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Abstract— Soft pneumatic actuators (SPAs) that can
perform three-dimensional movements are being developed to
perform more diverse tasks beyond simple bending. The
conventional PneuNet actuators have expansion limit layers,
which can obtain more tip force by limiting the expansion of
the bottom. However, the presence of the expansion limit layer
impedes other motions, such as rotation, when configured with
multiple channels. In this study, we propose a two-chamber
PneuNet actuator (TPA) to which the expansion limit line
(ELLINE) is applied to obtain a force gain without a limitation
on rotational motion due to the expansion limit layer. We
perform a finite element analysis (FEA) on three designs that
can rotate and bend using two-chamber to find the optimal
design. The effects on twisting, bending, and tip force according
to the width of the ELLINE on the selected design were then
verified through an FEA. After measuring rotation and
bending for the fabricated actuator with and without the
ELLINE. In the case of the fabricated TPA with the ELLINE,
the bending decreased by 19.8%. However, rotation increased
by 22.8 %, tip force increased by 1.53 times (with the ELLINE
the force is 2.77 N in 70 kPa; without the ELLINE it is 1.8 N in
70 kPa), and grasping force increased by 5 times (with the
ELLINE the force is 500 gf in 70 kPa, without the ELLINE it is
100 gf in 70 kPa). Furthermore, we fabricated a gripper using
three actuators, capable of holding a weight of 505 g and
objects of various shapes.

Index Terms— Soft pneumatic actuator, soft robot applications,
grippers and other end-effectors.

[. INTRODUCTION

nlike rigid robots, which pose safety issues due to
collisions with surrounding objects or people [1],
soft robots can interact with the environment and
operate safely in unexpected contact situations or when
handling delicate objects [2]. The actuators used in soft
robotics are composed of materials with the following
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characteristics. First, silicone, which is capable of large
strain (>100%), possesses low toxicity and high durability
and has a low mechanical damping coefficient [3],[4].
Second, the stiffness and strain rate of shape memory
polymers and alloys can be adjusted according to
temperature [5],[6]. Third, electroactive polymers, such as
dielectric elastomer actuators (DEA) [7], polypyrrole (PPy)-
based polymer actuator [8],[9], induce bending when
subjected to voltages. Fourth, electrorheological fluids are
capable of modulating rheological properties upon the
application of an electric field [10]. Fifth and finally, fiber
and textile offer a wide range of stretch properties that can
produce complex motion in soft actuators [11],[12].
Actuators composed of these operate by pressurization,
heating, voltage, electric and magnetic field. Among them,
the soft pneumatic actuators (SPAs) are used in various
fields, [13],[14] such as underwater robots, [15] hand
assistance and rehabilitation, [16],[17] and walking robots
[18] because of its simple input, high compliance, and
stability through flexibility.

The existing SPAs are used in various fields because
automation to provide a notable range of movements and
high-power densities. SPAs that can perform three-
dimensional movements (bending, twisting, and spiral
trajectory) are being developed to perform more diverse
tasks beyond simple bending. A fiber-reinforced actuator
uses one chamber to control the bending direction by
limiting expansion depending on the winding direction of
the wire [19],[20]. And PneuNet actuators can be bent in a
spiral trajectory by giving an angle to the bellow-shaped
channel [21],[22]. A multiple channels actuator can bend bi-
directional motion by combining two channels [23] or bend
in three directions by combining three channels by 120-
degree [24],[25], bend and rotate with three channels for
finger-like motion [26], or with four channels in a 90-degree
direction [27]. The rotational motion of the SPA facilitates
actions such as turning handles, altering the orientation of
objects, adjusting items during packaging operations, and
twisting to pick fruits, thereby enabling its use in a wide
range of applications. However, a fiber-reinforced actuator
that limits expansion by winding a wire has a disadvantage:
it requires high pressure for complete bending operations.
The bending direction, adjusted based on the wire's winding
direction or the shape of a channel, provides only one degree
of freedom when using a single chamber. Utilizing multiple
channels necessitates additional mechanical components,
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Fig. 1. (a) (b) (c) Designing of three types of TPAs and FEA results of
TPAs for twisting and bending, these model have different middle wall
positions and chamber shapes: (d) Coordinate axis setting for a two-
chamber soft actuator and direction definition for bending and twisting, (e)
Position graph for the tip when pressure is applied to one chamber for
three designs (f) Graph showing relationship between pressure and
bending angles for three designs

such as solenoid valves, airlines, and control elements,
which complicates the pneumatic system. Consequently, this
leads to an increase in the size of the pneumatic system,
hindering miniaturization. Among various SPAs, the
PneuNet actuator features a corrugated bellow shape within
its pneumatic chamber, which is bonded to flexible yet
limited expansion elements. These elements support the
actuator's bending motion. As a result, it can achieve greater
bending at the same pressure compared to other Soft
Pneumatic Actuators [21]-[23],[28]-[35].

