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Abstract

Fabric-based soft gloves, due to their safety, light weight, and compliance, exhibit promising potential in
assisting individuals with hand impairments. However, most existing soft gloves focus solely on finger flexion
and extension, with limited consideration for thumb assistance. This restricts their effectiveness in tasks
requiring extensive workspace and dexterous manipulation. In this work, we present a new class of fabric-
based soft glove with 15 degrees of freedom (DOFs), including finger flexion/extension, thumb abduction/
adduction, thumb opposition/reposition, and finger abduction. The high-DOF fabric-based soft glove integra-
tes bidirectional fabric-based pneumatic actuators (FPAs) for finger flexion/extension, X-crossing pneumatic
artificial muscles (X-PAMs) for thumb assistance, and Y-shaped bladed FPAs for finger abduction. To
enhance the thumb tip workspace, we optimize the X-PAM positioning by modeling thumb kinematics from
an anatomical perspective. The experimental results show that the optimized passive workspace of the thumb,
assisted by the glove, encompasses approximately 70% of its active workspace. Through our mirror control
system, we further demonstrate the glove’s capability to perform complex gestures and versatile grasping
tasks with various object geometries, sizes (0.1-11.5 cm), and masses (1.7-500.0 g). The glove supports both
power and precision grasps, as well as fine manipulations.
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Introduction motion, have attracted much attention due to their high output
force and accurate position control.*”' However, their appli-
cation is limited due to the complex mechanisms, substantial

he human hand plays a pivotal role in both occupational
weight, high cost, and misalignment-caused discomfort.'" In

tasks and activities of daily living (ADLSs) owing to its

exceptional dexterity. It functions not only as the primary
organ for object manipulation and tool usage but also as a
vital medium for communication, interaction, and emotional
expression. The human hand has >20 degrees of freedom
(DOFs)! and a complex musculoskeletal structure, forming
the essential basis for its dexterous manipulation capabilities.
Nevertheless, various neurological deficits, including stroke,
spinal cord injury, Parkinson’s disease, brachial plexus
injury, and cerebral palsy, can impair hand functionality that
significantly diminish patients’ quality of life.>> As a prom-
ising solution for rehabilitation training and dailI support,
robotic gloves have emerged over the past decade.*”’

Among robotic gloves, the conventional hand exoskele-
tons with rigid components, relying on linkages to transform

contrast, soft gloves demonstrate superior characteristics in
compliance, safety, and economy.>'? Recently, many soft
robotic gloves have been reported, which can be categorized
into cable-driven,w’14 elastomer-based,ls’18 and fabric-based
soft gloves. "'

In these developments, fabric-based soft gloves particularly
excel in terms of light weight, portability, and flexibility,*
exhibiting unique structural programmability (Supplementary
Table S1). For instance, Correia et al.”" present a soft glove
using two thermoplastic elastomer balloons as the chambers
between three fabric layers to implement finger flexion and
extension. The glove showcases exceptional performance in
Jebsen Taylor Hand Function Test and implements a broad
range of motion (ROM) and high grasp force. Suulker et al.>>
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apply an elastic band to enhance the flexion angle and force of
fabric-based pneumatic actuators (FPAs), thus augmenting the
performance of the integrated soft glove. Alternatively, Lai
et al.> develop a novel honeycomb pneumatic actuator (HPA)
by introducing a guide layer between two layers of a common
FPA, which substantially increases the end output force by
862%. The soft glove integrating HPAs effectively facilitates
ADLs on nine patients. Despite the accumulative efforts in
developing fabric-based soft gloves, existing works predomi-
nantly focus on finger flexion/extension, typically involving 10
DOFs or less. They aim to increase output force while devot-
ing limited attention to the complexity of the hand, particularly
the thumb, which plays a crucial role in hand dexterity and
grasping.”*® The absence of these thumb DOFs diminishes
the gloves’ ability to perform dexterous manipulations. Grasp-
ing objects with different shapes, sizes, and material properties
places distinct demands on the hand gestures; nevertheless,
solely relying on flexion/extension movements is deficient to
meet the diverse functional requirements of real-world tasks.

To improve the dexterity of soft gloves, several attempts
have been conducted with thumb assistance. For instance,
some cable-driven and elastomer-based gloves are reported to
realize the partial actuation of thumb opposition/reposition®’~
or abduction.’® Regarding fabric-based gloves, researchers
have also attempted to incorporate specific designs for the
thumb. Yap et al.*’*? deploy a flexion actuator featuring
slanted corrugates near the proximal side of the thumb, allow-
ing concurrent bending and twisting motions, to generate more
ergonomic thumb flexion. Lim et al.>* design a thermoset plas-
tic thumb splint to tackle the thumb misalignment with the
four fingers. However, independent abduction is sacrificed
when thumb opposition is simplified solely as a coupling of
flexion and twisting,>* thereby constricting the actuated work-
space. Achieving independent thumb abduction/adduction and
opposition/reposition remains challenging. The challenges
mainly lie in: (i) replicating the extensive ROM exhibited by
the human thumb joints,>* (i) decoupling and simplifying the
multiple coupled DOFs of the thumb,® and (iii) arranging
actuators within the narrow space surrounding the thumb with-
out compromising function or comfort.

