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SUMMARY

The soft actuator is made of superelastic material and embedded flexible material. In this paper, a kind
of soft tube was designed and used to assemble two kinds of pneumatic soft actuators. The experiment
and finite element analysis are used to comprehensively analyze and describe the bending, elongation,
and torsion deformation of the soft actuator. The results show that the two soft actuators have the
best actuation performance when the inner diameter of the soft tube is 4 mm. In addition, when the
twisting pitch of the torsional actuator is 24 mm, its torsional performance is optimized. Finally, a
device that can be used in the production line was assembled by utilizing those soft actuators, and
some operation tasks were completed. This experiment provides some insights for the development
of soft actuators with more complex motions in the future.

KEYWORDS: Soft actuator; Gas driving; Superelastic material; Embedded flexible material; Finite
element analysis.

1. Introduction
Soft robotic is a rapidly developing research field. It combines robotics with materials chemistry to
further advance the development of compliant robotics. Soft robots are basically made of soft materi-
als which makes it light, compliant and safer for human—computer interaction.! As an important part
of soft robots, soft actuators have various driving methods, such as electroactive polymers,”™ shape
memory alloys,%” hydrogels® and magnetorheological materials.® After various stimuli, such as elec-
tric charge,>”’ chemical reaction!®!" and pressurized fluid,'>"'® the actuator deforms to drive the
robot. Most soft actuators are driven by pressurized fluid, which is simpler than other driving meth-
ods. When pressurized, the cavity of the soft actuator causes expansion in the direction associated
with low stiffness and causes bending,'? 416 torsion'®!® and elongation deformation.'®

Due to the nonlinear response and the complex geometry of the soft actuator, it is extremely impor-
tant to accurately predict the performance of the soft actuator (such as the relationship between the
pressure of the fluid and the bending, elongation and torsion of the actuator) before fabricating.
In recent years, researchers have paid more attention to soft actuators and have conducted lim-
ited research work and some applications, such as bionic systems,?*>?> multi-function sports,'*23
gripping ability,'>1%2% surgical tools,* limb exoskeleton?> and hand muscle rehabilitation equip-
ment.’® However, most of these soft actuators can only perform bending deformation in a single
direction,'>'%23 only a few soft actuators are related to torsional actuation'®!® and other forms of
motion are coupled during twisting, resulting in the waste of deformation energy. Besides, the estab-
lished finite element models (FEM) are all about bending deformation, and there are few FEMs about
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Fig. 1. Soft tube fabrication process. (a) 3D printed mold. (b) Pouring liquid Ecoflex-30 into the mold. (c)
Demold the soft tube. (d) Wind fiber line around the surface of the soft tube. (e) Apply liquid Ecoflex-30 to the
surface of the soft tube.

torsional actuators. Therefore, it is necessary to design the bending actuator with multi-directional
bending deformation and the torsional actuator with pure torsional motion. Similarly, FEMs also
need to be established for them.

In this paper, the gas-driven bending actuator and torsional actuator are fabricated by using soft
tubes made of super-elastomeric material (Ecoflex-30) and inextensible material (fiber lines). The
bending actuator can produce bending deformation in six directions and elongation deformation,
while the torsional actuator can produce pure torsional deformation. The FEMs of two actuators
are established, and the influence of cavity diameter and other parameters on the performance of
the actuator are explored by using established FEMs. The experimental results are compared with
the simulation results, and the best structural parameters of the two soft actuators are determined.
Finally, by integrating the two actuators, a soft robot arm and soft gripper for the production line are
assembled.

2. Fabrication

2.1. Soft tube fabrication

In this experiment, three different types of soft tubes were fabricated, each of which has an outer
diameter of 8 mm and an inner diameter of 3, 4 and 5 mm. Specific steps are as follows: firstly, the
3D model of the mold is designed with the help of the Solidworks software and 3D printer. The length
of the plastic pipe is 80 mm. Secondly, in a plastic beaker, the two liquids A and B of Ecoflex-30 are
mixed in the ratio of 1:1. The mixed liquid is poured into a mold tube and then placed in a vacuuming
device for defoaming treatment. After 30 min, it is taken out and put into the drying oven to bake
at 65°C for 4 h and, finally, take out the soft tube and wind the fiber lines at equal intervals on the
surface of the soft tube (Fig. 1).

