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Worm-Inspired Soft Robots Enable Adaptable Pipeline and
Tunnel Inspection
Xiaomin Liu, Maozheng Song, Yuhui Fang, Yunwei Zhao,* and Changyong Cao*
may induce possible damage of the pipe
surfaces due to concentrated stress or
impact in operation. Usually, these rigid
robots are designed for a speciﬁc pipeline,
which limit the capability to be used for different pipe sizes, and complex shaped cross
sections or multibranches in a nonuniform
pipeline network.[2–4] Thus, it is necessary
to invent a compliant, user-friendly robotics for safe interactions with people and
environment. In this regard, soft robots
composed of soft materials can supply a
superior option for such applications[4,5]
owing to their excellent ﬂexibility and
inherent compliance, as well as more
degrees of freedom and adaptation to complicated and harsh environment.[6]
In recent years, researchers have
designed several soft pipe-climbing robots
for different applications.[7–10] For example,
Seok et al.[10] proposed a soft mesh worm
robot made of ﬂexible mesh materials actuated by a NiTi coil
spring. The entire mechanical structure can withstand signiﬁcant external impacts. However, the sensitivity of the shape
memory alloy (SMA) spring to the environmental temperature
may result in instability and inefﬁciency issue in applications.
Other kinds of soft material based actuators have also been used
for designing soft robots such as ionic polymer metal composites[11] and dielectric elastomers (DEAs).[12] These soft robots
use smart materials to generate deformation to move, cannot
achieve a high moving speed. Yeh et al. developed a multilocomotion soft robot controlled by pulling and releasing of cables driven
by two motors.[8,13] It can hop and crawl in vertical and horizontal
pipes by using different actuation sequences and parameters. It is
designed for a pipe with a speciﬁc diameter and is not compatible
with a pipeline with variable diameters or other complicated
tubes. Recently, some tubular robot driven by pneumatic or
hydraulic pressure have demonstrated promise for pipeline applications.[14] Verma et al.[9] presented a soft tube-climbing robot
built with buckling pneumatic actuators driven by a negative pressure. This soft robot has two clampers for anchoring and one linear actuator for moving. By expanding and contracting the
actuators in sequence, the soft robot can move along a tube with
varying diameter. The proposed buckling pneumatic actuators
has only one degree-of-freedom (DOF), thus the soft robot cannot
adjust the heading direction in a connected pipe network.
To augment the performance of soft robots, bending actuators
have been proposed to mimic the inchworm’s deformation of the
soft body. For instance, Tang et al. designed and fabricated a soft
robot with a soft bending actuator. Nevertheless, the classic

The inspection, maintenance, and repair of pipeline and tunnel infrastructure
have motivated the increasing research in the development of suitable robots
with high ﬂexibility, good adaptability, and large load capacity. Herein, a worminspired soft robot that is capable of operating and performing a variety of tasks in
a complicated pipeline/tunnel environment is reported. The soft tubular robot
consists of elongation pneumatic actuators (EPAs), radial expansion pneumatic
actuators (REPAs), and a spatial bending pneumatic actuator (SBPA). A series of
experiments are performed to demonstrate the capability of the soft robot to
crawl robustly under different pipeline conditions, including varying diameter,
different cross-sectional shapes, and wet or oil-covered internal surfaces, and
underwater environment. The soft robot can carry a load of more than 11 times of
its own weight in a vertical pipeline. Equipped with a visualization unit, the soft
robot can detect the internal conditions of the pipeline and cross the multibranched pipeline as needed. The tubular soft robot provides a useful tool for the
inspection, cleaning, and maintenance of pipelines and tunnels.

