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Modeling An In-Pipe Inspection Robot
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Abstract. An original construction of a mobile robot for in-pipe inspection with six contact areas to the
pipe is introduced. The components of the robot are made by a 3D printer. The robot has four driving ve-
hicles and elastic elements for make contact with the pipe walls. The loads in the contact areas are de-
fined. This is an important condition for the locomotion of the robot in the pipe and at different angles.
The results are also presented graphically. Experiments for overcoming complex routes were done.
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1. INTRODUCTION

The pipelines are the most commonly used
tool for fluid transfer — liquids or gas. Over
time, however, a lot of problems appear in
such systems. Most of these problems are as-
sociated with the conditions of the pipes such
as corrosion, mechanical deformations, etc.
Therefore, regular control and maintenance is
necessary. There are a lot of ways and meth-
ods for pipe inspection and in recent years the
application of mobile robots has been in-
creased (Roh et al., 2005). One big advantage
of the robots is that they can reach pipes with
small diameter and also can be equipped with
electronic devices such as sensors, lights and
cameras for the pipe inspection requirements
in hardly accessible and/or dangerous (explo-
sive, aggressive, noxious) routes (Tache et al.,
2007). Many of these robots are designed for
a specific, specific application, therefore the
requirements and features of the pipe inspec-
tion robots are also specific.

The requirements of these types of robots
come from specific features of the pipes and
goals which they have to perform (Na et al.,
2010). The maneuverability has a leading po-
sition and depends on the configuration of the
pipeline. The pipelines usually contain hori-
zontal and/or vertical pipes but there are also
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branches, valves, etc. (Ahrary, 2009). Other
damages and different obstacles are possible,
which are not mentioned in the technical doc-
umentation. Because of these reasons, robots
for pipe inspection must have a flexible and
reliable construction. There is a diversity of
pipes with different standardized diameters, a
lot of manufacturing technologies for pipes
and different shapes, different pipe geometry
and sections, etc.

The pipes often have complex space ge-
ometry. Furthermore, it is necessary to over-
come different tilts and curves with different
radiuses. Diameter changes and branches
which could have heterogeneous shapes and
dimensions, could cause essential problems
(Li et al., 2007). There are problems with
communications in metal pipes and also ener-
gy transfer in long routes. An autonomous,
battery power supply is recommended. Sag-
ging, which changes the sections geometry,
appears in long pipes.

These conditions create some of the re-
quirements for pipe inspection robots:

e Movement in pipes with different diame-

ters;

e Movement in pipelines with curves

(=90 []);
e Possibility for movement in branches;
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e EXit from various unexpected situations
by changing its shape and geometry (re-
configuration of the robot’s body);

e To be moisture and pollution resistant;

e Changing the rotation of the motors in
order to return to the same route. There-
fore, symmetric geometry of the robot in
the locomotion direction;

e Enough forces and torque for moving in
vertical pipes.

Missions of that type of robots are con-
nected with checking the reliability, cover-
ings, welding seams (by ultrasound flaw for
in-pipe-inspection robots), corrosion, pollu-
tion, etc. In some cases, it is necessary for the
robot to eliminate problems. That is why the
robot must be maneuverable, equipped with
sensor systems, tools, etc. Often, a precise
navigation system is required for determining
the exact location of the robot.

2. THEORETICAL BASIS AND
DESCRIPTION OF THE ROBOT

2.1. Design of the Robot

The robot will have constant contact with
the pipe in six areas. The body of the robot
changes its geometry according to the diame-
ter of the pipe, the radius of the curve, over-
coming obstacles and optimizing the pressure
of the wheels by using elastic elements. The
robot consists of four wheel-legs which have
a propeller shape and are shown on Fig. 1, po-
sition (1).

