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Abstract

Textile fabrics are compliant, lightweight, and inherently anisotropic, making them promising for the design of
soft pneumatic actuators. In this article, we present the design, modeling, and evaluation of a class of soft fabric-
based pneumatic actuators (SFPAs) for soft wearable assistive gloves that can simultaneously assist the thumb
abduction and finger flexion and extension motions for brachial plexus injury patients. We investigate the
mechanical behaviors of various woven fabrics and rib weft-knitted fabric structures, guiding us to design a
thumb-abduction SFPA, a finger-flexion SFPA, and a finger-extension SFPA. We further develop a mathe-
matical model to evaluate the influence of the geometric parameters on the blocked tip forces of the finger-
flexion SFPAs and extension torques of the finger-extension SFPAs, which are also verified by the experimental
results. We then integrate our SFPAs into a soft wearable assistive glove with a portable control system. The
glove is finally tested on a healthy volunteer and a brachial plexus injury patient. The clinical evaluation results
demonstrate the effectiveness of our designed glove in assisting hand motions and grasping tasks.

Keywords: woven and knitted fabrics, soft fabric-based pneumatic actuators, thumb abduction, finger flexion and
extension, soft wearable assistive glove

Introduction practical applications. On the other hand, existing soft wear-

able gloves with elastomer-based actuators generally fail to

SOFT ROBOTICS MADE of soft materials provide excmn%
opportunities to create a new generation of locomotion-
and manipulation robots,” and wearable and assistive soft ro-
bots* capable of sustaining large deformation while inducing
little pressure or damage when interacting with humans or
maneuvering through confined spaces. Soft pneumatic actuators
are promising in the field of soft robotics owing to their ad-
vantages of light weight, low price, and simple actuation.”®
Elastomer materials have been widely used to design
different soft pneumatic actuators (such as pneumatic net-
work actuators’ ™ and fiber-reinforced actuators'o’”) for
locomotive robots,'? robotic Sgrippers]3 and hands,"* and
wearable exoskeleton systems.'> Recently, many efforts have
also been made to design soft wearable gloves for hand reha-
bilitation and assistance in activities of daily life (ADLs).'®"*°
However, the relatively large material weight and low ma-
terial stiffness of the elastomers lead to small ranges of mo-
tions and lower assistive forces, hindering their utility in

provide sufficient active extension assistance. Although
Heung er al.*® increased the stiffness of the elastomer-based
actuators by adding a stainless-steel plate, the required
pressure is relatively high and the stainless-steel plate may
make the actuators uncomfortable for the wearers.

As an alternative, textile fabric structures that are lighter
and stiffer have been recently pro fosed to design novel soft
actuators for wearable gloves.”' * For instance, Yap et al.*'
exploited woven fabrics and knitted fabrics to design actua-
tors for the assistive glove by providing active extension and
flexion assistance, where a folded chamber structure was
introduced to enlarge the bending deformation of the flexion
actuators. Cappello ef al.* further demonstrated the anisot-
ropy of textile fabrics and investigated soft fabric-based
pneumatic actuators (SFPAs) to realize bending and straight-
ening motions by changing the arrangement of the fabric layers.
A soft wearable glove was fabricated with the designed SFPAs,
and the assistive performance of this glove was clinically
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evaluated on patients suffering spinal cord injury.”> Connolly
et al.** further established an analytical model to study how the
geometric parameters would affect the deformation of the SFPAs
for a wearable glove.

Despite the impressive achievements, researches on SFPAs
have just been at an initial step and have several limitations.
First, current SFPAs mainly focus on flexion and extension
assistance for the fingers, while little attention is paid to the
thumb abduction assistance. In fact, the dexterous thumb mo-
tions play an essential role in most grasping tasks in ADLs.?
As shown in Figure 1a and b, the thumb abduction motion is
important because it determines the grasping width (Fig. 1¢).%°
Unfortunately, it is prone to damage after many diseases and
injuries, such as brachial plexus injury, resulting in adduction
distortion of the thumb (Fig. 1c). Second, the varied require-
ments of assistive forces for the impaired hands caused by
different diseases and injuries raise the need for a thorough
understanding of the output forces of SFPAs. However, few
works have quantitatively studied the effects of the geometric
parameters on the assistive forces of SFPAs.

In this article, we present the design, modeling, and evalua-
tion of a class of SFPAs for soft wearable gloves to simulta-
neously assist the thumb abduction and finger flexion and
extension motions.

The mechanical behaviors of various woven fabrics and rib
weft-knitted fabrics are experimentally investigated first to
select materials for the SFPAs. We next design the flexion and
extension SFPAs to assist the fingers for closing and opening
movements and further develop an independent SFPA to ab-
duct the thumb to the functional position of the hand. We also
develop a mathematical model to investigate the effects of
geometric parameters on the blocked tip forces of the finger-
flexion SFPAs and the extension torques of the finger-extension
SFPAs, which are further verified by the experimental results.

Finally, by integrating the thumb-abduction SFPA and
finger-flexion and finger-extension SFPAs, a soft wearable
assistive glove is integrated. Experiments are conducted to
evaluate the ranges of the assistive motions and forces of the
glove. The results demonstrate that a brachial plexus injury
patient with thumb adduction distortion with our soft wear-
able assistive glove successfully restores the hand functions
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in opening the hand and accomplishing several grasping tasks
in ADLs.

