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Paramètre Unité 

Benedetti  20 sujets –  
moyenne d’âge  

43 ans (20-72 ans) 

Goujon 55 sujets – 
moyenne d’âge  

36 ans (19-61 ans) 

Villa 30 sujets –  
moyenne d'âge  

41 ans (19-74 ans) 

Moyenne Ecart-type Moyenne Ecart-type Moyenne Ecart-type 

Phase d'appui % du 
cycle 60.4 1.9 59.0 1.4 61.2 1.9 

Phase oscillante 
% du 
cycle 39.6 1.9 41.0 1.4 38.8 1.9 

Vitesse cm/s 125.6 16.8 125.3 13.4 132.7 13.1 
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Articulation 
- 

Plan 
Nom du paramètre Unité 

Benedetti  20 
sujets –  

moyenne d’âge  
43 ans (20-72 ans) 

Goujon 55 sujets – 
moyenne d’âge  

36 ans (19-61 ans) 

Villa 30 sujets - 
moyenne d'âge  

41 ans (19-74 ans) 

Moyenne Ecart -
type 

Moyenne Ecart -
type 

Moyenne Ecart -
type 

Cheville – plan 
sagittal 

Position angulaire à 
l’attaque du pas ° -4.0 6.0 -0.5 5.9 -2.1 3.3 

Plantiflexion 
maximale en phase 

d’appui 

° -12.7 4.9 -10.5 4.7 -7.6 3.1 

% du cycle 8.2 1.5 5.7 2.5 7.9 1.6 

Dorsiflexion 
maximale en phase 

d’appui 

° 10.9 5.7 9.2 5.5 9.6 3.0 

% du cycle 45.9 5.1 46.3 8.0 45.2 2.8 

Plantiflexion 
maximale en phase 

oscillante 

° -22.6 6.9 -15.8 5.6 -18.4 5.0 

% du cycle 66.1 4.1 64.7 5.2 64.2 1.9 

Genou – plan 
sagittal 

Position angulaire à 
l’attaque du pas ° 0.4 4.9 3.4 5.8 1.8 4.7 

Flexion maximale 
en phase d’appui 

° 17.9 7.7 16.3 4.5 18.6 5.2 

% du cycle 16.2 4.6 13.1 3.5 13.5 1.8 

Extension en 
maximale phase 

d’appui 

° 4.9 4.6 3.8 5.2 4.3 3.3 

% du cycle 39.8 5.5 37.8 3.8 38.9 2.8 

Flexion au 
décollement du 

pied 
° 36.6 7.6 33.8 7.2 45.9 5.6 

Flexion maximale 
en phase oscillante 

° 65.7 5.2 65.5 4.8 65.9 4.6 

% du cycle 73.4 2.3 72.9 1.8 70.8 1.6 

Genou – plan 
frontal Amplitude ° 10.6 3.8 11.2 3.8 10.1 3.9 

Genou – plan 
transverse Amplitude ° 13.9 5.1 18.5 5.7 15.7 3.8 

Hanche – plan 
sagittal 

Flexion maximale 
en phase d’appui ° 28.9 5.7 30.4 6.2 26.8 3.9 

Extension 
maximale en phase 

d’appui 

° -10.0 5.1 -7.0 4.8 -12.8 4.0 

% du cycle 52.2 2.5 51.7 2.0 49.5 1.6 

Flexion maximale 
en phase oscillante ° 29.8 4.8 33.7 5.8 29.0 3.8 

Hanche – plan 
frontal 

Amplitude ° 11.1 2.6 14.4 3.2 14.0 2.9 

Hanche – plan 
transverse Amplitude ° 13.6 4.0 14.9 5.0 12.6 3.7 

Bassin – plan 
frontal 

Inclinaison 
controlatérale 

maximale 

° 2.3 1.8 4.7 2.5 3.5 1.7 

% du cycle 13.9 4.5 14.2 7.5 16.3 9.2 

Inclinaison 
homolatérale 

maximale 

° -2.0 2.0 -5.4 2.3 -3.9 1.9 

% du cycle 64.6 4.5 65.5 8.4 67.6 11.0 

Bassin –plan 
transverse 

Rotation 
controlatérale 

maximale 

° 4.6 4.8 6.0 3.0 5.6 2.9 

% du cycle 61.3 9.3 65.0 6.2 54.7 10.4 
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Articulation 
- 

Plan / 
Composante 
de l’effort 

Nom du paramètre Unité 

Benedetti  20 sujets – 
moyenne d’âge 43 ans 
(20-72 ans) 

Goujon 55 sujets – 
moyenne d’âge 36 
ans (19-61 ans) 

Villa 30 sujets - 
moyenne d'âge 41 ans 
(19-74 ans) 

Moyenne Ecart-type Moyenne Ecart-type Moyenne Ecart-type 

Cheville 
 –  

plan sagittal 

moment maximal de 
plantiflexion 

%poids*taille 1.17 0.89 0.84 0.42 1.51 0.90 

%cycle 5.6 2.7 5.6 1.5 5.0 1.3 

moment maximal de 
dorsiflexion 

%poids*taille 8.16 1.14 8.53 0.89 8.62 2.42 

%cycle 47.7 2.3 47.7 1.4 45.8 8.2 

Genou 
- 

plan 
sagittal 

moment d'extension 
maximal en début 

d'appui 

%poids*taille 4.20 1.34 1.95 1.00 2.19 0.76 

%cycle 1.5 0.8 3.2 8.7 1.5 0.9 

moment de flexion 
maximal 

%poids*taille 1.45 0.98 2.57 1.49 3.88 1.54 

%cycle 15.3 3.2 12.9 2.1 13.1 2.0 

moment d'extension 
maximal 

%poids*taille 2.75 1.38 1.89 0.80 1.78 0.96 

%cycle 48.9 2.9 41.6 2.7 41.1 2.0 

Hanche 
- 

plan sagittal 

moment de flexion 
maximal 

%poids*taille 8.50 2.33 4.32 1.97 5.88 1.58 

%cycle 1.4 0.4 3.9 5.0 2.7 2.3 

moment d'extension 
maximal 

%poids*taille 2.82 1.16 4.15 1.21 5.76 1.49 

%cycle 49.2 1.8 50.1 2.9 49.1 1.7 

1er maximum de 
moment d'adduction 

%poids*taille 3.00 1.43 4.96 1.71 5.28 0.99 

%cycle 14.6 2.6 13.6 3.7 13.4 3.1 

2ème maximum de 
moment d'adduction 

%poids*taille 9.91 1.62 4.73 1.33 4.57 0.94 

%cycle 47.4 1.7 45.1 2.2 45.5 3.0 

moment de rotation 
externe maximal 

%poids*taille 1.96 0.85 0.73 0.29 1.48 0.59 

%cycle 46.4 2.3 39.6 11.3 10.2 1.4 

moment de rotation 
interne maximal 

%poids*taille 1.70 0.97 0.69 0.35 0.85 0.39 

%cycle 11.5 6.6 11.4 3.0 22.3 31.7 

Composante 
normale de 

l’effort 

1er maximum 
% poids 112.0 8.9 110.8 7.2 118.0 7.0 

%cycle 14.5 2.0 13.4 1.3 13.1 1.5 

Minimum 
% poids 73.0 6.8 75.0 7.4 73.1 7.7 

%cycle 28.5 2.8 27.8 2.3 28.2 2.6 

2ème maximum 
% poids 113.8 6.5 112.5 6.6 116.6 7.2 

%cycle 47.9 2.0 46.7 1.3 46.7 1.9 

Composante 
longitudinale 

de l’effort 

Minimum 
% poids -19.3 4.2 -18.2 3.4 -19.3 3.9 

%cycle 10.5 2.3 9.3 1.6 9.9 1.3 

Maximum 
% poids 21.6 4.3 21.8 2.9 23.3 3.8 

%cycle 52.8 1.9 52.3 1.2 51.7 1.6 
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Lay et al. Villa Lay et al. Villa Lay et al. Villa 

Pente 0% 
Pente 0% 
Groupe 
Pente 5 

Pente 0% 
Groupe 
Pente 12 

Pente 15% Pente  
39 % Pente 5% Pente  

12 % Pente 15%-Plat Pente 39 %-Plat Pente 5%-Plat Pente 12 %-Plat 

Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std 
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� 0.7 0.1 0.7 0.1 0.7 0.1 0.8 0.1 0.8 0.1 0.7 0.1 0.7 0.1 0.0 / 0.0 / 0.0 0.1 0.1 0.1 
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� 1.2 0.1 1.1 0.1 1.1 0.1 1.2 0.1 1.2 0.1 1.2 0.1 1.2 0.1 -0.1 / 0.0 / 0.1 0.1 0.1 0.1 
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Articulation 
- 

Plan 

Nom du 
paramètre 

Unité 

*���� 4������ 
����������:�4�����3*����

Lay et al. Villa Lay et al. Villa Lay et al. Villa 

Pente 0% 
Pente 0% 

Groupe pente 
5% 

Pente 0% 
Groupe pente 

12% 
Pente 15% Pente 39 % Pente 5% Pente 12 % Pente 15% 

-Plat 
Pente 39 % 

-Plat 
Pente 5% 

-Plat 
Pente 12 % 

-Plat 

Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std 

Cheville – 
plan 

sagittal 

Position 
angulaire à 

l’attaque du pas 
° ��(� &�(� ��!� "�"� ��!� "�&� 3"�!� (�+� 3�(�!� (�,� !�,� &�!� 3&��� "�/� *+��
 �� 3�2�2� �� 3���� ��2 � *5��
 "�! �

Flexion dorsale 
maximale en 
phase d’appui 

° ���/� &�"� +�(� "��� +�(� "��� ��(� 2�,� 3�&�/� (�,� (��� "�,� 3��!� &��� *���$
 �� 3�+�2� �� 3��&� ��2� *���
 ��, �
% du 
cycle �� �� +�,� ��+� +�+� ��&� �� �� �� �� +�(� ��+� 2�!� (�+� 

 �� �� �� 3!�&� ��� � *��.
 (�, �

Flexion 
plantaire 

maximale en 
phase oscillante 

° �&��� 2�&� �/��� (�"� �/�,� (�"� �+�&� +�/� �(��� ,�(� �,�2� (�/� �,��� (�!� $��
 �� !�,� �� ��(� ��+ � '�$
 "�" �

% du 
cycle �� �� 2&�"� ��,� 2&��� ��,� �� �� �� �� 2&�2� ���� 2&�+� ��2� 

 �� �� �� !�"� ��� � '�5
 ��" �

Genou – 
plan 

sagittal 

Position 
angulaire à 

l’attaque du pas 
° "�2� &�2� ���� &�/� ���� &�,� ���"� /��� &/�&� (�/� 2�(� 2�"� �"�!� 2�2� �.�4
 �� &&�,� �� &�&� "�&� �'�4
 &�+�

Position à 50% 
cycle de marche ° +�!� &�+� �"�!� &�&� �"��� "�(� &�/� &��� ,�(� 2�&� ,�(� (�!� +�"� (�(� *���
 �� ��(� �� 3"�(� "�� � *���
 &�� �

Flexion 
maximale en 

phase oscillante 

° 2��/� "�,� 22��� &�2� 22�/� &�2� 2���� &�+� 22��� (�2� 2&�&� 2�!� 2(�"� 2�,� *��.
 �� "�&� �� 3��+� "�� � *���
 (�� �
% du 
cycle �� �� +!�+� ��2� +!�/� ��&� �� �� �� �� +��2� ��/� +"�(� ��(� 

 �� �� �� !�,� ��� � ��.
 ��/ �

Hanche – 
plan 

sagittal 

Position 
angulaire à 

l’attaque du pas 
° �+�2� 2��� �2�&� "�/� �2�&� "�,� &&�+� ,�/� +���� ,�(� "��/� (��� &&�(� (�+� �.��
 �� &"�(� �� (�&� "�&� �4��
 (�� �

Extension 
maximale en 
phase d'appui 

° 3���/� 2�/� 3���+� &�!� 3���+� &�!� 3,�2� 2�&� !�(� +�+� 3���,� (��� 3�!�&� 2��� ���
 �� ���&� �� !�/� "�( � ��$
 (�� �
% du 
cycle �� �� &,�(� ��2� &,�2� ��"� �� �� �� �� (!�"� ��,� (��(� ���� 

 �� �� �� !�/� ��& � ���
 ��! �

Flexion 
maximale en 

phase oscillante 

° �+�&� (�&� �,�"� &��� �,�+� "�2� &��,� +�2� 2+�2� +�,� ""�2� (��� &(�2� (�&� �+��
 �� &!��� �� &�"� "�� � ����
 (�! �
% du 
cycle �� �� /2�2� (�/� /(�!� "�,� �� �� �� �� /+�,� 2�!� ,(�(� &�2� 

 �� �� �� ��"� +�! � �'��
 (�� �

��������#�2�:���������
�����
����������
����������� �
����������������������
�
����
��
'�����������
��6 ���@�'� ������ �.@�'E�������E��!!20��
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#�"���&���  4>47<�)�

Articulation 
- 

Plan 
Nom du paramètre Unité 

*���� 4������ 
����������:�4�����3*����

Lay et al. Villa Lay et al. Villa Lay et al. Villa 

Pente 0% 
Pente 0% 

Groupe pente 
5% 

Pente 0% 
Groupe pente 

12% 
Pente 15% Pente 39 % Pente 5% Pente 12 % Pente15% 

-Plat 
Pente 39% 

-Plat 
Pente 5% 

-Plat 
Pente 12 % 

-Plat 

Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std 

Cheville - 
Plan 

Sagittal 

Max moment 
articulaire de 

plantiflexion en 
début d'appui 

Nm/kg 3!��(� !�!2 � 3!��2 � !��& � 3!��2� !��( � 3!�!2 � !�!+ � !�!/� !�!/ � 3!��,� !��( � 3!��&� !��� � '�'�
 �� !��"� �� !�!+� !�!, � '���
 !��! �

% cycle �� �� (�!� ��"� (�!� ���� �� �� �� �� (��� ��+� &�+� ��+� 

 �� �� �� !��� ��2� *'�$
 ��2�
Max moment 
articulaire de  

plantiflexion en fin 
d'appui 

Nm/kg ��2&� !��& � ��("� !��, � ��(&� !��� � ��,&� !��� � ��,(� !��/ � ��2!� !��� � ��2/� !��( � '�$'
 �� !�"�� �� !�!+� !��� � '��+
 !��� �

% cycle �� �� &+�"� ��2� &+�(� ��(� �� �� �� �� &+�,� ��,� &/�+� ��/� 

 �� �� �� !�2� ���� ���
 ��&�

Genou - 
Plan 

Sagittal 

Max moment 
articulaire de flexion 

en début d'appui 

Nm/kg 3!�(�� !�!, � 3!�"2� !��� � 3!�"+� !��" � 3!�(2 � !��� � 3!�&"� !��� � 3!�"+� !��" � 3!�"&� !��& � *'�'� 
 �� !�!/� �� 3!�!� � !��" � '�'+
 !��� �

% cycle �� �� ��(� !�,� ��&� !�,� �� �� �� �� ��2� !�/� ��,� !�+� 

 �� �� �� !��� !�/� '��
 ����
Max moment 

articulaire 
d’extension en 
milieu d'appui 

Nm/kg !�&&� !��! � !�2&� !��+ � !�+�� !��" � !�2&� !�"/ � !�/�� !�&� � !�(&� !��2 � !�/�� !�"" � '��'
 �� !�"+� �� 3!��! � !��� � '��$
 !��& �

% cycle �� �� ���2� "��� ���/� ��!� �� �� �� �� �&�2� ��"� �&�(� ��"� 

 �� �� �� ��,� "��� ��$
 "�/�

Moment articulaire 
de flexion à 30% du 

cycle de marche 
Nm/kg 3!�!,� !��+ � 3!�!" � !��� � 3!�!"� !��" � 3!�!/ � !��� � 3!��+ � !��, � !�!!� !��" � !�!"� !��( � '�'�
 �� 3!��/ � �� !�!"� !�!, � '�'�
 !��" �

Max moment 
articulaire de flexion 

en fin d'appui 

Nm/kg 3!�"/� !��� � 3!�"! � !��2 � 3!��,� !��2 � 3!�+! � !�"� � 3!�2/ � !�"� � 3!�"+� !��! � 3!�&"� !��� � *'�$� 
 �� 3!�"! � �� 3!�!+ � !��& � *'��+ 
 !��2 �

% cycle �� �� &���� ��!� &���� ��!� �� �� �� �� &"�+� "�+� &&�&� ��/� 

 �� �� �� ��2� "�"� $�$
 ��(�

Hanche - 
Plan 

Sagittal 

Max moment 
articulaire 

d’extension en fin 
d'appui 

Nm/kg !��2� !��( � 3��!! � !��+ � 3!�,/� !��& � !���� !��" � !�"�� !��( � 3!�,(� !�"! � 3!�/(� !�"" � '�'�
 �� !��2� �� !�!(� !��� � '���
 !��& �

% cycle �� �� &,��� ��+� &,�!� ��2� �� �� �� �� (!�!� ��,� (!�/� ��/� 

 �� �� �� !�,� ��&� ��.
 ��"�

��������#�+�:���������
�����
����������
��'�������
 �.������
������������
0����������������������
�
��� �
��
'�����������
��6���@�'� ������ �.@�'E�������E��!!20��4��X��������E�4�'X�
��'����E�)��X�����3�'���
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Composante 
dans 

Rsituation 

Nom du 
paramètre Unité 

*���� 4������ 
����������:�4�����3*����

Lay et al. Villa Lay et al. Villa Lay et al. Villa 

Pente 0% 
Pente 0% 

Groupe pente 
5% 

Pente 0% 
Groupe pente 

12% 
Pente 15% Pente 39% Pente 5% Pente 12% Pente15% 

-Plat 
Pente39% 

-Plat 
Pente5% -

Plat 
Pente12% 

-Plat 

Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std 

Composante 
longitudinale 

de l’effort 

Maximum 
effort 

antérieur en 
début d'appui 

N/kg -1.6 0.1 -1.9 0.4 -1.9 0.4 -0.3 0.2 N/A N/A -1.3 0.4 -0.5 0.4 1.3   N/A   0.6 0.3 1.4 0.3 

