Electronic Preprint for Journal of Information Processing Vol.30

Regular Paper

A Printable Soft-bodied Wriggle Robot with
Frictional 2D-anisotropy Surface
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Abstract: Soft-bodied animals move by using the anisotropic friction between their body and the environment. In-
spired by these bodily structures, we propose a wriggle soft-bodied robot with an anisotropic frictional skin to support
its locomotion. We combine soft and rigid materials in 3D printers to make different patterns of frictional anisotropy.
We build a simulation model to predict the locomotion speed of the robot with different anisotropic frictional patterns.
By using these patterns as the ventral side, we design a wriggle soft-bodied robot that can move 2.8 times faster than a
robot with an omnidirectional frictional ventral surface. The fabrication time is less than one hour, and the locomotion

speed is 0.17 body-lengths per second.

Keywords: frictional anisotropy, soft-bodied wriggle robots, body design and fabrication

1. Introduction

Designing contact friction is crucially essential in all soft-
bodied animals and robots to realize desired functionalities such
as locomotion and gripping. This is because soft-bodied animals
and robots have larger contact areas with the environment and
the operation target. This feature is in sharp contrast with the
wheeled or traditional rigid robots, whose contact area is usu-
ally small spots on the rigid surface or the wheels. This dif-
ference is unavoidable in soft robots. Instead, the key to soft-
bodied robot design is how to link the larger-surface interaction
with the environments/objects to the desired functions. The suc-
cess in pioneering soft robots previously proposed is due to the
sophisticated design of the interaction between the larger contact
area and the environments/objects inspired from the bodily struc-
tures of animals such as worms, octopus, fishes, elephants, and
snakes [1], [17], [18], [22], [23].

The locomotion of soft-bodied robots is a very intriguing yet
challenging theme. In this paper, to help explain contact fric-
tion design for soft robots, we will discuss the locomotion of
string-like wheel-less soft-bodied robots inspired by worms and
snakes. The agility of a snake makes it an object of a great
deal of research into investigating and imitating its locomotion
gaits [8], [10], [14], [19]. Although these research studies were
inspired by the snake, these research efforts all focus on model-
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ing the snake as a chain of multi-link rigid segments which results
in a low degree of adaptability. Other research that modeled the
snake body as a soft and deformable beam [25] showed a closer
approximation to the locomotion of the real snake. However, that
research assumed that the friction between the body of the snake
and the ground is the same in every direction. To cover the be-
havior of the snake-like robot with non-uniform friction, some
soft-bodied robots [15], [18] have passive wheels along their body
to utilize the difference between rolling and sliding friction. Al-
though this solution makes the undulation of the robots smoother,
it also adds weight to the robot as well as lengthens the fabrication
process.

The frictional anisotropy on the skin of worms and scales of
snakes, as mentioned above, is suggested to effectively assist the
locomotion. The animals can easily navigate on different surfaces
by leveraging the anisotropic friction formed by the arrangement
of the body axis[11]. One of the most straightforward ways to
make an anisotropic frictional surface is to add a miniature tilted
structure such as tilted hairs or nails surface [12], [16]. Never-
theless, these approaches are not strong and scalable enough to
support the locomotion of a wriggle soft-bodied robot. In the
case of tilted nails [12], the structure is strong but not printable.
Furthermore, the tilted nails are more limited in the anisotropic
frictional behavior. So it is difficult to scale up the structure to
make an anisotropic frictional skin for the wriggling locomotion.
In the case of tilted hairs in Ref. [16], the research is more focus-
ing on the wetting property of the material at the microscopic
scale. There is limited evidence that the tilted hairs structure
of the nanofilm can support snake-like locomotion. Instead of
adding tilted structures, the inching worm robot in Ref. [4] and
the soft-bodied caterpillar-like robot [21] proposed printing com-
bined soft-rigid materials structures that enable variable frictional
legs to mimic the inching locomotion of a worm. However, in
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these inching worm robots research efforts, the structures are only
used for off-the-plane locomotion (i.e., inching) but not for in-the-
plane locomotion such as serpentine locomotion.

