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Abstract

Soft robots have attracted increasing attention due to their excellent versatility and broad
applications. In this article, we present a minimally designed soft crawling robot (SCR) capable of
robust locomotion in unstructured pipes with various geometric/material properties and surface
topology. In particular, the SCR can squeeze through narrow pipes smaller than its cross section
and propel robustly in spiked pipes. The gait pattern and locomotion mechanism of this robot are
experimentally investigated and analysed by the finite element analysis, revealing that the resultant
forward frictional force is generated due to the asymmetric mechanical properties along the length

direction of the robot. The proposed simple yet working SCR could inspire novel designs and
applications of soft robots in unstructured narrow canals such as large intestines or industrial

pipelines.

1. Introduction

To mimic the manipulation and locomotion mecha-
nisms of soft biological organisms, soft robots, which
are made primarily of materials with a low elastic
modulus, have recently attracted intense research
interest [1]. Soft robots can deform and conform to
their environment [2], and thus are safe to oper-
ate when interacting with humans, animals or tis-
sues/organs [3, 4] without sophisticated force control.
Their versatility, adaptability and relatively easy con-
trol make them suited for open-ended tasks such as
navigating in unstructured narrow pipes or cluttered
environments.

Among the diverse kinds of soft robots, soft
crawling robots (SCRs) have great potential in
interventional medical surgeries and industrial
pipeline inspections [5]. SCRs typically have the
limbless design concept and slender rod-shaped
bodies that suit tubular environments. Various

locomotion mechanisms have been developed for
the limbless SCRs, which can be roughly divided into
four categories: anchoring—extension locomotion
(figure 1(a)), anisotropic friction-based locomotion
(figure 1(b)), heterogeneous friction-based locomo-
tion (figure 1(c)) and the oscillating wave-based
locomotion (figure 1(d)).

Anchoring-extension SCRs are mostly inspired by
inchworms [6—10], earthworms [11, 12] and snakes.
The typical inchworm-like robot usually has three
segments: the front, middle and rear segments. The
main deformation mode of the three segments is
contraction and expansion. The front and rear seg-
ments can anchor in the pipe separately, and then
the middle segment can extend and contract to
make the robot move. The anchoring is achieved
by increasing the frictional force via jamming or
adhering. The jamming indicates that the robots can
expand to increase normal contact force by inflating
[7-9] and bulking [10, 13]. Adhering-based robots

© 2022 IOP Publishing Ltd
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Figure 1. Features of the available locomotion mechanisms for limbless SCRs. (a) Anchoring—extension design. (b) Anisotropic
friction-based design. (c) Heterogeneous friction-based design. (d) Oscillating wave-based design.

can attach to a surface tightly by vacuum-induced
suction [11, 14, 15] or controlled adhesion [16, 17].
Anchoring—extension robots are popular due to their
excellent adaptability to pipes with even surfaces.
However, they are inapposite for uneven or spiked
pipes.

Anisotropic  friction-based SCRs have an
anisotropic frictional skin generated by a covered
origami structure [12, 18, 19] or a microstructure
pattern [20], while heterogeneous friction-based
locomotion relies on heterogeneous but isotropic
frictional skin [21-24] to generate non-uniform
friction coefficient distribution along the robot body.
The unbalanced friction due to the unique frictional
property enables these SCRs to move in a simple gait
pattern but with an improved locomotion efficiency.
However, the fabrication and the bi-directional
locomotion of such robots are relatively complicated.

Oscillating wave-based SCRs usually have multi-
ple segments that can bend separately to form a wave-
like gait pattern. With an isotropic frictional skin
[25, 26], they can generate a propelling force through
the designed gait pattern, like a serpentine wave
[26, 27]. Compared with heterogeneous friction-
based locomotion, the oscillating wave-based design
is more straightforward, but the number of segments
or the length to realize efficient locomotion need to
be determined. Whether a crawling robot with one
segment is sufficient to realize locomotion is unclear.