The remainder of this work is organized as follows. The
next section first presents the material characterization and
selection for the SFPAs, and then demonstrates the design and
modeling of the thumb-abduction SFPA and finger-flexion
and finger-extension SFPAs. In the Integration and Evaluation
section, the SFPAs are integrated into a soft wearable glove,
and the glove is characterized by its assistive capabilities. This
section further shows the clinical evaluation results of the
glove. Finally, the Conclusion section concludes this work.

Design and Modeling
Material characterization and selection for the SFPAs

In this work, we select textile fabrics coated with thermo-
plastic polyurethane (TPU) film for design of the SFPAs. As
shown in Figure 2a, this material has a two-layer structure, in
which the textile fabric layer provides anisotropic mechanical
properties,>* while the TPU film layer is coated on one side of the
textile fabric to prevent air leakage. The overall thickness of
the material is less than 0.5 mm, making the material light,
complaint, and compatible with human body motions.

Textile fabrics are commonly produced by weaving and
knitting methods.”” Woven fabrics consist of orthogonal in-
terlacing warp threads and weft threads (Fig. 2b—1).%” The
warp threads run along the length direction of the fabric, while
the weft threads are along the width direction. Knitted fabrics
are produced by interlocking loops of the threads and can be
classified into the warp-knitted type (Fig. 2b—2) and weft-
knitted type (Fig. 2b—3),?® depending on the loop directions.

Woven fabrics typically have a higher elastic modulus and
lower mechanical compliance than their knitted counterparts
because of the tightly interlaced structures, as shown in
Figure 2¢ and d.>” The linear density of the warp threads in
woven fabrics is typically higher than the weft threads,
leading to their anisotropic mechanical properties.

On the contrary, knitted fabrics present larger extensibility
and more significant anisotropy than woven fabrics because
of their looped structuring (Fig. 2e).%® Specifically, weft-
knitted fabrics are usually more extensible than warp-knitted
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FIG. 1. Schematics of basic hand motions in ADLs and the corresponding requirements for hand rehabilitation and
assistive functions. (a) The three main grasps and gestures of the hand in ADLs. (b) The main finger motions in the three
grasps. (¢) The required actuators of a soft wearable glove for hand function assistance in ADLs. ADL, activity of daily life;
SFPA, soft fabric-based pneumatic actuator. Color images are available online.
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FIG. 2. Schematics of the materials for the fabrication of the SFPAs. ga) The structure of the material. (b) Constructions

of woven fabrics,27 warp-knitted fabrics,28

and rib weft-knitted fabrics.”

(c—e) Digital photos and SEM pictures of the 420

denier (D) woven nylon fabric, 70 D woven nylon fabric, and 30 D rib weft-knitted polyester fabric. SEM, scanning
electronic microscope; TPU, thermoplastic polyurethane. Color images are available online.

fabrics. However, weft-knitted fabrics with asymmetric
structures such as plain weft-knitted fabrics tend to curl and
may cause difficulties in fabricating SFPAs. Therefore, the
rib weft-knitted fabrics are more suitable since their face
loops and back loops (Fig. 2b—3) alternate to form a more
stable structure that is less prone to curl. Furthermore, the
textile fabrics can be produced using fibers of different
thicknesses (in denier, D).3° The fabrics with a higher denier
are thicker (Figs. 2c, d) and sturdier.

To quantitatively compare the mechanical behaviors of the
woven fabrics and rib weft-knitted fabrics, we conduct uni-
axial tensile tests on the 420 D woven nylon fabric (coated
with 0.1 mm TPU film; Jiaxing Inch Eco-Materials) and 30 D
rib weft-knitted polyester fabric (coated with 0.2 mm TPU
film), according to the ASTM D5034-09 standard. We make
rectangular specimens (100 x 50 mm), and set the tensile
speed to be 300 mm - min .

We can see from Figure 3a that the elongations-until-failure
for the 420 D woven nylon fabric are 53.3% at 1701.2 N in the
warp direction and 62.8% at 1155.2 N in the weft direction. The
results in Figure 3b show that the elongations-until-failure of
the 30 D rib weft-knitted polyester fabric in the warp direction
and weft direction are 99.2% at 328.3 N and 375.7% at 268.3 N,
respectively. It is found that the 30 D rib weft-knitted polyester
fabric can achieve larger extension than the 420 D woven nylon
fabric in both warp and weft directions. Besides, both types of
fabrics are stiffer in their warp directions.

To investigate the effect of the fiber thickness on the me-
chanical behaviors of the textile fabrics, we conduct uniaxial
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FIG. 3. Characterizations of the materials for the fabrication
of the SFPAs. (a) Tensile test results of the 420 and 70 D woven
nylon fabrics. (b) Tensile test results of the 30 D rib weft-
knitted polyester fabric. Color images are available online.
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tensile tests on the 70 D woven nylon fabric (coated with
0.1 mm TPU film) and compare the test results with the 420 D
woven nylon fabric. As shown in Figure 3a, the 70 D woven
nylon fabric can achieve a maximum extension of 31.0% at
709.9 N in the warp direction and 36.8% at 657.5 N in the weft
direction. It is observed that woven fabrics with a higher denier
are stiffer and able to withstand larger extension in both warp
and weft directions.

