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Safety Analysis of Transportation Vibration and Mounting Methods for a
Large Radar System with a Commercial Truck

1,# 1 2
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Military equipment such as large radar system is difficult to transport because protecting each of inner components is
mandatory. Therefore, a large radar system is basically transported by military vehicle and consider safety about
transportation vibration during design procedure. However, in this paper, a large radar system which includes a large radar
and cooling unit is transported by a commercial truck, not military, using different mounting methods so that analyzing
acceleration is necessary in terms of verifying safety about transportation vibration. In addition, PSD data which is
measured during a variety of transport environment explains that air suspension can absorb vibration efficiently and input
vibration is small compared to the MIL-STD-810H, as such most amount of vibration from road can be damped and small
energy would be transferred to upper equipment through load path, chassis to equipment. Furthermore, specific mounting
method fasten a large radar system effectively. As a result, using a commercial truck with mounting methods during
transportation large radar system is totally safe from transportation vibration.

Manuscript received: August 12, 2024 / Revised: October 28, 2024 / Accepted: October 31, 2024

NOMENCLATURE 1) = Angular Frequency
F, = Clamping Force by Mass Oest = Estimated Stress
F, — Preload o, = Analyzed Stress
k = Stiffness of a Large Radar Systems Gper = Percentage Factor of Grms
c = Damping Ratio of a Commercial Truck Grms,resy = Grms of Test Results
m = Mass of a Large Radar Systems Grms,rer = Grms of Reference
a = Acceleration Ope = Model Error Factor
x = Displacement of a Large Radar SF = Safety Factor
y = Displacement of Base MS = Margin of Safety

Copyright © The Korean Society for Precision Engineering
This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Table 1 Specification of mounting equipment

Large radar Cooling unit
Width (m) 29 2.8
Weight (kg) <15,000 <7,000

Table 2 Specification of a commercial truck

Commercial truck

Weight (kg) 11,750
Total weight (kg) 40,000
Length (mm) 12,950
Width (mm) 2,495
Height (mm) 3,630

Axial load rate (kg) Front 8,000 Rear 11,500

Cooling Unit

Large radar

=  Pedestal

Platform

Fig. 1 Construction of a large radar system during transportation

ol

]_

PAE AFS 5 g Aol A2ue) 1y W
U BEY 4 AmS sk
2. 22

2.1 oAty

2 Aol AFE A8 E-T g A4w]9] A2 Tables 1,
20} 2o B A AHl= Table 29] A48 E=9] 5 1 A 5|85
Zol aejElo] wiX|5loitt -8 E- Y 35 518 5 kol A
ol v8ll ¥ & 84S 7THIRRE $50f 7% iy glo]
o= AFells Ad oz 7he W77 (Cooling UnityS Bj
2lsko] FA| vilte HEEQITE i gtk AlAEle] HAE
T ¥ Fig 13 Zon, dig Foltk= ¢y o194
(Housing), SFE||L} W21 o) (Pedestal), QHE||L; &0 (Platform) .2
T2k Fig. 2 o3 #lojt} AlA|9] a7 WS velhd A
Qld), WA= EE Al WAQl 4 W @, tiEdlolth=
EQAEg ) FYINAEE o83 1Y B @F A8t

Z} 17 ] sl getsght EAES 294 AYE,
Ayg adste] s AL, 1 W @9 A9 -
= viR] e areste] Aol doeke s
Z HeFo g 2246 mm 7HF o2 ALt Fig. 32 14
H |

P @9 ABAS ek 2908 7] Fee) 9FEL

2%
H



a

THLUISEX| M42H M1 E

January 2025/13

Mounting method G2
(Twist=lock & Cornercasting)

Mounting method (1)
{Balt)

Fig. 2 Mounting methods of a large radar system

Table 3 Specification of mounting methods

Large radar Cooling unit
Mounting Twist—lock. & Bolt
method Cornercasting
Quantity 4EA 28 EA
Allowance 34,000 kg/4EA 9,253kg/EA

] === Cornercasting

sinini

peseeea Twist-lock

Fig. 3 Mechanism of Mounting method ?

Tolerance
| oL

I
Mounting method (D

Mounting method (2

Fig. 4 Schematic of mounting methods
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Geometry

D HSB 690
[ SS400 C Channel 125
B 55400 C Channel 200
Bl 55400 H Beam 125
[ 55400 Plate

Point Muass
(Large Radar)

Point Mass
(Cooling Unit)

Fig. 5 FE modeling of a large radar system including flatbed on
commercial truck
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Table 4 Properties of materials for flatbed on commercial truck

Table 6 Results of random vibration analysis

SS400 HSB690 Longitudinal Transverse = Vertical

Young’s modulus 205 GPa 205 GPa Deformation (mm) 1.82 2.07 1.82
Poisson’s ratio 0.3 0.3 Stress (MPa) 269 358 557
Density 7,800 kg/m® 7,840 kg/m® HSB690 Safety 2.56 1.93 1.23
Tensile strength, yield 275 MPa 690 MPa Stress (MPa) 139 235MPa 215
Tensile strength, ultimate 550 MPa 800 MPa 55400 Safety 1.98 1.17 1.28

Applying area Main frame Twist-lock cover

Table 5 Modal analysis of a large radar system with flatbed

Natural frequency Mode shape
1 18.8 Global
ond 25.9 Global
31 32.1 Global
4t 352 Local

1 Mode {18.8 Hz) Ind Mide (25,9 He)
S Mode (321 Hep Hth Minde (35,1 Hz)

Fig. 6 Mode shapes of a large radar system by modal analysis

SR (ST AR Pa) S5 | TN

Fig. 7 Maximum stress by random vibration analysis

o] ugEtgITh HSB690o| A8 EQAED G 7 8
l A Zt| 557.43 MPa, SS4000] 2-8-¥ 2Aeke] wQlze
Y "aFoll A Zof 234.68 MPa g E%l SRS ghelskaltt.
ZF 2A)0) FE 28 s|Fog ALY FelEkga, B
)
=

Hi A2 shelstart

== Pedestal (@ Huousing (1} -
s Pedestal (@) i

{ | 7= Housing ®

Ler Chassis @

bemeeeeeees Platform ()

Signal Processor "

RMA (@) oeeeeeeees =

temeen Chasis (X)

%
e

Coaling Unit (1)
(b) Installation lefl view of acceleration sensors

Fig. 8 Maximum stress by random vibration analysis
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Table 7 Transport scenario for driving test

Environment of transportation

Route Highway, National highway, Road
Distance About 150 km
Velocity 0-90 km/h

Table 8 Results of transportation vibration during driving test

Platform @D
Grms (30-50 km/h) Grms (80-90 km/h)
Longitudinal (X) 0.014 0.025
Transverse (Y) 0.015 0.042
Vertical (Z) 0.043 0.086

Maximum value

Grms (Measurement) Grms (MIL-STD)

Longitudinal (X)  0.083 (Cooling Unit ) 2.24
Transverse (Y) 0.114 (Housing @) 1.45
Vertical (Z) 0.130 (Housing D) 1.32

Add o g39E lstat ey ), Qe sk
of F&Fsioict. ey & =4 ARGl Hlolok e X2
A|(Radar Module Assembly), A1& *]2]7|(Signal Processor)o]|
T AAE FEste] 7tE= Eo] Yol dAdsE= EA4E
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Table 9 Safety analysis from test results

Longitudinal ~ Transverse  Vertical
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The importance of cutting forces in machining has been emphasized for monitoring and optimizing cutting conditions,
leading to various method to detecting cutting forces researched. Cutting forces can be directly measured using
dynamometer or indirectly estimated using AE sensors and accelerometers, etfc. However, these external sensors demand
high costs and have accuracy limitations due to environment issues. To compensate for these drawbacks, utilizing internal
signals of machine tool has been developed. Among these, using internal electrical signals of machine tool is
representative. In commercial machine tools, cutting forces are often estimated through current measurements. However,
due to the characteristics of the spindle motor, electrical properties such as slip, power factor, and efficiency vary with the
load, resulting in relatively lower accuracy. This study introduces current-based method considering characteristics of motor
and power-based method for estimating cutting forces and compare accuracy of those methods with the measurements

from dynamometer respectively.
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Fig. 4 Relationships of efficiency with load variation

Table 1 Cutting condition of basic experiments

Cutting conditions

Material S45C

Tool Face cutter (Taegutec, 80 ¢)
Spindle speed 1,100 RPM

Feed rate 400, 500, 600, 700 mm/min
Axial depth 1 mm

Lateral depth 64 mm

Table 2 Derivation of the torque constant

Feed rate
(mm/min) 400 500 600 700 Average
K, 0.984 1.086 1.161 1.206 1.109
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Table 3 Cutting condition of experiments

Cutting conditions

Workpiece S45C
Tool Face cutter (Taegutec, 80 ¢)
Spindle speed 1,500 RPM
Axial depth 1 mm
Lateral depth 64 mm
#1 20-300 mm/min
Feed rate .
#2 350-1000 mm/min
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Fig. 7 Diagram for comparing the accuracy of each estimation
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Development of an Autonomous Stair Driving System based on an
Object Detection Algorithm through Analysis of Stair Traversal Conditions
of a Tracked Robot
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In this paper, we propose an autonomous stair-driving system for the stable traversal of stairs by a tracked mobile robot
operating in indoor disaster environments. Before developing the system, we conduct dynamic simulations to analyze the
requirements for the robot to climb stairs. Simulations are performed under various initial conditions, and based on a
detailed analysis of the results, we derive the necessary conditions for the robot's ascent. Using these requirements, we
design the autonomous stair-driving system, which includes three main components: stair approach, stair alignment, and
stair traversal. First, during the approach stage, we present a strategy for recognizing stairs using an object detection
algorithm and generating control inputs for the stair approach motion. Next, in the alignment process, we outline an image
processing sequence that extracts the edge contour of the stairs and a method for generating control inputs from the
combined contour. Finally, in the traversal sequence, we describe the strategy for driving up the stairs. Additionally, we
introduce an integrated ROS system to ensure the sequential execution of each strategy. We also verify the effectiveness
of the individual strategies and demonstrate the capability of the proposed system through experiments using mock-up
stairs and tracked robots.
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Table 1 Specification of tracked mobile robot
Design parameters unit Value
Wheel-base length mm 630.00
Driving sprocket diameter mm 202.00
Track front slope angle ° 35
Total weights kg 21.584
Table 2 Dimension of stair
Design parameters unit Value
Height of step (/) mm 185
Width of step (w) mm 285
Inclination angle of stair (&) ° 32.989
Number of steps each 20
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Fig. 7 Stair detection results using trained model (Left: Real world,
Right: Simulation world)
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Fig. 15 System hardware architecture

Table 4 Dimension of mock-up stair

Parameters unit Value
h mm 80
w mm 80
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Fig. 17 Stair alignment sequence results
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Most temperature indicators that use thermocouples as sensors include an internal thermometer for compensating room
temperature variations. This thermometer measures ambient temperature, which is then converted to a thermoelectric
voltage. This voltage is added to the electromotive force measured in the thermocouple sensor and then converted back to
temperature. Although precise calibration of the indicator can be conducted in a controlled room-temperature environment,
additional uncertainty arises due to room temperature compensation during actual measurements. To address this issue, we
calibrated temperature indicator at the ice point. In this experiment, the indicator was placed in an environment where the
temperature varied between 8 and 38°C, demonstrating its dependency on ambient temperature. In a second set of
experiments, we shorted the thermocouple input terminal to verify whether the indicator correctly indicated the ambient
temperature. This study proposed a method to assess additional uncertainty that must be considered when using a
thermocouple connected to an indicator calibrated with an external ice point in a laboratory. It also highlights additional
steps and factors to consider during the calibration of temperature indicators that employ internal temperature

compensation.
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Table 1 Characteristic differences between TC 1 and TC 2 as
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Indicator B as estimated from measurements using two
different thermocouple sensors
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Fig. 5 Temperature difference between the indicated value and the
reference temperature when the thermocouple junction of the
indicator was shorted
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A circular flexure hinge is a core element for force transmission and relative motion of precision stages used in
semiconductor processes. When designing a circular flexure hinge, calculation formulas for axial and rotational compliance
are essential. However, in the case of axial compliance, results of the existing calculation formulas have significant
differences from reliable finite element analysis results. In this study, calculation formulas for axial compliance of the circular
flexure hinges were derived based on stress distribution phenomenon. Comparison with finite element analysis results
confirmed that the newly developed calculation formulas were more accurate than existing ones. It is anticipated that these
enhanced formulas will lead to more precise designs, ultimately reducing both time and costs in research and industry.
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1. Introduction