Similarly, a variety of actuation approaches have
been developed for SCRs, such as tendon-driven [6,
10, 28-30], pneumatic-/hydraulic-driven [9, 14, 19,
21, 31] and smart material-driven (including dielec-
tric elastomer [16], shape-memory alloy [22-24] and
magnetic material [32—34]). The actuation strategies
determine the main deformation modes for SCRs,
i.e. bending, contraction and expansion. The pneu-
matic/hydraulic driven approach is the most com-
mon, with lightweight, non-electronic components

and high environmental adaptability features. It gen-
erally requires high pressure or sophisticated design
to achieve large deformation in specific directions.
The smart material-driven method has the advan-
tages of high energy density and low noise but is
constrained by its material properties. For example,
shape-memory alloys cause significant thermal effects
and have a relatively low deformation rate. In addi-
tion, the complex configuration of driven fields like
high-voltage generators or Helmholtz coils also limits
their broad applications. The tendon-driven method
has promising features, such as direct and efficient
force transmission, and relatively simple mechanical
design, fabrication and kinematic modeling, and it
has been widely applied in continuum manipulators
[35] and artificial fingers [36], but rarely adopted in
crawling robots.

In practice, the geometrical, topological and
mechanical properties of the environment can change
dramatically, which poses significant challenges for
SCRs to adapt to uncertain terrains. For instance, the
dimensions of an unstructured pipe are irregular and
may vary dramatically along its length, or may be even
smaller than the crawling robot. If spiked surfaces are
encountered, pneumatic/hydraulic-driven soft robots
may be easily damaged or punctured. Current SCRs
are mainly designed for structured pipes that are even,
rigid and dry [6, 10, 31, 37]. Although some recent
worm-like crawling robots attempted to locomote in
complicated environments [9, 37, 38], they are still
unable to crawl in unstructured challenging condi-
tions such as being stuck or pipes with spiked sur-
faces. Moreover, to better accommodate unstructured
environments, SCRs should be miniature, lightweight
and reliable. Therefore, it is highly desirable to design
a tendon-driven SCR to keep the above merits and
improve its adaptability and robustness.

In this article, a soft and robust tendon-driven
crawling robot with a minimalist design, which only




Table 1. Comparison of our SCR with other crawling robots®.
Criterion
Max speed Max load Range of width
Ref Actuation Locomotion Body length (BL) Load-carrying Robot weight The width of Robot width (BW)
mechanism Speed capacity Max load/robot Width
Deformation mode BLs™! weight range/BW
Our SCR Tendon-driven Oscillating wave with 10 mms™! 1560 g 28 mm
One bending segment asymmetric 148 mm 78¢g 25-80 mm
design 0.0676 BL s 20 0.89-2.85
Bernth et al [6] Tendon-driven Anchoring- 1.21 mms™! — 26 mm
Three bending segments extension 500 mm 26-50 mm
2.42 x 107 BLs™! 1-1.92
Liuetal [7] Pneumatic-driven Anchoring- 5mms! 1000 g 50 mm
One contraction and extension 43 mm 85.4¢g 50—65 mm
two expansion segments 0.1163BLs™! 11.71 1-1.30
Zhang et al [9] Pneumatic-driven Anchoring- — 1573 ¢ 15 mm
One contraction and extension 80 mm 145¢g 15-25 mm
two expansion segments — 10.85 1-1.67
Rafsanjani et al [19] Pneumatic-driven Anisotropic 8.5mms! — 25 mm
One contraction segment friction 164 mm 25—00 mm
0.0518 BLs! 1-00
Qi etal [26] Pneumatic-driven Oscillating 35mm s~ — —
Four bending segments wave — 41-152 mm

2Not mentioned in the reference.
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needs a single motor to achieve bending wave and
realize locomotion in unstructured pipes, is pre-
sented. A constant curvature model considering axial
contraction is developed to model the kinematic
deformation of the soft tendon-driven robot. The
gait pattern and locomotion mechanism are exper-
imentally investigated and validated by finite ele-
ment analysis (FEA). The locomotion experiments
in unstructured pipes are performed under different
working conditions, including in a trapped or spiked
pipe. Our conclusions and future studies are then
discussed.