Conventional PneuNet actuators have expansion limit
layers [28]-[30],[32],[34] which can obtain more tip force by
limiting the expansion of the bottom. However, other
motions such as rotation are hindered by the expansion limit
layer when configured with multiple channels.

In this study, we propose a two-chamber PneuNet actuator
(TPA) to which the expansion limit line (ELLINE) is
applied to obtain a force gain without a rotational motion
limitation due to the expansion limit layer. In the presence of
the expansion limit layer, the actuator's rotational motion is
inhibited. The ELLINE is thus designed to minimize the
influence on twisting by attaching nylon that prevents
expansion to the center of rotation and acts as a force
enhancement layer similar to the expansion limit layer. We
propose three types of SPAs that can rotate, and bend using
two channels and perform a finite element analysis (FEA) on
these three designs to find the optimal design for twisting
and bending under the same pressure. We then confirm the
effects on twisting, bending, and tip force according to the
width of the ELLINE on the selected design through an
FEA. After measuring rotation and bending for the
fabricated actuator with and without the ELLINE, the results
were compared with the FEA results, and the effect on the
tip force and grasping force was investigated. Furthermore,
we fabricated a gripper using three-actuator, which has an
ELLINE. The performance of the gripper is verified by
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Fig. 2. Cross-section of two-chamber PneuNet actuator.

TABLEI
PARAMETERS OF PNEUNET ACTUATOR
Parameter
wall thickness (w) 1.5 mm
gap between channels (¢) 1.5 mm
gap between chamber (cj) 1.5 mm
bottom layer thickness (t) 3 mm

conducting grasping experiments for various
weights and rotational motion experiments.

objects and

II.DESIGN SELECTION OF TPA

A. Finite element analysis of TPA with various shapes

In this section, we propose three designs of TPAs
consisting of two channels. These designs can bend when
pressure is applied to both channels and rotate when pressure
is applied to one chamber. An actuator capable of
performing two distinct motions at low pressure was
selected, utilizing the structure of the conventional PneuNet
actuator. As shown in Fig. 1, the three types of designs have
different middle wall positions and chamber shapes. FEA
simulations were conducted to assess the impact of the
dividing segmented chamber walls on bending and rotation,
with all three designs sharing the same internal structure, as
shown in Fig. 2. Type 1 has no middle wall between two
channels (Fig. 1(a)) [23], Type 2 has a middle wall only in
the channel (channel inside the bellows part) (Fig. 1(b)), and
Type 3 has a middle wall along the entire length (Z
direction) (Fig. 1(c)). Type 2 was designed to resemble the
shape of the existing PneuNet actuator [28],[29]. Type 3 is
specialized for left and right bending motion, as mentioned
in Marchese et al. and Schiller ef al. [13],[36]. Type 3 adds a
bottom with the same thickness as Types 1 and 2 to bend in
the Y direction.

The bending optimization parameters for the pressure of
the PneuNet actuator include wall thickness, the gap
between channels, bottom layer thickness, and the cross-
sectional shape of the PneuNet actuator, which are discussed
in Hu et al. [39]. These parameters are applied to the three
types of designs and are shown in Fig. 2 and Table 1.

A finite element analysis (FEA) using ANSYS Workbench
2021 R1(ANSYS Inc, Pennsylvania, USA) was performed
for the three types of designs. The material was silicone with
a hardness of 20A, a hyperelastic design with a neo-
Hookean design, and a modulus p = 0.16984 [40],[41].
Through a convergence test, error within 1% of the element
size between 1.6 and 1.7 mm was confirmed. Therefore, the
element size was selected as 1.6 mm.

The bending angle is defined as the angle measured
between the Z-axis and the end points of the soft actuator.



