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Topology Optimization Design and Experiment
of a Soft Pneumatic Bending Actuator

for Grasping Applications
Chih-Hsing Liu , Li-Jyun Chen, Jui-Chih Chi, and Jyun-Yi Wu

Abstract—Soft pneumatic bending actuators are commonly used
in robotic grasping applications and can be applied for handling
both delicate and irregularly shaped objects. Because these soft
pneumatic actuators are typically embedded with multiple air
chambers inside soft, thin structures, their maximum payloads are
usually low compared to rigid designs of similar size. This article
presents a soft pneumatic bending actuator design using a topology
optimization procedure that can maximize the bending capability
and thus increase the allowable payload of soft grippers that consist
of multiple pneumatic bending actuators. After an optimum design
is obtained, multiple identical actuators are prototyped through a
molding process using a silicone rubber material. Both two-fingered
and three-fingered soft grippers are developed using the topology-
optimized pneumatic bending actuators. Experiments, including a
bending angle test, an output force test, and a payload test, are
conducted in this study, and the results are compared against the
test results of the commercial SRT soft pneumatic actuator. The
experimental results show that the bending angle for the developed
bending actuator is 111 degrees on average of 10 tests at an input
pressure of 50 kPa. The output force is 9.45 N at an input pressure
of 80 kPa, while the maximum payloads of the two-fingered and
three-fingered grippers are 2.66 kg and 5.12 kg, respectively.

Index Terms—Soft bending actuator, soft pneumatic actuator,
soft finger, soft gripper, topology optimization, soft robot.

I. INTRODUCTION

THE DEVELOPMENT of a robotic gripper for handling
of a wide range of objects with various sizes, shapes, and

degrees of hardness has drawn considerable attention over the
years [1]–[8]. The end-effector is typically the only interface
between a robot and its working environment. Therefore, the
overall performance of a robot highly depends on its end-effector
[9]. Data-driven grasp synthesis approaches for finding a grasp
configuration that satisfies a set of criteria relevant for a grasping
task can be classified into three categories: known, familiar, and
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unknown objects, based on what is known a priori about the
target [10]. Traditional robot manipulators have rigid underlying
structures that often encounter difficulties during operating in
unstructured and highly congested environments [11]. On the
other hand, soft, deformable robots have many advantages over
rigid robots, including providing safer, more robust interactions
and adaptive behaviors that use mechanical intelligence suitable
for dealing with unknown objects in a complex environment
[12]. Several control strategies, such as the use of a feedforward
controller based on both rigid-body and flexible modes [13], and
a constrained linear quadratic optimization algorithm [14] can
be used in vibration suppression of flexible systems.

Soft grippers have the potential to interact with humans and
complex environments in more sophisticated ways than rigid
robots [15] and have been used in many different fields, including
food packaging [16], [17], poultry processing [18]–[20], force
regulation [21]–[23], and underwater applications [24], [25].
Typically, soft grippers are actuated either pneumatically [2],
[3], [6], [16], [17], [24], [26] or electrically [4], [5], [7], [23],
[25], [27]–[30]. Most pneumatic soft grippers have three or
four identical pneumatic actuators (or fingers) with multiple air
chambers inside the actuator structures. These pneumatic actu-
ators are usually made of soft materials such as silicone rubber
or other elastomers [31]. When a soft actuator is pressurized by
the supply air, the embedded air chambers inflate, which leads
to the bending of the actuator.