In this work, we present a new high-DOF fabric-based soft
glove with dexterous thumb assistance. Our glove integrates
three classes of actuators and achieves 15 DOFs in total,
including independent finger flexion/extension, thumb abduc-
tion/adduction, thumb opposition/reposition, and finger abduc-
tion. The rest of this article is organized as follows. The Design
and Optimization section details the glove design and optimiza-
tion of the thumb actuator positioning based on thumb
kinematics. The Workspace of the Thumb with Glove Assis-
tance section compares the active and passive thumb tip work-
space experimentally, further validating the effectiveness of the
optimization. The Validation of Application Performance sec-
tion presents the control system and manifests the applications
of the glove in various grasping and manipulating tasks. Finally,
the Discussion and Conclusion section concludes this article.

Design and Optimization

Design of fabric-based soft glove with high DOFs

The design of the high-DOF fabric-based soft glove is illus-
trated in Figure la. We deploy five high-force bidirectional
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FPAs with asymmetrical chambers for flexion and extension
(Fig. 1b) on the five fingers. Three X-crossing pneumatic arti-
ficial muscles (X-PAMs) (Fig. 1c) and a butterfly-shaped actu-
ator (Fig. 1d) are comprised to assist the movements of the
thumb carpometacarpal (CMC) joint. They enable thumb
opposition, reposition, adduction, and abduction, achieving
omnidirectional thumb movements. In addition, three finger
abduction actuators (Fig. le) are stitched between the fingers
to expand the enveloping space during grasping. The soft
glove embodies 15 DOFs and weighs 123.5 g in its wearable
section. Its grip force attains 23.80+0.51 N at 120 kPa (exper-
imental setup detailed in Supplementary Fig. S1).

FPAs for flexion and extension. To facilitate the flexion
and extension of the fingers, we employ five high-force
bidirectional FPAs (Fig. 1b), presented in our previous
work.*>**® The FPA is composed of two asymmetrical cham-
bers, with the lower chamber I designed to achieve extension
through inflation. Chamber II, with a corrugated structure, is
fixed onto chamber I via heat pressing. By inflating chamber
I, the FPA flexes due to mutual extrusion between the adja-
cent pleat surfaces. We can achieve independent flexion or
extension of each finger by inflating the corresponding
chambers of the FPA.

Targeting suitable sizes for different fingers, we design
four categories of FPAs with distinct widths, lengths, and
numbers of corrugated pleats. The index and middle fingers
are equipped with six-pleat FPAs, each measuring 185 mm
in length, while the remaining three fingers adopt five-pleat
FPAs with a length of 160 mm. To achieve a higher output
force, the FPAs for the thumb and index finger feature a
width of 30 mm. In contrast, the FPAs for the other three fin-
gers prioritize lightness and portability, incorporating a
width of 25 mm. The tip-blocked force of the thumb FPA
reaches 8.3+0.2 N at 120 kPa.”®

X-PAMs for omnidirectional thumb assistance. Actuation
of the thumb, especially the CMC joint, necessitates actuators
capable of muscle-like linear contraction. X-PAMs, presented
in our work,”’ play a competitive option due to their excellent
performance. The working principle of the X-PAM is illus-
trated in Figure 1c. An X-PAM is composed of a rectangular
chamber and two comb-like areas (i.e., “filaments”) to achieve
force and motion transmission through the X-crossing mecha-
nism. It is capable of directly transmitting the chamber expan-
sion into linear contraction along the actuator axis by positive
pressure. Upon inflation, the air chamber expands and stiffens,
altering its bending configuration, which actuates the filaments
at both ends to contract along the axis. Due to the unique
mechanism, the X-PAM features a considerable contraction
ratio of >90% and a high output force of >200 N/kg/kPa.

Figure 1a depicts the placement of the four thumb actua-
tors and their respective functions. Thumb assistance
includes opposition, reposition, and adduction facilitated by
three X-PAMs, and abduction realized by the butterfly-
shaped actuator (Fig. 1d), which provides linear expansion
movement (with their lengths represented with L—L4
sequentially). The strokes and lengths of these four thumb
actuators are customized according to the thumb dimensions
of the subject, as described in Table 1. L;_,,;, and L;_,,,.. rep-
resent the minimum and maximum lengths of each thumb
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FIG. 1. Design of fabric-based soft glove with high degrees of freedom (DOFs). (a) The soft glove. (b) The bidirec-

tional fabric-based pneumatic actuator (FPA) for flexion and extension.>®
cle (X-PAM) for thumb opposition, reposition, and adduction.’’

