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s0010 Introduction

p0010 About 15 million people are affected by stroke annually around the world [1], and more
than 70% of stroke survivors’ have damaged hand function to different degrees [2]. The
incidence of stroke has been increasing gradually in recent years. The hands play an
important role in performing activities of daily living (ADLs) and living an independent
life [3]. Physical therapy is an important treatment to improve nerve function for stroke
patients; however the current practice is labor intensive, costly, and requires assistance
from physical therapists [4].

p0015 Clinical studies indicate that rehabilitation robots give significant improvement in
functional gains under intense therapy [5]. There are a number of rehabilitation devices
have been developed in this field [6,7]. Currently, the majority of hand rehabilitation and
assistive devices consist of multi-degree of freedom linkage structures [8—11], however
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2 Intelligent Biomechatronics in Neurorehabilitation

these rigid exoskeleton robots are bulky, heavy, costly, and inaccessible outside of a
clinical setting [2].

p0020 Panagiotis Polygerinos summarized the design requirements of wearable hand
rehabilitation devices [12], where the weight of the device mounted on the hand should
be less than 0.5 kg. The power, control, and actuators of a device can be mounted on the
waist or back, and the weight should not exceed 3 kg. The device also needs to be
customizable to the user’s hand size. In addition, in order to not resist the motion of the
fingers when the device is not powered, the device should be made from soft and
compliant material [13].

p0025 Rigid exoskeletons are not the only solution that can be used for hand rehabilitation.
More recently, a list of hand rehabilitation devices combined with soft and compliance
materials such as tendon drive or fluidic soft actuators for hand rehabilitation have
appeared and been used in hand rehabilitation [14—19]. These devices can provide
assistance with ADLs and hand rehabilitation without rigid joints and links. These soft
hand rehabilitation robots are more compact, lightweight, accessible, and easy to don
and doff.

p0030 In this chapter, we introduce a new soft and wearable robotic glove which is based on
a cable drive system and pneumatic artificial muscles. The main goal of this design is to
develop a soft robotic glove that is both lightweight and low cost.

s0015 Materials and methods
s0020 Actuators design and fabrication

p0035 The McKibben pneumatic artificial muscle (PAM) was developed in the 1950s by
physician Joseph L. McKibben for actuating orthotics [20,21]. McKibben PAMs have
been used for many years due to their unique set of capabilities and features including
low cost and high power-to-weight ratio. A typical McKibben PAM consists of an
inflatable inner tube, an external braided mesh, and pneumatic fitting. On the basis of
previous research achievements [22], the composition material of the PAM used in this
chapter is presented in Fig. 10.1A, including a balloon acting as the inner tube, an
external braided mesh with Nylon material, and a segment of PU tube used as a
pneumatic fitting. Once the inner tube is pressurized, the external braided mesh con-
tracts axially and dilates radially (Fig. 10.1B).

s0025 Actuator characterization

p0040 Using the theory of energy conservation, the force produced by a PAM can be described
as:

av
F=—por (10.1)

where F is output force, p is internal air pressure, Vis the PAM volume, and [ is the PAM
length. The relevant parameters are defined in Fig. 10.2.
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(A)

Pressurized

f0010 FIGURE 10.1 Design and fabrication of a PAM: (A) The composition material of a PAM: (1) braided mesh, (2)
inflatable inner tube, (3) a segment of PU tube, (4) zip tie. (B) An assembled PAM.

f0015 FIGURE 10.2 lllustration of parameters.

p0045 Supposing that there is zero wall thickness and zero friction between the mesh and
tube, the force output can be derived:

F= p”TD‘ZJ (3cos® 6 —1) (10.2)

where 4 is the braid angle, and Dy is the diameter of the mesh when 4 equal to 90 degrees.
The force output is linearly proportional to the pressure and the PAM length. The force
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4 Intelligent Biomechatronics in Neurorehabilitation

output of a PAM is determined by its inner air pressure and its contraction, as shown in
Eq. (10.2) [23].

p0050 An isometric contraction test and constant pressure contraction test were used to
evaluate PAMs [24]. Both tests are carried out using a tensile testing machine (Figs. 10.3A
and 10.4A). The force—pressure curve (Fig. 10.3B) shows that the artificial muscle could
generate force reaching 100 N in a constant pressure 180 kPa, which should be enough to
meet the requirements of 6—10 N in the fingertip for ADLs [22]. The force—contraction

curve (Fig. 10.4B) shows that the percent contraction is up to 32% at a pressure of
200 kPa.

