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1. Introduction

We have many small diameter pipes which are cooling pipes for atomic power stations,
boiler pipes for industries, gas and water pipe lines for individual or corporate houses. They
must be periodically inspected in order to protect the accident previously. Some of these pipes
are long and their diameters are different at the place where pipes change from the main to the
branch. The inspection robot for these pipes must move different diameter .

A step comes where the pipe changes its diameter. The in-pipe robot driven by wheels is
very difficult to cross the step [1]. We have used cone-shape friction rings for the driving legs
of the in-pipe robot. However, the robot driven by friction rings is also difficult to move in the
pipe where diameter changes more than 3 mm [2].

Now, we propose a mobile robot that can surely move in the diameter changes. We are
needed to hold the different diameter pipe to the radius direction and to drive the robot to
longitudinal direction using the friction force by the holding the pipe, in order to move surely
in the different diameter pipe. In order to achieve this motion, we developed a new mechanism
which is made of three rubber bellows in series. In the mechanism, two outer rubber bellows
are provided six bulging rubber sheets. These are called as holding elements with braking
mechanisms. So, the holding element works as a brake of the moving mechanism. The center
rubber bellows is called as a driving element, because the rubber bellows drive the moving
mechanism by its stretching and shrinking motion.

When the rubber bellows of the holding element shrinks, six bulging rubber sheets spread to
the radius direction and touch the different diameter pipe. Then the spread bulging rubber
sheets surely hold the different diameter pipe. When the rubber bellows of the holding element
stretches, spreading to the radius direction of the six bulging rubber sheets and touching to the
different diameter pipe are canceled. The rubber bellows are stretched by air pressure and
shrunk by vacuum pressure. The stretching and shrinking of the rubber bellows are controlled
by a computer and electromagnetic valves.

The inspection robot is required to move long distance in the pipe. However, large time is
needed to send air pressure pulse to the air actuators which are laid a the end of long
air-feeding tube because of the compressibility of air, if the electromagnetic valve is laid near
at the air pressure generators. Robots whose electromagnetic valves are laid near at the air
pressure generators could not move long distance[3], [4]. So, we arranged electromagnetic
valves, which make air pressure pulse, near the air actuator in the case of the fabricated mobile
robot. We confirmed that the new mobile robot can move in the long pipes.



2. Structure of fabricated robot and characteristics of elements

An in-pipe mobile robot which is able to 258
move in pipes whose inner diameters are among 79 . 100 __ 79
70 mm and 140 mm is shown in Fig. 1. The Bellowsl| Bellows2 | Bellows3
robot consists of two holding elements and a

driving element. The holding elements are
driven by bellows which are 33 mm in outer
diameter, 22 mm in inner diameter, 79 mm Driving dement
long. The driving element is driven by bellows Braking mecharism
which is 100 mm long. They are made of Holding dements
nytrile butyl rubber (NBR). Each bellows is an —TH = ——="
independent vessel. Electromagnetic valves are Air feeding tube g eciromagnetic vaves
aranged near three bellows of the holding Fig. 1 Structure of the fabricated mobile

elements and the driving element. Consequently, o .
these electromagnetic valves move with the robot movable in different diameter

mobile robot. Two air-feeding tubes which pIpes
supply air pressure and vacuum pressure and 4
mm in outer diameter, 2 mm in inner diameter
are connected to the electromagnetic valves. The 15
rubber bellows are stretched by the supply of
the air pressure and are shrunk by the supply of
the vacuum pressure. The stretching and
shrinking of the bellows are controlled by
electromagnetic valves and a computer.

A braking mechanism of the holding element
is shown in Fig. 2. The braking mechanism
consists of six bulging rubber sheets which are
15 mm wide, 2.5 mm thick, 140 mm long and Fig. 2 Structure of the braking mechanism
made of NBR. The length of the braking of the holding element
mechanism is 140 mm and the outer diameter of
the bulging brake is 67 mm in the condition where the pressure in the bellows is +50 kPa. The
length of the braking mechanism is 46 mm and the outer diameter of the bulging brake is 153
mm in the condition where the pressure in the bellows is vacuum of -80 kPa. Then the bulging
rubber sheets are strongly pressed to the pipe whose diameter is less than 140 mm. The friction
force in the pipe are made by the radial force of the bulging rubber sheets.
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3. Mobile robot system

An experimental apparatus for measuring the characteristics of the mobile robot is shown in
Fig. 3. A computer controls electromagnetic valves through a valve controller. Three
air-feeding tubes are connected from the electromagnetic valves to two holding elements and
the driving element of the mobile robot. These electromagnetic valves move with the mobile
robot. An air-compressor is connected to the entrance port of the electromagnetic valves
through long air-feading tubes to feed air pressure and to stretch the bellows. A vacuum pump
is connected to the exit ports of the electromagnetic valves and feeds vacuum pressure to
shrink the bellows.



