration of evoked
contractions after all sprint distances.
Db100 torque decreased by 7.9 ± 9.4% (P \ 0.001) and
14.1 ± 12.1% (P \ 0.001) Post-200 and 400 m, respectively, and stayed at the same level Post5. The decrease in
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Fig. 3 Relative changes (% from PRE) in isometric voluntary torque
(D MVC, a), activation level (D %AL, b) and EMG ratio (D RMS!M-1
amp,
c) of knee extensors following 100-m (black squares), 200-m (white
squares) and 400-m (triangles) sprints. Values are expressed as
mean ± SD. Asterisks on the curve indicate significantly different
pre- and post-values (Post, Post5 and Post30) (***P \ 0.001;
**P \ 0.01; *P \ 0.05). Number signs indicate significantly different
Post-100 and Post-400 m values (###P \ 0.001; #P \ 0.05). Section
sign indicate significantly different Post-200 and Post-400 m values
(§P \ 0.05)

Db100 was less pronounced after the 100-m, being significantly altered only Post5 (Fig. 4b). A 30-min recovery
period was not enough for Db100 torque restoration following the 200-m sprint. The same tendency, although not
significant, was also observed after the other two sprints.
LFF was detected after these sprints, as evidenced by the
decrease of Db10 ! Db100-1 torque ratio (Fig. 4c). The
greatest decrease was obtained Post-400 m (F6,60 = 10;
P \ 0.001). The recovery kinetics for the Db10 ! Db100-1
torque ratio was similar to the Tw kinetics, i.e. (1) decrements in the Db10 ! Db100-1 torque ratios were obtained
at Post, Post5 and Post30 for all sprint distances and (2) the
greatest decrement at Post was obtained after the 400 m
(P \ 0.001).
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Fig. 4 Relative changes (% from PRE) in knee extensors single
twitch torque (D Tw, a), high-frequency paired stimulation (D Db100,
b), high–low frequency torque ratio (D Db10 ! Db100-1, c) following
100-m (black squares), 200-m (white squares) and 400-m (triangles)
sprints. Values are expressed as mean ± SD. Asterisks on the curve
indicate significantly different pre- and post-values (Post, Post5 and
Post30) (***P \ 0.001; **P \ 0.01; *P \ 0.05). Number signs
indicate significantly different Post-100 and Post-400 m values
(###P \ 0.001; ##P \ 0.01). Section sign indicate significantly different Post-200 and Post-400 m values (§§§P \ 0.001; §§P \ 0.01).
Upsilon sign indicate significantly different Post-100 and Post-200 m
values (TP \ 0.05)

Compared to the substantial changes in evoked single
and double torque parameters post-sprints, the changes in
TwCT and TwHRT were minor (Table 1). TwCT was reduced
by 3.8 ± 5.7% Post-100 m while this variable did not
change significantly after the 200- and 400-m sprints. TwCT
was reduced Post5, whatever the sprint duration
(P \ 0.001 for the 100 and 200 m and P \ 0.01 for the
400 m).
Mamp and Mdur did not change significantly between Pre
and Post (Table 2). However, Mamp Post30 was significantly lower than Pre values for the 100-, 200- and 400-m
sprints (-8.9 ± 5.4%, -5.4 ± 5.2% and -5.7 ± 3.2%,
respectively, all P \ 0.001).

Author's personal copy
Eur J Appl Physiol
Table 1 Absolute values of temporal parameters of the twitch
evoked by a single stimulation before (Pre) and after sprints (Post,
Post5, Post30)

Table 2 Absolute values of vastus lateralis peak to peak M-wave
amplitude (Mamp) and duration (Mdur) measured before (Pre) and after
the sprints (Post, Post5, Post30)
Mamp (mV)

Mdur (ms)

Pre

15.7 (2.7)

7.7 (0.6)

Post

16.0 (2.7)

7.7 (0.5)

53.2 (6.6)

Post5

15.8 (2.6)

7.8 (0.5)

60.4 (12.8)

Post30

14.2 (2.4)***

7.5 (0.5)

TwCT (ms)

TwHRT (ms)

Pre

83.8 (5.3)

55.7 (11.5)

Post

79.7 (5.1)*

52.8 (8.2)

Post5

75.8 (5.9)***

Post30

82.7 (5.8)

100 m

100 m

200 m

200 m

Pre

82.0 (6.5)

61.0 (16.5)

Pre

15.2 (2.1)

7.9 (0.9)

Post

78.5 (5.5)

53.2 (6.9)

Post

15.3 (2.1)

8.0 (1.1)

Post5

75.0 (5.7)***

55.7 (5.5)

Post5

15.6 (2.1)

8.3 (1.2)

Post30

87.3 (22.2)

62.0 (16.1)

Post30

14.2 (1.9)***

7.8 (1.1)

400 m

400 m

Pre

81.5 (4.9)

56.5 (9.2)

Pre

16.3 (2.7)

8.6 (1.7)

Post

76.5 (7.1)

52.8 (9.0)

Post

16.1 (2.4)

8.3 (1.5)

Post5

75.9 (6.5)**

56.2 (7.5)

Post5

16.6 (2.5)

8.7 (2.0)

Post30

82.5 (6.2)

59.2 (9.7)

Post30

15.4 (2.6)***

8.4 (1.5)

Data of twitch contraction time (TwCT) and twitch half-relaxation time
(TwHRT) are expressed in mean absolute values (±SD). Asterisk indicate significant differences between pre- and post-values (* P \ 0.05;
** P \ 0.01;*** P \ 0.001)

Discussion
The present study was designed to test the hypothesis that
increasing sprint distances modifies the type of peripheral
fatigue and progressively induces central fatigue. Progressive but modest decreases in KE voluntary isometric
torque were obtained, the decrease being significant
(P \ 0.001) only after the 400-m sprint. To our knowledge,
this study is the first to show that single, maximal sprints
(100, 200, and 400 m) induce progressive and substantial
increase in LFF and slight reduction in neural drive with
increasing sprint distances.
Central fatigue and maximal isometric strength
Speed decrement and changes in step parameters were
observed at the end of all sprints, the decrease being more
pronounced with prolonged sprint distances (Fig. 2). The
capability of maximal isometric knee torque production
was significantly altered only after the 400 m, meanwhile
forces evoked by single or double stimulations showed
greater decrement with sprint prolongation (see below).
Accordingly, the decrease in KE MVC torque after the
400 m could be mainly attributed to peripheral mechanisms failure (Fig. 4) and to a lesser extent to central
mechanism failure since after the 400 m only non-significant tendencies of decrease in %AL (-3.9 ± 7.1%) and
RMS M-1
amp (-12.9 ± 18.5%) were observed (Fig. 3b, c).

Data are expressed in mean absolute values (±SD). Asterisk denotes
significant differences between Pre and Post30 values
(*** P \ 0.001)

This is in line with the study of Perrey et al. (2010), in
which a minor (-2.7 ± 3.4%) but significant reduction in
%AL was reported after repeated sprints (12 9 40 m).
Mero and Peltola (1989) showed that electromyographic
activity in the active muscle decreased significantly at the
end of a 100-m sprint. In the present study, both shorter
sprints did not induce decrement in MVC, %AL or RMS
M-1
amp (Fig. 3), showing that inability to fully activate the
muscles Post-100 and 200-m sprints was not present.
Nevertheless, our results must be interpreted with caution
since neural and muscular adjustments following sprints
could be biased by the neuromuscular testing chosen
(MVC) and muscle group tested (KE). MVC KE represents
mono-articular simple movement where complex reflex
regulation and bi-articular muscle coordination pattern
were not present. Furthermore, it has been shown that
biceps femoris (BF) and gastrocnemius (GA) muscle were
affected by fatigue-induced changes during the sprint
propulsion phase to a greater extent than quadriceps
femoris muscle (Nummela et al. 1994). Accordingly
(although not measured), we could hypothesize that part of
the observed reduction in step parameters obtained during
shorter sprints (Fig. 2) has resulted from decreased stretch
reflex sensitivity (Ross et al. 2001) of GA and BF muscle,
which could diminish propulsive force output during
sprinting and not during KE MVC. This assumption could
be further supported by the lack of correlation between
decrements in step parameters and post-MVC values
obtained after 100- and 200-m sprints.
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Furthermore, longer sprints compared to shorter ones
induced higher metabolic demands (Duffield et al. 2004,
2005), leading to greater metabolic by-products, potentially
inducing increment in Ia-afferent pre-synaptic inhibition
(Duchateau and Hainaut 1993) via group III and IV
afferents. Consequently leading to even greater reduction
in the stretch reflex contributions (Nicol et al. 2006) of GA
and BF muscle in sprint propulsion phase as well, although
the correlation between post-MVC and speed decrement
during 400-m sprint was somewhat higher, but still not
significant (R = 0.57; P \ 0.09). Therefore, it is very
likely that part of the observed reduction in step parameters
of 400-m sprint could be attributed to changes in leg
muscle stiffness regulation which is in significant part
influenced with stretch reflex (Horita et al. 1996). In
addition, the alteration in another centrally mediated
mechanism, i.e. agonist–antagonist co-activation progressively increased with fatigue (e.g. sprint distance) (Psek
and Cafarelli 1993), potentially reducing movement efficiency during the last part of the 400-m sprint as well.
Furthermore, %AL and RMS M-1
amp significantly
decreased Post5 after 400 m, implying delayed central
mechanisms failure after sprints. It is well known that highintensity exercises could induce delayed increase in blood
metabolite accumulation ([H?] and [NH3]) after the exercise is completed (MacLean et al. 2000; Ravier et al. 2006).
Previous research showed that plasma [NH3] 4 min after a
30-s maximal cycling sprint (Greer et al. 1998) and supramaximal run until exhaustion (Ravier et al. 2006) were
higher than immediately after the exercise completion and
that it was not correlated with the increase in blood [H?].
Accordingly, we could hypothesize that blood [NH3]
increased Post5 compared to Post, leading to an increase in
brain [NH3] (Bachmann 2002). Nevertheless, [NH3] accumulation alters neuromuscular activity (Nybo et al. 2005)
and could be one of the main reasons for the decrease in
neural drive observed 5 min after the 400 m. In addition
RMS M-1
amp decreased after the shorter sprints as well, while
MVC and %AL did not change. Alternatively, the observed
RMS M-1
amp decrease could be due to the mechanism of
amplitude cancellation, which has been suggested to occur
during fatiguing contractions (Keenan et al. 2005).
It is interesting to note that large peripheral alterations,
especially at low frequency (Tw and Db10 ! Db100-1
decrement) was not observed during the KE MVC isometric torque production after 100- and 200-m sprint (see
below). The most probable explanation for this discrepancy
is the fact that KE MVC KE was measured through fused
contractions (5 s), which allowed a better compensation of
low-frequency peripheral alteration compared to the
unfused evoked contraction. It may also seem odd that at
the end of 100- and 200-m sprints SL decreased and contact time increased while the KE MVC torque stayed
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practically the same. It is been argued (de Ruiter et al.
2004) that near maximal %AL may be associated with
different capacities of activation at high speed dynamic
contractions meaning that a slightly deteriorated capacity
of activation may have more dramatic effect when higher
firing frequency is required (as during contact phase).
Again, another potential explanation is that MVC Post was
performed 30 s after the end of the sprint. While this may
seem a very short period, it cannot be ruled out that some
recovery occurred (Allen and Westerblad 2010).
Peripheral fatigue
We hypothesized that intense muscular contraction during
single, maximal sprints on shorter distances would reduce
sarcolemmal and/or T-tubules excitability, which would
result in the selective loss of Db100 torque, defined as HFF
(Jones 1996). Contrary to previous studies (Strojnik and
Komi 1998; Perrey et al. 2010) but in accordance with the
study of Lattier et al. (2004), our results suggest that the
VL sarcolemmal excitability was preserved since Mamp and
Mdur did not change Post-sprints, regardless of sprint
duration. On the other hand, Db100 decreased Post-200 and
400 m as well as Post5 and Post30 for all sprint distances.
Although Mamp reflects only a part of action potentials
propagation mechanisms and alteration could occur in
T-tubules (Balog and Fitts 1996), HFF was probably not
the main reason for Db100 torque reduction after sprints.
Should reduce T-tubules excitability alone had accounted
for Db100 torque decrement Post-200 and 400-m sprints,
Db100 would have been restored Post5 and Post30. It is
more likely that metabolic changes decrease in maximum
Ca2? activated force per crossbridge (Millar and Homsher
1990). Interestingly, reduced Mamp were measured Post30
for all sprint distances compared to the values obtained
Post, suggesting that M-waves potentiation were already
induced by the warm-up sprints (Behm and St-Pierre
1997). These findings strongly suggest that the failure in
mechanisms below the sarcolemmal and T-tubules levels,
i.e. LFF, played a predominant role in the decrease in
running speed, whatever the sprint duration. Further studies
should, however, focus on the 30-s recovery period to
confirm these findings.
This point could be further supported by the changes in
Tw torque, which progressively decreased with increasing
sprint distance (Fig. 3a). Although our experimental technique did not allow to further investigate the cause of peak
Tw torque decrement, we could reasonably hypothesize
that increased sprint distances caused progressively greater
(1) direct inhibitory effect of Pi on SR Ca2? release
(Duke and Steele 2001), (2) increase in Ca2?-Pi precipitation in the SR (Steele and Duke 2003), (3) decrease in
Ca2?-sensitivity of myofibril proteins and (4) decrease in
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maximum Ca2? activated force per crossbridge (Millar
and Homsher 1990). The first two mechanisms probably
being of greater importance, as shown by the lower
Db10 ! Db100-1 after the sprints (Allen and Lamb 2008).
Beside metabolic by-products, the mechanical stress due
to muscle stretch during SSC action could also be one of
the important reasons for E–C coupling failure following
sprinting, since one of the coupling processes, the connection between dihydropyridine and ryanodine receptor
has been shown sensitive to it (Bruton et al. 1995). This
could be also supported by the fact that even a 30-min
recovery period was not enough for evoked torques restoration following all sprint distances. On the other hand,
Ca2? reuptake by SR was probably not altered since
TwHRT did not change between Pre and Post after all
sprints. The present results suggest that LFF may reduce
the ability of KE muscles to tolerate the high-impact forces
during the sprint stride support phase and reduce the
maximal force produced during the push-off phase, subsequently causing the decrease in running speed.
Beside the limits evoked above regarding the short delay
between end of exercise and testing, another limitation of
the study was probably related to the fact that, although the
motorized instrumented treadmill used allowed subjects to
run in ‘‘free’’ sprinting conditions, the overall 100-m
performances were *20% lower than those observed
during a field 100-m sprint (Morin and Sève 2011). This
lower level of performance was also likely characterizing
200- and 400-m sprints. Furthermore, it has been shown
that sprinting on the motorized treadmill at maximal speed
was overall more demanding than sprinting on the field,
since sprinters had to produce a higher amount of horizontal net force per step (*60–80 N on average) (Morin
and Sève 2011), which likely induced a greater neuromuscular alteration in treadmill sprints compared to the
same distance performed on the field. However, to our
knowledge, no such field data of neuromuscular fatigue
after 100-, 200- and 400-m sprints have been reported.

Conclusions
Contrary to our initial hypothesis, high-frequency fatigue
was not detected after single, maximal sprints on the
treadmill up to 400 m. Low-frequency fatigue, which has
been associated with excitation–contraction coupling failure, was substantial and increased with increasing sprint
distance. Yet, in ascribing LFF as a major limiting factor of
sprint performance, one must also consider the fact that no
significant correlation between speed decrement and
peripheral alterations were observed. Finally, failure of
the central mechanisms seemed to have no or little impact
on maximal isometric force production after sprints,

regardless of the sprint distance. Whether or not, central
fatigue—due to cortical changes and/or reflex alterations—
induced decrement in step parameters of sprinting is
another interesting point that has to be investigated in the
future.
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PERFORMANCE AND FATIGUE DURING REPEATED
SPRINTS: WHAT IS THE APPROPRIATE SPRINT DOSE?
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ABSTRACT

INTRODUCTION

Morin, J-B, Dupuy, J, and Samozino, P. Performance and fatigue
during repeated sprints: What is the appropriate sprint dose?
J Strength Cond Res 25(7): 1918–1924, 2011—When testing
the ability of sportsmen to repeat maximal intensity efforts, or
when designing specific training exercises to improve it, fatigue
during repeated sprints is usually investigated through a number
of sprints identical for all subjects, which induces a
high intersubject variability in performance decrement in a
typical heterogeneous group of athletes (e.g., team sport group,
students, and research protocol volunteers). Our aim was to
quantify the amplitude of the reduction in this variability when
individualizing the sprint dose, that is, when requiring subjects
to perform the number of sprints necessary to reach a target
level of performance decrement. Fifteen healthy men performed
6-second sprints on a cycle ergometer with 24 seconds of rest
until exhaustion or until 20 repetitions in case no failure
occurred. Peak power output (PPO) was measured and
a fatigue index (FI) computed. The variability in PPO decrement
was compared between the 10th sprint and the sprint at which
subject reached the target FI of 10%. Individual FI values after
the 10th sprint were 14.6 6 6.9 vs. 11.1 6 1.2%, when
individualizing the sprint dose, which corresponded to coefficients of interindividual variability of ;47.3 and ;10.8%,
respectively. Individualizing the sprint dose substantially reduced intersubject variability in performance decrement,
enabling a more standardized state of fatigue in repeatedsprints protocols designed to induce fatigue and test or train
this specific repeated-sprint ability in a heterogeneous group of
athletes. A direct feedback on the values of performance
parameters is necessary between each sprint for the experimenter to set this individualized sprint dose.

KEY WORDS power output, cycle ergometer, all-out efforts,
multiple repetitions
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T

he ability to repeat maximal short duration
(typically 4–10 seconds) sprint efforts interspersed
with rather short recovery periods (typically 10–30
seconds) while maintaining a high level of
performance (or resisting fatigue) is a determining factor in
many sport activities such as team sports (for review, see
[19,32]). This repeated-sprints ability (RSA) has therefore
been subject to numerous investigations in the last decades,
mainly from a physiological standpoint (18,19,32). In such
studies, the total workload predominantly (if not systematically) consists of a fixed number of running or cycling sprints
(identical for all subjects), as shown in the nonexhaustive
review of the literature presented in Table 1.
The most common model of workload emerging from
these studies consists of 5- or 10 6-second sprints with 24 or 30
seconds of passive, active, or free rest. This kind of protocol
has been used in many studies and by various groups of
scientists from its early development in the 1990s (4,5,8–
11,14,16,17,27,28,31,35). In these cases, the decrease in
performance and the associated fatigue are usually
approached by percent decrements and fatigue indices
computed on total mechanical work, mean power output
or peak power output (PPO), or sprint times in running
protocols. Further, when investigated, the physiological
causes of fatigue are studied during or after these series of
sprints, through muscular activity (4–6,27,28), neuromuscular
activation and neural drive (31), lactate and other byproducts of anaerobic pathways for resynthesis of adenosine
triphosphate (ATP) (2,3,9,10,13,14,16,18,24,26,33,34,36), or
oxygen consumption or desaturation (2,15,35).
Although authors do not systematically report the
intersubject variability in performance decrements (be it
computed from work, power, or sprint time values), a high
intersubject variability is observed in the typical ‘‘fixed-dose’’
sprint protocols (Table 1) when subjects are heterogeneous in
terms of anaerobic capacities or RSA (team sport groups,
multidisciplinary athletes, research protocol volunteers,
students). Indeed, the estimated coefficients of variation
(SD 3 mean21) for the mean percent decrement in
performance available (when both mean and SD values are
reported) are ;45.3 6 9.7%, ranging from ;26.7 to ;61.6%
(as estimated from studies reported in Table 1). Further, the
very few studies reporting intersubjects ranges of
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a sound comprehension of the
main causes of fatigue in such
T ABLE 1. Nonexhaustive review of the most cited repeated-sprints studies performed
protocols. Indeed, in case of
on adult subjects.*†‡§
postfatigue
measurements,
a
similar
sprint
dose (e.g., the
Range of
Performance
Exercise type
typical
10
times
6
seconds with
performance
decrement
and workload
24 seconds of rest) may lead to
decrement (%)
(%)
description
Study
very different states of fatigue
Billaut and Basset (4)
C-10-6s–30U 12.2 (PPO)
NA
even within a homogenous
Billaut et al. (5)
C-10-6s–30U 11 (PPO)
NA
group. Because subjects seem
Bishop and Edge (8)
C-5-6s-24P
7.6 6 3.4 (W)
NA
to adapt very differently to
Bishop and Edge (7)
C-5-6s-24P
7.7 6 3.5 (PPO)
NA
Bishop et al. (9)
C-5-6s-24P
7.3 6 3.4 (PPO)
0.9–14.4
a similar series of sprints (as
Bishop et al. (10)
C-5-6s-24P
9.0 6 2.4 (PPO)
5.8–13.2
observed through their perforBishop et al. (11)
C-5-6s-24F
6.8 6 2.7 (PPO)
1.5–10.3
mance output), it is reasonable
Clark (12)
RL-8–35m-30A ;6 (T) for athletes
NA
to assume that reducing the
Dawson et al. (13)
RL-4–40m-24A 7.1 6 2.6 (T)
NA
intersubject variability of the
Dawson et al. (14)
C-5-6s-24A
10.5 6 5.0 (T)
NA
Edge et al. (16)
C-5-6s-24P
8.0 6 3.9 (W)
NA
responses to repeated sprints
Gaitanos et al. (18)
C-10-6s–30P 26.6 (MPO)
NA
could lead to a better use of the
33.4 (PPO)
various physiological and neuGaitanos et al. (17)
RT-10-6s-30P 20.5 (MPO)
NA
romuscular data that were
Glaister et al. (23)
C-20-5s–30P
9.2 6 4.5 (PPO)
NA
hitherto thought or shown as
Glaister et al. (22)
RL-12-30m-35U 4.4 6 1.8 (T)
NA
Glaister et al. (21)
C-20-5s–30P
7.4 6 4.6 (MPO)
NA
determinant of RSA.
Krustrup et al. (24)
RL-5-30m-25A ;7 (T)
NA
Therefore, we sought to verLavender and Bird (26)
C-10-10s-50U ;12.7 (PPO)
NA
ify that an individualized sprint
Mendez-Villanueva et al. (28) C–10-6s–30P 24.1 (PPO)
11.1–37.9
dose (based on a target fatigue
27.7 (MPO)
17.1–42.2
level) led to a less variable
Mendez-Villanueva et al. (27) C–10-6s–30P 24.1 (PPO)
NA
Racinais et al. (31)
C–10-6s–30P ;11.2 (PPO)
NA
fatigue state (as estimated from
Spencer et al. (34)
C-6-4s-21P
;7 6 3 (W)
NA
decrement in power output)
Spencer et al. (33)
C-6-4s-21P
5.6 6 1.8 (PPO)
NA
than a fixed number of sprints
Tomlin and Wenger (35)
C–10-6s-30P
8.8 6 3.7 (PPO)
NA
in a typical RSA protocol inWadley and Le Rossignol (36) RL-12-20m-20A 5.5 6 3.3 (T)
1.9–16.0
volving heterogeneous subjects
*MPO = mean power output; PPO = peak power output; W = total work; T = sprint time;
regarding anaerobic capacities
RT = treadmill running; RL = level running; C = ergometer cycling; rest type: A = active, P =
and RSA abilities, and to quanpassive, F = free, U = unknown.
tify the corresponding amount
†Performance decrements (mean 6 SD when available) are presented as percent changes
in W, T, MPO, or PPO over the complete repeated-sprints protocol or as fatigue indices
of variability reduction. Such
computed by the authors of the presented studies.
a group may represent typical
‡Exercise type and workloads are presented as exercise type (RT, RL, C) 2 number of
training or testing situations
sprints 2 single sprint distance (meters) or duration (seconds) 2 rest (seconds) 2 rest type
(A, P, F, U).
involving subjects of a team
§Data presented in italics are estimated values from the data set available in the articles.
sport group, athletes from different sports, or research volunteers, such as in the
aforementioned studies (Table
performance decrement put forward very large ranges of
1). Indeed, as often performed in protocols investigating
values: for instance 0.9–14.4% for Bishop and Edge (9), 1.9–
muscular fatigue through task failure (i.e., setting a target
16.0% for Wadley and Le Rossignol (36), or 11.1–37.9% for
performance level maintenance, as for Millet et al. (29), rather
Mendez-Villanueva et al. (27). This high variability is
than a target number of efforts), we approached the issue by
observed among studies whatever the computation method
setting a target fatigue level identical for all subjects, and let
used to determine the percent decrement in performance:
the number of sprints necessary to reach this level differ
first sprint vs. last one of a series, best sprint vs. worst one of
among subjects (individualized sprint dose).
a series, or when using more elaborated and reliable fatigue
It is clear that individualizing the sprint dose to reach
indices (20,21). This high variability in performance
a target level of fatigue would reduce the intersubject
decrement among subjects after a given identical number
variability in performance decrement; however, the ampliof maximal efforts may be associated with a high variability in
tude of this decrease is not known. Therefore, our aim was to
the physiological determinants and consequences of fatigue
experimentally quantify this decrease in intersubject variabilin repeated sprints, and may consequently interfere with
ity of power decrement observed during a standard RSA
VOLUME 25 | NUMBER 7 | JULY 2011 |
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protocol when imposing an individualized number of sprints
(i.e., that necessary to reach the target power output
decrement or fatigue level) compared to a preset number of
sprints similar for all subjects. If substantial, the amplitude of
this decrease in variability would thereafter justify the
appropriateness of an individualized sprint dose protocol.
Further, a rather heterogeneous group of subjects was
required to ensure observing the aforementioned variability
when not individualizing the sprint dose.

Procedures

After an appropriate standardized warm-up, the RSA
protocol consisted of repeating 6-second sprints on a cycle
ergometer, interspersed with 24-second rest periods. Sprints
were repeated against a constant friction load until exhaustion
and voluntary ending of the protocol. In case no failure
occurred, the protocol was ended by the experimenters after
20 sprints. This type of RSA protocol (6-second sprints and
24-second rest periods) was used because it is close to what is
most widely reported in the literature (Table 1).

METHODS
Sprint Measurements. Subjects familiarized with cycle ergomTo compare the variability in performance decrement after
eter sprints during a first session, performing at least 4 sprints
a given fixed number of sprints (nonindividualized sprint
in the conditions of the protocol. During the measurements
dose) to that observed after an individualized sprint dose, all
session, the warm-up consisted of pedaling for 5 minutes at 80
the parameters were determined a posteriori, from the data of
W and performing 1 5-second sprint against increasing
each subject’s sprint series, which represented either 20
friction loads every minute during the following 5 minutes.
sprints, or the number of sprints individually performed
Then, subjects performed 1 5-second sprint against the load of
before failure. The variability in performance decrement
0.75 N!kg21 body mass, which was selected as the friction
(dependent variable) was assessed through the interindividload for the RSA protocol, as proposed by Arsac et al. (1).
ual variability in a fatigue index (FI) computed from PPO
After 5 minutes of rest and appropriate adjustment of the
values developed during each sprint. The number of the
handlebar and saddle height to individual anthropometric
sprint (independent variable) at which this variability was
characteristics, subjects performed 6-second sprints from
quantified was fixed on the one hand at the 10th sprint, vs.
a standardized similar starting position (preferred leg 45"
measured on the other hand as
the number of sprints necessary
for each subject to exceeded an
T ABLE 2. Main results (mean 6 SD) of the repeated sprints until exhaustion for each
FI of 10%.
Experimental Approach to the Problem

subject.*†

Subjects

Fifteen male subjects (25.9 6 3.9
years; 1.77 6 0.06 m; 77.5 6 10.7
kg), gave their written informed
consent to carry out the protocol, which was approved by
the institution’s internal review
board. The subjects were active
physical education students and
were undertaking regular competition activities involving
sprints or repeated sprints (team
sports, athletics, tennis) for 9 of
them. These 9 subjects were
undergoing anaerobic or RSA
training as a part (more or less
important depending on their
specific practice) of their regular
training. The other 6 subjects
were also regularly involved in
physical activities and used to
perform sprints and repeated
sprints, though not in competition. These 6 subjects did not
have RSA capacity as a part of
their usual training.

1920

the

Total
FI at the PPO at the
PPO at FI at
number of PPOmax end of the 10th sprint FI10
ntarget ntarget
Subject sprints (W!kg21) series (%) (W!kg21) (%) ntarget (W!kg21) (%)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Mean
SD
Min
Max

20
20
20
20
15
20
20
20
20
20
14
18
11
14
20
18.1
3.0
11
20

12.5
14.1
15.0
15.8
12.7
14.4
15.6
13.3
13.9
13.3
14.1
13.1
11.9
8.9
14.4
13.5
1.7
8.9
15.8

26.4
8.0
21.5
19.1
24.0
30.7
15.9
13.3
21.1
16.8
30.6
4.6
26.0
11.8
23.5
19.6
7.8
4.6
30.7

8.9
11.9
11.1
12.7
9.6
8.8
12.9
11.8
10.8
10.9
7.8
12.1
6.9
6.8
10.5
10.2
2.0
6.8
12.9

17.1
5.7
15.7
12.1
18.2
26.9
11.0
9.2
15.7
9.4
23.7
2.7
23.8
10.6
17.4
14.6
6.9
2.7
26.9

6

9.6

10.3

5
9
3
4
9
12
5
11
4

12.5
8.6
10.1
10.4
13.2
11.1
11.2
10.7
11.6

10.4
11.2
12.5
14.3
10.3
10.5
10.8
10.3
10.9

5
10
6
6.9
3.0
3
12

9.1
6.8
10.9
10.4
1.7
6.8
13.2

10.4
10.6
12.4
11.1
1.2
10.3
14.3

*PPOmax = the maximal peak power output value produced over the entire sprint series;
FI = fatigue index; ntarget = the number of sprints necessary to induce the target value of PPO
decrement (10% in this study).
†Because subjects 2 and 12 did not reach the target fatigue of 10% after 20 sprints, their
data were removed from further analyses.
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actual power performed (sum
of PPO values actually performed over n): FIn = 100 2
(100 3 [sum of PPO values for
sprints 1 to n]/[PPOmax 3 n]),
with PPOmax the maximal PPO
value performed during sprints
1 to n. This index has been
shown to be both valid and
reliable, when compared to
other possible computations
such as best sprint vs. worst
sprint or first sprint vs. last
sprint of a series (for full details,
see Glaister et al. [20,21]).
Further, this allowed computing
and knowing the value of FIn
after each sprint. For example, if
after 5 sprints for a typical subject, PPO values for sprints 1–5
were 14, 15, 14, 13, and 12
W!kg21, respectively, the value
of FI after sprint number 5 (FI5)
could be determined as FI5 =
100 2 (100 3 [14 + 15 + 14 +
13 + 12]/[15 3 5]), hence ;9.33%.
Target Power Output Decrement.
To compare the variability in
performance decrement after
a given fixed number of sprints
Figure 1. A) Mean 6 SD values of peak power output (PPO) over the sprint series. The number of subjects
(nonindividualized sprint dose)
decreases with increasing sprint number because subjects ended their sprint series before the 20th sprint.
to that observed after an inB) Individual decrement in PPO expressed as 100–fatigue index for each sprint. The vertical line shows the various
dividualized sprint dose, a target
individual decrements in performance at the 10th sprint. The horizontal line shows the target fatigue level of 10%
and the corresponding sprint for each subject.
fatigue index FItarget had to be
determined. We selected 10%
as FItarget because it appears to
forward) on a standard friction loaded cycle ergometer
be a central value observed in the various RSA studies listed
(Monark type 818 E, Stockholm, Sweden). For each pedal
in Table 1. Even if this 10% decrement threshold is not
downstroke, instantaneous power (P in W) was computed as
reached, or largely exceeded in some protocols, it is a central
the product of total force and flywheel velocity, measured at
tendency of the majority of the above-mentioned studies.
200 Hz by a strain gauge (Interface MFG type, Scottsdale,
Further, this value is a threshold external to the present
AZ, USA) and an optical encoder (Hengstler RIS IP50, 100
protocol, avoiding circular references when taking an FI
pts/turn, Aldingen, Germany), respectively: P = (FI + Ff )V,
derived from the data of this study.
where Ff (N) is the friction force, FI (N) the inertial force, and
V (m!s21) the flywheel linear velocity. For full details on
Determination of the Individualized Sprint Dose. Because FI
power output measurements, see Arsac et al. (1), Lakomy
values were computed for every sprint performed, the target
(25), or Morin and Belli (30). The PPO (W!kg21) was then
number of sprint ntarget that was necessary to reach FItarget was
calculated as the peak value of P averaged for each pedal
determined as the first sprint leading to an FI higher than
downstroke.
FItarget (and after which a supplementary sprint also led to an
FI value higher than the FItarget of 10%). For example, if FI12 =
Fatigue Index. An FI accounting for percent decrement in
9.5%, FI13 = 11%, and FI14 = 15%, the individualized sprint
dose (ntarget) was 13 sprints (ntarget = 13). We chose 2
performance was computed from PPO values, as the percent
consecutive sprints above FItarget, because in such RSA
difference between the ideal power (number n of repetitions
protocols, subjects may have variability in consecutive PPO
multiplied by the maximal value of PPO over n), and the
VOLUME 25 | NUMBER 7 | JULY 2011 |
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values, within an overall performance decrement. In case
a subject did not reach FItarget even after 20 sprints, this
subject would be excluded from further data analyses,
because ntarget could not be determined for him. Last, these
individualized sprint dose data were compared to data from
the 10th sprint because 10 sprints is the most commonly used
sprint dose in the RSA literature.
Statistical Analyses

Data are presented as mean 6 SD. Coefficients of variation
(SD!mean21) were used to compare the interindividual
variability in FI after the 10th sprint (FI10) to that after
ntarget. Further, we compared FI at ntarget for each subject to
FItarget, to find out whether the aim of reaching a given FItarget
was attained using the proposed individualized sprint dose
protocol. To do so, after checking distributions normality
with the Shapiro–Wilk test, Student t-tests were performed
to verify whether FItarget differed from FI at ntarget. Indeed, the
proposed computation of ntarget logically leads to an FI at
ntarget higher than FItarget, but we wanted to check the
statistical significance of this difference. Significance was set
at p # 0.05.

RESULTS
The results of the RSA protocol are summarized in Table 2.
Five subjects out of 20 voluntarily stopped their sprints series
before reaching the 20th sprint. All subjects performed at
least 10 sprints, and the data of 2 subjects (2 and 12) were
removed from further analyses because they did not reach
FItarget, and therefore, their respective ntarget could not be
determined. The CV for FI10 was 47.3 vs. 10.8% for FI at
ntarget. Further, FI at ntarget (11.1 6 1.2%) was close to FItarget
(10%), though significantly higher (p , 0.05). The individual
changes in PPO and FI over sprint repetitions are shown in
Figure 1, along with the data for the entire group.

DISCUSSION
The main finding of this study is that in a heterogeneous
population of subjects undergoing the same training or testing
of RSA, the variability in performance decrement (as
quantified through CVs computed on FI values) was reduced
by about four times when individualizing the sprint dose
during a repeated-sprint experiment. Indeed, the variability in
FI at the 10th sprint was ;47% (mean FI10 of 14.6 6 6.9%,
ranging from 2.7 to 26.9%). This high variability and the ;10fold range of FI observed are in line with previous studies
presented in Table 1 (e.g., 9, 11, 36). The individualized sprint
number reached a mean value of 6.9 6 3 sprints, ranging from
3 to 12 (Table 2). When proceeding so, FI at ntarget was close
to FItarget (which was logically expected), but more
importantly, it was much less variable (CV of about 10.8%)
than after a fixed number of sprints: 11.1 6 1.2%; ranging
from 10.3 to 14.3%. It is worth noting that this variability
lies within the same range as that in maximal PPO values
(13.5 6 1.7 W!kg21).
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The ;4 times lower variability observed when individualizing the sprint dose seems of interest in protocols aiming at
studying fatigue in repeated-sprints conditions, in which
subjects are required to undergo neuromuscular or physiological measurements after standardized workloads, and while
being in a better standardized state of fatigue. Indeed, among
those who reached FItarget (i.e., all subjects except subjects
2 and 12), when considering the 2 extreme subjects after the
10th sprint, their FI10 were 9.2 and 26.9%, respectively
(subjects 8 and 6). For these 2 subjects, FI at ntarget was 10.5 and
14.3%, at the 12th and 4th sprints, respectively.
The variability in FI when subjects are asked to perform
a fixed number of sprints is represented by the vertical solid
line in Figure 1B, showing that this variability is present
whatever the number of sprint (be it 6 or 10, as in most of the
cited studies). Further, the individualized sprint dose procedure is also justified by the horizontal solid line in Figure
1B, showing that ntarget varies a lot among subjects for all
values of FItarget. Therefore, these results could reasonably be
extended to protocols in which FItarget is set at another value
than the 10% chosen in this study. Further, the proposed
method may be applied to any sprint activity (running for
instance), provided that the computation of FI is possible
between two sprint periods. Therefore, a direct feedback on
the performance parameter on which FI is computed (sprint
time, power output, total work for the most common ones) is
necessary to enable the immediate computation of FI.
Consequently, the main limitation to the setting of the
appropriate individualized sprint dose appears to be the
immediate availability of this performance parameter after
each sprint.
This procedure is similar to that used in studies about force
production and fatigue in which subjects are required to
perform muscular efforts (typically maximal voluntary
contractions), not over a given preset number of efforts, but
until failing to reach a given performance level (or vice versa
until reaching a given fatigue level). For instance, when
exploring acute hypoxia and its effect during repeated
isometric leg contractions, Millet et al. (29) recently required
subjects to perform contractions at a level corresponding to
50% of their maximal voluntary contraction. This led to
21.5 6 8.7 repetitions in the basic condition of the study,
ranging from 9 to 41 (unpublished range of values provided
by the authors), and it is reasonable to assume that the results
would have been different (and with more intersubject
variability) should these authors have required subjects to
perform a given (say 20) number of repetitions. Further,
a high intersubject variability of responses to an external
factor such as fatigue leads to a lower power of statistical tests
(hence a lower potential for putting forward significant
differences if existing), and consequently raises the required
number of subjects when calculating sample sizes enabling
statistical power of the results (which is done with respect
to the expected or known variability in the various
parameters tested).
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Among the limits of this study, the pacing strategies and the
fact that subjects may not have produced their maximal effort
at each sprint may be considered in this kind of protocol. This
could affect the determination of ntarget because subjects may
perform under the FItarget value for a typical sprint, then
above this threshold for the subsequent sprint, and then
under again, potentially inducing a bias in setting the
appropriate sprint dose. However, in our study, though
a posteriori computations were done selecting a sprint as
ntarget when it was followed by 2 consecutive sprints under
FItarget, no subject had a PPO value higher than the previous
one in the zone of ntarget (i.e., for FI values of ;10%).
The psychological aspects of such long-lasting all-out
efforts series is a crucial issue (as illustrated for instance
through the typical ‘‘rebound’’ and upsurge in performance
between the last but one and the last sprint of a series which
length is known by the subjects (20,22,23). Therefore, it could
have been of interest to compare PPO values performed
during the first sprint in our protocol with those performed
when asking our subjects to perform only one all-out effort. A
criterion score of 95% of the maximal PPO required during
the first sprint could also have been imposed, on the basis of
a single sprint measurement of PPO previously undertaken.
In this protocol, 2 subjects did not reach the FI target of 10%
even after completing 20 sprints. This raises the limit of the
individualized sprint dose for such performances. Either
repetitions should be done until actually reaching FItarget
(even if it takes a very high number of repetitions), or FItarget
should be set to a lower level, but this second solution seems
difficult to consider because some subjects on the other hand
reached a FI of 6% right from the second or third sprint. It is
also possible, as done in the present protocol, to exclude
these subjects from data analysis because they did not satisfy
one of the basic conditions of the study.
In conclusion, the intersubject variability in FI was reduced
by approximately 4 times when asking subjects to perform
repeated sprints until a preset level of fatigue (which is done
repeating an individualized number of sprints), when compared to the FI measured after a number of sprints identical for
all subjects. The data of this study also show that this could be
the case for other target levels of fatigue than the 10% used here.
Although one can reasonably assume that similar results would
be observed in such a heterogeneous female athlete population,
further research should be undertaken to verify whether the
lower variability induced by individualizing the sprint dose is
also observed in female athletes.