One common issue for pneumatic soft grippers is that the max-
imum load capacity is usually low comparing to rigid grippers
or other motor-driven compliant gripper designs [5], [7], [27],
[29] of similar size. For example, the maximum payload of the
four-fingered soft pneumatic gripper presented by Wang et al.
[16] is 75.2 g at an input pressure of 60 kPa. Zhang et al. [6]
developed a pneumatic bending actuator for gripper application
using a topology optimization method. The experimental results
showed that each gripper finger was able to undergo a 14.7 de-
gree free travel bending and could exert a 0.23 N grasping force
at a 60 kPa actuation pressure. Another design presented by
Zhang et al. [26] showed that their multi-material three-fingered
pneumatic soft gripper can exert a higher payload and grip
objects with weights as high as 167.9 g. In order to increase
the payload, a dual-mode four-fingered pneumatic soft gripper
was proposed [17] for grasping and suction of food products.
According to the test results, the dual-mode gripper can lift a
274g object in the grasping mode at a pressure of 70 kPa and a
1.07 kg object in the suction mode at a pressure of approximately
−90 kPa. An octopus arm-inspired tapered soft actuator with
multiple suckers was also presented [32]. It enables the actuator
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to improve its grasping capabilities through both bending and
sunction functions. In order to develop a high-force pnematic
gripper, Yap et al. [3] uses a harder thermoplastic elastomer to
prototype a pneumatic actuator that can allow to be pressurized
up to approximately 400 kPa.

Motivated by the need to increase the maximum load capacity
of the soft grippers that consist of multiple soft pneumatic
bending actuators, this study is aimed toward designing a soft
pneumatic bending actuator using a topology optimization pro-
cedure that can maximize its bending capabilities at a low supply
pressure (<100 kPa) and thus increase the allowable payload of
a multi-fingered pneumatic gripper. Topology optimization is a
numerical method that can optimize the material layout within
a given design domain. It has been used to synthesize various
designs, such as soft fingers and grippers [5]–[7], [26]–[29],
constant-force mechanisms [22], [23], [33], and compliant in-
verters [34]–[36]. The mutual potential energy (MPE), which
is the mutual energy due to two different sets of loading at
input and output points, is used as the objective function in
this article to design the pneumatic bending actuator instead
of using a displacement at a specified point [6], [26], [28] or
a composite strain energy formulation [5], [7], [27], [29]. In
addition, a three-dimensional (3D) domain is used in this study.

In the present work, after an optimum design is obtained
through the presented topology optimization method, multiple
identical actuators are prototyped through the molding process
using the Dragon Skin 30 silicone rubber material. Both two-
fingered and three-fingered soft grippers are developed using
topology-optimized pneumatic bending actuators. A bending
angle test, an output force test, and a payload test are per-
formed in this study, and the experimental results are compared
against the test results for a commercial SRT soft pneumatic
actuator [37]. The experimental results showed that the soft
pneumatic bending actuator developed in this work is superior
to the commercial SRT actuator in terms of maximizing the
bending angle and the output force since an optimal material
layout of the interface structure is identified that leads to a larger
amount of bending deflection and thus increase the payloads of
multi-fingered grippers.

II. TOPOLOGY OPTIMIZATION METHOD

The topology optimization problem begins from the definition
of the design domain, the boundary conditions, and the param-
eters. A density filter [38] is used to prevent the appearance of
checkerboard patterns as well as mesh dependency problems.
The filtered element density (x̃i) of the ith element can be
calculated by

x̃i =

∑
j∈Ne,i

wijvjxj∑
j∈Ne,i

wijvj
, wij = max (0, rmin − rij) (1)

where Ne, i is the set of elements within the filtering radius
(rmin) around the ith element; wij is the weight function; vj is
the volume of the element; xj is the element density that serves
as the design variable with values ranging from 0 to 1, and rij is
the distance between the ith element and the jth element.

The objective function of the topology optimization problem
in this study is intended to maximize the mutual potential energy
of the synthesized design, which can be formulated as

MPE=UT
2 KU1 (2)

where MPE is the mutual potential energy; K is the global
stiffness matrix; U1 is the global displacement vector corre-
sponding to the global input force vector F1, and U2 is the global
displacement vector corresponding to the dummy output force
vector F2. Maximizing the MPE allows a design to maximize
its nodal displacements at output points while the input forces
are applied at input points.

In addition, the displacement of each node is calculated ac-
cording to Hooke’s law.

