
  

  

Abstract— With the development of society, aging population 
and the number of stroke patients is increasing year by year. 
Rehabilitation exoskeleton can help patients to carry out 
rehabilitation training and improve their activities of daily living 
(ADL). First of all, a reconfigurable exoskeleton for upper limb 
rehabilitation is designed in this paper. The exoskeleton 
combines gravity compensation with left-right arm switching 
function through its reconfigurability. Secondly, the motion 
space and singular configuration of the exoskeleton are analyzed. 
By changing the working mode of the gravity compensation 
device, the control experiment of the motor is carried out. The 
influence of gravity compensation device on motor driving 
torque and energy consumption is analyzed. Finally, the results 
of experiment show that, in the best case, the gravity 
compensation device can reduce the energy consumption by 
41.15% and the maximum motor current by 33.56% of the 
driving element. 

I. INTRODUCTION 

According to the survey, there are about 13.7 million new 
stroke patients worldwide each year, most of whom are 
middle-aged and elderly [1,2]. Traditional rehabilitation 
therapy requires the professional skills of rehabilitation 
trainers for training, and the patient is in a passive state. 
However, this process consumes a lot of physical energy for 
trainers, and rehabilitation training is also subject to the 
working time and human resources of rehabilitation trainers 
[3]. Exoskeleton robots generally refer to mechanical devices 
that are similar to the corresponding parts of the human body. 
But they still need human leadership in control and cannot 
achieve autonomous control [4,5,6]. With the progress of The 
Times and the maturity of robot development and control 
technology, upper limb rehabilitation robots have been able to 
gradually replace rehabilitation trainers [7,8,9]. These robots 
can provide more targeted treatment for patients with impaired 
upper limb function [10,11]. 

More and more exoskeletons for upper limb rehabilitation 
have been developed, the AGREE exoskeleton designed by 
Dalla Gasperina et al. can be used with both the left and right 
arms [12]. The rehabilitation exoskeleton uses a spring-pulley 
anti-gravity system to minimize torque requirements. 
However, the spring-pulley anti-gravity system on this 
exoskeleton can only provide a maximum torque demand of 
25%. The performance requirements for the motors are still 
extremely high. Fallaha et al. developed an upper limb 

 
*Research supported in part by the National Natural Science Foundation 

of China under Grant 52175014, in part by the Key Research and 
Development Program of Jiangsu Province (Social Development) under 
Grant BE2023813, in part by the Natural Science Foundation of Jiangsu 
Province under Grant BK20211183, and in part by the Postgraduate Research 
& Practice Innovation Program of NUAA under Grant xcxjh20230513. 

rehabilitation exoskeleton robot [13], which can realize left-
arm and right-arm interchange. However, there is no gravity 
balancing device designed in the structure, increasing the 
performance requirements for the motor. Kim et al. developed 
a passive upper limb exoskeleton using a spring to passively 
generate assistive torque [14]. The exoskeleton can generate 
9.5 NM of maximum assistive torque at 120° to assist 
overhead task with a 1-kg tool. However, the assistive 
mechanism accounts for a large part of the overall structure, 
and the exoskeleton is only limited to one side. And Yves 
Zimmermann and others designed an upper limb rehabilitation 
exoskeleton called ANYexo 2.0[15]. Li et al. designed a 5-
DOF upper limb exoskeleton for rehabilitation [16]. Cheng et 
al designed a portable upper-limb elbow-forearm exoskeleton 
[17]. None of the three upper limb rehabilitation exoskeletons 
mentioned the concept of gravity balance and left-right 
switching. It can be found that the existing upper limb 
rehabilitation exoskeleton robots and passive upper limb 
exoskeletons rarely combine gravity balance with mechanism 
reconfiguration or left-right arm switching function in 
structure. And in the exoskeleton robots with both functions, 
the compensation device provides less torque. 

Based on the above discussion, in this paper, we combine 
gravity compensation, reconfiguration, and left-arm and right-
arm switching, aiming to develop a new reconfigurable upper 
limb rehabilitation exoskeleton. The main contributions of this 
article are as follows: 

1) A reconfigurable upper limb rehabilitation exoskeleton 
combined with gravity compensation is proposed. The 
exoskeleton can use its reconfigurability to switch 
between the left and right arms of the exoskeleton and the 
gravity compensation device. The gravity compensation 
device can reduce the requirement of motor control 
performance and energy consumption. 

