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ABSTRACT Inchworms use their morphology and evolved behaviors to crawl and climb various complex
surfaces. This has inspired the development of different robots that can demonstrate similar capabilities for
various applications such as the inspection of a complex environment. One of the key challenges in designing
these robots is to enable them to be practically deployable with a compact design for providing continuous
adaptability to a complex terrain such as an outer-pipe surface. Taking this into consideration, we present
a new design for an inchworm-inspired crawling robot (iCrawl). The 5 DOF robot relies on two legs; each
with an electromagnetic foot, in order to crawl on the metal pipe surfaces. The robot uses a passive foot-
cap underneath an electromagnetic foot, enabling it to be a versatile pipe-crawler. The foot-cap design is
an abstraction of the leg posture in an inchworm adapting to a round surface. The proposed foot-caps give
the robot adaptability and stability for crawling on metal pipes of various curvatures. A state-machine based
controller was developed to produce the required motor signals for the two inchworm-inspired crawling
gaits: i) the step gait, and ii) the sliding gait. Both gaits were tested on the robot, eventually leading to it
effectively crawling on the pipes and flat surfaces, climbing a metal wall and a pipe, and succeeding in
obstacle avoidance during crawling. Experimental results also show that the robot has the ability to crawl on
the metal pipes of various curvatures using the foot-caps and an appropriate gait. The robot can be used as
a new robotic solution to assist close inspection outside the pipelines, thus minimizing downtime in the oil
and gas industry.

INDEX TERMS Pipe-crawling robot, bio-inspired legged robot, locomotion control, tele-autonomous
system, robot gait design, magnetic adhesion, inspection robot.

I. INTRODUCTION
Legged creatures are amazing locomotion models found
in nature. From insects to animals and humans, their
morphology and evolved behaviors of crawling, climbing,
swimming, and walking on various complex terrains allow
them to perform adaptive and more complex forms of such
locomotion. This has inspired the development of various
bio-inspired robots that imitate certain physical as well as
behavioral attributes of the legged creatures [1]. With the
intention of solving real-world problems, various efforts
focus on learning the biology as well as behavior of legged
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creatures. An inchworm is one such interesting creature,
using its legs and flexible body to perform adaptive crawling
on different complex terrains. Several previous works report
the biological aspects of different caterpillars including an
inchworm [2]–[6]. Building on the existing understanding
of an inchworm’s biology, various robots have been devel-
oped [7]–[15]. Such robots mimic the construct as well as the
locomotion pattern of an inchworm.

There are multiple benefits to using an inchworm as an
inspirational model for a robot. Foremost, an inchworm-
inspired robot can perform robust locomotion using two
legs [8], [9], [16]–[18]. Relying on minimum, yet sufficient,
contact-to-surface by the legs, a robot may require mini-
mal hardware for its development in comparison to other
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robots [1] with more than two legs.With an effective adhesive
surface mechanism and motor configuration, a robot can
negotiate most terrains and obstacles. It is challenging to
control such a robot due to the bi-legged motor configuration.
However, a robot can leverage its bi-legged compactness
and motor- configuration versatility for effective locomo-
tion to solve real-world problems in a complex real-world
environment.

A major challenge in the oil and gas industry is the
constant maintenance and thereby effective inspection of
pipelines [19], [20]. These pipelines are an example of a
complex environment, involving a high safety risk to human
site-inspectors. It is challenging to obtain the necessary
information on oil or gas leakages, pipe corrosion levels,
or other pipeline failures without an effective remote moni-
toring method to assist the site-inspector. This is due to the
large area over which a pipeline might be spread, as well
as the complexity involved in inspecting narrowly placed
pipelines under harsh weather conditions, thereby limiting or
denying human access. A few solutions may help to resolve
the problem to some extent [20]. For example, using a still
camera for general on-site activity monitoring or employing
a drone for aerial inspection. However, both options have
limitations. Monitoring with a still camera can give a fair
amount of information on the scene but fails to accurately
provide more critical information such as pipeline leakage.
Also, depending on the spread of a pipeline, a network of
cameras may require considerable infrastructure support and
hence increased installation and maintenance costs. On the
other hand, drones can provide aerial inspection of a pipeline,
although existing long-distance sensing methods in a clut-
tered environment may restrict their practical reach [21].

To solve this need to have near-to-scene or close pipe
inspection, we propose a new design for an inchworm-
inspired pipe-crawling robot (Fig. 1). We focus on how the
robot can be deployable in the real-world through the pro-
posed development. The robot has five motor joints and two
electromagnetic feet. We developed passive foot-caps for the
robot in order for it to effectively and stably crawl on metal
pipes of various diameters. The robot uses two gaits, the first
of which is based on a step-like robot movement. The second
gait is based on the sliding movement of the robot. The robot
utilizes a state-machine-based controller for each gait. First,
it is tested on painted metal pipes and a flat metal plate.
The robot was then tested on non-painted metal surfaces to
examine any underlying correlation between the effectiveness
of the employed gaits and surface-type.

