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1. Introduction

Recently, soft robots have attracted widespread interest
due to their irreplaceable functionalities in engineering
applications,[1–4] including intrinsically safe interactions with

the target in uncertain and dynamic
environments,[5–8] delicate manipulation
and precise navigation of objects,[9,10] and
actuation with multiple degrees of
freedom,[11–15] that are not achievable with
their rigid counterparts. These attributes
lead to the demand for new generations
of adaptive, reversible, and reconfigurable
soft actuators. Soft actuators have been
achieved with various mechanisms, includ-
ing cables’ tendon drive,[16,17] electrical
drive,[18,19] pneumatical drive,[20,21] etc.
Among those possibilities, pneumatic pres-
sure actuation is the most popular and low-
cost means to exert forces and perform
tasks with a soft body. The corresponding
soft pneumatic actuator is also known as
an elastic inflatable actuator (EIA).

Elastic inflatable actuation is generally
facilitated by inflating a sealed elastomer
chamber with controlled supply pressure.
The chamber internal structure and outer
surface is carefully designed to allow the

EIA to move or rotate along a prescribed path, such as bend-
ing,[22,23] twisting,[24] or extension/contraction.[25] To date, a vari-
ety of structural configurations, for instance braided-sleeved,[25]

fiber-reinforced,[26] or pleated,[27] have been embedded into the
EIA design. Once fabricated, however, the stiffness of the EIA is
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Pneumatic soft actuators possess relatively fast response, inherent high flexi-
bility, and achieve extraordinary shape morphing under large deformations.
Conventionally, the entire body of soft pneumatic robots needs to be designed for
specific applications. Herein, a soft pneumatic actuator design with structured
fabrics as actuator skins, which has high bending stiffness variation that can
accomplish multiple tasks and different deformation modes in a single body, is
proposed. By adjusting the structured skin, the developed soft actuator can be
tailored to achieve various deformations. It is experimentally shown that the
bending stiffness of the actuator can be adjusted from 108 to 5654 Nm�1. The
blocking force of the actuator in bending is comparable with that of conventional
fabric-reinforced pneumatic actuators, while the actuator skins are reusable and
programmable. In application, the actuators are used to construct a bionic soft
gripper with multiple degrees of freedom. By switching between three grasping
modes, the gripper successfully fulfills a series of tasks including lifting weights
up to 1 kg and grasping objects ranging from a grain of grape to a large iron basin.
This work opens up an avenue for designing structured skins for pneumatic
robots with programmable deformation modes and versatile functions.
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usually fixed, and the deformation mode of the EIA only follows
the predesigned path. Consequently, pneumatic soft robots can
only perform one or a small number of tasks in a minimal range.
In the future, it is likely that robots will be required to change
tasks regularly, setting stronger requirements on stiffness vari-
ability and deformation mode reconfigurability.[16,28] Moreover,
robots may need to provide adaptable bending stiffness and force
to different target objects with different surface pressure endur-
ance, particularly for soft and heavy objects. Therefore, it is
imperative to develop a highly versatile and adaptable EIA with
tunable mechanical properties.

Structured fabrics, such as woven sheets and chain-mail struc-
tures, typically show high conformability and shape adaptability
which result from their intrinsically soft constitutive material or
interlocking structural configuration.[29–32] A recent study has
revealed that the stiffness of chain-mail-based structured fabrics
manufactured by selective laser sintering 3D printing could be
adjusted by application of a magnetic field.[33] Moreover, structured
fabric, consisting of 3D particles arranged into layered chain mails,
can make use of the principle of the jamming phase transition to
achieve a tunable bending modulus.[31] When exerting a pressure
on the boundaries of the chain-mails, the adjacent particles would
jam and switch from a soft to a rigid state. Chain-mail-based fabrics
with tunable mechanical properties undoubtedly provide routes
toward lightweight, tunable, and adaptive soft robots, with potential
applications to wearable exoskeletons,[34,35] haptic architectures,
and reconfigurable medical supports. However, it still remains a
big challenge to tailor the bending mode of soft robots.

Here, we demonstrate a new method to design a pneumatic
tubular actuator with tunable bending modulus and the capacity
to accomplish multiple tasks with various deformation modes,
enabled by the integration of elastic pneumatic chambers and
wearable 3D structured fabrics. Unlike the conventional EIA,
the actuator skin composed of structured fabrics can be easily
adjusted and replaced when required. Accordingly, the elastomer
tube can be actuated in the selected path tailored by the skin. As
an example, we demonstrate that the elastomer tube can be made
to bend in any direction by rotating the orientation of the struc-
tured skin. This mechanism is further extended to construct a
bionic pneumatic soft gripper. The gripper with multiple degrees
of freedom can position items within ample working space. By
switching between three grasping modes, the gripper success-
fully fulfills a series of tasks with weights up to 1 kg and shapes
ranging from a small grain of grape to a large iron basin.

