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solve this problem. Lower limb robots can help rehabilitation
doctors do most of the heavy rehabilitation training tasks. And
can also realizing distance training by modern communication
means. It can treat patients anytime and anywhere, so filled
the shortage of physiotherapists. In addition, it can detect
various physical indexes of the wearer real time with all kinds
of sensors, and make the most appropriate control strategies
according to different situations. This makes the training
process more humane. It can also be combined with virtual
reality technology to design interesting rehabilitation training
games to improve patient’s activity. So lower limb
exoskeleton robot has its unique advantage in rehabilitation
treatment [1]-[6].
At present, many kinds of exoskeleton robots have been
commercialized into people's lives at home and abroad.
Among the better results are the Berkeley Bionic Technology
Company of the United States, the University of Tsukuba in
Japan, and the rewalk exoskeleton-powered robot in Israel.
For example, the rewalk series of exoskeleton robots abroad
can accurately monitor the human body's center of gravity in
real time. When the center of gravity moves forward, the
system will issue instructions to the motors located at the knee
joint and hip joint to complete the move forward. If the steps
are continuous, the system will simulate the normal gait of the
human body, or assist the user in turning and standing. With
this mechanical exoskeleton system, paralyzed people can
walk freely and even take part in marathon races. In China,
colleges such as Zhejiang University, Shanghai Jiao Tong
University and Southwest University have achieved
outstanding results. In addition, there is Shanghai's Fourier
intelligent company. The new Fourier X2 has 4 power units
and 6 multi-dimensional force sensors. And it has
independently developed motion control module to provides
powerful calculation support for data acquisition. A set of
sensing systems can be formed through the arrangement of
more than 10 sensors. The wearer's movement intention can
be read by the robot with this system. At present, it can be
applied to many fields such as assist walking, rehabilitation
training, motion function enhancement and other fields [7][10].
The following is the arrangement of this paper. The second
part is the introduce of specific design of the structure,
including the drive mode, the selection of transmission mode,
the introduction of the mechanical structure of each part and the

Abstract –In order to help patients with hemiplegia or mobility
disability recover their normal walking ability. This paper designs
a lower limb exoskeleton robot. This robot can not only provide
to patients with walking force to drive the movement of both legs,
but also can provide patients with rehabilitation training with high
repeatability and good accuracy. The use of this robot will greatly
save labor costs and reduce the pressure on medical resources.
More importantly, machine training has the advantages of high
repetition rate and accuracy. This makes the recovery period of
patients shorter. This robot brings hope for patients to recover. In
this article, introduce the structure of each part of the lower limb
exoskeleton robot firstly. And then, make the gait analysis of
human walking. Finally, make the static stress analysis of some
structures with soildworks software and gait simulation
experiment with adams software. In order to provide patients with
a more comfortable rehabilitation experience, a control system
based on electromyography signals needs to be designed in the
future. An angle prediction model is obtained through neural
network training, which can predict the patient's motion intention
and thus control the robot's motion. This control method improves
the human-computer interaction ability and enables patients to
have more initiative.
Index Terms - Lower Limb Exoskeleton, Gait analysis,
adams Simulation.

I. INTRODUCTION
With the increase in the number of elderly people in our
country and the irregular living habits, the number of patients
with cardiovascular and cerebrovascular diseases has
increased significantly. Resulting in a sharp increase in the
number of stroke patients. According to statistics, more than 2
million people suffer stroke due to cardiovascular and
cerebrovascular diseases every year in China. Once suffering
from this disease, it has a high probability of leaving the
sequelae of walking inconvenience even if they get the
specially treatment in hospital. In addition, all parts of the
body of the elderly are not strong enough to bear, which is
easy to cause muscle and bone damage. Research shows that
the sequelae of stroke can recover their mobility through
rehabilitation training. But this requires rehabilitation doctors
to go to the patient's home or the patient to go to the hospital
for targeted treatment. Either way, makes rehabilitation
treatment very troublesome and patient do not have much
interest in receiving treatment. The emergence and
development of lower limb robots have brought great hope to

978-1-7281-6414-4/20/$31.00 ©2020 IEEE

2

1895

analysis of adjustable lines. The third part is the analysis of
human motion mechanism. The fourth part is the stress analysis
of the structure by soildworks and adams simulation. The last
part is the conclusion.

requires a certain response speed of the motor. The hydraulic
and pneumatic transmission don’t have good control accuracy
and is easily be affected by environment. In contrast, motor
drive meets the control requirements of rehabilitation robot.
The motor is not only simpler and more convenient to control,
but also has the characteristics of fast speed and high control
precision. Therefore, motor drive is selected as the driving
mode of this structure. The selection of transmission module is
realized by changing the rotation direction of two bevel gears.
One bevel gear is fixed to the rotating shaft, and the other end
of the shaft is fixed to the upper structure. The other bevel gear
is fixed with the motor output shaft, and the motor is fixed on
the lower structure. Bevel gears are meshed together through
concave-convex grooves. Gear transmission makes the
structure more compact and the transmission efficiency is high.
Meet the requirements of exoskeleton robots [14]-[16].