Tracking
point

Expansion
limit line

(b)

=@— Bending angle(NYLON)
== Bending angle(PC)

B

=@ Rotating angle(NYLON)|
== Rotating angle(PC)

NN
L%

[\
(=}

75

Iy
2
o
@
T
k=
K]
o 70}
e 70
o
o
c
T
c
]
o

-
(o]

Twisting angle (degree)
= »

>
>
e
e

=y
L]

0 05 1 15

2 25 3 0 05 1 15 2 25 3
Line width (mm) Line width (mm)
(c) (d)
11
1 >
3 —r—
209 ——r
8 >
Los
{=
Fo7
—@—Tip Force (NYLON) =
0.6 =P Tip Force(PC) usi,:‘;';‘;‘:;:ﬁ Bending angle(B)

0 05 1 15 2 25 3
Line width (mm)
(e)

Tip force

4

Fig. 3. (a) (b) Model of type 1 TPA with the two material ELLINE and

FEA results according to width of the ELLINE when 0 ~ 50 kPa pressure

of type 1 TPA is applied: (c) Maximum twisting angle (d) Maximum

bending angle, (e) Tip force when 50 kPa is applied. (f) The definitions of

twisting, bending angle and tip force.

The definition of the twisting angle is represented by the

angle formed between the end points of the soft actuator and

the Y-axis. The definitions of these angles can be seen in Fig.

3(D).

FEA results for the three designs are shown in Fig. 1(e)
and 1(f). When a pressure of 0~80 kPa was input to one
chamber, it was confirmed that all three designs rotated. The
maximum twisting angle of each design can be obtained
from the tip position, and it was confirmed that Type 1 has a
value of 14.3 degrees, Type 2 17.3 degrees, and Type 3 87.5
degrees. The maximum bending angle of each design is
84.5 degrees for Type 1, 66 degrees for Type 2, and 1.45
degrees for Type 3. Type 3 has the widest rotation range at
0~80 kPa input pressure, followed by Type 2 and Type 1.
However, Type 3 does not have two degrees of freedom
because the maximum bending angle of 1.45 degrees is
insufficient for the bending motion. In Type 3 actuators, the
presence of a middle wall causes the chambers to move in a
way that produces lateral bending, resulting in a significant
twisting angle. However, this same middle wall restricts the
bending angle, making it smaller. It was anticipated that
Type 3 would achieve bending by incorporating a base into
the actuators, as seen in the designs by Marchese et al. and
Schiller et al. [13],[36]. Nevertheless, because these

actuators were originally designed for bi-directional motion,
Type 3 exhibited a smaller bending angle despite achieving a
large twisting angle. The difference in the rotation angle
between Type 1 and Type 2 is three degrees: Type 1 bends
18.5 degrees more than Type 2. Type 3 has a wide twisting
range but a limited bending range of 1.45 degrees. It was
confirmed through the FEA that Type 1 and Type 2 had
similar maximum twisting angles, but the bending range of
Type 1 was larger than that of Type 2. Therefore, Type 1
was selected among the three designs, and the ELLINE was
attached to Type 1, as shown in Fig. 3(b).

B. Finite element analysis of TPA with the ELLINE

When an expansion limit layer attached to the existing
SPA [28]-[30],[32],[34] rotates, a sufficient twisting angle
cannot be obtained because the layer restricts the motion.
Since the ELLINE has a small width compared to the layer,
it will have a small effect on the rotation. Therefore, by
attaching the ELLINE to the Type 1 TPA, we checked the
effect of the ELLINE on the operation through an FEA. We
used an FEA to simulate the performance according to the
ELLINE width of Type 1. Fig. 3(b) is a design when the
ELLINE of Type 1 is attached. It was assumed that nylon
and polycarbonate, materials used to restrict the deformation
of the soft actuator, were attached during this process
[371,[38]. Fig. 3(c) is a graph showing the maximum
twisting angle (o) according to the width of the ELLINE
when a pressure of 0 to 50 kPa is applied to the actuator.
Fig. 3(d) is a graph showing the maximum bending angle ()
according to the width of the ELLINE when pressure is
applied to the actuator. Fig. 3(e) is a graph showing the FEA
results of the tip force according to the width of the ELLINE
when 50 kPa is applied to the actuator. In Fig. 3(c), when the
width of the ELLINE is 1 mm, both materials exhibit the
greatest rotation. It was confirmed that the larger the width
was in a range from 0 to 1 mm, the more the maximum
twisting angle increased, and the maximum twisting angle
then decreased after 1 mm. When the width of the ELLINE
is 3 mm, the twisting angle increases compared with no
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Fig. 4. (a) TPA with fabrication steps and (b) Fabricated TPA with the
ELLINE.