1. Introduction
Pipelines are commonly used for the transport of water, oils, and
gases in industry. The need to inspect the pipelines for infrastructure maintenance and repair work has attracted much attention in developing suitable robotics for a variety of tasks, in
particular in dangerous situations.[1] Most of previously developed robots are built with rigid materials/components, which
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pneumatic bending actuator can only bend in a 2D plane and the
soft robot exhibits single DOF in motion.[15] Inspired by the
extraordinary characteristics of inchworm locomotion, Boyu
et al. developed a soft robot with multi-DOF extension module
to adjust the heading direction in space and elongate its body,
which greatly improved its practical applications in different
tubular environments.[2] In this design, although the soft robot
can simultaneously bend and elongate its body, the bending
angle and elongation are coupled together so that it is hard to
control the bending direction in operations.
In this work, we propose a new modular design of soft tubular
robot capable of moving along a complex pipeline with varying
diameter or multibranches. The soft robot consists of three major
pneumatic actuators: elongation pneumatic actuator (EPA),
radial expansion pneumatic actuator (REPA), and spatial bending
pneumatic actuator (SBPA), which are soft and have high ﬂexibility. The inner surface condition of the pipeline can be dry, wet,
or oil-covered. The soft robot having multiple actuators or modules can be equipped with a steering module with more DOFs
which can bend along arbitrary direction in a 3D space. The FEM
simulations and experiments are performed to analyze the deformations of the soft actuators and the output force of each module
to predict the motion performance and load capacity of the soft
robot. This soft tubular robot has the merits of fast response,
lightweight, low cost, robust actuation, and ease of fabrication.
It is demonstrated that the new soft robot can be utilized in different applications such as removing obstacles, cleaning interior
of pipelines, and detecting the defects of pipelines with various
diameters and multiple branches, under complicated surface
conditions (dry, wet, oil-covered, or underwater).

2. Design and Fabrication of the Worm-Inspired
Soft Robot
2.1. Concept Design and Fabrication
Inspired by worm, we propose a new soft tubular robot made of
multiple soft actuators using silicone rubber in a modular manner. The basic module of the soft robot consists of two REPAs
and one EPA to crawl effectively in a pipeline. The two
REPAs are used as feet (forefoot and the hindfoot) to adhere
to the inner surface of a pipeline, while the EPA is used as
the main body to propel it forward like a worm. The soft tubular
robot has excellent ﬂexibility and functionality and may be potentially used for performing inspection or delivery tasks safely in
pipelines or tunnels under complex environment conditions.
As shown in Figure 1a, the inner space of the REPA is divided
into four annular independent chambers by a diaphragm (3 mm
thick), and the four chambers are connected by a uniﬁed pneumatic channel. The thickness of the sidewall of the REPA is
2 mm, and the upper and lower end surface wall is 4 mm.
When a pneumatic pressure is applied onto the chamber, the
REPA expands radially and uniformly. Similarly, the EPA has
two connected chambers (2 mm wall thickness) along the axial
direction so as to elongate its body when an air pressure is
applied. In our design, both EPA and REPAs are equipped with
central channels for accommodating the air tube and the pneumatic channels for actuation. To facilitate the assembly for soft

Adv. Intell. Syst. 2021, 2100128

2100128 (2 of 10)

robots, the ends of the EPA have bosses designed for connection
with the REPAs. Four grooves are evenly embedded on the surface of REPAs as the drainage channels to reduce the motion
resistance when the soft robots crawl in a pipeline ﬁlled with
liquids or gases.
When actuated, the feet actuators of the soft robot expand radially to adhere onto the inner surface of the pipeline to get the
needed support force, while the body actuators axially elongate
to propel its motion. The adhesion force of the feet is controlled
by the actuation pressure to ensure a ﬁrm attachment in the
pipes or tunnels. The alternative actuation of the forefoot, hindfoot, and body in a programmable way can drive the motion of
the soft robot. Therefore, the proposed tubular soft robot is capable of passing through the pipes with different kinds of pipes
with variable radius or cross-sectional shapes.
The feet and body actuators of the worm-inspired soft robot
can be pneumatically actuated in a programmable manner. To
demonstrate the mobility of the soft robot, we investigate two
kinds of gait sequences: single gait and cross-gait (Figure 2)
through a program of controlling the solenoid valves and proportional valves. We build a ﬁnite element model (ABAQUS 6.14) to
simulate the motion process under different conditions. The
actuation state (Pressure On) or relaxing state (Pressure Off )
for each actuator is switched by the air pressure in the corresponding actuator in a speciﬁc sequence.
As shown in Figure 2a, single gait mode involves six steps in a
complete motion cycle in which the feet and the body are actuated alternatively: 1) step 1: both the forefoot and hindfoot are
pneumatically actuated at (ON state) and the soft robot can
adhere to the inner wall of the pipe; the body actuator is deﬂated
at OFF state. 2) Step 2: the forefoot deﬂates (OFF) and hindfoot
remains inﬂated (ON). 3) Step 3: the body actuator of the soft
robot inﬂates (ON) and axially elongates to push the forefoot
stride forward. 4) Step 4: the forefoot is actuated again to stick
on the inner wall of the pipe. 5) Step 5: the hindfoot deﬂates
to the OFF state to lift off from the inner wall of the pipe.
6) Step 6: The body actuator deﬂates and retracts to its original
length (OFF). At this time, the robot completes one cycle of
forward motion and the stride length Δl is equal to the axial elongation of the EPA under the air pressure. tf and tb are the inﬂation duration of the feet and the body of the soft robot; td is
deﬂation duration of all actuators.
To increase the moving speed of the soft robot, we further
investigate the cross-gait mode in which the inﬂation or deﬂation
of the feet actuators synchronizes with the elongation of the body
actuator (Figure 2a). One cross-gait cycle includes four steps:
1) step 1: the hindfoot is actuated (ON) to touch on the inner wall
of the pipe; 2) step 2: the body actuator is actuated (ON) and elongates along axial direction. After half inﬂation (t ¼ tb/2), the forefoot is actuated to stick to the inner wall of the pipe; c) step 3: the
hindfoot actuator deﬂates to detach from the inner wall of the
pipe; d) step 4: the body actuator is deﬂated and retracted to
the initial length, and then at t ¼ td/2 the hindfoot expands
and adheres to the inner wall of the pipe. It is noted that when
the soft robot moves forward in a single gait mode, only one actuator changes its state in each step, which leads to better stability
of the robot. Therefore, single gait is more suitable for carrying a
loading, such as transporting or removing obstacles in pipelines.
For the cross-gait, two or more actuators change their states