II. STRUCTURAL DESIGN
A. Overall structure
As shown in fig. 1, the overall structure is divided into
seven parts: motor part, length adjustment part, back plate part,
waist connection part, thigh part, calf part and ankle part. The
connection of all parts takes full consideration of safety and
comfort. According to the range of motion of human joints,
design a limiting device at the joint part. It can prevent the
injury caused by different physical conditions of each patient in
the training process. Balance is the most important problem in
rehabilitation training. Because some patients can hardly keep
balance even if they stand still, moreover to walking up. For
safety reasons, this exoskeleton is also equipped with a pair of
crutches. It can help patients to keep balance. What’s more, the
crutch also can help the patient to share the weight of the leg
and reduce the structural pressure. So that makes gait training
easier. During walking, the space inside the legs of the human
body is very small. Therefore, the motor and reducer module
are fixed on the outside of both legs. Adjustable straps are
provided on the back, thighs and lower legs to accommodate
patients with different physical characteristics. Streamlined
structure also makes the force more uniform and comfortable to
wear. The linking parts of the legs and the waist are also
provided with connecting rod structures, which have a certain
adjustment range. In order to meet the requirements of most
wearers. The edge of the whole structure has an arc-shaped
structure, which further improves the safety of the structure and
makes the appearance more beautiful [11]-[13].

C. Degree of freedom design
In the normal walking process, there are mainly three
joints with the greatest participation: hip joint, knee joint and
ankle joint. Among them, hip joint has the largest range of
motion in living body. And it basically has freedom in all
directions. However, it is generally believed that only flexion
and extension activities in sagittal plane, and a small part of
adduction and abduction activities when people are walking.
Therefore, an active degree of freedom and a passive degree of
freedom are set here. The motor drives the thigh to walk.
Passive degrees of freedom are used to satisfy the adduction and
abduction movement of the legs during walking. The
composition of knee joint is the most complicated. But its
freedom is very simple. Only have one active about flexion and
extension of sagittal plane basically. The freedom of movement
of the ankle joint is also very complicated. However, in the
process of rehabilitation training and assisted walking, there is
no need for the knee joint to have a large range of activities.
Only need to satisfy the varus and eversion movement when
walking. Therefore, only set one passive degree of freedom
here. Therefore, the exoskeleton robot in this paper has 8
degrees of freedom. Comprises four active degrees of freedom
of hip joints and knee joints on both sides which are controlled
by a motor. And the passive degrees of freedom set at the hip
joints and ankles [17].
D. Length adjusting mechanism
According to the height range and body ratio of Chinese
adults, the length range of adult thighs is about 350mm-500mm,
and the length range of lower legs is about 300 mm-420 mm. In
order to meet the needs of people of different heights and
genders. In this paper, a length adjustable mechanism is
designed as shown in fig. 2. Both the thigh bone and the calf
bone are divided into two sections. There are many holes in the
middle of the structure, which can be fixed by screws. The
length of the structure is adjusted by selecting the connection of
different holes. Due to the difference between the mechanism
and the human body. The adjustment range of the thigh part of
the exoskeleton is 350 mm to 460 mm and of the lower leg is
300 mm to 420 mm, which can basically meet the needs of

Fig. 1 Exoskeleton structure of lower limb

B. Transmission and drive
Because exoskeleton robots have to make rehabilitation
training for each patient according to their rehabilitation
conditions. Therefore, the requirement for control accuracy is
relatively high. The continuity of the walking process also
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people with a height of 155 mm to 190 mm. Because the foot
needs to place some sensors in order to obtain real-time gait
information at a later stage. Therefore, the size of the foot
cannot be adjusted. The feet are provided with binding bands.
Even if the size of each person's foot is different, the
exoskeleton can be fixed at foot by adjusting the tightness of
the bandage [18][19].

