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Abstract: A modular soft actuator with snakeskin-inspired scales that generates an anisotropic fric-
tion force is designed and evaluated in this study. The actuator makes it possible to fabricate soft
robots that can move on various surfaces in the natural environment. For existing modulus soft
robots, additional connectors and several independent pneumatic pumps are required. However, we
designed precise connection and snake-scale structures integrated with a single pneumatic modular
actuator unit. The precise structure was printed using a DLP 3D printer. The movement charac-
teristics of the soft robot changed according to the angle of the scale structure, and the movement
distance increased as the number of modular soft actuator units increased. Soft robots that can move
in operating environments such as flat land, tubes, inclined paths, and water have been realized. Fur-
thermore, soft robots with modularization strategies can easily add modular units. We demonstrate
the ability to deliver objects 2.5 times heavier than the full weight of the soft robot by adding tong-like
structure to the soft robot. The development of a soft robot inspired by snakeskin suggests an easy
approach to soft robots that enables various tasks even in environments where existing robots have
limited activity.
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with people [1,2]. Recently, soft robots have been constructed to mimic the structures of
various mollusks [3]. In particular, a driving mechanism simulating the movement of
snakes or caterpillars has shown effective movement in environments that impose motion
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® Various manufacturing methods, such as the reproduction molding process [10],
rotary casting [11], screen printing [12], and 3D printing [13], have been proposed for

manufacturing soft robots inspired by the living body [14,15]. In particular, owing to
the development of 3D printing technology, the production of complex 3D structures
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have limited resolution depending on the nozzle diameter (minimum: 0.1 mm); there-
fore, the thickness of the thin film constituting the actuator must be at least three times
the size of the nozzle [19]. Direct ink writing (DIW) technology has been used to manu-
facture pneumatic actuators by extruding polymer materials such as silicone elastomers
rather than filament-type materials [20,21]. However, similar to the FDM, the resolution
is limited depending on the nozzle diameter and is inversely proportional to the build
speed [19]. Polyjet technology is a technique for selectively spraying and depositing
droplets of raw material onto the surface and has been used in the development of soft
actuators using multi-material 3D printers that can print mixtures of rubber-like, hard, and
soft materials [22,23]. However, as commercially manufactured inkjet materials are still
limited, and designing chemicals capable of droplet formation and deposition and replac-
ing printer heads is expensive, polyjet technology has drawbacks [19]. Stereolithography
apparatus (SLA) technology selectively photopolymerizes and stacks liquid resins using
a laser and can be used to develop micro-actuators because it can quickly and easily print
high-resolution materials [24,25]. However, to date, multiple materials cannot be printed
in a single printing sequence [26]. In addition, microsized soft actuators and fluid devices
have been manufactured using casting polymer materials and chemically removing molds
by printing molds with a 3D wax printer with a microsized resolution, rather than direct
printing of polymer materials. However, mold removal technology using a 3D wax printer
requires a relatively longer process time than a 3D printing method that directly prints
polymer materials owing to the additional manufacturing process required to remove
supporter materials and cure thermosetting polymers [27,28].

Soft pneumatic actuators can be divided into positive- and negative-pressure actuators.
Positive-pressure soft actuators are inflated by injecting air-like fluid during operation,
while negative-pressure soft actuators vacuum the interior and contract the volume of the
actuator. Such negative-pressure actuators are preferred over positive-pressure actuators
when performance limitations are required in terms of output force and deformation [29].
Compared to expanding positive-pressure actuators, negative-pressure actuators are re-
duced in volume during operation, making them unsuitable for use in narrow spaces and
safe for use in vulnerable places such as the interior of people [30]. In addition, it is safer
and less likely to fail than a positive-pressure soft actuator that expands during activation
and is prone to breakage at high pressures [31].

The convenience of 3D structure manufacturing through 3D printing makes it easy
to implement a modular strategy that disassembles one product into units that can be
configured, decomposed, replaced, and managed easily [32]. This makes it easy to rebuild
various forms to satisfy the requirements of a given environment and task. An assembly
module system was used to implement soft robots such as gripping robot arms [33] and
biomimicry moving robots [34] whose implementation is difficult with a single actuator.
The reconfigurable module system can quickly replace units of various functions compared
with single functions, enabling the implementation of a general-purpose soft robot. Using
a reconfigurable module system, Zhang developed a soft robot capable of configuring
worm-type, cross-legged quadrupedal walks, and hexapods [35]. Jiao developed robots
with various functions such as gripping, bottle opening, crawling, and pipe climbing [36].
These modular soft robots adopt a method of applying pneumatic pressure to each of
the connected modular actuator units, thus requiring several pneumatic pumps that are
independently activated to perform the task [37,38]. On the other hand, Tawk developed
a single pneumatic modular soft actuator to demonstrate the implementation of soft robots
capable of the movement and rapid replacement of units with various functions. However,
because parts made of other materials such as small rare-earth rings, rod magnets, and
small plastic tubes are required to connect modular actuators, the fabrication process is
complicated and limited to scale-down owing to manual assembly [39].