Outer-pipe inspection using a robot crawler is challeng-
ing [20]. This is due to the complex curved shape of a
pipe. Hence, it involves more complexity than other existing
and comparatively less challenging solutions for deploying a
robot inside a pipe. In an onshore oil and gas pipeline, we can
only consider deploying a robot outside the pipe’s surface in
order to monitor external leakages or other useful information
and downtime [20], [22]. Considering this, the paper makes
the following contributions:

FIGURE 1. iCrawl robot is inspired by the structure and locomotion
behavior of an inchworm. A) Linden Looper Moth (Geometridae: Erannis
tiliaria) inchworm with its crawling posture on a plant branch (photo
courtesy of Carl Barrentine). B) iCrawl robot with its crawling posture on a
metal pipe.

• Development of minimal hardware, relying on the versa-
tile design of an inchworm-inspired crawling robot. The
robot is designed to match the compactness required for
real-world deployment.

• Passive foot-cap design, enabling the robot feet to adhere
to metal pipes of various curvatures. This gives the robot
considerable leverage, making it a versatile pipe-crawler
for multi-diameter pipes, thereby, avoiding the need to
replace or adjust the foot design for each pipe.

• Development of two gaits that mimic step and
sliding-like movements; each with its stated advantages
and use-scope for outer-pipe robot locomotion.

• Successful demonstration of the robot crawling on metal
pipes of different curvatures, employing the suggested
tested conditions.

• Practically achievable recommendations, enabling the
robot to crawl out of a lab environment into a real-world
pipeline inspection scenario.

II. RELATED WORK
Several studies consider the design of inchworm-inspired
crawling robots using different approaches and scope of
applications. For instance, a foldable inchworm-inspired
robot demonstrated the ability to crawl on a non-metal plain
surface at a speed of 2 mm/s. The robot exploited the
Joule heating effect using the shape memory polymers on
the embedded circuits [23], without employing a surface
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adhesion method. Another robot, called Omegabot, per-
formed worm-like flat surface crawling at a speed of 9 mm/s
by bending its body into an omega shape, using SMA spring
actuators and anisotropic friction pads [11]. Two modu-
lar caterpillar-inspired wall climbing robots were developed
by [12] to perform crawling on a flat surface using passive
suckers for surface attachment. While another caterpillar-
inspired wall climbing robot demonstrated climbing with the
use of its four body segments; each with a solenoid actuator
and permanent magnet plunger [13]. The robot used poly-
dimethylsiloxane (PDMS) gecko-inspired pads for attach-
ment of the head and body segments. It was able to climb
up to a speed of 10.07 mm/s. A flat surface climbing robot
was developed to assist inspection of steel bridges [24]. The
robot climbed the flat steel surface using foot-pads; each
attached with three magnetic toes. A wall climbing robot was
developed on the basis of vacuum adsorption feet [25]. The
sucker modules were aligned such that an airtight chamber
was obtained to generate the vacuum. Recently, a caterpillar-
inspired soft robot was developed to crawl on tree branches
of up to 1.27 cm in diameter [14]. The robot used three
tendon-based passive grippers; each actively released by an
independent motor. The deformable soft body of the robot
supported it to conform well on a branch.

Other legged and wheeled robots have shown various lev-
els of crawling and climbing over surfaces, mainly relying
on biomimetic adhesives, magnetic adhesion, or mechani-
cal grippers for attaching to a surface. For example, one
four-legged glass-surface climbing robot used dry adhesive
pads for attachment [26]. Another robot was introduced with
magnetic wheels to attach to thin and flat metal surfaces [27].
A four-legged robot, calledMagneto, climbed a flatmetal sur-
face using electromagnetic feet [28], while a radio-controlled
robot used magnetic adsorption to attach and crawl inside the
metal pipes [26]. Another robot used eight flat dry adhesive-
based foot-pads connected to a motor actuated by four-bar
mechanism [29]. The robot climbed flat and certain changing-
curvature walls, up to a speed of 1.25 cm/s. A four-legged
robot used a passive spine gripper at the end of each robot-leg
to climb cliff walls [30]. These examples broadly represent
recent advancements in crawling and climbing robots.

To summarize, existing worm-like or other similar robots
have mainly targeted flat surfaces (horizontal crawling or
vertical climbing) [11], [13], [15], [23]–[25], [27], [28], [31],
[32] (see also discussion section) or in-pipe locomo-
tion [33]–[35]. Outer-curved surface crawlers relied on
gripping mechanisms to demonstrate crawling behav-
ior while also indicating their grippers’ fixed grasping
range [11], [25], [26]. Moreover, some of these robots
were either large and bulky[20], [36], or developed as
prototypes to demonstrate the design concepts and hence
required further development for real-world deployment [7],
[9], [11], [14], [16], [17], [23], [25], [27], [29], [30], [35].
Recent works based on advancements in soft robotics may
help to achieve a more effective design solution [14]. How-
ever, despite the promising initial developments, most works

