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Abstract— The most popular method for transporting fluids, ~ continuous pipeline monitoring is essential to ensure its
and gases is through pipelines. For them to work correctly,  health and safety [1]. Various methods are available,
regular inspecti_on is necessary. Humans_mu_st enter potentially including visual testing, radiographic testing, ultrasonic
dangerous environments to inspect pipelines. As a result,  yoqiing and hydrostatic testing, the most commonly used Non-
pipeline robots came into existence. These robots aid in pipeline Destructive Testing (NDT) inspection methods [2]. However,

inspection, protecting numerous people from harm. Despite . . L
numerous improvements, pipeline robots still have several due to the technological advantages in robotics in the recent

limitations. This paper presents the design and motion planning ~ decade, they have become the better option. Robots are a
of a wheeled type pipeline inspection robot that can inspect better option as entering a small pipeline is difficult for
pipelines having an inner diameter between 250 mm to 350 mm. humans [3]. In recent years many developments have been
The traditional wheeled robot design has three wheels fixed made in In-Pipe Inspection Robot (IPIR) and are grouped
symmetrically at a 120° angle apart from each other. When  ynder their different locomotion types. They are namely the
maneuvering through a curved pipeline, this robot encounters Pipeline Inspection Gauge (PIG) [4]-[10], screw [11]-[17],
motion singularity. The proposed robot fixes the wheels at inchworm [18]-[24], wall press [25]-[29], walking [30]-
different angles to address this issue, allowing the robot to stay [34], caterpillar [35]’_[39] and wheel type [‘40] [41], [50]-

in constant contact with the pipe’s surface. Motion analysis is A
done for the proposed and existing robot design to study their [52], [42]-[49] as shown in Fig. 1. These commonly used

behavior inside the pipeline. The result shows that the proposed ~ locomotion types have limitations and advantages [53].
robot avoids motion singularity and improves mobility inside
pipelines. 3d printing technology aids in the development of the A. Types of IPIR

proposed robot. The experimental tests on the developed robot The PIG type uses the water pressure to move inside
inside a 300 mm-diameter straight and curved pipeline show  pipelines and can be used for long-distance [4]-[8]. The
that the robot avoids motion singularity. screw-type moves in helical motion and does not damage the

) ) ) ) ) inner surface of the pipelines [11]-[15]. The inchworm type

Keywords— Inspection robot; Motion singularity; Optimal  pas |ess traction and good gripping force, which helps it move
design; Pipeline robot; Mobile robot inside pipelines [18]-[22]. The wall press type uses the
l. INTRODUCTION contact force to pass through the pipelines steadily [25]-[29].

The walking type has a complicated mechanism and uses legs
to walk, resulting in less slippage and damage to the pipeline’s
surface [30]-[34]. Caterpillar types move inside pipelines

Fluids and gases are transported through pipelines,
becoming the most popular mode of transportation. Thus,
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Fig. 1. Different In-Pipe Inspection Robots [62]
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using tracked wheels, and its mechanism helps it adapt to
inner pipeline conditions [35]-[39]. The wheel type uses the
basic rotation of wheels to move inside pipelines and has high
mobility compared to the other types [40]-[44]. These robots
face many challenges inside the pipeline since it has to pass
through curved and branched pipes. While doing so, it faces
motion singularity and Irregular motion.

B. Motion Singularity

The loss of contact between the robot and the pipeline
junctions like curved pipes, L and T-branch pipes is called
"Motion Singularity" [54], [55]. The caterpillar robot
provides more stability and is the most commonly used IPIR
because of its strong traction force and contact area. It uses
tracked wheel to make sure that, regardless of the pipeline's
turning angle, it is still in contact with the inner surface [35]-
[39]. Steering inside L and T-branch pipes is not easy for this
robot [54], [55]. It fails to move through these pipes if one of
the wheels loses contact with the pipeline's inner surface
causing motion singularity [54].

Fig. 2 shows a caterpillar robot using two modules in
place of one to avoid motion singularity while moving in T-
branch pipes. The first module mounts three caterpillar
wheels at an angle of 120° apart from each other, and in
relation to the front module, the second module is infix at 60
degrees [54]. During turning at Y and T-branch pipes,
"FAMPER", a pipeline exploration robot, loses contact with
the inner surface of the pipeline and causes motion
singularity. To overcome the loss of contact, caterpillar
wheels were not fixed straight, but rather at an angle of 5
degrees with respect to the robot body. As a result, motion
singularity is avoided [55]. In [56], a two-wheel chain robot,
which avoids the motion singularity while turning, is
presented.