Precision stages widely used in semiconductor etching
processes use flexure hinges as connecting elements for rotational
motion [1-3]. Conventional hinges, which are joints for relative
rotational motion, have backlash and use lubricants, so they are not
suitable for semiconductor processes where precision and
contaminants significantly affect yields. However, the flexure
hinge is free from these problems because it is made of a
monolithic metal structure and is therefore widely adopted in
semiconductor processes. Many studies have been conducted for a
long time to calculate the axial compliance and bending

compliance values of flexure hinges. Since most flexure hinges,

Copyright © The Korean Society for Precision Engineering

including circular and elliptical notch flexure hinges, can be
viewed as beams whose cross-sectional shape changes
continuously in the axial direction, most previous studies have
used the Timoshenko-Ehrenfest beam theory for analysis [4,5].
There have been studies by Paros and Weisbord [6], Wu and Zhou
[7], and Lobontiu [8] to calculate the compliance of 1-D circular
flexure hinges (see Fig. 1). Although the forms of the compliance
calculation equations developed in these studies are different, we
found that they are the same equations when the terms in their
equations were expanded and compared in this study. This is
consistent with the diagnosis in the paper by Yong et al. [9] that the
calculation results of these equations are the same, and the reason is

that these equations are derived based on the same Timoshenko-

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Ehrenfest beam theory. It is noteworthy that the Paros-Weisbord
simplified formulas for the rotational compliance are more similar to
the finite element analysis (FEA) results than the analytically derived
full equations. In addition, Smith et al. [10], Tseytlin [11], and
Schotborgh et al. [12] presented rotational compliance formulas for
1-D circular flexure hinges, but they were excluded from the
comparison because this study deals with axial compliance.

Yong et al. [9] presented an accurate empirical formula for
calculating axial and rotational compliance for the 1-D circular
flexure hinge in the range of t/R of 0.1 to 0.25, and pointed out that
when an axial load is applied to a circular flexure hinge,
deformation occurs not only at the notch but also around it, but
there is no compliance calculation formula that takes this into
account. Li et al. [13] pointed out that a flexible joint with a
circular flexure hinge consists of three parts: a notched segment, a
segment close to the notch (as much as R), and a segment further
away. They obtained an empirical formula for the compliance of a
circular flexure hinge by regression to an exponential function
from the deformation value calculated by finite element analysis
minus the deformation value of the non-notched segment.

We recognized that although a lot of deformation occurs in the
region close to the notch, as commonly mentioned by Yong et al.
[9] and Li et al. [13], there is no compliance calculation formula
that takes this into account. Therefore, our research started with the
aim of making theoretical formulas to calculate compliance more
accurately by creating a reasonable phenomenon-based model for
the region close to the notch.

Meanwhile, studies on the compliance calculation method of 2-D
circular flexure hinges have been relatively less frequent than those
of 1-D circular flexure hinges, and the compliance calculation
formulas of 2-D circular flexure hinges have been derived only by
Paros and Weisbord [6] and Lobontiu [8]. Although the compliance
calculation formulas developed in these studies have different
formula forms, we found that they are the same formulas when the
terms were expanded and compared in our study.

Since there was a significant discrepancy between the results
obtained from theoretical formulas in previous studies and those
obtained from finite element analysis, particularly regarding the
axial flexibility of the flexure hinge, this study aims to achieve the
following detailed objectives in order to derive more accurate
calculation formulas for axial compliance.

First, reasonable assumptions for compliance calculation are
established through the stress distribution that occurs when an axial
load is applied to the flexure hinge.

Second, phenomenon-based theoretical formulas are derived
based on the assumptions.

Third, the accuracy of the newly developed theoretical formulas

Fig. 1 Circular flexure hinges

is verified by comparing them with existing theoretical formulas,
and FEA results.

Section 1 is the introduction. Section 2 describes the structure of
circular flexure hinges and existing compliance calculation
methods. Section 3 derives new theoretical formulas based on the
phenomenon caused by axial load. Section 4 verifies the developed
formulas through finite element analysis. And Section 5 presents

the results and implications of the research.

2. Structure and Compliance of Circular Flexure Hinges
for Ultra-precision Stages

Ultra-precision stages are mainly used for position control of
masks in semiconductor etching processes, and they are in charge
of micro-displacement control in a dual motion control consisting
of large displacement and micro-displacement. The flexure hinge
operates as a precision revolute joint without backlash and micro-
dust due to the absence of lubricant, so it is adopted as an essential
component for precision stages.

Circular flexure hinges can be divided into 1-D circular flexure
hinges with one rotational degree of freedom and 2-D circular flexure
hinges with two rotational degrees of freedom, as shown in Fig. 1.

Theoretically, a flexure hinge has a compliance of six
components (3 translational + 3 rotational), but the following two
components of compliance of a circular flexure hinge are
important. The compliance in the axial direction, where the force is
transmitted, should be low, and the compliance in the rotational
direction, where the intended rotation occurs, should be high.

Therefore, in this study, only the axial and rotational compliance of
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Fig. 2 Dimensions and coordinates of the circular flexure hinge

the flexure hinge are considered. The names and coordinates of the
variables for the development of the theory are shown in Fig. 2.

In this study, the Euler-Bernoulli beam theory was utilized to
develop the equations for the following reasons: Since the load
changes over time are not abrupt, the effects of rotational inertia
can be disregarded. Additionally, for calculating axial and
rotational compliance, shear deformation is negligible. When the
effects of shear deformation and rotational inertia are excluded
from the Timoshenko-Ehrenfest beam theory, it simplifies to the
Euler-Bernoulli beam theory.

The compliance of a flexure hinge is based on the following two

equations.

8. =C.-F, @)

6,= Cy- M, @

where i = x,y,z. 6 and @ represent the deformation length and
deformation angle, respectively, and ' and M represent the force
and moment, respectively. The axial compliance C, and the

rotational compliance C, are calculated as follows [14].

1 ¢dx
C, =-[Z 3
a El4 )
1 ¢dx
C, = =[% 4
b ENT @)

where E is the modulus of elasticity, 4 is the area, and 7 is the

moment of inertia. In Fig. 2, r(x) is as follows:
) = £+ R(1- 17@2) )
2 R

With the above basic mechanical equations, previous
researchers including Paros and Weisbord [6], Wu and Zhou [7],
and Lobontiu et al [8] derived compliance calculation formulas.
The formulas are included in Egs. (A1)-(A14) in the appendix
since they are used for comparison. The subscripts are added in the

order of ‘compliance direction, degrees of freedom, author’, and

the formulas are listed in the order of ‘degrees of freedom,
compliance direction, author’ for easy comparison. In addition, the
simplified formula of Paros has ‘S’ at the end of the subscript.

Since static linear structural analysis by FEA numerically produces
only stress and deformation values under specific loads and
constraints, additional application of Egs. (1) and (2) is required to
obtain compliance. In this study, the conditions for FEA are as follows:
the left side of the flexure hinge is fixed, and the axial load and
bending moment are applied to the right side, respectively. The
thickness ¢ of the hinge neck is 1 mm, the width b of the 1-D circular
flexure hinge is 10 mm, and the selected material is A7075-T6 with
the elastic modulus of 73.013 GPa. The load condition was set so that
the maximum stress at the neck of the hinge is within the allowable
stress obtained by dividing the yield stress of the material by a safety
factor of 2. To obtain the rotational compliance, one end of the shaft
was fixed, and a moment (100 N mm for a 1-D circular flexure hinge
and 10 N mm for a 2-D flexure hinge) was applied to the opposite end.
In addition, to obtain the compressive compliance, one end of the shaft
was fixed in the same way, and a force (1000 N for a 1-D circular
flexure hinge and 100 N for a 2-D flexure hinge) was applied to the
opposite end.

Through Figs. 3 and 4, it is shown that the differences between
the calculated values and the finite element analysis values for the
rotational compliance are not large, but the differences are large for
the axial compliance. Since it is judged that the calculation formulas
for the axial compliance need to be improved, and new calculation

formulas for the axial compliance are derived in this study.

3. Derivation of New Compliance Formulas for Circular
Flexure Hinges

The discrepancy between the results of the theoretical axial
compliance calculations and the finite element analysis was
examined through an investigation of stress distribution. The stress
distribution under axial loading is illustrated in Fig. 5. The stress
contour (iso-stress line or surface) is approximately circular and
approximately perpendicular to the outline of circular flexure
hinge. This phenomenon is clear for the 1-D circular flexure hinge
and less clear for the 2-D circular flexure hinge.

The existing theoretical formulas were obtained by
integrating only up to the end of the notch part of the hinge, but
the actual stress is widely distributed up to the shank part. It
was assumed that a more accurate axial compliance calculation
formula could be obtained by deriving the formula considering
the shank part. The following two assumptions were made

based on the insight obtained from the stress contour shown in
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Fig. 3 Comparison between existing methods and FEA results for
the 1-D circular flexure hinge

Fig. 5: First, the stress contour is circular and intersects the
outline of the hinge at a right angle. Second, the stress acts
perpendicular to the contour plane.

The free body diagram drawn by considering the latter first is as
shown in Fig. 6. As can be seen in Figs. 6(a), the stress acting
perpendicular to the stress contour can be projected as a stress
perpendicular to the plane, as shown in 6(b).

Since the shape of the stress contour (dotted line) in Figs. 7(a) is
expressed according to the angle &, the corresponding geometry for
one stress contour is depicted in 7(b).

The equation of the circle forming the outline of a circular
flexure hinge is:

x2+(y7(%+R))2 =R ©)

Therefore, any point(x,y) on this circle can be expressed as

follows:

et o= Fiull [Pancs, Loboniu)
e — W = Simpliied (Paros)
=
¥ L= feA i |
003 g B
2 & 10 20 i ]
R
{a) Axial compliance
18F
15
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'-:: == Fyll {Parcs, Lobonsu)
— W — Simplifed [Pafod )
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0.3 L - 4 il
2 5 0 0 50

RA
(b) Retational compliance

Fig. 4 Comparison between existing methods and FEA results for
the 2-D circular flexure hinge

X =Rsin 0 @)

y = =+R(1-cos0) ®)
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Also, the equation of the tangent line at the point(x,, y, ) on this
circle is as follows.
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Fig. 5 Stress distribution of a 1-D circular flexure hinge when
axially extended
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{a) Stress distribution

{b) Equivalent stress distribution by projection

Fig. 6 Free body diagram at a certain stress contour

bR w0

Let the intersection point of this tangent line and the x-axis
(y = 0) be (c, 0), then

Ly £+R(lfcos9) fﬁftR
A )5

= 10
¢ Rsin @ (10)

This intersection point (¢, 0) becomes the center of the circle
forming the stress contour, and the equation of the stress contour

circle is as follows (see Fig. 7).

(x—c)’+y’ =R} (11)
Since the stress contour circle is assumed to be perpendicular to
the outline of the hinge, the height m of the arc can be simply

expressed as follows by a geometric relationship.

X
e
=
{a) Stress contours and their geometry
X
e
-
(b) Geometry for a certain stress contour
Fig. 7 Stress contour and geometry
m= (£+R(1—cos9))ﬂ (12)
2 sin @

Considering that deformation occurs up to the stress contour area
of Fig. 7(a), the axial compliance calculation formula of Eq. (3)
needs to be corrected. Therefore, if the stress distribution is projected
as in Fig. 6, while the area 4 is the same as in the existing formula,

the variable of integration should be replaced from x to x+m.

1
1+ cos@

d(x+m) = d&(é + zR) (13)

Therefore, by replacing dx in Eq. (3) with d(x +m) in Eq. (13),

we can obtain the following result.

