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Abstract

This project proposes a development of robot using a movement of a worm. The robot

can move in 4 directions, turn left, turn right, go ahead and turn back. Moreover, the robot can

move in the pipe which has diameter between 9 and 11 centimeter.

The experimental results show that the robot can move effectively in the straight

direction. But the robot move slowly when the robot turn left, turn right and turn back.
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Abstract - This paper describes the running static analysis of
an in-pipe mobile robot using a wheel drive mechanism for
straight piping. The wheel mechanism, which is driven by
planetary gears and worm gears, can both drive the wheels and
press them against the pipe wall using only an actuator and
simple mechanisms. The relation among the size of the load,
carrier angle, and the pressing load against the pipe wall is
theoretically analyzed and experimentally examined. The
traction force of the robot is calculable with motor driving
torque, and the maximum traction force is estimated with no-
load driving torque of robot and torque constant of the motor.
From the running experiments by the prototype robot, which is
45mm in diameter and 130mm in length, the maximum traction
force was at least 20 times the weight of the robot.

Index Terms - In-pipe mobile robot, Planetary gears, Pressing
load, Wheel mechanism, Micro robot

I. INTRODUCTION

The inspection and maintenances system for muclear
powers plant and petrochemical plant are of great importance
for society. The narrow spaces, which a human cannot inspect
directly are inspected by an industrial endoscope and checked
by dismantling. However, it is anticipated that the advent of
the in-pipe mobile robots capable of running and inspection
will lead to automation of the inspection process and
improved efficiency. Some basic research on mobile robots
able to travel in pipes smaller than 2-inch diameter has been
reported. These examples are driven by wheels [1]- [2] or by
pneumatic actuators [3]-[4]. The wheel mechanism obtains
driving power by friction drive force to the pipe wall, and it
requires a mechanism that presses the wheels against the wall.
It is difficult to equip the robot with this pressed mechanism
owing to the restricted space and mechanisms employing
springs are extensively used. However, in these mechanisms
the pressed force to the wall of the wheel changes as the pipe
diameter changes, and there was a problem that the traction
force decreases when the pipe diameter becomes large.

The authors proposed a wheel drive mechanism using
planetary gears. This mechanism has a large pressing load
against the pipe wall and it can correspond to the change in
pipe diameter. This mechanism is used for a 2-inch mobile
robot combined with pneumatic actuators [5], and a 1l-inch
mobile robot combined with a flexible link made of rubber
[6]. The effectiveness of these robots in negotiating vertical
pipes and elbows has been confirmed experimentally.
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However, the running static analysis of an in-pipe mobile
robot using a wheel drive mechanism has not been examined.
In order to design an in-pipe mobile robot, a theoretical
analysis and experimental examination of the running static
analysis and driving torque of the wheel drive mechanism are
necessary. In this paper, we focus on the running static
analysis of the wheel drive mechanism for straight piping. It
was clarified that the traction force of this mechanism was at
least 10 times the weight of the robot.

II. DRIVING PRINCIPLE OF WHEEL DRIVE MECHANISM

A.  Configuration

The driving principle of the wheel drive mechanism is
shown schematically in Figure 1. The torque of the small
motor is converted into the friction drive power to the pipe
wall through the planetary gear mechanism and the wheels
and running in the pipe is achieved. The wheel drive
mechanism consists of an electromagnetic motor, a worm gear
and a planetary gear mechanism, and wheels are fixed to the
axis shared with the planetary gears. The sun gears and the
planetary gears are the helical gears. The electromagnetic
motor drives the worm gear and rotation of the worm gear is
transmitted to the sun gear. The planetary gear and the wheel
driven by the sun gear are supported by the carrier that rotates
around the sun gear, which makes it revolve around the sun
gear. Two planetary gears mesh with one sun gear and each
planetary gear is equipped with two wheels. A unit consisting
of this sun gear, the planetary gear, and the wheel composes a
wheel module, and the motor, the worm gear, and phural
wheel module arranged in circumferential direction are called
a wheel drive mechanism. The robot is composed of three or
four wheel modules usually.

