OPENaACCESS

International Journal of Recent Technology and Engineering (IJRTE)

ISSN: 2277-3878 (Online), Volume-14 Issue-1, May 2025

Three-Dimensional Position-Measuring
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Abstract: In Japan, the number of sewer culverts with a service
life of 50 years has increased, and ageing facilities have become
apparent. In recent years, therefore, robots have been used for pipe
inspections. Thus, the robot must grasp the situation and perform
actions to prevent tipping over in the pipe. Consequently, we have
decided to explore a software approach to prevent tipping using
driving control, aiming to achieve highly accurate self-position
estimation, which is necessary for this approach to be practical.
Although we have established a basic localisation method based
on our previous research, a small estimation error remains due to
the influence of tire shape. Therefore, we propose a highly
accurate localisation method that utilises a neural network to
compensate for this estimation error. However, a large amount of
teacher data was required to achieve this. For this reason, this
research develops a three-dimensional position-measuring
instrument that can quickly perform many measurements with
high accuracy using two commercially available manipulators.
This paper presents a three-dimensional position-measuring
machine that can quickly perform high-precision and high-
volume measurements using two commercially available
manipulators. The paper demonstrates how to connect two
manipulators utilising a ball joint and proposes a highly accurate
measurement theory utilising an IMU. Furthermore, we confirm
that the accuracy of the contact-type three-dimensional position-
measuring is within 1 mm on average for translation error, within
1 deg on average for angular error, within 1 mm for the standard
deviation of translation error, and 1 deg for the standard deviation
of angular error except for yps, even in the initial state without
calibration. This result shows that the method can be used in a
neural network to correct estimation errors.

Keywords: Measuring Instrument, Manipulator, Contact Type,
Exploration Robot, Water Pipe

Abbreviations:

AMU: Attitude Measurement Unit
CPU: Central Processing Unit
GPU: Graphics Processing Unit
OS: Operating System

IMU: Inertial Measurement Unit

I. INTRODUCTION

In Japan, the number of sewer culverts with a service life

of 50 years has increased, and ageing facilities have become
apparent. In particular, problems such as sewer pipe caving
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Rainwater spills caused by heavy rains have become a
concern, so local governments conduct detailed inspections
and partially repair problem areas. However, these tasks are
too work, time-consuming, and labour-intensive for humans.

In recent years, therefore, robots have come to be used for
pipe inspections [1]. Robots can be broadly classified into
two types: remotely operated and stand-alone [2]. In the
remotely operated type, the robot is controlled via a wired
system from a ground-based transport vehicle. This method
enables the operator to control and monitor the robot in real-
time, allowing it to respond effectively to unforeseen
situations. Additionally, the robot's power supply, control
unit, and other components can be mounted on the transport
vehicle, thereby reducing the robot's main body weight and
enhancing its operability. However, installing the transport
vehicle requires time and money for inspections, such as
securing the site and restricting traffic at the work site. On the
other hand, a stand-alone robot can be inspected quickly by a
small number of people [3]. However, the development of
stand-alone robots in Japan has not been active, and most of
the robots developed overseas are designed for pipe diameters
of 200 mm or more, which is often not applicable in Japan,
where most pipes are 150 mm in diameter [4].

Against this background, we have conducted extensive
research and development on the practical application of
compact and easily transportable stand-alone robots [5]. The
inside pipe to be inspected allows the robot to tip over due to
external disturbances, such as steps caused by joints between
pipes, sinking due to ageing, sludge, etc. Therefore, the robot
must grasp the situation and perform actions to prevent
tipping over in the pipe [6]. Many robots have taken measures
to prevent tipping over, such as adjusting the shape of their
tires and the distance between their axes. However, while
these hardware-based countermeasures can prevent tipping,
they cannot completely stop it. Therefore, we have decided to
explore a software approach to prevent tipping using driving
control and aim to realize highly accurate self-position
estimation, which is necessary for this approach [7].

Although we have established a basic localization method
based on our previous research, there is a small estimation
error due to the influence of tire shape [8]. Therefore, we
propose a highly accurate localization method using a neural
network to compensate for this estimation error [9]. However,
a large amount of teacher data was required to achieve this.
In addition, a unique three-dimensional position-measuring
instrument for a piping inspection robot used for accuracy
verification requires a significant amount of time for each
data acquisition to obtain accurate
position information. Therefore,
It is unsuitable for use in
neural networks [10]. For this
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reason, this research develops a three-dimensional position-
measuring instrument that can quickly perform many
measurements with high accuracy using two commercially
available manipulators.