FIGURE 2. Various iCrawl postures on the metal pipes, demonstrating
some of the situations it may come across during the inspection of a
pipeline. The robot design enabled it to crawl on metal pipes of different
diameters and flat surfaces. A) iCrawl in a crawling posture on a pipe.
B) iCrawl in a transitioning posture between two pipes of different
diameters. C) iCrawl posture when crossing an obstacle. D) iCrawl in a
transitioning posture from a flat surface onto a pipe. E, F) The robot in a
climbing posture, and in a close-end scenario involving flat and curved
surfaces. (i) and (ii) show the robot feet without and with the cap,
respectively.

show practical limitations at this stage for real-world sce-
narios such as the one targeted here—a multi-diameter
metal-pipe crawling robot for the inspection of oil and gas
pipelines (Fig. 2).

III. MATERIALS AND METHODS
A. THE ROBOT DESIGN
The robot design is primarily based on the following two
ideas:

i. Enabling the robot to rely on minimum degrees of
freedom (DOF) to achieve versatile movements

ii. Adding a passive yet effective foot-to-surface adhesive
mechanism, resulting in stable robot behavior, while
crawling on metal pipes of various curvatures.

We considered achieving robot versatility using five DOFs
in the bi-legged robot body configuration (details in the
next sub-section). Although the presented motor configura-
tion made the control challenging, it delivered compactness
leverage as part of robot deployment criteria. Overall, the
design provided further leveragewhen combinedwith the gait
control design; each complementing the other.

In order to obtain foot-to-surface adherence, we developed
a passive foot-cap underneath the electromagnetic foot. The
foot-cap was inspired from the construct of an inchworm’s
legs. Our design generalization did not fully imitate an inch-
worm’s leg which has complex underlying biology, rather we
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TABLE 1. Specifications of the robot.

considered an abstractive way to use some of the relevant
attributes to achieve the surface adherence objective through
the proposed passive foot-cap. The extended details of the
robot design are presented below.

1) INCHWORM BODY-INSPIRED ROBOT BODY
We used a combination of 3D printing and CNC machining
to build the robot skeleton. The 3D printed robot links were
made of ABS and PLA thermoplastics, whereas aluminum
assemblies were prepared using a laser cutter and a CNC
machine. The robot was equipped with five servo motors;
each configured to achieve a safe yet sufficient operating
angle for the desired robot crawling. The overall iCrawl
skeleton design was an abstractive imitation of an inchworm.
Relying on the five servos in the bi-legged configuration,
the robot obtained extra reach in the joint workspace. This
allowed it to be versatile in various practical situations.
Figure 3 shows various aspects of the robot design.

The robot uses an electromagnet underneath each foot
in order to provide sufficient adhesion to a metal surface.
We chose this for two reasons:

1. The robot has to crawl on metal surfaces. An obvious
but effective choice is to use electromagnetic adhe-
sion. The flux switching electromagnets are permanent,
hence they only require power to detach from a metal
surface; reducing overall robot power consumption.
This also ensures that the robot does not fall over during
a power outage event by relying on magnetic adhesion.

2. In comparison to other methods for the adhesion of
robot feet on metal surfaces as discussed in section 1,
magnetic adhesion outperforms other methods in terms
of deployment. This is under the assumption that we
consider the system to be driven all-electrically with
onboard equipment. This also allows the iCrawl robot
to meet the design criteria of compactness, as well as
making it an electrically driven system.

Table 1 lists the key hardware elements of the iCrawl robot.
Since design of the robot’s feet is fundamental to its crawling
ability, the details are described below.

FIGURE 3. Compact design of the robot, relying on different features.
A) The CAD design of the robot indicating: (1) a magnet housing, (2) a
foot-cap, (3) a foot-cap wrapped around the magnet housing, (4) a
complete robot foot. B) Indication of robot motor-rotation and body
segment lengths. M1,3,5 rotate around the x axis while M2,4 rotate
around the z axis. The robot link lengths shown are: l1,6 = 10 cm,
l2,5 = 6 cm, l3 = 15 cm, and l4 = 9 cm. C) iCrawl’s M1,3,5 motor joints are
kept in an active state for a unidirectional worm-like movement, while,
M2,4 motor joints are fixed at a certain angle. C is the U2D2 that provides
an interface for a PC to communicate with the servos. P is the power
source connector. The EMF,B are permanent electromagnetic feet
mounted under the front and back legs to provide switchable adhesion to
the metal surface. D) and E) show the robot workspace/overall
reachability when either of its ends (M1 or M5) are considered.

2) INCHWORM LEG-INSPIRED ROBOT FEET
We considered the robot foot design by looking at an inch-
worm’s ability to grasp and crawl different surfaces using its
legs. An inchworm uses multiple pairs of legs to adapt to
a surface. During crawling, its legs act as a side-hook to a
surface (each pair of opposite-side legs provides the grasp to
a surface). During this stage, the body segment in the middle
of any pair of opposite-side legs may appear as curve-shaped,
given that the inchworm is crawling on a curved surface. The
robot feet were developed by considering this as the design
motivation (Fig. 4).