We have herein demonstrated a micro soft mobile robot that is as easy, simple, and free
from breakage as possible. The soft robot is printed to a flexible resin using a high-resolution
3D printer using the digital light processing (DLP) method, which is a commercially avail-
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able SLA method and is then completed after a typical postprocessing process. For simple
fabrication, the robot was designed to have a shape that does not have a supporting
structure, which is required for the implementation of complex structures in 3D printing
technology. Through such 3D printing technology, precise connection structure can be
produced, and a modularization strategy was applied to the robot. By repeatedly con-
necting basic modularized units of the same shape to form one robot that moves forward,
composing the body of commercially available flexible resins is easy and simple. This is
because even if a part of the body is defective during production, recreating the entire body
is not necessary, and only one modular unit needs to be produced. In addition, a modular
soft-moving robot capable of multiple connections can vary its length and mobility of the
soft robot depending on the number of units connected by the user due to its modular
structure. In particular, the modular soft actuator operates using a single pump connected
to a single tube. As negative pressure is used, the actuator is free from the risk of bursting
or leaking pressure compared with the method of operating by expansion due to positive
pressure. To this end, it is designed to move only with linear contraction and restoration
using a snakeskin structure application that generates an anisotropic friction force on
the soft robot. The moving characteristics of a modularized snakeskin soft robot (MSSR)
using a single pneumatic method have been experimentally confirmed according to design
parameters, and its operation in practical operating environments, such as bent tubes and
inclined paths, has been proven.

2. Concept and Design
2.1. Bioinspiration from the Snakeskin

The shape and size of scales on the skin of snakes vary depending on their type,
habitat, and ecology. We designed MSSR scales inspired by the distinct keeled scales of
Atheris hispida, also known as the Bush viper, which lives in rainforests, as shown in
Figure la. Bush vipers, which can move in various environments (including trees, plant
leaves, rocks, and soil) with anisotropic friction on surfaces of various roughness, have
evolved efficiently; as a result, they have a distinct keeled appearance compared to other
snake scales [40,41]. To realize such keeled scales, the 3D design of each scale was designed
to ensure that the front surface in the moving direction would be slippery and the back
surface in the opposite direction would be fixed. To make each of the designed scales
converge at the center point of one of the pentagonal corners and form an anchor structure
in the opposite direction of movement, we trimmed the back face into a triangular column.
In such a design, a slippery smooth surface is formed on the front surface, a fixed anchor
surface is formed on the rear surface, and the shape is similar to that of a snake scale,
generating an anisotropic friction force on the floor.

(@) (b)

Anchor

Smooth
surface

2 mm

3.5mm

Figure 1. Schematic of MSSR. (a) MSSR’s structure inspired by Bush viper’s distinct keeled scales.
(Photo courtesy of Mark Kostich, Adobe Stock images). (b) Cross-section (axial symmetry) and
parameter values of soft actuator design for DLP 3D printing without supporting structures.
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2.2. Structure Design and Fabrication of the MSSR

A flexible resin (F80, Dongguan Godsaid Technology, Dongguan, Guangdong Provi-
dence, China) was used to print the pneumatic soft actuator using a 3D printing method.
The flexible resin has a shore hardness range of 50-60 A; thus, it exhibits high flexibility and
resilience, and is suitable for making soft actuators. We empirically verified the printing
performance of a recently commercialized DLP 3D printer (Sonic Mini 8 K, Phrozen Tech-
nology, Hsinchu City, Taiwan) with a 22-pum resolution and the properties of the tearable
resin by creating a modular unit with as thin a wall as possible using 3D CAD (Fusion 360,
Autodesk, Mill Valley, CA, USA). The thickness and dimensions of the unit are shown in
Figure 1b. As support material different from the structural material cannot be used in
a DLP printer for printing only a single material, a modular soft actuator unit was designed
in a shape where the volume gradually decreased as the modular soft actuator unit goes
upward and thus requires no internal supporting structure. A male connector and a female
connector for assembling units were arranged on the top and bottom surfaces of the basic
units so that multiple units can be easily connected. When we designed the connectors
of the two parts, we empirically checked the diameters that can be connected without air
leaking. Values of 0.125 inches for the male and 0.1325 inches for the female screw diameter
were selected, and vacuum pressure was applied up to 15 kPa after sealing, but no problem
was observed. An empty channel existed at the center of the male connector to apply air
pressure to the actuator. Considering such conditions, we set the resin printing parameters:
layer height (50 um), exposure time (3 s), and rest time after retraction (4 s). After the
completion of printing of each unit, each unit was removed from the platform of the 3D
printer, and the stuck resin that was not hardened was removed by placing it in ethanol
and stirring for 20 min. The unit was then placed in a UV curing device under a vacuum
for 300 s for final curing. By connecting the circular symmetric modular actuator unit
manufactured by 3D printing, the two design connectors of the integrated body engage
through the thread so that air does not leak from the connection when air pressure is
applied. Only the actuator unit placed at the front of the moving direction was designed
without a female connector; thus, the free space of the MSSR was sealed. The back surface
of the unit, arranged at the rear of the moving direction, was connected to a pressure pump
to drive through a silicone tube.