[ 120 degree

Fig. 2. Two-Module Collaborative Indoor Pipeline Inspection Robot [54]

C. Irregular Motion

Literature shows that many traditional wheeled-type
robots have wheels that are symmetrically placed at a 120°
angle to ensure uniform loading and better stability during
locomotion inside the pipeline. The wheeled robots use the
wall press feature to gain this stability [35], [54], [57]-[59].
In [41], Due to the three-wheel configuration in wheeled
IPIR, an irregular motion occurs along the circumferential
axis of the pipeline in forwarding motion, and the use of six
wheels solves the issue.

The wheeled robot having a three-wheel configuration
uses two types of wheels to manoeuvre inside the pipelines.
According to the Fig. 3, one uses single wheels, and the other
uses double wheels.

(b)

Fig. 3. Prototypes of wheeled robots. (a) Single three-wheel configuration
robot [42] and (b) Double three-wheel configuration robot [57]

The Single three-wheel configuration robot tries to rotate
along the circumferential direction of the pipeline when it
moves forward [60] as shown in the Fig. 4.

P

Fig. 4. Motion of the robot inside a straight pipeline [60]

The studies related to their motion are limited to straight
pipelines. In cases [61], when the robot tries to manoeuvre
through the curved pipeline. The robot tries to roll over and
thus the orientation of the robot at the finishing end is
different compared to the starting end as shown in the Fig. 5.
Additionally, the positioning of the wheels makes steering
inside branched pipes difficult.

Fig. 5. Orientation of the robot (a) Before entering the curved pipeline and
(b) After exiting the curved pipeline [61]

Therefore, this paper focuses on designing a wheeled
IPIR using the single three-wheel configuration that could
neglect motion singularity and irregular motion while
maintaining the same orientation before and after entering the
curved pipeline.

D. Contribution

In this paper, a wheeled type IPIR is designed and
developed to solve the issue of irregular motion and motion
singularity occurring in pipelines. This robot is unique
because it has wheels that are not fixed at a 120-degree angle
from one another like those on traditional robots. This
placement of wheels prevents the robot from rolling over
when passing through the curved pipeline and ensures the
wheels of the robot are in contact with the pipe surface in any
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environment. It also helps the robot to steer inside branched
pipes. The traditional robot design is not

The robot is designed using Solidworks software.
Simulations are carried out using ADAMS software to test
the motion of the designed robot inside curved pipelines.
Experiments are conducted inside a 300 mm inner diameter
pipeline to observe its motion.

The following is the outline of this article. Section 2 talks
about the methods used in this research. Section 3 analyses
the motion singularity region inside the curved pipeline for
traditional wheeled type robots and proposes a solution.
Section 4 discusses the development of the prototype. Section
5 observes the robot's motion inside a straight and curved
pipeline and verifies the avoidance of motion singularity.
Section 6 concludes the research with future research
directions.

. METHODS

The methodology consists of the following steps as shown
in Fig. 6. Initially we design the robot using solidworks. The
designed model is exported to ADAMS. Motion analysis is
done for the robot using the constraints mentioned in the
flowchart. Finally, the results are discussed.

Model in Solidworks

Design Parameters

Export to ADAMS

|

Motion Analysis

* Solid Body contact.

* Spring Stiffness.

* Speed and Torque
of motor.

+  Gravity.

Motion Constraints

Results and Findings

Fig. 6. Research method flowchart

Fig. 7 shows the Solidworks model of the robot. The
proposed robot has links, wheels, clamps, a central shaft, legs,
spring, fixed joint and prismatic joint. The legs provide better
stability inside pipelines. The tiny links serve as the legs'
supports. The clamps ensure that all the components remain in
their proper places. The wheels are for improving mobility
inside pipelines. The central shaft is the main body where all
the modular components are attached. The fixed joint doesn't
move, and the prismatic joint is the movable joint that gives
the necessary force for the wheels to have contact with the
inner surface of the pipeline. The required force for the
prismatic joint is given by springs which compress and expand
based on the pipeline's inner circumference. The robot's
design accommodates an internal pipeline diameter of 250
mm to 350 mm.

