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Abstract—This paper presents a new pipeline inspection
robot with a linkage type mechanical clutch, which is designed
for inspection of pipelines with 100mm diameter. This robot has
three powered wheel chains each of which has a mechanical
clutch. The mechanical clutch is designed by using a parallel
linkage mechanism. The kinematic model of the pipeline
inspection robot is driven and its proto type has been developed.
The performance of this robot system is verified by both
simulation and experimentation.

I. INTRODUCTION

I n-pipe robot mechanism, which has a long history of
development in robotics, can be classified into several
elementary forms according to the movement patterns.
Therefore, many kinds of mechanisms have been developed
like as wheel-type, inchworm-type, legged mobile-type,
screw-type, crawler-type, PIG-type, and passive-type.
Among them, wheel-type pipeline inspection robots were
mostly popular [1]-[9]. During the Ilatest 10 years,
differential-drive type mechanisms have been studied
intensively [10]-[12]. The differential-drive type usually has
three powered chains. Controlling the speed of each chain
independently, the robot is able to go through elbows and
T-branches. Also, it has a large folding range compared with
wheel type, screw-type, and PIG-type.

Recently, pipeline inspection robot systems with their
diameter smaller than 100 mm have been focused, since the
pipeline market smaller than 100mm is getting bigger. The
diameters of most indoor pipelines are less than 100mm.
Specifically, the clearance of indoor pipelines is directly
related to the human health. Thus, cleaning and inspection of
the in-house pipeline becomes an important issue.

Usually, pipeline inspection robot systems are composed
of a robot mechanism, a communication system, a power
supply, and a user interface. However, in order to apply it to
real environment, some practical aspects such as easy user
interface, safety, water proof, and retrieval function should be
taken into account. Specifically, the retrieval function is
crucial because the robot working inside the pipeline can be
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out of order any time. Also the robot can be stuck in the
pipeline by any reason during operation. In that case, the
robot needs to be taken out of the pipeline by using some
retrieval function. The concept of clutch is a good solution for
realization of the retrieval function. There are two types of
clutch; mechanical clutch and magnetic clutch. Usually, the
mechanical clutch guarantees a strong power, but it is usually
large-sized, heavy, and has a complex structure. On the
contrary, the magnetic clutch is relatively small-sized, light,
and has a simple structure, but it has a limitation in power.

Chang, et al [13] designed a piezoelectric clutch
mechanism, which contains a driving member connected to a
DC motor and a driven member connected to a mechanical
load. Mackawa, et al. [14] developed a non-contact
load-responsive transmission. The absence of mechanical
friction at the non-contact magnetic clutch resolves the
problem concerning the wear and maintenance, the shock
while switching the clutch is greatly reduced, and the actuator
is protected from overloads by slippage at the magnetic clutch.
Roh, ef al. [15] employed a magnetic brake to connect or
disconnect a power between the motor and the driving wheel
mechanism. However, commonly such magnetic type clutch
mechanisms are still too large and complex to apply to
small-sized robots with less than 100mm diameter. Also the
magnetic type has limitation in firm gripping.

In this paper, we introduce a new differential-drive type
pipeline inspection robot with a compact-sized linkage-type
mechanical clutch for 100 mm pipelines. The robot
mechanism is designed using a parallel linkage so that it can
provide two functions; the foldable characteristic and
mechanical clutch. The foldable characteristic allows
adaptation of the wheel mechanism to the wall inside the
pipeline. The mechanical clutch function can be also realized
by a parallel linkage design. This mechanical clutch is
different from the typical large-sized mechanical clutch using
two plates. Section II introduces the characteristics of the
robot system. The kinematic analysis is presented in section
III. We show the validity of this robot system by both
simulation and experimentation in section IV. Lastly, we
draw conclusion.

II. CHARACTERISTICS OF ROBOT

A. The whole system and robot device

The robot system shown in the Fig. 1 consists of a control
box and a robot device. Using the modularity, the robot
device is separable from the control box.