II. THREE-DIMENSIONAL POSITION-
MEASURING INSTRUMENT

Figure 1 shows the contact-type three-dimensional
position-measuring instrument. A test field with a pipe cut in
half, as shown in Figure 2, is placed in the centre of the
instrument, and a previously fabricated verification robot is
used to acquire the teacher data. Fig. 1 shows a 6-axis stage
installed in the centre of the instrument for accuracy
verification. Following the guidelines in the surrounding area,
this stage can be easily replaced with the test field. The
structure of the instrument and system configuration are
described below.

> |

[Fig.1: Contact-Type Three-Dimensional Position-

Measuring Instrument]
,

[Fig.2: Measuring Instrument during Acquisition of
Teacher Data]

A. Measuring Instrument Structure

Figure 3 shows the measuring instrument using two
DexArm manipulators from Rotrics. The DexArm has four
degrees of freedom and can be used for various applications
by changing the modules attached to the end-effectors.
Additionally, the working area is 220 x 220 x 270 mm with
an accuracy of 0.1 mm and repeatability of 0.5 mm.

Figure 4 shows the link structure of the DexArm. The
DexArm has four degrees of freedom, including the degrees
of freedom of the end-effector attached to the tip, and the
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manipulator part has three degrees of freedom, as shown in
Figure 4. The position information of the end-effector, which
is the tip of the manipulator, is provided with an acquisition
function in advance and does not need to be calculated using
forward kinematics based on the encoder values. Furthermore,
the DexArm features a direct teaching function, enabling
users to acquire encoder values while the motor is turned off.
In this system, the DexArm is used as the measuring
instrument in direct teaching mode.

[Fig.3: DexArm Manufactured by Rotrics]

o
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I i 0 // y
i : manipulator number (=1, 2)
iJ, - 'J;5 : the position of each joint
"Pl. : the position of the end effector

[Fig.4: Link Structure of DexArm]

Each manipulator is fixed on top of Rotrics' Sliding Rail
Kit, and the two Sliding Rail Kits and the test field are
installed to be parallel. The Sliding Rail Kit is fixed in this
study and is not driven.

Next, the module connecting the end-effectors of the two
manipulators is described. The manipulators can freely
change the position of the end-effectors, but their posture is
fixed, ensuring they always face straight down. Therefore, the
commercially available pneumatic suction cup shown on the
left in Figure 5 is modified as shown on the right and attached
to the connection component shown in Figure 6. This results
in two manipulators being
connected via a ball joint, and
the position and posture of the
connecting part, which serves
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as the measuring point, can be freely adjusted.

A previous study found that the acceleration values of
AMU-3002B Lite (Silicon Sensing Systems Japan, Inc.), an
An IMU mounted on a piping inspection robot can accurately
measure the robot's roll and yaw directions, which are also
used in this measurement. However, since AMU-3002B Lite
is not mounted on the 6-axis stage used for accuracy
verification, it is installed on top of the module, as shown in
Figure 7.

Pneumatic Suction Cup

Modification Department !

[Fig.5: Pneumatic Suction Cup]

Ball Joint

-

Ball Joint

[Fig.6: Connecting Part]

=30

02B Lite

[Fig.7: Connecting Module with IMU]

B. System Configuration

Figure 8 shows a schematic diagram of the system. Two
DexArms are connected to a PC via USB to obtain end-
effector position information in direct teaching mode, as
described earlier. The AMU-3002B Lite, like the DexArm,
sends acceleration information to the PC via USB. The PC
processes this information using a program to calculate the
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position and posture of the measurement point. Note that
Python is used for programming. Table-I shows the PC
specifications. The calculation method is described in detail
in the next chapter.