PRATICAL APPLICATIONS
The main fields of application of these results are research
protocols involving fatigue during repeated sprints, performance assessment in repeated-sprint sports (team sports for
instance), or athletic training sessions during which a level of
fatigue has to be set before performing exercises (prefatigue
context of training). Further, the main populations concerned
are athletes composing a heterogeneous group, typically in

|www.nsca-jscr.org

team sports, students, people from various sport backgrounds
involved in a common training or testing program, or subjects
of RSA research experiments. Indeed, better dosing the
amount of sprint efforts (and thus the overall training load)
necessary to reach a given level of performance decrease or
fatigue and performance may lead to a more accurate setting
of the training loads. Therefore, a coach or a person
responsible for training and testing protocols or researches
on repeated sprints may benefit from more detailed information about subjects composing a heterogeneous group
by using the individualized sprint dose method described in
this study, compared to the standard method consisting of
imposing a common fixed number of sprints for all subjects.
This would be typically the case in research protocols aiming
at exploring the physiological or neuromuscular determinants
of RSA, the individualized sprint dose allowing a lower
intersubject variability in performance decrement, and a more
accurate setting of the fatigue stimulus than when using
a fixed number of sprints for the entire group of subjects. This
study shows that reducing variability and imposing subjects
an individualized sprint dose in order to induce a similar level
of fatigue is possible in RSA protocols, provided that fatigue
indices could be computed between each repetition from
performance parameters (sprint time, work, or power for
instance). On the other hand, our results also show that asking
different subjects to perform a given similar series of sprint
may lead to about 4 times higher variability in the
performance decrement induced.
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PEYROT, N., J.-B. MORIN, D. THIVEL, L. ISACCO, M. TAILLARDAT, A. BELLI, and P. DUCHE. Mechanical Work and Metabolic
Cost of Walking after Weight Loss in Obese Adolescents. Med. Sci. Sports Exerc., Vol. 42, No. 10, pp. 1914–1922, 2010. Purpose: This
study was performed to investigate whether changes in biomechanical parameters of walking explain the reduction in net metabolic cost after
weight loss in obese adolescents. Methods: Body composition and metabolic and mechanical energy costs of walking at 1.25 mIsj1 were
assessed in 16 obese adolescents before and after a weight loss. Center of mass (COM) and foot accelerations were measured using two
inertial sensors and integrated twice to determine COM and foot velocities and displacements. Potential and kinetic energy fluctuations of
the COM and the external mechanical work were calculated. Lateral leg swing was calculated from foot displacements. Results: As
expected, the decrease in net metabolic cost was greater, which would have been expected on the basis of the amount of weight loss. The
smaller lateral leg swing after weight loss did not explain part of the decrease in net metabolic cost. The reduced body mass required less leg
muscle work to raise and accelerate the COM as well as to support body weight. The decrease in body mass seems also associated with a
lesser leg muscle work required to raise the COM because of smaller vertical motions. As a result of the inverted pendulum mechanism, the
decrease in vertical motions (hence in potential energy fluctuations) was probably related to the decrease in mediolateral kinetic energy
fluctuations. Moreover, the lesser amount of fat mass in the gynoid region seems related to the decrease in net metabolic cost of walking.
Conclusions: The reduction in net metabolic cost of walking after weight loss in weight-reduced adolescents is associated with changes in
the biomechanical parameters of walking. Key Words: OBESITY, COMPOSITION, FAT DISTRIBUTION, LEG SWING, GYNOID,
ENERGY EXPENDITURE

A

n aim of weight loss in obese persons is to reduce
body fat and thus risk factors for metabolic syndrome (24). After weight loss, a significant amount
of total daily energy expenditure is essential to maintain
body weight in weight-reduced individuals (23). However,
after weight loss, the energy expenditure (kJIminj1) during
walking can decrease more than one would expect from
changes in body mass (15,26,31) because of the decrease in
net (gross j resting) metabolic cost of walking (net CW;
JImj1) (13,20). By analyzing walking, a convenient form of
daily physical activity recommended for weight management, we may gain insights into the biomechanical factors

associated with the net metabolic cost of walking in obese
and weight-reduced individuals.
The net metabolic cost of walking in normal-weight adults
is determined by mechanical tasks such as generating force to
support body weight, performing external work (Wext) to lift
and accelerate the center of mass (COM), swinging the limbs,
and maintaining stability (8,10,12,16,17). The muscle force
generation of the lower extremity required to support body
weight and the muscle work required to lift and accelerate the
COM make body mass the primary determinant of net CW
(JImj1). Consequently, net CW (JImj1) is greater in obese
than that in normal-weight subjects (32). However, net CW
normalized by body mass (JIkgj1Imj1) is still greater in
obese than that in normal-weight subjects (4,32). Therefore,
other factors probably contribute to the high metabolic cost in
obese subjects (32). Previous studies have examined the external mechanical work (Wext) in obese subjects (6,27,32),
which is the primary determinant of net CW (10,17). The
results of these studies have shown that Wext (JImj1) was
greater in obese than that in normal-weight subjects, but the
differences disappeared when Wext was normalized by body
mass (JIkgj1Imj1). This suggests that body mass is the primary determinant of Wext and that the inverted pendulum mechanism of energy exchange (allowing recovery of
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Saint-Etienne Cedex 02, France; E-mail: nicolas.peyrot@univ-st-etienne.fr.
Submitted for publication October 2009.
Accepted for publication February 2010.
0195-9131/10/4210-1914/0
MEDICINE & SCIENCE IN SPORTS & EXERCISE!
Copyright " 2010 by the American College of Sports Medicine
DOI: 10.1249/MSS.0b013e3181da8d1e

1914

Copyright @ 2010 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

WEIGHT LOSS AND COST OF WALKING

and net CW (JImj1). We hypothesized that the major part of
the variance in net CW (JImj1) could be explained by body
mass, Wext (JIkgj1Imj1), single support duration, $Ekl
(JIkgj1Imj1), lateral leg swing (m), percent body fat, and
percentage of gynoid fat. The second and primary aim was
to determine whether modifications in these biomechanical
parameters associated with weight loss were responsible for
the greater than expected (from the change in body mass)
decrease in net CW (JImj1) in obese adolescent boys and
girls at a preset walking speed. We hypothesized that this
decrease (%) in net CW (JImj1) associated with weight loss
could be explained by the changes (%) in body mass, single
support duration, $Ekl (JIkgj1Imj1), lateral leg swing (m),
percent body fat, and percentage of gynoid fat. Because Wext
(when normalized by body mass) is not influenced by obesity, it should not be modified with weight loss and thus
should not explain the decrease in net CW (JImj1).

METHODS
Participants
The present study included 16 obese adolescents (7 boys
and 9 girls) who were involved in an obesity management
program in the children medical center of Romagnat (CMI,
Centre Médical Infantile), France. None of them was regularly performing any sporting activity or receiving any
medication that could interfere with their walking pattern or
influence their energetic metabolism. The main inclusion
criteria were age between 12 and 16 yr and body mass index
(BMI, kgImj2) above age- and gender-specific cutoff points
for obesity as defined by Cole et al. (9).
Subjects were housed at the medical center (except during
the weekends that were spent at home) where they underwent a 12-wk voluntary weight reduction program, including
nutritional education, caloric restriction, and physical activities, which consisted of 40-min sessions of aerobic fitness,
strength training, and supervised free practice per week.
Diet composition was formulated according to the Frenchrecommended dietary allowances (28), and on average, subjects lost 1 kg per week before a stabilization phase that lasted
about 2 wk before leaving the center. Data of subjects who
had lost less than 3% of body mass have been excluded from
further analyses. The physical characteristics of the subjects
before and after weight loss are presented in Table 1.
For each adolescent and his or her parents, the study was
explained in detail, and the written consent was obtained
before the beginning of the study. This study was approved
by the regional ethics committee and was performed in accordance with the Declaration of Helsinki II.
Experimental Procedures
Subjects were tested twice in the same conditions: the first
test was done before weight loss on the first or second day of
the obesity management program, and the second was done
during the last week of the stabilization phase. Body composition was assessed on the day of each test or on the day before.
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mechanical energy from both gravitational potential and kinetic energy fluctuations) is not impaired in obese subjects
(6,27,32). However, although Wext (JIkgj1Imj1) is similar
between obese and normal-weight subjects, it explains about
one half of the variance in net CW (JIkgj1Imj1) in adults (17).
Thus, Wext (JIkgj1Imj1) and body mass may in part explain
the variance in net CW (JImj1) in obese subjects. Consequently, a decrease in body mass could be the main determinant of the decrease in net CW (JImj1) but without change
in Wext (JIkgj1Imj1) because the latter factor is not altered
by obesity (6,27,32).
Other biomechanical factors that could increase the metabolic cost of walking include greater fluctuations in mediolateral (M-L) kinetic energy of the COM and greater
lateral leg swing induced by the greater step width of obese
subjects (27,32,38). Obese subjects are thought to walk with
a wider step width to reduce the friction between the legs
and/or to increase stability (38). The greater fluctuations in
M-L kinetic energy of the COM ($Ekl; JIkgj1Imj1) could
require higher muscle activation and cocontraction of antagonist muscles for stabilizing the COM during M-L
motions, especially during the single limb support phase.
This hypothesis could explain why obese subjects typically
reduce the single support duration (5,27). Indeed, decreased
single support duration could reduce the energy cost of
muscle force generation required to stabilize the COM and
to support body weight. Furthermore, obese adults walk
with wider lateral leg swing (38). Walking with an enforced
wide lateral leg swing has been suggested to increase net CW
in normal-weight adults by up to 30% (4). Consequently,
one could expect after weight loss that weight-reduced
individuals decrease step width and thus lateral leg swing
and fluctuations in M-L kinetic energy. Therefore, we hypothesized that these parameters partly explain the reduction
in net CW (JImj1) observed in weight-reduced individuals.
In addition, gender differences have been observed in
metabolic cost of walking (net and gross) and in its decrease
after weight loss in both obese adolescents and adults (4,26).
Browning et al. (4) have investigated body mass distribution
in the leg region to explain the 10% greater normalized net
CW in obese women, but this parameter did not explain the
gender difference in net CW. However, the main morphological gender differences lie in body fat distribution, mainly
located in the abdomen and gluteal–femoral regions (18).
Indeed, an android type of obesity (frequently observed in
men) accounts for the accumulation of adipose tissue in
the abdomen, whereas a gynoid type of obesity (frequently
observed in women) accounts for the accumulation of adipose tissue in the gluteal–femoral region. To our knowledge,
the effect of this difference in body fat distribution on CW has
not been studied. We hypothesized that net CW (JImj1) could
be partly related to fat mass in the gynoid region and that the
reduction in net CW (JImj1) with weight loss could be partly
due to the decrease in fat mass in the gynoid region.
The first aim of this study was to investigate the association between biomechanical parameters of the walking gait

TABLE 1. Physical characteristics and body compositions of obese adolescents before and after weight loss program.
Boys (n = 7)
Parameters
Age (yr)
Height (m)
BMI (kgImj2)
Body mass (kg)
Lean mass (kg)
Fat mass (kg)
Fat mass (%)

Before
14.0 T 1.2
1.67 T 0.09
32.02 T 3.9
91.0 T 18.1
52.7 T 10.7
36.1 T 11.8
39.3 T 7.0

Girls (n = 9)
After
14.3
1.69
29.9
85.7
53.2
30.1
34.5

T
T
T
T
T
T
T

1.2
0.09
4.0
17.2
9.0
12.0
7.5

Before
14.7
1.54
36.5
87.1
44.4
40.7
45.5

T
T
T
T
T
T
T

ANOVA P Values
After

1.9
0.06
5.4
17.1
6.1
15.1
9.2

15.0
1.54
34.1
81.7
44.2
35.4
42.3

T
T
T
T
T
T
T

1.9
0.06
4.5
15.0
7.2
13.3
9.7

P

G

—
0.005
G0.001
G0.001
0.742
G0.001
G0.001

—
0.002
0.083
0.647
0.052
0.472
0.125

P!G
—
0.074
0.999
0.934
0.480
0.581
0.150

Values are presented as mean T SD. ANOVA P values represent the main effects of period (P) and gender (G) and the interaction effect (P ! G).
BMI, body mass index; lean mass, the mass of nonbone lean issue.
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For each subject, the standing rate of oxygen consumption
(V̇O2) was first measured over 10 min. Then, all subjects
performed five 4-min tests, walking along an athletic track
lane (with two straight lines of 25 m), at different walking
speeds (0.75, 1, 1.25, and 1.5 mIsj1 and at preferred walking
speed) in a randomized order, separated by 5 min of rest. The
slope of the track was tested every 1 m and ranged from
j0.5% to +0.5 %. The walking speed was controlled using
markers set out every 5 m along the track, and the subjects
were instructed to walk past the markers at a pace imposed by
a metronome tone. An experimenter walked alongside each
subject to help him or her match the required speed. Mechanical and metabolic parameters of walking were measured
with two portable devices carried around the chest by the
subjects. Given the large number of parameters measured,
only the parameters recorded at 1.25 mIsj1 (which is close to
the mean preferred walking speed) were retained for analysis.

weighed less than a kilogram and recorded and stored the
data for the entire session for each subject. The K4b2 unit,
previously validated by Duffield et al. (14), was calibrated
with standard gases before each session. Average V̇O2 and
V̇CO2 were calculated over 30 s taken during the last minute
of the trial where V̇O2 and V̇CO2 were stable within T10%.
Gross metabolic rate (W) for each 4-min test and standing
metabolic rate (W) were assessed from the steady-state V̇O2
and V̇CO2 using Brockway’s (3) standard equation. Standing
metabolic rate (W) was divided by body mass and LBM to
obtain normalized standing metabolic rate in watts per kilogram and watts per kilogram of LBM, respectively. Gross
metabolic rate (W) was divided by walking speed (mIsj1) to
obtain gross CW (JImj1) and finally by body mass to obtain
normalized gross CW (JIkgj1Imj1). Net metabolic rate (W)

Assessment of Body Composition
Regional (arms, legs, trunk, gynoid, and android) and total
body fat and lean body mass (LBM; the mass of nonbone lean
tissue) were measured by dual-energy x-ray absorptiometry
(QDR 4005; Hologic Inc., Bedford, MA). The arms, the legs,
and the trunk regions were delineated with the use of specific
anatomical landmarks as previously described by Berends
et al. (2). The android region was defined inferiorly at the
pelvis cut line and superiorly above the pelvis cut line by
20% of the distance between the pelvis and the neck cut (2).
The gynoid region was defined superiorly at the pelvis cut
line and inferiorly by a transverse cut line at the level of the
lesser trochanters (Fig. 1). Percentages of total and regional
body fat were calculated by dividing total and regional body
fat mass by total and regional body mass, respectively. The
type of obesity (android or gynoid) was estimated from the
ratio of android fat (%) to gynoid fat (%).
For all subjects, stature was measured to the nearest 0.5 cm
using a standardized wall-mounted height board, and BMI
was calculated as body mass divided by height squared.
Assessment of Metabolic Parameters
V̇O2 (mLIminj1) and the rate carbon dioxide production
(V̇CO2; mLIminj1) were measured using a breath-by-breath
portable gas analyzer (K4b2, COSMED s.r.l., Italy) that
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FIGURE 1—Example of dual-energy x-ray absorptiometry scan
showing the specific regions of interest corresponding to android and
gynoid fat mass.
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was calculated by subtracting standing metabolic rate (W)
from gross metabolic rate (W). Then, net metabolic rate (W)
was divided by walking speed (mIsj1) to obtain net CW
(JImj1) and finally by body mass to obtain normalized net
CW (JIkgj1Imj1).
Assessment of Mechanical Parameters

WEIGHT LOSS AND COST OF WALKING

1
Ek ¼ mV 2
2

½1$

1
Ekl ¼ mV 2l
2

½2$

Ep ¼ mgh

½3$

where m is the body mass (kg); V is the resultant COM velocity (mIsj1) determined from its vertical, forward, and M-L
components; Vl is the M-L COM velocity (mIsj1); g is the
gravitational constant; and h is the vertical position of the
COM. The total mechanical energy of the COM (Etot; J) was
computed as the sum of the Ek and Ep curves over the mean
stride. Wext (J) was calculated as the sum of the positive
increments in Etot and divided by stride length and then by
body mass to be expressed in joules per meter and in joules
per kilogram per meter, respectively. The inverted pendulum
recovery of mechanical energy of the COM was calculated
according to Schepens et al. (37) as follows:
recovery ¼ 100ð$Ek þ $Ep ' Wext Þ=ð$Ek þ $Ep Þ

½4$

where $Ek (J) and $Ep (J) are the fluctuations in kinetic and
potential energy of the COM, calculated as the sum of the
positive increments in Ek and Ep, respectively.
Fluctuations in M-L kinetic energy ($Ekl; J) were also
calculated as the sum of the positive increments in Ekl.
Finally, $Ek, $Ekl, and $Ep were divided by stride length
and then by body mass to be expressed in joules per meter
and in joules per kilogram per meter, respectively.
Lateral leg swing. Lateral leg swing of the right leg was
assessed from foot displacements in the transverse plane.
M-L mean foot accelerations were obtained by averaging
five time-normalized consecutive M-L foot accelerations
during the swing periods. Then, these M-L mean accelerations were integrated twice to obtain M-L foot positions. Lateral leg swing (m) was defined as the M-L
amplitude, from medial to lateral, of the foot position during the right leg swing phase.
Statistical Analysis
Normal distribution of the data was checked by the
Shapiro–Wilk normality test. Variance homogeneity between samples was tested by the Snedecor F-test. A two-way
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Mechanical parameters of walking were calculated from
the three-dimensional accelerations of two inertial sensors
equipped with a triaxial (three orthogonal axes) accelerometer and gyroscope (MTx, Xsens, Enschede, The Netherlands). As described by Pfau et al. (33), these inertial sensors
have been validated for determining the position of an object
from the sensor three-dimensional linear accelerations during cyclical movement.
Thus, in accordance with the validation study by Meichtry
et al. (29) and as previously described by Peyrot et al. (32), an
inertial/gyroscope sensor (È0.03 kg) was taped and secured
directly to the skin on the lower part of the back, facing the L3
vertebra region (close to the COM) using an adhesive strap,
and was used to measure the COM accelerations. It was assumed that changes in the relative positions of the sensor and
COM over time during walking may be neglected. Then, a
second sensor was also taped and secured on the instep of
subjects’ right foot to measure three-dimensional foot
accelerations and in turn to assess lateral leg swing from foot
displacements during the swing phase of the right leg.
Sabatini et al. (36) have shown that an inertial/gyroscope
sensor placed on the instep of the foot allows to accurately
reconstruct the sagittal trajectory of this anatomical point.
The sensors were connected to a lightweight (È0.3 kg)
data logger carried by the subjects at the middle of the thoracic spine. Data were sampled at 100 Hz and transmitted to
a computer by telemetry over the 4 min of the trial.
As described in detail by Pfau et al. (33), the orientation
algorithm of the inertial sensors provided orientation data in
the earth reference system (horizontal and magnetic north)
in the form of Euler angles (roll, pitch, and heading). Euler
angles represent rotations of the sensor system into the earth
reference system, with the magnetic north corresponding to
the anteroposterior axis in our study. Thus, rotation matrices
were used to reposition three-dimensional accelerations of
the two sensors in the earth reference system. Data were
low-pass filtered at 30 Hz (fourth-order, zero-lag, low-pass
Butterworth).
Spatiotemporal parameters. Heel strike and toe-off
were determined from forward and vertical right foot
accelerations peaks, as described in detail by Jasiewicz et al.
(22). Thus, stride duration (delimited by two consecutive
heel strikes) and stance duration (heel strike to consecutive
toe-off) were computed as well as single support duration of
the contralateral limb (i.e., right toe-off to right consecutive
heel strike). Then, stance and single support durations were
expressed relatively to stride duration (%). Stride frequency
(Hz) was computed as the inverse of stride duration.

COM energy fluctuations and external mechanical work. A mean stride was obtained by averaging
the three-dimensional COM accelerations of five timenormalized consecutive strides taken during the 30-s
period when metabolic data were collected. Then, threedimensional accelerations of the mean stride were integrated twice to obtain vertical, forward, and M-L COM
velocities and positions, as proposed by Cavagna (7).
The total instantaneous kinetic (Ek; J), M-L kinetic (Ekl; J),
and potential (Ep; J) energies of the COM were calculated
as follows:

TABLE 2. Percentage of fat in the regions of interest of obese adolescent before and after weight loss program.
Boys (n = 7)
Parameters
Leg fat (%)
Trunk fat (%)
Android fat (%)
Gynoid fat (%)
Android/gynoid fat

Before

Girls (n = 9)
After

45.9 T 7.3
34.8 T 8.6
39.9 T 5.9
41.8 T 9.3
0.98 T 0.16

41.0
29.6
36.2
37.0
1.00

T
T
T
T
T

ANOVA P Values

Before

7.8
8.9
7.2
9.6
0.15

After

50.3 T 10.9
42.4 T 8.3
46.3 T 6.7
47.8 T 7.9
0.98 T 0.13

49.0
37.5
42.5
45.2
0.95

T
T
T
T
T

12.1
8.1
7.3
8.3
0.15

P

G

G0.001
G0.001
G0.001
G0.001
0.916

0.238
0.084
0.080
0.122
0.749

P!G
0.012
0.858
0.912
0.124
0.209
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Values are presented as mean T SD. ANOVA P values represent the main effects of period (P) and gender (G) and the interaction effect (P ! G).

justed r 2, which takes into account the number of independent variables included in the multiple regression model,
was retained to account for the fraction of the variance in the
dependent variable (net CW) attributable to changes in the
independent variables (biomechanical parameters). The criterion for statistical significance was set at P G 0.05.

(period and gender) ANOVA with repeated measures was
used to determine the effects of the period (before and after
the weight reduction program), gender and their interaction
(period ! gender) on body composition, and metabolic and
mechanical parameters. If an interaction between weight loss
period and gender was significant, unpaired (boys vs girls
before and after weight loss) and paired (before vs after
weight loss for boys and girls) t-tests were performed.
A first multiple linear regression analysis was performed
on the entire sample (pooling the data of pre- and postweight
loss conditions; n = 32) to determine the fraction of the
variance in net CW (JImj1) attributable to body mass, Wext
(JIkgj1Imj1), single support duration, $Ekl (JIkgj1Imj1),
lateral leg swing, percent body fat, and percentage of gynoid
fat. Beforehand, a correlation matrix had been performed
between independent variables entered together into the
multiple regression analysis, showing significant correlations between body mass and percent body fat and between
percent body fat and percentage of gynoid fat. To examine
the effects of these variables independently, percent body fat
was normalized by body mass, and percentage of gynoid fat
was normalized by percent body fat. Because regression
analysis involved linear regressions, body mass has been
raised to the 0.67 power (32,34,40).
A second multiple regression analysis (n = 16) was performed to determine the fraction of the variance in the
changes in net CW with weight loss attributable to changes in
body mass, single support duration, $Ekl (JIkgj1Imj1), lateral leg swing, percent body fat, percentage of gynoid fat,
and $Ep (JIkgj1Imj1). The latter was entered in the multiple regression analysis because it was the only mechanical
parameter that unexpectedly changed with weight loss.
Then, a backward elimination criterion was used to
eliminate variables that did not explain a significant amount
of the variance in the dependent variable. Lastly, the ad-

RESULTS
Body Composition
The weight loss intervention program was effective for
both boys and girls (Table 1). Body composition was not
significantly different between boys and girls. LBM tended
to be higher in boys than that in girls (P = 0.052) but did not
change with weight loss in both groups.
Fat percentage in the different regions (trunk, android,
and gynoid) decreased significantly in both boys and girls
after weight loss (Table 2), except for fat percentage in the
legs in girls (t-test, P = 0.25). There was no significant difference in fat percentage in the android and gynoid region
between boys and girls. Android-to-gynoid fat ratio did not
change significantly with weight loss and was not significantly different between boys and girls (Table 2).
Metabolic Cost of Walking
Net CW (JImj1) and net CW normalized per kilogram of
body mass decreased significantly after weight loss in both
boys and girls (Table 3). There was no significant difference
between boys and girls in net CW (JImj1 or JIkgj1Imj1) and
in its changes associated with weight loss.
The first multiple linear regression analysis used to
put forward the determinants of net CW (JImj1) contained
five variables all positively correlated: body mass, Wext
(JIkgj1Imj1), single support duration, percent body fat, and

TABLE 3. Metabolic parameters of obese adolescents before and after weight loss program.
Boys (n = 7)
Parameters
Staring
Metabolic rate (W)
Metabolic rate (WIkgj1)
Metabolic rate (WIkgLBMj1)
Walking at 1.25 mIsj1
Gross CW (JImj1)
Gross CW (JIkgj1Imj1)
Net CW (JImj1)
Net CW (JIkgj1Imj1)

Girls (n = 9)

ANOVA P Values

Before

After

Before

After

P

G

P!G

110.6 T 29.1
1.21 T 0.20
2.10 T 0.41

124.8 T 26.1
1.49 T 0.33
2.37 T 0.46

101.0 T 22.1
1.19 T 0.30
2.27 T 0.38

108.6 T 25.2
1.36 T 0.38
2.51 T 0.67

0.085
0.004
0.062

0.275
0.622
0.492

0.586
0.450
0.891

329.7
3.63
241.2
2.66

316.1 T 72.3
3.71 T 0.57
216.3 T 57.2
2.52 T 0.36

325.7 T 53.8
3.77 T 0.32
244.9 T 57.3
2.82 T 0.39

291.9
3.57
205.0
2.48

0.049
0.675
0.005
0.047

0.668
0.977
0.895
0.714

0.401
0.322
0.449
0.405

T 77.5
T 0.57
T 58.8
T 0.49

T 69.8
T 0.52
T 61.3
T 0.42

Values are presented as mean T SD. ANOVA P values represent the main effects of period (P) and gender (G) and the interaction effect (P ! G).
LBM, lean body mass; CW, metabolic cost of walking.
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TABLE 4. Spatiotemporal parameters of obese adolescents before and after weight loss program.
Boys (n = 7)
Parameters
Stance duration (%)
Single support duration (%)
Stride frequency (Hz)
Stride length (m)
Lateral leg swing (m)

Girls (n = 9)

ANOVA P Values

Before

After

Before

After

P

G

67.6 T 1.2
32.4 T 1.2
0.95 T 0.07
1.32 T 0.09
0.15 T 0.04

67.6 T 1.3
32.4 T 1.3
0.92 T 0.05
1.36 T 0.08
0.12 T 0.02

68.3 T 1.2
31.7 T 1.2
0.99 T 0.03
1.26 T 0.04
0.13 T 0.03

68.9 T 1.0
31.1 T 1.0
0.95 T 0.03
1.31 T 0.04
0.11 T 0.03

0.397
0.397
0.013
0.013
0.031

0.070
0.070
0.101
0.101
0.308

P!G
0.277
0.277
0.745
0.745
0.674

Values are presented as mean T SD. ANOVA P values represent the main effects of period (P) and gender (G) and the interaction effect (P ! G).

$Ekl and $Ep did (JIkgj1Imj1; j18.1% T 17.8% and
j5.8% T 11.0%, respectively; Table 5). Wext (in both JImj1
and JIkgj1Imj1) and recovery of mechanical energy did not
change significantly after weight loss.

percentage of gynoid fat. This five-variable model explained
over 77% of the variance in net CW (JImj1) (r = 0.90,
F = 22.1, P G 0.001, n = 32). Lateral leg swing and
$Ekl (JIkgj1Imj1) did not explain a significant part of the
variance in net CW (JImj1).
The second multiple linear regression analysis used to
put forward the determinants of net CW changes associated
with weight loss contained six variables positively correlated: the changes in body mass, $Ekl (JIkgj1Imj1), $Ep
(JIkgj1Imj1), single support duration, percent body fat, and
percentage of gynoid fat. This six-variable model explained
65% of the changes in net CW with weight loss (r = 0.89,
F = 5.6, P G 0.012, n = 16).

DISCUSSION

Mechanical Parameters
Spatiotemporal parameters. There was no significant difference in spatiotemporal parameters between boys
and girls (Table 4). Stance duration (%) and single support
duration (%) did not change significantly with weight loss.
Stride length increased significantly in boys and girls after
weight loss and was positively correlated to subjects’ stature
(r = 0.58, P G 0.01). There was no significant difference in
lateral leg swing (m) between boys and girls. Lateral leg
swing decreased significantly after weight loss, yet this decrease was not related to changes in mass or in body composition of the lower limbs after weight loss.
COM energy fluctuations and external mechanical work. There was no significant difference between boys and girls for all kinetic parameters of walking.
When expressed in joules per meter, $Ek, $Ekl, and
$Ep were significantly reduced after weight loss (j8.5% T
9.0%, j22.9% T 17.0%, and j11.4% T 9.9%, respectively;
Table 5). When expressed per kilogram of body mass, $Ek
did not decrease significantly after weight loss, whereas
TABLE 5. Kinetic parameters of obese adolescents before and after weight loss program.
Boys (n = 7)
Parameters
$Ekl (JImj1)
$Ekl (JIkgj1Imj1)
$Ek (JImj1)
$Ek (JIkgj1Imj1)
$Ep (JImj1)
$Ep (JIkgj1Imj1)
Wext (JImj1)
Wext (JIkgj1Imj1)
Recovery (%)

Before
5.01 T
0.05 T
62.9 T
0.69 T
56.1 T
0.63 T
40.9 T
0.45 T
65.5 T

2.19
0.02
12.5
0.07
12.5
0.12
10.2
0.08
7.0

Girls (n = 9)
After
3.76
0.04
56.3
0.66
48.9
0.58
40.3
0.47
61.9

T 1.26
T 0.01
T 11.8
T 0.06
T 7.8
T 0.08
T 11.0
T 0.10
T 7.1

Before
5.66 T
0.06 T
59.7 T
0.69 T
54.8 T
0.64 T
37.3 T
0.43 T
68.0 T

1.82
0.02
14.5
0.10
7.0
0.13
13.5
0.14
8.6

ANOVA P Values
After

P

G

4.21 T 1.61
0.05 T 0.01
55.4 T 14.0
0.68 T 0.12
48.3 T 6.8
0.60 T 0.06
34.3 T 11.0
0.41 T 0.08
67.5 T 6.1

G0.001
G0.001
0.003
0.199
G0.001
0.043
0.472
0.938
0.254

0.531
0.159
0.763
0.876
0.813
0.703
0.379
0.360
0.232

P!G
0.693
0.442
0.484
0.401
0.807
0.978
0.627
0.547
0.379

Values are presented as mean T SD. ANOVA P values represent the main effects of period (P) and gender (G), and interaction effect (P ! G).
$Ekl, fluctuations in mediolateral kinetic energy; $Ek, fluctuations in total kinetic energy; $Ep, fluctuations in potential energy; Wext, external mechanical work; Recovery, fraction of
mechanical energy recovered.
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The results of this study indicate that in obese subjects,
net CW (JImj1) is related to biomechanical parameters of
walking. More importantly, after weight loss, the greater
than expected (from the change in body mass) decrease in
net CW (JImj1) is associated with changes in biomechanical
parameters of walking. However, contrary to what we hypothesized, net CW (JImj1) was not related to lateral leg
swing, and the reduction in net CW (JImj1) associated with
weight loss was not related to the decrease in lateral leg
swing. On the other hand, 77% of the variance in net CW
(JImj1) was explained by the variance in body mass, Wext
(JIkgj1Imj1), single support duration, percent body fat, and
percentage of gynoid fat. Moreover, 65% of the changes in
net CW (JImj1) with weight loss were explained by changes
in body mass, $Ekl (JIkgj1Imj1), $Ep (JIkgj1Imj1), single
support duration, percent body fat, and percentage of
gynoid fat.
The greater than expected (from the change in body mass)
decrease in net CW (JImj1) in obese adolescents after weight
loss was consistent with the results of previous studies in
obese adults (13,20). In the present study, net CW (JImj1)
decreased by 13.3% T 15.4%, whereas body mass decreased
by 6.0% T 2.2%, which induced a 7.8% T 16.0% decrease in
normalized net CW (JIkgj1Imj1). Our metabolic and mechanical values are consistent with the values of prior studies. Interpolated values of gross metabolic rate (kJIminj1)
at 1.1 and 1.4 mIsj1 in the present study were similar to

APPLIED SCIENCES

those reported by Lazzer et al. (25) in obese adolescents with
similar body mass and composition. Moreover, values of
mechanical parameters are in agreement with those recently
obtained by Malatesta et al. (27) in obese adults. For example, they reported a mean value of Wext of 39.5 JImj1
at the mean speed of 1.18 mIsj1, which is close to the
38.9 JImj1 measured in the present study before the weight
loss program at 1.25 mIsj1. Lateral leg swing could not be
compared with other studies because no such data in obese
subjects are available to our knowledge.
Contrary to our hypotheses, net CW (JImj1) was not related to lateral leg swing, and the reduction in net CW
(JImj1) associated with weight loss was not related to the
decrease in lateral leg swing (È11%). Gottschall and Kram
(16) have shown in normal-weight subjects that the metabolic cost of leg swing comprises only between 10% and
15% of the net CW at 1.25 mIsj1. It is therefore possible that
a wider leg swing in obese individuals could induce no
change or only a moderate increase in net CW, as shown for
heavier legs (4). As a consequence, the lateral leg swing
decrease seems not to be involved in the reduction in net CW
(JImj1) associated with weight loss.
As hypothesized, net CW (JImj1) was related to body
mass, and their respective decreases with weight loss were
also related. The effect of body mass on net CW (JImj1)
results from leg muscle work required to raise and accelerate
this mass. Moreover, normalized Wext (JIkgj1Imj1), which
accounts for the mechanical work required to move the
COM independently of body mass, also explained part of the
variance in net CW (JImj1) in obese adolescents. This result
is consistent with the findings of Donelan et al. (10) in
normal-weight adults. Consequently, in obese subjects, the
higher the body mass and the mechanical work required to
move the COM per unit body mass, the higher the net CW
(JImj1). As expected, Wext (JIkgj1Imj1) did not change with
weight loss and was not involved in the decrease in net CW
(JImj1). Moreover, single support duration, during which
one single leg supports body weight, was related to net CW
(JImj1). Changes in single support duration were also related to changes in net CW (JImj1) with weight loss. It has
been reported that obese subjects walk with shorter single
support durations and with greater sagittal-plane hip, knee,
and ankle net muscle moments during this phase (5). It is
therefore possible that obese subjects decrease the duration
of single limb support to decrease the duration of the higher
muscle activation required to support body weight. In addition, obesity could increase the cost of supporting body
weight because of the reduced relative strength in obese
compared with normal-weight adults (19). This reduced
strength could require a relative increase in muscle activation, and in the recruitment of fast glycolytic fibers to support body weight, these fibers being less economical than
slow oxidative ones (21). Thus, in weight-reduced individuals, changes in single support duration and hence in
muscle activation could partly explain the changes in net CW
(JImj1) with weight loss.
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Although normalized Wext (JIkgj1Imj1) did not change
with weight loss, normalized $Ep (JIkgj1Imj1) and $Ekl
(JIkgj1Imj1) decreased with weight loss. Even if it did not
significantly change, $Ek (JIkgj1Imj1) tended to decrease
with weight loss. Walking fundamentally involves an inverted pendulum-like mechanism that conserves mechanical
energy. Vertical motions of the COM and hence $Ep
(JIkgj1Imj1) allow pendulum-like exchange between potential and kinetic energy (8). Thus, it is possible that
weight-reduced individuals decreased vertical movement
and hence $Ep (JIkgj1Imj1) partly because of the decrease
in $Ek (JIkgj1Imj1) with weight loss, specially in the M-L
direction. The decrease in $Ekl (JIkgj1Imj1) could be related to a decrease in step width associated with an increase
in stability and/or a decrease in thigh circumference with
weight loss. The fact that the decrease in $Ep (JIkgj1Imj1)
could be related to the decrease in $Ek (JIkgj1Imj1) is
supported by the similar ratio of $Ek /$Ep before and after
weight loss (1.12 vs 1.15, respectively; P = 0.28). We can
note that our values of $Ek /$Ep are in agreement with those
recently obtained at similar speed by Malatesta et al. (27) in
obese adults. However, our results have shown a greater
stride length after weight loss, which could be due to the
normal adolescent development during the 12-wk period.
It is therefore possible that the change in lower extremity
kinematics after weight loss is also partly responsible for
the change in $Ep (JIkgj1Imj1) (10).
The decreases in $Ep (JIkgj1Imj1) and $Ekl (JIkgj1Imj1)
were also both involved in the decrease in net CW (JImj1)
associated with weight loss. Indeed, although vertical motion
allows inverted pendulum energy exchange and therefore
reduces the mechanical work required to accelerate the COM,
some evidence suggests that the metabolic cost of raising the
COM is significant (30). Neptune et al. (30) have shown that
significant muscle work is needed to raise the COM by
extending the knee and hip and increasing the COM potential
energy. Consequently, the decrease in $Ekl (JIkgj1Imj1) and
therefore in $Ep (JIkgj1Imj1) could have induced a lesser
muscle force generation to raise the COM and hence explained part of the decrease in net CW (JImj1) associated with
weight loss. In addition, the decrease in $Ekl (JIkgj1Imj1)
could have induced a smaller level of muscle activation and
cocontraction of antagonist muscles for stabilizing the COM
during M-L motions, especially during the single limb support phase.
Regarding body fat distribution, obese adolescent boys
and girls presented similar mean values of percentage of fat
in android and gynoid regions, which could be due to the
pubertal status of the subjects (1,18). Indeed, He et al. (18)
have shown that gender differences in gynoid fat distribution
were evident in prepuberty and late puberty but absent in
early puberty, mostly because of the variations in body fat
distribution in boys during puberty. Although net CW
(JImj1) was related to the percentage of gynoid fat, the absence of gender effect on CW (JImj1) could be due to the
differences in pubertal status and hence in obesity status
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terfered with the weight loss program itself. We can reasonably assume that without this growth effect (obviously
inevitable), the weight loss program could have induced a
greater decrease in body mass. Moreover, in addition to
weight loss, the 1-cm (0.5%) increase in the adolescents’
height may have induced changes in their walking mechanics.
However, we can note that although adolescents grew taller
during the 12-wk period, this has not induced any change in
subjects’ preferred walking speed (before and after weight
loss, 1.25 T 0.14 vs 1.24 T 0.15; P = 0.77).
It is concluded that in obese adolescents, the reduction
in net metabolic cost after weight loss is associated with
changes in the biomechanical parameters of walking. The
smaller lateral leg swing after weight loss does not seem to
explain part of the decrease in net metabolic cost. The main
determinant of the decrease in net metabolic cost (JImj1) is
body mass, which likely reduces the leg muscle work required to raise and accelerate the COM as well as to support
body weight. The decrease in body mass after weight may
be associated with a lesser leg muscle work required to raise
the COM because of smaller vertical motions. This decrease
in vertical motion seems to be related to the decrease in
mediolateral kinetic energy fluctuations. Indeed, as vertical
motions allow pendulum-like exchange between potential
and kinetic energy, weight-reduced individuals could reduce
the potential energy available (hence vertical motions) because of the decrease in mediolateral kinetic energy fluctuations. Moreover, the reduction in fat mass in the gynoid
region, independently of the decrease in total body fat mass,
seems related to the decrease in net metabolic cost of
walking. Future studies are needed to confirm the relative
importance of each of the mechanical parameters put forward here on the reduction in metabolic cost of walking in
weight-reduced individuals.
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Abstract: The aim of this study was to determine whether increasing the stiffness of the shoe
midsole supporting the metatarsophalangeal (MTP) joint could induce a better jumping and
lateral cutting movement performance. Twelve young team-sports players used two different
shoe models (commercialized), with different sole bending stiffnesses. Two tests were performed: a multi-directional (Multi-D) sprint test including rapid lateral braking and cutting
movements, and a fatigue test including drop jumps (DJs) and countermovement jumps (CMJs)
in pre- and post-fatigue conditions. A significant (p < 0.05) improvement was observed in the
Multi-D test times with the stiffer midsole. Further, in fatigued conditions, the group with the
stiffer midsole shoe showed a non-significant 9 per cent performance decrease in CMJs, while
this decrease was higher and significant (16.1 per cent; p < 0.05) for the compliant midsole
group. Compared with the stiffer midsole, the compliant midsole yielded a significant decrease
in the jump performance, highlighting the fact that a higher MTP midsole stiffness helped
subjects to limit the effects of fatigue on jumping performance. Therefore, a higher midsole
MTP stiffness is associated with better performance in indoor-sport-specific movements
including fatigued conditions, which could be explained by a preserved dynamic interaction
with the ground in these specific sport situations.
Keywords: shoes, stiffness, metatarsophalangeal joint, jumping, cutting movements, performance

1 INTRODUCTION
Indoor team sports such as volleyball, handball, and
basketball are often considered as intermittent sports
composed of successive explosive and short efforts.
They are separated by recovery phases of various
durations and intensities. It appears that only about 6
per cent of the efforts usually performed during a
game are very intense efforts [1], but they take place
during decisive actions for final performance: jumps
(shots, blocks, or rebounds), rapid lateral braking
movements, or accelerations to defend or move past a
defender. For example, in a detailed analysis of the
physical requirements of basketball, Cometti [2]
*Corresponding author: Laboratoire de Physiologie de l’Exercice
(Equipe d’Accueil 4338), Médecine du Sport et Myologie,
Université Jean Monnet Saint-Etienne, Centre Hospitalier
Universitaire Bellevue, 42055 Saint-Etienne Cedex 02, France.
email: nuno.miguel.tinoco@gmail.com
JSET69

reported on average for one typical player 33 jumps,
50 accelerations, and 74 weight-bearing cutting
movements during standard international-level mens’
games.
Many sport shoe manufacturers develop sportspecific shoes to enhance performance. With basketball growth during the 1980s, new design concepts, innovative manufacturing techniques, and
materials have been used in the construction of
multi-court-specific shoes. These changes in design
concepts, manufacturing techniques, and materials
have been influenced by scientific research which
helped to establish functional design criteria [3] in
relation to injury prevention and performance [4].
In human jumping and running locomotion, one of
the most important factors of performance is the
ratio of the generation to the dissipation of energy at
the metatarsophalangeal (MTP), ankle, knee, and
hip joints. When considering performance from
Proc. IMechE Vol. 224 Part P: J. Sports Engineering and Technology
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a mechanical energy point of view, two ways of
improvement appear: increasing energy generation
and/or decreasing energy dissipation at these joints.
As quoted by Stefanyshyn and Nigg [5, p. 471], ‘In
general terms, a system has to meet different
requirements to respect the energy return concept.’
The main conditions to respect are the return of
energy at the right time (temporal constraint) and the
right location (spatial constraint). Playing surfaces
and shoe sole materials have been thought to play an
important role in this energy generation–dissipation
process. The amount of energy returned by the
playing surface and its relation to athletic performance is well known for different sports surfaces
(gymnastics and athletics synthetic tracks) as shown
for instance by McMahon and Greene [6, 7]. However, the way that this storage–return of energy by the
sole material of the sport shoes could improve athletic performance has long been studied, without
unanimous conclusions [8]. The main reason why
these attempts were relatively unsuccessful is that
the materials used, aiming at reinforcing the cushioning, were not good energy-returning materials (i.e.
they did not have a high ratio of the amount of energy
generated to the amount of energy dissipated) [9].
Further, the location of the maximal energy storage
(rearfoot) does not correspond to the location at
which an effective use can be made of the returned
energy (forefoot) and does not allow optimal temporal combination and time of occurrence of the
positive action, compared with the timing of the
energy restitution process [8]. Based on these considerations, an energy-returning system does not
seem to be easily and efficiently applicable to the
design of a sport shoe. The concept of reducing the
loss of energy has occasionally been used in some
sport shoe developments. One example is the change
from a low-cut to a relatively stiff high-cut crosscountry skiing boot, which was expected to reduce
the work needed for lateral stabilization of the ankle
joint complex. Nevertheless, the concept of reducing
the loss of energy has been restricted to empirical
developments, and systematic theoretical attempts to
use this approach cannot be found in the literature
[5]. Therefore, research has focused on the concept of
reduction in the amount of energy loss. Stefanyshyn
and Nigg [10] studied these energy changes (generation and dissipation) during both running (4 m/s)
and sprinting (7.1– 8.4 m/s). During sprinting, their
results show that the MTP joint was the lower-limb
joint at which the ratio of the amount of energy
generated (6.0 – 3.1 J) (mean – standard deviation
(SD)) to the amount of energy loss (47.8 – 16.6 J)
(mean – SD) was the lowest, compared with the hip,
knee, and ankle joints. This loss of energy could
presumably be due to the shoes’ characteristics and
the runners’ foot anatomy [10].
Proc. IMechE Vol. 224 Part P: J. Sports Engineering and Technology

In 1998 [11], Stefanyshyn and Nigg reported similar
results when analysing the role of lower-limb joints
in net mechanical energy generation during vertical
jumps, with 24.5 – 9.6 J absorbed and only 1.0 – 1.0 J
generated at the MTP joint. From these data,
Stefanyshyn and co-workers [5, 10–12] found that
increasing the bending stiffness at the MTP joint
introduced a decrease in energy loss in jumping and
sprinting, leading to a better performance. First, they
quantified the influence of the bending stiffness on
the reduction in energy dissipation during jumping
by measuring the jump height reached from a
standing start. To do this, they artificially increased
the bending stiffness of the midsole of footwear prototypes using a variable number of carbon fibre layers stacked together and inserted in the midsole in a
pocket 5 mm thick formed by removing the shoe
material. The results showed a significant decrease in
the energy loss at the MTP joint with increased stiffness (25.4 J without a carbon fibre plate versus 20 J
with three plates and 17.1 J with five plates). This
decrease in energy loss was associated with a significantly higher (1.7 cm (0.6 per cent)) maximum
jump height [5]. In the same study, when these
workers examined the energy contribution of the
hip, the knee, and the ankle joints, no gain or loss
was noticed when increasing the MTP stiffness.
Further, Roy and Stefanyshyn [13] found no difference in running economy with increasing bending
stiffness at the MTP, and observed no concomitant
change in muscular activation (soleus, gastrocnemius,
biceps femoris, vastus lateralis, and rectus femoris
muscles).
Since the energy loss at the MTP joint in sprinting is about twice that in vertical jumping, it was
hypothesized by Stefanyshyn and Fusco [12] that
increasing the bending stiffness of sprint shoes
could lead to similar results and thus to improvements in sprinting performance. Increasing this
bending stiffness led to a better 20 m flying start
sprint compared with a compliant shoe condition:
2.15 s in the stiff condition (42.9 N/mm) versus 2.17 s
in the compliant condition (i.e. without a carbon
fibre plate). A third condition and a fourth condition,
stiffer than the first condition and the second condition, were also tested and it appeared that the time
required to perform the sprint remained relatively
stable. Consequently, increasing the bending stiffness at the MTP joint seems to be limited until an
optimal level at which performance cannot be further
improved. Moreover, it seems that midsole stiffness
can be tuned to optimize performance considering
individual anthropometric values, as proposed by
Stefanyshyn and Fusco [12]. Therefore, it seems that
the reduction in energy dissipation through the
midsole material is not a key concept for performance in endurance activities but is worth considering
JSET69
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in intense short-lasting movements including sprinting and jumping.
The above-mentioned literature shows that many
studies investigated MTP bending stiffness in relation
to prototype-shoe midsole rigidity and sport performance during tests involving forward sprints and
vertical jumps but not in fatigued conditions (one-off
efforts) and without cutting movements. However,
fatigue obviously develops during typical games and
often becomes predominant at the end of these
games, which is sometimes a decisive period regarding their outcome. Although important regarding
performance in team sports, this point has, to the
present authors’ knowledge, never been investigated.
Team-sports-specific performances were studied
through the use of a specific innovative multi-directional (Multi-D) sprint test, and the measurements of
sprint times, jump height, mechanical power, and
lower-limb stiffness. The latter is defined in vertical
rebound jumping as the ratio of the maximal compression force applied to the lower limb, considered
as a linear spring, to its maximal length change during the rebound [14, 15]. It may be considered an
important factor of performance in such jumping
situations, since a high lower-limb stiffness leads to a
better capability to resist the vertical lowering of the
centre of mass and thus to store and reuse elastic
energy more efficiently with the musculoskeletal
structures of the lower limbs [16].
The aims of this study were therefore to determine
whether increasing the bending stiffness of an existing multi-court shoe, first, improved sprinting and
cutting movement abilities in non-fatigued conditions and, second, limited the decrease in jumping
performance in a fatigued condition. It was hypothesized that using a stiffening process inserted
directly into the midsole of a commercialized sport
shoe (at the MTP joint) would result in a decreased
loss of energy at this joint during a new test based on
multi-court-specific efforts, and during a standard
jumping test performed in the fatigued condition
(during which the fatigue-induced loss of performance in jumping could be limited when increasing
the MTP joint stiffness of a shoe midsole).
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view and were part of the same manufacturing batch
(they underwent the same manufacturing process).
They were chosen for their difference in midsole
rigidities, and their very strong similarities considering all the other aspects which can interfere in the
performance: torsional stiffness, cushioning, medial
support, and low-cut design. Consequently, the only
difference between the two shoe models is the presence (or not) of the Energy Plate. The Energy Plate is
a hard component (length, 76 mm; width, 56 mm;
thickness, 1 mm; Shore A hardness, 95) made of
thermoplastic polyurethane (TPU). The expected role
of this component is to rigidify the MTP joint of the
shoe, and thus it is inserted and stuck in the midsole
(aligned in the anteroposterior axis) (Fig. 1) during
the standard manufacturing process. Overall, this
Energy Plate system provides the necessary stiffness
properties to the shoe midsole while keeping the
additional mass of the shoes to a minimum (about
7 per cent higher with the Energy Plate) (see Table 1).