2) The Monte Carlo method, the D-H parameter method and 
the method of unit vector mixed product are used to prove 
that the exoskeleton has a large working space and there 
is no singular configuration. 

3) The gravity compensation device installed on the 
exoskeleton was evaluated through experiments, and its 
impact on joint motor trajectory tracking and energy 
consumption was analyzed. 
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The remainder of this paper is organized as follows. In 
section II, the exoskeleton structure and reconfigurability are 
introduced. The experiment and experimental results are 
introduced in section Ⅲ. At the end, Section Ⅳ concludes this 
paper. 

II. SYSTEM DESCRIPTION 

The model of the upper limb rehabilitation exoskeleton is 
shown in Fig. 1. The exoskeleton uses 7 degrees of freedom to 
fit the movement of the human upper limb, corresponding to 
shoulder abduction/adduction, external/internal rotation, and 
flexion/extension, elbow flexion/extension and 
pronation/supination, wrist ulnar/radial flexion and 
flexion/extension [see Fig. 1 (3)-(9)]. The exoskeleton can 
realize the function of left-arm and right-arm switching by 
reconfiguration. The gravity compensation device on the 
exoskeleton can also be reconstructed to adapt to the left or 
right arms. By deflecting the axes of the shoulder joint with 
rotational degrees of freedom, the occurrence of singular 
configurations in the exoskeleton can be avoided. 

A. Exoskeleton with Reconfigurability and Adaptability 
The main structure of the exoskeleton consists of two parts, 

namely, the reconfigurable upper limb exoskeleton and the 
adaptive mobile platform, as shown in Fig.1 (a). The 
reconfigurable upper limb exoskeleton is used to achieve the 
main rehabilitation training functions. The adaptive mobile 
platform is an adjustment mechanism that can assist in left-
right mode switching and is used to adapt to the patient’s body 
type. The exoskeleton is equipped with a six-dimensional 
force-torque sensor at the wrist joint, which is used to perceive 
the user's intention and carry out corresponding motion 
intention recognition. 

The reconfigurable upper limb exoskeleton can switch the 
structure from right-arm mode [see Fig. 1 (a)] to left-arm mode 

[see Fig. 1 (d)] by changing the rotating joint and rotation 
angle. The rotation angles (marked in red) of each joint motor 
are shown in Fig. 1 (a). The left-arm and right-arm modes are 
completely mirrored after switching. Each driving element of 
the exoskeleton is equipped with a limiting device. There are 
diverse types of limiting devices at different joints, as shown 
in Fig. 1 (10)-(12). These limiting devices can be adapted to 
switch between left-arm and right-arm modes of the 
exoskeleton. The reconfigurable exoskeleton is fitted with a 
gravity compensation device. When the exoskeleton switches 
between left and right arms, the connection point of the gravity 
compensation device needs to be adjusted, as shown in Fig. 1 
(b)(c). The exoskeleton is reconstructed to complete the left- 
right arm switching function without affecting the use of the 
gravity compensation device. 

As shown in Fig. 2, the internal assembly of the upper limb 
rehabilitation exoskeleton can be seen. The mechanism 
follows the lightweight design criteria and needs to satisfy 
certain stiffness requirements. The center of gravity of the 
connecting rods and drive is as close to the rotating axis as 
possible to reduce the inertia during rotation. The forearm and 
upper arm of the exoskeleton have straps that can be connected 
with the forearm and upper arm of the user. The position and 
tension of the straps can be adjusted to improve comfort [see 
Fig. 2 (4)(9)]. Mechanical limiting devices are used in all 
driving elements to prevent the movement of the mechanism 
beyond the maximum limit range. 