(¢) The X-crossing pneumatic artificial mus-
(d) The actuator for thumb abduction. (e) The actuator

for finger abduction. (f) Output force—pressure relationships at different abduction distances.

actuator, respectively, and their difference (i.e., AL) is the
designed stroke. The four thumb actuators form two antago-
nistic pairs and substantially cover the two DOFs of the
CMC joint of the thumb,* thereby enabling omnidirectional
assistance.

Actuators for finger abduction. Grasping objects, espe-
cially power grasps, generally requires sufficient enveloping
space. In this work, we design a novel finger abduction actua-
tor featuring interconnected Y-shaped chambers (Fig. le).
When deflated, the three chambers flatten to occupy minimum
volume, thus not affecting the natural adduction of the fingers.
Upon inflation, the chambers expand to enable finger abduc-
tion movement. The blades of the actuator ensure that the
distal air chamber expands wider than the proximal end, effec-
tively securing the actuator between the fingers. Geometric
parameters of the finger abduction actuator presented in
Figure le are as follows: L =20 mm, W= 18 mm, a = 5 mm,
h =16 mm, d =5 mm, and the seam width of heat-sealing is
3 mm. The three abduction actuators with the same parameters

TABLE 1. STROKES AND LENGTHS OF THUMB ACTUATORS

L, L L; L,
AL/mm 75 40 60 105
Liindmm 85 90 30 30
Lo/ mm 160 130 90 135

are positioned between the four fingers, as illustrated in
Figure 1a.

We characterize the force—pressure relationships of the
finger abduction actuators. To simulate the pinching action
between the fingers, we introduce two rectangular panels to
constrain the actuator during characterization. Besides, the
dimensions of the two panels are based on the actual contact
area between the subject’s fingers and the actuator. The dis-
tance between the panels (D) is set at 10, 15, 20, and 25 mm,
encompassing the abduction distance range of 15-20 mm
obtained from the human hands. Pressure applied to the test-
ing actuator varies from O to 100 kPa in increments of
10 kPa. These steps are repeated on the three abduction
actuators with the same parameters, each conducted three
times. The characterization results of the output force are
presented in Figure 1f, demonstrating an approximately
linear relationship between the output force and the pressure.

When integrated into a soft glove, the actuators enable a
considerable fraction of the ROM of human finger abduc-
tion. We measure the active and passive finger abduction
angles of the subject before and after actuating the glove.
Each test is conducted three times for reliability. The experi-
mental outcomes show that the active abduction angle aver-
ages 26.11°+0.96°, while the passive abduction angle,
assisted by the glove, is 22.46° +0.24°. Incorporation of the
finger abduction actuators enables the soft glove to achieve
>86% of the active ROM.
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Optimization of X-PAM positioning

Kinematics of the thumb. To enlarge the glove-assisted
thumb workspace, we establish a model to optimize the posi-
tioning of the three X-PAMs. The anchoring position of the
butterfly-shaped thumb abduction actuator is fixed due to
spatial constraints near the index finger.

The arrangement of the actuators is illustrated in Figure 2a.
Four thumb actuators, represented by wavy lines, are anch-
ored at point C on the thumb, with their opposite ends sewn
to specific regions on the glove (A;, A, and Aj for the
X-PAMs corresponding to thumb opposition, reposition, and
adduction, respectively, while A, for the thumb abduction
actuator). In the model, they are simplified into variable-
length rods with determined strokes, denoted as CA[—CA,.
The dorsal and palmar sides of the hand are modeled as two
parallel planes with a distance of the palm thickness. The rec-
tangular areas at A;—As represent the optimization domains
for X-PAM positioning, while point C remains fixed relative
to the thumb during optimization.

The origin of the Cartesian coordinate system is located at
the CMC joint of the thumb, with the y-axis aligned with the
extended index finger and the z-axis perpendicular to the
palm. The kinematics of the thumb are derived from anatom-
ical foundations and further simplified for analytical pur-
poses.>® As depicted in Figure 2b, the thumb is modeled as a
three-link mechanism. The CMC joint is modeled as a
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FIG. 2. Parameter optimization of the soft glove. (a)
Actuator layout and optimization domains. (b) Kinematics
of the thumb. (¢) Workspace comparison of optimized
and randomly generated anchoring positions.
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Cardan joint with two DOFs, and the two rotary axes are per-
pendicular to each other, corresponding to flexion/extension
and abduction/adduction, decoupled from real thumb move-
ments. Unlike the other four digits, the flexion/extension
axis of the thumb’s CMC joint is not parallel to the palm but
is angled according to anatomical studies (a divergent angle
of 30°, followed by a spin angle of 45°),***! as shown in Eq.
(1). Variables for these two DOFs are denoted as 0, and 0,.
Meanwhile, the metacarpophalangeal (MCP) and interpha-
langeal (IP) joints are modeled as rotation joints, each with
one DOF, represented as 05 and 0, respectively. The lengths
of the three phalanges are represented as I3, l34, and I4p
sequentially. The distance between the fixed point C and the
MCP joint is denoted as /3.