2 MATERIAL AND METHODS
2.1 Main characteristics of the shoes tested
Two shoe models (size 8.5 US, new) available on
the market were used in this study: the SpringBoost
B-Volley! with the Energy Plate! (the Energy Plate
condition (EPC)) and the SpringBoost B-Volley without the Energy Plate (the neutral condition (NC))
(SpringBoost SA, Saint-Sulpice, Switzerland). These
two models were exactly the same from an external
JSET69

Fig. 1 Technical drawing of the Energy Plate (dark area).
The Energy Plate is inserted between the midsole
and the outsole of the shoe during the manufacturing process
Proc. IMechE Vol. 224 Part P: J. Sports Engineering and Technology
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2.2 Mechanical testing of the midsole stiffness
A preliminary test was designed to verify the prerequisite condition of this study, i.e. the significant
difference in the midsole bending stiffnesses of two
models tested, which was necessary before undertaking the experiment.
The static mechanical test was performed using
a force platform (Kistler Quattro Jump, 9290AD,
€ r, Switzerland) at a sampling frequency of
Winterthu
500 Hz. Each shoe underwent series of 30! dorsiflexions of the MTP against the platform surface
through the manual application of a constant vertical
force by the same experimenter. This 30! angle was
shown to correspond to the maximal angle of MTP
dorsiflexion during running [5]. A 8.5 US-size-male last
cut off at the metatarsus level was inserted in each shoe
so that the bending took place at the MTP joint. In
Table 1

Main mechanical characteristics of the shoes
tested (mean – SD values)

Mass (g)

Bending
vertical
force with
the MTP
joint at 30! (N)

Ethylene
vinyl acetate

350

70.5 – 1.4

Ethylene vinyl
acetate Energy
Plate! (TPU
support)

375

103.8 – 0.9*

Shoe

Midsole main
components

NC (compliant
midsole)
EPC (stiff
midsole)

( N)

140

Fo r c e

*Significant difference, p < 0.01. The effect size of this difference
(Cohen’s d coefficient) was large ( > 1.5).

120

order to reach the target 30! angle accurately and thus
to standardize the bending test, a pre-manipulation
was performed before the mechanical test, using a
standard angular calliper. Once the 30! angle was
obtained, the corresponding outsole overall length
change (about 1.1 cm) was marked along a standard
height gauge. Vertical forces necessary to maintain this
constant 30! angle (as checked by the marker) were
measured during a series of 12 measurements of 5 s.
Shoe conditions were tested at a standardized temperature and in similar viscoelastic conditions (same
recovery times and testing times). The vertical force
values retained for analysis were, for each of the 12
flexions, the mean value of the force plateau averaged
over 1 s (between the third and fourth seconds of each
measurement) (Fig. 2).
The results of this preliminary mechanical test confirmed that the EPC had a significantly stiffer midsole
at the MTP joint than the NC did (p < 0.05; t tests after
the normality distribution had been confirmed by
the Shapiro–Wilk test), and required on average an
approximately 1.5 times higher force to reach the
reference 30! bending angle (Table 1). Beyond these
significant differences, force measurements showed a
very low coefficient of variation (CV) ( ¼ SD/mean)
over the 12 flexions (1.9 per cent for the NC shoe; 0.87
per cent for the EPC shoe; n ¼ 12). Given that both
midsoles or shoes tested had similar lengths, it can be
reasonably assumed that their overall length changes
with the MTP bent at the target 30! angle were similar,
and thus (all other things being equal) that the stiffer
midsole required the higher force, and vice versa.

Measurement
(force-averaging)
period

NC (compliant midsole)
EPC (stiff midsole)

100
80
60
40
20
0
0

1

2

3

4

5

6
Time (s)

Fig. 2 Typical force–time curves, allowing the vertical force necessary to bend the MTP joint at 30! to be
determined for the compliant-midsole shoe (black curve) and stiff-midsole shoe (grey curve). The
1 s force-averaging period was set between the third and fourth seconds for each of the 12 repetitions, to ensure a nearly constant value at the fixed 30! angle
Proc. IMechE Vol. 224 Part P: J. Sports Engineering and Technology
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2.3 Subjects and protocol
Twelve young team-sports players (age, 25.1 – 4.7
years; height, 177 – 4.2 cm; mass, 75.0 – 8.7 kg) participated in this study. They were all actively involved
in competitive basketball, volleyball, or handball on a
regular basis (three to four training sessions per
week) and did not declare any injury or other physical impairment at the time of testing. Three test sessions were scheduled over 3 days, separated by at
least 2 days, and included a standardized warm-up
before each experimental procedure. The Multi-D
test considered for the performance protocol was
performed three times by the subjects, during the
first and the second sessions, which were separated
by 1 week. The last session consisted of the jumping
test associated with fatigue. Subjects gave their written informed consent to participate in this study,
which was conducted according to the Declaration of
Helsinki II, and in accordance with the local ethical
committee.
2.4 Performance tests
2.4.1 Multi-directional sprint test
This test was designed on the basis of indoor-sportspecific efforts: cutting movements, changes in
direction, and short-distance sprints forwards, backwards, and diagonally. The test consisted in touching
four blocks set in a regular diamond 5.5 m wide
(Fig. 3), in the following order: 1–4–2–1–3–4–1. The
total distance covered was about 24 m. Subjects were

4

5.5 m

Orientation of
the body
throughout
the sprint

2

Photocells
ground line
(finish)

3

5.5 m

1

Pressure pad
(start)

Fig. 3 Multi-D test: the black line indicates the subject’s
path (arrows) between the start (pressure pad; block
1) and the finish (photocells; block 1). Subjects were
asked to sprint in various directions, maintaining
the same orientation of the body
JSET69

213

asked to keep their body in the same orientation over
the entire sprint. The experimenters decided not to
give a starting signal in order to avoid differences
in reaction time. Performance was quantified by
the time recorded between the moment that the rear
foot took off from a pressure sensor (cut-off value of
about 1 lbf) placed on the ground (triggering a
1/1000 s stopwatch) and the moment that subjects
passed through two photocells (Brower Timing Systems, Draper, Utah, USA) set at the height of their
centre of mass (about 1.2 m), and coupled with the
stopwatch. After a preliminary session, during which
subjects were allowed many familiarization trials to
memorize fully the blocks order imposed, a validation session was scheduled during which four MultiD tests were performed using the same standard pair
of shoes.
The reproducibility of the Multi-D test was tested
through the computation of intraclass correlation
coefficients (ICCs). The ICC obtained for the Multi-D
test time was 0.970, showing very good reproducibility [17]. In addition, for the four repetitions performed by the 12 subjects to test the reliability of the
Multi-D test, a mean intra-subject CV of 1.23 per cent
was found, together with a mean inter-repetition CV
of 0.35 per cent for the entire group. Finally, a very
low (0.094 s) standard error of measurement was
obtained [18].
During the testing session (about 1 week after the
validation session), three Multi-D tests were performed for each shoe condition. The performance
variable considered for statistical analysis was the
best time (in seconds). During both validation and
testing sessions, recovery time between each Multi-D
test was at least 5 min. It is important to note that
subjects performed the test with the same information about the shoes worn; they were told that the
two pairs of shoes used were exactly the same (which
was supported by their exact same design) and were
both free from technological concept (cushioning,
torsion, stiffness, etc).
2.4.2 Fatigue test
To test the hypothesis that increasing MTP joint
stiffness would lead to a reduced loss of performance
after fatigue during standard jumps, two subgroups
of six subjects were considered. After measuring the
maximal jump height during a maximal countermovement jump (CMJ) (best of three) performed by
the 12 subjects and using the same standard pair of
shoes, the subjects were ranked by order of performance, and then they were paired in a sequential
fashion on the basis of this: the first- and thirdgreatest values, the second- and the fourth-greatest
values, etc. As a consequence, odd-rank subjects
were assigned to ‘group EPC’, who used the Energy
Proc. IMechE Vol. 224 Part P: J. Sports Engineering and Technology
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Table 2

Physical characteristics and maximal height performances in CMJs for the two groups (mean – SD values). t tests
showed no significant difference for these variables

Shoe

Age (years)

Mass (kg)

Height (m)

Maximal height performance (m)

NC

26.8 – 4.7

73.8 – 10.9

1.77 – 0.05

0.382 – 0.033

EPC

23.0 – 4.3

76.5 – 5.8

1.77 – 0.04

0.379 – 0.034

Table 3

Multi-D test results (mean – SD values)

Plate component during the fatigue test, and evenrank subjects were assigned to ‘group NC’, who
used the neutral shoe without the Energy Plate component. The subjects composing these two groups
did not differ significantly (according to t tests after
the normality distribution had been confirmed by
the Shapiro–Wilk test) in their maximal height performances, ages, body masses, and body heights
(Table 2).
For the fatigue test itself, each group performed
three CMJs and three drop jumps (DJs) in the nonfatigued condition. Immediately after that, they performed an all-out exercise aimed at tiring them, on
the basis of a 20 m sprint repeated eight times with an
acoustic start triggered every 15 s. Afterwards, they
performed 3 CMJs and 3 DJs in the same procedure as
before fatigue.
The DJs were performed from a starting height of
40 cm, the landing technique was imposed (landing
with the lower limb as stiff as possible) [19], and
subjects were asked to jump for maximal height. Data
on the contact time tc (s) and the flight time tf (s)
were measured using the Ergojump! mat system
[20]. The jumping height h (m) and mechanical
power P (W/kg) were then computed from the equations used by Bosco et al. [20] and given by
h¼

1 2
gt
8 f

with g the acceleration due to gravity, and
P¼

1 2 tf2
g
4 tc

Further, the lower-limb stiffness k (kN/m) was computed using the simplified method proposed by
Dalleau et al. [14] according to
k¼

mpðtf þ tc Þ
tc2 ½ðtf þ tc Þ=p & tc =4(

with m the subjects’ body mass.
For all variables, the values of the best jump were
retained for further analysis. Subjects were given the
same information as for the Multi-D test regarding
the similarity of the shoes tested.
2.5 Statistical analyses
The normal distribution of the data was checked by
the Shapiro–Wilk normality test. In order to deterProc. IMechE Vol. 224 Part P: J. Sports Engineering and Technology

Time (s)
NC (compliant midsole)
EPC (stiff midsole)
Difference
Effect size

7.66 – 0.27
7.55 – 0.25*
& 1.44%
0.44 (medium)

*Significant difference, p < 0.05.

mine the effects of midsole MTP joint rigidity on
performance, t tests were performed to compare the
various performance variables measured between
the two shoe conditions tested: NC and EPC. The
importance of the differences found between the
conditions was assessed through the effect size and
Cohen’s [21] d coefficient. The interpretation of the
effect size was the following, according to reference
[21]: d < 0.2, small difference; 0.2 < d < 0.5, medium
difference; d > 0.8, large difference. The significance
level was set at p < 0.05.

3 RESULTS
3.1 Multi-directional sprint test
As hypothesized, for the Multi-D test, differences
appeared in performance (as quantified through the
sprint time) between the shoes (p < 0.05). Indeed, 10
subjects (out of the 12 tested) improved their performance when wearing the shoes with the stiff
midsole, compared with the more compliant midsole. Group EPC showed a significantly shorter time
required to perform the Multi-D run by 0.11 s (1.44
per cent) with the stiff midsole compared with the
compliant condition (Table 3).
3.2 Fatigue test
When seeking the effects of midsole rigidity values
on standard jump (CMJs and DJs) performance preand post-fatigue, a significantly 32.1 per cent lower
performance decrease was observed on average for
individuals in group EPC, i.e. the model with the
highest MTP midsole stiffness. More precisely, both
groups experienced a decrease in performance after
fatigue (which was expected). The decrease in
CMJ height between pre- and post-fatigue was
JSET69
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Table 4
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Fatigue test results (mean – SD values)
DJs
CMJs h (m)

k (kN/m)

P (W/kg)

NC (compliant midsole), pre-fatigue
NC (compliant midsole), post-fatigue
Difference
Effect size

0.393 – 0.025
0.339 – 0.027*
& 16.1%
2.3 (large)

22.6 – 6.6
20.6 – 8.0
& 9.8%
0.3 (small)

31.8 – 7.9
26.6 – 5.1
& 19.3%
0.9 (large)

EPC (stiff midsole), pre-fatigue
EPC (stiff midsole), post-fatigue
Difference
Effect size

0.382 – 0.029
0.350 – 0.028
& 9.0%
1.2 (large)

25.0 – 8.3
23.6 – 6.9
& 5.9%
0.2 (small)

29.4 – 7.9
29.1 – 9.7
& 0.8%
0.04 (small)

*Significant difference, p < 0.05.

significantly higher in the compliant group (NC)
(5.2 cm (6.1 per cent)), and this decrease in performance was lower (3.2 cm (9.0 per cent)), and not
statistically significant in group EPC (Table 4). In
DJs, the same tendency was found when comparing
the values of the mechanical power produced and
lower-limb stiffness pre- and post-fatigue. Indeed,
group EPC showed similar power (& 0.8 per cent)
and lower-limb stiffness (& 5.9 per cent) values in
the fatigued condition. Conversely, group NC lost
about 16 per cent of mechanical power (from
31.8 W/kg to 26.6 W/kg) and about 9 per cent of
lower-limb stiffness (from 2.6 kN/m to 20.6 kN/m),
although these changes were not statistically significant (p > 0.30).

4 DISCUSSION
The main results of this study are as follows.
1. Subjects performed significantly better during a
team-sport-specific Multi-D test when wearing
shoes with a stiffer midsole.
2. This stiffer midsole allowed the effects of fatigue
on jumping performance to be limited.
The main explanation for these results is based on
the concept of energy loss minimization [8]: as the
midsole stiffness increases, the energy loss at the
MTP decreases and performance in maximal intensity short-term pushing movements is expected to
increase.
First, it was expected that performance in sprinting and cutting movements would increase with
increased MTP joint bending stiffness. Hopkins
et al. [22] suggested that the smallest performance
enhancement that is worthwhile for an athlete at
an elite level is 0.4–0.7 times the within-athlete
variation in performance between events. For highlevel sprinting, they found this variation to be about
0.9 per cent. Accordingly, they showed that a performance improvement by about 0.33–0.63 per cent in
sprinting would make a difference in a sprinter’s
JSET69

chance of winning a particular race or winning a
decisive sprinting phase, irrespective of the sport.
The difference between the Multi-D sprinting times
for the standard shoes and the shoes with the stiff
component tested was 1.44 per cent in this study.
Consequently, it could be expected that performance
improvements measured with the EPC would result
in actual performance improvements possibly performed during competition. Performance improvements by 1.44 per cent are not negligible and can
make the difference between two players or sprinters
with similar explosive capacities [12].
In the non-fatigued condition, as already pointed
out by Stefanyshyn and Nigg, increasing the midsole bending stiffness induces a decrease in the
amount of energy loss at the MTP joint while
performing a one-legged maximal vertical jump
with a running approach using prototype shoes [11]
and while sprinting [10]. These researchers also
concluded that increasing the bending stiffness
caused the amount of energy loss to be reduced,
corresponding to an improvement in jumping performance [5]. The same hypothesis is utilized to
explain the results in the non-fatigued condition,
bearing in mind that the shoes used in the present
study are commercialized models and significantly
different in terms of midsole rigidity (as shown by
the preliminary mechanical tests). Thus, these two
models can be considered to be different on the
basis of the significantly different forces needed to
bend them (at the MTP level) until a standard fixed
dorsiflexion angle of 30! is reached.
The underlying factors that could explain the
improvement in performance with the stiff midsole
model (group EPC) remain to be identified. The first
and most likely hypothesis is a decrease in the
amount of energy loss at the MTP level with
increasing bending stiffness [10, 11], and the better
force transmission between the plantar flexor muscles and the ground during the positive energy
generation. This hypothesis could be further tested
and discussed using high-frequency video analysis
[10, 11, 13] when performing the physical tests. That
Proc. IMechE Vol. 224 Part P: J. Sports Engineering and Technology
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being said, the present study rather focused on field
performance factors (such as the time during
sprinting and the height during jumping).
Concerning the protocol design, attempts were
made to reduce the bias of each test by providing
shoes with the same external design in order to avoid,
as much as possible, the subjective judgement of
a shoe performance based only on the design.
This allowed the possible a priori value that subjects
gave to each model, and the consequent way that
they behaved when wearing them during the tests, to
be removed. This point was carefully taken into
account, since experimental data showed that subjects were highly influenced by their subjective
impressions about footwear, encouragements during
testing [23], or misleading comments about the footwear worn or the measurement conditions, which
has been experimentally shown to induce mechanical changes in the locomotion pattern (e.g. in walking in the study by McCaw et al. [24], or in running
[25]).
The landing technique (landing with the lower
limb as stiff as possible) was imposed since it has
been shown to be a variable influencing the lowerlimb stiffness and power production capability [19]
when subjects land with different techniques (‘compliant’ or ‘stiff’) and when they wear shoes with different midsole material densities [26].
Studies aiming at investigating explosive capacities
in various sports, including team sports, often (if
not always) rely solely on standard jumping height
tests (e.g. squat jump, CMJ, or DJ) or short straightforward (athletics-like) sprints (for a detailed review,
see reference [27]). Although the accuracy, reliability,
and usefulness of these standard tests are recognized,
the present authors wished to propose a sportspecific additional test. To be valid and reliable, this
test had, first, to take into account the key physical
and technical capacities involved in the targeted
activity and, second, to show a satisfactory degree
of reproducibility. The test proposed objectively
matched these requirements, through the use of
braking–cutting multi-directional sprints, and given
the reliability indices presented in section 2.
Concerning the stiffness of the midsoles of the
shoes, especially at the MTP joint, it seems that the
optimal stiffness differs between subjects and seems
to be independent of the subjects’ heights, masses,
and shoe sizes. Indeed, heavier or taller athletes do
not necessarily require stiffer midsoles than lighter or
smaller athletes [12]. In light of the results of previous
studies, it is arguable that the shoe stiffness should
be tuned to individual characteristics, notably plantar flexor strength, or individual force–length and
force–velocity characteristics of the calf muscles [12].
To optimize performance and shoe comfort, more
investigations are needed to clarify which optimal
Proc. IMechE Vol. 224 Part P: J. Sports Engineering and Technology

value of midsole stiffness is required to ameliorate
performance in cutting movements [28–30]. For
instance, it would be interesting to adapt this stiffness in order to obtain an optimal ratio of performance to shoe comfort.
Indeed, in cycling, stiffer cycling shoes made from
composite materials (such as carbon fibre) are
designed to transfer energy more effectively from the
legs and feet to the shoes. However, cycling shoes
with a higher bending stiffness have been shown to
generate more discomfort and potentially aggravate
metatarsalgia or ischaemia syndromes because of the
higher peak plantar pressure [31], especially when
they cover the entire sole. Consequently, the impossibility of flexing the MTP joint may be the reason
why the plantar pressure increases, which leads to
the aforementioned symptoms. Several aspects of
footwear related to comfort and to biomechanical
abnormalities have been discussed, and typical
pressure profiles during cycling [32] and running [33]
are also documented. An ideal shoe would therefore
allow increased performances while being compliant
enough to preserve the flexural properties of the soles
required for performance.

5 CONCLUSION
When comparing two commercialized multi-court
shoe models significantly differing in midsole rigidities, a high MTP joint bending stiffness of the shoe
midsole was associated with a significant improvement in sprint and cutting movement performance
during a specific test involving rapid lateral braking
movements. When investigating standard jump performance pre- and post-fatigue, both a significant
limitation of performance decrease in maximal
jump height and a tendency to limit lower-limb
stiffness and power decrease were observed on comparing rigid-midsole shoes with compliant-midsole
shoes. The main hypothesis explaining these results
is a decrease in mechanical energy loss at the MTP
joint, at which important quantities of energy
dissipation were reported during running and jumping.
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1 Cometti, G. La préparation physique en basket, 2002
(Chiron, Paris).
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responsible for excessive gain in
body fat mass in children is the long-term imbalance between
energy intake and energy expenditure (e.g., Ref. 30). The
amount of energy expended during physical activity plays an
important role in the prevention of overweight and obesity and
in the weight-loss process. However, obese children and adolescents spend less time than their normal-weight peers on
moderate physical activities such as walking and more time on
sedentary activities (21, 23). This could be partly due to the
difficulty of performing activities in which obese persons move
or raise their larger body mass (BM) against gravity (39).
Walking is a convenient form of daily physical activity that is
recommended for obese individuals (2), despite the fact that, at
a given walking speed, a higher percentage of maximal oxygen
uptake and a higher metabolic energy expenditure have been
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reported in this population (21, 28). Consequently, physical
inactivity in obese adolescents (often linked to a positive
energy balance) may be partly due to the difficulty to perform
daily activities such as walking (20, 34), making it relevant to
fully understand the origin(s) of the high cost of walking (39).
Obese children and adolescents, as defined by a body mass
index (BMI; in kg/m2) above the cutoff values reported by
Cole et al. (10), and class II obese adults [BMI of 30 – 40 kg/m2
(41)] have been shown to expend much more metabolic energy
than normal-weight subjects at a given walking speed, especially at high speeds (4, 6, 21, 22, 38). In obese adolescents, a
71– 84% greater gross metabolic rate (W) has been reported for
walking speeds ranging from 1.1 to 1.7 m/s (21). Even when
normalizing by both walking speed (m/s) and BM, gross
metabolic cost of walking (gross CW ! BM!1; in J !kg!1 !m!1) is
still 25% higher in obese adolescents (21), and net (grossstanding) CW ! BM!1 is 10% higher in obese adults (4, 6) compared with their age-matched counterparts. These results suggest that BM is not the only determinant of CW ! BM!1. However,
other studies reported similar values of net and gross metabolic
rate for both obese and normal-weight children after normalizing to BM or to fat-free mass (FFM; in kg) (22, 38), perhaps
due to the low degree of subjects’ obesity (BMI of 24.6 –28.4
kg/m2, which is close to the cutoff values for obesity relative to
chronological age). In obese adults, Browning et al. (4) reported that net metabolic rate (W/kg) was positively related to
percent body fat, partly due to association of a lower standing
metabolic rate per kilogram of BM with greater total body fat
mass.
In obese individuals, many studies have suggested but never
shown that, in addition to an extra load, biomechanical changes
in walking pattern could be responsible for a greater net
CW ! BM!1 (4, 6, 24, 25, 39) rather than a decrease in muscular
efficiency or cardiorespiratory deconditioning (28). For instance, greater step width has been reported in obese individuals due to an excessive amount of adipose tissue in the lower
limbs, hence a larger thigh circumference (5, 37). Greater step
width is associated with other differences in walking kinematics, such as greater leg swing circumduction, and has been
shown to increase net CW ! BM!1 (12, 35). Moreover, the greater
step width and mediolateral (M-L) ground reaction forces
(GRF) (5) could be responsible for the greater M-L displacement of the center of mass (COM) observed in obese adults
(24). It has also been shown that obese children are mechanically less efficient at transferring energy across the hip (27) and
that obese adults walk with lower recovery of mechanical
energy at preferred walking speed (24). Indeed, walking is
characterized by an inverted pendulum mechanism of energy
interchange (9). During the transition from one inverted pendulum arc to the next, some energy is lost in redirecting the
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Net metabolic cost of walking normalized by body mass (CW ! BM!1; in
J!kg!1 !m!1) is greater in obese than in normal-weight individuals, and
biomechanical differences could be responsible for this greater net metabolic cost. We hypothesized that, in obese individuals, greater mediolateral body center of mass (COM) displacement and lower recovery of
mechanical energy could induce an increase in the external mechanical
work required to lift and accelerate the COM and thus in net CW ! BM!1.
Body composition and standing metabolic rate were measured in 23
obese and 10 normal-weight adolescents. Metabolic and mechanical
energy costs were assessed while walking along an outdoor track at four
speeds (0.75–1.50 m/s). Three-dimensional COM accelerations were
measured by means of a tri-axial accelerometer and gyroscope and
integrated twice to obtain COM velocities, displacements, and fluctuations in potential and kinetic energies. Last, external mechanical work
(J!kg!1 !m!1), mediolateral COM displacement, and the mechanical
energy recovery of the inverted pendulum were calculated. Net CW ! BM!1
was 25% higher in obese than in normal-weight subjects on average
across speeds, and net CW ! BM!67 (J!kg!0.67 !m!1) was significantly
related to percent body fat (r2 " 0.46). However, recovery of mechanical
energy and the external work performed (J!kg!1 !m!1) were similar in
the two groups. The mediolateral displacement was greater in obese
subjects and significantly related to percent body fat (r2 " 0.64). The
mediolateral COM displacement, likely due to greater step width, was
significantly related to net CW ! BM!67 (r2 " 0.49). In conclusion, we
speculate that the greater net CW ! BM!67 in obese subjects may be partially
explained by the greater step-to-step transition costs associated with wide
gait during walking.
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Glossary
3-D
BM
BMI
COM
CW

CW ! BM!0.67
C

W ! BM!1

Ek
Ep
Etot
FFM
g
GRF
h

Three dimensional
Body mass
Body mass index
Center of mass of the body
Metabolic cost of walking (J/m)
Metabolic cost of walking normalized by
BM0.67 (J!kg!0.67 !m!1)
Metabolic cost of walking normalized by BM
(J !kg!1 ! m!1)
Total kinetic mechanical energy of the center of
mass of the body
Gravitational potential energy of the center of
mass of the body
Total mechanical energy of the center of mass
of the body
Fat-free mass
Gravitational acceleration
Ground reaction forces
Vertical change in position of the center of
mass of the body
J Appl Physiol • VOL

m
M-L
SD
V
V̇CO2
V̇O2
Wext
Wint
Wint,dc
Wk
Wp

Mass
Mediolateral
Standard deviation
Velocity of the center of mass of the body
Rate of carbon dioxide production
Rate of oxygen consumption
External mechanical work performed to lift and
accelerate the center of mass of the body
Internal work
Internal work done by one leg against the other
during double contact
Work done to accelerate the center of mass of
the body
Gravitational potential energy changes of the
center of mass of the body

MATERIALS AND METHODS

Participants
The present study included 33 adolescents: 23 obese (10 boys) and
10 normal-weight (10 boys) subjects with no orthopedic or neurological disorders and not receiving any medication that could interfere
with their walking pattern or influence their energetic metabolism.
Obese subjects were slightly older than normal-weight subjects, but it
has been shown that age does not influence the measured parameters
after the age of 10 yr (33). The physical characteristics of both groups
of subjects are presented in Table 1.
Subjects were categorized into normal-weight and obese according
to their BMI, using the cutoff points for age and gender defined by
Cole et al. (10). Obese and normal-weight subjects followed similar
experimental protocols. Obese subjects underwent this protocol on
day 1 or 2 of the obesity-management program they had been
recruited for (i.e., 5 days/wk in a specialized institution for obesity
management and weekend at home).
For each adolescent and his/her parents, the study was explained in
detail, and written consent was obtained before the beginning of the
study. This study was approved by the regional ethics committee and
was performed in accordance with the declaration of Helsinki II.
Experimental Procedures
All subjects walked along a nearly circular track 25 m in length and
3 m in width. The slope of the track was tested every 1 m and ranged
from !0.5 to #0.5%. The walking speed was controlled by means of
markers set out every 5 m along the track, and the subjects were
instructed to walk past the markers at a pace imposed by a metronome
tone. An experimenter walked alongside each subject to help him/her
match the required speed.

Table 1. Characteristics of the subjects
Parameters

Age, yr
Mass, kg
Height, cm
BMI, kg/m2
Percent body fat, %
FFM, kg
Standing metabolic rate, W
Normalized standing metabolic
rate, W/kg

Obese Subjects
(n " 23)

Normal-Weight Subjects
(n " 10)

14.4$1.5†
93.9$26.7†
163.1$11.0*
34.8$7.1†
42.2$6.5†
53.6$13.4†
119.4$24.0†

11.8$0.9
41.8$8.0
154.4$8.6
17.4$1.7
22.4$6.3
32.1$4.3
91.9$27.4

1.33$0.30†

2.23$0.66

Values are means $ SD. BMI, body mass index; FFM, fat-free mass.
Significant differences between obese and normal-weight subjects: *P % 0.05;
†P % 0.01.
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COM velocity, which requires an external mechanical work
(Wext) to lift and accelerate the COM in the three planes of
movement (vertical, anteroposterior, and mediolateral) (8).
Therefore, a concomitant increase in the fluctuation of M-L
kinetic energy (24) with a decrease in recovery of mechanical
energy (due to an impaired inverted pendulum mechanism)
could increase Wext. Consequently, in obese adolescents, quantifying M-L COM displacement, the integrity of the inverted
pendulum mechanism of energy interchange and Wext at several walking speeds seems necessary to fully understand their
walking pattern, especially because Wext accounts for about
one-half of the net CW ! BM!1 in adults (17).
Moreover, net and gross CW are commonly normalized by
BM, without taking account of the nonproportionality between
the two factors, which yields a variable still dependent on BM.
An appropriate normalization of CW is therefore necessary to
understand the contributions of other factors, and a scaling
exponent of 0.67– 0.75 for the normalization of CW by BM has
been shown to be suitable for human walking (7, 19, 32, 40,
42). In adolescents, CW normalized by BM raised to the 0.67
power (CW ! BM!67; in J!kg!0.67 ! m!1) provides a more appropriate method of comparison than with the standard normalization by BM (42).
The primary purpose of this study was to compare net
CW ! BM!67, mechanical parameters of the walking gait (recovery
of mechanical energy, M-L COM displacement, and Wext), and
mechanical efficiency between obese and normal-weight adolescents at several walking speeds. The secondary purpose was
to determine the effects of percent body fat on mechanical
parameters and net CW ! BM!67, and the effects of changes in
mechanical parameters on net CW ! BM!67.
We hypothesized that, in obese individuals, both greater
mediolateral COM displacement and lower recovery of mechanical energy led to an increase in Wext, and thereby in net
CW ! BM!67. To the best of our knowledge, no study has investigated both metabolic and biomechanical measures to determine whether changes in mechanical gait pattern in obese
adolescents are related to the greater net CW ! BM!67.
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For each subject, the standing rate of oxygen consumption (V̇O2)
was first measured over 10 min. Then, they performed four 4-min tests
at different walking speeds (0.75, 1, 1.25, and 1.5 m/s) in a randomized order, separated by 5 min of rest. Mechanical and metabolic
parameters of walking were measured with two portable devices
carried around the chest by the subjects.
Measurements and Data Analysis

J Appl Physiol • VOL

1
E k ! m " V2
2

(1 )

where m is the body mass (kg) and V is the resultant COM velocity
(m/s) determined from its vertical, forward, and M-L components.
Potential energy (Ep; in J) of the COM was calculated as follows:
Ep ! m " g " h

(2 )

where g is the gravitational constant and h is the vertical position of
the COM relative to heelstrike, calculated by integration of the
vertical velocity. The total mechanical energy of the COM (Etot; in J)
was computed as the sum of the Ek and Ep curves over the mean
stride. Wext (J ! kg!1 ! m!1) was calculated as the sum of the positive
increments in Etot, divided by step length and BM. Indeed, when
walking in dynamically similar fashion, forces are proportional to
body weight, and thus the mechanical cost of walking normalized by
BM (J ! kg!1 ! m!1) is independent of BM (1). Moreover, in normalweight subjects, Schepens et al. (33) pointed out that normalized Wext
is independent of BM since beyond the age of 10 yr subjects walk in
a dynamically similar fashion.
The inverted pendulum recovery of mechanical energy of the COM
was calculated according to Schepens et al. (33) as follows:
Recovery ! 100 "

Wk # Wp $ Wext
Wk # Wp

(3 )

where Wk (J) and Wp (J) are the sum of the positive increments in Ek
and Ep, respectively. Mechanical efficiency was calculated as the ratio
of Wext to CW (both expressed in J/m).
The M-L COM displacement was equal to the total amplitude
(from left to right) of the M-L COM position computed by integration
of the M-L velocity over the mean stride.
Statistical Analysis
Mean values and standard deviations (SD) were calculated for each
variable. Normal distribution of the data was checked by the ShapiroWilk normality test. Variance homogeneity between samples was
tested by the F-Snedecor test. A two-way (speed ' group) ANOVA
with repeated measures was used to determine the effects of obesity
(Fobesity) and speed on metabolic and mechanical parameters. If an
interaction or an effect of one of the two factors was significant, a
one-way ANOVA was performed. Significant ANOVA results were
followed by post hoc comparisons using Newman-Keuls post hoc test.
Pearson’s r correlation coefficients were used to test the association
between variables of interest for the entire sample (n " 33). The
relationships between the different factors were demonstrated with
scatter plots and linear regression analysis. Criterion for statistical
significance was set at P % 0.05.
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Anthropometry and body composition. For a better precision in
obese subjects, fat-free mass (FFM; the total mass of lean tissue), and
body fat mass were measured by dual-energy X-ray absorptiometry
(DXA, QDR 4005, Hologic, Bedford, MA) (16). Percent body fat was
calculated by dividing body fat mass by BM.
For the normal-weight subjects, skinfold thickness values were
measured to the nearest millimeter in triplicate by the same experimenter at the biceps, triceps, subscapular, and suprailiac points on the
right side of the body using a Harpenden skinfolds caliper (British
Indicators, West Sussex, UK). At each point, the mean value for the
three skinfold thicknesses was calculated. Slaughter’s equations (36)
were used to calculate the estimated percent body fat. BM was
measured with subjects standing without shoes and in similar light
clothing on a portable digital scale (Seca model 873 Omega), and
recorded to the nearest 0.1 kg. Body fat mass was obtained by
multiplying percent body fat by BM, and FFM was calculated by
subtracting body fat mass from BM. For all subjects, stature was
measured to the nearest 0.5 cm using a standardized wall-mounted
height board, and BMI was calculated as BM divided by height
squared.
Metabolic parameters. The rates of V̇O2 (in ml/min) and carbon
dioxide production (V̇CO2; in ml/min) were measured using a breathby-breath portable gas analyzer (K4b2, COSMED) that weighed %1
kg and recorded, and the data were stored over the entire session for
each subject. The K4b2 unit, previously validated by Duffield et al.
(15), was calibrated with standard gases before each session. Average
V̇O2 and V̇CO2 were calculated over 30 s taken during the last minute
of each trial where V̇O2 and V̇CO2 were stable within $10%. Gross
metabolic rate (W) for each 4-min test and standing metabolic rate
(W) were assessed from the steady-state V̇O2 and V̇CO2 using Brockway’s standard equation (3). Gross metabolic rate (W) was divided by
walking speed (m/s) and by BM to obtain normalized gross metabolic
cost (gross CW ! BM!1; in J ! kg!1 ! m!1), and standing metabolic rate
(W) was divided by BM to obtain normalized metabolic rate (W/kg).
Net metabolic rate (W) was calculated by subtracting standing metabolic rate (W) from gross metabolic rate (W). Net metabolic rate (W)
was divided by walking speed (m/s) and then by BM and BM0.67 to
obtain normalized net metabolic cost expressed in J ! kg!1 ! m!1 (net
CW ! BM!1) and in J ! kg!0.67 ! m!1 (net CW ! BM!67), respectively. Indeed,
even if CW normalized by BM0.67 seems mathematically more consistent due to the nonproportionality between net and gross CW and
BM in human walking (7, 19, 31, 32, 40, 42), CW was also normalized
by BM to compare our results with other studies.
Mechanical parameters. In accordance with the validation studies
by Meichtry et al. (26) and Pfau et al. (29), an inertial sensor (&0.03
kg) equipped with a tri-axial (three orthogonal axes) accelerometer
and gyroscope (MTx, Xsens, Enschede, the Netherlands) was taped
and secured directly to the skin on the lower part of the back, facing
the L3 region (close to the COM) using an adhesive strap, and was
used to measure the COM accelerations. It was assumed that changes
in the relative positions of the sensor and COM over time during
walking may be neglected. A lightweight (&0.3 kg) data logger was
carried by the subjects at the middle of the thoracic spine, and data
were transmitted to a computer by telemetry over the 4 min of each
trial.
As described in detail by Pfau et al. (29), the orientation algorithm
of the inertial sensor provided orientation data in the earth reference
system (horizontal and magnetic North) in the form of Euler angles

(roll, pitch, and heading). Euler angles represent rotations of the
sensor system into the earth reference system, with the magnetic
North corresponding to the antero-posterior axis in our study. Thus
rotation matrices were used to reposition the sensors’ three dimensional (3D) accelerations in the earth reference system. All data were
sampled at 100 Hz and low-pass filtered at 30 Hz (fourth-order,
zero-lag, low-pass Butterworth).
A mean stride was obtained by averaging 3D COM accelerations of
five reliable time-normalized consecutive strides, each stride being
defined as the period between two consecutive right heelstrikes. Right
heelstrikes were determined from the maximal peaks of the forward
trunk accelerations as described by Zijlstra and Hof (43).
Vertical, forward, and M-L velocities of the COM were determined
using a trapezoidal integration of the 3D accelerations of the mean
stride, as proposed by Cavagna (8) and Schepens et al. (33).
The total instantaneous kinetic energy (Ek; in J) of the COM was
calculated as follows:
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RESULTS

Table 2. Metabolic cost vs. walking speed for obese
and normal-weight subjects
Net Metabolic Cost, J/m

Net Normalized Metabolic Cost,
J ! kg!1 ! m!1

Speed, m/s

Obese

Normal weight

Obese

Normal weight

0.75
1.0
1.25
1.5

257.1$84.4†
253.4$89.5†
262.8$99.0†
288.7$79.4†

82.1$25.5
87.9$27.7
96.1$36.4
111.7$28.2

2.74$0.53†
2.69$0.40†
2.77$0.48*
3.10$0.39*

1.98$0.53
2.12$0.57
2.30$0.74
2.69$0.53

Values are means $ SD. Significant differences between obese and normalweight subjects: *P % 0.05; †P % 0.01.
J Appl Physiol • VOL