In addition to the above human-machine connection 
components. The length of the connecting rods in the forearm 
and upper arm of the exoskeleton can be changed and locked 
by linear actuators. The connecting rod in the palm part can 
achieve stepless adjustment between the palm and the wrist by 
mechanical locking. The previously mentioned adaptive 
mobility platform realizes horizontal and vertical movement 
through two vertically connected ball screw slideways. It can 
adjust the initial position of the entire exoskeleton to adapt to 
different types of seats and people of different heights. 
Through the institutions mentioned above, the exoskeleton can 
adapt to the needs of most people of 1.6m~1.8m in height.  

 
Figure 1.  Reconfigurable 7-DOF upper limb rehabilitation exoskeleton with 
gravity compensation: (a) exoskeleton left-arm mode. (b) switch the spring 
connection point of the gravity compensation device at shoulder joint 
(abduction/adduction). (c) switch the spring connection point of the gravity 
compensation device at shoulder joint (flexion/extension). (d) exoskeleton 
right-arm mode. 1. x-axis degree of freedom; 2. y-axis degree of freedom; 3. 
abduction/adduction of shoulder joint; 4. external/internal rotation of shoulder 
joint; 5. flexion/extension of shoulder joint; 6. flexion/extension of elbow 
joint; 7. pronation/supination of elbow joint; 8. ulnar/radial flexion of wrist 
joint; 9. flexion/extension of wrist joint; 10. single-layer bidirectional limit 
device (apply to 7/8/9); 11. double-layer bidirectional limit device (apply to 
3/5); 12. single-layer unidirectional limiting device (apply to 4/6). 

 

 
  

 
Figure 2.  Explosion diagram of the internal structure of the upper limb 
exoskeleton: 1. six-dimensional force-torque sensor; 2. forearm limit device; 
3. joint motor; 4.forearm wearable parts; 5. forearm spring; 6. linear slider 
and guide rail; 7. linear actuator; 8. upper arm limit device; 9. upper arm 
wearable parts; 10. upper arm spring; 11. joint motor; 12. brake device; 13. 
guide device; 14. shoulder joint limit device; 15. joint motor; 16. servo motor; 
17. shoulder joint spring. 
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B. Gravity Compensation System 
The influence of gravity on the robot is mainly manifested 

as the bias torque, which causes the robot’s various moving 
joints to be constantly affected. And the influence of the 
gravity will change with the change of different postures and 
positions of the mechanical structure. In some limit positions, 
the bias torque sometimes exceeds the maximum output torque 
of the robot drive device, which may cause the robot to lose 
control and cause serious safety accidents. Therefore, it is very 
necessary to design an effective balancing mechanism to 
compensate the biased torque to improve the working and 
safety performance of the robot [18-19]. Considering the 
reconfigurability of the exoskeleton, the gravity compensation 
device is symmetrically designed for the upper limb 
rehabilitation exoskeleton described in this paper. The 
following paper introduces the design principle of gravity 
compensation device. 

Fig. 3 is a structural diagram of the zero-free-length spring 
[20] gravity compensation device designed for the three joints 
(J1, J3 and J4)). The joints J1-J7 mentioned in the figure 
correspond to (3)-(9) in Fig. 1 respectively. The gravity 
compensation devices are structurally compatible with the left- 
right arm switching function. The balance principle of the 
three joints is the same. Taking joint J4 as an example, the 
whirling arm [see Fig. 3 (b)] includes the front joints (J5, J6 
and J7) and all the connections between them.  

As shown in Fig. 3 (b), it can be assumed that all the 
generated gravity at the whirling arm is 𝑚𝑚𝑚𝑚. The moment arm 
of force is 𝑙𝑙, and torque 𝑀𝑀1 will be generated at the rotation 
center 𝑂𝑂 of joint J4. The relationship is expressed as (1). 

𝑀𝑀1 = 𝑚𝑚𝑚𝑚𝑚𝑚 sin𝜃𝜃                                (1) 

For the spring, it can be assumed that it generates torque 
𝑀𝑀2 at the rotation center 𝑂𝑂 of joint J4. 𝑀𝑀2 can be expressed by 
the total stiffness 𝐾𝐾1 of the spring, the original length 𝑥𝑥0, the 
actual length 𝑥𝑥, the distance 𝑎𝑎 between the center of rotation 
𝑂𝑂 and the connection point A of the relative fixed connecting 
rod, the distance 𝑏𝑏 from the center of rotation 𝑂𝑂 to the initial 
stretch position B of the spring, and the relative angle  𝜃𝜃 

between the front link and the back end relative to the fixed 
link. The relationship is expressed as (2). 