(A) Force gauge
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0020 FIGURE 10.3 Isometric contraction test: (A) the schematic of the test procedure; (B) the force—pressure curve.
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f0025 FIGURE 10.4 Constant pressure contraction test: (A) the schematic of the test procedure; (B) the force—contraction
curve.

Contraction
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s0030 Cable drive system

p0055 In order to reduce the weight of this robotic glove, the user’s own skeleton is used to
transfer force and torque. The whole structure of the cable drive system consisted of a
soft glove, cable guides, cables, and PAMs. The PAMs are mounted on the forearm in
order to reduce the weight applied to the hand (Fig. 10.5). The total weight of the glove
part is about 120 g. The glove part is sufficiently light for stroke patients. Additionally, as
the PAMs are worked under air pressure, thus they do not distribute extra weight to the
forearm when the actuators are pressurized. The ring finger and little finger were not
motorized as they do not play a key role in the grasp motion [4].

p0060 An electro-pneumatic control system was developed to allow isolated control of each
PAM. The electro-pneumatic control system consisted of a microcontroller
(stm32f103zet6, Telesk, China), air pressure sensors (XGZP6847, Risym, China), and
miniature solenoid valves (T101U-F, Ousituo, China). Pressure sensors were used to
monitor the internal pressure of the PAMs. The controller uses pulse width modulation
(PWM) to control the working condition of the valves and pump according to the in-
ternal pressure of the PAMs (Fig. 10.6).

f0030
Pressure
sensor
0035 FIGURE 10.6 The electro-pneumatic control system of the robotic glove.
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s0035 User intent detection

p0065 User intent of bending and extending fingers can be detected by measuring the sEMG of
muscles on the forearm. In this work, we used the healthy hand to control the activities
of the robotic glove on the affected hand, where the electrical impulses of the muscle can
be used to directly control finger movements. This strategy is suitable for stroke patients
with hemiplegia.

p0070 In order to measure the activities of the muscles of the forearm, two sEMG sensors
were placed on the forearm. The first SEMG sensor was placed at the flexor digitorum
superficialis (FDS), which mainly flexes the fingers. The second sEMG sensor was placed
at the extensor digitorum communis (EDC), which mainly extends the fingers. Therefore,
sEMG was obtained in two signals. The signals were sent to the microcontroller. A new
open-loop sEMG logic proposed by Panagiotis Polygerinos et al. [3] has been adopt to
judge the user intent. The control of the soft robotic glove can be realized by continu-
ously monitoring the state of the two muscle signals (FDS and EDC) to three predefined
conditions: (a) “flex,” (b) “extend,” and (c) “hold” [25]. The flex condition can be ach-
ieved when the sEMG acquired from the FDS muscles is over the flexor threshold, while
at the same time, the sSEMG acquired from the EDC muscles is below the extensor
threshold. In this condition, the PAMs will be pressurized and drive the fingers in flexion.
The extend condition will be achieved when the SEMG acquired from the FDS muscles is
below the flexor threshold, while at the same time, the sEMG acquired from the EDC
muscles exceeds the extensor threshold. In this condition, the PAMs will be depressur-
ized and open the hand. The hold condition can be achieved when neither the flex nor
extend conditions are meet. The PAMs inner air pressure will stay unchanged in this
condition. The threshold depends on a number of factors and it is different from person
to person. The threshold can be adjusted according to the power of the user's SEMG
signal.

s0040 Results

p0075 We experimentally investigated the performance of the robotic glove by testing the de-
vice with one healthy 25-year-old male subject. An air pressure regulator and a force
sensor were used to test the force applied by the index finger tip. We measured the force
of the healthy male subject’s index finger tip while wearing the robotic glove (Fig. 10.7).
When the PAM was pressurized, the fingertip applied a vertical force on the force sensor.