To highlight the performance of the proposed
SCR, a comparison of our SCR and other crawl-
ing robots in the literature was conducted in
terms of actuation strategy, locomotion mechanism
with deformation mode, speed performance, load-
carrying capacity and the width/diameter of pipe it
can propel, as shown in table 1. The design parameters
of the robot, such as body length (BL), body width
(BW) and robot weight, have a significant impact
on its performance. Therefore, the ratios of robot
performance to its relevant design parameters, such as
BL per second, the ratio of max load to self-weight and
the ratio of pipe width to BW, are defined as reason-
able criteria for evaluating the robot’s performance.
The load-carrying capacity of our SCR performs
well, up to 20 times the robot’s weight, although its
maximum speed performance is 0.0676 BL s~!. Our
SCR can propel effectively in pipes with a wide range
of width, ranging from 25 mm to 80 mm (0.89-2.58
times BW).

2. Design, fabrication and modeling of
the SCR

2.1. Minimalist mechanical design and

fabrication

As shown in figure 2(a), the proposed SCR consists of
three segments, the front segment (i.e. robot head),
the middle segment (i.e. robot body) and the rear
segment (i.e. robot tail), which are connected by
dovetail slots. The minimal design concept relies on
only one single actuator and two driven tendons
that can contract alternatively, which reduces the
design and fabrication complexity. The two tendons
are wound respectively on a spindle in two oppo-
site directions (figure 2(d)) so that when the motor
rotates, regardless of the rotation direction, there is
always one contracted and the other extended. With
such an actuation mechanism, the middle segment
(42.69 g, 92 x 28 x 20 mm) can produce a left
and right oscillating wave bending motion. The front
segment (6.98 g, 14 x 28 x 20 mm) can also swing
left and right with the middle segment to provide the
propelling force for locomotion. The robot head and
body are both made of silicon rubber E605 (Hong
Ye Silicone) by a mold-casting method (figure 2(c)).

W Yu et al

The two components E605 A and E605 B are thor-
oughly mixed with a ratio of 1:1 in a vacuum mixer.
The prepared mixture is then poured into the three-
dimensional (3D)-printed mold with two steel rods
and cured in an incubator at 50 °C for atleast 1 h. Steel
rods in the robot body mold serve as placeholders
for the tendons during the curing process and are
removed once the silicone rubber mixture is cured.
The rear part (28.06 g, 42 x 28 x 20 mm) serves
as the robot actuation system, which consists of a
motor holder, a spindle, two Kevlar driven tendons,
two shafts for changing the tendon direction and a
direct current (DC) motor N20 (figure 2(b)). The
spindle is connected to the shaft of the DC motor.
The motor holder and spindle are 3D printed with
polylactic acid (PLA). The control system consists of
an Arduino Uno, a motor-driven board L298N, and a
DC-regulated power supply (figure 2(d)).

2.2. Material characterization

The mechanical properties of the soft materials for
the SCR are measured for the mechanics analysis. The
tensile test was performed for E605 elastomer using
the Instron, following the protocol of ASTM D412-
16 (standard test methods for vulcanized rubber and
thermoplastic elastomers tension). Dumbbell-shaped
specimens of the elastomer were prepared by the
mold-casting method as described in the previous
section for the robot body fabrication. The dimen-
sions of the specimen are 4.2 x 12 x 35.88 mm. The
strain rate for the tensile testing was set to 1 mm s~ .
Figure 3(d) shows the stress—strain curves of the E605
elastomer which exhibits a mild nonlinearity within
100% strain and a small hysteresis. The Young’s mod-
ulus of E605 elastomer is estimated to be ~50.4 kPa
by fitting the stress—strain curve within 100% strain
and will be used for the FEA simulation.

