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ABSTRACT: The flexible robot is widely used in a variety of fields such as medical
treatment, rescue and disaster relief, industry, and agriculture. Using elastic materials to
prepare flexible robot body structures is the core of the study of flexible robots. Due to
the small selection of materials, single preparation method, and long fabrication time, in
this study, a new method of gas-assisted extrusion (GAE) of elastic material round-tube
for flexible robot body was proposed, and the numerical simulation of GAE was carried
out with nonsilicone elastic material round-tube under different viscosities. The results
showed that with the change of viscosity, the velocity, pressure drop, and shear rate of
melt in all directions change accordingly. When the viscosity is too small or too large, it is
easy to bring negative effects on the GAE process of elastic materials. TPE and TPU were
completely plasticized in the GAE, and the surface of the extruded elastic products was
smooth and straight, with full gloss. Therefore, in the preparation of the flexible robot
body, nonsilicone elastic materials and GAE forming methods can be considered.

1. INTRODUCTION
In recent years, with the continuous advancements in bionics,
soft intelligent materials, and advanced manufacturing
technologies, the development of flexible robot inspired by
soft-bodied animals in the natural world has emerged as a
crucial research focus in the manufacturing field.1 The flexible
robot is constructed using soft materials and designed
structurally to replicate the softness and adaptability found in
biological organisms.2,3 Its manufacturing usually involves the
use of flexible, deformable, and controllable materials to ensure
that the robot can achieve flexible morphology and move-
ment.4 The current ontology of flexible material manufacturing
technology is limited by challenges such as single structure
production, severe external interference, and high time costs,
which makes its simulation and experimental research face
many difficulties. Therefore, employing innovative design and
synthesis methods to develop flexible robots holds immense
practical application and socioeconomic value.
The Biology and Chemistry Laboratory of Harvard

University produced a soft quadrupedal mobile robot whose
body was made entirely of Ecoflex 0030 silicone material and
did not contain any rigid skeletal structure.5 Subsequently, the
laboratory researchers used M4601 silicone material from
Wacker Chemicals to manufacture an improved soft
quadrupedal mobile robot body and embedded hollow glass
microspheres to make a composite material with high-strength
and low-density, to improve the load-bearing capacity of the
airbag structure.6 Panagiotis et al.7,8 designed and manufac-
tured a finger rehabilitation glove through silicone rubber
elastic material, which conforms to the bending motion of

different curvatures of the human finger movement range. Hao
et al.9 designed and produced a pneumatic soft hand claw with
variable effective length by an injection molding process using
soft material as raw material. Fionnuala et al.10 used silicone
rubber material to make a pipeline peristaltic robotic arm and
realized different motion modes through different winding
ways of fiber lines on the outer surface. Dong11 designed a
pneumatic soft body omnidirectional bending module using
silicone material, Xu12 used silicone material to design a new
inflatable screw-actuated soft body pure torsion module, and
Gong et al.13 designed an underwater soft body robotic arm
based on silicone material. At present, the body material of soft
robots is mainly silica gel, and the experimental research using
nonsilicone elastic material as the raw material is rarely
involved. In this study, the nonsilicone elastic material is
intended to be used as the body material of a flexible robot.
The mainstream manufacturing methods for flexible robot

body include shape deposition,14,15 nanopressure brushing,16

intelligent microstructure synthesis,17 and embedded mold-
ing.18,19 The existing manufacturing methods20,21 are mainly
based on casting molding, with a longer production cycle and
complex secondary processing. The manufacturing technology
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based on gas-assisted extrusion (GAE) forming is mostly used
for the processing and manufacturing of round tubes, square
tubes, and irregular shapes, which has the advantages of high
production efficiency and relatively simple secondary process-
ing procedures. In this study, the GAE method22−26 is
intended to be used to manufacture the flexible robot body.
The evolution of GAE forming technology dates back to the
1960s when it was predominantly used for extruding
polyethylene foam plastics. It is a processing technique that
expands or expands/contracts extruded plastics or rubber
materials through high-temperature and high-pressure gas,
allowing the expansion rate and shape of the material to be
controlled. The current extrusion forming methods apply to
viscoelastic melt, significantly improving the quality and
efficiency of plastic extrusion products. Research on the
application of elastic materials in GAE forming has proposed
innovative simulation methods for extruding elastic materi-
als.27,28 These methods facilitate more precise predictions of
the morphology and properties of the products.
The existing materials for flexible robot body cannot take