KU1 = F1,KU2 = F2 (3)

The sensitivity for the objective function in (2) with respect
to the filtered element density can be calculated by

∂MPE
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∂
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The derivatives of the two equations in (3) with respect to the
filtered element density yield{

∂K
∂x̃ U1 +K∂U1

∂x̃ = 0,K∂U1

∂x̃ = −∂K
∂x̃ U1

∂K
∂x̃ U2 +K∂U2

∂x̃ = 0,K∂U2

∂x̃ = −∂K
∂x̃ U2

(5)

Substituting (5) into (4) yields

∂MPE

∂x̃
= −UT

1

∂K

∂x̃
U2 (6)

For a single element

∂MPE

∂x̃i
= −uT

1i

∂ki

∂x̃i
u2i (7)

where u1i is the displacement vector of the ith element corre-
sponding to the input force vector; u2i is the displacement vector
of the ith element corresponding to the output force vector, and
ki is the stiffness matrix of the ith element, which is linearly
proportional to the elastic modulus of the ith element according
to the following relationship based on the concept of a solid
isotropic material with penalization (SIMP) [38].

ki = Eik0 = (Emin + x̃p
i (E0 − Emin))k0 (8)

where Ei is the elastic modulus of the ith element; k0 is the
stiffness matrix of the ith element with a unit elastic modulus;
Emin is the minimum elastic modulus with a small positive value
close to zero; p is the penalty parameter, and E0 is the elastic
modulus of the original material. According to (8), if a filtered
element density is equal to 1, it is a solid element (Ei = E0);
if a filtered element density is equal to 0, it is a void element
(Ei = Emin); if a filtered element density is between 0 and 1, it
is a grey element.

Substituting (8) into (7) yields the sensitivity for the MPE
with respect to the filtered element density.

∂MPE

∂x̃i
= −p (E0 − Emin) x̃

p−1
i uT

1ik0u2i (9)

Based on (1) and (9), the sensitivity, αi, for the MPE with
respect to the element density can be obtained according to the
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Fig. 1. Tensile test for the Dragon Skin 30 silicone rubber. (a) Experimental
setup. (b) Engineering stress versus engineering strain curve. The linear fit line
is with an elastic modulus of 1.02 MPa.

chain rule.

αi =
∂MPE

∂xi
=

∂MPE

∂x̃i

∂x̃i

∂xi
(10)

The objective function value and the sensitivity for each
element can be calculated respectively based on (2) and (10).
The design variables are updated using the method of moving
asymptotes (MMA) [39], which converts the MPE maximization
problem into a negative MPE minimization problem in practice.
The optimization procedure is converged if the following two
convergence conditions are satisfied. The first condition is that
the relative difference ratio for the objective function value for
each successive iterations is smaller than an allowable objective
function tolerance. The second condition is that the difference
between the calculated volume and the target volume after topol-
ogy optimization is smaller than an allowable volume tolerance.

III. TOPOLOGY OPTIMIZATION DESIGN FOR THE SOFT

PNEUMATIC BENDING ACTUATOR

The discussed optimization method is used to design the soft
pneumatic bending actuator. In order to identify the value of
elastic modulus for the Dragon Skin 30 silicone rubber, a tensile
test as shown in Fig. 1 is performed, where Fig. 1(a) shows
the experimental setup, and Fig. 1(b) provides the experimental
stress-strain curve and a linear fit line with an elastic modulus of
1.02 MPa. The results show that the material model for Dragon
Skin 30 silicone rubber can be approximated using a linear
elastic model in numerical computation when an engineering
strain is within 3.

One segment of the soft pneumatic bending actuator shown in
Fig. 2 is used as the analysis domain for the three-dimensional
topology optimization. The analyzed segment has three air
chambers, as shown in Fig. 2, for which the size of each chamber
is 2 mm× 20 mm× 46 mm. The analysis domain consists of one
design domain, three solid non-design domains (elements have
an element density of 1), and three void non-design domains
(elements have an element density of 0). The element densities
in the design domain can be updated iteratively in a range from
0 to 1. The three air chambers are defined as the void non-design
domains, while the surrounding regions around the three air
chambers with a thickness of 2 mm are defined as the solid
non-design domain.

