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Abstract
Dyskinesia of the upper limbs caused by stroke, sports injury, or traffic accidents limits the ability to perform the
activities of daily living. Besides the necessary medical treatment, correct and scientific rehabilitation training for the
injured joint is an important auxiliary means during the treatment of the effected upper limb. Conventional upperlimb rehabilitation robots have some disadvantages, such as a complex structure, poor compliance, high cost, and
poor portability. In this study, a novel soft wearable upper limb rehabilitation robot (SWULRR) with reinforced soft
pneumatic actuators (RSPAs) that can withstand high pressure and featuring excellent loading characteristics was
developed. Driven by RSPAs, this portable SWULRR can perform rehabilitation training of the wrist and elbow joints. In
this study, the kinematics of an SWULRR were analyzed, and the force and motion characteristics of RSPA were studied
experimentally. The results provide a reference for the development and application of wearable upper limb rehabilitation robots. An experimental study on the rotation angle of the wrist and the pressure of the RSPA was conducted
to test the effect of the rehabilitation training and verify the rationality of the theoretical model. The process of wrist
rehabilitation training was tested and evaluated, indicating that SWULRR with RSPAs will enhance the flexibility, comfort, and safety of rehabilitation training. This work is expected to promote the development of wearable upper-limb
rehabilitation robots based on modular reinforced soft pneumatic actuators.
Keywords: Upper limb rehabilitation, Reinforced soft pneumatic actuator, Wearable rehabilitation robot, Motion
analysis
1 Introduction
In order to recover the motor function of each joint of
the effected upper limb as soon as possible, correct and
scientific assistant rehabilitation training for each joint
is a necessary auxiliary method in addition to traditional
medical treatment [1–3]. Rehabilitation training of upper
limb joints with sports disorders can be carried out by a
rehabilitation robot to prevent muscle atrophy [4–7].
Conventional rehabilitation robots mostly adopt a rigid
exoskeleton structure driven by motors, which can help
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the upper limbs achieve success at rehabilitation training
[8]. Rigid rehabilitation robots can provide support and
protection for patient arms and have the advantage of
precise motion control [9]. However, the poor flexibility
of a rigid exoskeleton structure may result in secondary
damage to the joints owing to the impact force caused by
the rapid movements of the rigid structure or inappropriate control [10, 11]. During training, the orthoses at the
end of the rehabilitation robot need to be fixed onto the
upper limb of the patient [12, 13], but the rigid exoskeleton structure is difficult to match up with human joints
precisely. This limits the movement range of the human
body and normally causes discomfort to the patient [14].
In addition, conventional rehabilitation training systems
are expensive, and their structure is complex, heavy and
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non-portable, which means that rehabilitation training
can only be carried out in a fixed place, and not wherever
the medical needs of patients require it [15, 16].
To improve the performance of conventional rigid
rehabilitation robots, many researchers have attempted
to add flexible components to rehabilitation robots. Xu
et al. [17–19] applied cable-driven technology in rehabilitation training. With the recent rapid development of soft
materials, soft actuators have been gradually applied in
the field of robot-aided rehabilitation, such as pneumatic
artificial muscles [20–22], shape memory alloys [23, 24],
and various polymer bladders [25, 26], which can overcome the disadvantages of conventional rigid rehabilitation robots [27, 28]. Li et al. [29] designed a soft bionic
exoskeleton robot with seven degrees of freedom, driven
by tendons, to assist stroke patients. Andrikopoulos et al.
[30] designed a wrist exoskeleton rehabilitation robot
driven by pneumatic tendons, which can make the wrist
move with two degrees of freedom by controlling the
length of the four pneumatic tendons. Oguntosin et al.
[31] proposed an upper limb rehabilitation robot based
on a polyethylene soft actuator module that can realize
rehabilitation training of the elbow and shoulder joints by
an expansion of each actuator module. O’Neil et al. [32]
designed a wearable soft shoulder rehabilitation robot
that can realize rehabilitation training for shoulder joints
using two types of flexible woven fabric pneumatic actuators. Rehabilitation robots driven by soft actuators can
avoid secondary injury to patients caused by improper
operations or sudden accidents, advantages on which
their high human-robot interaction security and excellent application prospect is based [33–36].
The main contribution of this study stems from the
development and experimental evaluation of a novel
wearable rehabilitation robot actuated by reinforced
soft pneumatic actuators (RSPAs) that can provide a sufficient driving force for rehabilitation. The new RSPA
is composed of a thermoplastic polyurethane (TPU)
composite bladder and an elastic holder. The surface of
the TPU composite bladder is laminated with a layer of
high-strength nylon material to form a reinforced bladder structure that can withstand higher pressures while
maintaining flexibility compared with a conventional
bladder. These new soft actuators were applied to a wearable soft exoskeleton robot for human upper limb rehabilitation. This portable wearable rehabilitation robot can
perform rehabilitation training of the wrist and elbow
joints through the expansion and deformation of RSPAs.
The wearable rehabilitation robot designed in this
study features the following: (a) it can carry out rehabilitation training for wrist and elbow joints according to the
needs of the patients; (b) it is composed of soft components, which endows the device with high human-robot
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interaction security; (c) the robot itself and its maintenance cost very little; (d) it can carry out rehabilitation
training anytime and anywhere according to the needs of
patients, which means that the robot has a high portability for independent use.
This article is structured as follows. In Section 2, the
design concepts of the RSPA and the soft wearable upper
limb rehabilitation robot (SWULRR) driven by RSPAs
are introduced. In Section 3, the movements of the
SWULRR are reported, and the wrist joint is considered
as an example in a detailed analysis. In Section 4, the
mechanical and kinematic characteristics of the RSPA
and SWULRR are studied and evaluated experimentally.
Finally, conclusions and future research directions of this
study are reported in Section 5.

