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Abstract: Since 1965, the sewerage system development have
been promoted in Japan, but as the number of management
facilities has increased, the number of facilities that have been
used for a long time has also increased, and nowadays, they are
too old for daily operation. Because of this problem, the
maintenance of drainage and sewer pipes have been carried out
continuously. However, in-pipe inspection has a wide inspection
range and is a harsh task for operating personnel, which leads to
actively-performed inspections using robotsin recent years. Under
the circumstances mentioned above, the stand-alone type of robot,
which can inspect piping by itself, is becoming the mainstream at
present. We have focused on the capability of embedding
downsized yet high performance PCs and sensors. In recent years,
we have been studying and developing robots with those
capabilities on board for piping inspection. However, for the
inspection using the robot, there is always the risk that the robot
itself tips over due to the undulation of the pipe joint and the slip
caused by sludge. Therefore, we devised a self-position estimation
in absolute coordinates using only an accelerometer in order to
achieve highly accurate straight-ahead control for preventing tip
over as a software approach without relying on hardware
approach such astire replacement or similar methods. Currently,
we are in the stage of verifying this self-position estimation, and
for that purpose, we need an instrument for measuring the
position of the robot. Therefore, in this paper, we propose the
structure of the measuring instrument that does not significantly
disturb the driving of the robot due to the disturbance caused via
the connection part of the piping inspection robot and the
measuring instrument. In addition, as a result of experiments,
even in the initial state where the accuracy of the measuring
instrument is not calibrated, the average trandation error is
within 0.58 mm, the average angle error iswithin 0.12 degree, the
standard deviation of the translation error iswithin 0.86 mm, and
the standard deviation of theangleerror iswithin 2.67 degree. Itis
shown that it can be used for verification of the robot.

Keywords: Measuring I nstrument, Contact Type, Exploration
Robot, Localization, Water Pipe

I. INTRODUCTION

Snce 1965, sewerage systems development has been

promoted in Japan, but as the number of management
facilities has increased, the number of facilities that have
been used for along time has aso increased, and nowadays
they are too old for daily operation. The standard service life
of asewer pipeis 50 years, and the risk of the road collapse
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increases 30 years after the pipe is laid. Therefore, the
maintenance of drainage is a harsh task for operating
personnel, which leads to actively-performed inspections
using robots [1].

In atypical piping inspection robot, a carrier for operation
is installed near the manhole, and only the self-propelled
vehicle, which is the main body of the robot and tethered to
the carrier, is put into the piping, and operated remotely. With
this method, not only can the weight of the robot body be
reduced by mounting only the minimum functions required
for driving, excluding the control unit and power supply unit,
on the self-propelled vehicle, but also can be controlled and
monitored by the operator on the ground, which enables the
operator to react to the unforeseen circumstances
immediately. On the other hand, it requires alot of labor and
cost, such as securing a place to install a carrier and securing
personnel for wide-area intrusion regulation at the time of
inspection. Furthermore, sincethe entire system islarge-scale,
it isnecessary to secure enough funding for running costsand
personnel for maintenance.

