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Abstract Soft actuators with programmable shape morphing and high stiffness variation are highly demanded in soft
wearable applications. However, existing methods often struggle to achieve both capabilities simultaneously. Inspired by
bulliform cells, we present a class of fabric-based cellular pneumatic actuators (FCPAs), capable of simultaneous shape
morphing and stiffness variation (over 420-fold). The FCPA comprises a fabric shell embedded with fabric air chambers: the
fabric shell provides geometric constraints to determine target shapes, while the air chambers function as discrete stiffness-
tuning elements. A theoretical model is developed to guide the analysis and design of FCPAs, with model predictions agreeing
well with experimental results. As a result, we can design and fabricate FCPAs with programmable shapes (such as “S”, “W”,
and “R” shapes) and high load capability (> 5 kg). By customizing the FCPAs, we further develop a soft wearable robot for
shoulder abduction assistance and validate its effectiveness on a mannequin and a human subject. These results showcase the
unique features of our FCPAs and their huge potential in soft wearable applications.
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1 Introduction

Soft wearable robots (SWRs) present an emerging assistive
technology designed to support manual workers and re-
habilitate patients with mobility impairments [1-5]. Powered
by soft actuators, SWRs offer significant advantages over
rigid exoskeletons, including safer human-robot interaction,
lighter weight, and lower cost [6—8]. To ensure effective
assistance and comfortable wearability, SWRs are expected
to (1) provide sufficient forces in activated/rigid state, (2)
maintain mechanical transparency in deactivated/flexible
state, and (3) conform to human body profiles to distribute
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interaction forces. One key challenge in meeting these re-
quirements is designing soft actuators with programmable
shape morphing and high stiffness variation.

Programmable shape morphing has been extensively ex-
plored in stimuli-responsive materials and pneumatic soft
actuators, leveraging their biomimetic deformations and high
scalability. In stimuli-responsive systems, smart materials
such as liquid crystal elastomers, shape memory polymers,
and hydrogels are typically fabricated into patterned bilayer
or multilayer architectures to achieve out-of-plane de-
formations [9-11]. Pneumatic soft actuators, on the other
hand, employ strategies that include designing the arrange-
ment of strain-limiting components (e.g., fibers and patches)
[12-14], programming the routes or orientations of air
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chambers [15,16], and gradually changing the wall thickness
[17,18]. However, since these soft actuators primarily consist
of soft, stretchable materials, they exhibit low structural
stiffness at target shapes, which limits their applications in
high-load-bearing scenarios.

In tackling these challenges, various variable-stiffness
methods have been proposed, such as vacuum jamming
(granula, fiber, and layer-based) [19,20], mechanical inter-
locking [21,22], antagonistic actuation [23,24], and the use
of low-melting-point alloys [25,26]. Generally, variable-
stiffness mechanisms are integrated with soft actuators
(embedded or parallel) and change overall structural stiffness
once soft actuators morph into desired shapes. While such
integrations enable separate control of shape morphing and
stiffness variation, they also result in bulky configurations
and require complicated control systems. Moreover, variable-
stiffness mechanisms may impede the motions of soft
actuators.

To achieve simultaneous shape morphing and stiffness
variation, one promising strategy is to design and fabricate
inflatables with flexible yet minimally stretchable materials
[27-31], such as thermoplastic polyurethane (TPU)-coated
fabrics. Recent programmable design methods include
shaping the pneumatic channels of inflatable fabric beams
with hydrosoluble molding [32] and transforming the
straightening of simple fabric chambers into desired de-
formations with X-crossing or lattice structures [33,34].
Another strategy is to assemble rigid or semi-rigid discrete
elements under vacuum pressure or tensioned wires [35-37].
Such designs have also demonstrated effectiveness in robotic
assistive interfaces [37]. Despite these cumulative advances,
designing fully soft actuators that exhibit high performance
in shape morphing, stiffness variation, and load capacity
remains a significant challenge.
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In this work, we present a class of fabric-based cellular
pneumatic actuators (FCPAs) capable of simultaneous shape
morphing and stiffness variation, and demonstrate their ap-
plications in SWRs. Inspired by bulliform cells (Figure 1(a)),
which regulate reversible leaf rolling by changing their vo-
lume through turgor pressure [38,39], we design the FCPA
by embedding fabric air chambers into a fabric shell with
multiple through-holes (Figure 1(b)). The through-holes
mimic the four-walled architecture of bulliform cells (in
cross-section view), while the air chambers replicate the
turgor-driven volume change. When the air chambers are
pressurized, the FCPA morphs and stiffens, similar to leaf
unrolling. We establish a model for analyzing the perfor-
mance of individual units and the kinematics of FCPAs, with
theoretical results consistent with experiments. Guided by
the model, we can design and fabricate FCPAs with pro-
grammable shapes, such as “S”, “W”, and “R” shapes. Me-
chanical characterizations (three-point bending and tensile
tests) reveal that the “1” shaped and “S” shaped FCPAs can
achieve more than 420-fold stiffness tuning and 5 kg load
capacity. These properties endow FCPAs with great potential
in soft wearable applications, such as a soft exosuit that
conforms to the human body profiles and assists in lifting the
arm effectively (Figure 1(c)).