% 
cycle     1.0 0.1 1.0 0.1         1.0 0.1 0.8 0.4         0.0 0.1 -0.2 0.4 

Maximum 
effort 

postérieur en 
fin d'appui 

N/kg 1.9 0.3 2.3 0.4 2.4 0.3 3.3 0.5 5.1 0.6 2.5 0.4 3.2 0.5 1.4   3.2   0.3 0.3 0.8 0.4 

% 
cycle     5.1 0.2 5.1 0.1         5.1 0.2 5.0 0.1         0.0 0.1 -0.1 0.1 

Composante 
normale 

de l’effort 

1er maximum 
N/kg 10.4 0.4 11.6 0.7 11.6 0.7 10.6 0.6 10.9 0.9 11.1 0.7 11.2 1.0 0.2   0.5   -0.5 0.6 -0.4 0.8 

% 
cycle     1.3 0.1 1.3 0.1         1.4 0.2 1.4 0.2         0.1 0.1 0.2 0.2 

2ème 
maximum 

N/kg 10.7 0.5 11.5 0.7 11.4 0.7 11.5 0.8 10.3 0.9 11.9 0.8 11.8 0.9 0.8   -0.4   0.4 0.4 0.4 0.7 

% 
cycle     4.6 0.2 4.6 0.2         4.6 0.2 4.7 0.2         0.1 0.2 0.1 0.1 

��������#�/�:���������
�����
������
����
�����9�$$� ������������������
��������������
����������������� ������.5
��������0���
�
����
��
'�����������
������ ���������������6���@�'� ������ ��

�
��%����#3"�:���������
���
������
����
�����9�$$���� ���������������
��������������
�������������������� ���.5
��������0���
�
����
��
'�����������
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��J�.���%�������0E����H������.�������0�
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*�������� � ?���� �

*���� #�
������ 
����������:�#�
�����3*����

Lay et al. Villa Lay et al. Villa Lay et al. Villa 

Pente 0% 
Pente 0% 
Groupe 
Pente 5 

Pente 0% 
Groupe 
Pente 12 

Pente 15% Pente  
39 % Pente 5% Pente  

12 % Pente 15%-Plat Pente 39%-Plat Pente 5%-Plat Pente 12%-Plat 

Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std 

����
�
�O������


� 0.7 0.1 0.7 0.1 0.7 0.1 0.7 0.1 0.7 0.1 0.7 0.1 0.7 0.1 0.0   0.0   0.0 0.0 0.0 0.1 

����
�
�'����


� 1.2 0.1 1.1 0.1 1.1 0.1 1.2 0.1 1.2 0.1 1.1 0.1 1.1 0.1 0.0   0.0   0.0 0.1 0.0 0.1 

��������#�,�:���������
�����
����������
�
�����3��� �����
���
�
����
��
'�����������
������
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Articulation 
- 

Plan 

Nom du 
paramètre Unité 

*���� #�
������ 
��������� �:�#�
�����3*����

Lay et al. Villa Lay et al. Villa Lay et al. Villa 

Pente 0% 
Pente 0% 

Groupe pente 
5% 

Pente 0% 
Groupe pente 

12% 
Pente 15% Pente 39 % Pente 5% Pente 12 % Pente 15% 

-Plat 
Pente 39 % 

-Plat 
Pente 5% 

-Plat 
Pente 12 % 

-Plat 

Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std 

Cheville – 
plan sagittal 

Position 
angulaire à 

l’attaque du pas 
° ��(� &�(� ��!� "�"� ��!� "�&� 3!�2� &��� ��2� (�&� ��!� "�2� ���� &�"� *���
 �� ���� �� 3!��� ��/� *'��
 ����

Dorsiflexion 
maximale en 
phase d’appui 

° ���/� &�"� +�(� "��� +�(� "��� �(�!� &��� ���+� &��� /�&� "�"� /�!� "�/� ��$
 �� ,�,� �� !�/� ��/� '��
 ����
% du 
cycle �� �� +�,� ��+� +�+� ��&� �� �� �� �� +�+� ��(� +�(� ��&� 

 �� �� �� 3!��� ��!� *'�$
 ��"�

Plantiflexion 
maximale en 

phase oscillante 

° �&��� 2�&� �/��� (�"� �/�,� (�"� �+�&� (�,� �!�(� (��� �&�,� (�"� �!�+� (�/� *5��
 �� 3�"�+� �� 3"��� ��,� *4�$
 (�!�
% du 
cycle �� �� 2&�"� ��,� 2&��� ��,� �� �� �� �� 2&�/� ��!� 2"�,� ��!� 

 �� �� �� !�2� ���� *'��
 ��(�

Genou – 
plan sagittal 

Position 
angulaire à 

l’attaque du pas 
° "�2� &�2� ���� &�/� ���� &�,� ��"� (�+� +��� (�"� ��!� (�!� ��,� (�"� *���
 �� "�(� �� 3���� ��"� '�5
 "�&�

Position à 50% 
cycle de marche ° +�!� &�+� �"�!� &�&� �"��� "�(� �&��� 2�2� (��(� &�+� �2�"� (�2� �/�!� /�!� �.��
 �� &&�(� �� "�&� "�&� �+�4
 2�,�

Flexion 
maximale en 

phase oscillante 

° 2��/� "�,� 22��� &�2� 22�/� &�2� +!��� "��� /&�2� "�&� 2/�2� (�,� +"�2� +�&� .�+
 �� ���/� �� ��(� ��+� 5��
 &�+�
% du 
cycle �� �� +!�+� ��2� +!�/� ��&� �� �� �� �� +!�&� ��2� 2,�!� ��"� 

 �� �� �� 3!�"� ���� *��4
 ����

Hanche – 
plan sagittal 

Position 
angulaire à 

l’attaque du pas 
° �+�2� 2��� �2�&� "�/� �2�&� "�,� �,�(� (�,� �2�,� (�,� ���2� &�(� �,�(� "�,� *4��
 �� 3�!�2 � �� 3"�/� ��,� *5��
 &���

Extension 
maximale en 
phase d'appui 

° 3���/� 2�/� 3���+� &�!� 3���+� &�!� 32��� +�(� /�!� 2�&� 3���/� (�"� 3�!�2� +�"� ��5
 �� �,�/� �� 3!��� "�"� ���
 (�"�
% du 
cycle �� �� &,�(� ��2� &,�2� ��"� �� �� �� �� &,�,� ��+� (!��� ��!� 

 �� �� �� !�"� ��"� '��
 ��,�

Flexion 
maximale en 

phase oscillante 

° �+�&� (�&� �,�"� &��� �,�+� "�2� ���(� (�(� ���/� (�"� �(�2� &�+� �"�"� &�2� *���
 �� 3&�+� �� 3"�+� ��2� *5�+
 &���
% du 
cycle �� �� /2�2� (�/� /(�!� "�,� �� �� �� �� /(�!� &�2� /&�+� 2�&� �� �� �� �� 3��+� +�&� *'�$
 +�&�

��������#��!�:���������
�����
����������
���������� ��
���
�
����
��
'�����������
������
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Articulation 
- 

Plan 

Nom du 
paramètre Unité 

*���� #�
������ #�
�����3*����

Lay et al. Villa Lay et al. Villa Lay et al. Villa 

Pente 0% 
Pente 0% 

Groupe pente 
5% 

Pente 0% 
Groupe pente 

12% 
Pente 15% Pente 39 % Pente 5% Pente 12 % 

Pente15% 
-Plat 

Pente39% 
-Plat 

Pente 5% 
-Plat 

Pente12 % 
-Plat 

Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std 

Cheville - 
Plan 

Sagittal 

Max moment 
articulaire de 

plantiflexion en 
début d'appui 

Nm/kg 3!��(� !�!2� 3!��2 � !��& � 3!��2 � !��(� 3!��&� !��� � 3!�"� � !�!, � 3!��, � !��" � 3!�""� !��"� 3!�!, �
�

3!��+�
�

3!�!"� !��� � 3!�!+ � !��&�

% cycle 
� �

(�!� ��"� (�!� ����
� � � �

&�(� ��!� &�!� ��&�
� � � �

3!�2� ��"� 3��!� ��2�

Max moment 
articulaire de 

plantiflexion en 
fin d'appui 

Nm/kg ��2&� !��&� ��("� !��, � ��(&� !���� ���,� !��� � !�,�� !��! � ��"(� !��2 � ����� !�"!� 3!�"( �
�

3!�+��
�

3!��,� !��2 � 3!�"" � !��2�

% cycle 
� �

&+�"� ��2� &+�(� ��(�
� � � �

&+��� ��+� &2�&� (�2�
� � � �

3!��� ���� 3���� (�2�

Genou - 
Plan 

Sagittal 

Max moment 
articulaire de 

flexion en début 
d'appui 

Nm/kg 3!�(�� !�!,� 3!�"2� !��� � 3!�"+� !��"� 3!�"/ � !��� � 3!�&+� !��� � 3!�"! � !��& � 3!��&� !��,� !��"�
�

!�!&�
�

!�!2� !��& � !��(� !��,�

% cycle 
� �

��(� !�,� ��&� !�,�
� � � �

��(� !�,� ��(� !�,�
� � � �

3!��� !�/� !�!� ��&�

Max moment 
articulaire 

d’extension en 
milieu d'appui 

Nm/kg !�&&� !��!� !�2&� !��+ � !�+�� !��"� !�//� !��2 � ���/� !��+ � !�+/� !��2 � ���&� !�"�� !�&&�
�

!�+&�
�

!��&� !��! � !�(�� !�"!�

% cycle 
� �

���2� "��� ���/� ��!�
� � � �

���2� ���� ���(� ����
� � � �

!�!� "�!� 3!�&� ��&�

Moment 
articulaire de 

flexion à 30% du 
cycle de marche 

Nm/kg 3!�!,� !��+� 3!�!" � !��� � 3!�!" � !��"� !��"� !��! � !�+�� !��/ � !�!�� !��& � !��(� !���� !�"��
�

!�/��
�

!�!&� !��" � !��2� !��,�

Max moment 
articulaire de 
flexion en fin 

d'appui 

Nm/kg 3!�"/� !���� 3!�"! � !��2 � 3!��, � !��2� !�"2� !��2 � ���(� !��� � 3!��( � !��, � 3!�!�� !��(� !�+&�
�

��2"�
�

!��(� !��2 � !��/� !��&�

% cycle 
� �

&���� ��!� &���� ��!�
� � � �

&"��� /��� ((�/� ,���
� � � �

���� /��� ���"� �(�(�

Hanche - 
Plan 

Sagittal 

Max moment 
articulaire 

d’extension en 
fin d'appui 

Nm/kg !��2� !��(� 3��!! � !��+ � 3!�,/ � !��&� !��/� !��& � !�"!� !��" � 3��!! � !�"� � 3!�/+� !���� !�!��
�

!��&�
�

!�!!� !��" � !���� !��!�

% cycle 
� �

&,��� ��+� &,�!� ��2�
� � � �

&,�!� ��2� &/�(� ��/�
� � � �

3!��� ��(� 3!�(� ��(�

��������#����:���������
�����
����������
��'������� 
�.������
������������
0���
�
����
��
'�����������
 ������
����������������6���@�'� ������� .@�'E�������E��!!20�

�
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Composante 
dans 

Rsituation 

Nom du 
paramètre Unité 

*���� #�
������ 
����������:�#�
�����3*����

Lay et al. Villa Lay et al. Villa Lay et al. Villa 

Pente 0% 
Pente 0% 

Groupe pente 
5% 

Pente 0% 
Groupe pente 

12% 
Pente 15% Pente39% Pente5% Pente12% Pente15% 

-Plat 
Pente39% 

-Plat 
Pente5%  

-Plat 
Pente12% 

-Plat 

Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std Moy Std 

Composante 
longitudinale 
de l’effort  

Maximum 
effort 

antérieur en 
début d'appui 

N/kg -1.6 0.1 -1.9 0.4 -1.9 0.4 -3.3 0.3 -5.4 0.7 -2.5 0.4 -3.4 0.5 -1.7   -3.8   -0.6 0.3 -1.5 0.4 

%cycle     1.0 0.1 1.0 0.1         1.0 0.2 1.0 0.2         0.0 0.1 0.0 0.1 

Maximum 
effort 

postérieur en 
fin d'appui 

N/kg 1.9 0.3 2.3 0.4 2.4 0.3 0.9 0.3 N/A N/A 1.9 0.4 1.5 0.4 -0.9   N/A    -0.4 0.3 -0.9 0.3 

%cycle     5.1 0.2 5.1 0.1         5.1 0.2 5.1 0.2         0.1 0.1 0.1 0.2 

Composante 
normale de 

l’effort 

1er maximum 
N/kg 10.4 0.4 11.6 0.7 11.6 0.7 11.7 0.6 11.2 0.9 12.2 0.8 12.9 1.0 1.3   0.8   0.6 0.5 1.3 0.8 

%cycle     1.3 0.1 1.3 0.1         1.3 0.2 1.2 0.2         0.0 0.1 0.0 0.2 

2ème maximum 
N/kg 10.7 0.5 11.5 0.7 11.4 0.7 9.4 0.3 8.7 0.6 10.5 0.6 9.4 0.7 -1.3   -2.0   -1.0 0.5 -2.1 0.5 

%cycle     4.6 0.2 4.6 0.2         4.6 0.2 4.6 0.2         0.0 0.1 -0.1 0.1 
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° �/�,� (�(� �+��� 2��� �2�!� (���

J��'���� �&��� ��(� �&�&� ��2� �&�!� ��(�

�����������������������
���
���������
° 22�/� &�,� 2/��� (�/� 2"�,� (�"�

J��'���� +��"� ��&� +��2� ���� +��2� ��2�

4������ 4�������������
���O������
Nm/kg !�(�� !��"� !�("� !��(� !�",� !��,�

% cycle �"�&� "�+� �/�/� ���2� �(�/� ,�&�
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Abstract ��

Background: Vaulting is a gait compensatory mechanism used by transfemoral amputee ��

people to assist toe clearance during the prosthetic swing phase. It is defined by a plantar "�

flexion of the controlateral ankle during the single-limb support phase. The aim of the study is &�

to propose a method able to identify and quantify vaulting of transfemoral amputee people. (�

Methods: 17 transfemoral amputee persons and 28 asymptomatic subjects participated in 2�

the data collection. Kinematics and kinetics of the whole body were recorded while subjects +�

were walking on a level surface. Biomechanical gait analysis was focused on a reduced set /�

of parameters linked to the controlateral ankle, the controlateral knee and the centre of ,�

pressure trajectory. The patients were classified in two groups: with or without vaulting using �!�

video recordings. Differences between both groups and the control group were analysed. ���

Findings: A higher generated ankle power was found during the single support phase of the ���

controlateral limb of transfemoral amputee subjects presenting vaulting. These subjects �"�

presented also a higher dissipated knee flexion power before the peak in ankle flexion �&�

power. The trajectory of the centre of pressure was also modified by the vaulting. �(�

Interpretation: Vaulting for transfemoral amputee subjects is characterized by a propulsive �2�

plantar flexion at the controlateral ankle. It could be detected by quantifying the ankle flexion �+�

power during the controlateral single support phase. On the contrary, premature heel rise �/�

caused by vaulting seems not to be a sufficient criterion for detection. �,�

Keywords: biomechanics, gait analysis, transfemoral amputee people, vaulting, kinematics, �!�

kinetics  ���
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Introduction ���

Transfemoral amputee people have to pay particular attention to foot clearance during the �"�

prosthetic swing phase. A collision between the prosthetic foot and the walking surface can �&�

result in a fall. To reduce the risk of falling, transfemoral amputee subjects develop �(�

compensatory strategies which could lead to gait abnormalities. Vaulting is one of them. �2�

Smith et al described it as “a premature midstance plantar flexion by the sound limb which �+�

assists toe clearance of the prosthetic limb by lifting the body” (Smith et al., 2002). Among �/�

possible causes are : an overly long or too stable prosthesis, an excessive prosthetic knee �,�

resistance to flexion or a patient habit due to a fear of falling (Smith et al., 2002). It occurs "!�

between the initiation and the middle of the prosthetic swing phase after body weight transfer "��

on the controlateral limb during the single support stance. This plantar flexion of the "��

controlateral ankle helps the patient to lift his whole body. Therefore, it increases the ""�

distance between the prosthetic foot extremity and the walking surface to avoid collision "&�

between the ground and the prosthetic limb. Long term vaulting causes overloading of the "(�

controlateral forefoot which could lead to pain at the metatarsal head or to the sinus tarsi "2�

syndrome. Other biomechanical consequences could be higher energy expenditure "+�

compared to asymptomatic subjects (Waters, 1999), asymmetric load distribution with higher "/�

ground reaction force on the intact limb compared to the prosthetic limb (Engsberg et al., ",�

1993). It could also lead to an increase of ankle, knee and hip moments at the controlateral &!�

limb compared to asymptomatic subjects (Nolan & Lees, 2000). &��

As it is considered as a gait abnormality, physicians seek to correct vaulting during &��

rehabilitation. Evaluation during clinical exam is mainly based on naked eye observations. &"�

The plantar flexion of the ankle cannot be identified immediately with the naked eyes due to &&�

the difficulty to observe a small angle. So the visual criterion is a premature rise of the &(�

controlateral heel during the single support, which is caused by vaulting. This qualitative &2�

analysis does not allow a quantification of the vaulting. However, a quantitative analysis of &+�

this abnormality would be very useful for the understanding of involved mechanisms and the &/�

assessment of the efficiency of rehabilitation. Therefore, there is a need to propose one or &,�
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some relevant and reliable parameter(s) able to quantify the vaulting during clinical follow-up (!�

of patients with amputation. (��

Few studies have analysed vaulting. Subjects with leg length discrepancy have shown an (��

increase of the ankle planti-flexion of the short limb during the single support phase to assure ("�

toe clearance which could be assumed as vaulting (Walsh et al., 2000). More recently, ankle (&�

flexion power was used to characterize vaulting for children suffering from Charcot-Marie-((�

Tooth disease (Ferrarin et al., 2012). Besides, as vaulting is an abnormality occurring during (2�

the single support phase, centre of pressure (COP) displacement under the controlateral foot (+�

should be affected. Abnormal COP displacement patterns have already been reported for (/�

both controlateral and prosthetic feet for transfemoral amputee subjects (Schmid et al., (,�

2005). However, no correlations were made with gait deviations. To the author’s knowledge, 2!�

there is no study concerning quantification of vaulting for transfemoral amputee people. 2��

The aim of the present study is to detect and quantify the vaulting phenomenon for 2��

transfemoral amputee people using several gait parameters in comparison to qualitative 2"�

clinical assessment. 2&�

Material & methods 2(�

17 subjects with transfemoral amputation participated in data collection (16 male, 1 female, 22�

37 yrs SD 10; height 1.74 m SD 0.09 weight 76 kg SD 10). 16 subjects were fitted with 2+�

stance and swing phase controlled knees and energy-storing prosthetic foot; 1 subject was 2/�

equipped with a pneumatic polyaxial knee and an energy-storing prosthetic foot. The mean 2,�

amputation duration was 10.1 yrs SD 9. 28 asymptomatic subjects were recruited to form a +!�

control group (C) (17 male, 11 female, age 43 yrs SD 18; height 1.74 m SD 0.10 weight 70 +��

kg SD 14).The protocol was approved by the local ethics committee and written inform +��

consent were obtained from all participants. +"�

The protocol was detailed in a previous study (Pillet et al., 2010). All subjects were fitted with +&�

54 reflective markers following a pattern derived from the ISB recommendations (Wu et al., +(�

2002, Wu et al., 2005). Kinematics of the whole body were recorded at 100 Hz with an 8-+2�

cameras motion analysis system (Vicon V8i, Oxford Metrics, UK). Subjects were asked to ++�
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walk at a comfortable self-selected speed on a level surface instrumented with two force +/�

platforms (AMTI, 100Hz). A trial was considered as successful when each foot was placed +,�

centrally on a force plate during stance. Five successful trials were recorded. A personalized /!�

inertial model of the body for each subject was built using a static trial and a pair of /��

photographs (Pillet et al., 2010). The model included feet, legs, thighs, pelvis, trunk, head, /��

arm and forearm. /"�

The spatio-temporal parameters, anatomical frames, segmental and articular kinematics and /&�

kinetics of the lower limbs were computed from the data of the five successful trials. The /(�

biomechanical analysis of vaulting was focused on a reduced set of parameters which are /2�

supposed to be linked to vaulting. It was hypothesized that vaulting is related to motion in the /+�

sagittal plane only. Thus, all chosen parameters were computed from the average curves in //�

the sagittal plane. As vaulting is defined by a plantar flexion movement, the maximal plantar /,�

flexion angle of the controlateral ankle was computed during the controlateral single support ,!�

phase (AFlexAng) (Figure 1). Positive values define plantar-flexion whereas negative values ,��

define dorsi-flexion. As a propulsive movement occurs during vaulting, flexion power at the ,��

controlateral ankle was computed as the product between the internal flexion moment and ,"�

the flexion angular speed at the controlateral ankle (Sadeghi et al., 2001). The power was ,&�

normalized by subject’s mass and was expressed in W.kg-1. Positive values define a ,(�

generated power whereas negative values define a dissipated power. The maximum value of ,2�

the controlateral ankle flexion power during the single support phase (AFlexPwr) of the ,+�

controlateral limb was computed (Figure 1) (Ferrarin et al., 2012). In order to analyse the ,/�

compensative mechanisms at the controlateral knee, the maximal knee flexion angle ,,�

(KFlexAng) and the minimal knee flexion power between 0% and 40% of gait cycle (KFlexPwr) �!!�

were also computed (Figure 1). As vaulting leads to a premature controlateral heel rise, a �!��

modification of the displacement of the COP can be expected. Therefore, the longitudinal �!��

position of the COP was computed in the controlateral foot anatomical frame (Figure 2). The �!"�

origin of the frame was defined by the middle of the first and fifth metatarsal heads (called in �!&�

the current study “centre of the metatarsal heads”). The X-axis was defined by the line joining �!(�
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the calcaneum to the centre of the metatarsal heads. Position was normalized by the �!2�

distance between the calcaneum and the centre of the metatarsal heads. The mean position �!+�

of the COP during the stance phase along longitudinal axis was computed (COPX) (Figure �!/�

3). A positive value defined an average position of the COP in front of the centre of the �!,�

metatarsal heads whereas a negative value defined an average position between the ��!�

calcaneum and the centre of the metatarsal heads (-100% means that COP is placed at the ����

calcaneum whereas a position equals to 0% means that COP is placed at the centre of the ����

metatarsal heads). A temporal parameter linked to the COP trajectory was also defined. ��"�

COP% was the instant of the gait cycle when COP longitudinal position became equal to the ��&�

average COP position (COPX) (Figure 3). ��(�

Vaulting was also evaluated for transfemoral amputee subjects using video recordings of ��2�

front and side views of each trial. According to the expertise of a medical doctor, patients ��+�

were classified in three groups regarding observations of vaulting. Visual criterion was a ��/�

premature heel detachment during the controlateral single stance phase. Transfemoral ��,�

amputee subjects who presented a vaulting on video recordings formed the Vaulting group ��!�

(V). Patients who did not show a vaulting constituted the No-Vaulting group (NV). For each ����

parameter, statistical differences between the three groups (C, V, NV) were analysed using a ����

Mann-Whitney test (�  = 0.05). ��"�

Results ��&�

Clinical observations of vaulting ��(�

Resulting from the review of the video recordings, vaulting was observed for 9 transfemoral ��2�

amputee subjects who constituted the V Group. 6 amputee subjects did not show vaulting on ��+�

video recordings, so they formed the NV group. 2 amputee subjects could not be classified ��/�

according to the chosen visual criterion. ��,�

Biomechanical parameters �"!�

The mean values and the standard deviations of each population for all considered �"��

parameters are presented in Table 1. �"��
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No statistical differences were observed between the C group ant the NV group for AFlexAng, �""�

AFlexPwr, KFlexAng, KFlexPwr and COP%. COPX was significantly lower for the NV group �"&�

compared to the C group (p = 0.047). This indicates that amputee subjects of the NV group �"(�

showed an average position of the centre of pressure during the stance farther backward in �"2�

the foot anatomical frame than the control subjects (-29% vs -22%). �"+�

The V group showed significantly higher values for AFlexPwr, KFlexPwr, COPX and COP% �"/�

compared to the C and NV group (p < 0.001). So amputee subjects showing vaulting �",�

presented a higher peak of flexion power during the controlateral single stance phase �&!�

(AFlexPwr = 0.46 W.kg-1) and a higher dissipated power at the knee during the early stance �&��

(KFlexPwr = -1.59 W.kg-1). Their average position of the COP relatively to the foot frame was �&��

farther ahead (COPX = -11%); furthermore the COP moved earlier in the front part of the foot �&"�

during stance phase (COP% = 20.2% of gait cycle). KFlexAng was significantly higher for V �&&�

group compared to C group (p < 0.01). On the contrary, values were comparable between V �&(�

and NV group (p = 0.22). No differences were found between groups regarding AFlexAng. �&2�

Review of the two non-classified subjects �&+�

The values for the two non-classified subjects after reviewing the video recording are �&/�

presented in Table 1. �&,�

Both subjects presented a dorsi-flexion at the controlateral ankle during the controlateral �(!�

single stance phase (AFlexAng = -3.4° and -1.3°). The ankle flexion powers for both subjects �(��

were of the same magnitude as the average value for the C group and the NV group (0.07 �(��

W.kg-1 and 0.03 W.kg-1). The dissipated knee powers were close to the C and the NV group. �("�

Furthermore, COPX and COP% parameters for both subjects presented values comparable �(&�

to the V group. However, it was found higher values for COPX (-3% and 14%) and lower �((�

values for COP% (23% and 24%) compared to the C group and the NV group. �(2�

Discussion �(+�

The aim of this study was to detect and quantify vaulting of transfemoral amputee people �(/�

when walking on level surface. We analysed the differences between asymptomatic subjects �(,�
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and two groups of amputee subjects – with or without vaulting according to clinical �2!�

observations. �2��

There was no difference in ankle flexion angle between the groups. The high variability of �2��

this parameter due to its sensitivity to anatomical landmarks identification jeopardizes its use �2"�

to discriminate groups. Even if vaulting is characterized by a plantar-flexion movement of the �2&�

ankle, the assessment of flexion angle is not accurate enough to identify or quantify vaulting. �2(�

On the contrary, ankle flexion power appears to be a reliable parameter for vaulting �22�

identification and quantification. This parameter is directly linked to the concentric work of �2+�

muscles of the controlateral ankle (Sadeghi et al., 2000). Furthermore, all amputee subjects �2/�

presenting vaulting showed ankle flexion power values higher than 0.15 W.kg-1 whereas �2,�

values below 0.1 W.kg-1 were observed for other amputee subjects (Figure 4) suggesting that �+!�

a threshold value can be defined for a quantitative vaulting detection during clinical follow-up �+��

from conventional gait analysis. �+��

Significant modifications were also found at the controlateral knee for amputee subjects �+"�

showing vaulting compared with other groups. The patients of the vaulting group showed �+&�

higher values of knee flexion during the beginning of the controlateral stance. Higher �+(�

dissipated power at the knee during the double support in the early stance phase was also �+2�

found. These results indicate a higher eccentric muscle work at the knee during the double �++�

support at the beginning of the stance phase (Perry, 1992). These modifications �+/�

modifications at the knee occurring during the loading response appeared prior to the ankle �+,�

plantar flexion. The higher flexion and higher eccentric work of the controlateral knee are to �/!�

prepare the vaulting movement. As already stated, the aim of vaulting is to lift the body up in �/��

order to facilitate toe clearance. This lifting is all the more effective if the maximal inclination �/��

of the tibia in the sagittal plane is reached earlier in the stance phase of gait. This anticipated �/"�

progression of the tibia allows both lengthening the soleus muscle to maximize its contraction �/&�

efficiency and putting the centre of mass of the body ahead the ankle joint to benefit from its �/(�

plantar flexion motion. The increased knee flexion observed in the vaulting group compared �/2�

with other groups can be interpreted as a consequence of the faster advancement of the �/+�
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tibia.In the same time, the knee joint must be stabilized by knee extensor muscles inducing �//�

an increase of the power dissipated by the joint during loading response (Perry, 1992). �/,�

Results found in the present study agree with the literature. Observations regarding �,!�

kinematics and kinetics of the controlateral ankle and controlateral knee for the V group �,��

compared to the other groups (Figure 5) were consistent to the results obtained by Ferrarin �,��

et al on three children suffering from Charcot-Marie-Tooth and presenting vaulting (Ferrarin �,"�

et al., 2012). In spite of a small sample size, the authors reported the same association of �,&�

important generated power at the controlateral ankle with a higher flexion angle and �,(�

dissipated power at the controlateral knee during the early stance phase. These results �,2�

indicated the existence of a preparation strategy used by patients presenting vaulting. �,+�

Results concerning COP displacement must be observed with caution. It was hypothesized �,/�

that vaulting should induce a faster displacement of the COP towards the front part of the �,,�

foot during the controlateral stance. Schmid et al have analysed COP displacement for 12 �!!�

transfemoral amputee subjects compared to asymptomatic subjects (Schmid et al., 2005). �!��

Anticipated longitudinal displacement of the COP was found at the controlateral limb for �!��

transfemoral amputee people. However, no link was made with the vaulting phenomenon. It �!"�

was found in the current study that vaulting is associated to an abnormal COP displacement �!&�

due to the premature heel rise. On the contrary, premature heel rise seems not to be �!(�

sufficient to define vaulting as it is shown by the two non-classified subjects. Concerning �!2�

these subjects, video recordings review did not allow making decision regarding �!+�

classification. The defined visual criterion – a premature heel rise – was observed on video �!/�

for both patients but was not associated with an elevation of the body during the controlateral �!,�

stance phase. COPX and COP% values for both subjects were close to the V group values ��!�

indicating that COP moves faster to the front part of the foot. In the same time, negative ����

values for AFlexPwr, similar to C and NV group average values, show that there is a dorsi-����

flexion and dissipated power at the controlateral ankle during the controlateral single stance ��"�

phase. Thus, both patients presented a premature heel rise without propulsive movement at ��&�
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the ankle, highlighting the limits of qualitative observations of vaulting, based on the visual ��(�

criterion of premature heel detachment. ��2�

Another methodological limit lies in the sample size. The amputee people were separated in ��+�

two subgroups composed each of 9 and 6 subjects. Larger samples will enforce statistical ��/�

analysis in further works to define threshold values of biomechanical parameters for ��,�

automatic vaulting detection. However, regarding the literature and difficulties in recruiting ��!�

transfemoral amputee subjects, the 17 transfemoral amputee subjects who participated in ����

the current study constitute one of the biggest populations of lower-limb amputee people.  ����

Conclusion ��"�

Vaulting was analysed for a population of transfemoral amputee people using quantitative ��&�

gait analysis. Transfemoral amputee subjects presenting vaulting showed a peak of ��(�

generated power at the controlateral ankle during the controlateral single stance phase. This ��2�

parameter seems to be the best quantitative criterion to detect and quantify vaulting and can ��+�

be easily computed from conventional gait analysis data. Prior to this power peak, ��/�

adaptations at the controlateral knee occurred and can be interpreted as a preparation of the ��,�

propulsive movement at the ankle. Premature heel detachment is the currently used visual �"!�

criterion to detect vaulting during clinical exam but is not always relevant. The main �"��

component of vaulting is the propulsive movement of the controlateral ankle and should be �"��

the main focus of clinical exam for vaulting detection. �""�
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Table 1: Values of biomechanical parameters related to vaulting for each group and the two 

non-classified subjects. (AFlexAng : Ankle flexion angle, AFlexPwr : Ankle flexion power, KFlexAng 

: Knee flexion angle, KFlexPwr : Knee flexion power, COPX : mean longitudinal position of the 

COP in the anatomical foot frame, COP% : % of gait cycle when COP moves ahead of its 

average position) 

 

†: Significantly different from C group (p < 0.05) 

‡: Significantly different from NV group (p < 0.05) 
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Figure 1: Patterns of controlateral ankle and knee flexion angle and power (solid line: control 

group; dotted line: transfemoral amputee subject with vaulting). Computed parameters 

supposed to be linked to vaulting are represented on the graphs. 

 

 

Figure 2: Description of the anatomical frame of the foot. Origin is the centre of the 

metatarsal heads. Xf is the vector joining the calcaneum to the middle of 1st and 5th 

metatarsal heads. Zf is the vector joining the 1st and 5th metatarsal heads. Yf is obtained from 

the cross-product of Zf and Xf. 
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Figure 3: COP displacement along the X-axis of the anatomical foot frame vs time (solid line: 

control group; dotted line: transfemoral amputee subject with vaulting). Displacement was 

normalised with respect to the distance between calcaneum and the centre of the metatarsal 

heads. 

 

 

Figure 4: Boxplot of the maximum value of ankle flexion power during the controlateral single 

stance support for each group. 

 



��������	����� � � � � � � � 
��������

��,�
�

Figure 5: Sagittal kinematics and kinetics of the control group (grey line), the No-Vaulting group (solid line) and the Vaulting group (dotted line)
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Abstract  

 

The aim of the study was to investigate how kinematic and kinetic adjustments 

between level and slope locomotion of transtibial amputees are related to their 

individual muscular and functional capacities. A quantified gait analysis was 

conducted on flat and slope surfaces for seven patients with transtibial amputation 

and a control group of 8 subjects to obtain biomechanical parameters. In addition 

maximal isometric muscular strength (knee & hip extensors) and functional scores 

were measured. The results of this study showed that most of the transtibial 

amputees could adapt to ramp ascent either by increasing ankle, knee and hip 

flexion angles of the residual limb or/and by recruiting their hip extensors to 

guarantee enough hip extension power during early stance. Besides, six minutes 

walk score was showed to be a good predictor of adaptation capacities to slope 

ascent. In ramp descent, the increase of knee flexion moment was correlated with 

knee extensor strength and residual limb length. However, no correlation was 

observed with functional parameters. Results show that the walking strategy adopted 

by transtibial amputee to negotiate ramp locomotion mainly depends on their 

muscular capacities. Therefore, muscular strengthening should be a priority during 

rehabilitation.  
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Abbreviations 

PPA-LCI : Prosthetic Profile Amputee-Locomotor Capacities Index 
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Introduction 

The activity level of transtibial amputees depends upon their physical condition, their 

prosthetic components and how they use their prosthesis. Different kinds of 

evaluations are currently used to assess locomotion outcomes of the patients. For 

example, muscular capacities of the patients are evaluated by quantifying maximal 

isometric muscular strengths [1]. Functional evaluations are also used to give global 

scores based on self-reported questionnaires such as PPA-LCI and SF 36, or on 

performance measures such as the six-minute walk test [2]. Finally, quantitative 

analysis of gait provides detailed biomechanical parameters useful to the 

understanding of gait limitations [3]. Most often, these parameters (muscular, 

functional and biomechanical) are studied independently. Only a few studies have 

attempted to correlate these parameters during both level surface and stair 

locomotion [4] [5]. 

In the literature, the modifications of biomechanical parameters that occur when 

walking on slopes compared to level walking have already been well described for 
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asymptomatic subjects. In brief, during ramp ascent, the major adjustments are the 

increase of ranges of motion of lower limb joints and of hip external flexion moment 

[6] [7]. These alterations were associated with a higher generated ankle power at the 

end of the stance phase and a higher generated hip power at the beginning of the 

stance phase [8]. During ramp descent, an increase of knee flexion angle, knee 

external flexion moment and absorbed knee power have been reported [6] [7] [8]. 