The robot feet were designed particularly for curved metal
surfaces, and hence met the following requirements:

1. To provide the robot with the necessary surface
adhesion using electromagnets.
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FIGURE 4. Inchworm leg-inspired robot foot structure. A) Close-up of an
inchworm’s leg appearing as a side-hook, and a front view indication of
its opposite pair of legs appearing to be curve-shaped. This helps it to
stably grasp a round surface. B) The robot foot with an electromagnet
covered by the curved foot-cap at the bottom. The foot-cap is based on
an abstractive imitation of an inchworm’s legs when crawling on a round
branch. A hall sensor is installed on the top of the foot. The curved cap
allows the robot to stably walk on curved surfaces (i.e., a pipe with a
diameter of between 12 and 22 cm).

2. To help the robot distinguish between a metal and a
non-metal surface using hall sensors.

3. To make the robot feet passively adapt to a curved pipe
by using the curved foot-caps underneath the electro-
magnets.

A hall sensor was mounted on top of the electromagnet to
distinguish the robot crawling surface. It acts on the hall sen-
sor effect with varying output voltages based on the intensity
of the magnetic flux around it. This flux was detectable by
the hall sensors. Table 2 lists the sensor outputs that help to
distinguish the metal and non-metal robot crawling-surfaces.

A 3D printed curved cap was designed to wrap the elec-
tromagnet. The foot-cap was used so as to provide side-to-
side surface adaptability for the robot foot, resulting in two
advantages: 1) Reducing slippage of the magnetic foot during

TABLE 2. The hall sensor output on metal and non-metal surfaces.

FIGURE 5. A) The system hardware diagram showing the hardware
interfacing. B) The ROS node diagram indicating the software-end
development. A joystick node was activated only in the tele autonomous
mode.

foot detachment, thereby increasing robot stability during
crawling; and 2) Obtaining sufficient adhesive force to move
on different curved pipe surfaces. The foot-cap proved to be
an effective add-on to make the robot crawl on different metal
pipes with diameters of between 12 and 22 cm.

3) ROBOT HARDWARE AND SOFTWARE INTERFACES
Figure 5 (A) presents an overview of the robot hardware and
software interfaces. A personal computer (PC) was used as
the remotely accessible top-level controller. Using a USB
and RS485 Dynamixel controller, we serially connected all
the servo motors of the robot. A 12 V LiPo battery pow-
ered the electromagnets and servos. The electromagnets were
switched using a relay (magnet drive) through an Arduino
Nano connected to the PC running with the robot operating
system (ROS). A joystick was also used in the teleoperated
robot locomotion experiments.
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We used the ROS to program the robot. Figure 5 (B)
illustrates various nodes in the ROS program. The ROS mas-
ter provides naming and registration services to the sensor,
actuators, and teleoperation nodes. The actuator node sub-
scribed and published simultaneously to the electromagnets’
node. The joystick inputs (in the teleoperated robot control
experiment), motor position, sensor states, and electromag-
net states were the baseline parameters to develop the gait
controllers as described in the following section.

B. ROBOT LOCOMOTION CONTROL
The robot locomotion control is based on position control.
The crawling behavior of the iCrawl robot is based on an
inchworm-like crawling. An inchworm uses its legs to anchor
to a surface. Using a cyclic movement, it crawls on different
surfaces. First, the front legs (true legs) attach to the surface
while the back legs (prolegs) become detached. It then uses
its abdominal muscles to produce a loop-like shape. Now, the
front legs detach while the back legs attach to the surface.
Finally, the abdominal muscles are used to straighten up the
body for a complete step [11], [18]. Using an inchworm’s
movement behavior as the motivation for robot locomotion
control, we developed two gaits to enable robot crawling:
1) the stepping gait; and 2) the sliding gait. Figure 6 shows the
motor joint signals, magnet switching signals, and diagrams
for both gaits.

These two gaits were developed to enable the robot to crawl
on flat and curved surfaces. By adding the necessary mod-
ifications, these were extended for complex scenarios such
as vertical robot climbing on flat and curved metal surfaces,
as well as negotiating an obstacle avoidance scenario on a
metal pipe. In the following section, the robot gaits and their
application scenarios are described in detail.

1) STEPPING GAIT CONTROL
The stepping gait state-machine controller is illustrated in
Figure 7 (A). To make the robot perform unidirectional
crawling, motor joints M1,3,5 were controlled using the state-
machine controller. First, we detached one of the feet. Each
state-transition to the next step was defined as a separate state
(six states in total: S1 to S6, for a single step as shown in
Figure 7 (A)). We recorded the joint angles of each state man-
ually by statically placing the robot in the desired crawling
state. By noting the joint angles of all motors, these could
be played back later through the feedforward state-machine
controller. The magnetic switching followed the gait pattern.
However, the magnet ON duration during the swing phase
was kept to a minimum in order to prevent overheating. This
gait was designed to obtain a slow but stable robot foot
landing; abstracting an inchworm-like movement. This gait
can be extended to allow the robot to use a sensor-mounted
front leg for active sensing [37].