DISCUSSION

As hypothesized, CW ! BM!67 and CW ! BM!1 were significantly
higher in obese subjects than in normal-weight subjects. The
gross metabolic rate values (W) of our obese subjects were
similar to those reported by Lazzer et al. (21) for similar BM
and composition. They reported mean gross metabolic rate
values of 423 and 529 W at 1.1 and 1.4 m/s, respectively, and
interpolating our results to 1.1 and 1.4 m/s, we estimated our
obese subjects’ mean gross metabolic rate values to be &403
and &502 W, respectively. In our normal-weight subjects,
mean values of net CW ! BM!1 or net metabolic rate (W/kg) were
in agreement with those of DeJaeger et al. (11) and Schepens
et al. (33) obtained in 11- to 12-yr-old normal-weight subjects.
For example, DeJaeger et al. (11) reported a mean value of net
CW of 2.0 J !kg!1 !m!1 at 1 m/s, which is close to the 2.1
J!kg!1 !m!1 measured in the present study at the same speed.
The net CW ! BM!1 was significantly higher in obese than in
normal-weight subjects by 25% on average across speeds,
which is higher than the 10% difference in net CW ! BM!1
reported in adults (4, 6). However, our obese subjects had
lower standing metabolic rates (W/kg), which accounted for
there being no significant difference in gross CW ! BM!1 between
obese and normal-weight subjects. Zakeri et al. (42) showed in
adolescents with different body size and mass that the scaling
exponent of BM for the normalization of gross CW was
different according to their weight status (0.66 and 0.74 for
normal-weight and overweight subjects, respectively), indicating a contribution of body fat mass to gross CW. In our study,
when gross CW was normalized by BM0.67 (CW ! BM!67 ), it was
21% higher in obese than in normal-weight subjects, showing
the relevance of the normalization to remove the effect of BM
due to body size and gender and thus isolate the effect of
obesity (percent body fat). As a consequence, we assumed that
this higher CW ! BM!67 in obese subjects could be due to their
higher percent body fat, which is also supported by the significant correlation found between percent body fat and gross
CW ! BM!67 (r2 " 0.25 at 1.25 m/s; P % 0.01).
Net CW ! BM!67 was significantly higher in obese than in
normal-weight subjects (by 64% on average across speeds),
which is higher than the 25% observed in net CW ! BM!1. This
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Obese subjects presented a 30% greater standing metabolic
rate (W), but, when normalized by BM, standing metabolic rate
(W/kg) was 40% lower in obese than in normal-weight subjects
(Table 1; P % 0.01). All subjects matched the designated speed
for each trial, and net CW ! BM!1 was significantly higher in
obese than in normal-weight subjects by 25% on average
across speeds (Table 2; Fobesity " 14.14; P % 0.01). As a
consequence of the lower standing metabolic rate and the
higher net CW ! BM!1 in obese subjects, gross CW ! BM!1 was not
significantly different between obese and normal-weight subjects, whatever the speed (Fig. 1F; Fobesity " 3.07; P " 0.09).
However, when gross CW was normalized by BM0.67, gross
CW ! BM!67 was significantly higher in obese than in normalweight subjects (Fobesity " 20.88; P % 0.01) by 21% on
average across speeds, and the variance in percent body fat
explained a significant portion of the variance in gross
CW ! BM!67 (r2 ranging from 0.13 to 0.25; P % 0.05).
Net CW ! BM!67 was much higher in obese than in normalweight subjects (Fobesity " 49.2; P % 0.01) by 64% on average
across speeds. Differences in net CW ! BM!67 ranged from 81 to
50% for walking speeds ranging from 0.75 to 1.5 m/s, respectively, yet with no significant interaction effect of walking
speed (Fig. 1A). There was no difference in Wext (J! kg!1 !m!1)
between obese and normal-weight subjects (Fig. 1B). This
difference in net CW ! BM!67, combined with the similar Wext
between obese and normal-weight subjects, resulted in a significant 23% lower mechanical efficiency in obese subjects, on
average across speeds (Fig. 1C; Fobesity " 5.3; P % 0.05). Note
that post hoc tests showed only significant differences at the
slowest speeds (Fig. 1C).
The total kinetic and potential energy fluctuations required
to the recovery of mechanical energy calculation are presented
in Table 3. Recovery of mechanical energy was not significantly different between obese and normal-weight subjects
(Fig. 1D). As presented in Fig. 1E, M-L COM displacement
was about two times greater in obese than in normal-weight
subjects (Fobesity " 49.9; P % 0.01), and the two-way ANOVA
showed a significant interaction effect (Fobesity'speed " 10.6;
P % 0.01) due to a larger increase in M-L COM displacement
at the slowest speed compared with faster speeds in obese vs.
normal-weight subjects.
When obese boys and girls were analyzed separately, mechanical and metabolic parameters did not differ significantly
across speeds whatever the normalization used (e.g., CW ! BM!67:
Fsex " 3.04; P " 0.10). Similarly, body composition did not
differ significantly between obese boys and girls (e.g., percent

body fat was 44 and 40% for girls and boys, respectively; P "
0.09).
Linear regression of the pooled set of data revealed for all
speeds, that the variance in percent body fat explained a
significant portion of the variance in net CW ! BM!67 (Fig. 2A; r2
ranging from 0.43 to 0.49; P % 0.01), but, when analyzing
obese and normal-weight subjects separately, the variance in
percent body fat did not explain the variance in CW ! BM!67 in
either group. The variance in percent body fat explained a
significant portion of the variance in M-L COM displacement
(Fig. 2C; r2 ranging from 0.60 to 0.67; P % 0.01) but did not
explain the variance in Wext at any speed (Fig. 2B; r2 % 0.02;
P ( 0.57). Thus subjects with greater percent body fat exhibited a greater M-L COM displacement, along with greater net
CW ! BM!67 , but for similar amounts of Wext. Furthermore, as
shown in Fig. 3A, the variance in Wext did not explain the
variance in net CW ! BM!67 at any speed (r2 % 0.05; P ( 0.23),
but the variance in M-L COM did (Fig. 3B; r2 ranging from
0.42 to 0.61; P % 0.01).
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discrepancy was due to the normalization by BM0.67
(J!kg!0.67 !m!1) in our study, which attributed less importance
to the greater BM of obese, thus amplifying the differences in
net CW ! BM!67 between the two groups. Furthermore, although
this normalization seems mathematically more appropriate (7,
42), the physiological or biomechanical explanations of this
normalization by BM0.67 is still debated (1, 31).
This difference in net CW ! BM!67 was related to body composition of the subjects since the variance in percent body fat
explained 46% of the variance in net CW ! BM!67. This result is
in agreement with those of Browning et al. (4) in adult subjects
(r2 " 0.45). However, in our study, the variance in net
CW ! BM!67 cannot be totally attributed to the lower standing
metabolic rate decrease caused by the increase in fat mass,
because gross CW ! BM!67 was also slightly related to percent
body fat (r2 " 0.25 at 1.25 m/s; P % 0.01). Consequently, in
obese adolescents, the increase in net CW ! BM!67 with increasing
percent fat mass must be explained by other factors.
Table 3. Total kinetic and potential energy fluctuations vs.
walking speed for obese and normal-weight subjects
Total Kinetic Energy Fluctuations,
J ! kg!1 ! m!1

Potential Energy Fluctuations,
J ! kg!1 ! m!1

Speed, m/s

Obese

Normal weight

Obese

Normal weight

0.75
1.0
1.25
1.5

0.479$0.075*
0.578$0.085
0.647$0.094
0.744$0.128

0.412$0.060
0.550$0.056
0.641$0.045
0.759$0.073

0.430$0.099
0.510$0.104
0.615$0.110
0.653$0.105

0.418$0.051
0.510$0.051
0.561$0.049
0.659$0.083

Values are means $ SD. *Significant differences between obese and
normal-weight subjects (P % 0.05).
J Appl Physiol • VOL

Regarding mechanical factors, our values of Wext and recovery of mechanical energy in normal-weight subjects were in
agreement with those of Schepens et al. (33) in 11- to 12-yr-old
normal-weight subjects. These factors for obese subjects, as
well as M-L COM displacement for both groups, could not be
compared with other studies since no such data are available to
our knowledge. As hypothesized, M-L COM displacement was
twice as great in obese as in normal-weight subjects. Moreover,
the variance in percent body fat explained 64% of the variance
in M-L COM displacement, likely due to the excessive amount
of adipose tissue in the thighs, which could compel obese
subjects to walk with greater step widths. However, contrary
to what was hypothesized, despite M-L COM displacement being greater in obese than in normal-weight subjects, Wext
(J!kg!1 !m!1) was similar between the two groups, and the
variance in percent body fat did not explain the variance in
Wext. Our most likely explanation is that, although M-L kinetic
energy fluctuations were three times greater in obese subjects,
they accounted for only 3 and 10% of the total kinetic energy
fluctuations in normal-weight and obese subjects, respectively.
Moreover, obese and normal-weight subjects conserved the
same percentage of COM mechanical energy by inverted
pendulum energy exchange despite the greater M-L COM
displacement in obese subjects. The recovery of mechanical
energy was calculated from the 3D (vertical, forward, and
M-L) kinetic energy fluctuations, and the greater M-L COM
displacement induced a greater amount of kinetic energy available to convert into gravitational potential energy, as shown
during penguin walking by Griffin and Kram (18). This greater
M-L COM displacement could be considered mechanically
inexpensive because it did not induce an increase in Wext
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Fig. 1. Mean $ SD values of net metabolic
cost of walking in J ! kg!0.67 ! m!1 (CW ! BM!67;
A), external mechanical work (Wext; B), mechanical efficiency (C), mechanical energy recovery (D), mediolateral center of mass displacement (E), and gross metabolic cost of
walking in J ! kg!1 ! m!1 (CW ! BM!1; F) as a
function of walking speed for both obese (■ and
thick line) and normal-weight subjects (! and
thin line). In both groups, gross metabolic cost
of walking shows an inverted U-shape relationship with walking speed (F). Lines represent
second-order least squares regressions. For normal-weight, gross CW ! BM!1 " 2.48v2 !
6.59v # 8.49 (r2 " 0.99; P % 0.01). For obese,
gross CW ! BM!1 " 2.55v2 ! 6.43v # 7.90 (r2 "
0.99; P % 0.01), with v the walking speed.
Significant differences between obese and normal-weight subjects at a given speed: *P %
0.05; **P % 0.01. ANOVA results are reported
in the text.
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Fig. 2. Relationship between percent body fat and CW ! BM!67 (A), Wext (B), and
mediolateral center of mass displacement at various walking speeds (C): !,
0.75 m/s; {, 1 m/s; ‚, 1.25 m/s; E, 1.5 m/s. The four lines represent least
squares linear regressions for each speed. Linear regressions were significant
at all speeds for net CW ! BM!67 (r2 ranging from 0.43 to 0.49; P % 0.01) and the
mediolateral center of mass displacement (r2 ranging from 0.60 to 0.67; P %
0.01), but not for Wext (r2 % 0.02; P ( 0.57).

(J!kg!1 ! m!1). There was no significant correlation between
Wext and net CW ! BM!67 or between percent body fat and Wext.
Consequently, the higher net CW ! BM!67 in obese subjects was
not due to a higher Wext. Based on our values for Wext, one can
assume that similar muscular work was performed to lift and
accelerate the COM by both obese and normal-weight subjects,
but greater net CW ! BM!67 was expended by the obese subjects.
As a result, mechanical efficiency was greater in normalweight than in obese subjects. However, it may be premature to
conclude that muscular efficiency was impaired, because the
mechanical work has been only partially quantified.
Surprisingly, the variance in M-L COM displacement explained on average 49% of the variance in net CW ! BM!67, but
this relationship could be explained neither by Wext nor by the
recovery of mechanical energy (both parameters being similar
between the two groups). An explanation could be that greater
M-L COM displacement may have induced modifications of
the walking pattern that were not (or not accurately enough)
quantified through our measurement of Wext. This hypothesis is
supported by the results of the study of Browning and Kram (5)
J Appl Physiol • VOL

Fig. 3. Relationship between external mechanical work (Wext; A) and mediolateral center of mass displacement and the net metabolic cost of walking
CW ! BM!67 (B; J ! kg!0.67 ! m!1) at various walking speeds: !, 0.75 m/s; {, 1 m/s;
‚, 1.25 m/s; E, 1.5 m/s. The four lines represent least squares linear regressions
for each speed. Linear regressions were significant at all speeds for mediolateral center of mass displacement (r2 ranging from 0.42 to 0.61; P % 0.01) but
not for Wext (r2 % 0.05; P ( 0.23).
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who reported greater M-L GRF over longer stance time generated by obese subjects’ greater step width. Thus we can
presume the greater M-L COM displacement observed in our
study to be generated by greater step width. Donelan et al. (12)
have shown both theoretically and experimentally that, in
normal-weight subjects, the rate of mechanical work and net
metabolic rate (W/kg) increased with the square of step width
values above the preferred width. However, in their study, the
mechanical work was assessed by the “individual limbs method”
(13), which quantifies, in addition to Wext, an internal mechanical
work performed during the double contact phase (Wint,dc).
During walking, the total mechanical work is the sum of
Wext and an internal work (Wint) that does not directly come
from the COM movements. Only a certain amount of this Wint
can be measured through 1 ) the work done to accelerate the
limbs relative to the COM and 2 ) Wint,dc performed by the
lower limbs when the back leg recovers the energy absorbed by
the braking front leg during the double contact period, which
generates forces produced by one lower limb against the other.
The latter phenomenon is necessary to redirect the COM
velocity from one pendular arc to the next one, and thus
maintain a constant walking speed (13). This Wint,dc is not
accounted for by the traditional combined limbs measurement
of Wext used in this study (8) because it only takes into account
the net (sum of positive and negative) work done by the lower
limbs during the double contact phase.
Last and more importantly, Donelan et al. (12) reported
1 ) that greater step widths generated an increase in Wint,dc
without change in Wext and 2 ) that this increase in Wint,dc
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in obese subjects may be partially explained by the increased
step-to-step transition cost (i.e., the internal work occurring
during the double contact phase) associated with wide gait.
Therefore, future studies are needed to understand whether the
greater net metabolic cost of walking by obese individuals is a
result of their greater step widths and an associated increase in
individual limb work during the double contact phase.
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induced a proportional increase in net metabolic rate. Thus,
when our data are considered, obese subjects walking with
greater step width (as revealed by the greater M-L COM
displacement) could have produced higher Wint,dc due to higher
forces produced by one lower limb against the other during the
double contact phase. Therefore, higher muscle forces could
require an additional metabolic energy (hence a higher net
CW ! BM!67 ) with no parallel increase in Wext. This possibility is
supported by the significant correlation found between M-L
COM displacement and net CW ! BM!67 , as well as by the lack
of differences in Wext observed between obese and normalweight subjects.
This greater M-L COM displacement and the wider step
width in obese subjects (5) could also be due to the reduced
postural stability observed in this population (25). Donelan
et al. (14) have shown in normal-weight subjects that body
lateral motion was partially stabilized via medio-lateral foot
placement, and thus lateral instability could affect the choice of
the preferred step width. In their study, external stabilization
induced a decrease in preferred step width and a concomitant
lower cost of the step-to-step transition, resulting in a 6%
decrease in net metabolic rate (W/kg). Our results showed that
percent body fat had more of an effect on M-L COM displacement at slow speeds (Figs. 1E and 2C show greater slopes at
the slowest speeds). This could be due in obese subjects to a
decrease in lateral stability with the decreasing speed, requiring
a greater step width and thus a greater M-L COM displacement. The wider step and M-L COM displacement accompanied by higher muscle activations (14) could have induced the
higher net CW ! BM!67 observed at slow speeds, which could be
supported by the greater slopes at the slowest speeds observed
in the CW ! BM!67-percent body fat relationships (Fig. 2A). Moreover, walking with a wider step width and heavier legs could
also induce a higher cost of the lateral leg swing circumduction
(35), which could partly explain the higher net CW ! BM!67 in
obese subjects.
Field measurement with an inertial/gyroscope sensor was
performed to accurately investigate obese adolescents natural
walking but presented some limitations. Indeed, in the present
study, Wint,dc could not be calculated because we used this
measurement method. Moreover, in the validation study of
Meichtry et al. (26), the authors noticed an overestimation of
Wext (J!kg!1 !m!1) and 3D displacements. This fact could be
due to the level and the attachment type of the sensor and to the
uncorrected instantaneous sensor orientation. As recommended
by these authors, in the present study, a tri-axial accelerometer
equipped with a gyroscope was used to reposition the 3D
accelerations in the earth reference system. Moreover, the
sensor was firmly taped with a wide adhesive strap to limit the
sensor movement associated with the skin movements (and
underlying tissue) as much as possible.
In conclusion, we found that, in natural walking conditions,
net metabolic cost of walking (normalized by either BM0.67 or
BM) was greater in obese adolescents and related to the percent
body fat of the subjects. We observed significant changes in the
mechanical walking pattern in obese compared with normalweight subjects, in particular a greater mediolateral center of
mass displacement associated with greater step widths. This
greater mediolateral center of mass displacement did not correspond with greater external mechanical work as measured in
this study. However, the greater net metabolic cost of walking
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ABSTRACT
Giorgio, P, Samozino, P, and Morin, JB. Multigrip flexible
device: electromyographical analysis and comparison with the
bench press exercise. J Strength Cond Res 23(2): 652–659,
2009—The aim of this study was to analyze a multigrip warpable
fitness device that opposes elastic-like resistance when
subjects aim at either compressing or stretching it out of its
initial shape, and to compare the electromyographical (EMG)
activity of the pectoralis major, anterior deltoid, and triceps
brachii induced by various exercises performed using this
device with that induced by bench press exercises at different
loading levels. Peak EMG activity was measured in 13 healthy
physical education students for concentric 2-second phases
during bench press exercises at 20, 40, 60, 80, and 100% of
maximal repetition, and for 6 movements with the device tested
(4 different grips, 3 arms positions, both in concentric and
isometric conditions). The main results show that the muscle
solicitation that could be reached was significantly different
depending on the grip used (p , 0.05) and was equivalent to
that observed in bench press exercises performed against
loads ranging from 20 to 80% of the maximal repetition.
Changing arm position (from the standard position of use to
outstretched arms or a butterfly-like position) resulted in
significantly increasing levels of activation for the pectoralis
major and the anterior deltoid. The instability phenomena
observed when performing isometric actions with this device
did not result in higher levels of activation, which does not allow
us to classify it among instability devices (such as wobble
boards or balls). It seems from our results that this device is
worth considering for both warm-up and strengthening matters
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and in the field of physical therapy and rehabilitation, allowing,
for instance, progressive force production in upper-limb joint
strengthening processes.

KEY WORDS muscular activation, elastic resistance, weight
training, bench press
INTRODUCTION

A

basic principle in weight training is to perform
movements against a given resistance. To reach
this objective, different kinds of resistance can be
used; body weight, additional loads (dumbbells,
specific weight training machines, loaded vests), and elastic
resistance are the most commonly used. The kind of
resistance used is directly linked to the aims of the coaches
and athletes. Athletes seeking to improve muscular strength
will principally use exercises involving additional loads. For
instance, the bench press (BP) exercise is a popular and widely
used example of this kind of exercise that allows upper-limb
muscle strengthening through the use of additional loads.
Many studies have been conducted to better understand
the demands and effects of the BP, specifically through the
electromyographical (EMG) activity of some prime mover
muscles involved: the pectoralis major (PM), the anterior
deltoid (AD), and the triceps brachii (TB). For these 3 groups
of muscles, Clemons and Aaron (1), Lagally et al. (8), and
Lehman (9) observed that the most activated muscle was
the TB, whereas Welsch et al. (16) found similar levels of
activation for the AD and PM.
Rehabilitation processes may be another use of standard
weight training exercises. For this kind of work, exercises
involving elastic resistances and unstable surfaces are often
used. The former have the advantage of allowing a progressive
increase in force development while it is maximal straight
from the beginning of the movement when using additional
loads. Some authors have focused on exercises performed
with elastic resistances (6,12) and have shown that during
a pushing movement of the arm, the muscular activity was
the highest for the AD, followed by the PM and the TB (6).
Others have shown that the muscular activity (especially
that of the TB) during push-ups with hands on an unstable
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Figure 1. The multigrip flexible device (MFD) in its initial shape and the 4
possible grips. The arrows represent opposite hand positions and main
motion axes. The difficulty increases from grip 1 to grip 4.

spherical surface (‘‘Swiss Ball’’) was significantly different
from that measured during the same exercise with hands on
a stable surface (10,11). In the present study, we focused on
the specific implications of the use of these kinds of elastic
and instability-based devices on muscular activity of the
upper limbs, considering a specific device for which, to the
best of our knowledge, no experimental results are available.
The device tested in this study (Figure 1) may be characterized as a fitness device designed for standard fitness and
strength training activities in young adult to elderly subjects.
It is a 1-size-fits-all, oval-shaped device, with no specific limb
size requirement. The device weighs about 140 g and is made
of shape-memory polymers. Its main dimensions in standard
shape are 50 3 50 cm. This device will hereafter be referred
to as a multigrip flexible device (MFD). It does not require

| www.nsca-jscr.org

any additional load, and the basic principle of use is that this
warpable device opposes elastic-like resistance to the
subjects’ actions aiming at either compressing or stretching
it out of its initial shape. Four pairs of grips (named grips 1, 2,
3, and 4 in this study) allow subjects to hold the device and
warp it along the 4 intergrip axes, as illustrated in Figure 1.
Therefore, if one considers upper-limb exercises (when the
device is 2 handed), the muscle actions are concentric actions
of the main shoulder, elbow, and wrist prime movers when
compressing or stretching the device. Isometric actions can
also be performed by trying to maintain the device still in any
position through its entire possible range of motion (50 cm in
its maximal diameter, along the grip 1 axis), including the
fully compressed position (with the 2 hands in contact). One
typical use of this device could be a concentric action of the
pectoralis muscle group and part of the deltoid muscle group,
along with stabilizing isometric actions of the elbow and
wrist, aimed at compressing the device through its entire
range of motion (50 cm) while holding it by grip 1, the grip
that induces the lowest level of resistance. The starting
position of this typical exercise is described in Figure 2a.
During standard use, the device is 2 handed while opposing
resistance to the subjects’ muscular actions, and therefore it
was thought to generate both a resistance to overcome
(which increases as the grip used moves from grip 1 to grip 4)
and a certain amount of instability to control.
The latter phenomenon has been studied during upperlimb strength training by Marshall and Murphy (11) and
Lehman et al. (10) and was tested here during the use of the
MFD, along with the influence of each grip on muscular
activity. Further, Cogley et al. (2) and Lehman (9) have
studied the influence of hand position on muscular activity
during push-ups and the influence of various grips on
muscular activity during BP exercises. They have demonstrated clearly that changes of position in weight training
exercises against the same resistance led to significant
differences in muscular activity for some muscles. Therefore,

Figure 2. The 3 main arm positions: a) classical position, b) outstretched arm position, and c) butterfly position. All positions are performed with grip 1. The dotted
line represents an axis of symmetry of the device that divides the full range of motion possible (50 cm for the grip 1 axis used in this typical example) into 2 equal left
and right ranges of motion. The arrows represent the possible (left and right) ranges of motion for each hand toward the maximal compression position (i.e., when
hands are in contact on the axis of symmetry).
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the aim of this study was to analyze the MFD through its
impact on muscular activation of the main prime movers—
PM (sternoclavicular portion), AD, and TB (lateral head)—
and to compare these data with those obtained during a
standard weight training exercise involving additional loads
(i.e., the BP). Two secondary aims were to discuss whether
a change in arm position when using the MFD could lead to
different muscle activation levels for the same grip, and whether
one could classify the MFD among devices inducing a certain
amount of instability to control during pushing exercises.

METHODS
To analyze and compare typical exercises performed with the
MFD vs. the BP standard, the EMG activity of the PM, AD,
and TB was measured. Six movements were chosen for the
MFD (4 using the various grips of the MFD in the standard
position, and 2 others using the same grip in 2 different
positions), all performed in both concentric and isometric
conditions, and 5 different loads were imposed for the BP
exercise. The isometric condition was performed because
wobbling phenomena were observed only after a few seconds of
stillness in the compressed position. For each of these movements, the measurements were done during the concentric
phases only and/or for standardized durations, to compare
muscular activation data between all conditions (MFD isometric, MFD concentric, and loaded BP). Maximal voluntary
isometric contractions (MVICs) were performed beforehand to
express EMG measurements as percentages of the maximal
levels of activation for each muscle.
Subjects

Thirteen healthy men participated in this study. All subjects
were experienced in weight training, and although none were
practicing weight training on a daily basis, this kind of training
was an integral part of their respective competition sport
activities (team sports, athletics, rugby). They were physical
education students and were all practicing sports in competition. They gave their written informed consent to carry out
the protocol, which was approved by the institution’s internal
review board. The main anthropometric characteristics of
the subjects are given in Table 1, along with their BP maximal
performance for 1 repetition (1RM). No subject was suffering
from any injury that could have contraindicated strength
training exercises.
Procedures

Mechanical Characterization of the Device. The MFD (Flexoring, Sveltus, Roche-la-Molière, France) is a fitness device
allowing various pushing and pulling exercises, with both
upper and lower limbs, against a resistance that is induced by
its shape and the material used and that can be considered
elastic-like. It has 10 handles allowing four 2-handed grips
with increasing levels of difficulty (Figure 1).
Each of the four 2-handed grips of the MFD was tested
through the measurement of maximal forces of compression
the

Characteristics

Mean 6 SD

Age (y)
Stature (cm)
Body mass (kg)
Body fat (%)
Shoulder width (cm)
Bench press 1RM (kg)

24.6 6 3.3
178 6 7
76.4 6 10.6
13.8 6 3.8
38.2 6 2.0
68.1 6 12.5

1RM = 1-maximum repetition.

Experimental Approach to the Problem
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T ABLE 1. Main characteristics of the subjects
(n = 13).

and maximal stiffness values on a force plate (Kistler 9281B,
Winterthür, Switzerland) with an acquisition frequency of
2000 Hz, to quantify both the force required to fully compress
the MFD through its entire possible ranges of motion (for
each of the 4 axes of motion) and the stiffness of the device
during these changes in shape. The device was manually
compressed against the surface of the force plate, allowing the
compression to take place vertically on the force plate and,
hence, the 2 opposite handles of grip 1 to get close (the device
was compressed between the 2 following contact points: the
hand of the experimenter, holding a grip; and the surface of
the force plate, onto which the opposite grip was put).
Stiffness was calculated as the ratio of the maximal compression force (N) to the interhandle (inner side) length
change between the beginning and end of the compression
process (m), measured using a standard measuring tape in still
position, just before contact between the 2 handles of the
considered grip. This contact was carefully avoided to prevent
applying more force than that required by the complete
compression of the MFD. Each mechanical test was performed twice, and mean values were retained. The values of
maximum vertical compression force and stiffness obtained
were 135 N and 270 N!m21 for grip 1, 102 N and 268 N!m21
for grip 2, 162 N and 470 N!m21 for grip 3, and 197 N and 395
N!m21 for grip 4, respectively.
Experimental Protocol. During the first session, each subject’s
shoulder width was measured through the biacromial
distance (1) to set that person’s grip width for the BP (i.e.,
200% of the biacromial distance), as proposed, for instance,
by Lehman (9). This grip width was measured between the
2 middle fingers. After a standardized warm-up, the 1RM was
determined for each subject for the BP exercise on a standard
weight training machine (Domyos BM 900, Villeneuve d’Ascq,
France) for the upward pushing motion only (subjects began
their attempts with the bar pulled down by experimenters).
Each subject’s position under the bar was set to allow the full
motion of the bar to take place in the vertical plane above the
chest, with the elbows in this plane. A standard competition-style movement (no rising of the heels or buttocks) was
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required and was carefully checked to validate each attempt;
for a complete description, see Elliott et al. (3).
During the first session, subjects also got used to the MFD
and the various movements asked during the second session:
classical compressions (with elbows and forearms slightly
underneath the horizontal and with elbow angles inferior to
90") using the 4 grips of the device; a compression with the
arms outstretched horizontally using grip 1; and a butterflytype compression using grip 1 (hands on the sides of a handle
of grip 4, elbows in contact with the handles of grip 1). These
3 starting positions are shown in Figure 2.
After an interval of 1 week, subjects performed a second
session, during which EMG measurements were performed.
After appropriate EMG settings, 2 3 5-second MVICs were
performed for each muscle studied and were used further to
normalize EMG data. The positions and movements used for
these MVICs were those described by Kendall et al. (7) for the
PM, AD, and TB muscles.
After a few minutes of rest, the EMG activity of each
muscle was measured during 16 randomly ordered exercises
that can be grouped into 2 categories: I) 6 exercises with
the MFD: classical compression with grip 1 (MFD1), grip 2
(MFD2), grip 3 (MFD3), and grip 4 (MFD4), outstretched
arm compression with grip 1 (MFD1stretched), and butterflytype compression with grip 1 (MFD1bfy); and II) BP exercises
with different loads: 20, 40, 60, 80, and 100% 1RM. Subjects
were given 3 minutes of passive rest between 2 successive
conditions to ensure full recovery, knowing that Weir et al.
(15) observed that 1 minute was enough to repeat a 1RM
in BP. The EMG measurements were done during the
concentric pushing action only (for the BP, 2 experimenters
carried the bar before and after each push). For each
condition, 2 repetitions were performed (with resting periods
ranging from 30 seconds to 2 minutes, depending on the
load). To compare activations and to prevent any bias
attributable to the velocity of muscular action, subjects were
trained to perform each concentric phase at a fixed rate of
2 seconds given by an audio signal (8,10–12).
Lastly, measurements were done during isometric actions
for the MFD conditions: after the second repetition of each
MFD condition, an isometric 5-second hold was performed
in maximal compression position (strictly avoiding the 2
hands or handles of the grip used during contact).
Electromyography

The recommendations of the SENIAM project (5) were
followed during the entire EMG measurement process.
Bipolar disposable pregelled Ag/AgCl electrodes (Control
Graphic Medical, Brie Comte Robert, France) were used, and
their positions were determined for each subject by the
same experimenter. The pairs of electrodes were placed on
the right side of the body after an appropriate preparation of
the skin (dry shaving, sandpapering, alcohol cleaning, and
drying), parallel to the main fiber orientation for the 3 muscles
studied: PM (sternoclavicular portion), AD, and TB (lateral

| www.nsca-jscr.org

head). The reference electrode was placed on the right
acromion. After a few minutes, the impedance between the
2 electrodes of each pair was checked, and the preparation
was repeated if the impedance was higher than 10 kV.
Medical adhesive tape was used to maintain the electrodes
on the skin. The electrodes were then connected to an
amplifier (Eisa 16-4, Freiburg, Germany), and the signal was
recorded via an acquisition card (DAQCard-6062E, National
Instruments, Austin, Tex) at a frequency of 1000 Hz.
Electromyographical Data Analysis

A dedicated software program was developed under LabVIEW (National Instruments), allowing the following EMG
data processing: trigger generation, trigger signal cut, filter
(Band Pass 5-500 Hz), and root mean square value
computation using a time window of 200 milliseconds. The
maximal value of EMG (EMGpeak) was then calculated for
the 2-second concentric phases, and the highest value of the 2
repetitions was retained for each muscle and each condition.
All EMGpeak values were then normalized and expressed
relative to MVIC EMGpeak values.
Statistical Analyses

One-way analyses of variance (ANOVAs) with repeated
measures and Fisher post hoc tests were used to study the
differences in muscular activity for each muscle. The factors
studied were I) MFD grips (MFD1, MFD2, MFD3, and
MFD4) for the standard compression exercise, II) the position
used for the MFD1 grip (MFD1, MFD1stretched, and
MFD1bfy), and III) the type of muscular action (concentric
vs. isometric) for each MFD condition. Intraclass correlation
coefficients were calculated (13) between the 2 consecutive
repetitions for all MFD exercises to test the reliability of the
measures. Statistical significance was established at p # 0.05
for all tests.

RESULTS
The intraclass correlation coefficients calculated between the
2 consecutive repetitions with the MFD for all the exercises
performed were 0.88 6 0.11 (ranging from 0.51 to 0.98). Table
2 presents EMGpeak values for all MFD conditions.
Concerning the influence of MFD grip on muscle activation,
the peak EMG activity of the AD was significantly (p , 0.05)
higher for grips 3 and 4 than for grips 1 and 2. Similar results
were obtained for the TB and the PM (Table 2).
When comparing the 3 positions studied, the butterfly
position (MFD1bfy) induced a significantly higher (p , 0.05)
EMGpeak value for the PM and AD when compared with
the classical position, MFD1. The same result was observed
when using the MFD with outstretched arms: EMGpeak was
significantly higher (p , 0.05) in MFD1stretched than in MFD1
for these muscles. Concerning the TB, no significant difference was observed between the 3 positions tested, though the
EMGpeak value rose from 27.2 6 17.4 to 43.4 6 32.7%
MVIC between the MFD1 and MFD1stretched conditions.
Lastly, no significant difference was found between the
VOLUME 23 | NUMBER 2 | MARCH 2009 |
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T ABLE 2. Maximal electromyographic activity (EMGpeak) expressed as a percentage of the maximal voluntary isometric
contraction (% MVIC).
Multigrip flexible device
(MFD) exercises

Pectoralis major
Standard

Anterior deltoid

Isometric

MFD1
39.3 6 22.1† 37.7
MFD2
39.1 6 23.0† 33.1
MFD3
50.7 6 23.1 47.8
MFD4
57.8 6 24.6 60.3
MFD1bfy
71.8 6 17.9‡ 69.7
MFD1stretched
77.3 6 14.2‡ 79.3
Bench press (BP) exercise: ascending phase
BP20
31.4 6 21.3
BP40
50.9 6 29.0
BP60
68.2 6 35.3
BP80
86.4 6 48.4
BP100
104.3 6 64.3

Standard

6 17.6
6 19.4
6 20.4
6 29.0
6 17.9
6 18.1

26.8 6 8.7*†
25.5 6 7.9*†
45.7 6 17.3
49.0 6 18.4
76.5 6 19.3‡
68.1 6 20.9‡
25.2 6 8.3
45.6 6 19.6
64.3 6 21.6
81.5 6 19.0
103.0 6 17.0

Isometric
31.9
29.3
42.9
52.4
76.1
68.9

6 12.6
6 14.1
6 17.2
6 19.2
6 18.5
6 24.1

Triceps brachii
Standard

Isometric

27.2 6 17.4†
20.7 6 15.7*†
40.6 6 25.6
53.2 6 25.2
28.2 6 13.4
43.4 6 32.7

25.9 6 17.5
14.0 6 13.1
47.2 6 28.3
54.0 6 33.9
40.8 6 27.4
35.9 6 26.9

46.4 6 21.5
70.8 6 25.0
84.7 6 26.1
102.1 6 27.9
114.1 6 35.9

*Significantly (p , 0.05) different from MFD3.
†Significantly (p , 0.05) different from MFD4.
‡Significantly (p , 0.05) different from MFD1.

concentric and isometric conditions for any of the tested
MFD exercises, whatever the muscle studied.
The entire set of data is presented in Figure 3, ranked from
the lowest relative activation level to the highest one, to
provide a practical ‘‘activation scale’’ allowing comparisons
between EMGpeak values for the different MFD and BP
conditions for the PM, AD, and TB muscles. On this basis,
the reader may better figure out the specific muscle activation induced by the MFD as compared with weight training
standard exercises.

DISCUSSION
The results of this study show that the MFD could be
considered a device that induces a level of activation in the
PM, AD, and TB muscles that is comparable with that of
a standard weight training exercise (i.e., BP). Indeed, when
relating the muscular activity data obtained with the MFD to
those obtained for BP, we observed that grips 1 and 2 of the
MFD induced an activation of the PM and AD approximately
equivalent to those obtained during BP with loads between
20 and 40% of 1RM—that is, EMGpeak values reaching
about 40 and 25% of the MVIC ones, for the PM and the
AD, respectively (Table 2). Contrastingly, the TB showed
a two-times lower activation when using these two grips than
during a BP20 exercise. These 2 ‘‘easiest’’ grips could be
considered appropriate, for instance, for a warm-up or for
low-load work of the PM and AD muscles, and they could
induce a very low level of activation for the TB, which is not
surprising considering that the elbow joint extension motion
is rather small during a standard compression of the MFD.
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On the other hand, in accordance with what could have
been expected in light of the mechanical characterization of
the MFD (maximal compression forces required), grips 3
and 4 induced significantly (p , 0.05) higher EMGpeak
values for both TB and AD than grips 1 and 2 did. That was
confirmed by their relative ranks in Figure 3, in which one
can observe that the solicitations of both PM and AD reach
those induced by 40–60% 1RM loads on the BP exercise.
Further, it is worth noting that the MFD allowed, at the
most (i.e., holding it in stretched arm position, grip 1,
isometric condition), a level of activation (about 79%
MVIC) equivalent to BP loads of 60–80% concerning the
PM muscle. Similar results also applied to the AD muscle,
except that the highest level of activation (about 76%
MVIC) was reached when holding the MFD in butterfly
position, grip 1. Such high levels of activation may be
considered as objective arguments to qualify the MFD
(through its most difficult grips and positions) as a valid
device for strength development, at least for the prime
movers studied here. This was emphasized by the fact
that we only tested grip 1 in these maximal conditions, but
we observed (unpublished personal observations) that
things became even more difficult when trying grips 3
and 4 in either outstretched or butterfly position. The latter
were not proposed in this protocol because some subjects
could not even compress the MFD against such high
resistances.
During this study, we also performed an entire set of
measurements with another weight training standard exercise
(i.e., the ‘‘butterfly’’ movement) performed on a butterfly
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a change in arm position when
compressing the MFD was
required.
The 3 main arm positions
described in Figure 2 (standard,
outstretched, and butterfly) were
tested using the same grip (grip
1). We observed that a change
in position (from MFD1 to
MFD1bfy and MFD1stretched) induced a change in the muscular
level of activation (Table 2).
Indeed, when compared with
the classical position (MFD1),
performing a compression in
a butterfly position (MFD1bfy)
resulted in an approximately
80% increase in EMGpeak for
the PM (from 39.3 6 22.1 to
71.8 6 17.9% MVIC) and an
approximately 85% increase in
EMGpeak for the AD (from
26.8 6 8.7 to 76.5 6 19.3%
MVIC), whereas the rather low
EMGpeak level of the TB did
not change (27.2 6 17.4 vs. 28.2
6 13.4% MVIC). That could be
explained by the fact that the
TB (and other elbow extensors)
could not be involved in
MFD1bfy as much as they were
Figure 3. Peak electromyographic activity (EMGpeak) expressed as a percentage of the maximal voluntary
in MFD1 position, whereas the
isometric contraction (%MVIC) for the pectoralis major (PM), anterior deltoid (AD), and triceps brachii (TB) muscles
role played by the PM and AD
and the different experimental conditions. Data are ordered from the lowest to the highest EMGpeak induced.
became essential. For PM and
AD, similar trends are observed
when focusing on the rise in
EMGpeak values induced by the outstretched position; for
machine. Results are not shown in this paper for the sake of
instance, PM is activated up to 77.3 6 14.2% MVIC. Contrary
conciseness, and because we focused on the most common
to what was observed for MFD1bfy, using the MFD with the
weight training exercise (BP); nevertheless, the main results
arms outstretched resulted in an approximately 60% increase
and trends obtained with the BP (as previously described)
in EMGpeak for the TB (from 27.2 6 17.4 to 43.4 6 32.7%
were also observed in the butterfly protocol.
MVIC). Therefore, it seems that both PM and AD muscles
When drawing a parallel between these results and the
were sensitive to the 2 changes in position tested, whereas
mechanical characteristics of the device (see Procedures), the
only the MFD1stretched position induced a higher activation of
increasing force required to fully compress the MFD through
the TB. These observations on positions can be linked to the
its 4 grips led to an increasing level of muscle activation.
works of Cogley et al. (2) and Freeman et al. (4) on push-up
To sum up, in standard position, grips 1 and 2 induced
movements, that of Lehman (9) on the BP, and that of
submaximal levels of activation that correspond to loads
Signorile et al. (14) on the lat pull-down. Indeed, these
lower than 40% 1RM at the BP for both PM and AD muscles,
authors have observed that changes in position for the same
and much lower than 20% for the TB. When switching to
exercise, performed against the same resistance, resulted in
grips 3 and 4, the level of activation of the 3 muscles increased
different levels of muscular activation. From this point of
(significantly for AD and TB, and for PM only with grip 4)
view, exercise intensity when using the MFD seems to be
and approximately reached that of 60% 1RM loads for the
characterized by the same ‘‘position dependency’’ as other
PM and AD muscles in BP exercise. This corresponded (grip 4)
weight training methods and devices. Knowing that this
to about 50–60% MVIC levels of activation for the 3 muscles.
effect of position was studied with the easiest grip (grip 1), it
To reach activation levels higher than 60% and beyond,
VOLUME 23 | NUMBER 2 | MARCH 2009 |
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could be interesting to further determine the muscular
activation level that could result from the use of the other
grips and, in doing so, to accurately quantify the previously
mentioned empirical observations (attempts in various
positions with grips 2, 3, and 4).
It light of the grip and position effects discussed above, it is
reasonable to think that a wide range of levels of PM, AD, and
TB activation could be reached through appropriate settings
of the MFD grip and/or position of use.
One of our secondary aims was to quantify whether the
instability observed in isometric conditions (MFD inducing
wobbling after 1 or 2 seconds) was related to higher levels of
muscle activation. The wobbling phenomenon was observed
for all subjects (to a more or less important extent), especially
for grips 3 and 4, which required both the highest force
production and muscle activation, but it was not related to
significantly different levels of activation. Indeed, no significant difference was found in the EMGpeak values for the 3
muscles studied between any of the experimental conditions;
the comparison of concentric and isometric conditions for the
same grip and position led to similar values of activation. For
instance, the EMGpeak value for the PM was 57.8 6 24.6%
MVIC when using the MFD4 grip during a 2-second
compression movement vs. 60.3 6 29.0% when performing
a 5-second isometric action with the same grip (MFD4ISO
condition, Table 2). This is contrary to what could have been
expected from the literature (10,11) and does not allow
characterization of the MFD as a device inducing instability
and, thus, higher levels of muscle activation required to
control it—unlike wobbling plates, medicine balls, or ‘‘Swiss
balls,’’ for example. Indeed, Lehman et al. (10), Freeman et al.
(4), and Marshall and Murphy (11) have observed significant
increases in the levels of activation of upper-limb prime
movers and abdominal muscles when exercises (BPs, pushups) were performed on unstable surfaces.
An explanation of this discrepancy could be that although
shaking phenomena tended to occur by the end of the
compression movement when using the most difficult grips,
subjects were able to control this vibration without significant
additional muscle activation, at least in the muscles tested (we
did not measure forearm muscle activation). Another
explanation could lie in the duration of the isometric phase,
which might have been too short to observe higher values of
EMGpeak in such unstable conditions.

PRACTICAL APPLICATIONS
The MFD tested here allows the performance of upper-limb
training, and various levels of resistance directly result from
the available grips and the positions used. Indeed, in a standard
position (Figure 2a), subjects can reach peak activation levels
of the PM and AD muscles equivalent to those induced by
repetitions at 20% to approximately 60% of the maximal load
performed during BP exercises. Higher levels of activation
may be reached by using the device in outstretched and
butterfly arm positions (Figure 2b, c) with the easiest grip, not
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to mention doing so with the most difficult grips (grips 3 and
4). Our study demonstrates that this device, though inducing
shaking phenomena during isometric use, did not induce
higher levels of activation attributable to this instability,
contrary to other fitness apparatus. Lastly, the mechanical
characterization has shown that, unlike standard weight
training protocols using weight as the resistance (dumbbells,
pulleys, etc.), the force production is progressive with time
during a compression, because of the particular elastic-like
behavior of the device. As a consequence, it may be relevant
in rehabilitation protocols, during which strength training
has to be performed up to subjects’ pain thresholds. Indeed,
this device would allow gradual production of force up to
a subject’s pain threshold, whereas using standard dumbbells
and pulley systems requires subjects to produce high if not
maximal (hence, painful) levels of force straight from the
beginning of the motion. Upper-limb rehabilitation programs
that include strengthening of the shoulder, elbow, and wrist
main muscle groups, as well as an improvement of stabilization forces around these joints, could be typical uses for
this device in rehabilitation processes.
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The purpose of this study was to examine the physiological
and biological factors associated with ultra-endurance performance. Fourteen male runners volunteered to run on a
treadmill as many kilometers as possible over a 24-h period
·
(24TR). Maximal oxygen uptake (VO
2max), velocity asso·
.
ciated with VO2max (V VO2 max ) and running economy (RE) at
8 km/h were measured. A muscle biopsy was also performed
in the vastus lateralis muscle. The subjects ran
149.2 ! 15.7 km in 18 h 39 ! 41 min of eﬀective attendance
.
on the treadmill, corresponding to 39.4 ! 4.2% of V VO
.
2 max
Standard multiple-regression analysis showed that performance was significantly (R2 5 0.82; P 5 0.005) related to

·
VO
2max and specific endurance, i.e. the average speed
·
.
. VO
sustained over the 24TR expressed in %V VO
2max
2 max
2
was associated with a high capillary tortuosity (R 5 0.66;
P 5 0.01). Specific endurance was significantly related to
RE and citrate synthase activity. It is concluded that a high
·
VO
2max and an associated developed capillary network are
essential for ultra-endurance running performance. The
·
ability to maintain a high %VO
2max over a 24TR is another
factor associated with performance and is mainly related to
RE and high mitochondrial oxidative capacity in the vastus
lateralis.