—— STRAIGHT WHEEL

. essmmms PIPE CLAMP
SPRING
PRISMATIC JOINT

FIXED JOINT
SMALL LINK

LEG

Fig. 7. Rendered solid model of Robot

The robot mechanism consists of a four-link structure, as
shown in Fig. 8. It consists of one prismatic joint and three
revolute joints. These joints give the robot more stability as it
moves through the pipelines by compressing and extending
the legs. It assists the robot in meeting different pipeline
situations such as curved or T-branch pipes. To determine
the actuator scale, static analysis is performed. The virtual
work principle is applied to the free body diagram shown in
Fig. 8. Which gives,

ow = FNzaz—staX=0 (1)

where Fsx is the spring force.

The corresponding displacements due to these forces are
expressed as,

z=3Lsin 0, x =-3L cos O 2
Substituting (2) into (1) gives,

ow = Fnz 0 (3¢ sin 0) — Fsx & (—3¢ cos 0)

=Fnz*30cosB-Fsx*3Lsin6=0 (3)

Rearranging (3), The spring force Fsx at the prismatic joint is
related to the normal force Fnz by

Fyz; = Fsx xtan 0 4
The total weight of the robot “W” is equal to the number of
the six traction forces acting on the wheel. As a result, each
traction force Fy is one-sixth of the whole robot's weight.

Fyy =W/6 (%)
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Fig. 8. Free body diagram of the mechanism

The size of the actuator bounded in the wheel is calculated by,
T=Fy*r=W=xr/6 (6)

where r is the radius of the wheel. The above analysis revealed
that the robot's weight does not affect the linkage mechanism.
This is because the spring force supports the reaction force
Fyz. The spring force Fgy is shown to be a part of the reaction
force Fy; and the reaction forces Fjy, Fj; at the fixed joint.
Since the robot is 3D printed, it is lighter and thus reduces the
torque needed. Thus, the spring stiffhess is found to be 2.826
N/mm and it was concluded that the minimum torque required
is 5.6 kg-cm. Hence, a decision was taken to use four actuators
at the bottom part of the robot with a torque of 2.9 kg-cm each
with a total of 11.6 kg-cm.

1l. ANALYSIS

ADAMS software carries out the motion analysis. The
robot design is imported from Solidworks, and the boundary
conditions for the simulation are given in ADAMS software.
The conditions used are the spring stiffness, motor rpm and
body-to-body contact. The simulations are carried out for the
proposed robot and the conditions where the wheels are
mounted at 120° apart. In the simulation, the robot first enters
a 350mm inner diameter pipeline. After it travels 600 mm,
there is a change in the inner diameter of the pipeline, which
decreases up to 10 mm, which is 340mm. This change in
diameter checks the robot's adaptability for varying diameter
pipelines. Then the robot again goes through a straight pipe
and meets a curved elbow of 90°. After exiting the curved
pipe, it again enters the straight pipe and comes out of the
pipeline, as shown in Fig. 9. This simulation environment
verifies the robot's ability to pass through straight, curved and
varying diameter pipelines.

Fsx
Fq7 SPRING
600 mm 600 mm
o ]
»
<
350 mm
—|
100 mm
£
£
=
S
A R - Radius
340 mm mm - Millimetre

Fig. 9. Dimensions of the pipeline used in the simulation

In both simulations, the parameters used are the same except
for the wheel mounting angle. The parameters the robot needs
to pass through the pipelines are gravity, motor speed, solid
body contact and spring stiffness. The two wheels at the
bottom for the front side of the robot are active, and the third
wheel acts as a supporting wheel. The three wheels at the
backside of the robot are not active. The spring stiffness is
2.826 N/mm, and the motor speed is 100 rpm.

