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Abstract

In this project, a new design for a pipe robot can travel through various pipe configurations including vertical, elbow, and branch
pipes. One specific mechanism of the robot are important for namely the Adaptable Quad Arm Mechanism (AQAM) and. The AQAM
allows the robot to travel in reduced branch pipes and branch pipes with zero-radius of curvature, which are both common in real life
but which pose a challenge to the previously developed in-pipe robots. The microcontroller enables the robot to change its
orientation, and in particular, allows it to bypass bumps. The prototype was able to through elbow and vertical pipes with a diameter
of 305 mm and zero-radius of curvature reduced branch pipes of at least 305 mmx=259 mm to 305 mmx290 mm or smaller. Using the

microcontroller the robot will moves in various pipes.

Index Terms: AQAM, Catia, Pipe robot...
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1. INTRODUCTION

Pipelines are used to transport fluids such as water,
oil, and gas, which are crucial to everyday life. However,
repairing pipes has always been problematic due to
geographical difficulties. In-pipe robots have thus received
special attention as an effective solution to resolve this issue.
In-pipe robots may be classified in several different ways.
They may be categorized into wheel track inch worm walking
and pig types depending on their travelling mechanisms. They
may also be categorized according to their structures: single-
plane type with arms 180° apart, or 3- plane and 4-plane
types which have arms separated by 120° and 90°,
respectively. While the 3-plane and the 4-plane types have a
large traction force and exhibit stable performance in pipes,
the single-plane type enjoys the advantages associated with its
simple architecture. Another criterion for categorizing in pipe
robots is their method of adapting to a pipe's inner surface,
passive or active adaptation. Many passively an adaptable in-
pipe robot adapt to a pipe's inner surface with springs only, no
additional actuators are used. In-pipe robots that adapt to pipes
actively, however, can travel more effectively than the robots
with passive adaptation because the normal force between the
robot and the pipe is controlled with additional actuators.
Many of the developed in-pipe robots can traverse simple pipe
configurations, such as straight pipes or pipes with no
variation in diameter. Although some robots can travel
through branched and elbow pipes, travelling in branched
pipes is still regarded as a challenge in the field of in-pipe
robotics. Even these robots that are designed to travel through

branched pipes have difficulty in managing certain types of
branched pipes, namely

Reduced branches, or branch pipes that have different hole
diameters

. Branches with zero radius of curvature
Moreover, these robots require difficult and complicated
locomotion or control strategies to traverse these types of
pipes. Differential wheel drive type robots are considered to
be the most successful at travelling through branches.
However, the following problems can occur when these types
of robots inspect branch pipes with the two aforementioned
conditions. The robot can get stuck in a zero-radius of
curvature branch due to a lack of space for turning in the
worst-case scenario the robot can crash into the edge of the
branch, which may damage the robot. The problems
mentioned in problem 1 might be exacerbated in a reduced
branch pipe. In-pipe robots designed for larger pipes are
usually larger and thus heavier. Because differential wheel
drive type robots experience some impact during turning in a
branch, an increase in weight can substantially reduce the
robot's endurance. Introduce a new design for a simply
structured in-pipe robot with simple yet effective locomotion
strategies for travelling through reduced branch pipes and
branches with zero radius of curvature as well as vertical and
elbow pipes. This newly developed robot's motion through
branches is not associated with crashes; therefore, this robot
has the ability to travel through larger pipes Conducted
simulation studies to predict the robot's abilities and to build a
prototype also conducted experiments with various pipe
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configurations to characterize a prototype of our proposed in-
pipe robot.

2. DESIGN

To enable the proposed robot to travel in both
reduced branch and zero-radius of curvature branch pipes
safely without requiring a complicated locomotion strategy,
designed the wheels to follow the inner configuration of
branch pipes by using the normal force between the wheel and
the inner wall of pipe as illustrated .To this mechanism as the
Adaptable Quad Arm Mechanism (AQAM). Using this
mechanism, a robot can travel through various branch pipe
shapes simply by changing the direction of rotation of each
wheel. For a robot to travel into a branched hole, however, it
needs to have a specific orientation with respect to the pipe.
The robot needs to have a specific y-directional orientation to
enter into the branched hole. Steering mechanisms for
locomotion in branches have been studied previously the
robot propose is designed to change its orientation in a pipe by
employing steerable hands This mechanism the Swivel Hand
Mechanism (SHM), which makes the robot's hands rotate with
respect to the arm. The structure of the proposed robot
equipped with the AQAM and SHM. The AQAM consists of
the body, the arms, and the springs that connect the
components.