Based on the tensile test results, we select the stiffer and less
extensible 420 D woven nylon fabric for the thumb-abduction
SFPA to provide sufficient abduction force and preserve the
abduction angle around the functional position of hands. The
finger-extension SFPAs assist the extension of the initially
clenched fingers, and require higher stiffness to provide suffi-
cient extension torques. To this end, we choose the 420 D woven
nylon fabric for the finger-extension SFPAs. On the contrary, we
utilize the softer and more extensible 30 D rib weft-knitted
polyester fabric for the finger-flexion SFPAs to generate suffi-
cient bending deformation under low pressurization.

Thumb-abduction SFPA

In human anatomy, the thumb abduction is defined as
the movement of the thumb anteriorly perpendicular to the
palm,®' and is measured by the angle between the axis of
the first metacarpal and the second metacarpal (Fig. 4a), denoted
by 0.% The thumb abduction angle can be adjusted for differ-
ent grasping tasks. We take the functional position of the hand
(Fig. 4a) as the reference state since most functions of the
hand are performed here,**** with the thumb abduction angle
0 ranging from 40° to 60°,> and the metacarpophalangeal
(MCP) joint flexion angle ¢ ranging from 30° to 45°.%

Considering the thumb abduction and adduction postures
in Figure 1c, we arrange the thumb-abduction SFPA between
the thumb and the index finger. The selected fabric is suffi-
ciently compliant to allow the thumb-abduction SFPA to
reconfigure freely and adjust to the adduction motion of the
thumb at a low level of pressurization. As the input pressure
increases, the thumb-abduction SFPA becomes stiffer and tends
to straighten, thus generating a force to abduct the thumb.

FIG. 4. Design and fabrica-
tion of the thumb-abduction
SFPA. (a) Functional position
of the hand ** and the design
of the thumb-abduction SFPA.
(b) The main fabrication pro-
cess of the thumb-abduction
SFPA and the fabricated ac-
tuator in the deflated state.
(¢) The overall width W, and
chamber width W of the
thumb-abduction SFPA. DIP,
distal interphalangeal; IP, b
interphalangeal; MCP: meta-
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As shown in Figure 4a, we design a quadrilateral thumb-
abduction SFPA. The proximal end is set to be in line with the
first MCP joint and the second MCP joint. To avoid inducing
additional constraints to the hand motion, the dimensions of
the thumb-abduction SFPA conform to the thumb and the
index finger. Therefore, the distal end is aligned with the first
interphalangeal (IP) joint and the second proximal interpha-
langeal (PIP) joint. After some experimental tests, we set
0 = 50° and ¢ = 37.5° to determine the final shape of the
thumb-abduction SFPA.

The thumb-abduction SFPA consists of a top woven fabric
layer, a bottom woven fabric layer, and a spacer in between. To
enhance the stiffness of the actuator, the warp direction of the
fabric is set aligned with the thumb abduction direction. The
spacer made of neoprene sponge (1.5 mm thick; Dongguan VF
Industrial) allows fluent airflow.

The main processes of fabricating the thumb-abduction
SFPA are illustrated in Figure 4b. First, the two fabric layers
and one spacer are shaped by laser cutting (VLS 3.50;
Universal Laser Systems). Then, the spacer is sandwiched
between the two fabric layers that are thermally welded
along their four edges later with an impulse sealer (PFS-
650*2; Dongguan Xiang Bo Electromechanical Equip-
ment). Finally, one polyurethane tube is connected and
glued for air outlets. In the thermal welding process, the
spacer isolates the top and bottom fabric layers to form
the geometric shape of the chamber, which also guarantees
the consistency of the actuators. As illustrated in Figure 4c,
two fabric layers and one spacer form one thumb-abduction
SFPA with an overall width W, and a chamber width W, with
their difference being the width of the sealing edge, that is,
5 mm in this work.

To evaluate the design of the thumb-abduction SFPA, we
develop a finite element model with ABAQUS (6.14-4; Das-
sault Systémes S.A) to study its deformation under pressuri-
zation. The actuator is simplified to be rectangular and initially
folded in the finite element model, with geometric parameters
shown in Figure 5a. The modeling process mainly includes
three steps:

9 7%,
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FIG. 5. Finite element simulation of the thumb-abduction SFPA. (a) The geometric model of the initially folded thumb-
abduction SFPA. (b—f) Simulation results of the unfolding motion of the thumb-abduction SFPA under different levels of
pressurization. Color images are available online.

(1) The geometric model is meshed by the 4-node re- (3) The input pressure is set to be 140kPa. As shown in
duced shell elements. Figure 5a, the thumb-abduction SFPA is constrained
(2) For the material properties, the 420 D woven nylon fabric at the bottom edge.
is modeled by an anisotropic material and is captured
by the lamina model in ABAQUS. The parameters of The simulation is conducted using the dynamic explicit

the lamina model are determined according to Glaser’s  solver in ABAQUS. It is observed that the thumb-abduction
work,* that is, the Young’s moduli E;=394MPa, E,= SFPA gradually unfolds with the increasing input pressure
145.5 MPa, the Poisson’s ratio i;,=0.23, and the shear until it fully straightens, as shown in Figure 5b—f.