The remainder of the paper is organized as follows. Sec-
tion 2 illustrates the design, working principle, and fabrica-
tion process of FCPAs. Section 3 describes the modeling of
FCPAs, focusing on the unit bending deformation, unit
bending stiffness, and kinematics of multiple units. Section 4
first reveals the influences of parameters on the performance
of units, combining theoretical and experimental results.
Then, various FCPAs and an exemplary application for
shoulder assistance are developed. Section 5 concludes this
work.
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Figure 1 (Color online) Bioinspired design and application of the fabric-based cellular pneumatic actuators (FCPAs). (a) A cross-section of mono-
cotyledonous leaves shows the structure of bulliform cells; (b) structure and working principle of the FCPA; (c) application of the FCPA in a soft wearable

robot for shoulder abduction assistance.
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2 Design and fabrication

2.1 Design and working principle

The FCPA comprises a fabric shell with multiple through-
holes and several embedded fabric air chambers (Figure 2(a)).
All the components are constructed from highly flexible yet
minimally stretchable woven fabrics (Figure 2(b) and (c)).
The fabric shell defines the target shapes through geometric
constraints, while the air chambers modulate structural
stiffness by adjusting their internal pressure. When deflated,
the FCPA is ultra-flexible and foldable, due to its all-fabric
construction. When inflated, it morphs into desired shapes
with enhanced structural stiffness (Figure 2(d)).

To illustrate the working principle of FCPA, we consider a
unit composed of a fabric shell segment with one through-
hole and an embedded air chamber. The fabric shell segment
features a four-walled structure, with lateral walls of height
H and bottom and top walls of lengths L, and L,, respectively
(Figure 2(a)). Upon inflation, the air chamber expands and
stiffens, supporting the four-walled fabric shell segment. As
shown in the actuator cross-section in Figure 1(b), the bot-
tom and top walls tend to bulge into circular arcs to max-
imize internal volume, while the lateral walls tend to
straighten due to the constraints imposed by adjacent units.
When L, and L, are of different lengths, the unit undergoes
bending deformation. Consequently, the overall shape
morphing of the FCPA can be programmed by tuning the
geometric parameters (H, L, and L,) of individual units, as
will be modeled in the next section.

Fric shell

Fabric air chamber
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To ensure that the air chambers fully support the fabric
shell, the flat width of each chamber, W, (Figure 2(c)), is
designed as W, = (2H+L,+L,+5mm)/2. For fabrication
convenience, we keep the sum of L, and L, as a constant 2L
(i.e., L; + L, = 2L) and the H as another constant, so that all
air chambers within one FCPA share identical dimensions.
Moreover, the width of FCPA, W (Figure 2(a)), is set as
80 mm in this work.

2.2 Fabrication

Fabric materials with high elastic moduli and thin thickness
are ideal for fabricating the FCPAs. In this work, we em-
pirically choose the TPU-coated 70D Nylon woven fabric
(0.22 mm, Jiaxing Yingcheng Textile Co., Ltd.). The elastic
modulus of this fabric is approximately 88 MPa (weft) and
185 MPa (wrap). The fabrication process of an FCPA in-
cludes the following steps.

(1) Material preparation: The TPU-coated 70D Nylon
woven fabric is laser-cut into patterned sheets (D—(), and
the non-stick baking paper (0.05 mm, Foshan Nanhai Weiji
Kitchen Utensil Co., Ltd.) is laser-cut into patterned sheets
@ (Figure 2(b) and (c)).