B. Driving principle

The wheel drive mechanism is a structure such that the
wheel rotates when it wheel can revolve around the sun gear
and the revolution is locked. To drive the wheel drive
mechanism forward as shown in Figure 1, each gear rotates as
indicate in the figure. The planetary gear revolves around the
sun gear until the wheel touches the pipe wall. It moves to
rotate the wheel by generating the driving force between the
wheel and the pipe wall. The wheel drive mechanism moves
by pressing the rear wheels against the wall. The carrier angle
changes according to the change in the pipe diameter.
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Sun gear
(Herical gear)

Planet gear
(Herical gear)

Wheel Guide unit

Motor Link

Forward direction

Fig. 1. Structure of the wheel drive mechanism

Therefore, the wheel can touch the pipe wall at all times by
changing carrier angle in according to the change in the pipe
diameter. When the load acts in the opposite direction to the
forward direction, the moment acts on the carrier and the
wheel is pressed against the pipe wall. This moment acts on
the direction in which the angle of the carrier is enlarged.
Therefore, the pressing load against the pipe wall of the wheel
is controlled according to the axial load acting on the robot.

The wheels are fixed to the same shaft at the planetary
gear. The relationship between the angular velocity of the
wheel @y and the angular velocity of the motor @y, is obtained
as follows:

Py 1 Z_, ., )

wy, ZgZ,
where Zp and Z represent the tooth numbers of the planetary
gear and the sun gear, respectively. s, and up represent the
velocity ratio between the worm gear and the sun gear and
between the sun gear and the planetary gear, respectively.
Equation (1) leads to (2) by considering the energy
conservation:

Iw _Hc e )

T, Ug Up
where 7 and 7, represent the rotational torque of the wheel
and the torque of the motor, and 7, and 7 represent the
efficiency of the gear meshing between the worm gear and the
sun gear and between the sun gear and the planetary gear,
respectively.

III. RUNNING STATIC ANALYSIS

A model of the static analysis is shown in Figure 2. The
analysis model was assumed to be the planar model of 1/4 of
the wheel drive mechanism. The point B represents the fixed
point of the body and the planetary gear, the point G
represents the rotational center of the sun gear, the point C
represents the center of gravity of the carrier, and the point W
represents the rotational center of the wheel, and these

Body unit

4 B’FBLV

— > X

7 ‘Torque of sun gear

7, :Moment of body

@ :Angular velocity of sun gear
@y Angular velocity of wheel

A :Carrier angle

Fig. 2. Static analysis model of the wheel drive mechanism

coordinate values represent (xzys), (xg,Vo), (xcye), and
(xw.yw), respectively. A and / represent the angle and length of
the carrier, and r and rgrepresent the radius of the wheel and
the pitch circles of the sun gear, respectively. 75 and wg
represent the driving torque and angular velocity of the sun
gear, respectively.

When the load L acts on the body, the forces acting on the
wheel mechanism are defined as shown in Figure 2. P, and P,
represent the forces in the x direction and the y direction
acting on the contact point of the wheel and the pipe wall. Fy,,
and Fy, represent the forces in the x direction and the y
direction acting on the rotational center of the wheel; and F -
and F¢, represent the forces in the x direction and the y
direction acting on the carrier in the supported point of the
carrier and the sun gear; and Fi, and Fg,, represent the forces
in the x direction and the y direction acting on the sun gear in
the supported point of the carrier and the sun gear. Fy y
represents the forces in the y direction acting on the body; 7,
represents the moment of the body; and Fr represents the
forces in the tangential direction acting on the sun gear and
the planetary gear. m; and I5 represent the mass and moment
of inertia of the body, and mg and I represent the mass and
moment of inertia of the sun gear; my and I represent the
mass and moment of inertia of the wheel; and m. and I
represent the mass and moment of inertia of the carrier.