¢, = Ljh(te2r) L _ap (14)
ElA\2 1+cos@

The axial compliance formulas for the 1-D flexure hinge and 2-
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Fig. 8 Axial compliances of the 1-D circular flexure hinge

D flexure hinge obtained by calculating the integral of the above
equation are Egs. (15) and (16), respectively.
1

45
Corp = —[1+
MPBEL fas+1

arctan./4s + 1} (15)

.
a2 TEi(4s+1)
><|:1 4 45 +8s(s+ 1)arctan/4s + 1}
(2s+1) Jas+1
where s = R/1.

(16)

4. Verification of the Newly Developed Formulas by Finite
Element Analysis

Finite element analysis is performed to verify the performance of

the newly developed axial compliance formulas of Eqgs. (15) and (16).
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Fig. 9 Axial compliances of the 2-D circular flexure hinge

The circular flexure hinge used in the finite element analysis was
set to have a length of one end of the shaft excluding the notch of
120 mm, and the height (at 1-D circular flexure hinge) or diameter
(at 2-D circular flexure hinge) of the shaft was set to 101 mm,
which was set to a sufficiently large value compared to the neck of
the notch so that the deformation of the shank did not affect the
overall analysis results. The thickness of the neck of the notch was
fixed to 1 mm, and the radius of the circular notch was determined
so that R/t was 2, 5, 10, 20, and 50. The grid was created so that the
size of one side of the grid was smaller than the thickness t of the
hinge.

The results of comparing the existing methods and the new
method developed in this study with the finite element analysis
results are shown in Tables 1 and 2. In Figs. 8 and 9, the percent
errors compared with finite element analysis are shown for the 1-D
and 2-D circular flexure hinges.

The performance of the newly developed method was evaluated

by the percentage error to see how close the results by the
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Table 1 Axial compliance values of the 1-D circular flexure hinge (unit: pm/N)

R/t 2 5 10 20 50
Full formula (Paros, Wu, Lobontiu) 3.551E-03 6.764E-03 1.057E-02 1.607E-02 2.713E-02
Simplified formula (Paros) 2.565E-03 6.101E-03 1.009E-02 1.572E-02 2.691E-02
New formula 5.932E-03 9.475E-03 1.348E-02 1.915E-02 3.036E-02
FEA result 1.023E-02 1.276E-02 1.556E-02 2.051E-02 2.994E-02
Table 2 Axial compliance values of the 2-D circular flexure hinge (unit: pm/N)
R/t 2 5 10 20 50
Full formula (Paros, Lobontiu) 3.357E-02 5.745E-02 8.375E-02 1.204E-01 1.923E-01
Simplified formula (Paros) 3.874E-02 6.125E-02 8.662E-02 1.225E-01 1.937E-01
New formula 4.686E-02 6.735E-02 9.129E-02 1.260E-01 1.960E-01
FEA result 5.222E-02 6.789E-02 9.007E-02 1.251E-01 1.953E-01
developed compliance formulas are to the finite element analysis REFERENCES
results. The results are as follows: For the 1-D circular flexure
hinge, the developed calculation formulas are 10.5 to 31.1% closer 1. Moon, J.-H., Pahk, H. J., Lee, B.-G, (2011), Design, modeling,
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APPENDIX

A.1 Compliance Formulas for the 1-D Circular Flexure
Hinge
(1) Axial compliance formulas for the 1-D circular flexure hinge

by Paros

-1
Caip,pa = E%){Ztan (“““Z‘:ﬁ—““J

L2048 [ RYB, B ﬂ
Chpes P i+ p-p?
where BIEZI_?’ y=1+p

by Lobontiu

1 [2QR+1)

Coipite = [—arctan L } (A2)
CU EbLJ(4R+1) 1

by Wu

_1r2@s+1) 1
c, u———[——————————arctanA/4s+lf—J (A3)
AP EbL s+ ) 2

where S = R/t

(2) Rotational compliance formulas for the 1-D circular flexure hinge

by Paros

C =
P EbRT 2B+ B v(2B+ B

3 1 1+B 3+2B+p°
()| (]
Al t=(r gy (SR (A%)

2.3/
X tan [

(2B+p7)
where B_ZR y=1+p

(y=B) H
/\/1— (1+B+y)

by Lobontiu

24R
EbL(2R+1)(4R+ 1)’

+6R(2R+ t)zmarctan( /4TR + 1)}

oo = [t(4R+t)(6R2+6Rt+12)

(A5)

by Wu

12 2s3(6s2+4s+1)+
EbR?| (25 +1)(4s+1)°

Ca, 1D, Wu =

(A6)
125" 125 (2s+1)

arctan(A/4s+ )
(4s+ 1)

where s = R/t

A.2 Compliance Formulas for the 2-D Circular Flexure Hinge

(1) Axial compliance formulas for the 2-D circular flexure hinge

by Paros
2 -1 24P
RO e o]
bAD.Pa = pp (2B+Bz)3/2 m
(A7)
[ )
2B+ By
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Xl M 428 M15
(4) Rotational compliance formulas for the 2-D circular flexure

2YUBLS
hinge (by Paros)

arctanjl + 4711 (A8)
2@ (Al4)

-

by Lobontiu
Ch.2p,Pas = 3
Et

c _ 8R { t /
a,2D, Lo~ T _ 5
nEF| AR (4R +1)

(2) Rotational compliance formulas for the 2-D circular flexure

hinge
by Paros

2

+ +B) +

8 {1 B, 204y +3

v 2y (BB

Cb,ZD,Pa = 3 P
3RER (2B +BY)

+2(”5)3+13(1+B)}XA/1(1+By)2 (A9)

2
2028+ BNy
2
L120p) ;23{tan1 IR, 2}}
(2p+B") N1=(1+B-7)
by Lobontiu
c _ 128R{t(120R4+176R3t+92R212+24Rt3+3t4)
b,2D,Lo —
3nEf QR+1)’ (4R +1)’
(A10)

+24R(5R* + 4Rt + 1) [—L—arctan 1+—}
(4R +1) !

A.3 Simplified Compliance Formulas for the Circular
Flexure Hinge (by Paros)
(1) Axial compliance formulas for the 1-D circular flexure hinge
(by Paros)
1 (R (Al1)

1
2
Ca 1D, Pas = ol " —) —2.57

t

(2) Rotational compliance formulas for the 1-D circular flexure

(A12)

-

hinge (by Paros)
s

Cy 1D, pas = —
n 2EbE !

(3) Axial compliance formulas for the 2-D circular flexure hinge

(A13)

N —

(by Paros)
v

2
Co2p, Pas = Et(t
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Evaluation of Electrochemical Performance of PEMFCs with Decontamination
Devices at Marine Environments
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In this study, we developed and evaluated a simple device for removing ionic impurities that affect the performance of a
polymer electrolyte membrane fuel cell (PEMFC) in a marine environment. In such environments, PEMFCs may experience
performance degradation due to the presence of Na+ and CI- in the air. To address this issue, the decontamination device
was designed with both heating and cooling components. This device was positioned between a humidifier containing NaCl
solution and a humidifier containing deionized water, both connected on the cathode side. The decontamination device
effectively removed impurities (Na+ and CI-) during experiments. As a result, the electrochemical performance of the fuel
cell with the decontamination device improved compared to that of the fuel cell without it. Notably, the activation resistance
and electrochemical surface area were significantly enhanced, and the ohmic resistance also improved when compared to
the fuel cell without the decontamination device.
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1. ME o|gfat AHSL upEko & 0]53 PEMFC thslh o]% Jatho]
N PEMFCO] 84 W97} M} Soje)ar Qeh(1-3]. o]%d
A

HEAA = A=} Abas Abo] o] H7]8lek4] vh-g-5 0]-8-5}o AEAA] AlLFe] A
3lst o YAIE A7) oJA| 2 Wksh= Aol o] & L&A} Ho, 371= 7125 E E20E oA SaE4] dutA
e AR A (Polymer Electrolyte Membrane Fuel Cell, Q&4 olFd A=RHAY] 5, NO,, SOy, HAWA] 52 &
PEMFC)= W&-Z 7|9to 2 dh= Fuf3at 184k AafjduS 7% EwER QA A9 dso] AskE 4= ATHS.6].
ERRE SRR o|Fo|A Utk PEMFCO] 34 F4 a4 Az Aet 2ol %7]% Ew== Qg PEMFC 45457}
ZufjZo] AL% v A= HEA (Membrane Electrode Assembly, WASl a2 PEMFC7} 8l|9F 0]58 AYo R AFRE A9 sj|oF
MEA), 7}27, 22|, dEEg ol g, HAw 50| urh 371 9 o]2F=°] PEMFC Zhgof n|2|= gkl thgt aie

PEMFCL %2 6080°CS] A W9lold Aok, 248 7} Bastch Sal, TABITE 205047k SAA 4%
AR AFEED] o] oSlEkaE MBS I, o & BER okt AT FuTOH, B €A A, 8, o
aeol won, &go] WASHA = AlE 7HAAL UHH1] ] 5 A PTG olA paE 8-Skl 2050 HAaTH Kk
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Cyelic voltammetry
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Fig. 4 Cyclic voltammetry after constant current 10h and ECSA
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Fig. 5 SEM of cathode side GDL

Table 1 Ion mass in the air in the cooling device and heating device,
obtained by lon chromatography

Element CI' [mg/kg] Na" [mg/kg]
in the cooling device 138 96
in the heating device 56 30

Table 2 EDS of cathode side GDL

Element Weight [%] Atomic [%]
CK 84.24 91.92
FK 3.51 242

NaK 5.66 323
CIK 6.59 244
Totals 100.00
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Thermal Fatigue Life Evaluation of EB-PVD TBC Using Newly Developed
Small-scale Burner Rig
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In this study, the effect of flow rate ratio (R) and total flow rate (Q) on the surface temperature of thermal barrier coatings
(TBC) was investigated using a newly developed small-scale methane-oxygen burner rig. Subsequently, the failure mode of
electron beam physical vapor deposition (EB-PVD) TBC was examined, and the relationship between surface temperature
and coating life was established. The surface temperature of the TBC was found to be strongly dependent on both the flow
rate ratio and the ftotal flow rate. Specifically, surface temperature exhibited a proportional relationship with total flow rate,
while it showed an inverse relationship with flow rate ratio. The failure mode of the EB-PVD TBC involved a gradual
increase in delamination from the rim to the center of the coin-shaped specimen, and this failure mode was found to be
independent of surface temperature. Additionally, it was determined that the surface temperature of EB-PVD TBC has a
perfectly inverse linear relationship with coating life. This finding implies that the derived linear regression line from the
burner rig test can be directly used to predict coating life for any untested surface temperature.
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1. M2 WA 2y 58] 52 2] (Electron Beam Physical Vapor
Deposition, EB-PVD)0] Q1 ©21[4,5], APS W42 Hb42 =54

ZFAERIe] BRIl )Gt 2% (Turbine Inlet Temperature, TIT) o]=of, EB-PVD 4] 33 7|4 gl Ego|=of 2 A&
= 9 1,350-1,500°C F=2[1.2], Edlol= 249l 2HId= 3 QITHS). @u= Al TBCY WHdS B7kshr] ¢t
o] PAZLE(F 1,000°C)E AA A2ttt 7FAEH] 71 Sl 7P dRbAQl o R, dug Alfde F2 7|29t HY
T EYo|=e] 2r7) A 2k ool HEkE 7] S, 2|27k AR U Ao AlE e e 3HH 7
Edol=ole o) W2 378 ST v ¥ Vet € 2], A=Ak fraol whet EeEA B, A 3o oA 2
#5217 (Thermal Barrier Coating, TBC) 7]&°] 2853l 9k Zte] z710] TBCY| & 2kof WA= F&= Hofshe 2ol
th. TBC= WA Q) Ak} ®fA] 4 0= 2-8-5= MCrAlY A2 Zasirh a2y 23olle Myl Ad 2 o=A TBCY
of = gy}, d Ad Aoz A8E= YSZ (Ytria FH =N AAE Sl B, O B 25 ] vt
Stabilized Ziconia) A& ] T IO FHTH3]. tfEAQ] s, dunts F3F Soll Bt ARe A AAEA 9

N

1=} LU MY S
o 32y WA= ti7] 5 8AF WA](Air Plasma Spray, APS) ] orch. 7 b= wYe 1 AlE 2AS AAstn AP
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Fig. 1 Cross-section of EB-PVD TBC specimen
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Fig. 2 Illustration of burner rig system
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Fig. 4 Circuit diagram of gas flow rate control system with arduino
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(a) (k) ()