Apart from crawling on horizontal surfaces using the step-
ping gait, we modified the gait-controller for vertical robot
climbing as well. This was done by reducing the step height
and increasing the duration of a complete step. By doing so,

FIGURE 6. Using the stepping gait (gait 1) and the sliding gait (gait 2), the
robot performed unidirectional crawling. A) Motor signals that produce
gait 1 (a step-like robot movement), magnet switching pattern, and the
gait diagram of both feet (here referred to as F1 and F2). B) Motor signals
that produce gait 2 (a sliding-like robot movement), magnet switching
pattern, and the gait diagram of both feet.

the robot’s center of mass remained nearer to the climbing
surface. This was to counterbalance the robot weight when
relying on one foot being attached and the other detached;
allowing the robot feet to hold onto the surface. An increase
in the step duration for vertical climbing reduced robot body
oscillations duringmagnetic switchingwhile improving robot
stability. Both gait variations were developed to enable the
robot to step over an obstacle when crawling on a pipe.

2) SLIDING GAIT CONTROL
The sliding gait was inspired by an inchworm’s two-anchor
crawl [11], [18], achieved by developing the gait in only two
states. Figure 7 (B) shows the state-machine loop of the two
states for the sliding gait. Here, all three motor joints (M1,3,5)
are simultaneously controlled for unidirectional robot crawl-
ing. First, the robot detaches one of its feet, moving the
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FIGURE 7. The iCrawl robot was tested using two crawling gaits. Each gait
was different, based on the desired robot movement and hence
composed of various states (each state represents a robot posture) as
defined through the control scheme. A) An overview of the robot control
using gait 1, yielding a step-like robot movement. B) An overview of the
robot control using gait 2 to obtain a sliding-like robot movement.

motor joints simultaneously to perform a motion (state S1 in
Fig. 7 (B)). The back foot of the robot then follows the same
pattern (state S0 in the Fig. 7 (B)). During this movement,
both robot feet stay inbound to the surface, making the robot
perform sliding-based crawling.

3) POSTURE AND SEMI-AUTONOMOUS TELEOPERATION
CONTROL
Both gaits (stepping and sliding) were designed as baseline
movement patterns; enabling the robot to crawl and climb
metal surfaces. The individual states in each gait were ini-
tiated using a feedforward control paradigm since this was a
simple way to obtain the desired robot movement. However,
it was challenging to obtain a continuous stable robot posture
and successful point-to-point locomotion by solely relying
on it. In robot crawling on-pipe scenarios, this was due to
the robot body oscillations slowly deviating from a prede-
fined crawling path, resulting in unsuccessful locomotion.
To eliminate this, it was essential that the robot posture be
corrected by steering it to align with the path. To achieve this,
we activated the motor joints M2,4 to enable steering of the
robot legs. This steering behavior was then initiated using a
joystick controlled by a human operator while teleoperating
the robot in a testing scenario. At this stage, we did not use
sensory feedback to obtain robot posture alignment.

The joystick controller was also effective in meeting the
robot application in cases where a movement pattern is initi-
ated remotely by a human. It acted as a teleoperation interface
between a human operator and the robot. The human operator

initiated robot crawling by having greater control over multi-
ple locomotion parameters. These parameters included: robot
speed, gait type, magnet states, specific movements such as
stepping over an obstacle, and posture alignment to realign
the robot following deviation from the desired path.

IV. EXPERIMENTS AND RESULTS
The robot was tested using three scenarios. Firstly, to crawl
autonomously without any human intervention on horizon-
tally placed painted industrial metal pipes of three differ-
ent diameters (12, 16, and 22 cm) and a flat painted metal
plate. Secondly, a non-painted metal pipe and a metal plate
were used to observe differences in the robot’s autonomous
crawling. In both scenarios, the experiments were subdivided
by testing the robot with and without foot-caps. These two
scenarios were designed to analyze the effectiveness of the
robot testing conditions such as foot design, appropriate gait,
and surface compatibility. The third scenario further included
complex environment situations such as vertical robot climb-
ing on a metal wall and pipe. This scenario utilized the most
appropriate robot testing conditions, following the first two
scenarios in terms of testing surface and locomotion gait. The
robot also negotiated an obstacle avoidance scenario using
teleoperation in the semi-autonomous mode. The presented
experiments were designed as test cases to investigate the
effectiveness of the robot control; leveraging on its design.

We recorded and analyzed robot crawling behavior in
all experiments. Through empirical evidence, the various
insights gained are presented later in the discussion section
of the paper. The experimental results are grouped in order
to provide a compact comparative perspective on the robot
performance as follows:

1. The robot crawling autonomously using the stepping
gait (gait 1) and sliding gait (gait 2) on painted metal
surfaces, with and without foot-caps (Fig. 8).