The input forces are applied normally at the nodes on the inner
surfaces of the air chambers. The sum of the forces is equal to

Fig. 2. Analysis domain for one segment of the soft pneumatic bending
actuator. (a) 3D view. (b) 2D view.

TABLE I
PARAMETERS FOR TOPOLOGY OPTIMIZATION

1. The geometrically nonlinear finite element formulation is not
considered due to the nodal displacements are small in topology
optimization process while the usage of the small dummy forces,
and the existence of the numerical springs at the force applied
nodes as illustrated in Fig. 2(b). The fixed region is the middle
portion of the bottom surface, whereas the target output ports
are at the two ends, as denoted in Fig. 2(b). Maximizing the
MPE of the analysis domain allows a design to maximize its
nodal displacements at the target output ports (two ends) while
the input forces are applied, which is equivalent to maximizing
the bending capability of the actuator. The analysis domain is
discretized with linear hexahedral 1 mm × 1 mm × 1 mm
elements. The topology optimization procedure discussed in
Section II is used to identify the optimal material layout of the
design domain, as shown in Fig. 2(b). The numerical parameters
used in the topology optimization are summarized in Table I.
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Fig. 3. Topology optimization results. (a) Iterative results for the objective
function value and the volume fraction. (b) Topology optimization result for one
segment of the soft pneumatic bending actuator.

Fig. 4. Design model of the soft pneumatic bending actuator.

The topology optimization process converged after 33 itera-
tions. Fig. 3(a) shows the iterative results for the objective func-
tion value and the volume fraction. Fig. 3(b) shows the topology
optimization result for one segment (with three air chambers)
of the soft pneumatic bending actuator. The design model for
the soft pneumatic bending actuator is shown in Fig. 4 based
on the optimized finger segment obtained from the topology
optimization. The detailed dimensions at the interface between
the chamber structures are shown in Fig. 4. As shown in Fig. 4,
the final design of the soft pneumatic bending actuator consists
of three optimized finger segments in series (with 9 air chambers
in total), a fingertip structure, and a contact surface structure. The
length, height, and width of the soft pneumatic bending actuator
are 86 mm, 30 mm, and 50 mm, respectively. The soft pneumatic
bending actuator is prototyped through a molding process using
the Dragon Skin 30 silicone rubber material. The mold design for
the upper portion of the actuator is shown in Fig. 5(a), whereas
Fig. 5(b) shows the mold design for the lower portion of the
actuator. Fig. 5(c) shows the air intake and connecting channel
design at a cross section of the mid-surface in the width direction
of the actuator. Fig. 5(d) shows a 3D view of the soft pneumatic
bending actuator.

IV. FINITE ELEMENT ANALYSIS

To investigate the performance of the design obtained in
Fig. 5(d), a three-dimensional finite element model was devel-
oped using Ansys commercial finite element analysis (FEA)
software to evaluate the design. The results of the geometrically

Fig. 5. Mold design for the soft pneumatic bending actuator. (a) Mold design
for the upper portion of the actuator. (b) Mold design for the lower portion of
the actuator. (c) Air intake design. (d) Soft pneumatic bending actuator.

Fig. 6. Results of the geometrically nonlinear finite element analysis for the
bending deformation of the developed soft actuator under different air pressures.
(a) 10 kPa. (b) 20 kPa. (c) 30 kPa.

nonlinear FEA for the bending deformation of the developed
actuator under different air pressures (10, 20, and 30 kPa) are
provided in Fig. 6, where the angle θ as denoted in Fig. 6(a)
is the bending angle used to quantify the amount of bending
taking place in the soft actuator. The bending angles for the
three air pressure conditions in Fig. 6 are estimated to be 26°,
51°, and 74°, respectively. The deformation plots in Fig. 6 are
displacement contours in mm units. The results demonstrate that
the developed pneumatic actuator can provide adequate bending
deformation at low supply pressures. The maximum equivalent
strain values for the bending actuator at the input pressure of 10,
20, and 30 kPa are 0.188, 0.357, and 0.511, respectively, which
are within the nearly linear range according to the stress-strain
curve provided in Fig. 1(b) thus the linear elastic material model
is used in this study.