2.3. Mechanism for Operation

The MSSR has a collapsible funnel design that folds vertically in the direction of
travel, as shown in Figure 2a, to employ the negative-pressure system. A pneumatic soft
actuator of the positive pressure type may be damaged by excessive expansion and may
also damage the surrounding environment. To prevent such problems, a negative-pressure
system that does not excessively expand was selected. The folding funnel structure used in
the MSSR was designed to fold the wall without expanding or contracting; it was composed
of flexible resin, so it could expand and contract in when operated under positive pressure.
However, owing to the thin wall, the wall of MSSR may be torn or damaged if it expands
under excessive pressure.

To effectively contract the actuator by folding the wall with vacuum pressure, a structure
with an arc-shaped cross-section for each part where the wall surface was folded, as shown
in Figure 2b, was added to the folding funnel structure. We compared the structure of
the actuator with and without an arc joint through a finite element analysis using the
solid mechanics modules of the multiphysics analysis program (COMSOL /Multiphysics,
COMSOL, Burlington, MA, USA). First, a 3D actuator with a structure similar to that of
an existing folding funnel was designed, and a structure containing an arc joint was added.
The material properties were set at Young’s Modulus 2.159 MPa in consideration of Shore-A
hardness of F80 resin [42]. In addition, tensile strength (3.5 MPa), tear strength (9.7 kN/m),
elongation at break (159%), and viscosity (2300 mPa-s) were used from the datasheet of
F80. A Poisson ratio of material was set by referring to a general flexible resin physical
property of 0.49 [43]. The density was measured from the volume and mass of the printed
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resin structure. By applying the same negative pressure inside each actuator, the changes in
the two 3D structures and the displacement of one point on the top surface were analyzed;
subsequently, the 3D printed actuator was air pressure tested and measured. By comparing
the results of the pneumatic test of actuators manufactured in the two designs in Figure 2c¢
with pressure-induced displacement change, we observed that actuators with arc joints
showed 1041.6% higher displacement than actuators without arc joints and had a 9.3% fine
error with simulation analysis. This is because the arc joints facilitate the folding of the
actuator wall and reduce the elastic force generated by the folding.
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Figure 2. FEM analysis results and the actuator with vacuum applied for characterization of the soft
actuator: (a) Collapsible funnel-shaped design. (b) Arc joint design. (c) Displacement of actuators
depending on applied pressure.

Figure 3a illustrates the progression mechanism of MSSR. In the process of contracting
or returning to the initial state, when five soft actuator units were connected, the snake
scales of each unit generated different frictional forces from the floor. When contracting
initially, negative pressure was applied to the MSSR, and the scales of the rear unit of the
moving direction based on the center of gravity demonstrated a phenomenon wherein
a smooth surface with low friction force brushed the floor and slipped. In the front unit, on
the contrary, the anchor part of the scales was fixed by generating high friction force with
the floor. Accordingly, the front unit showed fixed or low movement, and the rear unit slid
and exhibited high mobility. If the contracted amount of air was placed inside again, it
returned to its original state; however, in contrast to the contraction, the rear unit was fixed,
and the front unit slid, indicating a phenomenon wherein the whole body moved forward.
By repeating one series of cycles, the MSSR to which multiple units were connected could
proceed as intended. After connecting a micro silicone hose (inside diameter: 0.4 mm;
outside diameter: 1.2 mm) to the manufactured unit, such as Figure 3b, an air pressure test
with a syringe confirmed that it moved in the same manner (Video S1).