moduli G, =14.6 MPa, G13=14.6 MPa, G,;=14.6 MPa, The performance of the thumb-abduction SFPA is charac-
with the subscripts 1, 2, 3 denoting the warp, weft, and terized by its assistive abduction force and range of abduction
surface normal directions of the fabric. The density of the motion. As shown in Figure 6a, we set up a measurement
fabricis 1.14 x 1073 g - mm 3. platform to evaluate the abduction force. The thumb-abduction
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FIG. 6. Characterization of the
thumb-abduction SFPA. (a) Experi-
mental setup for the abduction force
of the thumb-abduction SFPA. (b)

b Experimental results of the abduc-
- 201 tion force of the actuator with the
Z increase of the input pressure for
E 15k three times, together with the error
= bands in light color regions. (c)
- Evaluation of the assistive abduction
‘5 10+ angle of the thumb-abduction SFPA
2} on a soft wearable glove. Color im-
2 ages are available online.
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SFPA is supported by the force sensor (K3D120; ME-
Messsysteme) and constrained at its connection tube. During
pressurization, the top acrylic sheet (10 mm thick) blocks the
straightening motion of the actuator, and thus, the actuator
outputs an abduction force to the sensor. The lifting stages (PT-
SD408S; PDV) support the sheet and adjust the height of the
sheet. In the tests (three times), the input pressure increases
from O to 160kPa with a step of 10kPa. The experimental
results in Figure 6b show that the abduction force increases
almost linearly with the input pressure, reaching up to 20.1 N
under 160 kPa input pressure.

We further evaluate the abduction motion range of the ac-
tuator on a soft wearable glove. As shown in Figure 6c, the
thumb-abduction SFPA abducts the thumb to the functional
position when the input pressure is 50kPa. We set three
markers at the carpals (Marker 1), the first MCP joint (Marker
2), and the second MCP joint (Marker 3), and measure the
thumb abduction angle 0, that is, the angle between [, and /3,
by three times. The data are processed using the software Im-
ageJ (National Institutes of Health), with the calculated ab-
duction angle reaching up to 50.5°.

Finger-flexion SFPAs

To generate bending deformation to assist finger flexion,
we design a two-layer finger-flexion SFPA by arranging the
fabrics of the top and bottom layers orthogonally (knitted
weft and knitted warp), with the whole length being 140 mm
and the chamber width 15 mm, as shown in Figure 7a. It is
found that the two-layer finger-flexion SFPA can achieve
considerable bending deformation, but requires quite high
input pressure, that is, up to 200 kPa, which may cause safety
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issues when interacting with humans and limit the portability
of the power source.

To minimize the required input pressure, we design the
structure of the finger-flexion SFPA by folding its chamber to
form a bellow structure and subsequently welding the folded
chamber onto a third limiting layer. We further develop an
approach to determine the length of the folded chamber. The
bellows may be irregular in shape because of the high com-
pliance of the fabrics. To describe the bellow shape and de-
termine the chamber length L,, we assume the bellow shape is
anisosceles triangle. As shown in Figure 7b, the bellow height
h, span a, spacing b, and distal end length L; of the folded
chamber are set to be 10, 10, 5, and 15 mm, respectively. The
proximal end length L, is constrained to be not less than
15 mm to ensure fabrication quality. The actuator length L is
set to be 140 mm to fit the finger length of human hands. The
chamber width W is set to be 15 mm. The bellow number n of
the folded chamber is determined according to the constraints

L=Lij+n-a+(n—-1)-b+L, 0
L, > 15 mm ’

By solving Eq. (1), we obtain n=7. As shown in Figure 7b,
the chamber length L, is

:L+(\/§—l)~a~n:226.5 mm. ?)

When fabricating the finger-flexion SFPA, the top cham-
ber is first manufactured with the same approach as that of the
thumb-abduction SFPA. As shown in Figure 7b, the knitted
weft direction of the fabric is aligned with the length direction
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of the top chamber. The top chamber is subsequently folded to
the designed shape based on the aforementioned geometric
parameters. The folded chamber is welded onto the bottom
limiting layer using a heat presser. In this process, the proximal
end, distal end, and the gaps between two adjacent bellows of
the folded chamber are welded onto the bottom limiting layer.
The knitted warp direction is aligned with the length direction
of the bottom limiting layer. The results in Figure 7c show that
the fabricated finger-flexion SFPA can achieve a bending angle
of nearly 360° under 50 kPa input pressure.

The blocked tip force that determines the assistive grasp-
ing force of the soft wearable glove is another important
performance indicator of the finger-flexion SFPA. We de-
velop a mathematical model to understand how the geometric
parameters influence the blocked tip force of the finger-
flexion SFPA.

589

In the blocked tip force test, the finger-flexion SFPA is
constrained at its proximal end and supported by the force
sensor at its distal end, as shown in Figure 8a. While inflating,
the input pressure exerts a force F; on the distal end of the finger-
flexion SFPA. Because of the limiting layer and the geometric
asymmetry of the folded chamber, the action line of the Fj has an
eccentric distance e from the neutral axis. Therefore, the axial
force F; generates a bending moment Mg; on the finger-flexion
SFPA and hence outputs a blocked tip force F on the force
sensor. The force sensor provides a counterforce to balance the
bending moment Mg. We can obtain

MFi:|Fi| - e
Mp=|F|-L , 3)
My = Mg
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and thus

|Fi| - e
-

IF| = @)