𝑀𝑀2 = 𝑎𝑎𝑎𝑎𝐾𝐾1(𝑥𝑥−𝑥𝑥0) sin 𝜃𝜃
𝑥𝑥

                            (2) 

𝑀𝑀2  is the gravity compensation torque generated by the 
zero-free-length spring. Since the initial elongation position of 
the spring in the model coincides with point 𝐵𝐵 of the fixed 
pulley, the gravity compensation torque can be expressed as 
𝑀𝑀2

 ′ (3), and the conclusion (4) can be finally obtained. 

𝑀𝑀2
 ′ = 𝑎𝑎𝑎𝑎𝐾𝐾1 sin𝜃𝜃                               (3) 

𝑀𝑀1 = 𝑀𝑀2
 ′, 𝐾𝐾1 = 𝑚𝑚𝑚𝑚𝑚𝑚

𝑎𝑎𝑎𝑎
                             (4) 

At this time, the spring stiffness 𝐾𝐾1  is a fixed value and 
does not change with the movement of the mechanical arm, 
that is, the state of gravity balance is reached. Using similar 
modeling and calculation as above, the other two spring 
stiffness (𝐾𝐾2, 𝐾𝐾3) can be obtained. 

In the initial position of the mechanism, the device can 
achieve gravity balance. In the process of multi-joint 
composite motion of the mechanism, the device can achieve 
gravity compensation. It can reduce the performance 
requirements of the drive motor and improve the usage 
performance of the motor. In the following paper, the actual 
effect of the device will be verified by control experiments. 

C. Exoskeleton Control System 
The control system of the upper limb rehabilitation 

exoskeleton is shown in Fig. 4. The core control component of 
the system is a single-chip microcomputer STM32F103ZET6. 
The control component uses CAN communication to control 
the operation of the joint motors to affect the configuration of 
the entire structure. The control element can control the step 
motors BYG250 (PERFECT, China) and divers MA860H 
(PERFECT, China) to change the position of the ball screw 
slide table. The type of the servo motors at the wrist joint is 
DM-J4310-2EC (dmBot, China). The servo motors RMD-X6-
S2 (MYACTUATOR, China) are installed at two shoulder 
joints and one elbow joint. The control element can recognize 
the intention and detect the human-machine interaction force 
through the six-dimensional force-torque sensor Mini45 (ATI 
Industrial Automation, USA), so as to control the operation of 
the exoskeleton and ensure the safety of human-machine 
interaction. In the last position of the shoulder joint, the type 
of the servo motor is RD-X8-S2 (Myactuator, China). The 
linear actuators (Luilec, China) are also directly controlled by 

 
Figure 4.  Exoskeleton control system. 

 
Figure 3.  Reconfigurable upper limb rehabilitation exoskeleton and part of 
the gravity compensation principle model: (a) the rotation axis angle set at 
the shoulder joint of the exoskeleton (b) gravity compensation principle 
model at J4.  
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the control element, the control element uses its built-in 
encoder to read the actual position of the linear actuator, and 
more accurately adjust the length of the upper arm and forearm 
of the exoskeleton.  

D. Working Space and Singular Configuration 
The designed exoskeleton actuator can be simplified into a 

series robot composed of 7 rotating pairs of links. The 
improved D-H (Denavit-Hartenberg) parameter method [21] is 
used to establish the spatial coordinate system of each joint. 
The mapping of joint space to the end actuator is described in 
Cartesian space. 

After measuring the prototype, the parameters of 𝐿𝐿1 , 𝐿𝐿2 
and 𝐿𝐿3 can be obtained as follows: 261mm, 72mm, 226.5mm. 
Monte Carlo method [22] and random sampled were used to 
according to the motion range of each joint, set the number of 
random sampling points to 10000. Then Monte Carlo cloud 
point map was calculated and drawn in Cartesian base 
coordinate system. Fig. 5 shows the three-dimensional 
diagram and plane diagram of the working space. 