(a) (b)

Centroid point

Initial state

Inflation

Figure 3. Locomotion model of MSSR. (a) Movement mechanism of MSSR with five modular soft
actuator units connected. (b) Images of the moving MSSR during one cycle.
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3. Discussion

We considered the effect of the angle formed between the rear anchor part of the snake
scales and horizontal axis, as shown in Figure 4. As shown in Figure 4a, actuator units
with scales between the horizontal axes and anchor parts ranging from 30° to 60° were
manufactured, and their moving capabilities on wood and paper substrates were compared
with MSSRs with five connected units. The term “iteration” denotes the number of cycles
that completely contract and return to the original state. As seen in Figure 4b, the MSSR
on the paper substrate MSSRs with 30° scales demonstrated the highest displacement of
the four designs. On the wood substrate, the MSSR at the 50° scale demonstrated the
highest displacement, as shown in Figure 4c. Paper substrates with lower roughness
than wooden plates enabled us to confirm the characteristics of the MSSR movement on
a smooth surface. The changes in movement characteristics of MSSR on 400 grit and 100 grit
sandpaper with 13.21 um and 24.93 um roughness are shown in Figure 4d,e, respectively.
In addition, to confirm the anisotropic friction force of each scale generated on the surface
of the paper, wooden, and sandpaper boards, the static friction coefficient was determined,
as shown in Table 1. It shows the difference between the forward friction coefficient
(U3 forward) and the backward friction coefficient (U packward) according to the scale angle
and the substrate material. The differences in the friction coefficient and displacement of
the MSSR for each substrate showed the same tendency. Therefore, the characteristics of
the displacement varied depending on the roughness of the floor surface when the MSSR
moved. As the anchor surface is hardly fixed on the smooth surface, the unit needs to have
fixed slips. Owing to these characteristics, replacing actuator units with appropriate snake-
scale angles considering the roughness of the environment in which the MSSR operates is
appropriate. Module replacement depending on the situation is simple and easy owing to
the module strategy.
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Figure 4. Characteristics depending on the angle between the horizontal axis and the anchor plane
of the snake scale structure. (a) Close-up image of snake scale structure designed from 30° to 60°
(red dotted line representing the angle of the anchor face of the calculated 3D design). Displacement
according to the operating cycle of MSSR, which is made of five modular soft actuator units, on
(b) paper, (c) wood surfaces and sandpapers with two different surface roughness ((d) 13.21 pum,
(e) 24.93 um).
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Table 1. Differences between backward and forward friction coefficients (s forward — HSbackward)
according to snake scale structure angle.

Angle 30° 40° 50° 60°

Wood (R, = 12.82) 0.14 0.28 0.30 0.20
Paper (R, =9.82) 0.23 0.06 0.17 0.03
Sandpaper (R, = 13.21) 0.25 0.59 0.48 0.38
Sandpaper (R, = 24.93) 0.18 0.15 1.02 0.67

As the number of modular actuator units increased, the displacement per iteration
generated in the process of contraction or returning to the initial state increased, as shown
in Figure 5. This is because the total displacement increases in proportion to the number
of units that are resistant when pushed backward but easily slip forward. However, in
a slippery material such as glass, where an anisotropic frictional force due to the scale
structure is not generated, the change in displacement does not increase, even when the
number of units increases. The experiment was conducted on a paper towel with a rough
surface prone to anisotropic frictional forces.

@ 100 (b)
€ =5 units 7 units =O= 9 units  EREREREE L . AN AN )
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Figure 5. Characteristics according to the number of modular soft actuator units. (a) Displacement
changes according to the operation cycle of MSSR with different number of units on the rough surface
paper towel that easily has anisotropic frictional force. (b) Initial and final positions of the captured
MSSR after one cycle.

The advantage of modular robots is that they can replace units with various functions.
In particular, to put mobile soft robots into practical use, heavy parts and cargo can be
transported compared with the main body. Therefore, we added units in the shape of tongs
at the front of the MSSR that are designed to fix a payload that moves with the unit, as
shown in Figure 6 and Video S2. As the number of connected units increased, the weight of
the payload that could be moved without MSSR bending also increased. We demonstrated
that if there are 11 units, up to 2.5 times the weight of the MSSR can be moved as a payload.
This is because as each unit increases, the total friction force generated between the anchor
surface of the scale and the bottom increases compared with the gravity caused by the
weight and the actuator itself. If the MSSR exceeds the weight of the payload it can push, it
will not move forward as it will bend its entire body, or all units will slip.

