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EVALUATION DE S CHARGEMENTS A  L'EPAULE LORS DE LA PROPULSIO N 
MANUELLE EN FAUTEUIL ROULANT CHE Z UNE POPULATION AGE E 

DESROCHES, Guillaume 

RESUME 

On denombre plus de 1.6 million d'utilisateurs de fauteuil roulant (FR) aux Etats-Unis. De 
ce nombre, au-dela de 50 % sont ages de 65 ans et plus. Bien qu'un FR aide les individus 
ayant une mobilite restreinte a se mouvoir, son utilisation est liee au developpement de 
blessures secondaires, particulierement a I'epaule. Les pathologies a I'epaule decouleraient 
en partie des chargements repetitifs et eleves amenes par la propulsion en FR. Le present 
travail avait comme objectif d'evaluer les chargements a I'epaule lors de la propulsion en 
FR chez une population agee et de determiner si des parametres reduisaient ces 
chargements. Nous avons emis I'hypothese que le positionnement dans le FR, I'efficacite de 
la force a la roue et le patron de propulsion pourraient influencer les chargements a I'epaule. 
La cinetique et cinematique de la propulsion manuelle en FR de quinze sujets ages (68.2 ± 
5.2 ans) ont ete recueillies sur un ergometre experimental a une vitesse sous maximale (~ 1 
m/s). Les chargements a I'epaule ont ete estimes par les forces et moments articulaires 
obtenus d'un modele d'inverse dynamique en trois dimensions. Au niveau du 
positiormement, les resultats demontrent qu'il n'y a pas de modification pour les 
chargements a I'epaule pour differents angles d'assise tant que la position de I'axe de 
rotation de la roue est constante par rapport a la morphologic de I'individu. L'analyse de 
1'impact de I'efficacite de la force a la roue sur les chargements a I'epaule demontre que 
propulser avec une force tangentielle augmente substantiellement les chargements a 
I'epaule. Cependant, une faible amelioration dans I'efficacite ne resulte pas en des 
augmentations significatives. Ceci pourrait augmenter la performance externe des individus 
sans qu'ils soient plus a risque de developper des pathologies a I'epaule. Une comparaison 
entre differents patrons de propulsion au niveau des chargements a I'epaule a permis de 
demontrer que ces chargements sont dependants du patron de propulsion. Un patron de type 
pompage etait celui ou les chargements a I'epaule etaient les plus eleves. Done, pour des 
utilisateurs ages, il ne serait pas recommande de propulser selon ce patron. Les resultats de 
cette etude nous foumissent des informations pertinentes quant a la cinetique et la 
cinematique de la propulsion et pourraient aider a identifier un patron qui serait adequat 
pour les utilisateurs de FR au niveau des chargements a I'epaule. 

Mots cles : Biomecanique, Chargements, Epaule, Fauteuil roulant. Force, Patron de 
propulsion, Personnes agees, Positionnement, Propulsion 



EVALUATION O F THE LOAD SUSTAINE D B Y THE SHOULDER DURIN G 
MANUAL WHEELCHAIR PROPULSIO N I N OLDER WHEELCHIAR USER S 

DESROCHES, Guillaume 

ABSTRACT 

It is estimated that there is more than 1.6 millions manual wheelchair (MWC) users in the 
United States. From that number, over half is aged over 65 years old. Even though a MWC 
helps people with a low level of mobility regain independence, its use as been associated 
with development of secondary injuries, especially at the shoulder. Those injuries are 
thought to result, in part, from the repetitive and high loads sustained during MWC 
propulsion. The goal of this work was to evaluate the load sustained at shoulder level during 
MWC propulsion among older users and determine parameters that could reduce those 
loads. We hypothesized that positioning in the MWC, force efficiency and propulsion 
patterns could have an impact on the load sustained by the shoulder. Propulsion kinetic and 
kinematics were collected on fifteen older MWC users (68.2 ± 5.2 years old) propelling 
onto an experimental ergometer at sub maximal speed (~ 1 m/s). Shoulder load were 
estimated by net shoulder joint forces and moments obtained using a 3D inverse dynamic 
model. For MWC positioning, our results showed no significant modifications in the 
shoulder loads for different seating angles as long as the wheel axle position was constant to 
the subject morphology. The analysis of the impact of the resultant force efficiency on the 
load sustained by the shoulder demonstrated that propelling with a force close to tangent to 
the wheel significantly increase the load around the shoulder. However, small increase in 
force efficiency did not result in higher loads. Thus, h would be possible to increase the 
performance of the users without being more at risk of shoulder pathologies. Comparison 
between different propulsion patterns for the load around the shoulder showed that the load 
sustained by the shoulder is dependent of the propulsion pattern. A pumping like pattern 
was the one in which shoulder load was highest. Therefore, for older MWC users it would 
not be recommended to propel a MWC according to this pattern. The results of this work 
give valuable information about propulsion kinetic and kinematics and could help determine 
a propulsion pattern that would best suit the users at shoulder level. 

Keywords: Biomechanics, Force, Load, Manual wheelchair. Older users. Positioning, 
Propulsion patterns. Shoulder 
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INTRODUCTION 

Le fauteuil roulant (FR) a propulsion manuelle est un outil important pour les individus a 

mobilite restreinte. On estime a plus de 1.6 million le nombre d'utilisateurs de FR aux Etats-

Unis (Kaye et  al,  2000). De ce nombre, plus de la moitie sont ages de 65 ans et plus. Bien 

que le FR aide les individus avec une mobilite reduite a retrouver une certaine 

independance, son utilisation est souvent liee a I'apparition de blessures secondaires. Les 

blessures a I'articulation de I'epaule (syndrome d'accrochage, lesion a la coiffe des 

rotateurs, tendinite, etc.) sont les plus frequemment rapportees chez les usagers de FR (Sie 

et al.,  1992, ; Subbarao et  al.,  1995). Nichols et  al.  (1979) ont demontre que 40 % des 

utilisateurs de FR ages de 65 ans et plus souffraient de pathologies a I'epaule. Ces blessures 

amenent des limitations physiques majeures pour les usagers et ainsi, diminuent la mobilite 

deja restreinte de ces demiers. Les chargements repetitifs et eleves que la propulsion 

manuelle en FR amene aux articulations du membre superieur pourraient etre une des causes 

possibles de pathologies. Les chargements subis par une articulation lors d'une tache 

peuvent etre estimees par les forces et moments articulaires. 

Dans la litterature, lors de la propulsion en FR, il est possible de noter des forces articulaires 

a I'epaule atteignant pres de 100 N (Koontz et  al,  2002). Au niveau des moments a 

I'epaule, des amplitudes variant de 20 a 50 Nm furent rapportees (Cooper et  al,  1999, ; 

Koontz et  al,  2002, ; Lin et al, 2004). Mercer et  al. (2006) ont d'ailleurs demontre que les 

usagers de FR qui propulsaient avec des forces et moments plus eleves a I'epaule etaient 

plus susceptibles de developper des pathologies a ce niveau. Ces forces et moments 

articulaires seraient, selon certains auteurs, dependants de plusieurs facteurs tels que le 

positiormement de I'usager dans le fauteuil (Mulroy et  al,  2005), I'orientation de la force a 

la roue (efficacite) (Veeger et  al, 2002) et le patron de propulsion (Aissaoui et Arabi, 2004; 

Veegere/a/.,2002). 



La position verticale et horizontale du siege par rapport a I'axe de la roue s'est montree un 

parametre primordial pour un positionnement optimal en fauteuil roulant (Boninger et  al, 

2000, ; Brubaker, 1986, ; Gutierrez et  al,  2005, ; van der Woude et  al, 1989; Masse et  al., 

1992). Cependant, peu d'etudes se sont interessees a la modification de I'angle d'assise sur 

la biomecanique de la propulsion. Ce parametre s'est revele tres important au niveau du 

confort chez une population agee (Hirota et  af,  2002). Aissaoui et  cd.  (2002) ont de plus 

demontre qu'une bascule du siege de 10° par rapport a I'horizontale augmentait de 10 % la 

proportion de la force qui contribue directement a la propulsion. Toutefois, aucune 

information n'etait disponible quant a I'impact sur les chargements a I'epaule de modifier 

I'angle d'assise de I'usager. II serait done interessant de determiner cet effet ce qui 

permettrait un positionnement encore plus optimal dans le fauteuil roulant. 

La proportion de la force resultante a la roue qui contribue directement a la propulsion en 

FR (i.e. tangentielle) varie entre 50-80% (van der Woude et  al,  2001). Dans le but 

d'ameliorer I'efficacite de la force a la roue, de Groot et  al.  (2002) ont demontre qu'il etait 

possible d'ameliorer substantiellement la proportion de la force tangentielle a la roue. 

Cependant, les usagers qui propulsaient avec une plus grande composante tangentielle 

avaient un coiit energetique plus eleve. Dans cette etude (de Groot et  al,  2002), les auteurs 

n'ont pu fournir d'information quant aux chargements soutenus par les articulations du 

membre superieur face a cette augmentation de la force tangentielle. Veeger ( 1999) a 

demontre, par un modele analytique, que pour produire une force parfaitement tangentielle 

les muscles de I'epaule devaient etre fortement utilises. Toutefois, aucune etude ne s'est 

attardee a etudier I'impact sur les structures musculosquelettiques de faibles augmentations 

dans I'efficacite de la force a la roue. II serait done interessant de determiner I'effet d'un 

accroissement de la composante tangentielle de la force resultante a la roue sur les 

chargements soutenus par I'epaule. Ceci permettrait d'augmenter I'efficacite de la 

propulsion sans que I'usager soit plus a risque de developper des pathologies a I'epaule. 

Cependant, ameliorer I'efficacite de la force a la roue n'est pas une tache simple. Un 



parametre plus facile a quantifier et a modifier serait plus attrayant d'un point de vue 

clinique, le patron de propulsion. 

Veeger et  al. (2002) ainsi qu'Aissaoui et Arabi (2004) ont emis I'hypothese que le patron de 

propulsion en FR influencerait la production de force a la roue ainsi que les chargements 

subies par les articulations. Les etudes ayant analyse les differents patrons de propulsion 

n'ont pas trouve de difference significative quant a I'efficacite de la force a la roue entre ces 

demiers (Boninger et  al,  2002, ; Shimada et  al,  1998). Cependant, le classement des 

differents patrons de propulsion etait fait de faijon qualitative, ce qui aurait pu amener des 

erreurs de classement. Une methode de classification quantitative permettrait done une 

comparaison plus robuste entre les differents patrons. Dans une etude recente, Aissaoui et 

Arabi (2004) ont d'ailleurs demontre a I'aide d'une classification quantitative que le patron 

de propulsion avait un impact sur I'efficacite de la propulsion. Done, une classification 

quantitative permettrait de discriminer entre les individus utilisateur de FR. De plus, aucune 

etude ne s'est attardee a determiner les chargements subis par I'epaule pour differents 

patrons de propulsion. D'un point de vue clinique, des resultats soutenant I'hypothese que le 

patron de propulsion influence les chargements a I'epaule permettraient aux specialistes de 

la sante d'enseigner aux utilisateurs a propulser selon un patron qui reduirait la charge 

soutenue par I'epaule. 

L'objectif principal de ce projet est d'estimer les chargements soutenus par I'epaule lors de 

la propulsion manuelle en fauteuil roulant chez une population agee et de determiner si des 

parametres peuvent modifier ces chargements. Plus specifiquement, nous allons tenter de : 

1. determiner I'effet d'une variation de I'angle d'assise tout en maintenant la position 

verticale et horizontale du siege constante par rapport a la morphologic de I'usager 

sur les chargements soutenus par I'epaule; 



2. determiner la relation entre refficacite de la force resultante a la roue et les 

chargements a I'epaule; 

3. determiner I'effet de modifier I'efficacite de la force resultante a la roue sur les 

chargements a I'epaule chez un meme utilisateur de FR. 

4. determiner les chargements a I'epaule pour differents patrons de propulsion sachant 

que les patrons de propulsion influencent la direction de la force resultante a la roue. 

Cette these sera presentee sous forme d'articles integres dans le corps du document. La 

these sera separee en 9 chapitres. Le premier chapitre presentera une revue de la litterature 

afin de synthetiser les informations pertinentes sur la biomecanique de la propulsion en FR. 

La problemafique ainsi que les objectifs et hypotheses de recherche seront enonces au 

deuxieme chapitre. La methodologie utilisee afin de repondre aux objectifs de recherche 

sera presentee dans le troisieme chapitre. Le quatrieme chapitre mettra en contexte les 

articles qui seront presentes dans la these. Les chapitres cinq a huit presenteront les articles 

qui ont ete ecrits dans le cadre de ce projet de doctorat. Le neuvieme chapitre presentera une 

discussion generale sur les differents resultats obtenus a travers les quatre articles. Une 

conclusion et des recommandations seront emises dans la derniere secfion de la these. 



CHAPITRE 1 

REVUE DE LITTERATUR E 

1.1. Donnee s epidemiologique s su r les utilisateurs d e FR 

Aux Etats-Unis, en 2000, plus de 6.8 millions de personnes utilisaient une aide technique 

dans la vie de tous les jours pour assurer leur mobilite (Kaye et  cd.,  2000). De ce nombre, 

plus de 1.6 million utilisaient un fauteuil roulant (FR) a propulsion manuelle pour se 

deplacer. Les maladies cerebro-vasculaires, les blessures medullaires et I'amputation des 

membres inferieurs sont des exemples de causes qui amenent une personne a utiliser un 

fauteuil roulant. Du 1.6 million mentiorme precedemment, 864 000 utilisateurs de FR 

etaient ages de plus de 65 ans. Au Quebec, selon les informations obtenues sur le site de la 

RAMQ, 49 % des 29 676 FR que la RAMQ a rembourses en 2005 etaient pour des 

personnes agees au-dela de 65 ans (RAMQ, 2006). Les persormes agees representent done la 

plus grande portion des utilisateurs de FR. De plus, des donnees projectives publiees en 

2004 par le U.S.  Census  Bureau  demontrent que la population agee de plus de 65 ans 

representera au-dela de 20 % de la population totale en 2050 comparee a 11 % pour I'an 

2000 aux Etats-Unis (U.S. Census Bureau, 2004). II est done possible d'imaginer que la 

proportion d'utilisateurs de FR de plus de 65 ans ira en augmentant et non en diminuant 

dans les annees futures. 

Dans une etude realisee dans un centre d'hebergement, Simmons et  al. (1995) ont demontre 

que seulement 45 % des patients de plus de 65 ans etudies etaient capables de propulser leur 

FR par eux meme. Les auteurs (Simmons et  al,  1995) ont associe ce faible taux de 

propulsion a la faiblesse musculaire ainsi qu'aux douleurs ressenties aux membres 

superieurs lors de la propulsion en FR. 



1.2. Prevalenc e e t incidence des douleurs aux membres superieurs chez les 

utilisateurs d e FR 

Pour les utilisateurs de FR, les membres superieurs sont primordiaux afin de maintenir une 

certaine autonomic et de se mouvoir. Des limitations causees par des douleurs ou meme des 

blessures aux membres superieurs nuiraient grandement a la mobilite deja limitee de ces 

utilisateurs. Malheureusement, I'utilisation d'un FR est fortement associee, dans la 

litterature, a des douleurs ainsi que des blessures aux membres superieurs. Sie et  al.  (1992) 

ont denote que 64 % des sujets paraplegiques recenses souffraient de douleur aux membres 

superieurs depuis qu'ils utilisaient un FR. Une etude realisee par Subbarao et  al.  (1995) sur 

451 blesses medullaires a demontre que 72 % des repondants souffraient de douleur aux 

membres superieurs. Dalyan et  al.  (1999) ont questionne plus de 170 utilisateurs de FR 

decoulant d'une blessure medullaire. Les resultats demontrent que 58.5 % des repondants 

souffraient de douleurs aux membres superieurs. Au niveau des personnes agees, Nichols et 

al. (1979) ont etabli que plus de 40 % souffraient de douleurs a I'epaule. II est possible de 

noter qu'au-dela de 40 % des utilisateurs de FR sont a risque ou souffrent deja de douleurs 

aux membres superieurs. II est difficile d'identifier la zone la plus problemafique. Certaines 

etudes rapportent que le poignet (Sie et  al,  1992) serait le site de douleur le plus frequent 

tandis que d'autres s'entendent pour affirmer que I'epaule serait la zone la plus touchee 

(Dalyan era/., 1999, ; Nichols era/., 1979, ; Subbarao er a/,, 1995). 

1.2.1. Prevalenc e de s douleurs e t blessures a  I'epaule che z les utilisateurs d e FR 

Lors de la propulsion en FR, I'epaule est particulierement soumise a des chargements 

importants, car ce sont les structures de cette derniere qui assurent les fonctions premieres. 

Bayley et  al.  (1987) ont d'ailleurs rapporte que 31 % des blesses medullaires etudies (N == 

94) souffraient de douleurs considerables a I'epaule depuis qu'ils utilisent un FR pour se 

mouvoir. Dans une autre etude realisee sur 103 sujets paraplegiques, Curtis et  al.  (1999) 

noterent que 42 % d'entre eux souffraient de douleurs a I'epaule. Finley et Rodgers (2004) 

ont quant a eux demontre que 61.5 % des utilisateurs (N = 52) de FR etudies ont rapporte 



des douleurs a I'epaule depuis I'utilisation du FR. Dans un questionnaire envoye a plus de 

56 personnes paraplegiques, Samuelsson et  al.  (2004a) rapportent que 37.5 % disent avoir 

des douleurs a I'epaule, et ce, depuis le moment qu'ils sont en FR. 

Les blessures a I'epaule les plus souvent rapportees sont le syndrome d'accrochage, les 

lesions a la coiffe des rotateurs, les bursites sous-acromiales et la tendinite (Bayley et  al, 

1987, ; Finley et Rodgers, 2004). Les causes les plus probables de douleurs et blessures a 

I'epaule seraient, selon les auteurs (Bayley et  al,  1987, ; Curtis et  al,  1999, ; Finley et 

Rodgers, 2004, ; Samuelsson et  al,  2004a), le temps d'utilisation du FR, les chargements 

resultant des transferts et de la propulsion en FR. 

La propulsion en FR est un mouvement cyclique et, lors de chaque cycle, des chargements 

considerables sont appliques aux membres superieurs (Bayley et  al,  1987). Dans le monde 

de I'ergonomie, les activites cycliques avec chargements importants sont souvent associes a 

des douleurs et blessures de type degeneratives (Frost et  al,  2002, ; Leclerc et  al,  2004). 

L'utilisation d'un FR n'y fait done pas exception telle que demontree par la forte prevalence 

de douleurs et des blessures a I'epaule. 

De plus, pour les utilisateurs ages, le vieillissement amene une diminution de la capacite de 

regeneration cellulaire ce qui implique une augmentation de la predisposition des personnes 

agees aux blessures de surutilisation. Egalement, la force musculaire tend a diminuer avec 

I'augmentation de I'age (Sawka et  al,  1981). Tous ces facteurs ne font qu'accentuer les 

risques d'une personne agee utilisatrice d'un FR de developper des douleurs ou des 

blessures a I'epaule. 

1.3. Etiologi e des blessures e t douleurs a  I'epaule che z I'utilisateur d'u n F R 

Tel que mentiorme precedemment, I'epaule est une articulation axee sur la mobilite plutot 

que la stabilite. De plus, sa forme lui permet de posseder de grandes amplitudes de 

mouvements. La faible surface de contact entre la tete humerale et la cavite gleno'idale 



demande aux moyens d'unions passifs et actifs d'assurer la stabilite de cette articulation. 

Les ligaments sont certes aptes a en assurer une grande partie, mais, contrairement a la 

hanche, les muscles doivent fortement contribuer a garder la tete humerale en contact avec 

la cavite gleno'idale. Done, une excellente coordination musculaire est primordiale pour 

maintenir la stabilite de I'epaule (van der Woude et  al, 2001). 

La plus grande contribution musculaire a la stabilisation de I'epaule provient des muscles de 

la coiffe des rotateurs. Ces muscles, lorsque actives, permettent de maintenir la tete 

humerale en place lors de differents mouvements. Par exemple, lors de I'abduction, les 

muscles de la coiffe des rotateurs induisent une force inferieure, limitant ainsi la translation 

superieure de la tete humerale induite par le deltoide. Cependant, ces muscles sont de petits 

volumes et plus susceptible a la fatigue lorsque soumis a des taches repetitives avec 

chargement telle que la propulsion en FR (Mulroy et  al,  1996). Une fatigue prematuree de 

ces muscles pourrait mener a I'instabilite de I'articulation (Koontz et  al,  2002). Dans une 

etude effectuee sur des sujets ayant subi une blessure a la moelle epiniere au niveau 

cervical, Campbell et Koris (1996) diagnostiquerent que 13 sujets (N = 24) souffraient de 

douleur chronique a I'epaule. De ce nombre, huit avaient des problemes d'instabilite 

multidirectionnelle de I'epaule. L'instabilite resultant d'une action deficiente des muscles de 

la coiffe des rotateurs altere la position de la tete humerale lors des mouvements de 

I'humerus. Yamaguchi et  al. (2000) demontrerent qu'une action deficiente des muscles de la 

coiffe des rotateurs amenait une translation superieure significative de la tete humerale dans 

I'espace sous acromial. 

L'espace sous acromial est defini par la tete humerale au niveau inferieur et par la partie 

anterieure de I'acromion en superieur (Michener et  cd., 2003). Les structures comprises dans 

cet espace sont le tendon du supra-epineux, la bourse sous acromiale, le long chef du biceps 

et la capsule articulaire de I'epaule. L'espace restreint entre I'acromion et la tete humerale 

combine a un deplacement superieur de la tete humerale ou une variation anatomique de 

I'acromion peuvent amener une pathologic denommee le syndrome d'accrochage (Solem-

Bertoft et  af,  1993). Cette pathologic se caracterise par une inflarmnation et/ou une 



degenerescence des structures contenues dans l'espace sous acromial (Michener et  al, 

2003). Le syndrome d'accrochage est la pathologic de I'epaule la plus frequente chez les 

personnes ayant consulte un medecin pour des douleurs a I'epaule (44-65 %) (van der Windt 

etal. 1995, ; Vecchio e/a/., 1995). 

Deux mecanismes principaux d'apparition de cette pathologic sont decrits dans la litterature. 

Le premier fait reference a une degeneration des structures sur une longue periode de temps 

lorsque celles-si sont soumises a des mouvements repetitifs avec chargements (Uhthoff et 

al, 1988). Le second mecanisme stipule que la degeneration des structures proviendrait 

d'une compression mecanique externe, par exemple, une mauvaise posture ou bien une 

malformation de I'acromion (Bigliani et Levine, 1997, ; Neer, 1972). Bayley et  al.  (1987) 

demontrerent que 24 % des sujets paraplegiques etudies souffraient d'un syndrome 

d'accrochage. lis associerent cette prevalence aux chargements eleves subis par les 

utilisateurs lors de la propulsion en FR. 

La proportion des utilisateurs de FR souffrant de douleurs ou de blessures a I'epaule depasse 

les 50 % (Bayley et  al,  1987, ; Curtis et  al,  1999, ; Finley et Rodgers, 2004). Cette 

prevalence elevee est une bonne indication que les deplacements en FR amenent des 

chargements considerables a I'epaule pour I'utilisateur. De plus, I'etiologie de differentes 

pathologies de I'epaule decrite precedemment demontre que l'utilisation d'un FR expose les 

utilisateurs a des situations a risque de developper des lesions a la coiffe des rotateurs ou 

bien un syndrome d'accrochage. Afm d'estimer et de quantifier les chargements que peut 

subir I'articulation de I'epaule lors de la propulsion en FR et ainsi pouvoir mieux 

comprendre I'apparition des ces problemes, des analyses biomecanique sont primordiales. 

Ce type d'analyse est un outil puissant et essentiel pour l'analyse mecanique des systemes 

musculosquelettiques (van der Woude et  al, 2001). 
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1.4. Evaluatio n biomecaniqu e d e la propulsion 

1.4.1. Notion s d e base sur la propulsion e n FR 

La propulsion en FR est un mouvement cyclique et chacun de ces cycles peut se subdiviser 

en 2 grandes phases : la phase de poussee et la phase de recouvrement (Figure 1.1) 

(Sanderson et Sommer, 1985). 

1.4.1.1. Phas e de poussee 

La phase de poussee debute lorsque la main fait contact (Figure 1.1; MC) avec la roue et 

foumit une force a cette derniere. EUe se termine lorsque la main relache la roue (Figure 

1.1; MR) et que plus aucune force n'est appliquee. L'angle de depart (Figure 1.1; AD) 

correspond a I'angle entre la prise de la roue (MC) et la verticale (0°) tandis que I'angle de 

fm (Figure 1.1; AF) est calcule entre la fin de la propulsion (MR) et la verticale (Figure 1.1; 

0°). La somme de ces deux angles dorme I'angle total de la phase de poussee (Figure 1.1; 

AP). Generalement, la phase de poussee represente entre 30 et 45 % du cycle de propulsion 

total (Dallmeijer et  al,  1998, ; Finley et  al,  2004, ; Mulroy et  al,  1996, ; Rodgers et  al, 

2003, ; Sanderson et Sommer, 1985,; Shimada etal,  1998). 
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Figure 1. 1 Representation  graphique  des  phases de  la propulsion en  FR. 
Main contact (MC), main relache (MR), angle de depart (AD), angle de la fin (AF) et angle 

de poussee (AP). 
(Tire de Vanlandewijck  et  al. (2001)) 

Source : Cette figure a ete adaptee de rarticle de M. Yves "Vanlandewijck, M. Daniel Thiesen et M. Dan Daly, 
Wheelchair propulsion  biomechanics  :  implications  for  wheelchair  sports,  p. 343, provenant de 
Sports Medicine, vol. 31, n° 5. 

Lors de la phase de poussee, la main courante transmet les forces generees par les membres 

superieurs a la roue. Ces forces permettent a I'usager de deplacer le FR. 

1.4.1.2. Force s a  la roue 

Afm de quantifier les forces foumies par la main a la roue lors de la propulsion en FR, de 

I'equipement specialise est necessaire. Peu de laboratoires dans le monde possedent ce type 
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d'equipement. L'equipe de Veeger et van der Woude furent dans les premiers a utiliser un 

ergometre, developpe par Niesing et  al.  (1990), leur permettant de quantifier les forces 

appliquees ainsi que le moment de rotation de la roue. Un groupe de recherche mene par 

Cooper et Boninger utilisa une roue instrumentee, la SMART'^^'^^' (Asato et  al, 1993). Cette 

derniere est une roue de fauteuil roulant modifiee dans laquelle six jauges de contraintes 

furent ajoutees au niveau des faisceaux de la roue (Figure 1.2). La SMART ^̂  peut 

remplacer la roue originale d'un fauteuil ce qui permet de mesurer les forces et moments en 

trois dimensions dans des conditions pratiquement reelles. 

% :  :4 '4.4,/.. ,A„ i\$-f^Mf0^4l^^' 

Figure 1. 2 La  roue  instrumentee SMART  '^^  montee  sur  un  fauteuil roulant 

La force foumie par la main a la roue peut etre definie selon trois axes : horizontal (Fx), 

vertical (Fy)  et medio-lateral (Fz)  (Figure 1.3). Lors de la propulsion, les plus grandes forces 

sont enregistrees dans la direction horizontale vers I'avant, verticale vers le bas et mediale 

(Coopered a/., 1995, ; Rodgers et  al, 199^,;  Veeger  et  al., 1991). 
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Figure 1. 3 Orientation  des  forces d  la roue ainsi  que  la  force totale. 

La somme vectorielle des composantes agissantes sur x,y et  z  donne la force totale (Ftot) 

produite par la main a la roue (equation (1.1)). 

Ftot = ^Fx^ + Fy^ + Fz^ (1.1) 

Typiquement, les forces a la roue augmentent de fa9on graduelle pour atteindre leur 

maximum entre 50 et 70 % de la phase de poussee pour ensuite redescendre jusqu'a zero 

lorsque la main quitte la roue (Figure 1.4). 
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Figure 1. 4 Representation  graphique  des  forces a  la roue durant  la  phase de  poussee 
mesurees par  la  SMART "^^. 

Fx (+) : horizontal vers I'avant, Fy  (+) : vertical vers le haut et Fz (+) : lateral. 
(Tire de Cooper et  al. (1995)) 

Source : Figure tiree de I'article de M. Rory A. Cooper, M. David P. VanSickle, M. Rick N, Robertson et M. 
Michael L, Boninger, A  method  for  analysing  center  of  pressure  during  manual  wheelchair 
propulsion, p. 239, provenant de IEEE Transaction on rehabilitation engineering, vol. 3, n° 4. 

1.4.1.3. Phas e d e recouvremen t 

La phase de recouvrement est la phase ou il n'y a plus de force appliquee a la roue et la 

main retoume a la position pour redemarrer la phase de poussee (Figure 1.1). Contrairement 

a la phase de poussee, la trajectoire de la main lors de la phase de recouvrement peut 

emprunter differents chemins, c'est un mouvement en boucle ouverte. Dans la litterature, 

ces trajectoires sont appelees patrons de propulsion (Boninger et  al, 2002, ; de Groot et  al, 

2004, ; Sanderson et Sommer, 1985, ; Shimada et  al, 1998). 

1.4.1.4. Patron s de propulsion e n FR 

Sanderson et Sommer (1985) furent les premiers a investiguer les differents patrons de 

propulsion. Grace a des marqueurs apposes sur le poignet, ils en denoterent deux differents : 

circulaire et pompage. Selon leurs observations, le patron de type pompage se caracterisait 
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par de courtes et abruptes poussees suivies par un retour au-dessus de I'arche de la roue. 

Quant aux sujets qui utilisaient la methode circulaire, la trajectoire de la main, lors de la 

phase de recouvrement, suivait la jante de la roue et passait sous I'axe de la roue. 

Shimada et  al. (1998) ont caracterise la cinematique de la propulsion en FR chez sept sujets, 

tous des utilisateurs experimentes. Les auteurs, a I'aide d'un marqueur pose sur la tete du 

deuxieme metacarpe, ont demontre trois techniques de poussee distinctes : semi-circulaire 

(SC), simple boucle (SLOP) et double boucles (DLOP). Les sujets qui utilisaient le patron 

SC (Figure 1.5; a) avaient comme caracteristique une trajectoire de la main, durant la phase 

de recouvrement, qui passait sous la ligne de propulsion (semblable au patron circulaire 

decrit par Sanderson et Sommer (1985)), tandis que la main des sujets qui utilisaient la 

technique SLOP et DLOP passait par-dessus la ligne de propulsion (Figure 1.5; b et c). La 

difference majeure entre les sujets propulsant selon SLOP et DLOP, est que les sujets avec 

le patron DLOP avaient un point ou les trajectoires se croisaient (Figure 1.5; c). Shimada et 

al. (1998) explique I'absence de la teclinique de pompage par I'experience des sujets du 

groupe experimental. 
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Figure 1. 5 Trajectoires  de  la main pour les  differents patrons de  propulsion. 
a) semi-circulaire (SC), b) simple boucle (SLOP) et c) double boucle (DLOP). 

(Tire de Shimada et  al. (1998)) 

Source : Cette figure a ete adaptee de I'article de M. Sean D. Shimada, M. Rick N. Robertson, M. Michael L, 
Boninger et M. Rory A. Cooper, Kinematic  characterization  of  wheelchair  propulsion,  p. 214 
provenant du Journal of  Rehabilitation Research  and  Development, vol. 35, n° 2 (Juin). 



Dans une etude un peu plus recente, Boninger et  al. (2002) ont evalue les differents patrons 

de propulsion chez trente-huit utilisateurs experimentes du FR. Les auteurs ont note quatre 

patrons de propulsion differents (Figure 1.6): le semi circulaire (SC), la simple boucle 

(SLOP), la double boucle (DLOP), et le « arcing ». Les patrons SC, SLOP et DLOP (Figure 

1.6; a, b et c) repondent aux memes caracteristiques que celles decrites par Shimada et  al. 

(1998). Le patron « arcing » (Figure 1.6, d) est semblable a la technique de pompage decrite 

par Sanderson et Sommer (1985). Les resultats demontrent que le patron de propulsion le 

plus utilise fut le SLOP (45 %), information que les deux etudes precedentes n'ont pu 

fournir etant donne le nombre restreint d'individus testes. Les auteurs affirment que SLOP 

serait la fa9on la plus intuitive de propulser etant donne que la main ne fait qu'etre soulevee 

au-dessus de I'arche. Pour les autres patrons, 25 % de I'echantillon utilisait le patron DLOP, 

16%SCet 14 % l e « arcing ». 
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Figure 1. 6 Cinematique  des  differents patrons de  propulsion. 
A) semi-circulaire (SC), B) simple boucle (SLOP), C) double boucle (DLOP) et D) « 

arcing ». 
(Tire de Boninger et  al. (2002)) 

Source : Cette figure a ete tiree de I'article de M. Michael L. Boninger, M. Aaron L. Souza, M. Rory A. 
Cooper, Mme Shirley G. Fitzgerald, Mme Alicia M. Koontz et M. Brian T. Fay, Propulsion patterns 
and pushrim biomechanics  in  manual wheelchair  propulsion,  p. 720, provenant de Archives of 
Physical Medicine  and  Rehabilitation, vol. 83, n°5 (Mai). 

Le deplacement de la main lors de la phase de recouvrement amene les segments des 

membres superieurs a se mouvoir. 

1.4.2. Dynamiqu e invers e 

Les modeles de dynamique inverse sont des outils interessants afin d'estimer les 

chargements subis par les articulations lors d'un mouvement. Le point de depart de la 

dynamique inverse est le mouvement resultant et les forces externes appliquees. A partir de 

ce point, le modele tente d'estimer les forces et moments qui furent foumis par les structures 

internes afm de realiser le mouvement et les forces externes. Les forces et moments 



articulaires obtenus grace a ces modeles predisent bien les chargements mecaniques que 

peut subir une articulafion (Finley et  al., 2004, ; Praagman et  al., 2000). 

Les entrees necessaires pour les modeles de dynamique inverse sont: les donnees 

anthropometriques, la cinematique des membres impliquees et la cinetique. 

L'anthropometric concernc la mesure des particularites dimensionnelles d'un homme ou 

d'un animal. Elle nous renseigne sur la longueur et la dimension des segments d'une 

personne. Ces mesures sont utiles pour calculer le centre de masse des segments et ainsi 

personnaliser le modele de dynamique inverse a I'individu. 

La cinematique comprend la position des segments dans l'espace ainsi que leur vitesse et 

leur acceleration. Elle peut etre obtenue en deux dimensions ou en trois dimensions. La 

propulsion en FR doit se quantifier en trois dimensions etant dorme que les mouvements se 

produisent dans plus d'un plan (Rao et  al, 1996). La cinematique des membres est obtenue 

grace a des marqueurs places sur des reperes anatomiques, des cameras disposees de fa9on 

strategique et un systeme d'acquisition (ex. : Vicon, Motion Analysis, etc.). 

La cinetique conceme les forces et les moments externes acquis par des jauges de 

chargements. Lors de la propulsion en FR, les forces et moments externes appliques par la 

main sont obtenues par une roue specialisee tel que decrit a la section 1.4.1.2. 

Les modeles de dynamique inverse calculent les forces et moments nets de I'articulation. 

Les forces nettes articulaires representent la somme de toutes les forces qui agissent a 

I'articulation, soit les forces musculaires, de contact et ligamentaires. 