2. Results

2.1. Design of the Pneumatic Tubular Actuator with Structured
Fabrics as Skin

We first outline the general design procedure for combining the
advantages of elastic tubes and structured fabrics in view of
achieving tailored bending deformation. As illustrated in
Figure 1, the proposed soft pneumatic actuator consists of an
elastomeric air tube inserted in a structured skin. Several pieces
of structured fabrics of different unit cell dimensions are stitched
together to form the structured skin. As the elastomeric tube is
confined within the asymmetric structured skin, it deforms

nonuniformly when inflated. Since the tube and the structured
skins are disjoint, the deformation modes can be easily custom-
ized by redesigning the structured skin.

As illustrated in Figure 1A, resembling ancient chain-mail
armor,[30] the structured fabric is composed of linked hollow
octahedral unit cells with identical geometrical features oriented
in different directions. By rotating the central blue octahedron by
45° around the z-axis, the adjacent vertical octahedral structures
marked in yellow are obtained. Similarly, the adjacent horizontal
element is generated when the central octahedron is rotated
along the y-axis by 45°. The elements mentioned above are linked
together periodically to form the structured fabric, which can be
fabricated by 3D printing technology. When applying a biaxial
stretch, the structured fabric expands and the geometrical
constraints of the gaps confine and steer the expansion.

The elastomeric tube is made of silicon rubber and has a direc-
tion knob and an inflation plug, as shown in Figure 1B. During
curing, the plastic plug is perfectly fixed to the elastomeric tube. It
connects the air tube used for inflation with the elastomeric tube.
The direction knob can rotate around the inflation plug without a
translational displacement. In the following, the structured fabrics
are directly attached to the direction knob rather than to the
elastomeric tube. Thus, the relative angle between the structured
fabric and the elastomeric tube can be controlled by rotating the
direction knob. When inflating, the free elastomeric tube expands
as a balloon without bending, as shown in Figure 1B.

The structured skin is composed of several pieces of struc-
tured fabrics with different unit cell designs. For instance,
Figure 1C illustrates a structured skin created by combining
two structured fabrics with hollow octahedrons of different sizes.
The structured fabric with the larger unit cell length l (see
Figure 1A) is named Structure A, whereas the other is named
Structure B. Consequently, compared to Structure A, Structure
B has shorter gaps, which are the maximum distances between
the vertex pairs, such as D12 and D34 illustrated in Figure 1A.
Much like tailors, we flip, align, and stitch the flat structured fabrics
together to form a structured skin (for details, please see
Supporting Information). After putting on the structured skin,
the elastomeric tube becomes an elastic pneumatic actuator, as
shown in Figure 1D. Initially, the tubular actuator remains straight.
After inflation, the bending angle increases with the air pressure,
and the tubular actuator remains stable at the designed angle.
Figure 1D shows that the tubular actuator always bends toward
the side of the smaller octahedrons. As a whole, the elastomeric
tube provides a driving force upon inflating, whereas the structured
skin governs the deformation of the tubular actuator.

2.2. Variable-Stiffness Measurement of the Pneumatic Tubular
Actuator

To investigate the change in bending stiffness, we conducted a
three-point bending test in the particular case where hollow octa-
hedrons all have the same size (the skin is composed of a single
piece of fabric). The force–displacement curves when internal air
pressure, P, in the actuator ranges from 0 kPa to 100 kPa are
obtained and shown in Figure 2A. As pressure increases, the
force applied on the test piece gradually increases for the same
applied displacement. Its variation is almost linear, which
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indicates that the proposed pneumatic actuator has a stable bend-
ing resistance. When the displacement reaches 5mm, the maxi-
mum force on the test piece is 0.50 N for an internal pressure
of 0 kPa, whereas it is 28.13 N for an internal pressure of
100 kPa, almost 56 times larger. These mechanical properties
make it a potential candidate for loading bearing and robot
application. To further support this point, Figure 2B displays
the bending stiffness as air pressure varies. Bending stiffness,
a crucial characteristic of the soft pneumatic actuator, is defined
as the ratio of the reacting force to air pressure. It is observed that
the bending stiffness scales nonlinearly with air pressure. For the
range P∈[0:100], one can easily adjust the bending stiffness from
108 to 5654 Nm�1 according to the fitting function illustrated in
Figure 2B. As a result, the proposed elastic actuator possesses
remarkable capacity for tailoring bending stiffness.