Therefore, the stand-alone type, which can inspect piping
by itself, is becoming the mainstream at present. Its type is
inexpensive and is easy to carry, so it has the great feature of
being able to inspect multiple pipes at the same time. This
type of robots has been developed all over the world, but
since the standard pipe diameter outside Japan is 200 mm or
more, it cannot be used for pipes with a diameter of 150 mm,
which are required to be inspected in Japan. In Japan,
athough many studies and development of this type of robot
have been widely carried out, there are till few of them that
can be used for Japanese standard diameter regardless of
where they are made [2]-[5]. Under these circumstances, we
have focused on the capability of embedding downsized yet
high performance PCs and sensors. In recent years, we have
been studying and developing robots with those capabilities
on board for piping inspection. With particular emphasis on
reducing the burden on inspectors, we have aimed to put into
practical use acompact and easy-to-carry autonomous piping
inspection robot that utilizes the know-how of rescue robots
that we have developed so far [6]-[13]. In the process of
studies, we devised the idea to develop a modular-type robot
that can be assembled without screws for the purpose of
improving maintainability, which was inspired by the “secret
box,” which is one of the traditional Japanese crafts “Hakone
wooden mosaic work.” [14] Apart from this, for the
inspection using the robot, there is always the risk that the
robot itself tips over due to the undulation of the pipe joint
and the dlips caused by sludge.
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With the remote-control method via a cable, as mentioned
above, the state of the robot is constantly controlled and
monitored through the monitor, enabling the operator to
immediately respond to unexpected situationsincluding falls.
On the other hand, in the stand-alone type, it is necessary to
equip the robot body with all the functions, and not only the
ingpection process but also the preventive system for
avoiding thetip over must beincorporatedintoit. Asaway to
prevent this tip over, conventiona pipe inspection robots
have adopted atire replacement or similar hardware approach
as a method of matching the size of the robot body to the
diameter of inspected pipes. However, this approach not only
requires time for replacing tires before and after inspection
due to hardware changes, but also has many problems such as
damage or loss when changing parts, transportation of tools
used for necessary changes, and cost of the changed parts
themselves. Therefore, we decided to aim for highly accurate
straight-ahead control for preventing tip over as software
approach without relying on tire replacement or similar
hardware-based methods. In order to realize this control,
highly accurate self-position estimation is critical. Under
normal circumstances, the estimation is possible using
accelerometers, gyro sensors, and geomagnetic sensors.
However, in the underground piping like this time, the robot
body is easy to dip and the magnetic field is strong, so there
are many situations where the gyro sensor and geomagnetic
sensor are unreliable. Therefore, in order to avoid unexpected
dips or tip-over, or to perform zero position correction by
resetting the robot, we devised a self-position estimation in
absolute coordinates using only an accelerometer [15].

Currently, we are in the stage of verifying this estimation,
and equipment for measuring the position of the robot is
needed for that purpose. However, in order to measure the
position and posture in a pipe, a three-dimensional position
measuring instrument, which is expensive and large-scale, is
required. Therefore, we decided to develop an inexpensive
and highly accurate three-dimensional position measuring
instrument for piping inspection robots. Three-dimensiona
position measuring instruments are roughly divided into
non-contact type and contact type. The non-contact type hasa
wide measurement range and does not cause disturbance to
target objects, but the accuracy is lower than that of the
contact type. In addition, since it does not physically touch
the target object, it is not damaged easily and can be used for
any target regardless of its materials. On the other hand, since
the contact type directly touches the target object, the
measurement result is accurate and reliable. However, in
addition to the disadvantages mentioned above compared to
the non-contact type, the contact type can be more complex in
terms of the structure, and physically less durable with many
comparative parts, making the system itself more complex.
For this reason, we have developed a non-contact
three-dimensional position measuring instrument using
ARToolKit [16]. This measuring instrument was
three-dimensionally calibrated by a virtua 9-axis
manipulator considering the tilt errors caused by hardware
installation and machining. As a result, we succeeded in
greatly improving the measurement accuracy, but due to
problems such as cameraresol ution, we could not achieve the
accuracy in the depth direction, which isthe z-axis [17]-[18].

Therefore, in this paper, we propose the structure of the
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measuring instrument that does not significantly disturb the
driving of the robot due to the disturbance caused via the
connection part of the piping inspection robot and the
measuring instrument. In addition, the details of the
measuring instrument for verifying the robot are described,
focusing on its structure. Finally, the accuracy verification
results of the measuring instrument obtained by the
experiment are also described.

[I. THECONTACT-TYPE THREE-DIMENSIONAL
POSITION MEASURING INSTRUMENT

To verify apipeinspection robot, the test field using a pipe
cut in half as shown in Figure 1 is used. The contact type
three-dimensional position measuring instrument is hung
directly above the piping, which isthetest field. The specific
structure and system configuration of the measuring
instrument are shown below.

Fig. 1 The Test Field for Verification of a Piping
I nspection Robot

A. Structureof the Measuring Instrument

Figure 2 shows the appearance of the measuring
instrument. The measuring instrument is hung from the upper
part of the carrier by a frame, and as shown in Figure 3, a
6-axis stage for verifying the accuracy of the measuring
instrument is attached to the lower part. The measuring
instrument has six encoders attached to each joint. As shown
inthelink structure in Figure 4, each joint is designated as J,
toJg in order from the mounting frame. J,, J, and J, to J,
are rotary joints, whileJ; is atrandational joint. The reason
why J; is a trandational joint is not only to have sufficient
displacement of the measuring instrument in the height
direction, but also to realize aspecial structurethat eliminates
the disturbance described later.