Fig. 6 Variation in the flame shape for three different Q values of
(a) 12.4 LPM, (b) 18.6 LPM, and (c) 30.7 LPM, under the
same R value of 3.65

Table 1 R and Q values for three cases of flames in Fig. 6

Case  CH,(LPM) O,(LPM) R Q (LPM)
@) 2.67 9.74 3.65 124
(b) 3.99 14.57 3.65 18.6
© 6.6 24.11 3.65 307

 (b)

T il

e | 1

£

Fig. 7 a) Experimental setup for flame temperature measurement, b)
temperature profiles at gun distance of 8cm, c¢) flame shape
at gun distance of 8 cm, and d) flame shape at gun distance
of 4 cm
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Fig. 8 Variation in the surface temperature during (a) heating and
(b) cooling cycle
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Table 2 Measurements of maximum surface temperature, for five
different combinations of R and Q

Max.Temp.
O

3.99 14.57 3.652 18.56 1,048

3.99 12.67 3.175 16.66 1,088

1
2
3 3.99 9.992 2.504 13.98 1,115
4
5

Case CH,(LPM)O,(LPM) R  Q(LPM)

3.99 8.850 2218 12.84 1,110
5.00 12.54 2.508 17.54 1,175

1200
..5 1000 :—
g
E 800 -~
E |
= 600 — — -
8 I CH,-3.99LPM, O 14 5TLPM (R=13.652, 0=10.56)
E ——CH, 3.99LPM, 0,12 6TLPM (R=3.175, Q=16.568)
n?j 400 CH,-3.99LPM, O_0.092LPM (R=2 504, 0=11.98)
r -- CH,3.89LPM, O, 8 BSOLPM (R=2 218, (=12 84)
| m—CH,500LPM, 0,12 S4LPM (R=2 508, 0=17 54)
200 F N N N " " " n N \
o 1 2 3 4 5 <] 7 a8 ] 10

Heating Time (min)

Fig. 9 Variation in the surface temperature of TBC during heating,
for five different combinations of R and Q

FFHI(R) HA Q)] THE tAZEA] 9 =7 thgh
e oM el AlH 2 2= =4 ZA3to|H, Fig. 9= o] 2
e e e Aol

R = 3.652 (Casel)o]A] R = 3.175 (Case2)& -G-&FH|7} 0.047
st A9 AH EHO Ll 1,047014 1,088°CE 41°C %
7kskol, Case22 w21 Al3le] T wig & 5740§ A7

\1

(

aFgIch R = 3.175 (Case2)ollA] R = 2.504 (Case3)§ uj
Al BHO £l 108804 1,115°CE W3lslqic). l:l]
TAZE(0.671)2 Caselo| 4] Case2® vl wjo] ZFAE(0.047)

sk AR, S5 Y5 EQTC) E3hE ol

R = 2.504 (Case3)o] 4] R = 2.218 (Cased)2 G212 0.286
B o a7l A9ol, AH EHY SRl o A5
oF31, 1,115904 1,110°C2 23] 5°C 9+ 74514} Casel

o Cas7A S 33 QI 359 0 o
o Slek webA], SRl vt R SR Aol gHel
FFFS tx= o2 B 4 Q). Case5= Case3d} FUsH

R = 252 {3HlE 1A A, A 952 =271 Y9 Hg

G52 3.99 LPMoJ|A| 5 LPMO 2 2F 25% Z7FA|17] Ao|ch. 1
o wg} Case52] &85(17.54 LPM)S Case32] Z5-35(13.98
LPM)o] H|&}| 25.5% t©] Ar}. Case2 27 UH] &% Al £
)T EH, Case5S] AF E(87°C)0] Case39] A Z(27°C)
of v8l 320 AE o 2 Ao ekt wetA, CaseSE

Fig. 10 Photos of flame for the three different burner rig test
conditions
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Fig. 11 Representative photos for three steps in burner rig test from
the viewpoint of the lower specimen, (a) heating cycle, (b)
between heating and cooling cycle, and (c) cooling cycle
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Fig. 12 Surface temperature profiles of specimen during heating
with incremental increase of total flow rate for three
different flow rate ratio, gun distance = 4.0 cm

Surface Temperature('C)
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Table 3 Results of maximum surface temperature measurements
based on Fig. 12, for different combinations of R and Q

R CH,(LPM) O,(LPM) Q(LPM) Max. Temp. (°C)
4.03 10.12 14.15 1175
55 5.00 12.54 17.54 1238
' 6.01 15.08 21.09 1285
7.02 17.63 24.65 1322
3.61 10.89 14.50 1080
3.0 4.34 13.17 17.52 1137
' 5.00 15.08 20.08 1172
6.01 18.01 24.02 1213
3.19 11.14 14.33 1014
35 3.82 13.68 17.61 1079
' 5.00 17.50 22.50 1129
6.01 21.06 27.07 1164
1300 1500
1) ! Fr T = 13.9 + 986
= rmi- Q= 17.54 LFM E oo (R? = 0.975)
5 [ = =163R 4 1643 5 | T=1380Q+888
E m: 3 :351.6.5:{'?7':{“ B ooed e f?':-ﬁ?: * »
| ’ z
£ § o » a
% = . E ] . v
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= | = | (R! = 0938 -
1000 o I —

20 28 a0 a8 40 o 15 m 25 a
Flow Rate Ratio, R Tatal Flow Rate, & (LPM)
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Fig. 13 a) Relation between maximum surface temperature and Q
under the same R and b) relation between maximum surface
temperature and Q for three different R
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Fig. 14 The progress of specimen failure according to the number
of cycles (Casel), photos taken at (a) the second half of
heating step, (b) the first half of cooling step, and (c) the
end of cooling step
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Fig. 15 The progress of specimen failure according to the number
of cycles, (a) photos taken at the second half of heating step
and (b) photos at 180 cycle showing the progress of cooling
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Fig. 16 The progress of specimen failure according to the number
of cycles (Case3), photos taken at the second half of heating
step, except for the farthest right
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o] AL 2L} =rgo] A kgt MFPof 7MTh A CE, W
Ye| 1 AeE B8l dojdl Y U= =9 AE 4
2 a9y A2 283 = S-S uigich 2 A5t it
¢l EB-PVD T go]| A2 &2 2% ZAAE ol BErt =

sl glojo] ol $uE o
2 z20] FElo ST TH &
S Aol JHshEA ool Bajae

6. 48

& Aol A= Bt 27 25 mme] &F BUE o]gste] 5
BE WUy IE ARtk Mgk stee o83t A4
25 mm®| EB-PVD TBCA|Ho| i3t Gy = AFOoriE o

2. ¥l Aol
Apelo] q5E FE e g
ofm), Lo} Fpsh himE

3. 9Ue L A@E B3 EB-PV

w)

ACKNOWLEDGEMENT

o] =2 20229 AR(THAAA)] Aoz atuteted
T420] 2|91 vrol 3% A15:9)(UD2200041D).

REFERENCES

1. Hada, S., Takata, K., Iwasaki, Y., Yuri, M., Masada, J., (2015),
High-efficiency gas turbine development applying 1600°C class
“J” technology, Mitsubishi Heavy Industries Technical Review,
52(2), 2-9.

2. Oguma, H., Tsukimoto, K., Goya, S., Okajima, Y., Ishizaka, K.,
Ito, E., (2015), Development of advanced materials and
manufacturing technologies for high-efficiency gas turbines,
Mitsubishi Heavy Industries Technical Review, 52(4), 5-14.

3. Padture, N. P, Gell, M., Jordan, E. H., (2002), Thermal barrier
coatings for gas-turbine engine applications, Science, 296(5566),
280-284.

4. Rabieifar, A., Abouei Mehrizi, V., Ghanbari Haghighi, M.,
(2023), Degradation mechanisms of APS and EB-PVD thermal
barrier coatings, Journal of Environmental Friendly Materials,
7(1), 48-49.

5. Darolia, R., (2013), Thermal barrier coatings technology: critical
review, progress update, remaining challenges and prospects,
International Materials Reviews, 58(6), 315-348.

6. Park, S., Kim, D.-J,, Kim, J.-Y., Kim, S.-J., Lee, K.-Y., Kim, J.-
M., Kim, H.-I, (2024), Development of a Vertical Burner Rig
Using Methane Flame, Journal of the Korean Society for
Precision Engineering, 41(8), 653-661.

7. Dowling, N. E., (2012), Mechanical Behavior of Materials, 4"
Edition, Pearson.

Soo Park

Professor in the School of Mechanical Engi-
neering, Sungkyunkwan University. His
Research Interest is Structural Integrity
Evaluation.

E-mail: roonasis@skku.edu.ac.kr

Dae-Jin Kim

Professor in the Department of Mechanical
Engineering, Andong National University.
His Research Interest is Burner Rig Test.
E-mail: djkim@anu.ac kr




January 2025/73

&

Jun-Young Kim

B.Sc. Candidate in the Department of
Mechanical Engineering, Andong National
University.

E-mail: ggabuto@naver.com

Seong-Ju Kim

B.Sc. Candidate in the Department of
Mechanical Engineering, Andong National
University.

E-mail: bys3808@naver.com

Chang-Sung Seok

Professor in the School of Mechanical Engi-
neering, Sungkyunkwan University. His
Research Interest is Structural Integrity
Evaluation.

E-mail: seok@skku.edu






St2HaUZSHS|X| M 42 M 1Z pp. 75-78 January 2025/75
J. Korean Soc. Precis. Eng., Vol. 42, No. 1, pp. 75-78 http://doi.org/10.7736/JKSPE.024.119
ISSN 1225-9071 (Print) / 2287-8769 (Online)

PL AZE 83 10MY FQmRIS EUNT HX IH Y

Manufacturing Process for Highly Stable Thermal Imprinting Transparent
Electrode Using IPL Sintering
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This paper shows results of research on transparent electrode manufacturing processes using thermal imprinting and IPL
technique. By using an IPL process instead of the existing heat sintering process, the sheet resistance value was reduced to
about 1/ 10. Additionally, sintering time could be reduced from 1 hour to 1 ms. As a result of measuring the transmittance to
determine the excellence of the transparent electrode produced in this way, it was confirmed that it had a high transmittance
of 94.4% compared to the substrate with a very high bending stability compared to the existing ITO transparent electrode.
These results show that the transparent electrode manufacturing method proposed in this study is very useful.
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1. M2 ALY 7|eL BRE 7|4 48T 49 34 HAlo]
Rsl7] el Fsh AP7h el QITHS-10]. shAR
Q2% (Thermal Tmprinting) 714 A0l vle]=& 3k 7] ITO (Indium Tin Oxide) The] BAjel A HHAE BA7}
=LA (Micro Hot-embossing) 7|4 [ 112, G7kad T8} 7)gho] 9L, o] % FEshs g 2 dpelq Saskert. 1T09] 4
U 94k o] AEa Qi el Ahste] 3R uAlE ¢ AEE Sod $4th A5 molAv, £r1Ee] 44
nlo] R TS 7igte] BASH: sl&oltk. SARA V& BUAE] R A5 BelEth. old HRIoR Qs &
© 71 WA 71%o] 7Nk Rl B, UV (Ultrviolet)  1AA%}(Flexible Electronics)oll 21-8517]0] oelge] 91, ol
Ue/itol 22 QIR QA 7143 B hEAQ et FESHs 7|4E d9nUY 34 A8 Saskact.
olZi YA AEYE 4 Ui 714 F shpolch2l. TEA | Blge] 49 felHo] SEsb 100-2000C9)
952218 (Thermal Imprinting)h 2 SARA 714t WIS ZHITIL12] 7H Bl AT Qi 2] 4

2 sjed Bl wlste] Fo| Luiskn AU HEle] BA  che

7hgolsto] & FBL o8 i A Bl AP W J1E AL ol§F TS Hga7Io] ool 9, o]t of
W SRy 76 B S5 eln FAe] offtts 23S shAsHs W T4 Antensed Pulsed Light, IPL) 7]'Ho]
SR 73 Qo s olefd B & Feje FP3 g BSET YrHIAIS). P /WS L uAuEs
A4 FHEE 7B o5t BRERM) BARA J1ES AP WAL e HE A 2AR] 2ag 22 ¥
g PECIEE X
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1) Base Film 2) Press with mold