A. Wheeled In-Pipe Inspection Robot

The wheels on traditional wheeled IPIRs are at a 120°
angle apart from each other. The angle is measured from the
centre point of one wheel to another with respect to the centre
axis of the robot body. Fig. 10 shows the simulation
environment and parameters.
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WHEEL 1
WHEEL 3

120°

Fig. 10. Simulation environment and parameters used for Wheeled IPIR

Fig. 11 shows the simulation result, and it shows that the
robot wheels lose contact while passing through the concave
part of the pipeline. The motion singularity occurs because of
the uniformed wheel mounting angle. The three legs
compress equally as they move through the pipeline because

they are connected by a prismatic joint. Thus, causing motion
singularity inside curved pipes.

CONCAVE PART

SINGULARITY i;

REGION

Fig. 11. Singularity region in concave and convex part of the curved pipeline

Fig. 12 shows that when the robot travels inside the
straight pipeline of 350 mm. The angular velocity of wheel 1
increases while wheel 2 and wheel 3 remain constant. When
the pipe's inner diameter decreases, the three wheels' angular
velocity remains constant. Then, when the robot tries to enter
the curved pipeline, wheel 3 loses contact, preventing the
robot from passing through the curved pipeline. It shows that
the angular velocity of wheel 3 has no change in magnitude,
which should have been high as it passes the concave part of
the pipe. Thus, showing that it lost contact with the pipe wall.
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Fig. 12. Angular velocity of wheels when travelling in straight, curved and varying diameter pipeline

Fig. 13 shows the forces applied on wheels when
travelling inside the pipeline. When the robot passes through
a 350 mm pipeline, wheels 1, 2 and 3 experience a maximum
force of about 11.25 N. When the pipeline diameter changes
to 340 mm, the maximum force is experienced by wheels 1
and 2 compared to wheel 3, where forces acting on it declines.
Then all the forces acting on the wheels become constant.
When the robot enters the curved pipeline, the force acting on
wheel 3 increases because the wheel loses contact with the

concave part of the inner pipeline surface. The high spike in
wheel 3 after losing contact is because of the following
reason: when the robot tries to pass through a curved pipe, it
losses contact with one of the wheels and thus could not pass
through but the two wheels that are in contact exerts a force
on the spring. As a result of the spring force, the wheels drive
the robot backward, causing wheel 3 to collide with the pipe's
internal surface, causing a significant force spike.
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Fig. 13. Force acting on wheels of the robot when travelling in straight, curved and varying diameter pipeline

Fig. 14 shows the spring force when the robot passes
through the pipeline. Here, spring 1 denotes the spring in the
front, and spring 2 denotes the spring at the back of the robot.
The force provided by springs 1 and 2 varies from 1.25 to
12,5 N when the robot passes through a 350 mm inner
diameter pipeline. The force exerted by springs 1 and 2
approaches 17.5 N when the inner pipeline diameter increases
to 340 mm. When the robot entered the curved pipeline, due

to motion singularity, it could not pass; thus, the force in
spring 1 reduces. As a result of motion singularity, the back
part, due to the inertia of motion, gives a little push at that
moment. Thus, the legs on the robot's backside compress,
creating a high force of about 25 N at that instant and then
decreasing gradually.
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Fig. 14. Spring force of the robot when travelling in straight, curved and varying diameter pipeline
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Fig. 15 shows the linear velocity of the robot when
travelling inside the pipeline. When travelling inside the
straight pipeline of diameter 350 mm, it has an average linear
velocity of 0.35 m/s. When the inner diameter of the pipeline
decreases to 340 mm, the linear velocity of the robot ranges

between 0.30 — 0.35 m/s. Then the robot tries to enter the
curved pipeline, and due to motion singularity, it could not
pass through it, showing a sweeping decrease in the linear
velocity.
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Fig. 15. The velocity of the robot when travelling in straight, curved and varying diameter pipeline

B. Modified design of wheeled IPIR

The proposed wheeled type In-Pipe Inspection Robot
mounts the wheels asymmetrically at different angles. The
placement of wheels produces an angle of 120°, 104.88° and
135.12° away from each other. The angle is calculated
between the centres of each wheel from the central axis of the
robot body. Fig. 16 shows the simulation environment and
the proposed wheeled IPIR parameters.

WHEEL 1
WHEEL 3

WHEEL 2

104.88°

Fig. 16. Simulation environment and parameters used for the modified
design of wheeled IPIR

1) Robot in the curved pipeline (Turning Left)

Fig. 17 displays the simulation result, which revealed
that the robot wheels are always in touch with the inner
pipeline surface. It employs the exact mechanism as a
traditional wheeled type robot, except for the wheel mounting
angle. As a result, the proposed design avoids the motion
singularity in the curved pipeline (Left).