ELLINE. When the width is 1 mm, which provides the
greatest rotation angle, when material is nylon, the twisting
angle increases by 42.0%. In Fig. 3(d), the bending angle
was the greatest without the ELLINE, and it was confirmed
that the bending angle increased as the line width decreased.
When compared to the absence of an ELLINE, it can be
observed that both materials exhibit a reduction in bending
angle. In Fig. 3(e), when material is nylon the tip force
increased by 47.5% with the 0.2 mm line and by 78.0% with
the 3 mm line, compared to the case with no ELLINE. In
this study, we focused on the force enhancement of the TPA
through the ELLINE. We selected the design with the largest
rate of increase of tip force among the ELLINE. For
polycarbonate, the results showed a 5% smaller bending
angle, 20% less rotation angle, and a 5% lower tip force
compared to nylon. This indicates that due to its higher
stiffness compared to nylon, Polycarbonate requires more
moment for bending, leading to a lower performance than
nylon when subjected to the same pressure. Therefore, 1 mm
nylon, which exhibited greater rotation and a significant
increase in force upon attachment, was selected.
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Fig. 5. (a) Setup for the TPA bending and twisting experiments, (b)
Comparison of bending experiment and FEA without the ELLINE, (c)
Comparison of bending experiment and FEA with the ELLINE,

TABLEII
BENDING AND TWISTING STANDARD ERROR OF EXPERMENT

RESULT
Bending Bending Twisting Twisting
Pressure | G ihoutline  withline  without line  with line
10 1.87 1.39 0.26 0.97
15 2.05 1.46 0.75 0.72
20 1.09 1.06 1.28 0.79
25 0.52 0.98 1.32 0.66
30 0.94 1.58 1.15 0.55
35 0.73 1.07 0.92 0.26
40 2.39 1.96 1.18 0.42
45 0.99 2.02 1.18 0.15
50 1.82 1.64 0.81 0.32
55 1.54 2.19 - -
60 1.06 1.51 - -
Average 1.87 1.39 0.26 0.97

III. TPA WITH THE ELLINE FABRICATION

The mold was designed for the fabrication of a TPA using a
3D printer (M300, Zortrax), and silicone rubber (XINUS
SH3264, XINUSLAB, shore hardness 20A) was injected into
the mold, as shown in Fig. 4(a). The mold consists of a total of
five parts and is largely divided into a bottom part and an
actuator part. The fabrication process consists of four steps.
First, the actuator part mold with silicone rubber is placed in an
oven at 80 °C to cure it for 20 minutes. The silicone actuator
part is then removed from the mold. Second, the silicone
actuator part is placed on top of the uncured bottom part and
heated in an oven to attach it to the bottom part. The bottom
part was fabricated by increasing the width by 1 mm for easy
attachment. For tube connection, a 4 mm polyurethane tube
with uncured silicone is inserted into the cured TPA and cured
in an oven. Third, using an adhesive for silicone, a nylon wire is
attached to the back of the actuator to make an ELLINE with a
width of 1 mm. In the final step, the completed actuator is
placed in water to check if air is leaking, and uncured silicone is
added to the leaking parts and cured after that, the fabricated
TPA is shown in Fig. 4(b).

IV. TPA EXPERIMENT RESULTS

A. Bending and rotation experiments of TPA

Fig. 5(a) shows the setup of the experiment to measure the
bending and twisting of the TPA. To observe the bending
and twisting of the TPA, it was installed vertically, and the
experiment was recorded through a camera. Each
experiment was conducted five times. To supply constant
pressure, an electronic pneumatic regulator (ITV1031-
21IN2BL, SMC co.) was used, and an image processing
program (Tracker, Open Source Physics) was used to track
the fingertip trajectory of the TPA fixed in a base. The
markers in Fig. 5(b) and Fig. 5 (c) have intervals of 10 kPa
when 0 to 60 kPa is applied in the TPA. Fig. 5(b) shows a
comparison between the experiment and the FEA for the
bending angle without the ELLINE when pressure is applied
to the two channels. The results of the bending experiment
and the FEA with the ELLINE are compared in Fig. 5(c).
Fig. 5(d) shows a comparison between the experiment and
the FEA for the trajectory of the actuator tip applied the



pressure to only one chamber, without the ELLINE in the
XY plane when 0 to 50 kPa. A comparison between the
experiment and the FEA for the trajectory of the actuator tip
with the ELLINE in the XY plane is shown Fig. 5(¢) when 0
to 50 kPa. At the same pressure, the maximum twisting
angle was 11.9 degrees without the ELLINE and 15.5
degrees with the ELLINE. It was confirmed that in the case
with the ELLINE at the same pressure, the maximum
twisting angle increased by 22.8%. In addition, it was
confirmed that the bending angle was reduced by up to 21.1
degrees and 19.8% compared to the case without the
ELLINE at the same pressure.