“Python | usg 12.0V
DexArm T O0A AC Adapter
USB 12.0V .
DexArm 7 0A AC Adapter
USB | Convert from I AMU-3002B
UART to USB Lite
Power Circuit [ AC Adapter
1’2oy —
Circuit —I 5.0A
WiFi \ | __WiFi__ | .
Tethering Cell Phone Tethering Pixco 64
| Personal
Computer

[Fig.8: Schematic Diagram of System|
Table-I: PC Specifications

Model Name LEVEL-C066-LC127-SAX
Product Model Number ILeDEs-C066-L127-SASXB
CPU Intel Core 17-12700 Processor
(4.90GHz / 12 core)
GPU GeForce RTX 3060 Ti 8GB GDDR6
Memory 32GB (16GBx2) DDR4-3200
oS Windows 11 Home (DSP)

Finally, to support accuracy verification, the calculated
position and posture of the measurement points are sent to
Divoom's Pixoo 64 via tethering on a cell phone, and the
values are displayed as pixel art. Figure 9 shows the Pixoo 64
displaying the position and posture information.

[Fig.9: Pixoo 64]

III. THEORY OF MEASUREMENT

Figure 10 shows the three-dimensional position-measuring
instruments and their positional relationships. The two
coordinate systems in Figure 10 are based on each
manipulator's origins, '01 and 20:. 'P1 and P represent the
tip of the end-effector in the
coordinate systems of
manipulators 1 and 2. The
coordinates  around  the
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connection module are shown in Figure 11. In Fig. 11, °Py
and P represent 'P; and 2P in the absolute coordinate
system, and the measurement point °P;3 is located 15.5 mm
directly below the centre point connecting the two end-
effector tips °P1 and °P».

[Fig.11: Measuring Points of Measuring Instrument]

This section describes the position and posture of the
measurement point °P3 in the absolute coordinate system.
First, define the origin °01, °02, °03 of each coordinate system
in the absolute coordinate system, the tips °P1, °P2 of each
end-effector, the measuring point °P3, and the position and
posture components of the measuring point °d with the centre
point of °P1 and °P; as origin as follows. Therefore, equations
can express each coordinate (1) to (7). Where %0y is the origin
of the absolute coordinate system.

O%,2: x-coordinate of the manipulator two origin °Q; in the
absolute coordinate system (m)

%s2: y-coordinate of the manipulator two origin 0 in the
absolute coordinate system (m)

9242: z-coordinate of the manipulator 2 origin 0 in the
absolute coordinate system (m)

O%,3: x-coordinate of the test field origin °0s in the absolute
coordinate system (m)
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%y,3: y-coordinate of the test field origin Qs in the absolute

coordinate system (m)
%z,3: z-coordinate of the test field origin 03 in the absolute
coordinate system (m)
Xp1: x-coordinate of the manipulator 1 end-effector °Py in
The absolute coordinate system (m)
%,1: y-coordinate of the manipulator 1 end-effector °Py in
The absolute coordinate system (m)
02,1: z-coordinate of the manipulator 1 end-effector °P1 in
The absolute coordinate system (m)
yp1: Yaw angle of the manipulator 1 end-effector *Py in
The absolute coordinate system (rad)
O%,2: x-coordinate of the manipulator 2 end-effector °Pz in
The absolute coordinate system (m)
%,2: y-coordinate of the manipulator 2 end-effector °Pz in
The absolute coordinate system (m)
02,5: z-coordinate of the manipulator 2 end-effector °P2 in
The absolute coordinate system (m)
vp2: Yaw angle of the manipulator 2 end-effector *P; in
The absolute coordinate system (rad)
O%,3: x-coordinate of the measurement point in the absolute
coordinate system (m)
%,3: y-coordinate of the measurement point in the absolute
coordinate system (m)
02,3: z-coordinate of the measurement point in the absolute
coordinate system (m)
ap3: roll angle of the measurement point in the absolute
coordinate system (rad)
98,3: Pitch angle of the measurement point in the absolute
coordinate system (rad)
%,3: Yaw angle of the measurement point in the absolute
coordinate system (rad)
%,: x-coordinate of the measurement point in the absolute

0

coordinate system with the origin at the centre point
of °Py and °P2 (m)

%,: y-coordinate of the measurement point in the absolute
coordinate system with the origin at the centre point
of °Py and °P2 (m)

%.: z-coordinate of the measurement point in the absolute
coordinate system with the origin at the centre point
of *Py and °P; (m)

°0,="0,=(0,0,0,0,0,0) .. (1)

°0,= (%e2r %y %2.0.0,0) .. ()
°05= (% %ypr %23.0,0,0) .. (3)

