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Abstract—In recent years, robot-aided rehabilitation systems
have been proposed for those people with weak limbs to perform
neural impairment training after stroke or assist activities of
daily living. However, most of those rehabilitation systems are
extremely bulky and expensive, which is not suitable for
home-based rehabilitation. In this paper, we present a novel
wearable power-assist exoskeleton with light-weight and the
compact structure. The wearable design makes it possible to
carry the device on the user’s shoulder. Besides, 5 passive
degrees of freedom guaranteed the wearer’s range of movements
and ensured a desired kinematic compatibility with different
users. In addition, there is an active degree of freedom to provide
power-assist for the elbow joint, which plays an important role
in the activities of daily living. The proposed exoskeleton device
could assist wearers to perform predefined movements via
cable-driven. The experiments were carried out on a healthy
subject to verify the characteristic of the proposed power-assist
exoskeleton and the results showed the designed exoskeleton
device could complete power-assist task successfully.

I. INTRODUCTION
With the increase of aged population in most country all
over the world, the rate of stroke has a sustained growth [1].
Stroke, as a leading reason of disability, always causes partial
destruction of cortical tissue and leads to a disorder of neural
system. The incidence of hemiparesis which leads to the
impairment of upper limb and disability of performing
activities of daily living (ADL) after the outbreak of stroke is
as high as 85% [2].Therefore, professional upper limb
rehabilitation and support is demanded urgently. To relieve the
burden of caregivers and support patient’s daily living,
robot-aided rehabilitation systems have been proposed in the
past decades [3-15]. Compared with traditional physician
therapy, robot-aided rehabilitation and training could realize
concrete motor function evaluation based on those data such as
residual voluntary joint force and muscle strength which
collected by the sensors attached on the robot [16]. Besides,
therapists could adjust the parameters of rehabilitation training
according to those data collected from patients. Concerned
clinical studies have verified the robot-assisted movement
training based on rehabilitation robots could decrease the
patient’s impairment and improve muscle strength compared
with conventional therapy [17]. In the field of rehabilitation
robots, there are mainly 3 kinds of types: end-effector
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manipulator, cable suspension and power-assist exoskeleton.
Different from handle point movement in end-effector
manipulator and multi-joints interaction movement in cable
suspensions, power-assist exoskeleton could provide assistive
for each independent joint. Hence, it can significantly enhance
muscular strength for healthy people or recover the motor
ability for post-stroke patients. Particularly, for the reason that
upper-limb plays an important role in the activities of daily
living, there are many upper-limb power-assist exoskeletons
proposed in the past a few years. Vitiello et al. designed a
robotic elbow exoskeleton NEUROBOTICS Elbow
Exoskeleton (NEUROExos) [3], which aimed at assisting
post-stroke patients to complete rehabilitation training. The
NEUROExos could be controlled by two alternative strategies:
robot-in-charge rehabilitation mode and patient-in-charge
rehabilitation mode. Song et al. presented a home-based upper
limb exoskeleton rehabilitation device (ULERD) which could
provide two kinds of training mode respectively to meet the
requirements of patients with different damage of motor
function [9].
It is obvious that robot-aided therapy has many advantages
rather than conventional therapy, but a fact we cannot ignore is
that most of them are very heavy and bulky. It is not suitable
for patients to wear or carry. In our Lab., we have presented a
safe home-based rehabilitation exoskeleton upper limb
rehabilitation device [14]. The patient’s impaired arm is
supported by a cuff when performing rehabilitation training.
The equipment must be fastened on a table or a wheelchair,
which limited the freedom of users. Besides, there is only a
single degree of freedom in the equipment. The range of
motions cannot meet the requirements of daily living. In this
paper, a novel wearable exoskeleton device with light-weight
and compact structure has been designed and developed. It
could be applied for rehabilitation training after stroke and
daily living support. The structure of this paper is organized by
the following parts. The relative researches and the purpose of
the research are represented in the first section. Then, the
design of the novel wearable power-assist exoskeleton has
been introduced and the kinematic model has been established
to evaluate its performance in Section II. Experimental setups
and results can be seen in Section III. Finally, conclusions and
future work are given in Section IV.
II. METHODS
A. Mechanical Design
To realize portability and guarantee the wearer’s range of
movements, a novel wearable exoskeleton has been designed
as shown in Fig. 1. This exoskeleton system could be wearable
and portable thanks to its light-weight and compact structure.
Besides, it consists of 6 degrees of freedom (DOFs) in total,
where 5 passive DOFs are used to cater to the user’s intention
for spatial movement and one active DOF actuated by
cable-driven is used to provide power-assist for elbow flexion