2.3. Bending of Structured Fabrics

Bending is the most common deformation mode of a pneumatic
tubular actuator and is widely used in soft robotics. The bending
deformation of the proposed elastic actuator is mainly enabled by
the structured skin. In order to understand the deformation
mechanism, a structured fabric with two types of hollow

octahedrons is first investigated. The undeformed state of
Structures A (green) and B (brown) is shown in Figure 3A.
The structured fabric is geometrically described by the following
six independent parameters: the rod diameter of the hollow octa-
hedrons d, the unit cell lengths of structures A and B, lA and lB, the
column numbers of structures A and B, n1 and n2, and the num-
ber of rows of the structured fabrics m. There are some inherent
geometrical constraints that apply to the structured fabric. m ≥ 2
is a premise for the occurrence of a bending angle. To stitch two
pieces of structured fabrics with different sizes together, it is
required that lB should be within a range determined by lA and d

lA
2
þ d ≤ lB ≤ 2 lA � dð Þ (1)

We define b1 and b2 as the distances between neighboring
rows of structured fabrics with large and small sizes, respectively.
Based on the characteristics of the linked structure, b1 and b2,
which change with rigid motion, are geometrically confined
by relations
ffiffiffi
2

p
lA ≤ b1 ≤ 2

ffiffiffi
2

p
lA � dð Þ (2)

and

Figure 1. General process for designing and assembling the soft pneumatic actuator. A) The composition of the chain-mail structured fabric is depicted.
B) Unlike classical pneumatic actuators with multiple pneumatic channels, the design includes only one elastomeric tube that expands like a balloon when
inflated. C) Two pieces of structured fabrics with different octahedral sizes are used to induce inhomogeneous stiffness. In contrast to Structure A
(lA=8mm, d=0.5mm), Structure B (lB=6.5 mm, d=0.5 mm) that has a smaller effective length is more rigid, thanks to the shorter distance between
intersection points. The two parts are flipped and stitched to form a tubular structured fabric skin. D) Photographs of the original and deformed frames of
the experimental sample are shown.
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ffiffiffi
2

p
lB ≤ b2 ≤ 2

ffiffiffi
2

p
lB � dð Þ (3)

B is defined as the distance from the center of the left octahe-
dra to the center of the right octahedra (see Figure 3A). This
distance must be within the range

ffiffiffi
2

p

2
lA þ lBð Þ þ

ffiffiffi
2

p
n1 � 1ð ÞlA þ n2 � 1ð ÞlB½ � ≤ B ≤

ffiffiffi
2

p

2
lA þ lBð Þ þ 2

ffiffiffi
2

p
n1 � 1ð Þ lA � dð Þ þ n2 � 1ð Þ lB � dð Þ½ �

(4)

Initially, the octahedra in the structured skin are lumped
together. There are no gaps available between neighboring octa-
hedra. The values of b1, b2, and B assume the lower bounds of the
inequalities in Equation 2–4. Under stretching, the distance
between neighboring rows and columns increases until the
upper bound is reached. Rotation occurs when Structure B
reaches its limit whereas Structure A still has not. The rotation
angle of the structured fabric can be estimated by

θ ¼ 2 m � 1ð Þarcsin b1 � b2
2B

(5)

Substituting the extreme values for b1, b2, and B into
Equation (5), the maximum bending angle can be expressed as

θmax ¼ 2 m � 1ð Þarcsin
2 1� lB

lA

� �

1þ lB
lA

� �
þ 4 n1 � 1ð Þ 1� d

lA

� �
þ n2 � 1ð Þ lB

lA
� d

lA

� �h i (6)

To verify the above derivation, a uniaxial tensile test was con-
ducted with the structured fabric (see Figure 3B). The sample
features a rod diameter d=0.5 mm, and unit cell lengths
lA=8 mm and lB=6.5 mm. The row and column numbers for
each part are 8 and 2, respectively. The structured fabric sheet
is fixed on two flat plates. We drill holes in the middle of each
plate, through which fishing lines are used to stretch the robotic
skin sheet. A tensile force of 10 N is applied to observe the
deformation of the test sample. A special fixture configuration
was adopted to allow the structured skin to bend freely in the
plane. Once stretched, the sample would suffer from an initial
uniform deformation phase. It followed a steady rotational
deformation resulting from structural asymmetry. The rota-
tional deformation would continue until particles in structure
A attained their geometrical limit. By then, the ultimate config-
uration and the maximum bending angle are attained.
Subsequently, plastic deformation occurred and prevailed.
The maximum bending angle measured by the relative rotation
between the top and bottom acrylate plates was 34.4°. This pro-
cess was also numerically simulated for verification using the
commercial finite element software ABAQUS with an Explicit
FE solver (see Figure S2 and Movie S1, Supporting Information
for detailed results). The maximum bending angles predicted
by the numerical solver and by Equation (6) were 36.2° and