Fig. 2 Exterior of the Contact Type Three-dimensional
Position Measuring I nstrument
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Jy-J¢ : the position of each joint

P : the position of the end effector

81,64 0484 i €, t0 B¢excluding #4 each
indicates the rotation angles
for J, to Jg excluding J3 [rad]

dy : d3 indicates the displacement
for J; |m|

1l : I3 indicates the initial link length
for J; m]

I : link length of the end effector [m]

#¢ The joint pair of J; and J, shares the same axis,
so do the another joint pair of J4, J5 and Jg,
which leads to there is no link length between
each joint pair.

Fig. 4 Link Structure of the Measuring Instrument

There are two types of disturbance that the measuring
instrument gives through the connection part of the robot:
“the weight of the measuring instrument on the robot” and
“the moment of inertia around the tip of the measuring
instrument that is the connection part between the measuring
instrument and the robot.” As a matter of fact, as long as the
measuring instrument touches the robot, the disturbance on
the robot cannot be set to zero. However, in the verification of
the robot, the disturbance can be ignored if it is reduced to the
extent that it does not affect the driving of the robot, making
the disturbance sufficiently small with respect to the torque
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generated by the robot. The structure that reduces the
disturbance in terms of hardware is described below.

1. The Weight of the Measuring Instrument on the
Robot

Thereisaconstraint that the measuring instrument must be
hung from directly above the test field in order to verify the
robot. By the method of turning this constraint into the
advantage, the weight of the measuring instrument on the
robot can be set as much closer as possible to zero.

As shown in Figure 5, a mounting frame is installed to
hang the measuring instrument. If the measuring instrument
isfloating in the air not connected to the robot, the mounting
frame takesthe weight of the measuring instrument. However,
the measuring instrument is put on the robot on the ground,
and the weight of the measuring instrument isall taken on the
robot.

o \: -~ pulley

| G )

ﬂ second link

Lo/ I
Fig. 5 The Mounting Part of the Measuring I nstrument

Therefore, even when the measuring instrument and the robot
are connected, this problem can be solved if the structure is
such that the weight of the measuring instrument is always
taken to the mounting frame. The second link attached to the
second joint is mostly composed of linear guides, and a
pulley is attached to the upper part (Fig. 5). Thethird link and
aweight are hung from this pulley with awire. Thethird link
is connected to the tip of the measuring instrument, and the
weight is adjusted and attached so that it has the same mass,
enabling the third link to be stopped at any place without
being affected by gravity. In other words, since twice the
mass from the third link to the tip of the measuring
instrument istaken to the mounting frame viathe second joint,
the robot itself does not theoretically take the weight of the
measuring instrument itself. However, in redity, the
measuring instrument has a hardware error, creating some
weight applied to the robot. However, as mentioned above,
the disturbance is sufficiently small with respect to the torque
generated by the robot, creating no significant effect on
running.

2. The Moment of Inertia around the Connection Part
between the Measuring I nstrument and the Robot

The moment of inertia around the connection between the
measuring instrument and the robot is greatly affected by the
moment of inertiaaround each joint.
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Here, if the moment of inertia when rotating around the axis
passing through the center of gravity of the object is defined
as I,., the distance between the axis of rotation and the axis of
the center of gravity of the object is defined as#, and the
mass of the object is defined as M, From the paralel axis
theorem, the moment of inertia 7 around the axis of rotationis
given by Eq. (1).

[ = L+M#i 1)

Therefore, in order to minimize the moment of inertiaaround
the connection between the measuring instrument and the
robot, the distance between the rotation axis of each joint and
the center of gravity axis of each object should be set to zero.
In other words, the axis of rotation of each joint and the axis
of the center of gravity of the object are aligned. For that
purpose, it is advisable to design while adjusting the balance
up to the second joint while providing the weight balances
(the counter balances) so that the rotation axes and the center
of gravity of the links match in order from the sixth joint.
When doing this, after roughly adjusting the mass on the 3D
CAD software, the parts are manufactured in order from the
sixth joint. Furthermore, efficient processing can be
performed by actually weighing and then scraping the partsto
adjust the mass.

