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Among them, the exoskeleton robot facilitates control and
measurement of the angle or torque on each joint of an impaired
limb, which is important for rehabilitation training [15], [16].
However, the majority of multi-degree-of-freedom
rehabilitation robot of upper limb have a common defect that
the large size and heavy weight make these robots unsuitable
for home rehabilitation. Suffering from a stroke is already
depressing, but facing heavy and unmovable equipment is even
more stressful. Therefore, it is necessary to propose a portable
rehabilitation robot for upper limb [17]. Patients can not only
lift the restrictions of the site, but also liberate mentally. In the
previous study, we designed an upper limb exoskeleton robot.
It has simple structure and is very lightweight that is suitable
for home rehabilitation. However, in the control system, PC and
PMAC card limits its portability. We apply the STM32 MCU
as a control system to replace the PC, which greatly improving
the portability of the rehabilitation device.
The remainder of this paper is organized as follows: Section
II presents the structure and system of the rehabilitation robot.
Section III introduces characteristic evaluation of the
rehabilitation device and shows the experimental results.
Section IV discusses the experimental results. Finally, Section
V shows the conclusions.

Abstract – As the third disease of death and disability in the
world, stroke makes a huge difficulty to patients for activities of
daily living. Traditional therapies not only is expensive but also
caused a shortage of physiotherapist. Currently, the majority of
multi-degree-of-freedom rehabilitation robot of upper limb are
not suitable for home rehabilitation due to their heavy or bulky
problems. We designed an upper limb rehabilitation robot based
on embedded system. The rehabilitation robot can achieve three
degrees of freedom motion including elbow flexion/extension,
wrist rotation and wrist flexion/extension. And it uses a bilateral
rehabilitation strategy. The mechanical structure of this
rehabilitation device is a lightweight and portable exoskeleton.
The sensor system uses a small gyroscope, and the part of control
system uses an embedded system. It is very suitable for home
rehabilitation. Finally, two experiments were carried out to test
the stability and accuracy of the control system. The experimental
result shows that the device is safe and reliable for rehabilitation
therapy.
Index Terms – Rehabilitation Robot; Exoskeleton; System
Design; Embedded System; Evaluation

I. INTRODUCTION
Stroke is the third major reason of death and disability of the
world [1]. Upper limb is the most important tool for human. The
deficiency of upper limb motion ability caused by the stroke
significantly impaired activities of daily living [2]. Stroke is
caused by the lack of blood in the brain which occurs form
having ischemic stroke, arterial occlusive diseases, or
Intracranial haemorrhage [3]. Repetitive functional motion is an
effective therapeutic treatment for stroke patients, positively
influencing their degree of recovery [4]. Traditional therapies
help regain motor function but require one-to-one manual
interaction [5]. It is not only expensive but also lacking in
physiotherapists, which results in the patients being unable to
receive timely and effective treatment and even affecting the
condition.
In order to solve the shortage of physiotherapists, robot
assisted rehabilitation emerged. Robot-mediated therapies for
the upper limbs of stroke survivors began in the 1990s [6].
Robot-assisted therapy can provide a stable and effective
rehabilitation process [7]. Furthermore, rehabilitation robot can
also offer reliable information regarding functional assessment
of patient recovery by measuring physical parameters [8] - [10].
Rehabilitation robot has made many progress in different
spheres, and the main categories include endpoint manipulators
[11], cable suspensions [12] and power exoskeletons [13], [14].
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II. STRUCTURE AND SYSTEM
A bilateral rehabilitation concept was proposed and used in
our rehabilitation device [18] - [20], which is composed of three
parts: a mechanical structure, a sensor system, and a control
system. These three parts work together to enable the upper
limb rehabilitation robot to complete three degrees of freedom
of rehabilitation training. Fig. 1 is a schematic diagram
describing the interactions of system components.
The sensor system collects information from the healthy side
and then transmits this information to the control system. The
control system receives the information, and converts the

Fig. 1. The three major systems of the rehabilitation device.
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Fig. 2. The whole rehabilitation device.
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Fig. 3. Flexion and extension of elbow.

Fig. 5. Rotation of wrist.

information into a healthy side motion state and sends a control
command to the motor. Finally, the mechanical structure drives
the patient's affected arm to perform various rehabilitation
therapies.

degradation that occurs when the patient does not match the
rehabilitation device.
2) Flexion and extension of wrist
In Fig. 4, this part achieves the flexion and extension of the
wrist joint. The palm of the hand is fasten in the square groove
with a bandage, and this square groove can also be adjusted to
meet different patients. The range of wrist flexion/extension is
limited in -45°~45°, compared to -70°~80° which is the range
of human’s wrist.
3) Rotation of wrist
Fig. 5 shows the rotation of the wrist. The elbow rotation
range of rehabilitation device is 0~90°. This range can achieve
rehabilitation therapy but also ensure the safety of the patient.
The three degrees of freedom of the mechanical system
correspond to the degrees of freedom of the human wrist and
elbow joints. And they are driven by three motors respectively.
Therefore, this rehabilitation device can achieve a combined
motion of three degrees of freedom. It is significant for
rehabilitation therapy.