and extension. In this exoskeleton system, it mainly consists of
a back section, a forearm section and joint parts which were
used to connect the back section and the upper limb section.
The power-assist exoskeleton is supposed to be worn by the
user’s shoulder. Hence, there is a belt and two straps which
allow the subject to carry the exoskeleton on his/her back just
like carrying a backpack. The main weight is allocated on the
main back-support frame, where the burden is shared by two
straps tied on the shoulder. To realize the purposes of
light-weight and low-cost, we adopted compact skeleton
design and use 3D print technology to manufacture some
rotation joint parts to reduce weight and cost.
Two brushes DC motors were equipped in this exoskeleton.
The power-assist system is supported by Maxon RE-30
Graphite Brushes Motor with a nominal torque of 51.7 mNm
and integrated with a gearhead. This motor is fixed on the back
section. By two brake cables which connected with the elbow
joint in the forearm part, Maxon RE-30 Motor could control
the rotation angle of the elbow joint. Thanks to this powerful
motor and the gearhead with high transmission ratio, this
exoskeleton could provide enough power-assist to support the
elbow flexion and extension for users by cable-driven. In the
forearm section, one motor (Maxon RE-13 Graphite Brushes
Motor) which coupled with a gearhead (Maxon Planetary
Gearhead GP 13 A) is used to change the positon of the pivot
so as to adjust the stiffness for the output link [18]. Both of
these two motors are controlled by Maxon 50/5 ESCON
controller. The parameters of motors and gearheads could be
seen in Table I and Table II.

TABLE I
PARAMETERS OF MOTORS

Motor
Type power
Nominal voltage
No load speed
Nominal torque

RE-30
60 W
12 V
7480 rpm
51.7 mNm

RE-13
3W
18 V
13000 rpm
2.36 mNm

TABLE II
PARAMETERS OF GEARHEADS

Gearhead
Reduction
Max. continuous torque

GP 32 C
190:1
6 Nm

GP 13 A
67:1
0.3 Nm

B. Kinematic Model
In this exoskeleton, there are four revolute joints which can
be rotated freely to guarantee that the exoskeleton would not
interfere with the user’s active movements. And the link
lengths of the exoskeleton could be matched to the subject’s
shoulder width and limb length thanks to the contribution of 2
prismatic joints. The four revolute movements include
flexion/extension of shoulder and elbow joint, the pronation/
supination of the forearm and shoulder, whereas the two
prismatic movements include the length adjustment of back
and upper limb. The coordinate frames from link 1 to link 6
were marked as shown in Fig. 2. The position of the first link is
adjusted to maximize the workspace of the shoulder joint and
avoiding the interference between the exoskeleton and human
joints. Link 2 is designed to satisfy the requirement of rotation
for shoulder joint as the users wish. Link 3 could realize
shoulder flexion/extension. Link 4 is designed for pronation
and supination of the upper limb. Link 5 is adjustable joint to
guarantee accurate alignment between exoskeleton and human
joints. Finally, Link 6 is the output link of the exoskeleton.

(a) CAD Model of the Power-assist Exoskeleton

Fig. 2 Schematic of the Kinematic Model
TABLE III
D-H PARAMETERS

Link
1
2
3
4
5
6

(b) Physical Model of the Power-assist Exoskeleton with a User
Fig. 1 CAD and Physical Model of the Power-assist Exoskeleton
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0
π+θ2(JV)
-π/2+θ3(JV)
θ4(JV)
π
θ6(JV)

ĆJV: Joint Variable
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di
d1(JV)
d2
d3
d41+d42
d5(JV)
0