Figure 2. Three-point bending test of the soft pneumatic actuator. A) The force–displacement curves of the elastic pneumatic actuator under different air
pressures are mostly linear. B) Evolution of the bending stiffness of the pneumatic actuator as a fuction of air pressure obtained by experimental test and
curve fitting. C) Photographs of the corresponding deformation frames are shown before and at the maximum of the three-point bending test.
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35.1°, both of them being very close to the result of the test. The
good agreement between theory, simulation, and experiment
validates the design. The evolution of the normalized maximum
bending angle is illustrated in Figure 3 as a function of the
geometrical ratios lB=lA and d=lA. When the numbers of col-
umns n1 and n2 equal 2, the normalized maximum bending
angle increases with lB=lA and d=lA. Note that the normalized
maximum bending angle vanishes when lA is equal to lB. A sim-
ilar trend is found in Figure 3F that further indicates that the
bending effect is suppressed when the number of columns
increases.

2.4. Bending of the Pneumatic Tubular Actuator Guided by
Structured Skins

After identifying the underlying bending mechanism of struc-
tured fabrics, the effect of skin structure on the elastic response
of the tubular actuator is investigated. Cylindrical structured
skins are fabricated by rolling and stitching together two pieces
of structured fabrics of different sizes (see Figure 1C). The cylin-
drical structured skin is geometrically controlled by the same
parameters as the structured fabric sheet discussed above. The
definition of geometrical parameters remains unchanged except

Figure 3. Bending mechanism of the structured fabric sheet. A) A schematic diagram is shown for the deformation of the structured fabrics upon
stretching. The structured fabrics are sewn from octahedra of different sizes that bend under tension, with the maximum global bending angle of
the structured fabric being ruled by geometrical dimensions. B) A uniaxial tensile test on the structured fabric sheet was conducted to validate the
bending behavior and to measure the maximum bending angle. C) The deformation frame and the corresponding maximum bending angle of the
structured fabrics are obtained from numerical simulation. D) A comparison of the maximum bending angles predicted by experiment, simulation,
and theory is proposed. E,F) Contour plots illustrate the dependency with geometrical ratios of the maximum bending angle of the structured fabric,
for column numbers n1 ¼ 2, n2 ¼ 2 (E) and n1 ¼ 4, n2 ¼ 2 (F).
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for distance B. In cylindrical structured skin, B refers to the diam-
eter of its circular cross section (see Figure S1, Supporting
Information), which certainly varies with circumference stretch-
ing within a range. The numbers of columns for Structure A and
Structure B are selected to be the same; hence, n1 ¼ n2. Adopting
a method of analysis similar to the case of the structured fabric
sheet, the maximum bending angle induced by the tubular
robotic skin is

θmax ¼ 2 m� 1ð Þarcsin
π 1� lB

lA

� �

1þ lB
lA

� �
þ 2 n1 � 1ð Þ 1� d

lA

� �
þ lB

lA
� d

lA

� �h i (7)

To understand better the deformation of the tubular actuator,
we fabricated an elastic pneumatic actuator and characterized its
bending behavior. Two different structured skins were consid-
ered to investigate the influence of geometrical parameters on
bending. For both configurations, the numbers of columns
and rows of hollow octahedra were chosen equal in Structures
A and B (m=13, n1=n2=6). Configuration 1 is composed of
an elastic tube and octahedra with relatively large dimensions
(lA=8mm, lB=6.5mm), whereas configuration 2 is composed
of smaller octahedra (lA=6.5 mm, lB=5mm). Here, we take con-
figuration 1 as an example to introduce the general deformation
rule.

In the experiment, it is observed that the tubular actuator
always bends toward the side with smaller octahedra, hence
structure B (see Movie S2). According to the deformation char-
acteristics, the bending process can roughly be divided into three
successive stages. Once inflated, the actuator responds quickly
and enters the first stage. In this stage, the pneumatic tubular
actuator slightly expands in length. The second stage occurs after
the gaps of structure B have attained their maximum. At the
moment, there is still enough space left for structure A to expand.
Consequently, the tubular actuator bends toward structure B.
The bending angle increases with the pressure until the gaps
of structure A unfold entirely. In the last stage, the bending angle
remains almost unchanged during inflation, while the tension
between neighboring octahedra increases rapidly. Further
increasing the inner pressure triggers plastic deformation of
the structured skin, which is crucial to increase the actuator
stiffness and support the bending moment.