into account the requirements of cost and production
technology. This paper considered the application of GAE
forming technology in the manufacture of flexible robot body.
Due to the flexibility, scalability, and low viscosity of the
flexible material, the nonsilicone elastomeric round-tube is
used as the soft robot body, which can better adapt to the

change of gas expansion or expansion/contraction in the GAE
process, to obtain more accurate and controllable shapes and
structure, and produce high-quality flexible robots.

2. MATERIALS AND METHODS
2.1. Materials and GAE Experimental Device. This

paper used TPU29 and TPE30 (TPE TE-40A, TPU C 60 A
HPM, BASF Co., Ltd.). Figure 1 depicts the experimental
system for GAE in elastic material pipes that consists of three
distinct sections. This encompasses a subsystem for extruding
plastic pipes (comprising a single screw extruder, a cooling and
sizing apparatus, and a traction device, among others), an
enhanced GAE outlet die for elastic material pipes, and a gas-
supported subsystem (including an air compressor and gas
heating device). The extruder of SJ-30 was crafted by Wuhan
Yiyang Plastic Co., Ltd., Shanghai Jialishi Machinery Co., Ltd.
produced the air compressor, while Shanghai Laiheng Electric
Appliance Co., Ltd. provided the gas heating apparatus. Figure
1 is the gas-assisted die employed in this study. Figure 1A is
the comprehensive structural layout of the tube-type GAE die
component, and Figure 1B is the schematic representation of
the invention’s sectional structural breakdown.

2.2. Experimental Methodology. Initially, the extruder
was unlocked, followed by the execution of the TPE extrusion
test. TPE particles were transferred from the hopper into the
extruder barrel, with the die and polymer melt temperature at

Figure 1. Experimental device and gas-assisted mold. (A) The overall structure of the die assembly, and (B) the sectional structure decomposition
(where 1 is flow channel inlet, 2 is flow channel tube, 3 is gas chamber cavity, 4 is air chamber shell, 5 is gas-assisted transition section, 6 is gas
chamber cavity, 7 is air chamber shell, 8 is bottom plate, 9 is gas-assisted section, 10 is gas gasket, 11 is gas cushion formed gap, 12 is holes on the
outer shaft surface, and 13 is horizontal flow direction of gas).

Figure 2. Melt round-tube geometric models. (A) The 3D geometric model sketch, and (B) the finite-element mesh of the geometric model.
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160 °C (the first zone of the barrel was 145 °C, the second
zone of the barrel was 155 °C, and the third zone of the barrel
was 160 °C). A considerable duration was required to attain
the predefined temperature. When the temperature was
reached, the screw speed of the SJ-30 extruder was 4.5 r/
min, and the speed of the tractor was 90 rpm to begin to
extrude the melt. After the melt could be smoothly extruded,
the gas heating equipment and the air compressor were
worked, while the gas temperature was 160 °C and the gas
pressure was 5000 Pa.24 When the gas temperature was
reached, the GAE experiment was started. After the extrusion
experiment of TPE was completed, the hopper and barrel were
emptied. The extrusion experiment of TPU was carried out,
and the particles were put from the hopper into the extruder
barrel. The die temperature and polymer melt temperature
were set to 145 °C (the first zone of the barrel was 135 °C, the
second zone of the barrel was 140 °C, and the third zone of the
barrel was 140 °C), and the above operation was carried out.

3. NUMERICAL SIMULATION
3.1. Models. The geometric models of the melt round-tube

are shown in Figure 2. The diameter of the cylinder is 20 mm,
respectively, and the width of the thin gas circle is 8 mm, which
is the stable gas layer formed between the periphery of the
polymer melt and the inner wall of the die. The finite element
mesh of the geometric model of the melt cylinder is shown in
Figure 2B. To improve the computational accuracy, the
number of meshes near the boundary and the gas layer is
refined in the model. The mesh number is 6130.