2 Design Concept
2.1 Design of RSPA

As shown in Figure 1(a)–(c), the RSPA is mainly composed of an elastic holder, a flange seat, a deflector and
two TPU composite bladders. The flange seat and TPU
composite bladders are embedded inside an elastic
holder composed of silicone rubber. The TPU composite
bladder is mainly composed of a TPU film and laminated
with a high-strength fiber material on the surface to form
a reinforced bladder structure. The bottom of the flange
seat is fixed with a TPU composite bladder and wrapped
in an elastic holder. The head of the flange seat extended
from the elastic holder and was connected to the deflector using bolts. A rectangular channel was designed in
the deflector to facilitate the passage of the nylon belt and
to slide it in. Both ends of the nylon belt were connected
to a wearable carrier. In addition, a rectangular channel was also reserved at the bottom of the elastic holder,
through which the RSPA was attached to the wearable
carrier by Velcro. In this way, RSPAs can be installed at
the appropriate position of the wrist joint or elbow joint
according to the rehabilitation requirements.
As shown in Figure 1(d), there is a thin film sensor at
the center of the deflector, which can measure the extrusion pressure between the RSPA and the nylon belt and
transmit the pressure signal to the computer to avoid
potential secondary damage to the patient caused by
excessive force.
2.2 Design of SWULRR

The proposed SWULRR is composed of several modules
fixed on a wearable carrier, including the RSPA, control
system, and air tube modules, as shown in Figure 2. The
wearable carrier consists of five segments: palm, forearm,
elbow, upper arm and shoulder, which are designed in
accordance with ergonomic standards. The wearable carrier is made of a medical fabric, which is soft, comfortable
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Figure 1 Structure of the RSPA: (a) Cross-section diagram of the RSPA, (b) Two nylon layers are laminated onto the surface of the TPU composite
bladder, (c) The Velcro passes through the bottom channel of the RSPA to bond the RSPA to the wearable carrier, (d) A thin film sensor is installed in
the center of the deflector

Figure 2 Prototype of wearable soft rehabilitation robot

and elastic. The tightness of the wearable carrier can be
adjusted according to the needs of the patients to ensure
comfort.
The RSPA is fixed onto the wearable carrier through
a nylon belt and Velcro, which can be installed at the
corresponding position of the wrist joint or elbow joint
according to the rehabilitation requirements. When
the RSPA acts, the TPU composite bladder inflates and
pushes the nylon belt outwards. As the nylon belt cannot
be extended, the distance between the connection points
of the belt decreases. In this way, the wearable carrier is
bent, and the joint is driven to rotate. Taking the wrist
joint as an example, and considering only two degrees of
freedom of movement of the wrist joint, it is necessary