B. System Configuration

Figure 6 shows the entire system, and Figure 7 shows the
control circuit. STK-7125 manufactured by Alpha Project
Co., Ltd. is used to acquire the encoder. In addition, the
company's STK-7125EVB, which is the debug evaluation
board for STK-7125, is used to assist in writing programs to
STK-7125. UN-2000 and DX-025 from Mutoh Industries,
Ltd. are used as encoders, and the rotation angles are
measured from the difference between A phase and B phase
in the phase counting mode after connecting to STK-7125 by
open collectors. After that, the encoder values obtained by
STK-7125 are transferred to the iPad via BLE. Finally, each
joint angle is derived and accumulated from the encoder
values on the iPad, and the position and posture of the robot
are calculated based on the data (Figure 8). The calculation of
the robot's position and posture is described in detail in the
next chapter.

E

UN-200: 4,

]

UN-200: ﬂ b)

STK-7T125X3

[

UN-200:
L HARDWARE ]

I—CIRCUIT—E—

DX-025: dy [
| STK-TI2SEVBX3 NTSE{;lF‘?Eng o
SG206 - 3
]l — '
UN200: 4, BLE-UART
| CONVERSION
UN-200: 65 | BOARD X3

IPAD

Fig. 6 Schematic Diagram of the System
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Fig. 8 An Example of the Position and Postur e Display
Screen

[11. MEASUREMENT THEORY

From Fig. 4, trandational and rotational movements are
performed around the y-axis, around the x-axis, the z-axis
direction, around the x-axis, around the y-axis, and around
the z-axis from the first joint to the sixth joint, respectively.
Therefore, the position and posture of thetip of the measuring
instrument can be expressed by Eg. (2) using the
homogeneous transformation matrix of forward kinematics.
Here, since the measuring instrument is hung from the frame,
theinitial valueisthe state of « rad rotation around the y-axis
at the origin. Therefore, the first joint angleis 6,+x [rad].

Next, we consider how to attach the robot to be measured.
The robot is mounted with the tip of the measuring
instrument rotated by —n/2 rad around the y-axis. Therefore,
the position and posture of the robot is expressed by Eqg. (3).
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cos(0;tm) 0 sin(6,+m) O0]f1 0 0 Offr o o o0
0 1 0 0/]10 cosf, -sinf, 0]|10 1 O 0
-sin(@;+1) 0 cos(f;+n) Of|0 sinf, cosd, O[]0 0 1 di+h
0 0 0 1110 0 0 1o o0 0 1
1 0 0 0][cosfs O sinfs O0][cosfs -sinfg 0 O
0 cos#, -sinf, O 0 1 0 0]|sindgy cosby 0 O
0 sind, cosd; Of|-sinfds 0O costs 0O 0 0 1
0 0 0 1 0 0 0 1 0 0 0 1
-cosf;cosfscosby cosfcosfssing -cosf;sinds -lcc0s6|sinfs
-sind; sin(6,+6,)sinb, -sind; sin(6,+6,)cosb; -sinf; cos(0,+04)cosls  -lgsinb; cos(0,+6,)cos0s
+sind, cos(6,+60,)sinfscost  -sind; cos(6,+6,)sinbssinbg -(d5t+1;)sinf, cosb,
cos(6,+06,) sinb, cos(0,+6,) cosb, -sin(0,+6,)cosbs ~Lesin(6,+0,)cosOs
+sin(6,+6,)sinfscosbg -sin(6,+6,)sinfssinb -(d3tl3)sing, ©
sinf; cosfs;cosb, -sinf; cosfssinfg sinf;sinfs l¢siné, sinbs
-cosé;sin(6,+6,)sinbg -cosf;sin(6,+6,)cosbg -c0s0,cos(6,+0,)c0s0s  -lscosd cos(0,+0,)cosbs
+cosf, cos(6,160,)sinfscosfs  -cosh cos(6,+0,)sinbssinbg -(d3+l3)cosb;cosb,
0 0 0 1
cos(f,+n) 0 sin(6,+n) O0][1 0 0 Off1 0 0 0
0 1 0 0/]10 cosf, -sinf, 0]|10 1 O 0
-sin(6;+n) 0 cos(f;+n) Of|0 sinf, cosd, O[]0 0 1 d3+h
0 0 0 1110 0 0 1o o o 1
T LT
1 0 0  0][cosfs O sinds O][cosfs -sinfg 0 0 COS(-E) 0 Sm(-g) 0
0 cos#, -sinf, O 0 1 0 0]|sinds cosdy 0O O 0 1 0 0
0 sinf, cosf, Of[-sinfs 0 cosfs Off 0 0 1 sin(-f) 0 cos (_E) 0
0 0 0 1 0 0 0 1 0 0 0 1 2 2
0 0 0 1
-cos6;sinfs cosf; cosbssinb, cosf,cosbscosb, -lscos0;sinbs
-sind; cos(6,+6,)cosbs -sind; sin(0,+6,)cosb, +sind,; sin(6,+6,)sinbg ~Lgsind,cos(60,+0,)cos0s
-sinf; cos(6,16,)sinbssinfy  -sind; cos(6,+6,)sinfscosb, -(d3+l3)sinf,cosb,
-sin(6,+6,)cosbs cos(6,+6,) cosby -cos(6,+6,) sinfy ~Lesin(0,+0,)cos0s
_ -sin(60,+64)sinfssinby -sin(0,+6,)sinfscosby -(d5+15)sinb, ®)
sinf, sinfs -sinf| cosfssindg -sinf; cosfscosby lgsind; sinds
-c0sf;cos(6,+6,)cosOs -cosfsin(6,+6,)cosb, +cosd;sin(6,+6,)sinb, ~lsc0s0,cos(0,+0,)cosbs
-cosf;cos(6,+6,)sinfssindy  -cosf; cos(,+6,)sinfscosby -(d3+l3)cosf; cosb,
0 0 0 1

