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Abstract: In recent years, the robotic devices have been used in hand rehabilitation training practice. The majority of
existing robotic devices for rehabilitation belong to the rigid exoskeleton. However, rigid exoskeletons may have some
limitations such as heavy weight, un-safety and inconvenience. This paper presents a device designed to help post-stroke
patients to stretch their spastic hands. This hand rehabilitation device actuator is fabricated by soft material, powered with
fluid pressure, and embedded in one glove surface. The distinguished features of this device are: safety, low cost, light
weight, convenience and pneumatic actuation. In clinical practice, rehabilitation therapists should help the post-stroke
patients to stretch fingers to a desired joint position. Therefore, the control objective of the proposed hand rehabilitation
device is to drive the patient’s finger bending angle to a predesigned position. To this end, curvature sensors embedded
in the glove are used to measure the finger’s bending angle. A commercial data glove is used to collect the actual finger’s
bending angle for calibrating the curvature sensors based on a three-layer back-propagation (BP) neural network. Then
the error between the designed joint position and the actual joint position can be calculated. An error proportional control
strategy is adopted for the positioning control objective (the controller’s input is the pump speed). Finally, experiments
are conducted to validate the effectiveness of control method and the capacity of the proposed hand rehabilitation device.
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1 Introduction

Recently, China Stroke Center has reported that stroke is
the first cause of death and the leading cause of disability
of adults in China. According to one preliminary survey,
there are 11.82 million people over 40 suffering from stroke
in 2014. Recent data displays that the stroke incidence is
increasing at an annual rate of 8.7%, and the recurrence
rate (11.2%) is the highest in the world [1]. Hand function
is complex, versatile and plays an important role in per-
forming activity of daily living (ADL). However, the hand
function is strongly impaired by neurological injury, which
reduces the independence of patient’s life [2]. In order to
improve the life quality of post-stroke patients, regaining
hand function is identified as one most critical need [3].

Physical therapy has been shown to be effective on the re-
covery of hand function [4]. The treatment of paralysis
is a long-term process, which will lead to a large number
of medical and human resource consumption [5]. How-
ever, the number of rehabilitation therapists is insufficient
to meet the huge need. Fortunately, using robotic devices to
assist therapists to perform hand rehabilitation training for
post-stoke patients has been proved to be effective [6, 7, 8].
In the literature, there are a lot of hand rehabilitation de-
vices, while the majority of existing hand rehabilitation de-

This work was supported in part by the National Natural Science
Foundation of China (Grants 61422310, 61633016, 61370032) and Bei-
jing Natural Science Foundation (Grant 41620667).

978-1-5386-2901-7/17/$31.00 ©2017 IEEE

vices belong to exoskeleton. There are two design method-
ologies for exoskeleton: the fixed-frame platform and the
portable device [9]. The devices based on the fixed-frame
platform design have been successfully applied to stretch
the post-stroke patient’s hands [10, 11]. These devices are
precise and useful, while they are extremely heavy. An-
other hand rehabilitation devices based on the portable de-
sign overcome this issue, which are compact and effec-
tive. However, some portable devices have rigid compo-
nent and complex mechanical structure [12, 13, 14], which
makes them uneasily wearable, high-cost, and likely to
hurt patient’s hands when these devices are out of con-
trol. Therefore, these devices are limited in practical use
either. In order to design a safer, easier-to-wear and lighter
exoskeleton, another approach utilizing soft materials has
been adopted [15, 16, 17]. These devices are inherently
compliant, lightweight, safe, compact, and have multiple
degrees of freedom (DOFs). All above characteristics show
that the rehabilitation devices based on the soft material are
more preferable for post-stroke patients to do hand rehabil-
itation training compared to the rigid exoskeleton.