In this research, we propose a 2D-anisotropic frictional struc-
ture that will support the undulation of a wriggling soft-bodied
robot. In our approach, we take advantage of the multi-material
3D printing process to combine low-friction and high-friction ma-
terial to realize the anisotropic frictional surfaces. The behavior
of the anisotropic frictional surface can be easily tuned by chang-
ing the geometric parameters of the printed pattern. This design
freedom allows us to design multiple anisotropic frictional sur-
faces to find the best one for wriggling locomotion. Our contri-
butions include:

e A scheme to design 2D-anisotropic frictional surface to sup-

port serpentine locomotion,

e Fabrication and evaluation performance of a 2-segment
wriggle soft-bodied robot with above frictional designed
properties,

e Modeling and simulating the serpentine locomotion of a
wriggling soft-bodied robot according to friction with the
ground.

2. Soft-bodied Robot Design Using a 3D-
printer

The robot body is a 3D-printed slender beam which is made
of a rubber-like elastic material (as shown in Fig.1). We design
the ventral side of the robot with patterns of frictional anisotropy
(as shown in Fig. 2 and described in the following part). We use
two DC motors, one in the front and one in the rear, to generate
undulating movement of the body through four tendons which
are attached to the fixture at the center of the body (as shown in
Fig. 3).

2.1 2D-anisotropic Friction

Our 2D-anisotropic frictional surface comprises smaller circu-
lar 2D-anisotropic frictional elements with a radius r (as shown
in Fig. 2 (a). The intervals between two neighboring circular ele-
ments are G. Each circular element, in turn, is divided into parts

Fig. 1 Our soft-bodied wriggle robot is a 2-segment tendon-driven stringy
robot that is fabricated from an elastic material. The robot uses a 2D-
anisotropy frictional surface as its ventral to support the undulation
locomotion. (a) The soft-bodied wriggle robot using the frictional
2D-anisotropy surface to support undulation locomotion. (b) Side-
view of the 2D-anisotropic friction. (c) Combination of high/low
materials to design the frictional 2D-anisotropy.
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of different frictional material (high and low friction). We define
« as the central angle of low friction circular sectors as shown in
Fig. 2 (a) and Fig. 2 (b). From the side view, each circular element
is extruded to become a rounded cylinder with height 4. This
design enables the ventral side of the robot to switch between
high and low friction mode during the undulation (as shown in
Fig.2 (c), Fig. 2 (d), Fig.2 (e)).

We use the Objet260 Connex3™ multi-material 3D printer
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Fig.2 The combination of the high and low friction material forms the 2D-
anisotropic frictional surface. (a)-(b) The 2D-anisotropic friction
surface consists of circular regions of radius r and spacing G. The
shading part is high friction material, low friction material (white
part) occupies a part of each region at angle . From the side view,
each circular region is a rounded-head cylinder of height 4. (c)-
(e) Bending of the rounded-head cylinder gives the entire surface
anisotropic friction. (f) Different combinations of high (shading part)
and low (white part) friction material controlled by the number N of
a sectors of low friction material to form the 2D-anisotropic fric-
tional surface.

E
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Fig. 3 The wriggle soft-bodied robot is a tendon-driven 196 mm x 11 mm X
8.5 mm elastic beam which is actuated by two motors at two ends of
the beam. The ventral side of the robot is patterned with one of the
six 2D-anisotropic frictional surfaces (Fy, F, F, F3, F4, Fs). The
distribution and dimension (» = I mm, 2 = 3.5mm, G = 5mm) of
the 2D-anisotropic frictional surfaces are described in Section 2.1.
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with rigid polypropylene plastic-like material (VeroWhite™) as
low friction material, and soft rubber-like material (TangoBlack-
Plus™) as high friction material *'. We also print the elastic body
of the wriggle robot with TangoBlackPlus™. Figure 2 (b) shows
a 3D printed sample of a square plate with 25 circular regions
(@ = 180°% r = 1mm, h = 3.5mm, G = 5mm). The fric-
tional anisotropic behavior of this sample is shown in Fig. 2 (c),
Fig.2 (d), and Fig. 2 (e).