The error between the FEA results for the bending and the
experiment, with an error of 11.4% with the ELLINE and
19.2% without the ELLINE and standard error was 2.39 and
1.96, respectively. The error between the FEA results for
bending and the experiment was 8.7% with the ELLINE and
8.8% without the ELLINE and the standard error was 0.26
and 0.92. The standard error of bending and twisting
experiment results is shown in Table II. From the FEA
simulations and experiments, it was observed that
attachment of the ELLINE can increase the angle of rotation
and decrease the angle of bending.

B. Tip force and grasping force experiment of a TPA.

Fig. 6(a) shows the experimental setup to investigate the
effects of the tip force according to with and without the
ELLINE. When the TPA was fixed in a vise and the pressure
was increased at 10 kPa intervals in the range of 0 to 70 kPa,
the magnitude of the tip force was measured with a loadcell
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Fig. 6. (a) Setup for tip force experiment of the TPA and (b) experiment
results of tip force with and without the ELLINE.
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Fig. 7. (a) Setup for grasping force experiment of the TPA and (b) Mass
vs. displacement of the TPA with and without the ELLINE.
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Fig. 8. Grasping experiment of two-chamber soft gripper and six objects:
(a) gripper releasing, (b) gripper grasping, (c) grease tube, (d) large wire
stripper, (e) wire stripper, (f) nipper, (g) plastic case, (h) plastic bottle.
repeatedly five times. Constraining the top surface of the
actuator minimized the non-linear effects caused by the
bending of the actuator when pressurized. Thus, this setup
could measure the maximum blocked tip force generated by
the actuator regardless of the bending angle [11]. The results
confirmed that the average tip force was 2.78 N and 1.80 N
with and without the ELLINE, respectively, in the error range
of 0.0477 N at an input pressure of 70 kPa (Fig. 6(b)). It was
1.54 times greater tip force obtained in the TPA with the
ELLINE.

The experimental setup (Fig. 7(a)) for measuring the
deformation of the TPA depending on the load. The initial
position of the TPA tip was set when bent beyond 90
degrees to form a semi-circular shape under an input
pressure of 70 kPa with no load applied. The mass is always
placed in the center of the actuator. The distance between the
end position with the applied load and the initial position of
the soft actuator was measured using an image processing
program (Tracker, Open Source Physics), as shown in Fig.
7(b). The TPA deformed 27.9 mm and slid with a load of
100 g without the ELLINE and deformed 45.5 mm and slid
with a load of 500 g with the ELLINE. It has been
demonstrated that, when installed in the direction of gravity
and subjected to the same pressure, the TPA with the
ELLINE could support a load five times greater than without
the ELLINE.

These results confirm that, with the ELLINE, it is possible
to obtain a greater force by limiting the expansion of the
bottom part and obtaining more stiffness against external
forces of the bottom part. Simplifying a TPA as a beam with
a free end subjected to a bending moment, the bending

moment of TPA M is as follows: M = % [32],[42]. The

Young's modulus E and moment of inertia I, the bending
radius R. Nylon has a Young's modulus about 1900 times
greater than that of pure silicone rubber. Therefore, the TPA
with attached nylon has a larger E than an unattached TPA.
The attached TPA can hold higher loads against external
forces. The bottom is easily deformed and cannot hold a
large load without the ELLINE when external force is



applied. However, the TPA with the ELLINE can hold a
large load by preventing deformation of the bottom.