The top chamber of the finger-flexion SFPA generates
extension under the axial force F;, as shown in Figure 8b.
Since the knitted weft direction is along the length direction
of the top chamber, the chamber is much stiffer in the
transverse direction. We therefore assume the extension
only occurs at the length direction of the chamber. The axial
force is

|Fi| =P - A, &)

where P is the input pressure, and A is the cross-sectional area
of the inflated chamber. We assume that the cross section of the
chamber is a circle with a radius R for ease of analysis, as in
Cappello et al.’s work®* and Connolly et al.’s work.>* There-
fore, the axial force is

|Fi|=P-n-R%. (6)
Since the finger-flexion SFPA generates no transverse

extension, the relationship between the chamber width W and
the radius R is

w
R=—. (7
v
Substituting Eq. (7) into Eqgs. (6) and (4), we obtain
F|=P -W?-¢/(n-L). ®)

On the other hand, the length of the folded chamber de-
termines its overall extension, and thus influences the
blocked tip force. The extension of the folded chamber is

AL =L -, &)

where ¢ is the extension strain of the chamber. Considering
the bending deformation of the finger-flexion SFPA in free
space, as shown in Figure 8c, the extension of the folded
chamber leads the finger-flexion SFPA to bend toward the
bottom limiting layer with a radius R, and a bending angle o.
According to the Euler—Bernoulli beam theory,®

AL,:(Rb-i-h,)'O(—Rb'OC, (10)
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where £, is the distance between the top surface of the folded
chamber and the neutral axis (Fig. 8c). Substituting Eq. (10)
into (9), we obtain

=" an

To constrain the bending deformation, the reaction mo-
ment M that the force sensor provides is
Mo — K-o L;-¢

L R N

12)

where K is the bending stiffness of the finger-flexion SFPA.
Substituting Eq. (12) into (3), we have

L['S

F|=K .

(13)

The extension strain ¢ mainly depends on the elastic
modulus E of the folded chamber and the input pressure.
Therefore, according to Egs. (8) and (13), with the parameters
L, e, h, fixed, the blocked tip force is proportional to L, and the
square of W, which later will be verified by experiments.

For ease of analysis, we set the finger-flexion SFPA with
geometric parameters above (Table 1) as the reference
finger-flexion SFPA (flexion-SFPA-0). Then we fabricate
finger-flexion SFPAs with W= 10 mm (flexion-SFPA-1) and
W=20mm (flexion-SFPA-2) while keeping the other pa-
rameters unchanged (Table 1), and test the blocked tip forces
of the three actuators with the input pressure increasing from
0 to 160 kPa with a step of 10kPa. We estimate the blocked
tip forces of flexion-SFPA-1 and flexion-SFPA-2 based on
the experimental result of the flexion-SFPA-0, which is

W\’
=1 ()

where subscripts v and r represent the estimated and reference
quantities, respectively, and similarly hereinafter. The magni-
tudes of F, under different input pressures are obtained from the
average of the experimental results directly.

The results in Figure 8d demonstrate that flexion-SFPA-0,
flexion-SFPA-1, and flexion-SFPA-2 can provide blocked tip
forces of 19.4, 9.8, and 38.5 N, respectively, under an input
pressure of 160 kPa. The corresponding model-predicted re-
sults for flexion-SFPAs-1 and 2 are 8.6 and 34.6 N, which
agree well with the experimental results.

(14)

TABLE 1. GEOMETRIC PARAMETERS OF THE TESTED FINGER-FLEXION SOFT FABRIC-BASED PNEUMATIC ACTUATORS

Bellow shape L (mm) W (mm) L4 (mm) h(mm) a(mm) b(mm) L,(mm) n L (mm)
Flexion-SFPA-0 Triangular 140 15 15 10 10 5 20 7 226.5
Flexion-SFPA-1 Triangular 140 10 15 10 10 5 20 7 2265
Flexion-SFPA-2 Triangular 140 20 15 10 10 5 20 7 226.5
Flexion-SFPA-3 Square 140 15 15 10 10 5 20 7 280
Flexion-SFPA-4 Square 140 15 15 18 18 5 15 5 320
Flexion-SFPA-5 Square 140 15 15 15 15 5 30 5 290
Flexion-SFPA-6 Square 140 15 15 20 20 5 30 4 300

SFPA, soft fabric-based pneumatic actuator.
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We subsequently investigate the influence of the chamber
length L, on the blocked tip force of the finger-flexion SFPA.
For a finger-flexion SFPA with fixed actuator length L, the
chamber length L, mainly depends on the bellow shape. As
mentioned above, the chamber length of flexion-SFPA-0 is
determined based on an isosceles triangle. However, the
isosceles triangle may not make full use of the bellow span.
Inspired by the rectangular chamber structure of the pneu-
matic network actuators,5 we redesign the bellow of a rect-
angular shape, as shown in Figure 8e. Similarly, we set h=a to
preserve the height and span ratio of the bellow. The rectangle
bellow is therefore a square one. The chamber length is

Li=L+2-a-n. (15)

With all the other geometric parameters the same with
flexion-SFPA-0, we design another finger-flexion SFPA
(flexion-SFPA-3) with square bellows (Table 1), and predict
its blocked tip force by

Lt, v
L’»r

|Fv|:|Fr‘ : (16)

The experimental results are largely in line with the model-
predicted results (Fig. 8f) and show that flexion-SFPA-3 can
provide a blocked tip force of 25.6 N, under 160 kPa input
pressure.

