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Design of A Rigid-soft Hybrid Robotic Glove with Force Sensing
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Abstract— Soft robotic gloves can not only provide timely,
effective, safe and cheap rehabilitation training for patients with
impaired movement function of hand, but also assist in
completing daily grasping activities. However, most soft robotic
gloves are completely composed of flexible structures. Although
they have high flexibility and safety, there are problems such as
poor fit and low output force. In order to solve these problems,
this paper refers to the structure of the human hand and designs
an articulated rigid-soft hybrid robetic glove, which combines
the advantages of rigid robotic gloves and soft robotic gloves,
and has high flexibility, high output force and good fit. In
addition, soft robotic gloves generally lack the ability to sense
the force between the human hand and the glove. Therefore, this
paper designed an array flexible force sensor, and studied the
structure, signal acquisition and preparation process of the
sensor. Finally, a complete test platform was built to test the
performance of the rigid-soft hybrid robotic glove with force
sensing function. The test results show that the robotic glove has
good fit and high output force, can effectively assist training and
assist grasping, and can perceive the contact force.

I. INTRODUCTION

Clinically, there are many patients with partial or total loss
of hand function, limited finger range of motion and
insufficient finger muscle strength caused by diseases or
accidents such as cerebrovascular accident, rheumatoid
arthritis and spinal cord injury [1]. There are a large number of
patients with hand motor dysfunction in the world.
Cerebrovascular accident is one of the main causes of this
problem, which has a serious impact on the motor function of
limbs, including hand motor function [2], [3].

As one of the important organs for human interaction with
the outside world, the hand can not only complete various
complex movements, but also the sensory organs of the hand
are an important way for humans to perceive the world.
Therefore, rehabilitation training for patients with hand motor
dysfunction is extremely important. Positive and correct
training is helpful to the reconstruction of human hand motor
function [4]. Any device that can help restore hand function or
assist in daily grasping activities is of positive significance for
improving the quality of life of patients [5], [6]. The
emergence of robotic gloves is expected to improve the
recovery rate and quality of life of patients with hand motor
dysfunction.

Early robotic gloves mostly use rigid structures and are
driven by motors or micro-cylinders [7]-[12]. Although they
have high accuracy, they are expensive, heavy, inconvenient
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to carry and have poor interaction with human hands, making
it unsuitable for home rehabilitation training [13], [14]. With
the rise of soft robot technology and the development of new
soft materials and new processes, researchers have used soft
materials for the production of robotic gloves [15]-[26]. The
soft robotic gloves have gradually replaced the rigid robotic
gloves because of their portability, safety and low cost. It has
become a research hotspot. However, most of the soft robotic
gloves are composed entirely of soft structures, which have
disadvantages problems such as poor fit and low stiffness. In
addition, the existing soft robotic gloves generally lack force
sensing function. They cannot detect the output force in real
time, and cannot achieve rehabilitation training through force
control.

In this paper, the advantages of rigid and soft robotic
gloves are combined, and an articulated rigid-soft hybrid
robotic glove (Fig. 9) is designed with reference to the human
hand structure. First, this paper designed the structure of the
robotic glove and established a kinematic model. Then, this
paper designed an array-type flexible force sensor to provide
force sensing for the robotic glove. Finally, this paper
completed the integration of the structure of each part of the
robotic glove, and designed a set of drive and control system.
A set of performance test system for the rigid-soft hybrid
robotic glove was built, and the performance of the robotic
glove was tested using this test system. The test results show
that the robotic glove has a good fit with the human hand, the
joints and fingertips have high output force and can realize the
perception of the force.

II. DESIGN OF THE RIGID-SOFT HYBRID ROBOTIC GLOVE

In this section, through the research and analysis of the
parameters and motion characteristics of the human hand,
referring to the structure of the human hand, based on our
previous study of the soft hand [27] structure, the overall
structure of the rigid-soft hybrid robotic glove is designed,
including the distribution of degrees of freedom, the design of
joints and knuckles. The bending deformation of the
articulated robotic glove is highly similar to that of the human
hand, which can achieve a good fit with the human hand.
Therefore, it can apply force to the human hand more
effectively, so as to achieve better rehabilitation and assist
effect.

