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SUMMARY

Pipeline grids of various size and material are pervasive in today’s modern society. The frequent
inspection and maintenance of such pipeline grids have presented a tremendous challenge. It
is advocated that only advanced robot design embedded with intelligent electronics and control
algorithms could perform the job. Given the ever increasing demands for intelligent in-pipe robots,
various in-pipe drive mechanisms have been reported. One of the simplest is helical wheel drives
that have only one degree of freedom. All previously reported in-pipe helical drives are based
on independent passive wheels that are tilted an angle. One of the major problems of current
helical wheel drives is their unstable traction force. In this paper, instead of allowing the wheels
to rotate independently, they are synchronized by adding a timing belt. This small change will
result in significant improvement which will be highlighted in this paper. In the proposed driving
method, tracking force is analyzed together with a comprehensive set of traction force measurement
experiments. Both analysis and experiments have shown that the proposed mechanism has great
potential for in-pipe robot drive design.
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1. Introduction

Today, there are wide spread use of pipelines for transporting or delivering gas, water, oil, or other
fluidic materials. Such pipe lines are inside our houses (or high rise towers), underground, below
the sea bed, or through a mountain. Over a period of operation, various problems may occur inside
pipelines due to ageing, corrosion, and external impact. Some of the most common failure modes are
corrosion, pitting, crack, dents, ovalization or deformation. In order to extend the life expectancy of
pipelines and to avoid unexpected accidents caused by such failure modes, regular inspection inside
pipeline grid is practiced by most companies involved in gas, water, or oil supplies. Whenever a
problem is spotted, rehabilitation or repair jobs must be done inside pipes. Due to the small space,
long distance, and hazardous environment inside pipes, the application of robots for such jobs is
considered as the most attractive solution.

Because of the importance of pipeline transported substance (expensive, poisonous, or necessity),
the variety of pipeline application background (Pipelines may vary in terms of material, size,
grid complexity, and applications), and the massive use of pipelines for gas and fluidic material
transportation, a lot of research works have been conducted and reported on developing methods and
machines to catry out various jobs inside pipelines. One of the most popular methods for in-pipe task
is to develop in-pipe robots.!:> Many types of robot design have been reported. It is impossible to
design an in-pipe robot that is superior to others for all types of pipelines or applications. According to
Loh et al.,! currently reported in-pipe robots can be classified into seven types based on differences in
the robot driving mechanism design. The seven types are (a) pig type,® (b) wheel type,* (c) caterpillar
type,’ (d) wall-press type,® (e) walking type,’ (f) inchworm type,®? and (g) screw type,'?. Each type
of design has some merits over others in certain aspects. The actual design adopted may depend on

* Corresponding author. E-mail: yhchen @hku.hk

https://doi.org/10.1017/50263574714000599 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574714000599

Helical drive in-pipe robot 921

Driving wheels -:&_

s

lik

rotor .

. Guiding i

_ )R |
“_wheels é 2

(a) A conceptual design (b) a physical prototype

Fig. 1. A typical helical in-pipe robot design.

the task space of the required applications. More recently, a hybrid design based on type (d) and (g)
has been reported by Horodinal ez al.'' and Kakogawa et al.'> The hybrid design is basically a wall
pressing helical type which is simple in electro-mechanical design, yet can provide adequate mobility
within a relatively small space constrained by pipes.