Furthermore, we study how to select the bellow height A
and span a to maximize the chamber length L, with the
given actuator length L. Considering the requirement of the
soft robotic glove,17 we set the maximum value of the
bellow height to be 20 mm. The constraints are summarized
as follows:

L =140 mm
b=5 mm
Ly=15 mm
Ly > 15 mm’
h <20 mm
h=a

7)

As shown in Figure 8e, the chamber length is

Li=Li+n-3a+m—1)-b+1L,. (18)

By solving Eqgs. (15), (17), and (18), we obtain a=18 mm,
n=>5, and L,=320mm. We further fabricate three finger-
flexion SFPAs with parameters a = 18 mm (flexion-SFPA-4),
a=15mm (flexion-SFPA-5), and a=20 mm (flexion-SFPA-
6) (Table 1). By setting flexion-SFPA-3 as the reference, we
use the established model to predict their blocked tip forces
and conduct experiments for validation. The experimental
results in Figure 8g show that the flexion-SFPA-4 can achieve
the largest blocked tip force, that is, 30.03 N under an input
pressure of 160kPa. The model-predicted result is 29.3 N,
which agrees well with the experimental finding.

Although the model predicts that flexion-SFPA-6 can
generate larger blocked tip force than flexion-SFPA-3 and
flexion-SFPA-5, the experimental results are opposite. This
discrepancy can be caused by the influence of other param-
eters, such as the bellow number n. As shown in Table 1,
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flexion-SFPA-3 and flexion-SFPA-5 contain five bellows,
while flexion-SFPA-6 only has four bellows. The current
model can be further improved by considering more factors.

Finger-extension SFPAs

The working principle of a finger-extension SFPA uses the
stiffness change of its body. When deflated, the finger-extension
SFPA is flexible enough to conform to the curved finger. After
inflation, the finger-extension SFPA becomes stiffer and tends to
straighten, thus generating an extension force and an extension
torque. We fabricate the finger-extension SFPA using the same
approach as that of the thumb-abduction SFPA. As shown in
Figure 9a, while fabricating the finger-extension SFPA, we align
the warp direction of the fabric with the length direction of the
actuator.

The extension torque T is the main parameter to charac-
terize the performance of the finger-extension SFPA, deter-
mined by

T=rxF,, 19)

where F, and r are the vectors of the extension force and the
force arm. We first set the initial flexion angle to be 60° and
study the influence of geometric parameters on the extension
torque. Similarly, we develop a simple mathematical model
to predict the extension torque, which is

AN
T, =T, (=) . 20
= () )

We set up a test rig to measure the extension torques, as
shown in Figure 9b. The test rig includes a torque sensor
(TFF400; FUTEK) and a precision rotation guide (RSP 125-L;
Dongguan Shengling precision machinery). The rotation guide
can provide varied initial flexion angles for the finger-extension
SFPAs.

We measure the extension torques of three finger-extension
SFPAs with the chamber width W= 15 mm (reference exten-
sion SFPA), W=10mm (extension-SFPA-1), and W=20 mm
(extension-SFPA-2). In the tests, the input pressure increases
from O to 160kPa with a step of 10kPa. The experimental
results in Figure 9c show that the reference extension SFPA,
extension-SFPA-1, and extension-SFPA-2 can provide 0.94,
0.43,and 1.51 N - m extension torques when the input pressure
is 160 kPa, respectively. The corresponding model-predicted
results for the extension-SFPA-1 and extension-SFPA-2 are
0.42 and 1.67 N - m. The model-predicted results agree well
with the experimental results for extension-SFPA-1 and with
acceptable discrepancy for extension-SFPA-2.

We finally study the influence of the initial flexion angle on
the extension torque using the reference extension SFPA. The
input pressure is set to be 160kPa. The initial flexion angle
increases from 15° to 120° with a step of 15°. The results in
Figure 9d interestingly show that, with the increase of the
initial flexion angle, the extension torque first increases, peaks
at 45°, and then decreases due to the stiffening of the inflated
finger-extension SFPA. After inflation, the initially compliant
finger-extension SFPA becomes stiffer and cannot undergo too
large flexion angle. Once the flexion angle becomes overlarge,
creases may occur on the finger-extension SFPA, and the
chamber is folded into two discrete segments. Nevertheless,
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FIG. 9. Design and characteriza-
tion of the finger-extension SFPAs.
(a) Fabric orientation arrangement of
the finger-extension SFPA. (b) Test
rig for the extension torque of the
finger-extension SFPA. (¢, d) In-
fluence of the chamber width, and
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the finger-extension SFPA can provide an extension torque of
0.35 N - m when the initial flexion angle is 120°.

Integration and Evaluation
Integrating SFPAs into soft wearable assistive gloves

The soft wearable assistive glove is designed open-palm
for ease of donning and doffing. The glove base part is made
of Spandex coated with 1.5-mm-thick neoprene sponge
(Dongguan VF Industrial). This deformable material enables
the glove to extend to minimize its mechanical impedance
to the motion of fingers. Based on the characterization results
of the SFPAs, we integrate the designed thumb-abduction
SFPA and finger-flexion and finger-extension SFPAs into the
glove. We set the chamber width of the finger-flexion and
finger-extension SFPAs to be 15 mm. The lengths of the ac-
tuators are customized for one healthy volunteer.