The dynamic friction coefficients of the SCR were
further measured with a customized friction mea-
surement platform on unstructured pipes made of
different kinds of materials, including silicon rub-
ber, sponge, polymethyl methacrylate (PMMA) and
marble. Table 2 presents the measured dynamic fric-
tion coefficients between different material surfaces
with the robot material PLA and silicon rubber
E605. The friction-induced contact discontinuity may
significantly affect the SCR’s locomotion. To address
this issue, a polymer gel layer was coated on the bot-
tom of the SCR. The measured data for the dynamic
friction coefficients with the gel layer are also shown
in table 2.

2.3. Improved constant curvature model

involving axial contraction

In the past decades, a few analytical models have been
developed for the kinematic modeling of tendon-
driven robots, such as the constant curvature model
[39] and the geometrically exact beam theory [40].
The constant curvature model is the most adopted
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Figure 2. Schematic illustration for the design and prototype of the SCR. (a) Design scheme and the prototype of the SCR.
(b) Main components and assembly of the actuation system of the SCR. (c) Illustration of the fabrication process of the front and
middle body segments. (d) Structural configuration and the control system of the tendon-driven SCR.

Table 2. The dynamic friction coefficients between different material surfaces.

Pipe material
Robot material PMMA Marble Sponge Rubber PMMA Marble Sponge Rubber
Without polymer gel layer With polymer gel layer
Rubber 2794+041 295+£035 154+046 327+0.23 191+043 0.57£0.10 1.16+0.15 1.68+0.17
PLA 1.68 £0.07 226£0.18 0.764+0.09 5.124+0.35 1.64£0.18 1.83+0.21 097+£0.22 1.59+£0.20
Table 3. The physical quantities and symbols in the derivation.

Physical quantity Symbol Physical quantity Symbol

Tendon force F The moment of inertia of cross section I

The offset of tendon to central line 13 The area of body cross section

Young’s modulus E Tendon contraction Ax

Initial central line length L Deformed central line length 1

Initial axis configuration s Deformed axis configuration S

Configuration of bending angle 0 Bending angle of the robot Bo

model, which can significantly reduce the number
of degrees of freedom from infinity to a few. The
previous constant-curvature model neglects the axial
contraction in the deformation of robots, which is
applicable to the conventional rigid tendon-driven
continuum robots with high axial stiffness. However,
for the proposed SCR that has non-negligible axial
contraction, the constant-curvature model should be
improved by including the axial contraction in the
modeling. The physical quantities and symbols used
in the analytical derivation are shown in table 3.

The initial configuration and the deformed con-
figuration with the free body diagram of the SCR are
shown in figures 3(a) and (b). Without considering
the gravity, the equilibrium equations of force and
moment can be written as

l I\é

Substituting equation (1a) into equation (1b), the
contraction of the central line is
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workspaces. (d) Measured stress—strain curve of E605 elastomer. (e) Comparison of the bending angle and applied tendon
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L—I_A—E.

(2)
Geometrically, the length of the contracted tendon
can be written as

la =1—00¢, (3)

and the contraction of the driven tendon can be
expressed as

I

Ax=L1— (- 0&) = (Af

+¢ ) to. (4)
Substituting equation (4) into equation (2), the
deformed central line length becomes

I

=L— ——Ax.
) I+ Ag x

(5)

Thus, the bending angle and the radius of the
central line can be expressed as a function of the
tendon contraction

A€ l (I4+AE)L — IAx
Op = ——— Ax, r=— = AEAx

YT 0o
(6)

In the configuration space of a planar case, the
position vector of the tip point of the soft robot is

- A
p= (x,y)T = <1 — cos(%)

C( AEAx \\" (I + AL — IAx
. Sm(l + A8 )) AEAx

(7)
Then, the transformation relations between the
different spaces are displayed in figure 3(c). The
transformation matrix from the actuation space to
the configuration space is the description of tendon
contraction
Ax=v*txR, (8)
where v is the rotation speed of the motor, t is the
rotation time and R is the radius of the spindle.
Given the above, the transformation matrix
between the configuration space and the task space
can be written as

_|R,(6) p _|cos(y) —sin(6y)
I= [ "o J Ry(60) = Lin(@o) cos(6o) |’
p = (r(1 — cos 6), r sin 6p).