Les moments nets correspondent a la somme de chaque force musculaire multipliee par son 

bras de levier. lis donnent une borme idee quant aux forces nettes musculaires necessaires 

pour effectuer le mouvement. Cependant, ces valeurs sont nettes et sont la somme de tous 

les muscles autour de I'articulation. Done, un moment articulaire de 0 Nm ne signifie pas 
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necessairement que les forces musculaires sont nulles, mais qu'il est possible que deux 

muscles antagonistes produisent la meme force multipliee par le meme bras de levier. Les 

moments nets articulaires risquent de sous-estimer legerement les forces musculaires 

necessaires pour le mouvement. Toutefois, les moments articulaires furent fortement 

correles avec les forces de compression ainsi que de contact au niveau de I'epaule 

(Praagman et  al.,  2000, ; Veeger et  al,  2002). Plusieurs auteurs ont utilise les modeles de 

dynamique inverse afin de quantifier les chargements subis par le membre superieur lors de 

la propulsion en FR (Cooper et  al,  1999, ; Koontz et  al,  2002, ; Kulig et  al, 1998, ; Lin et 

al, 2004, ; Rodgers et  al,  1998, ; Sabick et  al,  2004, ; Veeger et  al.,  2002). De plus, la 

dynamique inverse permet une estimation des chargements soutenus par les articulations 

sans avoir recours a des methodes effractives (electromyographic avec aiguilles, mesure 

directe de force musculaire, etc.) qui pourraient biaiser les resultats en modifiant le 

mouvement desire. 

1.4.3. Litteratur e sur les forces e t moments articulaires lor s de la propulsion en FR 

Les donnees des modeles de dynamique inverse revelent que les forces et moments les plus 

eleves lors de la propulsion en FR sont mesures a I'articulation de I'epaule. Veeger et  al. 

(1991) rapportent des moments de flexion a I'epaule de plus de 35 Nm chez des non-

utilisateurs de FR comparativement a 10 et 9 Nm au coude et au poignet. Robertson et  al. 

(1996) ont demontre, chez des non-utilisateurs de FR, un moment de flexion a I'epaule 

d'environ 17 Nm alors qu'au niveau du coude et du poignet, les moments atteignaient 10 et 

0.5 Nm respectivement. Dans la meme etude (Robertson et  al,  1996), les auteurs ont 

egalement evalue des utilisateurs de FR. Les moments les plus eleves sont identiques a ceux 

retrouves chez les non-utilisateurs de FR (epaule > coude > poignet). Les resultats 

demontrent egalement que les utilisateurs de FR produisaient des moments articulaires 

moins importants que les non-utilisateurs pour maintenir la meme vitesse (0.67 a 0.89 m/s). 

Robertson et  al.  (1996) associent ces moments plus bas chez les utilisateurs de FR a une 

modification dans la technique de propulsion afin de limiter les risques de blessures en 

minimisant les efforts articulaires. 
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Dans une etude effectuee sur 16 sujets paraplegiques (T6 a L2), Sabick et  al.  (2004) avaient 

comme objectif d'identifier les groupes musculaires les plus a risque de douleur et de 

fatigue lors de la propulsion en FR sur une rampe de 2.9°. Les auteurs (Sabick et  al, 2004) 

utiliserent une methode leur permettant d'exprimer les moments calcules durant la phase de 

poussee en fonction de leur moment maximal isometrique. Ils trouverent les moments a 

I'epaule les plus eleves en flexion (39.7 ± 13.9 Nm), en adduction (19.9 ± 16.4 Nm) et en 

rotation externe (12.4 ± 5 . 9 Nm). Le ratio le plus eleve entre le moment et le moment 

maximum isometrique correspondait a celui de flexion a I'epaule ou les flechisseurs 

atteignirent 66.5 ± 20.3 % de leur maximum. Les auteurs conclurent en mentionnant que la 

propulsion en FR le long d'une rampe de 2.9° amene des chargements considerables aux 

muscles de I'epaule et pourrait mener a la fatigue. II est difficile de comparer les donnees 

recueillies dans cette etude avec d'autres en raison de la pente utilisee. Cependant, les 

donnees correspondent bien a celles rapportees par Kulig et al. (1998) qui ont teste 17 sujets 

paraplegiques avec une pente de 8° et ont trouve un moment de flexion a I'epaule de 30.7 

Nm. L'etude de Kulig et al.  (1998) avait pour but de mesurer I'effet d'un changement de 

pente sur les forces et moments articulaires. 

Koontz et  al.  (2002) ont evalue les forces et moments en trois dimensions au niveau de 

I'epaule chez 27 sujets paraplegiques (niveau de lesion > Tl). L'experimentation consistait 

a propulser un FR a deux vitesses differentes : 0.9 et 1.8 m/s. Pour la vitesse de 1.8 m/s, les 

moments les plus eleves furent denotes en flexion sagittale (36.5 Nm), en rotation interne 

(31.9 Nm), en adduction (31.1 Nm) et en flexion horizontale (21.0 Nm). Au niveau des 

forces articulaires, les plus grandes amplitudes furent calculees dans la direction inferieure 

(108.2 N), anterieure (86.6 N) et mediale (50.4 N). Ces donnees concordent bien avec celles 

de Cooper et  al.  (1999) qui evaluerent les forces et moments maximaux a I'epaule chez six 

sujets paraplegiques a une vitesse de 1.8 m/s. Les moments les plus eleves se produisaient, 

dans I'ordre, en flexion sagittale (43 Nm), en flexion horizontale (27 Nm), en abduction (24 

Nm) et en rotation interne (23 Nm). Au niveau des forces articulaires, celles plus elevees 

furent notees dans la direction inferieure (103 N), anterieure (75 N) et mediale (25 N). 
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Koontz et  al.  (2002) noterent egalement que pour les forces et les moments articulaires, 

I'augmentation de la vitesse (0.9 ^ 1 . 8 m/s) amenait un accroissement significatif de ces 

demiers. Pour les auteurs (Koontz et  al, 2002), la force dans la direction inferieure serait la 

composante qui mettrait les usagers a haut risque etant donne qu'elle est appliquee sur I'axe 

longitudinal du bras. Ceci favoriserait un deplacement de la tete humerale dans I'articulation 

et augmenterait la necessite des muscles de la coiffe des rotateurs a stabiliser I'articulation, 

accroissant ainsi la demande sur ces derniers. 

L'equipe de Veeger et  al. (2002) avait comme objectif de determiner la charge mecanique a 

I'epaule lors de la propulsion sur trois usagers de FR. Les auteurs utiliserent deux vitesses 

(0.83 et 1.39 m/s). Le modele biomecanique utilise dans cette etude correspond a celui de 

van der Helm (1994). Les auteurs noterent des moments a I'epaule en flexion de 15.6 Nm 

(0.83 m/s) et 16.3 Nm (1.89 m/s). Le moment en adduction atteignit des valeurs de 7.4 Nm 

(0.83 m/s) et 9.9 Nm (1.89 m/s). 

'Veeger et  al. (2002) ont egalement montre qu'une forte correlation positive existait entre les 

forces de contact estimees a partir de leur modele et les moments articulaires calcules. 

Done, les moments articulaires peuvent fournir des informations pertinentes sur la charge 

soutenue par I'epaule et le potentiel de blessure. En se basant sur les resultats de Curtis et al. 

(1995), les auteurs (Veeger et  al,  2002) estiment que les forces de contact et les moments 

articulaires les plus eleves ne se produiraient pas lors de la propulsion, mais bien dans les 

autres activites de la vie quotidienne (ex. : transferts). Ces hypotheses furent confirmees 

plus tard par Van Drongelen et  al.  (2005) qui demontrerent des moments articulaires ainsi 

que des forces de contact plus elevees lors de taches autres que la propulsion (soulagement 

du poids > transfert > propulsion). 

Ce qui est interessant avec le modele utilise par Veeger et  al.  (2002) c'est qu'il permet 

d'obtenir, en plus des forces et moments articulaires, I'activation musculaire. Le muscle qui 

produisit le plus de force lors de la phase de poussee fut le subscapulaire (> 150 N), et ce, 

pour les deux vitesses. Lorsqu'exprimes en fonction de leur maximum, les muscles de la 
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coiffe des rotateurs etaient les plus actives avec une intensite moyemie de plus de 30 % 

durant la phase de poussee. Ces resultats sont similaires a ceux rapportes par Mulroy et  al. 

(1996) qui ont analyse I'activite electromyographique des muscles de I'epaule chez dix-sept 

patients paraplegiques. Les resultats de Mulroy et  al.  (1996) demontrent des pourcentages 

d'activation maximale des muscles de la coiffe des rotateurs a plus de 44 % durant la phase 

de propulsion. Ce niveau eleve de chargements pour ces muscles peut mener, pour une 

activite repetee, a la fatigue musculaire et done a un risque accru de blessures a I'epaule 

(Mulroy era/., 1996). 

Les resultats demontres par le groupe de Veeger et  al.  (2002) sont fort interessants. 

Cependant, quelques limitations sont presentes dans cette etude. Seulement trois jeunes 

sujets ont participes a l'etude, ce qui rend la generalisation des resultats tres difficile. Le 

modele utilise van der Helm (1994) n'etait pas adapte aux individus, mais bien base sur des 

donnees cadaveriques. La force musculaire relative aux individus aurait pu etre sous-

estimee. Bien qu'il existe des limitations a cette etude (Veeger et  al, 2002), il n'en demeure 

pas moins qu'elle demontre que les chargements au niveau de I'epaule lors de la propulsion 

sont elevees. 

Lin et  al.  (2004) utiliserent un modele musculosquelettique de I'epaule (Lin et  al,  2001) 

afin d'evaluer les forces, les moments ainsi que I'activite musculaire chez cinq sujets non 

utilisateurs de FR. Les resultats demontrent que les moments les plus importants a I'epaule 

etaient la flexion (15 Nm), I'adduction (9.5 Nm) et la rotation externe (2.2 Nm). Pour les 

forces, la composante anterieure (47 N), la mediale (22 N) et la superieure (12 N) furent les 

plus elevees par rapport aux autres forces articulaires lors de la phase de poussee. Au niveau 

des forces musculaires, les muscles de la coiffe des rotateurs furent les plus soUicites lors de 

la phase de propulsion (11 N/cm a 60 N/cm ). Lorsque la force musculaire est exprimee en 

fonction de I'aire du muscle, le supra et I'infra epineux sont encore les muscles qui sont 

soumis au plus haut stress. Les auteurs associent cette sollicitation elevee des muscles de la 

coiffe des rotateurs comme potentiellement problemafique pour les pathologies de I'epaule. 

Une augmentation du stress favoriserait I'apparition de la fatigue de ces muscles et done une 
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diminution de la fonction de stabilisation de la tete humerale. Un deplacement superieur de 

la tete humerale dans I'espace sous acromial pourrait venir coincer les structures contenues 

dans cette derniere et amener une degradation (Michener et  al, 2003). 

Dans une etude menee sur 47 sujets paraplegiques, Finley et  al.  ( 2004) ont evalue la 

cinetique a I'epaule chez des sujets n'ayant aucune pathologic a cette articulation (N = 32) 

versus un groupe ayant une pathologic (N = 15). Les auteurs ont demontre une force dans la 

direction inferieure de I'epaule plus basse chez les sujets qui souffraient d'une pathologic 

aux membres superieurs. Les auteurs concluent que cette modification dans la cinetique 

resulte d'une adaptation des sujets souffrant de pathologies aux membres superieurs afin de 

demeurer independants. Les resultats illustrent egalement des moments articulaires variant 

de 10 a 50 Nm que les auteurs (Finley et  al, 2004) considerent eleves. Ces derniers (Finley 

et al.  2004) suggerent I'utilisation des moments articulaires afin d'estimer les chargements 

que subit une articulation lors de la propulsion en FR. 

Les Tableaux 1.1 et 1.2 resument les differentes etudes presentees plus haut. II est possible 

de remarquer une grande variation entre les resultats des differentes recherches. Ces 

variations peuvent s'expliquer en partie par les differentes populations etudiees, le modele 

de dynamique inverse utilise, le protocole experimental, la vitesse de propulsion et 

I'inclinaison de la surface. II est done tres difficile de generaliser et de comparer les resultats 

d'une etude a I'autre. Cependant, l'utilisation de la dynamique inverse permet la 

comparaison de differentes conditions pour une meme population, et 1'identification de 

celles moins exigeantes pour cette population. Aucune etude n'a estime les chargements 

soutenus par I'epaule chez la population agee en general bien que ce groupe represente la 

majorite des utilisateurs de FR. De plus, la dynamique inverse permet une estimation des 

chargements subis par les articulations sans avoir recours a des methodes effractives 

(electromyographic avec aiguilles, mesure directe de force musculaire, etc.) qui pourraient 

biaiser les resultats en modifiant le mouvement desire. 
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Les resultats des differentes etudes demontrent bien que la propulsion en FR amene des 

chargements considerables a I'epaule. Dans une recente etude, Mercer et  al.  (2006) ont 

etablit un lien entre les chargements a I'epaule et les pathologies a cette articulation. Les 

auteurs (Mercer et  al, 2006) ont demontre que les usagers ayant des forces et moments plus 

eleves lors de la propulsion etaient plus susceptibles de demontrer des pathologies de 

I'epaule lors d'examens cliniques. II est done primordial de determiner les facteurs qui 

influencent les chargements au niveau de I'epaule lors de la propulsion en FR afin de 

reduire le potentiel de blessure. Le positionnement de I'usager dans le fauteuil s'avererait un 

facteur important agissant sur les chargements soutenus par I'epaule (Mulroy et  al,  2005). 

Veeger et  al.  (2002) ont emis I'hypothese que I'orientation de la force a la roue, ou son 

efficacite, influencerait les chargements au niveau de I'articulation gleno humerale. 

Egalement, la litterature (Aissaoui et Arabi, 2004, ; Veeger et  al,  2002) suggere que le 

patron de propulsion pourrait influencer les chargements. 



25 

l-H 

4—> 

Vi 

Vi 

d 
o 

X 

X 

en 

'S 
o 

••s 

0) 
S o 
S 
C/3 
<U 

<4- l 

• ^ 3 .̂ -
'BH 

c3 
O 

- l U 

JJ 
JD 
H 

a -z_ 

^ s  - = 
, 2 - S 2 

t i 

5 ? 
D -

n 
z 

n 
z 

19
,6

 

Q 
Z 

34
,9

 

CO 
r ^ 

N
O

/ 

r^ 
o 

Q 
Z 

8 I  E 

< < 

O •ti t-
c^ . 2 i i 

o 
*Ti 

o 

c/1 

<1> 

C 

n 

;3 

on 

£ 
\> oo 
n i l 

a> 

>1 

D 
Z 

D 
Z 

Q 
Z 

a z 

Q 
Z 

Q 
Z 

< 
z 

Q 
Z 

D 
Z 

<• X, 

X l 

cd i/ i 

F i 
o U 

LU 
UJ 

—̂ 7 3 T 3 
• li ^  a . „ 
.1.: z ! D O i i 
O (U 3 c 

- T 3 ^ 

a 
LU 

L> a> 3 C U. 
^ 7"! rt 

H . 2 

:3 u  , 2 , a 

PJ c 
UJ 

" S 
n a 

Q z 

- o  o 

Z 51-5 
c/5 4  < CO _ 

1- O N 
UJ cjN 
ViSi —. 

O ON 

^ 2 ; 
u ̂ - ' 

a : 

!> U 

Q 
Z 

Q 
Z 

— (-, j 

1—1 [/I . ^ 

Q 
Z 

u 

Q 
Z 

UJ 
U-i 

Q 
Z 

(̂ 1 — 

nn — 

Q 
Z 

o o 
o c c 
o — 

o r 

Q 
Z 

—I — ^ r -

D 
Z 

( i : 

UJ 
tu 

a> > 

rs
on

n 
AR

T 

Q. « i 

a: 

,E
(F

 

UJ 

OJ 

rs
on

n 

n 

Q 
Z 

CD — ' 

Q 
Z 

ar
ch

 

b 
-a 
a j 

< 

5 
TD 

nd
a 

C3 

L/ : 

m
en

t 
P 

in
st

 

1) 

o 
a^ 

3 
^ 
CJ 

tv
p 

1i •a 

Q 
Z 

D 
Z 

Q 
Z I ^  1 ^ S 

> 0 0 ra  0 0 

O I 

3 - (_i_ ^ 

U 

-?s 
00 o 
1 ~' 

tu C N 
1- O 
oj c ^ 

U 

<ij ( N 
1- o 
OJ o 
Di) r- 1 

> 

'il r s 

a § 
s ^ 
^ 

"> ^ ^ o ?ro • " l- M 

u. 

"ft- ^ 

^ o ?^o " C M 

u. 

s a  as • 



26 

i-i 

td 

cd 

cd 
-a 
(U 
00 

o 

c/) 

3 

(N 
- H 

^ Cd 
u 

Ta
b 

X 
cd 

s 
c« 
(U 
k-i 

cu
la

 

v. cd 
en 
<U 
O 
LH 

o t+i 
c/1 
<U 

-o 
<+H 

cd 
;3 
-*—' D, 
cd 
o -OJ 
k^ 

D 
cd 
0) 

- O 
cd 

H 

'^ t o 
c o 

2 - ^ 

•5 - S 
E 2  £ 
o D 

c E 
1J W 

>^ 

D 
Z 

Q 
z 

Q 
Z 

UJ 
y 
a 

Q
u 

UJ 

OJ 

^ 

eu
r 

o 
3 

- a 

i ; 

o 

-a 
OJ 
CJI 
3 

OJ 
Jjt 
t-> 

Q
u 

UJ 

o 

'2 

eu
r 

uc
t 

-a 

i3 

o 

01 
3 

C/5 
C/) 

ca — 
c3 

U 

eti 

Q 
Z 

u; u 

D 
z 

D 
Z 

Q 
Z 

ai 

• - ? 

•̂ s 
Q ' ^ 
:S 

i^s 

C ^ < 
u-S 
UJ 
UJ 

i^9 

t̂  5 t^ S 
OJ 
UJ 

J5 

a . 
cr: 
u-
UJ 
UJ 

a z Q 
Z 

o 
c3 

CL 

CU 

r*̂  

u ^ 
,/^ — H 

'—' 

m 

O ^ 
« _ H 

• — ' 

+ 
[ -

, , U 
QO 

^ r 
C/5 l -

• — ' 

" z : 
to t -

u. I u. X 

o 

a z 

•^ u ' 

Q 
Z 

Q 
Z 

so
nn

 

CL 

(F
R

 

tu 
UJ 

ir
ch

 

E 

re
d 

< 

-o 
S 

la
nd

 

i / j 

en
te

 

E 
P 

in
st

 

- I 
o 

Qi 

D 
:S 
u 

ty
p 

Q 
Z 

« C/ O 

a: 

Q 
Z 

Q 

Z 

o i l 

'^ <  ( O o  < 

i 1  e l l 



27 

1.4.4. L e positionnemen t e n fauteui l roulan t e t le s parametre s biomecanique s d e l a 

propulsion 

La perfonnance physique optimale ne peut etre atteinte que lorsque la configuration du FR 

est ideale (diametre de la jante, position du siege, cambrage de la roue, etc.) (van der Woude 

et al,  1989). Ceci implique done que la configuration du fauteuil doit etre unique pour 

chaque individu afin d'atteindre un ratio cout-efficacite maximal. Un des determinants les 

plus importants pour la performance en FR est la distribution de la masse par rapport a I'axe 

de la roue. Ce dernier influence la stabilite, la manosuvrabilite et la resistance au roulement 

du fauteuil (Brubaker, 1986). Une position plus reculee du centre de masse du couple 

fauteuil-usager amene une meilleure stabilite de I'usager et un meilleur controle du fauteuil 

par ce dernier (Brubaker, 1986). La position du centre de masse peut etre modulee en 

changcant la position du siege par rapport a I'axe de rotation de la roue. 

Dans la litterature, la position verticale et horizontale du siege par rapport a I'axe de rotation 

a une influence importante sur les parametres biomecaniques de la propulsion (Boninger et 

al, 2000, ; Campbell et Koris, 1996, ; Hughes et  al,  1992, ; Masse et  al,  1992, ; van der 

Woude et  al, 1989). Une position reculee (epaule derriere I'axe de la roue) et basse (-100-

120° d'extension du coude) du siege amene une reduction de I'activite electromyographique 

des muscles propulseurs (Masse et  al,  1992), une frequence de poussee plus basse 

(Boninger et  cd.,  2000), une augmentation de I'angle de pousse (Boninger et  al,  2000), un 

taux d'augmentation de la force propulsive plus faible (Boninger et  al,  2000), une 

diminution des amplitudes du coude et de I'epaule (Hughes et  al,  1992), une plus faible 

consommation d'oxygene et une augmentation de 1'efficacite mecanique de la propulsion 

(van der Woude et  al, 1989). A la lumiere de ces resultats, les differents auteurs s'entendent 

pour affirmer qu'une position basse et reculee semble plus avantageuse. Ces positions de 

siege permettraient une configuration plus optimale du fauteuil reduisant ainsi les risques de 

blessures aux membres superieurs (Boninger et  al,  2000, ; Campbell et Koris, 1996, ; 

Hughes et  al, 1992,; Masse et  al, 1992,; van der Woude et  al, 1989). 
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Dans deux etudes publiees recemment, Mulroy et  al. (2005) ainsi que Gutierrez et  al (2005) 

ont etudie I'effet sur la cinetique et I'activite electromyographique a I'epaule de deux 

positions horizontales du siege chez 13 sujets paraplegiques (T3 a T12). La position 

anterieure correspondait a I'alignement de I'epaule avec I'axe de la roue tandis que la 

position posterieure amenait le siege jusqu'a ce que I'epaule soit situee a huit centimetres en 

arriere de I'axe de la roue (Figure 1.7). Les auteurs ont demontre une reduction dans la 

composante superieure de la force articulaire ainsi qu'une reduction de I'activite des 

muscles propulseurs (grand pectoral et delto'ide anterieur) pour la position posterieure. La 

reduction de la composante superieure de la force articulaire diminuerait les risques de 

deplacement de la tete humerale sur les structures de I'espace sous acromial (Mulroy et  al, 

2005). Au niveau de I'activite musculaire, une reduction de I'intensite des principaux 

effecteurs diminuerait le potentiel de fatigue musculaire ainsi que de blessures (Gutierrez et 

al, 2005). Les auteurs (Gutierrez et  al,  2005, ; Mulroy et  al,  2005) concluent qu'une 

position de siege posterieure par rapport a I'axe de la roue serah plus optimale pour les 

utilisateurs paraplegiques. Connaissant la forte prevalence de blessures aux membres 

superieurs chez les utilisateurs de FR (section 1.2), il est important de connaitre la meilleure 

configuration possible pour I'usager afin de reduire les risques. 
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Figure 1. 7 Position  du  siege par rapport  a  I'axe de la roue. 
(Tire de Gutierrez et  al. (2005)) 

Source : Cette figure a ete tiree de I'article de M. Dee D. Gutierrez, Mme Sarah J. Mulroy, M. Craig J. 
Newsman, Mme Joanne K. Gronley et Mme Jacquelin Perry, Effect  of  fore-aft seat  position  on 
shoulder demands  during  wheelchair  propulsion,  part  2  :  an  electromyographic  analysis,  p. 224, 
provenant de The Journal of  Spinal Cord  Medicine, vol. 28, n° 3. 

La position verticale et horizontale du siege par rapport a I'axe de la roue semble etre un 

parametre primordial pour un positionnement optimal en fauteuil roulant. Cependant, peu 

d'etudes se sont interessees a la modification de I'angle d'assise sur la biomecanique de la 

propulsion. Ce parametre s'est revele tres important au niveau du confort chez une 

population agee (Hirota et  al,  2002). Un angle entre le siege et le dossier entre 95 et 111° 

etait beaucoup plus confortable et reduisait la pression au niveau de I'assise, lorsque 

compare a un angle de 90° et moins. Cette augmentation du confort peut s'expliquer par un 

transfert des pressions a I'interface seant-siege vers le dos (Hirota et al, 2002). 

file:///WEEL
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Aissaoui et  cd.  (2002) ont etudie I'effet de la modification de I'angle entre le siege et le 

dossier ainsi que de I'angle de bascule sur fefficacite de la force a la roue chez une 

population agee. Les resultats demontrent qu'une bascule du siege par rapport a I'horizontal 

de 10° augmentait significativement (~ 10%) la proportion de la force totale qui contribuait 

a la propulsion (tangentielle). Les auteurs n'ont toutefois pu fournir d'information quant a 

I'impact sur les structures musculosquelettiques de cette augmentation de I'efficacite de la 

force a la roue. Veeger (1999) a d'ailleurs demontre par modelisation qu'une force 

appliquee de fa^on totalement tangentielle augmentait les chargements des muscles 

propulseurs par rapport a I'orientation naturelle de la force a la roue. Toutefois, I'efficacite 

de la force resultante chez les sujets de l'etude de Aissaoui et  cd. (2002) ne depassait guere 

50 %, ce qui est loin de la valeur totalement tangentielle (100 %) de 'Veeger ( 1999). 

L'hypothese peut quand meme etre avancee qu'une augmentation de 10 % dans I'efficacite 

de la force peut avoir un impact sur les chargements subis par I'epaule. Done, il serait 

interessant de determiner dans un premier temps I'effet de modifier I'angle d'assise sur les 

chargements a I'epaule. Une meilleure connaissance des impacts sur les structures de la 

ceinture scapulairc de la modification de I'angle d'assise permettrait un positionnement dans 

le fauteuil beaucoup plus optimal. Dans un deuxieme temps, afm de determiner I'effet de 

I'angle d'assise et eliminer toutes interactions, il serait important d'etudier la relation entre 

Tefficache de la force a la roue et les chargements a I'epaule. 

1.4.5. L'efficacit e d e l a force resultant e a  la rou e e t les parametre s biomecanique s d e 

la propulsio n 

La seule composante de la force totale a la roue qui contribue a la propulsion est celle qui 

est tangentielle (Ftan)  a  la roue (Figure 1.8). Les composantes radiales (Frad)  et  axiales 

(Fax) creent de la friction au niveau de la roue pour que I'usager puisse appliquer une force 

tangentielle (Vanlandewijck et  al,  2001). En connaissant la position du point d'application 

de la force, il est possible de faire pivoter le systeme de reference global pour obtenir les 
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composantes tangentielles (Ftan;  equation (1.2)) et radiales (Frad;  equation (1.3)) des 

forces a la roue (Cooper et  al, 1997b). 

Ftan =  Fx • 5m{a) -  Fy  • cos{a) (1.2) 

Frad = -Fx •  cos(a) -  Fy  •  sin(c!r) (1.3) 

Fax - Fz (1.4) 

Dans les equations (1.2) et (1.3), a  represente I'angle forme entre la position du point 

d'application de la force et I'horizontal (Figure 1.8). 

Figure 1. 8 Rotation  des  forces agissant  sur  x ety  pour  obtenir  la  composante 
tangentielle (Ftan)  et radiale (Frad). 

Veeger et  al.  (1991) introduisirent le terme fraction de la force effective (FEF) afin de 

representer la proportion de la force totale qui contribue a la propulsion (tangentielle). FEF 

est un ratio entre la composante tangentielle (Ftan)  des forces a la roue et la force totale 

(Ftot) (equation (1.5)). 

FEF = Ftan • \Ftot -1 
(1.5) 

file:///Ftot
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Boninger et  al.  (1997b) proposerent une methode comparable, mais legerement differente 

qu'ils appelerent fraction mecanique de la force effective (MEF) (equation (1.6)). La seule 

difference reside dans 1'elevation au carre des deux termes de droite. Cette technique permet 

de normaliser les forces par rapport a I'amplitude de la force totale. 

MEF =  Ftan'• Ftot''  (1.6) 

En general, dans les etudes publiees utilisant I'un ou I'autre des deux termes, la composante 

tangentielle varie entre 50 et 80 % de la force totale pour des paraplegiques ou des non-

utilisateurs (Boninger et  al, 1997b, ; Dallmeijer et  al, 1998, ; Robertson et  cd., 1996, ; Wu 

et al,  1998). Pour une population agee, une seule etude a quantifie l'efficacite de la force 

resultante a la roue. Aissaoui et  al. (2002) ont denote une efficacite d'environ 42 % chez des 

personnes agees de 65 ans et plus afin de maintenir une vitesse de 1 m/s. 

Le Tableau 1.3 resume les differentes etudes ayant calcule FEF ou MEF. Wu et  al.  (1998) 

ainsi que Boninger et  cd. (1997b) voient cette faible proportion de force tangentielle comme 

resultant d'une force totale a la roue mal orientee. Cependant, pour Veeger (1999), la 

direction de la force a la roue, done son efficacite, est la meilleure possible etant donne les 

chargements imposes par I'interface usager-FR. 



33 

Tableau 1.3 

Tableau recapitulatif des valeurs maximales de FEF et MEF dans les differentes etudes 

Etudes 

Dallmeijer 
etal. (1998) 

Boninger el 
al (1997b) 

Boninger et 
al. (1999) 

Kotajarvi et 
al. (2004) 

Robertson et 
al (1996) 

Veeger 
(1992) 

Aissaoui et 
al. (2002) 

Population 

Paraplegiques 
(N = 12) 

Paraplegiques 
(N=^6) 

Paraplegiques 
(N = 34) 

Paraplegiques 
(N = 13) 

Paraplegiques 
(N = 4) 

Non-
utilisateurs 

(N = 9) 

Agees 
(N = 15) 

Vitesse 

1.11 m/s 

1.3 m/s 

0.9 m/s 

1.8 m/s 

1.5 m/s 

0.89 m/s 

0.83 m/s 

1 m/s 

Charge externe 
(W) 

26-45 

14 

ND 

ND 

ND 

19 

22 

FEF (%) 

51 

ND 

ND 

55 

ND 

71 

ND 

MEF (%) 

ND 

52 

26 

21 

ND 

73 

ND 

42 

* ND = non disponible | 

La plupart des resultats experimentaux demontrent que les forces appliquees par les sujets a 

la roue ne sont pas orientees tangentiellement a la roue (Aissaoui et  al, 2002, ; Boninger et 

al, 1999, ; Boninger et  al,  1997b, ; Dallmeijer et  al,  1998, ; Kotajarvi et  al,  2004, ; 

Robertson et  al,  1996, ; Veeger et  cd.,  1992). Boninger et  al.  (2003) ont emis I'hypothese 

qu'une force resultante a la roue avec une plus grande composante radiale serait transmise a 

I'humerus et pourrait induire un deplacement superieur de la tete humerale dans la cavite 

glenoi'dale. L'orientation de la force a la roue peut avoir une influence sur les mecanismes 

de blessure a I'epaule. En consequence, il est primordial de determiner si I'orientation de la 

force est optimale pour I'usager et si elle peut etre modifiee. Rozendaal et  al.  (2003) ont 

tente d'expliquer experimentalement la grande proportion de force radiale lors de la 

propulsion en FR. Les auteurs ont defini un ratio qui exprime la balance entre l'efficacite et 

le cout de la propulsion au niveau des articulations du coude et de I'epaule. Grace a ce ratio, 

il est possible de determiner une orientation de la force qui serait ideale pour I'usager. Les 
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resultats demontrent que chez les neuf sujets paraplegiques etudies, I'orientation de la force 

experimentale est en accord avec I'orientation predite par le ratio pour le milieu et la fin du 

cycle de poussee. Au debut du cycle de poussee, le ratio predit une force qui serait orientee 

vers le haut alors qu'experimentalement, la force est dirigee vers le bas. Les auteurs 

concluent qu'il faut interpreter la grande proportion de force radiale comme le meilleur 

compromis possible de la part du systeme musculosquelettique etant donne les chargements 

imposes par le FR. Ceci pourrait contribuer au haut cout energetique et egalement a 

I'incidence elevee de blessures a I'epaule (Rozendaal et  al, 2003). 

Veeger (1999) a demontre a I'aide d'un modele quasi-statique que pour produire une force 

tangentielle au sommet de la roue, un conflit au niveau du coude surviendrait (Figure 1.9). 

Pour une force dirigee tangentielle a la roue, un moment de flexion serait necessaire au 

coude pendant que le coude serait en extension. Done, les flechisseurs doivent fournir un 

effort contre un etirement ce qui n'est pas efficace. De plus, une force dirigee tangente a la 

roue augmentera le bras de levier entre I'epaule et la force resultante a la roue. Le moment 

genere sera done plus important au niveau de I'articulation gleno humerale. Le vecteur de la 

force totale doit done etre contenu dans le segment du bras afin de minimiser les efforts a 

I'epaule (Aissaoui et  al,  2002, ; Veeger, 1999). Une reduction des efforts a I'epaule est 

importante, car des chargements plus eleves lors de la propulsion ont recemment ete liees a 

la presence de pathologies au niveau de I'epaule (Mercer et  al, 2006). 
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Figure 1. 9 La  relation  entre  la direction de  la force a  la roue et  le moment genere par le 
coude. 

(Adapte de Vanlandewijck  et  al. (2001)) 

Source : Cette figure a ete adaptee de Particle de M. Yves Vanlandewijck, Daniel Theisen et Dan Daly, 
Wheelchair propulsion biomechanics:  implications  for wheelchair  sports,  p. 351, provenant de Sports 
Medicine, vol. 31, n° 5. 

Dans une tentative d'entrainer des non-utilisateurs de FR a propulser selon une meilleure 

efficacite, de Groot et  al.  (2002) ont demontre qu'il etait possible d'ameliorer 

substantiellement la FEF. Cependant, les sujets qui propulsaient avec une FEF plus elevee 

avaient un coiit physiologique plus eleve. Les auteurs ne purent fournir d'information quant 

aux chargements subis par les articulations du membre superieur face a cette augmentation 

de la FEF. Ambrosio et  al.  (2005) ont tente d'etablir une correlation entre l'efficacite de la 

force a la roue lors de la propulsion et les moments isometriques mesures avant la 

propulsion. Les resultats n'ont demontre aucune correlation entre ces deux parametres. La 

limite majeure de cette etude est que les moments n'etaient pas mesures lors de la 

propulsion mais bien avant. Ceci ne permet pas la generalisation des resultats a la condition 
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dynamique de la propulsion manuelle en FR. La fa9on dont les usagers choisissent 

d'orienter la force a la roue (efficacite) n'est pas tres bien connue. Pour certains auteurs, 

I'orientation de la force a la roue est le meilleur compromis possible etant donne les 

contraintes (Rozendaal et  al,  2003, ; Veeger, 1999) alors que pour d'autres, il serait 

possible d'ameliorer l'efficacite de la propulsion (Boninger et  al,  1998, ; de Groot et  al, 

2002, ; Wu et  al, 1998). Etablir la relation entre l'efficacite de la force a la roue et les forces 

et moments articulaires nous permettrait de posseder des informations supplementaires 

quant a la strategic de propulsion des individus et egalement sur les possibles mecanismes 

de blessures lors de la propulsion en FR. 

Egalement, il serait interessant de determiner I'effet d'une augmentation de l'efficacite de la 

force a la roue sur les chargements soutenus par I'epaule. Ceci permettrait d'augmenter 

l'efficacite de la propulsion sans risque pour I'usager de developper des pathologies a 

I'epaule. Toutefois, ameliorer l'efficacite de la force a la roue n'est pas une tache evidente. 

Deux etudes (de Groot et  al,  2002, ; Kotajarvi et  al,  2006) ont tente d'entrainer des 

individus a augmenter l'efficacite de la force a la roue a I'aide de feedbacks visuels. Le 

feedback consistait a representer l'efficacite de la force a la roue par une ligne variant en 

horizontal sur un ecran d'ordinateur. Les resultats demontrent qu'il a ete possible 

d'ameliorer substantiellement l'efficacite pour une population non utilisatrice de FR (de 

Groot et  al,  2002). Cependant, pour des sujets paraplegiques, I'entrainement par feedback 

visuel ne s'est pas avere efficace (Kotajarvi et  al,  2006). Done, les resultats concemant 

I'entrainement par feedback visuel sont mitiges. De plus, dans les deux etudes, aucune 

information n'etait disponible quant a la retention a long terme de I'entrainement par 

feedback visuel de la force a la roue. Done, des parametres plus faciles a modifier et dont 

I'influence sur I'orientation de la force a la roue est connue faciliteraient la tache. Aissaoui 

et Arabi (2004) ont emis I'hypothese que les patrons de propulsion en FR influenceraient la 

production de forces ainsi que les chargements subis par les articulations. 
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1.4.6. Le s patrons d e propulsion et les parametres biomecanique s d e ia propulsion 

Les etudes ayant analyse les patrons de propulsion chez differentes populations ont tente de 

determiner s'il existait des differences entre les patrons au point de vue physiologique et 

egalement mecanique. Sanderson et Sommer (1985) affirment que le patron de pompage ne 

serait pas ideal etant doime les changements brusques de direction ce qui necessitcrait un 

controle neuromusculaire eleve afin de freiner I'epaule et de recommencer un nouveau 

cycle. Quant au patron circulaire, il serait plus avantageux etant donne la phase de poussee 

prolongee ce qui permettrait d'appliquer une force sur une plus grande periode de temps. 