As shown in fig. 4, the support phase is the first five phases and
the swing phase is the last three phases. During normal walking,
the support phase accounts for 60%-65% of the whole gait
cycle. The supporting phase can be divided into two limb
loading periods and one limb loading period. The weightbearing period of two limbs refers to the time when one lower
limb enters the supporting stage, the other lower limb has not
yet landed, and the two lower limbs bear weight
simultaneously. This stage accounts for 28.8% of the whole
cycle and 44.8% of the supporting stage. The other time of the
supporting phase is the single limb loading period. The
proportion of support phase and swing phase will not be
significantly different due to the change of height and sex. The
supporting stage is characterized by small change of motion
angle but large motion moment. In the swing phase, the
movement range is large, but the movement torque is small and
is not limited by the ground. This is the basis for subsequent
motor control [21].

Fig. 2 Adjustable structure

E. Back plate and waist structure
Exoskeleton robots need to be worn on patients to move
together. The weight and size of exoskeleton will directly affect
the wearing experience and even the effect of rehabilitation
training. The structure itself and the weight of the motor are a
great burden, so a backboard structure is designed to place the
battery module and the control module behind the backboard.
This way, the weight of this part will not affect the gait training.
The back is also provided with straps, which can be fixed on the
body like a backpack. In addition, considering that everyone's
waist width and back thickness are also different. The same
length adjustment mechanism as the leg is also designed at the
waist joint, and the adjustment range is between 30 mm and 60
mm. Basically meet the needs of the vast majority of patients.
The structure is shown in fig 3 [20].

Fig. 4 A gait cycle

B.

Range of joint motion

The activity characteristics of the three major joints of the
lower limbs were introduced in the previous section. The degree
of freedom of hip joint and ankle joint is more, but for the
function of rehabilitation training and assisting walking. There
is no need for so many degrees of freedom. Therefore, only the
hip joint and knee joint are provided with active degrees of
freedom, and the ankle joint is provided with passive degrees of
freedom. From a medical point of view, table 1 shows the
average range of motion of each joint. It can be used to
reasonably design the workspace of exoskeleton and provide
reference basis for the limit design of freedom degree of each
joint of exoskeleton. So as to prevent secondary injury to
patients and improve structural safety.
TABLE I
JOINT RANGE OF MOTION

Fig. 3 Back panel and waist structure

joint

outreach/ad
stretch/bend
duction（°） （°）

internal/exte
rnal（°）

hip joint

45/45

80/90

10/5

knee

0

0/140

10/10

ankle

15/15

40/20

30/30

Ⅲ. MOTION ANALYSIS
A.

Gait analysis

The human walking process is formed by the continuous
circulation of a single gait. A gait is defined as a movement in
which one heel moves forward from the ground to the other heel
keep up and merges again. For a given lower limb, gait cycle
activities can be divided into support phase and swing phase.
1897

The specific process is as follows: firstly, the model
established in soildworks is exported to parasoild format. This
is a solid modeling module with strict boundary representation.
Through the interface between ADAMS and SolidWorks, the
model is imported into ADAMS software. The material density
and quality of each part are modified in ADAMS. The
simulation results are closer to the real data. Set a plane at the
bottom of the model and fix the plane to the ground so as to
simulate walking afterwards. During exoskeleton walking, the
ground will produce contact force. Therefore, the contact force
between the shoe and the ground should be added. Contact force
parameters are set and normal force is selected as collision
force, rigidity 2855, force index 1.1, damping 0.37, penetration
depth 0.1, static friction coefficient and dynamic friction
coefficient 0.3. Simplify walking movements, add rotational
constraints to knee joints and hip joints, and then add drives.
The model with various parameters set is shown in fig. 6 [24].
Step function is used to drive each joint. It can be used to
represent the angle change in any time period. According to the
analysis of human gait, the parameter setting of step function is
as shown in Formula (1)-(4).
Left hip joint:

Ⅳ.SIMULATION AND ANALYSIS
In order to check whether the material and design of the
structure can drive the legs to walk after the patient wears it, it
will not cause too much deformation or even fracture. The
mechanical analysis of some structures is carried out by using
soildworks software. Because back plate structure does not
provide pulling force and does not bear the weight of the human
body during walking. It is mainly used to place batteries and
control modules. The supporting force of the foot is mainly
supported by the wearer, and the main function of the
exoskeleton is to assist walking. Therefore, only the leg
structure that bears the main force is analyzed. In this article,
6061 aluminum alloy is selected as the material for lower limb
exoskeleton. This material is light in weight and meets the
requirements in strength. Its ultimate tensile strength is
124mpa, bending ultimate strength is 228mpa, elastic
coefficient is 68.9gpa, Poisson's ratio is 0.330. Simulate the
stress of the wearer when walking. After selecting the bearing
surface, a force of 30N is applied in the transverse direction and
the longitudinal direction respectively. The shape variable of
the structure obtained through simulation calculation is shown
in fig.5 [22][23].