© 2021 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

www.advintellsyst.com

www.advancedsciencenews.com

Figure 1. Concept design and fabrication of the worm-inspired soft robot. a) Schematic illustration of the basic module of the soft robot consists of an
EPA as the main body and two REPAs ﬁxed at two ends as its feet (i.e., forefoot and hindfoot). Both EPA and REPAs are equipped with central channels
and pneumatic channels for accommodating air tubes and pneumatic actuation, respectively. There are four chambers in the REPA connected by a single
pneumatic channel. The foot actuators of the robot expand radially when actuated by pneumatic pressure. The main body actuator elongates along the
axial direction to drive the robot to move forward. b) Schematic illustration of the fabrication process for the basic module. The soft actuators are moldcasted with silicone rubber and the molds are printed by a 3D printer. Step I: Fabrication process of REPA. 3D printed molds for REPA (I-A and I-B),
demolded sample of REPA (I-C). Step II: Fabrication process of the main body EPA. 3D printed molds for EPA (II-A and II-B). Demolded pieces and
bonded EPA (II-C). Step III: Assembly of the basic module of the soft robot with forefoot, main body and hindfoot bonded together (III-A).

simultaneously, which results in a faster motion speed. In practice, these two gaits can be adopted on-demand. For example, the
soft robot can move quickly (in cross-gait mode) to the working
region and then switch to the single gait mode to perform
required tasks such as moving an object.
The foot actuator and body actuator of the soft robots are mold
casted using silicone rubber. Each actuator has multiple chambers and multiple actuation channels for propulsion. Due to the
complexity of the structures, we have to decompose the structure,
and arrange the appropriate casting sequences and bonding
interfaces (Figure 1b). The molds for casting are designed
based on the structure segmentation and are printed by a
high-precision 3D printer. In general, the fabrication of a
worm-inspired soft robot can be divided into three steps: the
fabrication of REPAs for the feet of the soft robot (step I); the
fabrication of the EPA for the main body of the soft robot (step
II); and the assembly step for the basic module (step III). The
inner and outer molds of the REPAs are separately printed by
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a 3D printer (I-A) and then assembled together (step I-1). The
metal rods (d ¼ 2 mm) are inserted to make central channels
and pneumatic channels (step I-2, I-B). After that, we pour
the mixed silicone rubber (Dragon Skin 30) into the mold for
curing (step I-3). The casted silicone rubber is then cured in
an oven for 10 h before demolding (I-C).
In our fabrication process, we separately build the two halfparts of EPA and then bond them together to form a whole structure with complex chamber and channel structures. We design
the molds for the half structure of EPA and then print it with a
3D printer (II-A). We then assemble the two molds together
(step II-1) and insert the metal rods for constructing the channels
(II-B). After that, we pour the mixed silicone rubber (Dragon
Skin 30) into the mold for curing in an oven (step II-3). After
demolding the cured components, the two parts of the actuator
can be bonded together with the silicone rubber (II-C). Finally,
we assemble the forefoot, main body, and the hindfoot together
to form a basic module of the soft robot (III-A).
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Figure 2. Programmable actuation of the soft actuators for propulsion of the soft robot. a) Single gait mode: single gait mode involves six steps in a
complete motion cycle in which the feet and the body are actuated alternatively. b) Cross-gait mode: one cross-gait cycle includes four steps in which the
inﬂation or deﬂation of the feet actuators synchronize with the elongation of the body actuator.