Shimada et  al.  (1998) ont etudie les amplitudes et accelerations articulaires a I'epaule et au 

coude, la fraction mecanique de la force effective (MEF) et le temps passe a propulser le FR 

entre les trois patrons identifies chez sept sujets paraplegiques. Les auteurs ont note que le 

patron SC avait des accelerations angulaires au niveau de I'epaule et du coude plus basses 

que les autres patrons. De plus, I'amplitude de mouvement etait plus grande pour le patron 

SC. Les auteurs suggerent que les accelerations plus basses pour le patron SC reduiraient le 

risque de blessure aux articulations. Les resultats demontrent que le temps de propulsion 

pour le patron SC etait plus eleve que les autres patrons. II n'y avait cependant pas de 

difference entre les patrons au niveau de l'efficacite mecanique ; si ce n'est que le patron SC 

tend a etre plus efficace. Shimada et  al.  (1998) concluent que le patron SC serait le plus 

efficace etant donne la plus basse acceleration articulaire et I'augmentation du temps passe a 

propulser le FR comparativement aux autres patrons. 

Boninger et  al.  (2002) ont evalue les variables cinetiques a la roue entre les quatre patrons 

de propulsion definis plus haut chez les 38 sujets paraplegiques. Aucune difference 

significative ne fut rapportee concemant I'amplitude des forces a la roue. L'efficacite, 

definie par MEF, ne differait pas entre les patrons. Cependant, les patrons DLOP et SC 

avaient la cadence la plus basse comparativement a pompage et SLOP. De plus, les patrons 

pompage et SC avaient le temps de propulsion le plus eleve comparativement au patron 



SLOP et DLOP. Ces observations concordent bien avec les resultats de Shimada et  al. 

(1998). Les auteurs expliquent pourquoi ils n'ont pas trouve de differences entre les patrons 

au niveau de la cinetique a la roue par le fait que pour tous les patrons de propulsion, la 

main doit suivre la roue pour fournir 1'effort. Done, il est normal que les forces generees 

soient semblables. Les auteurs concluent que le patron SC serait le plus avantageux etant 

donne qu'il n'y a pas de changement brusque de direction, que le temps de poussee est plus 

eleve, que la cadence est plus basse et qu'il y a moins de contact avec la roue pour maintenir 

la meme vitesse. 

Richter et  al (2007) ont compare la vitesse de propulsion, le maximum de I'amplitude de la 

force resultante a la roue, I'angle de poussee et la frequence de poussee pour differents 

patrons de propulsion. Les resultats n'ont demontre aucune difference au niveau des 

parametres etudies entre les patrons pompage, SLOP et DLOP. Les auteurs suggerent que le 

fait de ne pas avoir trouve de difference serait dG aux conditions experimentales. Dans cette 

etude, Richter et  al. (2007) ont evalue les sujets paraplegiques sur un tapis roulant simulant 

done une propulsion plus reelle comparativement aux autres etudes ayant utilise un 

ergometre experimental. 

De Groot et  al.  (2004) ont evalue l'efficacite mecanique (ME) de la propulsion, definie par 

les echanges gazeux, pour quatre patrons de propulsion differents chez 24 sujets non 

utilisateur de FR. L'experimentation consistait a imposer trois patrons de propulsion (semi-

circulaire, simple boucle et pompage ou « arcing »), a tour de role, aux sujets. Le quatrieme 

patron etait choisi librement par le sujet (« libre »). Les resultats demontrent que pour des 

sujets inexperimentes, la technique « libre » s'apparentait a celle de pompage chez la 

majorite des sujets. 

Les auteurs (de Groot et  al., 2004) demontrent egalement que le patron pompage est le plus 

efficace au point de vue energetique comparativement au semi circulaire qui serait le moins 



39 

efficace. Ces donnees ne viennent pas corroborer les conclusions de (Boninger et  al, 2002,; 

Shimada et al, 1998) qui affirmaient que le patron semi-circulaire etait le plus favorable. 

Quelques limitations peuvent etre soulevees quant a l'etude de de Groot et  al.  (2004). 

Premierement, les patrons etudies etaient imposes aux sujets. Ceci risque de ne pas 

representer entierement des conditions reelles de propulsion. De plus, les sujets etudies 

n'etaient pas des utilisateurs de FR, il est done difficile de generaliser ces resultats a une 

population utilisatrice de FR. 

II n'y a presentement pas de consensus sur un patron qui serait « ideal » d'un point vue 

mecanique (i.e. parametres cinetiques) et energetique pour les utilisateurs de FR. Toutefois, 

en 2005, le Consortium  for  Spinal  Cord  Medicine  (2005) a emis des recommandations 

cliniques quant au patron de propulsion a utiliser lors de la propulsion manuelle. Le groupe 

preconise de propulser selon la technique SC. Ces recommandations sont basees sur les 

resultats des travaux de Boninger et  al. (2002) et Shimada et  al.  (1998). Tel que mentiorme 

plus haut, le plus grand temps passe a propulser le FR (Boninger et  al,  2002) et les 

accelerations angulaires plus basses a I'epaule (Shimada et  al,  1998) seraient avantageux 

pour I'usager de FR. Des variations dans I'acceleration angulaire des segments suggerent 

que la cinetique au niveau de I'epaule pourrait etre differente entre les patrons etant donne 

que les equations de dynamique inverse sont dependantes en partie des accelerations 

angulaires articulaires. Jusqu'a present, aucune etude n'a estime les chargements soutenus 

par I'epaule pour differents patrons de propulsion. L'epaule est le principal moteur lors de la 

propulsion et est egalement I'articulation la plus touchee par les pathologies decoulant de 

I'utilisation d'un FR (voir section 1.2.1). Etablir le lien entre les patrons de propulsion et les 

chargements soutenus par I'epaule foumirait des informations pertinentes quant a la 

biomecanique de la propulsion en FR. Egalement, un patron qui permettrait de reduire les 

chargements a I'epaule pour les memes conditions externes serait avantageux pour les 

utilisateurs de FR. 



CHAPITRE 2 

PROBLEMATIQUE, OBLECTIFS ET HYPOTHESES D E RECHERCHE 

2.1. Problematiqu e 

Dans la recension des ecrits, il a ete possible de constater qu'un nombre eleve d'utilisateurs 

de FR est present dans la population et que la majorite (> 50 %) de ces derniers est agee de 

plus de 65 ans. De plus, les utilisateurs de FR sont fortement a risque de developper des 

pathologies ainsi que des douleurs au niveau du membre superieur, particulierement a 

I'epaule. Ce haut taux de prevalence peut s'expliquer en partie par les chargements repetitifs 

et eleves produits par la propulsion manuelle en FR. Les personnes restreintes a un FR 

possedent deja une mobilite reduite. Des douleurs ou bien des pathologies aux membres 

superieurs affectent grandement I'independance que I'utilisation d'un FR leur foumit. II est 

done primordial de determiner des parametres qui reduiraient ces chargements et, par le fait 

meme, diminueraient les risques de pathologies a I'epaule pour ces personnes. 

2.2. Objectif s e t hypotheses de recherche 

A la lumiere des informations recensees dans la litterature, le present a travail a comme 

objectif principal d'estimer les chargements soutenus par I'epaule lors de la propulsion 

manuelle en fauteuil roulant chez une population agee et de determiner si des parametres 

peuvent modifier ces chargements. A partir de cet objectif principal, trois hypotheses de 

recherche ont ete posees : 

HI : Varier I'angle entre le siege et le dossier et I'angle de bascule tout en maintenant la 

position de I'axe de la roue constante par rapport a la morphologic de I'usager 

n'augmenteront pas les chargements au niveau de I'epaule estimes par les moments 

articulaires. 



H2 ; 11 est possible d'augmenter fefficacite de la force a la roue sans augmenter 

significativement les chargements a I'epaule estimes par les moments articulaires. 

H3 : Les chargements a I'epaule, estimes par les moments articulaires, sont dependants du 

patron de propulsion. 

Afin d'etudier et de repondre aux hypotheses de recherche mentionnees plus haut, quatre 

objectifs specifiques ont ete proposes. Premierement, determiner I'effet de la variation de 

I'angle d'assise sur les chargements a I'epaule estimes par les forces et moments 

articulaires. Cette etude favoriserait un positionnement optimal des usagers dans leur 

fauteuil. 

Deuxiemement, nous allons tenter de determiner s'il existe une relation entre l'efficacite de 

la force a la roue et les chargements soutenus par I'epaule lors de la propulsion en FR. 

Connaitre la relation entre l'efficacite de la force a la roue et les chargements a I'epaule 

nous permettrait de posseder des informations supplementaires quant a la strategic de 

propulsion des individus et egalement sur les possibles mecanismes de blessures lors de la 

propulsion en FR. 

Troisiemement, nous allons determiner I'effet de modifier l'efficacite d'une force donnee 

sur les chargements a I'epaule chez un meme utilisateur de FR. Ceci permettrait d'etablir 

s'il est possible d'augmenter l'efficacite de la propulsion. Une plus grande efficacite de la 

force a la roue permettrait aux usagers de reduire le nombre de poussees pour parcourir la 

meme distance sans augmenter les chargements a I'epaule et par le fait meme le potentiel de 

blessure. 

Quatriemement, sachant que l'efficacite de la force a la roue influence les chargements a 

I'epaule et que les patrons de propulsion influencent la direction de la force resultante a la 
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roue, nous voulons determiner I'effet de differents patrons de propulsion sur les forces et 

moments articulaires. Cette etude nous fournira des informations pertinentes sur la 

mecanique de la propulsion. De plus, avec resultats a I'appui, il serait possible de proposer 

un patron qui serait adequat pour les usagers au niveau de I'epaule (i.e., reduire les 

chargements pour les memes conditions externes). 



CHAPITRE 3 

METHODOLOGIE 

3.1 Populatio n experimental e 

Les donnees utilisees dans le cadre de ce travail proviennent d'une experience realisee 

anterieurement et dont les premiers resultats ont ete publics dans Aissaoui et  al. (2002). La 

population experimentale comptait 15 sujets (Tableau 3.1; 7 femmes (F) et 8 hommes (H)) 

qui furent recrutes a I'lnstitut Universitaire de Geriatric de Montreal. Le Tableau 3.1 resume 

les caracteristiques des participants. La moyenne d'age etait de 68.2 ± 5.2 ans, le poids 

moyen etait de 68.9 ± 15.7 kg et la taille moyenne correspondait a 1.64 ± 0.09 m. Les 

conditions medicales associees a I'utilisation d'un fauteuil roulant manuel (FR) etaient 

diverses a travers la population experimentale. Les diagnostics etaient: poliomyelite (N = 

4), paraplegic (niveau de lesion > T3; N = 2), amputation d'un ou des membres inferieurs 

(N = 7), paraparesie (N = 1) et sclerose en plaques (N = 1). 
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Tableau 3.1 

Caracteristiques de la population experimentale 

SI 

S2 

S3 

S4 

85 

S6 

S7 

S8 

S9 

SIO 

Sll 

S12 

S13 

S14 

S15 

Moy 
(ET) 

Age 

68 

66 

66 

65 

60 

70 

76 

64 

66 

69 

63 

77 

77 

69 

69 

68.21 
(5.22) 

Taille 
(m) 

1.42 

1.80 

1.63 

1.73 

1.73 

1.70 

1.58 

1.63 

1.73 

1.68 

1.68 

1.68 

1.55 

1.58 

1.55 

1.64 
(0.09) 

Poids 
(kg) 

54.55 

85.91 

57.73 

77.27 

75.00 

64.00 

83.18 

88.64 

90.91 

70.45 

50.00 

47.73 

52.27 

79.09 

52.27 

68.93 
(15.86) 

Se.xe 

F 

H 

H 

H 

H 

H 

F 

F 

H 

H 

F 

H 

F 

F 

F 

8H, 
7F 

Diagnostique 

Poliomyelite 

Paraplegic T12 

Amputation tibiale bilaterale 

Amputation sous-condylienne 
droite 

Paraplegic T3 

Amputation femorale droite & 
tibiale gauche 

Paraparesie d'origine X 

Poliomyelite 

Amputation tibiale droite 

Poliomyelite 

Sclerose en plaques 

Amputation femorale droite 

Amputation femorale droite 

Poliomyelite 

Amputation femorale 

3.2 Criteres d'inclusio n 

Afin de participer a l'etude les sujets devaient: 

• etre capable de propulser un FR sur une base journaliere, de fa9on autonome et avec 

les deux mains de fa9on synchrone; 

• ne pas avoir un historique de plaies de pression ou d'escarres depuis un an; 

• etre capable de propulser le FR sur une distance de six metres en 30 secondes; 
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• avoir les capacites physiques lui permettant de participer a revaluation d'une duree 

approximative de 1 heure 30 minutes; 

• ne pas presenter de douleurs au niveau des articulations des membres superieurs; 

• presenter des fonctions cognitives preservees, afin d'etre en mesure de comprendre 

les consignes leur etant adressees; 

• signer le formulaire de consentement avant le debut de I'experimentation. 

Tous les sujets qui ne repondaient pas aux criteres mentionnes precedemment furent exclus 

de l'etude. 

3.3 Caracteristique s d u fauteuil roulan t 

Le fauteuil utilise dans cette experimentation est de type Prima (Orthofab, Quebec, Canada) 

et a ete utilise par tous les sujets dans les differentes conditions experimentales. Le fauteuil 

fut modifie de fa9on a ce que I'axe des roues arriere du fauteuil soit reglable sur I'horizontal 

et que la hauteur du siege puisse etre modifiee. Le dossier ainsi que le siege etaient 

independants I'un de I'autre. Ainsi, il etait possible de modifier Tangle entre le siege et le 

dossier et/ou celui entre le siege et I'horizontal dependamment de la condition 

experimentale. 

La roue droite du fauteuil fut remplacee par une roue instrumentee de jauges de contrainte, 

la SMART^*"^"' (Three Rivers Holdings LLC, Mesa, AZ). Cette derniere nous permet de 

mesurer les forces ainsi que les moments en trois dimensions appliques par la main lors de 

la propulsion a une frequence d'echantillonnage de 240 Hz (Asato et  al,  1993). La 

SMART '̂̂ '̂ '̂ ' mesure les forces et les moments a la roue avec une precision de 1.2 N et 0.6 

Nm respectivement (Cooper et  al, 1997a). La linearite du systeme est de 98.9 % et 99.1 % 

pour les forces et les moments (Cooper et  al,  1997a). Les caracteristiques de la 

SMART^*""' sont donnees dans le Tableau 3.2. 
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Tableau 3.2 

-Wheel 
Caracteristiques de la SMART 
(Adaptee de Cooper et  al. (1997a)) 

Propriete 

Linearite 

Plage de valeurs 

Precision 

Resolution 

Non-Iinearite 
independante 

Plan sagittal 

Plan transverse 

Forces 

98.9 % 

±155N 

1.2N 

I.7N 

I.l % 

ND 

Moments 

99.1 % 

±77Nm 

0.6 Nm 

INm 

0.9 % 

ND 

Angle de la roue 

ND 

0-360° 

0.36° 

0.36° 

ND 

ND 

Frequence 
naturelle 

ND 

ND 

ND 

ND 

ND 

150 Hz 

100 Hz 
ND : Non Disponible 

Source : Ce tableau a ete adapte de Particle de M. Rory A. Cooper, M. Michael L. Boninger, M. David P. Van 
Sickle, M. Rick N. Robertson et M. Sean D. Shimada, Uncertainty  analysis  for wheelchair  propulsion 
dynamics, p. 135, provenant de IEEE Transaction  on Rehabilitaion engineering,  vol. 5, n° 2 

Le fauteuil fut ensuite installe sur un ergometre experimental (Figure 3.1). Les deux roues 

arriere du fauteuil reposaient sur un systeme de rouleaux qui permettait d'imposer la friction 

desiree. Les deux roues avant etaient quant a elles fixees sur une plate-forme afin de 

maintenir le fauteuil en position stable. 
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Figure 3.1 Ergometre  experimental  ainsi  que le fauteuil roulant  manuel utilises. 

3.4 Procedure experimental e 

La longueur, le poids ainsi que la circonference des membres superieurs (bras, avant-bras et 

main) de chacun des sujets etaient pris avant le debut de I'experimentation. Le sujet 

s'installait dans le fauteuil qui etait situe sur I'ergometre experimental. Des combinaisons de 

trois angles de siege-dossier (Figure 3.2; ASD ; 95, 100 et 105 degres) et de trois angles de 

bascule (Figure 3.2; ABA : 0, 5, 10 degres) furent utilisees. Neufs configurations furent 

evaluees (3 ASD x 3 ABA) de fa9on aleatoire et chacune deux fois. La position horizontale 

de I'axe de la roue etait situee 4 cm en avant du marqueur de I'acromion. La hauteur du 

siege fut determinee lorsque le sujet posait sa main sur la partie la plus superieure du 

cerccau et que I'angle du coude etait de 120° (180° represente une extension complete). La 

position horizontale et verticale de I'axe de la roue etait ajustee apres que les angles du siege 

soient ajustes, et ce, pour chaque condition. 
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Une fois que la configuration desiree fut mise en place, le sujet commen9a a propulser le 

fauteuil sur I'ergometre. II devait atteindre une vitesse lineaire entre 0.96 et 1.01 m/s afin 

que I'essai soit valide. Un ergotherapeute s'assurait que la vitesse soit bel et bien maintenue 

en mesurant la velocite grace a un cyclometre (BeIl-8 Cyclometer, Bell Sports, Canada) et 

en fournissant des retours verbaux lorsque la vitesse n'etait pas dans les limhes. Par la suite, 

lorsque le sujet maintenait la vitesse desiree pour une minute, les enregistrements de la 

cinematique et de la cinetique etaient synchronises et demarres pour une duree de 10 

secondes. L'essai se terminait apres I'enregistrement. Une periode de repos de quatre 

minutes entre chaque essai etait appliquee afin d'eliminer la fatigue. 

Angle Siege 
Dossier 
(ASD) 

Angle d e 
Bascule 
(ABA) 

Figure 3.2 Representation  des  angles de siege-dossier (ASD)  et des angles de  bascule 
(ABAf 

La position verticale (0 = 120°) et horizontale (H = 4 cm) de I'axe de la roue est egalement 
demontree. L'emplacement des 15 marqueurs reflechissants est demontre par les points. 
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3.5 Mesur e de ia cinematique e t de la cinetique de la propulsio n 

L'enregistrement de la cinematique s'est effectue a partir de 15 marqueurs reflechissants qui 

furent apposes sur des reperes anatomiques precis (Figure 3.2). II y avait un marqueur sur la 

glabelle de I'os frontal (Figure 3.2; GLAB), un sur I'oreille droite (Figure 3.2; EAR), trois 

marqueurs disposes sur une structure rigide fixee au tronc (Figure 3.2; TRKI, TRK2 et 

TRK3), un sur I'acromion droit (Figure 3.2; ACR), un sur I'epicondyle lateral de I'humerus 

droit (Figure 3.2; LHE), un sur chacun des processus styloide de I'ulna (Figure 3.2; SPU) et 

du radius (Figure 3.2; SPR) et chacun un sur la tete du 2'""' (Figure 3.2; MCP2) et 5*""' 

metacarpe (Figure 3.2; MCP5) de la main droite. Un marqueur fut place sur chacun des trois 

faisceaux de la SMART '̂̂ '̂ '̂ ' et un dernier marqueur sur I'axe de rotation de la roue. 

L'origine du repere global fut situee au centre de la roue (Figure 3.2). L'axe x etait oriente 

vers I'avant sur I'axe horizontal, l'axe y contenait l'axe gravitationnel et etait oriente vers le 

haut et l'axe z etait oriente medialement. La cinematique fut recueillie grace a un systeme 

d'acquisition en trois dimensions (Motion Analysis System) avec une frequence 

d'echantillonnage de 60 Hz. L'erreur de reconstruction de la position des marqueurs est de 

2.5 mm (Aissaoui et  al, 1996). 

L'em-egistrement de la cinetique fut realise grace a la SMART*̂ "̂ ^̂ '. Les mesures 

comprennent les forces ainsi que les moments de reaction a la roue en trois dimensions {Fx, 

Fy, Fz,  Mx,  My  et  Mz).  L'enregistrement de la cinetique s'est fait a une frequence 

d'echantillonnage de 240 Hz. 

Les moments mesures par la SMART *̂  sont en fait la somme des moments crees par la 

main a la jante de la roue et les moments crees par les forces appliquees a la jante de la roue 

(Cooper et  al, 1996). Done, pour obtenir les moments crees par la main, une transformation 

des moments obtenus par la SMART "' est necessaire. Les moments crees par la main 

(Mhx, Mhy et Mh^) sont obtenus par la difference entre les moments mesures par la 

SMART**^* '̂ (Mx, My et Mz) et les moments crees par les forces appliques a la jante de la 
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roue (MFx, MFy et MF-̂ ) (Veeger et  al,  1991). Voici les equations utilisees pour obtenir les 

moments crees par la main a la roue : 

MF^ 

MF^. 

MF_ 

0 - F . Ff 

F-. 0  -F. 
-K K  o _ 

r •cos(a) 

r •sin(a:) 

0 

(3.1) 

Mh^ 
Mh^, 

Mh. 
= 

M. 
M., 

M, 

-1-

MF^ 
MFy 

MF. 

(3.2) 

Dans r equation (3.1), les variables F  representent les forces (x,  y  et  z)  mesurees par la 

SMART^'^''*'. La variable /• represente le bras de levier dans le plan sagittal entre le centre 

de la roue (endroit ou les forces sont mesurees) et le point d'application de la force tandis 

que a  est Tangle entre le point d'application de la force et I'horizontal. Le bras de levier en z 

est 0, car nous assumons qu'il n'y en a pas pour la force medio-laterale. Finalement, les 

donnees cinematiqucs et cinetiques furent synchronisees et enregistrees simultanement. 

3.6 Traitement de s donnees 

3.6.1 Filtrag e 

Les donnees cinematiques et cinetiques furent filtrees grace a un filtre numerique passe-bas 

Butterworth de deuxieme ordre. La frequence de coupure afin de filtrer chaque marqueur et 

dormee cinetique fut determinee de fa9on automatique. La methode utilisee pour determiner 

les frequences de coupure est celle proposee par Cappello et  al.  (1996) qui consiste a 

analyser la fonction d'autocorrelation des residus (difference entre le signal filtre et original) 

pour differentes frequences de coupure. Done, pour chaque frequence de coupure allant de 0 

a la frequence d'echantillormage divise par 2 (frequence de Nyquist), la fonction 
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d'autocorrelation des residus sera calculee. La frequence de coupure optimale pour le 

marqueur ou la donnee cinetique egale a celle pour laquelle la fonction d'autocorrelation des 

residus est minimale. 

3.6.2 Model e de dynamique invers e 

Le modele de dynamique inverse utilise dans cette experimentation fut celui developpe par 

Dumas et  cd.  (2004) qui utilise la formulation des torseurs (Figure 3.3; W)  et  I'algebre des 

quaternions. Les entrees necessaires a ce modele sont les donnees anthropometriques, la 

position des segments dans l'espace (cinematique) et la cinetique mesuree a la jante de la 

roue. Ce modele a I'avantage d'eviter le calcul sequentiel des angles articulaires prealable 

au calcul des forces et moments articulaires. L'utilisation des torseurs permet de calculer les 

forces et les moments dans une seule etape contrairement aux algorithmes qui calculent 

d'abord la force articulaire pour ensuite calculer le moment. Le torseur est exprime a un 

point et dans un repere defini et est un vecteur six dimensions regroupant les composantes 

des forces et des moments. La Figure 3.3 presente un diagramme des corps libres ainsi que 

la notation des torseurs. Les forces et les moments au point proximal (Wr°'"'""'(P,))  du 

segment (/) sont obtenus par la somme des forces et moments au point distal {Wf'^"''(Di)), 

d'une composante dynamique (ĵ '̂̂ >'™'"'?'"̂ ) et du poids du segment {Wf°"'^)  agissant au centre 

de masse (C,). Les forces et les moments au point distal {Wf'^'°fDi))  sont obtenus, par le 

principe d'action-reaction, en inversant les forces et les moments au point proximal du 

segment adjacent (AVr"'"""'  (Pi-i))-
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JY proximal  /  p^^ 

•^distal / £ ) \ _ _JYproximal  ^p  \ 

rrraynainiLiiie / ^ \  _ m,a, 

I^a. + co  ̂X  1^0)^ 

W^^'^^C,)^ m.g 

Figure 3.3 Diagramme  des  corps libres et notation des torseurs de  la dynamique inverse. 

Pour obtenir les forces et moments au point proximal, les torseurs exprimes en d'autres 

points doivent etre transformes au point proximal. Une des proprietes des torseurs est que 

lorsqu'il y a ce type de transformation (ex. : transformation du torseur distal en proximal) le 

produit croise entre le bras de levier et de la force appliquee au point doit etre ajoute a la 

partie moment du torseur. Voici les transformations des trois torseurs de la Figure 3.3 en 

proximal (/*,) : 

W'' {P)  = ' m,g 
O3X1 + c, X m , g 

(3.3) 

r dy,iiamique TTrapiamiqm ^p\  _ m,a, (3.4) 

[-M,_,-dxF,_^ (3.5) 
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Dans les equations (3.3), (3.4) et (3.5), w, est la masse du segment, g  est la constante 

gravitationnelle, c,  est le vecteur de bras de levier mesure du point proximal au centre de 

masse, /, est le tenseur inertiel du segment exprime dans le repere local du segment, a,  est 

I'acceleration lineaire du centre de masse exprime dans le repere global (voir section 3.5), a, 

est I'acceleration angulaire du centre de masse exprime dans le repere global, «/ est la 

vitesse angulaire du centre de masse exprime dans le repere global et d,  est le vecteur de 

bras de levier mesure du point proximal au point distal. A partir du diagramme des corps 

libres de la Figure 3.3 et des equations (3.3), (3.4) et (3.5), le torseur au point proximal 

(Wr"^"""') est obtenu par la somme des autres torseurs exprimes au point proximal : 

W. proximal . iiynamiqve r distal . (^p\^]Y PO'd.s  (^p-^_^_JY''.>'""""•?'"•' (p) +  jv  "  ( P ) (3.6) 

Apres transformation, I'equation des forces (F,)  et moments (M,)  au point proximal d'un 

segment se resume comme suit: 

F, 
M. 

"^ , •^3.3 

m,c, 

0 3-3 \^',-g 
[ ^' 

-^ 
03,, 

_«, x/,ty, _ 
-1-

'-^3.3 

d. 
•'3.;3 

E 3x3 

F,-
M. / - I 

(3.7) 

Dans I'equation (3.7), / represente le numero du segment, Esxs  est la matrice identite trois 

par trois et O3X3 et Osxi sont une matrice trois par trois et un vecteur trois par un de valeur 

zero. Afin de generaliser cette equation, Dumas et  al.  (2004) ont propose une notation 

generique des segments (Figure 3.4). 
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Segment i 

Segment i-1 

Segment i=0 

Figure 3.4 Notation  generique  des  segments. 
(Tire de Dumas et  al. (2004)) 

Source : Cette figure a ete tiree de Particle de M. Raphael Dumas, M. Rachid Aissaoui et M. Jacques de Guise, 
A 3D  generic  inverse  dynamic  method  using  wrench  isolation  and  quaternion  algebra,  p. 162 
provenant de Computer methods  in  biomechanics and  biomedical engineering,  vol. 7, n" 3. 

Pour la propulsion en fauteuil roulant, le premier segment {i  = 0)  sera la roue. Dans cette 

formulation, seulement le torseur proximal de chaque segment sera designe. Nous n'avons 

pas explicitement besoin du torseur distal etant donne que le principe d'action-reaction est 

inclus dans I'equation (3.7) (Dumas et  al,  2004). Done, le torseur proximal du segment / = 

0 sera represente par les forces et moments mesures par la roue {FQ.  MQ).  Les moments 

agissants a la jante de la roue furent obtenus par la difference entre les moments mesures par 

la SMART '̂̂ '̂ *' et les moments crees par les forces a la jante de la roue (Veeger et  al, 1991; 

voir section 3.5). Le modele utilise une approche recursive pour estimer la cinetique au 

poignet, au coude et finalement a I'epaule. Les forces et les moments obtenus au point 

proximal d'un segment seront done les forces et les moments distaux du segment suivant. 

Les trois segments du membre superieur (main, avant-bras et bras) furent modelises comme 

etant des corps. Les forces et les moments articulaires a I'epaule obtenus a partir du modele 
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sont d'abord calcules dans le repere global et, par la suite, exprimes dans un systeme de 

reference local defini par les marqueurs au tronc (Cooper et  al, 1999). Les forces obtenues 

par le modele dans le repere global sont: antero(+)/posterieur(-), proximo(+)/distale(-), 

latero(+)/medial(+). Les moments dans le repere global se decrivent comme : 

adduction(+)/abduction(-), rotation interne(+)/externe(-), flexion(+)/extension(-). 

3.6.3 System e referentie l loca l de I'epaule 

A partir d'un corps rigide au niveau tronc sur lequel trois marqueurs furent apposes 

(semblable au corps rigide dans la Figure 3.2), (Cooper et  al,  1999) ont defini un systeme 

referentiel local a f epaule qui prend en consideration les mouvements du tronc. Dans le 

cadre de notre etude, le systeme referentiel fut defini grace aux equations suivantes : 

Yr = 
TRK2 -  TRK3 
TRK2-TRK3 

(3.8) 

TRKI-TRK2 
TRKI-TRK2 

(3.9) 

yV p  —  1  p  ^  AJ  -J (3.10) 

L'axe A'represente la direction antero-posterieur, Yla  direction superio-inferieur et Z medio-

lateral. La matrice de rotation du tronc (Rf)  est par la suite creee : 

Rj — 

Y 

Xjy 

^T7 

Y 
-'r.v Y 
Y 

z 
7 

7 

(3.11) 
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Les composantes, dans le repere defini par le tronc, des forces antero(+)/posterieur(-) et 

latero(+)/medial(-) ainsi que les moments articulaires d'adduction(+)/abduction(-), 

flexion(+)/extension(-) dans le plan sagittal et horizontal sont obtenus en multipliant les 

forces (EG)  et moments (Mo)  obtenus dans le repere global par la matrice de rotation du 

tronc (Rf). 

.ANT-PejST 

TV 

MED-HT 

= Rr-
~Fa,' 
Far 

A GZ  _ 

(3.12) 

M 
M 
M 

ADD-ABD 

FLEX-EXT-HOR 

FLEX-EXT-SAG _ 

= Rj  • 

'M,,; 

Mar 
_ ^ G Z . 

(3.13) 

La force proximo(+)/distale(-) et le moment de rotation inteme(+)/exteme(-) a I'epaule sont 

calcules le long de l'axe longitudinal de I'humerus. L'axe longitudinal de I'humerus est 

obtenu par le vecteur pointant de I'epicondyle lateral de I'humerus droit (LHE) a I'acromion 

(ACR). La force et le moment sont obtenus en multipliant les forces et moments du repere 

global (EG  et MG) par le vecteur unitaire de l'axe de I'humerus (Ys). 

^s -  l^SX Ysy Ysz]--
ACR-LHE 
WACR-LHE 

(3.14) 

t^PROX-DlSTi '•S  ' 

'Fa, 
F GY 

F GZ 

(3.15) 
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[M ROT-INT-EXT h^s 
M GX 

M, 
GY 

GZ 

(3.16) 

L'utilisation d'un systeme referentiel local a I'epaule nous permet de decrire les forces et les 

moments en terme anatomique et de faciliter la comprehension des termes utilises (Figure 

3.5). 

M = Fle.xion (+)/Extension(-) 
horizontal ^ ^ ^ / 

M = Flexion(+)/ / ^ f V v ^ 
Extension(-) sagittale / / / i \ \ 
F = Laterale(-H)/ Mediale(-) / L  L \ \ 

M = Rotation inteme(+)/exteme(-) 
^ F = Proximale(+)/ 
^ Distal(-) 

\) M = Adduction(-i-)/Adduction(-) 
F = Anterieur(+)/Posterieur(-) 

Figure 3.5 Representation  du  systeme referentiel  local  et  des forces et  moments 
articulaires a  I'epaule. 

3.6.4 Determinatio n d u cycle de propulsion 

Le debut et la fin du cycle de propulsion sont determines a I'aide du moment autour de I'axe 

z (Mz)  mesure par la SMART ^ .̂ Le cycle de propulsion debute lorsque Mz  devie de plus 

de 5 % de la ligne de base et se termine lorsque le signal revient et se maintient en de9a de 5 

% de la ligne de base (Figure 3.6). 
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Temps d'enregistremen t 

Figure 3.6 Trace  typique du moment de  rotation a la roue (Mz)  chez un sujet. 
La ligne pointillee represente le signal de debut et de fin d'un cycle de propulsion. 

Pour chacun des essais, 5 cycles consecutifs qui repondaient aux criteres decrits plus haut 

etaient inclus dans l'analyse des donnees. Les cycles furent normalises sur 100 % pour 

faciliter la comparaison. 

3.6.5 Parametre s temporel s 

L'angle de depart correspondait a I'angle entre la position du centre de masse de la main au 

debut de la propulsion ainsi que la verticale (Figure 3.7; AD). L'angle de fin, quant a lui, 

correspond a I'angle entre la position du centre de masse a la fin de la propulsion et la 

verticale (Figure 3.7; AF). L'angle de propulsion est obtenu en additiormant les deux angles 

decrits precedemment (Figure 3.7; AP). 
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Debut dc la phase 
dc p<iuR,sdc 

VflCical 
fO") 

^—"^r ^—s, . 

Nf Al ) 1  ^ " \ \ 

\ 1  / \ 1  / 

Fin dc la phaac 
d c JMIUS.SCC 

Figure 3.7 Representation  graphique de  l'angle de  depart (AD),  I'angle defm (AF)  et 
I'angle de poussee (AP). 

La frequence de poussee se decrit comme le nombre de cycle de propulsion par unite de 

temps (poussee/sec). 

3.6.6 Fractio n mecaniqu e de la force effectiv e 

La fraction mecanique de la force effective (MEF) represente la proportion de la force totale 

qui contribue a la propulsion. MEF est obtenue par le ratio entre la force tangentielle et la 

force totale. La force tangentielle (Ftan) est calculee a partir des forces resultantes a la roue 

et est obtenue par I'equation suivante : 

Ftan =  Fx • s\n(a) -  Fy  • cos{a) (3.17) 

ou a represente I'angle entre le point d'application de la force et I'horizontale. Le point 

d'application de la force fut represente par le centre de masse et la projection de ce dernier 

sur la jante de la roue. Le centre de masse fut calcule a partir de la position des quatre 

marqueurs de la main (Clauser et  al,  1969). Le milieu de la distance entre les processus 

styloide ulnaire et radial (Figure 3.2; SPU et SPR) ainsi que le milieu de la distance entre le 
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2eme ^̂  ême n^^^^carpc dc la main (Figure 3.2; MCP2 et MCP5) furent calcules. Par la suite, 

le centre de masse de la main fut situe a 0.506 % de la ligne joignant les deux milieux a 

partir de la partie proximale (i.e. milieu entre le processus styloide ulnaire et radial). 

La force resultante (Fres) est la somme vectorielle des forces de reaction a la roue (equation 

(3.18)). 