3) Removing mold 4) Blading with Ag ink

Fig. 1 (Left) Ni mold, (Right) Ni mold electrode pattern (inset) '

Height profile pattern of Ni mold electrode using Alpha step -

Fig. 3 Transparent electrode manufacturing process using thermal
imprinting equipment

Table 1 Imprinting depth depending on substrate type

Pattern depth (um)
substrate
1st 2nd 3rd
PC 7.5+0.2 7.3+0.2 7.4+0.2
PET 4.1+0.1 4.0+0.1 4.2+0.1
PEN 1.5+0.1 1.5+0.1 1.6+0.1

3. Alddut

2 Aol 71

28 (Thermal 3.1 7|% B2 L}E 208
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T NMEE #FaEd 7

2}

Imprinting) 44 4]
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Az Tl AME-E= HHE3 e -, SUS 7]ate] Yz ol7b "epl= A IS o= Zb 7|Ho] A=
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£/St Robotic Fiber Positioner & ZHZ 7=l

Development of Robotic Fiber Positioner and Path Planning Algorithm

for Multi-object Spectroscopy
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KEYWORDS: SCARA robot (A7}2F 2£2), High-precision positioning (2 &2 ZX|M'), Fiber positioner (247 21X[71),
Swarm bot (25 2£), Path planning (A2 #|&l), Collision avoidance (= HtX|)

A robotic focal plane system using robotic fiber positioners enables multi-object spectroscopy for hundreds to thousands of
galaxies by utilizing a dense array of positioners that are closely packed at the focal plane of a telescope. While this dense
arrangement increases the number of observations, it also introduces the potential for collisions between adjacent
positioners. A fiber positioner is designed similarly to a SCARA robot. It is driven by two series of BLDC motors. Each
positioner is manufactured with an outer diameter of 16 mm. It operates within an annular workspace with an outer
diameter of 33.6 mm and an inner diameter of 12.8 mm. As these positioners are arranged with a spacing of 16.8 mm,
target assignment and motion planning are critical to avoid collisions caused by overlapping workspaces. To address this,
we proposed an optimized step choice algorithm using a motion planning method based on optimization with the sequential
quadratic programming algorithm. Simulation results demonstrated that paths for all positioners within a tile were
successfully generated with a success rate of up to 93.75% across 80 files.
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(A-SPEC)= U] A7RIES FEZ == FHxo| F 23
34 BALE, K-SPECo]2H= MOS 7138 E3) 72] 200 Mpc ©|
8 ié}c 1 o gt uﬂ;ua ) J&—’;‘—% st} gt ol 5

9% Q5 e kAl #97)
. Dark Energy Spectroscopic Instrument (DESI)

[1-3]2 H]3#3} Sloan Digital Sky Survey (SDSS)[4], Multi-object
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by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



80/ January 2025

Optical and Near-IR Spectrograph (MOONS)[5] 52 EAlIA =
MOS®l| Z 23} Robotic Focal Plane System (RFPSYS- 7l'Z3}3it}.
RFPSS thidA] #3719 MZ& Focal Plate W02 Tl
Robotic Fiber Positioner (RFP)E Focal Plateol] HjX|&lo] &-31=
Z=3lt}[6-8]. RFP= 27119] 31 REE AM-3l= SCARA =&
FEE A 2=, FAFE T2 19 el dle FA=E oAl
Z1tH9,10]. RFP= —’,‘—H—’.‘Oﬂ/\i 3 707} Focal Platecl] 473k vjd
2 W=, #5 HXZ RFP € Wl AX" /5 SA

o] 5AIZItt. RFPSE HE H2 2AF WX 729 g2 A4
A S 7R ER 2831 &3 B3| 7Hesit

Z2fu; RFPSS] WS whx] 722 <l 2 A 7 RFP
7+ FEo] g uebr RFPE ARE-

g #3F HSoAM = Ri=

Al ol 7F FES WAEE sl AR E A= o]Fdh= AR
A& e] a3ttt Macktoobian[11]& The] RFPS] #1F AAHS
gPd 2oz R RFPY I3EE &5 tdS WA,
EE RFP7F S5 glo] &5 e AR 68 7 Ue 4=
A=

Ag GiEEE AGATE 22 BFH R AS it
01%3]%3 ARE A fEME %
2= BHY 45 yHRE X‘““"OP—T’— Z+ A ZF A

=0 ”"30}7‘] BoHA EF AX¢t T AI= BH 49
Greed Choice (GC) ¥g]&S A¢kith. Gee 7
= :5_1—%/‘301 =2 AZ AY aEFeR #F Uit 9
z7] IR e 7 HZEE AYA3S= Reverse Path Solution
ARE-SIt}h, 2]} Reverse Path Solution®] 73-$- RFP2] &2te]
1o HRE AFSEE A2 A ddiste] AT
T+, 271 ARAAM T BAE X7 9] & HolH 7t EA st
A o=t WA MOSelA she] RFPEHE A2 A9 F3l 7

2o (T oo
=
i

rlr

25 A B9 A 2skE A5 5 itk
A& Ago] F#HY F J=F RFPO| TP #5 S
ol g ZAIE AT ArH12-14]. 22U F2 —"—;PE
HEEA] ASHA AR Alge] 1 %HF st flsixe
%] Tgeh e L?X}Oﬂ

Al 2784 Fofell AEAQ) A& Q78] ot webA & =&
oM 2 sl 7INkek T2 A8 S8l E RFPE] AEE A4
ke AZ A darg)ES AlQteh =ollA ARl Optimized
Step Choice= Sequential Quadratic Programming (SQP) €252
71kste] mj A7 Al 2 o] e FAE g, o5 Fl

£ RFP7} A5 SIAZ o] 58 5 3= AHES A

11594 T4 T 2tk 2ol oAl 23715 f%

PE AAISIY, 3FolA olE A% AR AY dagF

Optlmlzed Step ChoiceZ #|¢tstt). 4o M= A|Qtet Larg]|5e]
AsE AEEelAE Tl GC delEH v 53t

22

rN‘ ﬂJ{O ol

2. Robotic Fiber Positioner

K-SPEC> A-SEPCE 98 thlA] #£37] A &ado= 74
1.6 m FY72 K-MTNetZ ©|-83l] 6 deg? 35 FFolA] o

.m.;-._.n [Ty e a——

Focal plate system

Rabotic liber positioner

Fig. 1 Multi-object spectroscopic telescope: K-SPEC

BN Workspace of a robotic fiber positioner
@ Fiducial illuminator

15070 9] HAE #=3H7] flal L= TH15]. Fig. 12> K-SPEC
2] Focal Plate®] —TLZ——

4
UJ
g
i
a
lo
i
X
fo 1
-
N
oo
é
11

o
ﬁ
o
1o,
it
X
<
o
o
&
)Y
v

2.1 K-SEPC2| Focal Plate 7

Focal Plateol== RFP ©]&]ol thkst 2471 wix|=o] 2t}
Fiducial Illuminator (FI)= W&l = LEDE 53] E& A4
Z 4= 9t} o] WS Focal Plate 2-2¥#H0o] 21E Metrology Camera
& F3] #=3L Focal Plate®] 7]5H o2 AME-SHH RFPY
Calibration®l] AF&-3 4= ST}, FI= Focal Plate W 573+ $1X]o
ujx] = o] Slvh. RFPS}F FI= YA 3+ 7H4 Pitch(P)E X =]H, o]
%ol et Focal Plateoll ¥iX|& <= 1= RFP] 47t 278 €t &
Z#ow RFPS} FI7} H2E Focal Plates= Fig. 29F 7t}
256 mm 273 2] Focal Pate®ll 15071] RFPS} 187112] FIE wi x| 5}k
7] 918 P= 16.8 mmE 2|53t

T

2.2 Robotic Fiber Positioner A4A|

RFP?| =& 917 #8lls s 271 fal Ldutze 3]
A BE| F2 71oju|e] 7o =g FAgrE =&9 RFP
AREE 2719 BEE 6 mm 272 BLDC RE|(ECX SPEED 6 M,

i
oft

Eale



o
Hl
0z
e
oF
o
foir
>
=
N
N
H
=
fo

January 2025/ 81

Yot

@ Fiber
Workspace

B o-arm

B B-arm

Xy
Fig. 3 Kinematics of RFP

Maxon)Z 854:12] 7]¢] 3| =(GPX 6, Maxon)S 43t A&t
ot 2719 BE= Z47) g-arm#} B-armS 21Tk oW g-arm@]
Aol(lyg FA()E WEshs W9l s RFPY] &2
B-armol| A RF HAFIER A Z AFe] FE WA BAE st
T Atk oWl D, BH A7 S Sulitt

Focal plateol] = 2,
F2E ), Focal plate®] ¥ 37 glo] BE <
A RFPE] F Arme| Zol& F4(2)5 weljoF gt ofuf RE
9 RFP BE9] 713 245 785, g-arm® ZolE 52 mm,
B-arme] ZolE= 11.6 mm= A 3T}

l,+14<P @)

Fig. 3& RFP9] 7]98rS HoFErh #3479 A= EEY
7tz et Ame| Aol wet A=, F3E 3 A G)H Zrh
(x5 Y= RFP4 A FBolth NIE A e HE Hrol
FolA™, o 73S Fal d ARl =estr] f3 2E 9
e g WS‘ T Atk olw) HE gholl gk o 7]4-8to] sl
o] FE 7HA17] 913l B-RES] ZEE 00llA 180°% AFHEIT.

x| X N cos(0,) cos(6,+ ) || I, 3
l:xj - |:yb:| |:sin(6’a) sin(6,+ Hﬂ)JLJ ®

2,2 2 2
+y,—1,—1
0, = cos- LY~ faT bp 4)
20,1,

T -1 [.sin6

0,=tan "L —tan —L "B _ ®)
x; la+lﬂcos Hﬂ

HzA o= MAFE RFP= F1g 49Jr 72t} S35 p-arm 2

AA=H, RFP WHE

= AREZEE ARt @QQ‘:} ]*‘ 75“"1‘” "FiE‘C B
7t 53 F UEE FF FUE AFFH o} gt} Ty SF
Fulol AZEE o-RHo| HPHOR dAH] ofFHSER
Lollipop Feature F-3©] "2 o]t}g,10]. ©]1& T3 o-EEH=

Bearing axis

4 B-Matar Spacer | a-Matof
l 1 Lulll;lE_n_Fra!ure_

cartridge

Bea ing
lock-nut Middie Coupling
2w Beasing carlridge & Shaft

Baaring a-Matar
cartridge

Fig. 4 Robotic fiber positioner for K-SPEC

Motor driver
[MAXON, Motor Driver
EPO54 Compact 24115 EtherCAT)

+
Fibwr [

positioner Moter contreller
[BECKOFF. Indunsrial PC CEX5-2010)

Camera :

Alyium 1800
U-1620c

RFP2] 3l Ralgjo) AZEES F3 gamol WS A
S AR olE Fete] $371E d4E F =S Tk

2.3 Robotic Fiber Positioner 85 &4
2.3.1 HAE H= MY

RFPY] A5& B7lsh7] A8 Bl&E W=+ Fig. 58 2t ©
2E H=E A 17 33 FABH RFPE AWE vigti
w 3leke] g2 = Metrology Cameras I XS} TE Metrology
Camera= CCD 7H2H(1800 U-1620¢, Allied Vision)®] @12(25 mm
1" HPr Lens /1.8, Edmund Optics)E -2}l ARSIt

=
i
o
L
i
1—0
_>|J_'4
rr
o
Ay
=
o
_>4.4 lo
)
}
s
fllo
o
=)
ga
i)
&
g
rr

i
2 75 pmolfﬂ, A-SPEC°ﬂ7\1E 5 um OILHQ] -r]Z] A= P
=1 i] 7‘1101'3}57—X} T_SH:]'

Z+S- Blind Movei‘rjl 5“’/} 531 2 Metrology Camera
Plate®] JEIE &Rlgttt. o] & B3l RFPY F4d72] ¢
]Q]r #Z O] YA k] S AE AL £ Qi AL Aol
W S o2 RFPE TEste] HEHoRE FARE A5
Je] $1x2 A EsA o]53= HgS Calibration Moved} S},
Calibration 24 2| dA]= Fig. 632 2t}