2.2 Parameters of The 2D-anisotropic Friction

Besides material factors such as friction coefficient and 3D
printed material elasticity, we can design the frictional anisotropy
of the surface described above and its influence on the locomo-
tion of a wriggling robot by tuning the morphological parameters
a, r, h, and G. However, for the simplicity of the analysis, we in-
vestigate only the effect from changing angle « whilst keeping all
the other parameters fixed. In addition to parameter a, we intro-
duce another parameter N which is the number of separated low
frictional sectors in each circular element. In one circular ele-
ment, we can add multiple separated sectors of low frictional ma-
terial to achieve multi-directional anisotropic friction (as shown
in Fig. 2 (f) in the case N = 2 and @ = 90°).

Although we can combine the two parameters « and N in-
finitely to design different 2D-anisotropic frictional surfaces, due
to limitations on the 3D-printer resolution and the mechanical
properties of the printing materials, we narrow down the list of
combinations to @ = {0°, 90°, 180°, 270°} and N = {1, 2}. Fig-
ure 2 (f) shows the configurations of all the combinations. We
will find that these configurations are good enough to support the
serpentine locomotion of a slender elastic wriggling soft-bodied
robot.

3. Wriggling Robots Fabrication

3.1 Assembly

The main body of our wriggle soft-bodied robot is a 3D printed
rubber-like (TangoBlackPlus™) slender beam with dimensions
Lxd Xxd, = 196mm X 11 mm x 8.5mm. The ventral side of
the robot is patterned with 2D-anisotropic frictional surfaces as
described above (r = 1mm, 4 = 3.5mm, G = 5mm). Based on
this design, we changed the values of parameter @ and N to get
robots with different locomotive behaviors (as shown in Fig. 3).

3.2 Undulation Generation

Our wriggle soft-bodied robot moves by undulating its body
to mimic the serpentine locomotion of a snake. The undulation
movement is generated by two bidirectional motors which are at-
tached to two ends of the beam. Each motor will control two
nylon tendons (diameter ¢ = 0.3 mm) which run along the beam
from the shaft of the motor to the center of the body as shown
in Fig.3. An Arduino controller board will control two motors
to rotate clockwise/counterclockwise periodically, and thus, keep
winding/unwinding the four tendons to bend the beam and gener-
ate periodical undulation as shown in Fig. 4.

In generating the undulation movement, we define:

“I http://www.stratasys.com
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Fig.4 By timely winding and unwinding two motors, we are able to se-
quentially bend parts of the beam to form an undulation movement.
T is the period of the undulation, 7 is the time that a tendon is being
wound, At is the time that two consecutive tendons are being wound.

T': undulation period, the time of an undulation cycle,

o Ti(i=1,...,8): the time segment in one period correspond-
ing to each of the 8 different actuation states of the four ten-
dons (as shown in Fig. 4),

e 1: on-time, the time that a tendon is being wound,

e Ar: overlapping-time, the time that two consecutive tendons
are being wound, —co < At < t,

o ¢:theratio At/t, é < 1.

Here, At < 0 means there is no overlapping on-time between
two tendons and the time-span between the ending of on-state of
a tendon and the beginning of on-state of the next tendon is |Af|.
Controlling 7 and At enables us to bend the beam into 8 different
states as represented in each time slot in Fig. 4. From Fig. 4, it is
shown that the wavelength of the traveling wave along the body
is changing periodically (wavelength at T is different with that
at T4) as we are using only two motors to control a 2-segment
beam. A complete sinusoidal traveling wave can be generated us-
ing a 4-segment beam with 4 motors. However, we will show in
the experiment that a 2-segment beam is enough to support the
wriggling locomotion of the robots.

In this configuration, the ratio between overlapping-time and
on-time & will affect the speed of the undulation.

e ¢ < 0: there is no overlap in on-time of each pair of ten-
dons. This leads to a discrete bending of the body which is
not optimal for the locomotion speed of the robot.

o (0 < ¢ <0.5: the higher ¢ is, the faster the undulation wave
travels. This means increasing & will increase the locomo-
tion speed of the robot.

e (0.5 < ¢ < 1: this means there is an overlap between on-state
of tendons 7y and 75, 7; and 73, which is not acceptable since
one motor cannot rotate clockwise and counterclockwise at
the same time.

Based on this analysis, we choose ¢ = 0.5 to maximize the
locomotion speed of the robot.