Ultra-endurance exercise can be performed in diﬀerent activities such as cycling, running or multi-sports
events (e.g. Ironman triathlon, adventure races).
However, a consensus on the definition of an ultraendurance exercise does not exist. For some authors,
it applies to events that exceed 4 h (Knez et al., 2006)
or 6 h in duration (Zaryski & Smith, 2005) and can
last up to 40 h or even several days (e.g. 6-day races).
In running, it is sometimes considered that it is
relevant for a distance greater than a marathon and
there are basically two types of ultra-marathon
events: those performed on a mostly flat road (24 h,
100 km) and those run on various terrain trails (e.g.
Western States 100 miles, Trail de Tiranges or Ultratrail du Mont-Blanc). The present study focused on
the first type of ultra-marathon events.
In marathon running, it is understood that max·
imal oxygen uptake (VO
2max), running economy
(RE), biomechanical parameters and fractional utili·
zation of maximal oxygen uptake (%VO
2max) are
important factors of performance (Sjodin & Svedenhag, 1985; Joyner & Coyle, 2008). Despite the fact
that the number of athletes competing in ultraendurance events is continually increasing as evidenced by the number of new races being established
each year (Knez et al., 2006), the determining factors

of ultra-marathon performance are poorly identified.
In fact, most studies dedicated to such events have
focused on injuries and muscle damage (Rehrer et al.,
1992; Holtzhausen et al., 1994; Kim et al., 2007),
biochemical changes following a race (Noakes &
Carter, 1982; Overgaard et al., 2002) or neuromuscular fatigue (Millet et al., 2002; Place et al., 2004).
Only two studies have been dedicated to the
characterization of physiological parameters linked
to ultra-endurance performance. Davies and Thompson (1979a) suggested that success in an 84-km ultramarathon was crucially and (possibly) solely dependent on the development and utilization of a large
·
VO
2max. Since then, only Noakes et al. (1990) have
compared the factors related to marathon and ultramarathon performance. They found that peak treadmill running velocity reached during an incremental
test was the best laboratory-measured predictor of
performance in ultra-marathon specialists but significant relationships were also found with running
·
velocity at the lactate inflection point %VO
2max at
·
16 km/h and VO2max.
These two studies have tested aerobic parameters
as potential factors of ultra-marathon performance;
however, the relationships of muscle characteristics
with ultra-marathon performance are not known. In
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2
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.
24TR, 24 h treadmill running; DNF, did not finish; VVO
, velocity associated with VO2max; %VVO
, velocity over the 24TR in percentage of velocity associated with VO2max, the velocity being expressed either as the
2 max
2 max
.
); RE, running
mean velocity during the time spent running or walking on the treadmill or in absolute values (i.e. distance/24 h); V4 mmol, velocity at blood lactate concentration equal to 4 mmol/L (in %VVO
2 max
·
economy 5 VO2 at 8 km/h.

.
VVO
(km/h)
2 max

·
VO2max (mL/kg/min)
Performance 24TR (km)

The subjects visited the laboratory twice, with each session
separated by 3–4 weeks. All subjects had run at least three
times on a motorized treadmill before taking part in the
experiment. In the first session, body mass (BM), height and
percentage of body fat (%BF, measurements of skin-fold
thickness) were measured. The subjects then performed a
maximal test on a motorized treadmill (Gymrol S2500, HEF
Tecmachine, Andrezieux-Boutheon, France), which aimed at
·
determining the anaerobic threshold, VO
2max and the velocity
·
.
associated with VO2max (VVO2 max ). The initial velocity was set
at 10 km/h and the first stage lasted 6 min. Then, the test
consisted of a maximal discontinuous incremental test
(slope 5 0%), where the speed was progressively increased
by 1.5 km/h every 3 min, followed by 1 min of rest for the
collection of blood samples from the finger tips. The last stage
·
.
. The highest VO
entirely completed was considered as VVO
2
2 max
·
value was considered as VO
.
2max
The second session consisted of the 24TR. About 2 h before
starting, a muscle biopsy was performed. Muscle biopsy
samples (" 120 mg) were collected under local anesthesia
from the superficial portion of the left vastus lateralis muscle

Subject #

Procedures

Table 1. Individual performances and the main physiological characteristics of the subjects

Fourteen male volunteers (mean ! SD: age 41.1 ! 8.9 years;
weight 73.6 ! 8.2 kg, height 176.9 ! 5.8 cm, body mass index
(BMI) 23.5 ! 1.9 kg/m2 and body fat: 17.7 ! 4.3%) participated in this experiment. The details of the skin-fold thickness
are as follows: 7.1 ! 2.6 mm for tricipital fold, 11.3 ! 4.8 mm
for the inter scapulo-vertebral fold, 3.9 ! 0.9 mm for the
bicipital fold and 12.7 ! 6.9 mm for the supra-iliac fold.
Further individual characteristics of the subjects are presented
in Table 1. They were recruited among experienced ultraendurance runners and all of them had run at least a race
longer than 24 h or 4100 km. On average, they had 15.3 ! 7.1
years of training history in running and 7.1 ! 4.4 years of
ultra-endurance experience. They reported to run an average
of 80.5 ! 11.7 km/week. Written informed consent was obtained from the subjects. The study was conducted according
to the Declaration of Helsinki. The protocol has been approved by the local ethics committee (Comité de Protection
des Personnes Sud-Est 1, France) and registered in http://
clinicaltrial.gov (# NCT 00428779). Among the 14 subjects, 12
were able to complete the 24TR. One subject was excluded by
the physician because of a hematoma due to the initial muscle
biopsy procedure and the other one was excluded because of
low blood pressure.

.
%VVO
(velocity during
2 max
effective running time)

Subjects

44
40
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–
38
37
40
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33
38
38
37
/
/
39.4
4.2

Materials and methods
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19
–
19
19
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16
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16
17.5
16
17.5
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18.3
1.6

.
%VVO
(absolute mean velocity)
2 max

.
V4 mmol (%VVO
)
2 max

addition, factors associated with performance on
distances 4100 km have never been investigated.
While it has been argued that a small improvement
in RE could have a large impact on distance-running
performance, particularly in events such as ultramarathon events (Jung, 2003), only Noakes et al.
(1990) have tested this hypothesis in ultra-marathon
·
runners. They found that RE, determined as VO
2 at
16 km/h, was not correlated with performance. The
objective of the present study was to determine which
physiological and biological factors were related to
ultra-endurance performance in a heterogeneous
group of runners during a 24-h treadmill run (24TR).

54.1
60.9
58
–
53.1
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54.8
41.7
54.7
50.9
46.8
41.4
50.8
57.8
52.4
6.0

RE (mL/kg/min)
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using a percutaneous technique (Henriksson, 1979). A large
well-organized fascicle of fibers was oriented and included in
an embedding medium (Cryomount; Histolab, Göteborg,
Sweden), frozen in isopentane, cooled to its freezing point in
liquid nitrogen and stored in liquid nitrogen until further
cryostat sectioning. The remaining pieces of the sample were
rapidly frozen and stored in liquid nitrogen until enzyme
activity and protein analyses were performed.
After the muscle biopsy procedure, the subjects rested for
approximately 2 h and then they were asked to start the 24TR.
Ten minutes after the start of the 24TR, subjects were asked to
run 4 min at 8 km/h for measurements of RE. A slow speed
was chosen for RE because the average speed over the 24TR
was 7.9 ! 1.0 km/h, and so 8 km/h is representative of the pace
over such an extreme exercise. The food and water intakes
during the 24TR were managed by the subjects as in a normal
race.

Gas exchange measurements
· ) and related gas exchange measures were
Oxygen uptake (VO
2

determined during the last minute of each 3-min (maximal
test, first session) or 4-min (submaximal run, 24TR) period as
presented elsewhere (Foissac et al., 2008).

Lactate concentration
During the first session, the blood lactate concentration
([La # ]) was determined at rest and after each stage. A blood
sample was taken from the fingertip to analyze [La # ] using an
enzymatic method (YSI 1500 Sport, Yellow Springs Instruments, Yellow Springs, Ohio, USA). The blood lactate analyzer was calibrated before each test using standard solutions of
5 and 15 mmol/L. The speeds at a [La # ] of 2 and 4 mmol/L
(V 2 mmol and V4 mmol) and the speed that corresponds to the
first increase in [La # ] of 1 mmol/L (VD1 mmol) above the resting
.
level were considered and expressed in km/h and in %VVO
.
2 max

Muscle biology

Enzyme activity assays
Muscle biopsy samples (approximately 15 mg) were freezedried (Lyovac GT2, Leybold-Heraeus, Köln, Germany), dissected free from the connective tissue and blood and powdered
in a chamber of controlled humidity (o40% RH). The muscle
powder was weighted in the same chamber and homogenized
at 4 1C in an appropriate extraction buﬀer. This tissue
suspension was used to measure the maximal activity of
phosphofructokinase (PFK), citrate synthase (CS) and bhydroxy-acyl-CoA-deshydrogenase (HAD) fluorometrically
(Mansour et al., 1966). All enzyme activities were measured
at 25 1C and expressed as mmol/min/g dry weight.

Immunocytochemical and histochemical assays
Serial transverse muscle biopsy sections, 10 mm thick, were cut
using a microtome at # 20 1C (HM 560, Microm, Walldorf,
Germany). Muscle sections were viewed under a light microscope (Eclipse E400, Nikon, Badhoevedorp, the Netherlands)
connected to a digital camera (Coolpix 990, Nikon). All the
subsequent measurements were performed under blinding
procedures. Photographs were taken at a $ 400 magnification
and analyzed using an image analysis software (SigmaScan
Pro 5.0, SPSS Science, Chicago, Illinois, USA). An average of
eight fields was examined in each section, yielding an average
of 70 fibers per individual sample.

Muscle capillarization
The capillaries were visualized using the monoclonal antibody
(mAb) CD31 (Dako, Glostrup, Denmark) that recognizes
vascular endothelial cells (for details, see Charifi et al.,
2004). Transverse or longitudinal vascular profiles with a
diameter 415 mm were not considered. Capillary density
(CD) was expressed as the number of capillaries counted per
square millimeter (cap/mm2). For each fiber, the capillary-tofiber ratio (C/F) was determined as the sum of the fractional
contribution of each capillary around a fiber, based on the
number of fibers sharing each capillary (sharing factor). On
transverse sections, the length of the contact (LC) between the
capillaries and the muscle fibers can be measured. The index of
tortuosity was calculated as LC/PF (perimeter of fiber). LC/
PF, originally called ‘‘length of capillary-fiber contact’’, is
expressed as a percent of muscle fiber perimeter in contact
with the capillary wall (Charifi et al., 2004).

Muscle fiber distribution
Fiber-type distribution was studied on immunohistochemical
serial preparations using anti-fast IIa myosin heavy-chain
N2.261 and anti-slow myosin heavy-chain A4.951 monoclonal
antibodies (Alexis Biochemicals, San Diego, California,
USA). The fibers were designated as I, I–IIa, IIa, IIa–IIx
and IIx types.

Statistical analysis
Values are presented as mean ! SD throughout the manuscript. The coeﬃcient of variation (CV 5 SD/mean) was
calculated for the 24TR performance. Data were screened
for normality of distribution and homogeneity of variances.
Standard multiple-regression analyses were conducted to
·
.
evaluate (i) the contribution of VO
2max, %VVO2 max sustained
over 24TR and RE to the performance and (ii) the contribution of anaerobic threshold, RE and percentage of type I fibers
.
sustained over 24TR. A predictor variable was
to the %VVO
2 max
considered as a significant contributor to performance or
.
if its P value from the regression was o0.05.
%VVO
2 max
Pearson’s correlation coeﬃcients (R) or Spearman’s rank
correlation coeﬃcient (Rs) were also used to analyze the
association between various other selected variables. A P
value of 0.05 was also accepted as the level of statistical
significance.

Results
Performance
The performance of the 12 subjects who finished the
24TR is reported in Table 1. The average speed was
.
39 ! 4% of VVO
when considering the eﬀective
2 max
running time, i.e. the real time spent running or
walking on the treadmill of each subject (18 h 39 min
41 min, Table 1). The average speed was 34 ! 3% of
.
VVO
when considering the mean velocity over the
2 max
24TR, i.e. the number of kilometers divided by 24 h
(Table 1). The coeﬃcient of variation for the 24TR
performance was 10%.
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Discussion

Physiological variables
·
Means ! SD, as well as individual values of VO
2max,
.
VVO2 max , V4 mmol and RE at 8 km/h are presented in
Table 1. For clarity, the velocities associated with the
lactate inflection point and VD1 mmol were not presented in this table but these two parameters were
highly correlated with V4 mmol (R 5 0.89 and 0.82,
respectively; Po0.001). Blood glucose concentration, hematocrit and body mass over the 24TR are
presented in Table 2. Standard multiple-regression
analyses (R2 5 0.82; P 5 0.005) revealed that perfor·
mances were predicted by VO
2max (P 5 0.001) and
specific endurance, i.e. the average speed sustained
.
over the 24TR expressed in %VVO
(Po0.05). The
2 max
.
%VVO2 max sustained over 24TR was predicted by RE
(Po0.05) but not by the percentage of type I fibers or
by the anaerobic threshold. No correlation existed
between the average speed sustained over the 24TR
.
(in %VVO
) and the V 2 mmol, V4 mmol and VD1 mmol,
2 max
expressed either in absolute (km/h) or relative
.
(%VVO
) values. There was a tendency toward a
2 max
·
relationship between VO
2max expressed in mL/min/
kgfat-free mass # 1 (R 5 0.58; P 5 0.06) and perfor·
mance. The correlation between VO
2max and %BF
was significant (Rs 5 # 0.65; P 5 0.015).

Biological variables
The CD, C/F and LC/PF were 308 ! 74 cap/mm2,
2.14 ! 0.33 capillaries per fiber and 0.17 ! 0.02,
respectively. C/F and LC/PF were significantly correlated with 24TR performance (R 5 0.62, Po0.05
and R 5 0.58; Po0.05). There was a significant
·
correlation between VO
2max and LC/PF (R 5 0.82;
P 5 0.01; Fig. 1). No correlation was found between
the percentage of type I fibers and performance (Fig. 2)
·
or VO
2max.
CS and HAD activities were significantly correlated with 24TR performance (R 5 0.70; P 5 0.015
and R 5 0.72; P 5 0.012, respectively; Fig. 3).
.
%VVO
sustained over 24 h was negatively corre2 max
lated with PFK activity (R 5 # 0.68; Po0.05) and
positively correlated with CS activity (R 5 0.65;
Po0.05). While CS and HAD were highly correlated
.
(R 5 0.80; P 5 0.001), %VVO
sustained over 24TR
2 max
was not related to HAD activity (R 5 0.34, NS).

The main results of the present study were that (i) a
high maximal aerobic power and its associated
developed capillary network and (ii) a high percent
·
VO
2max maintained over a 24-hour run are related to
ultra-endurance running performance. These results
suggest that performance in ultra-marathon running
is similar to that in shorter distances like 10 km or
marathon in that maximal aerobic power and the
·
ability to maintain a high %VO
2max throughout the
event are major variables associated with performance. The latter factor appears to be at least partly
related to the running eﬃciency and a high CS
activity but not to the anaerobic threshold.

Performance
The subjects in the current experiment ran on average "19 h as compared with the expected 24 h; this
was mainly due to the number of mandatory measurements, such as neuromuscular measurements,
blood samples or cognitive function assessment,
requested every 4 h (data not shown). As a result, it
can be estimated that the distance (approximately
149 km) is comparable with previous field studies
where participants ran mean distances of 159–163 km
(Wu et al., 2004; Ohta et al., 2005) over a 24-h race.
The mandatory stops during the experiment were
comparable among subjects so that it can be

Fig. 1. Relationship between the maximal oxygen uptake
·
(VO
2max) and the length of capillary-fiber contact (LC/PF).

Table 2. Hematocrit, blood glucose and body mass over the 24TR

Hematocrit (%)
Blood glucose (mmol/L)
Body mass (kg)
Values are mean ! SD.
24TR, 24-h treadmill run.

4

PRE

4h

8h

12 h

16 h

20 h

Post

46.5 ! 4.9
5.2 ! 0.6
76.0 ! 7.0

45.5 ! 3.3
6.1 ! 1.2
74.8 ! 6.9

45.5 ! 4.2
6.0 ! 0.9
74.6 ! 6.7

44.9 ! 4.1
5.5 ! 1.1
74.6 ! 6.6

44.6 ! 4.7
5.9 ! 1.2
74.4 ! 6.6

43.9 ! 4.3
5.5 ! 1.0
74.3 ! 6.6

43.8 ! 4.8
5. 7 ! 0.5
74.2 ! 6.6
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Fig. 2. Relationship between the percentage of type I fibers
and the performance over the 24-h treadmill run (24TR).

considered that the diﬀerence in running time among
subjects was primarily due to the subjects’ willingness
to stay on the treadmill as much as they could (e.g.
some subjects were able to eat while walking on the
treadmill, and some preferred to stop to eat). The
subjects were allowed to stop at their convenience
but were requested to perform their best. Thus, even
if field studies that examine performance during a
competition are needed, because motivation is probably higher during a real race, the subjects of the
present study can be considered highly motivated
(half of the subjects traveled twice 500–1300 km to
participate) and prepared for the 24TR as if it was
their first race of the season.
Physiological variables
·
The importance of a high VO
2max for performance in
long-distance events has been recognized for decades.
Previous research has shown that in heterogeneous
groups, coeﬃcients of correlation between perfor·
mance in marathon running and VO
2max ranged
between 0.63 and 0.91 (Sjodin & Svedenhag, 1985;
Loftin et al., 2007), which is comparable with the
value found in the present study. Such relationships
are more contradictory when focusing on a more
homogenous group of elite athletes (Billat et al.,
2001; Legaz Arrese et al., 2006). Only two studies
have focused on the relationship between the physiological characteristics and ultra-marathon performance (Davies & Thompson, 1979a; Noakes et al.,
1990), but both studies focused on ultra-marathon
events shorter than or equal to 90 km. In these two
experiments, maximal aerobic power (expressed
·
.
either as VO
2max or VVO2 max ) was the best laboratory-measured predictor of performance in ultramarathon specialists. While it has been suggested
·
that VO
2max is of less importance when the running
distance increases (Davies & Thompson, 1979b;
Sjodin & Svedenhag, 1985), the present results are
thus in agreement with the experiments of Davies
and Thompson (1979a) and Noakes et al. (1990),
since a correlation as high as 0.72 has been found

Fig. 3. Relationship between (i) the performance over the
24-h treadmill run (24TR) and (ii) the citrate synthase (CS,
a) or the maximal activity of b-hydroxy-acyl-CoA-deshydrogenase (HAD, b).

.
between VVO
and performance. This demonstrates
2 max
that maximal aerobic power is still associated with
performance in ultra-endurance events, even in
events lasting as long as 24 h. It can be suggested
·
that an elevated VO
2max is interesting for performance in ultra-marathon because the metabolic state
of the runner (e.g. balance of lipid and carbohydrate
utilization, muscle metabolism by-products) is deter·
mined by the relative intensity, i.e. the %VO
2max.
·
Thus, the higher the VO2max, the easier it is to run at
·
a given submaximal speed. VO
2max is also negatively
aﬀected by body fat and this may also explain the
·
relationship between VO
2max and performance be·
cause a high %BF aﬀects both VO
2max (when expressed in mL/min/kg) and performance. Both
·
factors probably explained the VO
2max–performance
relationship in the present study because (i) there was
a strong tendency (P 5 0.06) toward a relationship
·
between performance and VO
2max expressed in mL/
fat-free mass # 1
min/kg
and (ii) there was a correlation
·
between VO
2max and %BF.
Endurance, defined as the reduction in peak aerobic power with the natural logarithm of race duration
(Peronnet & Thibault, 1989), was not determined in
the present study. However, the specific endurance to
ultra-marathon can be appreciated throughout the
average speed sustained over the 24TR when ex.
pressed in %VVO
. The average value reached 40%
2 max
.
of VVO
(range:
33–49%).
It has been found that
2 max
trained athletes can maintain an average of about
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.
45% of VVO
for a 24-h race (Davies & Thompson,
2 max
1979a). As a comparison, Davies and Thompson
(1979a) reported that the ultra-marathon runners
·
tested in their study were able to sustain 67% VO
2max
(range: 53–76%) over 84 km. Also, the average
intensity sustained over a flat course marathon has
been found to range between 60% in slow runners
and 86% in elite runners (Sjodin & Svedenhag, 1985).
The average speed sustained over the 24TR (in
.
%VVO
) was not correlated to any of the indexes of
2 max
aerobic and anaerobic threshold, either expressed in
.
absolute values or relative to VVO
. As expected,
2 max
.
VVO2 max correlated with V 2 mmol, V4 mmol and VD1 mmol
when expressed in km/h (all R % 0.81 and P & 0.001)
but 24TR performance was not correlated with
V mmol, V4 mmol or VD1 mmol when expressed in
.
%VVO
(all Ro0.30, NS). More importantly,
2 max
24TR performance was not correlated with V4 mmol
and VD1 mmol even when expressed in km/h. This
result is very diﬀerent from experiments that have
investigated marathon running because correlations
as high as 0.94–0.98 have been consistently reported
between the velocity at anaerobic threshold and
performance (Sjodin & Svedenhag, 1985). Altogether, these results show that indexes of anaerobic
threshold are not as important for ultra-endurance
performance as they are for events ranging from
10 to 42 km. This result appears to be contradictory
to the one observed by Noakes et al. (1990), where
a significant relationship was found between performance and running velocity at the lactate inflection point, but it was observed for a much shorter
(90 km) ultra-marathon to compare with the present
study.
·
VO
2max and endurance are only two of the factors
that determine success in long-distance running performance. In particular, RE has been found to be an
important part of the success in subjects with com·
·
parable VO
2max and %VO2max sustained during
competition (Scrimgeour et al., 1986) but conflicting
results have also been reported (Sjodin & Svedenhag,
1985). Even if RE can explain performance diﬀer·
ences in subjects with similar VO
2max, this relationship does not exist (Davies & Thompson, 1979a) or is
weaker than the correlation between performance
·
and VO
2max in marathon runners (Sjodin & Svedenhag, 1985). In line with previous studies (Davies &
Thompson, 1979a; Noakes et al., 1990), no direct
relationship was observed between performance and
RE in the present study. However, the velocity
sustained during the 24TR when expressed in
.
%VVO
was predicted by RE. This suggests that
2 max
rather than the ‘‘aerobic or anaerobic threshold’’
indexes, a good RE is essential for endurance in
‘‘low-intensity’’ ultra-endurance events. RE is probably not the only factor implicated in this specific
endurance.
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Biological variables
The average percentage of type I fibers in the vastus
lateralis of the subjects who took part in the present
experiment almost reached 70%. This value is
slightly lower than elite marathon runners but higher
than good and slower marathon runners (Sjodin &
Svedenhag, 1985), which is a level of performance
more comparable with the level of performance of
our subjects. However, no correlation was found
between the percentage of type I fibers and performance. Surprisingly, the best subject over the 24TR
(subject #4) had the lowest % type I fibers (see
Fig. 2). It has to be noted that this subject was quite
atypical compared with the other participants, and
removing him from our analyses would have made
the % type I fibers correlate with performance
(R 5 0.68; Po0.05). In marathon running, significant correlations between % type I fibers and performance have been observed, the advantage of such
a typology being attributed to a greater ability to
oxidize fat and lactate in this type of fiber (Sjodin &
Svedenhag, 1985). While the first factor probably
plays a role in ultra-marathon running, as shown by
the correlation found in the present study between
HAD activity and performance, lactate oxidation is
not implied because the intensity is too low. In
contrast, it may be hypothesized that a high percentage of slow twitch fibers is an advantage in ultramarathon running because of the higher ability of
these fibers to resist muscle damage (Friden et al.,
1983).
Despite his low % type I fibers, subject #4 had a
reasonable capillary network so that a significant
correlation existed between performance and indexes
of capillarization. Contrary to previous studies in
marathon runners (Sjodin & Jacobs, 1981), no correlation was found in the present study between CD
and 24TR performance (R 5 0.46; NS) but significant relationships were found between 24TR performance and C/F or LC/PF. The latter factor, which
·
was also related to VO
2max (Fig. 1), represents the
percent of muscle fiber perimeter in contact with the
wall of the microvessel and takes into account the
tortuosity of the vessel. It has been suggested that
LC/PF is the best indicator representative of the
blood–muscle exchange surface (Charifi et al.,
·
2004). Based on the present results that (i) VO
2max
or performance were not related to the percentage of
type I fibers and (ii) relationships were found be·
tween VO
2max (or performance) and LC/PF with no
·
significant relationships between VO
2max and CD, it
can be speculated that ultra-endurance training does
not modify the knee extensor muscle typology but
improves the blood–muscle exchange surface by
increasing capillary tortuosity. Interestingly, CS activity was significantly correlated with performance

Factors associated with ultra-marathon performance
.
and %VVO
sustained over 24 h but not with
2 max
·VO
2max. This suggests that increased CS activity
observed with training (Bylund et al., 1977)
aﬀects ultra-endurance performance by improvement of low-intensity endurance (i.e. the ‘‘specific
endurance’’).

Limits of the study
The main limitation of the present study is that the
design was mainly built to study the kinetics of
fatigue so that mandatory stops were requested
from the subjects. It is unlikely that the ‘‘recovery’’
periods or the neuromuscular or cognitive tests
changed the results of the study because they were
comparable among subjects but the fact that some
subjects took advantage of these short ‘‘recovery’’
periods more than others cannot be ruled out. Nevertheless, because the subjects really did their best, just
as in a real race, this experiment represented an
excellent opportunity to present some new data
relative to factors of performance that are lacking
in the literature for that type of extreme exercise. One
should keep in mind that some of the measurements
performed here would be hard to perform on the field
during an actual race. Another limit of the study is
·
the fact that the precision level of the VO
2max
determination was poor because the increment was
1.5 km/h. Finally, it is possible to explain from a
·
physiological point of view why a high VO
2max is
important for ultra-marathon performance but the
·
fact that VO
2max is statistically associated with performance does not mean that these two variables are
causally related.

ciated with ultra-endurance running performance.
The present experiment also shows that RE is not
directly related to performance but may nevertheless
·
be important to be able to maintain a high %VO
2max
over an ultra-marathon event. Finally, the anaerobic
threshold values do not seem to be associated with
performance or specific endurance for this type of
exercise.

Perspectives
These results suggest that high-intensity interval
training should be conducted to improve ultra-marathon performance, i.e. to develop maximal aerobic
power, even for events as long as 24 h. The present
data deal with a heterogeneous group of trained
.
(VVO
5 18.3 ! 1.6 km/h) but non-elite runners. It
2 max
must be understood that the present results can be
influenced by (i) whether the investigated group is
homogeneous or heterogeneous and (ii) the performance level of subjects. Thus, it still has to be
determined whether physiological and biological
determinants of performance would be similar in a
more homogenous group, particularly in elite ultraendurance athletes. Also, because it has been suggested that females perform better in ultra-marathon
races, further studies are needed to verify whether the
results of the present study also apply to females.
Key words: maximal oxygen uptake, muscle typology,
capillary network, enzymatic activity, ultra-endurance, anaerobic threshold.
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Point:Counterpoint Comments

Comments on Point:Counterpoint: Artificial limbs do/do not make artificially
fast running speeds possible
TO THE EDITOR:
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TO THE EDITOR: At high running speeds, a large fraction of the
power developed each step during the push appears to be
sustained by elastic energy stored within muscle-tendon units
during the brake (3). Elastic storage and recovery is improved
at high speeds by privileging the role of tendon relative to
muscle at the expense of a high muscle activation (1). Replac1016

ing muscle-tendon units with a passive, inexpensive, elastic
structure may result in more efficient elastic rebound by increasing the power developed at low cost during the push.
At low running speeds, the step frequency f is advantageously
tuned to the resonant frequency of the bouncing system fs (4).
With increasing running speed, f increases less than fs to
contain the power spent to reset the limbs at each step (1). If
the half period of the bouncing system is measured in Fig. 1 of
Weyand and Bundle (6), as the time where the vertical force
exceeds body weight (2), the resonant frequency fs of the
bouncing system results !60% greater than the step frequency
f in the intact-limb subject and !30% greater in the amputee.
If this is confirmed by measuring f and fs at different running
speeds, the advantage of a reduced mass of the lower limb may
be considered.
These two observations favor the hypothesis that artificial
limbs may make artificially fast running speeds possible, even
if, as stated by Kram et al. (5), this hypothesis cannot be
statistically proven.
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“NET ADVANTAGE” IS MORE ROOTED IN SPORT THAN
SCIENCE
TO THE EDITOR: I propose that “net advantage” is a poorly
defined experimental metric, more rooted in sport than science.
Although artificially faster running is theoretically possible,
current scientific evidence seems insufficient to prove a net
advantage for running prostheses. To scientifically demonstrate
a net advantage requires knowledge, precise measurement, and
weighting of all interdependent biomechanical factors contributing to speed. Experimental variability, measurement inaccuracy, and task specificity further complicate the issue.
In addressing this question of net advantage, I believe both
sides have interpreted and applied results beyond the intended
scopes of the original scientific studies. One major concern is
using statistically correlated kinetic and kinematic trends (2, 3)
as a surrogate for a fundamental mechanistic understanding of
speed limitations. Interpreting amputee mechanics in the context of how able-bodied runners achieve top speed makes
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Weyand and Bundle (4) argue that artificial limbs
can enable artificially fast running. Their argument, however, is
based on single-speed running in a single bilateral-amputee athlete
and should therefore be treated with caution (2).
A runner and prosthesis comprise a mass-spring system with
nearly constant natural frequency (5). If the prosthesis has high
stiffness, the system has a high frequency and a short period. If
it has low stiffness, the system has a low frequency and a long
period. In the first quarter period, kinetic energy is stored as
elastic energy in the carbon fiber keel. In the second quarter
period, this elastic energy is returned as kinetic energy. Optimal contact time is therefore one-half the natural period of the
system.
Ground contact time is determined by a runner’s speed and
leg compliance (1), with the actual contact time matching the
optimal time at only one speed. This was probably the speed
studied by Weyand and Bundle. At other speeds, an amputee is
at a disadvantage because energy is returned from the prosthesis at the wrong instant in the cycle (3).
Nevertheless, Weyand and Bundle show that, at the optimal
speed, a bilateral amputee achieves higher ground contact
times and lower swing times than able-body athletes (4). The
amputee can therefore apply forces to the ground for a higher
proportion of the cycle and can increase the force that propels
him forward. Increasing the length of a prosthesis (4), however, would likely increase the backward force experienced
during the first stages of ground contact, requiring compensation elsewhere in the cycle.
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implicit assumptions that ignore biomechanical and neuromuscular differences.
Weyand and Bundle (3) estimate a 12-s prosthetic advantage
by normalizing contact length and swing time to able-bodied
gait. However, this simplification neglects neuromuscular adaptation and lacks experimental validation and mechanistic
basis. Faster leg swing may provide certain advantages, but
other factors may mitigate a net advantage.
Kram et al. (2) extrapolate unilateral running mechanics to
bilateral gait. However, contradictory swing time findings in
literature (1, 4) suggest dissimilar gait adaptation between
unilateral and bilateral amputees.
It is misleading to overgeneralize or overinterpret scientific
results in the context of unscientific questions like net advantage. Instead we should embrace the scientific merit of these
studies and use their shortcomings to motivate further investigation of well-defined, testable hypotheses.
REFERENCES

Karl E. Zelik
Graduate Student
Mechanical Engineering
University of Michigan
FOR FORWARD RUNNING, STUDY FORE-AFT FORCES
TO THE EDITOR: The evidence presented in this debate shows that
cheetah feet enable “artificial running” (5); however, whether it
is “artificially fast” remains inconclusive (4). Some doubleamputee behaviors (e.g., swing time) do appear outside the
intact range (5). But the measures discussed in this debate—
including swing time, contact length, stride frequency, aerial
time, vertical force, vertical work, and metabolic cost (1, 4, 5,
6) are only correlates of fast running in intact sprinters, not
mechanisms describing bipedal speed capacity.
It is true that the primary requirement for running at steady
speed is weight support (5), but the steady top speed in
question is ultimately the result of a fore-aft ground force
balance (3). Runners initially accelerate due to imbalanced
forces favoring forward motion. Later they stop accelerating,
which implies that forward and rearward forces have reached a
balance. A likely explanation is that leg muscles are unable to
propel the landing foot rearward beyond a certain relative
speed, due to leg inertia and the force-velocity relationship of
leg extensors. At a steady top speed, finite axial leg stiffness
requires the stance leg to land ahead of the center-of-mass (2),
ensuring periods of both rearward and forward horizontal
forces, which describes directly the necessary fore-aft force
balance.
Future studies should refocus on the mechanistic limitations
of bipedal forward speed, as well as whether prostheses unnat-
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TO THE EDITOR: The present debate opposes coauthors of a
recent study (4), with a narrow focus on swing time and
vertical ground reaction force, the latter being known as an
important mechanical parameter determining top running
speed, but not the former, according to Weyand et al. (5).
However, whether they both influence overall 400-m performance on the field, and how remains unknown, and makes any
speculation such as that leading to the 12-s advantage (3)
questionable. This also questions about the extent to which
top-speed running kinematic measurements such as swing time
parallel what runners actually do on the ground, a fortiori when
limbs mass and moment of inertia are different. However
interesting it is to fully understand the specific adaptations
allowing double-amputee athletes to reach top running speeds
close to those of able-bodied athletes, using single-individual
to control group comparisons (3, 4) is restricting. And so is
using 30-Hz television footage to estimate and discuss swing
times as short as !300 ms (1, 2), which leads to measurement
errors of !10%, i.e., about one-half of the artificial/biological
differences discussed here. Last, the whole formulation of this
Point:Counterpoint is actually misleading: it would have been
more consistent with the data/arguments presented to title
“Artificial limbs do/do not [ . . . ] in Oscar Pistorius.” That said,
it is an opportune start for experimental protocols specifically
designed to answer the general question asked here as to
whether artificial limbs have come to a point were they outperform biological ones.
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urally decouple vertical and fore-aft forces, enable faster rearward foot motion, or otherwise raise the speed at which fore-aft
forces balance. These and other directly speed-related, biomechanical differences can clarify any proposed mechanisms of
artificially fast running.
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Background: Knowing the frequency and causes of dropouts in combined events seems relevant and
helpful to develop strategies of injury prevention and to better deﬁne/understand the necessary qualities
for decathletes.
Objective: To determine the causes of dropouts and the frequency of injury in decathlon.
Design: This pilot prospective study focused on 3 high-level decathlon competitions.
Main outcome measures: Data concerning athlete’s participation (number of participating athletes listed
on the start list, number of athletes in the ﬁnal ranking), and the causes of dropouts were collected
prospectively during the 3 high-level decathlon competitions.
Results: 38% of decathletes did not complete these competitions. The causes of dropout were: injury
(36%), loss of motivation (36%), tiredness (9%), and indeterminate (18%). 50% of injuries were acute
hamstring injuries during explosive events on the ﬁrst day (100-m and long jump).
Conclusions: Musculoskeletal injury prevention and motivational aspects seem important to complete an
entire decathlon and to aim at best performance. More detailed prospective studies are needed to
determine the exact medical causes of dropouts in combined events.
! 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
Decathlon is an Olympic track and ﬁeld discipline during which
participants run, jump, and throw (Edouard, Morin, Celli, Celli, &
Edouard, 2009; Van Damme, Wilson, Vanhooydonck, & Aerts,
2002; Zarnowski, 2001). Decathlon competitions consist of:
100-m, long jump, shot put, high jump and 400-m on the ﬁrst day;
and 110-m hurdles, discus, pole vault, javelin and 1500-m on the
second day (Edouard et al., 2009; Zarnowski, 2001).
In decathlon, performance is quantiﬁed by means of a total of
points (sum of all events) according to the scoring table of the
International Amateur Athletic Federation (IAAF) (Zarnowski,
2001). Consequently, athletes failing to start any event are
considered to have abandoned the entire competition; they do not
receive a ﬁnal score and are not included in the ﬁnal ranking
(Zarnowski, 2001). In a recent preliminary study, we showed that in
high-level decathlon competitions, 22% of decathletes did not

* Corresponding author. Department of Physical Medicine and Rehabilitation,
University Hospital of Saint-Etienne, Hôpital Bellevue, Boulevard Pasteur, 42055
Saint-Etienne Cedex 2, France. Tel.: þ33 674 574 691; fax: þ33 477 127 772.
E-mail address: Pascal.Edouard42@gmail.com (P. Edouard).
1466-853X/$ e see front matter ! 2010 Elsevier Ltd. All rights reserved.
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complete the entire decathlon (Edouard et al., 2009), and that some
events seemed determinant in order to complete the entire
decathlon and to aim at best performance.
Given the number of dropouts in decathlon we thought it
relevant to determine the causes of dropouts and the prevalence of
injuries among these causes (Edouard et al., 2009; Mayr, Paar,
Bernett, & Folk, 1988; Zarnowski, 2001). Indeed, protecting
athletes’ health through injury prevention is an important task for
international sports federations and especially for the IAAF (Alonso
et al., 2009; Bahr & Holme, 2003; Bahr & Krosshaug, 2005; Junge,
Engebretsen, & Alonso, 2008). Epidemiological information on
injuries, especially about their incidence, severity, risk factors and
causal mechanisms, are the ﬁrst and fundamental steps in the
prevention of sports injuries, before introducing measures that are
likely to reduce future risk and/or severity of these injuries (Bahr &
Krosshaug, 2005; van Mechelen, Hlobil, & Kemper, 1992). Therefore, knowing the causes of dropouts in decathlon seems relevant
and helpful to better deﬁne/understand the necessary qualities for
decathletes to improve their performance, and to develop strategies of injury prevention.
The purposes of this study were to determine the causes of
dropouts and the frequency of injury as the cause of dropout in
decathlon.
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ranking (ranked athletes). The percentage of dropouts was calculated as: 1 - (ranked athletes/participating athletes). For each of the
10 events, we collected: the number of participants registered
(TBS), who did not start (DNS), who did not ﬁnish the event (DNF),
who did no point mark (NM), who were disqualiﬁed (DQ), and the
total number of athletes who stopped the competition during the
ﬁrst day and during the second day. No point performances (NP),
including NM, DNF and DQ, were calculated. The number of DNS for
a given event was therefore similar to the number of athletes who
abandoned before this event.
Data concerning the causes of dropout were collected
prospectively during the competitions by means of a standard
medical interview. Information collected was the DNS event, and
the detailed cause of dropout. If injury was the cause of dropout, its
description was made following the IAAF and IOC recommendations (Alonso et al., 2009; Junge et al., 2008).

Fig. 1. Percentage of “Did Not Start” (DNS) and “No Points” (NP).