2.2. Bending actuator fabrication

Three silica soft tubes of the same specification were selected and placed into the printed support
frame. The main function of the support frame is to fix the soft tube to ensure that there will be no
relative displacement during the fabrication of the soft actuator. The soft tubes are baked in a drying
oven for 30 min after their contact gaps are coated with liquid Ecoflex-30, and then taken them out
after solidification. The fabrication process is shown in Fig. 2.

2.3. Torsional actuator fabrication

A rigid plastic tube is placed in the center of the support frame, which is printed by a 3D printer.
According to the rotation direction of the support frame, three silicone tubes with the same inner
diameter are wound around the rigid plastic tube. After fixing the position, the mixed liquid
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Table I. Ecoflex-30 silicone rubber material parameters.
Operable Cure Elongation Mixed Shore Tensile Tear
time time at break viscosity hardness strength strength Shrinkage
45 min 4h 900% 3000 MPa 00-30 1.379 MPa 68.4 MPa <0.001%
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Fig. 2. Fabrication process of the bending actuator.
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Fig. 3. Fabrication process of the torsional actuator.
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Ecoflex-30 is evenly filled between the soft tubes and the rigid plastic tube, and then put the torsional
actuator into the drying oven to bake for 30 min. The fabrication process is shown in Fig. 3.

3. Material Properties and FEM Method
The super-elastomeric material Ecoflex-30, fiber lines and rigid plastic tubes are used in the study.

These materials are commercially available, easy to use and relatively inexpensive. Ecoflex-30 is a
platinum-catalyzed soft rubber. This series of soft rubber is very soft after solidification, has good
tensile, tear resistance, good elasticity and elongation and can be restored to its original size after
repeated stretching. Table I shows the specific material parameters of Ecoflex-30 silicone rubber.
The FEM analysis that fully captures the behavior of the elastomeric material is very important for
reliable and accurate simulation of actuator deformation. The properties of the elastomeric material
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Fig. 4. Finite element analysis model and physical sample of the soft bending actuator (a, b) and the soft
torsional actuator (c, d).
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Fig. 5. Connection of each experimental device.

are usually determined by simple testing of small material samples. The main tests are tensile and
compression tests in uniaxial, biaxial and planar directions. In order to simulate the highly nonlin-
ear behavior of the soft actuator and select the appropriate superelastic model, the Ecoflex-30 was
subjected to a uniaxial tensile test at a speed of 300 mm s~!. After testing the material data, the final
model selected for the material is the Ogden model. After optimization, the three parameters of the
Ogden model are ;11 = 1.903 x 1073, up, = 2.215 x 1072, u3 = 3.6122 x 1073, a; = —3.855,
ay = 0.6532, a3 = 4.2125, D; = 3.0587, D, = D3 = 0, where u and « are the main parameters.
All p terms are in unit of N.mm™"' and all D are in unit of N.mm—>.

The FEM analysis is capable of quickly generating actuator response to pressure changes, showing
the stress and strain of the actuator and providing a more realistic description of the response to the
nonlinear system, giving a better understanding of the effects of local strain on actuator performance.
ABAQUS (Simulia, Dassault System) was used to analyze and simulate the behavior of the actuators,
and the simplification was reduced to approach the specific experimental conditions. Figure 4 shows
the FEMs and physical samples of the two actuators. Because the pressure is directly applied to the
inner cavity surface of the actuator, there is no inlet for pressurized air in the FEM of the actuator.
The solid tetrahedral quadratic hybrid element was used to model the main body of the actuator. The
quadratic beam element was used to model the fiber line, and the fiber line and the actuator were
connected by tie constraints. The material of the fiber line was modeled as linear elasticity with
Young’s modulus E = 31075 MPa and Poisson’s ratio v = 0.36.

4. Experiments and Result Analysis

As shown in Fig. 5, the experimental platform was constructed to test samples of the bending actuator.
A micro air pump was used as the gas source, the four-way plastic tube was used to divert the
air flow, and three air pressure regulating valves to control the air flow and the electromagnetic
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Fig. 6. Bending deformation: (a) single cavity of bending actuator filled with 30 and 60 kPa air pressure; (b)
double cavity of bending actuator filled with 30 and 60 kPa air pressure.
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Fig. 7. (a) The bend angle result of the single-cavity inflation of the bending actuator; (b) single-cavity inflation
test experimental and simulation result error of the bending actuator.

valve were used to switch the air flow. Each cavity of the actuator is connected to a gas pressure
regulating valve and an electromagnetic valve. In the experiment, the actuator is controlled to perform
bending, elongation and torsion deformation by driving the cavities. A camera was used to record
the deformation of the actuator at different pressures. When testing torsional actuators, the position
of the pointer at the front end of the torsional actuator is marked at different air pressures, and then
the torsion angle is calculated from the recorded data. In the actual experiment, the measurement
average is taken by multiple tests to reduce the measurement error, and the number of experiments is
not less than three times.