e
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Figure 2.1 Differential wheel drive type

When the wheel contacts to the inner wall of pipe, the arm will
be rotated with respect to the body by the contacting force
which is generated by the moment due to the length difference
spring 1 and spring 2.The hand is positioned at the end of the
arm consisting of the wheel and the U-frame and it can be
rotated with respect to the arm. degree of freedom (DOF)
configuration is the relevant part of the robot. Because the
proposed robot is a single-plane type, it has a large non-
contact area in the pipes. The hands can be rotated with
respect to the arms by the SHM, which enables the robot to
change its orientation with respect to the pipe. Due to this
characteristic, the robot can avoid bumps in pipes, to
summarize, the main features of the proposed robot design are

e The robot is a wheeled, single-plane, and passively

adaptable type robot.

e The robot can rotate along with its moving direction

by rotating wheels about the arm
2.2 Adaptable quad arm mechanism (AQAM)

The proposed robot is programmed to travel in pipelines;
it should exert sufficient normal force between the wheel and
the inner surface of the pipe. The AQAM enables the robot to
do so. This mechanism is important for travelling in branches
in particular

Two issues need to be considered to design an
AQAM that will allow the robot to travel in branches of the
desired sizes.

e The first issue is overcoming the gravitational force
experienced by the robot during travel in vertically
positioned branches

e The second issue is overcoming spring moment with
the torque generated by motors in the arms to turn in
a branch

Analysis of the first issue allowed us to determine the
maximum possible diameter of the branched hole for
travelling, while that of the second issue allowed us to
determine the minimum size of the branched holes of reduced
branch pipes. To address the first issue, we need to determine
the frictional force that the AQAM can generate when the
robot is travelling in a vertically positioned branch, the robot
will create a greater frictional force than in any other motion
in branch pipes because it has to use only two arms to
overcome gravity. In the diagram, (y, 0), (0, y), (b1, b2), (c1,
c2), (a, a), and (0, 0) denote the locations of spring 1 and
spring 2 fixed on the body, the location of both springs fixed
on the arm, the location of the axis of the wheel, the location
of the hinge connecting the arm and body, and the location of
the center of the body, respectively, in two-dimensional
Cartesian coordinates. Also, 0 is the angle between the axis of
the vertical pipe and the axis of the arm, k is the spring
constant, o is the angle between spring 1 and the arm, f is the
angle between spring 2 and the arm, A is the distance between
(a, a) and (b1, b2), B is the distance between (a, a) and(cl, c2),
L1 and L2 are the lengths of extended spring 1 and spring 2,
respectively, F1 and F2 are the forces exerted by spring 1 and
spring 2, respectively, is the moment on the hinge (a, a), and N
spring is the normal force between the wheel and the pipe
surface.
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2.2 The first AQAM issue: Overcoming gravity with two
arms.

The minimum normal force required for the robot to

overcome gravity is
N min=mg/2p

p and g are the coefficient of friction and the
acceleration of gravity, respectively. To confirm the AQAM
with the parameters set to those could exert a force larger than
the minimum normal force needed, derived an equation for the
normal force exerted by the two springs (N spring). The free
body diagram.

b,=a+ A cos ©------ 4
Ly=Vby+(y-b,)5
Lo = V(y-by)*+b," "6
o = cos A%+ *~(y-a)*-a’ /2L A}-------- 7
B = cos {A™L,>(y-a)>-a’/2LpA}------- 8

xdl, xd2, and xi denote the elongated lengths of
spring 1 and spring 2 and the initial length of the spring. If xd1
or xd2 becomes shorter than zero, the value should be set to
zero, because the springs exert no force on the arm in these
cases. The equations for the moment on the hinge (a, a)
exerted by two springs and the normal force generated by the
springs.