2. The robot crawling autonomously using the stepping
gait (gait 1) and sliding gait (gait 2) on non-painted
metal surfaces, with and without foot-caps (Fig. 9).

3. The robot climbing autonomously on a flat metal wall
and non-painted metal pipe in a vertical direction
(Fig. 10).

4. The robot stepping over an obstacle while crawling on a
non-paintedmetal pipe, partially controlled by a human
operator initiating crawling behavior (Fig. 11).

Figure 8 shows the robot being tested without foot-caps
(denoted by N/C in the bar graphs) and with foot-caps
(denoted by C in the bar graphs) to analyze the effectiveness
of the proposed robot foot design. Both gaits were tested fur-
ther to choose an appropriate gait to enable the robot to crawl
effectively on themetal pipes. The robot crawled on the 12 cm
(Fig. 8 (A)), 16 cm (Fig. 8 (B)), and 22 cm (Fig. 8 (C))
diameter pipes, as well as a flat metal surface (Fig. 8 (D))
with the corresponding crawling success (here referred to
as the success rate: percentage of successful point-to-point
robot locomotion in each scenario after five repetitions).
The results show that gait 2 combined with the foot-caps
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FIGURE 8. The robot was tested to crawl on different painted metal surfaces in various scenarios. A)–D) show the robot’s crawling behavior in different
conditions. The snapshots show the robot with an effective gait (i.e., gait 2 (sliding gait)). Note that in case D, the robot with foot-caps always failed to
crawl on the flat surface (i.e., 0% success rate). The supplementary video of the experiment can be seen at www.manoonpong.com/icrawl/S1.mp4.

yielded effective robot crawling in all painted pipe surface
scenarios.

The experiments reported in Figure 9 use the same settings
as for the painted surface scenarios. The robot crawling with
gait 1 improved on the non-painted metal pipe (Fig. 9 (A))
and the flat metal plate (Fig. 9 (B)).

The robot crawling results show the success rate for each
scenario. The success rate is based on successful point-to-
point crawling after five iterations in each testing scenario.
Using the foot-caps and gait 2, the robot demonstrated better
crawling behavior. The robot crawling proved to be less
effective with gait 1 on the painted pipes in comparison to
the non-painted. The results are further discussed in the next
section.

V. DISCUSSION
The robot demonstrated different levels of crawling success
in the tested scenarios. It performed better on the metal pipes
when the foot-cap was used. However, its overall crawling
success was also dependent on the type of crawling sur-
face as well as the gait used. On the painted metal pipes
measuring 12, 16, and 22 cm in diameter, the robot showed
consistent improvement when the foot-cap was used (refer
to the bar graphs in Fig. 8). Gait 2 also proved to be a
key contributor to crawling success. This was because both
robot feet were in stance and hence inbound to the surface

at all times, in comparison to gait 1 which had a swing-
stance. By using this stance-based gait, the robot was able
to sustain its body weight. This contributed to stable and
successful point-to-point crawling on the painted metal pipes.
Interestingly, testing on the non-painted pipe revealed that
gait 1 was also effective for robot crawling (Fig. 9). This was
due to the absence of a paint layer on the metal pipe which
gave enough adhesion to the electromagnetic feet thereby
enabling the robot to sustain a stable weight during the swing.
Essentially, gait 2 with the foot-cap is recommended for
different diameter painted/non-painted pipes, while gait 1 can
be used in part to obtain an extended-body posture during an
active sensing-based path planning scenario [37]. It can allow
the robot to transition from crawling horizontally to climbing
vertically on an adjacent surface, building on the recent soft
robotic demonstrations of similar behavior [29].

The robot crawled successfully on the flat painted and
non-painted metal plates by employing both gaits. It was
tested using the hypothesis that the robot may come across
a flat surface and transition to a pipe or vice versa. Following
the initial horizontal crawling scenarios, the robot climbed
the vertical metal surfaces (Fig. 10). In this case, the robot
performed well when we increased the step duration (slower
movement). This results in stable climbing. In contrast to
climbing on a flat metal wall, the robot was unstable at certain
instances while crawling on the metal pipe. However, this
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FIGURE 9. The robot was tested on non-painted metal surfaces to observe any differences in crawling behavior. A) and B) show the robot’s crawling
behavior in different conditions. The snapshots show the robot with gait 1 (stepping gait) to examine its stepping behavior. Note that in case B, the
robot with foot-caps always failed to crawl on the flat surface (i.e., 0% success rate). The supplementary video of the experiment can be seen at
www.manoonpong.com/icrawl/S2.mp4.