0})1 = (Opr pr17 OZpla -7, 07 prl) (4)

OPZ = (Oxp29 pr29 OZp29 -7, 09 prz) (5)
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Op _ (0 0 0 0 0 0,
P3_( Xp3s yp39 Zp3s  Op3s ﬂpy J’p3) (6)

*a=(‘d,. °d,, °d., ‘am. B %) o ()

Next, defining dy as in the Equation
(8) allows Equation (7) to be expressed as Equation (9).

do= | %a+ %+ .. (®)

0
%a= "R, "R, °R,| 0
dy
cos pr3 -sin pr3 0] [cos Oﬂp3 0 sin Oﬂp3
= sin pr3 cos % s 0 0 1 0
-sin ,b’ 0 cos O,b’
0 0 P3 P3
1 0
0 cos %3 -sin Yayy [ ]
0 sin Oa cos a dy
dycos %a,3sin ,[)’ cos y3+d0s1n 038in pr3
= | dycos “a,3sin ,[)’ sin y3 a’osm0 0,3C0S pr3 C)

dycos ° 0,3C08 ﬁpS

Moreover, the measurement point °Ps is converted to the
coordinate system with the origin °0s. In that case, the
measurement point 3P3 can be defined by Equation (10), and
the respective position components can be expressed by
Equations (11) to (13).

0
3P3: (3xp3’ 3yp3’ 32]739 Oap'jn ﬁp3a pr3) (10)

x5 = x,1+docos %oysin ,6’ cos y3+dosm 03810 pr3
0 0
xpz- 'xpl 0
+ 2 - X03 (11)
3. -0 0, «in 0p i 0 .0 0
Vs yp1+docos 38N ﬁp3sm Vpa-dosin ;308 7y,
0 0
Y™ Vo,
s (12)
3, —
Zp3 = 1+docos ,3€08 ,6’3
0 0
27 EHl o
P 0 (13)

The distance / between the axes connecting °Py and °P; is
used to derive the attitude component. First, the relationship
in Equation (14) holds for /. Furthermore, since °P; and °P»
are on the x-axis in the initial state, Equation (15) is valid
using Equation (14). Therefore, %,3 becomes equation (16).
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/= ( Ox, - 0xp1)2+( prz - prl)2+( 02,5 - 02,,1)2 (14)

i [eos pr3 -sin pr3 0
= 0
8 cos % 0
L 0 0 1
cos Oﬁp3 0 sin Oﬁp3 (1 % . 00 /
0 1 0 0 cos“a,; -sin a3 [Ol

.0 0
-sin ﬂp3 0 COS ap3 0

Op .0p 0 .
R, "Ry "R, sin pr3

0 S0
cos ﬁp3 [0 sin T3
0 0
Icos [)’p3cos -
0p i 0
=|Icos ,/)’p3sm V03

.0
-Isin ,b’p3

(15)

0, 0 0

0 .
Icos ﬁp3sm V03 Vo™ Vol

0 0. Oy __ 0
Icos ﬂp3cos - Xp2 = " Xp)

) 0 0

sin %y . WL Y,

0, 0
cos %y s Xy
0. 0
ypz' ypl

0 0
.xp2 - xp1

0 0
Y2 ™ Vi
0 P P
V3 =tan <70x ™ ) .. (16)

pl

0
2" Xpl

0, —
tan Vp3=

Finally, as described earlier, %3 and °f,; are derived using
the acceleration values of AMU-3002B Lite, so Equations
(17) and (18) are valid. The definitions of each variable are
as follows.

"a,: x component of the acceleration sensor in the robot

coordinate system (m/s2)

"a,: y component of the acceleration sensor in the robot

coordinate system (m/s2)

"a,: z component of the acceleration sensor in the robot

coordinate system (m/s2)

”

a
3= - tan” — an
- rax
Oﬁpf -tan” — (18)

IV. ACCURACY VERIFICATION

The accuracy of the contact-type three-dimensional
position-measuring instrument was verified using a 6-axis
stage. The accuracy verification was performed for both
translation and rotation. For the
accuracy

verification  in
translation, the *Ps (*x,3, 33,
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3203, Y03, 9Bp3, %yp3) measurement points were used in the 3,3 =3z,; = 0.0 mm, %3 = -15.0, 0.0, 15.0 deg, °8,3 = -15.0,
following: 3x,3 = -20.0, 0.0, 20.0 mm; 3y,; = -20.0, 0.0, 20.0 0.0, 15.0 deg, and %,3 = -20.0, 0.0, 20.0 deg. The results of
mm; 3z,3 = 0.0, 10.0, 20.0 mm; °a,3 = %83 = %,3 = 0.0 deg in  each experiment are shown in Table-II and Table-III.