Fig. 1. Structure of the robot

The wheels follow the diameter of the pipe
(Fig. 2) and are made of material called Fila

Flex via 3D Printer. They are driven by four
DC motors with implemented spur gear (ele-
ment 2 on Fig.2) with gear ratio 298:1 which
decreases the speed for the needs of the in-
pipe inspection and increases the torque aim-
ing to overcome curves and vertical sections
and roughness. The body (3) of the robot is
printed by a 3D Printer from a material called
PLA. The body includes two vertical joints R;
and R2 which are printed directly assembled.
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Fig. 2. Placement of the robot in the pipe

This mobility allows adaptation for over-
coming obstacles and locomotion in curves
with small radius (Fig. 3).
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Fig. 3. Curve adaptation

The robot is powered by a charging bat-
tery (4,2 [V]) (5). The last major component
of the construction is shown on position (4).
These are two thin elastic plates created by a
3D Printer from PLA. These plates are used
for permanent contact of the wheel (1) with
the pipe. In the future, these plates will have
controllable height which will improve the
pressure and therefore the locomotion of the
robot.

2.2. Theoretical Basis

In order to design that type of robots it is
important to define the forces that affect the
robot during its movement (Jun et al., 2004).
In order to define the friction forces between
the wheels, the elastic elements and the pipe,
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it is necessary to know the pressure at those
sections. On Fig. 4 the movement of the robot
in a tilt section on angle a and with constant
diameter D is shown. A strongly simplified
model is represented, where the elastic ele-
ments are replaced by one equivalent force
and the robot platform is accepted as a static
construction — beam on two supports A and B.

Fig. 4. Forces in tilt overcoming

It is accepted that the contact is at a point.
From that model the pressure is defined. For
the more loaded one (motor) A is received:

0.5*L*Fe N 0.5*L*Gr+(0.5*D +e)*Gt

Ra=
L L
=0.5*Fe|+0'5 L*Gr+(0.5*D+e)*Gt (1),
L
= Raf + Rag

where: G, =Gcos(a) - radial component of
the gravity force; G, = Gsin(a) — axial com-
ponent of the gravity force; D is the inside
pipe diameter; L and e are dimensions shown
on Fig. 4, « is the tilt angle of the pipe.
Ry and R,, — represent the influence of the

elastic and the gravity forces on the pressure
at point A.
The result for the reaction R, (formula 1)

is an intermediate step for the final loadings
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of the wheels. To define the full loading, it is
necessary to analyze the robot in cross section
of the pipe. If the robot is not rotated to the
horizontal axis Y (shown on Fig 5a)), the
forces in the two wheels Ra1 and Raz are equal
and could be easily defined

Fig. 5. Alignment of the forces in a cross section
of the pipe

Then the elastic and the gravity forces im-
pact evenly on the wheels:

The construction of the robot allows theo-
retically the contact points to be aligned even-

ly on angle 120 [] (%rad) to the center c

of the pipe. A more complex case is when the
robot is rotated at an angle B, twisted to the
direction of the locomotion (Fig. 5b). Then
from the laws of the statics it follows:

Rm =

(Rat + Rag) *sin(B)*0.5* & — Rag *ro*cos(g) ()
o

Raz2 =

(Rat + Rag) *sin(£) *0.5* & + Rag *r2*cos(S3) (4).
(04

Here @ and r, are distances shown on Fig.
5b). From the cosine theorem it follows:

2 *
a= D——4*D*cos(5 ”}and rZ:E (5).
2 6 4

The determination of the reactions Ra1 and
Ra2 are the base for defining the resistant
forces that the motor needs to overcome.

3. DATA
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The dimensions of the 3D printed model of
the robot are: L = 0.122 [m]; D = 0.09 [m];
e = 0.02 [m]. The model mass and the elastic
force are measured: m = 0.187 [kg]; respec-
tively G = m*g = 1.83 [N]; Fe = 2.07 [N] -
with minimal deformation — hpo = 0.01 [m],
matching the most favorable position of the
wheels of the robot in a pipe with a diameter
D= 0.09 [m] (Fig. 6b)) and Fel = 3.45 [N] -
with maximal deformation ((hpo + hp1) — hp2) —
0.05 [m] (Fig. 6a).

hp2
hp1

a) 0)
Fig. 6. Deformation of the elastic elements

A route is created which has these ele-
ments: march from diameter D= 0.11 [m] to
D = 0.09 [m] with length of the march
B = 0.165 [m]. Curve on w/4 [rad] and w/2
[rad], with radius R = 0.11 [m], with horizon-
tal, tilt and vertical position. These elements
could be combined with each other, which
gives a lot of variations for the experiments.