To investigate the effectiveness of the topology-optimized
design shown in Fig. 7(a), three additional actuator designs
with different interface structures, as shown in Fig. 7(b)–(d), are
analyzed in order to compare their maximum bending angles
under different input pressures. As shown in Fig. 7, Design 2 is
a design with more material at the interface structure comparing
to the topology-optimized design (Design 1), whereas Design
3 is a design with less interface material. Design 4 is a design
with an interface structure similar to the commercial SRT soft
pneumatic bending actuator [37].

The results of the analysis for the three additional designs
are provided in Fig. 8, where Fig. 8(a)–(c) show the deformed
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Fig. 7. Analysis examples with different interface structures. (a) Design 1:
topology-optimized design. (b) Design 2. (c) Design 3. (d) Design 4.

Fig. 8. Results of the analysis. (a) Design 2 deformation contour at 30 kPa.
(b) Design 3 deformation contour at 30 kPa. (c) Design 4 deformation contour
at 30 kPa. (d) Bending angle versus input pressure curves.

contours for designs 2, 3, and 4, respectively, at 30 kPa, and
Fig. 8(d) shows the bending angle versus the pressure curves
of the four designs. It can be observed that the optimized
design (Design 1) generates greater deflection (as can be seen
in Fig. 6(c)) than designs 2, 3, and 4, which demonstrates the
effectiveness of the topology-optimized actuator design in terms
of maximizing the bending capability of the soft pneumatic
actuator. The bending angle for Design 1 is 50%, 23%, and
52% larger than that for Designs 2, 3 and 4, respectively, on
average. In addition, the experimental results for Design 1 are
also provided in Fig. 8(d), which show very good agreement
with the numerical results, where the average difference between
the simulation and experiment is 3%. A detailed description of
the prototype and experimental results is provided in the next
section.

V. PROTOTYPE AND EXPERIMENTAL RESULTS

The prototype of the optimized soft bending actuator is
shown in Fig. 9, which provides the bending deformation of
the developed soft actuator under different air pressures (from

Fig. 9. Bending deformation of the developed soft pneumatic actuator at
different air pressures.

Fig. 10. Bending deformation of the developed soft pneumatic actuator and
the commercial SRT actuator at different air pressures. Both actuators have the
same length and width.

10 kPa to 60 kPa at 10 kPa increments). It can be observed
that the embedded chambers inflate to generate the bending
motion when the soft actuator is pressurized by the supply air.
The bending actuator almost touches the upper fixture when the
input pressure is 50 kPa, while contact occurs at a pressure of 60
kPa. In order to compare the capability of the proposed bending
actuator with a commercial SRT soft pneumatic bending actuator
[37], a series of tests, including bending deformation, output
force, and maximum payload, are carried out. Fig. 10 shows a
comparison of the bending deformation for the developed soft
pneumatic actuator and the commercial SRT actuator at different
air pressures, where the bending conditions are measured from
the contact surfaces of both actuators and obtained through
image processing. The selected SRT actuator (SFG-M5086)
[37] is shown in Fig. 10. Its width, length, and height are 50
mm, 86 mm, and 26 mm, respectively. From Fig. 10, it can
be observed that the soft pneumatic actuator developed in this
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Fig. 11. Bending angle versus input pressure curves: comparison of the exper-
imental results for the developed soft pneumatic actuator and the commercial
SRT actuator at different air pressures (the tests are repeated 10 times at each
pressure for each actuator, and the average values are used to draw the trend
curves).