3.2. Governing Equations. The governing equations of
numerical simulation are as follows:

v( ) 0· = (1)

p 0· = (2)

where ∇ is the Hamilton operator, v⃗ is the melt’s flow velocity,
p⃗ is the melt’s pressure, and τ⃗ is the extra stress tensor.
In this study, Maxwell29,30 is used as the constitutive

equation of melt, as follows:
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In the formula, τ1 is the viscoelastic part of the deviatoric
stress tensor, τ2 is the pure viscous part of the deviatoric stress
tensor, λτd1

∇ is the upper adjoint derivative of the deviatoric stress
tensor d, D is the deformation rate tensor, and η1 is the
viscosity corresponding to the viscoelastic part.

3.3. Boundary Conditions. (1) Inlet: In Figure 2A, the
elastic melt is an incompressible non-Newtonian fluid. Section
A is the inlet of the melt cylinders, and the melt inlet volume
flow rate is 7.2 × 10−7 m3/s. The gas is a compressible
Newtonian fluid, where section E is the inlet of the gas. The
pressure is 5000 Pa imposed on the inlet boundary of the gas.
(2) Walls: The turbulence effects of the gas are ignored by

the wall surface of C and F, and the full slip boundary can be
set to vn = vs = 0. vn and vs are the normal and tangential
velocities.
(3) Interfaces: Section B is the interface between the melt

and the gas, and the effects of inertia force and surface tension
are ignored.

(4) Free surfaces: The free surface is section C, and there
are no fluid passes, so the normal and tangential forces can be
set to zero f n = fs = 0.
(5) Exit: The melt exit is section D, and the gas exit is

section G. No drag force is applied at the exit f n = vs = 0.
3.4. Material Values. The material values of melt (elastic

material)31,32 and gas are given in Table 1.

4. RESULTS AND DISCUSSION
4.1. Simulation Influence and Results. The numerical

simulation experiment is carried out to explore the influence of
the viscosity of elastic materials on GAE. Because of the
viscosity range of TPU,31 TPE,32 and other elastic materials,
four different viscosities (500, 1000, 2000, and 3000 Pa s) are
used for numerical simulation. The influence mechanism of
melt on GAE molding of pipes is analyzed from the
perspectives of velocity, pressure, and shear rate in all
directions of melt.
4.1.1. Influence of Viscosity on the X-Velocity. Referring to

Figure 2A, the midline in the width direction of the melt outlet
was taken to calculate the numerical variation of the X-velocity.
Subsequently, the X-velocity variation of the pipe flowing along
the width direction at the outlet of the die was shown in Figure
3 for four different melt viscosities.

It can be seen from Figure 3 that the X-velocity of the melt
along the width direction changed at the die exit, while the X-
velocity also decreased with the increase of the melt viscosity.
For each melt viscosity, the X-velocity of the melt near the
interface between the gas and the melt along the width
direction was greater than the X-velocity of the internal melt.
When the melt viscosity was 500 Pa s, the melt near the die
wall produced a large negative flow velocity, and there was no
expansion to the outer layer, but compared to the X-velocity at
other viscosities, the maximum velocity 1.64 × 10−5 m/s was

Table 1. Material Values of Melt and Gas

parameters total viscosity (Pa s) ε
elastic material 500 0.1

1000 0.1
2000 0.1
3000 0.1

gas 2.638 × 10−5 0

Figure 3. Variation of X-velocity along the width direction at the die
exit under different viscosities.
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larger. When the melt viscosity was greater than or equal to
1000 Pa s, the melt near the die wall would still produce a
negative flow rate, but it was gradually decreasing. When the
melt viscosity was 2000 or 3000 Pa s, the melt near the die wall
would still produce a negative flow velocity, but the value of
the flow velocity was small, and the two curves had a tendency
to overlap. This indicates that when the viscosity increases to a
certain extent, its influence on the flow rate in the X-direction
will gradually weaken.
Therefore, for the melt at a certain flow rate, the X-direction