To avoid creating singular configurations, this institution 
adopts the following solutions: Firstly, the first ball-type joint, 
in the three degrees of freedom of the shoulder joint, is 
designed as a non-90 degree deflection angle between the two 
axes [see Fig. 3 (a)]; At the same time, in the second type of 
spherical hinge joint (composed of two parts of the elbow joint 
pronation/supination and the wrist joint), the three axes are 
designed to be vertical in pairs, but because of the small scope 
of the working space, there is no singular configuration. 

Based on the above analysis, it can be concluded that it is 
difficult for the wrist joint to appear strange configuration, so 
further singularity analysis of the shoulder joint can directly 
reflect the singularity of the whole mechanism. Therefore, the 
singularity of exoskeleton can be analyzed by calculating the 
intersection of joint axes at point O using the method of unit 
vector mixed product [23]. The quantization expression of 
singularity is defined as: 

𝑆𝑆 = 1 − |𝒛𝒛𝟏𝟏 ∙ (𝒛𝒛𝟐𝟐 × 𝒛𝒛𝟑𝟑)|                       (5) 

In the formula, 𝑆𝑆 is the degree of singularity, 𝑧𝑧1, 𝑧𝑧2 and 𝑧𝑧3 
respectively represents the direction vector of the rotation axis 
of the three degrees of freedom in the shoulder joint. 

According to the formula, when 𝑆𝑆 = 1, the rotation axis of 
the three degrees of freedom of the joint is in a coplanar 
position, that is, a singular configuration. When 𝑆𝑆 = 0, the two 
rotation axes of the three degrees of freedom are perpendicular 
to each other, that is, the operability is maximum at this time. 

The cloud point diagram of shoulder singular configuration 
can be obtained by equation (5) combined with the workspace 
distribution solved above, as shown in Fig. 5. In the Fig. 5, 
each end pose is represented by a different color to indicate the 
magnitude of its singularity. It can be seen that the maximum 
value is between 0.65 and 0.7, indicating that there is no 
singularity pattern at the shoulder joint of this structure. 

III. EXPERIMENT 

A. Experimental Setup and Data Handling 
In order to verify the influence of the gravity compensation 

device (GCD) on the trajectory tracking and energy consumption 
of the drive elements on the exoskeleton, we conduct 
experiments on the upper limb rehabilitation exoskeleton. The 
experimental process is shown in Fig. 6. The motor trajectory 
tracking is controlled by PID. By debugging the operation of 
the motor on the exoskeleton with no load, we find out the 
suitable PID value (P=90, I=0.1, D=0). We set the sine motion 
trajectory of the motor in the control element, and let the motor 
track the trajectory after a subject putting on the exoskeleton. 
During the operation of the motor, we analyze the performance 
of the gravity compensation device by recording the position and 
current of the motor. The subject is 170cm tall and 61kg in 
weight. This paper focuses on verifying the energy-saving 
characteristics of gravity balance, and more experiments with 
subjects will be done in the future work. 

For the data of the motor position, we calculate root-mean-
square error (RMSE) and the absolute maximum error (AME) 
between the motor trajectory and the expected trajectory. The 
calculation methods of RMSE and AME are shown in formula 
(6) and (7): 

𝐴𝐴𝐴𝐴𝐴𝐴 = max(|𝑋𝑋𝑖𝑖|) , (𝑖𝑖 = 1,2,3⋯𝑁𝑁)          (6) 

𝑋𝑋 = ∑ 𝑋𝑋𝑖𝑖
𝑁𝑁
𝑖𝑖=1
𝑁𝑁

, 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �∑ (𝑋𝑋𝑖𝑖−𝑋𝑋)2𝑁𝑁
𝑖𝑖=1

𝑁𝑁
           (7) 

In the formulas, 𝑋𝑋  is the average value of the difference 
between the actual motor trajectory and the expected 
trajectory, 𝑋𝑋𝑖𝑖  is the recorded real-time difference between the 
actual motor trajectory and the expected trajectory, 𝑁𝑁  is the 
number of position data collected. 