9)
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Figure4. Locomotion performance of the SCR in the unstructured pipe. (a) The material and cross-section of different sections
of the unstructured pipe. (b) Photos of the crawling locomotion in the unstructured pipe.
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Figure 5. Adaptability performance of the SCR in different tubular environments. (a) Photos of the crawling locomotion in a soft
pipe made of sponge, 25 mm wide. (b) Photos of the crawling locomotion in a pipe slope made of silicon rubber. (c) Photos of the
crawling locomotion in a curved pipe with a radius of 380 mm. (d) Photos of the crawling locomotion in a spiked pipe.

To verify the improved constant curvature model,
an experiment is performed to measure the bend-
ing angle of the SCR with the robot’s end fixed.
The results of the improved constant curvature
model agree much better with experimental results,

indicating that the improved accuracy in the descrip-
tion of the coupled robot deformation, as shown in
figure 3(e). The error increased with tendon contrac-
tion because the cross section of the robot body and
its geometric parameters, such as I and A, change
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Figure 6. Illustration of the SCR’s gait pattern. (a) Tracking data of the marker position. (b) Displacement of the marker in one
motion cycle. (c) [lustration of the contact pairs and gait pattern of the SCR.

significantly during the deformation process due to
the incompressible material property as it is com-
pressed by the tendon force.

3. Experimental study for locomotion
and gait pattern of the SCR

3.1. Locomotion performance of the SCR in
unstructured pipes

Locomotion in unstructured pipes, especially in
specific extreme conditions, remains a challenge
for SCRs. In this section, the tendon-driven SCR
is demonstrated as a promising solution in such
conditions due to the efficient force transmis-
sion and adaptability of the new design. Figure 4
presents the locomotion of our SCR in an unstruc-
tured pipe comprising four different sections with
variable parameters, like materials, the shape of
the cross section and the width. The locomo-
tion results show that SCR can effectively adapt
to environmental changes (supplementary video S1
(https://stacks.iop.org/BB/17/056001/mmedia)).

3.2. Adaptability performance of the SCR

The adaptability to variable tubular environments is
also critical to the SCR, as shown in figure 5. In soft
pipes made of sponge, the SCR can propel well when
the width of pipe varies from 25-38 mm (figure 5(a)
and supplementary video S2). The SCR will become
clamped when the pipe width is smaller than the
robot BW (28 mm). The clamping force increases as
the pipe width reduces. The clamping force reaches
2.5 N when the pipe width is 25 mm, about three
times the SCR’s gravity. Experiment results show that
the SCR can propel in a soft pipe made of silicon
rubber or rigid pipes made of iron or acrylic, with
width varying from 30 mm to 80 mm. The SCR
is also able to propel in tilted and curved pipes
(figures 5(b) and (c) and supplementary videos S3
and S4). The experimental results validate that the
maximum slope angle is 26.84° and the minimum
turn radius is 380 mm. Remarkably, the SCR can
move in hazardous environments such as a spiked
pipe safely and effectively because the soft robot body
is not susceptible to puncture damage (figure 5(d) and
supplementary video S5). The load-carrying capacity
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of the SCR performs well, up to 20 times the robot’s
weight (supplementary video S6). The widest pipe it
can pass is up to 80 mm (2.85 times BW), as shown in
supplementary video S7.

3.3. Illustration of the SCR’s gait pattern

To investigate the gait pattern of the SCR, a motion
capture system was used to track the displacement
of the marker fixed on the shape center of the robot
tail. As shown in figures 6(a) and (c), the locomotion
process consists of many motion cycles, which
can be further divided into three stages, including
the bending, contraction and recovery stages. The
bending stage starts from the initial straight condition
and then bends to contact with the pipe surface.
In this stage, the deformation is dominated by

bending with negligible axial contraction, so

‘bending’ is used instead. The improved constant
curvature model described above can be used to
predict the deformed configuration. The contraction
stage starts from the formation of contacts with pipe
to the end of tendon contraction. Within this stage,
the contracted deformation is dominated due to the
obstruction of the pipe, and the SCR configuration is
no longer a circular shape. The recovery stage begins
from the point when the SCR bends in the opposite
direction until it returns to its undeformed initial
configuration.