When the wheel drive mechanism moves, the motion
equation of the body, the sun gear, the carrier, and the wheel
is calculated as follows:
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mpXy=—Fg, —F, —L

mpyy=Fy, ~F; —F. =0

146, =1, —t6+b(=F; ,— F. )+ a(-F; ,—F. ) =0
meXe=F. —F,,

Meye=Fe,—Fy,

I.A=1,F. C,~L,F. S, + L,F, ,C,—1,F,
mgig=F; —F,S,

mgye =Fg,+FC,

,xS). (3)

IGéG =75 —Firg

My X =FW,x+FTSi +P,
my, 3y, =Fw,y"FTC;. +Py
Iwéw =—F(I-r5)+n, P,

where X,y , and ) represent the subscript of the acceleration
in the x direction and the y direction, and the acceleration of y
element, and angular acceleration in the center of gravity. A
represents the angular acceleration around the point G of the
carrier. a and b represent the length between point B and C in
the x direction and the y direction, respectively. S;, C; and /,
represent S, = sind, C; = cos4, and /, = //2, respectively.

As shown in Figure 4, the relationship between the sun
gear and the wheel is obtained as follows:

A8, =15 A8, + 18,

" @)
w, =—% o, +[£G—+1Ji
¥ ¥

where rp represents the radius of the pitch circles of the
planetary gear; 46; and A0y represent the small displacement

of the sun gear and wheel, respectively; and A represents the
angular velocity of the carrier.

The wheel is assumed to move without slipping and (3) is
transformed to the following equations by using (4):

_FG,X_FC,X =L

—Fy,—Fe,+F;,=0

Tp—Tg—bFg, —aF; ,—bF, — aFC,y =0
Fo,—F,,=0

F,-F,=0
—I,,Sch’x+I,,CAFC,y—IhS,_FW’x+I,,CAFW,y =0 (5)
F,,—-FS§,=0

F, ,+F.C,=0
To—=Frg=0

Fy +F.S, +P, =0
Fy,-FCi+P =0
—-rF+rP =0

X

The forces P, and P, are calculated as follows:

Fig. 3. Kinematics analysis model of planetary gear drive

P =L

’ ©)
P =L tan A+ (sinAtan A +cos 1)
Tp

The friction coefficient u; between the wheel and the
pipe wall is calculated as follows;

u,>L[P, @)
The torque of the sun gear 7 and the driving torque of the
wheel 7 are calculated as follows:

Ty =Fr, = r,:rG L (3)
P
Ty =Tg U2 Ly, ®
ue

IV. PROTOTYPE AND EXPERIMENTS

A.  Prototype designs

The prototype shown in Figure 4 was designed,
fabricated, and tested. The robot is 45mm in diameter, 130mm
in length, and 95g in weight. The worm is module 0.5, article
number 1, and addendum circle diameter 6mm. The sun gears
and the planetary gears of the wheel mechanism are used the
spur gears, and there module are both 0.5 and number of teeth
are 30 and 10, respectively. All gears used are made of
synthetic resins. The motor is a DC servomotor in which the
gear head and the encoder are fitted, and it is 14mm in
diameter, and 43mm in length. The motor characteristic is
torque constant of 229mNmV/A at the rated voltage of 6V. The
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wheels are coated by rubber, and they are 2.5mm in width and
9.7mm in diameter. The wheel used for the guide unit is a
structure composed of a ball bearing and it is pressed by the
helical torsion coil spring. The cable supplied to the motor
was fixed to the link and connected with the controller. Figure
5 shows the outline of the in-pipe mobile robot.

B.  Transmission efficiency of gear train

The transmission efficiency 7 of the worm gear and the
sun gear was measured. For this purpose, a torque
measurement device was used to apply the load with the
hysteresis brake. The sun gears use the spur gear and the
helical gear, and the gear dimensions, such as the module, the
number of teeth, and tooth pressure angle, were the same,
respectively. The spur gear and the helical gear are module
0.5, teeth number 30, 20 degrees in tooth pressure angle and
made of synthetic resins, and the relations between their
output torque and efficiency are shown in Figure 6. The
efficiency of the helical gear, 24%, was slightly higher than
that of the spur gear, 20%, respectively.

The transmission efficiency 7, of the sun gear and the
planetary gear was calculated from Reference [7]. And, it was
assumed 77p =0.95 from up =0.5 to up =3.