By the above observation, this study aims to develop a safe,
low-cost, lightweight, and easy-to-wear hand rehabilitation
device for helping post-stroke patients improve the hand
function. The actuator of the proposed hand rehabilitation
device is fabricated by the soft material, powered with fluid
pressure and embedded in one glove surface which makes
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this device easy to wear. The glove and the actuator are
connected by inextensible ropes. When the air is pumped
into the actuator, the actuator expands, which pulls ropes
and stretch the hand passively. When the air is pumped
from the actuator, the actuator shrinks and the patient’s
high flexor activity (because of the hand spasm) makes the
hand contracture. In the actual rehabilitation therapy, the
post-stroke patient’s fingers are usually stretched to a de-
sired joint position under the help of rehabilitation thera-
pists. For this purpose, the proposed hand rehabilitation
device needs to drive the patient’s finger bending angle to
a predesigned position. To this end, curvature sensors em-
bedded in the glove are used to measure the finger’s bend-
ing angle as the feedback. To calibrate curvature sensors,
a commercial data glove is used to collect the finger’s ac-
tual bending angle, and a three-layer BP neural network
is established to realize the curvature sensor calibration.
Then the error between the predesigned finger’s bending
angle and the finger’s actual bending angle can be calcu-
lated. Based on this error, a proportional control strategy is
adopted to realize the closed-loop control. At last, the ef-
fectiveness of control method and the capacity of the pro-
posed hand rehabilitation device are validated by experi-
ments.

The rest of this paper is organized as follows. Section 2
mainly introduces the principle of mechanical design and
electrical control system design of this device. In Section
3, the calibration of curvature sensors and the error propor-
tional control strategy are presented. Section 4 describes
experiments for validating the control method and testing
the function of the proposed hand rehabilitation device. Fi-
nally, Section 5 concludes this study and suggests the future
work plan.

2 Principle of Mechanical System Design and
Electrical Control System Design

2.1 Mechanical System Design

In this study, to make the hand rehabilitation device easy to
wear, the actuator is fixed on one glove which can be easily
worn by patients. The mechanical system design of the
hand rehabilitation device mainly includes three parts: the
design of the actuator, the connection between the actuator
and the glove, the placement of curvature sensors.

2.1.1 The design of actuator

Hands are flexible and particularly vulnerable. Many ex-
isting exoskeletons are heavy and have rigid component
and complex mechanical structure, which make the patients
feel uncomfortable and make these devices have a high risk
of losing control. As a result, these exoskeletons may hurt
the patient’s hands. Considering the safety and comfort
factors, the soft material is considered as one promising
choice. In order to reduce the control complexity of the
soft material, the actuator is designed into a “ball” shape
with a pipeline and is actuated pneumatically. When the
actuator is inflated by a pump, spastic fingers are opened
through the power of the actuator expansion. Therefore, the

Actuator
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Figure 1: Actuator of the hand rehabilitation device.

(a) Connection with the thumb. (b) Connection with other four fin-
gers.

Figure 2: Connection between the actuator and the glove.

selected soft material must have a certain degree of elastic-
ity and tensile strength. Considering the above factors, the
latex material is used to fabricate the actuator. This actu-
ator looks like a “carambola” when it is not inflated. This
shape design makes it look more compact and occupy less
space, which is shown in Fig. 1.

2.1.2 The connection between the actuator and the
glove

The most important part in the mechanical system design is
the connection between the actuator and the glover. There
are three factors that need to be considered, namely, how to
open the spastic fingers effectively, how to avoid damaging
the patient’s fingers, and how to make patient feel comfort-
able and convenient. At the beginning of the design, the
actuator was put in the palm, and the expansion strength of
the actuator can stretch the spastic fingers. However, when
we consulted the physical therapist with China Rehabilita-
tion Research Center regarding this design, they confirmed
that the actuator in the palm could stimulate the hand flexor
and this design is not beneficial to relieve the spastic symp-
tom. Taking into account of this important advice, the ac-
tuator is put on the back of the hand. This design can ef-
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Figure 3: The electrical control system design of the hand
rehabilitation device.

fectively avoid stimulating the flexor, while it may cause
an issue on how to open the spastic hand through the ex-
pansion of the actuator. To solve this issue, ropes with two
pothooks are used to connect the glove and the actuator.
Two positions are selected to fix ropes on each finger. They
are located between the finger’s first joint and the second
joint and the finger tip, respectively. Appropriate connec-
tion locations on the actuator surface are selected by several
experiments. The final connection form is given in details
in Fig. 2.