Under these assumptions, we can represent the coordi-
nates of the thumb tip with respect to the base coordinate
system through Denavit-Hartenberg theory** and homoge-
neous coordinate transformation matrices. The specific trans-
formation matrices are detailed as follows:

0 —sin30° cos30° 0] [ cos45° 0 sin45° 0
baserp _ 0 cos30° sin30° 0 0 1 0 O
U . | 0 0 O} | —sind5° 0 cos45° 0
0 0 0 1] O 0o 0 1
(h
cosf; —sind; 0 0 0 0 10
o sinf; cosf; 0 O 7 —sinf, cosf, 0 O
=10 0 1 0{2 | —cosh, —sinf, 0 0
0 0 01 0 0 01
0 0 10 cosfy sinfy 0 O
ZT: —sin03 COS@3 0 123 3T: —sin94 COS@4 0 l34
3 —cosf; —sinfz 0 0 |4 0 0 10
0 0 01 0 0 01
(2a)-(2d)

Thus, the position of the thumb tip, denoted as P, can be
expressed as

0
P={“TIT T3T T l‘(‘)” 3)
1

Similarly, the fixed point C can be denoted as

0
Pe="beeTiT T 2T %C “)
1

Optimization and results. We aim to find a set of anchoring
positions of the X-PAMs (A;—A53) to maximize the thumb tip
workspace. To further define the workspace of the thumb tip,
a projection-based convex hull method is conducted with
the following steps. With a specific group of joint angles of
the thumb, the vector 0 is expressed as
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01 =0, 0, 05 04] (5)

Thereby, we yield the position of the thumb tip (point P)
and the fixed point C according to Egs. (3) and (4), presented
as

PY=fp(8) (©)

P =fc(0) 7

We traverse the ROM of the four joint angles, attaining
the point set reachable by the thumb tip as

Sp={{PD. P PO 1PV =f P)=fo € C.0 € O}
3)

where C and © represent the constraint conditions for the
actuator lengths and joint angles, respectively: (i) The
lengths of the four thumb actuators (L;) must remain within
the designed stroke range, customized for the subject’s hand
(see Fig. 2a and Table 1). (ii) The ROM of the four joint
angles is within the constraints of human physiology
(Table 2).**** We quantify these constraint conditions as

C:{PC|L/< S [kamin’kamax],k: 1’2’3a4} (9)

@:{0|016 [glfminsglfmax]»l:]’25374} (]0)
We then project the point set Sp onto three orthogonal
planes of the Cartesian coordinate system, as illustrated in
Figure 2b. The projected point sets are
Sp; =projii(Sp),i.j E{X.Y.Z},i # ] (11)
We calculate the convex hull areas for each Sp,.j.45 The
sum of these three areas is set as the optimization objective
function, which is

i#j
g(A1,A2,A3) = Area(ConvexHull(SpU))
ije{X.¥,2}
(12)

Due to the planar assumption of the dorsal and palmar
sides of the hand, the optimization domains of A;—Aj3 are rec-
tangular areas parallel to the XY plane, while A, is fixed rela-
tive to the glove at (30, 85, 0), as indicated in Table 3. These
areas are distant from the CMC joint of the thumb, thereby
remaining approximately planar during thumb motions. The
selections of the optimization domains simultaneously
ensure that the thumb actuators are all mountable on the

TaABLE 2. ROM oF Four JOINT AéIl\g(zLIZES BASED oN HuMAN
PHYSIOLOGY "

0, 0, 03 04
O ind® 0 0 0 0
O mand® 40 45 50 80

ROM, range of motion.
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TABLE 3. OPTIMIZATION DOMAINS OF ANCHORING
PosITIONS
A, A, A; Ay
X/imm [60, 100] [30, 70] [30, 80] 30
Yimm [-40, —10] [-35, —-15] [45, 65] 85
Zlmm 25 0 0 0

glove without interfering with each other. The constraints of
the anchoring positions are expressed as

Ak S {(X,Y,Zk) |xk7min S X S Xk — maxs Yk — min S y

SYk—max}ak:1’2>3’4 (13)

Additionally, the phalange lengths are fixed values meas-
ured from the subject: l,3 = 43 mm, l34 = 36 mm, l4p =
37 mm, and /3 = 27 mm. It should be noted that the hand
dimensions necessitate re-measurement for different sub-
jects, including determining the phalange lengths and the
optimization domains (A;-Ay).