(2) Fabric shell fabrication: First, we heat-press (200°C,
5 s) each pair of fabric sheets (D and @ using a handheld
acrylic bending machine (Type A, Jinan Hongyang CNC
Machinery Co., Ltd.) to form an I-shaped rib. This process is
repeated as needed to fabricate multiple ribs. Then, we heat-
press the lower ends of these ribs to the fabric sheet @.

Deflated

Inflated

(©) (d

Figure 2 (Color online) Detailed structure and fabrication of the FCPAs. (a) The FCPA consists of a fabric shell with multiple through-holes and several
fabric air chambers. The fabric shell determines the programmable shape morphing, while the fabric air chambers are inserted into the shell to tune its
stiffness. (b) Fabrication process of the fabric shell; (c¢) fabrication process of the fabric air chambers; (d) the completed FCPAs are ultra-flexible when
deflated, while transforming into target shapes with high stiffness when inflated.
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Finally, we heat-press the upper ends of these ribs to the
fabric sheet 3), forming a fabric shell with multiple through-
holes (Figure 2(b)).

(3) Air chamber fabrication: For each air chamber, first, we
align fabric sheet &), baking paper (), and fabric sheet 6 in
turn and heat-seal (180°C, 30 s) the margin with a heat-press
machine (38 cmx38 cm, Yiwu Hexin Digital Technology
Co., Ltd.). Then, we assemble the air connector from the
inside with glue and cut off the extra baking paper. Finally,
we heat-seal (200°C, 5 s) the remaining margin near the air
hole with a handheld acrylic bending machine to complete an
air chamber. This process is repeated as needed to fabricate
multiple air chambers (Figure 2(c)).

(4) Final assembly: For each through-hole on the fabric
shell, we insert an air chamber and bond the chamber's
connecting area to the top wall via heat-pressing. This en-
sures secure embedding of the air chamber within the fabric
shell, preventing relative displacement. We repeat this pro-
cess in turn to complete the assembly.

3 Modeling

In this section, we present a theoretical model that predicts
the performance of individual units and the kinematics of
multiple units, guiding the design of FCPAs in terms of
shape morphing and structural stiffness. The following as-
sumptions are made: (1) the fabric material is non-stretchable
and has negligible thickness and flexural rigidity; (2) the
cross-section of FCPA is uniform across its width; (3) for
all units, the lateral walls are straight while the bottom
and top walls bulge into circular arcs upon inflation
(Figure 3(a)).

3.1 Force balance equation system

Considering the geometric symmetry, we perform a force
analysis on half of the unit (Figure 3(b)). Three external
forces act on the half-unit: the actuation pressure P, the
tension on the bottom wall 7', and the tension on the top wall
T,. The horizontal and vertical force balance yields

T2+T1:PHcosocz—0+R2 l—cos% +R, l—cos%”, (1)
. 0 . a .0
PstmT2 = P[HsmT0 +R]sm71], (2)

where Ry, Ry, 61, 6,, and a, represent the radius of the bottom
wall, radius of the top wall, central angle of the bottom wall,
central angle of the top wall, and force-free bending angle of
the unit, respectively. By balancing the torque resulting from
Ty, T,, and P with respect to the midpoint of the axis of
symmetry C1-C2, we can obtain
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Figure 3 (Color online) Modeling of the FCPAs. (a) The evolution of the
cross-sectional geometry of FCPAs before and after inflation. The yellow
line indicates one unit of the FCPAs. (b) Deformation and force analysis of
the unit; (c) the kinematics of multiple units. The centerlines are calculated
to predict the shape morphing of FCPAs.
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Since the actuation pressure P can be also regarded as
acting along the C1-C2 axis, it generates no net torque.