2. Methods
This prospective pilot study was undertaken during 3 senior
male national or international level decathlon competitions.
A dropout in decathlon was deﬁned as “any athlete who did not
start (DNS) at one of the 10 events regardless of the reason for this
DNS” (Zarnowski, 2001). Following the IOC approach (Junge et al.,
2008), the deﬁnition of injury was: “all musculoskeletal injuries
newly incurred during competition or training regardless of the
consequences with respect to the athlete’s absence from competition or training” (Alonso et al., 2009; Junge et al., 2008).
The data concerning the competitions studied were collected
prospectively according to the method described by Edouard et al.
(2009). For each decathlon studied, collected data included the
number of participating athletes listed on the start list (participating athletes), and the number of athletes listed in the ﬁnal

3. Results
Among the 50 decathletes studied, we observed 38% of dropouts
(32% on ﬁrst day and 6% on second day) (Fig. 1). The causes of
dropout were described in Table 1: injury (36%), loss of motivation
(36%), tiredness (9%), and indeterminate (18%). When focusing on
injuries, 75% were involving the lower limbs, including 50% of acute
hamstring injuries in explosive events on the ﬁrst day (100-m and
long jump).
4. Discussion
In decathlon, even before seeking to perform during each event,
the very ﬁrst aim is to complete all 10 events. Consequently,
decathletes have to face their own ability to perform and score
points at each event (Zarnowski, 2001). Although this pilot
prospective study has methodological limitations, its main originality is to put forward descriptive and clinical data in order to
potentially set future tracks of research on the causes of failure in
decathlon, and to better deﬁne future scopes of experimental and

Table 1
Detailed analysis of the causes of the 19 dropouts during 3 high-level decathlon competitions.
Competitions (dates)

TBS

ND (%)

12th International Meeting, Arles,
France (Jun-6-2009)

20

8 (40)

Athletes

DNS events

Causes

Detail of causes

1
2
3

100-m
Long jump
Shot Put

e
Hamstring injury during 100-m
Bad performance: NM in long jump

4
5

400-m
400-m

NC
Injury
Loss of
motivation/Tiredness
NC
Loss of motivation

6
7
8

400-m
Pole Vault
Javelin

Loss of motivation
Injury
Loss of motivation

e
Did not aim at completing the entire
decathlon
Bad performance: NM in long jump
NC
Bad performance in pole vault

2009 Combined events France
National Championships, Guéret,
France (Jun-27-2009)

15

6 (40)

9
10
11
12
13
14

100-m
100-m
Long jump
Shot Put
High Jump
Discus

NC
NC
Injury
Injury
Injury
Loss of motivation

e
e
Hamstring injury during 100-m
Hamstring injury during long jump
Chronic Achilles tendinopathy
Fall on 110-m Hurdles (DNF 110-m
Hurdles)

2009 Elite France Championships
Angers, France (Jul-23-2009)

15

5 (33)

15
16
17
18

Shot Put
Shot Put
High Jump
400-m

NC
Chronic Achilles tendinopathy
NM in shot put and bad performances
Inﬂuenza and bad performances

19

400-m

Injury
Injury
Loss of motivation
Loss of
motivation/Tiredness
Loss of
motivation/Injury

Bad performances and pain at the foot

TBS, Number of decathletes To Be Start; ND, Number of dropouts; DNS events, Event that the decathlete who abandons did not start; NM, No point Mark; DNF, Do Not Finish;
NC, not communicated.
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medical investigations. A number of limitations have to be discussed. First, the total number of decathlon competitions studied
and decathletes included was rather small; this makes the results of
this study difﬁcult to extrapolate. Second, the standard medical
interview used is a subjective assessment and does not seem
sufﬁcient to determine the exact causes of dropouts, because
decathletes are not always truthful and objective after failure. Thus,
one should be cautious when interpreting these results.
Our results showed that musculoskeletal injuries were an
important cause of dropout (36%). Indeed, during the decathlon
of the IAAF World Championships in 2007, 5 injuries were
reported among the 30 athletes participating (Alonso et al.,
2009), and 7 dropouts were recorded (Edouard et al., 2009).
During these Championships, the incidence of injury and the risk
of time-loss were the highest in decathlon compared to the other
track and ﬁeld events (Alonso et al., 2009). Concerning the
injuries identiﬁed in decathlon, our results are in agreement with
those of other studies about injuries in athletics: lower limb
musculo-tendinous injuries are the most commonly observed
(59e87%) (Alonso et al., 2009; D’Souza, 1994; Mayr et al., 1988).
Our results suggest that explosive events on the ﬁrst day (100-m
and long jump) are the key risk events in decathlon for musculoskeletal injury, conﬁrming the hypothesis that musculoskeletal
injuries during the explosive events could be cause of dropouts
primarily on the ﬁrst day (Edouard et al., 2009). Mayr et al. (1988)
reported an increased frequency of acute injuries for jumping
events (long and high jumps, and pole vaulting) and javelin
throws, which underlines the risk of injury during explosive
events, which could be reasonably described as the key events in
decathlon. Therefore, injury prevention (speciﬁcally for the lower
limb) seems to be a relevant issue for decathletes to reduce the
risk of dropout, increase their chances of completing the entire
decathlon, and consequently have more chances of improving
their total score and ﬁnal ranking.
Our results also showed that the loss of motivation was an
important cause of dropout (36%). The psychological condition also
plays an important role in decathlon performance (Dale, 2000;
Zarnowski, 2001). Bad performances in the ﬁrst events affect the
ﬁnal score, and thus decathlete could choose not to ﬁnish the
decathlon because of a lack of interest for the ﬁnal score and
ranking. During the decathlon competition, decathletes must be
concentrated over two days and 10 successive events. Indeed, for
each event, decathletes should take no account of the previous
event results because a good or a bad performance could disturb
their concentration for the coming event. Moreover, these 10
events are very different regarding their physical, mental and
technical demands, and decathletes must focus on the technical
skill of coming event. Additionally, during this outdoor athletic
event, climatic conditions (rain, wind, temperature) are important
external factors that also could force decathletes to stop, or to
increase their risk of injury. These external factors should be
included in the data collection of further studies.
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5. Conclusions
Not completing a decathlon is rather common due to various
difﬁculties (physical, technical and psychological). Although
caution is needed when interpreting these results due to methodological limitations, musculoskeletal injury prevention and
motivational aspects seem important to complete an entire
decathlon and to aim at best performance. More detailed
prospective investigations are needed to better understand the
causes of dropouts in decathlon. Further, the biomechanical and
metabolic demands required to complete a decathlon should be
understood, because these could also be involved in strategies for
injury prevention.
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firot ou cleterrnis.Lesnrouvcnrents
nraisl'objcctifcst le nrênre:il firut tor.rjours
Il firut en outrc tluc ccla
accélérerlcs nrasscs.
[.ors cl'un sprint, par
se firsserapicicnrcnt.
cxcnrplc,il tirut atteindlcsr vitcssctlaxitlalc
seulcrttcnt.\lônrc
cn rluclclucssectitrclcs
problùnrcpour le joucur clctcnnis.,\r'rtntcle

de ses adversaires.Pourtant, il possèdele
coup droit le plus rapidedu circuit.
(l'cst cxact!l'.ton retnruvccclatiansbeaul'cxertrplccle
coup cl'autressports.Prettot.ts
lanceursclejavclot en
clcuxtles nrcillcr.rrs
activitcl:le NorvégicnAnrlreas'l'horkilclscn

tapcl la ballc,il n'a paslc tentpsclctottrncr
troisfirissur lui-nrônrcconmrctut lanccurcle
nrilrteilu.Or qu'est-cecpriclcltinitlc rirpport
entrelc tcnrps(t) et l'énergiccinétiqucclr.rc
nrasse(ll)?
l'on cst capablecl'insufllcrr\ r,rrtc
(l'cst la puissirnce,
pr'écisénrcnt!
La lirrnrule
s'écrit:P - l:/t. A partil clcli\, on conrprencl
I t t i c t t rt l t t ' o t cr o t t s i t l c tl'rct1 t 1 1 it 5, tr' - c ( ) t t t r t t c
dc la plupirrtcies
le tr)n11n1;1rc
clettcrnrirrant
perfbrnrirnces
expls5l1'gr.
Peut-on prédire une performanceseulement sur la base de la puissanced'un
athlète?
Il cxisteen el1ètdcstorntulcspoLrrprédircpar
excnrplclcs chronos tlcs cvclistesclansles
ascensiorts
clecols en firnction dc ler.rr
(lireS'portct Vir n'109).
puissance
()n saitaussirluelit hautetrrrl'un
saLlt vcrtical rtraxinrat silns
(ceqtreI'on
colrtrc-nrouvclnent
appellelc sqrnt.iuntlt)esttirrtcnrcnt
par la puissanccnraxintirlccles
clclternrinée
r.nenrbrcs
inférieurs.l\lêmc chosc pour le
chmnosur lcsprcnricrsnrùtresrl'un sltrint.Lcs
clartscc
meillculssprirttcr.rrs
cxcellentcl'irillcurs
pas
l)our aLrtaut,
il nc firuclrait
gcnrecl'cxercice.
la nreillctrrc
croirc clue celui qLri 1-rossùclc

que tout le nronclc préscnte colllllle
'l'chèc1uc
[)ctr Frvclrvch
son chuphin, le
'l'hor( n r c i l l e u rp e r f i r r n r c cr i c l a s a i s o n ) .
kilclscnpèsc90 kilos pour l,tlll mc\trc.(l'cst
pasnral.Nlris il palait presqueli'gcri) cirté
rlc Fr1,clr1,ch
c1ui,lui, fait I l0 kilospour unc
clc
1,99
nrùtre,soit vingt kilos et onzc
tirillc
se
clc
centinrù'tlcs plusl Or ccsclcuxathle\tes
pâr
vraiscnrblablenrcnt
Llrt
caractériscnt
grassctrùsproche.(le
pourcentlgeclct.nasse
cst
qLrisignifreclLrela difftrcncc clc l.roicls
pltts
duc i\ unc ntusculatiotr
csscntiellenrcnt
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chez lirl'clrych.[)ourtrnt lertrs
cléveloppée
pertirrnrances
sont éclr,rivalcntes.
Comment I'expliquez-vous?
tlttsculaircclle-tttêttrc
[)rrcctprela puissarncc
clépcnclcle clcuxparatrètrcs:la firrcect la
vitcsse.Or ccsclcrtxvaleulsIr'ér'oluentpirsi\
I'unisson.[)oul la firrce,c'cst simplc: cllc

pcut le firire.Eu rci,anche,celaclcvicnttrès
difllcilc cle continucr ai lLri insufïer cle
10,20,
alorsqu'il gagncciela vitesse:
l'énergic
30 knr/h. Il firLrtpour ccla clisposcrclc
(lclles-ci
qualitésathlétiques
exceptionncllcs.
rs
ph1'siolo
clc uonrbrcux frictcr.r
clépenclcnt

clanslcslnnctes1930.
nruscles
cieqlcnoLrille
(lhcz I'l-ronrnrci.u-rssi,
or.tper.rtillr-rstrerccla
r lcspoids
assczfacilemcnt.Il suflt clecl.range
lit
clirnsurt cxercicci\ la presseet cl'cnrcgistrer

vitessc maximale pour etfectucr chaqr.re
On obtie'ntalorstttrerelatiort
lulouycnrent.
(F-\r)
clet1'pelinéaircl.rourclcs
firlcc-r'itesse
inrplitlucnt
giqucs ct nrorphologiques,et
p
l
u
r
i
- a r t i c u l a i r ci n
srpliquant
n
r
o
u
v
e
m
e
u
t
s
la
aussiunc nraitriseparfriitccle contntanclc
En
clair,pltrs
groupcs
mnsculaires.
pas
difflrcnts
voit
cle
Nlaistout ccla nc se
ent d u clér'eloppenrcnt luelveusc.
delpcn
cl essenticlleur
cirpables
r.ros
nruscles
sont
va
vite,
n.roir.rs
firçon
l)onc on peLltcstinterclc
clela masscnruscuhirc.l)oul la vitesse,c'est I'extérieur'.
ça
retrouvc
ccla
lir
firrcc.
Otr
procluire
clc
cle
lunpcr-rplus conrpliqué:il ne firr-rtpts seule- assczfrablelc nivcartcletirrcecl'uttel.rersotrtrc
pltrs
conrplcxcs
cle
s
llouvenrcnts
nc
clans
son gabarit.i\laison
nrent I'intcrpréterconttt.tcla tircultécl'aller ricn qu'enregarclant
(tigure I )
cournrccclLriclu pcldalagc
,le s;tVitcsse.
conmrela capacitécle situril[)ilsqrilllrl-cll()sr'
vitc, nraisclavantagc
pouvoir continuer i\ procltrilecle'la firrcc
. Prettttrts Est-il possiblede mettre cela en équation? Qu'en est-il de la puissance?
est rapicle
lorsquele urouvctttct.tt
qLlclit puisIl cxistcunc rclationdécrois- Nous avonsvr,rprécéclenrnrent
Flffectivenrcnt.
l'excmplcciLrbobslcigli.Pour lc pttusseralors
par
lir vitcssc.
prodLrit
clc
ll
fbrce
le
rLliii
sancc
était
en haut clcla piste, sautecntrc la tirrccct la vitessc.lrllc avirit
qu'il cst cncorcir.r.rr.nobile
clc
nrusclcs
sont
irrcapablcs
Nos
Problc\nrc!
c'cstnssczfircilc.N'inrportcqtrelcr"rlturistc frrit I'obiet tl'obsclvatiorrsirt t'itro sltr clcs
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on0bpointeladécroissance
delavitesse
surunschéma,
delaforceenfonction
Lorsqu'on
quitraduitleprofilmusculaire
Sila
deI'athlète.
tientunedroiteplusou moinsdécroissante
à
unepriorité
donnée
penteestraide,
cequiindique
seraplutôtdetypemusculeux,
celui-ci
pluslégère
et desproà unemorphologie
onpeuts'attendre
laforce.Sila penteestfaible,
plutôtlavitesse.
priétés
quiprivilégient
lesdonnées
scientifiques
Trèssouvent,
musculaires
les
voustrouverez
ci-après,
Maispastoujours!
visuelles.
lesimpressions
viennent
confirmer
d'extension
dansunexercice
de rugbyde hautniveau
résultats
destestsdedeuxjoueurs
plus
à cequelepremier,
ons'attendrait
Ensefiantaugabarit,
desjambes
contrerésistance.
plus
que
en
lui
soit
supérieur
musculeux,
le
second,
vitesse
et
à
ce
excelle
en
longiligne,
oui et non.
le contraire.
surprenant?
montreexactement
desrésultats
force.or l'analyse
misesen jeu et
des massesmusculaires
car, si la force dépendeffectivement
qualités,
invisibles
plusparticulièrement
d'autres
desmuscles,
de lasurface
desection
parexemple,
comme,
leurinfluence
ellesaussi,
à l'æilnu,exercent,
déterminée
essentiellement
ét rapides,
desfibreslentes
larépartition
parl'hérédité.
decesfibres
del'orientation
ll fautaussitenircompte
(cequel'onappelle
dusystème
lapennation),
delacapacité
lorsdeI'effort
à l'unisson
à lesrecruter
nerveux
anatomiques
descaractéristiques
maximal,
Athlète 1
quiluiconfèrent
desbrasde
delapersonne
F--15,9V+30,2
ouencore
favorables,
levierplusoumoins
des
delamiseenactionplusoumoinscoordonnée
influence
le
Tout
cela
entre
eux.
muscles
différents
20
obiectivement
D'oùl'intérêt
dedéterminer
résultat.
bo
parlebiais
l.;.
ceprofilet passeulement
-:z
visuelle.
impression
d'une
a\a
:
l t

.o

oJ

lJ
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q. - r .
à

].

Athlète 2
F=-6,8Y+21,9

Vru*

0
0,0

1,0

1,5

2,O

(ms)
Vitesse
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figureillustrelarelation
Cette
c)
d'unmouvement
force-vitesse
résistance. 3 800
contre
depédalage
,a
=
Elle
estdetypelinéaire o_
décroissant.

2 t4u
c)
=

tzv

es
Lemême
exercice
parlarelatio
représenté
puissance-vitesse
ll s'ag
du2edegr
d unpolynÔme
qu
(courbe
en"U"inversé)
permet
ladétermina
maxim
delapuissance
(P,n*)etdelafréquenc
de
pédalage
(Freqo
optimale

!m3x-=-82--W-

P=-0.10V2+22,9V-531

F=-0,57V+

- 118 rpm
Freqopt

F r e q m a=x2 3 6 r 7 m

'150

100

250
200
(rpm)
de pédalage
Fréquence
drlvcloppclleur firrcc rttrxintalei\ grarttlc
et
llcplcnonsI'excnrplccltrpédalagc
vitesse.
clévcloplcs pr,tissanccs
crlcukrnsir Pr'[5gn1
péesen nrultipliantla tirrccpal la vitessci)
point dc la courbc.OIt obticntalors
chrrrlr,rc

150

200

Fréquencede pédalage(rpm)

"L]"
itl crstî(figtrre2).
ctt firnrtcrlc
tunepitralrolc
puissatrcc
baisseaux
la
Oeh signitrecptc
vitcssccst
lrr
dirc
lot'squc
cxtrôurcs,c'cst i\
tres
tirible,otr
la
firrcc
cst
trèsgrandcct c1r-re
ott
Ic
cas
l)irns
iuvcrscnrcnt.
P1[5gn1, ttbtiettt

lc nrcilleurcon.tpromisautottr clc I llJ rotatiorts
(l'estL\ quc lescottrcursprocltriscrtt
lc
par minr-ltc.
clepuissancc.
nraxinrunr
Est-cetoujours le casou bien celachange-t-ilen
fonction des individus?
(l'cstprécisénrcnt
LorsI'objetcleItosrecherchcs.
qu'on répùtc cc t)'pe dc tncsttresPour clivers
on
par cliflércntsathle\tes,
cxécutcls
lurouvcnrcuts
constatctlc tirrtesvarittioltsclanslr pcnte dc la

< Onpeutestimer
defaçon
assez
fiableleniveau rclationF-\', ce qui constituer.mcinclicatiorttrès
deforced'unepersonneintércssirntcpour caractériserlcs propricltcts
mécanirprcs
cleI'inclivitiueu clttcstiott.Si la pente
i
n
r
p
o
r
t
a
n t ec, c l a s i s n i t l cq u ' i l p r i v i l é g i cl a
c
s
t
rienqu'enregardant
songabarit.Marson

Si la pente
tle sapuissrtrtce.
tirrccciausI'cxirrcssiott
ltttrsctlcst faiblc,il brillc strrtoutPar sesclualités
lrrircscic vitessc.OIr rcgartlcalttrscoltrnletltcettc
ct
rclltion éi'olucen fbnction rie l'entraittcrttcttt
anlénagerles
colllllrcnton pcut ér'entr"tcllclttcnt
clcpttisencorcutt 1-reu
séanccspoLrrgrappillc'l'

nesaurapas
grand-chose
sanceutiledansI'cxécutioncl'uttgcste.

Quelssont lesparamètresque vous observez?
sitr
Ils sontau nombrccletroisclucl'ou tlétcrtttine
Ainsi
bascclesrelationsF-\' ct puissance-r'itesse.
at'ec
clela clroiteclclclinante
lc point cl'intcrscction
à la fbrce tttaxiluale
I'axetlc la firrcccorresponcl
ctt Netvtoll (ott
théoricluc ( F,,,,,.r)cxprir.t.tcic
Nerr'tonpar kilo clenrassecorporelle).[)our les
ccttetitrcccorresclcla ntusculation,
spécialistes
poncl srossontotlo i\ la chargetrès lourcleqtri
lc
pcrnlct I'exécutioncl'rtn scrll nrottvct.tlctrt:
"
"
fanrcr.rx/ 1lr\1 clcsproqrantntescl'elttraitlcnlent.
cleccttenrêltteclroitcat'ecI'axccle
L'interscction
à la vitesscntaxitttalethéolrrvitessccorresponcl
rique (\',,,,,r) exprirttécetr rlùtre par seconclc.
()ellccprcI'on cst capableclccléplo1'er
le
lorsqr.re
extclnloLlvellent nc rcncolttrciructtttecot.ttl'rtintc
r i c u r c . Q u a n t i i l a t r o i s i è n t cr n e s r l r c- l a p l u s
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counuc-ellc lise i) tlrttcrnrincrla p1ti551nçg c h a n s e a i t l c s r é s i s t a n c e sS. o i t o r r l c u r
denranclaitcle p155g1r\ lir prcssc ct on
nrrxinrale (1',,,,,.r) rlui correspottciitu
meillcr.r
r conrprunris cntt'c firt'ccdéveloppcle n r c s u r a i te n c o r t t i r t ut o t t s l c s p a r a n t ù t r c s
griicci\ cliffercntst1'pcstl'appareils:platcclen.totrvenretrt.
et vitesse
firrrrcs cle firrcc, cocleurs opticlucs,
[.c
Est-cenécessaire
de faire tous cescalculs captcursclevitcsscou accélclrot.nt\trcs.
alors qu'à l'æil nu aussi,il semble assez travail est clcvcrtuplLrstircile clcptll511ng
clcs
vinstainecl'annécs
avecla banalisatiort
facile de distinguer les différents profils
c 1 1 ' n a n r o m r \ t r iesso c i n c l t i q u c sq u c l ' o r t
athlétiques?Il ne faut pas être expert pour
t r o u v c c l é s o l ' n r a i cs l a n s c l e n o n r b r c u x
comprendre que la puissanced'Usain Bolt
(86 kilos pour 1,98 mètre) reposeplutôt
c c n t r c s c 1 ' e n t r a i n e r t t c nl a
t ,[ r t l r a t o i r . ^cst
s ù ro n
sur sa vitesse, alors que celle d'Asafa s c r i ' i c c sh o s p i t a l i e r sO. c sa i r p a r e i l o
se cléplacci\
Powell (88 kilos pour 1,88mètre) dépend s'opposci\ r-rnerésistanccc1r.ri
v i t c s s ec o n s t a n t cP c n t t c t t e n tt t n c r l v a l u a davantagede sa force.
l-'tr:ilcxcrcétl'un cntlaincul arrii'c effectivc- t i o n t r è s p r ' é c i s cc i c l a r c l a t i o n F - \ ' .
cc type cl'exercicecst trùs
mcnt ri clistinsuerun athlùtcrlui travaillc L,r'iclcrnnrcnt,
".
"cri
"cr
t'ltc-s.sc éloigncicles conclitions réelles clr.rgcste
plutirt r.lirrir"'cl'unautrcPlutirt
sportif. l)c trrit, oll Ilc rellcorrtrcprcsLlLlc
i t l a i si l 1 ' a c l c ss u r p r i s e(sv o i r c n c a c l r é I)). e
j a n r a i sc e g c n r c c l c c o n t r i l i r l t e si s o c i r t é t' .'t
pl trs,ecltc ill)l)f()ih(' il[)[)()t'tcttttc t'ir]ttctt
clansla irratiqucspot'tivc.Saufpc.n1clesnresulcsoblcctivesi\ quclqucchosccltri tiqr-rcs
ôtrc lors cl'unbrasclcfcr. Cl'cstpoulcluoiil
préscnttl'olclrcintuitil. Nous
restaitjusqr.r'i\
pcnsonsquc cettequantifrcationobjectivc firut toujoursvcillcr ri ce que lc choix clela
ntéthoclctl'rtvlluittion clépenticclecc cluc
pcut sc rér'cller
très utilc clanslit prourrntntal ' o n v er . r ct o n n a i t r c S
. i I ' o b j e c t i ci s t I ' o p t i tion de I'cntraincmcllt.
Dans la pratique, comment peut-on
procéder pour déterminer cesparamètres?
srtîthol ) c p u i s l e s a n n é c sU 0 ,c l i f t c r c n t c u
c l o l o g i eo
s n t é t é r c l o p t é c se n l a b o r a t o i r c .
Soit on clenrlncllit irLlx athlètes dc
proclr.rireclcs ef rlts rclativcnrcnt brcf.s
n i a i st r c s i n t c r r s c s r . l r . l ne r g o c v c l cc t o u

< L'æilexercé
d'un entraîneur
arrxvea

distinguer
qui
un athlète
plutôt
travaille
"enforce"d'un
autreplutÔt
"en
vitesse".
Maisil y a
>
dessurprises.

nrisationdc la pcrtirrnrancc,il i'rut nticux
s ' i n t é r e s s caru x c i r p a c i t énsr u s c u l a i r ecsl e s
nrcnrbresinrplicluésclansleur globrrlitéet
tlonc se tcster clirns tlcs t)rottYertrct.tts
prochcstir,rgcstesportif. Si on s'inttlresse
i t t r x c i r l i r c t é r i s t i q u epsu r e l l c l t t t t t u s c u
l a i r e s ,o n o p t c r a a l o r sp o r . l rL l l t cc x p l l . l l x
t i o n p 1 r l c so u t i l sc l el ' i s o c i n é t i s m c .

corrpromis.Il firuttoutefbisconrprendreque
et
la vie d'ur-rathlèteestfnited'entraînenlents
ph,vsioainsià clesaclaptations
c1u'ils'exçrose
qr.richangeuten
logiqueset morpholoeiclues
Lorspermanencelesclonnécsclu problèn-re.
qu'on établitLlnproqrirmmeclemusculation,
par exerrplc,il noussembletrèsirttportantde
sur lcs qLralités
pouvoir estimcrson ir-npact
c'lcvitesseet passculcnrentsur la
nrrrsculaires
firrcecomnreon le firitsouvent.C'estpourcluoi on ne comptc plus les athlètesqui, a\
cle reufilrceI'issuc cl'un travail spécit'it1ue
nrcnt musculaire, sont clevcnus plus
et ntoinsperttrrmants.
musclés...

Le résultatdevrait être le même, non?
Pasfirrcément.En irit, ccla dépenclbeaucoup des sroupesmusculairesmis eu jcu.
I)uis il faut tenir aussicolrpte clesaspccts
on peut
Si vous êtes c,vcliste,
techniclucs.
supposerqLlevous êtesplus efficaceclatrsle
clc péclalage
c1u'uncourettrii
nroLlvenrent
piecl,par exenrple.Celasignifiequc lesfbrces
sur le péclalierle scrorttau moment
exercécs
l c p l t r so f f o r t t r n e t s c l t l t tt u t e o r i e t r t i t t i t l t t
optimiscle.La pertbm-rarrccs'ett ressentirir

hl

h

quand bien nrômecelanc rér'éleraitirr-tcrlne
supérioriter
sr.rrlc plan nrusculirirc.E,tbien
stlr, cet avantagescraclifterentcL\slors t1u'orr
procèclera.rLlxtestssur tapis roulant. [.e tirit
cle clisposcr cle clonnées ol-rjectivesaiclc
parfoisI'athlùteà corrigcrsolt rttouvement
afln clele rcnclreplus efÏcacc.
A-t-on vraiment besoin de cela? Ne
pensez-vouspas qu'on trouve naturellement le style qui convient le mieux à sa
morphologie?
()'estpossible.llcaucottl-ttl'étuclcsrttolttreltt
que nous 1-rosséclons
en nous cette fbrmc
d'intclligenceeestuelle.Et c'est vrli irttssi
nretun chcval
pour lcsanimaux.I-orsqu'crn
sur un tir;ris roulant, on s'aperçoitt1u'il
changccl'allureiru moment le plus propicc.
lc trot ltri
l.orsque,pour unc vitesseclot.tncle,
tlue le pas,il se nret ii
coirtemoins c1'clncrgie
trottcr. Et on obscryela ntêntechoseetrtre
lc trot et le galop. L'intuition cst tionc
. F]llenous aiclc
inrportlnte cn lrionrécaniclue
i\ trouvcr spontanémcrtt lc rtteillcr.rr

Existe-t-il des méthodesd'évaluation utilisablessur le terrain?
inrpliciuenteffèctiveLa plupart tiesar.rali'scs
ment de se cléplaceren laboratoire.Il faut
clisposerd'r"rn matériel cle pointc lssez
coirteuxet du pcrsonnelcorlpétcrttpour le
lcs résulflire fbnctiounerct en interprelter
t a t s . C e l a l i m i t e l c s a p p l i c a t i o n sN. I a i si l
cl'évaluationutiliexistcaussiclesr.néthoclcs
sablessur le terrainconlnrcla nrotrtéecl'csau point par Nlargariaou le test
caliersr-nise
tle lJosco(lire cncaclré).Elles
clepuissirnce
préciscséviclenrntentet surtout
sor.rtr.rroir.rs
cllcsnc clonnentrlucclcsinformationssur lir
ct ricn sur sor-rprofil
cleI'athle\te
1-uissance
tte
F-\'. Or on saitque cesdcux paranrètres
varieut pils fbrcénrenti) l'urtissort.Ar-rtrela
nrent clit, clcuxathlètespeu\rcntpréser-rter
r.nênreP,,,,,.*et avoir dcs protils F-\' raclicalcmcnt clifferents. (lonscient cle ccttc
italicn (larmeltt Llosctr
carcuce,le cl-rercl-reur
(Unir,crsitéde llomc et égalementl)octeur
cleI'universitétle Saint-Eticnne)a prol.rosé
cettenotion clcprofil F-\'en
clecaractériscr
tirisantle rlpport clehauteursattcinteslors
de cleux sauts réalisésI'un avec charge
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ABSTRACT
Knowing the frequency and causes of
dropouts in the combined events
appears relevant and fundamental to
better define the necessary abilities for
decathletes and heptathletes. The purpose of this study was to determine,
from existing databases the frequency
of dropouts. This descriptive epidemiological retrospective study included
decathlon and heptathlon competition
results that were collected and
analysed from data available on the
Internet. A total of 160 international
combined events competitions that
took place from 1991 to 2009 were surveyed. It was found that 22% of
decathletes did not complete their
competitions (11% during first day,
11% during second day) and 13% of
heptathletes did not complete their
competitions (5% during first day, 8%
during second day). The percentage of
“no point” marks was important: in pole
vault (5.7%), long jump (2.4%) and
110m hurdles (2.3%) in the decathlon,
and long jump (3.1%) in the heptathlon. Not completing a decathlon or
heptathlon is common. Some events are
key to the success of the competition,
such as technical and explosive events.
Further prospective studies are needed
to determine the causes of dropouts in
combined events.
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Introduction

T

he decathlon and heptathlon are
two track and field disciplines
known as the combined events1-4.
They are very special competitions where
the participants must perform all the basic
movements of the sport: running, jumping,
and throwing4-6. They consist 10 (decathlon,
for men) or seven (heptathlon, for women)
different events, which are staged in a predetermined order over two consecutive
days1,3,7,8. In the case of the decathlon, the
events are: 100m, long jump, shot put, high
jump and 400m on the first day; and 110m
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hurdles, discus, pole vault, javelin and
1500m on the second day1,3,7,8. In the case of
the heptathlon, the events: 100m hurdles,
high jump, shot put and 200m on the first
day; and, long jump, javelin and 800m on the
second day1,7.
In addition to technical skills, the combined
events require a complex combination of the
five primary physical and physiological abilities: speed, strength, flexibility, endurance
and coordination1,3,7-9. Moreover, the competitions are highly demanding from both the
physical2,4,10 and psychological1,11 standpoints
because of the frequency and intensity of the
events1,3,7,10,11.
In the combined events, points are scored
for the athlete’s performance in each of the
events according to the scoring tables of the
International Association of Athletics Federations (IAAF) and the competition is decided on
the total points scored (sum of all events).
This implies that athletes must both complete
all the events and score points in each of
them. Consequently, athletes failing to start
any event are considered to have abandoned
the competition; they do not receive a final
score and are not included in the final ranking1. Given this rule, the first aim for every
combined events athlete is to complete each
of the 10 or seven events1. The risk of ending
an event with a result of “no points” or “disqualification” or “abandon” appears more
marked in some events, these key (or limiting)
events being determinant for the final score
and ranking1,2,8.
Knowing the frequency and causes of
dropouts is relevant and fundamental to
better understanding of the necessary abilities for decathletes and heptathletes. To our
knowledge, information of this nature for
international-level competitions has not
been collected and made available. Therefore, the purpose of this study is to determine the frequency of dropouts in international competitions as a starting point for
developing greater understanding of the
combined events.
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Materials and methods
We undertook a descriptive epidemiological
retrospective study on participation in combined events competitions from databases
available on the Internet (http://www.iaaf.org/
history/index.html), with the following inclusion
criteria: official outdoor competition, international level, availability of the number of participants
and number of ranked athletes, availability of
individual results for each of the 10 or seven
events. National level competitions, youth, junior, and master categories, were excluded.
Data collection included: number of participating athletes listed on the start list (participating athletes), number of athletes in the final
ranking (ranked athletes). The ratio of ranked
athletes to participating athletes (%Rk) was
calculated, representing the percentage of
athletes ranked in the total number of participants. The percentage of dropouts was calculated as: 1 - %Rk. For each of the 10 or
seven events, we collected: the number of
participants entered for each event (Entered),
who did not start (DNS), who did not finish the
event (DNF), who had no mark (NM), who
were disqualified (DQ), the total number of
athletes who stopped the competition during
the first day and during the second day. No
point performances (NP), including NM, DNF
and DQ, were calculated. In case an athlete
both did not finish the 400m for decathlon or
200m for heptathlon and did not start the
second day (the 110m hurdles or long jump
respectively), the dropout was reported for
the first day and the DNS for the second day.
Athletes who did not start any event were
considered to have abandoned the competition, and only the first DNS was reported. The
number of DNS for a given event was therefore similar to the number of athletes who
abandoned before this event.
Results
Complete results for 160 combined events
competitions were available on the Internet
database: 80 decathlons and 80 heptathlons,
ranging from 1991 to 2009: Two Olympic
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Table 1: Data for the 80 decathlon competitions studied, presented as total numbers and (percentage values)
Events

Entered

DNS

NM

DNF

DQ

Decathlon

1855 (100)

415 (22.4)

First day

1844 (99.4)

206 (11.1)

100m

1844 (99.4)

11 (0.6)

1 (0.0)

6 (0.3)

3 (0.2)

Long Jump

1817 (98.0)

27 (1.5)

43 (2.3)

0 (0.0)

0 (0.0)

Shot Putt

1788 (96.4)

29 (1.6)

10 (0.5)

0 (0.0)

0 (0.0)

High Jump

1735 (93.5)

52 (2.8)

20 (1.1)

0 (0.0)

0 (0.0)

400m

1665 (89.8)

67 (3.6)

0 (0.0)

30 (1.6)

10 (0.5)

Second Day

1615 (87.1)

110m Hurdles

1615 (87.1)

35 (1.9)

0 (0.0)

32 (1.9)

9 (0.5)

Discus

1595 (86.0)

20 (1.1)

19 (1.0)

0 (0.0)

0 (0.0)

Pole Vault

1548 (83.4)

48 (2.6)

106 (5.7)

0 (0.0)

0 (0.0)

Javelin

1498 (80.3)

58 (3.1)

11 (0.6)

0 (0.0)

0 (0.0)

1500m

1440 (77.6)

49 (2.6)

0 (0.0)

31 (1.7)

1 (0.1)

204 (11.0)

Entered: Entered to start, DNS: Did not start, NM: No mark, DNF: Did not finish, DQ: Disqualification
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Figure 1: Percentage of “Did not start” (DNS) and “No points” (NP) for the 80 decathlon competitions (NP includes: “No mark” (NM), “Did not finish” (DNF) and “Disqualification” (DQ).)
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Table 2: Data for the 80 heptathlon competitions studied, presented as total numbers and (percentage values)
Events

Entered

DNS

NM

DNF

DQ

Heptathlon

1514 (100)

197 (13.0)

First Day

1502 (99.2)

75 (5.0)

100m Hurdles

1502 (99.2)

12 (0.8)

1 (0.1)

10 (0.7)

3 (0.2)

High jump

1489 (98.3)

13 (0.9)

7 (0.5)

2 (0.1)

1 (0.1)

Shot Putt

1464 (96.7)

25 (1.7)

7 (0.5)

0 (0.0)

1 (0.1)

200-m

1444 (95.4)

22 (1.5)

0 (0.0)

9 (0.6)

3 (0.2)

Second Day

1403 (92.7)

Long Jump

1403 (92.7)

35 (2.3)

47 (3.1)

1 (0.1)

1 (0.1)

Javelin

1358 (89.7)

46 (3.0)

8 (0.5)

0 (0.0)

1 (0.1)

800m

1316 (86.9)

41 (2.7)

0 (0.0)

26 (1.7)

3 (0.2)

123 (8.1)

Entered: Entered to start, DNS: Did not start, NM: No mark, DNF: Did not finish, DQ: Disqualification
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Figure 2: Percentage of “Did not start” (DNS) and “No points” (NP) for the 80 heptathlon competitions (NP includes: “No mark” (NM), “Did not finish” (DNF) and “Disqualification” (DQ).)

Games (2004 and 2008), 10 World Championships (from 1991 to 2009), 67 IAAF World
Combined Events Challenge (from 2003 to
2009), and one European Athletics Championships (2006).
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The detailed analysis of the exact occurrences (events) of dropout is shown in Table 1
and in Figure 1 for the decathlon competitions, and in Table 2 and in Figure 2 for the
heptathlon competitions.
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Concerning the decathlon, the percentage
of DNSs was significant before: the high jump
(2.8%) and the 400m (3.6%) on the first day;
and before the pole vault (2.6%), the javelin
(3.1%) and the 1500m (2.6%) on the second
day. The percentage of NMs was significant
in: the pole vault (5.7%) and the long jump
(2.3%). The percentage of NPs was significant in: the pole vault (5.7%), the 110m hurdles (2.4%: 1.9% DNF and 0.5% DQ), the
long jump (2.3%) and the 400m (2.1%: 1.6%
DNF and 0.5% DQ).
Concerning the heptathlon, the percentage
of DNSs was significant before: the javelin
(3.0%) and the 800m (2.7%) on the second
day. The percentage of NMs was significant in
the long jump (3.1%). The percentage of NPs
was significant in: the long jump (3.3%: 3.1
NM and 0.1 DNF and 0.1 DQ), and the 800m
(1.9%: 1.7% DNF and 0.2% DQ).
Discussion
In the combined events, the first aim is to
complete all the disciplines1, and though
decathletes and heptathletes compete
against each other and they also compete
against a scoring table. They have to face
their own ability to perform and score points
at each event1. The dropout rate in this study
was 22% in the decathlon, and 13% in the
heptathlon. The originality of the present
study is to put forward these descriptive data
in order to set a future track of research on
the causes of failure in international-level
combined events, and to better define future
scopes of experimental and medical investigations, which have, to our knowledge not
been considered up to date.
Frequency of dropouts in decathlon
In the decathlon, almost a quarter of participants did not finish, which is illustrated by
the statement that “before winning, athletes
must complete all events and score points
for each event1.” Interestingly, the rate of
dropouts was similar for the two days:
11.1% on the first day and 11.0% on the
second day.

On the first day, most decathletes abandoned before the last two events (high jump
and 400m). The causes of dropouts could be
musculoskeletal injuries during the explosive
events or psychological factors such as loss
of motivation. Indeed, after bad performances
in the first events decathletes could choose to
not finish the decathlon because there is no
interest in a poor final score or ranking.
On the second day, dropouts mainly happened before the three “technical” events:
110m hurdles, pole vault and javelin. Causes
of dropouts could include musculoskeletal
injuries or other physiological factors (fatigue,
pain…) and climatic disruptions (rain, wind…).
This study provides information on the
events that could cause (or at least be mostly related to) dropout. It appears important for
athletes and coaches to determine these key
events during which NM, DQ or DNF are predominant. Our results showed the highest
percentage of NMs in pole vault (5.7%) and
an important risk of failure on in the long jump
(2.3%), 110m hurdles (2.4%) and 400m
(2.1%). Causes of NMs could be technical
mistakes, musculoskeletal injuries, fatigue
accumulation. Causes of DNFs could be
musculoskeletal injuries, fatigue, or loss of
motivation. The rate of dropout did not reach
a peak value before 1500m and 800m events,
though these are very demanding events,
from an energetic point of view, and they take
place at the end of the competitions, when
athletes are assumed in a very high state of
fatigue. However, our results show that the
jumping events (pole vault, high jump and
long jump) were the most risky, which tends
to confirm the importance of technical and
explosive events for a good overall performance in the decathlon1,2,8.
Frequency of dropouts in the heptathlon
The dropout rate in heptathlon was 13%
(vs. 22% in decathlon). This lower rate could
have been expected since there are three
events less, which decreases both the physical and psychological loads. The rate of
dropouts was higher during the second day:

New Studies in Athletics • no. 4/2009

67

Dropout in international combined events competitions

8.1% vs. 5.0% during the first day. During the
first day most heptathletes abandoned before
the two last events: the shot put (1.7%) and
the 200m (1.5%). During the second day, they
abandoned at approximately the same rate
before the three events: the long jump (2.3%),
the javelin (3.0%) and the 800m (2.7%). The
long jump appeared to be the most risky
event: NPs were 3.3%. Because it is done the
second day on the morning, causes of DNFs
could be musculoskeletal injuries, fatigue, or
loss of motivation. Moreover, this event
requires explosive (speed, strength and flexibility) and technical (coordination, flexibility,
strength and endurance) abilities1,8,9. Thus,
technical mistakes, or musculoskeletal
injuries, or fatigue accumulation could lead to
an NP result.

doned. Although difficulties are various (physical, technical and psychological)1,3,8,10,11, some
events seem determinant (hence, limiting).
The jumping events seem determinant for
completing the entire decathlon or heptathlon
and achieving a personal best performance.
Future investigations are needed to consider the causes of dropouts in decathlon and
heptathlon and to discuss the role of the various factors expected to play a role: injury,
pain, tiredness, loss of motivation, disqualification, absence of a point scoring mark.
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The importance of the measurement of human locomotion for the processes of diagnosis
and treatment of locomotion disorders is increasingly being recognized. Human
locomotion, in particular walking and running are defined by sequences of cyclic
gestures. The variability of these sequences can reveal abilities or motorskill failures.
The purpose of this study is to analyze and to characterize a runner’s step from the
ground reaction forces (GRF) measured during a run on a treadmill. Traditionally, the
analysis of GRF signals is performed by the use of signal processing methods, which
assume statistically stationary signal features. The originality of this paper consists in
proposing an alternative framework for analyzing GRF signals, based on cyclostationary
analysis. This framework, being able to model signals with periodically varying
statistics, is better at showing the development of runner’s fatigue.
& 2009 Elsevier B.V. All rights reserved.
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1. Introduction
The study of foot ground reaction forces (GRF) is
important in the identification and evaluation of gait and
running abnormalities and has been used by many
investigators to provide information for gait and running
assessment. The output of a force platform typically gives
sufficient information to record forces along the three
orthogonal directions ðFx ; Fy ; Fz Þ. The human locomotion is
a quasi-cyclic movement. At a constant speed, however,
this cycle is never completely reproduced. The parameters
associated with the human locomotion vary from step to
step. In addition, it has been shown that locomotor
parameters’ variabilities increase with age as well as with
diseases related to the neuromuscular system. Furthermore, training influences the variability of cinematic
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E-mail address: khalid.sabri@ast.obs-mip.fr (K. Sabri).