M = KA (XgsinB- Xgisina) ------- 10
N spring = F cos 6 = M/Bcos 0-----11

The second issue associated with the AQAM,
considered the situation described here, wheels 1-4. The robot
makes the distance between wheels 1 and 2 as small as
possible by rotating wheels 2 and 3 clockwise and wheels 1
and 4 counter-clockwise in a straight pipe. Denote the distance
between P1 and P2, the points where the two axes of the arms
meet the endpoints of their wheels, as d2. Even though the
situation does not coincide perfectly with the real conditions a
robot encounters when travelling in a branch, analyzing this
situation and considering d2 as the minimum possible traverse

diameter of the branch makes subsequent calculations easier
and also yields reasonable results.d1 and d2 are the diameters
of the branch, Ms1 and Ms2 are the moments on the hinges
which connect arms 2 and 3 and the body, F3 and F5 are the
forces on the axes of the wheels for arms 2 and 3 exerted by
the DC motors F4 and F6 are the normal forces between

wheels 2 and 3 and the pipe's surface 6, and 6, are the angles.
<Arm2:>

A x
X /1o :1linges

F3,

2.3 The second AQAM issue: Overcoming the moment generated
by the springs with the torque generated by DC motors in the
arm

When T is the allowable torque of the motor in each
arm, the equilibrium of force and moment gives

F4: FG
Fs=Fs=TIr

A larger spring constant increases the performance of
the robot with regard to the first AQAM issue while a smaller
spring constant enables the robot to traverse a larger range of
branch sizes (second issue). This means that simply by
modulating the spring constant, the performance range of the
robot in branched pipes can be modified.
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2.4 MODEL IN CATIA
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to understand and program the controller and also while
compared to other controllers with the same features this is the
less cost controller. The table shown below is some of the
details of PIC 16 bit family.

Program Memory Data ) MSSP )
Device oy S G ESB;’:!) E(EB';:Q;" o A}g‘:’c“m [gﬁ;) g Ve USART ;;Ee; Comparators
Instructions I
PICI6F873A | 7.2K 4096 192 128 |22 5 2 |Yes| Yes Yes il 2
PIC16F874A| 72K 409% 192 | 128 |33 8 2 |Yes| Yes | Yes | 21 2
PIC16F876A | 143K 8192 368 26 |2 5 2 |Yes| Yes Yes il 2
PIC16F877A | 14 3K 8192 368 256 | 33 8 2 |Yes| Yes Yes il 2

4.2 Motor Driver

Interfacing the driver circuit to the micro controller in the
robot that controls the motors

L293D
25 AUTOMATED DYNAMIC ANALYSIS OF DA
MECHANICAL SYSTEM OF THE ROBOT sl Yol —
weyt L £ 2 19 100 IneyT & S—
3. MICRO CONTROLLER dureut 1 1] 3 10 [ ouTRUT &
6o T4 4 17 (I Ghd oND
. . GHo CIY'5 16 {10 CHD
3.1 Pin description oo o 8 i and
o £ ? 14 10 6N ouRn
Pin description of the PIC16F877A ouTRyT 2 (I @ 33 {1 ouTRUT 3
eyt 20 9 1200 NPT Y eums
us {1 1o 110 enABLE 2 ,
40.Pin PDIP = I *
USRIy o pl e —
RAVANY e ] 3 22 [ e RBS
QA:-A\JZ\'-::. f‘:‘-’--' —— ] 4 g . fo i
RASTOCKVE 1OUT = €] o 4~ b~ 4.2 DRIVER CIRCUIT
RAS M«r’?_-'.L»:o_' -— 7 24 [0 -— fr,a
55?&5 ¥rte- ._.rr: ° 2 3 e R LM293D is a motor driver IC. The use of the driver circuits is
kbt i = B -4 2 o that the controller runs with input voltage VCC=5v. Even

PIC16F8T4ABTTA

3.1 PIC16F877A

PIC16F877A is a high performance RISC CPU with only 35
single word instructions to learn and also all instructions are
single-cycle instructions except for program branches, which
are a two-cycle. The operating speed is 20MHz. it has three
memories RAM, ROM and Flash memory as mentioned in the
table below. It also has three timers, two 8 bit and one 16 bit
timer. The main motive of selecting this particular controller is
that of its limited instruction set, which will consume less time

though it gets input as 5v internally the voltage levels will be
at 3.4v only and at that voltage the current will also be less,
which won’t be sufficient for a motor to run. So, through the
driver circuits we do the interfacing and use the driver as a
medium to boost the current and fire the motor to run. The
connection of the driver circuit to the controller is given here
below: Port B is connected to the driver circuit (L293D) in
port B 15" is connected to the input IN1 to the driver circuit.
The 16" pin is connected to the input IN2, 17th pin is
connected to the IN3 and 18" pin is connected to the IN4.