Figure 4A illustrates the terminal state of the tubular
pneumatic actuator in the inflating experiment (Details of the
Experimental Section are summarized in Figure S3,
Supporting Information). The measured bending angle is about
46.3°. The deformation of the tubular actuator obtained from
numerical simulation is plotted in Figure 4B. The estimated
bending angle is 44.6°. The good agreement between simulation
and experiment validates the design. The relationship between
bending angle and air pressure for configurations 1 and 2 is
depicted in Figure 4C. The variations of the bending angle
obtained from numerical simulations are in line with experi-
ments (see also Movie S2, Supporting Information). The maxi-
mum bending angles are successfully predicted by Equation (7).
The bending angle for configuration 2 is always larger than that
for configuration 1 under the same pressure and almost reaches

58.1°. Note that the first stage of the bending process is not appar-
ent in Figure 4C. This may be attributed to the fact that the exten-
sion does not dominate the deformation of the pneumatic
tubular actuator. Moreover, in order to reduce experimental
dispersion, we applied pretension on the structured skin, which
further limits the linear expansion range.

To some extent, the bending angle decides the size and shape
of an item that the soft robot can grasp, and the output force
determines how firmly that item can be grasped. We then explore
experimentally the output force in Figure 4D. More details
regarding the experimental setup (see Figure S3A,B,
Supporting Information) and the characterization method are
presented in the supplementary material. It is clear that the out-
put forces almost linearly increase with the applied pressure.
Unlike the bending angle, the geometrical ratio has a limited
effect on the output forces. The output force generated by
configuration 2 is slightly larger than the one generated by
configuration 1. When the applied pressure is 100 kPa, the cor-
responding maximum output force of configuration 2 is almost
6.81 N, which is comparable with other fiber-reinforced
pneumatics actuators.[28,36]

Next, we examine experimentally the effect of the sectional
ratio on the performance of the pneumatic actuator. The sec-
tional ratio is defined as the area occupied by structure A
divided by the total area. By definition, the sectional ratio ranges
from 0 to 1. For configuration 1, when the sectional ratio equals
0 or 1, the structured skin only contains 6.5 mm or 8 mm octa-
hedra. In either case, the structured skin has a homogeneous
distribution. The pneumatic actuator tends to expand rather
than to bend. Figure 4E illustrates the influence of the sectional
ratio on the bending of the tubular actuator. For all sectional
ratios, the bending angle curves exhibit similar trends. When
the sectional ratio has symmetrical values, such as 1/6 and
5/6, 1/3, and 2/3, the proportions of large and small structure
fabrics are interchanged. In comparison, configuration 1 with a
sectional ratio of 5/6 or 2/3 performs better than that with
smaller sectional ratios. Structure A dominates the bending
behavior. When the sectional ratio is 1/2, the bending angle
is maximum. This is attributed to the fact that bending is fully
activated when the aspect ratio is farther away from 0 and 1.
Similarly, the output force is also maximum when the sectional
ratio is 1/2 (see Figure 4F). For most sectional ratios, the output
force is approximately linear with the applied force. When the
sectional ratio is 1/6, the output force is significantly less than
for other configurations. It may be because an inappropriate
proportion introduces too many small-sized octahedra, thereby
blocking the bending deformation.

2.5. Multiple Deformation Modes and Reusability of the
Pneumatic Tubular Actuator

For conventional pneumatic actuators, the bending direction is
fixed once the multiple air channels are cured. If one intends to
adjust the bending direction, the air channel or the fixture must
be redesigned to ensure the targeted inflating sequence. To over-
come this difficulty, the structured skin attached to a knob is
made independent of the elastomeric tube. By rotating the knob,
the bending direction of the tubular actuator can be altered to any
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angle, such as 45, 90, 180, and 315°, even if it is in working con-
dition (see Figure 5A and Movie S3, Supporting Information).

Apart from bending deformation, the structured skin enables
the pneumatic tubular actuator to present other deformation
modes by altering the distribution of the structured fabrics.
For instance, S-shape bending can be achieved by rearranging
the structured fabrics from symmetric to antisymmetric
(in the up-and-down direction), as shown in Figure 5Bi,ii.
Similarly, an inflated gourd-shape configuration can be designed
by adopting the same structured fabrics with bilateral symmetri-
cal distribution, as illustrated in Figure 5Biii. If we entirely
remove the small-size or large-size octahedra, the pneumatic
tubular actuator will only generate an extensional deformation,
as shown in Figure 5Biv. These variable deformation modes
make it feasible to achieve complicated movement and multiple
functions.

Significantly, one advantage of the proposed structured skins
is their reusability. Two different kinds of skins, 8mm& 6.5mm
and 6.5mm& 5mm, were considered here to assemble pneu-
matic actuators for the following inflation and deflation cycling
experiment (see Movie S3, Supporting Information). Figure S5,
Supporting Information, shows the test data of 30 cycling loading
experiments for both configurations. It is clear that both actua-
tors possess almost constant output bending angles of about
58.08° and 46.03°with the same input air pressure of 80 kPa.