C. Basic running experiment

A constant load was applied to the in-pipe mobile robot,
and moving speed ¥ and moved distance D of the robot were
measured with the encoder for the measurement with a wire
and pulley. The angular velocity of the motor and the torque
of the motor are measured from the encoder with built-in
motor and from the current of the motor, respectively. The
measurement data was stored in a personal computer, and
processed.

The motor was driven by the speed control and the
running characteristic was examined in straight piping. When
the carrier angle of the wheel drive mechanism was changed
from 47 to 70 degrees, moving speed ¥, moved distance D of
the robot to load L, and the motor torque 73, were measured.
The moved distance of the reference was set at 100mm and
radius of the wheel to 4.7mm.

The relations between the load L and the moving speed ¥
and between the load L and the motor torque 7, are shown in
Figures 7 and 8, respectively. As the slipping of the wheel and
the elastic deformation of the wheel do not occur, and the
movement of the wheel is a rolling motion, moving speed of
the robot V'is

V=ryo,uu, (10)

The broken line in Figure 7 is plotted by using the value of the
angular velocity of the motor obtained in the experiment and
(10). The moving speed is constant regardless of the size of
the load. Considering the energy conservation, equation (10)
leads to (11) :

@, =LV + F,V an

where F), represent the equivalent force of loss resistance. Equation
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40
—a&— Helical gear
359 —A— Spur gear
30+
x
25 7 . R
2 204 A
é 20 ¥ /A A A—A
2
E 15—-
10+
54
0 T

T T T T T T T
0 50 100 150 200 250 300 350 400
Output Torque  mNm

Fig. 6 The efficiency between worm and sun gear



qw=23raWs

4+ o i=60°
o A=47
A 2=T70°

Speed ¥ mm/s

(=3

10 12 14

T T T
0 2 4 6 8
Load L N

Fig. 7 Relations between load and speed of mobile robot
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Fig. 8 Relations between load and motor torque of mobile robot

(11) is transformed to the following equations.
Ve @

Ty
2" Dy

As a result from the slope and the intercept of (12) calculated
from Figure 8, the intercept is 46.1mNm, and force of loss
resistance Fp=23mNm. Driving torque of the wheel is
calculated from Figure 12 and (2). The result is shown in
Figure 9. The results calculated by (9) are in good agreement
with the experimental results.

D. The pressing load against the pipe wall

The strain gauge was bonded at four places as shown in
Figure 10 on the outer side in the acrylic piping. And, the
pressing load against the pipe wall was measured from the
output of those gauges. The strain gauge bonded to the
position of SG1 and SG3, and composed the bridge circuit.
The output signals were measured through the amplifier
device. The calibration of the strain gauge is calculated by the

100
a)M=23md/s
= 80 a i=60°
Z | O a=4T
= & a=70
w* 60 Calculation
L
&
g
2 40
‘o
-
8 u}
£ 204 8
0 T T T T T T T T T
0 2 4 6 8 10 12 14
Load L N

Fig. 9 Relations between load and wheel drive torque of mobile robot

5G3 : _SG3

SG1

Fig. 10 Measurement of pressing load

stress at point SG1 and at SG3 by using the finite element
method analysis as shown in Figure 15, in the case of one-
point concentrated load acting and in the case of four-point
concentrated load acting on the pipe wall. And the relation
between the load and the gauge output voltages is measured
by the experiment in the case of one-point concentrated load
acting on the pipe wall. The calibration factor of the strain
gauge was decided in the case of four-point concentrated load
acting on the pipe wall.

The wheels of the robot passed over the positions of the
strain gauge. Figure 11 shows the experimental and calculated
characteristics of the pressing load against the pipe wall. The
pressing load is proportional to the load and the carrier
rotational angle. And the results calculated by (6) are in good
agreement with the experimental results. The pressing load is
a function of the carrier rotational angle and the load, and

3650



these are unrelated to the motor torque. The moving velocity
of the robot doesn't drop the pressing load becomes 80 times
the weight of the robot.