The two motors (Maxon 347726 DC Motor 8 mm 0.5 W) are
controlled by an Arduino Nano board through a dual bidirectional
motor driver chip (TB6612FNG, Toshiba) under an external 9 V
DC power source. Each motor, when it is on, is set to rotate at
maximum speed.
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4. Simulation

4.1 Simulation Model

We model the mechanical system of the wriggling robot (i.e.,
the deformable beam) as a mass-spring-damper system, in which
eight mass points are linearly connected by a spring-damper and a
torsion spring (Fig. 5 (a)). All variables and parameters are listed
in Table 1. The form factor parameters in the table were decided
based on the prototype. Based on these values, we selected the
other parameters (which are difficult to determine such as stiff-
ness) by observing the movement of the simulator.

The bending motion is driven by altering the resting angle of
variable torsion spring. To control the bending on the head side
and the tail side independently, three variable torsion springs from
the head (green) and three torsion springs from the back (red)
shall be driven at different timings.

Ohead = 7 + A sin(wt)

. P s (D
Ol = 7+ Asin (wt - z)

AVariable . o . .
‘ /ﬂ\ Torsion Spring 4 Spring-damper O i-th Mass

(®)

[l High friction direction
[ Low friction dircction

Fig. 5 (a) The mathematical model to simulate the locomotion of the robot,
which is constructed with springs, masses, dampers, and torsion
springs. (b) How the friction coefficient changes depending on the
moving direction of particle i. The illustration exemplifies the Fs

pattern.
Table 1 Parameter used in Simulation.

Parameter | Description Value
mo7 Mass of a anterior/posterior particle 12.0
m; Mass of the other particles 2.6
Cond,i Friction coefficient of particle i with the ground Eq.(3)
Clow Low friction coefficient 0.5
Chigh Low friction coefficient 2.5
w Intrinsic frequency of the resting angle variation 7

Amplitude coefficient of the resting angle variation 0.1757

kseg,i Stiffness of the body axis springs 3.0 x 10*
Cseg Damping coeflicient of the body axis springs 10.0

Leg Resting length of the body axis springs 22.5

Leg vt Actual length of the body axis spring i + %

kior Stiffness of the torsion springs 1.0x 10°
Otor,i Resting angle of the torsion springs i Eq. (1)
®; Actual angle of torsion spring i

© 2022 Information Processing Society of Japan

Position of the mass, 7 (i = 0, ..., N — 1), is governed by the

following equation:

dzi),' =
'—r=—F 1+ﬁ

m; dt2 seg,i—3 seg,i+%
@)
- ﬁtor,i—l,i + tor,i,i — ﬁtor,iﬂ,i
-
— Cend,i * Ui+

F’seg,i +1 1s force from body axis spring i. F)mr,n,i is force on mass
i from variable torsion spring n. U; is the velocity of the mass i.
—Cnd,i - U; is ground reaction force caused when the frictional 2D-
anisotropy patterns contact with the ground, which is modeled by
viscous friction. This modeling will be explained below.

We model the 2D-anisotropy surface with a switching friction
coefficient depending on the moving direction, as illustrated in
Fig. 5 (b) with the frictional patterns configuration parameters as
shown in Table 2. The illustration is an example of F's pattern.
Here, 0; = dd—? Considering the frictional 2D-anisotropy pattern is
attached along the beam, we defined moving angle, ®;, based on

Table 2 2D-anisotropic frictional configuration parameters.

Pattern | ©p9 Oy Oup  Opgs
Fy
n In
Fl 7 T 2
n 3
Fz 3 5 2
F3 37” %T” 2
F4 2n
|51 ¥ ¥ %
High Friction Head
t=00s
Low Friction
%@@@GQQ t=09s
%@&6% t=18s
%@@@@@@ (=275
t=306s
t=45s
t=54s

Fig. 6 A screenshot of the simulation running with pattern F,. Green circles
indicate particles which have low friction with the running surface.
Shading circles indicate particles which have high friction with the
running surface.
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U; and 7,4, — P—;. Frictional coefficient switches in conformance
to the following equation:

Clow When 0 < @; < Oy U By < 0; < Oy

Cond,i = U®th,3 < ®i <2r (3)

Chigh Otherwise.