Due to the simplicity of the mechanical structure and the electrical drive, wall-pressing helical
drive based robots have been actively researched. Horodinca and Doroftei et al. reported a simple
structural design of a wall-pressing helical in-pipe robot.!! No analysis about the characteristics of
the design was provided. Kakogawa and Ma have done a great deal of work on the detailed design
of a helical drive in-pipe robot in the past a few years. In a paper published in 2010 by Kakogawa
and Ma, motion analysis of a helical drive robot was reported. The velocity computation of passive
wheels in three coordinate axes x, y and z is detailed.'? They further reported a method to calculate
the optimal spring stiffness of the tilted driving wheels so that the robot could provide enough torque
to turn around a bend.'>!* Apart from being used for in-pipe traction, helical drives are also used as
modular units to build more complicated snake-like robot that can move in open fields mimicking a
snake’s motion. '

All previous reports on helical drive in-pipe robots have similar design as shown in Figs. 1(a)
and (b). The driving wheels are tilted to move in a helical path inside a pipe. There are variations on
the number of driving wheels in previous studies. The pressing force between the wheel and the pipe
wall is provided by either using a simple mechanism or a spring as shown in Fig. 2(a). Each wheel is
allowed a certain range of radial displacement. This feature enables the helical drive robot to move
around some bend as shown in Fig. 2(b) or be adaptive (to some degrees) to diameter change of a
pipe as shown in Fig. 3.

However, some of the major problems of current helical drives are their small and unstable tractive
force and difficulties in moving over an obstacle. The small tractive force is because that it is
generated by the rolling friction between the driving wheels and the pipe wall. If the tractive force
can be generated by sliding friction, a much bigger tractive force can be generated (in general, sliding
friction is much bigger than rolling friction). In this research, a small change has been introduced to
the helical drive so that the tractive force will be generated by sliding friction as shown in Fig. 4.
Instead of using independent passive driving wheels as in previous studies, a timing belt drive as
in Fig. 4(a) is used in this research. Each of the pulley is tilted an angle so that a helical path can
be formed while moving inside a pipe. Figure 4(b) is the simple design concept based on which a
physical prototype will be built for experimental studies. In Fig. 4(b), the friction generated from the
contact between the belt drive and the pipe wall is sliding friction.
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Fig. 2. Features of a helical drive robot.

Fig. 3. Robot adaptive to pipe diameter change.
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Fig. 4. Design concept of a belt drive in-pipe robot.
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(a) Teethed elastic belt (b) Flat rubber belt

Fig. 5. Belts used for the wheels.

A fundamental change of the helical drive by adding a belt is that the helical wheel drive shown
in Fig. 1 is changed from a passive drive to a positive drive. In Fig. 1(b), when the motor is turned
on, the three driving wheels will not rotate against their respective axis. This is equivalent to the
none-driving wheels of a two wheel drive car. For the driving wheels shown in Fig. 1(b), only when
the wheels are forced against the pipe wall, they will rotate and generate tractive force. Now a belt is
added to the three wheels as shown in Fig. 4. This simple modification will turn the passive drive into
a positive drive because when the motor is turned on, the three wheels will rotate, and at the same
time, the belt will rotate as well. That is, even without contact with the pipe wall, the belt and the
wheels will rotate when the motor is turned on. This is equivalent to the driving wheels of a car.

When selecting a belt for the drive, two possible types can be considered, a teethed elastic belt as
in Fig. 5(a) or a flat rubber belt as in Fig. 5(b). Since the main intension of the drive is to provide
traction, thus the teeth meshing accuracy between the belt and the pulley is not important. In fact,
the clearance between the mating teeth is big (in this research, the clearance is around 1mm). This
clearance allows the elongation of the belt within a range so that the drive can be adaptive to certain
range of pipe radius change. For the case of a flat rubber belt as in Fig. 5(b), since there is a pressing
force between the teethed pulley and the belt, the rubber belt will deform thus form a teethed belt.
The elasticity of the belt allows the drive to be adaptive to certain range of pipe radius change.

2. Great Improvement from Simple Design Innovation

In this research, instead of using independent tilted wheels for the helical drive robot, a belt is added
to the tilted wheels as shown in Fig. 4 so that the rotations of the wheels are synchronized. This
minor design innovation results in significant differences in the driving mechanism and may greatly
improve the traction capability of the in-pipe robot. In fact, the proposed belt drive can be thought of
as a planetary gearing system with a flexible ring gear (the belt). The major differences before and
after the design change are summarized below.