Egs. (1)—(3) constitute the force balance equation system.
The intermediate variables (77, T, R, R,, 6, and 6,) are
mutually coupled. Following Laplace’s law for membranes,
the induced tensions (7} and 73) and curvatures (R; and R,)
are related to the actuation pressure P as

5

P=g =% 4

==

Since the fabric is non-stretchable, the wall radii (R; and
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R,) and the central angles (6; and 6,) are related to the wall
lengths (L, and L,) as

RiO;=L), Ry0,=1L,. (5)

3.2  Unit bending deformation

We describe the bending deformation of the unit with two
parameters: @, and the centerline length S, which can be
solved from the force balance equation system. Combining
eqs. (3) and (4), we find that the tensions and radii of the
bottom and top walls are identical:

L=1, R =R, (6)

Substituting eq. (4) into eq. (1) and simplifying eq. (2), we
get

Hcos%2 chosg +Rlcose
2 2 2” %
HsinZ 5 = stmez2 Rlsin%,

which reveals that the arc centers of the bottom and top walls
(O1 and 02) coincide. Combining egs. (5)—~(7), a can be
solved as

LZ_LI a0L2+L1
a=1 H [ZL =L,) Ll

0, Ll :Lz.

®)

To normalize the length, we introduce an asymmetry de-
gree ¢ to describe the difference between L, and L,

{Ll =(1-¢)L,

L,=(1+¢)L, ©)

where —1 <¢ < 1. Substituting eq. (9) into eq. (8), eq. (8) can
be written as

28[ ]cos[zo], “1<e<1&e#0, (10)

050:
0, e=0.

As the unit undergoes bending deformation, we define the
centerline as the arc centered at C, spanning between the
midpoints of the lateral walls (Figure 3(b)). Because O1 and
02 coincide and R; = R,, S can be calculated as

. (0 .
Rysin 7]+0;—0 sm[g—g]
S = P = eL——.ag £ 0. (11)
0 0
ta“[? ta“[?]

In the special case where ay = 0 (i.e., the lateral walls are
vertical), the previous expression becomes undefined. In this
case, S is instead given by

L
S= 2Rlsm[2R ] (12)
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H L
where R, satisfies 2R, cos[le]

3.3 Unit bending stiffness

To evaluate the bending stiffness, we consider the applica-
tion of an external torque M to the unit, which causes the
bending angle to vary from aq to a (Figure 3(b)). The force
balance egs. (1) and (2) remain valid and can be reduced to a
form involving two intermediate variables:

a _(1+e)L 0, (1—¢L 0

Hcos2 =0, cos— +791 oS, 03
Hsin® — (1+e)L in& (1-¢)L . . 0

Sty =7, S ", S

The torque balance eq. (3) should be rewritten as
W(L—-1, 0, 0
%H os2 +Ry| 1 —cos5*| +R)| 1 —cos 21] (14)

-M=0.

Substituting eqs. (4), (5), and (9) into eq. (14), M can be
expressed as
[1—e 2
o, |

Combining eqs. (13) and (15), there exists a mapping from
o to M:

ECI(13) (

1+¢ :
0,

LY
2|

M=

(15)

B 0,,0,) 2 M. (16)

Therefore, the theoretical M-a curves can be obtained
numerically based on eq. (16). For consistent comparison,
the bending stiffness of the unit K is defined as the average
slope of the M-a curve within the range ay £ 10°:

M(ay+10°)—M(og—10°
( 0 )200 ( 0 ) (17)

K=

3.4 Kinematics of multiple units

To describe the shape morphing of the FCPA with multiple
units, we employ a centerline-based kinematic model. As
illustrated in Figure 3(c), each node along the centerline is
characterized by a 2D pose (x;, y;, D;), where (x;, y;) denotes
the nodal position and @; represents the tangent angle with
respect to the X-axis.

For the i-th unit (with geometric parameters H, L, and g;),
the center coordinates C; can be derived from the preceding
(i—1)-th node’s pose:

Fhy (1)

i _ R(a,
kyu] ( - 1) Yi-1

where 7; = 0%"_ (ag; and S; are calculated based on egs. (10)
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—(12)). Here, R(®; ;) is the rotation matrix defined as

RO |50 o | (19)
The pose of the i-th node is then updated as

= -r@) O ko= @, - ay (20)

Yi| | Vei Ti

In the special case where ay, = 0, the pose of the i-th node is
directly given by

Xi

[J’t =R(P, )

J’_

S;
0

Xi-1
yi1];<15i =Q, . 2n
Beginning from the 0-th node (x(, yo, Do), the full center-
line configuration (x;, y;, @;) (for i = 1, 2, ..., n) can be
determined through iterative computation. This kinematic
model maps the geometric parameters H, L, and ¢; (i = 1, 2,
..., 1) to the final configurations of FCPAs, thereby providing
a platform for shape morphing design.