Figure 3 Rehabilitation training of elbow and wrist

to arrange four RSPAs around the wrist joint to drive the
wrist to perform rehabilitation movements, as shown in
Figure 3.
The control system module in the SWULRR is
arranged in a control box designed based on the principle of minimum volume, and mainly includes air
pumps, control valves, control circuits, and pneumatic
pipelines. The control strategy of each joint rehabilitation motion can be realized by a specific default
action and force policy, which has the advantages of
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real-time control and a high-frequency of humanrobot interactions. The size of the control box was
250 mm ×150 mm × 100 mm, and its weight was only
2.8 kg. The control box is carried by the user in a backpack, which fully meets the requirements of portability, and eliminates restrictions on the time and place of
use. To improve the practicability and intelligence of
the SWULRR, the control system is equipped with various force sensors for realizing a multi-control mode,
including automatic, manual, and boost modes, which
can be switched between using an infrared wireless
remote control. In the automatic mode, the rehabilitation robot can perform scientific training according to
a preset training plan. In the manual mode, patients can
perform independent training according to their needs.

3 Motion Analysis
The function of the SWULRR designed in this work
is mainly realized by the inflation and expansion of
the TPU composite bladders contained in the RSPA
arranged around the wrist or elbow joint, which can
drive the corresponding joint to rotate. Because each
joint adopts the same RSPA and the motion mechanism
is identical, the wrist joint was selected for detailed
motion analysis.
As shown in Figure 4, ABCD is the initial position of
the nylon belt when the TPU composite bladders are
not expanded. Point A is the fixed position of the nylon
belt on the arm, and point D is the fixed position of the
nylon belt on the hand. Line AD is the contact surface
between the arm and RSPA, which is parallel to the arm
axis. When the TPU composite bladders are inflated,
the nylon belt reaches the A’B’C’D position.
Applying the Pythagorean theorem on the right triangle B’A’P1, the distance between point A’ and point B’
can be expressed as follows:
lA2 ′ B′ =[h + �h + LA − rA sin (α + ϕ)]2
+ [LB + rA cos (α + ϕ)]2 ,

(1)

where h is the distance between the deflector and the
bottom surface of the RSPA, Δh is the expansion height
of the deflector after the TPU composite bladders have
been inflated, LA is the distance between the wrist joint
rotation center O and the bottom surface of the RSPA, LB
is the projection length on the arm axis of the distance
between point B and point O, rA is the distance from
point A to point O, φ is the angle between line AO and
the arm axis, and α is the rotation angle of the wrist joint.
The relationship between the rotation angle α of the
wrist and the expansion height Δh of the RSPA can be
expressed as follows:

Figure 4 Analysis of rehabilitation motion: (a) Wrist posture changes
under the action of the RSPA, (b) Illustration of wrist extension, (c)
Illustration of wrist ulnar deviation, (d) Illustration of elbow flexion
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K
+ arcsin 
− ϕ,
J2 + K2
J2 + K2

(2)

where J = 2rA (h + �h + LA ) , K = 2LB rA , R = (h + �h
+LA )2 + L2B + rA2 + lA2 ′ B′.
Because the length of the nylon belt is constant, it can
be obtained from the following geometric relationship:

(3)
rA = L2A + (l1 + LB )2 ,

lA′ B′ = lAB − (lC ′ D′ − lCD )



= h2 + l12 − (h + �h)2 + l32 + h2 + l32 ,
(4)
where, l1, l2 and l3 are the projection lengths of lines AB,
BC and CD on the bottom surface of the RSPA at the initial time.
The torque-equilibrium equation at the center of the
wrist joint can be expressed as follows:
T · LT − G · LG cos (α + θ) = 0,

(5)

where T is the force of the nylon belt on the hand; LT is
the distance between point O and line AB; G is the gravitation of the hand; LG is the projection distance between
the center of the hand gravity and the joint rotation
center O on the arm axis at the initial torque; θ is the
angle between the arm axis and the horizontal plane.
The force of the nylon belt can be expressed as
follows:

T=

GLG cos (α + θ)
,
LT

(6)

LT can be expressed as follows according to the geometric relationship.