Fres = ^Fx^+py+F^ (3.18) 

MEF est done le ratio entre Ftan et Fres et est obtenu par I'equation suivante. 

MEF =  Ftan'-Fres--  (3.19) 

MEF variera de 0 a 1 ou 1 signifie que la force totale appliquee a la roue est parfaitement 

tangentielle a la roue et 0 que la force est appliquee vers le rayon de la roue. 

3.6.7 Usage mecaniqu e 

L'usage mecanique (MU) correspond au ratio entre la force resultante a la roue lors de la 

propulsion et la force maximale volontaire (FMV) (equation (3.20)). 

MU =  Fres I FfvIV (3.20) 

La FMV fut obtenue avant le premier essai. Le sujet etait installe dans le FR qui etait eleve 

d'environ de 5 cm au-dessus de I'ergometre. Les deux roues etaient bloquees a I'aide de 

cables en nylon. Un cable tangent a la roue droite etait attache a une jauge de contrainte 

(RL20000B-150, Rice Lake Weighing Systems, Rice Lake, Wisconsin). Le sujet avait pour 

instruction de mettre les deux mains au sommet de chaque roue et de pousser 

progressivement avec les deux mains pour 5 secondes sans mouvement du tronc jusqu'a ce 

qu'il atteigne leur maximum. La mesure sur le cote droit fut repetee une seconde fois avec 



une pause de deux minutes entre les deux enregistrements. La moyenne des deux 

enregistrements fut utilisee comme FMV. Fres etait la moyenne de la force resultante durant 

la phase de poussee. Le parametre MU donne des informations quant a I'amplitude de la 

force resultante a la roue comparee a la capacite physique de I'individu. MU est normalise 

et variera entre 0 et 1. 

3.7 Analys e e t methode pour repondre au premier objecti f 

La premiere hypothese concerne I'effet de la variation de I'angle d'assise sur les 

chargements soutenus par le membre superieur. L'analyse consistait a appliquer le modele 

de dynamique inverse a tous les essais (voir section 3.6.2). Pour chaque essai, la moyenne 

ainsi que le maximum de chaque moment (voir section 3.6.2) furent calcules. Ensuite, nous 

avons fait la moyenne de la moyeime et du maximum des deux essais par condition dormant 

une moyenne ainsi qu'un maximum moyen pour la condition experimentale. L'angle de 

poussee et la frequence de poussee furent moyermes sur les deux essais par conditions 

3.7.1 Statistique s 

Afin de determiner si le changement dans l'angle siege dossier (Figure 3.2; ASD) et/ou dans 

l'angle de bascule (Figure 3.2; ABA) avait un effet significatif sur les moments de force ou 

bien les variables temporelles, une analyse de variance (ANOVA) avec mesures repetees fut 

effectuee. Les variables independantes (facteurs principaux) pour l'analyse furent I'ASD et 

I'ABA. Les variables dependantes etaient la moyenne et le maximum moyen de chacun des 

moments (Adduction, Abduction, Rotation interne et externe, Flexion et Extension dans le 

plan sagittal et horizontal) ainsi que la moyenne de l'angle de poussee et de la frequence de 

poussee. Une difference est significative 

lorsque p < 0.05. Des analyses de contrastes seront effectuees si un facteur principal ou une 

interaction entre les facteurs est demontre significatif 
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3.8 Analys e e t methode pour repondre au deuxieme objecti f 

Cette etude a pour but de determiner la relation entre l'efficacite de la force a la roue, 

definie par MEF, MU et les chargements a I'epaule estimes par les moments articulaires 

(adduction, abduction, rotation interne et externe, flexion et extension dans le plan sagittal et 

horizontal). Pour chaque cycle de propulsion, la moyenne de MEF, de MU et de chaque 

moment sera calculee. 

3.8.1 Statistique s 

Le coefficient de correlation de Pearson (r) sera calcule pour toutes les combinaisons de 

MEF moyen-moment moyen et MU moyen-moment moyen. Une coiTelation sera 

consideree comme statistiquement significative lorsque p < 0.05. 

3.9 Analys e et methode pour repondre au troisieme objecti f 

Cette etude a pour but de determiner si I'orientation de la force a la roue, pour chaque sujet, 

est la direction optimale. Par le fait meme, il sera possible de determiner s'il y a possibilite 

d'augmenter l'efficacite de la force a la roue sans que la mise en charge a I'epaule soit 

considerablement augmentee. L'etude consiste a faire varier I'orientation d'une force 

donnee a la roue d'inefficace (MEF = 0 %; radiale) a totalement efficace (MEF = 100 %; 

tangentielle) par incrementation de 10 %. 

La force totale est obtenue par la somme vectorielle des forces agissant a la roue (voir 

section 1.4.1.2). En connaissant I'amplitude de cette derniere, il est possible de la 

redistribuer en nouvelles composantes x et ;̂  afin de dormer une nouvelle orientation de la 

force a la roue. Lorsque la force est orientee de fa9on tangentielle a la roue, I'angle (Figure 

3.8; 9) entre Fres et le rayon (Figure 3.8; r) est egal a 90° et G vaut 0° lorsque la force est 

orientee radialement. L'angle entre la force qui agit sur l'axe des x (Fx)  et le rayon (Figure 
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3.8; y) peut etre connu et ne changera pas pour differentes orientations de Fres. L'angle y est 

obtenu en soustrayant a a 180°. 

Figure 3.8 Representation  des  forces a  la roue agissant sur l'axe des x (Fx),  des y (Fy)  et 
la force resultante  (Fres). 

L'angle 0 est la somme des angles p et y et est forme par Fres et le rayon de la roue. Lorsque 
0 est 90°, la force resultante est tangente a la roue. Done, il est possible de modifier cet 

angle pour changer l'efficacite de I'orientation de la force a la roue. L'angle y est forme par 
Fx et le rayon, cet angle ne change par pour differentes orientations de Fres. L'angle (3 est 

I'angle entre Fres et Fx, il peut etre obtenu en soustrayant y a G. 

L'angle P peut etre module en imposant differentes valeurs a 0 (0 a 90°) et en soustrayant y 

a G. Connaissant I'angle P, il est possible de redistribuer I'amplitude de Fres  en nouvelles 

composantes Fx  et Fy.  La force agissant sur l'axe z fut negligee. Un aper9u de I'algorithme 

necessaire est presente a I'equation (3.21). 
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Pour 6  = 0:90 
Fx = Fres • cos(0 - y) 
Fy = Fres • sin(6' - /) 

Fres2 = ^ Fx^ + Fy" 
Ftan = Fx • sin(a) - Fy  • cos{a) 

MEF(d) =  Ftan' •  Fres2-' 

(3.21) 

Fin 

En affichant la courbe de MEF moyen en fonction de G, nous obtenons la Figure 3.9. A 

partir de cette figure, il est possible de determiner pour le MEF desire l'angle qui y 

correspond. 
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Figure 3.9 Graphique  demontrant Pevolution  de  MEF en  fonction de  0. 

Par la suite, le 9  correspondant servira a redistribuer I'amplitude de Fres  en nouvelles 

composantes Fx  et Fy (equation (3.22)). 

Fx = Fres • eos,{0 - y) 
Fy = Fres • sm{6 - y) 

(3.22) 
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Maintenant, nous avons de nouvelles composantes Fx  et Fy  avec le meme module que la 

force totale orientee initialement. Les nouvelles composantes Fx  et  Fy  serviront d'entrees, 

avec la cinematique originale, pour le modele de dynamique inverse. Nous obtiendrons done 

des forces et des moments articulaires pour differentes orientations de force a la roue de 

meme amplitude. 

3.9.1 Statistiques 

Les variables dependantes pour l'analyse seront la moyenne ainsi que le maximum moyen 

de chaque force et moment articulaire calcules pour chaque essai. Un test T pour variables 

dependantes sera effectue pour determiner si chaque variation de MEF (0 % MEF a 100 % 

MEF par incrementation de 10 %) a eu un effet significatif (p < 0.05) sur les variables 

dependantes lorsque comparees aux valeurs obtenues pour MEF initial. 

3.10 Analys e e t methode pour  repondre au quatrieme objecti f 

Comme il a ete possible de noter dans la litterature, aucun moyen quantitatif ne fut utilise 

pour classer les patrons de propulsion. Aissaoui et Arabi (2004) developperent une methode 

objective permettant de classer le patron de propulsion selon deux parametres spatiaux (Rl 

et R2) a partir de la cinematique de la main. Le premier ratio (Figure 3.10; Rl) se definit 

comme le rapport entre I'elongation de la surface couverte par la cinematique de la main 

(Figure 3.10; S-ConvHull) et I'aire totale parcourue par la main formant un rectangle (Figure 

3.10; S-Rect), ce dernier nous renseigne sur I'epaisseur geometrique du patron. Le 

deuxieme ratio (Figure 3.10; R2), quant a lui, est le rapport entre la surface couverte par la 

cinematique de la main (Figure 3.10; S-Polygon) et I'elongation de cette derniere (Figure 

3.10; S-ConvHull). Le parametre R2 nous renseigne sur la presence d'un croisement lors du 

mouvement de la main. 
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Figure 3.10 Calcul  de  Rl et  R2 en fonction de  la cinematique de  la main lors de la 
propulsion en  FR. 

(Tiree de Aissaoui et  Arabi (2004)) 

Source : Cette figure a ete tiree de la presentation de M. Rachid Aissaoui, M. Hossein Arabi, Fuzzy clustering 
of handrim  trajectory  during  wheelchair  propulsion  in  the  disabled  elderly,  dans le cadre du 3rd 
International congress  on  restoration  of  wheeled  mobility  in  sci  rehabilitation  state  of  the  art  III, 
Amsterdam, 2004. 

Les deux ratios possedent des valeurs variant de 0 a 1. Pour le premier ratio (Rl), plus la 

valeur tend vers 0, moins l'espace occupe par la trajectoire de la main est grand par rapport a 

I'aire totale. En se referant aux patrons decrits a la section 1.4.1.4, un patron ayant un Rl 

tendant vers 0 s'apparente a celui de pompage ou « arcing ». Pour le second ratio (R2), plus 

la valeur tend vers 1, moins il y a de points d'intersection entre les points de cinematique. 

Done, un patron ayant un R2 tendant vers 1 s'apparente au patron simple boucle (section 

1.4.1.4). 

Etant dorme que la geometric du patron est le centre d'interet, chaque patron fut normalise 

en le faisant pivoter autour de l'axe z afin que son point de depart soit au niveau de la ligne 

verticale. Done, tous les patrons qui avaient originalement une geometric semblable, mais 

dont Rl et R2 etaient differents dus a une position distincte sur la jante de la roue seront 

maintenant consideres comme equivalents. Chaque patron est associe a des forces et des 

moments de force articulaires ainsi que des parametres biomecaniques. 
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3.10.1 Statistique s 

L'analyse sera effectuee sur chaque cycle individuel independamment des sujets. Afin de 

classer les differents patrons, une methode par classification floue sera appliquee. Une 

classification floue a comme avantage, comparativement a une classification robuste, que le 

patron n'a pas a appartenir entierement a un groupe, mais bien au groupe qui le represente 

en plus forte proportion. La methode utilisee dans ce travail correspond a la classification de 

Gustafson-Kessel (GK). Cette derniere a comme avantage de s'adapter a la forme metrique 

des groupes en estimant la matrice de covariance de ces demiers et d'adapter la matrice de 

distance en consequence (Babuska et  al,  2002, ; Gustafson et Kessel, 1978). La 

classification permet d'imposer le nombre de groupes desire. Nous avons choisi de 

representer les patrons de propulsion selon quatre groupes. 

Apres la classification, chaque cycle de propulsion sera associe a un groupe (I a 4). 

L'analyse statistique consistera a regrouper tous les elements de chaque groupe, 

dependamment de la variable dependante choisie (ex. : moments d'adduction, d'abduction, 

etc.), et a effectuer une analyse de variance (ANOVA). Un test de Kruskal-Wallis sera 

utilise si les variables dependantes ne repondent pas a une distribution normale. Les 

variables dependantes choisies pour cette analyse sont la moyenne et le maximum de chacun 

des moments articulaires. Un effet significatif sera note lorsque p < 0.05. Une analyse de 

contraste sera effectuee sur une variable dependante trouvee significative. Un test de Mann-

Whitney sera utilise si la variable dependante trouvee significative n'est pas normalement 

distribuee. Un ajustement de Bonferroni sera applique pour contrer 1'inflation du a des 

comparaisons multiples. 



CHAPITRE 4 

MISE EN CONTEXTE DES ARTICLES DANS LA THESE 

Les chapitres 5 a 8 presenteront les articles qui ont ete rediges afln de repondre aux 

hypotheses et objectifs de recherche presentes a la section 2.2. La representation 

schematique des quatre articles par rapport a l'objectif principal et aux objectifs specifiques 

est presentee dans la Figure 4.1. 

Le premier article (1*̂" ^ objecti f specifique ) presentera les resultats concemant I'effet de la 

modification de l'angle d'assise sur les chargements soutenus par I'epaule lors de la 

propulsion en fauteuil roulant (FR). Dans cet article, neuf combinaisons de trois angles 

siege-dossier (95°, 100° et 105°) et de trois angles d'assise (0°, 5° et 10°) ont ete evaluees. 

Pour chaque combinaison d'angle d'assise, le moment moyen ainsi que le moment 

maximum lors de la phase de poussee furent compares. 

Maintenant que I'effet du positiormement sur les chargements a I'epaule est determine et 

sachant que le positionnement affecte fefficacite dc la force a la roue, le deuxieme article 

presentera la relation entre l'efficacite de la force resultante a la roue et les chargements a 

I'epaule estimes par les moments articulaires ( 2 ""̂  objectif specifique) . L'article avait pour 

objectif de determiner la correlation entre l'efficacite de la force a la roue, exprimee par la 

fraction mecanique de la force effective (voir section 3.6.6), et les moments articulaires lors 

de la phase de poussee pour une seule posture. 

Apres avoir determine la relation entre l'efficacite de la force resultante a la roue et les 

chargements a I'epaule chez une population agee, le troisieme article s'attardera a etablir, 

chez un meme sujet, I'impact d'une modification de l'efficacite de la force a la roue sur les 

chargements a I'epaule estimes par les forces et moments articulaires ( 3 "" objecti f 

specifique). Une simulation developpee au laboratoire permettra de modifier l'efficacite de 
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la force a la roue d'inefficace (radiale) a efficace (tangentielle) et de determiner I'effet sur 

les chargements a I'epaule par rapport a I'orientation initiale. 

Le quatrieme article vise a repondre au 4̂ "" objectif specifique concemant la relation entre 

le patron de propulsion et les chargements a I'epaule. Dans cet article, une methode de 

classification objective des patrons de propulsion sera presentee. Grace a cette 

classification, les chargements a I'epaule seront ensuite compares entre les differents 

patrons afin de determiner ce qui augmenterait ou diminuerait les chargements a I'epaule 

pour les memes conditions experimentales. 
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CHAPITRE 5 

ARTICLE 1 : THE EFFECT OF SYSTEM TILT AND SEAT TO BACKREST 
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Remarque: II est a noter que cet article a ete accepte pour publication le 12 juin 2006 dans 

la revue Journal of  Rehabilitation Research  and  Development. L'article a etc public dans le 

numero 7 du volume 43 aux pages 871 a 882 de la revue Journal of  Rehabilitation Research 

and Development. 
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5.1. Abstrac t 

The main objective of this study was to determine the effect of changing the system tilt 

angle (STA) and the seat to back rest angle (SBA) on the load sustained by the shoulder 

during manual 'wheelchair propulsion. Fourteen elderly subjects (68.2 ± 5.2 years old) •were 

recruited. A combination of tliree different STA (0, 5, 10 deg) and three different SBA (95, 

100, 105 degrees) "were randomly tested. The initial position of the wheel axle was kept 

constant with respect to the subject's shoulder position in each condition (horizontal: 4cm 

forward; vertical: 110-120° elbow extension). The load on the shoulder was estimated using 

the joint moments. The analysis did not reveal any significant differences among any 

shoulder moments (average and peak) for various STA and SBA combinations. Thus, 

changing the seating angle and keeping the wheel axle position in the same initial location 

maintained the shoulder load at the same level. The seating angle can be determined with 

the aim of user comfort and to modulate pressure at the seat interface to alleviate the 

problem of pressure ulcers without increasing the risk of overuse shoulder injuries. 

5.2. Ke y words 

Injuries, load, manual wheelchair, moments, positioning, propulsion, seat, shoulder. 
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5.3. Introductio n 

With the constant evolution in technology, wheelchair configuration and design have 

evolved over the years. From non-adjustable wheelchairs came customizable chairs that 

enable clinicians, designers and even users to modify the physical aspect of the wheelchair. 

Modifying seat position with respect to the wheel axle, cambering of the wheels, varying 

back seat heights or increasing handrim diameter are just some examples of the possible 

modifications in wheelchair technology. 

As stated by van der Woude et  al. (1989), optimum physical performance at low energy cost 

can only be achieved when the wheelchair-user configuration is optimal (seat position, 

wheel camber, handrim diameter, etc.). This implies that the configuration of the wheelchair 

has to be unique to each individual to obtain maximal performance-cost ratio. One of the 

primary determinants of propulsion performance, which influences the stability, rolling 

resistance and manoeuvrability of the chair, is the distribution of mass with respect to the 

wheel axle (Brubaker, 1986). A more rearward position of the center of mass in regards to 

the wheel axle is thought to increase the performance and postural control of the user 

(Bmbaker, 1986) and can be achieved by changing the seat position according to the wheel 

axle. 

It is well documented that the horizontal and vertical positions of the seat in regards to the 

wheel axle (and therefore the position of the center of mass) have a significant effect on the 

biomechanics of propulsion. Lower (100 to 120 degrees of elbow extension) and backward 

seat positions with respect to the wheel axle were associated with lower electromyography 

activity (Masse et  al,  1992), lower push frequency (Boninger et  al,  2000), higher push 

angle (Boninger et  al,  2000), lower rate of rise of push force (Boninger et  al,  2000), 

smaller elbow and shoulder motions (Hughes et  al,  1992), lower oxygen cost and higher 

mechanical efficiency (van der Woude et  al,  1989). Most studies based on these results 

agree that lower and backward seat positions seem more advantageous for the user, and that 
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an optimal wheelchair configuration could help reduce the risk of injuries to the upper 

extremities (Boninger et  al,  2000, ; Hughes et  al, 1992, ; Kotajarvi et  al, 2004, ; Masse et 

al, 1992, ; van der Woude et  al, 1989). In a recent study, Mulroy et  al. (2005) showed that 

a wheel axle placed 8 cm forward of the shoulder yielded a significant decrease in upward 

force around the shoulder. The authors (Mulroy et  al,  2005) stated that reducing upward 

force could possibly diminish impingement of subacromial structures, and thus a non-

optimal configuration of the wheelchair could increase the risk of developing shoulder 

injuries. Given the high prevalence of upper extremity pain and repetitive strain injury (31-

73%) reported by manual wheelchair users, especially around the shoulder (Bayley et  al, 

1987, ; Boninger et Cooper, 1999, ; Sie et  al,  1992), it is important to know the best 

configuration suitable for the user so that risks can be reduced. 

Different seating positions alter the propulsion technique of the user and thus, the 

biomechanics of propulsion (Masse et  al,  1992). Aissaoui et  al.  (2002) showed that tilting 

the seat by 10 degrees significantly increased the effectiveness (tangential component) of 

the propulsive force in a group of elderly impaired subjects. According to these results, 

users were more efficient during the push phase but the authors (Aissaoui et  al,  2002) did 

not estimate the load sustained by the shoulder (i.e. prime mover). Therefore, it would be 

interesting to see if different seat angles prove to be more or less demanding for users, 

especially around the shoulder, and could help optimize wheelchair configuration. The 

objective of this study is to determine the effect of varying the seat to backrest and system 

tilt angles on the load sustained by the shoulder during manual wheelchair (MWC) 

propulsion. 

5.4. Methods 

The data in the current study come from the same subjects and protocol of an earlier study 

(Aissaoui et  al,  2002). A summary of the experimental design and protocol will be 

presented here. 
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5.4.1. Participant s 

Fourteen elderly MWC users were recruited for this experiment (7 women and 7 men). The 

mean age of the group was 68.2 ±5.2 years old (a summary of the population characteristics 

is given in Tableau 5.1). The diagnosis among participants was paraplegia (N=3), 

tibial/femoral amputation (N=6), acute anterior poliomyelitis (N=4) and multiple sclerosis 

(N=l). To participate, subjects had to propel their MWC on a daily basis with their two 

hands; not have a history of pressure ulcer for more than one year; be able to propel the 

MWC on a distance of six meters under 30 seconds and give informed consent. The 

participants had a minimum duration of wheelchair use of one year. The experiment was 

approved by the Lucie Bruneau, Institut Universitaire de Geriatric de Montreal and The 

Ecole de Technologie Superieure ethical committees. 



Tableau 5.1 

Population characteristics (N = 14) 
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SI 

S2 

S3 

S4 

S5 

S6 

37 

S8 

S9 

SIO 

Sl l 

S12 

S13 

S14 

Mean 
(SD) 

Age 

68 

66 

66 

65 

60 

76 

64 

66 

69 

63 

77 

77 

69 

69 

68.21 
(5.22) 

Height 
(cm) 
142 

180 

163 

173 

173 

158 

163 

173 

168 

168 

168 

155 

158 

155 

164.07 
(9.87) 

Weight 
(kg) 

54.55 

85.91 

57.73 

77.27 

75.00 

83.18 

88.64 

90.91 

70.45 

50.00 

47.73 

52.27 

79.09 

52.27 

68.93 
(15.86) 

Gender 

F 

M 

M 

M 

M 

F 

F 

M 

M 

F 

M 

F 

F 

F 

Diagnosis 

Poliomyelitis 

Paraplegia TI2 

Bilateral tibial 
amputation 

Right condyle 
amputation 

Paraplegia T3 

Paraparesis 

Poliomyelitis 

Right tibial 
amputation 

Poliomyelitis 

Multiple sclerosis 

Right femoral 
amputation 

Right femoral 
amputation 

Poliomyelitis 

Femoral 
amputation 

5.4.2. Experimenta l desig n and protoco l 

The experimental design used is displayed in Figure 5.1, it is a friction roller cylinder. The 

average resistance force (Fr) applied to the roller was about 14 ± 4 N (Figure 5.1) and 

maximal power output was equal to 22.4 ± 1.1 W. The front wheels were locked onto the 

platform to ensure no displacement. All subjects were tested in the same custom-built 

wheelchair. The seat width was constant for all subjects but the seat depth was adjustable so 

there was two cm spacing between the back of the knee and the seat. The seat and backrest 
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of the wheelchair can move freely from one another, giving different angle combinations. 

For the experiment, three different system tilt angles (STA; 0, 5 and 10 degrees) with three 

different seat to backrest angles (SBA; 95, 100, 105 degrees) were used. Since the objective 

of the study was to determine v/hether seating angle has an effect on the biomechanics of 

propulsion, the horizontal and vertical position of the wheel axle with respect to the subject 

were kept constant. After setting the desired STA and SBA configuration, the height of the 

seat was determined when the elbow angle (9) ranged between 110-120 degrees, while the 

hand was positioned at the top dead center of the wheel (van der Woude et  al,  1989). The 

horizontal position of the seat (H) was set, in the same position, when the wheel axle 

reached 4 cm forward of the shoulder marker (Figure 1). Nine configurations (3 STA x 3 

SBA) were randomly tested twice. The participant had to reach a linear speed between 0.96 

and 1.01 m/s for the trial to be valid. An occupational therapist ensured that the velocity was 

maintained by giving verbal feedback to the participant. The linear velocity was monitored 

by a digital cycling computer (Bell-8, Cyclometer, Bell Sports, Canada). Each trial was 

followed by a four minutes rest period. 
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Seal 10 
backrest anj^lc 
(SBA) 

Figure 5.1 The  experimental  ergometer  is  displayed. 
The mechanism enabled us to obtain various seat to backrest angles (SBA) and system tilt 

angles (STA). The vertical (0) and horizontal (H) position of the wheel axle were adjustable 
and were set at 120° of elbow extension and 4 cm forward of the shoulder respectively. The 
positions of the markers are shown. The origin of the global coordinate system was place at 
the center of the wheel axle. A resistance force (Fr) of 14 ± 1 N was applied to the roller to 

create friction between the cylinder and the wheels. 

5.4.3. Kinematic and Kinetic measurement s 

To measure movements of the upper limbs, reflective markers, mounted on the right side, 

were placed onto the following anatomical landmarks (Figure 5.1) one on the forehead 

(Figure 5.1; 1), one on the right ear (Figure 5.1; 2), one on the right acromion (Figure 5.1; 

6), one on the lateral epicondyle of the right elbow (Figure 5.1; 7), one on each of the 
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styloid process of the ulna and the radius (figure 1, 8-9), one on each of the second and fifth 

metacarpophalangeal joints (Figure 5.1; 10-11). A rigid body with three reflective markers 

was placed on the sternum of each subject (Figure 5.1; 3-5). The three markers enabled us to 

define a coordinate system that takes into account the movements of the trunk. Three 

markers were placed on each of the three beams of the wheel and, finally (Figure 5.1; 13-

15), one on the center of the wheel (Figure 5.1; 12), to represent the origin of the global 

coordinate system. Kinematic markers were collected using a 3D motion analysis system at 

a sampling frequency of 60 Hz (Motion Analysis System). The absolute error of the three-

dimensional reconstruction of our system was found to be 2.5 mm (Aissaoui et  al, 1996). 

The forces and moments acting at the handrim level were collected using an instrumented 

wheel (SMART^^*"'"') at a rate of 240 Hz (Asato et  al,  1993). The wheel was mounted on 

the right side of the wheelchair. A regular wheel of wheelchair was placed on the left side 

and weights were added to ensure that both wheels had the same inertia characteristic. 

Kinetic and kinematic data were synchronized. When the subject reached a steady state of 

manual propulsion (0.96 - 1.01 m/s) for at least one minute, data were then collected for ten 

seconds. 

The origin of the global reference system was located at the center of the SMART '̂̂ '̂ *' 

(Figure 5.1). The x axis was oriented in the forward direction horizontally. The y axis 

contained the gravitational axis and was oriented in an upward direction, and the z axis was 

obtained by the right hand cross product. 

5.4.4. Dat a processin g 

The kinematic and kinetic data were filtered using a low-pass second-order Butterworth 

filter. The cut-off frequency of each kinematic marker and kinetic data was determined by 

an optimization procedure to minimize an objective function based on the autocorrelation 

between noise and information signal (Cappello et  al, 1996). 
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The loads on the shoulder were estimated by the joint moments. The inverse dynamic model 

used here is the one developed by Dumas et  al. (2004), which uses wrench formulation and 

quatemion algebra. The inverse dynamic described in Dumas et al. (2004) has the advantage 

of avoiding joint angles sequences calculation in order to determine joint forces and 

moments. The joint moments obtained are expressed in the reference system as defined by 

Cooper et  al.  (1999) and were referenced to the trunk. They correspond to adduction, 

abduction, intemal and external rotation, flexion and extension in the sagittal and horizontal 

planes (Figure 5.2). All the moments were normalized across the push phase for comparison 

purposes. The push phase or push cycle started when the moment around z axis (Mz) 

deviated by more than 5 % from the baseline (figure 3) and ended when Mz returned and 

remained under 5 % from the baseline (Cooper et  al,  1999). The numbers of push cycles 

included in the analysis were five consecutives cycles which met the criteria described 

above during the 10 seconds recording. The mean and peak of each shoulder moments for 

the five cycles were first computed and then averaged together to yield the mean and 

average peak for the trial. The same was repeated for the second trial. The mean and peak of 

both trials were averaged together. 

Flexion/Extension 
in the horizontal 

Internal/external 
rotation 

Flexion/Extension 
in the sagittal 
plane 

--' V  Abductio n / 
adduction 

Figure 5.2 The  reference system according  to  (Cooper  et al., 1999) is  defined. 
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5.4.5. Tempora l characteristic s 

The push angle was computed using kinematics. The start angle was defined as the angle 

between the center of mass of the hand at the begirming of the push cycle and the vertical 

(Figure 5.3). The hand center of mass was computed using the positions of the four markers 

of the hand and the coefficient given by Dempster (1955). The mid distance between the 

ulnar and radial styloid process so as between the 5̂ '̂  and 2" metacarpal joint were 

computed. After, the center of mass was located 0.506 % of the distance of the line joining 

the two mid points starting from the proximal part (i.e., mid point between the styloid and 

ulnar process). 

The end angle was obtained with the position of the center of mass of the hand and the 

vertical at the end of the push phase. The push angle was computed by adding the start angle 

and the end angle. The push angle was calculated for each five cycles of the trial and 

averaged together yielding an average push angle for the trial. The same was repeated for 

the second trial. Both trials were averaged together. 

The push frequency was computed for each trial and was defined as the number of push 

cycles over the trial of 10 seconds. The push frequency of the first and second trial was 

averaged together yielding a mean push frequency for each condition. 
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(a) 

Start nf lhc push 
phase 

(b) 

Recording time 

Figure 5.3 Temporal  characteristics. 
In (a), the moment about the hub (Mz) is depict and the dotted line represent the trigger (5 
% of the baseline) to determine the start and end of the push phase. In (b), the start angle 

(SA), end angle (EA) and the push angle (PA) are shown. 

5.4.6. Statistica l analysi s 

A two-way ANOVA with repeated measures was carried out using Statistica software (Stats 

Soft inc.). The significance level was set at p < 0.05. The two trials were averaged together. 

The two factors used for analysis were STA and SBA. The dependent variables were the 

means and peaks of the adduction, abduction, intemal and external rotation, flexion and 

extension in the sagittal and horizontal planes moments, the average push angle, as well as 

the average push frequency of each condition. The analysis was made to determine whether 

the STA and/or SBA adjustments had a significant effect on the dependent variables. 

Contrast analyses were performed when significant main factors were found. 
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5.5. Results 

5.5.1. Shoulde r joint moment s 

Figure 5.1 depicts time-series shoulder moments' components found for one elderly subject. 

Each curve represents a push cycle computed over one trial. The moments are expressed in 

the reference system described by Cooper et  al. (1999). 

(a) 

20 40 6 0 
% Pus h phase 

80 100 

(b) 

E/Jernali-) /  lr(iemal(-^) ro'atio n 

Flexion(-) /  Exlension(t) i n 
the tionzontai plane 

• : r s , ^ - - -

20 40 6 0 
% Pus h phase 

100 

Figure 5.4 Time  series shoulder  moments'  components  over  the push phase for one 
subject and  one trial (SBA: 95", STA: (f). 

In (a) the solid line represents the moments of Abduction (-) / Adduction (-) and the doted 
line represents the Flexion (-) / Extension (+) moment in the sagital plane, while in (b) the 
solid line depicts the Extemal (-) / Intemal (+) rotation moment and the doted line is the 

Flexion (-) / Extension (+) moment in the horizontal plane. 

5.5.2. Mean moment s 

The mean and standard deviations of each shoulder moment with respect to the seat position 

are given in Tableau 5.2. The highest average moments were found in flexion in the sagittal 

plane (9.88 Nm, STA = 5 deg., SBA = 95 deg.), internal rotation (4.75 Nm, STA = 0 deg., 

SBA - 100 deg.), flexion in the horizontal plane (2.91 Nm, STA = 10 deg., SBA = 100 deg.) 
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and adduction (2.44 Nm, STA = 5 deg., SBA = 105 deg.). The statistical analysis did not 

reveal any significant main effect or interactions between factors on any of the average 

shoulder joint moments. 

Tableau 5.2 

Means ± (SD) in Nm of the Adduction, Abduction, Internal rotation, Extemal rotation. 
Flexion, Extension in the sagital and horizontal plane moments for different STA and 

SBA, (N=14) 

STA 
(deg) 

0 

5 

10 

SBA 
(deg) 

95 

100 

105 

95 

100 

105 

95 

100 

105 

Adduction 

2.07 
(0.69) 

2.08 
(0.65) 

2.24 
(0.67) 

1.95 
(0.40) 

2.13 
(0.66) 

2.44 
(0.87) 

2.34 
(1.33) 

2.18 
(0.93) 

2,12 
(0.84) 

Abduction 

1.99 
(1.55) 

1.97 
(1.18) 

2.35 
(1.60) 

1.94 
(1.43) 

2.20 
(1.61) 

1.79 
(1.11) 

1.93 
(1.01) 

1.63 
(1.17) 

1.95 
(1.05) 

Intemal 
rotation 

4.43 
(1,84) 

4,75 
(2,03) 

3,98 
(1,75) 

4,30 
(1,76) 

3,96 
(1.69) 

4.18 
(1.91) 

4.39 
(1.92) 

3.94 
(1.94) 

4,35 
(1,84) 

External 
rotation 

0,74 
(0,77) 

0,74 
(0,72) 

0,82 
(0,62) 

0,69 
(0.42) 

1.19 
(0.84) 

0.75 
(0.46) 

0.84 
(0,53) 

1,17 
(1,03) 

1,07 
(0,41) 

Flexion 
in the 
sagital 
plane 
9,86 

(3,27) 

9,85 
(3,47) 

9,08 
(3,57) 

9,88 
(3,48) 

8,98 
(3,46) 

8,63 
(4.00) 

9.40 
(4.14) 

8,41 
(3.93) 

9,49 
(3,87) 

Extension 
in the 
sagital 
plane 
1.57 

(1,14) 

1.64 
(1,07) 

1,50 
(1,12) 

1,83 
(0,73) 

1,57 
(0,99) 

1.33 
(0.78) 

1.59 
(0,85) 

1.21 
(0.80) 

1.60 
(0,65) 

Flexion 
in the 

horizontal 
plane 
2.68 

(1.41) 

2.88 
(1.16) 

2,55 
(1,19) 

2.82 
(1,36) 

2.43 
(0.91) 

2,81 
(1.32) 

2,76 
(1.38) 

2,91 
(1,56) 

2,88 
(1.19) 

Extension 
in the 

horizontal 
plane 
0,65 

(0,28) 

0,39 
(0,22) 

0,77 
(0,52) 

0,54 
(0,40) 

0,93 
(0,83) 

0,55 
(0,35) 

0,75 
(0.45) 

0.85 
(0.61) 

0.67 
(0.58) 

5.5.3. Peak moment s 

The average peaks and standard deviations of all shoulder moments with respect to STA and 

SBA are displayed in Tableau 5.3. The highest peak moment computed were flexion in the 

sagittal plane (15.85 Nm, STA = 0 deg., SBA = 100 deg.), intemal rotation (7.47 Nm, STA 

= 0 deg., SBA = 100 deg.), flexion in the horizontal plane (4.90 Nm, STA = 10 deg., SBA = 
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100 deg.) and adduction (4.63 Nm, STA = 5 deg., SBA = 105 deg.). Modifications in the 

seat angle did not yield any significant main effect or interactions between the factors on 

any peak shoulder moments. 