The integration process mainly contains four steps (Fig. 10a).
First, the bottom limiting layers of the five finger-flexion SFPAs
are sewn on the dorsal side of the glove base. Second, the top
folded chambers of the finger-flexion SFPAs are thermally
welded onto the bottom limiting layers. Subsequently, the
finger-extension SFPAs are arranged at the palm side of the
glove base. The whole body of each finger-extension SFPA
is anchored to the glove base via hoops and loops. The proxi-
mal and distal ends of the finger-flexion and finger-extension
SFPAs are sewn on the glove base to ensure fitness and firm-
ness. The finger-extension SFPA on each finger is set to be
10 mm longer than the finger-flexion SFPA to avoid puncturing
the finger-flexion SFPA during sewing. Finally, the two side
edges of the thumb-abduction SFPA are sewn onto the dorsal
side of the glove base. The fabricated soft wearable assistive
glove is demonstrated in Figure 10b with an overall weight
of 128 g, which is much lighter than the upper limit weight
(around 500 g). 17

Flexion Angle (°)

The control system of the glove is packaged into a por-
table instrument box to reduce the weight on the upper limb
(Fig. 10c). The control system mainly consists of the elec-
tronics, the pneumatic components, and the power compo-
nents. The electronics include a microcontroller (Arduino
Uno, Arduino), a 1-bit relay (CFO08; Omron), an 8-bit relay
(CF008; Omron), and a Bluetooth module (HC-05; Qi Xing
Chong). The pneumatic components contain two miniature
pneumatic pumps (CTS series; Parker), seven miniature so-
lenoid valves (X-Valve; Parker), and three air pressure sensors
(XGZP6847; HAD Electronic). The power components in-
clude two 3.7 V lithium batteries (18650; Panasonic) in series
for the electronics and one 12V lithium battery (20C; GRE-
POW) for the pneumatic components.

The microcontroller controls the activation and deacti-
vation of the pumps and valves through the relays. The
activation and deactivation switches of the pumps and the
valves modulate the inflation and deflation of the actuators.
In this sense, we can independently control the thumb-abduction
SFPA and each finger-flexion SFPA. The five finger-extension
SFPAs are controlled to be on and off simultaneously. Three air
pressure sensors monitor the input pressure that is supplied to the
thumb-abduction SFPA and finger-flexion and finger-extension
SFPAs, respectively. The microcontroller regulates the input
pressure of the actuators to be the target value based on the data
read from the sensors. The Bluetooth module transmits signals
from a mobile phone to the microcontroller to conduct the
corresponding actions, such as hand opening and grasping.

Evaluation of the soft wearable assistive glove

Soft wearable gloves are mainly characterized by their
assistive forces and range of motions on the fingers.'” We
therefore conduct a detailed evaluation of our designed glove.

The experimental results in Figure 6¢ have shown that the
thumb-abduction SFPA can abduct the thumb to the functional
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FIG. 10. Integration and characterization of the soft wearable assistive glove. (a) The integration process of the thumb-
abduction SFPA, and finger-flexion and finger-extension SFPAs into the glove. (b) The glove with the integrated SFPAs. (c)
Control system for the glove. (d) Glove assistive index finger flexion evaluation. (e) Measurement setup for the normal
grasping force for the glove. Color images are available online.

position. The torque required to move a patient’s thumb for
abduction motion is 0.3 N - m at the carpometacarpal (CMC)
joint.*” The mean lengths of the thumb metacarpal and the
thumb proximal phalange are 46.22 and 31.57 mm, respec-
tively.®® Assuming the assistive abduction force provided by
the thumb-abduction SFPA works at the center of the thumb
proximal phalange, the force arm is 62 mm. Since the assistive
abduction force that the thumb-abduction SFPA can provide is
17.21 N under 140kPa input pressure (Fig. 6b), the assistive
abduction torque at the CMC joint that the thumb-abduction

SFPA can generate is ~1.07 N - m, which is sufficient for
assisting the thumb abduction motion.

We further measure the flexion angle of the index finger on
a healthy volunteer (subject gives written informed consent
forms in accordance with the Declaration of Helsinki, and
testing is approved by the Ethics Committee of Huashan
Hospital, Fudan University) with the assistance of the glove,
using the software ImageJ. The input pressure for the finger-
flexion SFPA of the index finger is set to be 140 kPa. The test
is conducted three times.
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It is shown in Figure 10d that the glove can assist the index
finger to achieve a 92.3° flexion angle. Since the flexion angles
of the PIP joints and the distal IP joints are from 60° to 80° and
from 10° to 15°, respectively, in the hand functional position
(Fig. 4a), the glove can provide sufficient flexion range of
motion in most ADLs. While testing, the thumb-abduction
SFPA is simultaneously inflated with 140kPa pressure.
Therefore, the inflated thumb-abduction SFPA causes little
interference to the flexion motion of the fingers.

We subsequently measure the assistive grasping force of the
glove. As shown in Figure 10e, the finger-flexion SFPAs of the
four fingers are pressurized to 140kPa to grasp a cylinder (of
diameter 50 mm). The cylinder is pulled upward by a linear
stage (HST-200Z; SIGMAKOKI) at a constant velocity (4 mm/
s) until the cylinder is released from the grasp of the glove. The
pull-up force, which is the normal grasping force of the glove, is
tested and recorded using a dynamometer (ZP-200N; AIGU).
The results show that the glove can generate a normal grasping
force of 47.9 N. The weights of objects in ADLs are usually less
than 1.5kg."” Assuming that the average coefficient of friction
between the glove and target objects is 0.5,%* our glove can
provide a large enough grasping force in ADLs.

