
1 INTRODUCTION 
The powered exoskeleton is a kind of wearable per-
sonified and power-assisted system which can keep 
a highly consistent motion with human. During the 
motion process, the exoskeleton is highly coupled 
with human and can perceive the load from human-
body and its surroundings with sensors. The exo-
skeleton can make human carry greater load and im-
prove the stamina of the wearer, and its real-time re-
quired power is provided by the control system and 
driving system [Dollar A M, 2008]. At present, 
many countries have developed the exoskeleton, 
such as BLEXX hybrid drive enhanced lower ex-
tremity exoskeleton [Zoss A, 2006], MIT passive 
exoskeleton [Walsh C J, 2007], HAL electric drive 
exoskeleton from University of Tsukuba [Kawabata 
T, 2009] and WSE lower extremity exoskeleton of 
Konya University [Onen U, 2014] and so on. In the 
domestic, Southwest Jiaotong University [LIU Fang, 
2012], Southeast University [HAN Yali, 2015] and 
East China University of Science and Technology 
[CAO Heng, 2010] have launched related researches 
on the exoskeleton and developed experimental pro-
totype in China, but in the aspect of the technology 

and market applications, there is still a large gap 
with foreign countries. 

H.Kazerooni and R.Steger [Kazerooni H, 2006] 
thought that the powered exoskeleton is associated 
with four core technologies including novel control 
schemes, the lightweight design of the exoskeleton 
architecture, a body local area network to host the 
control algorithm and on-board power drive units. 
Among them, the key is to establish a kind of dy-
namic model which can be accurate under all kinds 
of postures and working conditions through theoreti-
cal and experimental methods and to design reason-
able drive mode, novel control schemes and reliable 
drive system to achieve a real-time and effective 
control on the powered exoskeleton, helping it 
strengthen the carrying capacity and stamina of the 
wearer. H.Kazerooni [Racine J C, 2003] and 
J.C.Racine [JIA Shan, 2015] had analyzed the dy-
namics of the enhanced exoskeleton in the stance of 
swing, walking and jumping and so on, based on 
which the control algorithm and control schemes 
were designed. Through the CGA analysis and dy-
namics analysis, A.Zoss and H.Kazerooni [Zoss A, 
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2006] obtained the driving torque and driving power 
of all joints of the exoskeleton and worked out ra-
tional drive model based on them. YL.Han [HAN 
Yali, 2015] had presented the actuator design of dif-
ferent joints and control schemes of different stances 
by analyzing the dynamics of the exoskeleton. 
Q.Guo [Guo Q, 2015] had established human-
machine coupling dynamics model based on Newton 
Method and carried out the design of control system 
and simulation calculation. 

Powered exoskeleton has various motion stances 
and the working condition is different in different 
stances, which lead to different dynamics models, 
driving models and control schemes, therefore, the 
accurate dynamics analysis must be held on the 
powered exoskeleton in different kinds of stances 
and working conditions, especially in the extreme 
stance and special working conditions, to confirm 
the driving torque, driving power and driving energy 
of all joints, which provide the theoretical basis for 
the design of control system, power system and driv-
ing model. In this paper, aiming at the powered exo-
skeleton prototype, with the motion characteristics 
of all joints obtained from the somatic machine mul-
ti-vision motion capture experiment and data fitting, 
all joints’ driving characteristics of the powered ex-
oskeleton in the squat stance will be discussed.  

2 POWERED EXOSKELETON DYNAMICS 
MODEL CONSTRUCTION 
Joint driving characteristics (dc) include joint driv-
ing torque (dt), driving power (dp) and driving ener-
gy (de). Assuming that there was no interaction 
force between the wearer and the powered exoskele-
ton, a dynamics model (showed as Fig.1 (A)) was 
established. O1, O2 and O3 are respectively the an-
kle, the knee and the hip, which are connected by ro-
tation pair. l1, l2 and l3 are respectively the length of 
the calf, thigh and trunk. S1, S2 andS3 are respective-
ly the centroid of the calf, thigh and trunk. lS1, lS2 and 
lS3 are respectively the length from the centroid to its 
corresponding joint. m1, m2 and m3 are the mass of 
the calf, thigh and trunk respectively. φ1, φ2 and φ3 

are the angle of the calf, thigh, trunk and x axis re-
spectively, which represent the angular displacement 
of each rod. 
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Fig.1  Dynamics model of powered exoskeleton (A) and ex-
periment of data collecting (b) in squat 