The robot device consists of a main body, three wheel
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chains, and three clutch wheel parts as shown in Fig. 2. The
length of robot is 80mm and the exterior diameter is 100mm.
Realization of the retrieval function through the mechanical
linkage design is meaningful, because it removes the
disadvantages of magnetic brakes such as slippage, limited
power transmission, and limited size.

Fig. 1. The pipeline inspection robot system with a mechanical clutch.

This robot mechanism can be operated in two different
modes; driving mode and retrieval mode. The driving mode
represents that the robot is in motion, and the retrieval mode
implies the state of retrieving the robot to the entrance
location.

‘Wheel chain

Main axis
drive motor

Main body ‘Wheel drive motor
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lighting device
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Fig. 2. The whole structure of the pipeline inspection robot system with a
mechanical clutch : (a) The 3D model, (b) The developed robot.

For realization of both modes, we drive the robot device
using three wheel drive motors and one main axis drive motor
as shown in Fig. 2. Using the three wheel drive motors, we
can control the forward and backward movement and the
steering motion at the elbow. Switching from one mode to

another can be made by using the main axis drive motor.

B. The main body

As shown in Fig. 3, the main body consists of two nuts, two
key sliders, two compression springs, and an axis drive motor.
The nuts transfer power to each side of the main axis, the key
slider slides along a groove of the nut and it is connected to
the linkage of the wheel chain. The compression spring
adapts to change of the outer diameter of the wheel chain.
This design allows a foldable characteristic of the robot body.
The main axis consists of a spur gear in the middle, a
left-handed screw, and a right-handed screw. The power of
the main axis drive motor is transferred to the main axis
through the spur gear. The change of mode can be made by
the main axis drive motor. Rotation of the main axis yields the
translational motion of the screws. That results in
displacement of the nuts as well as the key sliders at the same
time.

| Left-handed nut | [ Right-handed nut |

Rear key slider

Front key slider

[‘ Left—h\anded screw ‘ | Spu; gear | [ Right-han:ied screw q
Main axis

Fig. 3. The structure of the main body.

C. The wheel chain and clutch part

The left end of the main axis is connected to the clutch
wheel part at the distal location of the screw. The wheel chain
consists of a parallel linkage, a wheel drive motor (6 ¢), an
active wheel, and an idle wheel. As shown in Fig. 2 and Fig. 4,

each wheel chain is linked to the clutch part.
‘ Clutch wheel ‘

‘ Active wheel | | Driving motor ‘ ‘ Idle wheel ‘

|<—| Parallel linkage

* 5-bar mechanism : E

* 4-bar mechanism :

Fig. 4. The structure of the wheel chain and the clutch wheel.
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The wheel drive motor drives the active wheel through a
bevel gear power transmission. The clutch part consists of a
clutch wheel and a linkage that connects the clutch wheel to
the main axis. The clutch wheel is also an idle wheel. As
shown in Fig. 6, the wheel chain is linked to the main axis by
using four- and five-bar mechanisms. A parallelogram
mechanism is employed to keep a horizontal posture of the
wheel chain. The motion of the wheel chain is coupled to the
motion of the clutch wheel through a four-bar that connects
the main axis to the upper part of the wheel chain.

D. Driving and retrieval modes of the robot device

When the robot is being inserted into a pipeline, the outer
diameter of the robot is adjusted by using the main axis drive
motor. Fig. 5(a) denotes the state that the robot is being
inserted into the pipeline in the driving mode, where two nuts
are located in the middle. When the wheel of the robot passes
through an irregular surface or a small bumper inside the
pipeline, an external force is applied to the wheel chain. As a
result, the key sliders connected to the wheel chain behave
like Fig. 5(b). Compression springs located at both sides of
the main axis play the role of shock absorption. When the
robot goes over the bumper part, the key slider goes back to
the state of Fig. 5(a) due to the restoring force of the
compression spring.

Fig. 5. The driving mode.

Fig. 6 shows the retrieval mode. Activating the main axis
drive motor, the initial configuration of the main axis is set up
as this configuration where the two nuts are farther apart. As a
result, the driving wheels of the three wheel chains lose
contact with the wall of the pipeline. On the contrary, the
passive wheel of each wheel chain gains a contact with the
wall. Thus, the robot can be retrieved from the pipeline by
pulling a wire connected to the rear side of the robot. Fig. 7
and Fig. 8 detail such behavior.