0165-1684/$ - see front matter & 2009 Elsevier B.V. All rights reserved.
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parameters while walking on a treadmill, it has been
shown in [1], that the stride variability is greater for
untrained people in comparison with trained people.
Thus, training makes the locomotor cycle more regular.
The analysis of the frequency domain characteristics of
the GRF of young and elderly females during free walking
is used in [2] to differentiate young females from elderly
ones. Moreover, it is shown in [3] that, only the first two to
four harmonics, plus the constant term, were found to be
the dominating coefficients in describing each of the
reaction force patterns, and they are subsequently used as
the key parameters in differentiating normal subjects and
patients with knee joint disease.
Examination of force platform data during walking or
running is usually carried out in the time domain and is
limited to selected points on the force–time graphs.
Harmonic analysis allows examination of the whole
waveform and has a greater potential for assessing the
effects of treatment options [4]. However, harmonic
analysis cannot provide a fatigue index to quantify the
degree of fatigue as well as model the GRF signals to
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correctly understand the physical mechanisms that generate the state of runner’s fatigue. Therefore, the objectives of this study is to show the benefits of using
cyclostationary analysis to determine the variability of
force platform data before and after fatigue.
Nowadays, a new interest and particular focus is given
to the exploitation of cyclostationary properties of signals
in several applications. Cyclostationarity is a property that
characterizes stochastic processes whose statistical properties periodically vary with time. By definition, this
embodies a class of non-stationary stochastic processes,
with stationary and deterministic periodic processes as
special cases. An important amount of work has been
achieved since then, especially by Gardner et al. [5,6], yet
it is only during the last two decades that cyclostationarity has led to important breakthroughs in communications and breached the usual assumption of stationary.
The interest is focused on the study of the motives
behind the cyclic behavior of these signals. It should be
noted that the first applications of cyclostationarity to
biological systems are due to [7,8]. Actually, in the case of
GRF signals, the cyclostationarity property is mainly
characterized by coupling a periodic phenomenon (cycle
of the stride) and a stationary random phenomenon
(random phase of the force between the stride cycles).
The first order cyclostationarity corresponds to the deterministic periodic part i.e. synchronous mean. To estimate
it, we re-synchronize the GRF signal using the correlation
function which is estimated between the stride cycles,
then, we synchronously average [9] (in the sense of
ensemble average) according to the cyclic frequency
where the cycle is being taken to be equal to the stride
period. The second order cyclostationarity corresponds to
the instantaneous variance which is estimated by determining the envelope of the GRF signal. The estimation of
the instantaneous variance depends on the quality of the
synchronous mean’s estimation. However, the synchronous mean is difficult to estimate if the cyclic frequency is
unknown. Fortunately, it is possible to have an idea of the
instantaneous variance by considering the frequency bins
localized on high frequencies, this is because on high
frequencies the deterministic part of the GRF signal is null.
This paper, which is actually an extension of the former
work [10], proposes the application of the cyclostationary
analysis to characterize mechanical step variability during
treadmill running. To do so, we will model the GRF signal
by a cyclostationary signal in order to well characterize it.
We first construct a mathematical model for the GRF
signal and then provide a cyclostationary analysis of that
model as well as the contribution of such analysis with
respect to a PSD (power spectrum density) analysis. The
main emphasis of the paper is on the proper exploitation
by cyclostationary analysis of the physical mechanisms
that generate the state of the runner’s fatigue, taking into
full account its underlying physical concepts and major
conclusions. Thereby, the analysis of the muscular fatigue
can bring useful information concerning clinical diagnosis,
evaluation of sports gestures, rehabilitation . . .
The paper is organized as follows. Section 2 summarizes the basic concepts and theory of cyclostationary
analysis. Biomechanical signals are presented as well as
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analyzed by the means of power spectrum density (PSD)
in Section 3 of the paper. In addition, this section focuses
on describing and explaining the cyclostationarity character of GRF signals in order to provide an illustrative
example of cyclostationary analysis that will be used to
model the indicative signals. Section 4 provides first and
second order cyclic analysis of the biomechanicals signals,
including results and conclusions. Finally, concluding
remarks and further work are presented in Section 5.
2. Cyclostationary analysis
2.1. Basic definitions
A cyclostationary process is a stochastic process that
exhibits some hidden periodicities in its structure.
Formally, a stochastic process fx ðtÞgt2R is said to be
strict-sense cyclostationary with cycle T if its joint
probability density function px ðx 1 ; . . . :; x n ; t1 ; . . . :; tn Þ is
periodic in t with period T, i.e. if
px ðx 1 ; . . . :; x n ; t1 ; tn Þ ¼ px ðx 1 ; . . . :; x n ; t1 þ T; tn þ TÞ

ð1Þ

In the above equation, t stands for a generic variables
which is not necessarily time. For example, in mechanical
systems [9], the statistics of signals (namely vibrations,
currents, etc.) are periodic due to the various rotation of
their mechanical components. For instance, cyclic modifications in the machine geometry, cyclic changes in the
indicated forces and the forces of inertia, rotation of
anisotropic components, etc. all produce periodic modulations of the vibration signal. Depending on the
machinery design and physical phenomena involved, the
resulting signals may exhibit different type of cyclostationarity. The most basic is cyclostationary signal at the
first order, i.e. for which the first order moment or
expected value mx ðtÞ is periodic with period T:
mx ðtÞ ¼ E½x ðtÞ& ¼ E½x ðt þ TÞ& ¼ mx ðt þ TÞ
X
¼
Mxb ' expðþ2jpbtÞ
b

ð2Þ

where Mxb are the Fourier coefficients with b ¼ q=T, q ¼
0; 1; 2; . . . as the cyclic frequency. Here the expected value
Ef:g means ensemble average and could be confused with
cyclic or synchronous average. In rotating machines, first
order cyclostationary vibrations are periodic waveforms
(i.e. as if generated by imbalances, misalignments,
anisotropic rotors, etc.) with possibly additional stationary
random noise.
Z
1 T=2
mx ðtÞ ' expð(2jpbtÞ dt
ð3Þ
Mxb ¼ lim
T-1 T (T=2
A more general cyclostationary signal is a signal which is
cyclostationary at the second order, i.e. when secondorder moments are periodic. In particular, the autocorrelation function with period T:
Rx ðt; tÞ ¼ E½x ðtÞx ) ðt ( tÞ& ¼ Rx ðt þ T; t þ TÞ
X
¼
Rbx ðtÞ ' expðþ2jpbtÞ
b

ð4Þ
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where Rbx ðtÞ is the cyclic autocorrelation, which will be
defined in Section 3.4, with t as the time delay. If Rbx ðtÞ ¼ 0
for ba0 then we have a stationary process. The estimations of mx ðtÞ and Rx ðt; tÞ are given by (5) and (6)
respectively.
K (1
1X
x ðt þ nTÞ
K n¼0

Rx ðt; tÞ ¼

ð5Þ

K (1
1X
x ðt þ nTÞx ) ðt þ nT ( tÞ
K n¼0

ð6Þ

The Fourier transform of the cyclic autocorrelation
function at a given cyclic frequency bi then defines the
b

b

cyclic power spectrum (CPS), Sx i ðf Þ ¼ FTfRx i ðtÞg. The family
of CPS’s indexed by all bi 2 B (B is a countable set of cyclic
frequencies) is related to the spectral correlation density
(SCD), i.e. the double Fourier transform of Rx ðt; tÞ with
respect to t and t in the following way:
Z Z
Rx ðt; tÞexpð(j2pftÞexpð(j2pbtÞ dt dt
Sx ðb; f Þ ¼
t

¼

X

bi 2B

t

b

Sx i ðf Þdðb ( bi Þ

ð7Þ

Note that the SCD is a surface-wise density ðpower=Hz2 Þ
whereas the CPS is a line-wise density (power/Hz) [11].
3. Analysis and characterization of GRF signals
3.1. Description of GRF signals
The dynamometer treadmill used was designed to
measure the vertical GRFs produced by the left and right
legs during walking or running [12]. Mechanical parameters
were measured for each step (for details, see [12]), and GRF
signals were sampled at a rate of 1000 Hz. A step is defined
as the time period ranging from the onset of one foot contact
to the onset of the contralateral foot contact. The impact
force and the propulsive GRF for consecutive left and right
steps are shown in Fig. 1. As can be seen from this figure, the
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Fig. 2 displays the PSD of a GRF signal. One can identify a
resonance frequency of about 400 Hz. In low frequencies
(Fig. 3), we notice the presence of a spectrum of lines at the
harmonics of the step (2.8 Hz), and the stride (1.4 Hz). We
notice also, an amplitude modulation between the stride
frequency and a carrier multiple of 50 Hz. Actually, the
energy of the GRF signal is mainly concentrated in low
frequencies (Fig. 3). The spectrum of lines indicates the
presence of a periodic part of the GRF signal (first order
cyclostationarity). The resonance frequency of the treadmill
dynamometer will be used to check the presence of second
order cyclostationarity part of the GRF signal. To this end we
determine the envelope of the GRF signal and check if it is
periodic.
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mx ðtÞ ¼

mechanical parameters of each step are different. This is due
to the unbalanced effort between the left and right steps of
the runner, which is typical of human locomotion. The
experimentation is made of two measurements, of 20 s each,
taken before and after fatigue in an experienced long
distance runner (age ¼ 38 years; body mass ¼ 79:7 kg;
stature ¼ 1:8 m; leg length ¼ 0:96 m). The fatigue effort
consisted in running for 24 h on a treadmill (with resting
and measurements periods every 2 h and appropriate food
and drink intakes). During both the 24-h run and the
measurements performed, the speed of the treadmill belt
was set at 12 km/h.
The reason behind this application is to identify the
fatigue state of the runner by means of signal processing
tools. To this end, we will characterize the main characteristics of the steps of a runner from the GRF signals which are
picked up by a treadmill dynamometer. We begin by
analyzing the PSD of the signals, then, we study the
cyclostationarity character using synchronous statistics and
envelope analysis. Finally, we show how the cyclic analysis
allows the identification of the state of the runner’s fatigue.
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Fig. 1. Vertical GRF in time domain.
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Fig. 2. Magnitude of the power spectrum density of GRF signal.
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Fig. 4. PSD of the envelope of the GRF signal.

3.3. Envelope analysis
The analysis of Fig. 2 shows that the synchronous mean
is mainly localized in low frequencies. Furthermore, Fig. 3
represents a zoom of the PSD in low frequencies, it clearly
shows that the spectrum of lines’ picks widen as the
frequency increases. Actually, this is due to the speed fluctuation i.e. second order cyclostationarity part. Therefore,
it is possible to have an idea of the instantaneous variance
by considering the frequency bins localized on high
frequencies. One can apply a bandpass filter around the
resonance frequency (Fig. 2) in order to take advantage of
the treadmill resonance, then demodulate around this
frequency band [360 440] Hz.
The envelope analysis consists on the study of the
instantaneous variance and check if it is periodic [13]. The
estimation of the instantaneous variance depends on
the quality of the synchronous mean’s estimation. However, the synchronous mean is difficult to estimate if there
is no knowledge on the cyclic frequency.
The envelope analysis allows the characterization of
cyclostationary signals as well as the SCD function. To see
this, let us define Mx ðbÞ as the spectrum obtained after
integrating Sbx ðf Þ along f, that is,
Z
Mx ðbÞ ¼ Sbx ðf Þ df
f

1
T-1 T

¼ lim

Z

T=2

(T=2

Rx ðt; 0Þexpð(2jpbtÞ dt ¼ Rbx ð0Þ

ð8Þ

Fig. 4 displays the PSD of the instantaneous envelope
(variance), we notice the presence of a spectrum of lines
at the harmonics of 2.8 Hz (step frequency) which prove that
the variance is periodic with step as period. The second
order cyclostationarity results from the existence of a periodic phenomenon with a random amplitude, or a constant
amplitude modulating a periodic signal where the period
weakly fluctuates randomly. In our case, it is possible that
the second order cyclostationarity comes from the fact that
the support force of a leg between strides is not identical i.e.

random behavior, the periodic phenomenon (with phase
fluctuation) comes from the constance of the stride.
Therefore, it is possible to characterize the running aspects
by measuring the cyclostationarity index [14]. This, can
allow the characterization of the stride quality and the force
balance between legs. This result points out a considerable
variability between legs which lead to the identification of
the origin of second order cyclostationarity. In fact, the
second order cyclostationarity is principally due to the
passive pick (heel-ground’s contact). Thus, it appears a cyclic
random fluctuation at the time of heel-ground’s contact.
This parameter could be discriminating for the fatigue analysis. The presence of cyclostationarity properties in GRF
signals leads to their modeling by a cyclostationary signal to
well understand their cyclostationary character. Of course,
the chosen mathematical model must incorporate the physical mechanisms present in the GRF signals i.e. the motives
responsible for random and deterministic phenomena.

3.4. Mathematical model for cyclic analysis
Actually, for the GRF signals, the cyclostationarity
results from a coupling between a periodic phenomenon
and another stationary but random. A comprehensive
model for the nature of cyclic variations of the strides is
given as follows:
xðtÞ ¼ Acosð2pf0 t þ fðtÞÞ þ bðtÞ

ð9Þ

where A is a constant since it depends practically only on
the runner’s weight and f0 is the stride frequency. The
randomness is given by the parameter fðtÞ which is
supposed to be 51 as the fluctuation is weak, random and
zero mean. The parameter bðtÞ models random, independent and identically distributed (i.i.d.) noise.
Since fðtÞ51, Eq. (9) is simplified to
xðtÞ ¼ Acosð2pf0 tÞ ( AfðtÞsinð2pf0 tÞ þ bðtÞ

ð10Þ
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fAcosð2pf0 tÞg represents the first order cyclostationarity
part of x ðtÞ, whereas fAfðtÞsinð2pf0 tÞg represents the
second order cyclostationarity part.
The instantaneous correlation of xðtÞ, after removing
the first order cyclostationarity part, is as follows:
A2
r ðtÞcosð2pf0 ð2t ( tÞÞ
2 f
! 2
"
A
þ
rf ðtÞcosð2pf0 tÞ þ s2b dðtÞ
2

Rx ðt; tÞ ¼ (

ð11Þ

This shows that Rx ðt; tÞ is periodic with 1=2f0 - period. The
cyclic-correlation is given as follows:
Z
1 T=2
Rx ðt; tÞexpð(2jpbtÞ dt
Rbx ðtÞ ¼ lim
T-1 T (T=2
A2
¼ ( rf ðtÞexpð(j2pf0 tÞdðb ( 2f0 Þ
4
A2
(
r ðtÞexpðþj2pf0 tÞdðb þ 2f0 Þ
4 f
! 2
"
A
þ
rf ðtÞcosð2pf0 tÞ þ s2b dðtÞ dðbÞ
2

ð12Þ

(1

b

k

where k 2 N) . The SCD is given by
"
X
A2
b
( k Sfk ðf þ kf 0 Þdðb ( 2kf 0 Þ
Sx ðf Þ ¼
4
k

A2k
A2
Sfk ðf ( kf 0 Þdðb þ 2kf 0 Þ þ k ðSfk ðf ( kf 0 Þ
4
4
i
þSfk ðf þ kf 0 ÞÞdðbÞ þ s2b dðbÞ
(

Rbx ðtÞ is nonzero for b ¼ 72f0 and 0.
The spectral correlation density (SCD) is given as
follows [15,16]:
Z 1
Rbx ðtÞexpð(2jpf tÞ dt
Sbx ðf Þ ¼
A2
¼ ( Sf ðf þ f0 Þdðb ( 2f0 Þ
4
A2
(
S ðf ( f0 Þdðb þ 2f0 Þ
4 f
A2
þ
ðS ðf ( f0 Þ þ Sf ðf þ f0 ÞÞdðbÞ þ s2b dðbÞ
4 f

on b ¼ 72f0 (see Fig. 5) which is not sensitive to noise
since the noise is supposed to be stationary. These are the
motivations behind the use of cyclic spectral analysis
rather than classical spectral analysis to describe the GRF
signals. In practice, the GRF signal has energy on the
harmonics of the cyclic frequency b. A sum on the cyclic
frequency is made on the model (9) as follows:
X
x ðtÞ ¼
Ak cosð2pkf 0 t þ fk ðtÞÞ þ bðtÞ
ð14Þ

ð13Þ

Sx ðf Þ is nonzero for b ¼ 72f0 and 0. A classical PSD
analysis cannot describe the information on b ¼ 72f0 .
Only the information on b ¼ 0 can be described. Furthermore, this information is sensitive to noise. This shows the
limitation of the classical PSD analysis. However, the
cyclic spectral analysis is able to describe the information

The fundamental cyclic frequencies
harmonics are f72kf 0 ; k ¼ 2; 3; . . .g.

are 72f0 , the

4. Identification of the fatigue
4.1. First order cyclostationary based analysis
Fig. 6 shows the PSD of the GRF signal before and after
fatigue. The fundamental has no information on the
fatigue, only in the harmonics where we can identify a
difference between the measurements before and after
fatigue. We notice that the amplitude of the picks on the
harmonics of the stride are significantly decreased after
fatigue which means that there is less unbalance between
legs. Furthermore, we notice that the peaks corresponding
to the harmonics of the stride and step become larger with
an augmentation of their periods which results in the
augmentation of the variability from stride to stride and
step to step. The differences in the frequency domain
parameters between the harmonics of the GRF before and
after fatigue are significant.

Power Spectrum Magnitude (dB)
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Fig. 5. The SCD of the signal of (9).
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Fig. 6. PSD of the GRF signal before and after fatigue.
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4.2. Second-order cyclostationary based analysis
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GRF signals as vibratory signals are supposed to be
quasi-cyclostationary, i.e. the cyclic period of the signal
varies around an average value. Estimating the SCD to
such signal (with speed fluctuation) will result in very
poor estimation. To bypass this problem, we synchronously re-sampled the signal based on the speed fluctuation [9] by using the GRF signal in order to make the cyclic
period constant (with low speed fluctuation). Once the
signal is synchronously re-sampled we estimate its
synchronous mean [9] in order to remove it from the
GRF signal. Fig. 7 shows the synchronous mean of the GRF
over one cyclic period. One can identify the deterministic
periodic contribution of each leg. Fig. 8 shows the
synchronous variance in order to visualize the random
character of the GRF signal.
Another way to avoid the re-synchronization of the
signal in order to remove its synchronous mean consists in
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Fig. 9. Magnitude of the SCD ðJ=Hz2 Þ of GRF signal: before fatigue.
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considering only the frequency band where there is a
resonance. This is because, in low frequencies, the first
order cyclostationarity contribution is significant i.e. the
periodic part which corresponds to the synchronous mean
of the GRF signal. The second order cyclostationarity
contribution is mainly localized in the frequency band,
[360 440] Hz, where there is a resonance of the treadmill,
in contrast with the first order cyclostationarity contribution which is negligible in this frequency band. Therefore, the SCD can be estimated on the signal resulting
from bandpass filtering and demodulating around the
resonance.
The SCD of the vertical GRF signal before and after
fatigue (see Figs. 9 and 10) shows that the vertical GRF
signals are second-order cyclostationary at the cyclic frequencies 2.8 and 1.4 Hz, as well. These cyclic frequencies
correspond respectively to the step and the stride frequencies. However, The magnitude of the cyclic spectra at the
harmonics of 2.8 Hz (step) are higher than those at the
harmonics of 1.4 Hz (stride). This is due to the fact that
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there is more variability at the level of the step than the
one at the level of the stride. By comparing the magnitudes of the cyclic spectra before and after fatigue (the
scale is the same for both figures), we see that the magnitude of the SCD after fatigue is higher than the one before
fatigue. This means that when the runner is tired, the step
fluctuation increases more than when he is not tired.
Actually, the data on the harmonics of the cyclic
frequencies are very important since it comprises the information on the state of the runner. This because when
the runner is getting tired the frequency of his steps
becomes more random i.e. fk ðtÞ becomes more important
and therefore the cyclic spectra are directly influenced by
this fluctuation.
5. Conclusions and further work
The framework offered by cyclostationary analysis can
provide a wide variety of tools, which are more efficient
than those of traditional spectral analysis with respect to
the exhibition and verification of the various physical
mechanisms present in GRF signals. In this study, we have
shown that the fact of modeling GRF signals by a cyclostationary signal allows the identification of the state of
the runner’s fatigue by the means of a cyclostationary
analysis.
It is clear from the above results that the fatigue
increases the second order cyclostationary of GRF signals.
However, fk ðtÞ is generally very small compared with the
amplitude Ak . Therefore, the amplitude Ak masks the
spectrum, Sfk ðf Þ, of fk ðtÞ, thus, the state of the runner’s
fatigue cannot be easily identified only from the magnitude of the SCD. Nevertheless, as the cyclic spectra are
complex-valued, the phase of the cyclic spectra is interesting as well as the magnitude since it comprises the
information of only fk ðtÞ, the amplitude Ak disappears
since it is supposed to be real-valued. This means that the
phase of the cyclic spectra can be jointly used with the
magnitude of the cyclic spectra to identify the fatigue
state of the runner. Besides, it would be interesting to have
at one’s disposal GRF signals at different levels of fatigue.
Thus, it will be interesting to introduce a cyclostationarity

index, follow its evolution for different states of fatigue
and analyze the tendencies as well.
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1

ABSTRACT

I

ical work to increase the potential energy of the body. The
greater demand for mechanical work as the slope increases
might be met by an increase in power output at all joints or
only a subset of joints. Using inverse dynamics, Roberts
and Belliveau (20) demonstrated that the increase in work
output with increasing slope resulted in increases in net
work done at the hip level, whereas the knee and ankle kept
on producing similar work outputs at all slopes. These
authors made the hypothesis that this additional work may
be developed by hip extensor muscles such as gluteus
maximus, biceps femoris, or semitendinosus (16).
The hypothesis according to which a greater work is
produced by the hip extensor muscles during incline
running was tested using magnetic resonance imaging
(21,22). The results of these studies have shown a greater
total activation of the lower limb muscles during INC
running compared to LEV treadmill running with similar
activations of the hip extensors (21,22). However, this
technique only gives an indirect indication of the global
activity level of the muscles and does not allow a precise
comparison between muscles (11). In contrast, with surface
electromyography (EMG) measurements, Swanson and

t has been widely accepted by coaches that incline
(INC) sprint training could improve level (LEV)
running performance. Indeed, training methods intending to improve sprint performance have included INC
running sessions performed at high velocities (3). Although
these training sessions are designed to enhance muscular
loading applied to the hip, knee, and ankle extensors (4), it
has not been well demonstrated whether INC sprint training
could be effective for LEV running performance.
From a mechanical point of view, during INC running,
lower limb muscles should generate additional net mechan-
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SLAWINSKI, J., S. DOREL, F. HUG, A. COUTURIER, V. FOURNEL, J.-B. MORIN, and C. HANON. Elite Long Sprint Running: A
Comparison between Incline and Level Training Sessions. Med. Sci. Sports Exerc., Vol. 40, No. 6, pp. 1157–1164, 2008. Purpose: We
compared incline and level training sessions as usually used in elite 400-m runners through stride kinematics and muscular activity
measurements. Methods: Nine highly trained 400-m runners (international and French national level) performed two maximal velocity
sprints: 1) 300-m on level ground (LEV) and 2) 250-m on an incline ground (INC) characterized by a mean T SD grade of 5.4 T 0.7%.
Kinematics (250 Hz) and electromyography parameters (root mean square [RMS] and integrated electromyography [iEMG]
measurements) were analyzed (from 40- to 50-m phases). Results: INC induced a decrease in running velocity compared to LEV
(6.28 T 0.38 vs 7.56 T 0.38 mIsj1) explained by a reduction in stride length (j14.2%) and stride rate (j7.4%) and by an increase in
push-off time (+26.4%). Kinematics analysis indicated that the lower limbs were more flexed during INC running. Concerning the level
of activity of the lower limb muscles, the major findings pointed out the decrease in RMS for semitendinosus and biceps femoris
muscles during the contact phase and for vastus lateralis during its concentric phase. However, iEMG of both semitendinosus and
biceps femoris muscles remained constant during both contact and push-off phases. Conclusion: Our results are clearly different from
those of previous studies carried out at similar absolute velocities in both LEV and INC conditions, which were not the case in this
study. The lower running velocity marking INC running was associated with a decrease in the activation of the hamstrings. Trainers
should particularly consider this lower level of activation of the hamstrings muscles during INC maximal sprint. Key Words:
MAXIMAL VELOCITY RUNNING, KINEMATICS, EMG, ATHLETICS TRAINING
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Caldwell (23) reported higher activation levels of the hip
extensors during incline treadmill running at a slope of 30%
and a velocity of 4.5 mIsj1 when compared with level
running under similar conditions.
All the protocols carried out in the previously mentioned
studies were performed on treadmills at different grades and
aimed to compare exercises performed in INC and LEV
conditions at the same absolute submaximal velocity (e.g.,
4.5 mIsj1 in both LEV and INC running (23)). However,
training sessions of elite athletes are performed in field
conditions (on a track or a road) and at higher running
velocities, i.e., somewhat far from these standard nonmaximal laboratory conditions. Furthermore, no information
is available concerning the mechanical and neuromuscular
parameters in such all-out running conditions. Moreover, the
activity of the lower limb muscles and several kinematic
parameters showed systematic changes between overground
and treadmill running (18). In light of this specificity of
overground running conditions and of the highly particular
adaptations to maximal running velocity induced by sprinting
compared to high-but-not-maximal velocities, we thought that
a comparison of biomechanical and neuromuscular parameters measured during exercises performed both in field
conditions and at a similarly relative maximal intensity could
be important for coaches to better understand the specific
adaptations occurring during such INC training exercises.
Therefore, the purpose of this study is to document, in
elite-level athletes, the effects of INC maximal sprint running performed during a training session on mechanical and
neuromuscular parameters. INC running, compared to LEV
running, was expected to induce an increase in the
activation of the hip extensors and to alter stride and hip
kinematics.

The EMG activity from the vastus lateralis (VL), gluteus
maximus (GM), rectus femoris (RF), biceps femoris (BF),
semitendinosus (ST), tibialis anterior (TA), gastrocnemius
(GA), and soleus (SOL) muscles was recorded during both
running sessions. At the same time, contact (Tc) and flight
times (Tf) were measured with FSR pressure sensors
(Interlink, UK) taped on the insole of each shoe, facing the
heel and the first metatarsal (big toe) regions. Each pair of
sensors was connected in series allowing detection of the
instants of heel-strike and toe-off and thus measurement of
Tc and Tf for each step in field conditions, as described
earlier (17). Kinematics of the left leg for one complete step
was recorded by high-speed video. Because of the slope, the
camera was placed 50-m after the starting line of LEV
running and 40-m after that of INC running, to be located
within the maximal velocity phase in both conditions.
Running velocity and step kinematics. Running
velocity (in meters per second) was measured over the
entire distance by photocells (Microgate, Bolzano, Italy)
placed every 50 m. Step rate (SR in hertz) was calculated
from Tc and Tf (in seconds) over 50 m (between 40 and 90
m beyond the starting line). Step length (SL in meters) was
calculated over the same part of the sprint from running
velocity and SR values.
The sagittal plane motion of seven retroreflective markers
defining the extremities of the foot, leg, thigh, and hip
segments was recorded at 250 Hz using a video camera
(Sony, Tokyo, Japan; see Fig. 1 for details). The twodimensional coordinates of the markers were digitized using
a motion analysis system (Simi Reality Motion Systems
GmbH, Unterschleissheim, Germany). After proper scaling,

METHODS
Subjects and experimental protocol. Nine highly
trained 400-m runners, eight women and one man, all
members of the French national team, gave their written
informed consent to participate in the study. Their age,
body mass, height, and personal record on 400 m were 25.9
T 4.2 yr, 59.9 T 7.8 kg, 171.0 T 5.4 cm, and 55.51 T 1.61 s,
respectively, for the women and 21 yr, 77 kg, 184 cm, and
46.51 s for the man. This study conforms to the
recommendations of the Declaration of Helsinki and has
been approved by the local ethics committee.
Two sprint conditions were examined: 1) 250-m INC
running at maximal velocity and at a mean T SD grade of
5.4 T 0.7% on an outdoor road and 2) 300-m LEV running
at maximal velocity on a standard synthetic indoor track.
Different running distances were chosen to limit the
difference in running time between both conditions. Indoor
and outdoor tracks were chosen aiming to respect the
training conditions of the athletes. After a typical warm-up,
subjects performed the 300-m maximal LEV sprint followed
by a 60-min recovery and the 250-m maximal INC sprint.
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FIGURE 1—Convention used for the calculation of the three joint angles
from marker coordinates of the different segments: foot (from the fifth
metatarsal to the posterior surface of the calcaneus), shank (from the
lateral malleolus to the lateral epicondyle of femur), thigh (from the femur
lateral epicondyl to the great trochanter), and hip (from the anterior
superior iliac spine to the posterior superior iliac spine).
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FIGURE 2—Typical path diagram of the foot relative to the hip during LEG running. This path diagram is plotted using the two-dimensional
coordinates of the fifth metatarsal and the great trochanter reference points. Black and gray triangles represent the fifth metatarsal during flight and
contact phases, respectively.

INCLINE SPRINT RUNNING

Raw EMG data were high-pass-filtered at 20 Hz using a
dual-pass, fourth-order Butterworth filter to eliminate
possible movement artifacts. Muscular activity was quantified using the EMG signal recorded during the different
phases of the stride. This signal was full-wave-rectified and
the root mean square (RMS) was computed with a 20-ms
moving window. The EMG of each muscle was measured
at 250 m for INC and 300 m for LEV running. From these
recordings, five strides were analyzed (from the 10th to the
15th stride after the start of the exercise, which corresponded to the passage of the runner in the shot of the
camera). The data from these five strides were averaged to
obtain a mean RMS envelope for each muscle (Fig. 3).
Then, the RMS values of the contact and flight phases were
calculated for each muscle. During the contact phase, the
RMS of braking and push-off phases was calculated.
Furthermore, the RMS of monoarticular muscles (SOL
and VL) was also calculated for concentric and eccentric
phases of the contact, which were determined from the
changes in knee and hip joint angles obtained from video
analysis. Lastly, integrated electromyography (iEMG) was
also calculated for each of the aforementioned conditions.
Statistics. Descriptive statistics were calculated for the
selected kinematic, foot motion pattern, and EMG values.
All data are presented as mean T SD. After a normality test,
a Wilcoxon test was used to test the main effect of running
condition on each parameter. All significant differences
reported are at P e 0.05 unless otherwise noted.
RESULTS
Running velocity and step kinematics. Subjects
reached a significantly lower velocity in the INC condition
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the raw coordinate data were smoothed with a 4-point moving
average filter. One whole stride cycle (i.e., from one left foot
strike to the next ipsilateral foot strike) was analyzed for each
condition (LEV and INC). During the contact phase, joint
angles were calculated as the angles between adjacent
segments (Fig. 1). Finite difference methods were used to
calculate linear and angular velocity data for each segment.
As described in Figure 2, selected kinematic parameters at
key moments in the gait cycle were calculated. The path
diagram of the foot relative to the reference point at the great
trochanter allowed to calculate foot position, hip, knee, and
ankle angles at foot strike, foot directly under the hip, and
toe-off moments. The description of the different calculated
kinematic parameters is presented in Figure 2.
Electromyography. The electrical activity of eight
lower limb muscles was monitored with pairs of surface Ag/
AgCl electrodes (Blue Sensor; Ambu Ltd., Copenhagen,
Denmark) placed on the skin with a 2-cm interelectrode
distance. The electrodes were placed longitudinally with
respect to the underlying muscle fiber arrangement and
located according to recommendations by SENIAM
(Surface EMG for the Non-Invasive Assessment of
Muscles) (10). Before electrode application, the skin was
shaved and cleaned with alcohol to minimize impedance.
The wires connected to the electrodes were well secured
with tape to avoid movement-induced artifacts. Raw EMG
signals were preamplified (with a gain of 375) close to the
electrodes, band-pass-filtered (8–500 Hz), amplified
(ME6000P16; Mega Electronics, Ltd., Kuopio, Finland),
and analog-to-digital converted at a sampling rate of 1 kHz.
The data logger of the ME6000 biomonitor recorded
the signal of the FSR sensors, allowing temporal synchronization with EMG signals.

APPLIED SCIENCES

FIGURE 3—Activity patterns of the biceps femoris (BF) and semitendinosus (ST) muscles during incline (INC; solid line) and level running (LEV;
dotted line) obtained from a typical subject. Five strides were averaged to obtain this RMS envelope. The beginning of the averaging corresponds to
the foot strike moment and the end corresponds to the end of the stride (next foot strike of the same leg). The first series of vertical lines correspond
to the end of the braking phase in INC (solid line) and LEV (dotted line) conditions. The second series of vertical lines correspond to the end of the
push-off phase in INC (solid line) and LEV (dotted line) conditions.

(7.56 T 0.41 vs 6.28 T 0.38 mIsj1). This lower velocity was
associated with significantly lower SR and SL in the INC
condition than in the LEV condition (Table 1). The absolute
Tc was longer during the INC condition compared to LEV
condition, which was associated with an increase in pushoff time (+26.4%; Table 1). Tf was not different between
INC and LEV.
All the results concerning kinematics are presented in
Table 1. Compared to LEV, INC induced several significant (P e 0.05) changes in stance kinematics: a lower FFP,
a lower FHF, a higher knee flexion at foot strike, and a
higher hip flexion when the foot is directly below the hip
(Table 1). In other words, lower limbs were more flexed
during contact in INC running. When focusing on the
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braking phase only, the range of motion (ROM) of the
knee in the INC condition is smaller than in the LEV
condition. However, during the push-off phase, no difference was observed in the ROM between INC and LEV
conditions (Table 1).
EMG activity over the five averaged strides. The
EMG signal of GM could not be analyzed because too
much noise was recorded on this specific channel for a part
of the subjects. The analysis of the five averaged strides
showed that no difference was observed in RMS or iEMG
for all the muscles studied.
EMG activity during contact and flight phases. A
lower RMS value was found for BF and ST during the contact
phase in the INC compared to the LEV condition (Fig. 4A).
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TABLE 1. Effect of slope on running kinematics: contact time (Tc), flight time (Tf), step
rate (SR), step length (SL), horizontal distance covered by the hip during the stance
phase (DHS)
Level
(mean T SD)

Variables
Velocity and step
kinematics

Foot path parameters

Angles at foot strike (-)
Angles at foot directly
below the hip (-)
Angles at
toe-off (-)
ROM during
braking (-)
ROM during
push-off (-)

Incline
(mean T SD)

Tc (s)
0.117 T 0.006
0.137 T 0.004*
Braking time (s)
0.049 T 0.004
0.050 T 0.008
Push-off time (s)
0.068 T 0.003
0.086 T 0.008*
0.128 T 0.010
0.132 T 0.009
Tf (s)
SR (Hz)
3.90 T 0.15
3.61 T 0.11*
SL (m)
2.12 T 0.13
1.82 T 0.14*
Velocity (mIsj1)
7.56 T 0.41
6.28 T 0.38*
FSP (m)
0.404 T 0.018
0.352 T 0.066
TOFP (m)
j0.464 T 0.044 j0.510 T 0.071
DHS (m)
0.868 T 0.052
0.862 T 0.124
FFP (m)
0.587 T 0.029
0.485 T 0.063*
BFP (m)
j0.685 T 0.095 j0.757 T 0.039
FHF (m)
0.112 T 0.035
0.078 T 0.028*
BHF (m)
0.570 T 0.225
0.601 T 0.054
5Hip
55.3 T 9.2
47.1 T 4.7
5Knee
149.4 T 4.3
143.4 T 2.6*
5Ankle
102.6 T 6.9
96.2 T 7.6
5Hip
66.4 T 4.3
57.5 T 3.0*
5Knee
126.5 T 10.0
129.2 T 5.2
5Ankle
69.9 T 8.3
69.2 T 3.7
5Hip
95.9 T 8.5
95.8 T 7.1
5Knee
151.6 T 14.7
159.4 T 5.6
5Ankle
104.5 T 10.8
103.9 T 7.7
Hip
13.1 T 6.8
7.9 T 4.2
Knee
j22.9 T 9.3
j14.3 T 7.4*
Ankle
j32.7 T 5.0
j27.1 T 4.4*
Hip
29.4 T 8.0
38.3 T 7.6
Knee
25.1 T 5.8
30.2 T 4.5
Ankle
34.7 T 9.5
34.8 T 9.2

Selected kinematic parameters at key moments in the gait cycle were calculated relative
to the reference point at the great trochanter. We calculated foot position at foot strike
(FSP) and toe-off (TOFP). Positions were also calculated for the following typical
moments: furthest back foot position (BFP), highest point behind the foot strike
position (BHF), furthest forward foot position (FFP), and foot height at the latter
moment (FHF).
* P e 0.05.

DISCUSSION
The results of this study showed that INC sprint running
induced a decrease in running velocity caused by a decrease
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However, iEMG of both muscles was not significantly lower
in the INC condition. During the flight phase, the RMS of BF
and ST was not significantly different between LEV and INC
running. Only the RMS of VL was significantly lower in the
INC condition (Fig. 4B). The iEMG of the VL was also
significantly lower (35.2 T 30.7 vs 25.7 T 21.8; P G 0.05).
EMG activity during braking and push-off
phases. The analysis of the braking and push-off phases
during contact showed no significant difference in the RMS
between LEV and INC conditions for all muscles (Fig. 4C,
D). Only the RMS of BF during push-off was slightly
(but not significantly) lower in INC running (261.0 T 199.7
vs 167.4 T 143.9 mV, P = 0.08; Fig. 4D). No significant
differences were observed in iEMG during these phases.
EMG activity during concentric and eccentric
phases (monoarticular muscles). During the concentric phase of the VL, the RMS was lower in INC than
in LEV running condition (57.9 T 62.0 vs 70.2 T 65.1 mV;
P e 0.05). A similar tendency was observed for the SOL
(163.8 T 47.8 vs 237.1 T 86.5 mV; P = 0.08).

in both SL and SR (14.2% and 7.4%, respectively) and a
26.4% increase in push-off time. Kinematic parameters
were also modified: the knee angle at foot strike, the hip
angle when the foot is directly below the hip, and the ROM
of the knee and the ankle during contact were reduced in
INC running. In other words, lower limbs were more flexed
during INC running. However, the variation in kinematics
did not induce large modifications of the foot path diagram.
Concerning muscular activation, the major findings concern
the decrease in the RMS of ST and BF during contact and
the decrease in that of VL during its concentric phase in
INC sprint running. However, the level of neuromuscular
activity of the other muscles studied remained similar
between LEV and INC.
Step kinematics. Our data showed that, compared to
level running, uphill sprint running induced a 4% reduction
in knee angle at foot strike, a 15% reduction in hip angle
when the foot is directly below the hip, and 38% and 17%
reductions in the ROM of the knee and of the ankle,
respectively, during the braking phase. It should be noted
that these data were obtained from a limited data sample
because only one complete stride cycle could be analyzed
for each condition (LEV and INC). That said, these results
are similar to those obtained by Paradisis and Cooke (19)
who have demonstrated a decrease in the trunk, shank, and
thigh angles during the braking phase. In the latter study,
these modifications induced a significant 22.5% decrease in
foot strike position relative to the vertical position of the hip
(FSP in our study) during uphill sprint running. Contrary to
these authors, we did not observe any significant decrease
in FSP despite the decrease in both hip and knee angles.
This discrepancy can be attributed to the method of FSP
estimation used by Paradisis and Cooke who computed
the distance between the foot and a line perpendicular to the
running surface, which was the vertical projection of the
center of mass at touchdown and not that of the theoretical
middle of the hip (as defined in the present study, i.e., the
great trochanter).
Furthermore, the 17% increase in Tc during INC running
observed in the present study is much larger than that of the
3% previously reported by Paradisis and Cooke (19). This
difference could be attributed to the lower slope they used
(3% vs 5.4% in the present study). The lower slope used by
Paradisis and Cooke induced a lower decrease in running
velocity during INC than that observed in the present study.
Indeed, with Tc being inversely related to the running
velocity (5), one could have expected an increase in Tc with
decreasing velocity. Thus, a slight change in the slope
seems to have a great influence on both running velocity
and Tc. Therefore, it seems that coaches and athletes have to
be very careful when choosing the slope during INC sprint
running training sessions.
On the field, sprinting on incline surfaces is often used as
a form of specific strength and power training that is
considered by coaches to provide a highly specific forward
sprint training load, more specific than that reached through
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FIGURE 4—Differences in RMS measured during contact (A), flight (B), braking (C), and push-off (D) phases during level (LEV) and incline (INC)
running for the muscles studied: vastus lateralis (VL), rectus femoris (RF), biceps femoris (BF), semitendinosus (ST), tibialis anterior (TA),
gastrocnemius (GA), and soleus (S). *P e 0.05.

other forms of resistance exercise such as weight training.
Considering the decrease in maximal running velocity and
the increase in Tc observed in the present study, it is not
obvious that a positive transfer may occur from INC sprint
training to horizontal LEV sprint performance. An interesting result is the increase in push-off time in the INC
condition although the SL was shorter than in the LEV
condition. Indeed, the higher relative part of the propulsive
phase during contact in uphill sprinting and the increase in
resistance associated with the slope may overload the
muscles, which contributes to the force production during
push-off.
EMG. In contrast with the latter data, the decrease in
RMS for BF and ST during the contact phase associated
with the decrease in RMS for VL during its concentric
phase did not support the aforementioned hypothesis of an
increase in muscular loading during the push-off phase.
Aiming to compare similar velocities during INC and LEV
running, Gottschall and Kram (8) have shown that the
normal (i.e., in the direction perpendicular to the ground)
impact force and the parallel (i.e., in the direction parallel to
the ground) braking impulse are lower and that the parallel
propulsive impulse is higher during INC running. This
increase was associated with a longer push-off time and a
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higher peak propulsive parallel force. As a consequence, the
increase in propulsive parallel impulse allowed subjects to
maintain a similar velocity during INC and LEV running.
However, in our study, the fact that running velocity
decreased during INC versus LEV running could be
associated with a decrease in propulsive parallel impulse
(8). Hence, with push-off time being longer for an
equivalent impulse, it seems reasonable to hypothesize that
the peak and/or mean propulsive parallel force applied to
the ground is lower during INC sprint running. As a
consequence, the decrease in RMS of BF and ST during the
contact phase may be partly associated with this decrease in
propulsive parallel force. However, the increase in pushoff time could also lead to an increase in the time of
activation of BF and ST. This is confirmed by the stability
of iEMG of both muscles during contact and push-off
phases. Thus, during INC running, BF and ST could be
less activated (as shown by the lower RMS values obtained during the contact phase) but for a longer time. That
being said, gluteus muscles and the other heads of
the hamstrings have to be considered to fully complete
this comparison. Future studies could also examine the level
and timing of the activation of the other lower limb
muscles.
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sprint (15). Thus, it can be put forward that the increase in
push-off time could be beneficial to performance during the
acceleration phase of the sprint start, in that the longer time
available for force application and hence high positive
impulses production might lead to their increase at each step
(at least during the onset of the sprint). A second
explanation can be found in the decrease of activity of the
hamstrings. Indeed, this decrease may have, for consequence, to protect the runner from hamstrings injuries. The
high prevalence of hamstrings strains in sprinters traumatology is well documented and high-velocity running is
particularly associated with a risk of hamstrings injury
(1,2). These authors demonstrated that all subjects of a
group of 18 elite sprinters had been injured during
competitive sprinting and that the primary injuries were all
in the long head of BF muscle. Hamstrings injuries are
often detrimental to the athlete, causing prolonged absence
from competition and high rates of injury recurrence. Thus,
it can be hypothesized that INC sprint running makes a
maximal commitment of the runner possible, concomitantly
inducing a lower level of activity of the hamstrings than that
observed during LEV sprinting. On the one hand, that could
lead to a decrease in the constraints applied to the
hamstrings during training and hence partly prevent
injuries. On the other hand, it can also be assumed that
this decrease in activity of the hamstrings does not prepare
this muscular group for the solicitation induced by LEV
maximal running and especially during competitions.
Therefore, INC sprint training sessions could be coupled
with LEV sprint training sessions to better prepare hamstrings to be maximally activated. Another explanation
could be found regarding the amount of work. The decrease
in the activity of the hamstrings associated with the
decrease in vertical impact force (8) could allow a greater
amount of training load than in LEV running. To confirm
this last hypothesis, the effect of fatigue during INC sprint
running remains to be investigated (personal data in
preparation).
In conclusion, INC sprint running induced a decrease in
running velocity and led to numerous modifications of the
running pattern. Step kinematics were modified, with
decreasing SL and SR and increased push-off time, and
the lower limbs were more flexed during INC running.
Concerning muscular activation, the major findings concerned the whole decrease in the RMS for ST and BF
during the contact phase and in the RMS for VL during its
concentric phase. Hamstrings muscles were less activated
but for a longer time during contact. These results suggest
that INC sprint running could be beneficial to performance
of the specific acceleration phase of a sprint start and to
help reduce the level of activation of the hamstrings during
maximal sprint session.
The authors are grateful to the French Athletics Federation and
the French Ministry of Sport for their financial support.
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Considering the different phases of the stride, the
decrease in muscular activity of BF and ST during the
contact phase is not in accordance with previous studies
showing a similar or higher activation of the hip extensor
muscles during INC running (21–23). These discrepancies
could be explained by the different running velocities
reached. As previously mentioned, the running velocities
reported in these studies were set at the same value during
LEV and INC running. In the present study, which was
based on all-out efforts, the lower maximal running velocity
during INC (compared to LEV) could explain the decrease
in muscular activity of BF and ST (9,12,13,16).
During the stride cycle, VL is activated concentrically at
the end of the flight phase and eccentrically at the beginning
of the contact phase (9,12,16). The major function of VL
during running is to extend the knee during the terminal
swing and to possibly stabilize the patella (16). Thus, the
activity of VL before maximal front leg extension has been
demonstrated to decrease as a function of running velocity
(12,16). The present results confirm this observation,
showing that, during its concentric phase, the RMS of VL
decreases by 35% in the INC condition. Moreover, the
decrease in VL activity could be associated with the
decrease in front leg extension and the lower knee angle
at foot strike during INC running. All the aforementioned
differences in kinematics and muscular activity levels seem
to be more directly related to running velocity than to
incline. As a matter of fact, other studies should be
undertaken to better understand the relationships between
running kinematics, muscular activity, running velocity, and
incline and to provide evidence-based arguments to figure
out whether the changes observed are due to the slope of the
terrain and/or to the changes in running velocity it induces
and to what extent.
That said, it is interesting to note that despite the decrease
in running velocity in the INC condition, the muscular
activity of all other muscles remained similar to that
measured in LEV sprint running, particularly concerning
GA that has been shown to be more activated during the
push-off phase of LEV running (14,15).
Why are INC sprint training sessions used?
Contrary to our hypothesis, the neuromuscular activity of
some of the lower limb muscles recorded was lower in the
INC condition than in the LEV sprint running. From a
neuromuscular activity point of view, the increase in slope
during a sprint running session did not compensate for the
decrease in running velocity induced. At that point, a
question remains to be answered: what is the rationale for
coaches to use INC sprint training sessions?
Different hypotheses can be made considering the different adaptations occurring during INC running. An explanation can be found in the mechanical similarity between
INC running and the acceleration phase of a sprint (6,7).
Indeed, INC running induced an increased push-off time; an
adaptation also observed during the acceleration phase of a
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Abstract The enhancement of performance in stretch
shortening cycle (SSC) exercises has been attributed to
the recoil of elastic energy stored during the stretching
phase and depends on the duration of the coupling
time (Tcoupling) i.e., the duration of the isometric phase
occurring between the stretch and the shortening of
the muscle. However, instead of Tcoupling, the contact
time (Tcontact)—i.e., the sum of Tcoupling plus the
duration of the stretching and shortening phases that
precede and follow Tcoupling—is more easily and often
measured. The aim of this study was to investigate the
Tcoupling changes within a large range of Tcontact, in
order to propose a possible relationship between
Tcoupling and Tcontact, thus allowing the accurate measurement of Tcoupling only from a tachometer and
force data obtained classically in vertical jumps, jumps
on sledge apparatus and running on force treadmills.
Eleven subjects performed SSC exercises on a sledge
apparatus with a large range of Tcontact (400, 700,
1,000, 1,500, 2,000 and 2,500 ms). The Tcoupling and
Tcontact values were measured individually, from force
platform recordings and the velocity of the carriage
seat obtained by a tachometer. For the longest Tcontact
(i.e., from 850 to 2,500 ms), we observed a significant
linear relationship between Tcontact and Tcoupling. This
transition between Tcontact shorter or longer than
about 850 ms seems to be important and to correK. Zameziati Æ J. B. Morin Æ A. Belli
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spond to Tcoupling close to 300 ms. This limit observed
in the present study could be explained physiologically
due to a possible modification of the cross-bridges
formation.
Keywords Contact time Æ Coupling time

Introduction
Two main types of muscular actions can be characterised: concentric action (CC) corresponding to active
muscle shortening and positive work (W+) production
and eccentric action (ECC) corresponding to active
muscle lengthening and negative work (W-) production, respectively. It has been shown in vivo that Wcosts less energy than W+. In many human movements, a fast succession of ECC immediately followed
by CC work, also called the stretch shortening cycle
(SSC), takes place in the main extensors of the lower
limbs. It has been established, in vitro as well as in
vivo, that during ECC a substantial amount of energy
can be stored in the stretched musculo-tendinous
structures and can be partly recovered in the subsequent CC. As a consequence, the muscular eﬃciency
(ME) observed in SSC exercises was higher than in
pure W+ (Thys et al. 1975).
The ability of muscles to store and re-use elastic
energy depends on the mechanics of exercise e.g.,
stretching speed, length of the stretch etc. Among the
mechanical factors, movement amplitude has been
demonstrated to influence performance, so that high
ME was shown with small angular displacement during
knee bending exercise (e.g., Thys et al. 1975). Similarly,
Bosco et al. (1981) have associated a greater potentiation eﬀect from the recoil of elastic energy with high
stretching speed, greater force during and at the end of
W- and shorter transition period between negative and
positive phases. This transition period, called ‘‘coupling
time’’ (Tcoupling) by Bosco et al. (1982), plays a key role
in the economy of muscular work: its duration has
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been shown to be related to the total time of SSC and
is indirectly related to the contact time (Tcontact, i.e., the
sum of Tcoupling plus the duration of the downward and
upward movement of the SSC exercise). Furthermore,
the duration of Tcoupling has been related to ME, a
short Tcoupling leading to a higher ME than a long one
(Bosco et al. 1982). To the best of our knowledge,
Tcoupling was only measured from angular displacement
obtained by an electrogoniometer attached to the lateral side of the subject’s knee joint. It does not seem
practical to study the action of knee extensor muscles
from the externally measured angular joint displacement, especially as knee angles are supposed to stay the
same and no length change is supposed to occur in the
knee extension muscles (Bosco et al. 1982).
The present study was designed to investigate Tcoupling
changes within a large range of Tcontact for short knee
angular displacements, in order to propose a possible
relationship between Tcoupling and Tcontact, thus allowing
the accurate measurement of Tcoupling only from a
tachometer and force data used classically in vertical
jumps, jumps on sledge apparatus and running on force
treadmills.