Tableau 5.3 

Mean peaks ± (SD) in Nm of the Adduction, Abduction, Intemal rotation, Extemal 
rotation, Flexion, Extension in the sagital and horizontal plane moments for different 

STA and SBA, (N= 14) 

STA 
(deg) 

0 

5 

10 

SBA 
(deg) 

95 

100 

105 

95 

100 

105 

95 

100 

105 

Adduction 

3,97 
(1,20) 

3,99 
(1,22) 

4,08 
(0,89) 

3,79 
(0,67) 

3,98 
(0,80) 

4,63 
(1,64) 

4,24 
(1.74) 

4,10 
(1,56) 

3,82 
(1,31) 

Abduction 

3,40 
(2,60) 

3.46 
(2.06) 

3.97 
(2.64) 

3,24 
(2,36) 

3,63 
(2,39) 

3,02 
(1.90) 

3,41 
(1.77) 

2,73 
(2,05) 

3,38 
(1,83) 

Internal 
rotation 

6,89 
(2,62) 

7,47 
(3,12) 

6,16 
(2.56) 

6,77 
(2,73) 

6,13 
(2,44) 

6,51 
(2,85) 

6,98 
(3,07) 

6,21 
(3,12) 

6,85 
(2,89) 

External 
rotation 

0,86 
(0,75) 

0,85 
(0,81) 

1,06 
(0,96) 

0,84 
(0,60) 

1.66 
(1,34) 

0,93 
(0,66) 

1,00 
(0,55) 

1.45 
(1.31) 

1.33 
(0,55) 

Flexion 
in the 
sagital 
plane 

15,60 
(5,51) 

15,85 
(6,15) 

14,47 
(6.02) 

15.72 
(6,34) 

14,29 
(6.19) 

13,44 
(6,29) 

15,02 
(7,32) 

13,44 
(7,15) 

14,70 
(6,22) 

Extension 
in the 
sagital 
plane 

1,85 
(1.27) 

1,80 
(1,06) 

1,76 
(1,29) 

2,14 
(0,91) 

1,88 
(1,18) 

1,62 
(1,08) 

1,86 
(0,96) 

1,37 
(0,89) 

1,77 
(0,70) 

Flexion 
in the 

horizontal 
plane 

4,43 
(1.84) 

4,64 
(1,59) 

4,08 
(1.60) 

4.40 
(1.92) 

4,09 
(1,44) 

4,62 
(1,60) 

4,48 
(2,01) 

4,90 
(2,61) 

4,58 
(1.53) 

Extension 
in the 

horizontal 
plane 

0,92 
(0.51) 

0.56 
(0.32) 

1.14 
(0.94) 

0.82 
(0.67) 

1.51 
(1.48) 

0,83 
(0.64) 

1.23 
(0.76) 

1.31 
(1.03) 

1.03 
(1.03) 

5.5.4. Tempora l characteristic s 

The mean push angle was between 38.28 deg. (STA = 10 deg., SBA = 105 deg.) and 43.22 

deg. (STA = 0 deg., SBA = 100 deg.). A significant main effect was found in the push angle 

for the STA (F(2,26) = 4.91, p < 0.02) and SBA (F(2,26) = 4.42, p < 0.03). There was no 

interaction between the two factors (Tableau 5.4). Contrast analysis revealed that when 
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compare to 10 deg. STA, the 0 and 5 deg. STA increased significantly the total push angle 

for all SBA combined (Tableau 5.4). According to the analysis, a SBA of 105 deg. had a 

significantly lower push angle when compared to SBA 100 deg. for all STA combined. 

The mean push frequency varied from 1.11 push/sec (STA = 5 deg., SBA = 95 deg.) to 1.17 

push/sec (STA = 10 deg., SBA = 100 & 105 deg.). The mean push frequency for all 

positions was 1.16 push/sec (Hz). The analysis did not reveal any significant main effect or 

interactions betv/een factors in the push frequency for any combination of STA and SBA 

(Tableau 5.5). 

Tableau 5.4 

Average push angle ± (SD) for each STA and SBA 
configuration, (N = 14) 

STA (deg) 

0 

5 

10' 

' significant differences (p 
' significant differences (p 

SBA (deg) 

95 

100 

105'' 

95 

100 

105" 

95 

100 

105'' 

< 0.05) between STA 10 deg 
< 0.05) between SBA 105 dej 

Push angle (deg) 

41.74(11.01) 

43.22(11.61) 

40.54(8.19) 

43.21 (10.35) 

42.01 (9.26) 

39.91 (9.49) 

41.12(9.42) 

40.07 (8.38) 

38.28(10.66) 

md both 0 and 5 deg STA, 
and SBA 100 deg 



87 

Tableau 5.5 

Average push frequency ± (SD) for each STA and SBA 
configuration, (N = 14) 

STA (deg) 

0 

5 

10 

SBA (deg) 

95 

100 

105 

95 

100 

105 

95 

100 

105 

Push frequency (push/sec) 

1.15(0.46) 

1.16(0.38) 

1.12(0.41) 

1.11 (0.46) 

1.16(0.44) 

1.14(0.42) 

1.16(0.38) 

1.17(0.40) 

1.17(0.49) 

5.6. Discussion 

The purpose of this study was to determine whether modifying the wheelchair configuration 

would affect the load sustained by the shoulder. Our analysis did not reveal any significant 

changes in either average or peak shoulder moments. This suggests that subjects did not 

need to adjust their torque production around the shoulder to counter the changes in STA 

and SBA to maintain the same speed. One of the possible explanations why no significant 

differences were found in the shoulder moments for various seat angles could be that the 

initial horizontal and vertical positions of the wheel axle were kept constant with respect to 

the shoulder position in each condition. In the current experiment, the height vv'as set so that 

elbow extension was about 120 degrees which gives the highest mechanical efficiency (van 



der Woude et  al,  1989) and reduces shoulder torque (in the sagittal plane) (Richter, 2001) 

when compared to a higher seat position. In our study, the horizontal position of the wheel 

axle was located about 4 cm forward to the shoulder. This distance was chosen based on the 

biomechanical advantages reported in the literature of a forward axle position with respect 

to the shoulder (Boninger et  al. 2000, ; Brubaker, 1986). In addition, Gutierrez et  al. (2005) 

recently showed that a horizontal wheel axle position of 8 cm forward to the shoulder 

yielded significant lower peak activity of the propulsive muscles (i.e.: pectorialis major, 

anterior deltoid) and could reduce risks of shoulder muscles fatigue and injuries. 

The results of the aforementioned studies (Boninger et  al,  2000, ; Bmbaker, 1986, ; 

Gutierrez et  al,  2005, ; Richter, 2001, ; van der Woude et  al,  1989) suggest that the most 

important parameter in wheelchair positioning would be the location of the wheel axle in 

regards to the subject's morphology. Our results concur with these findings in (Boninger et 

al, 2000, ; Bmbaker, 1986, ; Gutierrez et  al, 2005, ; Richter, 2001, ; van der Woude et  al, 

1989), since the shoulder joint moments were not influenced by STA and SBA 

modifications. Therefore, one can modify the seat angle without compromising the 

musculoskeletal stmctures of the shoulder, nor increase the load sustained by the shoulder if 

the initial position of the wheel axle is kept constant to subject's morphology. Moreover, we 

believe that as long as the horizontal position of the wheel axle is located in front of the 

shoulder (i.e., 4 cm, 8 cm, etc.) and the height is between 110 to 120 deg. of elbow 

extension, the shoulder load would be minimized. Future studies are needed to test this 

hypothesis in which different axle positions should be evaluated. 

Changing the STA and/or SBA can be done with the aim of increasing the comfort of the 

user. Hirota et  al.  (2002) have shown that for an elderly population, the comfort is 

significantly higher for seat to back angle between 95 to 111° when compared to angles less 

than 94°. Those findings were also reported by Lacoste et  al.  (2003) who studied the use of 

power tilt/recline systems among 40 wheelchair users. The results showed that 97 % of the 

users surveyed utilized this system on a daily basis. The main reasons the users modified 
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their seating angle were to increase comfort and modulate the pressure at the seat interface. 

Tilting the seat backward would enable clinicians and users to modify pressure distribution 

at the seat interface by shifting the weight toward the back which would then reduce the 

pressure under the buttocks (Aissaoui et  al,  2001). Reduction of the pressure under the 

buttocks by modification of the seating angle could be helpful, along with other means (i.e., 

pressure relief cushions), in pressure ulcers prevention (Brienza et  al,  2001, ; Ediich et  al, 

2004). Pressure ulcers are frequent among wheelchair users, especially in the elderly 

population (Chen et  al, 2005). 

Aissaoui et  cd. (2002) stated that tilting the seat backward increases the fraction of effective 

force during the propulsion. The authors suggested (Aissaoui et  al, 2002) that as long as the 

direction line of the resulting force intersects the segment defined by the shoulder and 

elbow, the stress at the shoulder joint should be minimized. Our results support the 

aforementioned idea of Aissaoui et  al.  (2002) since the shoulder moments were not 

significantly increased when tilting the seat backward. This would suggest that tilting the 

seat enables the user to propel with a more efficient resulting force at the handrim without 

being more demanding for the shoulder. Higher propulsion efficiency without significantly 

increasing the shoulder load could imply a more optimal wheelchair configuration for the 

subjects studied here. 

Our analysis revealed that tilting the system by 10 deg. significantly decreased the push 

angle. However, the differences found here are small (~ 2 deg.) and could have been caused 

by measurement errors. To determine uncertainties on our angle measurements, a simple 

sensitivity analysis was performed. The Motion Analysis System used to determine the 

markers position has a reconstruction error of 2.5 mm (Aissaoui et  al,  1996). The analysis 

revealed an uncertainty of ± 0.5 deg. Our uncertainty, computed by kinematics, is lower 

than the one of the same angle when computed by kinetic measurements which could reach 

16 deg (Cooper et  al,  1997a). The significant differences found, in our study, in the push 

angle (~ 2 deg.) are four fold larger than the uncertainty of ± 0.5 mm. Therefore, the 
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sensitivity analysis made, suggest that the significant differences found in our push angle 

are consistent but small. These differences of about 2 degrees could be explained by less 

hand excursion near the end of the push phase yielded by a more recline position. 

Our analysis did not show significant changes for the push frequency. Samuelsson et  al. 

(2004b) tested 12 paraplegics and found a significant decrease in push frequency when 

tilting the system from 5 to 12 deg. for a speed of 0.8 m/s. However, their seat angles were 

accompanied by different vertical and horizontal axle positions, which have shown to affect 

the push frequency (Boninger et  al,  2000). The results of Samuelsson et  al.  (2004b) 

combine with those of our study suggest that the push frequency is affected more by 

variations in the position of the wheel axle than by STA or SBA angle. 

The main limitation in the current study is the use of the experimental ergometer and 

custom-built wheelchair as opposed to subject's own wheelchair. The seat width was not 

adjustable to the subjects which could have influence the propulsion style. However, the 

seat was large enough so each subject could fit and no major complaints about discomfort 

were reported. Therefore, we are confident that the experimental wheelchair represented as 

close as possible the actual subjects' chair given the constraints of our experimental 

procedure (i.e., axle position). Moreover, the custom wheelchair was used to test different 

seating angle which would have been difficult to accomplish with the user's own 

wheelchair. Since the wheels were fixed to the ergometer, subjects could not have 

experienced the possible instability yielded by changes in the seating angle. Even thought 

limitations arise from the experimental ergometer, it is still a useful and valid tool to 

evaluate a population with disabilities using MWC for locomotion (Martin et  al, 2002). 

The population studied in the current work consisted of MWC users over 65 years of age. 

This population was focused on because they represent the majority of the MWC population 

(Kaye et  al, 2000). The heterogeneity of the group was based on the fact that the diagnoses 

among the elderly MWC population vary widely and none is predominant (Kaye et  al. 



2000). Thus, the non-homogeneity of the group, in our view, is more representative of the 

population of wheelchair users over 65 years old. Moreover, studies have shown that only 

45 % of elderly MWC users in a nursing home were able to propel by themselves and the 

percentage of time they were observed propelling was low (~ 4 %) (Simmons et  al, 1995). 

This low propulsion rate was associated with muscle weakness and pain felt during the 

propulsion (Simmons et  cd.,  1995). Nichols et  al.  (1979) showed that more than 40 % of 

elderly MWC users complained of pain around the shoulder. Therefore, biomechanical 

studies of elderly MWC users are important to help maintain their independence level and 

prevent possible injuries. 

To our knowledge, no other study has measured shoulder joint moments in an elderly MWC 

group, however loads have been computed in other populations (spinal cord injury, athletes, 

and able bodied). A summary of these studies is presented in Tableau 5.6. Across all studies 

reviewed, the peak flexion and extension moments ranged from 3.9 (Koontz et  al, 2002) to 

43 Nm (Cooper et  al, 1999), the peak adduction and abduction moments from 2.3 (Cooper 

et al,  1999) to 31.1 (Koontz et  al,  2002) Nm, and the peak internal and extemal rotation 

moments from 0.4 (Lin et  al,  2004) to 31.9 (Koontz et  al,  2002) Nm. A closer look at 

Tableau 5.6 reveals a high variability among the different studies for the shoulder joint 

moments. This could be attributed to different velocities of propulsion, slopes, populations, 

friction, recording devices used (experimental ergometer, own wheelchair, pushrim force 

recording) and propulsion techniques. Our results are close to those of Veeger et  al.  (2002) 

who have used approximately the same speed (0.83 m/s) and power output (10 to 20 W). 

This suggests that shoulder moments would be more dependent upon the experimental 

procedure and design since both populations were different. Therefore, the various 

experimental settings, summarized in Tableau 5.6, make comparisons difficult between 

studies and limit the interpretation of the results to the specific experimental design and 

protocol used as suggested by Martin et  al. (2002). 
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Nevertheless, shoulder joint moments give insight into the load sustained by muscles during 

a specific movement and have been correlated with compressive and contact forces around 

the shoulder joint (Praagman et  al,  2000, ; Veeger et  al,  2002). Thus, shoulder joint 

moments can provide information on the relative demands of different situations or 

configurations on the shoulder. In this study, no significant changes in shoulder moments 

were noted for different wheelchair configurations. Although not studied here, the 

propulsion technique could have varied for different wheelchair configurations as suggested 

by Masse et  al.  (1992) and influenced the shoulder torque. Future work will try to establish 

the relationship between the propulsion pattern and the shoulder moments. 

5.7. Conclusio n 

Results from this study show that modifying the STA and SBA and keeping the wheel axle 

constant to the subject shoulder did not significantly increase shoulder joint moments in an 

elderly MWC group. Therefore, the wheelchair positioning can be determined according to 

user comfort in the wheelchair and to modulate the pressure at the seat interface without 

increasing the risk of developing shoulder injuries. The clinical appUcation of our findings 

are somewhat limited since keeping the wheel axle constant to the subject requires specific 

tools which are not always easily accessible to clinicians. However, the results reported here 

provide good bases for future work since we showed that keeping an axle position constant 

to the subject's shoulder gives a certain manoeuvrability to modify the seating of the user 

without increasing the shoulder load. This could lead to other research and would help 

optimize wheelchair positioning. 
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6.1. Abstrac t 

Objective: To determine the relationship between the resultant force at the pushrim and the 

net shoulder joint moments during manual wheelchair (MWC) propulsion in elderly persons 

Design: Convenience sample 

Setting: A motion analysis laboratory 

Participants: Fourteen older MWC users (68.2 ± 5.2 years old) were tested. 

Interventions: Kinematic and kinetic data were collected during MWC propulsion at a 

speed between 0.96-1.01 m/s for 10 s and at a power output around 22.4 W on a wheelchair 

ergometer. 

Main Outcome Measures: Net shoulder joint moments were computed with an inverse 

dynamic model. The mechanical use (MU) of the forces at the pushrim and the mechanical 

fraction of effective force (MEF) were measured during propulsion. 

Results: MU and MEF had a positive and significant correlation with the net intemal (p < 

0.05) and external (p < 0.001) shoulder rotation moment, the net flexion (p < 0.05) and 

extension (p < 0.001) moment in the sagittal plane, and the net flexion (p < 0.001) moment 

in the horizontal plane. 

Conclusions: The results suggest that as the resultant force at the pushrim has a greater 

tangential component and a greater proportion of the maximal voluntary force, the majority 

of the net moments around the shoulder is higher. Thus the optimal way of propelling, from 

a mechanical point of view (i.e., tangential), may not be advantageous for MWC users. 

6.2. Key words 

Effectiveness; forces; injuries; kinetics; load; propulsion; shoulder; wheelchair 
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6.3. Introductio n 

As reported in 2000 by the Disability Statistics Center of the United States, more than 

850,000 wheelchair users were over 65 years of age and used a manual wheelchair (MWC) 

as their prime mover (Kaye et  al,  2000). Simmons et  al.  (1995) showed that only 45% of 

elderly MWC users in a nursing home were able to propel their wheelchair by themselves. 

This low level of mobility was related to muscle weakness and pain around the upper limb. 

MWC propulsion has been associated with a high prevalence of pain and an increased risk 

(31-73%) of developing injuries in the upper extremities (Bayley et  al,  1987, ; Sie et  al, 

1992). This elevated prevalence could partially be explained by both repetitive and high 

loads imparted by MWC propulsion to the upper limbs. Using a musculoskeletal model, 

Veeger et  al.  (2002) showed that the rotator cuff muscles could reach up to 30% of their 

maximal isometric strength during the propulsive phase. The high solicitation of the rotator 

cuff muscles found in Veeger et  al.  (2002) were in accordance with Mulroy et  al.  (1996) 

who tested 17 subjects v/ith dynamic electromyography and found that the supraspinatus 

had a mean intensity of around 27%o of its maximal voluntary activity. The authors (Mulroy 

et al,  1996) also stated that the rotator cuff muscles were more susceptible to fatigue and 

injury due to their smaller volume when compared with other propulsive muscles (i.e., 

pectorialis major, deltoid, etc.). Moreover, a resultant force at the pushrim applied with a 

large radial component could increase the impingement of the subacromial stmctures of the 

shoulder (Boninger et  al, 2003). It could then be suggested that the direction of the forces at 

the pushrim may influence the injury mechanism around the shoulder. 

The tangent component (Ftan) is the only one which contributes directly to the forward 

motion of the wheelchair. The ratio of the tangent force and the resultant force (Fres) at the 

pushrim is called the fraction of effective force (FEF). The latter parameter gives an 

indication of the resultant force effectiveness at the pushrim, and generally does not exceed 

80%) among MWC users (van der Woude et  al,  2001). For an elderly population, Aissaoui 

et al.  (2002) showed, with an adapted version of FEF (Ftan^/Fres^) (Boninger et  al, 1997b), 
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that the ratio does not exceed 50%. 

Rozendaal et  al.  (2003) interpreted low force effectiveness during MWC propulsion as the 

best solution the body can come up with when confronted with the requirements imposed by 

the hand-wheel interface. With the objective of increasing the resultant force effectiveness, 

de Groot et  al.  (2002) showed greater biological cost in 10 able-bodied trained for higher 

FEF (90-97%) for the same external power output compared to 10 control subjects. Due to 

their experimental setup, de Groot et  al.  (2002) could not give information on the load 

sustained by the joints for the increased FEF. Veeger (1999) demonstrated with an inverse 

dynamic model that, when only an effective force vector (tangential) was used as input, the 

shoulder prime movers had to be heavily used when compared to the actual force vector 

(tangent and radial forces) used as input. However, a resultant force perfectly tangential to 

the pushrim can barely be seen as a possible situation for MWC users. As shown earlier, the 

tangent component hardly exceeds 80%o of the resultant force at the pushrim, even in 

wheelchair athletes. Van der Woude et  al. (2001) Nonetheless, the resuhs of de Groot et  al. 

(2002), Rozendaal et  al.  (2003), and Veeger (1999), suggest that users propelling a MWC 

with a more effective resultant force direction at the pushrim would have greater demand on 

the shoulder musculoskeletal stmctures. The results of the aforementioned studies were 

mostly based on young able-bodied or wheelchair users. No study has yet established the 

relationship between resultant force effectiveness and the load sustained by the shoulder in 

older wheelchair users altough they represent the majority of wheelchairs users (Kaye et  al., 

2000). The purpose of this study is to determine the relationship between the resultant force 

at the pushrim and the mechanical load sustained by the shoulder during MWC propulsion 

estimated by the net moments around the shoulder among older wheelchair users. 

6.4. Method s 

The data used in this work are derived from the subjects and protocol of an earlier study 

(Aissaoui et  al, 2002). A brief description of the experimental procedure is presented here. 



98 

6.4.1. Participant s 

For this experiment, a sample of 14 older wheelchair users (68.2 ±5.2 years) was recruited. 

A full description of the participants and the group characteristics are given in Tableau 6.1. 

The diagnoses among the participants were paraplegia (N=2), tibial/femoral amputation 

(N=6), acute anterior poliomyelitis (N=4), paraparesis (N = 1) and multiple sclerosis (N=l). 

To take part in the experiment, participants had to (I) be able to propel a MWC on a daily 

basis with their two hands; (2) not have a history of pressure sores for more than one year; 

(3) be able to propel the MWC for a distance of six meters under 30 s; and (4) give 

informed consent. All of the experiments were performed following the approval of the 

Lucie Bruneau, Institut de Geriatric de Montreal, and The Ecole de Technologie Superieure 

ethical committees. 

Tableau 6.1 

Population characteristics (N = 14) 

Age (y) 

Height (m) 

Weight 
(kg) 

Gender 

Diagnosis 

68.2 ±5.2 

1.64 ±0.1 0 

68.9 ± 15.9 

7 Females, 7 Males 

Poliomyelitis (N = 4), Lower limb 
amputation ( N = 6), Paraplegia (N -
2, T3 & T12), Paraparesis ( N = 1), 

Multiple Sclerosi s (N = 1) 
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6.4.2. Experimenta l desig n and data collectio n 

All subjects were tested in a custom built wheelchair (Figure 6.1). The seat width of the 

wheelchair was constant for all subjects whereas the depth was adjusted such that there was 

a 2 cm space between the back of the knee and the seat. The leg rests were adjustable to the 

participants' morphology so they were in the same position as in their own wheelchair. The 

chair was built such that the seat height and horizontal position of the wheel axle could be 

adjusted. In a static position with the hand at top dead center of the wheel, the seat height 

(Figure 6.1; 0) was determined when the elbow angle of the participant attained a value 

between 110-120° (180° represents full extension). In the same static position, the 

horizontal position of the seat (Figure 6.1; H) was set when the wheel axle reached 4 cm 

forward of the shoulder. The seat to backrest angle was 95° and the system tilt was 5° 

(Figure 6.1). The custom chair was mounted and fixed onto an experimental ergometer 

(Figure 6.1). The designed ergometer was a friction roller cylinder. An instrumented wheel 

(SMART^''^^') was mounted on the right side of the wheelchair to measure the forces and 

moments applied by the hand to the pushrim in three dimensions during propulsion (Cooper 

et al, 1997b). The left wheel was a regular wheel on which weights were added so that both 

wheels had the same inertial characteristics. The forces and moments were recorded at a rate 

of 240 Hz with a precision of 0.6 N for the forces and 0.6 Nm for the moments (Boninger et 

al, 1997b). 
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.GLAB 

Figure 6.1 The  experimental ergometer  is  displayed. 
The vertical (0) and horizontal (H) positions of the wheel axle were adjustable and were set 
at 120° of elbow extension and 4 cm forward of the shoulder, respectively. The positions of 
the markers are shown. The origin of the global coordinate system was placed at the center 

of the wheel axle. A resistance force (Fr) of 14 ± 1 N was applied to the roller to create 
friction between the cylinder and the wheels. 

To measure the movements of the upper limb, reflective markers were placed onto the 

following anatomical landmarks (Figure 6.1): one on the forehead (glabella; Figure 6.1; 

GLAB), one on the right ear (Figure 6.1; EAR), one on the right acromion (Figure 6.1; 

ACR), one on the lateral epicondyle of the right elbow (Figure 6.1; LHE), one on each of 

the styloid process of the ulna (Figure 6.1; SPU) and the radius (Figure 6.1; SPR), one on 

each of the second and fifth metacarpophalangeal joint (Figure 6.1; MCP2 & MCP5). A 

rigid body, with three reflective markers (Figure 6.1; TRKI, TRK2 & TRK3), was placed at 
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sternum level of the participants. The rigid body was fixed to the subjects by cuffs around 

the shoulders (Figure 6.1). The three markers enabled us to define a coordinate system that 

takes into account the movement of the trunk (Cooper et  al.  1999). Three markers were 

placed on each of the three beams of the wheel and, finally, one on the center of the wheel 

representing the origin of the global coordinate system. The positions of the markers were 

recorded by the Motion Analysis System at a sampling frequency of 60 Hz. The system had 

a spatial reconstmction error of 2.5 mm on the position of the markers (Aissaoui et  al, 

1996). 

The subjects were placed into the wheelchair and the latter was lowered until the back 

wheels barely made contact with the cylinder. Then, an average resistance force of 14 ± 1 N 

(Figure 6.1; Fr) was applied to the cylinder to create friction with the wheels. The resistance 

force applied yielded a maximal power output of 22.4 ± I.l W defined as the moment 

around the z-axis of the wheel multiplied by the angular velocity. The front wheels were 

locked onto the platform to ensure no displacement. After an adaptation period, tests began. 

The kinetic and kinematic recordings were synchronized and collected for 10 s when the 

participants reached a linear speed between 0.96 m/s and 1.01 m/s and maintained that 

velocity for one minute. An occupational therapist recorded the velocity on a cyclometer 

and gave verbal feedback if the speed was out of range. The measures were repeated a 

second time. A mandatory rest period of 4 min was given between each trial to prevent 

fatigue. 

The origin of the global reference system was located at the center of the SMART '̂̂ ^ '̂ 

(Figure 6.1). The x-axis was oriented in the forward direction horizontally. The y-axis 

contained the gravitational axis and was oriented in an upward direction, and the z-axis 

pointed outward laterally. 
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6.4.3. Dat a processin g 

The kinematic and kinetic data were filtered using a low-pass second order Butterworth 

filter. The cut-off frequency of each kinematic marker and kinetic data was determined by 

an optimization procedure to minimize an objective function based on the autocorrelation 

between the noise and the infonnation signal (Cappello et  al, 1996). 

6.4.3.1. Pushri m forc e measurement s 

The SMART^''*^' system enabled the authors to measure forces and moments acting at the 

pushrim in three dimensions (Fx, Fy, Fz, Mx, My, Mz).(Cooper et  al,  1997b) From the 

force vectors obtained, different components could be computed. The resultant force (Fres) 

at the wheel is the vector sum of the forces acting on the x (Fx), y (Fy) and z (Fz) axes. The 

tangent component (Ftan) of the forces around the wheel can be obtained by rotating the 

forces in the global frame into the wheel plane (eq. (6.1)) (Cooper et  al, 1997b). 

Ftan = Fx • sin(a) - Fy  • cos(a) • cos(/?) -i- Fz • cos(a) • sin(/?) (6.1) 

In eq. (6.1), a is the angle between the point of force application (PFA) on the pushrim and 

the horizontal, and (3 is the camber angle of the wheel which is 0 in the current experiment. 

The PFA was computed by the hand center of mass that corresponds to the coordinates of 

the pushrim. The hand center of mass was determined by the position of the four markers on 

the hand and the coefficient given by Clauser et  al.  (1969). The mid distances between the 

ulnar and radial styloid process and between the fifth and second metacarpal joints were 

computed. The center of mass was located at 0.506% of the distance of the line joining the 

two mid points starting from the proximal part (i.e., mid point between the styloid and ulnar 

process). 
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The mechanical fraction of effective force (MEF) gives an indication of the proportion of 

resultant force at the pushrim that directly contributes to propel the wheelchair and is 

obtained by: 

MEF = Ftan-lFres^ x 100 (6.2) 

The maximal voluntary force (MVF) was recorded before the first trial. The subject was in 

the wheelchair and elevated 5 cm above the ergometer and the wheels were blocked with 

nylon straps. A cable tangent to the right wheel was linked to a strain-gauge transducer.^ 

The subjects were asked to put his or her right hand at top dead center of the wheel and push 

forward progressively without any movement of the trunk for 5 s until they reached their 

maximum strength. The MVF measurements were repeated a second time with a two 

minutes rest between trials. The mechanical use (MU) is defined as this ratio: 

MU =  Fres/A'fVFxlOO (6.3) 

MU gives an indication of the magnitude of the resultant force at the pushrim when 

compared to the physical capacity of the subjects. MU is normalized between 0 and 100. 

6.4.3.2. Invers e dynamic mode l 

The model used to compute shoulder joint moments was the one developed by Dumas et  al. 

(2004) which uses wrench notation and quaternion algebra. The three upper limb segments 

were modeled as rigid bodies with the ball and socket joint linking them. The inverse 

dynamic model uses a recursive approach to estimate wrist, elbow, and then shoulder joint 

kinetics. The inputs for the model were the forces and moments acting at the pushrim, the 

kinematics of the right upper limb and the anthropometric measurements taken before the 

experiment. The moments acting at the pushrim (global, x-,y-,z-) were obtained from the 
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difference between the moments measured by the SMART*'" '̂"' and the moments created by 

the forces applied on the pushrim (Veeger et  al,  1991). The shoulder joint moments were 

first obtained in the global coordinate system and then expressed in the coordinate system 

described by Cooper et  cd.  (1999) and referenced to the trunk. The adduction/abduction 

moment was around the x-axis of the trunk coordinate system. The internal/external 

moment was around the longitudinal axis of the humems. The flexion/extension in the 

sagittal plane moment was around the z-axis of the tmnk reference system while the 

flexion/extension moment in the horizontal plane was around the vertical axis of the tmnk. 

6.4.4. Dat a analysi s 

The analyses were made only on the pushing part of the propulsion cycle. The push phase 

started when the torque around the wheel (Mz) deflected by more than 5% from the baseline 

and ended when Mz returned and stayed 5% from the baseline. Each push phase during the 

propulsion cycle has its own MEF, MU, and net shoulder joint moment's components. 

Thus, five consecutive push phases in each trial were taken for analyses. This procedure 

enabled the authors to analyse 135 push phases (5 push phases per trials x 2 trials per 

subjects X 14 subjects; kinetic of one trial of one subject was missing). For each of the 135 

push phases, the averages of MEF, MU, and net shoulder joint moments were computed. 

6.4.5, Statistica l analysi s 

All statistical analyses were carried out using Statistica Software.'' The Pearson product 

moment correlation (r) was computed to observe the relationship between the average 

pushrim parameters (i.e., MU and MEF) and the average of each of the net shoulder joint 

moments over the push phase. The correlation coefficients were computed on the absolute 

mean values of each net shoulder joint moments. Thus when the coefficient was positive, it 

meant that the net shoulder moment was increasing as a function of MEF or MU. The 

interpretation of the coefficients was through significance testing at p < 0.05. 
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6.5. Results 

Tableau 6.2 displays the average MU, MEF, and MVF for the population studied. The 

average MU was 17.8 ± 12.5% and MEF was 55.4 ± 18.3%. The average MVF for the 

population was 162.5 ± 77.1 N. 

Tableau 6.2 

Average and range of the biomechanical parameters at the 
pushrim (N=14) 

MU (%) 

MEF (%) 

MVF(N) 

Average ± SD 

17,8 ±12.5 

55.4 ±18.3 

162.5 ±77.1 

Range (min-max) 

5 - 6 1 

19-85 

59 - 322 

The average values of net shoulder joint moments are shown in Tableau 6.3. The highest 

average shoulder joint moments were flexion in the sagittal plane (5.2 ± 2.1 Nm), flexion in 

the horizontal plane (2.7 ± 1.3 Nm), adduction (2.0 ± 0.5 Nm), and intemal rotation (1.8 ± 

0.9 Nm). 
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Tableau 6.3 

Average net shoulder joint moments (Nm) for the population (n = 14) 

Average ± SD 

Abduction 

Adduction 

Internal rotatio n 

External rotatio n 

Extension i n the sagittal plan e 

Flexion in the sagittal plane 

Extension i n the horizontal plan e 

1.7 ±1. 1 

2.0 ±0. 5 

1.8 ±0. 9 

0.8 ± 0.5 

1.7 ±1. 2 

5.2 ±2. 1 

0.4 ± 0.4 

Flexion i n the horizontal plan e 2. 7 ± 1. 3 

6.5.1. Correlatio n analyses 

The correlation analysis performed between MEF and MU revealed a small but significant 

positive relation between both parameters (r = 0.269, p < 0.05). 

6.5.2. Ne t shoulder moment s 

The results of the correlation analysis between MU, MEF and the net shoulder moments are 

displayed in Tableau 6.4. Significant positive correlations were found between the mean 

MU and the mean adduction (r = 0.304, p < 0.001), extemal rotation (r = 0.512, p < 0.001), 

internal rotation (r = 0.199, p < 0.05), extension in the sagittal plane (r = 0.645, p < 0.001), 

flexion in the sagittal plane (r = 0.177, p < 0.05), and flexion in the horizontal plane (r = 

0.329, p < 0.001) moments. The mean abduction (r = 0.085, p = 0.329) and extension in the 
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horizontal plane (r = -0.041, p = 0.810) moments were not significantly correlated with 

mean MU. 

Tableau 6.4 

Correlation analysis results between MU, MEF and net shoulder joint moments 

Abduction 

Adduction 

Extemal rotation 

Internal rotation 
Extension in the sagittal 

plane 
Flexion in the sagittal plane 
Extension in the horizontal 

plane 
Flexion in the horizontal 

plane 

(n 
/-- values 

0.085 

0.304* 

0.512* 

0.199* 

0.645* 

0.177* 

-0.041 

0.329* 

MU 
= 14) 

p-values 

0.329 

< 0.001 

< 0.001 

<0.05 

< 0.001 

<0.05 

0.810 

< 0.001 

MEF 
(n = 

r-values 

0.036 

-0.109 

0.239* 

0.342* 

0.438* 

0.518* 

-0.285 

0.675* 

= 14) 

p-values 

0.682 

0.237 

< 0.001 

<0.05 

< 0.001 

<0.00I 

0.08 

<0.00I 

NOTE • significant correlation 

The analysis between MEF and the net shoulder joint moments revealed significant positive 

correlations with the average external rotation (r = 0.239, p < 0.001), internal rotation (r = 

0.342, p < 0.05), extension in the sagittal plane (r = 0.438, p < 0.001), flexion in the sagittal 

plane (r = 0.518, p < 0.001), and flexion in the horizontal plane (r = 0.675, p < 0.001) 

moments. The abduction (r = 0.036, p = 0.682), adduction (r = -0.109, p = 0.237), and 

extension in the horizontal plane (r = -0.285, p = 0.08) moments did not significantiy 

correlate with average MEF. As an example of the results, the relation between MEF and 

flexion in the sagittal plane moments and internal rotation moments are displayed as scatter 

plots in Figure 6.2. 
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Figure 6.2 Scatter  plots of  all subjects data  points (n  - 135). 
(a) flexion in the sagittal plane moment and (b) the intemal rotation moment versus MEF. 

The linear fitting lines are displayed in both figures. 

6.6. Discussion 

The purpose of this study was to determine the relationship between the resultant force at 

the pushrim and the mechanical load sustained by the shoulder during the push phase of 

MWC propulsion. The results showed that the push phases with greater mechanical fraction 

of effective force (MEF) at the pushrim so as greater mechanical use (MU) had higher net 

shoulder joint moments for the same speed and power output. It has been shown in the 

ergonomic domain that workers with repetitive tasks having greater force requirement are 

more at risk of shoulder injuries due to ovemse (Frost et  al,  2002, ; Leclerc et  al,  2004). 

Increasing the load sustained by the shoulder for the same external conditions could 

accelerate the apparition of muscle fatigue and lead to possible injuries (Koontz et  al, 

2002). Therefore, one could suspect that for an extended duration, propelling with a force 

direction close to mechanically optimal could be damaging for the musculoskeletal 

structures of the users. Moreover, a recent study (Mercer et  al,  2006) established a 

relationship between high shoulder loads and shoulder pathologies. In this study, the authors 

(Mercer et  al,  2006) demonstrated that subjects who had higher shoulder moments were 
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more likely to exhibit coracoacromial arch pathology on magnetic resonance imagery and 

discomfort during physical exam. 

In a recent study, Ambrosio et  al. (2005) tried to establish a relationship between the forces 

at the pushrim and torques around the shoulder. Their results showed no correlation between 

shoulder torque and the fraction of effective force. One reason that could explain the 

discrepancy between the results of Ambrosio et  cd.  (2005) and in our study is that their 

correlations were computed with isokinetic torques measured before and not during 

propulsion whereas in our study, the correlations were made with net shoulder moments 

measured during propulsion. 