Literature about transtibial amputees during level walking shows that the peaks of 

power at the lower limb joints of transtibial amputees are different from those of 

asymptomatic subjects due to the loss of ankle muscles. Sadeghi et al. showed a 

decrease in absorbed knee power together with an increase in generated hip power 

[9] in the residual limb in order to compensate for the absence of active ankle plantar 

flexion of prosthetic feet. These impairments are expected to worsen when walking 

uphill with the need to lift the body [6] [10]. To date, three studies have analyzed the 

locomotion of transtibial amputee in slopes [11] [12] [13]. Vrieling et al. [11] analyzed 

kinematical alterations between level walking and slope ascent and descent. During 

uphill walking, they observed an increase in hip and knee flexions at heel strike on 

the prosthetic side. During downhill walking, the main alteration was the increase in 

residual knee flexion in late stance. However, in their study, the inclination of the 

slope was limited to 5% and dynamic parameters were not estimated. On the 

contrary, Fradet et al. [12] and Vickers et al. [13] calculated both kinematic and 

kinetic parameters for transtibial amputees compared to asymptomatic subjects. 

Vickers et al. [13] showed that transtibial amputees reduced their speed, hip and 

knee flexion ranges of motion and generated less moment in the knee particularly 

during descent. In these two studies the inclinations of the slopes were 9% and 13% 

but these authors did not perform any comparison to level walking as a reference. 
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Previous studies aiming at establishing relationships between muscular parameters 

and gait characteristics have already shown some significant correlations. However 

all studies have been performed on flat surfaces to date [14] [5] [2].  

To our knowledge, no studies have investigated yet the link between muscular 

forces, functional scores and biomechanical parameters during transtibial amputee 

gait on slopes. Considering the adjustments already observed for asymptomatic 

subjects during ramp ambulation, it can be hypothesized that the muscular capacities 

of transtibial amputees, in particular at the hip in ascent and at the knee in descent, 

will have a high impact on their ability to biomechanically adapt their gait on slopes. It 

is also to be expected that this ability will be related to functional scores traditionally 

used to evaluate the activity level of lower limb amputees. 

In this framework, the aim of this study is to investigate how kinematic and kinetic 

adjustments between level and slope locomotion of transtibial amputees are related 

to their individual muscular and functional capacities.  

 

Materials and Methods 

Subjects 

Seven active patients with transtibial amputation (age 48 +/- 13 years, height 1.74 +/- 

0.05 m, mass 83 +/- 10 kg) participated in the study. The protocol was approved by 

the local ethics committee and all participants gave their consent.  All patients were 

amputated for traumatic reasons, except one for tumoral cause, and were wearing 

their own prosthetic foot. Eight asymptomatic subjects (age 46 +/- 19 years, height 
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1.77 +/- 0.10 m, mass 68 +/- 13 kg) were recruited to obtain reference data of the 

biomechanical parameters. 

Protocol 

Data collection was conducted in two different motion analysis laboratories with the 

same instrumentation, the same protocol and the same operators.  

Regarding the biomechanical analysis, patients and control subjects were equipped 

with 54 markers whose positions were recorded with an optoelectronic motion 

analysis system (Vicon V8i, UK) in accordance with the protocol described by Pillet et 

al. [15]. The inertial parameters of the body used in inverse dynamics to compute 

kinetic parameters were obtained according to the method proposed by Pillet et al. 

[15]. Subjects were asked to walk at a comfortable self-selected speed on a flat 

pathway and on a 12% inclined slope. Two force platforms (AMTI, 100Hz) were used 

to measure ground reaction forces. Five successful trials (when each lower limb hit 

one force platform) were recorded for each condition.   

Regarding the muscular and functional evaluations, only amputee patients were 

tested during a clinical examination conducted prior to gait analysis. The isometric 

strength of hip extensors, hip abductors and knee extensors was assessed using a 

handheld dynamometer according to the protocol described by Maffiuletti [1]. The 

average force over three measurements of isometric maximal voluntary contraction 

was scaled by the lever arm (taken from the dynamometer to the joint axis) and the 

patient’s weight for each group of muscles.  
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The stump length was measured from the lateral epicondyle of the knee to its bone 

extremity and normalized according to the sound limb length measured from the 

lateral epicondyle of the knee to the lateral malleolus.  

In addition, all amputee subjects completed PPA-LCI (prosthetic profile amputee-

locomotor capacities index) and SF-36 (short form) self-reported questionnaires [16] 

[17]. A functional score out of 70 was calculated from the PPA-LCI and a score out of 

30 was calculated from the mobility item of the SF36. The functional capacities of 

amputee subjects were tested with the six-minute walk test measuring the distance 

covered in six minutes by the patients on level surface [2]. 

Data analysis 

Spatio-temporal parameters, anatomical frames, segmental and articular kinematics 

and kinetics of the lower limbs were computed according to Pillet et al [15]. All 

parameters were estimated for level walking and for the ascent and the descent of 

the slope.  

Several biomechanical parameters identified as being significantly modified for 

asymptomatic subjects when walking on slopes were selected based on previous 

literature [6] [8]. Thus, for each situation (level, uphill and downhill walking) the 

following spatiotemporal parameters were computed: gait speed, step length, 

percentage of stance phase and the amplitude of flexion angles of the ankle, knee 

and hip joints. Then, the following parameters were quantified during level and uphill 

walking: the ankle flexion angle at the end of the weight acceptance phase (20% of 

the gait cycle), the knee flexion and hip flexion angles at heel strike, the peak 

generated hip power in early stance and the peak generated ankle power in late 

stance. Likewise, the following parameters were quantified during level and downhill 
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walking:  the knee flexion angle at the end of the single stance phase (40% of gait 

cycle), the hip flexion angle at heel strike, the peak knee moment in early stance and 

the peak knee power in early stance. All these parameters were evaluated on the 

residual limb side for amputees and as the mean of right and left sides for control 

subjects. Variations of biomechanical parameters between level and slope walking 

were expressed by computing the difference of the value of each biomechanical 

parameter during ramp ascent/descent minus its value during level walking (Figure 

1). These variations were considered as quantitative parameters characterizing the 

adjustment strategy. 

Statistics 

A Lilliefors test was used to test normality on all parameters. A correlation analysis 

was performed between muscular strengths, functional scores and all quantitative 

biomechanical parameters defined to characterize the adjustment strategy. Pearson 

correlation coefficients were calculated in case of normality and Spearman 

correlation coefficients in case of non-normality. The level of significance was set at 

� =0.05. 
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Results 

 

1. Muscular parameters and functional scores 

The PPA-LCI score (considered as the reference test for the locomotion of 

amputees) results between 62 and 70 out of a maximal score of 70 (with 5 patients 

who scored 70). This finding suggests that for our population, the PPA-LCI was not 

discriminatory enough; this limit has been previously observed by Miller et al. [17].  

The scores of SF36 and six-minute walk test are reported in Table 1. 

Concerning muscular parameters, the strengths of gluteus maximus and quadriceps 

of residual and intact limbs are summarized in Table 1.  For all patients, there was no 

deficiency of gluteus maximus whereas a decrease of the muscular strength of the 

quadriceps was observed. Pearson correlation showed that quadriceps strength was 

correlated to stump length (r=0.951, p=0.001).  
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2. Correlations among biomechanical parameters variations and muscular and 

functional outcomes 

Ramp ascent 

Table 2 presents the variation in the biomechanical parameters of the residual limb 

between slope ascent and level walking. 
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Transtibial amputees walked at an average speed of 1.32 m/s (+/- 0.08) on the flat 

surface. For the control group the walking velocity was of 1.36 m/s (+/- 0.12). During 

ramp ascent, the average speed was 1.14 m/s (+/- 0.25) for the transtibial amputee 

group against 1.24 m/s for the control group. The decrease in gait speed was 

correlated to the muscular strength of hip extensors (gluteus maximus) (r=0.781, 

p=0.038). 

An increase in the peak hip power during early stance was observed in the 

population of transtibial amputees. The increase in the peak hip power was 

correlated to the muscular strength of hip extensors (gluteus maximus) (r=0.815, 

p=0.025), to the SF36 score (r=0.879, p=0.009), and to the six-minute test score 

(r=0.829 p=0.021). 

Concerning kinematic parameters, hip and knee flexion angles increased at initial 

contact and ankle dorsiflexion angle increased at 20% of gait cycle. Moreover, these 

increases were correlated for knee and hip (r=-0.940, p=0.002) and for ankle and hip 

(r=0.920, p=0.003). Kinematic variations were correlated to the six-minute test score 

(r=-0.806, p=0.029 for the ankle, r=0.814, p=0.026 for the knee and r=-0.842, 

p=0.018 for the hip). 

Ramp descent 

Table 3 presents the variation in the biomechanical parameters between slope 

descent and level walking. 

As concerns the residual knee, an increase in the flexion angle at mid stance, in the 

peak flexion moment and in the absorbed power in early stance were found. 
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The increase in the first peak knee flexion moment in early stance was strongly 

correlated to muscular strength of the quadriceps (r=0.800, p=0.031) and to the 

stump length (r=0.894, p=0.007). It was also correlated to the variation of the first 

peak knee power in early stance (r=-0,895, p=0,007). 

No correlation was found between the variation of biomechanical parameters and the 

functional scores or the variation of spatio-temporal parameters. 

 

Discussion 

 

The present study aimed at identifying the relationships between muscular and 

functional abilities of transtibial amputees with the biomechanical adaptations when 

walking on inclined surfaces compared to level surfaces.  