(1) With the addition of a belt, the original passive drive is turned into a positive drive. Positive drives
are known for much larger traction and predictability compared to passive drives.

(2) The original passive wheel drive is changed to a track drive which is known for large traction
force and drive stability compared to a passive wheel drive.!®

(3) The traction force is generated due to rolling friction in the original passive wheel drive yet it is
generated by sliding friction in the belt drive design. In general, sliding friction is significantly
larger than rolling friction.!”

(4) The obstacle negotiating capability of the robot is increased using the belt drive.

The first three features listed above are obvious. As for the fourth feature, even though it has been
proved experimentally by using a physical prototype, nevertheless, it will be more helpful to provide
a simple theoretic analysis here so that a comparison can be made more easily. For a wheel drive, the
obstacle negotiating capability is dependent on the wheel radius. The larger the radius is, the better
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Fig. 6. Obstacle passing capability analysis.

the obstacle negotiating capability will be. When the independent wheels are synchronized by a belt,
the wheels and belt system can be treated as forming a single wheel. This wheel is believed to have a
better obstacle negotiating capability.

The following is a simple analysis of the obstacle negotiating capability of both drives.

2.1. Wheel drive obstacle passing analysis

When a wheel is about to move over an obstacle as shown in Fig. 6(a), the normal force and friction at
the contact C are both 0 (because the wheel will be lifted up when climb over the obstacle). Figure 6(a)
shows the force analysis of the wheel when it is moving over a simplified obstacle with a height of /.
To pass over the obstacle, the moment around point A must be greater than zero, that is

> M(A)=0 (1)

or

T(R —h) > NyW/R2 — (R — h)? 2)

Solve Eq. (2) for h we have

N
h<R|l— ——— 3)

JT? = N}

Where T is the traction force, N; is the normal force at the wheel hub, N, is the reaction force at
the pivot point A, fis the friction at contact A, R is the radius of the wheel, and # is the height of
the obstacle. It can be seen from Eq. (3) that the obstacle height % is always smaller than the wheel
radius R. In another word, the wheel drive can never pass an obstacle whose height is greater than the
wheel’s radius. Apart from the wheel radius constraint, the obstacle height /# should also be smaller
than the allowed radial displacement dx of the wheels, that is

dx > h 4

2.2. Belt driving obstacle passing analysis
For the belt drive, the drive system can be treated as a single wheel thus its obstacle negotiating
capability will be much better. This can also be re-enforced by the facts that many field vehicles use
track drives instead of wheel drives.

Figure 6 (b) shows the force analysis of a pulley in climbing over an obstacle. When the pulley is
lifted up a bit, the normal force N, is zero.
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Fig. 7. The planet-ring gear set.

In order to move over the obstacle, the following two conditions must be met. First, the radial
displacement of the pulley dx (as in Fig 4(a)) must be greater than or equal to the height of the obstacle
h, that is, Eq. (4) is equally applied to the belt drive. Secondly, the vertical force from the belt must
be greater than or equal to F. F is dependent on the spring displacement d, and the spring constant
k used in the pulley carrier.

Pysina + Py > F, or Pysina+ P> kd,. 5

From this analysis, it can be seen that the obstacle climbing capability of the belt drive design is no
longer dependent on the wheel radius. In fact, from Fig. 6, it is intuitive that the belt drive has a better
obstacle climbing capability as there are two lifting forces for the pulley, yet no such forces in the
case of passive wheel drive shown in Fig. 6(a).

3. Traction Analysis

A helical drive in-pipe robot normally has two major parts, a stator and a rotor as shown in
Fig. 1. Wheels are installed on both the stator and rotor. In all previous studies, wheels will rotate
independently and passively as the rotator rotates. The tractive force is provided by the wheels on the
rotor which have a tilted angle. The rolling friction between the wheels and the pipe wall determines
the magnitude of the tractive force.

