
Abstract— In human gait locomotion analysis, which is one 
useful method for efficient physical rehabilitation to define 
various quantitative evaluation indices, ground reaction force, 
joint angle and joint loads are measured during gait. On the 
other hand, the analysis of the correlation in the recorded joint 
motion extracts a few simultaneously activating segmental 
coordination patterns, and the structure of the intersegmental 
coordination is attracting attention to an expected relationship 
with a control strategy. However, this procedure has not been 
applied to trans-femoral prosthetic gait locomotion yet. In this 
paper, joint angles as kinematic parameters applied on the 
lower limb of healthy subjects and trans-femoral amputee with 
the prosthetic limb during their gait locomotion are analyzed by 
singular value decomposition and mutual comparative 
verification of them is performed. As a result of the experiments 
and consideration, the effectiveness of the method using singular 
value decomposition is validated because it can quantitatively 
express comprehensive physical phenomena for trans-femoral 
prosthetic gait. 

I. INTRODUCTION

Multiple studies have been performed concerning 
trans-femoral prosthetic gait with the artificial knee joint as 
the substitute function of the original knee to control stance 
phase and swing phase [1, 2]. In this case, it is thought that 
they must regain moving pattern by gait training using 
kinematic conditions on the prosthetic limb as quantitative 
evaluation indices to refine rehabilitation program [3]-[9].  

However, constitutive principle as mathematical science 
concerning gait locomotion of trans-femoral amputee to be 
able to be those indices has not been validated and clarified yet. 
Hence, human gait locomotion including trans-femoral 
prosthetic gait must quantitatively be evaluated by the indices 
based on principles. 

 The recent research has shed the induced hypothesis that 
human gait locomotion is controlled by combining
intersegmental coordination patterns called motion modes 
[10]-[13].  
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Therefore, in this paper, joint angle of the lower limb in 
gait locomotion of healthy subjects and trans-femoral amputee 
is focused and motion mode is extracted as intersegmental 
coordination pattern by applying the evaluation method based 
on singular value decomposition. Furthermore, quantitative 
evaluation based on comparative verification of analytical 
results is aimed. Concretely, conventional three-dimensional 
motion analysis system is used to measurement and analysis of 
gait locomotion. Moreover, each motion mode is extracted 
when one gait cycle is divided into four phases as two double 
support phases and single support phase in the stance phase 
and the swing phase. Trajectory of gravity point in gait 
locomotion of each subject is also calculated. 

Finally, differences of gait locomotion between healthy 
subjects and trans-femoral amputee are considered as a 
comparison and the effectiveness of quantitative evaluation is 
validated. 

II. EXPERIMENTAL METHOD

In this paper, four young healthy subjects consisting of 
three males and one female and one male unilateral 
trans-femoral amputee with the prosthetic limb participate. 
Trans-femoral amputee has worn the trans-femoral prosthesis 
of normal socket-type for at least 30 years. The total mass 
includes body mass plus the mass of the prosthetic limb. The 
experiments take place in Science City Campus at Doshisha 
University, Kyoto, Japan. Human research ethical approval is 
received from Doshisha University and written consent is 
obtained from the subjects. 

At first, in gait experiment, the subjects perform 
straight-line level walking when three-dimensional motion 
analysis system consisting of 10 high-speed digital cameras 
using infrared ray Eagle (made by Motion Analysis Co., LTD, 
California, USA) and two force plates OR6-7 (508 [mm] × 
464 [mm]; made by AMTI Co., LTD, Massachusetts, USA) is 
used for biomechanical gait motion analysis. About 20 [min] 
of practice is performed before the experiments to evidence 
this confidence.  

In addition, three-dimensional position coordinates on the 
body of the subjects are measured during gait locomotion by a 
total of 20 infrared reflective markers as shown in Fig. 1. In 
trans-femoral amputee, positions of markers on the prosthetic 
limb are similar to positions of markers on the sound limb. 
Data from the cameras are obtained at sampling frequencies of 
200 [Hz]. Three-dimensional position coordinates are 
measured for at least ten steps when the subjects walk at a 
self-selected speed. 

Here, anatomical antero-posterior direction is equivalent 
to x-axis (anterior is positive), left-right medio-lateral 
direction is equivalent to y-axis (left medial is positive) and 
vertical axis is equivalent to z-axis (upper is positive) as 
shown in Fig. 2, respectively.   
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(a) Healthy subject                (b) Trans-femoral amputee 
                      with the prosthetic limb 

Figure 1.  Positions of infrared reflective markers. 