A. Design and production of the robotic glove

The thumb of the rigid-soft hybrid robotic glove has two
air chambers of metacarpophalangeal (MCP) and
interphalangeal (IP). The other four fingers have three joint
chambers: MCP, proximal interphalangeal (PIP) and distal
interphalangeal (DIP), in which PIP and DIP are coupled. All
joint air chambers are fiber reinforced structures, and a strain
limiting layer is pasted on one side of the joint air chamber.
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Figure 1. Structure of the robotic glove
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Figure 2. Finger structure and size

When inflated, the air chamber will bend to the side of the
strain limiting layer. The air chambers of the fingers are
connected by knuckles similar to human hand bones. There is
a flexible force sensor at the proximal phalanx (PP) and distal
phalanx (DP) knuckles of the finger, respectively. The
metacarpal bones of the glove refer to the design of the five
longest metacarpal bones of the human hand. The structure of
the whole robotic glove is shown in Fig. 1.

The IP of the thumb is the same as the DIP and PIP
structures of the other four fingers, collectively referred to as
IP. The cross-section shape of the IP joint is a combination of
semicircle and rectangle. The MCP joints of all fingers have
the same structure. The cross-sectional shape of the MCP joint
is circular. This is in order to reserve space for the placement
of the silicone trachea for the ventilation of the IP joint. The
silicone trachea is arranged at the bottom of the MCP chamber
near the strain limiting layer, which can effectively reduce the
influence of the trachea on the bending of the MCP joint. The
design of the knuckle is completed by referring to the finger
bone of the human hand, and the fingers of the mechanical
glove are obtained after assembly, the finger structure is
shown in Fig. 2.

The knuckles of rigid-soft hybrid fingers are made by 3D
printing. Other structures of the finger are made by pouring
silica gel into the 3D printed mold, heating, curing and
demoulding. Compared with the single air chamber soft finger
[28] shown in Fig. 3 (a) and the multiple air chambers soft
finger [28] shown in Fig. 3 (b), the articulated rigid-soft
integrated finger can achieve close fit with the human hand, as
shown in Fig. 3 (c). It can not only reduce the fixed point
between the glove and the human hand, improve the comfort,
but also apply force to each joint more effectively, so as to
achieve better rehabilitation and assist effect.

Figure 3. Comparison of the fit between fingers of different structures and
human hands. (a) Single air chamber finger [28]. (b) Multiple air chambers
finger [28]. (c) Articulated rigid-soft hybrid finger. All figures are
reproduced with permission.

Figure 4. Kinematics model of the joints. (a) Kinematics model of IP. (b)
Kinematics model of MCP

B. Kinematics model of the robotic glove

The kinematics model of the joint chamber is established
based on the assumption of constant curvature bending and the
assumption of constant chamber section (Fig. 4). The cross
section of the IP joint is a combination of a semicircle with a
radius of 7 and a rectangle with a height of a. The length of
strain limiting layer is ¢ . The bending angle when inflating is
B . The coordinate system O,X,Y,Z, and OXY,Z, are

established on both sides of the end face of the strain limiting
layer of the IP joint. The origin O is located in the middle of
the strain limiting layer. The Z-axis is perpendicular to the end
face towards the tip of the finger. The Y-axis is perpendicular
to the bottom of the air chamber. The X-axis and the other two
axes form the right-hand rule.