27 patterns. Rotation was performed for 27 patterns of 3x,3 =

Table II: Accuracy Verification Results in Translation

Ideal Value Measured Value Error

3 3 3 3 3 0 3 3 3 3 3 0 3 3 3 3 3 0
Xp3 Yp3 Zp3 Op3 Bps Vp3 Xp3 Yp3 Zp3 Up3 Bs Xp3 Vp3 Zp3 Op3 Bs Vp3

3 ypj
[mm] | [mm] | [mm] | [deg] | [deg] | [deg] | [mm] | [mm] | [mm] | [deg] | [deg] | [deg] | [mm] | [mm] | [mm] | [deg] | [deg] | [deg]

0.00 | 0.00 [ 0.00 | 0.00 -0.20 | -0.44 | 047 | 022 | -1.36 | -0.41 | -0.20 | -0.44 | 0.47 | 0.22

20.00 | 20.00 21.36 | 20.41

20j00 20?00 10.00 | 0.00 | 0.00 | 0.00 21j15 20j81 985 | -0.43 | 049 | 0.17 | -1.15 | -0.81 | -0.15 | -0.43 | 049 | 0.17
20?00 20?00 20.00 | 0.00 [ 0.00 | 0.00 21j36 20j95 20.06 | -0.43 | 0.50 | 0.30 | -1.36 | -0.95 | 0.06 | -0.43 | 0.50 | 0.30
0.00 20j00 0.00 | 0.00 | 0.00 | 0.00 | -0.81 20j99 0.18 | -0.43 | 0.61 | -0.19 | -0.81 | -0.99 | 0.18 | -0.43 | 0.61 | -0.19
0.00 20j00 10.00 | 0.00 | 0.00 | 0.00 | -1.45 20T98 9.81 | -043 | 0.49 | 029 | -1.45 | -0.98 | -0.19 | -0.43 | 049 | 0.29
0.00 2()?00 20.00 | 0.00 | 0.00 | 0.00 | -0.56 21?06 19.88 | -0.43 | 0.58 | 0.11 | -0.56 | -1.06 | -0.12 | -0.43 | 0.58 | 0.11
20.00 20?00 0.00 | 0.00 [ 0.00 | 0.00 | 19.22 20j04 -0.96 | -0.43 | 0.69 | 1.56 | -0.78 | -0.04 | -0.96 | -0.43 | 0.69 | 1.56
20.00 20j00 10.00 | 0.00 | 0.00 | 0.00 | 17.97 20j94 9.85 | -036 | 056 | 0.17 | -2.03 | -0.94 | -0.15 | -0.36 | 0.56 | 0.17
20.00 20j00 20.00 | 0.00 | 0.00 | 0.00 | 18.62 21?08 19.72 | -0.36 | 0.64 | 030 | -1.38 | -1.08 | -0.28 | -0.36 | 0.64 | 0.30
2()?00 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 21?48 -0.06 | -0.14 | -0.44 | 046 | 028 | -1.48 | -0.06 | -0.14 | -0.44 | 0.46 | 0.28
20j00 0.00 | 10.00 | 0.00 | 0.00 | 0.00 21j23 -0.46 | 973 | -043 | 049 | 0.71 | -1.23 | -0.46 | -0.27 | -0.43 | 0.49 | 0.71
20j00 0.00 | 20.00 | 0.00 | 0.00 [ 0.00 21j26 -0.51 | 19.72 | -0.43 | 0.50 | 035 | -1.26 | -0.51 | -0.28 | -0.43 | 0.50 | 0.35

0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | -1.08 | -0.66 | -0.46 | -0.44 | 0.59 | 0.89 | -1.08 | -0.66 | -0.46 | -0.44 | 0.59 | 0.89

0.00 | 0.00 | 10.00 | 0.00 | 0.00 | 0.00 | -1.06 | -0.98 | 10.00 | -0.43 | 0.50 | 0.10 | -1.06 | -0.98 | 0.00 | -0.43 | 0.50 | 0.10

