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1 Introduction

The herein-studied locomotion control is motivated by
inchworm (Geometrid Moth caterpillar) movement coor-
dinated in the looping gait where the limbs alternate be-
tween anchoring the inchworm to the surface and reach-
ing a new anchoring point while moving forward. The an-
choring has been replicated for inchworm robots using the
flux-switching electromagnets for iCrawl [1] or suction cups
for pipe inspection [2]. The addressed research question
is to verify hypotheses on using the friction anisotropy ob-
served in snakeskin to prevent the robot from sliding back-
ward rather than deploying an explicit anchoring mechanism
based on the assumption that it will enable efficient locomo-
tion while reducing the overall complexity.

Figure 1: The designed robot resembles an inchworm with anisotropic
friction pads formed by flexible scales for anchoring instead of the limbs
found in its biological original.

Existing design approaches to mimic snake-skin-like
materials include metallic 3D printed micro structures [3],
sharp-bristled fabric [4], or soft silicon with embedded 3D
printed structure and attached glass fiber resin scales [5].
Our approach uses flexible 3D printed macroscopic scales
attached to contact segments of the proposed 4-DoF (De-
grees of Freedom) hard 3D printed robot, depicted in Fig. 1.
We report on experimental verification of the developed
anisotropic friction pads in three types of inchworm-inspired
gait. Although various methods from the literature report
on replicated friction anisotropy, to the best of the authors’
knowledge, using a single off-the-shelf 3D-printable flexible
material is unique for inchworm robots.

2 Robot Design

The frictional anisotropy pads are 3D printed using the
Thermo-Plastic Elastomer (TPE) FiberFlex 40D (Fiberlogy,
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Figure 2: Developed scales xy-plane projection with length / = 7mm,
thickness r = 0.25mm and spaced at s = 1.75mm. In the z-axis, the scales
are split into left, middle, and right rows in a 1:2:1 ratio.

Poland), with dimensions depicted in Fig. 2. When moving
forward, the scales bend toward the robot’s abdomen, while
when moving backward, they interlock with the terrain, re-
sisting motion and providing support as depicted in Fig. 1.

The 4-DoF robot body depicted in Fig. 3 consists of four
Dynamixel XM430-W350-R smart servomotors (Robotis,
South Korea) and 3D printed brackets using Polyethylene
Terephthalate Glycol (PETG) filament (Prusa Polymers,
Czechia). The brackets enable 4+120° motion for the middle
double bracket and £180° for the endpoint brackets from the
prolonged position. At least 3 DoF are needed to control the
robot prolongation while keeping the friction pads aligned
with the terrain. The control of the friction pad’s contact
angle further exploits friction anisotropy, allowing the robot
to switch contact materials and enhance friction differences
between anchoring and moving segments. Since the fric-
tion depends on applied force, additional DoF enables load
redistribution to increase anchoring efficiency.
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Figure 3: The kinematics parameters of the proposed robot that is com-
posed of four servomotors (black), structural 3D printed links (orange and
green) with respective minimum +120° and £180° rotation, anisotropic
friction pads (grey), friction pad interfaces with cylindrical bumpers (blue).

3 Robot Control

The proposed robot is validated using the following
three gait control methods. Sliding gait uses only the friction
pad anisotropy to locomote in two-phase gait with exten-



sion and contraction as depicted in Fig. 4a. Balancing gait
extends the sliding gait by moving Center of Mass (CoM)
between the gait phases to increase (decrease) further the
friction force for the anchoring pad (moving pad) as shown
in Fig. 4b. Stepping gait extends the balancing gait by using
the pad ends (bumpers) instead of the friction pad surface
when moving the segment forward as outlined in Fig. 4c.
Interpolation is used in between the key poses.
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(a) Sliding gait phases.
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(b) Balancing gait phases.

(¢) Stepping gait phases.
Figure 4: Robot motion rigging in the hand-crafted locomotion gaits using
anisotropic friction pads. The faded silhouette depicts the pose at the phase
start, while the full color depicts the pose at the phase end.

4 Experimental Results

The proposed concept has been experimentally validated
using three selected flat terrains: high-friction Expanded
Polyethylene (EPE) with py ~ 1.2 forward and p, ~ 1.4
backward friction coefficients, rough high-friction Artificial
Turf (Grass) with pr =~ 0.75, 1, =~ 1.4, and soft low-friction
Polyethylene Terephthalate Glycol (PETG) with pr ~ 0.2,
Up = 0.2, as shown in Fig. 5. Moreover, the 5° and 10°
slopes are used for the EPE terrain.

(a) Sliding gait on the artificial Grass at 0s, 16s, and 28 s.

(b) Balancing gait on the PETG at 2s, 16, and 28 s.
_—

(¢) Stepping gait on 10°-sloped EPE at 3s, 13 s, and 28 s.

Figure 5: Composed snapshots for selected terrains and gaits.

The developed gaits are deployed on flat and sloped ter-
rains, and their performance is measured using the achieved
average locomotion speed from ten trials lasting 30s. The
locomotion efficiency is examined using the expected loco-
motion speed under ideal conditions as the maximal robot
prolongation and time spent expanding/contracting varies
across the gaits. Furthermore, we explore the Cost of Trans-
port (CoT) for each gait on each terrain using measured ser-
vomotor currents, known voltage U = 12V, and the com-
puted average robot speed. The performance indicators are
depicted in Fig. 6.
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Figure 6: Locomotion performance in the selected scenarios. The ex-
pected speed under ideal conditions is depicted in light shade for each ter-
rain and gait. CoT is depicted with the logarithmic scale on the y-axis.

The resulting plots in Fig. 6 suggest that all gaits are ca-
pable of locomoting the robot over the considered terrains.
However, we observed that Sliding gait, which relies solely
on the frictional anisotropy, struggles to anchor on smooth
PETG and stick to EPE even when moving forward regard-
less of the terrain slope. Hence, it fails to reach the expected
speed. Balancing and Stepping gaits consistently approach
their potential regardless of the terrain. For sloped terrains,
the front pad starts to slip backward slightly at the beginning
of the retraction phase for all gaits. Although it stabilizes
later within the same phase, it results in a notable average
speed decrease. Managing CoM can significantly improve
the locomotion performance to the extent that it is competi-
tive with combining friction pads surface and bumpers.

5 Conclusion

The reported early results on the experimental vali-
dation of the proposed 3D-printable flexible scales-based
anisotropic friction pads support the feasibility of the de-
veloped 3D-printed five-link inchworm-like robot using off-
the-shelf materials and components. The robot’s locomotion
performance is evaluated using three gaits in five experimen-
tal setups using flat and sloped terrains. The results indicate
that friction pads enable robot locomotion by assuming suf-
ficient differences between forward and backward friction
forces. The gaits that exploit a combination of two mate-
rials or managing CoM enable the robot to locomote in all
examined scenarios. Since the presented results support the
concept’s viability, possible future work can be to extend the
concept into full 3D locomotion by adding more DoF.
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