FIGURE 10. A vertical climbing scenario when the robot was tested on a flat metal wall and metal pipe. A) The robot climbing
a metal wall. B) The robot climbing a metal pipe. C) The locomotion success rate of the robot climbing the wall and pipe
between two points. The supplementary video of the experiment can be seen at www.manoonpong.com/icrawl/S3.mp4.

problem was solved by controlling the M2,4 motor joints to
keep the robot body aligned to the pipe centerline. A joystick

was used to control the motor joints. This scenario pro-
vided the robot with the ability to climb tougher (toughness
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FIGURE 11. The robot stepping over an obstacle in its path on the metal
pipe through teleoperation. A human operator only initiated the robot
stepping over the obstacle behavior. The supplementary video of the
experiment can be seen at www.manoonpong.com/icrawl/S4.mp4.

considering the robot crawling on the pipe) inclinations up
to 90◦. This was higher than a similar principle based on
a two-anchor crawler that could climb a flat surface with a
maximum inclination of 19◦ [18]. Finally, the obstacle avoid-
ance scenario indicated the robot’s versatility in negotiating
an obstacle while performing semi-autonomous locomotion
(Fig. 11). This could be the baseline behavior for extending
the robot’s functionality while crawling on a pipe with mul-
tiple flange-like obstacles.

Besides the robot’s versatility in crawling horizontally, ver-
tically, and crossing an obstacle, the robot also showed higher
payload capacity by carrying up to 1.5 kg weight of batteries
and a lifting mechanismmounted on top during the horizontal
crawling. The robot also outperforms all existing worm-like
robots by crawling on multiple large diameter (up to 22 cm)
pipes without changing its physical properties. Additionally,
the speed achieved is competitive to other robots reported in
the existing literature. Figure 12 provides a comparative view
of various worm-like robots and their properties as well as
performance parameters.

To view the energy efficiency of the robot in the tested con-
ditions, we calculated the cost of transport (COT), obtained
through the following expression [11], [18]:

COT =
IV
mgv

, (1)

where I is the average current in amperes consumed by the
robot and measured by the current sensor while crawling for
a distance of 1 m on all painted/non-painted surfaces, V is
the battery voltage, mg is the weight of the robot, and v is the
crawling speed of the robot in m/s. Figure 13 shows the cost
of transport under various tested conditions.

It can be seen that the robot locomotion based on
gait 2 costs less than that for gait 1. This was due to the
various gait 1 states (S1 to S6) defined separately for a step, in
comparison to the bi-state gait 2. The six states involved in a
step using gait 1 took longer while increasing the load on each
active motor as the robot lifted one of its legs. This effect was
absent during gait 2 where the robot could robustly perform a
step without lifting its body segment, hence reducing the load
on the motors. Use of the foot-cap showed a slight difference

FIGURE 12. A comparative view of state-of-the-art worm-like robots (i-ix) and our robot (x) based on various functional parameters. Our robot is highly
versatile with superior payload capacity and competitive crawling speed while crawling on curved surfaces with up to 22 cm diameter. Other robots
shown here are reported from the literature in this order: (i) reported in [7], (ii) in [8], (iii) in [11], (iv) in [12], (v) in [13], (vi) in [14], (vii) in [15], (viii)
in [15], and (ix) in [18], whereas (x) is our robot which is presented in this article.
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FIGURE 13. The cost of transport (COT) associated with the robot
crawling using gaits 1 and 2.

in the COT due to the extra current consumed by the M1,5
motor joints. This was based on the extended plastic slit of the
passive foot-cap which acted against the magnet’s attachment
direction, resulting in a jolt and hence a minor increase in the
motor current consumption.

Currently, the robot relies on electromagnetism for metal-
surface adhesion. The magnets used in the robot feet come
with their factory-provided ratings. However, to obtain an
estimate of the effective adhesion for each tested metal sur-
face, we conducted a small experiment using a weight scale.
By attaching and then linearly pulling the robot foot from the
tested surface using the weight scale, we noted the effective
available robot foot adhesion (Fig. 14). Each adhesion exper-
iment was repeated five times for all the tested surfaces.

In the adhesion experiments, we noted that the increase
in adhesion was consistent with the increase in the testing
pipe diameter in all painted metal-surface crawling scenarios.
With an increase in pipe diameter, themagnet could obtain the
maximum surface-contact area and hence higher adhesion.
Use of the foot-cap did not have any direct influence on the
adhesion. However, it provided a firmer surface attachment to
the magnet, which proved to increase the magnet’s grip to the
surface. This resulted in slightly higher adhesion than without
use of the foot-cap. On the non-painted tested surfaces, this
was similarly noted. However, it was found that the magnetic
adhesion was approximately five times higher when tested on
the non-painted metal surfaces, in comparison to the painted
surfaces. This showed that the paint coatings on the tested
surfaces largely influenced foot adhesion; ultimately proving
to be one of the leading factors impacting on the success
of robot crawling. This supports Figure 9 where the robot
shows a higher crawling success rate on the non-painted
metal surfaces when driven through gait 1 (or the stepping
gait). The available higher magnetic adhesion on such sur-
faces contributes to the robot being able to sustain its weight
while attaching only one of its legs onto a metal surface.
These observations further assist in electromagnet selec-
tion with respect to required adhesion, testing surface type,
robot weight, and total available adhesion of the employed
electromagnets.