Good repeatability validates the reusability of pneumatic actua-
tors. Additionally, a structured skin can be recycled by a simple
tailoring procedure to make a new skin, as illustrated in
Figure 5C. For the assembly of structured skins, different pieces
of fabric are stitched together along seams. It is easy to remove
certain stitched points and to separate structured fabrics apart.
The separated structured fabrics can be rearranged into new
positions by rotations and translations, before stitching them
together to generate a new structured skin. The dominated defor-
mation behavior can then transform from a bending mode to a
gourd-shape mode (see Figure 5B i,iii). The whole process
should only take a couple of minutes. Moreover, there is no need
to reprint the soft skin, which makes the proposed structured
skin more durable in light of economic and environmental
considerations.

2.6. Manipulation by the Soft Pneumatic Gripper

We further demonstrate the possibility of utilizing the proposed
tubular actuator to construct a soft gripper. Here, the soft gripper
is composed of an arm, three fingers, and an attached 3D-printed
triangular frame (see Figure 6A). The accessible working space is
generally decided by the length and the bending angle of the soft
arm, whereas grasping movements are mainly controlled by the

Figure 4. Bending of the tubular actuator in response to the applied pressure. A) A photograph of the terminal stage of configuration 1 in the inflation
experiment is shown. B) The deformation frame and the bending angle of the tubular actuator were obtained from the numerical simulation. C) The
bending angle versus air pressure is shown for both configurations (8 mm& 6.5mm and 6.5mm& 5mm). Solid lines and error bars are from simulations
and experiments, respectively. The dashed line indicates the result from Equation (7). D) The output forces for both configurations are plotted as a
function of air pressure. E) The bending angle and F) the output force are obtained experimentally as a function of the sectional ratio γ and the air
pressure.

www.advancedsciencenews.com www.advintellsyst.com

Adv. Intell. Syst. 2023, 2300285 2300285 (7 of 11) © 2023 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

 26404567, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aisy.202300285 by U

niversité D
e Franche-C

om
té, W

iley O
nline L

ibrary on [12/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advintellsyst.com


collaboration of the soft fingers. For these requirements to hold,
each configuration needs to be controlled by separate air chan-
nels. Fingers are connected in series, ensuring that all fingers
have the same internal pressure and output force at the fingertips
when grasping objects. Configuration 2 considered above is used
for the soft fingers. Considering the working space and the sup-
porting capacity, the tubular actuator used for the soft arm must
be more extended and robust. Herein, the soft arm is about 1.78
times as long and 1.81 times as wide as the soft fingers.
Its attaching structured skin is adjusted accordingly. The
number of rows m and the number of columns n1 and n2
are changed to 23 and 11, respectively. More details can be found
in Supporting Information (Figure S3 and Table S1, Supporting
Information).

Benefiting from its reusable and multimodal structured skin,
the proposed soft gripper can be tailored to various postures.
Figure 6B illustrates three typical working modes that mimic
the human hand: pinching, stretching, and holding. These
working modes are all accomplished by pumping air into the

elastomeric tubes. They can be transformed between each other
by rotating the structured skin toward the desired directions (see
Movies S4 and S5). Aided by these working modes, the soft grip-
per can locate, grasp, lift, and move items with a wide range of
shape, stiffness, and weight. For instance, we successfully real-
ized object manipulation by pumping air into the soft arm, locat-
ing a milk bottle, operating the finger tubes to grasp the bottle,
and finally releasing it (see Figure 6C and Movies S6 and S7,
Supporting Information). The soft gripper can grasp not only
a heavy and stiff milk bottle (803 g, Figure 6C), but also a light
and flexible balloon (1 g, Figure 6D) in a gentle manner. The
pinching mode can be used to grasp items with different shapes,
as small as a grain of grape (Figure 6E) and as large as a round
orange fruit (Figure 6F) or a slender banana (Figure 6G). The
stretching mode is utilized to hold and move massive objects
such as an iron basin (702 g, Figure 6H). Note that the weight
is not the unique indicator for a soft gripper, the ability to adapt
to the geometrical shape and structural flexibility of the object is
equally important. It means that the gripper should provide

Figure 5. Multiple deformation modes and reusability of the tubular actuator. A) The separated design of the structured skin and the elastomeric tube
enables us to adjust the bending direction of the tube to any desired direction without taking off the fixture. B) By altering the structured skin, the tubular
actuator can be adjusted to diverse deformation forms: i) bending; ii) S-shaped bending; iii) gourd-shaped bending; and iv) extension. C) A general
process to recycle the old structured skin and generate a new one with a new deformation mode: i) remove the stitching points; ii) flatten the skin;
iii–v) split the skin; and vi–viii) rearrange structures A and B and stitch them together again to generate the new configuration (iii, iv).
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adaptable stiffnesses for different targets together with force.
This rule can also explain the grasping operation. It is apparent
the gripper cannot grasp objects without stiffness. Low stiffness
is usually used to deal with objects with soft surfaces. For grapes
and balloons, using a higher stiffness will lead to an unexpected
out-of-plane deformation or even destroy the targeted object.
Medium stiffness is more suitable for objects with a certain
weight, size, and structural stiffness, such as bananas, oranges,
and other fruits. One can adjust the stiffness and force accord-
ingly. High stiffness is adopted to ensure the grasp quality for
objects with high structural stiffness and a large amount of
weight, such as stainless steel and rigid plastics products.