The value of the chord length L can be obtained by
calculation:

ot f
L—Zﬁsm2 (1

Furthermore, it can be calculated that the moving distance
of OX\Y,Z relative to OyX,Y,Z, along the Y| -axis is
—t(1—cos f)/ f , and the moving distance along the Z -axis
is tsin #/ B . Finally, the transformation matrix between the
two coordinate systems can be obtained:

1 0 0 0

o - 0 cf —sp —-t(1-ch)/p 2
0 sf cf tsp/ B
0 0 0 1

The cross section of the MCP joint is a circle with a radius
of r. The length of strain limiting layer is / . The bending angle
when inflating is o . According to the derivation method of
the kinematics of the IP joint, the coordinate transformation
matrix can be obtained:
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Figure 5. Kinematics model of the index finger
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The kinematics model of the finger is established by taking
the index finger as an example (Fig. 5). The coordinate system
O, XY, Z, is established at the two ends of each joint and the

fingertip of the index finger, where i =0,1,2,3,4,5,6.
The forward kinematics equation is:

0]—;:07}'1]—'2"'1.717’- (4)

i

’T, and ‘T, between the

coordinates of both ends of each joint have been derived in the
part of joint kinematics. According to the conclusion, it can be
seen that:

The transformation matrices 7,

When i =1, it can be obtained by formula (3):

T = Ty ) ®)
When i=3,5, it can be obtained by formula (2):

T =T ) (6)

For the coordinates at both ends of the knuckle (i = 2,4,6),
there is only a translation transformation between the two
coordinate systems. The translation distance is d, , which is

the length of the knuckle, so the transformation matrix is:

100 0
. lo10 0
T, = %)
001 d
000 1

[I. FORCE SENSING DESIGN OF THE ROBOTIC GLOVE

At present, many studies have integrated position sensors
on soft robotic gloves [20]-[24], trying to achieve good
rehabilitation effects with accurate position control. However,
rehabilitation training is a dynamic process, and the maximum
bending position suitable for the next stage can only be
predicted, which is difficult. If the output force can be
monitored in real time and adjusted according to the needs of
different rehabilitation stages to ensure that each bending ends
with an appropriate output force, better rehabilitation results
can be achieved. However, there are few studies on integrating
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Figure 7. Flexible force sensor and its preparation process

flexible force sensors on soft robotic gloves. Some studies
have integrated flexible force sensors on sensing gloves for
mirror therapy [25] and virtual reality rehabilitation systems
[26]. Therefore, we designed a flexible force sensor and
integrated it into the glove to directly measure the force
exerted by the rehabilitation glove on the fingers. The sensor is
designed into an array to achieve multi-point measurement
and output the maximum value among multiple measurement
values in real time to measure the maximum output force.

A. Design and fabrication of flexible force sensor

The flexible force sensor is based on the principle of
parallel plate capacitance. The structure of the sensor (Fig. 6)
from top to bottom is: upper flexible substrate, upper electrode
layer, dielectric layer with cylindrical microstructure, lower
electrode layer and lower flexible substrate.

The preparation process of the sensor can be divided into
the preparation of the flexible substrate, the preparation of the
intermediate dielectric layer, the bonding between the layers
of the sensor and the injection of the liquid metal plate (Fig. 7).
Soft lithography, spin coating and plasma bonding are mainly
used.

The material of the liquid metal plate is Eutectic
Gallium-Indium, and the materials of other parts are
Polydimethylsiloxane (PDMS). The flexible sensor (Fig. 7)
consists of 3x4 array units, each unit size is 1.5x1.5mm, and
the center distance between adjacent array units is 2mm. The
overall size is about 15x 13mm. The total thickness of the
sensor is about 2mm.

B. Design of sensor signal acquisition circuit

The flexible sensor contains multiple array units. In order
to collect the capacitance value of each array unit, a
row-column gating circuit needs to be designed. The sensor
signal acquisition circuit is mainly composed of
microcontroller unit (MCU), capacitance digital conversion
module and row-column gating module. The block diagram of
the signal acquisition circuit is shown in Fig. 8.
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Figure 10. Drive and control system of the robotic glove

IV. THE INTEGRATION OF THE ROBOTIC GLOVE AND THE
DESIGN OF ITS CONTROL AND DRIVE SYSTEM

After completing the design and manufacture of fingers
and the flexible force sensor, we integrate all parts together to
make a complete mechanical glove. In order to realize the
drive of the robotic glove, we designed its control and drive
system.