Methods
Subjects and protocol
Eleven healthy male subjects volunteered to participate
in this study. Mean (SD) age, height and body mass
were 24.6 (4) years, 1.79 (0.06) m and 73 (8) kg,
respectively. All subjects had undertaken diﬀerent
physical activities at a high level for many years (running, sprinting and cycling). They gave their informed
consent to accomplish a series of 50 jumps at a submaximal height (representing 70% of their maximal
initial rebound performance) with a Tcontact of about
400, 700, 1,000, 1,500, 2,000 and 2,500 ms in a
randomised order, during which mechanical work was
measured on an enhanced sledge apparatus—the multipurpose ergometer-dynamometer (for details see
Zamparo et al. 1997).
Thus, all the other parameters were imposed and
controlled (i.e., during the negative phase, the movement velocity was imposed by the fall, from the same
point whatever the Tcontact condition: 70% of the max
jumping height). Further, the knee angle at the end of
the fall was also fixed and controlled, so that downward displacements of the sledge remained the same for
all Tcontact conditions. During the positive phase, the
same criteria (height of jump, initial knee angle and
total upward displacement) were controlled exactly in
the same way. Furthermore, no intra-individual change
was observed a posteriori in displacement or velocity in
both negative and positive phases for any tested exercise condition.

Data processing
Force platforms
Vertical forces (Fv) exerted on the force platforms
were monitored by indwelling load cells (PA40 300,
LAUMAS, I), constructed to be unaﬀected by the exact
location of the push.
Velocity
Velocity (v) of the carriage seat was directly measured
using a tachometer (PT8201, CELESCO, USA; see details Zamparo et al. 1997). Analog outputs of both force
and velocity transducers were digitised and recorded by
a data acquisition system (MP 100 BIOPAC, USA).
Electrogoniometric measurements
Knee joint kinematics were measured by means of an
electric goniometer (Elgon) fixed to the lateral side of the
left knee joint. The absolute voltage output of the
goniometer was amplified and recorded on a Racal 7 DS
tape recorder for further analysis by a HP 1000F computer. The analysed variables from the Elgon signal were
absolute knee angles at the beginning of the work phase,
minimum KA and maximal KA at the moment of takeoﬀ.
Displacement
Displacement (d) of the subject’s centre of mass was
obtained from the time integration of the instantaneous
velocity:
Z
d ¼ ðvÞ $ dt
ð1Þ
Contact time and coupling time
Tcontact values were obtained directly from the force
platform and the Tcoupling values were computed from
force and velocity signals. Typical curves of v, Fv and d
as a function of time during a typical submaximal eﬀort
are shown in Fig. 1. Although subjects were asked to
maintain a static position, v was not exactly zero during
this phase (see Fig. 1). As a consequence, we tested four
velocity thresholds (10, 5, 1 and 3% of the maximal
velocity (vmax) during upward and downwards motions
of the sledge). For these typical SSC exercises as in
Fig. 1 and for a Tcontact of 1,000 ms vmax was 1.3 ms% 1.
The four thresholds tested (10, 5, 3 and 1% of vmax)
corresponded to velocities of 0.13, 0.065, 0.039 and
0.0134 ms% 1 and to Tcoupling values of about 450, 400,
360 and 300 ms, respectively.
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Fig. 1 Measured force, sledge velocity (upper panel, black and grey
line, respectively) and sledge displacement (lower panel) as a
function of time during a typical SSC exercise. The diﬀerent key
phases illustrated are beginning of the downward displacement (1 ),
beginning of force production at the time of touchdown (2 ), end of

the negative phase and downward displacement (3 ), beginning of
the positive phase and upward displacement (4 ), end of force
production at the time of take-oﬀ (5 ), and end of the SSC exercise,
back to the initial position (6 ). In this typical example, Tcoupling.
a=360 ms and Tcontact, b=1,000 ms

As velocity was obviously not zero within the 10
and 5% thresholds and as the 1% threshold did not
allow very short ( £ 1 ms) Tcoupling determinations, we
retained 3% of the vmax threshold as the most accurate
to determine both the shortest and highest Tcoupling
values.

Statistics
Pearson’s correlation test was used to determine whether
the Tcontact changes could be linked to the Tcoupling
changes. Statistical significant level was accepted for
P £ 0.05.
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Fig. 2 Relationship between
Tcontact and Tcoupling for
Tcoupling shorter than 300 ms
(grey dots) and a significant
positive linear regression
(P £ 0.01) between Tcontact and
Tcoupling for Tcoupling longer
than 300 ms (white dots)
(corresponding to Tcontact
longer than 850 ms)
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Results
Correlation analysis showed that Tcoupling was highly
correlated to Tcontact.
For Tcontact values ranging from 850 to 2,500 ms, Fig. 2
shows a significant positive linear relationship between
Tcoupling and Tcontact (r=0.98, P £ 0.01).

Discussion
Mechanical parameters of Tcoupling (& 4–1,400 ms) and
Tcontact (& 280–2,500 ms) measured were comparable to
those of previous studies conducted on sledge exercises
(Aura and Komi 1987) and during jumping activities
with a small angular displacement (Bosco et al. 1982).
Further, during our experiment the Tcoupling values
measured during the shorter Tcontact were close to the
value (Tcoupling=4 ms) obtained at 6 ms% 1 in the running condition. Bosco and Rusko (1983) have suggested
that running with soft shoes may have modified internally the mechanical behaviour of leg extensor muscles,
probably by increasing Tcoupling. Also, for jumping
condition with a Tcontact<300 ms, it seems that Tcoupling
is linearly related to the total time of SSC and hence
indirectly to the Tcontact (Bosco et al. 1982). The relationships between Tcontact and Tcoupling do confirm partly
the findings of Bosco et al. (1982). A significant linear
relationship has been obtained between Tcontact and
Tcoupling (r=0.98; P £ 0.01) but only for Tcontact values
longer than 850 ms (Fig. 2). This study with a wide

range of short Tcontact (up to 300 ms) has not demonstrated any linear relationship between Tcontact and
Tcoupling for Tcoupling shorter than about 300 ms, as it
was suggested by Bosco et al. (1982) (Fig. 2). Indeed,
Fig. 2 clearly shows a linear relationship for Tcontact
longer than 850 ms, as described before, but for Tcontact
values shortest than 850 ms, the experimental data of
Tcoupling did not verify this linear relationship with
Tcontact any more. As a consequence, they obviously do
not allow us to speculate on any direct assessment of
Tcoupling from Tcontact in a discriminating manner for
that precise range of Tcontact. Practically, for Tcontact
longer than 850 ms, the relationship was significantly
linear and very close to the identity line, thereby
allowing us to obtain simply a value of Tcoupling from
Tcontact measurements. However, for Tcontact £ 850 ms,
we should be more careful in interpreting the possible
values of Tcoupling. Indeed, we have limited our analysis
of this relationship between Tcoupling and Tcontact to
values higher than about 850 ms, because the basis
assumption of the constancy of shortening velocity may
not apply for these contact and coupling time conditions. This transition between below and beyond 850 ms
of Tcontact seems to be important and to correspond to a
Tcoupling close to 300 ms. This limit observed in the
present study could be explained physiologically by a
modification of the cross-bridges formation and could
confirm the suggestion that 340 ms could be a limit of
the cross-bridges lifetime during an isometric contraction (Curtin et al. 1974).
In conclusion, the results of the present study demonstrate an accurate measurement of Tcoupling only from
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force and velocity data. Thus it also clarifies the significant relationship between Tcontact and Tcoupling, Tcoupling
being identified in the literature as a key factor in muscular economy during SSC exercises such as jumping
and running in humans.

References
Aura O, Komi PV (1987) Coupling time in stretch shortening cycle:
influence on mechanical eﬃciency and elastic characteristics of
leg extensor muscles. In: Jonsson B (ed) Human kinetics. Biomechanics X-A, Teoksessa, pp 507–512
Bosco C, Ito A, Komi PV, Luhtanen P, Rahkila P, Rusko H,
Viitasalo JT (1982) Neuromuscular function and mechanical
eﬃciency of human leg extensor muscles during jumping exercises. Acta Physiol Scand 114:543–550

Bosco C, Komi PV, Ito A (1981) Prestretch potentiation of human
skeletal muscle during ballistic movement. Acta Physiol Scand
111:135–140
Bosco C, Rusko H (1983) The eﬀect of prolonged skeletal muscle
stretch-shortening cycle on recoil of elastic energy and energy
expenditure. Acta Physiol Scand 119:219–224
Curtin N, Gilbert C, Kretzschmar KM, Wilkie DR (1974) The
eﬀect of the performance of work on the total energy output
and metabolism during muscular contraction. J Physiol
238:455–472
Thys H, Cavagna GA, Margaria R (1975) The role played by
elasticity in an exercise involving movements of small amplitude. Pflugers Arch 354:281–286
Zamparo P, Antonutto G, Capelli C, Girardis M (1997) Eﬀects of
elastic recoil on maximal explosive power of the lower limbs.
Eur J Appl Physiol 75:289–297

2809

The Journal of Experimental Biology 208, 2809-2816
Published by The Company of Biologists 2005
doi:10.1242/jeb.01700

Sprint running: a new energetic approach
P. E. di Prampero1,*, S. Fusi1, L. Sepulcri2, J. B. Morin3, A. Belli3 and G. Antonutto1
1

Section of Physiology, Department of Biomedical Sciences and MATI (Microgravity, Ageing, Training, Immobility)
Centre of Excellence, University of Udine, Udine 33100, Italy, 2School of Sport Sciences, University of Udine,
Gemona (Udine) 33013, Italy and 3Laboratory of Physiology, Unit PPEH (Physiology and Physiopathology of
Exercise and Handicap), University of Saint-Etienne, 42005 Saint-Etienne cedex 2, France
*Author for correspondence (e-mail: pprampero@makek.dstb.uniud.it)

Accepted 17 May 2005
Summary
The speed of the initial 30·m of an all-out run from a
constant speed running. Therefore, accelerated running is
stationary start on a flat track was determined for 12
similar to running at constant speed up an ‘equivalent
medium level male sprinters by means of a radar device.
slope’ ES=tan(90–α). Maximum ES was 0.643±0.059.
The peak speed of 9.46±0.19·m·s–1 (mean ± S.D.) was
Knowledge of ES allowed us to estimate the energy cost of
attained after about 5·s, the highest forward acceleration
sprint running (Csr, J·kg–1·m–1) from literature data on the
(af), attained immediately after the start, amounting to
energy cost measured during uphill running at constant
6.42±0.61·m·s–2. During acceleration, the runner’s body
speed. Peak Csr was 43.8±10.4·J·kg–1·m–1; its average over
(assumed to coincide with the segment joining the centre
the acceleration phase (30·m) was 10.7±0.59·J·kg–1·m–1, as
of mass and the point of contact foot terrain) must lean
compared with 3.8 for running at constant speed on flat
forward, as compared to constant speed running, by an
terrain. The corresponding metabolic powers (in W·kg–1)
angle α=arctang/af (g=acceleration of gravity). The
amounted to 91.9±20.5 (peak) and 61.0±4.7 (mean).
complement (90–α) is the angle, with respect to the
horizontal, by which the terrain should be tilted upwards
to bring the runner’s body to a position identical to that of
Key words: sprint, running, muscle energetics, human.
Introduction
Since the second half of the 19th century, the energetics and
biomechanics of running at constant speed have been the object
of many studies, directed towards elucidating the basic
mechanisms of this most natural form of locomotion; but the
results of these studies have also had direct practical
applications, e.g. for the assessment of the overall metabolic
energy expenditure, or for the prediction of best performances
(e.g. see Alvarez-Ramirez, 2002; Lacour et al., 1990; Margaria,
1938; Margaria et al., 1963; Péronnet and Thibault, 1989; di
Prampero et al., 1993; Ward-Smith, 1985; Ward-Smith and
Mobey, 1995; Williams and Cavanagh, 1987).
In contrast to constant speed running, the number of studies
devoted to sprint running is rather scant. This is not surprising,
since the very object at stake precludes reaching a steady state,
thus rendering any type of energetic analysis rather
problematic. Indeed, the only published works on this matter
deal with either some mechanical aspects of sprint running
(Cavagna et al., 1971; Fenn, 1930a,b; Kersting, 1998; Mero et
al., 1992; Murase et al., 1976; Plamondon and Roy, 1984), or
with some indirect approaches to its energetics (Arsac, 2002;
Arsac and Locatelli, 2002; van Ingen Schenau et al., 1991,
1994; di Prampero et al., 1993; Summers, 1997; Ward-Smith
and Radford, 2000). The indirect estimates of the metabolic

cost of acceleration reported in the above-mentioned papers are
based on several assumptions that are not always convincing.
In the present study we therefore propose a novel approach to
estimate the energy cost of sprint running, based on the
equivalence of an accelerating frame of reference (centred on
the runner) with the Earth’s gravitational field. Specifically, in
the present study, sprint running on flat terrain will be viewed
as the analogue of uphill running at constant speed, the uphill
slope being dictated by the forward acceleration (di Prampero
et al., 2002). Thus, if the forward acceleration is measured, and
since the energy cost of uphill running is fairly well known
(e.g. see Margaria, 1938; Margaria et al., 1963; Minetti et al.,
1994, 2002), it is a rather straightforward matter to translate
the forward acceleration of sprint running into the
corresponding up-slope, and thence into the corresponding
energy cost. Knowledge of this last and of the instantaneous
forward speed will then allow us to calculate the corresponding
metabolic power, which is presumably among the highest
values attainable for any given subject.
Theory
In the initial phase of sprint running, the overall acceleration
acting on the runner’s body (g′) is the vectorial sum of the
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A
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COM

COM

T

g!=g

g!

g
α

T=H

α

90–α

H

Fig.·1. Simplified view of the forces acting on a runner. The
subject is accelerating forward while running on flat terrain (A)
or running uphill at constant speed (B). The subject’s body mass
is assumed to be located at the centre of mass (COM);
af=forward
acceleration;
g=acceleration
of
gravity;
g′=(af2+g2)0.5 is the acceleration resulting from the vectorial sum
of af plus g; T=terrain; H=horizontal; α (=arctan g/af) is the
angle between runner’s body and T; the angle between T and H
is α′=90–α. (Modified from di Prampero et al., 2002.)

forward acceleration (af) and the Earth’s acceleration of
gravity (g), both assumed to be applied to the subject’s centre
of mass (COM; Fig.·1A):

same mass (Mb) multiplied by the ratio g′/g. This ratio will here
be called ‘equivalent normalised body mass’ (EM). Thus, from
Eq.·1:

g′ = (af2 + g2)0.5·.

EM = g′ / g = (af2 / g2 + 1)0.5·.

(1)

To maintain equilibrium, the angle α between g′ (which is
applied along a line joining the point of contact foot–terrain
with the runner’s body COM) and the terrain must be given
by:
α = arctan g / af·.
(2)
This state of affairs is analogous to that applying if the subject
were running uphill at constant speed, in which case the overall
average acceleration (g′) is assumed to be applied vertically
(Fig.·1B). Indeed, if g′ is tilted upwards, so as to render it
vertical, to maintain constant the angle of g′ with the terrain
(α), the latter must also be tilted upwards, with respect to the
horizontal, by the same amount. Inspection of Fig.·1 makes it
immediately apparent that the angle between the horizontal and
the terrain (α′), due to the forward acceleration yielding the
angle α between g′ and the terrain, is given by:
α′ = 90 – α = 90 – arctan g / af .

·(3)

The slope equivalent to the angle α′ (equivalent slope, ES) is
therefore given by the tangent of the angle α′ itself:
ES = tan (90 – arctan g / af)·.

(4)

In addition, during sprint running, the average force exerted by
active muscles during the stride cycle (F′=equivalent body
weight) is given by:
F′ = Mbg′·,
(5)
where Mb is the runner’s body mass. When running at constant
speed, the average force (F) corresponds to the subject’s body
weight:
F = Mbg·.
(6)
The ratio of Eq.·5 to Eq.·6
F′ / F = g′ / g·

(7)

shows that, during sprint running, the equivalent body weight
(F′=the average force generated by the active muscles) is equal
to that required to transport, at constant speed on the Earth, the

(8)

Summarising, sprint running can be considered equivalent
to constant speed running on the Earth, up an equivalent slope
ES, while carrying an additional mass ∆M=Mb(g′/g–1), so that
the overall equivalent mass EM becomes EM=∆M+Mb.
Both ES and EM are dictated by the forward acceleration
(Eq.·4, 8); therefore they can be easily calculated once af is
known. The values of ES and EM so obtained can then be used
to infer the corresponding energy cost of sprint running,
provided that the energy cost of uphill running at constant
speed per unit body mass is also known.
It should be pointed out that the above analogy is based on
the following three simplifying assumptions, which will be
discussed in the appropriate sections. (i) Fig.·1 is an idealised
scheme wherein the overall mass of the runner is assumed to
be located at the centre of mass. In addition, (ii) Fig.·1 refers
to the whole period during which one foot is on the ground, as
such it denotes the integrated average applying to the whole
step (half stride). (iii) The calculated ES and EM values are
those in excess of the values applying during constant speed
running, in which case the subject’s body is not vertical, but
leans slightly forward (Margaria, 1975).
Aims
The aim of the present study was that to estimate the energy
cost and metabolic power of the first 30·m of an all-out run
from a stationary start, from the measured forward speed and
acceleration.
Methods and calculations
The experiments were performed on an outdoor tartan track
of 100·m length, at an average barometric pressure and
temperature of about 740·mmHg and 21°C, using 12
medium-level male sprinters whose physical characteristics are
reported in Table·1. The subjects were informed on the aims
of the study and gave their written consent to participate.
The instantaneous speed of the initial 30·m of an all-out run
from regular starting blocks was continuously determined by
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Subject
1
2
3
4
5
6
7
8
9
10
11
12
Mean
S.D.

Age
(years)

Body
mass (kg)

Stature
(m)

Best
performance (s)

19
24
18
26
19
21
24
21
21
21
18
18
21.0
2.7

74.0
82.0
66.0
84.0
82.0
70.0
68.0
66.0
72.0
84.0
72.0
70.0
74.2
7.0

1.78
1.80
1.75
1.92
1.83
1.79
1.72
1.71
1.80
1.87
1.85
1.78
1.80
0.06

11.52
11.13
10.90
10.96
12.09
11.45
11.04
11.06
11.02
11.28
11.66
11.50
11.30
0.35

tradar = 1.01tcells – 0.06; r = 0.99; N=120; P<0.01·,

8
6

y=0.99x+0.08

4

r2=0.99

2
4

6

8

10

12

s–1)

(9)

function (Chelly and Denis, 2001; Henry, 1954; Volkov and
Lapin, 1979):
s(t) = smax * (1–e– t/τ)·,
(10)
where s is the modelled running speed, smax the maximal
velocity reached during the sprint, and τ the time constant.
Typical tracings of the measured or modelled speeds so
obtained are reported in Fig.·2 as a function of time. Since the
exponential model described the actual running speeds
accurately (see Discussion and Fig.·3), the instantaneous
forward acceleration was then calculated from the first
derivative of Eq.·10:
af(t) = ds / dt = [smax – smax * (1–e–t/τ)] / τ .

(11)

This is plotted in Fig.·4 as a function of the distance (d, m) of
the run, as obtained from the time integral of Eq.·10:
d(t) = smax * t – [smax * (1–e–t/τ)] * τ .

(12)

The individual values of speed and acceleration were
calculated for each subject over one run. The values so

Exponential model

8

10

6
af (m s–2)

s (m s–1)

2

Fig.·3. Running velocity as calculated by the exponential model, as a
function of the actual running speed for Subject 7. The linear
relationship is reported in the figure (N=234); identity line is also
shown.

12
8
6
4

4
2

2
0

0

Measured speed (m

thus confirming a previous validation carried out by Chelly and
Denis (2001) on moving objects.
The speed–time curves were then fitted by an exponential
Measured

y=x

10

0

means of a radar Stalker ATS System™ (Radar Sales,
Minneapolis, MN, US) at a sampling frequency of 35·Hz. Raw
speed data were filtered (by a fourth order, zero lag,
Butterworth filter) using the ATS System™ acquisition
software. The radar device was placed on a tripod 10·m behind
the start line at a height of 1·m, corresponding approximately
to the height of the subject’s center of mass. To check the
reliability of the radar device, the 12 subjects performed an
entire 100·m run. The times obtained on each 10·m section
(tradar) were compared to those obtained over the same sections
by means of a photocell system (tcells). The two sets of data
were essentially identical:
2

12

Modelled speed (m s–1)

Table·1. Physical characteristics of subjects and best
performance times over 100·m during the coeval agonistic
season

0

1

2

3
t (s)

4

5

6

Fig.·2. Actual (gray, thick line) and modelled (black, thin line)
forward speed s (m·s–1) as a function of time t (s) at the onset of a
typical 100·m run for subject 7. Actual speed was accurately described
by: s(t)=10.0*(1–e–t/1.42). The maximal speed (smax) was 10.0·m·s–1.
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Fig.·4. The instantaneous forward acceleration af (m·s–2), obtained as
described in the text, is plotted as a function of the distance d (m) for
subject 7.
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1.25
1.20
1.15
1.10
1.05
1.00

C = 155.4x5–30.4x4 – 43.3x3 + 46.3x2 + 19.5x + 3.6·, (13)

Table·2. Grand averages of peak values of speed (s), forward
acceleration (af), equivalent slope (ES) and equivalent body
mass (EM)
–1

Mean
S.D.

CV

–2

s (m·s )

af (m·s )

ES

EM

9.46
0.19
0.020

6.42
0.61
0.095

0.64
0.06
0.091

1.20
0.03
0.025

S.D., standard deviations; CV, coefficient of variation. N=12
throughout.
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Fig.·5. Equivalent body mass (EM; A) and equivalent slope (ES; B),
as a function of the distance d (m) for subject 7.

to attain, after about 30·m, the value for constant speed running
on flat terrain (i.e. about 3.8·J·kg–1·m–1). This figure shows also
that ES is responsible for the greater increase of Csr whereas
EM plays only a marginal role. Finally, Fig.·6 also shows that
the average Csr over the first 30·m of sprint running in this
subject is about 11.4·J·kg–1·m–1, i.e. about three times larger
than that of constant speed running on flat terrain.
The product of Csr and the speed yields the instantaneous
metabolic power output above resting; it is reported as a
60
50

Csr (J kg–1 m–1)

Results
The speed increased to attain a peak of 9.46±0.19·m·s–1
about 5·s from the start. The highest forward acceleration was
observed immediately after the start (0.2·s): it amounted to
6.42±0.61·m·s–2. The corresponding peak ES and EM values
amounted to 0.64±0.06 and to 1.20±0.03 (Table·2). The
behavior of ES and EM, throughout the entire acceleration
phase for a typical subject, as calculated from af (see Fig.·4)
on the bases of Eq.·4 and 8, is reported in Fig.·5, which shows
that, after about 30·m, ES tended to zero and EM to one, which
correspond to constant speed running.
The energy cost of sprint running (Csr), as obtained from
Eq.·13 on the basis of the above calculated ES and EM, is
reported in Fig.·6 for a typical subject. This figure shows that
the instantaneous Csr attains a peak of about 50·J·kg–1·m–1
immediately after the start; thereafter it declines progressively

5

0.60

Csr = (155.4ES5 – 30.4ES4 –
43.3ES3 + 46.3ES2 + 19.5ES + 3.6)EM·. (14)
It is also immediately apparent that, when ES=0 and EM=1,
Csr reduces to that applying at constant speed running on flat
terrain, which amounted to about 3.6·J·kg–1·min–1 (Minetti et
al., 2002), a value close to that reported by others (e.g. see
Margaria et al., 1963; di Prampero et al., 1986, 1993).

0

0.80

ES

where x is the incline of the terrain, as given by the tangent of
the angle α′ with the horizontal (see Eq.·3 and Fig.·1B). Thus,
the estimated energy cost of sprint running (Csr) can be
calculated replacing x in the above equation with the calculated
values of ES (Eq.·4) and multiplying the sum of the indicated
terms by EM (Eq.·8):

A

1.30

EM

obtained were then pooled and the means calculated. Values
are reported as means ± 1 standard deviation (S.D.), where
N=12.
The individual values of ES (Eq.·4) and EM (Eq.·8) were
also obtained for all subjects from the forward acceleration.
This allowed us to calculate the energy cost of sprint running
with the aid of the data of literature. Indeed, as reported by
Minetti et al. (2002) for slopes from –0.45 to +0.45, the energy
cost of uphill running per unit of distance along the running
path C (J·kg–1·m–1), is described by:

40
30
20

Average Csr=11.4 J kg–1 m–1

10
0

0

5

10

15

20

25

30

d (m)
Fig.·6. Energy cost of sprint running Csr (J·kg–1·m–1), as calculated by
means of Eq.·14, as a function of the distance d (m) for subject 7.
Energy cost of constant speed running is indicated by the lower
horizontal thin line. Black and hatched distances between appropriate
lines indicate effects of EM and ES, respectively. Upper horizontal
thin line indicates average Csr throughout the indicated distance.
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120

Pmet (W kg–1)

100
80

Average Pmet=65.0 W kg–1

60
40
20
0

0

1

2
t (s)

3

4

Fig.·7. Metabolic power Pmet (W·kg–1), as calculated from the product
of Csr (see Fig.·6) and the speed, as a function of time t (s) for subject
7. Average power over 4·s is indicated by horizontal thin line.

function of time for the same subject in Fig.·7, which shows
that the peak power output, of about 100·W·kg–1, is attained
after about 0.5·s and that the average power over the first 4·s
is on the order of 65·W·kg–1.
Discussion
Critique of methods
The instantaneous values of forward acceleration were
obtained from the first derivative of exponential equations
describing the time course of the speed. Linear regressions
between measured and modelled speed values (Fig.·3) were
close to the identity line for all 12 subjects (r2>0.98; P<0.01),
showing the high accuracy of this kind of speed modelling
during sprint running (Chelly and Denis, 2001; Henry, 1954;
Volkov and Lapin, 1979). Even so, it should be noted that: (i)
at the start of the run the centre of mass is behind the start line
and (ii) whereas the centre of mass rises at the very onset of
the run, the radar device does not; as a consequence, (iii) the
initial speed data are slightly biased. However, after a couple
of steps this effect becomes negligible, as such it will not be
considered further. Finally, it should also be pointed out that
filtering the raw speed data, while retaining the general
characteristics of the speed vs time curve (Fig.·3), leads to
substantial smoothing of the speed swings that occur at each
step and are a fundamental characteristic of locomotion on
legs.
The number of subjects of this study (12) may appear small.
However the coefficients of variation of peak speeds and peak
accelerations for this population (0.02 and 0.095) were rather
limited, and the subjects were homogeneous in terms of
performance (Tables·1, 2). Finally, the present approach is
directed at obtaining a general description of sprint running,
rather than at providing accurate statistical descriptions of
specific groups of athletes.
The main assumptions on which the calculations reported in
the preceding sections were based are reported and discussed
below.
(1) The overall mass of the runner is assumed to be located

at the centre of mass of the body. As such, any possible effects
of the motion of the limbs, with respect to the centre of mass,
on the energetics of running were neglected. This is tantamount
to assuming that the energy expenditure associated with
internal work is the same during uphill running as during sprint
running at an equal ES. This is probably not entirely correct,
since the frequency of motion is larger during sprint than
during uphill running. If this is so, the values obtained in this
study can be taken to represent a minimal value of the energy
cost, or metabolic power, of sprint running.
(2) The average force applied by the active muscles during
the period in which one foot is on the ground is assumed to be
described as in Fig.·1B, thus neglecting any components acting
in the frontal plane. In addition, the assumption is also made
that the landing phase (in terms of forces and joint angles) is
the same during uphill as during sprint running at similar ES,
a fact that may not be necessarily true, and that may warrant
ad hoc biomechanical studies.
(3) The calculated ES and EM values are assumed to be in
excess of those applying during constant speed running, in
which case the subject’s body is not vertical, but leans slightly
forward (Margaria, 1975) and the average force required to
transport the runner’s body mass is equal to that prevailing
under the Earth’s gravitational field. Indeed, the main aim of
this study was to estimate the energy cost and metabolic power
of sprint running, and since our reference was the energy cost
of constant speed running per unit body mass, the above
simplifying assumptions should not introduce any substantial
error in our calculations.
(4) The energy cost of running uphill at constant speed, as
measured at steady state up to inclines of +0.45, was taken to
represent also the energy cost of sprint running at an equal ES.
Note that the energy cost of running per unit of distance, for
any given slope, is independent of the speed (e.g. see Margaria
et al., 1963; di Prampero et al., 1986; 1993). Thus the transfer
from uphill to sprint running can be made regardless of the
speed. Even so, the highest values of ES attained by our
subjects (about 0.70) were greater than the highest slopes for
which the energy cost of uphill running was actually measured
(0.45). Thus the validity of our values for slopes greater than
0.45 is based on the additional assumption that, also above this
incline, the relationship between Csr and ES is described by
Eq.·14. Graphical extrapolation of the Minetti et al. (2002)
equation does seem to support our interpretation of their data;
however, stretching their applicability as we did in the present
study may seem somewhat risky. We would like to point out,
however, that the above word of caution applies only for the
peak Csr and metabolic power values, i.e. to the initial 3·m
(Fig.·5), which represent about 1/10 of the distance considered
in this study. Thus, the majority of our analysis belongs to a
more conservative range of values.
(5) Minetti et al. (2002) determined the energy cost of uphill
running from direct oxygen uptake measurements during
aerobic steady state exercise. In contrast, the energy sources of
sprint running are largely anaerobic. It follows that the values
of Csr and metabolic power (Pmet), as calculated in this study,
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should be considered with caution. Indeed, they are an estimate
of the amount of energy (e.g. ATP units) required during the
run, expressed in O2 equivalents. The overall amount of O2
consumed, including the so-called ‘O2 debt payment’ for
replenishing the anaerobic stores after the run, may well be
different, a fact that applies to any estimate of energy
requirement during ‘supramaximal exercise’. Finally, the
calculated values of Csr and Pmet represent indirect estimates
rather than ‘true’ measured values. However, the actual amount
of energy spent during sprint running cannot be easily
determined with present day technology, thus rendering any
direct validation of our approach rather problematic. However,
in theory at least, computerised image analysis of subjects
running over series of force platforms could be coupled with
the assessment of the overall heat output by means of
thermographic methods. Were this indeed feasible, one could
obtain a complete energetic description of sprint running to be
compared with the present indirect approach.
Metabolic power of sprint running
The peak metabolic power values reported in Table·3 are
about four times larger than the maximal oxygen consumption
(VO∑max) of elite sprinters which can be expected to be on the
order of 25·W·kg–1 (70·ml·O2·kg–1·min–1 above resting). This
is consistent with the value estimated by Arsac and Locatelli
(2002) for sprint elite runners, which amounted to about
100·W·kg–1, and with previous findings showing that, on the
average, the maximal anaerobic power developed while
running at top speed up a normal flight of stairs is about four
times larger than VO∑max (Margaria et al., 1966).
The same set of calculations was also performed on one
athlete (C. Lewis, winner of the 100·m gold medal in the 1988
Olympic games in Seoul with the time of 9.92·s) from speed
data reported by Brüggemann and Glad (1990). The
corresponding peak values of ES and EM amounted to 0.80
and 1.3, whereas the peak Csr and metabolic power attained
55·J·kg–1·m–1 and 145·W·kg–1. The overall amount of
metabolic energy spent over 100·m by C. Lewis was also
calculated by this same approach. It amounted to 650·J·kg–1,
very close to that estimated for world record performances by
Arsac (2002) and Arsac and Locatelli (2002). However, these
same authors, on the basis of a theoretical model originally
developed by van Ingen Schenau (1991), calculated a peak
metabolic power of 90·W·kg–1 for male world records, to be
Table·3. Peak and mean energy cost of sprint running and

metabolic power for the 12 subjects
Mean
Csr
–1

Peak
Pmet

–1

(J·kg ·m )
10.7+0.59

Csr
–1

(W·kg )
61.0±4.66

–1

Pmet
–1

(J·kg ·m )
43.8±10.4

(W·kg–1)
91.9±20.5

Csr, energy cost of sprint running; Pmet, metabolic power.
Values are means ± S.D. Mean Csr was calculated over 30·m and
mean Pmet over 4·s.

compared with the 145·W·kg–1 estimated in this study for C.
Lewis. The model proposed by van Ingen Schenau is based on
several assumptions, among which overall running efficiency
plays a major role. Indeed, the power values obtained by Arsac
and Locatelli (2002) were calculated on the bases of an
efficiency (η) increasing with the speed, as described by
ηt=0.25+0.25. vt/vmax where ηt and vt are efficiency and speed
at time t, respectively, and vmax is the maximal speed.
However, Arsac and Locatelli point out that, if a constant
efficiency of 0.228 is assumed, then the estimated peak
metabolic power reaches 135·W·kg–1, not far from that
obtained above for C. Lewis. Thus, in view of the widely
different approaches, we think it is the similarity between the
two sets of estimated data that should be emphasized, rather
than their difference.
Energy balance of sprint running
It is now tempting to break down the overall energy
expenditure of 650·J·kg–1 needed by C. Lewis to cover 100·m
in 9.92·s, into its aerobic and anaerobic components. To this
end we will assume that the maximal O2 consumption (VO∑max)
of an élite athlete of the calibre of Lewis amounts to 25·W·kg–1
(71.1·ml·O2·kg–1·min–1) above resting. We will also assume
that the overall energy expenditure (Etot) is described by:
Etot = Ans + VO∑maxte – VO∑max(1–e–te/τ)τ·,

(15)

where te is the performance time, Ans is the amount of energy
derived from anaerobic stores utilisation and τ is the time
constant of the VO∑ response at the muscle level (Wilkie, 1980;
di Prampero, 2003).
The last term of this equation is the O2 debt incurred up to
the time te, because VO∑max is not reached instantaneously at
work onset, but with a time constant τ; therefore, the overall
amount of energy that can be obtained from aerobic energy
sources is smaller than the product VO∑maxte, by the quantity
represented by the third term of the equation. In the literature,
the values assigned to τ range from 10·s (Wilkie, 1980; di
Prampero et al., 1993) to 23·s (Cautero et al., 2002). So, since
in case of C. Lewis, Etot=650·J·kg–1 and VO∑max=25·W·kg–1; Ans
(calculated by Eq.·15) ranged from about 560·J·kg–1 (for
τ=10·s) to about 600·J·kg–1 (for τ=23·s). Thus, for an élite
athlete to cover 100·m at world record speed the anaerobic
energy stores must provide an amount of energy on the order
of 580·J·kg–1. Unfortunately we cannot partition this amount of
energy into that produced from lactate accumulation and that
derived from splitting phosphocreatine (PCr). However, we can
set an upper limit to the maximal amount of energy that can be
obtained from Ans as follows. Let us assume that the maximal
blood lactate concentration in an élite athlete can attain
20·mmol·l–1. Thus, since the accumulation of 1·mmol·l–1 lactate
in blood is energetically equivalent to the consumption of
3·ml·O2·kg–1 (see di Prampero and Ferretti, 1999), the maximal
amount of energy that can obtained from lactate is about:
20 ! 3 ! 20.9 ! 1250·J·kg–1·,
(16)
(where 20.9·J·ml–1 is the energetic equivalent of O2). The
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maximal amount of PCr that can be split from rest to exhaustion
in an all-out effort can be estimated to be about 22·mmol·kg–1
of fresh muscle (see Francescato et al., 2003). We can assume
that the muscle mass involved in the all-out effort in question,
for an élite sprinter, is about 25% of his body mass (e.g. about
25·kg of muscle). If this is so, and since to spare 1·mmol·O2 the
amount of PCr that needs to be split is about 6·mmol, which
corresponds to a P/O2 ratio of 6.0, the amount of energy yielded
per kg body mass by complete splitting of PCr in the maximally
active muscles can be calculated as:
0.25 ! 22 ! 1/6 ! 22.4 • 20.9 ! 430·J·kg–1·,

(17)

where 22.4 is the volume (ml, STPD) of 1·mmol·O2. Thus the
maximal amount of energy that can be obtained at exhaustion
from the complete utilisation of anaerobic stores amounts to:
–1

1250 + 430 = 1680·J·kg ·.

(18)

It can be concluded that the amount of energy derived from Ans
during a 100·m dash in a top athlete is about 1/3 of the total,
which is consistent with the fact that longer events (200·m or
400·m) are covered at essentially the same, largely anaerobic,
speed.
Of wind and down-slopes
In the preceding paragraphs, the effects of the air resistance
on the energy cost of sprint running were neglected; they will
now be briefly discussed. The energy spent against the air
resistance per unit of distance (Caer) increases with the square
of the air velocity (v): Caer=k′v2, where the proportionality
constant (k′) amounts to about 0.40·J·s2·m–3 per m2 of body
surface area (Pugh, 1971; di Prampero et al., 1986, 1993). This
allowed us to calculate that Caer attained about 0.86·J·kg–1·m–1
at the highest speeds. Thus, whereas in the initial phase of the
sprint at slow speeds and high ES, Caer is a negligible fraction
of the overall energy cost, this is not so at high speeds with
ES tending to zero. Indeed, at the highest average forward
speed (vf) attained in this study (9.46·m·s–1), Caer amounted to
about 20% of the total energy cost and required about 8
additional W·kg–1 in terms of metabolic power. This is
substantially equal to the data estimated by Arsac (2002) for
sea level conditions.
Finally, the analysis presented in Fig.·1 shows that, in the
deceleration phase, sprint running can be viewed as the
analogue of downhill running at constant speed. According to
Minetti et al. (2002), Eq.·13 can also be utilised to describe the
energetics of downhill running. So, the negative values of ES,
obtained when af is also negative, can be inserted into Eq.·14
to estimate the corresponding Csr values in the deceleration
phase. Quantitatively, however, the effects of deceleration on
Csr are much smaller than those described above for the
acceleration phase, because throughout the whole range of the
downhill slopes (from 0 to –0.45), the energy cost of running
changes by a factor of 2, to a minimum of 1.75·J·kg–1·m–1 at a
slope of –0.20, rising again for steeper slopes, to attain a value
about equal to that for level running (3.8·J·kg–1·m–1) at a slope
of –0.45. This is to be compared with an increase of about

fivefold from level running to +0.45 (see Eq.·13 and Minetti et
al., 2002).
Conclusions
The above analysis and calculations allow us to condense
the factors affecting the instantaneous energy cost of sprint
running into one comprehensive formula:
Csr = (155.4ES5–30.4ES4–43.3ES3+
46.3ES2+19.5ES+3.6)EM + k′v2·,

(19)

where all terms have been previously defined. The
corresponding metabolic power (Pmet) is described by the
product of Eq.·19 and the ground speed (s):
Pmet = Csr * s = (155.4ES5–30.4ES4–43.3ES3+
46.3ES2+19.5ES+3.6)EMs + k′v2s·. (20)
When, as is often the case, the sprint occurs in calm air and
hence v=s, these two equations can be easily solved at any
point in time, provided that the time course of the ground speed
is known.

Ans
af
g′
C
Caer
Csr
d
g
Etot
EM
ES
F
F′
k′
Mb
Pmet
Pcr
s
smax
t
te
v
vf
vmax
VO∑
x
τ
η

List of symbols
amount of energy derived from anaerobic stores
forward acceleration
overall acceleration acting on the runner’s body
energy cost
energy spent against the air resistance per unit of
distance
energy cost of sprint running
distance
acceleration of gravity
overall energy expenditure
equivalent normalised body mass
equivalent slope
average force
average force exerted by active muscles during the
stride cycle
proportionality constant
body mass
metabolic power
phosphocreatine
ground speed
maximal velocity reached during the sprint
time
performance time
speed
forward speed
maximal speed
oxygen consumption
incline angle between g′ and the terrain
time constant
efficiency
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