2.1 Kinematics Analysis.  

The powered exoskeleton is a multi-rigid-body sys-
tem with 3 degree of freedom (DOF).The angular 
displacement φ1, φ2 and φ3 are selected as general-
ized coordinates q1, q2, and q3, namely, φ1=q1, φ2=q2 
and φ3=q3. Establishing fixed coordinate system 
O1xz, (xs1, zs1), (xs2, zs2) and (xs3, zs3) are the coordi-
nates of the S1, S2 and S3 in the O1xz, (ls1cosq1, 
ls1sinq1), (l1cosq1+ls2cosq2, l1sinq1+ls2sinq2) and 
(l1cosq1+ l2cosq2 + ls3cosq3, l1sinq1+l2sinq2+ls3sinq3) 
respectively. The velocity and the angular velocity 
can be obtained by taking the first derivation of (xs1, 
zs1), (xs2, zs2) and (xs3, zs3) respectively. 

2.2 Kinetic Analysis.  

Lagrange dynamics equation of the powered exo-
skeleton multi-rigid-body system is described as 

( ) , 1,2,3p k k
i

i i i

E E Ed
i

q dt q q


  
   
  

      (1) 

The potential energy Ep and the kinetic energy Ek 
can be described as below: 
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In Eq.(3), Jij (i=1,2,3;j=1,2,3) are equivalent rota-
tional inertia and have something to do with dimen-
sion and mass distribution of the rod, which can be 
changed as the change of the component position 
and posture, and then they have an effect on the dy-
namics characteristics of the powered exoskeleton. 
They can be described as follows: 
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The second-order nonlinear differential Eq. (5) 

representing joint driving torque i(i=1,2,3) can be 
obtained by putting Eq. (2)~Eq.(4) into Eq. (1), as 
means antisymmetry, 
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The joint driving power and driving energy of the 
powered exoskeleton is computed as follows: 

| |, 1, 2,3i i iP q i              (6) 

3 JOINT MOTION CHARACTERISTICS 
EXPERIMENT AND ANALYSIS 
Joint motion characteristics (mc) include joint angu-
lar displacement (ad), angular velocity (av) and an-
gular acceleration (aa). In order to get the joint mo-
tion characteristics, human-body data collecting 
experiment (Fig.1 (B)) in the squat stance was car-
ried out. The load on the experimenter is 0 kg. In the 
course of this experiment, the setup time is 3 s, the 
squat time is 0.8 s and the stand adjustment time is 3 
s. In order to reduce the error of data collecting due 
to equipment, experimenter and surroundings, re-
peated trails were completed. The trail equipment 
for data collecting is 6 cameras optical motion cap-
ture system (Qualisys AB, Sweden), and 3-
dimensional coordinate data of 23 reflective markers 
which include head, shoulders, chest, hips, knees, 
ankles, soles, heels and tiptoes was measured in this 
experiment. The sampling frequency is 200 Hz. 

In order to investigate the joint motion character-
istics, the human body is simplified as multi-rigid-
body system connected with multi-rigid bars. In the 
squat stance, because the motion of the right body is 
very similar to the left, it only needs to select the left 
body to investigate human joint motion characteris-
tics. Joint angular displacement (ad) curves (Fig.2A) 
were obtained through analyzing experimental data. 
Selecting the Fourier series as basis function, Le-
venberg-Marquardt (LM) nonlinear least squares 
method was used to fit discrete data of joint angular 
displacement, and the fitting equation (7) of joint 
angular displacement was got and the fitting error 
was small, which showed that joint angular dis-
placement can be fitted by Fourier series. 
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In Eq.(7), φi (i=1,2,3)are the angular displacement 
fitting equation of the ankle, knee and hip respec-
tively. n is fitting order, ω is angular frequency,a0,aj 
and bj are constant coefficient. Angular velocity (av) 
curves (Fig.2B) and angular acceleration (aa) curves 
(Fig.2C) of all joints are obtained by taking the first 
and second derivative of Eq. (7)respectively. 
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Fig.2  Joint motion characteristics curves 