A. Integration of the robotic glove

After the manufacture of the finger and the flexible force
sensor of the robotic glove, a flexible force sensor is pasted on
the bottom of the MP and DP of the finger respectively. The
deformation of the glove at these positions during movement
is very small, which can reduce the influence of deformation
such as stretching and bending on the sensor measurement and
ensure the measurement accuracy. The sensor is used to
measure the output force of MCP joint and IP joint.

The five metacarpal bones of the robotic glove are sewn on
the stretchable fabric glove, and the sensor signal acquisition
circuit is fixed on the metacarpal bone. Finally, we get a
complete robotic glove (Fig. 9). The robotic glove and the
human hand are fixed by the fabric glove, the fixed ring and
the fixed bandage of wrist. The reliable fixation between the
glove and the human hand is realized with fewer fixed points,
which greatly improves the wearing comfort.

B. Design of control and drive system for the robotic glove

The drive and control system of the robotic glove (Fig. 10)
is mainly composed of MCU, pneumatic circuit, sensing
system and drive circuit. The MCU controls the pneumatic
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Figure 11. Bending angle test experiment
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Figure 12. Bending angle on (a) MCP and (b) IP joint under different input
air pressure

circuit to inflate and deflate the robotic gloves. The air
pressure sensor in the circuit feeds back the pressure value in
the air chamber to the controller to realize feedback
adjustment of the pressure in the air chamber. The force
sensing function is realized through the pressure value fed
back by the flexible force sensor.

Each finger of the robotic glove has two active degrees of
freedom, and the whole glove has a total of 10 active degrees
of freedom. Therefore, the whole hardware execution loop
needs to have the ability to generate these 10 degrees of
freedom, so as to realize the inflation and deflation of the MCP
joint air chamber and the IP joint air chamber of each finger
respectively. In this paper, each joint air chamber is equipped
with two high-speed solenoid valves to control inflation and
deflation respectively. The pneumatic circuit is mainly
composed of air pump, pressure reducing valve, digital
pressure gauge, solenoid valve and gas pipe.

The robotic glove is connected with the drive and control
system to complete the construction of the robotic glove
performance test system (Fig. 16). The test system can control
the inflation and deflation of the robotic gloves through the
upper computer, and drive the robotic gloves to complete the
expected movement.

V. PERFORMANCE OF THE ROBOTIC GLOVE

This paper has established a sensor performance test
platform and a rigid-soft hybrid robotic glove performance test
system to test the performance of the robotic glove and the
flexible force sensor.

A. Bending performance of the robotic glove

In order to test the bending ability of the fingers of the
robotic glove, we use our laboratory’s vision-based bending
angle measurement platform (The detection error is no more
than 0.5°) to measure the bending angle of MCP and IP joints
under pressure. As shown in Fig. 11, the proximal end of the
finger is fixed vertically to reduce the influence of gravity on
the bending angle. The MCP and IP joints of the finger were
increased by air pressure from 0 kPa, and the air pressure was
increased by 10 kPa each time until the finger bending angle
exceeded 90°.
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Figure 13. Finger output force test experiment
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Figure 14. The output force of the (a) MCP and (b) IP under different input
air pressure
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Figure 15. Performance the sensor. (a) Sensitivity curve. (b) Repeating
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The results show that the bending angle of the joint
chamber increases nonlinearly with the input pressure. At 180
kPa, the bending angle of the MCP joint exceeds 90°, as
shown in Fig. 12 (a); at 140 kPa, the bending of the IP joint
exceeds 90°, as shown in Fig. 12 (b).

B. Output force performance of the robotic glove

In the experiment, commercial pressure sensors (SBT674,
SIMBATOUCH) were used to measure the output forces of
MCP joint and IP joint, as well as the maximum output forces
of thumb fingertip and index fingertip. Firstly, the proximal
end of the finger is fixed horizontally, and the contact force
between the finger and the sensor is just zero. From 0 kPa to
250 kPa, the pressure value of the commercial pressure sensor
was recorded.