velocity of the melt decreases with the increase of the viscosity
of the melt when the viscosity is different under the gas-
assisted effect, and the X-direction velocity near the interface
between the melt and the gas is significantly higher than the X-
direction velocity inside the melt. It shows that the gas has a
positive drag effect on the melt and promotes the extrusion of
the melt along the flow channel direction. When the elastic
viscosity is less than a value, the gas is very likely to cause the
melt to have a large fluctuation in the extrusion process,
resulting in the phenomenon of off-mold expansion during
pipe extrusion. According to the qualitative analysis, when the
viscosity is too small, the difference between the X-velocity of
the melt near the interface between the gas and the melt along
the width direction and the X-velocity of the internal melt is
too large, which may cause the melt to fluctuate during the
extrusion process, resulting in rough surface swelling and even
deformation. When the viscosity is too large, the influence of
viscosity on the X-velocity along the width direction at the
outlet of the die would gradually decrease until the X-velocity
curve along the width direction at the outlet of the die
coincides. Therefore, the appropriate viscosity plays a vital role
in the extrusion process.
In addition, the numerical model of this paper is a pipe. The

variation of X-velocity along the width direction is consistent
with the change of Y-velocity along the height direction at the
outlet of the die, so the influence of the variation of Y-velocity
is not analyzed.
4.1.2. Influence of Viscosity on the Z-Velocity. Along the

extrusion direction of the die flow channel, the midline of the
interface between the melt and the gas was taken to calculate
the numerical variation of the Z-velocity. Subsequently, the
variation of Z-velocity when the pipe flows along the direction
of the die channel is shown in Figure 4 for four different melt
viscosities.

According to Figure 4, the Z-velocity of the melt increases
with the increase of the distance of the melt in the die in the
die channel. Because the gas velocity was much larger than the
flow velocity, the gas had a dragging effect on the extrusion of
the melt, which increased the Z-velocity along the extrusion
direction continuously. With the increase of melt viscosity, the
effect of gas on the melt was weaker. When the melt viscosity
increased from 500 to 3000 Pa s, the maximum velocity of Z
decreased from 7.67 × 10−2 to 1.66 × 10−2 m/s, which differs
by 4.62 times. However, when the melt viscosity was greater
than or equal to 2000 Pa s, the Z-direction velocity growth of
the melt gradually slowed, and with the increase of the melt
viscosity, the velocity growth was gentler. According to the
qualitative analysis, this is due to the increase of melt viscosity,
which weakens the drag effect of gas on the melt. The
viscoelasticity of the melt played a role so that the velocity in
the Z-direction was reduced to a certain extent. The gas
introduced into the die had a positive drag effect on the melt
compared to traditional extrusion. Reducing the melt viscosity
would increase the extrusion speed of the melt in the Z-
direction so that the melt would not stick to the die wall in a
large probability, and the melt would be actively extruded.
According to the qualitative analysis, the Z-speed increases
faster in the die flow channel when the viscosity is too large.
When the viscosity is too small, the influence of viscosity will
gradually decrease the Z-velocity in the die channel until the Z-
velocity curve coincides in the die channel. Therefore, the
appropriate viscosity plays a vital role in the extrusion process.
4.1.3. Influence of Viscosity on the Melt Pressure. Along

the extrusion direction of the die flow channel, the midline of
the interface between the melt and the gas is taken to calculate
the numerical variation of the pressure drop. Subsequently, the
pressure drop distribution of the tube when extruded along the
die flow channel is shown in Figure 5 for four different melt
viscosities.

As can be seen from Figure 5, the melt was subjected to a
huge pushing force of the gas when contacting. The outer
surface of the melt was subjected to the pressure of the gas into
the melt, and a relatively large pressure drop would be
generated between the melts. The pressure drop would
increase rapidly near the entrance of the die. When the melt
viscosity increased from 500 to 3000 Pa s, the overall pressure
drop of the melt showed a downward trend, and the pressure
drop curve with a viscosity of 500 Pa s is higher than other

Figure 4. Variation of Z-velocity of round-tube in the die flow channel
under different viscosities.