A. Mechanism system
In our previous research, a novel device was proposed and
shown in Fig. 2 [21]. It is an exoskeleton rehabilitation robot of
upper limb. Motors and machinery are connected by line pipe
and wire rope. This pattern of transmission reduces the burden
of the patient's affected side. The exoskeleton has only 3.34kg,
which is lighter than the existing upper limb rehabilitation
robot. The patient will not have too much burden after wearing
it. It can complete three degrees of freedom motion of upper
limb, including elbow flexion/extension, wrist rotation and
wrist flexion/extension. The rehabilitation device can fulfil
most requires of rehabilitation therapy.
1) Flexion and extension of elbow
Fig. 3 is the part of elbow for upper limb rehabilitation robot.
The normal elbow motion range of human is 0~135°, and the
maximum range of elbow motion for rehabilitation device is
0~110°. The limited angle of mechanical structure avoids the
robot to go beyond the physiological motion range. Two square
grooves are used to fasten the upper arm and forearm to the
robot arm, respectively. The position of the square groove can
be adjusted to meet different patients and to avoid performance

B. Sensor system
To achieve portable of rehabilitation device, we use a
lightweight and reliable sensor. Gyro, known as gyroscope, is a
detection device to collect information about angle,
acceleration, speed and so on. It is very suitable for our device.
The gyro sensor size is 15.24mm*15.24mm*2mm. Measurable
angular range is -180° to 180°. Attitude measurement accuracy
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is 0.01°. According to the correspondence between the
rehabilitation robot’s DOF and patient’s upper limb, we find
that two Gyros can detect one rotation angle for one degree of
freedom of the patients. The combination of four Gyros can
help us get all the motion status of the patient’s upper limb.
A single gyroscope gives three Euler angles describing the
attitude. The three Euler angles respectively are the yaw angle
α, pitch angle β and roll angle γ. The relationship between the
gyroscope attitude and Euler angles can be represented through
the matrix (1).
A
B RZ ' Y ' X ' (α , β , γ ) =
cα cβ cα s β sγ − sα cγ
 sα cβ sα s β sγ + cα cγ

 −sβ
cβ sγ

cα sβ cγ + sα sγ 
sα s β cγ − cα sγ 

cβ cγ

Fig. 6. Control strategy of STM32.

(1)

Substituting the three angles into the matrix, and we can
obtain the vector of the gyroscope attitude. Then we can get the
rotation angle of each degree of freedom by calculating the
angle between two gyroscope attitude vectors. Gyros collect the
information of the movement state and send the information to
control system by IIC serial bus. Due to we have to use multiple
sensors, IIC serial bus is a suitable way for data transmission.

(a)

C. Control system
Fig. 6 shows the control strategy. Microcontroller as the core
of control system is STM32F103VET6 core board. It has a
small size, which is just 64.77mm long and 39.62mm wide. The
MCU working at 72MHz frequency meet our computational
needs.
The STM32 core board receives information transmitted by
the gyroscope through the IIC serial bus, including the three
Euler angles of the attitude. The processor then converts these
information of each gyroscope into an attitude description
vector. By calculating the angle between two gyroscopes
attitude vectors, we can get the angle of the corresponding joint.
The angle is the motion information of master side for the
microcontroller to control the rotation of the motor.
We use the microcontroller to set up two PWM channels, one
for fixed speed and the other for PID controller control speed.
The PWM channel of fixed speed is used as a reference group.
The forward/reverse signal is sent to the motor driver to achieve
the reverse rotation of the motor. The stall torque of motor is
19.2 mNm. The brushless DC motors is combined with a
reduction gearbox (gear ratio 84:1). This actuator can provide
larger torques. ESCON 50/5 Maxon DC driver is employed for
motors. The parameter of rotary encoder which installed on the
motor is 600 counts per turn, and it can transmit the turning
status of the motor to the STM32 core board in real time. The
core board calculates the current motor rotation position and
compares it with the angle of master side joint. The difference
is used to compensate for motor turning and achieve a closedloop control. The motor is connected to the rehabilitation device
by a line pipe and wire rope and carry the device rotating. The
gear ratio between motors and mechanical structures of elbow
flexion and extension is 8:3, flexion and extension of wrist 2:3,
rotation of wrist 4:1. Through the gear ratio, we finished that
the mechanism device can rotate at a designated motor angle.

(b)

(c)
Fig. 7. Hardware of control system: (a) STM32 core board; (b) Maxon DC
driver; (c) Maxon motor and transmission structure.