IV. ACCURACY VERIFICATION

The accuracy of the measuring instrument was verified using the 6-axis stage shown in Fig. 3. Inthelink structure shownin Fig.
4, the parameters of the manufactured measuring instrument are /; = 145.0 mm and /; = 42.5 mm, and the link structure of the

6-axis stage is shown in Figure 9.
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Fig. 9 Link Structure of the 6-axis Stage

Accuracy verification was performed for tranglation and rotation, respectively. In the verification in trandation, 27 patterns
of combinations of x=-20.0,0.0,20.0 mm, y=-20.0, 0.0, 20.0 mm, z=-373.0, -363.0, -353.0 mm, and a=f=7y=0.0
degree were performed for the point P (x, y, z, a, S, y). The rotation was verified using 27 combinations of x =y =z = 0.0 mm,
a=-15.0,0.0, 15.0 degree, 8 =-15.0, 0.0, 15.0 degree, and y = -15.0, 0.0, 15.0 deg. Theresults of each experiment are shown
in Table 1 and Table 2.

Table 1 Results of Accuracy Verification in Trandation

ideal value measured value error

X [mm] |y [mm] | z [ | a [deg] | A [deg] | y [deg] | x [mm] | y [mm] | z [mm] |« [deg] |/ [deg] | y [deg] | x [mm] |y [m] | z [m] | o [deg] | B [deg] | y [deg]
-20.00[ -20.00| -373.00 0.00] 0.00] 0.00f -20.10| -18.87| -373.04 0.18 000] -010f -0.10 113 -004 0.18] 0.00] -0.10f
-20.00| -20.00| -363.00 0.00] 0.00] 000 -20.17| -18.74| -363.07 027 0.00 -0.11 -0.17] 1.26 -0.07, 0.27 0.00] -0.114
-20.00] -20.00[ -353.00 0.00 0.00 000| -20.28| -18.89| -353.14 0.27, 000[ -006) -0.28 111  -0.14 0.27, 0.00[ -0.06)
0.00| -20.00( -373.00 0.00] 0.00] 0.00f -0.33] -1949| -372.99 0.00 009 -005 -0.33 0.51] 0.01 0.00] 0.09] -0.05
0.00] -20.00[ -363.00 0.00] 0.00] 0.00f -057] -19.37| -363.00 0.04] 009 -005( -057 0.63] 0.00] 0.04] 0.09] -0.05
0.00] -20.00[ -353.00 0.00] 0.00] 000f -059] -19.23| -353.10 0.09 0.13 000f -0.59 0.77]  -0.10 0.09 013 0.00
20.00] -20.00( -373.00 0.00 0.00 000| 1936 -19.92 -373.00 -0.18 018 -006)| -0.64 0.08 000[ -0.18 018  -0.06)
20.00[ -20.00| -363.00 0.00] 0.00] 0.00f 1925/ -19.77] -363.14| -0.09 022| -005 -0.75 023 -014 -0.09 022] -0.05
20.00[ -20.00| -353.00 0.00] 0.00] 0.00f 1937 -1961]| -35306| -0.05 022| -005f -063 039 -006] -0.05 022] -0.05