E.  The maximum traction force

The maximum traction force of the robot is the impellent
force generated by the wheels and this is equivalent with load
L. The relationship between the motor torque and the traction
force of robot Fj is calculated as follows:

Fo=Tc1r I "o a3)
Ug Up Y

where 7, represent the no-load driving torque of the motor,
which is the intercept of (12). Figure 12 shows the
relationship between the motor torque and the traction force of
robot with the carrier angle A = 60°. The results calculated by
(13) are in good agreement with the experimental results.
With the prototype robot, which is 45mm in diameter and
130mm in length, the maximum traction of 20N is obtained at
moving velocity of 10.1mm/s, and the value was at least 20
times the weight of the robot.

The specifications and characteristics of the prototype are
shown in Table 1.

V. CONCLUSIONS

The characteristics of an in-pipe mobile robot using a
wheel drive mechanism for straight piping were theoretically
analyzed and experimentally examined. As a result, the
following results were achieved:

(1) The relation among the size of the load, carrier angle, and
the pressing load against the pipe wall is theoretically
analyzed and experimentally examined.

(2) The traction force of the robot is calculable with motor
driving torque, and the maximum traction force is estimated
with no-load driving torque of the robot and torque constant
of the motor.

(3) From the running experiments performed with the
prototype robot, which is 45mm in diameter and 130mm in
length, the maximum traction force was at least 20 times the
weight of the robot.

REFERENCES

[1] S. Hirose, H. Ohno, T. Mitsui, K. Suyama, “Design of in-pipe inspection
vehicles for 25, 50, @150 pipes”, Proc. of IEEE Int. conf. on Robotics
and Automation, 1999, pp 2309-2314.

[2] L. Hayashi, N. Iwatsuki ,S. Iwashina, “The Running Characteristics of a
Screw-Princile Microrobot in a Small Pipe”, Proc. of Sixth Int.
Symposium on Micro Machine and Human Science, 1995, pp. 225-228.

[3] M. Takahashi, I. Hayashi, N. Iwatsuki, K. Suzumori, N. Ohki, “The
Development of an In-Pipe Microrobot Applying the Motion of an
Earthworm”, Proc. of Fifth Int. Symposium on Micro Machine and
Human Science, 1994, pp. 41-45.

[4] M. Ono, T. Hamano, and S. Kato, “Development of an In-pipe Inspection
Robot Movable for a Long Distance”, Proc. of First Asian Conference on
Multibody Dynamics, 2002,pp. 255- 258.

3651

120

1004 = o

Calculation
A Experiment

P N
;
L=a) o0
o o
1, ]
a
> I
I -
[} <
=y 3
2

Pressing load

N
<
1

[
(=4
)

L L L A I | T 1T 1 T 7T
2 3 4 5 6 17 9 10 11 12 13 14

T
8
Load L N

Fig. 11 Relations between load and pressing load

w
<

@, =23rad/s
Calculation
" A=60°

— Pt (&) N

o [ S G

) 1 ) I
|}

Traction force (L) N

n
1
n

0 T T T T T M T T T
0 20 40 60 80 100 120

Motor torque 7, mNm

Fig. 12 Traction force of mobile robot

Table 1 Specification of prototype

Application piping (mm) 48
Robot size Diarneter (mm) 45
Length (mm) 130
. Diameter (mm) 14
Motor size Length (mm) 26
Wheel diameter (mm) 9.4
Running speed (mny/s) 11
Traction force (N) 20

[5] K. Suzumori and T. Abe, “Applying Flexible Microactuators to Pipeline
Inspection Robots”, Trans. of the IMACS/SICE International Symposium
on Robotics and Manufacturing Systems, 1993, pp515-520.

[6] K. Suzumori, T. Miyagawa, M. Kimura, Y. Hasegawa, “Micro Inspection
Robot for 1-in Pipes”, IEEE/ASME Transactions on Mechatronics, 1999,
pp. 286-292.

[7] M. Morozumi, “Theory and design calculation method of planetary gears
and differential gears”, NIKKAN KOGYO SHIMBUN,LTD, 1989, in
Japanese.