For the data of the motor current, we can calculate the power 
consumption and analyze the influence of the gravity 
compensation device in the whole process of the motor. And we 
calculate the absolute maximum current (AMC) by using the 
formula (8). The work done by the motors in the whole process 
could be estimated by using the formula (9): 

𝐴𝐴𝐴𝐴𝐶𝐶 = max(|𝐼𝐼𝑖𝑖|) , (𝑖𝑖 = 1,2,3⋯𝑛𝑛)          (8) 

𝑊𝑊 = ∑ 𝑈𝑈|𝐼𝐼𝑖𝑖|𝑡𝑡
𝑛𝑛

𝑛𝑛
𝑖𝑖=1                                      (9) 

 
Figure 5.  Upper limb exoskeleton workspace and singularity. 
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In the formulas, 𝑊𝑊  is the work done by the motor, the 
voltage 𝑈𝑈 is a constant value 24V. 𝐼𝐼𝑖𝑖  is the recorded real-time 
motor current of motor, 𝑡𝑡 is the total time of the motor runs, 𝑛𝑛 is 
the number of motor current data collected. 

We conduct two sets of experiments respectively. In 
experiment 1, the GCD is in working mode, has the effect of 
gravity compensation, as shown in Fig. 6 (a1)- (a3) (d1) and (f1). 
The spring in the GCD is connected to the exoskeleton, and the 
energy can be converted during the trajectory tracking of the 
drive element. In experiment 2, the GCD is in non-working mode, 
as shown in Fig. 6 (b1) -(b3), (d2) and (f2). The springs in GCD 
are in a suspended state, and there is no interaction with the 
exoskeleton, which does not affect the motor operation. Fig. 6 

(d3) and (f3) show the GCD spring connection model of the 
shoulder joint J1 and J3 [see Fig. 3]. The green line indicates that 
the spring is connected, the GCD is in working mode; The red 
line indicates that the spring is in a suspended state, the GCD is 
in non-working mode. 

B.  Experimental result 
We did multiple sets of repeated experiments for each joint, 

and the experimental results were very similar. We took one set 
of data for graph analysis. Fig. 7 shows the position tracking 
performance of the motor with GCD and the motor without GCD 
at three joints. The experimental results of the tracking errors are 
shown in Fig. 8, and the experimental data of the motor current 
are shown in Fig. 9. The specific influence of the GCD on the 

 
Figure 8.  The influence of gravity compensation device on error angle of 
motor trajectory tracking. 

 
Figure 6.  Experiments to detect the influence of gravity compensation device (GCD) on passive rehabilitation training of the exoskeleton: (a1)-(a3) experimental 
process diagram of passive rehabilitation experiment with GCD (J4); (b1)-(b3) experimental process diagram of passive rehabilitation without GCD (J4); (c1)-(c3) 
experimental process diagram of passive rehabilitation (J5); (d1) working mode of GCD at joint 5; (d2) non-working mode of GCD at joint 5; (d3) working (green) and 
non-working (red) model of GCD at joint 5 ;(e1)-(e3) experimental process of passive rehabilitation (J7); (f1) working mode of GCD at joint 7; (f2) non-working mode 
of GCD at joint 7; (f3) working (green) and non-working (red) model of GCD at joint 7. 

 
Figure 7.  The influence of gravity compensation equipment on trajectory 
tracking of motor: GCD means gravity compensation device. 
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three joint motors is analyzed in the Table I. The effect of GCD 
on motor trajectory tracking can be analyzed by calculating the 
numerical difference before and after GCD installation, and then 
dividing by the numerical value before installation. 

According to Fig. 8 and Table 1, the experimental results 
show that the motor trajectory tracking effect is better in GCD in 
working mode than in non-working mode. At flexion/extension 
of elbow joint (FEE), RMSE (0.2741° and 0.2801°) and AME 
(1.2647° and 1.2947°) are reduced by 2.14% and 2.32%, 
respectively. At flexion/extension of shoulder joint (FES), 
RMSE (0.4120° and 0.5459°) and AME (1.7983° and 1.8882°) 
are reduced by 24.53% and 4.76%, respectively. At 
abduction/adduction of shoulder joint (AAS), RMSE (0.6327° 
and 0.7043°) and AME (2.4594° and 3.3893°) are reduced by 
10.17% and 27.44%, respectively. For RMSE, the decrease is 
most obvious at FES. For AME, the decrease is most obvious at 
AAS. Of the three joints, AAS shows the best overall 
improvement.  