Figure 2.  Definition of three-dimensional position coordinate axes. 

III. DATA ANALYSIS METHOD

A.  Gait Cycle and Calculation of Joint Angle Data 
In gait experiment, one gait cycle is defined as the time 

between ground of right heel and next ground of right heel and 
is divided into four phases as two double support phases and 
single support phase in the stance phase and the swing phase. 
Hereinafter, first phase and third phase are double support 
phases, second phase is right single support phase and fourth 
phase is left support phase. Additionally, in respect of 
kinematic data, rigid link model as shown in Fig. 3 is 
developed by time-series data of three-dimensional position 
coordinates of infrared reflective markers on each joint and 
each joint angle is obtained as absolute angle by them. thip ,

tknee , tankle , tfoot  are time-series data of each 
right-left joint angle corresponds to hip, knee, ankle and foot, 
respectively. Moreover, one gait cycle of the obtained joint 
angle data is focused and the numbers of data points in one 
gait cycle and each phase are standardized at 700 and 300 by 
cubic spline interpolation. Time-series data of mean joint 
angles are also calculated. 

B. Singular Value Decomposition of Joint Angle Data 
In this paper, a specific evaluation method based on the 

principle of singular value decomposition proposed by 
Tsuchiya, Funato and Aoi [11]-[13] is used for quantitatively 
evaluating intersegmental coordination about each joint of the 
human lower limb as follows. By writing the time series data 
of the angles of each joint as a column, the whole movement 
can be expressed in terms of the matrix. Then, each specific 
quantitative evaluation index is calculated by using the 
following formula. 
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where t  is time. An observation matrix is defined as the 
quantitative evaluation index of the matrix tR ,  that has 
m  number of rows and n  number of columns. Moreover, 

)8,,1,300or700,,1( njmitij .
Next, if singular value decomposition is performed on 

tR ,  and the equation is arranged, tR ,  is expressed as 
below. 
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where tvi , iz  are eigenvectors of tR , TtR , ,
TtR , tR , , 0R  is mean posture of tR , , i  is a 

singular value defined as the contribution ratio of each 
orthonormal base vector called motion mode that means 
human motion pattern, tvi  is the time variation pattern of 

motion mode called temporal coordination, and iz  is the 
coordination pattern of motion mode called spatial 
coordination. Each component is serialized by depending on 
the magnitude of i  value, and its contributing rate i  is 
calculated by using the following equation. 
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C. Trajectory of Gravity Point 
Trajectories of gravity point in gait locomotion of each 

subject are calculated by using whole position coordinates 
data and ratio of mass and center of gravity of each body 
segment. Here, each segment is as shown in Fig. 4. At first, 
position coordinates of each body segment is calculated as 
ratio of distance between proximal position and distal position 
shown in Fig. 5 by using the following formula. 
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where proximalproximal yx , and distaldistal yx , are proximal and 

distal position coordinates, distalproximal RR ,  are ratios from 
proximal and distal position coordinates to position 
coordinates of gravity point on the whole body. Position 
coordinates of gravity point on the whole body are calculated 
as weighed mean values of all body segments by using the 
following formula. 
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where totaltotal yx ,  are position coordinates of gravity point on 
the whole body, cqscqs yx ,  are position coordinates of each 

body segment, sP  is ratio of mass of each body segment, S
is the number of each body segment and L  is total number of 
body segments. 

Figure 3.  Definition of absolute angle. 

Figure 4.  Definition of each link. 

Figure 5.  Center point and gravity point of body segment. 

IV. ANALYTICAL RESULTS AND CONSIDERATION

A. Singular Value Decomposition of one gait cycle 
As for each contributing rate of gait motion pattern, for 

example, in the analytical results, it is thought that one gait 
cycle is mainly composed of first mode, second mode and 
third mode because the sum of these modes are larger than 95 
[%] as shown in Fig. 6 and Fig. 7. Then, first, second and third 
modes are focused in each analytical result of one gait cycle. 

Next, each spatial coordination pattern in one gait cycle is 
as shown in Fig. 8 and Fig. 9. It is thought that first mode is the 
motion to move the leg forward and back, second mode is 
plantar flexion and dorsiflexion of ankle joint mainly and third 
mode is the motion to lift the leg including flexion and 
extension of knee joint mainly.  