In the proposed belt drive, the traction is mainly due to the sliding friction between the belt and the
pipe wall. It is commonly known that the coefficient of rolling resistance is generally much smaller
than the coefficient of sliding friction [17].

In analyzing the forces transmitted to the belt in the proposed drive, the belt drive system is
considered as a planet-ring gear set where the belt is treated as the ring gear and the pulley as the
planet gear as shown in Fig. 7(a). The planet-ring gear set meet the following geometric and kinematic
requirements:

R,w, = Rew. + Ry, (6)
R, =R.+R,, or R.=R,—R,, (7

where R,—ring gear radius, R.—carrier radius, R,—planet gear radius, w,—ring gear angular
velocity, w.—carrier angular velocity, w,—planet gear velocity.
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The gear ratio between the ring gear and the planet gear
gp=N,/N,=R, /R, =T,/T, ®)
where N,—teeth number of the ring gear, N,—teeth number of the planet gear, 7,—torque transmitted
by the ring gear, and T),— torque transmitted by the planet gear.
Divide each term in Eq. (6) by R,,, we have
8rpWr = Wp + (Rc/Rp)wc (9)
Substitute (7) into (9), we have
8rpwr = wp + (8rp — D (10)

When the pressure between the timing belt and the pipe wall is big enough, the belt will not slip,
that is @ , = 0, then Eq. (10) becomes

wp = (I— grp)wc (11
The power P transmitted by the planet—ring gear set,
P =T, o+ |T, wp| (12)

Since angular velocity may have negative value, the absolute value is used here. Torques transmitted
by the carrier 7. and the planet T, have the following relationship

T. =Ty(R./Rp) or T.=g,T, (13)

where g., =R./R
Substitute (13) into (12), we have

P=g,Tyo.+ |Tywy (14)
Substitute (11) into (14),
P = gcprwc + |Tp(1 - grp)wc| = Tpa)c(gcp + 8rp — 1) (15)

Since g, is always greater than one, the term (1 — g,,) is changed to (g,, — 1) in Eq. (15).
The torque transmitted by the planet gear can be represented as

Ty = P/lwc(8cp + &p — DI (16)
Refer to Fig. 7 (b), the tangential force F; between the planet gear and the ring gear is
Fy =T,/Rp = P/lwc(8cp + 8rp — DIRp = P/[wc(Rc + R, — Rp)] = P/2Rcwc)  (17)
Friction between the belt and the pipe wall
Fy =N, 18)
Where fis the coefficient of friction.
To make sure that no slippage between the belt and the pipe wall will occur, the friction F'y must

be greater than the tangential force F;, that is,

Ny = P/Q2Rcw.) 19)
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Fig. 8. Forces at the belt contact.

Fig. 9. The prototype in-pipe robot.

Since the pulleys are tilted an angle A as shown in Fig. 8(a), the actual tractive force along the
axial direction (Z direction) should be

F, =[P/Q2R; w:)]sin A (20)

Tractive force calculation using Eq. (20) is good when the tilt angle A is small. As the tilt angle A
increases, the force component along the wheel axis direction will become more dominant. This will
reduce the tractive force along the Z direction. In fact, when A is 0° and 90° as shown in Figs. 8(b)
and (c), the tractive force will be zero.

4. An Experimental Design and Traction Measurement
Gas and liquid transportation pipelines can be very complicated, involving various junctions, branches,
and pipe fittings, etc. In order for the proposed robot to be adoptable to more different pipeline
environment, the prototype in-pipe robot developed in this research has incorporated a large number
of features so that different intelligent control algorithms could be tested at a later stage. For example,
the helical angle of the driving wheels can be automatically controlled. A pressure sensor for each
of the guiding wheels is installed so that pressure adjustment to the wheels can be done whenever
needed. Figure 9 shows the physical prototype of the proposed in-pipe robot. All features of the robot
are shown in Fig. 10.