We then employ the Particle Swarm Optimization (PSO)
algorithm in MATLAB (MathWorks Inc., USA) to calculate
the anchoring positions that maximize the workspace. Tak-
ing all the above conditions into account, we determine the
optimal anchoring positions to be A; (80, —40, 25), A, (38,
=35, 0), and A5 (30, 45, 0). In addition, the results show that
the optimal positions of A, are distributed across a certain
region. To prevent the actuator from being too close to the
palm and impeding full-hand grasping, the most distal posi-
tion is selected. Subsequent trials confirm that the position-
ing of the actuators does not interfere with grasping.

To validate the effectiveness of the optimization, we gen-
erate three additional groups of anchoring positions for the
X-PAMs randomly and compute their optimization function
values (Table 4). Their corresponding thumb tip workspace
configurations are shown in Figure 2c¢, compared with the
optimized group. The results indicate that the positions opti-
mized by the PSO algorithm significantly enhance the thumb
workspace.

Workspace of the Thumb with Glove Assistance

We apply the above optimization method to guide the
design of the high-DOF fabric-based soft glove. To evaluate
the glove’s performance in replicating human thumb move-
ments, we conduct a comparative analysis of the passive and
active workspace of the thumb tip. This comparison also val-
idates the optimization.

Experimental setup and methods

We deploy a 3D optical motion tracking system (Prime
13, OptiTrack, USA) to measure the workspace of the thumb
tip. The experimental setup is depicted in Figure 3a. Meas-
urements are conducted with and without the glove actuated
under identical conditions. A total of five cameras are uti-
lized to minimize the risk of missing markers. During test-
ing, the subject sits comfortably at the desk, with the elbow
and part of the wrist secured in a jig, using nonelastic Velcro
straps to prevent any wrist movement. The forearm and wrist
are consistently positioned, with the thumb oriented upward.
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Two reflective markers are attached to the glove, with one
located at the thumb tip and the other adjacent to the CMC
joint to mark the origin (Fig. 3b). Informed consent from the
subject is obtained.

The process for measuring the thumb’s active workspace
without glove actuation involves three steps (Fig. 3c): (i)
with the MCP and IP joint fully extended, the CMC joint
rotates to allow the thumb tip to trace the largest circle,
denoted as Set I. (ii) With the MCP and IP joint in maximum
flexion, the CMC joint rotates to trace another large circle,
denoted as Set I1.%¢ (iii) The thumb moves randomly within
a 60-s time limit to generate a dense point set, denoted as Set
III. The sampling frequency is 20 Hz, and these three point
sets are combined to determine the active workspace.

Subsequently, the thumb’s passive workspace is obtained
by actuating the soft glove with a predefined air pressure
sequence. This test involves six air chambers, four from the
actuators for thumb opposition/reposition and abduction/
adduction and two from the bidirectional FPA for thumb
flexion/extension. The pressure sequence consists of two
parts: (i) pressure combinations assigned to six chambers by
traversing all possibilities under three pressure levels (0, 50,
and 100 kPa) and (ii) supplementary combinations at the
limit positions of thumb movement (i.e., the edges of the
achievable space). This part is achieved by varying the pres-
sures of CA; and CA, from 0 to 100 kPa in increments of 10
kPa while maintaining the thumb in full extension and
abduction. This approach enhances the accuracy of the con-
vex hull area computation. To reduce the influence of invol-
untary muscle activation, the tests are repeated three times
with a rest interval imposed after each trial.

Results

Workspace comparison of active thumb motion and pas-
sive actuation in the 3D view is demonstrated in Figure 3d.
We apply an identical method to calculate the projected
workspace, as described in the optimization process. The
results of the projected workspace are shown in Figure 3e,
demonstrating that the thumb, assisted by the soft glove, can
cover 70.3+1.1%, 76.3+1.5%, and 63.7 +£5.0% of the active
workspace on the XY, XZ, and YZ planes, respectively. The
calculation of these ratios during passive actuation excludes
points (i.e., the yellow points in Fig. 3e) that exceed the
active workspace. Despite the removal of these points, the
glove covers a substantial portion of the active workspace
and has a considerable impact on assisting the thumb in
moving through a sufficiently large space.

Validation of Application Performance

Mirror control system

To validate the practical performance of the optimized
soft glove in assisting hand movement and grasping, we
implement a mirror actuation control strategy. This approach
involves capturing the movements of the contralateral hand
as input signals to precisely control the glove-assisted hand
via a pneumatic system, enabling the desired gestures.
Because we connect the three finger abduction actuators in
parallel, a total of 15 air channels are required, correspond-
ing to the 15 DOFs of the glove. While high DOFs increase
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the complexity of pneumatic control, vision-based capture
technology mitigates the strain sensor placement challenges
caused by DOF coupling, improving stability.