TURNING LEFT

Fig. 17. Motion planning of robot in the curved pipeline (Turning Left)
without singularity

Fig. 18 shows the angular velocity of wheels for the
proposed robot. When the robot passes through a straight
pipeline having a 350 mm inner diameter, the angular
velocity of all three wheels remains constant. Little spikes in
angular velocity were found when the inner pipeline diameter
decreased to 340 mm. Then it travels through a straight
pipeline where the three wheels' angular velocity remains
constant. When the robot travels inside the curved pipeline,
the wheel 3 angular velocity increases while the angular

Rajendran Sugin Elankavi, Design and Motion Planning of a wheeled type Pipeline Inspection Robot
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velocity of wheels 1 and 2 decreases. Wheel 3 angular
velocity increases because it passes through the concave part,
and thus it has a high magnitude compared to the other two
wheels. This shows that the robot's wheels are touching the
surface while passing through the curved pipe. After it exits
the curved pipe, it goes inside a straight pipeline where the
angular velocity of the three wheels remains constant.

Fig. 19 shows the force acting on the wheels of the robot.
It shows that the forces acting on all three wheels increases
when it passes the curved pipeline. The forces acting on all
three wheels are equal, with the forces ranging from 2.5-10
N.
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Fig. 18. Angular velocity of proposed robot wheels when passing through straight, curved (Turning Left) and varying diameter pipeline
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Fig. 19. Force acting on wheels of the proposed robot when passing through straight, curved (Turning Left) and varying diameter pipeline
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Fig. 20 shows the spring force of the robot while
travelling inside the pipeline. Spring 1 and 2 is the spring used
in the front and back of the robot. Spring 1 gives a force of
11 N when passing through a straight pipe with an inner
diameter of 350 mm. Spring 1 force increases to 17.25 N
when the inner diameter of the pipe decreases to 340 mm.
Spring 1 exerts a force of 15.65 N when the robot passes
through the curved pipe. After exiting the curved pipe, it
again enters the straight giving the same spring 1 force of
17.25 N. The same trend is followed by spring 2 as it passes
the pipeline.

Fig. 21 shows the velocity of the proposed robot when
passing through the pipeline. When travelling inside a

straight pipeline with an inner diameter of 350 mm, the robot
has a linear velocity of 0.39 m/sec. Then when the inner
diameter changes to 340 mm, it has a linear velocity of 0.36
m/sec. When it passes through the curved pipeline wheel 1
and 2, velocity decreases as it is close to the convex part of
the pipe. The wheel 3 velocity increases as it passes through
the concave part of the curve pipe. As it re-enters the straight
pipeline, its velocity returns to 0.36 m/sec. It maintains this
constant velocity till it comes out of the pipeline. Since the
velocity of the robot cannot be taken directly as the three
wheels have different magnitudes at the curved pipelines. The
robot travels at an average speed of 0.33 m/s through the
straight and curved pipeline.
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Fig. 20. Spring forces of the proposed robot when travelling inside straight, curved (Turning Left) and varying diameter pipeline
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Fig. 21. The velocity of the proposed robot when travelling inside straight, curved (Turning Left) and varying diameter pipeline
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2) Robot in the curved pipeline (Turning Right)

Fig. 22 depicts the robot's simulation result when
passing through a curved pipeline (Right), and it shows that
the proposed robot avoids motion singularity.

TURNING RIGHT

Fig. 22. Motion planning of robot in the curved pipeline (Turning Right)
without singularity

Fig. 23 shows the angular velocity of the proposed
robot. It shows that the angular velocity remains constant
for all three wheels while travelling inside a straight

pipeline with an inner diameter of 350 mm. This was still
the same even when the inner diameter was decreased to
340 mm. After leaving the straight pipeline, it then joins
the curved pipeline (Right). As it moves through the
concave section of the pipeline, the angular velocity of
wheels 1 and 2 increases. At the same time, wheel 3 angular
velocity decreases as it moves through the convex part of
the pipeline. The fact that wheel 2 angular velocity
increased indicates that the wheel was in contact with the
pipeline's inner surface, preventing motion singularity. It
then passes through a straight pipeline after leaving the
curved pipeline, where the angular velocity of all three
wheels remains constant.