4.2 Simulation Result

We set up the simulation with parameters and values as in Ta-
ble 1. We let the simulator run for 20 seconds with each of the six
different patterns of the 2D-anisotropic friction (from Fy to Fs)
and measure the traveled distance to calculate the average loco-
motion speed. Figure 6 is a screenshot of the simulation running
a robot model with the 2D-anisotropic frictional pattern F,. The
friction of each particle mass (shown as the green and shading
color of the circles) depends on the frictional pattern, the curva-
ture at each particle mass, and moving direction of each particle
mass. The simulation speeds of all robot models are shown in
Fig. 9 with circular markers.

5. Experiment

To evaluate the performance of the 2D-anisotropic frictional
design in supporting wriggling locomotion, we measure the loco-
motion speed of the wriggle soft-bodied robots with different pat-
terns of the 2D-anisotropic frictional surface. The accompanying
video shows footage of the locomotion of the wriggle soft-bodied
robots.

5.1 Experiment Setup
5.1.1 2D-anisotropic Friction

We make six samples of the wriggling soft-bodied robots with
six different 2D-anisotropic frictional patterns (from Fy to F's as
shown in Fig. 3) at the ventral surface. From this section onwards,
we name the robots by their 2D-anisotropic frictional patterns as
robot F, robot Fy. Figure 7 shows a printed and actuating wrig-
gling soft-bodied robot.

Trajectories on White Board

10
~ 5 %
£ S0 , : N
= s BNV NN
-10 —F0 —Fl —F2 —F3 —F4 FS
15
0 10 20 30 40 50
X (cm)

Fig.7 (a) Each robot is put onto a horizontal flat rigid glassy surface. We
run the robot for 20 s then measure its traveled distance. Each robot
has markers so that we can analyze its locomotion using Kinovea. (b)
Trajectory of the robots when running for 20s on the experimental
surface. On the XY plane of the experimental surfaces, each robot is
placed along the X-axis so that one end of the robot is positioned at
point (0, 0). The robots are controlled to move in the same direction
as the positive X-axis.
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5.1.2 Controlling Parameter

Through the preliminary test, we found that due to the mechan-
ical properties of the printing material and the morphology of the
body of the robot, it takes about 0.5 seconds for one segment of
the robot to bend from the resting state to the maximum bent state.
Therefore, we set the on-time r = 500 ms. The specific values of
the controlling parameters are listed in Table 3.
5.1.3 Experiment Environment

We tested the locomotion of our robot on a rigid glossy white-
board surface. The friction coefficients between each ventral pat-
tern with the surface are listed in Fig. 8. We calculate the average
locomotion speed of the robot based on the distance it traveled in
20 seconds. Each test is recorded by a camera (Sony Handycam
FDR-AX55"2). We add markers to the robot as Fig.7 (a) and
analyze the trajectories as well as the speed of the robots using
OpenCV *3.

5.2 Experiment Result

We are able to generate stable undulating movement for all six
types of robots. Figure 4 is a graph showing the locomotion of
robot F1.

5.2.1 Locomotion Speed

Figure 7 (b) shows the trajectory of each robot when running
for 20 seconds on the experimental surface. Although all of the
robots manage to move forward, the locomotion speed and tra-
jectories vary.

Robot F, has the most stable direction of locomotion (as shown
in Fig. 7 (b)) while others are veering away from the designated
horizontal route. We believe that the reason for the stable loco-
motion direction is that the difference between directional friction
coeflicients (us, up, p;) in case of F, is larger than that of the oth-
ers. Although these differences in robot F; are also large, the
speed and stability of the direction of the locomotion worsen due
to the high transverse friction coefficient i, which makes it more
difficult to bend. As evidently shown in Fig.9, the locomotion

Table 3 Setup values of controlling parameters.

Parameter Value

Tendon on-time ¢ 500 ms

0.5t = 250 ms

Tendon overlapping-time At

Motor speed Maximum (PWM = 255)

Tendon length at rest 75 mm

T,
“”’ﬁ“‘/ Uy Uy iy
®ro 2.25 225 2.25
€rl 0.70 1.28 1.28
R 0.90 1.88 1.39
¢T3 0.42 0.58 0.42
F4 0.42 0.42 0.42
2F5 0.70 0.70 0.75

Fig.8 The friction coefficient of ventral pattern on the experimental sur-
faces in forward direction s, backward direction 1, and transverse
direction y,. Reddish cells indicate a high friction coefficient. Green-
ish cells indicate a low friction coefficient.