LB
+ LA sin γ ,
LT = h + �h −
(7)
tan γ
where, γ is the angle between line A’B’ and line BB’.
Lines BB’ and A’O are extended and intersect at point
P2. The value of γ can be obtained using the cosine law
on triangle B’P2A’.


2
2
B′ P2 + B′ A′ − A′ P2
,
γ = arccos
(8)
2B′ P2 · B′ A′
where
B′ A′ = lA′ B′ ,
B′ P2 = h + �h + LA + LB tan (α + θ),
LB
A′ P2 = rA + cos (α+ϕ)
.
The expression of the function T(Δh) can be obtained
by substituting Eqs. (2), (7) and (8) into Eq. (6). When the
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RSPA expansion height is Δh, the required force in the
direction perpendicular to line BC can be expressed as

F ac = T (�h) · (cos β + cos γ ),

(9)

l3
where β = arctan h+�h
, β is the angle between line B’C’
and line C’D’.
From the above analysis, it can be concluded that the
expansion height, RSPA force, and rotation angle of the
injured joint are correlated. The input and output parameters of the SWULRR can be solved according to the
given parameters.

4 Experimental Study
To determine the relationship between the expansion
height of the RSPA under the actions of resistance and
inflation pressure, a test of the RSPA is carried out based
on a force measuring system, which consists of a digital
dynamometer, a digital scale, and a control system, as
shown in Figure 5(a). Both the digital dynamometer and
the digital scale have data storage and communication
functions. The data can be transmitted to the host computer, which records the test process and displays the
change curve.
In the experiment, different pressures were applied to
the TPU composite bladders in the RSPA, and the expansion height of the RSPA was controlled by changing
the dynamometer position under a given pressure. The
value of the expansion height can be read using a digital
scale, and the force on the RSPA can be read using the
dynamometer. The relationship between the pressure,
force, and expansion height of the RSPA is illustrated in
Figure 5(b).
To more intuitively observe the relationship between
the three parameters, five curves showing the relationship between the force and the inflation pressure were
selected and drawn, as shown in Figure 5(c), for an
expansion height of the RSPA of 0, 10, 20, 30 and 40 mm.
Then, five curves of the relationship between the expansion height and the inflation pressure were selected and
drawn, as shown in Figure 5(d), for a force of 0, 100, 200,
300 and 400 N. It can be observed from Figure 5(c)–(d)
that when the expansion heights are identical, an increase
in pressure increases the bearing capacity of the RSPA.
When the loading forces are identical, an increase in
inflation pressure increases the expansion height of the
RSPA. When the inflation pressures are identical, an
increase in force reduces the expansion height of the
RSPA.
The relationship between the joint rotation angle and
the expansion height of the RSPA can be obtained from
the abovementioned motion analysis. Therefore, a patient
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Figure 5 Output characteristics of the RSPA: (a) Test system for the RSPA, (b) The performance parameter relationships between output force,
expansion height and pressure of the RSPA, (c) The relationship between output force and pressure of the RSPA at different expansion heights, (d)
The relationship between expansion height and pressure of the RSPA at different output forces

can determine the appropriate inflation pressure according to the angle of the injured joint and the force required
for rehabilitation training.
When RSPAs are used in SWULRR, the rehabilitation training effect must be measured. To eliminate the
interference of human factors, an experimental test was
conducted with an artificial limb, as shown in Figure 6.
In the experiment, an RSPA installed at the wrist
joint was inflated by different air pressures, and the
wrist rotation angle data were recorded by the attitude
sensor installed on the hand. The angle changes of the
wrist joint under the actions of different air pressures
were detected by an attitude sensor, and the angle data
were sent to the host computer through a Bluetooth
module for real-time recording. The relationship curve