Fig. 24 shows the force acting on the robot's wheels. As
the robot moves through the curved pipeline, the forces
acting on all three wheels increase. The forces acting on all
three wheels are more or less equal, with the forces ranging
from 2.5 Nto 12 N.
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Fig. 23. Angular velocity of wheels for the proposed robot when travelling inside straight, curved (Turning Right) and varying diameter pipeline
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Fig. 24. Force acting on wheels of the proposed robot when passing through straight, curved (Turning Right) and varying diameter pipeline
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Fig. 25 shows the spring force of the robot while passing
through the pipeline. The 11 N force of spring 1 remains
constant while entering a pipeline having a 350 mm inner
diameter. Spring 1 force increases to 17.25 N as the inner
diameter of the pipeline reduces to 340 mm. Then while
travelling inside the curved pipeline, the spring 1 force
reduces to 15.5 N, and when entering the straight pipeline
again, the force increases by going back to 17.25 N. This
same force trend is followed by spring 2 as it passes through
the pipeline.

Fig. 26 shows the velocity of the robot while passing
through the pipeline. When the robot passes the straight
pipeline with an inner diameter of 350 mm, it has a velocity

of 0.39 m/sec. When the inner diameter of the robot reduces
to 340 mm, it has a velocity of 0.36 m/sec. When it passes
through the curved pipeline, the velocity of wheels 1 and 2
increases with a decrease in wheel 3. This increase and
decrease are because wheel 2 passes through the concave
part, and wheel 3 passes through the convex part of the
pipeline. The robot's velocity returns to 0.36 m/sec while
entering the straight pipeline. The robot's average velocity
while travelling inside the straight and curved pipeline was
0.33 m/sec.
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Fig. 25. Springs force of the proposed robot when travelling inside straight, curved (Turning Right) and varying diameter pipeline
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Fig. 26. The velocity of the proposed robot when travelling inside a straight, curved (Turning Right) and varying diameter pipeline
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The advantages of the proposed robot over the Wheeled IPIR concerning motion singularity are summarized in Table 1.

TABLE I.

COMPARISON BETWEEN WHEELED AND PROPOSED IPIR

Parameters

Wheeled IPIR

Proposed IPIR

Angular Velocity of wheel

Wheel 3 angular velocity at the concave
part is lesser in magnitude

Wheel 3 angular velocity has a higher
magnitude at the concave part

Forces acting on wheels

The reaction force acting on all the
wheels are not uniform

The reaction force acting on all the
wheels are uniform

Spring Force

The spring 2 force differs from the spring
1 force

The spring 2 force follows the same
trend as the spring 1 force

Robot Velocity

The linear velocity of the robot at a
straight pipeline is 0.35 m/s

The average linear velocity of the robot
at both straight and curved pipelines is
0.33mis

V. DEVELOPMENT OF PROTOTYPE

The modular parts designed using Solidworks software
were printed using 3D printing technology. The parts that
were 3D printed are the legs, tiny links, fixed joints and
prismatic joints, as shown in Fig. 27. It also shows the
assembled prototype of the robot. The material used for 3D
printing was Polylactic Acid (PLA) filament which reduces
the robot's weight without compromising its strength. The
necessary force to push the legs is given by springs having

2.826 N/mm stiffness. Rubber wheels provide high friction
between the wheel and the pipe surface—a DC motor of 100
rpm powers the wheels. The total weight of the robot is 1.6 kg,
and the length is 300 mm. Any pipeline can use the developed
IPIR, but only when there is no medium present inside the
pipeline. Fig. 28 shows the experimental setup for studying
the robot's motion inside the pipeline.
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Fig. 27. Fabrication of IP-IR components through 3-D printing and Final Assembled IPIR
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Fig. 28. Robot moving through the experimental setup
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V. EXPERIMENTAL VERIFICATION

The robot was designed to enter a straight, curved and then
exit a straight pipeline. The movement of the robot in the
straight and curved pipeline (Turning left) was observed using
a vision camera. It was found that the developed prototype
avoids motion singularity at a curved pipeline. Fig. 29 shows
the entry and exit of the robot, avoiding motion singularity.