#2
3

http://sony.jp
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Fig.9 The locomotion speeds of the robots (different 2D-anisotropic fric-
tional surfaces) during the experiment and simulation are closely
matched.

speed of the robot and the simulation closely match each other.
In both of the cases, the robot F,; has the highest average locomo-
tion speed. In the experiment with the real robot, the robot F is
eight times faster than the slowest design Fj. Undulation has little
effect in the case of F since its ventral is printed completely with
high friction material. Another good performer is the robot F's.
Although the trajectory of robot Fs is not as stable as that of robot
F, the locomotion speeds are in the same order. This suggests
that the transverse high friction might make a larger contribution
than backward high friction to the locomotion speed of the robot.

A deeper quantitative analysis is necessary to explain the rea-
son behind the difference in the performance of each pattern.
Here, we will try to give a qualitative explanation for the perfor-
mance of the robots F, and F's. Both patterns help the robot slide
easier forward, but more difficult to slide laterally. We believe
that depending on the bending angle of the body of the robot,
there is an optimal profile for the low-friction/high-friction ma-
terials. In our setup, that optimal profile is manifested in pattern
F,. In the case of Fs, it is interesting that F's outperforms F; even
though these seem to be similar. This difference can be partially
explained as a result of the dominance of high-friction material
in F. A large high-frictional region such as that in '} makes the
undulation trajectory unstable and in general, reduces the average
locomotion speed.

6. Discussion

We have proposed a robot with specifically designed 2D-
anisotropic surfaces which significantly affect the locomotion
speed of the robot. The result of the experiment, as shown in
Fig. 9, indicates that, in many animals and robots, having a ratio-
nal structure of friction, such as scales and tilted hair, is crucial
to move efficiently. Our wriggle robot can be used in studying
locomotion of small and stringy undulators which, otherwise, are
difficult to analyze. One example is the locomotion of the nema-
tode Caenorhabditis elegans. The outer surface of C. elegans [3]
is covered by a tough but flexible extracellular cuticle. This cuti-
cle protects the animal from the surrounding environment, main-
tains its body shape, and enables motility by acting as an external
skeleton. The cuticle surface bears shallow, circumferentially-
oriented furrows [7] and its structure can only be observed us-
ing a scanning electron microscope (SEM), transmission electron
microscope (TEM), or atomic force microscope (AFM) images.
Hundreds of these furrows (which cause unevenness) are oriented
“perpendicularly” to the midline, and that allows the worm to grip
water on the surface of the floor (agar). The fact that these stripes

© 2022 Information Processing Society of Japan
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Fig. 10 (a) Body form of an adult C. elegans in forward motion on an agar
plate—nematode growth medium—as acquired every 0.5s for a

3.5 s period. (b) Trajectory of the mid-point of the body of an adult
C. elegans over a 15 s period of locomotion.

are engraved regularly at an extremely thin pitch perpendicular to
the midline may increase the efficiency of movement when using
friction. Measuring the frictional anisotropy of creatures this size
is a difficult task and almost impossible. The pattern seems to
be a structure that makes it hard to slip along the body axis and
easy to slip in the direction perpendicular to the body axis. Is this
conjecture true?

The body form of an adult C. elegans in forward locomotion
on an agar plate [3] as measured every 0.5 s for 3.5 s is shown in
Fig.10 (a). Furthermore, the trajectory of the mid-point of the
body of this worm over a 15s period is plotted in Fig. 10 (b).
When compared with the trajectories of a soft-bodied wriggle
robot, it appears that the worm traces a sinusoidal wave pattern
and moves more smoothly on the agar surface using friction. This
smooth movement may be related to the fact that the area touch-
ing the surface of the floor (agar) is wider than that in the case of
a soft-bodied wriggle robot.

In the experiments using our proposed soft-bodied wriggle
robot, patterns F, and F's allowed the robot to move speedily in a
manner similar to the C. elegans. These results indicate that the
surface pattern of C. elegans, contrary to the above-mentioned
expectations, realizes the same frictional anisotropy as F, or Fs.
Animals and robots using these scales and hairs often display the
frictional patterns such as F, and Fs. There is a possibility that
C. elegans may also have these common properties, even though
visual observation of the body structure suggests differently.