 
As shown in Fig.2, the amplitude of the angular 

displacement of the knee is big, but that of the ankle 
and the hip are relatively small, so the knee is the 
main motion joint and the ankle and hip are the aux-
iliary motion joint. In addition, the angular velocity 
and angular acceleration of the knee are large and 
have obvious changes in the first half, but they are 
small and their changes are smooth in the second 
half, while the angular velocity and angular accel-
eration of the ankle and hip are changing in the 
whole posture, but the changes are small. 

4 SIMULATION RESULTS 
The system structure parameters include m1=0.6 kg, 
m2=0.9 kg, m3=8 kg, l1=0.364 m, l2=0.466 m, 
l3=0.46  and t=0.8 s. Because the joint motion char-
acteristics between human and the powered exoskel-
eton are the same, the motion parameters of the 
powered exoskeleton can be deduced. 

As shown in Fig.3, in the squat stance, the driving 
torque and driving power of the knee are very big 
and its rate of change is also big, but those of the 
ankle and hip are small, so the knee is the main driv-
ing joint and it requires highly sensitive driving sys-
tem and control system, and the ankle and hip are 
the auxiliary driving joint. In addition, because the 
powered exoskeleton and human are highly coupled, 
in order to maintain a high degree of consistency 
and no interaction force between them, the sensing 
system must be highly sensitive to the force and 
torque from external environment exerted on the 
powered exoskeleton. 
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Fig.3  Joint driving torque (dt) and driving power (dp) curves 

 

As shown in Table 1, the maximum driving torque 
of the knee (knee-τmax) is as 4 times as the ankle-τmax 
and is as 8 times as the hip-τmax, and the maximum 
driving power of the knee (knee-Pmax) is as nearly 30 
times as the ankle-Pmax and the hip-Pmax, and the rate 
of change of the knee-τmax and the knee-Pmax is very 
big, so the drive and the control of the knee must 
have good stability and reliability and high sensitivi-
ty. In addition, the driving energy of the knee (knee-
E) is very large, about 45.89 J, which accounts for 
89.9% of the total energy (Etotal) of all joint. Because 
the power supply of the powered exoskeleton is on-
board power supply, the power system of the knee 
requires energy optimization design and heat dissi-
pation design and improves drive efficiency. 

 
 

Table 1  Key value of joint driving characteristics 

 
Key value 

τmax/ 
Nm 

τmin/ 
Nm 

τavg/ 
Nm 

Pmax/W Pratio 
Pavg/
W 

E/J Eratio 
Eto-

tal/J 
ankle 30.81 0.05 15.43 10.29 2.9% 4.77 3.58 7.5%

50.77knee 134.31 0.14 67.23 337.06 94.5% 57.36 45.89 89.9%
hip 16.06 0 8.03 8.75 2.6% 1.62 1.3 2.6%

 
The τmax and Pmax of the ankle and hip is far less 

than those of the knee, and the Eratio of the ankle and 
hip are very small, so the ankle and hip can use pas-
sive drive [5] and non-power exoskeleton drive and 
so on. In future, the powered exoskeleton will face 
great challenge in research and design of the joint 
drive model, control schemes and power supply 
equipment and so on.  

5 SUMMARY 
In this paper, the motion characteristics of the hu-
man joint are analyzed through human body motion 
capture measurement experiment and data fitting. 
The driving characteristics of all joints are analyzed 
by establishing dynamics model of the powered exo-
skeleton in the squat stance. The main conclusions 
include as follows: (1) In the squat stance, joint an-
gular displacement can be fitted by Fourier series, 
and the angular displacement, angular velocity and 
angular acceleration of the knee are big and the rate 
of change is also big, while those of the ankle and 
hip are relatively small. (2) The driving torque and 
driving power of the knee are very big and the rate 
of change is large, while those of the ankle and hip 
are small. (3) The driving energy of the knee is very 
big, accounting for 89.9% of the total energy of all 
joints, which shows that the power system of the 
knee requires energy optimization design and heat 
dissipation design and improves drive efficiency. 
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