82 / January 2025

{a) Blind move
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Fig. 6 Calibration process
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Additive manufacturing, a key enabler of Industry 4.0, is revolutionizing the automatic landscape in manufacturing. The primary
challenge in manufacturing innovation centers on the implementation of smart factories characterized by unmanned production
facilities and automated management systems. To overcome this challenge, the adoption of 3D printing technologies, which
offer significant advantages in standardizing production processes, is crucial. However, a major obstacle in complete
automation of additive manufacturing is an inadequate placement of support structures at critical locations, which remains the
leading cause of print failures. This study proposed a novel algorithm for accurate detection of island regions known to be
critical areas requiring support structures. The algorithm can compare loops on two consecutive layers derived from STL files.
In contrast to conventional GPU-based image comparison methods, our proposed CPU-based algorithm enables high-precision
detection independent of image resolution. Experimental results demonstrated the algorithm's efficacy in enhancing the
reliability of 3D printing processes and optimizing automated workflows. This research contributes to the advancement of smart
manufacturing by addressing a critical challenge in the automation of additive manufacturing processes.
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NOMENCLATURE L,ss = All Merged Loops on Plane S,

Lrsi = Total Cross-sectional Shape Loop on Plane S|

o - over.hang Angle ) Lrs; = Total Cross-sectional Shape Loop on Plane S,

S = Sectional Plane at #** Height Lrss = Total Cross-sectional Shape Loop on Plane S;

Lssi = A-exclusive Cross-sectional Shape Loop on Plane S RL = Residual Loop

Lps, = P-exclusive Cross-sectional Shape Loop on Plane S, NR = Null Residual

Lyss = A-exclusive Cross-sectional Shape Loop on Plane S, SR = Sustained Residual

Lgs, = B-exclusive Cross-sectional Shape Loop on Plane S,

Lps, = P-exclusive Cross-sectional Shape Loop on Plane S,

Lys; = A-exclusive Cross-sectional Shape Loop on Plane S;

Lgss = B-exclusive Cross-sectional Shape Loop on Plane S; 1. ME

Lcss = C-exclusive Cross-sectional Shape Loop on Plane S;

Lpsy; = P-exclusive Cross-sectional Shape Loop on Plane S; 3D TR 42} AdE g o] A 7|e2 A ARl FAs £
Lot TRt A 2okl A Hs] SR AL QITH1]. o] 71
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by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



90/ January 2025

&, ¢, AL A=, WA 5 AT Zopelld 28
), ZZoll= 4D ZRIY Va2 dskal Jloh2]. =ik o
dopd Fi S T AET H R o AR EFE A
A3 AR E5E A-sto] W Aol 7] ogt

AA =2 AxAdAE g94e 98 2ntE e d.
e Axsh A=Hor A 9 28kl Qv =2 3D
IZAY, A0tEAA, CPS, oW A4t 7], IoT, 2=H¢-5, 4]
gojd, 229 55 éUPEZﬂi‘—DJ SEH A7IEE A8

CH3]. #E AntEdE =
(Manufacturing Execution System) —7— %Ei 3, o] & ¢
3] ICT (Information and Communication Technology)”} Z-8-%
o] E=3HE dlofE7t sttt 3D ZRE = 7|E AL
2AH|o Wla) AAEA ) B2} 9 Ao f2lsieh4l
et 3D ely BAe] ¢ ABslol olds] Tk o
ofglet. 1 2 BAL AA AVt Bt £ mEoA
L4 902 AFOR Austn AAsHE Releh B A4

dhel B AL T2 MR Fe] dEste] AgE o,
ot &l 3B T G |k B A7 3D Tl A
sho] a4) Q) AT B 917 T LrelES Aokt

2. KIXIH 444 I%| £

2.1 XIX|cHe| 2R2d
3D =AY T Aot S Qal w0 s ALgAe] A
A glo] & Auol 7Fs3lok drks Holth FHAM 9| AU
Azls| ulelslo] H|2xst AL BA|E AFA | sjds| ok ). o)
Uit &2 whalo] ZAIFe] wet 3D Ly Auje] 9] wak o}
q

SE, A B, BAEE 5 U 9lo] gk 2 Ashe] 2
QU sl 9ol Zelyar e, mu YA WA, BY B 2
o, TEE B LERH, AE 28, AX A 5 Rt 2k
2 2§ B BAsle] saatch choret 22 4 F Asjel
Qlo] |3z Zof AE3le] felg e WASo] QX o) 2
e Hlga) AgH. 23 G Hgo 29 AHse SuE
At Afste] el HEEE Lot A4S s Hck

AR ERe —’F ATHS.6].

ol % 3374 SH(Vat Polymerization) - DLP, SLA 5

A& EAH(Material Jetting)

H&A BAKBinder Jetting)

A& = (Material Extrusion) - FDM, DMD %

Bt = g3l (Powder Bed Fusion) - SLS &

A A Z(Sheet Lamination)

oL X] Ao} 8-2ZH(Directed Energy Deposition) - SLM &

Island =%

. self Supported
: Need Supported

LE3 = Island

Fig. 1 The angle 6 shown in the figure is 45°. Overhang part is
where the angle 6 exceeds a threshold angle. Self -supported
area where the angle is under 45° usually can stand without
supporters

ChR AR Beha thREe) 29 A 9gle v
Al AR H7E Bagh fiz]efl ZHdapA A=A Zot el A]
S A7 WRs ol E cheih. A% 9l A7
o) Feof o3t WY, L% E HRSHo ot ¥y, AR =
= 9 o] o Wy, B EX Friat AAt) Fo] k7]
27} 2 o}e7] P FDMI} DLP H4olA: £ male]
Syt ol 2dgt A2 Aol o] oMo gtk Fig. 1o
A 28A m&ak o] A (Island) G2 A A7t kA A=
o} 7t Bl GAkol 2% 4 gick. AFeAE o] 4e)
718 graishs kel s Astuat g

[

2.2 STL LI SAla} X|K|CH A4 AMSH o471

Z33512A} 3= 242 STL (Stereolithography) &2]2]
A2 A STL 7S 3D RS A4S 4 del= &
&5} “Standard Triangle Language™} “Standard Tessellation
Language”= ¥ &dl= 3= Ut}

STL sheloflx] BA19] Ewe TAsH: Aze 1279 4
2 ool glou] 3 Al WAl Welsh A Y BAYS 3%
o B wADT 024 WA vl WAL e N ] @
ol ¥y, V,, 7y S A Estar ot vl -2 Rtes].

N = (n,n,n,)
Vi =xpy,2)
Vy = (x5, 92, 23)
Vi = (x3,93,23)

AR Aol agt A5 HMsh=
oo AL A+ 7HA= Ut FH e
AE ggsto] Folxl 20 whEsh= AR A4
= B A4
t} o] &= 7]%’“" WS 3-8oto] Thet A7 X3 it

u

KR S|
=2 U
o= Hogrho] T1ES FAY WA N} E Fug 2
st 91o] UBL YA, o] YBFo| WATHE JAL



a

YLSSEX| H42H M1E

January 2025 /91

oA TARE HAlrh ¥ AHE vl

S 7|E0& o|Fo|F7] uie], o] 714 AdAe| ukel &X]
she7F g2 4= 2ldtt. Chen., Yong. 52 LDNI (Layered
Depth-Normal Image) 7|%¥ Z-§sto] A5kl XA} %’4?] A
ZJZTH10]. LDNI 7]"H& &-8-5to] ozl 13- =
Foto] ZF glojo]] 1y o4l (Contour)yS 5 %?‘_}EP- °l$ x|
& glo]o]o] IAlS Hlwste] wAEA] g FHS AdEst
, T A 7 oA A—E 7|Hte s A dlojoj7h AHA|
oz AA| 7HsRHA] A sk A|A|HE AT E3E, vl
HlE XY Az} 7440 whet ufx]E A2 et oA 1] A
£ BA5te] 227 edt Y9 AARehaL skt o] W
HE A g2 "R oA vlE] AAE AAE 7ike s A E
AR ete] BAE EAste] A|A] 7HeAdS EAIste] e
wje} sk Walolole. Wb XAA 4 B TelE
o opugit). et 24 74, 242 A7 ks Az, AR
A7) Vs A Sof was 751@;4% upgro = Mkl Aas)
At Jang, S. 52 ‘Directed z-LDI'S &85} A1} G842l
AR A PIAE e WS Xﬂ?ﬁﬂﬂ}[ll]- =& 3
T o)A g AMEE= Aok AFA|(View Frustum) 7%
= A Aok A=A (Orthogonal View Frustum)s Z-835}itt.
XY AZS 7z digro 2 =8 wdlo) EALElY] _Ltq_],]_ =
AU (Entry Point)?} HIjHOZ EY U= &1 (Exit
Poind & %lo] 418 Ausii, 7 5] TS Baslel o
3 =9} 7SR E Agste] A9 AAH HAE e W
= AR} Wang, Z. 5 ¥ doZ 3, BA, o=
wrotel WA e o) Zimof wet Ao gt HoE WiRlt

fo=]
AN
1:}, Sl x]x] —7-_7,: Ag*u 45 =9ou, A ¥4 2y
s
7

N R o

UG

ﬂll

[12]. Q%% v & W] ¥A W] Wik F shiate 90°%
zufelyl oujs) 4 EE oujs RAR RH. 2 ol
WS XY Heigh $jel Bulol ofs) AN Gue Fo 2
Hajof sl T} ek

9 WSS PA 37 B XY BeT 520l HHEo) 7t
Anrt 2L o] e 4 gl Wl Qolth. Ea & W
At 5291 W Sloll i th4o] W whelo] HAje] Wagch

o ool 7| T WS S8kl AAHeln FHpH2l

AR Aol A @77} Wol o]EolA FAR, 43
514 Al (Island)S 2= A =
E} L5y ”"‘_ A oHs] &dAe

2.3 CPU2 GPU EMH2| xj0IH
STLapd o} ol Letold) Wiellis 27 = 7k wWhgez
ths 4 9tk CPUS o]83 g 7)ut Sefol 43t GPUS

(a) Anti-aliasing applied image
. b
£ ;
V! i J
/ = f -
| ' s
s {
. = ==
"‘--“,_H__ _H"‘“-»._“_‘H T——
4 R
Y
" 1
¥ r b 7

{b) Vertex based loops

Fig. 2 Sliced layer images. (a)GPU-based method. The boundary is
ambiguous due to gray pixels and (b) CPU-based method.
The boundary is well-defined
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Fig. 5 Algorithm for detection of island

Fig. 6 Example to explain that cross section of the shape A is not an
island at plane S,

Fig. 7 Example to explain that cross section of the shape B is an
island at plane S,

(b) With supports for two
island areas.

(a) Without any support

Fig. 8 Visualization of unsupported regions

Fig. 9 Example to explain that cross section of the merged shape
(Ly.s4) 1s not an island anymore since plane Sy
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(a) Armadillof 37 84mm) lefi arm = lefSMART) / right(Chitu)

(b) Armadillo{37.84mm) chin

left{SMART) / right{ Chitu)

Fig. 11 Comparison between CPU and GPU methods in island
detection
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I Year of Launching

Journal of Korea Society for Precision Engineering was launched by the Korea Society for Precision Engineering in June of
1984. The name was changed to the Journal of the Korean Society for Precision Engineering in December of 1985.

I Aims and Scope

Journal of the Korean Society for Precision Engineering (JKSPE) is devoted to publishing original research articles with high
ethical standard on all aspects of precision engineering and manufacturing. Specifically, the journal focuses on articles
related to improving the precision of machines and manufacturing processes through implementation of creative solutions
that stem from advanced research using novel experimental methods, predictive modeling techniques, and rigorous
analyses based on mechanical engineering or multidisciplinary approach. The expected outcomes of the knowledge
disseminated from JKSPE are enhanced reliability, better motion precision, higher measurement accuracy, and sufficient
reliability of precision systems. The various topics covered by JKSPE include: Precision Manufacturing Processes, Precision
Measurements, Robotics, Control and Automation, Smart Manufacturing System, Design and Materials, Machine Tools,
Nano/Micro Technology, Bio Health, Additive Manufacturing, Green Manufacturing Technology.