By proposing the wriggle robot, we present the possibility that
we can determine some common rules of locomotion through
comparison of the movements of a robot with those of actual
worms. In C. elegans, backward locomotion is known to be
somewhat faster than forwarding locomotion. The research of
the locomotion of gastropods [13] proposed methods to measure
the traction force of small creatures crawling on a flat surface.
However, due to the difference in the scale of the gastropods and
C. elegans, it is still challenging to measure the friction between
the body of the worm and the floor. More improvement in the
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Table 4 Comparison to other wriggle robots.

Robot Max Speed (mm/s)  Weight (kg) Length (mm) Rigid or Soft Frequency (Hz)
ACMRI1[6] 1,000 28 2,430 Rigid >0.25
AmphiBot IT[5] 400 772 Rigid 1.00
Koryu II[9] 500 350 3,300 Rigid NA
OmniTread OT-8 [2] 100 13.6 1,270 Rigid NA
Onal’s FEA Snake Robot [18] 19 280 Soft 0.25
Our wriggle Robot 26 0.238 196 Soft 1.00

measurement setup will be needed to measure the traction force
of the crawling worm. Currently, there is insufficient evidence
to explain the relationship between the surface shape of the worm
and the ease of its backward locomotion. By addressing this prob-
lem using our proposed soft robot, in which surface friction can
be freely designed, and/or the estimation method with a math-
ematical model [20] rather than using the actual measurements,
it may be possible to investigate how friction contributes to the
movements of worm in the future.

7. Future Works

The frictional 2D-anisotropic surface helps support the loco-
motion of a wriggle soft-bodied robot. Among existing wriggle
rigid/soft robots, our wriggle soft-bodied robot fits in the class
of the small size crawling robot as shown in Table 4. In total,
our robot’s weight is 238 grams and has the length of 196 mm.
By designing the whole body as a continuum beam, we can take
advantage of 3D printing technology to shrink down the fabrica-
tion time of the robot. The fact that our robot is soft makes it
more promising in adapting to different environments, especially
spatial limited spaces. Our robots need to wriggle with a higher
frequency than other wriggling robots. This is understandable
since our robots use printed anisotropic frictional surfaces rather
than bulky passive wheels that are used in other wriggling robots.

In the future, we will improve the robots as follows:

e Miniaturization: the frictional force between the robot and
the ground depends on the weight of the robot as well as
the contacting area. Exploring the effects of the frictional
2D-anisotropic surface in miniaturized crawling soft-bodied
robots will give a better insight into how to design with the
frictional anisotropy.

e Beam elasticity: elasticity of the beam has a large impact on
the curvature of the undulation as well as the speed of the
traveling wave. This raises the question about how can we
design and control the undulation to get the optimal perfor-
mance of the soft-bodied wriggle robot.

e Backward locomotion: Backward locomotion is not a com-
mon locomotive behavior in snakes but can be found in other
creatures that travel by lateral undulation (such as C. ele-
gans [24]). In our experiment, we note that though robot F's
although does not have the highest locomotion speed, it does
have this backward locomotion mode thanks to its symmetry
along a directional friction surface. Fs has bi-directionally
low friction along the beam and high friction transversely.
Therefore, just by switching the direction of the undulation
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wave propagation, we can make F's moving forward or back-
ward.

e Other parameters: in this research, we deliberately fix all pa-
rameters except @ and N. A thorough investigation of how
other factors affect the locomotion of the wriggle soft-bodied
robot is necessary to design a highly adaptive robot. These
additional patterns are also useful in the investigation of C.
elegans locomotion behaviors through our robotic models.

8. Conclusions

In this paper, we propose a scheme for designing and fabricat-
ing a group of different 2D-anisotropic frictional patterns which
will support the serpentine locomotion of a 2-segment wriggling
soft-bodied robot. We also build a simulation to analyze the influ-
ence of the 2D-anisotropic friction on the speed and the direction
of the locomotion. We found that the experiment with a real robot
closely matches up with the simulation. In both cases, we found
that the design of half low frictional material and half high fric-
tional material (robot F;) will give the fastest and most stable
locomotion. Our 2D-anisotropic friction and the robot itself can
be printed with a 3D printer in less than one hour.
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