Finally, patient’s affected side can move as the same as the
healthy side achieved bilateral rehabilitation treatment.
D. PID controller
As a mature regulation method, PID controller is widely used
in various fields. It has the advantages of simple structure and
good control effect. The PID controller operates proportional
integral differential function based on the input deviation, and
the result of the calculation is used for output control value.
The PID controller control law is:
1 t
de(t )
u (t ) = K p [e(t ) +  e(t )dt + Td
]
Ti 0
dt
(2)
t
de(t )
= K p e(t ) + K i  e(t )dt + K d
0
dt
where Kp is the proportional gain coefficient, Ki is the integral
coefficient, Kd is the differential coefficient, e(t) is deviation.
We use incremental PID controller to control motor rotation.
The implementation function is:
u(k ) = K p [e(k ) − e(k − 1)] + Ki e(k ) +
(3)
K d [e(k ) − 2e(k − 1) + e(k − 2)]
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(4)
u ( k ) = u ( k − 1) +u (k )
The motion angle of master side is expected angle, and the
motion angle of slave side is actual angle. Their difference is
used as an input value into the function, and the output value is
PWM duty cycle used to control the rotation of the motor.
Angle closed loop PID controller is implemented.

control group is shown in Fig. 8 and Fig. 9. The result of
experimental group is shown in Fig. 10 and Fig. 11.

III. SYSTEM EVALUATION
The stability and reliability of control system is related to the
safety of the patient and the effect of rehabilitation. We
designed two experiments to test the stability and accuracy of
the device.
A. Controllability of the system
As a medical device, if the rehabilitation robot of upper limb
often makes error, it will not only make the patient feeling tired,
but also cause secondary injuries. Therefore, medical device
must have sufficient stability.
Two gyroscopes are installed on both sides of the subject's
elbow joint to record the motion of the elbow joint. On the other
hand, the motor is in a no-load condition. Subjects perform
flexion and extension of elbow joints in the motion range of
0~135°. The elbow joint rotation from 0 to 135° and then back
to 0 is defined as a group of rehabilitation exercise, and we
count once. Subjects were required to finish exercise at a rate
of 10 second each time.
We invited three subjects to participate in the experiment.
After the start of the experiment, the subjects performed 100
rehabilitative trainings according to the above rules. We
recorded whether the upper limb rehabilitation robot was not
responding or the rotation did not stop, in other words, it did not
follow the trajectory we expected.

Fig. 8. The motion trajectory of subject A in control group.

Fig. 9. The motion trajectory of subject B in control group.

B. Accuracy of the device
The accuracy of the entire device affects the effectiveness of
rehabilitation treatment. We designed the following experiment
to test the accuracy of the control system. Subjects wore
gyroscopes on both sides of the elbow and conducted elbow
flexion and extension exercises as the active end of bilateral
rehabilitation. The gyroscope acquires the active elbow motion
angle, and the gyroscope's attitude measurement accuracy is
0.01°. This parameter is provided by the manufacturer. At the
same time, the actual rotation angle of the motor is measured as
the joint rotation angle of the upper limb rehabilitation robot.
The motor and encoder are combined and the angle measured
by the encoder is the actual rotation angle of the motor. In
addition, the mechanical structure is driven by pipelines.
Assuming no slipping, the rotation angle of the motor is equal
to the angle of the slave joint.
Four volunteers took part in this experiment and they were
divided into two groups. One group used the motor control
strategy of fixed speed as the control group. The other group
used the PID controller to control the motor speed as the
experimental group. Four subjects were asked to conduct elbow
flexion and extension slowly. We record the angle obtained by
the gyroscope and the angle obtained by the motor encoder.
Comparing the trajectory of the elbow joint with the trajectory
of the motor, the system error can be obtained. The result of

Fig. 10. The motion trajectory of subject C in experimental group.

Fig. 11. The motion trajectory of subject D in experimental group.
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TABLE II

IV. DISCUSSION

TRAJECTORY ERROR BETWEEN MOTOR MOTION AND GYRO
MOTION OF CONTROL GROUP.

A. Controllability of the system
System stability test results are shown in Table 1. We can see
that the upper limb rehabilitation equipment is very stable under
no-load condition and there is no uncontrollable situation in
three groups of 100 rehabilitation training tests.
The result of the experiment can be considered that the
control system is stable. This is due to the fact that the motor is
in a no-load state, which is the ideal environment for the control
system, so it has achieved very good results. However, there are
some problems such as insufficient power of the motor and
excessive friction in the mechanical structure, the result of the
rehabilitation training in the load state is not good, so the
mechanical structure needs to be improved. This is the work to
be done next.

B
C

100
100

0
0

5.54

C

Root Mean Square
Error (degree)
3.00

Average Error
(degree)
2.33

D

4.48

3.75

Subject

V. CONCLUSIONS
This paper presents a portable control system for a
rehabilitation robot of upper limb with three degrees of
freedom. In the experimental results, we can conclude that the
control system is sufficient stable and reliable. In rehabilitation
training, the angular deviation from the desired trajectory of
rehabilitation robots is acceptable. The control system can
accurately control the operation of rehabilitation device. In
addition, the movements of three joint degrees of freedom are
independently controlled by three motors. The difference
between three degrees of freedom is in the size of the load, so
the experimental results can apply to the wrist joints. Therefore,
the portable control system is effective.
Currently this rehabilitation device need to use wired power.
In the future, this device can be truly portable with a largecapacity battery.
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