 

Ramp ascent 

The situation of ramp ascent requires a high hip power in early stance to lift the body 

[8]. In the present study, an increase in the peak hip power in early stance was 

observed among amputee subjects. The value of the peak of hip extensors power 

was highly correlated to the maximal isometric strength of the residual hip extensor 

(gluteus maximus). Thus, when available, the strength of the hip extensor was used 

to increase the power supplied to the body. In addition, the decrease of walking 

velocity, observed during ramp ascent compared to level walking [13], was reduced 

for the patients exhibiting higher hip extensor strength in their residual limb. This 
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velocity variation could be proposed as an individual parameter characterizing the 

ability of the patient to climb the slope. Finally, the hip extensor strengthening already 

recommended to compensate for the loss of ankle muscles during level walking [9] 

[18] [19] would be all the more beneficial during slope ascent.  

Regarding kinematic parameters variations, the prosthetic ankle was more 

dorsiflexed at the end of the bearing period, and the flexions of the residual knee and 

hip were greater at heel strike. However, these increases were of different 

magnitudes among amputee patients. As already described in the literature, the 

increases of these kinematic parameters were higher for the control group than for 

the transtibial patients of this study [13]. Considering the adaptations of 

asymptomatic subjects as a reference, it is assumed that the capacity to increase 

lower limb mobility would be directly related to the ability to adapt to slope ascent.  

The results also showed that a lack of mobility at the ankle would affect kinematics of 

the overlying joints as knee and hip parameters were correlated to ankle dorsiflexion 

parameter. Using the Proprio Foot prosthesis set in ramp mode Fradet et al. [12] 

have previously observed that having a larger angle of ankle flexion during ramp 

ascent improved knee kinematics. 

The results of this study showed that most of the transtibial amputees could adapt to 

ramp ascent either by altering ankle, knee and hip flexion angles of the residual limb 

or/and by recruiting their hip extensors to guarantee enough hip extension power 

during early stance to walk uphill.  

The increase of kinematic parameters and the increase of hip power in early stance 

were correlated with the six minute walk test scores. Although the six minute walk 

test is not specific to this situation, a good performance in this endurance test was a 
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predictor of an adaptation close to the one of asymptomatic people from a kinematic 

point of view. 

Ramp descent 

The adaptations to ramp descent were observed to be mainly realized by the knee for 

asymptomatic subjects [6] [8]. In fact the knee flexion during stance phase enables 

subjects to lower their center of gravity. However, this increase of flexion induces an 

increase in the peak flexion moment that must be controlled by the quadriceps [6]. It 

must be noted that the maximum isometric quadriceps strength of the residual side 

was less than a half of the intact side in seven transtibial patients, thus jeopardizing 

the control of the knee. The increase in the peak knee flexion moment in early stance 

found for our group of amputees varied between patients and was correlated to the 

quadriceps strength of the residual knee. It could be assumed that patients with low 

quadriceps force limit their knee flexion moment in descent.  

Our results also showed that maximal quadriceps strength was highly correlated with 

stump length. Indeed, Fraisse et al. [20] previously demonstrated that muscular 

strength loss was more important in the case of short stumps. Contrary to the 

findings for ramp ascent, no correlation between the above mentioned parameter, 

functional score and variation of spatio-temporal parameters was found during ramp 

descent.  

Finally, qualitative observation of strategies for walking downhill showed important 

variations among subjects: some were able to control their descent increasing knee 

peak moment like the control group, some reduced gait speed and step length and 

others swept along the ramp. This is consistent with the findings of Hunter et al. [21] 

who suggested that walking downhill resulted from a compromise between the 
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necessity of ensuring stability and the concern for minimizing energy which can be 

more difficult to achieve for people with gait disorders.  

 

Study limitations 

Few subjects were recruited in the study and they wore different prosthetic 

components. This heterogeneity, although inherent to this type of study, could affect 

the patterns of gait of the patients, only to a certain extent as all prosthetic feet were 

energy storing prosthetic feet [23]. This study is the first one investigating relationship 

between functional and muscular capacities and adaptation to ramp ambulation in 

transtibial amputees. The heavy experimental procedure proposed in this explorative 

study should now be simplified to complete the results through an extensive study on 

the selected parameters. 

 

Conclusion 

 

The present study linked muscular capacities of the residual limb with biomechanical 

walking adjustments between level and inclined surfaces for transtibial amputee 

patients. Results suggested that muscular strengthening of hip and knee extensors 

during amputee rehabilitation could enhance ability to negotiate ramps. This is all the 

more true for patients with short stumps who usually present reduction of the 

quadriceps strength in the residual limb. 
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Concerning functional evaluations of patients, the results of the study showed that six 

minute walk test and the decrease of gait velocity were good predictors of amputee 

ability to walk uphill. On the contrary, no such predictor was found for ramp descent.  
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ANALYSE DE LA MARCHE DES PERSONNES AMPUTEES DE MEMB RE 
INFERIEUR EN SITUATIONS CONTRAIGNANTES DE LA VIE CO URANTE 

RESUME : Le projet se situe dans le contexte du handicap moteur et plus spécifiquement concerne les 
personnes amputées de membre inférieur. Une autonomie de déplacement est redonnée aux patients 
grâce à l’appareillage et la rééducation qui restituent une partie des fonctions locomotrices. Cependant, 
l’autonomie des personnes amputées de membre inférieur est limitée par des situations plus 
contraignantes que la marche sur sol plat (plans inclinés, escaliers, dévers) et rencontrées 
quotidiennement. Le développement de nouveaux composants prothétiques et protocoles de rééducation 
peut permettre de réduire les difficultés des patients dans ces situations. Au préalable, il est nécessaire de 
comprendre le comportement du système ostéo-articulaire et des composants prothétiques lors de la 
locomotion en situations contraignantes de la vie courante. L’analyse quantifiée de la marche a été utilisée 
dans cet objectif de caractérisation de la locomotion. Les travaux de thèse s’inscrivent dans un projet de 
trois ans financé par l’ANR en partenariat avec deux centres d’appareillage et de recherche clinique, le 
INI-CERAH (Centre d'Études et de Recherche Appareillage des Handicapés) et l’IRR (Institut Régional de 
Médecine Physique et de Réadaptation), et un industriel, l’entreprise Proteor fabricant de composants 
prothétiques. Un protocole permettant d’étudier la locomotion et les adaptations de la locomotion entre 
cinq situations différentes de la vie courante a été mis en place. Une base de données unique et 
d’envergure, au vue de la littérature, a été créée. Elle regroupe les paramètres de la marche de 22 sujets 
amputés transtibiaux, de 21 sujets amputés transfémoraux et 30 sujets contrôles, ayant suivi le même 
protocole. Des paramètres biomécaniques ont été identifiés pour caractériser les adaptations de la 
locomotion des sujets amputés entre le plat et le dévers et la pente par comparaison aux adaptations des 
sujets contrôles entre le plat et ces situations. Cette méthode d’analyse novatrice permet d’appréhender la 
locomotion d’un groupe de sujet en tenant compte de la marche propre à chaque individu du groupe. Ces 
travaux de thèse apportent un protocole, une base de données et un complément de connaissances sur 
les mécanismes mis en jeu lors de la locomotion en pente et en dévers. 

Mots clés : Amputation, Appareillage, Biomécanique, Locomotion, Dévers, Pentes 

 

GAIT ANALYSIS OF LOWER LIMB AMPUTEE LOCOMOTION IN L IMITING 
SITUATIONS OF DAILY LIVING 

ABSTRACT : Project deals with disability and particularly lower limb amputation. Fitting and rehabilitation 
restore part of locomotor system functions and allow lower limb amputee people to recover autonomy in 
motion. However, this autonomy is restricted due to more limiting situations than level walking (inclined 
surfaces, stairs, cross-slopes) patients have to face in everyday life. Developing new prosthetic 
components and rehabilitation protocols could reduce lower limb amputee people difficulties in these 
situations. In this aim, it is essential to understand the behavior of the osteo-articular system and of the 
prosthetic components while walking in limiting situations of daily living. Quantified gait analysis served this 
objective of locomotion characterization. PhD work is part of a three years project funded by ANR (French 
National Research Agency) in partnership with two clinical research centers, INI-CERAH and IRR, and an 
industrial, Proteor prosthetic components manufacturer. A protocol was set. It allows to study locomotion 
and locomotion adaptations of lower limb amputee people between five different daily living situations. A 
large and unique database, with regards to the literature, was created. It gathers parameters describing 
gait of 22 transfemoral amputee subjects, 21 transtibial amputee people and 30 control subjects, who 
followed the same protocol. Biomechanical parameters were identified to characterize amputee people 
locomotion adaptations between level walking and slopes and cross-slopes walking by comparing to 
locomotion adaptations of control subjects between flat surface and these situations. This innovative 
analysis method enables to analyze the locomotion of a group of people taking into account the gait 
pattern of each individual in the group. This work provides a protocol, a database and complementary 
analyses of mechanisms occurring during slope and cross-slopes locomotion. 

Keywords  : Amputation, Biomechanics, Cross-slopes, Locomotion, Prosthetic fitting, Slopes 
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