C. Grasping and rotational motion experiment of soft
gripper

To apply pressure to the actuator, a small air pump (DAP-
8849, Motorbank) that can apply a maximum pressure of 300
kPa and a pneumatic regulator (ITV1031-21N2BL, SMC co.)
to keep the pressure constant were used. As depicted in Fig.
8(a), we fabricated a gripper comprising three TPAs with
ELLINE, arranged in parallel, and positioned the gripper in the
direction of gravity. The distance between each actuator is
designed to be 70 mm. The gripper was fabricated with a Z-
HIPS filament and a 3D printer (M300, Zortrax). The grasping
experiment was conducted by holding six various objects in
three categories: cylinder type, cuboid type, and tool. In this
experiment, cylindrical objects such as a plastic bottle, grease
tube, cuboid objects such as plastic cases, tools such as wire
strippers, and nipper were used. At 70 kPa, the gripper can
successfully hold plastic bottle with weights of up to 505 g and
curved objects such as cylindrical grease tube (109 g),
hexahedral plastic cases (190 g), and tools (225 g), as shown
in Fig. 8. It was confirmed through an experiment that the
motion range of the fingertip is 36 mm with the ELLINE. Also,
since the distance between the actuators of the gripper was 70
mm, it was confirmed that it was possible to hold objects with
size in a range of 36 mm to 70 mm.

Fig. 9 shows images taken at one-second intervals when
pressure is applied to one chamber in the same direction to
check whether the soft gripper can perform the rotational
motion. When the pressure of 75 kPa was applied to one
chamber of the TPA, it was confirmed that the TPA rotated in
one direction to turn the object while holding the 32 mm
cylindrical column. By repeating ten times and recording the
angle and time for one operation, the results shown in Table III
were obtained. In one operation, the average rotating angle was
44.3 degrees, the average operation time was 3.61 seconds, the

TABLEIII
TIME MEASUREMENT RESULTS FOR ROTATIONAL MOTION OF
THE GRIPPER AND TWISTING ANGLE

Try Degree Time
1 36.9 4
2 33.8 4
3 49.3 3.8
4 57.7 4.4
5 40.5 39
6 453 32
7 50.1 3.2
8 30.3 33
9 49.9 3
10 49.4 33

Average 44.3 3.61

standard deviation for the rotating angle was 8.64, and the
standard deviation for the average operation time was 0.465.
The results of the rotational motion experiment confirmed that
the soft gripper consisted of three actuators can rotate the
object at a speed of 12.3 degrees/sec.

In addition to cylinders, we experimented with rotational
motion with various objects on the platform. These included a
paper cup with a 100g weight (280 mm), a tangerine (264 mm),
a pencil holder (width 70 mm), and a hemisphere model (227
mm). It was confirmed that these objects could be rotated and
lifted up, as demonstrated in the Supplementary Video.

V. CONCLUSION

In this study, we propose three designs using a TPA that
can bend and rotate. We selected a suitable design for
bending and twisting through an FEA. Through simulations,
the twisting angle, bending angle, and tip force for the
selected design without the ELLINE and with an ELLINE
with width from 0.2 to 3 mm were compared. The case with
the ELLINE confirmed a 4.74%~42% increase in the
maximum twisting angle compared to the case without the
ELLINE. We confirmed that the tip force increased the force
by 47.5%~78.0% in the case with the ELLINE. However, it
was confirmed that the bending angle decreased by
17.16%~26% compared to the case without the ELLINE.

In other words, the twisting angle and tip force of the TPA
with the ELLINE increased, but the bending angle decreased.
As the ELLINE width becomes thicker, the bending angle
decreases, and the tip force increases. This phenomenon
seems to arise from the reduced deformation in the silicone
bottom as the width of ELLINE increases, which leads to
increased stiffness of the silicone bottom. This enhancement
allows for a more efficient transfer of the moment.
Consequently, with the material attached to the bottom
remaining the same, the wider the ELLINE attached to the
TPA, the greater the tip force obtained under the same input
pressure, instead of decreasing the deformation. In the case
of the twisting angle, it has the maximum rotation angle
when it is 0.8 mm. The twisting angle increases as the width
increases before an ELLINE width of 0.8 mm. After 0.8 mm,
the rotation angle decreases as the width increases. In this
study, we focused on the force enhancement of the TPA
through the ELLINE. Therefore, the 1 mm line design with
nylon, where the rate of increase of the maximum twisting
angle was 30.11%, the rate of decrease of the maximum



bending angle was 24.80%, and the rate of increase of the tip
force was 74.84%, was selected and fabricated for an
experiment to assess its performance. The error between the
FEA results for bending and the experiment was 8.7% with
the ELLINE and 8.8% without the ELLINE. The error
between the FEA results for bending and the experiment was
11.4% with the ELLINE and 19.2% without the ELLINE.
The bending angle in the case with the ELLINE decreased
by 19.8% in the experiment. The twisting angle increased by
22.8% in the experiment at the same pressure in the case
with the ELLINE. The experiment results confirmed that
when the 1 mm ELLINE was attached to the fabricated
actuator, the twisting angle increased, and the bending angle
decreased compared to the actuator without the ELLINE.