4. EXPERIMENTAL RESULTS

Some experiments were made with a real
prototype of the robot and with different pipe-
line configurations.

Fig. 7. An experiment for tilt, curves and match
overcoming

The results of the experiment show suc-
cessfully crossing the march, curves, tilts and
even locomotion in vertical sections (Fig. 7).

By using the data from the theoretical force
parameters and by variation of the tilt angle
a, the reaction R, of the most loaded sup-

port (formula 1) could be calculated.

3.9
3061,

__ RAmin(a)
£ Ramzie ]

193,

[rad]

Fig. 8. Change of the reaction R, by varying the

tilt angle o from O to % [rad].

Ramin (0) is defined when the deformation

of the elastic element is minimal: Feg = 2.07
[N], Rppa(e0) is defined when the defor-

mation of the elastic element is maximal: Fe=
3.45 [N] (Fig. 8). The maximum value for R,

is when o = 0.8 [rad].

— RAIL(R)

[rad]

Fig. 9. Changes in Ra1 and Ra2 with variation
of the p angle

The change of the normal force in the driv-
ing wheels in minimum loading Fei= 2.07 [N]
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and in a horizontal pipe «=0/[rad], is shown

on Fig. 9. The angle B is variated from 0 [rad]
to 2x [rad]. The maximum value of Ra1 is 2.7
[N] when B = 1 [rad] and the minimum value
of Ra1 is 0.7 [N] when B = 4 [rad]. The maxi-
mum value of Ra2is 2.7 [N] when = 5.5 [rad]
and the minimum value of Ra2is 0.7 [N] when
B =2.3[rad].

5. COMMENTS AND CONCLUSIONS

The created robot prototype has good ma-
neuverability and very simple construction.
The robot includes only five basic elements
(Fig. 1) made by a 3D Printer for a few hours
from low cost materials. The body of the ro-
bot and the links (passive degrees of freedom)
are printed as one component which reduces
the assemble operations and the number of the
parts. The set of elastic elements increases the
flexibility and the cohesion by realizing per-
manent contact with the pipe, which allows
overcoming obstacles and movement in verti-
cal sections. The robot has four independently
working motors, which create enough driving
force, torque and power. The battery supply
of the robot allows easy remote control via
computer.

Fig, 9 shows changes in the reactions Ra1
and Ra2 by variation of the angle of torsion 3.
It is shown that when B = 0+2x [rad], the ori-
entation of the robot is the same as on Fig. 5a)
and support reactions are equal. When
B = n+2n [rad], they are equal again but this
time with lower value, because in this case the
robot is rotated with the wheels up and the
gravity force is subtracted. For all other 8 an-
gle values the reactions are different. The two
graphics on Fig. 9 are the same but phased at
an angle 120 [°] (3% = [rad]).

The force statics analysis shows how the
forces in the system are positioned. It also al-
lows several orientations of the robot in the
pipe to be analyzed. The real deformations
and forces in the elastic elements (wheels (1)
and plates (4)) could hardly be defined. The
mechanical characteristics of the elastics ele-
ments — both the wheels and the plates are
nonlinear and the orientation of the wheels to
the plates is random. The contact zone be-
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tween the elastic elements and the pipe is not
at a point as it is accepted and it changes with
time. Because of these reasons, the results
from the statics analysis are approximate.

However, it is considered that these results
could be used in the design phase of that type
if robots. For this purpose, the states of max-
imum and minimum loading should be de-
fined. These states could be used to define the
optimal cohesion in locomotion in vertical
sections of the pipe and whether the motors
have enough torque to overcome the highest
resistance.

The project is in its initial phase and a cou-
ple of problems should be solved. For exam-
ple, the possibility to choose a route or the ef-
fect of the moisture and the pollution. It is nec-
essary to equip the robot with sensors and
cameras and also to change the rotation direc-
tion of the motors. At last but not least, the ro-
bot should have a system for remote control.
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