4 Experiments and results

4.1 Unit bending angle characterization

In this section, we investigate the influence of parameters on
the unit bending angles o (Figure 4(a)). According to
eq. (10), ay only depends on the geometric parameters (¢ and
L/H). The numerical results of eq. (10) are shown in
Figure 4(b), indicating that o, increases as ¢ and L/H in-
crease. To validate the model, we design and characterize
two groups of units: (1) units with varying ¢ (0-0.8) at a fixed
L/H =30 mm/25 mm, and (2) units with different L/H (0.83—
1.5, maintaining L + H = 55 mm) at a constant ¢ = 0.4. The
experimental setup is shown in Figure 4(a). We first secure
the lateral walls of the unit to two rigid fixtures and then
pressurize the air chamber to 50 kPa. The bending angle is
finally extracted through image processing. For each para-
meter set (g, L/H), three specimens are tested and averaged to

120
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reduce random errors. Figure 4(c) and (d) presents the ex-
perimental results, which are in agreement with the theore-
tical predictions. The results also demonstrate that a single
unit can achieve a bending deformation of up to 70°. No-
tably, within the typical fabrication ranges (|¢| < 0.8 and 0.8 <
L/H < 1.6), ay exhibits much higher sensitivity to ¢ than to
L/H. These results provide insights for designing the local
deformations of FCPAs.

4.2  Unit bending stiffness characterization

We next analyze the influence of parameters on the unit
bending stiffness K, which is characterized by measuring the
torque-angle relations. As shown in Figure 5(a), the experi-
mental setup includes an electric rotary mobile platform
(Y200RA100; Tai-Young Transmission Equipment Co.,
Ltd.), a torque sensor (TFF400; Futek), a smooth slide rail, a
2-axis mobile platform, and two fixtures. For a given unit,
the experimental procedure consists of installation and
measurement. Installation: secure the unit with the two fix-
tures, ensuring that its lateral walls remain straight; adjust the
2-axis mobile platform to align the unit coaxially with the
torque sensor; move the electric rotary mobile platform to the
force-free bending angle oy and reset the torque sensor.
Measurement: pressurize the air chamber to a constant
pressure; program the electric rotary mobile platform to ro-
tate from a to oy + 15° (or oy — 15°) at a speed of 0.25°s;
record the torque data at a sampling frequency of 50 Hz.
Based on the measured torque-angle relations, K can be
calculated based on eq. (17).

Our theoretical analysis indicates that K depends on the
actuation pressure P and the geometric parameters &, L, and
H. We first characterize the bending stiffness of typical units
(¢=0, L =30 mm, and H =25 mm) under different actuation
pressures. Three specimens are tested. Figure 5(b) shows the
measured torque-angle relations, which exhibit an approxi-
mately linear relationship between M and a. The corre-
sponding bending stiffness, shown in Figure 5(c), increases

80 . . T T 80 — . . T T
——Exp.
60 60 - Theo.
= 401 -]
S ./././.
20+ 1
=04
1 1 1 1 1 0_ | 1 1 1 1 1
00 02 04 06 0.8 08 10 1.2 1.4 16
€ L/H
(©) (d)

Figure 4 (Color online) Unit bending deformation. (a) Experimental setup for measuring the bending angles of the units; (b) the theoretical results of the
bending angles varying with the asymmetry degree ¢ and the ratio L/H; (c) the relationship between the bending angles and ¢; (d) the relationship between the
bending angles and L/H. All the error bars in this work represent the standard deviations.



Yang D Z, et al.  Sci China Tech Sci

Air tube
leture <

2-axis
mobile platform S
o)

I External torque M

Smooth sli erall

Exp. Theo. PR =
2l — ---- 0kPa
30 kPa
4| — = eokpa
= [ — - 90KkPa
E | — --120kPa
=
AF
g €=0
2F; L/H=12

15 10 5 0 5 10 15 0 30 60 90 120

Bending angle « (°) P (kPa)
(b) (c)
0.3 T T T T 0.3 T T T T
—@— Exp.
~02} Theo. | ~02} ]
E E
Nooql o, o1k ]
P =90 kPa P =90kPa
- €=0
0ol L/H=12 | 0ol )
00 02 04 06 08 08 10 12 14 16
€ L/H
(d) ©