Port B is connected to the driver circuit (L293D) in port B 23"
is connected to the input IN1 to the driver circuit. The 24™ pin
is connected to the input IN2, 25" pin is connected to the IN3
and 26™ pin is connected to the IN4. Port ¢ is connected to the
switches which controls the robot.21% is pin connected to
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switch 1 named (stop).pin 22" is connected to the switch
2(right),pin 27" connected to switch 3(left),pin 28" connected
to the switch 4(reverse),pin 29" is connected to the switch
5(forward).

Eight...

88 ei.
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maneuver in elbow and a branch using its own mechanical
configuration

The strategy for changing orientation

Many pipe inspection robots cannot rotate about their moving
direction because they move with wheels or tracks that have
large friction and that can side-slip. Our proposed robot can
steer its wheels, thereby changing its orientation. In this
section, we estimate the wheel rotation needed to achieve the
desired orientation (roll) of the robot by analyzing the
geometry of some components of the robot and the pipe. From
the geometric relationship depicted in, it is possible to
determine a, the angle of travel of the wheels with respect to
the x-z plane (plane A). Here, Point A is where the wheel and
the inner surface of the pipe meet, plane A is the tangent plane
to the inner surface of the pipe at Point A, and Plane B is the
extended surface of the wheel. As it is possible

to determine the orientation of Plane B by transforming the

: orientation of x-y plane by the angle pu with respect to the z-
4.3 CONTROLLING THE ROBOT USING MICRO- axis and angle —y with respect to the transformed y-axis (y’),
CONTROLLER 2" —, which is the normal vector of Plane B.

5. LOCOMOTION CHARACTERISTICS AND

— —

““Rz(WRy(-n)Z=[cos() ~sin(p) 0 [cos(-y) 0 sin(-y) [0
Sin(p) cos(u)0 * 0 1 0o * 0

CONTROL STRATEGY 0 0 1] ssin()0 costn] 1]

One of the strong points of our proposed robot is its ability to

travel through various pipe shapes without using a

complicated locomotion or control strategies. To make the CONCLUSION

robot turn into a branched hole, the operator should first orient In this paper, we described simple mechanisms and

the robot's body appropriately using the SHM, then rotate
wheels 1 and 2 clockwise, and wheels 3 and 4
counterclockwise until wheels 1 and 2 approach the edges of
the branch. Next, if the operator rotates wheels 2 and 3
clockwise and wheels 1 and 4 counterclockwise, the robot will
turn into the branch, adapting to it’s configure. In the case of
straight motion in a branch, one can simply continuously
operate the wheels of the robot as depicted in, regardless of its
orientation. The robot can also successfully navigate elbows
by applying different velocities to the wheels. the wheels that
are in contact with the larger radius of curvature (pl) part of
the elbow pipe should rotate faster and the wheels in contact
with the smaller radius of curvature (p2) of the elbow pipe
should rotate slower. In addition, the structure of the AQAM
makes it possible for the robot to navigate bumpy pipes as
well as straight pipes of various diameters. As mentioned
previously, the simple architecture of the robot and
uncomplicated locomotion strategies allow the proposed robot
to navigate a variety of pipe types that have been challenging
for previously developed robots. Previously reported robots
use auxiliary parts or connect modules in serial to move
successfully in a branch. Our proposed robot was designed to

locomotion strategies for an in-pipe robot. Our proposed robot
employs an adaptable quad arm mechanism (AQAM) the
combination of this mechanism enables the robot to traverse
various types of pipe configurations, including branches,
elbows, and vertical pipes. We verified the strategy that we
developed to change the orientation of the robot to avoid
obstacles and maneuver through pipes of various shapes. We
performed experiments using a prototype of our robot to
evaluate its performance, and we demonstrated that the robot
can successfully traverse various pipe shapes. In particular, the
prototype was able to travel in branches with zero radius of
curvature and branches of different diameters, both of which
occur commonly in real-world applications but are a challenge
for the in-pipe robots developed previously. A comparison of
the characteristics of our proposed robot and previously
developed robots is provided. For the autonomous locomotion
in various pipe configurations and the real application to
industries, the robot needs to be equipped with a sensing
mechanism to detect the location of the branched holes and
bumps. The next version of this robot would be equipped with
this mechanism and have some structural modification to
solve problems discussed with these improvements we expect
that the next generation of this robot will have high possibility
of application to practical pipe inspection fields.
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