In order to prevent fatigue, Arabi et  al.  (1999) recommended continuous use of a force 

under 30% of the maximal voluntary force (MVF). The mechanical use (MU) defined by 

the ratio of the resultant force and MVF, was on average, 17.8% in the current study. Thus, 

the elderly population studied here were propelling with a force at the pushrim that was 

lower than that recommended by Arabi et  al.  (1999) However, the correlation analysis 

revealed that the push phases with greater MU had higher net shoulder joint moments. 

Tableau 6.5 displays the average of net shoulder joint moments for subjects who propel with 

MU lower and higher than 30%. Even though only two subjects propelled with a MU 

greater than 30%o, their average net joint moments around the shoulder are mostly higher 

when compared to subjects propelling with MU under 30% for the same speed and extemal 

power output. These results cope well with the suggestion of Arabi et  al.  (1999) since 

higher mechanical load sustained by joints for the same extemal condition could accelerate 

the onset of fatigue. Because only two subjects propelled with MU > 30%, no statistical 

analyses between both groups for subjects' characteristics could be performed. The only 

two users who propelled with MU > 30% were older (76.5 years old), weighted less (65.5 

kg), were smaller (1.63 m), and had lower MVF (78.3 N) compared to those who propelled 

with MU < 30%) (66.8 years old, 69.5 kg, 1.64 m, 176.6 N). The diagnoses for both subjects 

propelling with MU > 30% were paraparesis and lower limb amputation. The low MVF 



could in part explain higher MU for both subjects who propelled with MU > 30% because 

they still have to apply a certain amount of force to move the wheelchair. However, this 

interpretation or any other inteipretation between MU and subjects' characteristics has to be 

verified on a larger number of subjects before any firm conclusion can be drawn. 

Tableau 6.5 

Average net shoulder joint moments (Nm) for subjects under 30 % MU 
and over 30 % MU 

Abduction 

Adduction 

Intemal rotation 

External rotation 

Extension in the sagittal plane 

Flexion in the sagittal plane 

Extension in the horizontal plane 

Flexion in the horizontal plane 

MU < 30% 
(n=12) 

1.6 

2.0 

1.8 

0.8 

1.6 

5.1 

0.6 

2.6 

MU > 30 % 
(n = 2) 

2.5 

2.3 

2.7 

1.6 

4.0 

6.2 

0.4 

3.8 

The correlation analyses made between MEF and MU revealed a correlation coefficient of 

0.269. The low correlation does not give valuable information and does not enable us to 

predict one parameter from the other. Thus, MEF and MU give distinct information and 

should be computed when evaluating wheelchair propulsion performance. MU gives an 

indication on the magnitude of the resultant force at the pushrim compared to the physical 

capacity of the user whereas MEF gives information on the effectiveness of the resultant 

force at the pushrim. 

The average mechanical fraction of effective force (MEF) was 55.4% for the population 

studied here. It is difficult to compare the MEF results in the current study with others 

because of the formulation used. First, the tangential component was obtained by rotating 
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the force vectors from the global plane into the wheel plane according to Cooper et  al. 

(1997b) This formulation takes into account the wrist moment and yields, in the view of the 

authors, a better estimate of the tangent force than the formulation with the moment around 

the hub. Second, the MEF parameter was computed by the ratio of the tangent force and the 

resultant force at the pushrim squared. This definition was used because it is normalized 

with respect to the amplitude of the resultant force (Aissaoui et  al,  2002). The elderly 

population in this study displayed greater effectiveness at the pushrim when compared to 

the spinal cord injured (SCI) population studied by Boninger et  al.  (1999) for the same 

speed (~ 1 m/s; MEF = 26%) and is almost equivalent to the one reported by Boninger et al. 

(1997a) on six wheelchair athletes (~ 52%). Thus the elderly population studied here 

displayed a good efficiency when compared to younger MWC users, suggesting a good 

independence and activity level. 

As it can be seen, almost half of the propulsive forces generated by the users does not 

contribute to the forward motion of the wheel. According to some authors, this low force 

effectiveness would be optimal given the constraints of the task (Rozendaal et  al,  2003, ; 

Veeger et  al,  1992, ; Veeger, 1999). However, de Groot et  al.  (2002) showed that it is 

possible to improve the effectiveness of propulsion by visual feedback of the forces at the 

pushrim. Still, they noted that as the subjects propelled with greater tangent component, the 

biological energy fumished (defined by gas expenditure) increased, reducing the gross 

mechanical efficiency. De Groot et  al.  (2002) suggested that the reduction of the gross 

mechanical efficiency could be in part due to the increased torque needed around the 

shoulder to maintain an effective force direction. The correlation analyses made in this 

study revealed a significant positive relationship with some net shoulder joint moments. The 

increase in the net shoulder moments in the sagittal plane is understandable since a force 

directed more tangentially to the pushrim increases the lever arm between the shoulder and 

the resultant force applied as suggested by Veeger et  al. (1992) What is interesting about the 

results in this study is the increase found in the moments acting to rotate and also flex the 

shoulder horizontally for a resultant force with a greater tangent component. This suggests 
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that to maintain a high force effectiveness throughout the push phase, the shoulder has to 

sustain a considerable amount of load in many directions which could be damaging in the 

long run. Our resuhs tend to confirm de Groot et  al.  (2002) suggestion that higher moments 

around the shoulder are needed to maintain an effective force direction. The shoulder 

moments estimated by the current model are net moments which are the sum of muscular 

and reaction moments. However, net shoulder joint moments have been shown to be good 

predictors of contact forces at the joint level (Praagman et  al,  2000, ; Veeger et  cd., 2002). 

Thus, one could suppose that augmentation in net shoulder moments would result in higher 

contact forces. The increase found in the moments at the shoulder also suggests an increase 

in muscular activity. The shoulder rotation moments may be harmful since these movements 

are accomplished by smaller muscles (i.e., rotator cuff) (Mulroy et  al,  1996). In this study, 

the strongest correlation for the rotation moments was found with the intemal one. 

Propelling with higher intemal rotation moments could induce an imbalance between the 

different muscles acting to rotate the arm both extemally and intemally. This imbalance 

could induce impingement of the shoulder (McMaster et  al, 1991). 

The limitations of the current study are mainly three fold: the experimental ergometer and 

custom chair used, the population studied, and MVF recordings. First, to record propulsion 

kinematics and kinetic in a controlled environment, an ergometer and custom chair had to be 

used instead of the subjects' wheelchair. Even though the seat width was not adjustable, all 

the subjects could fit in and no complaints about discomfort were reported. Moreover, the 

use of experimental ergometer has proven to be a useful and valid tool to study people with 

disability (Martin et  al,  2002). Secondly, the population studied here was composed of 

older wheelchair users and therefore the application of the results is limited to this 

population. Older MWC users were focused on because they represent more than half of all 

MWC users (Kaye et  al,  2000). Moreover, few studies characterized propulsion mechanics 

for older MWC users even though they have the same risk of developing shoulder problems 

as younger MWC users (Nichols et  al,  1979). Finally, top dead center of the wheel was 

selected to record the maximal voluntary force (MVF) to standardize test position between 
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subjects. MVF was recorded by a strain gauge rather than by the SMART*'̂ ^ '̂. A strain 

gauge was used to measure MVF because of the limitation imposed by the maximum 

recording capabilities of the SMART^'''^^' (±155 N). Thus, MVF is measured as a peak 

tangential force and could underestimate the actual MVF. Another limitation in this study is 

that the comparisons and analyses were made between different subjects and not across the 

subjects themselves. Therefore, it is impossible to determine, for a specific user, the actual 

impact of the load sustained by the joints during propulsion for different force effectiveness 

at the pushrim. Studies designed like the one by de Groot et  cd. (2002) and (Kotajarvi et  al. 

(2006) could be useful to determine the shoulder load for different force directions on the 

same subject. 

6.7. Conclusio n 

This study established a relationship between the effectiveness of the resultant force at the 

pushrim and the mechanical load as expressed by the net shoulder moments during MWC 

propulsion among older users. Although the population studied here is limited, the results in 

this study are in line with the view that the most optimal way of propulsion, from a 

mechanical point of view (i.e., tangent), may not be advantageous for the users, since net 

shoulder moments are augmented when propelling with a more efficient force at the 

pushrim. 

6.8. Supplier s 

a. RL20000B-150, Rice Lake Weighing Systems, Rice Lake, Wisconsin 

b. StatSoft, Inc. (2001). STATISTICA (data analysis software system), version 6. 

www.statsoft.com. 

http://www.statsoft.com
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7.1. Abstrac t 

The aim of this study was to determine, by simulation on real data, the effect of modifying 

the direction or effectiveness of a given force amplitude on the load sustained by the 

shoulder estimated by joint forces and moments. Kinematics and kinetics data were 

recorded on fourteen manual wheelchair users (68.2 ± 5.2 years) for ten seconds at sub-

maximal speed (0.96-1.01 m/s). The simulation consisted in modifying force effectiveness 

(MEF) at the pushrim while maintaining the same initial force amplitude. Shoulder kinetics 

were computed for simulated resultant forces from radial to tangent directions and also for 

initial force effectiveness. The results show that as the force was simulated tangent to the 

wheel, there was a significant increase in the average proximal and anterior shoulder joint 

forces. Also, significant increases in average intemal rotation, flexion in the sagittal and 

horizontal plane moments were reported. Higher shoulder kinetics could accelerate the onset 

of fatigue and increase the risk of injury. A single-case analysis revealed an improvement 

window for force effectiveness ( -10 %) in which shoulder kinetics were not substantially 

increased. Our results provide useful information on what would happen to shoulder 

kinetics if we were able to teach MWC users to modify their force pattern at the pushrim. 

The results suggest that for an elderly population, it is not wise to aim at producing a 

mechanically optimal resultant force at the pushrim (i.e., tangent). Smaller increases of the 

initial force effectiveness would be preferable. 

7.2. Inde x term s 

Effectiveness, Injury, Manual wheelchair, Propulsion, Shoulder kinetics. Simulation. 



116 

7.3. Introductio n 

Shoulder pathologies are the most common problems reported by manual wheelchair 

(MWC) users; they lead to major functional limitations (Sie et  al,  1992, ; Subbarao et  al, 

1995). The repetitive and high loads sustained during MWC propulsion are thought to be 

one of the possible causes of injury and pain to the shoulder. Sabick et  al. (2004) developed 

a ratio to assess demand at the joint during propulsion relative to its capacity to produce a 

moment. They noted that, at the shoulder level, the flexor and extemal rotator muscles had 

to produce the highest moment relative to their maximal capacity, which makes them more 

susceptible to fatigue. Muscle fatigue could increase the risk of shoulder injury (Koontz et 

al, 2002). Indeed, Mercer et  al.  (2006) reported a relationship between high shoulder 

kinetics during propulsion and shoulder pathologies. Individuals who propelled with higher 

shoulder forces and moments were more likely to have coracoacromial arch pathologies 

(Mercer et  cd.,  2006). Boninger et  al.  (2003) hypothesized that the direction or the 

effectiveness of the resultant force at the pushrim could influence shoulder load. Thus, 

establishing the relationship between the resultant force at the pushrim and the load 

sustained by the shoulder could give insight into injury mechanism around the shoulder. 

The forces exerted by the hand at the pushrim during MWC propulsion can be described 

into radial, axial and tangential components. The radial and axial components create friction 

between the hand and the pushrim so a tangent force can be applied (Vanlandewijck et  al, 

2001). The tangent force is the only component that contributes directly to the forward 

motion of the wheel. The ratio of tangent force and the resultant force at the pushrim gives 

an indication of the effectiveness of propulsion from a mechanical point of view. This ratio 

varies among the MWC population. For a young spinal cord injured population and 

wheelchair athletes, the tangent component represents between 50 and 80% of the resultant 

force (van der Woude et  al,  2001), whereas for an elderly population, it does not exceed 

50% (Aissaoui et  al, 2002). 
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The low force effectiveness found in MWC propulsion would be the best compromise given 

the constraints imposed by the user-wheelchair configuration (Rozendaal et  al,  2003, ; 

Veeger et  al,  1991). During the push phase, the hands of the users have to follow the 

circular path of the pushrim. The forces exerted by the hands do not influence the trajectory 

of the hands, which makes possible the application of non tangent forces at the pushrim and 

thus, it results in low task efficiency (Veeger, 1999). A greater tangent component for a 

same force magnitude would increase the moment around the hub, and would theoretically 

decrease the work needed for the same external power output. On the other hand, higher 

force effectiveness at the pushrim has been associated with higher physiological cost (de 

Groot et  al, 2002) and also higher shoulder loads (Desroches et  al, 2005). The results in de 

Groot et  al.  (2002) and Desroches et  al.  (2005) suggest that the force direction observed 

would be a balance between the biomechanical cost of propulsion and also the efficiency of 

the latter. However, they were based on comparisons between different subjects and not 

within subjects. It would be interesting to determine the impact on the load sustained by the 

shoulder if the subject had higher force effectiveness for the same extemal conditions (i.e., 

power output, speed) and resultant force magnitudes. Since it is almost impossible to 

achieve this kind of analysis in a standardized protocol, it is more appropriate to use a 

simulation study. The objective of this study was to perform simulation on real data, to 

determine the effect of modifying the effectiveness of a given force amplitude on the load 

sustained by the shoulder estimated by joint forces and moments. 

7.4. Method s 

7.4.1. Participant s 

Fourteen elderly subjects (68.2 ±5.2 years) who used manual wheelchairs (MWC) as their 

prime means of locomotion for at least one year volunteered for this experiment. A full 

description of the subject's characteristics is given in Tableau 7.1. The diagnoses among the 

participants were paraplegia (N=3), tibial/femoral amputation (N=6), acute anterior 
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poliomyelitis (N=4) and multiple sclerosis (N=l). To be accepted into the experiment, 

participants had to (1) be able to propel a MWC on a daily basis with their two hands; (2) 

not have a history of pressure sores for more than one year; (3) be able to propel the MWC 

on a distance of six meters under 30 seconds and (4) give informed consent. All of the 

experiments were made following the approval of the ethical committees of the Centre de 

readaptation Lucie Bruneau, the Institut de geriatric de Montreal and the Ecole de 

technologie superieure. 

Tableau 7.1 

Population characteristics, (N = 14) 

SI 

S2 

S3 

S4 

S5 

S6 

S7 

S8 

S9 

SIO 

Sll 

S12 

S13 

S14 

Mean 
(SD) 

Age 

68 

66 

66 

65 

60 

76 

64 

66 

69 

63 

77 

77 

69 

69 

68.2 
(5.2) 

Height 
(cm) 
142 

180 

163 

173 

173 

158 

163 

173 

168 

168 

168 

155 

158 

155 

164.1 
(9.9) 

Weight 
(kg) 
54.6 

85.9 

57.7 

77.3 

75.0 

83.2 

88.6 

90.9 

70.5 

50.0 

47.7 

52.3 

79.1 

52.3 

68.9 
(15.9) 

Gender 

F 

M 

M 

M 

M 

F 

F 

M 

M 

F 

M 

F 

F 

F 

7F, 7 
M 

Diagnosis 

Poliomyelitis 

Paraplegia T12 

Bilateral tibial 
amputation 

Right condyle 
amputation 

Paraplegia T3 

Paraparesis 

Poliomyelitis 

Right tibial 
amputation 

Poliomyelitis 

Muhiple sclerosis 

Right femoral 
amputation 

Right femoral 
amputation 

Poliomyelitis 

Femoral 
amputation 
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7.4.2, Experimenta l desig n 

A full description of the experimental design can be found in Aissaoui et  al. (2002). A brief 

description will be given here. The experimental ergometer used was a custom-built friction 

roller cylinder rather than a motor driven one (Figure 7.1). A modified wheelchair was 

installed on the ergometer and each subject was tested in that wheelchair. The seat width of 

the wheelchair v/as constant for all subjects. The depth was adjusted so that there was a 2 

cm space between the back of the knee and the seat. The leg rests were adjusted to the same 

position as the ones on the participants' wheelchair. The vertical position of the wheel axle 

was set at 120° of elbow extension when the subject's hand was at top dead center of the 

wheel in a static position (van der Woude et  al, 1989). The horizontal position of the wheel 

axle was set to 4 cm in front of the shoulder. The seat to backrest angle was 95° and the 

system tih angle was 5°. 
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Figure 7.1 Subject  propelling  on  the custom-built wheelchair  that  was  fixed to  the 
experimental ergometer. 

The white dots represent the markers' position. 

An instrumented wheel (SMART*"""'', Three Rivers Holdings LLC, Mesa, AZ) was 

mounted on the right side to measure the three-dimensional reaction forces and moments at 

the pushrim at a sample rate of 240 Hz (Asato et  al,  1993). The left wheel was a regular 

wheel on which weights were added so that both wheels had the same inertia characteristics. 

Reflective markers were placed on the right upper limb onto the following anatomical 

landmarks (Figure 7.1): one on the forehead (glabella), one on the right ear, one on the right 

acromion, one on the lateral epicondyle of the right elbow, one on the styloid process of the 

ulna and of the radius, one on the second and fifth metacarpophalangeal joint. A rigid body 

with three reflective markers was placed on the sternum of the participants. The three 

markers enabled us to define a coordinate system that takes into account movement of the 

tmnk (Cooper et  al,  1999). Three markers were placed on each of the three beams of the 

wheel and, finally, one on the center of the wheel, to represent the origin of the global 
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coordinate system. The positions of the markers were recorded with the Motion Analysis 

System at a sampling frequency of 60 Hz. Four cameras were used and dispose on an arc of 

170° on the right side of the subjects. The camera had a minimal distance from the 

experimental apparatus of 2 meters. The system had a spatial reconstruction error on the 

position of markers of 2.5 mm (Aissaoui et  al, 1996). 

7.4.3. Experimenta l procedur e 

The subjects transferred into the wheelchair and the latter was lowered until the back wheels 

barely made contact with the roller. Then, a resistance force of about 14 ± 1 N was applied 

to the cylinder, which yielded a maximal power output around 22.4 ± 1.1 W. The front 

wheels were locked to the platform to prevent any displacement. After an adaptation period, 

the test began. Subjects were asked to propel the wheelchair at a linear velocity between 

0.96 and 1.01 m/s. An occupational therapist recorded the velocity on a cyclometer (Bell-8 

Cyclometer, Bell Sports, Canada) and gave verbal feedback if the speed was out of range. 

When that speed was maintained for one minute, kinematic and kinetic recordings were 

synchronized and collected for ten seconds. The test was repeated a second time with a four 

minute rest period between both trials. 

7.4.4. Dat a processin g 

The kinematic and kinetic data were filtered using a low-pass second order Butterworth 

filter. The cut-off frequencies of each kinematic marker and kinetic data were determined by 

an optimization procedure to minimize an objective function based on the autocorrelation 

between the noise and the information signal (Cappello et  al, 1996). 



122 

7.4.4.1. Simulatio n 

The simulation consisted of changing the resultant force direction at the pushrim while 

maintaining its same magnitude, in computing the shoulder joint moments and forces. The 

resultant force (Fres)  at the pushrim is the vector sum of the forces acting on the x, y and z 

axis. The tangent component (Ftan)  of the forces at the pushrim is given by: 

Ftan = Fx • sin(a)- Fy  • cos(a) •  cos(s) -  Fz • cos(a) • sin(£) (7.1) 

where a is the angle formed by the point of force application (PFA) and £ the camber angle 

of the wheel, which is zero in the current experiment. The PFA was computed by the hand 

center of mass that corresponds to the coordinates onto the pushrim. The hand center of 

mass was determined with the position of the four markers on the hand and the coefficient 

given by (Clauser et  al,  1969). The midpoints between ulnar and radial styloid processes 

and between 5'*" and 2" metacarpal joints were computed. Then, the center of mass was 

located 0.506 % of the distance of the line joining the two midpoints starting from the 

proximal part (i.e., midpoint between the styloid and ulnar process). The mechanical 

effective force (MEF) is given as the ratio between Ftan  and Fres  squared (Boninger et  al. , 

1997a). 
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Figure 7.2 Graphical  display  of the different force components  (Fx,  Fy, Fres) at  the 
pushrim. 

9 is the angle betv/een the resultant force and the radius; it is the one that we modify to 
obtain new x and y force component, y is the angle between the x force and the radius; it 

remains constant for different resultant force direction. (3 is the angle form between Fres and 
the radius, it is obtained by subtracting y to 9. 

When a resultant force is applied tangent to the pushrim, the angle between the force vector 

and the radius is 90° (Figure 7.2; 9). When the resultant force is directed toward the radius 

this same angle would equal 0°. Thus, modifying the 0 angle can yield different MEF with 

the same initial force modulus (eq. (7.2)). 

NFx -  Fres  • cos{0 - y) 
NFy = Fres • sin(^ - y) 

(7.2) 

In equation 7.2, y is the angle formed by the force acting on the x axis and the radius (Figure 

7.2); it does not change for different Fres  directions and is obtained by subtracting a to 

180°. Thus, by varying 0 values from 90° to 0° we obtained different MEF values (Figure 

7.3). The simulation was made for MEF values starting with 0 %> (radial) to 100 % (tangent) 

MEF and incremented by steps of 10 %. The 9 angle that corresponded to simulated MEF 
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was calculated (Figure 7.3) and inputted into equation 6.2. Each frame of the resulting force 

vector was multiplied by the 9 angle to obtain the corresponding force vectors (NFx  & NFy, 

the force acting on the z-axis  was neglected). The new x and y  force vectors obtained for 

each simulation (eq. (7.2)) were inserted, along with the initial upper limb kinematics, 

moments at the pushrim and anthropometric data, into an inverse dynamic model to 

compute shoulder kinetics. 

30 60 
0 angle (degrees) 

Figure 7.3 Plot  of  MEF as  a function of  9 for one  subject. 
For the desired MEF, the angle 9 is found and then inputted into the equations to obtain the 

new X and y force components (NFx  and NFy). For example, if we wanted to simulate a 
MEF of 50 % 9 would have to equal 45 degrees; for 80 % MEF, 9 would be 63.5 degrees. 

7.4.4.2. Invers e dynamic mode l 

The model used to compute shoulder joint forces and moments was the one developed by 

Dumas et  al. (2004), which uses wrench notation and quatemion algebra. The inputs for the 

model were the forces and moments acting at the pushrim, the kinematics of the upper 
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limbs, and anthropometric measurements taken before the experiment. The moments acting 

at the pushrim (global, x-,y-,z-)  were obtained from the difference between the moments 

measured by the SMART**"*̂ "' and the moments created by the forces applied on the pushrim 

(Veeger et  al,  1991). The shoulder joint moments were expressed in the coordinate system 

described by Cooper et  al.  (1999) and referenced to the tmnk. They were: adduction and 

abduction, intemal and external rotation, flexion and extension in the sagittal and horizontal 

plane. The forces were also referenced to the trunk and described as: proximal and distal 

(longitudinal axis of the arm), anterior and posterior and medial and lateral. The joint forces 

computed represent the net forces of the arm acting on the scapular segment. Shoulder 

kinetics were computed for each simulation (n = II) and also for the initial condition (i.e. 

initial force direction). 

Analyses were made only on the pushing part of the propulsive cycle. The push phase was 

defined by the moment around the hub (Mz)  and it started when Mz  deviated by more than 

5% from the baseline and ended when it returned and stayed within 5%. Five consecutive 

push phases that met the above criteria were selected. The mean and peak of each shoulder 

joint force and moment over the push were computed for each push phase and were then 

averaged together yielding the mean and the average peak for the trial. The same procedure 

was repeated for the second trial. Then, both trials were averaged together. The above 

procedure was made for each simulation and the initial condition. 

7.4.5. Statistica l analysi s 

All analyses were done with Statistica software (Stat Soft Inc., Tulsa, OK). Student T-tests 

for dependent samples were carried out to determine whether significant differences (p < 

0.05) could be found in the mean and average peaks for shoulder joint forces and moments 

between the initial condition and each simulation. The Wilcoxon signed test with an alpha 

level at .05 was used if the sample was not normally distributed (Shapiro-Wilk; p < 0.05). 
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7.5. Result s 

The average initial MEF for the population was 55.3% with a standard deviation of 18.3%. 

The initial MEF data range from 19 to 85%. 

7.5.1. Simulatio n result s 

7.5.1.1. Shoulde r joint force s 

The results of the analysis for mean shoulder joint forces are displayed in Tableau 7.2. 

Significant increases for the average proximal and anterior force components were found for 

simulated forces tangent to the wheel when compared to the forces for the initial condition. 

In general, resultant forces simulated between 50 and 80% MEF did not yield significant 

differences from the initial average joint forces. 

When the resultant force was simulated to be 100% MEF, the peak medial and anterior 

shoulder forces were found to be significantly higher than the initial condition (Tableau 

7.3). For the proximal force component, forces simulated between 40 and 70% MEF yielded 

lower peak forces when compared to the initial force direction. Resultant force simulated 

between 40 and 70% MEF did not show significant differences compared to initial MEF in 

shoulder lateral, medial and anterior force components. 
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Tableau 7.2 

Average (SD) of mean joint forces at the shoulder during the push phase for the 
initial condition and for each simulation 

Initial 

0% MEF 

10% MEF 

20% MEF 

30% MEF 

40% MEF 

50% MEF 

60% MEF 

70% MEF 

80% MEF 

90% MEF 

100% MEF 

Proximal* 

19.7 (8.6) 

12.7(4.9)^ 

12.9(5.3)^ 

13.6(5.5) 

14.5(5.8) 

15.5(5.9) 

16.6(6.2) 

17.9(6.6) 

19.4(6.9) 

21.3(7.2) 

23.8(7.5) 

29.3(8.5)^ 

Lateral* 

2.3 (1.6) 

2.3 (0.9) 

2.4(1.2) 

2.5(1.2) 

2.6(1.3) 

2.7(1.3) 

2.8(1.4) 

2.9(1.4) 

2.9(1.5) 

3.0(1.6) 

3.2(1.6) 

3.4(1.7) 

Medial* 

5.8 (2.4) 

5.9(2.4) 

6.1 (2.0) 

6.2 (2.0) 

6.3 (2.0) 

6.3 (2.0) 

6.3(2.1) 

6.4 (2.2) 

6.4(2.3) 

6.5(2.5) 

6.5 (2.7) 

6.5 (2.9) 

Anterior* 

23.8 (8.9) 

8.7(3.2)^ 

11.4(3.7)^ 

13.5(4.3)^ 

15.5(4.7)^ 

17.7(4.9)^ 

19.9(5.0) 

22.2 (5.2) 

24.5(5.5) 

26.0(5.9) 

29.9(6.5)^ 

35.6(8.1)^ 
^Significant difference (p < 0.05) from the initial condition 
* Non-parametric sign test was used 
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Tableau 7.3 

Average (SD) of peak joint forces at the shoulder during the push phase for the 
initial condition and for each simulation 

Initial 

0% MEF 

10% MEF 

20% MEF 

30% MEF 

40% MEF 

50% MEF 

60% MEF 

70% MEF 

80% MEF 

90% MEF 

100% MEF 

Proximal* 

33.9(11.3) 

31.9(10.7) 

31.3(10.6) 

31.2(10.6) 

31.2(10.6) 

31.2(10.6)^ 

31.3(10.6)^ 

31.5(10.6)^ 

31.8(10.5)^ 

32.3(10.5) 

33.4(10.4) 

37.0(10.5) 

Lateral* 

3.9 (2.5) 

4.1(1.3) 

4.0(1.6) 

4.1 (1.7) 

4.2(1.8) 

4.3(1.9) 

4.4 (2.0) 

4.5(2.1) 

4.6 (2.2) 

4.8 (2.4) 

5.0 (2.4) 

5.6 (2.7) 

Medial* 

9,8 (4.0) 

11.0(5.0) 

11.1 (4.7) 

11.2(4.6) 

11.3(4.5) 

11.3(4.4) 

11.4(4.4) 

11.4(4.4) 

11.4(4.4) 

11.5 (4.4)'f 

11.5(4.4)^ 

11.4(4.5)^ 

Anterior 

31.5(11.8) 

21.7(7.5)^ 

24.7(7.3)^ 

26.1 (7.1) 

27.6 (6.7) 

29.1 (6.4) 

30.7 (6.2) 

32.4 (6.2) 

34.5 (6.4) 

37.1 (7.0)^ 

40.5(8.1)' 

47.6(11.5)^ 
^Significant difference (p <0.05) from the initial condition 
* Non-parametric sign test was used 

7.5.1.2. Shoulde r joint moments 

The results of the analysis for mean shoulder moments are displayed in Tableau 7.4. A 

resultant force simulated as 100% MEF yielded significant higher average shoulder intemal 

rotation, flexion in the sagittal plane and flexion in the horizontal plane moments. When the 

resultant force was simulated between 40 and 70% MEF, no significant augmentations or 

reductions in average abduction, external rotation and flexion in both planes moments were 

noted when compared to the initial condition. For adduction and internal rotation moments, 

a resultant force simulated between 70 and 90% MEF did not yield significant changes 

compare to the initial condition. 
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Tableau 7.4 

Average (SD) of mean joint moments at the shoulder during the push phase for the initial 
condition and for each simulation 

Initial 

0% MEF 

10% MEF 

20% MEF 

30% MEF 

40% MEF 

50% MEF 

60% MEF 

70% MEF 

80% MEF 

90% MEF 

100% 
MEF 

Adduction* 

1.3 (0.4) 

1.3(0.3) 

1.1 (0.3)t 

1.0(0.3)^ 

1.0(0.3)^ 

1.0(0.3)^ 

1.1 (0.3)^ 

1.1 (0.3)^ 

1.1(0.3) 

1.1(0.3) 

1.1 (0.4) 

1.5(0.7) 

Abduction * 

1.6(1.1) 

0.9 (0.7) 

1.4(0.8) 

1.6(0.8) 

1.7(0.8) 

1.7(0.8) 

1.7(0.8) 

1.7(0.8) 

1.7(0.8) 

1.6(0.8) 

1.5(0.8) 

1.1 (0.8)^ 

Intemal 
rotation * 

1.8(1.0) 

1.3(0.7)^ 

1.2 (0.7)t 

1.2 (0.7) •̂  

1.2(0.7)^ 

1.3(0.7)^ 

1.4(0.7)^ 

1.5(0.7) 

1.6(0.7) 

1.8(0.7) 

2.1 (0.7) 

2.8(0.7)^ 

Extemal 
rotation * 

0.7 (0.5) 

0.6(0.5) 

0.9 (0.6) t 

1.0 (0.6) •̂  

1.0 (0.5) t 

0.9(0.5) 

0.9 (0.5) 

0.8(0.5) 

0.8(0,5) 

0.8(0.5) 

0.7 (0.6) 

0.6 (0.5) 

Extension 
in the 

sagittal 
plane * 

1.1 (0.8) 

2.5(1.2)^ 

2.3(1.1)^ 

2.1 (l.O)f 

2.0(1.0)^ 

1.9(1.0)^ 

1.8(0.9)^ 

1.7(0.9)^ 

1.6(0.9)^ 

1.5(0.9)^ 

1.4(0.8) 

1.1 (0.7) 

Flexion in 
the 

sagittal 
plane * 

5.2 (2.2) 

2.0(1.1)^ 

2.9(1.3)^ 

3.3(1.4)^ 

3.7(1.5) 

4.1(1.5) 

4.4(1.6) 

4.8(1.6) 

5.3(1.7) 

5.8(1.8) 

6.4(1.9)^ 

7.6(2.3)^ 

Flexion 
in the 

horizontal 
plane 

2.6(1.3) 

1.3(0.4)^ 

1.4(0.5)^ 

1.5(0.4) 

1.7(0.5) 

1.9(0.5) 

2.2 (0.5) 

2.5 (0.6) 

2.8(0.7) 

3.2(0.7)^ 

3.7(0.8)^ 

4,7(1.0)^ 

'significant difference (p <0.05) from the initial condifion 
* Non-parametric sign test was used 

As for peak shoulder joint moments, a simulated resultant force at the pushrim of 90 and 

100%) MEF augmented significantly the intemal rotation and flexion in the horizontal plane 

moments (Tableau 7.5). The peak flexion in the sagittal plane moment was significantly 

increased when the resultant force was simulated tangent to the wheel. 
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Tableau 7.5 

Average (SD) of peak joint moments at the shoulder during the push phase for the initial 
condition and for each simulation 

Initial 

0% MEF 

10% MEF 

20% MEF 

30% MEF 

40% MEF 

50% MEF 

60% MEF 

70% MEF 

80% MEF 

90% MEF 

100% MEF 

Adduction* 

3.5 (0.8) 

3.0(0.9)^ 

2.8(0.9)^ 

2.7(0.9)^ 

2.6(0.9)^ 

2.6(0.9)^ 

2.5(0.9)^ 

2.5(0.9)^ 

2.5(0.9)^ 

2.5(0.8)^ 

2.6(0.8)^ 

2.9 (0.9) 

Abduction* 

2.5(1.7) 

1.6(1.1) 

2.3(1.3) 

2.6(1.3) 

2.7(1.3) 

2.8(1.3) 

2.8(1.3) 

2.8(1.3) 

2.7(1.3) 

2.6(1.3) 

2.5(1.2) 

1.7(1.2) 

Intemal 
rotation * 

2.6 (1.3) 

1.9(0.9)^ 

1.8(1.0)^ 

1.9(1.0)^ 

1.9(1.0) 

2.0(1.0) 

2.1 (1.0) 

2.3(1.0) 

2.5 (0.9) 

2.8 (0.9) 

3.1 (0.9)^ 

4.2(1.0)^ 
' Significant difference (p < 0.05) from the initial condition 
* Non-parametnc sign test was used 

Extemal 
rotation* 

0.9 (0.8) 

1.4(1.1) 

1.6(1.1)^ 

1.7(1.1)^ 

1.7(1.1)^ 

1.6(1.1)^ 

1.6(1.1) 

1.6(1.1) 

1.5(1.1) 

1.5(1.1) 

1.4(1.0) 

1.1(1.0) 

Extension 
in the 

sagittal 
plane* 

2.1 (1.7) 

4.5(1.9)^ 

4.2(1.8)^ 

4.0(1.8)^ 

3,8 (1.8) t 

3.7(1.7)^ 

3.5(1.7)^ 

3.3(1.7) + 

3.1 (1.6) + 

2.8(1.6) + 

2,6(1.5) 

1,9(1,3) 

Flexion in 
the sagittal 

plane* 

7.9 (3.4) 

3.1 (1.8)+ 

4.4(2.0) + 

5.1 (2.1) + 

5.7(2.2) + 

6.3 (2.3) 

6.4 (2.9) 

7.5 (2.6) 

8.1 (2.9) 

8.8(3.1) 

9.7(3.4) 

11.6(4.1) + 

Flexion in 
the 

horizontal 
plane* 

4.1(1.7) 

2.9(1.0) 

3.4(0.9) 

3.6(0.9) 

3.8(0.9) 

4.0(0.9) 

4.2 (0.8) 

4.5(0.8) 

4.8(0.8) 

5.2 (0.9) + 

5.8(1.1) + 

6.9(1.7) + 

7.5.1.3. Singl e case analysi s 

In this section, we wanted to show what would happen to shoulder kinetics if a user having 

initially an inefficient resultant force at the pushrim was trained to be more efficient. Figure 

7.4 (a-c) depicts the time-series of the main shoulder forces and Figure 7.4 (a-d), the time 

series of the main shoulder moments for the different simulations. The subject initially 

propelled with a MEF of 22%. When the forces at the pushrim were simulated to be tangent 

to the wheel (100% MEF), the mean anterior/posterior force augmented by 92% and the 

mean proximal/distal force by 70%, while the mean medial/lateral shoulder joint force 

decreased by 33%. For shoulder joint moments, a resultant force simulated tangent to the 

wheel resulted in an increase of 11% for the average adduction/abduction moment, 124% 
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for the average intemal/extemal moment, 71% for the average flexion/extension in the 

sagittal plane moment and 189% for the average flexion/extension in the horizontal plane. 

What is interesting to note in the graphics is that a slight augmentation of the initial MEF 

around 10% would not have markedly increased shoulder forces nor moments, since these 

still remained within the standard deviation of forces and moments obtained from the initial 

force direction at the pushrim. 