As a supplement, we have conducted another grasping exper-
iment on a water balloon. The water balloon with a weight of up
to 547.5 g is a typical soft but heavy object (see Figure S9,
Supporting Information). From Movie. S9, it can be observed
that the gripper could lift the water balloon very gently without
hurting the target object. To further support this viewpoint, we
conducted an additional grasping experiment on the water

balloon. As depicted in Figure S10, Supporting Information,
the gripper begins in a relaxed state with the internal pressure
set to 14 kPa. This ensures the gripper has low stiffness, enabling
it to conform to the face of the water balloon. To eliminate the
influence of the grasping force, we then meticulously modulate
the internal pressure, but only within a narrow range. In this
case, the pressure gauge continues to display a reading of
14 kPa. However, the bending stiffness of the grasper signifi-
cantly varies to precisely conform to the surface features of
the target object. Then, the gripper holds the water balloon in
a tight state. Due to the characteristics of the interlocking struc-
ture, the structured fabric is very sensitive to air pressure and
generally possesses a multistable state compared with other fix-
tures. These stable states play a critical role in determining the
bending stiffness. Combined with the previous grasping experi-
ment, it may conclude that the proposed soft gripper provides suit-
able bending stiffness to different target objects. As illustrated in
Table S1, Supporting Information, the soft gripper can work
within a circular space with a radius of 0.6m. The soft fingers

Figure 6. Pneumatic tubular gripper for soft robot application. A) The 3D assembly schematics and the physical picture of the soft gripper are shown. The
arm is used for locating items and the fingers are used to grasp the movement. B) Three typical working modes for mimicking the human hand: pinching,
stretching, and holding. C) A bottle of milk was taken as an example to introduce how to grasp andmove a held target. With the aid of the pinching and the
stretching modes, the soft gripper can also be used to manipulate objects with diverse shapes and weights: D) a light balloon of 1 g, E) a small grain of
grape of 7 g, F) an orange fruit of 229 g, G) a long banana of 224 g, and H) a hollow iron basin of 702 g.
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mimicking the human hand have an open span of 305mm. The
grasping weight ranges from 1 g to about 1000 g using the differ-
ent grasping modes.

3. Conclusion

Here, we presented a novel way to design and fabricate a class of
soft pneumatic actuators with tunable bending stiffness, tailored
deformation shapes, and considerable output force based on a
wearable structured skin. Unlike conventional methods, the
structured skin and the elastomeric tube are here designed
and assembled separately. The elastomeric tube provides the
driving force when inflating, and the structured skin acts as a
guide of deformation according to designed geometrical
constraints. A skin can easily be replaced with a new one to gen-
erate another deformation mode. The design strategy developed
here allows us to use only an air channel and diverse wearable
structured skins to achieve complex deformations. Moreover,
structured skins made of different structured fabrics are reus-
able. One can easily recycle the old skin to form a new one with
different functionalities in a few minutes. These advantages
make the actuator a potential candidate for soft robots, that is
environmentally and economically durable. The size and
arrangement of unit cells in the structured skin lead to different
bending or stretching deformation modes. The bending angle
and the output force were investigated experimentally and
numerically. In addition, we further extended the soft actuators
to construct a soft gripper that can locate, grasp, lift, and move
items with a wide range of shape, stiffness, and weight. This
work opens up an avenue for designing reusable pneumatic soft
robots with multiple deformation modes and abilities.