Figure 6(b) illustrates the displacement of the
shape center of the robot tail within one motion cycle.
In the bending and contraction stages, along the x-
direction, the marker moves forward 5 mm; while in
the recovery stage, the marker retracts 2.5 mm, which
is less than the advancement, so the SCR gains a net




I0P Publishing

Bioinspir. Biomim. 17 (2022) 056001

W Yu et al

a " | Left tendon Left tendon Right tendon Right tendon
(Av;;;%) contraction 4.6 mm contraction 9.2 mm contraction 4.6 mm contraction 9.2 mm
! :—gﬂ()()e—()!
- +7.334e-03
+61 3
L 153303
1 2860603
E +4.003e-03
- +3336e-03
—+ +2.670e-03
- +2.004e-03
I +1338e-03
+6.713e-04
L +5.036e-06
X
y I
(. s
. N
b, ; ‘ ; C s : ; :
—e— Left tendon contraction —=—y displacement
—a— Right tendon contraction 4 —e— z displacement
= Addddbiil AMMALALLSOSOOsORpALLILLL " —a— x displacement
£ —_
5 g’
5 £
Y o 2
g 4r 1 £
S 8
- g
g °f 1 2
o
® 0
= sl |
-1
_10 1 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 15 20
d Time (s) e Time (s)
0.4 T 7 T T 04 T T T - 7
—=a— Fn between robot head and the two sides of pipe . —=— Frbetiween robot head and the two sides of pipe
= 03l Fn between robot tail and the two sides of pipe i = —e— Frbetween robot body, tail and the two sides of pipe
= s The resultant Fr
o i<l )
g 0.2 E
T 01 -
£ £
Q 0.0 g
=3 S
201 *_;
©
£ 5
5-0.2 B
= =
[
e -0.3 g
_04 1 1 1 1 1 1 1 1
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 20
Time (s Time (s
s (s) (s) g

contact pairs. (e) Frictional force of the contact pairs.

Figure 9. FEA simulation results of the SCR’s locomotion. (a) Stress contour plots of the SCR deformation. (b) Actuated tendon
contraction applied during the simulation. (c) Displacement of the shape center of the robot tail. (d) Normal contact force of the

forward displacement of 2.5 mm in each motion cycle.
The forward propulsion is caused by the forward
resultant frictional force exerted on the SCR, which
will be discussed in section 4.

3.4. Measurement of the normal contact force
between the SCR and the pipe

The contact between the SCR and the pipe plays a
significant role in the locomotion of the SCR, which
also provides insightful data into the robot design and
optimization. Therefore, an experiment is performed
to measure the peak and average normal force in the
deformation process, where the end of the SCR is

fixed, the normal contact force is measured with a
dynamometer and the distance between the SCR and
the dynamometer is 5 mm, as shown in figure 7(a).
As shown in figure 7(b), the contact force increases
with tendon contraction, and the experimental results
agree well with the FEA simulation, indicating that the
simulation is credible.

3.5. Bi-directional locomotion of the SCR

Our minimal SCR can locomote in one direction
because of the fixed asymmetric mechanical design.
However, it can be extended to be a modular design
by assembling multiple segment modules to form a
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Figure 10. Comparison between the experimental and simulation results of the SCR’s displacement under the same working
conditions.

multi-segmented crawling robot. For instance, when
two SCRs are assembled, the new combined SCR
can perform bi-directional locomotion, as shown in
figure 8 and supplementary video S8. The multi-
segmented (>3 sections) SCR with sophisticated gait
patterns will be studied in future work.