(b) 
Prox(-^) / Dist(- ) 

^0 6 0 
Push phase (% ) 

(a) 
Ant(-^) / Post(- ) 

i d 4 0 6 0 8 0 
Push phase (% ) 

• 0%Mt F 
• rOV . MF.F 
• do * MEF 
A 60% MEF 
* 6C % MEF 
• tr/y * MFF 

(C) 
Mecl(+) / Lat(- ) 

40 6 0 
Push phase (% ) 

80 10 0 

Figure 7.4 Time  series force components  for one  subject who  had an  initially inefficient 
resultant force direction  (MEF-22  %)  at the pushrim. 

In (a) the solid line depicts the anterior(+)/posterior(-) force over the push phase obtained 
from the initial force direction, the grey shaded area showing the standard deviations. The 

other lines each represent the moments obtained from a simulation. The proximal(+)/ 
distal(-) force is shown in (b) and the lateral(+)/medial(-) force in (c). 
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Figure 7.5 Time  series moment  components  for one  subject who  had an initially 
inefficient resultant  force direction  (MEF  -22 %)  at the pushrim. 

In (a) the solid line depicts the adduction(+)/abduction(-) moment over the push phase 
obtained from the initial force direction, the grey shaded area showing the standard 

deviations. The other lines each represent the moments obtained from a simulation. The 
intemal(+)/external(-) rotation moment is shown in (b), the extension(+)/flexion(-) moment 

in (c) and the extension(-F)/flexion(-) moment in the horizontal plane in (d). 

7.6. Discussion 

The results of the simulation study showed that a force oriented tangent to the wheel 

significantly increased simulated shoulder kinetics during manual wheelchair propulsion 

(MWC). This suggests that regardless of the actual amount offerees applied at the pushrim, 

the resultant force direction has an important impact on the load sustained by the shoulder. 

Our results are in line with those of Veeger (1999), who showed with an analytical model an 
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increase in muscular activity for a resultant force tangent to the wheel. De Groot et  al. 

(2002) demonstrated an augmentation in the physiological cost for subjects who propelled 

with higher effectiveness at the pushrim. The higher physiological cost found by de Groot et 

al. (2002) was hypothesized to have resulted from the increase in torque around the 

shoulder needed to produce a force tangent to the wheel. Our results support de Groot et  al. 

(2002) findings since simulated shoulder kinetics were augmented when the force was 

simulated to be tangent to the wheel. Boninger et  al. (2003) suggested that a reaction force 

at the pushrim with greater radial component would increase the upward force acting along 

the humerus, a probable cause of shoulder impingement. The results of our simulation 

reveal that the proximal force component increased as the force was simulated tangent to the 

wheel and not radial. This could be due to the higher demand exerted on shoulder flexor 

muscles. As our results show, a force simulated tangent to the wheel yielded a higher 

flexion moment at the shoulder. This suggests that the flexor muscles would have to be 

more active to maintain the tangent force direction. Increased activity of the flexor muscles, 

more specifically of the anterior deltoid, could induce an upward gliding of the humeral 

head resulting in a higher proximal shoulder force component (Mulroy et  al, 1996). 

In a recent study, Mercer et  al.  (2006) established a relationship between high shoulder 

loads and the risk of shoulder pathologies. In this study (Mercer et  al,  2006), subjects who 

had higher shoulder kinetics were more prone to shoulder pathologies. Mercer et  al.  (2006) 

stated that higher proximal force and internal rotation moment would both contribute in 

different ways to impingement of the shoulder and would increase the risk of shoulder 

injury. A higher proximal force component would induce an upward movement of the 

humeral head toward the acromion process (Koontz et  al,  2002, ; Kulig et  al,  1998). This 

would reduce the subacromial space and compress the soft tissues (i.e. muscles, ligaments, 

and bursa) which could lead to impingement. Propelling with higher internal rotation than 

external rotation might induce muscle imbalance and also increase the risk of shoulder 

impingement (McMaster et  al, 1991). In the population studied here, the average simulated 

proximal force and the peak and average simulated intemal rotation moments were 
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significantly higher when the force was simulated to be tangent to the wheel, while the 

simulated external rotation moment stayed the same. This suggests that propelling with an 

effective force at the pushrim (tangent) could be harmful for users and should not be 

encouraged. 

In the current study, average initial MEF was used to asses MWC propulsion mechanics. 

The MEF gives an indication on the proportion of the resultant force that actually 

contributes to the forward motion of the wheelchair. Mean MEF has the advantage over 

peak MEF that it gives information on the performance of the users over all the push phase 

and not only on single point in time. Moreover, peak MEF across all subjects often reached 

values close to 100%. Using peak MEF to measure wheelchair propulsion mechanics could 

overestimate the overall performance of the user. For our sample in general, it seems that a 

simulated MEF between 40 and 80% would not substantially increase shoulder kinetics 

when compared to shoulder forces and moments resulting from the initial MEF. However, a 

more individual approach should be taken since there is a big discrepancy, as shown by the 

standard deviation (± 18.3%) and range (19-85%), in average MEF. The MEF standard 

deviation is a bit higher but not as different as others reported in the literature. In a review of 

different studies that have reported MEF values, Vanlandewijck et  al.  (2001) revealed 

standard deviation ranging from 4 to 14% for groups of able bodied, MWC users and 

athletes. The high variability found in MEF in the current study could not be attributed to 

the heterogeneity of our population because the lowest (19%) and highest (85%) MEF 

values were for subjects who had the same diagnosis (poliomyelitis). Rozendaal et  al. 

(2003) suggested that the preferred force direction is aimed at maximizing the mechanical 

effect of propulsion while minimizing the musculoskeletal cost. Thus, force direction would 

be based on the individual user's physical capacity which could explain the high MEF 

variability found here. The single-case analysis revealed that for a subject who was initially 

inefficient (22% MEF), a force simulated tangent to the wheel yielded major increases in 

shoulder kinetics (up to 189%)). However, as seen in Figure 7.4 and Figure 7.5 a slight 

improvement around 10% of his initial MEF would not have resulted in substantially higher 
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simulated shoulder kinetics. This suggests that for the same arm pattem, there exists an 

'improvement window' in the force effectiveness. The subject would be more efficient 

during propulsion without augmenting markedly the load sustained by the shoulder. Higher 

propulsion efficiency would decrease the total amount of forces needed at the pushrim, 

since the latter would contribute in greater measure to forward wheelchair motion (Boninger 

et al, 1997b). Less force at the pushrim would resuh in a reduction of the load sustained by 

the joints. Consequently, it would seem important to teach or train users to produce a more 

efficient force at the pushrim, but within the physical limits of each individual. As shown 

earlier, a force tangent to the wheel increases simulated shoulder kinetics. Focusing on 

small improvements of force effectiveness could be beneficial for the users, as it would 

increase the mechanical performance of propulsion without exerting a higher demand on his 

joints. 

The 'improvement window' found in this study could be useful in clinical practice if 

training methods for force production at the pushrim were available. Visual feedback of the 

forces at the pushrim has proven to increase propulsion effectiveness among non wheelchair 

users (de Groot et  al,  2002) but it was not successful for experienced MWC users 

(Kotajarvi et  al,  2006). The visual information displayed by de Groot et  al.  (2002) and 

Kotajarvi et  al.  (2006) was the ratio between the tangent and the resultant forces which 

varies between 0 and 1. Maybe other visual information, such as the angle of the resultant 

force with respect to vertical (0-90 degrees) would yield better results for training subjects. 

Also, adding proprioceptive feedback to visual information of the forces could help train 

MWC users to change their force production at the pushrim. Future studies will focus on 

this aspect. The ability to teach new and experienced MWC users on how to produce forces 

at the pushrim could be useful for clinicians in managing the load sustained by joints and 

prevent injuries. 

The population studied in the current work consisted of elderly MWC. This population was 

focused on because they represent the majority of the MWC population (Kaye et  al, 2000). 
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The heterogeneity of the group was based on the fact that the diagnoses among the elderly 

MWC population vary widely and none is predominant (Kaye et  al.,  2000). Thus the non-

homogeneity of the group is, in our view, more representative of the population of elderly 

wheelchair users. Moreover, studies showed that only 45% of elderly MWC users in a 

nursing home were able to propel by their own power (Simmons et  al,  1995). This low 

propulsion rate was associated with muscle weakness and pain felt during the propulsion 

(Simmons et  al, 1995). Nichols et  al. (1979) showed that more than 40 % of elderly MWC 

users complained of pain around the shoulder. Therefore biomechanical studies of elderly 

MWC users are important to help maintain their independence level and prevent possible 

injuries. 

The simulation study done here does have a few limitations. All the subjects were tested in 

the same wheelchair. The seat width was not adjustable to the subjects which could have 

influenced the propulsion style. However, the seat was large enough so each subject could 

fit and no major complaints about discomfort or instability were reported. Therefore we are 

confident that the experimental wheelchair represented as close as possible the actual 

subjects' chair given the constraints of our experimental procedure (kinematics and kinetics 

recordings). The force acting latero-medially (Fz)  at the pushrim was neglected. This could 

explain why only small variations were noted for adduction/abduction moments and the 

latero/medial shoulder force component. However, a visual assessment of initial forces at 

the pushrim applied by our population shows that the latero/medial force was of low 

amplitude compared to other forces and thus it was deemed negligible for the simulation. 

Moreover, since there was no camber angle, the force on the z-axis did not influence the 

tangent force. The simulated effectiveness of the resultant force during the push phase was 

constant which is rarely the case in real propulsion. At the start of the push phase, the 

resultant force at the pushrim has a low effectiveness and increases as the hand reaches top 

dead center, and then gradually decreases until the end of the push phase. Experiments in 

which different resultant force effectiveness would be simulated depending on the 

percentage of the push phase could help determine whether an "ideal force pattem" exists. 
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This could lead to specific training programs aimed at teaching how to propel with a more 

effective force at the pushrim without substantially increasing the load sustained by the 

shoulder. The upper limb kinematics were the same across the different simulations. It is 

safe to say that major modifications in force production at the pushrim would alter upper 

limb kinematics. However, we believe that small increases in force effectiveness would not 

result in major changes in propulsion pattern. Shoulder kinetics obtained here were 

simulated making it difficult to apply the results to real life condition. However, simulations 

have been widely used for determining muscles forces (Lin et  al,  2004, ; Veeger et  al, 

2002) and torques (Richter, 2001) and are generally accepted. Thus it is irhportant to bear in 

mind that the results presented here are simulated. 

In spite of its limitations, our simulation study v/as the only method that could help to 

determine in a satisfactory way the impact on the load sustained by the shoulder for 

different force effectiveness at the pushrim for a single subject. Our results provide useful 

information on what could happen to shoulder kinetics if we were abl6 to teach elderly 

MWC users to modify their force pattem at the pushrim. However, no information could be 

obtained conceming muscles excitation pattems for different force direction. This aspect 

should be investigated in future work and would enable us to have more information on 

propulsion mechanics and propose more robust training strategies. Still, the results 

presented here suggest for an elderly population, that it would not be wise to aim at 

producing a mechanically optimal resultant force at the pushrim (i.e. tangent). Smaller 

increases of the initial force effectiveness would be preferable. As shown earlier, an 

'improvement window' seems to exist that would allow elderly subjects to be slightly more 

efficient without substantially increasing the load sustained by the shoulder and, by the 

same token, the risk of shoulder injury. 
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8.1 Abstrac t 

Objective. The purpose of this study is to establish the relationship between propulsion 

pattems and net shoulder joints moments during manual wheelchair (MWC) propulsion 

among older MWC users. 

Design. Kinematics and kinetics data were recorded from fourteen older users (68.4 SD 5.2 

years old) propelling at submaximal speed (~ 1 m-s'') on a ergometer. Propulsion pattems 

were classified based on their metrical and topological aspect and using fuzzy clustering. 

Mean and peak net shoulder joint moments over the push and recovery phases were 

compared between classes. 

Results. Four classes (Cl to C4) of patterns were identified. Cl pattem had pumping and 

single loop characteristics, C2 pattern had characteristics close to circular with single loop 

whereas C3 and C4 had pumping and double loop pattern characteristics with C4 having a 

more prolonged pattem. Differences were found in mean and peak net shoulder joint 

moments between the patterns. Generally, subjects who propelled with Cl pattern had 

higher shoulder kinetics compared to other propulsion patterns. 

Conclusion. The results suggest that for older MWC users, a pumping pattem would not be 

advantageous at shoulder level when propelling at sub maximal speed on an ergometer. The 

results in this study provide insight into propulsion kinematics and kinetics and could help 

find a propulsion pattern that would best suit MWC users. 

8.2 Ke y words 

Biomechanics, elderly, kinetics, manual wheelchair, propulsion pattems 
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8.3 Introductio n 

Although more than 50 % of manual wheelchair (MWC) users in the United States are aged 

over 65 (Kaye et  al,  2000), few studies address propulsion characteristics for this 

population. Nichols et  al.  (1979) showed that over 40% of elderly MWC users suffered 

from shoulder pain which was directly related to wheelchair use. The repetitive and high 

loads sustained during MWC propulsion are considered one of the causes of degenerative 

process around the glenohumeral joint (Bayley et  al,  1987, ; Rodgers et  al,  1994). 

Amongst different factors yielding increased loading, propulsion pattern may influence 

shoulder loading (Veeger et  al,  2002). In the literature, propulsion pattems have been 

described using the kinematics of the hand during propulsion cycle (Boninger et  al, 2002, ; 

de Groot et  al,  2004, ; Richter et  al, 2007, ; Sanderson et Sommer, 1985, ; Shimada et  al, 

1998, ; Veeger era/., 1989). 

In general, four patterns were identified based on qualitative observations of hand 

kinematics: pumping, semicircular (SC), single-loop over propulsion (SLOP), and double-

loop over propulsion (DLOP). The pumping pattern consists of a recovery movement that 

follows the path of the pushrim in the opposite direction of propulsion (Boninger et  al., 

2002, ; de Groot et  al,  2004, ; Sanderson et Sommer, 1985). The SC pattem was defined as 

a recovery movement of the hand following a continuous path under the pushrim (Boninger 

et al,  2002, ; de Groot et  al,  2004, ; Sanderson et Sommer, 1985, ; Shimada et  al,  1998). 

The SLOP pattern was defined as a recovery movement of the hand over the pushrim 

(Boninger et  al,  2002, ; Shimada et  al,  1998). The DLOP pattem was also defined as a 

recovery movement over the pushrim but with cross-over points (Boninger et  al,  2002, ; 

Shimada e/'a/., 1998). 

In 2005, the Consortium for Spinal Cord Medicine (2005) emitted clinical guidelines that 

recommended that MWC users should propel with a SC pattern. These recommendations 

were mostiy based on the results of Sanderson et Sommer (1985), Boninger et  al.  (2002), 
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and Shimada et  al.  (1998). Sanderson et Sommer (1985) suggested that the SC pattern 

would be more advantageous for MWC users because of a prolonged push phase leading to 

greater and more continuous impulse at the pushrim and reducing push frequency. Boninger 

et al.  (2002) found that the SC pattern would be best at reducing trauma at the upper 

extremities level because of lower cadence and the absence of abrupt direction change of the 

upper limb. Shimada et  al.  (1998) stated that the SC pattern was more efficient when 

compared to SLOP and DLOP patterns because of lower elbow and shoulder joint angular 

velocities and accelerations. It was reported in the literature that high joint acceleration may 

lead to upper limb injury (Fleisig et  al,  1995, ; Glousman et  al,  1992). Variation in joints 

angular acceleration could suggest that shoulder joint kinetics may differ between 

propulsion pattems since inverse dynamic equations depend on joints angular acceleration. 

Yet, no studies have estimated shoulder joint kinetics for various propulsion pattems. The 

shoulder joint is the prime mover during propulsion. Moreover, a recent study showed that 

users propelling with higher shoulder joint moments for the same extemal conditions were 

more susceptible to show pathologies during physical exams (Mercer et  al,  2006). In 

addition, net shoulder joint moments have been linked to contact forces at the shoulder joint 

which gives indication on the load sustained by the joint (Charlton et Johnson, 2006, ; 

Praagman et  al,  2000). Establishing the relationship between propulsion pattem and 

shoulder kinetics could give insight into propulsion mechanics and could also help find a 

pattern that would best suit MWC users at shoulder level. 

Classification of propulsion pattems in abovementioned studies (Boninger et  al,  2002, ; 

Sanderson et Sommer, 1985, ; Shimada et  al,  1998) was performed by visual inspection of 

hand kinematics in the sagittal plane. Categorization by the visual aspect of the pattern 

could cause misclassification if pattems have subtle differences. Aissaoui et Desroches 

(2008) proposed a quantitative approach to characterize the pattems based on their metrical 

and topological aspects. The pattems were then classified using fuzzy clustering approach. 

The authors (Aissaoui et Desroches, 2008) identified four patterns and showed differences 

in the mechanical fraction of the effective force and also in the mechanical usage between 
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pattems for older MWC users. A quantitative classification could provide more robust 

comparison between classes. In addition, using a quantitative description of the propulsion 

pattem enables to compute the reliability of the pattems among subject. 

The purpose of this study is to evaluate the load sustained by the shoulder, estimated by net 

shoulder joint moments, in relation to propulsion patterns categorized using a quantitative 

classification and compute the reliability of the pattem during MWC propulsion among 

older MWC users. 

8.4 Method s 

8.4.1 Subject s and experimental procedur e 

For the current experiment, 14 older manual wheelchair (MWC) users (7 males, 7 females) 

were recruited. The mean age, height and weight were 68.4 (SD 5.2) years old, 1.64 (SD 

0.10) m, and 68.9 (SD 15.9) kg respectively. The diagnoses were poliomyelitis (n  =  4), 

lower limb amputation (n  =  6), paraplegia (n  = 2; T3 & T12), paraparesis (n  =  1) and 

multiple sclerosis (n  = I).  To be accepted in the experiment, the participants had to be able 

to propel a MWC on a daily basis with their two hands, not have a history of pressure sores 

for more than one year, be able to propel a MWC on a distance of six meters under 30 

seconds and give informed consent. All of the experiments were made following the 

approval of the Lucie Bmneau and the Ecole de technologie superieure ethics' committees. 

The experiment was conducted in a custom-built wheelchair fixed on a friction roller 

experimental ergometer (Aissaoui et  al, 2002). The chair had a constant seat width whereas 

the depth of the seat was adjustable so there was a 2 cm space between the seat and the back 

of the knee of the subjects. The leg rests were adjusted to the same position as the ones on 

the participants' wheelchair. The seat tilt angle was set at 5° and the seat to backrest angle 

was 95°. The seat height was set and corresponded to an elbow angle between 110-120 deg. 
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(180 deg. represents full extension) with the hand at top dead center of the wheel (van der 

Woude et  al,  1989). In the same static position, the horizontal position of the wheel axle 

was positioned 4 cm forward of the shoulder (Desroches et  al, 2006). 

Reflective markers were placed onto the following anatomical landmarks to record upper 

limb kinematics of the right side during propulsion: one on the forehead (glabella), one on 

the ear, one on the acromion, one on the lateral epicondyle of the elbow, one on each of the 

styloid process of the ulna and radius, one on each of the second and fifth 

metacarpophalangeal joint. A rigid body, with three reflective markers was placed at 

stemum level of the participants. The rigid body was fixed to the subjects by cuffs around 

the shoulders. The three markers enabled us to define a coordinate system that takes into 

account the movement of the trunk (Cooper et  al,  1999). Three markers were placed on 

each of the three beams of the wheel and one on the center of the wheel, which represents 

the origin of the global coordinate system. The positions of the markers were recorded by 

the Motion Analysis System (Motion Analysis Corporation, Santa Rosa, California, USA) at 

a rate of 60 Hz. The system had a spatial reconstruction error on the position of the markers 

of 2.5 mm (Aissaoui et  al, 1996). 

An instmmented wheel (SMART ^ ;̂ Three Rivers Holdings, Mesa, Az) was installed on 

the right side of the wheelchair to measure the forces and moments in three dimensions 

exerted by the subjects during propulsion (Asato et  al,  1993). A regular wheelchair wheel 

was placed on the left side and weights were added to ensure that both wheels had the same 

inertia characteristics. The SMART '̂̂ '̂ '̂ measures the forces with a precision of 0.6 N and 

the moments with a precision of 0.6 N m at a sampling rate of 240 Hz (Boninger et  al, 

1997b). The origin of the reference system was located at the center of the wheel. The 

positive x-direction was oriented horizontally forward, the positive y-direction was oriented 

upward and the positive z-direction was oriented outward laterally. 
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After the markers were placed, the subject transferred into the ergometer and the seating 

adjustments were performed. The wheelchair was lowered until the latter made contact with 

the friction roller. An average resistance force of 14 (SD 4) N was applied to the roller to 

create friction which yielded a maximal power output of 22.3 (SD 1.1) W. An adaptation 

period was allowed so the subjects could familiarize themselves with the design. When they 

were accustomed, the experimentation began. The subjects were asked to naturally propel 

the wheelchair until they reached a linear velocity between 0.96 and 1.01 m-s''. An 

occupational therapist recorded the speed on a cyclometer (Bell-8 Cyclometer, Bell Sports, 

Canada) and gave verbal feedback if the speed was out of range. When the speed was 

maintained constant for at least one minute, the kinematic and kinetic recordings were 

synchronized and collected for 10 seconds. The trial was repeated a second time and 

mandatory rest periods of 4 minutes were given between each trial to prevent fatigue. 

8.4.2 Dat a reduction an d analysi s 

The kinematic and kinetic data were filtered using a low-pass second order Butterworth 

filter. The cut-off frequency of each kinematic marker and kinetic variable was determined 

by an optimization procedure to minimize an objective function based on the autocorrelation 

between the noisy and the filtered signal (Cappello et  al, 1996). 

Net shoulder joint moments were computed using an inverse dynamic model (Dumas et  al, 

2004). The three upper limb segments were modelled as rigid bodies linked by ball and 

socket joints. The inputs for the model were the forces and moments acting at the point of 

force application (PFA) on the pushrim, the kinematics of the right upper limb, and 

anthropometric measurements (i.e. upper limb circumferences, weight, height) taken before 

the experiment. The PFA was computed by the hand center of mass that corresponds to the 

coordinates on the pushrim. The hand center of mass was determined with the position of 

the four markers on the hand and the coefficient given by Dempster (1955) The midpoints 

between ulnar and radial styloid processes and between 5"̂  and 2"̂ * metacarpophalangeal 



146 

joints were computed. Then, the center of mass was located 0.506 % of the distance of the 

line joining the two midpoints starting from the proximal part (i.e., midpoint between the 

styloid and ulnar process). The moments acting at the PFA were obtained from the 

difference between the moments measured by the SMART^'^"' and the moments created by 

the forces applied on the pushrim (Veeger et  al,  1991). The shoulder joint moments were 

first obtained in the global coordinate system and then expressed in the coordinate system 

described by Cooper et  al.  (1999) and referenced to the tmnk. The adduction/abduction 

moment was around the x-axis of the trunk coordinate system. The intemal/external 

moment was around the longitudinal axis of the humerus. The flexion/extension in the 

sagittal plane moment was around the z-axis of the tmnk reference system while the 

flexion/extension moment in the horizontal plane was around the vertical axis of the trunk 

(Cooper et  al, 1999, ; Desroches et  al, 2006). 

The propulsion cycle was divided into two phases: the push phase and the recovery phase. 

The push phase started when the torque around the wheel (Mz)  deflected by more than 5 % 

from the baseline and ended when Mz  returned and stayed 5 % from the baseline (Cooper et 

al, 1999). The recovery phase started at the end of the push phase until the beginning of the 

next push phase. For each of the net joint moments, mean and peak values were computed 

over the push and recovery phases. 

During the recovery phase, no forces are applied to the pushrim and the hand retums at 

initial position to start a new push phase. The propulsion pattems were computed over the 

propulsion cycle (i.e. from the beginning of the push phase to the beginning of the next one) 

with the position of the hand COM. The trajectory of the hand COM in the sagittal plane 

describes a contour. The contour, defined by the COM, was re-oriented in order to be 

invariant with respect to the starting angle (i.e. the contour was rotated in the sagittal plane 

so the starting point was at the top dead center). From that contour, two parameters were 

extracted to describe the aspect of the contour (Aissaoui et Desroches, 2008). The metrical 

aspect of the contour was expressed as the ratio (Rl) between the area of the convex hull of 
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the contour (Figure 8.1, S-ConvHulI) and the rectangle that circumscribed the contour 

(Figure 8.1, S-Rect). Thus, Rl gives an indication on the thickness of contour. The second 

parameter (R2) computed gives an indication on the topological aspect of the contour (i.e. 

presence or not of crossover points). The area of the contour was computed in the clockwise 

direction. When the contour edges intersect, the area estimated corresponds to the absolute 

value of the difference between the clockwise encircled areas (Figure 8.1, S-Polygon-1) and 

the counter clockwise-encircled areas (Figure 8.1, S-Polygon-2). The ratio (R2) between S-

Polygon and S-ConvHulI gives an indication on the presence of more than one loop. The 

values of both ratios (Rl & R2) vary between 0 and 1. Rl differentiates between the 

pumping pattern (Rl -^  0) and circular (Rl -^1) whereas R2 differentiates between double-

loop (R2 -> 0) and single-loop (R2 -^  1). Both ratios were computed for each propulsion 

cycle. 

S-Rect 

Figure 8.1 Trajectory  of  the hand center  of  mass (COM)  in the sagittal plane. 
Rl is computed as the ratio between the area of the convex hull of the contour (S-ConvHull) 
and the rectangle that circumscribes the contour (S-Rect). R2 is the ratio between the area of 

the contour (S-Polygon) and the area of the convex hull (S-ConvHuU). When the edges 
intersect, the area of the contour is the absolute difference between the areas computed in 

the clockwise direction (S-Polygon-1) and in the counter clockwise direction. 

To classify the pattems into groups, a computerized fuzzy clustering approach was taken. In 

this paper, the Gustafson-Kessel (GK) clustering algorithm was used (Babuska et  al,  2002; 

Gustafson et Kessel, 1978). First, fuzzy clustering identifies centroids of the number of 

cluster desired. Generally, the number of cluster is chosen heuristically (Chau, 2001). 

Second, for each data point, the algorithm will compute its membership function relative to 
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each cluster by minimizing an objective function (i.e. metric distance between data points 

and centroid of the clusters; GK algorithm uses the Mahalanobis distance between clusters 

to minimize this objective function). The membership function will indicate the strength of 

the relationship between the data point and each of the clusters. Then, each data point will 

be classified to the cluster with the greatest membership. The inputs for GK clustering 

algorithm are the data points (in our case values of Rl and R2) and the number of cluster 

desired. In the current experiment, the number of cluster was determined heuristically and 

set to four since both ratios (Rl and R2) express two extreme tendencies. 

8.4.3 Statistic s 

Five consecutives propulsion cycles in each trial for each subject were used for the analyses. 

Thus, we obtained 135 propulsion cycles (5 propulsion cycles per trials x 2 trials per 

subjects X 14 subjects; kinetic of one trial of one subject was missing). For each of the 135 

propulsion cycles, Rl and R2 were computed to define the propulsion pattern so as the 

average and peak of each of the net shoulder joint moments over the push and recovery 

phases. Values of Rl and R2 for each propulsion cycle (n  =  135; each varying between 0 

and 1) were inputted in GK algorithm and were assigned a number between 1 and 4 

depending of algorithm results on the class membership. Descriptive statistics were then 

computed for each of the four propulsion pattem classes' body weight and each of the 

dependent variables: mean and peak net shoulder joint moments (adduction, abduction, 

intemal and external rotation, flexion, and extension in the sagittal and horizontal planes) 

over the push and recovery phase. Continuous dependent variables were tested for normality 

using the Shapiro-Wilk test. If the dependent variables met normality criteria (P  >  0.05), 

one-way ANOVA were computed to determine whether there were any differences between 

the classes for that dependent variable. Contrast analyses were performed when a main 

factor was found significant. A Kruskal-Wallis ANOVA by ranks was used to test the 

dependent variables if they did not meet normality criteria (Shapiro-Wilk, P  <  0.05) and a 

Mann-Whitney to differentiate between the classes if a main factor was found significant. A 
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Bonferroni adjustment for multiple comparisons was applied during contrast analysis and 

Mann-Whitney tests. An Intra-class correlation coefficient (ICC) was computed to 

determine the reliability of the propulsion pattem amongst subjects for each parameter (Rl 

and R2). All analyses were carried out using Statistica software (StatSoft inc., Tulsa, OK, 

USA). 
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Figure 8.2 (a)  Scatter plots ofRl  and  R2 for each  of  the 135 propulsion cycles,  (b) 
Classification results  of  the fuzzy clustering.  The  propulsion cycles  were  grouped in  four 

classes. 

8.5 Results 

Figure 8.2 (a) displays the scatter plot of Rl and R2 whereas Figure 8.2 (b) shows the 

classification result of the fuzzy clustering for the 135 pattems studied. Percentages of 

pattem classes distribution among the propulsive cycles in this study were respectively 17% 

for class 1 (Cl, Â  = 23), 18.5% for class 2 (C2, N = 25), 29% for class 3 (C3, Â  = 39), and 

35.5%o for class 4 (C4, Â  = 48). Figure 8.3 exhibits typical hand pattem found among the 

four classes. The Cl pattern had pumping and single-loop characteristics, C2 pattem had 

characteristics close to circular with single-loop whereas C3 and C4 had pumping and 

double-loop pattern characteristics with C4 having a more prolonged pattern. No significant 

differences were found for body weight between propulsion pattems classes ( 
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Tableau 8.1). ICC for Rl parameter was 0.991 with a 95% confidence interval (CI) of 0.981 

to 0.997. For R2 parameter, the ICC for all subjects was 0.901 with a 95% CI of 0.795 to 

0.965. 

0.2 r 
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Subjocl VMB4 , R1 =0 14 , R2 = 0 6S, Cl 
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Subject: PJB4, R1 = 0.092. R2 = 0 04. C3 
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£-0.2-
> 

0 . 1 . / 

L... 
.0.2 

(d) 

Subjecl: DGB4, Rl =  0.15. R2 = 0 31, 04 

Figure 8.3 Typical  hand patterns found for  Cl  (a),  C2 (b), C3 (c), and C4 (d). 
Dotted circle represents the pushrim. Dashed lines represent the beginning and end of the 

push phase. 
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Tableau 8.1 

Mean (SD) body weight for each 
propulsion pattem class 

Classes 

Cl 
(" = 23) 

C2 
(" = 25) 

C3 
(n = 39) 

C4 
(n = 48) 

Weight (kg) 

72.0(15.7) 

70.5(12.1) 

70.4(17.2) 

67.3 (14.6) 

8.5.1 Ne t shoulder joint moment s 

The average and standard deviations for mean net shoulder joint moments over the push 

phase are displayed in Tableau 8.2. A significant class effect was noticed for the adduction 

(P < 0.05), abduction (P  < 0.001), internal rotation (P < 0.01), extension in the sagittal plane 

(P <  0.01), flexion in the sagittal (P  <  0.001) and horizontal plane (P  <  0.01) moments. 

There was no extension in the sagittal plane moments over the push phase for all subjects. 

Mann-Whitney tests revealed for the adduction moment that C1 exhibited higher moments 

compared to C2. The abduction moment in C2 was significantly lower than in all other 

classes. For the internal rotation moment, Mann-Whitney tests showed higher values in Cl 

compared to C3. The extension in the sagittal plane moment found for Cl was significantly 

higher than in C2 and C3. The flexion in the sagittal plane moment found in Cl was 

significantly higher than in C3 and C4 whereas the moment in C2 was higher than in C4. 

For the flexion in the horizontal plane moment, Cl exliibited significant higher value 

compared to C3 and C4. 
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Tableau 8.2 

Mean net shoulder joint moments in N-m (SD) for each propulsion pattern class over the 
push phase 

Classes 

Cl 

C2 

C3 

C4 

Adduction 

2.2 
(0.6)^ 

1.7 
(0.6) 

2.1 
(0.6) 

2.0 
(0.7) 

^t Abduction* 
* t 

2.3 
(1.2) 

0.8 
(O.S)'^' 

2.0 
(1.4) 

1.6 
(1.2) 

' Kruskal-Wallis ANOVA by ranks was used; 
^ significant class effect (P 
' significant difference (P  < 
'' significant difference (P  < 
' significant difference (P  < 
'' significant difference {P  < 

<0.05); 
0.05) from Cl; 
0.05) from C2; 
0.05) from C3; 
0.05) from C4 

Internal 
rotation* 

2.3 
(0.9)^ 

2.3 
(1.1) 

1.6 
(0.8) 

1.7 
(0.9) 

External 
rotation* 

1.4 
(1.0) 

0.7 
(0.7) 

0.9 
(0.6) 

0.8 
(0.5) 

Extension 
in sagittal 
plane* 

3.1 
(2.1)'"' 

1.3 
(1.4) 

1.9 
(1.0) 

1.6 
(1.0) 

Flexion 
in 

sagittal 
plane^ 

6.4 
(2.3)''^ 

6.1 
(2.0)'' 

4.8 
(2.5) 

4.5 
(1.6) 

Flexion 
in 

horizontal 
plane*^ 

3.5 
(1.5)'" 

3.2 
(1.5) 

2.4 
(1.1) 

2.3 
(1.0) 

For the recovery phase (Tableau 8.3), significant class effects were noted for mean 

adduction (P  <  0.01), abduction (P  <  0.01), internal rotation (P  <  0.01), extension in the 

sagittal plane (P  <  O.OOI), flexion in the sagittal (P  <  0.01) and horizontal plane (P  <  0.01) 

moments. The adduction moment in Cl was significantly higher than in C3. Mann-Whitney 

tests revealed higher mean abduction moment in Cl compared to C2. Mean intemal rotation 

moment was higher in CI compared to C4. For the mean extension in the sagittal plane 

moment, Cl had higher moment compared to all other classes and C2 had lower value 

compared to C3 and C4. The flexion in the sagittal plane moment was significantly higher 

in Cl compared to C2 and C4. Marm-Whitney tests revealed a significant higher flexion in 

the horizontal plane moment for C3 compared to C4. 
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Tableau 8.3 

Mean net shoulder joint moments in N-m (SD) for each propulsion pattem class over the 
recovery phase 

Classes 

Cl 

C2 

C3 

C4 

Adduction** 

4.4 
(1.0) = 

3.4 
(0,4) 

3.6 
(0,7) 

3.7 
(0.6) 

Abduction** 

1,7 
(0,7) '' 

0,4 
(0,3) 

1,0 
(0,9) 

1,4 
(1,2) 

Internal 
rotation** 

1,1 
(0,4)^ 

0,9 
(0,1) 

1,0 
(0,3) 

0,9 
(0.2) 

External 
rotation* 

1,4 
(1,1) 

0,6 
(0,4) 

0,5 
(0,4) 

0,6 
(0,4) 

Extension 
sagittal 
plane* 

3.4 
(1.8)^'" 

0,9 
(0,9)"' 

1,9 
(1,2) 

1,5 
(1,0) 

Flexion 
sagittal 
plane* 

2,4 
(1,0)*"' 

1,5 
(0,7) 

2,0 
(1.3) 

1,5 
(1,0) 

Extension 
horizontal 

plane 

0,5 
(0,3) 

0,5 
(0,3) 

0,8 
(0,4) 

0,5 
(0,3) 

Flexion 
horizontal 

plane** 

2,7 
(0,6) 

2,3 
(1.3) 

3,0 
(0,8)" 

2,3 
(0,8) 

Kruskal-Wallis ANOVA by ranks was used; 
^ significant class effect (P < 0,05); 
' significant difference {P  < 0,05) from Cl; 
" significant difference {P  < 0.05) from C2; 
' significant difference {P  < 0.05) from C3; 
** significant difference (P  < 0,05) from C4 

Descriptive statistics for the peak shoulder joint moments over the push phase are shown in 

Tableau 8.4. Significant class effects were found for the abduction (P  <  0.001), intemal 

rotation (P  <  0.05), extension (P  <  0.01), and flexion (P  <  0.01) in the sagittal plane 

moments. There was no extension in the sagittal plane moments over the push phase for all 

subjects. Mann-Whitney tests showed a significant lower peak abduction moment in C2 

compared to Cl and C3. Due to Bonferroni adjustment, no pairwise comparison revealed 

statistical significance (p < 0.008) for the peak intemal rotation moment. Closest to a 

significant pairwise comparison was between Cl and C3 (P  =  0.019). For the peak 

extension in the sagittal plane moment, C2 was significantiy lower than in Cl. The peak 

flexion in the sagittal plane moment was found significantly lower in C4 compared to Cl 

and C2. 
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Tableau 8.4 

Peak net shoulder joint moments in N-m (SD) for each propulsion pattem class over the 
push phase 

Classes 

Cl 

C2 

C3 

C4 

Adduction 

4.6 
(1.2) 

4.2 
(1.3) 

4.5 
(1.2) 

4.5 
(1.6) 

'Kruskal-Wallis ANOVA 
^ significant class effect (P 
" significant difference (P < 
' significant difference (P < 
' significant difference (P < 
'' significant difference (P < 

Abduction*^ 

3.6 
(1.9) 

1.5 
(1.2)^^ 

3.4 
(2.1) 

2.5 
(1.8) 

Dy ranks was used; 
<0,05); 
0.05) from Cl; 
0.05) from C2; 
0.05) from C3; 

- 0.05) from C4 

Internal 
rotation*^ 

3.7 
(1.7) 

3.4 
( f5) 

2.6 
(1.2) 

2.6 
(1.4) 

Extemal 
rotation* 

1.8 
(1.3) 

1.0 
(0.9) 

1.4 
(0.9) 

1.1 
(0.7) 

Extension 
in sagittal 
plane*^ 

4.2 
(2.8) 

1.7 
(2 .0) ' ' 

3.0 
(1.5) 

2.6 
(1.7) 

Flexion 
in 

sagittal 
plane*^ 

10.4 
(4.2) 

9.5 
(3.2) 

7.7 
(4.1) 

7.2 
(2.6) =" 

Flexion 
in 

horizontal 
plane* 

5.5 
(2.6) 

4.5 
(1.8) 

4.2 
(1.4) 

3.9 
(1.3) 

During the recovery phase (Tableau 8.5), significant class effects were noted for peak 

adduction (P  <  0.05), abduction (P  <  0.01), intemal (P  <  0.001) and extemal (P  < 0.01) 

rotation, extension in the sagittal plane (P  <  0.001), flexion in the sagittal (P  <  0.05) and 

horizontal plane (P  <  0.001) moments. Peak adduction moment was significantly higher in 

Cl compared to C4. Mann-Whitney tests revealed significant higher abduction moment in 

Cl compared to C2 and C3. The peak intemal rotation moment was significantly higher in 

Cl compared to C2 and C4 whereas the moment in C4 was lower than in C3. Peak external 

rotation moment was higher in Cl than in all other classes. For the extension in the sagittal 

plane moments, Cl had significant higher value compared to C2 and C4. Furthermore, peak 

extension in the sagittal plane moment was lower in C2 compared to C3 and C4. The peak 

flexion in the sagittal moment was higher in Cl compared to C2 and C4. For the peak 

flexion in the horizontal plane moment, significantly higher values were found in Cl 
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compared to C2 and higher values were also found in C3 compared to C2 and C4. 