Figure 5 (Color online) Unit bending stiffness. (a) Experimental setup
for measuring the torque-angle relations of the units. (b) Exemplary torque-
angle relations of the units under different actuation pressures. The bending
stiffness varies with (c) the actuation pressure P, (d) ¢, and (e) L/H.

from 0.001737 to 0.1733 N m/° (99.8-fold) as the actuation
pressure increases from 0 to 120 kPa. We then characterize
the bending stiffness of two groups of units with varying ¢ or
L/H at 90 kPa. For each parameter set (¢, L/H), three speci-
mens are measured. The results, shown in Figure 5(d) and
(e), indicate that K decreases as ¢ and L/H increase. Within
the typical fabrication ranges (|¢| < 0.8 and 0.8 < L/H < 1.6),
K is strongly influenced by L/H but minimally sensitive to €.
These findings support the accuracy of our model and offer
design guidelines for tuning the stiffness of FCPAs.

4.3 Performance of FCPAs

Among the geometric parameters, we conclude that the unit
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bending stiffness is primarily determined by L and H, while
the unit bending angles are mainly controlled by ¢. This
enables an approximately decoupled design approach for
FCPAs: (1) selecting appropriate L and H to meet applica-
tion-specific stiffness and dimensional requirements, fol-
lowed by (2) programming the asymmetry degree sequence
g (i =1,2, ..., n) to achieve target morphing shapes. To fa-
cilitate the design, we develop a MATLAB-based visuali-
zation tool that displays the final FCPA configurations for
any given input parameters (L, H,and ¢; (i = 1, 2, ..., n)). For
example, our FCPA design tool successfully achieves target
“S”, “W?”, and “R” configurations (Figure 6(a) and Table 1),
with the fabricated prototypes showing excellent shape fi-
delity (Figure 6(b) and Movie S1).

We also evaluate the stiffness variation capabilities of
FCPAs. For the “1” shaped FCPA (Table 1), three-point
bending tests (1 mm/s) are performed using a universal
testing machine (68SC-2; Instron). Experimental results
show that the compressive force increases from 0.19 to 81 N
(at 30 mm displacement) as the actuation pressure rises from
0 to 120 kPa, corresponding to a 426-fold stiffness variation
(Figure 6(c)). Similarly, for the “S” shaped FCPA, tensile
tests (1 mm/s) reveal an increase from 0.10 to 46 N (at
40 mm displacement) under the same pressure range,
equivalent to a 460-fold stiffness variation (Figure 6(d)). The
FCPAs exhibit greater stiffness variation capabilities than
single units. This difference arises because, in the unit
bending stiffness characterization, the rigid fixtures restrict
the deformation of lateral walls, which are free to deform in
deflated FCPAs. These substantial stiffness variations allow
the “1” shaped and the “S” shaped FCPAs to exhibit the
softness of fabric when deflated, yet become rigid enough to
bear or lift a load of over 5 kg when inflated (Figure 6(e) and
(f) and Movie S1). The results collectively demonstrate the
excellent performance of FCPAs in shape morphing, stiff-
ness variation, and load capacity.

4.4 Applications in soft wearable robots

To demonstrate the potential of FCPAs in soft wearable ap-
plications, we preliminarily developed a soft exosuit for
shoulder abduction assistance. Given the high torque re-
quirements of shoulder abduction, we set the FCPA para-
meters L and H to 25 and 30 mm, respectively (L/H = 0.83),
to enhance the structural stiffness in the activated state. To
match the profile beneath the human shoulder, the FCPA
adopts a three-segment configuration, where the two outer
segments straighten to conform to the torso and arm, while the
central segment bends to accommodate the axilla (Figure 7(a)
and Table 1). This anatomical compatibility helps distribute
interaction forces between the exosuit and the body, thus
improving wearing comfort. Additionally, the maximum
abduction angle is adjustable; here, it is set to 112° to cover
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Figure 6 (Color online) FCPAs with programmable shape morphing and high stiffness variation. (a) Programming the shape morphing of FCPAs based on
the kinematics of multiple units; (b) the fabricated FCPAs match the target shapes. Scale bar, 5 cm. (c) Experimental setup and results of the three-point
bending tests of the “1” shaped FCPA. (d) Experimental setup and results of the tensile tests of the “S” shaped FCPA. (e) Load-bearing capabilities of the “1”

shaped FCPA. (f) Load-lifting capabilities of the “S” shaped FCPA.