Fig. 12. Output force versus input pressure curves: comparison of the exper-
imental results for the developed soft pneumatic actuator and the commercial
SRT actuator at different air pressures (the tests are repeated 10 times at each
pressure for each actuator, and the average values are used to draw the trend
curves).

study can generate a greater amount of bending deformation
at a lower input pressure as compared to the commercial SRT
actuator. The bending deformation of the developed actuator at
an input pressure of 30 kPa exceeds the bending deformation of
the commercial SRT actuator at an input pressure of 100 kPa.

Fig. 11 shows a comparison of the bending angles from
the developed actuator and the commercial SRT actuator at
different air pressures. The tests are repeated 10 times at each
pressure, and the average values are used to draw the trend
curves. The average variations of the bending angles for the
developed and the commercial bending actuators are 2.6% and
2.2%, respectively, comparing to the average values. It can be
observed that the bending angle, denoted as θ in Fig. 11 for the
developed actuator, is 177% larger than that for the commercial
SRT actuator, on average, at input pressures ranging from 10 kPa
to 50 kPa. The average bending angle for the commercial SRT
actuator is 37.6° at a pressure of 50 kPa, whereas the bending
angle for the developed bending actuator is 109.3° at the same

Fig. 13. Maximum payload for a two-fingered gripper with two identical soft
pneumatic bending actuators: comparison of the experimental results for the
developed soft pneumatic actuator and the commercial SRT actuator at different
air pressures.

supply pressure, which is 191% greater than that for the SRT
actuator.

To evaluate the output force of the bending actuator, a Lutron
FG-6020SD force gauge was placed (and fixed) at the fingertip
to measure the output force at different air pressures. The exper-
imental setup and the measured results are provided in Fig. 12.
The tests are repeated 10 times at each pressure for each actuator,
and the average values are used to draw the trend curves. The
average variations of the blocked forces for the developed and the
commercial bending actuators are 3.9% and 7.3%, respectively,
comparing to the average values. Fig. 12 shows that the output
force of the developed actuator is 9.45 N at an input pressure of
80 kPa, while the output force of the commercial SRT actuator
is measured as 4.66 N with the same experimental setup. The
average output force of the developed bending actuator is 108%
higher on average than that of the SRT actuator at input pressures
ranging from 10 kPa to 80 kPa at 10 kPa increments.

The developed soft pneumatic bending actuator can be used
in robotic grasping applications. To investigate the maximum
payload of the two-fingered gripper with two identical soft
pneumatic bending actuators, a payload test, as shown in Fig. 13,
is carried out to estimate the maximum payload of the two-
fingered gripper at different air pressures. The payload tests
were performed iteratively by gradually increasing the number
of mass blocks in a tray hanging on the gripped object. The
maximum payload of the two-fingered gripper with the two
developed soft pneumatic bending actuators was found to be
2.66 kg at an input pressure of 80 kPa, whereas the maximum
payload of the gripper with two commercial SRT actuators was
measured as 1.59kg. The maximum payload of the developed
two-fingered gripper was thus 44% higher on average than the
two-fingered SRT gripper at input pressures ranging from 10 kPa
to 80 kPa at 10 kPa increments.

Fig. 14 shows the payload test results for the three-fingered
grippers. The maximum payload of the three-fingered gripper
with three developed soft pneumatic bending actuators was
identified as 5.12 kg at an input pressure of 80 kPa, whereas
the maximum payload of the gripper with three commercial SRT
actuators was measured as 2.22 kg. The maximum payload of the
developed three-fingered gripper was 140% higher on average
than the three-fingered SRT gripper at input pressures ranging
from 10 kPa to 80 kPa at 10 kPa increments.



2092 IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 7, NO. 2, APRIL 2022

Fig. 14. Maximum payload for a three-fingered gripper with three identical
soft pneumatic bending actuators: comparison of the experimental results for the
developed soft pneumatic actuator and the commercial SRT actuator at different
air pressures.

Fig. 15. Two-fingered and three-fingered soft pneumatic grippers. (a) Initial
conditions for the two-fingered gripper with two identical soft pneumatic bend-
ing actuators. (b) Open mode of the two-fingered gripper. (c) Initial conditions for
the three-fingered gripper with three identical soft pneumatic bending actuators.
(d) Open mode of the three-fingered gripper.