-20.00 0.00[ -373.00 0.00] 0.00] 0.00f -20.53 0.33| -373.02 0.09 000] -001f -053 033 -0.02 0.09 0.00] -0.01
-20.00 0.00| -363.00, 0.00 0.00 000]| -20.42 0.35 -363.09 0.13 000[ -001f -042 035 -0.09 0.13 000[ -0.04
-20.00 0.00| -353.00, 0.00 0.00 000]| -20.27 0.07| -353.02 0.09 000[ -001 -0.27 007 -002 0.09 000[ -0.0
0.00 0.00[ -373.00 0.00] 0.00] 0.00f -029] -0.29] -37299| -0.05 004 -004f -029] -0.29 001 -0.05 004 -0.04
0.00 0.00[ -363.00 0.00] 0.00] 000f -029] -0.29] -363.06| -0.05 004 000f -029] -029( -006[ -0.05 0.04] 0.00
0.00 0.00[ -353.00 0.00] 0.00] 000f -028 -0.28] -35305| -0.05 0.09 000f -028] -028( -005( -0.05 0.09 0.00
20.00 0.00| -373.00, 0.00 0.00 000| 1939 -069| -37298| -0.22 013 -006)f -061] -0.69 002 -022 013[  -0.06)
20.00 0.00| -363.00, 0.00 0.00 000| 1956 -064| -363.02| -0.08 0.13( -006f -044/ -064/ -002] -0.08] 013] -0.06
20.00 0.00[ -353.00 0.00] 0.00] 0.00f 1940| -090| -353.02| -0.22 018 -006f -060] -090[ -002[ -0.22 018| -0.06
-20.00[ 20.00| -373.00 0.00] 0.00] 0.00f -2050] 19.83| -373.06 004 -005 004 -050] -017[ -0.06 004, -005 0.044
-20.00[ 20.00| -363.00 0.00] 0.00] 0.00f -20.65| 19.71] -363.14 000] -004 005( -065] -029( -0.14 0.00] -0.04 0.05
-20.00] 20.00[ -353.00 0.00 0.00 000]| -2049[ 19.86| -353.09 004 -0.05 009 -049| -014 -0.09 004 -0.05 0.09
0.00] 20.00[ -373.00 0.00] 0.00] 0.00f -055/ 19.98| -373.00] -0.04] 0.05 000f -055] -0.02 0.00] -0.04 0.05 0.00
0.00] 20.00[ -363.00 0.00] 0.00] 0.00f -0.82] 1989 -36312| -0.04] 0.09 000f -082] -011f -012( -004 0.09 0.00
0.00] 20.00[ -353.00 0.00] 0.00] 000 -0.77] 19.72| -35314| -0.09 0.05 000f -0.77] -028( -0.14f -0.09 0.05 0.00
20.00[ 20.00| -373.00 0.00] 0.00] 000f 1914| 1966| -37311] -0.18 013| -006f -0.86 -0.34 -011f -0.18 013] -0.06
20.00] 20.00[ -363.00 0.00 0.00 000| 1932 1958 -363.25 -0.18 013( -006f -068 -042] -025| -0.18] 013[  -0.06)
20.00[ 20.00| -353.00 0.00] 0.00) 0.00f 1917] 1945| -353.22| -0.18 018| -006f -083] -055 -022[ -0.18 018| -0.06
average of error -0.52 0.05 -0.07 -0.02 0.08 -0.03
standard deviation of error 0.21 057 0.07 0.14] 0.08 0.04}
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Table 2 Results of Accuracy Verification in Rotation