It is also noted, in a real grasping task, the interaction
forces generated by different actuators are distributed and
coordinated. An efficient grasp may require force feedbacks
via distributed sensing and appropriate control algorithms,
which is beyond the scope of this article and will be included
in our future work.

The extension motion of the fingers can be impaired by
different diseases, such as stroke, spinal cord injury, and

a

Hand Relaxing State:
® A-SFPA @ E-SFPA @ F-SFPA

The Impaired Hand of the Patient

@ Deflated State @ Inflated State

Glove Assistive Hand Opening:
® A-SFPA @ E-SFPA @ F-SFPA

Glove Assistive Hz_md Opening:
@® A-SFPA @ E-SFPA @ F-SFPA
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brachial plexus injury. The required assistive extension tor-
que at the MCP joints of the four fingers for the stroke patients
ranges from 0.5 to 4 N - m.** Based on the experimental re-
sults in Figure 9d, the finger-extension SFPA on our glove can
provide an extension torque of 0.67 N -m with the initial
flexion angle being 75° and the input pressure being 140 kPa.
With four identical finger-extension SFPAs on the four fin-
gers, the total extension torque reaches 2.68 N - m, which can
serve a certain number of patients. Furthermore, the extension
torque of the finger-extension SFPA can be scaled by in-
creasing the chamber width and the input pressure.

Preliminary clinical evaluation

Finally, we conduct experiments to verify the feasibility of
using our developed glove to assist the patients with hand
impairment in accomplishing grasping tasks. We first verify
the function of the glove on a healthy volunteer (subject gives
written informed consent forms in accordance with the De-
claration of Helsinki, and testing is approved by the Ethics
Committee of Huashan Hospital, Fudan University).

During the experiment, the volunteer keeps his hand relaxed.
As shown in Figure 11a, initially the fingers of the volunteer are
naturally flexed, and the thumb is naturally adducted. To assist
the volunteer in opening his hand, the finger-extension SFPAs
and the thumb-abduction SFPA of the glove are inflated to
extend the fingers and abduct the thumb (Fig. 11b). Then the
finger-extension SFPAs are deflated, and the finger-flexion
SFPAs are inflated to assist the volunteer to grasp the object
(Fig. 11c). The working pressure of all the actuators of the glove

Glove Assistive Grasping:
® A-SFPA @ E-SFPA @ F-SFPA

Glove Assistive Grasping:
® A-SFPA @ E-SFPA @ F-SFPA

A-SFPA: Thumb-abduction SFPA.  E-SFPA: Finger-extension SFPA.  F-SFPA: Finger-flexion SFPA.

FIG. 11. Grasping assistance evaluation of the soft wearable assistive glove. (a—c) Demonstration on a healthy volunteer
of the working state of the actuators on the glove in the grasping experiments. (d—f) Grasping assistance evaluation of the
glove on a brachial plexus injury patient. Color images are available online.
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is 140 kPa. We can see that the glove can successfully assist the
volunteer to accomplish the grasping task.

We further conduct the grasping experiment on a brachial
plexus injury patient (subject gives written informed consent
forms in accordance with the Declaration of Helsinki, and
testing is approved by the Ethics Committee of Huashan
Hospital, Fudan University). The impaired fingers of the
patient are clenched and cannot be extended voluntarily
(Fig. 11d). The impaired thumb is with adducted distortion
and loses abduction motion capability (Fig. 11d). The flexion
motion capabilities of the impaired fingers are also severely
weakened.

Considering all his fingers are disabled, all the actuators of
the soft wearable assistive glove are used to assist the patient
in the grasping tests. We fabricate a customized soft wearable
assistive glove based on the impaired hand profile of the
patient to ensure fitness. The results in Figure 11e and f show
that, with an input pressure of 140kPa, our soft wearable
assistive glove can assist the patient to successfully open his
hand and grasp several daily objects of different shapes.

Conclusion

In this work, we present the design, modeling, and evalu-
ation of a class of SFPAs for soft wearable assistive gloves.
We first systematically study the mechanical properties of
various fabrics that provide a novel palette of materials for the
SFPAs. By proper material selection and geometric structur-
ing, we design finger-flexion and finger-extension SFPAs, and
particularly a thumb-abduction SFPA. A mathematical model
is then developed to investigate their mechanical behaviors
upon pressurization and parametric studies are conducted to
improve their actuation performance in terms of the output
motions and forces.

We finally design and fabricate a soft wearable glove that
can successfully assist a brachial plexus injury patient in
opening his hand and accomplishing several grasping tasks in
ADLs. Our work paves the way for future applications of soft
wearable devices in hand assistance and rehabilitation.

This work mainly focuses on the mechanical design and
performance of the SFPAs and their integration into a soft
wearable assistive glove, providing a versatile platform for
further research on hand rehabilitation training and assis-
tance. In future work, we will exploit electroencephalogram
and electromyographic signals to enable the patients to vol-
untarily control the glove in hand rehabilitation training and
ADL tasks. Flexible force sensors and strain sensors will be
integrated into the glove to monitor the assistive force and
range of motion, so as to provide proper grasping force and
posture feedback.
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