The control system setup is illustrated in Figure 4. We uti-
lize a vision-based motion capturing system (Leap Motion,
Ultraleap, USA) to collect joint position data from the contra-
lateral hand as the input. The open-source MatLeap interface
in MATLAB (MathWorks Inc., USA) enables us to receive
the data from the Ultraleap software program. The captured
joint positions are processed to derive phalange and palm
vectors, from which the joint angles are subsequently calcu-
lated. These angles are then mapped to the corresponding
pressure of each air channel, as shown in Table 5. For sim-
plicity and control stability, all mapping relationships are
defined as linear. Employing the motion capturing system,
we record the angular range of each DOF from the contralat-
eral hand and linearly map it to the required pressure range of
the corresponding actuator. Minor adjustments are made to
better ensure that the glove achieves a satisfactory reproduc-
tion of the contralateral hand’s movements (Table 5).

The calculated air pressure signals are sent via Ethernet
serial ports to a dSPACE control box (microLabBox 1202,
dSPACE, Germany), driving the pressure regulators to sup-
ply the designated pressures to the glove. The air compressor
(ED-0204, Eidolon, China) serves as the pressure source for
all channels. This system allows us to adjust the pressure
values in real time based on the captured hand gestures. The
system latency from joint position acquisition to gesture rep-
lication stabilizes within 0.7 s after sustained use.

Basic movement of each DOF

Through mirror actuation, the glove-assisted hand per-
forms a variety of basic movements, as demonstrated in
Figure 5 and Supplementary Movie S1. Each bidirectional
FPA can be actuated to present the flexed or extended state
independently, enabling a series of gestures, including hand
opening and closing (Fig. 5a). Three Y-shaped bladed FPAs
realize finger abduction, allowing adjustments to the envel-
oping space during grasping (Fig. 5b). Besides, the glove
supports independent thumb abduction/adduction and oppo-
sition/reposition (Fig. 5S¢ and d). The antagonistic relation-
ships of the thumb actuators enable the thumb to perform
circular motion around the CMC joint (Fig. 5e). The glove
further enables various compound gestures (Fig. 5f). Transi-
tions between the gestures are smooth, supported by the mir-
ror control strategy. The basic movements accomplished
above serve as compelling evidence for the effectiveness of
the soft glove.

Grasping and manipulation

We conduct a series of grasping and manipulation tasks to
assess the application capabilities of the high-DOF soft glove
(see Figs. 6-8, Supplementary Fig. S3, and Supplementary
Movie S2). Supplementary Figure S2 and Supplementary
Table S2 present the complete object set, along with the
corresponding dimensional and mass specifications. The
grasped objects are judiciously selected to exhibit pro-
nounced diversity in dimensions, weights, geometries, stiff-
ness, and surface texture. As demonstrated in Figure 6 and
Supplementary Figure S3, the test set contains geometric
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TABLE 4. COMPARISON OF RANDOMLY GENERATED AND OPTIMIZED ANCHORING POSITIONS

x,y) A /mm Ax/mm Asz/mm Function value/mm*
Random I (85.29, -37.07) (35.08, -16.73) (70.74, 63.12) 6009.63
Random II (60.30, —10.88) (68.30, —-15.70) (43.92, 55.94) 19983.78
Random IIT (93.97,-11.98) (56.23, -34.29) (69.61, 64.19) 9819.80
Optimized (80, —40) (38, -35) (30, 45) 25350.82

items from the Action Research Arm Test,47 such as wooden
blocks of different dimensions (2.5 cm and 7.5 cm), a
wooden ball (®7.5 cm), and steel tubes (®1 c¢cm, shown in
Fig. 7b, and ®2.25 cm). For irregular and deformable objects
relevant to ADLs, we accomplish grasping a hand model, a
flexible milk package, and a bunch of artificial grapes.
Through mirror control, appropriate gestures are adopted to
grasp geometrically extreme objects, for example, pinching a
slender flower and laterally gripping a thin disc. Moreover,
we can pick up and hold a pen with a writing tripod gesture.
Figures 7 and 8 further highlight the glove’s versatility in
gripping objects with multiple gestures and performing
manipulations. As illustrated in Figure 7a, the glove can
assist in gripping a steel bowl using both envelope grasping
and edge pinching. When grasping a thin steel tube with a
small diameter (1 cm), the soft glove performs a variety of
grasping and pinching motions. Figure 7b displays scenarios
where the glove is utilized for a full grasp with the thumb

Customized
Pressure
Regulator

Cameras

active motion
active motion-convex hull

aclive motion
= passive actuation

Projection on the xy-plane

-0.05 0
xim

0.05

+ passive actuation(inside)

extended, along with two-finger pinching using the thumb
and the other three fingers separately. Additionally, the com-
prehensive integration of multiple actuators enables the soft
glove to execute the entire procedure of picking up a thin
card from a flat surface (Fig. 7¢).