« External force :
* Spring force : ==)

« Input force : mmyy

(a)
Fig. 6. The retrieval mode.
The driving mode is enabled when the active wheel of the

wheel chain is located at the outer position as compared to
position of the clutch wheel as shown in the Fig. 7(a). In this

mode, the robot can move because the active wheel driven by
a motor contacts the inner surface of the pipeline. On the
contrary, in Fig. 7(b), the driving mode is switched to the
retrieval mode when the active wheel is located at the inner
position. In this mode, the (passive) clutch wheel contacts the
inner surface of the pipeline. Thus, a contact line between two
idle wheels is formed. As a result, retrieval of the robot can be
achieved. Moreover, if the power of the robot system is
suddenly off, the mode is automatically changed to the
retrieval mode due to the lower gear ratio of the axis drive
motor that supports the external load exerted on the wheels.
Thus, retrieval of the robot can be made easily.

‘ Clutch wheel ‘ ‘ Active wheel ‘ Idle wheel ‘

« Contact line: — — -

« Pipeline surface :

Fig. 7. The pipeline inspection robot system with a mechanical clutch : (a)
driving mode, (b) clutch mode.

III. THE KINEMATICS OF MECHANISM

In this section, the positions of the clutch wheel, the active
wheel, and the idle wheel will be derived in order to show the
behavior of the clutch with respect to the input d,, caused by

the main axis drive motor.

The wheel chain and clutch wheel parts can be represented
as Fig. 8. Each wheel chain consists of two four-bar
mechanisms and one five-bar mechanism. A four-bar
mechanism consists of four revolute joints. The five-bar
mechanism consists of four revolute joints and one prismatic
joint. When applying an external force on the outer wheels,
the height of wheel chain d, is changed.

The center point p,, of the main axis is stationary and the
angle , between the main axis and a link of five-bar can

calculated by using the law of cosine.

Main axis
(@) ®)

Fig. 8. The schematic diagram of working mode : (a) driving mode (b)

retrieval mode.

Using the notation in Fig. 9, the law of cosines states that
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¢t =a*+b* -2abcosy,, (1

2y o bh and c=va*-p".

where p= 2 g = ,
2 (1, +b)

Rearranging (1) gives

2 2 2
—cos” (T ¢ 2
v, =cos” ( oy ). (2)
The height d, of the wheel chain is given by
d, =1l siny,, (3)
where v/ =7-y,.
le
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Fig. 9. The schematic diagram of the wheel chain.
In Fig. 10, the position of p,, is given as
'xpm = lml + dln > ypm = lm2 (4)

and the position p,, is given as

x, =x, =l cosy,,y, =y, +d, Q)

Also the position of p, (i.e., position of the driving

wheel) is given as

X =
Pey Py

_lwl’ ypCl = ypw +lw3' (6)

= ./

dln

d,
Fig. 10. The schematic diagram of the wheel chain and clutch wheel part.

The position analysis of the clutch wheel part is conducted
by using the DYAD analysis [16]. In Fig. 11, the known
parameters of 111 DYAD are [, and /

2

and the unknown
parameters of 111 DYAD are ¥, and v, .
The length D is given as
D=\(x, —x, V4, -, (7
and the angle 3 (i=1,2) can be expressed as

171, —(-1)'D?
B =a cos(%) (3)
and
a=tan"'(v/u), ©)]
where

u=1,cosy, -l ,cosy, =x, —x, (10)
v=I1,siny, —l,siny, =y, -y, .

The angles ¥, and ¥, can be expressed as

w. =a+TYPE(S), (i=1,2). (11)
Fig. 11. The analysis of the 111 DAYD.
The positions of p_,and p,, are given as
xpd = 0’ y/)d = lm3’ (12)
x, =x, +1,cosy,,
Pe2 Pe3 (1 3)

Vo, =V, +1,siny,.
InFig. 12, since ap, p.,p,, isaregular triangle, the position
of p., (i.e., position of the clutch wheel) is given as follows

’
x,, =x, +l,cosu,

" o, (14)
Yy, =V, tlysing,
where
y=180"—(B + B3,), (15)
¢ =180"~y,,
u=y=¢, 1= u+60 (16)

Fig. 12. The position analysis of the clutch wheel.