According to Fig. 9 and Table 1, the experimental results 
show that the motor operating condition is better in GCD in 
working mode than in non-working mode. At FEE, the work 
(349.9598J and 486.3659J) and AMC (3.21A and 4.59A) are 
reduced by 28.05% and 30.07%, respectively. At FES, the work 
(729.0498J and 1238.7366J) and AMC (8.22A and 9.61A) are 
reduced by 41.15% and 14.46%, respectively. At AAS, the work 
(800.9774J and 900.5316J) and AMC (4.95A and 7.45A) are 
reduced by 11.07% and 33.56%, respectively. For the work, the 
decrease effect is most obvious at FES. The improvement of 

energy consumption at FES is the greatest, and the decrease of 
AMC at AAS is the greatest. Of the three joints, FEE shows the 
best overall improvement.  

It can be seen from the result analysis that the gravity 
compensation devices have a gain effect on motor trajectory 
tracking, especially at AAS and FES. GCD reduce the root-
mean-square error and maximum error respectively, and 
significantly improve the control accuracy of the motor. 
Furthermore, GCD in these three places simultaneously reduce 
the maximum driving torque and energy consumption of the 
driving components. GCD can effectively reduce the external 
load borne by the motor and make the motor run more smoothly.  

Compared with the AGREE exoskeleton [12], the 
exoskeleton proposed in this paper has better performance in 
gravity balance, about 5% and 8% higher in FEE and AAS 
respectively. And it has more flexible structure and better 
reconfigurable performance. Compared with the passive upper 
limb exoskeleton [14,24], the exoskeleton proposed in this 
paper is relatively low in terms of gravity balance performance, 
but the exoskeleton has more freedoms and a wider range of 
applications. Compare with other exoskeletons driven directly by 
motors without gravity balance or Compensation [13,15,16,17], 
the exoskeleton mentioned in this paper has relatively lower 
performance requirements for the motor and lower energy 
consumption. 

IV. CONCLUSION 
In this paper, we propose a reconfigurable upper limb 

rehabilitation exoskeleton combined with gravity 
compensation. The gravity compensation devices are 
designed based on the reconfigurability of the exoskeleton 
and can be combined with the function of switching between 
left and right arms. Through the modeling of exoskeleton 
kinematics, the working space and singular configuration of 
this upper limb exoskeleton are analyzed, and its superior 
kinematics characteristics are verified. Finally, the proposed 
upper limb rehabilitation exoskeleton combined with gravity 
compensation is experimentally verified. The subjects use 
protective gear and straps on the exoskeleton to fix their 
unilateral arm to the exoskeleton and adjust the size of the 
exoskeleton components to solve joint correspondence 
problems. Rehabilitation training is conducted after gripping 
the front grip tightly. During clinical rehabilitation training, it 
is necessary for physicians to guide the use of exoskeletons 
and use them to provide rehabilitation training for patients. 
The experimental results show that the gravity compensation 
devices can optimize the control performance of the motor, 
greatly reduce the performance requirements of the motor. 
And they reduce the driving torque and power consumption 
of the motors. In the follow-up work, we will study the 
application of impedance admittance and compliance control 
to the upper limb rehabilitation exoskeleton system and 
improve the safety performance of the exoskeleton operation. 

 
 

TABLE I.  EXPERIMENTAL DATA ANALYSIS 

Joint 
(GCD mode) 

RMSE 
(deg) 

AME 
(deg) 

Work 
(J) 

AMC 
(A) 

FEE 

working 0.2741 1.2647 349.9598 3.21 

non-working 0.2801 1.2947 486.3659 4.59 

FES 
working 0.4120 1.7982 729.0498 8.22 

non-working 0.5459 1.8882 1238.7366 9.61 

AAS 
working 0.6327 2.4594 800.8774 4.95 

non-working 0.7043 3.3893 900.5316 7.45 

 

 
Figure 9.  The influence of gravity compensation device on motor energy 
consumptions. GCD means gravity compensation device. 
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