To further demonstrate the glove’s capability for fine
manipulation, we rotate a silicone ball with three fingers
both clockwise and counterclockwise (see Fig. 8 and Supple-
mentary Movie S3). The rotation consistently achieves an
angle of approximately 60°, as shown in Figure 8a. The
recorded control pressure sequences confirm that the pneu-
matic system effectively adjusts the pressure of the corre-
sponding chambers through mirror actuation. As illustrated
in Figure 8a, the primary DOFs involved in this task are
thumb opposition/reposition and flexion/extension, while the
index and middle fingers mainly provide passive support,
resulting in minimal variations in the pressure sequences of
their corresponding actuators.
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passive actuation-convex hull(inside) I
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FIG. 3. Workspace of the thumb with a high-DOF fabric-based soft glove. (a) Experimental setup. (b) The arrange-
ment of markers. (¢) The active moving trajectory of the thumb with pneumatic actuation OFF. (d) Workspace compar-
ison of active thumb motion and passive actuation in the three-dimensional view. (e) Workspace comparison of active
thumb motion and passive actuation projected onto three orthogonal planes.
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FIG. 4. Control system of mirror actuation of the soft glove.

During the task, three electrodes are attached to the skin
after it is cleaned with alcohol pads. The electrodes are
placed over the abductor pollicis longus, extensor pollicis
longus, and flexor digitorum superficialis to monitor muscle
activity using an electromyography (EMG) system (Trigno
Wireless EMG System, DELSYS Inc., USA), as shown in
Figure 8b. To extract the EMG envelope, a sequential signal
processing pipeline is employed, including band-pass filter-
ing (0.1-500 Hz), 50 Hz notch filtering to remove power line
interference, full-wave rectification, and low-pass filtering at
5 Hz for signal smoothing.*® We compare the normalized
EMG amplitudes (relative to the subject’s maximum volun-
tary contraction, which is measured by exerting maximal
effort during contractions in the corresponding direction for
each muscle group) of both glove-assisted rotation and free-
hand active rotation (i.e., without glove assistance). Under
glove assistance, the EMG amplitudes of the extensor polli-
cis longus and flexor digitorum superficialis are significantly
reduced, with noticeable decreases in signal fluctuations

compared with freehand active rotation, indicating that the
subject does not exert active force. The reduction in the
amplitude of the abductor pollicis longus is minimal, which
can be attributed to its deep anatomical location, with the
signals partially obscured by the overlying extensor
digitorum.

To summarize, the soft glove demonstrates satisfactory
performance across a wide range of grasping and manipula-
tion tasks, effectively handling objects spanning from large,
rigid items to small, delicate, and flexible objects. These
grasped items vary significantly in size (0.1-11.5 cm), mass
(1.7-500.0 g), and geometry, with the aspect ratios (i.e., the
ratio of the longest to shortest dimensions of the object)
ranging from 1.0 to 200.0, demonstrating the broad applic-
ability of the glove. Moreover, the achieved grasping ges-
tures embody a variety of human grasp categories, including
cylindrical and spherical grasps within power grasps, as well
as pinch and tripodal grasps within precision grasps.*® Fine
manipulations, such as rotating a silicone ball, highlight the
dexterity of the thumb assistance.

TABLE 5. MAPPING OF JOINT ANGLES AND AIR PRESSURES

Actuator Function

Pressure—angle relationships/kPa-°

Thumb flexion
Thumb extension

FPAs for flexion/extension

Index, middle, ring, and little finger flexion
Index, middle, ring, and little finger extension

Abduction actuators Finger abduction

X-PAM (CA,) Thumb opposition
X-PAM (CA,) Thumb reposition
X-PAM (CA3) Thumb adduction

Abduction actuator (CA,) Thumb abduction

p=—20+20mcp+1p

p =100 —20ycp+1p

p= —20+ Omcp 1 pip+ DIp

p =100 — Oucp + pip + Dip

p=— 5+ 20ﬂngerabduction

p=— 20+ %(;) (()opposition - 30)
p= 100 — % (Hopposirion - 30)
pP= 100 — 2~5(9thumb abduction — ]O)

100
W (Qopposition - 30)

P=— 40 + 4(0thumh abduction — 20)*

*Note: If Oypposiion > 70°, p = —20 kPa. This is for avoiding interference during the thumb opposition movement.
FPA, fabric-based pneumatic actuator; X-PAM, X-crossing pneumatic artificial muscle.
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FIG. 5. Basic movements with a high-DOF fabric-based soft glove by mirror actuation. (a) Five bidirectional FPAs
enable the independent flexion/extension of each finger. (b) Three Y-shaped bladed FPAs realize finger abduction. (¢)
CA; and CA, facilitate thumb abduction/adduction. (d) CA; and CA, implement thumb opposition/reposition. (e)
Thumb actuators enable the circular motion of the thumb around the carpometacarpal (CMC) joint. (f) Integrated actua-

tion realizes compound gestures.