Figure 6 Test system for wearable rehabilitation robot
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Figure 7 Relationship between the rotation angle of the wrist and
the inflation pressure of the RSPA

between the inflation pressure of the RSPA and the
rotation angle of the wrist fitted onto the experimental
measurements is marked by a blue line in Figure 7, and
the relationship curve between the inflation pressure of
the RSPA and the rotation angle of the wrist, which is
deduced by motion theory, is marked by a red line in
Figure 7.
It can be observed from Figure 7 that there are some
errors between the experimental curve and the theoretical curve for a range of the inflation pressure from 0 to
0.2 MPa, and the maximum nominal error is 8.7%. It can
be found that the error is mainly due to the damping of
the SWULRR in the process of wrist rehabilitation movement. Therefore, at an identical air pressure of the RSPA,
the actual rotation angle of the wrist joint was smaller
than the theoretical rotation angle.
It can also be observed from Figure 7 that the wrist
rotation angle range was 0°–26.4°. According to the
analysis above, the rehabilitation training angle of the
wrist can be controlled by expanding the RSPA. Therefore, the expansion height of the RSPA can be increased
by increasing the number of TPU composite bladders,
thereby increasing the rotation angle of the joint. In other
words, the number of TPU composite bladders inside
the RSPA can be determined based on the training angle
required for each joint.
To study the compliance and safety of the SWULRR
in practical rehabilitation training, the wrist joint was
selected for a joint motion characteristic experiment using
RSPAs. The angle data of the wrist joint were obtained
using an attitude sensor installed on the hand and sent to
the host computer for real-time recording. The recorded
angle change curve of the wrist joint is shown in Figure 8.
As shown in Figure 8, the movements of the soft
rehabilitation robot are compliant and do not cause a

Figure 8 Changes in the angles of the three axes in the process of
wrist rotation

secondary injury to the joint during unidirectional movements of the wrist joint, making it safe.

5 Conclusions and Future Work
Correct and scientific rehabilitation training can help
patients quickly recover the function of each effected
upper limb joint. Conventional rehabilitation robots
mostly adopt a rigid exoskeleton structure, which has
the advantage of precise motion control and can satisfy
the requirements of rehabilitation. However, a rigid exoskeleton structure has some disadvantages, such as poor
flexibility, being uncomfortable, and the possibility of a
secondary injury. In addition, conventional rehabilitation
systems have a complex structure, high medical cost, and
poor portability, and cannot be used for rehabilitation
training according to the needs of patients anytime and
anywhere.
A new reinforced soft pneumatic actuator (RSPA),
which is mainly composed of an elastic holder and two
TPU composite bladders, was proposed in this study.
The surface of the TPU bladder was laminated with a
layer of high-strength nylon material to form a reinforced
TPU bladder structure that could withstand higher air
pressure while maintaining the flexibility of conventional bladders. The RSPAs were applied in the development of a soft wearable upper limb rehabilitation robot
(SWULRR) prototype, which can provide rehabilitation
training for human wrist or elbow joints according to
the needs of the patients. The SWULRR adopted a soft
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structure for great human-robot interaction security and
adopted a miniaturized control system for a high portability to guarantee independent use.
The movement of the SWULRR was introduced,
and the wrist joint was considered as an example for a
detailed analysis. The relationships between the expansion height, output force of the RSPA, and rotation
angle of the injured joint of the SWULRR were analyzed and obtained. The input and output parameters
of the SWULRR can be solved according to the given
parameters. An experimental platform was built for the
RSPA to analyze the relationships between the force,
pressure, and expansion height of the RSPA. It is convenient for patients to be able to determine the appropriate inflation pressure according to the angle of the
injured joint and the force required for their rehabilitation training. An experimental study on the wrist rotation angle and pressure of the RSPA was conducted to
test the effect of the rehabilitation training and verify
the rationality of the motion theory analysis. Finally,
the process of wrist rehabilitation training was tested
and analyzed, which indicated that the wearable rehabilitation robot would not cause secondary injury to the
joints and would improve the safety of rehabilitation
training.
Future work will focus on a mechanical analysis of the
RSPA and an analysis of the performance parameters of
the wearable rehabilitation robot. In addition, owing to
the extensive use of flexible connections and soft structures in wearable soft rehabilitation devices, precise
control of rehabilitation training is still a subject worthy of further study.
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