Fig. 15(a) and (b) show the initial condition and open mode,
respectively, for the two-fingered gripper. Fig. 15(c) and (d)
show the initial condition and open mode for the three-fingered
gripper, respectively. The open modes for the two-fingered and
three-fingered grippers, as shown in Fig. 15(b) and (d), are both
at a negative pressure of 200 kPa. Fig. 16 shows the grasping
test results for a variety of different objects using the developed
two-fingered and three-fingered soft pneumatic grippers.

The objects used in the two-fingered grasping test included
a toy, a light bulb, a head of broccoli, noodles wrapped in
cellophane, a canned soft drink, and a mandarin orange, whereas
the objects used in the three-fingered grasping test include a
mandarin orange, a head of broccoli, a toy, paper towels, a
bottle of sauce, and a package of tissues. The experimental
results demonstrated that the two-fingered and three-fingered
soft pneumatic grippers developed in this research can be used
for handling these irregular or delicate objects.

Fig. 16. Grasping test results for a variety of different objects. (a) Two-fingered
gripper. (b) Three-fingered gripper.

VI. CONCLUSION

This study presents a design for a soft pneumatic bending
actuator using a 3D topology optimization procedure. One
segment of the soft pneumatic bending actuator with three
air chambers is used as the analysis domain for the topology
optimization. The developed bending actuator consisted of three
optimized finger segments in series, a fingertip structure, and
a contact surface structure. To investigate the effectiveness of
the topology-optimized design, three additional actuator designs
with different interface structures were analyzed via a geomet-
rically nonlinear finite element analysis in order to compare
their maximum bending angles at different input pressures.
The numerical results showed that the bending angle for the
optimized design is 50%, 23%, and 52% greater than that for
the other three designs, respectively, on average. In addition, the
average difference in the bending angle between the simulation
and the experiment for the optimized actuator design was 3%.

Both two-fingered and three-fingered soft grippers were de-
veloped using the topology-optimized bending actuators. The
experimental results showed that the soft pneumatic bending
actuator developed in this work is superior to the commercial
SRT actuator in terms of maximizing the bending angle and the
output force. In addition, the developed soft pneumatic actuator
can be operated at a lower supply pressure ranging from 10 kPa
to 50 kPa while correspondingly generating a bending angle
ranging from 25° to 111° on average of 10 tests. The bending
angle for the developed actuator was 177% greater than that
for the commercial SRT actuator on average at input pressures
ranging from 10 kPa to 50 kPa. The output force of the developed
actuator reached 9.45 N on average of 10 tests at an input
pressure of 80 kPa, while the output force of the commercial SRT
actuator was measured as 4.66 N under the same experimental
setup conditions. The output force for the developed actuator
was 108% greater than that for the commercial SRT actuator on
average at input pressures ranging from 10 kPa to 80 kPa.
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The maximum payload of the developed two-fingered soft
pneumatic gripper was 44% higher on average than the two-
fingered SRT gripper at input pressures ranging from 10 kPa to
80 kPa at 10 kPa increments, whereas the maximum payload
of the developed three-fingered gripper was 140% higher on
average than the three-fingered SRT gripper. The maximum load
capacities of the two-fingered and three-fingered grippers were
found to be 2.66 kg and 5.12 kg, respectively, at an input pressure
of 80 kPa.

The presented optimization method is limited to static and
linear problems without considering the effects of geometric
and material nonlinearities, as well as the dynamic behavior
under different supply pressures. Although the proposed optimal
design is synthesized under the assumption of small deformation
and linear elasticity, we use geometrically nonlinear FEA and
experiments to prove that the design still has better performance
under large deformation conditions. In addition to resolving
the above limitations, possible future research may include,
for example, considering the connecting channel for the air
chambers during optimization, and using a whole actuator as
a design domain to identify the optimal design.
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