Table 1  Design parameters of the FCPAs in this work

Prototype L (mm) H (mm) g (@=1,2,..,n)
“S” shaped 30 25 0.4; 0.4; 0.4; 0.4; 0.25; —0.25; —0.4; —0.4; —0.4;, —0.4
“W” shaped 30 25 0; 0; 0; 0.7; 0.7; 0; 0, —0.7;, —0.7; 0; 0; 0.7; 0.7; 0; 0; O
“R” shaped 30 25 0; 0; 0; 0; 0; 0.5; 0.5; 0,5; 0.5; 0.4, —0.5; —0.5; 0; 0
“1” shaped 30 25 0;0;0;,0,0;0,0;,0;, 0, 0
Shoulder exosuit 25 30 0;0;0;0;0;,0.3;03;,03;0;, 0, 0, 0

the most frequent range of arm movement. For force trans-
mission, the FCPA is integrated into the exosuit by sewing
and buttoning it to a waistcoat and an arm strap (Figure 7(b)).

We first verify the soft exosuit on a mannequin with a
smooth spherical shoulder joint. Upon inflation, the FCPA
morphs into the target shape, abducting the mannequin’s arm
from its resting position (Figure 7(c) and Movie S2). Two
markers attached to the arm are tracked by a camera system
(Optitrack, Prime 13) to measure abduction angles. Under

120 kPa, the measured abduction angles reach 84°, 76°, and
69° when the mannequin holds additional loads of 0, 250,
and 500 g (Figure 7(d)), corresponding to assistive torques of
approximately 1.9, 3.3, and 45N m. We also test the
wearability of the soft exosuit on a healthy subject. The
subject can complete the donning process alone within 80 s,
move freely when unassisted, and passively abduct the arm
beyond 75° with assistance (Movie S2). These results vali-
date the effectiveness of our FCPAs in developing SWRs.
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Figure 7 (Color online) A soft exosuit for shoulder abduction assistance based on the FCPAs. (a) Customizing the FCPA based on the profile beneath the
human shoulder; (b) components of the soft exosuit; (c) verification on a mannequin. The soft exosuit assists in abducting the arm from its resting position.
(d) Characterization results of the shoulder abduction angle under varying actuation pressures and loads.

Table 2 Comparison of the FCPAs and other stiffness-tunable shape-morphing mechanisms

Reference Stiffness variation capabilities (-fold) Actuation Fully flexible materials?
[28] 130 Thermal-driven No
[31] N/A Positive pressure No
[33] ~2 Positive pressure Yes
[34] 53 Negative pressure No
[36] >350 Cable-driven No

This work >420 Positive pressure Yes

5 Conclusion

In this work, by mimicking the structural features of bulli-
form cells, we propose a class of fabric-based cellular
pneumatic actuators (FCPAs) that can achieve simultaneous
shape morphing and stiffness variation. The activated con-
figuration of the FCPAs is solely determined by their geo-
metric parameters, and their structural stiffness is widely
tunable by adjusting the actuation pressure. To facilitate the
FCPA design, we establish a theoretical model that predicts
local deformation and stiffness, as well as global kinematics.
Experimental results validate the model’s accuracy and de-
monstrate the excellent performance of the FCPAs in shape
morphing, stiffness variation, and load capacity. Unlike most
existing stiffness-tunable shape-morphing mechanisms, the
FCPAs are entirely composed of flexible materials while

achieving a remarkable stiffness variation of over 420-fold
(Table 2). These advantages make FCPAs highly promising
for effective and comfortable soft wearable robots, such as
the soft shoulder exosuit demonstrated in this work. How-
ever, we should mention that the current FCPA designs are
limited to 2D deformations. While the developed soft exosuit
leverages compliant pneumatic actuation for ease of im-
plementation, it relies on bulky pneumatic control systems.
Future work will focus on extending FCPA designs to enable
3D deformations, integrating portable and noiseless pneumatic
control systems, and systematically advancing FCPA-based
soft wearable assistive robots for real-world applications.
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