step time,0,0,0.4,-30d
step time,0,0,1,-3d

step time,0.4,0,0.9,32d
（1）

Left knee joint:
step time,0,0,0.4,20d step time,0.4,0,0.5,-7d
step time,0.5,0,0.7,47d step time,0.7,0,1,-52） （2）
Right hip joint:
step time,0,0,0.3,40d step time,0.3,0,0.9,-35d
+step time,0.9,0,1,-3d

（a）

（3）

Right knee joint:
step time,0,0,0.2,32d
step time,0.4,0,0.7,15d

step time,0.2,0,0.4,-24d
step time,0.7,0,1,-19d) （4）

(b)

Fig. 5 Stress analysis of leg structure

As can be seen from fig.5, both parts have undergone
partial deformation. The maximum variable of the upper leg
bone is 0.12mm, and the maximum variable of the lower leg
bone is 0.02mm. Which is far less than the required 0.5 mm.
Therefore, the structural design and material selection meet the
requirements.
In order to further verify the performance of the designed
structure, adams is used to simulate the designed exoskeleton.
The angular displacement and joint torque curves of hip joint
and knee joint in a gait cycle are obtained. It provides
theoretical basis for exoskeleton control design and motor
selection.

Fig 6 Adams structural simulation
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After setting the simulation time of 1s and the number of
simulation steps of 1000. The angle and moment curves of knee
joint and hip joint obtained through simulation are as follows:

Fig. 10 Knee joint torque transformation curve

Figs. 9 and 10 show the moment change process of left leg
hip joint and knee joint in this gait cycle. It can be seen from
the results that the hip torque of the left leg is relatively large at
0.1S and 0.5S. Because at this time they are at the highest point
of the thigh step forward and the highest point of the other leg
step forward. The torque of the left leg knee joint in the later
stage of this gait is larger because it is at the time when the right
leg is moving forward and the left leg is supported alone. Both
the torque of the two joints will not exceed 50Nm, which is not
much different from the expectation. Within the acceptable
range of the structure. It can also meet the needs of
rehabilitation training.

Fig. 7 Left hip joint angle change curve

Ⅴ.CONCLUSIONS

Fig. 8 Left knee joint angle change curve

Figs. 7 and 8 respectively show the angle change process
of the left leg hip joint and knee joint in one gait cycle. The gait
chosen in this paper is from the left leg forward to the right leg
to keep up with the end. Fig. 7 shows that the hip joint angle
increases first and then decreases, which is a process of stepping
forward. The maximum angle is 33 degrees. Fig. 8 shows the
process of angle change of knee joint. In the process of stepping,
firstly bend backward, then gradually return to a vertical state.
From the simulation results, it can be seen that the angle
transformation is relatively gentle. The structure operates stably
and the movement range is within the acceptable range for
human body. It will not cause secondary injury to the patient.

This paper mainly designed a lower limb exoskeleton
robot. According to the human body structure, we design a
structure on the basis of fully considering the wearing comfort.
Through reading a lot of literature and analyzing human gait,
the dimensions and the number of degrees of freedom of each
part were determined, and the length adjusting module and
transmission mechanism were designed, then the overall
structure of the exoskeleton was finally determined. In order to
verify its feasibility, we make the solid static stress analysis of
the structure with soildworks software. The results showed that
the variables were within the allowable range and proved the
rationality of the structure. After that, through the motion
simulation in the adams, the angle and torque curves of the hip
and knee joint were obtained, which was basically consistent
with the theoretical analysis. In general, the structure meets the
requirements of exoskeleton robots in various aspects, and can
meet the rehabilitation training and auxiliary walking for
patients with walking inconvenience. In addition, the design of
the control system has a great influence on the training effect
and performance of the robot. In the future, the humancomputer interaction effect should be improved. An active
rehabilitation training system based on sEMG signal should be
designed to bring better wearing experience and rehabilitation
effect to patients.
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Fig. 9 Hip joint torque transformation curve
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