The robot speed was not considered at this stage as a
key performance criterion due to our focus being on the
robot’s capability to stably crawl and climb the curved sur-
faces. However, as the speed depends on the step length and

FIGURE 14. The electromagnetic adhesion available on each robot foot
through the respective electromagnets. Here, metal pipes1,2,3 measure
12, 16, and 22 cm in diameter, respectively. On the flat metal plates, with
the foot-cap, the effective adhesion is zero as it restricts exposure of the
magnet to the flat metal surface.

joint frequency, it can be adjusted accordingly as part of the
gait-design parameters. We will investigate the mutual effect
of the robot speed and crawling success in the future, to obtain
the maximum safe robot operating speed.

The presented results are fundamental to effectively deploy
the robot in a real-world environment. However, multiple
factors are critical and hence require consideration, before
further developing iCrawl. Here, we describe the require-
ments for the successful deployment of iCrawl on metal pipes
in a real-world scenario:

1. Its feet should adapt to varying curved surfaces. This is
achieved by using the foot-caps.

2. It should have a sufficient and compact adhesion mech-
anism. This is achieved by using a single electromagnet
for each foot.

3. Given the limitations of pneumatically actuated sys-
tems and other methods, an all-electrically driven robot
offers greater deployment feasibility with the possi-
bility of mounting all components onboard. This is
achieved by a singleDC battery powering all the system
components.

4. It should distinguish between a metal and a non-metal
pipe surface to keep the robot functional in a tested
setting. This is achieved with the use of hall sensors.

5. It should be equipped with sufficient sensing methods
to develop obstacle avoidance and other complex loco-
motion scenarios, ideally based on closed-loop control.
This feature will be implemented in the future.

6. It should keep a stable and correct posture in cases of
sudden external perturbation during crawling and the
climbing. This is achieved by developing teleoperated
posture control, however, it will be further developed
to become autonomous.

According to the deployability requirements, we will work
on points 5 and 6 in future. Furthermore, it is critical that the
robot be self-learning for better path planning when negoti-
ating obstacles in an unknown cluttered environment. In the

VOLUME 8, 2020 200665



M. B. Khan et al.: iCrawl: An Inchworm-Inspired Crawling Robot

future, we intend to use a neural controller [38], [39], [41]
to coordinate all the sensorimotor processes simultaneously.
It will involve self-learning for autonomous crawling and
the appropriate selection of gaits, depending on the surface,
and the desired locomotion type (crawling, climbing, obsta-
cle avoidance, etc.). To improve robot stability in the event
of external perturbations during crawling/climbing, we will
apply muscle models [40] to obtain compliant joint motions
of the robot.

It should be noted that during the horizontal locomotion
experiments, M2,4 motor joints were locked into a certain
position to facilitate unidirectional crawling. In the future,
we will use these motor joints to obtain bi-directional body-
rotation and hence versatile robot postures. This will improve
the robot’s ability to negotiate amulti-obstacle avoidance sce-
nario during locomotion.Wewill also consider improving the
design of the robot feet by developing a varying stiffness elas-
tomeric toe that can act as a damper; reducing the foot-magnet
impact on the surface while further improving the robot’s
stability and versatility for most surfaces. Further work on
optimizing the various gait parameters through consideration
of the power consumption in different scenarios will improve
robot efficiency; contributing to the goal of an effective and
autonomous pipeline inspection.

VI. CONCLUSION
We have presented a new design for an inchworm-inspired
metal-pipe crawling robot. Development of the robot design
and control was inspired by the biology of an inchworm. The
robot crawled on metal pipes of different diameters as well
as flat metal surfaces using two gaits and the proposed robot
foot-caps. Robot gaits 1 and 2 show stepping and sliding-like
movements, respectively. Robot gait 2 was proven to be effec-
tive on all the testedmetal surfaces. Using the foot-caps, robot
crawling improved in the tested scenarios. Gait 1 showed a
lack of effectiveness in robot crawling when tested on the
painted metal pipes. However, it was equally as effective as
gait 2, when tested on non-painted metal surfaces. We pro-
posed the use of foot-caps with gait 2 to achieve horizontal
and vertical robot crawling/climbing on metal pipes. The pre-
sented results effectively improve the multi-curvature metal
pipe crawling of the robot and can be built upon to efficiently
deploy the robot in a real-world environment.

This work provides a baseline for further development
of the robot for deployment in a multi-robot industrial pipe
inspection. We anticipate that future development based on
the presented results will effectively mitigate the tedious
inspection workload of human site operators. We intend
to deploy a drone to transport iCrawl to various targeted
inspection locations. By using the drone, we anticipate a
reduction in the travel time of iCrawl to assist the inspec-
tion of remotely located sites. The drone could also assist
inspection on a broader level. However, closer pipe inspection
could be effectively achieved by the iCrawl robot once it
is further developed and meets all the deployability condi-
tions described in this article. A concept animation of this

multi-robot automated industrial pipe inspection can be seen
at: http://www.manoonpong.com/icrawl/S5.mp4
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