For an in-pipe robot, the tractive capability is very important. Even though, a theoretic analysis
of tractive force has been done in the previous section, yet the impact of the wheel axial thrust to
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Fig. 11. Experiments for tractive force measurement.

the tractive force is not easy to be quantitatively expressed. In this research, tractive forces against
different wheel tilt angles are measured. These measurements will help to set the right wheel tilt angle
so that near maximum tractive force could be obtained.

Figure 11(a) shows the schematic of the experiment. Wheels on the rotor can be tilted an angle
through the on-board control system. For a given tilt angle, the rotor is turned on and the robot will
move ahead inside a pipe. The longest distance for each tilt angle is recorded. Figure 11(b) shows the
actual experiment set-up.

Figures 12(a) to (g) shows the measurements of distance travelled for each wheel tilt angle. The
decimal readings of angles are mainly because that the current control software only allows voltage
control of motor drive. The conversion from voltage to tilted angle results in decimal points. From
Fig. 12(h), it can be seen that when the wheel tilt angle is between 24.9° and 28°, the robot traveling
distance will reach the maximum. Further increasing the wheel tilt angle, say to 34.4°, the maximum
traveled distance will decrease. This is mainly because that the engagement between the wheel and
the belt deteriorate as the tilt angle increases. It is desirable to develop a mathematical model to
accurately describe the influences of the tilt angle on the tractive force. This obviously needs further
research.

For each wheel tilt angle, the tractive forces are measured three times as shown in Fig. 13
where the vertical axis presents the recorded force, and the horizontal axis is the time (in second)
traveled. Based on the measurement data, a nominal traction force for each wheel tilting angle is
extracted. The nominal force is got based on the inequality dF/dt <e, whereeis a small number. In
this experiment, ewas set to 0. That is, the nominal force is got at the location where a force drop is
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Fig. 12. Maximum travel distance vs. tilt angles.

recorded. Figure 13(h) shows the relationship of maximum traction force against the wheel tilt angle.
Again, the maximum traction force occurs when the wheel tilt angle is between 24.9° and 28°. This
experimental finding will help to set the wheels to the right tilt angle so that maximum tractive force
could be obtained.

To compare the traction of the belt drive and the wheel based drive, the prototype as shown in
Fig. 1(b) is also used to do a traction experiment. Only wheel tilt angle of 16.9° is conducted. Fig. 14
shows the results. It can be seen that the tractive force has very large fluctuation. In Fig. 13(c), the
belt drive has similar tilt angle, yet the tractive force grows steadily and smoothly.
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5. Discussion and Conclusions
A simple and novel helical drive in-pipe robot has been proposed and prototyped. Features such as
obstacle passing capability and tractive force have been analyzed. A comprehensive set of experiments
aimed at finding the optimum tractive force with respect to the wheel tilting angle have been conducted.
It is found that when the wheel tilting angle is between 24.9° and 28°, the tractive force will reach
the maximum for the prototype robot.

However, the design of the prototype is not optimized. For example, the pulleys for the belt drive
are currently placed on the same plane and tilted as in Fig. 15(a). This causes belt twist and results in
frequent belt ripping off the pulleys.
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Fig. 15. Two options in pulley design.

An alternative pulley design might be as in Fig. 15(b) where the pulleys are tilted in line so that
the belt will not have so many twists. This may result in a better belt drive thus provide smoother
tractive force. In future research, the pulley design in Fig. 15(b) will be tested.

The belt drive itself is not optimized either. Ideally, a timing belt is preferred. However, since the
timing belt will be elongated when installed onto the pulleys, the accuracy of meshing between the
pulley and the belt becomes a problem. This problem may partly be overcome by replacing the timing
belt by a plane rubber belt. In all, a lot remain to be studied in designing an appropriate belt drive
system for the in-pipe robot.
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