2.2. Characterization and Evaluation of the Basic Modules
The soft actuators determine the performance of the soft robots in
loading capacity and moving speed. The axial elongation of the
body actuator affects the stride length and speed of the soft robot,
while the radial expansion of the feet actuator determines its suitability for the diameter/size of the pipelines. Moreover, the load
capacity is controlled by the output force of the actuators under the
inﬂation states. Thus, we test the mechanical performances of the
soft actuators in detail (Figure S1, Supporting Information). In our
experimental setup, the deformation of the EPA and REPA is
measured by a Magnetostrictive Displacement Sensor (MDS,
SDMSA-1000-V11P-MEDS-2XX1). The actuator is installed
between two magnetic rings of the MDS, with one end ﬁxed
and the other end contacted a magnetic ring. When an air pressure
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is applied, the EPA/REPA actuator can push the magnetic ring to
move so as to generate a displacement (i.e., the deformation of the
actuator) due to the elongation or radial expansion.
Figure S1b, Supporting Information, shows that the elongation of the EPA has a linear relation with the applied air pressure
under an air pressure of less than 60 kPa and becomes more nonlinear when subjected to a higher air pressure (60–100 kPa). This
is mainly because that the chamber volume of the actuator varies
nonlinearly with the applied air pressure and that the silicone
elastomer has a nonlinear mechanical property under large
deformations. The elongation of the EPA, i.e., the maximum displacement of the soft robot in one motion cycle, varies from 0 to
25 mm. It is noted that the EPA in one single module or a serially
connected conﬁguration shows little difference in elongation,
under the same actuation pressures in the measured range.
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The four connected chambers in the REPA are controlled by a
same pneumatic channel and can uniformly expand when applying a pneumatic pressure. As shown in Figure S1c, Supporting
Information, the maximum expansion is 15 mm under air pressure of 100 kPa (a safe working pressure for actuator). This indicates that the soft tubular robot can be used for pipelines with
diameter range of 50–65 mm, although the applied pressure
may be adjusted accordingly.
Figure S1d, Supporting Information, shows the experimental
platform for measuring the output forces of the soft actuators. In
our testing, one end of the EPA is clamped and the other end
contacts a six-axis force sensor (SRI-V-171 120-A M3703B
SN2704). Figure S1e, Supporting Information, shows the output
force generated by the EPA nonlinearly increases with the
applied air pressure. The maximum output force can reach up
to 160 N under a pressure of 200 kPa. The output force generated
by the EPA in one soft robot module and a connected soft robot is

almost the same. To measure the output force of the REPA, we
put the actuator into a pipe with a diameter of 50 mm, and the
pipe is equally cut into four shells, corresponding to one chamber
of the actuator. Four micropressure sensors (XJH-100) are ﬁxed
on the outside surface of the pipe shell, and the probe of each
pressure sensor is perpendicular to the corresponding outer wall
of the pipe shell. When an air pressure is applied, the REPA
expands radially and pushes the four pipe shells to contact the
force sensors. When the air pressure is 250 kPa, the radial output
force reaches up to 240 N, which is large enough to support the
robot to move vertically. Figure S1f, Supporting Information,
shows the relationship between the radial output force and
the applied air pressure. The radial output force increases dramatically when the air pressure is larger than 180 kPa because
of the larger contact area between the actuator and the pipe shell.
Theoretical analysis of the radial expansion and axial elongation
of the soft actuators are given in Supporting Information.[17,18]