ideal value measured value error
X[ |y [mm] | z [ | o [deg] | B [deg] | y [deg] || X [mm] |y [mm] | z[m] | « [deg] | A [deg] | y [deg] || x [mm] |y [mm] | z [mm] | « [deg] | B [deg] | y [deg]
0.00] 0.00| -37300| -1500( -15.00( -20.00| -0.75) -0.66| -372.79| -15.04| -14.87| -15.85 -0.75 -0.66] 021 -0.04] 013 4.15
0.00] 0.00] -373.00| -15.00( -15.00 0.00 -0.10] -0.19| -373.08| -1519| -14.75 384 -0.10 -0.19| -0.08| -0.19 025 3.84
0.00 0.00| -373.00] -1500( -1500( 20.00 0.06 0.89| -37314| -1470| -1479( 2367 0.06] 0.89 -0.14 0.30 0.21] 3.67]
0.00 0.00| -373.00 0.00[ -15.00] -20.00 -0.25 -0.23( -373.05 0.25| -15.07| -20.07| -0.25 -0.23 -0.05 0.25 -0.07 -0.07]
0.00 0.00| -373.00 0.00[ -15.00 0.00 -0.29 0.15( -373.08 057 -14.90, -0.04 -0.29 0.15 -0.08 0.57, 0.10, -0.04]
0.00 0.00| -373.00 0.00[ -15.00] 20.00 -0.41] 143| -373.10 087| -14.85 19.87] -0.41 1.43] -0.10 0.87, 0.15] -0.13]
0.00 0.00| -373.00 15.00( -15.00( -20.00 -0.06) 0.76| -373.04] 15.87| -14.06( -24.20| -0.06 0.76) -0.04 0.87, 0.94 -4.20)
0.00 0.00 -373.00 1500, -15.00] 0.00| -0.45 167| -373.08] 1589 -14.09 -4.41] -0.45 1.67| -0.08] 0.89 0.91 -4.4]]
0.00 0.00 -373.00 1500, -15.00] 20.00 -1.13 195| -373.09 16.09| -13.89 15.87] -1.13 1.95| -0.09 1.09 1.11] -4.13
0.00 0.00[ -373.00[ -15.00 0.00[ -20.00 -0.68 043( -37293| -15.14 -0.37 -19.98 -0.68 043 0.07 -0.14] -0.37 0.02
0.00 0.00[ -373.00[ -15.00 0.00 0.00 -0.35 0.29( -372.99| -14.89 -0.23 0.04] -0.35 0.29 0.01 0.11 -0.23 0.04]
0.00 0.00[ -373.00[ -15.00 0.00 20.00 -0.39 0.76 -373.06| -14.48 -0.20 20.06) -0.39 0.76 -0.06] 0.52 -0.20 0.06]
0.00 0.00 -373.00 0.00 0.00[ -20.00 -0.49 0.65 -373.01 -0.15 -0.10[ -20.02 -0.49 0.65 -0.01 -0.15 -0.10 -0.02
0.00 0.00 -373.00 0.00 0.00 0.00 -0.59 0.81| -373.01 0.05 0.09 0.00) -0.59 0.81 -0.01 0.05 0.09 0.00
0.00] 0.00| -373.00 0.00] 0.00] 20.00 -0.75] 0.65| -373.00 0.28 0.23] 20.03 -0.75 0.65] 0.00] 0.28 023 0.03
0.00] 0.00| -373.00 15.00 0.00] -20.00 -0.30] 117 -373.06 14.87 025 -20.31 -0.30, 117 -0.06| -0.13 025 -0.31
0.00] 0.00| -373.00 15.00 0.00] 0.00 -0.82] 1.31| -373.05 14.94 0.44] -0.09) -0.82 131 -0.05] -0.06] 0.44 -0.09
0.00] 0.00| -373.00 15.00 0.00] 20.00 -1.08] 0.86| -373.01 15.10 0.67] 19.87| -1.08] 0.86] -0.01 0.10 0.67 -0.13
0.00 0.00| -373.00] -15.00 15.00[ -20.00 -1.07| -047( -372.79 -16.33 1361 -24.00| -1.07 -0.47| 021 -1.33 -1.39 -4.00]
0.00 0.00| -373.00] -15.00 15.00 0.00 -0.60 -1.20 -372.78| -16.17| 13.86 -3.87] -0.60 -1.20 0.22 -117 -1.14 -3.87]
0.00 0.00| -373.00] -15.00 15.00[ 20.00 -0.44 -101| -372.68 -15.35 14.06 16.06) -0.44 -1.01 032 -0.35 -0.94 -39
0.00 0.00 -373.00 0.00 15.00] -20.00 -0.71 0.81| -372.89 -0.74 14.38| -20.32 -0.71 0.81 0.11 -0.74] -0.62 -0.32)
0.00 0.00 -373.00 0.00 15.00] 0.00| -0.86 0.14( -372.84 -0.56 14.67| -0.16 -0.86 0.14 0.16 -0.56 -0.33 -0.16]
0.00 0.00 -373.00 0.00 15.00] 20.00 -0.80 -0.82| -372.80| -0.35 14.89] 19.82 -0.80 -0.82 0.20 -0.35 -0.11 -0.18
0.00 0.00 -373.00 15.00] 15.00] -20.00 -0.34 149| -373.08| 14.78] 14.27) -16.54 -0.34] 1.49 -0.08] -0.22 -0.73 3.46)
0.00 0.00 -373.00 15.00] 15.00] 0.00| -0.79 114 -372.97| 15.00] 14.54] 3.72 -0.79 114 0.03 0.00 -0.46 3.72
0.00 0.00 -373.00 15.00| 15.00] 20.00 -1.27 -0.61| -372.87| 15.13] 14.88| 23.64] -1.27 -0.61 0.13 0.13 -0.12 3.64]
average of error -0.58 0.45) 0.03] 0.02, -0.05 -0.12]
standard deviation of error 0.34] 0.86) 0.12, 0.58 0.60) 2.67]
As awhole, the average errors and the standard deviation V. CONCLUSION
of the errors are small, and it can be seen that a highly ) i
accurate measuring instrument has been realized. On the In this paper, we described a  contact-type
three-dimensional position measuring instrument for