4. Experimental Section

Fabrication of the Elastic Pneumatic Actuator: The elastic pneumatic
actuator comprised an elastic tube and an attached structured skin.
The tube featured a diameter of 18mm, a thickness of 3 mm, and a length
of 120mm (Figure S4Bi, , Supporting Information). It was fabricated by
pouring Ecoflex silica gel (SMOOTH-ON) in a mold and cured. As a pneu-
matic channel, the elastic tube had good air tightness and expansion per-
formance. The structured skin was fabricated by stitching two pieces of
3D-printed structured fabric with equal numbers of rows m = 13 and a
constant strut diameter d = 0.5 mm. Here, the total number of columns
of the structured fabrics was 12. The structured fabric was manufactured
by selective laser sintering using a 3D printer (EOS SLS system P396) with
Nylon as the base material (Figure S4B ii, , Supporting Information). The
elastic tube was bonded with an inflation plug connected to an air tube to
form a closed pipe (Figure S4A, Supporting Information). A 5.5 mm-thick
annular space was reserved on the inflation plug to install the direction
knob. The direction knob was composed of two semicircular knobs with
a thickness of 5 mm (Figure S4A, Supporting Information). After inserting
the inflation plug, it could drive the skin to rotate freely around the inflation
plug, change the wearing angle of the structured skin, and then change
the bending direction of the actuator. Holes were reserved on each
semicircular knob to facilitate the stitching of the structured skin to the
assembled direction knob. The lower end of the structured skin was simi-
larly connected with a circular end cover (Figure S4A, , Supporting
Information). This stitching connection dramatically reduced the difficulty
of installation and made it possible to replace and reuse the structured
skin. The inflation plug and the direction knob were made of photosensi-
tive resin using low-force stereolithography (LFS) technology.

Three-Point Bending Experiment: The actuator sample was placed
between an indenter and two fulcrums with a span of 70 mm, as
shown in Figure 2C. Before testing, the air pressure was set to a fixed
value. A vertical compression load was applied via the indenter on
the sample. The total length of the tested actuator was 125 mm, of which
the effective length was 100 mm, and the cross-section area was 21 mm
(the maximum section diameter could reach 32 mm after inflation). A
MARK-10 tensile tester was used to extract reacting forces. The dyna-
mometer dropped at a speed of 5 mmmin�1, with a maximum displace-
ment of 5 mm.

Finite-Element Analysis: To understand better the underlying deforma-
tion mechanism of the structured fabric and the skin, we built a series of
numerical models using the commercial software package Abaqus/
explicit.

For the structured fabric model, the rod diameter d was 0.5 mm. The
unit cell lengths of octahedra in structures A and B were lA=8 mm and
lB=6.5 mm, respectively. The numbers of rows and columns for each part
were 8 and 2, respectively. The attached flat plate at each end featured a
dimension of 6 mm� 6 mm� 50mm. A hole with a diameter of 2 mm
was at the center of the plate for applying the tension force, as shown
in Figure S2A, , Supporting Information. Since material nonlinearity
had little effect on the structured fabrics, the constituent material
Nylon was modeled as an isotropic linear material with Young’s modulus
1.7 GPa, Poisson’s ratio 0.35, and density 930 kg/m3. In the Step module,
the Nlgeom function enabled the large deformation option. To ensure cal-
culation accuracy, the numerical model was meshed with 35 515 quadratic
tetrahedral elements (type C3D8M). A force of 10 N was applied to the
hole to extract the deformation frame and the bending angle.

To reduce the calculation expense, we partially neglected the undeformed
attached structures, such as the inflation plug, and used the elastic tube and
the structured skin to model the elastic actuator, as shown in Figure S2,
Supporting Information. The tube featured a diameter of 18mm, a thick-
ness of 3mm, and a length of 120mm. For the constitutive material,
the elastic modulus was about 0.002 GPa, Poisson’s ratio was nearly
0.48, and the density was about 1062 kg/m3. Similar to the structured fabrics
mentioned above, the tubular structured skin wasmodeled with similar geo-
metrical configurations and the same base material. The only difference was
that the numbers of rows and columns for each part were 13 and 6, respec-
tively. To ensure computation accuracy, we employed meshes with 236 236
membrane elements (type M3D4) for the silicone tube and 290 011 qua-
dratic tetrahedral elements (type C3D8M) for the structured skin. Self-con-
tact with a friction coefficient of 0.1 was defined within the actuator. To
eliminate the rigid body displacement of the tube and the skin, we applied
a fixed constraint on their upper surfaces (see Figure S3C, Supporting
Information). The elastic tube model was inflated with the air pressure grad-
ually increasing from 0 to 100 kPa through the fluid cavity.

Force and Bending Angle Measurement: A bending test and an output
force test were carried out to obtain the bending angle and the tip force
of the proposed pneumatic actuator under different air pressure excita-
tions. The experimental device shown in Figure S3A, Supporting
Information, was used to measure the bending angle of the actuator,
in which the black and white background was convenient for observing
the bending of the actuator. The inflation plug was fixed on the bracket.
After inflation, the angle between the normal to the actuator in the initial
state and after deformation was chosen as the bending angle θ. We also
established an experimental platform for measurement of the output force
(see Figure S3B, Supporting Information). For the tested actuator, the
upper end was fixed on the base, whereas the lower end was in direct
contact with the dynamometer. After the air pressure was adjusted, the
actuator bent and generated a thrust on the dynamometer, thus allowing
measurement of the output force.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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