Figure 5. Variation of pressure of round-tube along the die runner
under different viscosities.
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pressure drop curves. The pressure drop curve with a viscosity
of 1000 is lower than the pressure drop curve of 500 Pa s and
higher than the pressure drop curves with viscosities of 2000
and 3000 Pa s. The pressure drop curves with viscosities of
2000 and 3000 Pa s overlapped on the whole, which indicates
that the pressure drop would gradually decrease with the
increase of viscosity. When the viscosity increases to a certain
extent, the pressure drop would no longer decrease, and the
slight decrease could be ignored. With the continuous
exchange of energy and action between gas and melt, the
internal and external pressure drop of melt reached equilibrium
in a short time, which means the value of pressure drop
decreased rapidly. Subsequently, the melt and gas reached a
relatively stable equilibrium state near the exit of the die, and
the pressure drop reached about zero. The pressure drop
changed almost to zero after the exit die, which indicated that
the extrusion process was relatively stable. According to the
qualitative analysis, when the viscosity is too large, the
influence of viscosity on the pressure drop along the die flow
channel will gradually decrease until the pressure drop curve
along the die flow channel coincides.
4.1.4. Influence of Viscosity on the Shear Rate. Along the

extrusion direction of the die flow channel, the midline of the
interface between the melt and the gas was taken to calculate
the numerical variation of the shear rate. Subsequently, for the
four different melt viscosities, the shear rate variation is shown
in Figure 6 of the pipe during extrusion along the die channel
on the surface.

According to Figure 6, for each viscosity, the shear rate of
the melt surface increased rapidly, and a peak appeared after
the melt entered the die for some time. This was especially
obvious when the melt viscosity was 2000 Pa s, and the
maximum shear rate of the melt was 5.02 × 106 s−1. The melt
then gradually was adapted to the driving effect of high gas
velocity, and the shear rate gradually decreased. Near the exit
of the die, there was another peak of the shear rate. This was
especially obvious when the melt viscosity was 500 Pa s, and
the maximum shear rate of the melt was 3.03 × 106 s−1. The
shear rate decreased immediately when the melt went out of
the die. The shear rate then decreased infinitely close to zero
when the melt flowed in the extrusion direction.
For any viscosity, the shear rate of the melt on the surface

decreased gradually along the flow direction, and it increased

sharply near the die exit and then fell to about zero. When the
melt extruded the die, the shear rate almost did not change,
which was in a relatively balanced extrusion state. In the
extrusion process, the interaction between the melt and the gas
was continuous. Because the melt was viscoelastic, the elastic
potential energy of the melt at the outlet of the die
accumulated to a relatively high point. The shear effect was
particularly obvious at the outlet, and then the melt quickly
released internal energy to achieve a process of balance.
According to the qualitative analysis, the viscosity of the melt is
too small so the resistance inside the melt is weakened. The
molecular motion will be more active, the time for the melt to
recover energy will also be reduced, and the probability of
deformation in the exit will be relatively large. When the
viscosity of the melt is too high, the resistance inside the melt
will increase, and the time for the melt to recover energy will
also increase. When the viscosity increases to a certain extent,
the influence on the shear rate becomes smaller in the
extrusion process along the die flow channel.

4.2. Experimental Analysis and Results. Figure 7 is the
state diagram of TPE and TPU pipe extrusion without and
with the gas-assisted device after using the new die.
The state diagrams of TPU extruded with and without the

gas-assisted device are shown in Figure 7A and B. When the
TPU did not use the GAE device, there was no adhesion and
water ripples during the extrusion process. The elastic products
are seriously extruded and swelled, the surface is not smooth,
and there are floccules. When the GAE device was used for the
TPU, the formed air cushion was very stable during the
extrusion process, and there was no adhesion, complete
plasticization, and good melt fluidity. The elastic products have
no extrusion swelling at the outlet, a smooth surface, and full
gloss.
The state diagrams of TPE extruded with and without the