Force
sensor

0040 FIGURE 10.7 The platform for the finger tip force test.
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t0010 Table 10.1 The ROM of finger joints when wearing the robotic glove.
The range of motion The range of motion
Index finger joint in active motion in passive motion
MCP 63.25 degrees 58.02 degrees
PIP 79.12 degrees 57.36 degrees
DIP 45.32 degrees 40.13 degrees

The maximum fingertip force measured was up to 12 N when the pressure of the PAM
was 180 kPa, which is sufficient for performing activities of daily living.

p0080 To evaluate the kinematic performance of the soft robotic glove, high-speed cam-
eras were used to film finger motion of the healthy subject while he was wearing the
robotic glove. The range of motion (ROM) of index finger joints is shown in Table 10.1,
sufficient ROM of the index finger was achieved with the assistance of this device.
Although the range of the ROM was smaller than that of voluntary movement when the
subject was not wearing the device, it was enough to perform pinch and wrap grasp
activities.

p0085  With the help of this device, a healthy subject grasped the following target objects:
(a) a cube, (b) a plastic bottle containing 300 mL of water, (c) an apple, (d) a smart
phone, (e) a pen, and (f) a mouse, to test the ability of the robotic glove to provide
assistance in activities of daily living. The subject successfully grasped all the objects for
the first time using the robotic glove due to the simple control scheme and good
adaption mechanism (Fig. 10.8).

s0045 Conclusions and future trends

p0090 In this chapter, a new soft and wearable robotic glove that uses a tendon drive system
and PAMs was designed. The weight of the glove part is about 120 g. The weight of the
control box, which contains a battery, pump, and microcontroller, is about 2 kg. The
robotic glove is compact and lightweight, making it more accessible than rigid hand
exoskeleton robots. The myoelectric control strategy was used to control the robotic
glove. A new open-loop sEMG logic has been adopted to judge user intent. The
maximum fingertip force is about 12 N, which should be enough to provide assistance in
ADLs. Finally, with the help of the device subjects were capable of grasping objects of
various shapes. The soft and wearable robotic glove can meet the requirements for stroke
rehabilitation.

p0095 There are some limitations to the cable drive system. The cables fixed between
finger tips and PAMs could restrict movement of the wrist and cause injury. In the
future, steps to improve the performance and safety of the cable drive system and to
develop a more intelligent human—robot interface to detect user intent such as brain-
computer interface will be targeted. Also, stroke subjects will be involved in testing in
the future.

10010-HU-9780128149423

These proofs may contain color figures. Those figures may print black and white in the final printed book if a color print product has not been planned. The color figures will
appear in color in all electronic versions of this book.




To protect the rights of the author(s) and publisher we inform you that this PDF is an uncorrected proof for internal business use only by the author(s), editor(s), reviewer(s),
Elsevier and typesetter TNQ Books and Journals Pvt Ltd. It is not allowed to publish this proof online or in print. This proof copy is the copyright property of the publisher
and is confidential until formal publication.

8 Intelligent Biomechatronics in Neurorehabilitation

f0045 FIGURE 10.8 Using the robotic glove to pinch and grasp various objects: (A) a cube; (B) a plastic bottle containing
300 mL of water; (C) an apple; (D) a smart phone; (E) a pen; and (F) a mouse.

p0100 Soft robots have the advantages of light weight, continuous deformation, and strong
adaptability, providing a new way to break through the limitations of traditional rigid
robots. Soft robots have broad application prospects in military, medical, and industrial
fields.
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