In this experiment, the robot runs inside a straight pipeline,
enters a curved pipeline (Turning right) and exists through a
straight pipeline. The inner diameter of the straight and curved
pipeline is 300 mm.

A DC motor using a Quadrature Encoder with an rpm of
110 is used to find the wheel velocity of the robot when
travelling inside the straight and curved pipeline. This built-in
encoder motor rotates and this produces pulses. These pulses
alternate between high- and low-voltage electrical signals. A
signal is said to be a single pulse when it transitions from low
to high. When the motor makes a single 360-degree rotation,
it generates a distinct pulse value. Ticks, another name for this
pulse value, differ for each motor. The encoder motor we use
has an 11 pulse per revolution (PPR). Then with the help of
pulses, we can find the angular velocity of the motor using a
micro-controller. Then using the angular velocity, we can find
the linear velocity of the wheel using the following equation:

V=r*w @)

Where, r is the radius of the wheel in meters, o is the angular
velocity in radians per second and v is the linear velocity in
meter per second.

Fig. 30 shows the velocity of the developed robot while
passing through the pipeline. The results show a rise in
velocity when wheel 2 passes through the concave part of the
pipeline. Wheel 1 and 3 velocity decreases as it passes through
the convex part of the pipeline. This decrease shows that all
the wheels are in contact with the pipeline surface while
passing through the curved pipeline. Thus, a change in wheel
placement serves as a better solution against motion
singularity. Table 2 shows the list of symbols used in this
paper.

VI. CONCLUSIONS

In this paper, we have compared the existing model of
wheeled type IPIR with the proposed wheeled type IPIR. The
existing model mounts the three wheels at a 120° angle apart
from each other. Simulations are performed for both the
traditional and proposed wheeled type IPIR. Table 1 clearly
displays the results from the simulation that placing the
wheels at different angles avoids motion singularity instead
of the 120° angle. The optimum angles are 120°, 104.88°, and
135.12°. Velocity and force analysis results for each wheel
show how this design creates contact between the wheels and
pipelines. The robot with the wheel mounting angle of 120°
has an uneven force acting on the wheels while passing
through the curved pipeline, and this was not the case for the
developed robot. It also shows that the torque distribution in
all the wheel motors is uniform due to the change in wheel
position.

Fig. 29. Robot motion inside straight and curved pipeline avoiding motion singularity
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Fig. 30. The velocity of the robot when travelling inside a straight and curved pipeline (Turning right)

The choice of design parameters and motion constraints
employed in the literature makes it difficult to compare it to
the model that was previously available and reported in the
literature.

There are no quantitative results from earlier research
studies; only qualitative results are presented. It is very
difficult to compare quantitatively with the prior results when
looking at qualitative results. however, we can infer from the
findings that our model is able to navigate curved pipelines
avoiding motion singularity.

The simulation results were verified experimentally by
letting the robot run inside a straight and curved pipeline. An
encoder motor is used to create a velocity graph, which shows
that the wheels never slip and are constantly in contact with
the pipeline's inner surface. Experiments observed that the
robot could pass through curved pipelines without motion
singularity. The developed robot can run inside pipelines
having an inner diameter of 250mm to 350 mm.

The robot is limited to moving in the horizontal plane and
should be modified in future to move inside vertical pipes.

TABLE I LIST OF SYMBOLS
Symbols Full Form
Frnz Normal force acting on the wheel
Frx The traction force of the wheel
Fix, Fiz Reaction forces acting at fixed joint
Fsx Spring force
Fsz Reaction forces acting at prismatic joint
4 Link length
0 Angle symbol
m Metre
mm Millimetre
NDT Non-Destructive Testing
IPIR In-Pipe Inspection Robot
PIG Pipeline Inspection Gauge
W Total Weight of The Robot
r The radius of The Wheel
3D Three Dimensional
N Newton
N/mm Newton per Millimeter
Kg Kilogram
Kg-cm Kilogram Centimeter
° Degree symbol
T Torque
0 Partial differential symbol
rpm Revolutions per minute
sec Seconds
m/s Meter per second
PLA Polylactic Acid
DC Direct Current
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