ri
0
0
0
0
0
r6

αi
-π/2
-π/2
-π/2
0
-π/2
0

III. EXPERIMENTAL SETUPS AND RESULTS

Fig. 3 Serial kinematic chain of the exoskeleton

In mechanical engineering, D-H parameters offered a
standard methodology to formulate the kinematic equations of
a manipulator. Each joint in a serial kinematic chain is
assigned a coordinate frame. With D-H notations,, four
parameters are associated with a particular convention for
attaching reference frames to the links of a spatial kinematic
chain, or a robot manipulator [19]. Based on the established
kinematic model, the Denavit-Hartenberg (D-H) parameters
of the proposed exoskeleton could be found. By means of
robotics toolbox developed by Peter Corke [20] and Matlab
software (The MathWorks, Inc., U.S.A.), the serial-link model
of this proposed exoskeleton (see Fig. 3) could be established
by inputting D-H parameters in Table III.
C. Hardware Composition of the Control System
In the control system, we choose Arduino Mega 2560
which is light-weight (37g) and small-size (Length: 101.52mm,
Width: 53.3mm) as a microcontroller board. The predefined
movements R(i) is programmed and uploaded to Arduino
Mega 2560. It has 54 digital input/output pins of which 15 pins
provide PWM output. According to the predefined movements,
Arduino Mega 2560 will send PWM waveforms to the motor
controller (Maxon 50/5 ESCON controller). Then, the motor
controller will drive the motor (Maxon RE-30 Graphite
Brushes Motor) to rotate corresponding angles. The rotation
speed of the motor could be adjusted by changing the duty of
PWM waveforms. A quadrature encoder Maxon MR L-512
with 600 counts per revolution is mounted on the motor to
measure the relative angle of the motors U(i). There are two
pulleys with the diameter of 46mm, one is connected to the
motor, and the other is connected to the elbow joint. The power
is transmitted by pulleys and a pair of antagonist cables. By
cable-driven, the elbow joint of exoskeleton could be rotated to
the angle U(i) measured by the encoder. A GY-25 angle sensor
with a resolution of 0.01° is attached to the elbow joint to
measure its actual rotation angle. The error difference E(i)
between the reference angle R(i) and actual angle U (i) will be
sent back to the microcontroller for realizing a closed-loop
control of the elbow position.

To improve upper limb ability after a stroke, an early and
intensive therapy is extremely important for stroke survivors.
Since elbow flexion and extension play an important role in the
activities of daily living, the proposed power-assist
exoskeleton is aimed to provide power-assist for elbow flexion
and extension. To evaluate the functionality of proposed
power-assist exoskeleton, a prototypical rehabilitation task
was designed and carried out on a healthy subject (male, 25
years old, 176cm, 70kg). This task is to simulate a simple
rehabilitation training movements which is driven by
power-assist exoskeleton and the user keep relax and doesn’t
exert any force during movements consciously. To explain the
movements of the upper limb simply, we chose the sagittal
plane where is parallel to the lateral side of the subject to
establish a coordinate and neglected small displacements of the
elbow axis. Firstly, the participant who wore the exoskeleton
was asked to relax and put his upper limb in the initial position
where pitch angle is 15° as shown in Fig. 5(a). Then, the
exoskeleton would drive his arm to complete elbow flexion
and reach the position which is parallel to the level as shown in
Fig 5(b). After that, the exoskeleton would drive the user’s arm
to perform elbow extension until return to the initial position as
shown in Fig. 5(c). During the experiments, the other revolute
joints were rotated passively to cater the user’s elbow
movements. In the experiment, an MTx sensor (Xsens
Technologies B.V., USA) with a resolution of 0.05° was
attached to output link of the exoskeleton and used to record
the output angle of the exoskeleton directly. A user interface
was programmed in Visual Studio 2010 (Microsoft Co.,
U.S.A.) to monitor the rotation angle in real time and record
data with a frequency of 200 Hz.
The defined motion range is between 15° to 90° where the
amplitude is 75°, and the exoskeleton drives the user’s arm to
complete movements at a frequency of 0.2 Hz. The trial was
carried out for 6 times. The experimental results were shown in
Fig. 6. The blue curve represents the predefined path recorded
in the motor encoder, while the shaded area represents the
actual trajectories range of the movements recorded by the
MTx sensor. From the experimental result, it can be seen that
the exoskeleton could drive the user’s upper limb to complete
compulsory exercise although there is a small error range. The
error range was mainly caused by cable-driven which is very
difficult to ensure precise transmission. The small error range
is acceptable for the movements of the upper limb and the
patients could complete passive training task successfully with
the assistance of the exoskeleton.

(a) Pitch Angle 15°
Fig. 4 Control block diagram
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(b) Pitch Angle 90°
(c) Pitch Angle 15°
Fig. 5 Experiment Procedure
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IV. CONCLUSION
For aged people, their motor function has been weakened
and some of them suffered a stroke, which is a main reason for
disabilities. It is essential to help those people with weak
limbs recover their abilities of daily living. Conventional
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