Figure 3. Performance evaluation of the worm-inspired soft robot in a stragight pipe. a) Experimental setup for evaluating the motion performance of the
soft robot. b) Photo images of the soft robot in the vertically aligned pipes at different time points using single gait mode and cross-gait mode. c) The
relationship between the crawling speed of the soft robot with applied air pressure. d) The relationship between the crawling speed of the soft robot with
step frequency. e) The soft robot crawls in a pipe with varying diameter by adjusting the expansion of the REPA to adapt the changing diameter. f ) The soft
robot can crawl in a pipe with different cross-sectional shapes (e.g., circle, square, and triangle).
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The kinematic performance of the worm-inspired soft robot is
measured with a 3D motion capture system (Figure 3a). The
basic module of the soft robot is placed into a vertical pipe

and marked on its end. The position of the marker can be tracked
by the motion capture sensor (NDI Optotrak) to obtain the moving displacement of the soft robot in the pipe. We build an air

Figure 4. Demonstration of the soft robot under more complex working conditions. a) The soft robot carries a workload that is much heavier than its own
weight moves in a vertical pipe. b) Comparison of the kinematic performance of the soft robot with different workloads. c) The soft robot can crawl in a
pipe with different title angles (horizontal, tilted, and vertical). d) Kinematic performance of the soft robot in pipes with different title angles. e) The soft
robot moves in a “U” shaped pipe and the turning radius is 75 mm. Demonstrations of the soft robot in different working conditions: f ) the soft robot
moves in a dry, wet and oil pipe; g) it performs a clearing task with paper, towel or sponge in the pipe; h) the soft robot moves vertically with the water
column pouring; i) the robot moves when immersed in water.
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pressure control system to study the relationship between the
moving speed of the robot under different air pressures and
switching frequencies. Figure 3b shows the displacement of
the soft robot in one motion cycle using the single gait and
the cross-gait, respectively (Video S1, Supporting Information).
The speed of the soft robot shows a nearly linear relationship
with the applied air pressure in EPA (Figure 3c) when the
REPA is ﬁxed at a certain air pressure of pf ¼ 70 kPa.
However, when the air pressure in the EPA is set at
pb ¼ 60 kPa, the soft robot fails to move in a pipe when the
air pressure of the feet actuator is less than 65 kPa. The feet actuator only affects the friction between the inner wall of the pipe
and the soft robot, and the speed of soft robot is mainly determined by the air pressure of the EPA. It is found that the air
pressure of feet actuator (when pf > 65 kPa) has little effect on
the moving speed of the soft robot. Figure 3d shows the relationship between the moving speed and the step frequency, in which
the moving speed increases with the frequency. It should be
noted that the moving speed of a soft robot in cross-gait mode
is signiﬁcantly higher than that in single gait mode at the same
step frequency. If the soft robot adopts the single gait to move,
and Δl is the stride length of one motion cycle, then the speed of
PΔL
robot can be expressed as v ¼ ΔL
6 1 , where T is the period
T ¼
i¼1 f i

of single gait and fi is the step frequency.
2.3. Demonstration of the Worm-Inspired Soft Robot
The soft robot has good ﬂexibility and adaptability to accommodate a variety of working environment conditions. For example, it
can crawl in the pipes with different diameters and different
cross-sectional shapes. Figure 3e shows the soft robot crawls
in a pipe with varying diameters thorough adjusting the expansion of the REPA to adapt the pipe diameter. It is observed that
the increase in the inner diameter of the pipe will lead to an
insufﬁcient contact of the feet REPAs with the inner wall of
the pipe after air inﬂation, thereby possible slippage in the crawling and reduction of the motion speed. Under the same actuation