I Fee

Subscription Fee:
This print copy of the journal is provided free of charge to the members of KSPE.

Publication Fee:

1. Basic fee (up to eight pages): 200,000 won; additional pages: 30,000 won per page.

2. Manuscripts contributed as a result of funded research will be charged an extra 50%.

3. Publication fee is charged only for the papers contain ‘Acknowledgement’ that represent supports of academic research
project by th fund of government, institutes or university, etc.

4. Publication fee should be paid within 15 days of the receipt of the publication fee invoice.

I Contact Us

[04508] 12F, SKY1004 Bldg., 50-1 Jungnim-ro, Jung-gu, Seoul, Republic of Korea

TEL +82-2-518-2928 / FAX +82-2-518-2937 / paper@kspe.or.kr / https://www.kspe.or.kr
Submission to Journal of Korean Society for Precision Engineering: https://article.kspe.or.kr
Search for Journal of Korean Society for Precision Engineering: http://jkspe.kspe.or.kr



I Rules for Submitting and Publishing Papers

Article 1 Purpose

The rules are designed to specify matters related to the submission and publication of papers in Journal of the Korean
Society for Precision Engineering (hereinafter referred to as the “Journal”) of the Korean Society for Precision Engineering
(hereinafter referred to as the “Society”).

Article 2 Submitter
The corresponding author and the first author of the submitted paper must be members of the Society. With special
permission by the Editor-in-Chief, however, the person can be treated as the exceptional case.

Article 3 Responsibilities and Compliance with Code of Ethics

A.The Authors are responsible for the submitted paper.

B. With regard to their submitted paper, all its authors must comply with ‘Code of Ethics for Academic Activities of the
Korean Society for Precision Engineering’. When any of the authors violates Code of Ethics for Academic Activities, the
Editor-in-Chief may disallow or cancel the publication of the paper and impose disciplinary actions as specified.

Article 4 Scope of Research

The scope of research for the paper shall cover areas of precision engineering such as Precision Manufacturing Processes,
Precision Measurements, Robotics, Control and Automation, Smart Manufacturing System, Design and Materials, Machine
Tools, Nano/Micro Technology, Bio Health, Additive Manufacturing, Green Manufacturing Technology, and the paper must
not have been published in any other publication.

Article 5 Categorization of Submissions

The paper submitted to the Journal falls into one of the categories below, and should be within eight pages, which may
be exceeded if need be.

A. Ordinary paper: The paper that shows excellent scholarship, practicality, and applicability.

B. Special paper: The paper that is written in accordance with a special provision for special papers.

C. Other submissions: Forecast, explications, lectures, and other writings.

Article 6 Submission

A.The Paper is accepted anytime and submission date is the day submission is completed at the Society.

B.The paper must be written in compliance of the template specified by the Society to be registered and submitted.

C.The paper that is found not to comply with ‘Rules for Submitting and Publishing Papers in Journal of the Korean
Society for Precision Engineering’ and ‘Guidelines for Manuscript Writing’ may not be accepted.

D.The submitted paper shall not be returned.

Article 7 Review and Decision to Publish Paper

A.The Editor-in-Chief shall decide whether to publish the paper or not.

B.The review of the paper is conducted by two reviewers recommended by the Editor-in-Chief, and the review and the
decision over its publication shall comply with ‘Rules for Reviewing Papers for Journal of the Korean Society for
Precision Engineering Paper Review Rules’.

Article 8 Copyright

A.The authors shall be responsible for the content of the paper.

B.The author(s) must transfer the copyright for the submitted paper to the Society, and for this purpose, the
corresponding author(s) must submit ‘Research Ethics and Copyright Transfer Agreement’.

C.The copyright for the submitted paper or other submissions shall lie with the Society and may not be reproduced
without authorization from the Society.

D.The author(s) may use part of their paper or other submissions published in the Journal in their other research,
provided the published paper is referenced as its source.

Article 9 Disclosure of Materials
The Society may disclose a paper or other submissions in print or as online publications.

Article 10 Manual of Style

A.Writing and editing the paper to be submitted to the Society must comply with ‘Guidelines for Manuscript Writing’
provided separately.

B. Editorial Board may edit the selected paper so that terms, characters, and orthography may comply with ‘Guidelines
for Manuscript Writing’.

Article 11 Publication Fees

The author must pay the specified fee for the paper published in the Journal. For the paper that exceeds the specified
number of pages, the author must pay the fee for those extra pages. The fee for extra pages shall be decided by the
board of directors.



I Guidelines for Manuscript Writing

1. Manuscripts should be written according to the format of the Journal (https://www.kspe.or.kr) and should be
submitted online (https://article.kspe.or.kr).

2.The manuscript should be organized in the following order: (1) The title in Korean, (2) The title in English, (3) Author
names in Korean, (4) Author names in English, (5) Affiliations in Korean and English, and information of corresponding
author, (6) Keywords, (7) Abstract, (8) Date of submission, (9) Introduction, (10) Main body (Theory, Experimental,
Results, Discussion) (11) Conclusion, (12) Acknowledgements, (13) References, (14) Appendices, (15) Position format

3. A manuscript may be written in Korean or English. If necessary, the original terminology may be provided in
parentheses to avoid confusion.

4. The manuscript title must be expressed concisely, preferably in ten words or less, and Keywords must be written in
English, with Korean translations in parentheses, and numbering six words or less.

5. The abstract must be written in English and not exceed 200 words. Figures and tables shall not be included in the
abstract.

6. Figures and tables shall be numbered in order in the main text, and captions should be written in English. Captions
shall be labeled beginning “Fig. 1” for figures and “Table 1” for tables.

7. Arabic numbers and S| units shall be used in principle.

8. References shall be numbered in order of quotation.
(1) Citation in the main text: First author’s last name with reference number in square brackets. e.g.) Hong [1]
(2) References shall be written in English at the end of the main body with the following formats.

e Books: Author names, (Year of publication), Book title, Publisher.
¢ Periodic Articles: Author names, (Year of publication), Paper title, Journal name, Vol.(No.), Cited pages.
e.g.) Hong, K. D., Kim, C. S., (2022), A method to investigate mechanical properties, John Wiley & Sons.
Hong, K. D., (2022), A method to investigate mechanical properties, Journal of the Korean Society for
Precision Engineering, 39(1), 1-18.
9. Appendices shall be formatted in the same way as main body text.

I Author’s Check List

1. Are the affiliations of all authors indicated with the correct symbols?

2. Does the manuscript adhere to the style set forth in the template?

3. Are Korean and English titles written in ten words or less?

4. Are keywords written in English with Korean in parentheses, in six words or less?
5. Are all symbols listed with correct nomenclature and proper description?

6. Are all figures containing abscissas and ordinates labeled with the correct symbols and units?
7. Does the manuscript use Arabic numbers and S| units?

8. Is the English abstract within 200 words?

9. Are the captions of tables and figures in English, corresponding to the format?
10. Are appendices formatted in the same way as main body text?
11. Is the manuscript written according to the guidelines of the journal?



I Rules for Reviewing Papers

Article 1 Purpose

The Rules are designed to specify matters related to the review of papers submitted to Journal of the Korean Society for
Precision Engineering (hereinafter referred to as the “Journal”) of the Korean Society for Precision Engineering
(hereinafter referred to as the “Society”).

Article 2 Submission and Reception

A.The person who wants to submit the paper to the Journal shall use the Society’s paper submission system to submit
the paper that has been written in compliance with the Society's rules for submitting papers, which the Society shall
receive.

B. Notwithstanding the provision of A., the paper may be submitted and received in other ways so long as the Editor-in-
Chief approves it.

C.The Society shall basically receive papers that are related to the Society’s areas of research. The Editor-in-Chief may
refuse to receive the submitted paper, if it is not related to the Society’s areas of research or has not fulfilled the
requirements. Areas of research are specified in ‘Rules for Submitting and Publishing Papers in Journal of the Korean
Society for Precision Engineering’ and ‘Guidelines for Manuscript Writing’.

Article 3 Selection of Reviewers

A.The Editor-in-Chief shall consider the areas for the submitted paper and assign its review to the Editor in the relevant
area, and the Editor shall assign the Editorial Board Member in the given area as the review supervising Editorial
Board Member.

B.The review supervising the Editorial Board Member shall select and recommend to the Editor-in-Chief who he or she
deems fit for the review of the submitted paper.

C.The paper shall have two reviewers while the third reviewer may be appointed, in which case, the paper shall have
the maximum of three reviewers. Reviewers shall basically belong to the different institution than the authors of the
paper belong to.

D.The Editor-in-Chief shall send the email to the recommended reviewer to confirm the acceptance of the reviewing
duty. In case any of the recommended reviewers refuses to serve as the reviewer, the Editor-in-Chief shall ask the
relevant The Editorial Board Member to recommend some other candidate.

Article 4 Review Procedure

A. Following the comprehensive review of the paper, the reviewer shall record results of the review supported with
objective grounds and make the clear request for revision, if necessary.

B. For the review, the reviewer must choose ‘Accept’, ‘Accept Subject to Minor Revisions’, ‘Re-Review after Major
Revisions’, or ‘Reject’.

Article 5 Review Period
A.The Editorial Board Member for the Journal must select reviewers within seven days from the appointment of the
Editorial Board Member, and the reviewers who are asked to review a paper must complete the review within 14 days
from their acceptance of the reviewer’s duty for the primary review and within seven days for the secondary review.
B.The ruling by the Editor and the Editorial Board Member must be completed within seven days from the reception of
review results.
C.In case the reviewer candidate fails to accept the reviewer’s duty for more than fourteen days from the request, the
candidate may be replaced with another reviewer.
D. If review results fail to arrive for more than three months from the reception of the paper in contravention of the
above provision, the following may be put into action.
@ If one of the reviewers has failed to deliver review results: The Editorial Board Member for the specific paper shall
review it within seven days from the expiry of the three months.
@ If all of the reviewers have failed to deliver review results: The Editor and the Editorial Board Member for the
specific paper shall review it within seven days from the expiry of the three months. If the Editor is the same
person as the Editorial Board Member, the Editor alone may perform the review procedures.

Article 6 Deadline for Author’s Revision

A.The author must resubmit the revised paper that reflects requests for revisions in accordance with the Editor-in-Chief
decision based on review results within thirty days for ‘Re-Review after Major Revisions’ or within fourteen days for
‘Accept Subject to Minor Revisions'.

B.In case a revised paper fails to be submitted for more than thirty days from the submission deadline, the Editorial
Board may cancel its publication, and if the author wants a review to continue, he or she must resubmit the paper.



I Rules for Reviewing Papers

Article 7 Decision over Publication

A.The Editor-in-Chief shall make a final decision on whether to publish a paper or not by reviewing the results of the
review by two reviewers and considering the comprehensive evaluation by the editing director and the Editor for the
paper.

B. A paper that has been ruled as ‘Reject’ by two or more reviewers cannot be published in the Journal.

Article 8 Review of Special Papers

A.The Editor-in-Chief shall appoint a Special Editor for supervising the special paper, with recommendations from the
officers of the Society.

B.In case a Special Editor is the Director or the Division Chairman of the Society, the Special Editor shall supervise the
selection of two reviewers for the review of the submitted paper and decide whether to publish it solely based on the
review results. In case the Special Editor is not the Director or the Division Chairman of the Society, the Board of
Editing Directors shall select the Editor for supervising the review of paper.

Article 9 Confidentiality

A.The reviewer shall not disclose his or her assumed status to anyone else.
B.The name of the author may be disclosed to the reviewer.

C. Review results shall not be disclosed to anyone but the author.

Article 10 Objection

A. If the author raises an objection to the review results, the exchange of views between the reviewer and the author
shall proceed through the Editor. When the reviewer and the author want to exchange their views, they can do so
through the mediation of the Editor.

B.The author’s request for the re-review shall not basically be accepted.

Article 11 Review Fee
If necessary, the specified editing fee may be paid to the Editor and the Editorial Board Member, while the specified
review fee may be paid to the reviewer.