(a) (b)
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Figure 6. MSSR capable of delivering payload. (a) Change in payload weight that can be moved
according to the number of units by adding a tong-type unit. (b) Images captured according to the
cycle of delivering a weight 2.5 times the weight of the entire MSSR.
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Soft robots that can move without arms and legs are suitable for operation in narrow
environments such as pipelines. Therefore, the MSSR has a cylindrical design that can be
moved even in a tubular space. We demonstrated MSSR movement with soft transparent
PVC tubes, as shown in Figure 7 and Video S3. In addition, Figure 7a shows that it could
successfully pass through a bent tube. This demonstrates the strength of the soft actuator,
allowing the MSSR unit to operate in a bent state by being made of flexible resin. Figure 7b
shows that the MSSR can not only move smoothly in curved tubes but also in S-shaped
tubes. The technology of soft robots in structures inspired by snake skins shows the
practicality of advanced-level operations in living bodies through 3D printer technology,
and supports high-resolution biocompatible material printing in the future.

r 7

— | o -

g o - o

_ /

Figure 7. Demonstration of MSSR in a transparent PVC tube. Images captured according to the

period of images captured in the (a) bent tube and (b) S-curved tube.

Soft robots should not only be able to operate in planes or tubes but also in a variety
of environments. In particular, the natural environment has hill-like terrain with slopes,
which can limit movement. Accordingly, the movement of the soft robot on a substrate
with different slopes, as shown in Figure 8a, was demonstrated. However, on a substrate
where sufficient friction force is not generated, the entire soft robot slips according to the
inclination, and the soft robot cannot move forward. In the slope of the paper towel surface,
MSSR showed a maximum angle of 30°. At the slope angle of 30°, the moving distance
of one cycle of the MSSR was reduced by 33.33% compared to the untilted plane because
sliding due to gravity in the slope tends to reduce the moving distance. In addition, in
the natural environment, pools of water may occur on flatlands depending on weather or
ecology. Such humid environments can cause fatal failures in electrically operated robots.
The MSSR is suitable for underwater operation because leakage of internal and external
fluid does not occur through the engagement of the thread of the 3D printed connection.
Figure 8b demonstrate the mobility of the MSSR underwater. An MSSR, whose interior
is filled with air, floats on the surface by buoyancy, but by pressing water pressure with
a syringe when the interior is filled with water, anisotropic movement is shown in the
same manner as in a flat surface. The speed of movement in the water decreased by 55.88%
compared to that of paper towels because there is a drag force of water. Mobility in such
environments widens the scope of the environment in which modular units with various
functions can perform tasks.
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Figure 8. Locomotion of MSSR under different conditions. (a) Demonstration of movement along the
slope of the paper tower surface. (b) Captured pictures according to the operating cycle of the MSSR
under water.

4. Conclusions

In this study, a modular soft robot was designed and manufactured based on snake
scales to enable movement using a single pneumatic actuator. The transfer characteristics
of the MSSR by the structure imitating the keeled scales that generate anisotropic friction in
various environments were confirmed through changes in the angle with horizontal lines
and the number of units of scales. In addition, a tong-type unit was added to confirm the
advantage of the modular robot operating by adding modular units with various functions.
In the case of adding the tong structure, when the number of units is 11, it can deliver
more than 2.5 times the weight of the main body of the MSSR. The MSSR, which is made of
flexible resin, demonstrated the advantages of flexible robots by demonstrating bending
and moving in cylindrical, curved, and S-shaped tubes. In addition, demonstrating the
movement of the robot on slopes and in water showed the possibility of mobility in various
environments. In future research, pneumatic actuators will be added to both sides of
the module in the head of the robot to allow a smooth change of direction of the MSSR.
This diversity of operating environments demonstrates the possibility of developing a soft
robot that not only allows robots to move in difficult environments where robots with
arms and legs are restricted but also allows for search, rescue, exploration, and inspection
work through simple unit replacement. The module was repeatedly tested 10,000 times
at constant pressure to confirm that there was no reliability issue. In addition, it was
confirmed that the displacement decreased by 3.34% on average at the same pressure using
MSSR samples that were left at room temperature for 7 days and 80 days, respectively.
This shows that there is no drawback due to material properties. Subsequently, with
the development of 3D printing, we believe that microsize implementation and chemi-
cally and biologically stable materials can be utilized within the scope of medical and
biological fields.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/act12020062/s1; Video S1: Operation of the MSSR with
five modular soft actuator units connected; Video S2: Demonstrated delivery of a payload 2.5 times
heavier than the full MSSR weight; Video S3: Repeated operation of MSSR in the curved tube and
S-curved tube.
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