4. Finite element analysis of the
locomotion process

SCRs undergo large strains and rotations that are
difficult to model analytically. FEA can recapitu-
late the mechanics of robot behavior in silico, so
as to provide an insightful understanding of the
SCR’s behavior (deformation and locomotion). Thus,
a 3D FEA simulation of the SCR was performed
by using the software package of ABAQUS/Explicit
(DassaultSystemes) and the C3D8T element. The
geometry, material properties and contact interac-
tions are considered in the models to simulate the
complexity of the robot—environment interaction.
The cross section of the pipe is rectangular and the
width is 32 mm. In particular, the tendon contraction
is implemented in ABAQUS by applying a temper-
ature field to impose an eigen strain on the tendon
material.

The SCR has three contact pairs (contact pair 1,
2 and 3) with the pipe sidewalls while propelling, as
shown in figure 6(b). The resultant force of the three
contact pairs determines the locomotion of the SCR
since the robot can only propel when it has contact
with the side of pipes. For the tangential behavior of
contact, the friction formulation method is a penalty,
which permits relative motion of the contact surfaces.
The dynamic friction coefficients for three contact
pairs are set as 1.0 with isotropic directionality. The
normal force is denoted by F,, and the tangential force

(the frictional force) is denoted by F¢, which will be
computed in the FEA simulation.

The FEA simulation results of the SCR’s loco-
motion are as shown in figure 9 and supplementary
video S9. Figure 9(a) presents the stress contour
plots and deformation profiles of the SRC when the
two tendons are respectively contracted as shown in
figure 9(b). By applying the thermal strain, the tendon
contraction is well controlled and increases linearly to
the maximum and then restores to the original length.
Figure 9(c) shows the displacement curve of the point
positioned on the robot tail’s shape center, the trend
of which agrees well with the experimental results.
The normal contact force and the tangential contact
force generated between the SCR and the side walls
are shown in figures 9(d) and (e), respectively. It can
be seen that the contact force increases continuously
as tendon contraction, which agrees well with the
measured normal force shown in figure 7. The weight,
segment length, actuation and Young’s modulus of
the SCR’s front segment are different from those of
the rear segment. It is interpreted that the asym-
metric mechanical properties of the SCR cause the
asymmetric contact force in the locomotion process,
i.e. the friction force Fy is larger than the resultant
of Fp and Fgs, thus the SCR gets an unbalanced
forward frictional force to move forward, as shown
in figure 9(e). More comprehensive computational
modeling of the contact problem identifying the exact
factors that lead to asymmetric forces will be carried
out in future work.

It can be seen that there is a discrepancy between
the simulation results (figure 9(c)) and the exper-
imental results (figure 6(a)) of the SCR’s displace-
ment in the x-direction, which is caused by the
unmatched working conditions. In the crawling loco-
motion described in figure 6, the width of the pipe
is 36 mm, and the friction coefficients of the three
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contact pairs are 3.5, 0.2 and 0.2, respectively. While
in the FEA simulation mentioned above, the width
of the pipe is 32 mm and the friction coefficients are
all 1.0. The discrepancy can be reduced by adjusting
the simulation parameters to match the experimental
conditions, which provides quantitative verification
of the FEA simulation, as shown in figure 10.

5. Conclusion

In this work, a tendon-driven SCR is proposed
for effective and robust locomotion in unstructured
pipes. With one single actuation unit, the minimalist
SCR can generate a left and right bending gait pattern.
An extensive locomotion study demonstrated that the
novel SCR could propel in unstructured pipes with
variable geometrical and material properties and sur-
face topology. The driving force for the locomotion is
the unbalanced forward friction due to the asymmet-
ric mechanical properties along the length direction
of the SCR, which has been verified through an FEA
simulation. This research provides a feasible solution
for extending soft robots to broader applications in
unstructured pipes, such as interventional medical
and pipeline inspection. In the future, the minimalist
SCR could be further extended to a modular design,
which could be conveniently assembled to form a
complex multiple segment SCR with different kinds
of configurations for specific applications. It is antici-
pated that the new combined SCR can perform more
sophisticated gait patterns and locomotion strategies
with the modular extension.
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