0.00 | 0.00 | 20.00 | 0.00 | 0.00 | 0.00 | -1.08 | -1.05 | 19.65 | -0.42 | 0.58 | 0.46 | -1.08 | -1.05 | -0.35 | -0.42 | 0.58 | 0.46

20.00 | 0.00 [ 0.00 [ 0.00 | 0.00 | 0.00 | 1998 | -0.76 | -0.38 | -0.43 | 0.69 | 0.80 | -0.02 | -0.76 | -0.38 | -0.43 | 0.69 | 0.80

20.00 | 0.00 | 10.00 [ 0.00 | 0.00 | 0.00 | 19.35 | -0.91 | 10.07 | -0.43 | 0.64 | 0.08 | -0.65 | -0.91 | 0.07 | -0.43 | 0.64 | 0.08

20.00 | 0.00 | 20.00 | 0.00 | 0.00 | 0.00 | 1933 | -1.34 | 19.84 | -0.43 | 0.64 | 0.53 | -0.67 | -1.34 | -0.16 | -0.43 | 0.64 | 0.53

20.00 | 0.00 | 0.00 | 0.00 | 0.00 18.86 | -0.55 | -0.44 | 0.47 | 0.73 | -0.24 | -1.14 | -0.55 | -0.44 | 047 | 0.73

20.00 20.24

20.00 20.00 | 10.00 | 0.00 | 0.00 | 0.00 2027 1945 | 958 | -043 | 049 | 026 | -0.27 | -0.55 | -0.42 | -0.43 | 049 | 0.26
20.00 20.00 | 20.00 | 0.00 | 0.00 | 0.00 2071 19.35 | 19.88 | -043 | 0.50 | 0.14 | -0.71 | -0.65 | -0.12 | -0.43 | 0.50 | 0.14

0.00 | 20.00 | 0.00 | 0.00 | 0.00 | 0.00 | -0.41 | 20.24 | -0.52 | -0.43 | 0.62 | 082 | -0.41 | 024 | -0.52 | -0.43 | 0.62 | 0.82

0.00 | 20.00 | 10.00 | 0.00 | 0.00 | 0.00 | -0.85 | 19.86 | 992 | -0.43 | 0.56 | 0.26 | -0.85 | -0.14 | -0.08 | -0.43 | 0.56 | 0.26

0.00 | 20.00 | 20.00 | 0.00 | 0.00 | 0.00 | -0.15 | 19.13 | 19.82 | -0.43 | 0.57 | 0.27 | -0.15 | -0.87 | -0.18 | -0.43 | 0.57 | 0.27

20.00 | 20.00 { 0.00 | 0.00 | 0.00 | 0.00 | 20.48 | 20.60 | -0.65 | -0.43 | 0.69 | 1.51 | 048 | 0.60 | -0.65 | -0.43 | 0.69 | 1.51

20.00 | 20.00 { 10.00 | 0.00 | 0.00 | 0.00 | 19.44 | 1880 | 9.86 | -0.43 | 0.63 | 0.30 | -0.56 | -1.20 | -0.14 | -0.43 | 0.63 | 0.30

20.00 | 20.00 [ 20.00 | 0.00 | 0.00 | 0.00 | 20.55 | 19.15 | 19.73 | -0.43 | 0.64 | 0.69 | 0.55 | -0.85 | -0.27 | -0.43 | 0.64 | 0.69

average of error -0.80 | -0.69 | -0.25 | -0.43 | 0.57 | 0.45

standard deviation of error 0.60 0.47 0.24 | 0.02 | 0.08 | 0.41
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Table-III: Accuracy Verification Results for Rotation