When the TPA has the ELLINE, the tip force is 1.58 times
greater at the same pressure, the grasping force is up to five
times higher than without ELLINE. This prevents the
deformation of the bottom due to the stiffness of the
ELLINE. Thus, it is possible to obtain greater stiffness
against external force than without the ELLINE. The TPA
with the ELLINE can hold a large load by preventing
deformation of the bottom.

Table IV shows the calculated tip force per unit of pressure
for a total of 10 existing PneuNet actuators [21],[23],[28]-
[35]. The TPA with an ELLINE has a value of 0.0397 N/kPa,
which is the highest among the 10 existing PneuNet

TABLE IV

COMPARISON OF PRESSURE VS TIP FORCE AND INNER
VOLUME OF EXISTING PNEUNET ACTUATORS

. Inner
. Tip force(N) Length
Authors Motion /Pressure(kPa) \Zr(;lrlig;e (mm?)
Our researc Bending 0.0397 3159 95
h twisting ’ '
S. Abondan .
ce Dending 0.0092 - 100
et al. [23] wisting
Z. Liu .
et al. [30] Bending 0.0198 - 48
H. Li .
et al. [31] Bending 0.0375 - -
G. Alici .
et al [32] Bending 0.029 6480 140
P. Polygeri
nos Bending 0.028 - 136
et al. [28]
Z. Sun .
et al. [33] Bending 0.025 - 123
B. Mosadeg
h Bending 0.019 3021 86
et al. [29]
J. Wang .
et al. [34] Bending 0.010 4914 174
W. Hu .
et al. [21] Helical 0.009 - 150
J. H. Low .
et al. [35] Bending 0.0084 - 156

actuators. The proposed actuator has the advantage of
operating at a low pressure of under 100 kPa in contrast to
the actuator in Li ef al. [31] that operates at a high pressure
of 400 kPa. Furthermore, the proposed actuator can hold and
rotate objects through bending and twisting with two degrees
of freedom, similar Abondance ef al. [23]’s actuator. The
actuator in this study has low operating pressure and exhibits
a greater increase in tip force per unit of pressure compared
to the actuator studied by Abondance et al. [23].

We fabricated a soft gripper, and a grasping experiment
was conducted on a total of six types of cylindrical and
cuboid objects and tools. It succeeded in grasping up to 505
g plastic bottle and in grasping objects with complex shapes
such as tools. The rotational motion experiment on a
cylindrical object through the twisting of the actuator was
conducted ten times and it was confirmed that the soft
gripper consisting of three actuators can rotate the object at a
speed of 12.3 degrees/sec. And it was confirmed that the
gripper could rotate and lift objects. The gripper is expected
to facilitate actions such as turning handles, altering the
orientation of objects, adjusting items during packaging
operations, and twisting to pick fruits.

For the material limiting the expansion of the proposed
actuator, we selected nylon and polycarbonate, both of
which have been utilized in previous soft actuator research,
for our simulations. The simulation results confirmed that
nylon, due to its lower stiffness, leads to better actuator
performance. Beyond just these two materials, it's crucial to
further explore how actuator performance is influenced by
employing materials with varying stiffness levels as the
ELLINE.

We confirmed that these objects could be rotated and lifted,
as demonstrated in the Supplementary Video. However,
when turning objects in the air, there was difficulty in
rotating them stably due to the edges of the fingertips. This
issue is expected to be addressed by modifying the shape of
the actuator's tip to a rounded form through future studies.

The gripper deforms to fit the shape of the object to ensure
a stable grasp. However, there was a limitation in the size of
the object with respect to the size of the gripper and the
length of the actuator. For an object smaller than the length
of the actuator being used, only a size range larger than the
minimum curvature of the actuator can be grasped. There
was also a limitation due to the slow operating speed of the
gripper. In future studies, we plan to address the size limit
problem of the objects that can be grasped by developing
actuators with variable lengths or by implementing a mode
change for the gripper. The slow operating speed problem of
the gripper is intended to be resolved through research on
the material or structural aspects of the actuator.
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