other hand, when looking individually, when comparing the
cases of x=-20.0 mm and y=-20.0 mm with those of
x=20.0 mm and y =20.0 mm in the accuracy verification in
trandation, the error in the y-axis direction is large and the
signisasoinversed. Similarly, inthe accuracy verificationin
rotation, when @ =-15.0, 15.0 degree, alarge error occurs in
y and the sign is aso inverted. For this reason, it is
considered that although the measuring instrument itself was
machined and assembled with high accuracy, thereis alarge
installation error between the measuring instrument and the
6-axis stage when it isfixed to the frame. In fact, as shown in
Figure 10, it can be seen visudly that the measuring
instrument and the 6-axis stage are not parallel.

Fig. 10 Installation Error between the Measuring
Instrument and the 6-axis Stage
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verification of the piping inspection robot, and we proposed
the structure of the measuring instrument that does not
significantly disturb the driving of the robot due to the
disturbance caused via the connection part of the piping
inspection robot and the measuring instrument. Furthermore,
as aresult of experiments, even in the initial state where the
accuracy of the measuring instrument is not calibrated, the
averagetrandation error iswithin 0.58 mm, the average angle
error is within 0.12 degree, the standard deviation of the
trandation error is within 0.86 mm, and the standard
deviation of the angle error is within 2.67 degree, so that it
was shown that it can be used for verification of the robot. In
the future, the following two issueswill be discussed in order
to further improve the accuracy.

1. Calibration of the Contact Type Three-Dimensional
Position Measuring I nstrument

At present, the measuring instrument itself has achieved high
accuracy, but apart from that, it can be seen from the
experimental results that there are errorsin the inclination as
installation errors. Therefore, it isdesirableto realizeahighly
accurate measuring instrument by calibrating the attachment
errors, which are external parameters of the errors, in addition
to the mechanica errors that occur during processing and
assembly of the measuring instrument, which are the internal
parameters of the errors.

Published By:

Blue Eyes Intelligence Engineering
and Sciences Publication (BEIESP)
© Copyright: All rights reserved.

Exploring Innovation


https://www.openaccess.nl/en/open-publications
http://www.ijrte.org/

A Contact Type Three-Dimensional Position Measuring I nstrument for Verification of a Piping I nspection Robot

2. Calibration at thetime of installation

In order to actually verify a piping inspection robot, it is
necessary to install the measuring instrument on the piping
test field. When doing so, attachment errors, which is
externa parameters of the errors, occur between the piping
and the measuring instrument. Therefore, by estimating the
external parameters of the errors again using the internal
parameters of 1, it is possible to verify the robot in an
environment where highly accurate measurement can be
performed.
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