B. Singular Value Decomposition of each phase 
As for each contributing rate of gait motion pattern, for 

example, in the analytical results, it is thought that each phase 
is mainly composed of first mode because first mode is larger 
than 95 [%] as shown in Fig. 10 and Fig. 11. Then, first mode 
is focused in the analytical results of each phase. 

Next, spatial coordination patterns in each phase are 
shown in Figs. 12-19 as example of the analytical results. It is 
thought that first mode is the motion to move the leg forward 
and back, particularly, plantar flexion and dorsiflexion of 
ankle joint are mainly composed by this motion. Thus, there 
are the differences concerning rate of spatial coordination 
pattern of right knee joint in first phase between healthy 
subjects and trans-femoral amputee as shown in Fig. 12 and 
Fig. 16 because of the impossibility of flexion of trans-femoral 
prosthetic knee joint in first phase opposite to healthy subjects. 
Furthermore, there are the differences concerning positive and 
negative value of spatial coordination pattern of right knee 
joint in third phase between healthy subjects and trans-femoral 
amputee as shown in Fig. 14 and Fig. 18 for the same reason. 

Moreover, trajectories of gravity point correspond to 
vertical direction in gait motion are as shown in Fig. 20 and 
Fig. 21. It is clarified that second phases have the differences 
of behaviors between healthy subjects and trans-femoral 
amputee. This means that there are differences between 
supporting leg of the sound limb and one of the prosthetic limb 
in the displacement of gravity point correspond to vertical 
direction. It is thought that trans-femoral amputee cannot shift 
smooth trajectories of gravity point like healthy subjects 
because of the unstable factor of gravity point by the 
impossibility of flexion in right amputated leg as supporting 
leg and fast velocity of the sound limb in the swing phase. 
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Finally, spatial coordination patterns in second phase of 
second mode are as shown in Fig. 22 and Fig. 23. It is thought 
that knee joint of left sound limb in the swing phase has large 
influence because of value of rate. 

Figure 6.  Contributing rate in one gait cycle (T.A.).

Figure 7.  Contributing rate in one gait cycle (H.S.).

Figure 8.  Spatial coordination pattern in one gait cycle (T.A.).

Figure 9.  Spatial coordination pattern in one gait cycle (H.S.).

Figure 10.  Contributing rate in phase 1 (T.A.).

Figure 11.  Contributing rate in phase 1 (H.S.). 

Figure 12.  Spatial coordination pattern of mode 1 in phase 1 (T.A.).

Figure 13.  Spatial coordination pattern of mode 1 in phase 2 (T.A.).
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Figure 14.  Spatial coordination pattern of mode 1 in phase 3 (T.A.).

Figure 15.  Spatial coordination pattern of mode 1 in phase 4 (T.A.).

Figure 16.  Spatial coordination pattern of mode 1 in phase 1 (H.S.). 

Figure 17.  Spatial coordination pattern of mode 1 in phase 2 (H.S.). 

Figure 18.  Spatial coordination pattern of mode 1 in phase 3 (H.S.). 

Figure 19.  Spatial coordination pattern of mode 1 in phase 4 (H.S.). 

Figure 20.  Trajectory of gravity point (T.A.). 
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Figure 21.  Trajectory of gravity point (H.S.). 

Figure 22.  Spatial coordination pattern of mode 2 in phase 2 (T.A.). 

Figure 23.  Spatial coordination pattern of mode 2 in phase 2 (H.S.). 

V. CONCLUSION

In this paper, gait measurement is experimented by healthy 
subjects and trans-femoral amputee with the prosthetic limb. 
Next, the evaluation method of intersegmental coordination 
pattern based on singular value decomposition of calculated 
joint angles is applied to obtained experimental results and 
trajectories of gravity point are obtained. Meanwhile, 

quantitative evaluation is performed by comparative 
verification of each subject from the perspective of 
constitutive principle. As a result of the analysis, the motion 
pattern has a high correlation in the intersegmental 
coordination which is extracted among such physical 
quantities of healthy subjects and trans-femoral amputee with 
the prosthetic limb in gait motion by using singular value 
decomposition. In the end, the effectiveness of the 
quantitative evaluation based on the kinematic consideration 
of each joint angle, as well as biomechanics, is validated. 
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