frequency, the crawling speed of the soft robot in a pipe of 54 mm
diameter can reach to 3.07 mm s1, but decreases to 2.27 mm s1
as the inner diameter of the pipe increases from 54 to 59 mm
(Video S2, Supporting Information). In addition, the soft robot
can continuously crawl in a varying diameter pipeline which is
further proved the adaptability of the soft robot. As shown in
Figure S2 and Video S3, Supporting Information, the soft robot
crawls through a smaller diameter pipe (ϕ ¼ 54 mm) and then
moves smoothly into a pipe of a larger diameter (ϕ ¼ 59 mm).
Figure 3f and Video S4, Supporting Information, demonstrate
that the annular feet of the soft robot can accommodate different
cross-sectional shapes of the pipes such as circular shape, square
shape, or triangular shape (Video S5, Supporting Information).
Figure 4a shows the soft robot carrying a workload moves forward in a plexiglass pipe with the diameter of 54 mm. It can be
seen that the soft robot can move a weight load (1000 g) of 11
times larger than its own weight (85.4 g) forward in a vertically
placed pipe. Video S6, Supporting Information, demonstrates
the moving process in experiments, in which the applied air pressure in the feet actuator is 85 kPa and the pressure applied on the
body actuator is 60 kPa; the frequency of air pressure switching is
1.25 Hz. Figure 4b shows the motion speed of the soft robot with
different workloads. It can be seen that the motion speed of the
soft robot decreases with the increase in the workload. Figure 4c
and Video S7, Supporting Information, show the soft robot climb
in a pipeline with different title angles from 0 to 90 . The speed
of the soft robot in a horizontal, tilted, and vertical pipe is 5.05,
4.58, and 4.23 mm s1, respectively. With the increase in pipe
inclination, the moving speed slows down because of the gravity
(Figure 4d). Figure 4e and Video S8, Supporting Information,
demonstrate the robustness of the soft robot in a U-shaped pipe,
where it can turn the corners and crawls back and forth freely.
The soft robot can also move in a tube with liquid ﬁlled, or oil
conditioned, or underwater conditions. Figure 4f and Video S9,
Supporting Information, demonstrate the excellent performance
of the soft robots in such demanding environments. The soft
robot can move in a dry, wet, and oil-covered pipe. Compared
with the case in a dry pipe, the speed of the soft robot in a

Figure 5. Concept design and fabrication of the soft robot with multiple actuators connected in series. a) Two or more modules could be integrated in
series by designed rigid skeletons to form a versatile soft tubular robot. The steering module is designed to adjust moving direction. b) Schematic
illustration of the fabrication process of the spatial bending actuator.
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Figure 6. Demonstration of the worm-inspired soft robot with multiple actuators under different working conditions. a) Optical images of the soft robot
crawling across an obstacle. b) Demonstrations of the steering module bending to arbitrary directions in a 3D space. c) Optical images of the soft robot
crawling across an obstacle in “Y”-shaped pipe. d) Optical images of the soft robot crawling across an obstacle in “S”-shaped pipe.

wet and oil-covered pipe is dramatically reduced due to the slippage, especially in the oil-ﬁlled pipe; the speed is only 1/2 of its
speed in a dry pipe. In addition, the soft robot can also perform a
clearing task with paper, towel, or sponge in the pipe (Figure 4g
and Video S10, Supporting Information). It can move vertically
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in the pipe with a water column ﬁlled, verifying its robust
performance in a complicated environment (Figure 4h and
Video S11, Supporting Information). The worm-inspired soft
robot can move fast underwater because the drainage channels
are deployed on its feet, which can signiﬁcantly reduce the water
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resistance in motion (Figure 4i and Video S12, Supporting
Information).

3. Soft Robot with Multiple Actuators Connected
in Series
To improve the performance of the worm-inspired soft robots,
more basic modules of the soft robot can be integrated in series
through rigid skeletons (Figure 5a). The steering module is
designed to change the motion direction in a branched pipeline
or pipeline network. The steering module is made of a REPA and
a SBPA which has three centrosymmetric chambers that can be
actuated independently (Figure 5b). The SBPA can bend in any
direction in space by adjusting air pressure in the chambers. The
more DOFs and excellent ﬂexibility enable the steering module
to be more adaptable and robust. Figure 5b shows the fabrication
process of the SBPA. Similarly, the SBPA is divided into three
equal parts and each part should be cast-fabricated separately
by the 3D printed molds.
The soft robot consisting of more connected modules in
series, in particular, with the employment of the steering module, can greatly improve its capability to crawl over obstacles and
its ﬂexibility to adjust the heading direction of movement. To
valid this advancement, we test the multilegged soft robot using
a combined pipe with both straight and elbow segments. In ﬁrst
scenario, two vertically aligned pipes are coaxially arranged
(Figure 6a), leaving a gap L between them to mimic a potential
pipeline fracture gap. The capability of the soft robot to crawl
cross the obstacles is demonstrated in Figure 6a and
Video S13, Supporting Information. The maximum gap size that
the soft robot can cross is expressed as Lmax ¼ h þ l þ Δlmax,
where h is the height of REPA, l is the active length of EPA,
and Δlmax is the maximum elongation of the EPA. The maximum
gap is nearly 0.4 body length, which is superior to other crawling
robots in the literature.[16] When the head of the soft robot moves
to the position where the pipe breaks, the hindfoot is ﬁrst actuated to stick on the inner wall of the pipe below, then the body of
the soft robot elongates to push the steering module into the pipe
above; and the forefoot is then actuated to tightly adhere on the
inner wall of the upper section of the pipe, and the body retracts
to pull hindfoot forward. Finally, all parts of the soft robot pass
through the pipeline gap in a proper order.