4. Principle of the moving of the mobile robot

The mobile moving motion is shown as Fig.
4.

(1) At initial, all the bellows are shrinking by
the vacuum pressure. The braking
mechanisms of the front and rear holding
element are at the condition of the braking
and hold the pipe.

(2) The air pressure is fed to the front holding
element and the braking is free.

(3) The air pressure is fed to the centra
driving element and the mobile robot is
stretching. Then the front part of the mobile
robot can move to the forward
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direction, because the rear holding element Different diameter pipe
is dtill at the condition of the braking and Fig. 3 Experimental apparatus of the mobile
holds the pipe. robot system
(4) The air pressure is fed to the rear
holding element and the braking is free. At Stepl T
the same time, the vacuum pressure is fed jp 7 A%
to the front holding element and it is at the —— ,
condition of the braking. — Step2
(5)The vacuum pressure is fed to the central \:
driving element and the mobile robot is Step3
shrinking. Then the rear part of the mobile J
robot can move to the forward direction, VAN vl
element is free. V
(6) All the bellows are shrunk by the vacuum Step5 MW}uumuuuunml,lml.!.l.l.,_,,lllllllm
pressure. The braking mechanisms of the \!
front and rear holding element are in the [ goyg -
condiition of braking and hold the pipe. It is ep Y B )
same as the initial condition and one cycle Fig. 4 Principle of the moving of the mobile
is over. The mobile robot moves the robot

stretching displacement of the driving
element. Consequently, the speed is shown by (stretching displacement) / (cycle time).

5. Principle of the moving different diameter pipes of the mobile robot

The principle of holds of different diameter -
pipe is shown in Fig. 5. In the ease of 140mm g
pipe, the bulging rubber sheets spread in the g ;‘]W[E -
radius direction of a pipe. They are a the 2\

condition of the braking and hold the pipe. In
the ease of 70mm pipe, the bulging rubber

sheets spread in the radius direction of a pipe. Fig. 5 Principle of the moving different

After that, they spread Ilongitudinalley. : : :
Consequently, the braking mechanisms can hold, diameter pipes of the mobile robot

the microrobot can move different diameter
pipes.




6. Experiments

6.1 Measurement of the traction force
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We measured the generated traction force of ig -

the microrobot which moves to perpendicular 2 “g AN

direction. Relationship between the tractionforce 5 6

and diameter pipe is shown in Fig. 6. The % 4

maximum traction force is obtained at the (2) , , , , . s

diameter of the pipes which is 90mm 100mm
110mm. The mobile microrobot was confirmed _ _
that the maximum traction force is 13 [N]. The Diameter pipe mm

traction force is confirmed to be nearly equal to _. . : .
the friction force of the braking mechanism. Fig. 6 flgi:tlonmlp between the traction

6.2 Measurement of the speed 25

We measured the speed of the mobile ig '—',\,,T_,\‘\'q ’
microrobot supplying the air pressure of 0.05
[MPa] and the vacuum pressure of -0.08 [MPa].
The diameters of pipes are seven, including
70mm. Moving is done from larger diameter to
smaller diameter pipe. We have steps of 5 mm 70-79 70-90 70-100 70-110 70-120 70-140
in minimum and 35 mm in maximum between
two pipes. However, the fabricated mobile
microrobot could move the steps. The moving
speed characteristics of differene diameter pipes Fig. 7 The moving speed characteristics of
is shown in Fig. 7. The mobile microrobot was different diameter pipes
confirmed to move different diameter pipes at
the speed of 20 [mm/s]. The observed moving speed is amost the same. It shows that the
microrobot can move the different diameter pipes certainly.
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7. Conclusions

(1) We proposed a mobile microrobot that can surely move in different diameter pipes. The
microrobot consists of two holding elements and a driving element. The holding element
has a braking mechanism which consists of six bulging rubber sheets.

(2) The friction force between the holding element and the pipe was measured. Friction force
of 1 N is obtained at the large diameter pipe of 140 mm and 13N is obtained at the pipe
of 90mm, 100mm and 110mm.

(3) The mobile microrobot was confirmed to move in different diameter pipes whose
diameter are 140 mm and 70 mm. Its speed was 20 [mm/s] . And it can move in the pipe
where diameter changes 35 mm.
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