Discussion and Conclusion

Focusing on enhancing the dexterity of soft gloves, we
present a high-DOF fabric-based soft glove with 15 DOFs in
total. The glove incorporates three classes of actuators to
achieve the intricate movements mimicking the human hand.
By introducing X-PAMs and optimizing their positioning
based on the kinematics of the thumb, the glove implements
omnidirectional thumb movements. According to the experi-
mental results, the passive workspace of the thumb tip can
reach approximately 70% of the active workspace of a
human hand, significantly improving thumb assistance.
Moreover, our glove features finger abduction actuation,
which enhances the enveloping space during grasping.

Through mirror actuation, the glove demonstrates independ-
ent control over each of its 15 DOFs and executes complex
compound gestures with smooth transitions. During grasping
tests, the glove facilitates the grasps of objects with various
properties and realizes fine manipulation, supporting both
power grasps and precision grasps. The high-DOF soft glove
showcases its versatility in assisting hand movements and
grasping across a wide spectrum of applications.

The presented soft glove distinguishes itself from prior
designs due to its high DOFs, especially the decoupled
actuation of thumb movement, and its optimization method
of actuator positioning. Typically, elastomer-based gloves
can achieve thumb opposition via a segmented pneumatic
chamber design. Polygerinos et al.'> employ an actuator that

mass
-

‘hand model

(ooden block

tripod

w
stiffness

”

artificial

lateral power grasp

FIG. 6. Grasping objects with designated gestures. The selected objects span a broad spectrum from lightweight to

heavy and from compliant to rigid.



10

a sleel
by n

! | ™

edge pinching

full grasp

FIG. 7. Grasping with various gestures and manipulat-
ing objects. (a) Grasping a steel bowl. (b) Grasping a
steel tube. (¢) Picking up a thin card.
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bends and twists around the thumb CMC joint, facilitating
grasp assistance. While the glove affords effective opposi-
tion motion and simplifies control, coupling thumb flexion
with opposition constrains both the workspace and dexterity.
Compared with elastomer-based gloves, fabric-based gloves
are more lightweight and flexible. Supplementary Table S1
compares our glove with prior representative fabric-based
gloves in actuator design, force output, and grasping capabil-
ities. Although prior works excel in distinct aspects, the pre-
sented glove exhibits remarkable advantages in high DOFs
and dexterous thumb assistance. Moreover, rather than a but-
ton interface typically used for intention control, our mirror
control system frees actuation from fixed modes and modu-
lates each finger’s motion in real time, accommodating
diverse grasping scenarios.

However, certain limitations remain at this stage. To pre-
serve architectural simplicity, sensors are omitted from the
glove. Consequently, the open-loop control scheme increases
the angular offset between the glove and the contralateral
hand. Alternatively, the high-DOF characteristic of the glove
renders a bulky control system, and the spatial arrangement
of multiple actuators enlarges its profile, restricting the
glove’s home-based applicability and its usage in confined
spaces. Besides, user variability in hand dimensions and kine-
matics necessitates a customized design to achieve optimal
performance, thereby compromising universality. To demon-
strate the glove’s assistive efficacy across an expanded user
cohort, experiments encompassing both healthy and impaired
subjects are imperative in the future.

In conclusion, our high-DOF fabric-based soft glove rep-
resents a significant advancement in providing dexterous
hand movement assistance. Future work will focus on: (i)
reducing the glove’s profile and integrating a more compact
control system to improve portability and usability; (ii)
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FIG. 8. Rotating a silicone ball (®4.3 cm, 49.3 g) clockwise and counterclockwise. (a) The rotating process and the
corresponding control pressure sequence of the primary actuators. (b) The distribution of electromyographic electrodes
on the skin and the EMG signals with and without the soft glove. Note: ®-Characteristic diameter. EMG, electromyog-

raphy; MVC, maximum voluntary contraction.
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augmenting the pneumatic response speed by enhancing
hardware performance and refining the system design; (iii)
optimizing the kinematic model by accounting for factors
such as soft tissue deformation, expanding the selection of
parameters to be optimized, and further improving the work-
space; (iv) introducing sensors on the soft glove and apply-
ing a closed-loop control to enable precise angle mirroring;
and (v) deploying the soft glove for patient trials to improve
its usage effectiveness and user experience.
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