4.1. Bending and elongation

Soft tubes with inner diameters of 3, 4 and 5 mm were used to investigate the influence of the inner
diameter of the soft tube on the performance of the designed bending actuator. The influence of the
diameter of the soft tube on the performance of the bending actuator was studied by experimental
test and finite element analysis.

4.1.1. Bending actuation. The bending actuator will bend in different directions when its different
cavities inflated. The upper cavity of the bending actuator is filled with pressurized air, and the
pressure of input air varies from 0 to 60 kPa and increased the air pressure by 5 kPa each time. The
bottom soft tube limits the elongation of the upper soft tube, resulting in a bending deformation of
the entire bending actuator. Figure 6 shows the bending deformation comparison of the physical and
FEMs of the bending actuator at a specific pressure. It can be seen from Figs. 7(b) and 8(b) that the
error between the finite element analysis results and the experimental test results is small.
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Fig. 8. (a) The bend angle result of the double-cavity inflation of the bending actuator; (b) double-cavity inflation
test experimental and simulation result error of the bending actuator.

Figure 7(a) shows the effect of the inner diameter of the soft tube on the bending angle of the
bending actuator. As we can see from the figure: (1) for each kind of bending actuator, the bending
angle will increase as the input air pressure increases; (2) under the same input air pressure, the
bending angle of the bending actuator increases as the diameter of the soft tube increases; this means
that if the bending actuators of all kinds are to achieve the same bending angle, bending actuators
with a smaller internal cavity diameter require greater air pressure. In the experiment, we found that
as the input air pressure increases, the bending angle of the soft actuator with a diameter of 5 mm
will be larger, while the radial expansion of the soft tube is more obvious. When the air pressure is
further increased, a “balloon” phenomenon will occur, causing damage to the actuator. Based on the
above conclusions and phenomena, the bending actuator with an inner diameter of 4 mm is optimum.

The two soft tubes are inflated by the air valve to investigate the effect of the diameter of the soft
tube on the bending angle of the bending actuator. The test results are shown in Fig. 8(a): (1) the
two soft tubes are inflated at the same time, under the same air pressure, and the bending actuator
with a larger inner cavity diameter has a greater bending angle. Compared with Fig. 7 (a), it can be
found that: (1) in the pressure range of 0 ~ 10 kPa, the bending angle of the bending actuator when
the single cavity and the double cavity are inflated is basically the same under the same air pressure;
(2) within the pressure range of 15 ~ 40 kPa, the bending angle of the double-cavity inflation of the
bending actuator exceeds the bending angle of the single-cavity inflation.

4.1.2. Elongation actuation. Three cavities of the bending actuator are filled with gas at the same
time to elongate the actuator, and the length of the actuator elongation is controlled by the input air
pressure. A coefficient ¢ is used to characterize the change in length of the bending actuator during
inflated. For this coefficient, it can be defined using formula (1), where [y represents the length of the
bending actuator when there is no air pressure, and /; represents the length of the bending actuator
when inflated.

=1y

e=— ey

As shown in Fig. 9(d), as the air pressure increases, the elongation of the bending actuator becomes
larger as the inner diameter increases. In the range of 20 ~ 25 kPa and 25 ~ 30 kPa, there is a decline
in the growth rate of the elongation of the soft actuator with a diameter of 5 and 4 mm. The reason
for this change is that, the fiber line wound on the surface of the soft tube has a certain spacing; as the
input air pressure increases, the soft tube will radially expand at the spacing of the fiber line and even
the tiny “balloon” will occur. The soft tube occurs radial elongation beside axial elongation, which
causes the increase rate of the overall elongation to decrease. As the input air pressure increases, the
axial elongation of the soft tube is much larger than the radial expansion of the soft tube, and the
amplitude of the overall elongation of the bending actuator increases again. Since the wall of the
bending actuator with an inner diameter of 3 mm is thicker, the soft tube does not have a significant
radial expansion during the entire pressurization process, so the increase rate is always increased.
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Fig. 9. Bending actuator elongation actuation (d = 4 mm) experimental test (a, b, ¢) and results (d).