2.1.3 The placement of curvature sensors

The curvature sensors are used to measure the post-stroke
patient’s finger bending angle for the feedback control. In
order to measure the finger’s bending angle accurately and
protect the easily broken circuit connectors on the curva-
ture sensors, curvature sensors are embedded in the glove.
Figure 1 shows the data wires of curvature sensors.

2.2 Electrical Control System Design

To reduce the noise generated by the air pump and make
the device more compact, the pneumatic control system is
placed into a box shown in Fig. 3. The pneumatic con-
trol system consists of a micro-controller (Arduino UNO),
a miniature piston pump (260ZC35/24, Thomas, Germany)
which has one intake and one exhaust, air flow sensors
(MF4008, Siargo Ltd., USA) for measuring the actuator’s
volume, four solenoid valves (2V025-08, SUODI, China).
The solenoid valve has only two states: fully close and fully
open. The valve state is switched by an independent cir-
cuit with photoelectric switch which is used to realize the
isolation between the valve driven circuit and the micro-
controller. Because there is only one pipeline on the actu-
ator, in order to change the direction of air flow, the con-
nection of solenoid valves is designed as the one shown in
Fig. 4. As seen from the chart, the intakes of NO. 1 and
NO. 2 valves are connected to the pump exhaust. The in-
takes of NO. 3 and NO. 4 valves are connected to the pump
intake. The exhausts of NO. 1 and NO. 4 valves are con-

Pump Exhaust Pump Intake

(a) No. 1, No. 3 valve open.

1 E

Pump Exhaust Pump Intake

(b) No. 2, No. 4 valve open.

Figure 4: The switching of valves.

nected to the pipeline. The exhausts of NO. 2 and NO. 3
valves are left open. Therefore, by appropriate switch be-
tween solenoid valves, the actuator’s inflation and deflation
can be realized. The control details are presented in Section
3.

3 Control Method

3.1 Calibration of Curvature Sensor

In the clinical hand rehabilitation training, rehabilitation
therapists should help the post-stroke patients to stretch the
fingers to a desired joint position. Therefore, the proposed
rehabilitation device should have the ability of driving the
patient’s finger bending angle to a predesigned position. To
this end, the curvature sensor embedded in the glove is used
to measure the post-stroke patients finger’s bending angle.
A commercial data glove (WISEGOLVEIS, a product of
WONSTAR company) is used to collect the actual finger’s
bending angle for calibrating the curvature sensors based
on a three-layer BP neural network model. The commer-
cial data glove can measure the actual bending angles of
the metacarpophalangeal (MCP), proximal interphalangeal
(PIP), and distal interphalangeal (DIP) joints, respectively.
Due to the placement of the curvature sensor in the experi-
ment, the PIP joint angle is the one for calibrating the cur-
vature sensor.

In the calibration experiment, one healthy male volunteer
is recruited. The commercial data glove is worn on the vol-
unteer hand first and then designed glove with curvature
sensors is worn outside of the commercial glove. The vol-
unteer is required to move his fingers from the contracture
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Figure 5: The result of model test.
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Figure 7: The control of the finger’s bending angle .

3.2.1 Control of valves

v When the NO. 1 and NO. 3 valves are opened and the NO.
Reterence 2 and NO. 4 valves are closed, the actuator is inflated by
Controller Pump Actuator I——. the pump exhaust. When the NO. 1 and NO. 3 valves are
- closed and the NO. 2 and NO. 4 valves are opened, the
Deflating actuator is deflated by the pump intake. Figure 4 presents
e the procedure.

Curvature
sensors

Figure 6: The control block diagram.

state to the stretching state, and then from the stretching
state to the contracture state. The commercial data glove
collects the actual PIP joint angles of five fingers simulta-
neously with a 1000Hz sampling frequency. Finally, 123
sets of data are collected for each finger.