Ideal Value Measured Value Error
p3 *Vps 32y Jtps Bys ps Xp3 *Vps 32ps Jps B3 p3 Xps Vs Y2p3 Ttps Prs M3
[mm] | [mm] | [mm] | [deg] | [deg] | [deg] | [mm] | [mm] | [mm] | [deg] | [deg] | [deg] | [mm] | [mm] | [mm] | [deg] | [deg] | [deg]
0.00 0.00 0.00 15.00 | 15.00 | 20.00 -0.82 | -0.93 | -0.35 16.05 | 1459 | 15.46 -0.82 | -0.93 | -0.35 | -1.05 | 041 | 4.54
0.00 0.00 0.00 15.00 | 15.00 0.00 | -1.15 | -1.15 | 0.31 1596 | 14.58 4.08 | -1.15 | -1.15 | 031 | -0.96 | 0.42 | 4.08
0.00 0.00 0.00 15.00 | 15.00 20.00 | -1.00 | -0.63 | 0.27 1596 | 14.57 23.76 | -1.00 | -0.63 | 0.27 | -0.96 | 0.43 | 3.76
0.00 0.00 0.00 0.00 15.00 | 20.00 -1.19 | -093 | -0.31 | -0.45 14.46 | 19.51 -1.19 | -093 | -0.31 | -0.45 | 0.54 | 0.49
0.00 0.00 0.00 0.00 15.00 0.00 | -1.17 | -0.57 | -0.17 | -0.45 14.46 044 | -1.17 | -0.57 | -0.17 | -0.45 | 0.54 | 0.44
0.00 0.00 0.00 0.00 15_00 20.00 | -2.20 | -0.86 | 0.52 | -0.45 16-15 21.05 | -2.20 | -0.86 | 0.52 | -0.45 | -1.15 | 1.05
0.00 0.00 0.00 | 15.00 15.00 | 20.00 -0.28 | -0.30 | -0.28 | 15.58 1455 | 23.63 -0.28 | -0.30 | -0.28 | 0.58 | 0.45 | -3.63
0.00 0.00 0.00 | 15.00 15.00 0.00 | -0.86 | -0.50 | -0.15 | 15.58 14.62 -3.48 | -0.86 | -0.50 | -0.15 | 0.58 | 0.38 | -3.48
0.00 0.00 0.00 | 15.00 15.00 20.00 | -1.30 | -0.15 | -0.33 | 15.58 14.63 1634 | -1.30 | -0.15 | -0.33 | 0.58 | 0.37 | -3.66
0.00 0.00 0.00 15.00 0.00 20.00 0.28 | -0.27 | -0.28 15.70 0.41 18.93 0.28 | -0.27 | -0.28 | -0.70 | 0.41 1.07
0.00 0.00 0.00 15.00 0.00 0.00 | -1.18 | -0.76 | -0.41 15.62 0.39 1.10 | -1.18 | -0.76 | -0.41 | -0.62 | 0.39 1.10
0.00 0.00 0.00 15.00 0.00 | 20.00 | -1.60 | -0.75 | -0.11 15.62 0.41 | 20.64 | -1.60 | -0.75 | -0.11 | -0.62 | 0.41 0.64
0.00 0.00 0.00 0.00 0.00 20.00 -0.39 | -0.80 | -0.58 | -0.42 | 0.51 19.51 -0.39 | -0.80 | -0.58 | -0.42 | 0.51 0.49
0.00 0.00 0.00 0.00 0.00 0.00 | -1.04 | -0.59 | -0.18 | -0.42 | 0.44 049 | -1.04 | -0.59 | -0.18 | -0.42 | 044 | 0.49
0.00 0.00 0.00 0.00 0.00 | 20.00 | -1.79 | -0.69 | -0.01 | -0.42 | 0.44 | 20.02 | -1.79 | -0.69 | -0.01 | -0.42 | 0.44 | 0.02
0.00 0.00 0.00 | 15.00 | 0.00 20.00 -1.30 | -0.92 | -0.34 | 15.04 | 0.65 18.83 -1.30 | -0.92 | -0.34 | 0.04 | 0.65 1.17
0.00 0.00 0.00 | 15.00 | 0.00 0.00 | -0.21 | -0.68 | -0.37 | 15.04 | 0.58 0.87 | -0.21 | -0.68 | -0.37 | 0.04 | 0.58 | 0.87
0.00 0.00 0.00 | 15.00 | 0.00 | 20.00 | -0.23 | -0.41 | 0.23 | 15.04 | 0.57 | 1993 | -0.23 | -0.41 | 0.23 0.04 | 0.57 | -0.07
0.00 0.00 0.00 15.00 15.00 20.00 -0.49 | -0.85 | -0.03 16.19 15.83 2312 -0.49 | -0.85 | -0.03 | -1.19 | 0.83 | -3.12
0.00 0.00 0.00 15.00 15.00 | 0.00 | -0.36 | -1.38 | 0.14 16.10 1582 | -3.37 | -0.36 | -1.38 | 0.14 | -1.10 | 0.82 | -3.37
0.00 0.00 0.00 15.00 15.00 | 20.00 | -0.48 | -1.84 | 0.30 16.19 15.77 | 15.72 | -0.48 | -1.84 | 030 | -1.19 | 0.77 | -4.28
0.00 0.00 0.00 0.00 | 15.00 20.00 -0.62 | -0.70 | -0.14 | -0.42 | 15.70 19.03 -0.62 | -0.70 | -0.14 | -0.42 | 0.70 | 0.97
0.00 0.00 0.00 0.00 | 15.00 | 0.00 | -0.75 | -0.59 | -0.25 | -0.43 | 15.69 | 0.52 | -0.75 | -0.59 | -0.25 | -0.43 | 0.69 | 0.52
0.00 0.00 0.00 0.00 | 15.00 | 20.00 | -0.40 | -0.96 | -0.05 | -0.43 | 15.76 | 20.36 | -0.40 | -0.96 | -0.05 | -0.43 | 0.76 | 0.36
0.00 0.00 0.00 | 15.00 | 15.00 20.00 -0.34 | -0.48 | -0.04 | 15.44 | 16.21 15.25 -0.34 | -0.48 | -0.04 | 044 | 1.21 | 4.75
0.00 0.00 0.00 | 15.00 | 15.00 | 0.00 | -0.86 | -0.60 | 0.06 | 1549 | 16.19 | 451 | -0.86 | -0.60 | 0.06 | 0.49 | 1.19 | 4.51
0.00 0.00 0.00 | 15.00 | 15.00 | 20.00 | -1.00 | -1.51 | 0.32 | 15.55 | 16.11 | 24.03 | -1.00 | -1.51 | 0.32 | 0.55 1.11 4.03
average of error -0.84 | -0.77 | -0.08 | -0.33 | 0.55 | 0.51
standard deviation of error 0.55 0.37 0.27 0.58 | 042 | 2.70