Tableau 8.5 

Peak net shoulder joint moments in N-m (SD) for each propulsion pattern class over the 
recovery phase 

Classes Adduction** 

Cl 

C2 

C3 

C4 

' Krus 
* signi 

8.6 
(2,1)" 

7,6 
(2,3) 

7,9 
(1,9) 

7,2 
(1.3) 

kal-Wallis ANOVA 
ficant class effect (P 

Abduction** 

2.4 
(0,9)*"= 

0,6 
(0,6) 

1,1 
(1,0) 

1,8 
(1,7) 

Dy ranks was used; 
< 0,05); 

^ significant difference (P < 0.05) from Cl; 
•"signi 

' signi 
" signi 

ficant difference (P < 0.05) from C2; 
ficant difference (P < 0.05) from C3; 
ficant difference (P < c 0.05) from C4 

Intemal 
rotation** 

2.7 
(0,9)'"' 

2.1 
(0,4) 

2,5 
(1,0) 

1.9 
(0.9)^ 

External 
rotation** 

2,4 
(1,6)'"='' 

0,8 
(0,7) 

0,9 
(0,6) 

0,9 
(0.7) 

Extension 
in sagittal 
plane** 

6,4 
(3,4)'"' 

1,9 
(1,5)=^ 

4,4 
(2,1) 

3,4 
( t 9 ) 

Flexion 
in 

sagittal 
plane** 

4,6 
( L S ) " 

3,0 
(1,6) 

3.7 
(2.3) 

2.9 
(2,0) 

Extension 
in 

horizontal 
plane 

0,8 
(0,6) 

1,2 
(0.8) 

1.4 
(0,7) 

0,9 
(0,5) 

Flexion in 
horizontal 

plane** 

5,4 
(1.3)' 

4,3 
(1,4) 

5,7 
(1,3)'"' 

4,6 
(1.3) 

8.6 Discussion 

The current study used a quantitative approach to classify different propulsion pattems 

among older users. Visual classification of patterns can be difficult when the patterns are 

similar but with subtle differences. For example, determining whether a pattern close to 

pumping has cross-over points or not is most difficult when done by sole observation of the 

kinematics of the hand. The method proposed in the current study is new and can be used as 

an automatic recognition method for manual propulsion pattems. In this study, the pattems 

are categorized according to two parameters, instead of being classified in one of the four 

categories as proposed by Boninger et  al.  (2002) (pumping, single-loop over propulsion 

(SLOP), double-loop over propulsion (DLOP), semicircular (SC)). Quantitative description 
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of propulsion patterns according to their metrical and topological aspects is, in our view, a 

more sound way to classify propulsion patterns. Thus, a pattern can have pumping 

characteristic with either single or double loops. The propulsion pattems were normalized to 

be invariant of the push angle. The pattems were rotated in the sagittal plane so the starting 

point corresponded to the top dead center of the wheel. The normalization was done so that 

pattems that were alike but could have differed due to their starting position had the same 

ratios (an example is given in Figure 8.4 where the initial pattem is displayed in (a) and the 

normalized pattem in (b)). 

(a) 

Rl =  0.48, R2 =  0,26 

0 
X(ni) 

Rl =0-18 , R2 = 0.26 

0 
X(m) 

Figure 8.4 The  non normalized pattern is  displayed in  (a) whereas in  (b),  the pattern is 
normalized so  the starting point is  at the top dead center. 

The dotted circle represents the pushrim. Rl is computed as the ratio between the area of the 
polygon of the contour (dashed line) and the rectangle that circumscribes the contour 

(dashed/doted line). 

As it can be seen, different positions in space of the pattern can modify the ratios, especially 

Rl since it expresses the ratio between the rectangle that circumscribes the contour and the 

area of the contour. Thus, normalizing the ratios facilitates comparison between the pattems. 

Another advantage of using a quantitative classification of propulsion pattems is that 

reliability of the pattem among subjects can be computed. In the current study, an intra-class 

correlation coefficient (ICC) was computed for both ratios (Rl, R2) to determine the 

reliability. Reliability analysis revealed that propulsion pattems are very consistent among 



157 

older users with an ICC of 0.991 for Rl and 0.901 for R2. Boninger et  al.  (2002) reported 

that the majority of their subjects kept the same propulsion pattem regardless of speed or 

side. Shimada et  al. (1998) only identified one change in propulsion pattern when increasing 

speed for dynamometer propulsion. Richter et  al.  (2007) showed, using a treadmill with 26 

MWC users, that subjects tended to change their propulsion pattems when propelling uphill 

(6° slope) compared to level propulsion but the patterns were consistent within the same 

experimental condition. Thus, the consistency in propulsion patterns among subjects found 

in the current study would result from constant speed, power output, and slope during the 

experiment. Consequentiy, when studying propulsion pattems in relation to biomechanical 

or physiological parameters, any conclusion is highly dependent on experimental conditions 

(i.e. speed, incline level). 

In this paper, fuzzy clustering was used to categorize pattems. Fuzzy clustering has been 

shown advantageous over traditional (i.e. hard) clustering in that the total commitment of a 

stroke pattem to a given class is not required. Moreover, fuzzy clustering is useful at finding 

natural groupings in the data (Chau, 2001) and performing unsupervised detection of 

statistical regularities in a random sequence of patterns (Baraldi et Blonda, 1999). We used 

the Gustafson-Kessel (GK) clustering which uses the Mahalanobis distance between 

clusters. The main advantage of the GK algorithm is the local adaptation of the metric 

distance to the shape of the cluster by estimating the cluster covariance matrix, and adapting 

the distance-inducing matrix correspondingly (Babuska et  al,  2002). A fuzzy clustering 

algorithm was set to detect four classes, as the two ratios (Rl, R2) express two extreme 

tendencies (0, 1). As mentioned above, this method gives two characteristics to the pattem, 

instead of one as proposed by Boninger et  al.  (2002). None of our subjects displayed a 

semicircular (SC) pattern as defined by Boninger et  al.  (2002) (i.e. hand retum under the 

pushrim). The absence of SC pattem from our group of subjects could be explained by the 

population studied here. The SC pattem is often accompanied by tmnk flexion to enable the 

arms to drop below the pushrim and come back (Sanderson et Sommer, 1985). Our subjects 

were older MWC users and could have suffered from diminished back muscle flexibility, 
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preventing them from flexing their tmnk and using a SC pattem. 

The most common pattern (C4, 35.5%) used by our older subjects was a prolonged double-

loop type. Boninger et  al.  (2002) showed that the pattem most used (39%) among 38 

paraplegic subjects studied was a SLOP pattern to maintain a speed of 0.9 m-s' (when 

propelling on a dynamometer). Differences between studies could partly be explained by the 

populations studied. Older MWC users could prefer the propulsion pattern with the hand 

close to the rim to enable them to prevent tips and falls during everyday propulsion and this 

pattern was transferred to our ergometer. 

To our knowledge, the current study is the first to estimate net shoulder joint moments for 

different propulsion patterns. The results in this study suggest that net shoulder joint 

moments during propulsion are dependent of the propulsion pattem. We found significant 

differences between the classes for net shoulder joint moments during the push phase: 

adduction, abduction, intemal rotation, extension in the sagittal plane, and flexion in the 

sagittal and horizontal plane. Mercer et  al. (2006) reported that subjects who propelled with 

higher extension moment during the push phase were more likely to exhibit coraco-acromial 

ligament oedema. Hence, propelling with a pattem that increases net shoulder joint 

moments during the push phase for the same extemal conditions (i.e. friction, power output, 

and speed) could increase risk of developing injuries. Moreover, a linear relationship has 

been identified between net shoulder moments and contact forces at shoulder joint (Charlton 

et Johnson, 2006, ; Praagman et  al,  2000). Generally, the pattem that exhibited higher net 

shoulder joint moments was the one in Cl which resemble to a pumping pattem. Our results 

are consistent with the belief that arcing or pumping pattem would not be biomechanically 

advantageous (i.e. higher joint moments, higher joint acceleration, and higher push 

frequency) for the users (Boninger et  al, 2002, ; Sanderson et Sommer, 1985). Ffowever, de 

Groot et  al.  (2004) demonstrated that a pumping-like pattem required less metabolic 

demand in 24 able-bodied propelling with various propulsion pattems. Hence, no propulsion 

pattem has yet been identified that would have biomechanical and physiological advantages. 
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The identification of a pattern advantageous at both levels could benefit MWC users. 

Variations in shoulder kinetics during the push phase for various propulsion pattems could 

be explained by possible changes in muscular activity yielded by different propulsion 

pattems as hypothesized by de Groot et  al.  (2004). Recovery pattems with lower shoulder 

kinetics (i.e. C2 and C4) may put the arm in a more ideal "attack" position of the pushrim in 

terms of muscles synergy and force production. This ideal pattem may be maintained 

throughout the push phase resulting in lower net shoulder joint moments for the same 

extemal conditions. Bolhuis et  al.  (1998) showed that the activation of some upper limbs 

muscles (i.e. deltoideus, brachialis, and triceps caput lateralis) is dependent on the direction 

of the movement. Investigation of muscular synergy and force (i.e. shoulder 

musculoskeletal model) for different propulsion patterns will be the focus of our future 

work. This could give insight into injury mechanism at the shoulder and could also give 

more information on the impact of propulsion pattems on biomechanics of MWC 

propulsion. 

The study of shoulder kinetics for different propulsion pattems during the recovery phase is 

appropriate since the arms can use an infinite number of trajectories to come back and start 

a new push phase. Even though no force or moment is generated by the upper limbs to move 

the wheelchair, the arms still have to be brought back to their initial positions to start a new 

push phase. The shoulder muscles have to counter inertia of the arms and, depending on the 

acceleration of the segments, forces and moments are generated. Higher net shoulder joint 

moments during recovery phase would increase the total amount of work provided by the 

users. The pattem in Cl, which resembles a pumping pattem with single-loop characteristic, 

generally yielded higher net shoulder joint moments during the recovery phase. Since no 

difference was noted for body weight between classes (Tableau 8.1), we can confirm that 

differences in net shoulder joint moments during recovery phase were due to propulsion 

pattern. Higher net shoulder joint moments found in Cl could be the result of higher joints 

acceleration for different recovery movements. Boninger et  al.  (2002) showed higher 

cadence (number of pushes per seconds) for a pumping pattem, close to C1 pattem, when 
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compared to other patterns (i.e. SLOP, DLOP, and SC). Thus, it would seem that propelling 

with Cl pattern for level ground propulsion for older MWC users would not be more 

advantageous since the Cl pattern had higher net shoulder joint moments for the same 

extemal conditions when compared to other patterns during the push and recovery phases. 

As discussed previously, users who propelled at the same speed and power output but with 

higher net shoulder joint moments were more prone to shoulder pathologies (Mercer et  al, 

2006). Moreover, shoulder joint moments are considered as a good predictor of the load 

around a joint (Charlton et Johnson, 2006, ; Praagman et  al,  2000). Research on different 

MWC populations is needed to determine whether the findings in this study can be 

replicated. This could strengthen the recommendations made by the Consortium for Spinal 

Cord Medicine (2005). 

A limitation of this study was that subjects were tested using a custom wheelchair and an 

experimental ergometer. However, experimental ergometers have been shown to be reliable 

and useful tools to record wheelchair data in the absence of more realistic measurements 

(Finley et  al,  2002, ; Martin et  al, 2002). Also, the number of subjects tested (n = 14) was 

small, thereby limiting the results to older MWC users. Older users were the subject of this 

study as they represent the majority of MWC users (Kaye et  al,  2000). Furthermore, few 

studies have evaluated propulsion mechanics for this population even though risks of 

developing injury resulting from MWC use remain as high as younger MWC users (Nichols 

etal, 1979). 

8.7 Conclusio n 

This study investigated shoulder kinetics for different propulsion patterns amongst older 

MWC users. Evidence suggests that, for older users, propelling with a pumping like pattem 

would not be advantageous since it yielded higher net shoulder joint moments during the 

push and the recovery phases for the same external conditions. The results in this study 

provide insight into propulsion kinematics and kinetics and could help in the search for a 



propulsion pattern that best suits MWC users. The results could also help clinicians when 

teaching appropriate propulsion methods to MWC users. Further studies on different MWC 

populations are needed to determine whether the current results could be generalized. 

Muscular activity for different propulsion patterns should be the focus of future work. 

Future studies could give further insight into injury mechanisms at the shoulder. 
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CHAPITRE 9 

DISCUSSION GENERAL E 

La presente these avait comme objectif principal d'estimer les chargements a I'epaule lors 

de la propulsion manuelle en fauteuil roulant chez la personne agee. Plus specifiquement, 

nous voulions detenniner des parametres qui permettraient de reduire les chargements a 

I'epaule sans affecter la performance exteme. Pour ce faire, quatre objectifs specifiques 

furent etablis. Premierement, nous voulions determiner I'effet de la modification de l'angle 

d'assise sur les chargements a I'epaule. Deuxiemement, sachant que des changements dans 

l'angle d'assise modifient I'efficacite de la force resultante a la roue, nous voulions etablir la 

relation entre I'efficacite de la force a la roue et les chargements a I'epaule. Troisiemement, 

nous voulions determiner, pour une meme personne, I'effet d'une modification de 

l'efficacite de la force resultante a la roue sur les chargements a I'epaule. Quatriemement, 

sachant que l'efficacite de la force a la roue influence les chargements et que les patrons de 

propulsion influencent l'efficacite de la force resultante a la roue, nous voulions determiner 

I'effet de differents patrons de propulsion sur les chargements a I'epaule. 

La presente these est originale en raison de la population etudiee et des methodes utilisees 

pour repondre aux objectifs specifiques. Plusieurs etudes ont estime les chargements a 

I'epaule lors de la propulsion manuelle en fauteuil roulant (FR) (Cooper et  al,  1999, ; 

Finley et  al,  2004, ; Koontz et  al, 2002, ; Kotajarvi et  al,  2002, ; Robertson et  al,  1996, ; 

Sabick et  al,  2004, ; Veeger et  al,  2002). Cependant, aucune de ces etudes n'a caracterise 

la biomecanique de la propulsion chez une population agee comme ce fut le cas dans la 

presente etude. Les utilisateurs ages de FR representent plus de 50 % de la population 

utilisatrice de FR (Kaye et  al,  2000). De plus, ces utilisateurs ages ont le meme risque, 

sinon plus eleve, de developper a long terme des pathologies au niveau de I'epaule resultant 

d'une utilisation d'un FR (Nichols et  al, 1979). 
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Aucune etude ayant evalue les chargements a I'epaule lors de la propulsion manuelle en FR 

n'a estime I'effet d'une modification de l'angle d'assise sur ces chargements. La 

modification de I'angle d'assise est courante chez les utilisateurs de FR afin d'augmenter le 

confort et modifier la pression a I'interface seant-siege (Lacoste et  al,  2003). Cependant, 

une modification de l'angle d'assise peut changer la position de I'individu par rapport a 

l'axe de rotation de la roue et ainsi alterer la distribution de la masse par rapport a ce 

dernier. Un deplacement de la masse par rapport a l'axe de rotation du FR pourrait 

augmenter la resistance au mouvement du FR et augmenter les efforts que I'individu doit 

foumir pour deplacer le FR. Done, l'objectif du premier article etait de determiner si une 

modification de I'angle d'assise allait avoir un impact sur les chargements a I'epaule. Nos 

resultats suggerent que modifier les angles entre le siege et le dossier ainsi que l'angle 

d'inclinaison par rapport a I'horizontal n'a pas d'effet significatif sur les chargements a 

I'epaule exprimes par les moments articulaires. Une des raisons pour laquelle les moments 

articulaires ne furent pas modifies est certainement que la position de l'axe de la roue par 

rapport a la morphologie de I'individu etait constante pour les differentes combinaisons 

d'angles de siege. La litterature avait demontre qu'une position reculee de l'axe de la roue 

par rapport a I'epaule ainsi qu'une hauteur entre 100 et 120 degres d'extension au niveau du 

coude amenait les performances optimales pour les parametres biomecaniques (Boninger et 

al, 2000, ; Hughes et  al,  1992, ; Masse et  al,  1992, ; van der Woude et  al,  1989). Done, 

les resultats de notre etude suggerent que le parametre le plus important lors du 

positionnement en FR est la position de l'axe de rotation de la roue par rapport a la 

morphologie de I'individu. Par la suite, l'angle d'assise peut etre determine en fonction du 

confort de I'individu tout en maintenant cette position d'axe constante. Des travaux futurs 

devraient evaluer differentes positions de l'axe de la roue par rapport a I'epaule afm de 

determiner sa position ideale (reduction des chargements a I'epaule). 

Dans une etude prealablement realisee, Aissaoui et  al.  (2002) avaient demontre que des 

modifications de Tangle d'assise alteraient I'efficacite de la force resultante a la roue. Apres 

avoir demontre que des changements dans I'angle siege-dossier et d'inclinaison n'avaient 
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pas d'impacts significatifs sur les moments articulaires a I'epaule, nous nous sommes 

questionnes sur la relation entre I'efficacite des forces a la roue et les chargements a 

I'epaule. Quelques etudes ont tente d'evaluer cette relation. Veeger (1999) a demontre a 

I'aide d'un modele quasi statique que lorsque la partie non tangentielle des forces a la roue 

est negligee et que seulement une force tangentielle est appliquee, les muscles du membre 

doivent etre fortement utilises. Ambrosio et  al.  (2005) ont tente d'etablir une correlation 

entre I'efficacite de la force a la roue et des moments isometriques mesures avant la 

propulsion. Les auteurs n'ont etabli aucune correlation entre les deux parametres. Une des 

raisons pour quoi aucune correlation n'a ete trouvee est que les auteurs ont tente d'etablir la 

relation entre l'efficacite de la force pendant la propulsion et des moments mesures dans une 

condition statique et non pendant la propulsion. Jusqu'a present, les etudes ayant etudie la 

relation entre l'efficacite de la force resultante a la roue et les chargements a I'epaule se sont 

attardees a des conditions quasi statiques ou bien ont tente d'etablir une relation entre une 

condition dynamique et statique. Afin, de determiner quel genre de relation il existe entre 

ces deux parametres, nous avons entrepris deux etudes. Dans la premiere etude, nous 

voulions etablir le type de relation entre l'efficacite de la force resultante a la roue et les 

chargements a I'epaule. Dans la deuxieme etude, nous voulions determiner I'impact, chez 

un meme sujet, d'une modification de l'efficacite de la force resultante sur les chargements 

a I'epaule. 

Dans la premiere etude, nous voulions etablir le type ainsi que la puissance de la relation 

entre l'efficacite de la force a la roue exprimee par la fraction mecanique de la force 

effective (MEF) et les chargements a I'epaule estimes par les moments articulaires. Les 

resultats demontrent des coefficients de correlation entre MEF et les moments articulaires 

atteignant 0.68. En general, pour les moments articulaires, plus la force resultante etait 

orientee tangentielle a la roue, plus les moments etaient eleves. L'augmentation des 

moments a I'epaule dans le plan sagittal (flexion et extension) est lo gique, car il y a 

agrandissement du bras de levier entre la force appliquee et I'articulation (epaule). Un 

resultat surprenant que nous avons obtenu est I'augmentation pour les moments dans les 
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autres plans de mouvement. Par exemple, pour les moments de rotation interne et exteme 

ainsi que de flexion et d'extension dans le plan horizontal. La correlation positive entre 

MEF et le moment de rotation a I'epaule pourrait s'averer la plus dommageable etant donne 

que ce mouvement est effectue par de petits muscles (coiffe des rotateurs). Les resultats 

suggerent done que pour produire une force efficace a la roue, I'epaule est soumise a des 

chargements importants dans plusieurs directions de mouvements ce qui Concorde bien avec 

la suggestion de de Groot et  al.  (2002). Des chargements eleves pour les memes conditions 

externes pourraient augmenter le risque de pathologic a long terme (Mercer et  al, 2006). II 

ne serait pas recommande pour des utilisateurs ages de FR de propulser avec une force 

orientee tangentielle a la roue. Done, dans cet article, nous avons reussi a etablir que pour 

des utilisateurs ages de FR, il existe une relation de type lineaire entre l'efficacite de la force 

a la roue et les chargements a I'epaule. Cependant, cette relation lineaire a ete etablie entre 

les sujets et non chez un meme sujet. II serait done interessant de determiner pour un meme 

sujet I'impact d'une modification de I'efficacite de la force a la roue sur les chargements a 

I'epaule. 

Dans la deuxieme etude concemant la relation entre la force resultante a la roue et les 

chargements a I'epaule, nous voulions determiner I'effet de changer l'efficacite de la force a 

la roue sur les forces et moments articulaires a I'epaule lors de la propulsion. Grace a une 

simulation developpee au laboratoire, il a ete demontre que lorsque la force est orientee 

tangentielle a la roue chez un meme sujet, les forces et moments articulaires sont 

significativement plus eleves a I'epaule. Ces resultats confirment nos resultats obtenus dans 

la premiere etude sur la relation entre l'efficacite de la force et les chargements a I'epaule. 

Une analyse sur un utilisateur qui etait initialement inefficace (78 % de la force appliquee ne 

contribuait pas a la propulsion) a demontre des augmentations entre 70 et 92 % au niveau 

des forces articulaires et entre 11 et 189 % au niveau des moments articulaires a I'epaule 

lorsque la force etait simulee tangentielle. Les resultats suggerent done qu'independamment 

de I'amplitude de la force appliquee a la roue, I'orientation de cette derniere a un impact 

important sur les chargements a I'epaule lors de la propulsion. Nos resultats sont en accord 
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avec ceux de Veeger (1999) qui avait demontre a I'aide d'un modele quasi statique, une 

augmentation de I'activite musculaire lorsque la force etait tangentielle a la roue. 

Generalement, une composante tangentielle variant entre 40 et 80 % de la force resultante a 

la roue n'augmentait pas de fa^on substantielle les chargements a I'epaule. L'analyse de 

I'individu initialement inefficace nous a permis de demontrer une fenetre d'amelioration, 

environ 10 %, ou le sujet pourrait augmenter sa performance sans que les chargements a 

I'epaule soient plus eleves. Done, les resultats suggerent que pour une personne agee 

utilisatrice de FR, il ne serait pas recommande de propulser avec une force tangentielle a la 

roue. Cependant, grace a la fenetre d'amelioration identifiee, il serait possible d'augmenter 

legerement Fefficacite de la propulsion sans que les chargements soutenus par I'epaule 

soient plus elevees. Toutefois, modifier I'orientation ou l'efficacite de la force a la roue 

n'est pas une tache simple. De Groot et  al.  (2002) ont demontre qu'il etait possible a I'aide 

de feedback visuel de la force a la roue d'augmenter l'efficacite de la force resultante chez 

des non-utilisateurs de FR. Cependant, pour des utilisateurs frequents de FR, le meme type 

de feedback visuel n'a pas amene d'augmentation de la composante tangentielle. Done, il 

n'existe pas encore de methode qui permettrait de modifier I'orientation de la force a la 

roue. Aissaoui et Desroches (2008) ont demontre que le patron de propulsion en FR chez les 

personnes agees avait une influence sur l'efficacite de la force resultante a la roue. Alors, 

sachant que le patron de propulsion influence la production de force a la roue et que 

I'orientation de cette demiere a un impact sur les chargements a I'epaule, nous voulions 

determiner la relation entre le patron de propulsion et les moments articulaires a I'epaule. 

En 2005, le Consortium for Spinal  Cord  Medicine  (2005) a emis la recommandation que les 

utilisateurs de FR devaient propulser avec un patron de type semi-circulaire (i.e. retour de la 

main sous la jante de la roue). Cette recommandation est surtout basee sur des etudes ayant 

evalue des parametres cinetiques au niveau de la jante de la roue (Boninger et  al,  2002, ; 

Sanderson et Sommer, 1985, ; Shimada et  al,  1998). Aucune etude ne s'est attardee a 

evaluer la relation entre le patron de propulsion et le moteur de la propulsion, I'epaule. A 

I'aide d'une methode de classement quantitative (Aissaoui et Desroches, 2008), nous avons 
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evalue les moments articulaires a I'epaule pour quatre patrons de propulsion. Les resultats 

suggerent que les chargements a I'epaule sont dependants du patron de propulsion. 

Generalement, un patron s'apparentant au type de pompage amenait des moments 

articulaires plus eleves a I'epaule compare a d'autres patrons pour une meme vitesse et 

resistance exteme. Comme mentiorme precedemment, des chargements plus eleves a 

I'epaule ont ete lies au developpement de pathologies a I'epaule (Mercer et  al,  2006). Nos 

resultats sont dans la meme ligne de pensee que ceux de Boninger et  al. (2002) et Sanderson 

et Sommer (1985) qui suggeraient que le patron pompage ne serait pas ideal pour les 

utilisateurs de FR etant donne les changements brusques de direction et I'acceleration elevee 

au niveau des articulations. Les differences au niveau des moments articulaires entre les 

patrons pourraient s'expliquer en partie par une modification de I'activite musculaire (de 

Groot et  al,  2004). Les patrons de propulsion resultant en des moments articulaires plus 

faibles pour les memes conditions extemes pourraient amener le bras dans une 

position d'attaque « ideale » a la jante en termes de synergic musculaire et de production de 

force. Bolhuis et  al.  (1998) ont demontre que I'activation de plusieurs muscles du membre 

superieur est dependante de la direction du mouvement. Des travaux futurs devraient 

evaluer les synergies musculaires ainsi que les forces musculaires (modele 

musculosquelettique) pour differents patrons de propulsion. Les resultats de la presente 

etude suggerent que, pour des utilisateurs ages de FR, propulser selon un patron de type 

pompage ne serait pas ideal etant dorme les chargements plus eleves a I'epaule et ce patron 

ne devrait pas etre recommande. D'autres populations utilisatrice de FR devraient etre 

evaluees afin de determiner si le patron pompage a un meme effet. 

Bien que plusieurs observations et conclusions interessantes aient ete obtenues grace aux 

differentes etudes menecs dans le present travail, quelques limitations generales doivent etre 

soulevees. D'abord, tous les sujets ont ete evalues dans un FR fait sur mesure afin de 

modifier les angles d'assises et non dans leur FR persormel. Cependant, des ajustements au 

FR experimental ont ete apportes afin qu'il represente le plus fidelement possible le FR des 

individus. La profondeur du siege etait ajustee de fa9on a ce qu'il y ait un espace de 2 cm 
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entre le derriere du genou et le siege. Les reposes-jambes etaient ajustes pour qu'ils soient 

semblables a ceux du FR de I'individu. La largeur du siege n'etait pas ajustable, toutefois, 

aucune plainte concemant un inconfort ne fut rapportee. Un ergometre experimental a ete 

utilise afin de simuler la propulsion sur le sol. Etant domie que nous voulions mesurer la 

cinetique et la cinematique de la propulsion dans un environnement controle, un ergometre 

experimental s'est avere un choix logique. De plus, I'utilisation d'un ergometre 

experimental s'est averee un outil utile, valide et foumissant des mesures fideles pour 

evaluer la propulsion en FR de personnes souffrant d'incapacites physiques (Finley et  al, 

2002, ; Martin era/., 2002). 

La population etudiee dans le cadre dc cette these concemait des utilisateurs ages de FR et 

done, les resultats ne s'appliquent qu'a cette population. Cette population a ete le centre 

d'interet de ce travail etant donne qu'elle represente la majorite des utilisateurs de FR aux 

Etats-Unis (Kaye et  al,  2000). Un groupe heterogene au niveau du diagnostic a ete choisi, 

car dans la population generale, aucun diagnostic n'est predominant (Kaye et  al,  2000). 

Done, un groupe experimental heterogene represente mieux la population utilisatrice agee 

de FR. (Simmons et  al, 1995) ont demontre que seulement 45 % des utilisateurs ages de FR 

etaient capables de se deplacer seul et que le temps passe a propulser etait tres faible. Ce 

faible temps passe a propulser fut associe a la faiblesse musculaire et a la douleur lors de la 

propulsion. De plus, il a ete demontre dans la litterature que les utilisateurs de FR ages 

courraient les memes risques que des usagers plus jeunes de developper des pathologies au 

niveau de I'epaule (Nichols et  al,  1979). En consequence, des etudes biomecaniques sont 

tres importantes afin de permettre aux utilisateurs ages de FR de maintenir un bon niveau 

d'independance et de prevenir les blessures. 



CONCLUSION 

Le present travail avait comme objectif principal d'evaluer les chargements a I'epaule lors 

de la propulsion manuelle en fauteuil roulant (FR) chez la personne agee. Pour ce faire, 

quatre etudes ont ete menees. Dans la premiere etude, nous avons demontre que les 

variations dans l'angle d'assise n'influencent pas les chargements a I'epaule tant que la 

position de l'axe de rotation de la roue est constante par rapport a la morphologie de 

I'individu. Done, nos resultats suggerent que le parametre le plus important lors du 

positionnement de I'individu en FR serait la position de l'axe par rapport a sa morphologie. 

Par la suite, l'angle d'assise peut etre ajuste en fonction du confort de I'individu dans le FR. 

Cependant, I'application clinique de nos resultats est quelque peu limitee etant donne que la 

plupart des cliniciens n'ont pas acces a I'appareillage specialise pour placer l'axe de la roue. 

Neanmoins, les resultats de cette etude fournissent des avenues de recherche interessantes 

pour le futur qui pourraient aider a optimiser le positionnement en FR. 

Dans la deuxieme etude, le type ainsi que la puissance de la relation entre l'efficacite de la 

force a la roue et les chargements a I'epaule furent etablis. Les resultats ont demontre que 

plus les usagers propulsaient le FR avec une force efficace (tangentielle) a la roue, plus les 

chargements a I'epaule etaient eleves. Nos resultats concordent bien avec la litterature qui 

suggere que propulser un FR avec une force totalement efficace a la roue ne serait pas 

avantageux pour les utilisateurs. Pour les utilisateurs ages de FR, il ne serait pas 

recommande de propulser le FR avec une force efficace afin de prevenir le developpement 

de pathologies a I'epaule resultant des chargements eleves. 

Dans la troisieme etude, nous avons demontre ce qu'il adviendrait chez un meme sujet, si 

l'efficacite de la force a la roue etait modifiee lors de la propulsion en FR. Les resultats ont 

etabli que, pour un meme sujet, propulser avec une force tangentielle a la roue augmenterait 

de fa9on significative les chargements a I'epaule exprimes par les forces et moments 

articulaires. Ceci suggere que pour des utilisateurs ages de FR, il ne serait pas recommande 
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de propulser avec une force tangente a la roue. Une approche individuelle nous a permis de 

demontrer des augmentations allant jusqu'a 189 % au niveau des chargements articulaires 

pour un sujet lorsque la force etait simulee tangente a la roue. Toutefois, nous avons 

egalement etabli une fenetre d'amelioration au niveau de l'efficacite de la force ou le sujet 

augmenterait l'efficacite de la tache sans augmenter de fa^on substantielle les chargements a 

I'epaule. 

Dans la quatrieme etude, nous avons determine I'impact du patron de propulsion sur les 

chargements a I'epaule, estimes par les moments articulaires, lors de la propulsion en FR. 

Les resultats demontrent que les moments articulaires sont dependants du patron de 

propulsion. Un patron de type pompage etait generalement celui qui amenait les moments 

articulaires les plus eleves lors de la propulsion pour les memes conditions extemes. Les 

resultats de cette etude nous foumissent des informations pertinentes quant a la cinetique et 

la cinematique de la propulsion et pourraient aider a identifier un patron qui serait adequat 

pour les utilisateurs de FR au niveau des chargements a I'epaule. 

De toutes les etudes entreprises dans ce present travail, quelques recommandations peuvent 

etre emises. Tout d'abord, etudier les chargements a I'epaule a I'aide des moments 

articulaires ne foumit qu'une estimation, quoique relativement proche de la realite. 

Incorporer une analyse electromyographique ou un modele musculosquelettique apporterait 

des informations supplementaires et complementaires a l'analyse biomecanique de la 

propulsion en FR et permettrait d'emettre des conclusions et recommandations encore plus 

robustes. Evaluer plusieurs types de population et un plus grand nombre de sujets 

permettrait egalement d'appliquer les resultats a une plus grande partie des utilisateurs de 

FR. Bien qu'un ergometre experimental s'avere utile afin de recueillir des donnees fideles 

dans un environnement controle, etudier la biomecanique de la propulsion dans une 

condition un peu plus reelle (ex. : corridor de propulsion, a I'exterieur) pourrait foumir des 

informations pertinentes sur les conditions reelles que font face les utilisateurs de FR. 
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