The relationship between the output force of the MCP joint
and the IP joint and the input air pressure is obtained, as shown
in Fig. 14. From the results, it can be seen that the relationship
between the joint output force and the input air pressure is
approximately linear. At 250 kPa, the output forces of the
MCP joint and the IP joint are 7.9 N and 6.2 N, respectively.
The MCP and IP joints of the fingers were simultaneously
pressurized to 250 KPa, and the fingertip output forces of the
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Figure 16. Force sensing experiment of the robotic glove
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Figure 17. The Result of force sensing experiment

index finger and the thumb were 7.8N and 6.0N, respectively.
It can be seen that the robotic glove has a high output force and
can effectively drive the human hand movement.

C. Force sensing performance of the robotic glove

Firstly, we tested the sensitivity, repeatability, hysteresis
characteristics and dynamic response of the sensor. The test
results are shown in Fig. 15.

The sensitivity curve of the sensor is segmented and fitted,
and the segmented sensitivity and linearity are: 0.0101 kPa™" ,

26.8%; 0.0013 kPa™' , 12.2% and 0.0005 kPa™' , 5.8%,
respectively. It can be seen that the sensor has high sensitivity
in a small pressure range. As the pressure increases, the
sensitivity gradually decreases, but the linearity gradually
increases. In addition, the sensor has high repeatability (3.87%)
and short dynamic response time (< 50ms). The hysteresis
error of the sensor is 10.85%.

In this paper, flexible force sensors are installed on the
fingers of the glove to detect the output force. We use a finger
to verify that the robotic glove has the ability to sense force.
We placed a baffle under the finger of the robotic glove, and
pressurized the finger of the robotic glove to 140 kPa from 0
kPa. After holding for a period of time, the air pressure was
reduced to 0 kPa. The robotic glove was in contact with the
baffle during the pressurization process, resulting in contact
force. The flexible force sensor measures and returns the force
information. The experimental device is shown in Fig. 16.
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Figure 18. The robotic glove assists the human hand to grab a variety of daily
necessities.

The feedback curves of the flexible force sensor and the air
pressure sensor are shown in Fig. 17. From the results, it can
be seen that with the increase of air pressure, the output force
of the glove detected by the flexible force sensor is gradually
increasing. When the air pressure decreases, the output force
detected by the flexible force sensor also decreases. This
experiment shows that the flexible force sensor can detect and
feedback the output force of the robotic glove in real time.

D. Assisted grasping performance of the robotic glove

Wearing the robotic glove to grasp some daily necessities
to verify its ability to assist in grasping. Through the
experimental results (Fig. 18), it can be concluded that the
robotic glove can assist the human hand to grasp objects of
different shapes by driving two, three or five fingers of the
human hand. In the process of grasping, the glove can always
fit the human hand well and can effectively play a role in
assisting.

VI. CONCLUSION

In this paper, a rigid-soft hybrid robotic glove with force
sensing function is designed. The robotic glove refers to the
structure of human hand, which is composed of rigid knuckle,
flexible matrix and soft drive joint. In addition, this paper also
developed a stretchable array flexible force sensor to provide
force sensing function for the robotic glove. Finally, this paper
establishes a sensor performance test platform and a rigid-soft
hybrid robotic glove performance test system. The test shows
that each joint and fingertip of the glove have a high output
force. The joint design of the rigid-soft hybrid structure makes
it have a good fit with the human hand, which can more
effectively complete the rehabilitation training and assist the
human hand to complete the grasping activity. The flexible
force sensor on the glove has high repeatability accuracy, fast
response time, high sensitivity in the low-pressure detection
range, and can perceive and feedback the output force of the
robotic glove. The glove has a good application prospect in
hand robotic training and assisted grasping.

In the future, we will optimize the structure, control and
flexible force sensor signal of the robotic glove on the basis of
this research. For example, optimizing the size of the robotic
glove, reducing the weight of the robotic glove, realizing the
force feedback control of the robotic glove and the
rehabilitation training based on the target force.
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