I Code of Ethics for Academic Activities

o Full Text of Code of Ethics for Academic Activities of the Korean Society for Precision Engineering: http://jkspe.kspe.or.kr/_common/
do.php?a=htmI&b=16

e For the policies on the research and publication ethics not stated in this instructions, International standards for editors and authors
(http://publicationethics.org/international-standards-editors-and-authors) can be applied.

Chapter 1
Overall
Rules

Chapter 2
Author

Article 1 Purpose

This regulation aims to establish the ethical standard for the members of this institute to comply with and to contribute
to the healthy development of academics and society in order for our academic activities related with the Korean
Society for Precision Engineering (hereinafter referred to as the “Society”) to not infringe the dignity and value of
human beings and maintain a high ethical standard that does not damage the benefits of public society.

Article 2 Application Area of Code of Ethics

A. The code applies to the overall academic activities including all academic journals, academic conferences,
symposiums, workshops, forums, etc. published and held by the Society.

B. The code applies to all authors, reviewers, Editorial Board Members (hereinafter referred to as “EBM”, and hands-on-
workers in the service bureau related with the above academic activities.

C. Other items not set forth above may comply with this article, each level of regulations of Ministry of Education and
its annex institutions.

Article 3 Scope of Misconduct

Misconduct suggested in this code include forging, falsification, plagiarism, and false indication of the author of the

paper in academic activities, papers and presentations related with the society, and are as follows:

A. ‘Forging’ is the act of creating false data or non-existent research results.

B. ‘Falsification’ is the act of perverting research content or results by artificially modifying research ingredients,
equipment or processes, or arbitrarily modifying and deleting data.

C. ‘Plagiarism’ is the act of appropriating others’ ideas, research contents or results without proper approval or
quotation.

D. ‘False indication of the author of the paper’ is the act of not granting the qualification as an author of the paper
without a reasonable cause to a person who contributed scientifically or technically on a research content or result,
or granting qualification of an author of the paper to a person who did not contribute scientifically or technically to
express gratitude or show respect.

E. ‘Duplicate publication’ is the act of publishing the same content to two or more academic journals.

F. Activity of intentionally interfering investigation on the doubts of one’s own or other’s misconduct, or disturbing the
informant.

G. Activity that seriously deviates from the scope commonly accepted in the science and technology sector.

H. Activity other than the misconduct set forth above that needs to be independently investigated or prevented by the
Society.

Article 4 Honesty of Author

A. The author shall be honest in research carried out by an individual. Here, honesty refers to honesty in overall
research processes including derivation of ideas, designing experiments, analyses of experiments and results, research
funds, publishing research results, and fair compensation to research participants.

B. The researcher shall consider plagiarism, fraud, manipulation and falsification during research as serious criminal
activities, and endeavor to prevent these misconducts.

C. The author shall announce and properly respond in case of contradiction or the possibility of contradiction of
benefits of one’s own and others or other institutions.

Article 5 Authorship

It is recommended for every author including the first and corresponding author that authorship be based on the

following 4 criteria:

A. Substantial contributions to the conception or design of the work; or the acquisition, analysis, or interpretation of
data for the work; AND

B. Drafting the work or revising it critically for important intellectual content; AND

Final approval of the version to be published; AND

D. Agreement to be accountable for all aspects of the work in ensuring that questions related to the accuracy or
integrity of any part of the work are appropriately investigated and resolved.

0



I Code of Ethics for Academic Activities

Chapter 3
Roles and
Responsibilities
of Members
of Society

Article 6 Compliance of Authors
A. During the research implementation process of the submitted paper, the author shall respect human rights, comply

with life ethics, and obtain universality such as environment protection.

. In the submitted paper, the author shall accurately illustrate the research content and its importance without

perverting the research result.

. The submitted paper shall comprehensively include an academically valuable result and its basis of argument. If the

paper asserts for a conclusion similar to an already announced paper, it should be academically valuable for a new
basis of argument.

If citing a public academic data, its source must be clearly stated. For data obtained from an undisclosed paper,
research plan or personal contact, it should be cited after consent from the researcher who provided the information.

. Using the whole or part of another researcher’s research result without citing the reference corresponds to

plagiarism and is not allowed.

. The activity of duplicate publication by an author in the journal issued by the society where the paper is already

published or planning to publish in other academic journal is considered misconduct and not allowed. Submitting
content already presented in academic conferences or seminars by rewriting in a paper according to the academic
journal standard is generally accepted, but it must additionally have an important research result for the relevant
presentation.

All researchers who made important contributions to research implementation shall become co-authors, and the
representative author of the paper must have consents from all co-authors. For outside academic support such as
administrative and financial support, provision of research data or simple academic advice shall be indicated in the
‘Acknowledgement’ for its content.

Indicating a person who did not make academic contribution to research or falls short of contribution based on
causes outside academics is unethical conduct that defames the dignity of academics.

. In relation to copyrights, if approval of a person in charge is needed, the author must be granted approval before

submission of the paper, and confirm that there will be no dispute of contract or ownership that may be affected by
the publication of said paper.

Article 7 Compliance of Editorial Board Member (EBM)
A. The EBM shall fairly and objectively execute the revision process of the paper according to the set regulation without

prejudice on the author’s gender, age, race, affiliated institution or personal acquaintanceship with the author.

B. The EBM shall determine whether to reconsider or publish the paper based on the consistent standard of the review

C.

results for the submitted paper.

If it is determined that due to the lack of EBM’s knowledge in the research area of the submitted paper, there may
be difficulty in judging the result, the EBM may be advised by a person with professional knowledge in the relevant
area.

. The EBM shall not disclose or make use of the information acquired in the review process to others. Before the

publication in the journal, it is not even allowed to cite the content of the relevant paper without the consent of the
author.

. The EBM has the responsibility to monitor any unethical activity of the author and reviewers, and when ethically

inadequate behavior is discovered; the EBM shall investigate and give proper sanction as required by immediately
reporting to the Editor-in-Chief.

. If the submitted paper has direct interest with the EBM, it should be reported to the Editor so that the relevant

paper can be examined by another EBM.

. In case of reasons that prevent the EBM to promptly process the duty, it is advised to report to the editorial office

of the society or the Editor.

. In case of discovering any unethical activity from a submitted paper or reviewing process, or in case of deprecation

on unethical activities, the Editor shall determine the importance of the case, and organize an Investigation
Committee with EBM in the relevant area if needed. The Editorial Board determines the level of sanction to the
relevant person based on the report by the Investigation Committee, and if the already published paper is related,
the publication of the relevant paper may be retracted and cancelled.

Article 8 Compliance of Reviewers
A. The reviewer shall fairly and objectively perform reviewing duty for examining the paper according to the set

regulation without the prejudice on the author’s gender, age, race, affiliated institution or personal acquaintanceship
with the author. Personal academic beliefs that have not been completed, verified or under judgment based on
assumption must be eliminated.

. The reviewer, in order to assure the secrecy of reviewing the paper, must not disclose or make use of information

acquired in the process of reviewing to others. Before the publication of the paper, it is not allowed to even cite the
content of the relevant paper without the consent of the author.
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C.

The reviewer must respect the personality of the author as a professional. The reviewer shall endeavor to write the
objective reviewer’s opinion in an academically modest way by eliminating personal and subjective evaluations and
offensive expressions. The reviewer shall state in details the review comments and basis for the comments of the
paper under review.

. It is prohibited to request for additional information or explanation to the author for the reviewer’s personal
purpose.

. If the similar content to the paper disclosed in other academic journal has been included in the paper without

citation, the EBM should be notified in detail.

. If the reviewer is in direct interest with the requested paper or it is determined that the reviewer’s own professional

area is not suitable for examining the submitted paper, the reviewer should immediately notify the EBM in charge so
that other reviewers may be appointed. Also, in case of reason for not being able to finish the review within the
deadline, it needs to be notified to the EBM.

Article 9 Ethics Committee

A.

In case of breach of ethics and suspected cases during academic activities, the society may organize an Ethics

Committee (hereinafter referred to as “Committee”) to investigate the truth.

. Organization and Duties of Committee

@ The Committee shall be composed of one chairman and five members.

(@ The Vice-President in charge of academic affairs shall be the chairman, and members shall be selected from the
board of directors, and appointed by the chairman.

(® The chairman and members shall take office for 1 year from January 1 to December 31 and can be reelected.

(@ The chairman shall represent the Committee and take charge of overall duties for ethics of society.

Article 10 Function of Ethics Committee
The Committee shall act in the following manners:

A
B
C
D

. Establish and promote research ethics.

. Prevent and discourage research misconduct.

. Deliberate and vote on research misconduct.

. Determine sanctions for wrongdoers and report the result to the board of directors.

E. Improve and enhance other research ethics.

Article 11 Convocation and Voting of Ethics Committee

A

. The Committee shall be convened by the chairperson as needed, held in attendance of the majority of members,
and resolved by over two-thirds of registered members’ agreements.

. The decision shall be notified to the suspected person (accused) of misconduct, and the explanatory opinion shall be
received in writing within 15 days.

. The Committee shall review an explanatory opinion from the suspected person of misconduct, and hear an opinion
if needed before making the final decision.

. The decision shall be reported to the board of directors for the final decision.

. If the chairman deems it necessary, opinions by a person other than external personnel or members can be heard.
. Presented content by participants and details of the Committee shall be undisclosed in principle.

Article 12 Reporting Research Misconduct

A

. Research misconduct may be reported in writing with related documents attached according to the five W’s and one
H. However, even if anonymously reported, if it is clear based on the five W’s and one H, the Committee may review
the initiation of investigation.

. The Society shall endeavor not to give any disadvantage, discrimination, unreasonable pressure or damage to the
informant for reporting misconduct.

. The identity of the informant shall not be subject to disclosure, and the best measures shall be taken to prevent
identity disclosure.

. In case the informant wishes to know the investigation schedule and procedure after reporting misconduct, the
Society shall respond sincerely.

. The informant who made the report although it was known or it could be known that the information given is false

shall not be subject to protection.
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Article 13 Sanctions on Research Misconduct and Follow-up Actions

A.

B.

The author whose research misconduct has been confirmed shall be imposed with sanction by selecting from the

following considering the severity of the misconduct according to the decision made by the Committee:

(@ Cancel publication of relevant research subject to the Society publication

(@ Prohibit submission of paper to the journal issued by the Society for five years

(® Prohibit presentation in the Society academic conference for five years

@ If the relevant paper has already been published, notify cancellation of publication in the relevant academic
journal, and notify the misconduct to the affiliated institution of the wrongdoer

(5 Cancel membership to the Society

If the informant intentionally made a false report, the sanction equivalent to the research misconduct may be given

according to the decision of the Committee.

Article 14 Protection of Rights of Examinee

A

The examinee refers to a person who has become the subject of investigation for misconduct due to the report or
cognition by the Society or related institution, or a person who has become the subject of investigation by
suspecting of taking part in misconduct during the investigation process. The examinee shall not include testifiers or
witnesses.

. The Society shall be careful not to violate the dignity or rights of an examinee during the verification process. Also,

until the confirmation of the results, the examinee shall have an equal opportunity for objection or defense, and
shall be notified in advance of the related procedure.

. The suspicion on misconduct shall not be disclosed to the public until the judgment has been confirmed. However,

this does not include cases where serious risk may be present to public welfare or social norms.

. The examinee may request for investigation and processing procedure as well the processing schedule for misconduct

to the Society, and said the Society shall respond sincerely.

Article 15 Disclosure of Record and Information of Investigation

A.

The Committee shall store the investigation report of the entire investigation process obtained in the form of voice,
video or written document for at least 5 years.

. The report of investigation and list of investigators may be disclosed after judgment has been made.
. If the list of investigators, witnesses, testifiers, or consultants has the possibility to cause disadvantage to the

concerned personnel, it may not be disclosed.

Article 16 Report of Investigation Result

A.

B.

The Committee shall report the confirmation of the examined content to the board of directors within 6 months of
the submission date after completion and judgment of the investigation.

The report of the result must include each of the following items:

@ Content of information

@ Misconduct subject to investigation

(® List of investigators of Investigation Committee

@ The role of the examinee in the relevant research and validity of misconduct

(® Related evidence and witnesses

(& Objection or defense by informant and examinee, and its processing result

C. Until the final judgment on the research misconduct, it must not be disclosed to the public.
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