gas-assisted device are shown in Figure 7C and D. When the
TPE did not use the GAE device, there was no adhesion and a
slight white crystal during the extrusion process. The elastic
products are seriously extruded and swelled, the surface is not
smooth, and there are floccules. When the GAE device was
used for the TPE, the formed air cushion was very stable
during the extrusion process, and there was no adhesion,
complete plasticization, and good melt fluidity. The elastic
products have no extrusion swelling at the outlet, a smooth
surface, and full gloss.
The corresponding pipe extrusion samples without the use

of the gas-assisted device extrusion and the use of gas-assisted
device extrusion are shown in Figure 8. Whether it is TPE or
TPU materials, the use of GAE of the corresponding pipe was
much better than the use of GAE. The surface quality of the
extruded product was relatively improved, the gloss was much
better, and the surface was relatively smooth. Especially for
TPU, the problem of extrudate swell and bulge of TPU was
perfectly solved by GAE. By comparing the state of the
extrudate, it was found that TPU has a better extrusion effect,
including the gloss, smooth surface, and stretching effect.
To detect the influence of different process parameters on

the surface of the pipe GAE samples, this study used a profile
roughness measuring instrument (manufacturer: Sanfeng,
Japan; model SV-C3200S4) to measure the contour shape of
the product surface. The surface property (contour) measure-
ment results of the elastic products are shown in Figure 9. The
surface property (contour) measurement results of the TPU
and TPE pipe extrusion samples were all guaranteed to be the

Figure 6. Shear rate variation on the surface of the round-tube along
the flow channel of the die under different viscosities.
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same X-rate, and the Z-rate was adjusted with the roughness
change. Figure 9A shows the surface property (contour)
measurement result of TPU extrusion without the gas-assisted
device. The X and Z magnification of the product surface was
20 × 1000, the error magnification was ×100, and the
roughness of the profile was 3.9122 μm. Figure 9B shows the
surface property (contour) measurement result diagram of

TPU extruded by the gas-assisted device. The X and Z
magnification of the product surface was 20 × 10 000, the error
magnification was ×100, and the roughness of the contour was
0.2832 μm. Figure 9C shows the surface property (contour)
measurement result of TPE extrudate without the gas-assisted
device. The X and Z magnification of the product surface was
20 × 2000, the error magnification was ×100, and the
roughness of the contour was 2.1471 μm. Figure 9D shows the
surface property (contour) measurement result diagram of
TPE extruded by the gas-assisted device. The X and Z
magnification of the product surface was 20 × 2000, the error
magnification was ×100, and the roughness of the contour was
0.4661 μm. The above data indicate that the surface of the
TPE and TPU samples using the gas-assisted devices is smooth
and flat.

5. CONCLUSION
In this study, the numerical simulation was carried out on GAE
of nonsilicone elastic material tubes with different viscosities to
design a high-quality flexible robot body. The simulation
results show that the velocity, pressure drop, and shear rate of
the melt in all directions would change with the variation of
viscosity. When the viscosity was too small, the difference of
extrusion speed inside the melt was too large, the melt was easy
to fluctuate during the extrusion process, and the deformation
of the melt was large. However, when the viscosity was too
large, the melt was prone to adhesion during the extrusion
process, which had a negative impact. Subsequently, the
extrusion experiment of the elastic material was carried out.
The experiment showed that the TPE and TPU formed by
GAE were completely plasticized during the extrusion process,

Figure 7. Extrusion state diagram of round-tube extrusion elastic products. (A) TPU without GAE. (B) TPU GAE. (C) TPE without GAE. (D)
TPE GAE.

Figure 8. Extrusion elastic product of round-tube. (A) TPU without
the GAE. (B) TPU with the GAE. (C) TPE without the GAE. (D)
TPE with the GAE.
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the melt fluidity was good, the formed air cushion was stable,
and the surface of the extruded elastic product was smooth and
straight, with full gloss. Therefore, when preparing the flexible
robot body, nonsilicone elastic materials and GAE molding
methods could be considered, and the gloss, plasticizing
degree, and melt fluidity of the elastic products have more
advantages.
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