The average error is within 1 mm in the translation
direction and 1 deg in the rotation direction [11]. The standard
deviations of the errors are also within 1 mm in the translation
direction and within 1 deg in the rotation direction, except for
Oyp3. Oap3 and 0Pp3 were used to estimate Oyp3, and the
effect of these errors is considered to be reflected in the
estimation results. These results indicate that the accuracy is
sufficient for a high-precision contact-type 3D position
measuring instrument that does not require calibration. In
addition, the fact that measurements could be taken
immediately after startup indicates that the three-dimensional
position-measuring instrument successfully achieved the
study's goal of performing highly accurate and large-volume
measurements  using two commercially available
manipulators within a short period.
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V. CONCLUSION

This paper stated a three-dimensional position-measuring
machine that can quickly perform high-precision
And high-volume measurements using two commercially
available manipulators. The paper demonstrated how to
connect two manipulators utilising a ball joint and proposed
a highly accurate measurement theory utilising an IMU.
Furthermore, we confirmed that the accuracy of the contact-
type three-dimensional position-measuring is within 1 mm on
average for translation error, within 1 deg on average for
angular error, within 1 mm for
the standard deviation of
translation error, and 1 deg for
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the standard deviation of angular error except for Oyp3, even
in the initial state without calibration. This result showed that
the method can be used in a neural network to correct
estimation errors. To improve the accuracy of the measuring
instruments in the future, the following two issues should be
addressed:

A.Calibration of Measuring Instrument

The proposed measuring instrument has a unique structure
that uses two commercially available manipulators and an
IMU. Therefore, a calibration method that is different from
conventional methods is required. Consequently, we will
devise a new calibration method that considers mechanism
errors during machining and assembly, which correspond to
internal error parameters, and attachment errors, which
correspond to external error parameters, to achieve a more
accurate instrument.

B.Calibration at Time of Test Field Installation

Installing the test field in the measurement instrument is
necessary to acquire data for the neural network teacher. At
that time, an attachment error, an external error parameter, is
generated between the pipes in the test field and the
measurement device. Since this error significantly impacts
the learning process, calibration of the external error
parameter is necessary. Therefore, we will develop a method
to recalibrate only the external parameters using the
aforementioned internal parameters.
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