The steering module has more DOFs and better ﬂexibility so
that it can bend to an arbitrary direction in a 3D space by adjusting the air pressure of the three independent chambers
(Figure 6b). The bending direction angle γ can be expressed
p p
pﬃﬃ1 2 3 ,[17] where p1, p2, and p3 are the air presas γ ¼ arctan 2p
3ðp p Þ
2

3

sures in the three different chambers, respectively.
Figure S3a, Supporting Information, shows the experimental
images of the bending proﬁles of the SPBA under different
air pressure from 0 to 140 kPa. Figure S3b, Supporting
Information, shows the bending angles of the SPBA when
one or two chambers are actuated with air pressure. It indicates
that the bending angle has a nearly linear relationship with the
applied pressure, and the bending angle actuated by two chambers is slightly larger than that by actuating single chamber. The
bending angle (θ) can reach up to 25 when one chamber is actuated with a pressure of p ¼ 150 kPa. Figure 6c and Video S14,
Supporting Information, demonstrate that the steering module
of soft robot can easily adjust the spatial movement direction to
cross through the complicated “Y”-shaped pipeline, which has a
gap and an angle between the two straight pipelines. Figure 6d
and Video S15, Supporting Information, illustrate that soft robot
can crawl smoothly in a “S”-shaped pipe by adopting the appropriate control strategy. To further enhance the functionality of the
soft robot, a visualization unit is mounted on the head of the soft
robot to observe the inside of the pipeline for inspection or navigation purpose, and the robot can then follow the instructions to
conduct the needed operations. The visualization unit is powered
by a battery and the data are wirelessly transmitted via Bluetooth.
Figure 7 and Video S16, Supporting Information, show that soft
robot crawls in a multibranched pipe and the visualization unit
constantly captures the internal view of the pipe. When passing
through the intersection, the soft robot follows the instruction of
control system and turns to B-branch owing to the ﬂexibility of the
steering module. We also compare the performance of the soft
robots with and without the steering mechanism under same
working conditions (Figure S4 and Video S17, Supporting
Information). Although the steering strategy can help navigate
in the pipe network, there is no signiﬁcant difference in speed
between these two robots. With these robust soft tubular robots,
we can perform a variety of tasks such as inspection, cleaning, and
maintenance operations through integrated sensors, CCD cameras, or manipulators on the soft robot.[18,19]

Figure 7. Demonstration of the worm-inspired soft robot with multiple actuators for inspection in a multibranched pipe. The visualization unit is installed
on the head of the soft robot. The soft robot can turn to a desired branch according to the observation and real conditions inside of the pipe.
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4. Conclusion
In summary, we have developed a novel worm-inspired soft robot
capable of traveling through a variety of complicated pipeline or
pipeline networks. The soft robot was designed based on soft
pneumatic actuation in a modular approach and was easily
assembled into a more complex soft robots with multiple
legs/modules for practical use. We examined the mechanical performance of soft actuators and veriﬁed its performance through
systematic experiments. The soft robot can move a load of 11
times larger than its own weight in a vertical pipe. The soft
REPA can generate large deformations and enable it to
accommodate different sizes and shapes of pipes. It can be used
for pipeline inspection without damaging the tube, and it is
compatible with challenging surface conditions such as wet or
oil-covered surfaces, even underwater. In addition, the steering
module for soft robots enables it to bend to an arbitrary direction
in a 3D space, leading to excellent ﬂexibility and adaptability so
that the soft robot can move in a multibranched pipeline
smoothly. Equipped with a visualization unit, the soft robot
can perform inspections and navigation in a multibranched
pipeline. However, it should be pointed out that the tethered
actuation approach for this soft robot may limit its practical application in many scenarios. Thus, an untethered design will be
necessary by using an in-house developed micropump and onboard control circuits to make the soft robot free of the external
wires and power source in the future. It is expected that the
tubular soft robot will provide a useful tool for the inspection,
cleaning, and maintenance of pipelines and tunnels.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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