In this paper, a three-layer BP neural network is used to cal-
ibrate the curvature sensor. The input of the neural network
is the readout of the curvature sensor and the neural net-
work’s output is the readout of PIP joint angle. The number
of neurons in the hidden layer is four. The hyperbolic tan-
gent sigmoid transfer function is chosen as the activation
function of each neuron in the hidden layer. The activation
functions of the neurons in the output/input layers are the
unit function. The collected data is divided into two parts
for training the neural network: 80% are used to train the
neural network and 20% are used for the model test. In
the experiment, error within 10 degree is acceptable. After
making the cross validation, the accuracy rate on the test
data sets can reach 91.03%. The experimental results are
shown in Fig. 5.

3.2 Control Algorithm

The control algorithm is designed based on the error pro-
portion, and the control block diagram is given in Fig. 6.
All fingers are controlled by the speed of air pump (volume
in the actuator) and the switch between four valves (the
air flow direction). The general idea is that the controller
pumps the air into the actuator to reduce the finger’s bend-
ing angle and bleeds the air out of the actuator to increase
the finger’s bending angle.

3.2.2 Control of the finger’s bending angle

Error-proportional control is employed for controlling the
fingers bending angle.

u(t) = kp(r(t) —y(t)) )

where u(t) is the controller’s input, () is the predesigned
finger’s bending angle, y(t) is the actual finger’s bending
angle, k, represents proportional coefficient. The parameter
k, is selected by the trail-and-error approach.

4 Experiment Results and Discussions

4.1 Test of the Proposed Controller

This control algorithm is programmed in the Arduino UNO
micro-controller which sends commands to valves and
pump. In order to validate the effectiveness of the proposed
control algorithm, the rehabilitation device is required to
help the finger’s bending angle to the predesigned position
37°. The experimental result is shown in Fig. 7. It can be
seen that the system can quickly track the desired position
under various disturbances, which shows the effectiveness
of the proposed algorithm.

4.2 Function Test of the Proposed Hand Rehabilita-
tion Device

The overall appearance of the proposed hand rehabilitation
device is showed in Fig. 8. An experiment with one healthy
volunteer is conducted to validate the capacity of the hand
rehabilitation device. In order to test whether the device
can help stoke patients do hand rehabilitation training, the
volunteer is asked to generate sufficient force in his hand to
prevent the hand stretch for emulating the post-stroke pa-
tient’s hand. In the experiment, a cycle test is conducted,
which makes the hand from the contracture state to the
stretching state and then from the stretching state to the
contracture state. Figure 9 shows some instant states of the
hand. From the experimental results, the proposed device
can help patients do the hand rehabilitation training.
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Figure 8: The overall appearance of hand rehabilitation de-
vice.

5 Conclusions and Future Work

In this paper, a safe, low-cost, pneumatically-actuated,
lightweight, and easy-wearable device has been designed
to help stroke patients improve the hand function. The me-
chanical system design and the electrical control system
design are given in details. To control the finger’s bending
angle to a desired position, curvature sensors embedded in
the glove are adopted to measure the finger bending angle.
Based on a three-layer BP neural network, a commercial
data glove is used for calibrating curvature sensors. An er-
ror proportion control strategy is adopted for the feedback
control of the finger’s bending angle. Finally, experiments
are conducted to validate the effectiveness of the proposed
control method and the capacity of the proposed hand re-
habilitation device.

This is only a preliminary study of the hand rehabilitation
device. There are still many challenges in the future work.
First, this device can only realize the hand stretch and can
not realize the hand contracture actively. Second, the de-
vice moves all fingers together and lacks of the capability
of moving fingers separately. Third, the accurate control
of this device has not been well addressed. It has been
shown in experiments that the hysteresis nonlinearity ap-
pears in the dynamics of the proposed device. Probably,
the model predictive control approach can be employed to
achieve the control of this rehabilitation device [18, 19, 20].
Fourth, how to optimally coordinate the control of the five
fingers can be investigated based on the multi-agent theory
[21, 22, 23, 24, 25]. Finally, this device can only achieve
passive hand rehabilitation training rather than the active
training (i.e., assistance as needed). The patient’s active
motion intention is not considered by the proposed device.
In the future, more effort is to be made towards solving
these challenges by using physiological signals like SEMG
[26, 27, 28].
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