2853



Based on the above position analysis, the behavior of the
proposed kinematic model is tested through a numerical
simulation using Matlab. Fig. 13 shows the simulation result
of the wheel mechanism. When the input d,,is to the right,

the position ( p,,) of the clutch wheel moves up, while the

position ( p,,) of the wheel chain moves down. We can find

out the suitable parameters of the linkage by using this
kinematic simulation. Fig. 14 also shows the history of the

angles ¥, and ¥, with respect to d, for the D111 during

this motion.
1dle wheel
v
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v
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Fig. 13. The result of kinematic simulation.
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Fig. 14. History of ¥/, and ¥/, .

IV. IMPLEMENTATION

A. Controller

The robot controller consists of a control box and a robot
device as shown in the Fig. 15. The robot control is executed
by a serial communication. In this system, we use two MCUs
(Atmegal28). One MCU calculates the angular velocity of
the joystick interface and the linear velocity of the robot. The
other MCU calculates the motor speed by producing a PWM
signal. It can control all of the Micro DC motors. All the
motor drives and MCU are integrated in the control box.

The view of the pipeline is provided to the user by using a
Micro CMOS camera mounted in front of the robot body.
This module makes it possible to inspect the condition inside
the pipeline. The robot device equipped with a camera and a
lighting device are shown in the Fig. 15.

Main monitor

Robot device -

Fig. 15. The robot controller.

B. The robot device

The motors are embedded in the motor box of the wheel
mechanism. The peak torque is 17.5 mNm. The Maxon re 6
and GP 6A gear head are chosen for this robot. Table I
describes the specification of the motor and the gear head.

TABLEI
SPECIFICATION OF THE MOTOR(MAXON RE 6) AND THE GEARHEAD(GP 6A)

Specification Value
Diameter 6 mm
Nominal voltage 6v
Nominal speed 5320 rpm
Max. Continuous torque 0.321 mNm
Max. Continuous current 0.118 A
Gearhead reduction 221:1
Gearhead max. Continuous torque 30 mNm

Table II shows the specification of the robot. The length of
the robot module is 80mm and the exterior diameter of the
robot body changes from 90mm up to 110mm. The total
length of the robot device including the camera and the
lighting device is 122mm. And the weight of the robot is 189g.
In this paper, a pipeline with diameter of 100 mm is employed
as a test bed.

TABLEII
SPECIFICATION OF THE ROBOT
Specification Tbot-100
Weight of the robot module 189g
Motor diameter 6mm
Length of the robot module 80mm
Total length of the robot 122mm
(including camera and lightning module)
Exterior diameter 90-110mm
Linear speed 14cm/sec
Serial communication I5M

V. EXPERIMENTAL RESULTS

A pipeline consisting of 6 elbows is employed as a test bed.
The elbow is a commercial product. The total length of the
test bed is 3m. Fig. 16 shows the test bed for the
experimentation and Fig. 17 shows the driving and retrieval
modes of the robot. Fig. 18 demonstrates that the pipeline
inspection robot is able to go through several elbows and can
be also retrieved successfully as shown in the Fig. 19.
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Fig. 16. The test bed.

Thus, the performance of the proposed robot system could
be verified through this experimentation. The attached video
clip shows the experimental result.

VI. CONCLUSIONS AND FUTURE WORKS

We developed a new differential-drive type pipeline
inspection robot with a linkage-type mechanical clutch for
inspecting 100 mm pipelines. The behavior of the proposed
kinematic model is tested through a numerical simulation.
The performance of the proposed pipeline inspection robot
system was verified through a variety of experiment under a
test-bed environment. As the future work, optimal
parameterization for the compression spring, gear ratio of the
main axis drive motor, and kinematic dimension will be
conducted.
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Fig. 17. The experimental result : (a) driving mode, (b) clutch mode.
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Fig. 19. Retrieval of the robot.
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