4.2. Torsion actuation

The torsional actuator samples are connected to the experimental test platform. The inner cavity
of the soft tube is filled with pressurized air through the air pump, so the soft tube generates axial
elongation. When the soft tube is wound around the rigid plastic tube, this axial elongation appears
as a rotation around the central rigid plastic tube. The torsional actuator’s cavity is inflated with a
pressure of 0 ~ 20 kPa, increasing the pressure by 5 kPa each time. In order to measure the torsional
angle of the actuator under different air pressures, the angle of the pointer pointing to the circular
paper scale was observed and recorded (Fig. 10). The test results are shown in Fig. 11: (1) Three
kinds of torsional actuators with different inner diameters, the torsion angle increases as the input
air pressure increases. (2) Under the same air pressure, the torsion angle of the torsional actuator
with inner diameter of 4 and 5 mm is larger than that the torsional actuator with inner diameter of
3 mm; when the input air pressure exceeds 15 kPa, due to the thin wall, the torsional actuator with a
diameter of 5 mm will cause severe radial expansion, and the axial elongation is limited. Therefore,
the performance of the torsional actuator is the best when the inner cavity diameter is 4 mm.

After ascertaining the influence of the inner diameter on the torsion angle of the torsional actuator,
the relationship between the winding pitch of the soft tube around the rigid plastic tube and the
torsional angle of the torsional actuator was explored. Two methods of finite element simulation and
experimental testing were used to analyze the actuation performance of the torsional actuator with a
winding pitch of 24 and 40 mm. The final result is shown in Fig. 12.

As can be seen from Fig. 12(a), when the input air pressure is 20 kPa, the finite element analysis
results do not converge and the final value cannot be obtained. However, the angle has exceeded 120°
at the end of the calculation, so it can be determined that the torsional actuator has a torsion angle
larger than 120° at this input air pressure. From Fig. 12, we can get: (1) Under the same input air
pressure, the torsion angle of torsional actuator with a winding pitch of 24 mm is greater than 40 mm.
(2) For the torsional actuator with the same winding pitch, the torsion angle is positively correlated
with the diameter of the torsional actuator. Based on Figs. 11(a) and 12, the influence of the winding
pitch on the torsion angle is analyzed. When the input air pressure is the same, the torsion angle of
the torsional actuator is the largest when the winding pitch is 24 mm. Therefore, the optimal winding
pitch of the torsional actuator is 24 mm.
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Fig. 10. Experimental test picture of torsional actuator.
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Fig. 11. (a) The torsion angle result of the torsional actuator; (b) experimental and simulation result error of the
torsional actuator.
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Fig. 12. (a) The torsion angle result of the torsional actuator with a winding pitch of 24 mm; (b) the torsion
angle result of the torsional actuator with a winding pitch of 40 mm (b).
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Fig. 13. Soft robot arm and soft gripper.

5. Application

For the two pneumatic soft actuators designed, a potential application in the production line is now
proposed. As shown in Fig. 13, a soft gripper is made up of three bending actuators, and a soft robot
arm is assembled by a torsional actuator and a fixed bracket. The soft gripper can grab lightweight
and brittle objects on the production line without any damage to the surface of the objects. The soft
robot arm has the function of twisting and it can adjust the angular position of lightweight objects
with the soft gripper.

6. Conclusion

Through the multistep process, the soft tube of the basic component is fabricated, and the pneumatic
actuator which can perform the bending, torsion and elongation actuation is assembled based on the
basic component. For different kinds of soft actuators, the influence of the inner cavity diameter on
the actuation performance of the soft actuator is ascertained. The FEM analysis results are compared
with the experimental test data, which proves that the model can be used to predict the behavior of
soft actuators based on superelastic materials.

For the bending performance of the bending actuator, the actuator has the best bending perfor-
mance when the inner diameter is 4 mm. When the single cavity is inflated, it has a bending angle of
0-100° in the air pressure range of 0—6 kPa; when the double cavity is inflated and the air pressure is
40kPa, the bending angle can reach 78°. For the torsion performance of the torsional actuator, when
the inner diameter is 4 mm and the winding pitch is 24 mm, the torsional performance of the actuator
is the best.

The assembly experiments of the two soft actuators show that the bending actuator and the tor-
sional actuator have great application potential in the production line. At the same time, future
research on the soft actuators includes solving the “balloon” problem that occurs under high input
air pressure, assembling more robot systems and developing more practical applications of soft
actuators.
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