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View on Connecting Micro and Macro Dynamics
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Optimal Design of Microwave Shielding Door

by Using of Design of Experiments

o|7ts|', Z&"*
Ka Hee Lee' and Kwang Kim'#

Hstw 7|A|AdA=Z Skt (Department of Mechanical Design Engineering, Tech University of Korea)

# Corresponding Author / E-mail: kimkwang@tukorea.ac.kr, TEL: +82-31-8041-0428
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KEYWORDS: High-frequency electromagnetic field simulation (x1Z=1}t ZX}7 | %} 5H4d), Microwave drying and heating system (MXt7 |t Z71EZA=7]),
Design of experiments (A&17|2]8), Microwave shielding (74X}~ |t X}H]), Optimal design (=|Z=A47])

In the heating and drying system using microwaves, an optimal design method was presented to effectively shield
microwaves leakage between the door and the cylindrical applicator. In order to protect the human body from leaking
microwaves, it is necessary to keep the intensity of microwaves below 5 mW/cm?. The door part adopts a choke structure
and includes a number of design factors, such as, fin shape, slit shape, and a gap between the applicator and the door.
The geometry was optimized by design of experiments, applying full factorial design and response surface method in a 4-
factor, 2-level design. The results obtained by ANSYS HFSS analysis were applied to the intensity of microwave leakage
according to the change of the design factors. The shape of the choke structure was optimized using Minitab, a statistical
program. The microwave heating and drying system was manufactured based on optimal design value and the leakage of
microwaves between the door and the applicator was measured. We confirmed that the experimental values were

consistent with the simulation values.

NOMENCLATURE

L = Length of Microwave Transmission Path

L, = Length of Inner Choke Wall

L, = Length of Fin

L; = Overlapped Length between Door Base and Applicator
G; = Gap Distance between Door Base and Applicator
G, = Gap Distance between Fin and Door Base

S = Height of Slit Wall

L = Wave Length of Microwave

Copyright © The Korean Society for Precision Engineering
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Fig. 1 Microwave heating and drying system

Table 1 Specification of system

Components Specification
Magnetron 1 kW, 2.45 GHz (2M246, LG)
Directional coupler 3kW (BPM 112, National)
Applicator (SM45C) @280 x H510,t=1.0
[mm]
Wave guide (186 x 43 mm (WR-340, Power supply
Inc.)
Power supply 1.1 kW (MDT-1100S, Power Supply Inc.)

(Aapir |~

Fig. 2 Model for electromagnetic field analysis
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Table 3 Full factorial design

E-field
Run G] G2 L2 S [V/l’l’l]
1 0.6 0 7.6 0 25.75
2 0.6 3 7.6 0 462.7
3 0.6 0 12 0 33.90
4 0.6 3 12 0 76.90
5 0.6 0 7.6 10 19.28
6 0.6 3 7.6 10 241.7
7 0.6 0 12 10 30.43
8 0.6 3 12 10 19.69
9 2 0 7.6 0 210.6
10 2 3 7.6 0 491.7
11 2 0 12 0 178.2
12 2 3 12 0 569.4
13 2 0 7.6 10 210.1
14 2 3 7.6 10 598.2
15 2 0 12 10 123.1
16 2 3 12 10 4579
17 1.3 1.5 9.8 5 25.76
EFieid Runld HS
[vim] s
4000 0000
3227 3909
2969.8567)
a2y
| 2454795
b 2157 2668
Mlm?m
1424 5864
11671339
lmwoo
652 0687
354 5333
1370000

Fig. 5 Results of electromagnetic wave analysis of run 5 & 14

Table 4 Analysis of variance for E-field

Term Effect Coefficient T-value P-value
Constant 2343 8.87 .000
G, 241.1 120.6 4.57 .001
G, 260.9 130.4 4.94 .000
L, -96.3 -48.2 -1.82 .095
S -43.6 -21.8 -0.83 427
Al et Fa et WA E= Figs. 63 73 Tt

x5S ZF AR o,y HhbgEIel AR A7(E-
field)o]t}. Fa = A 7]27]E S8l AAJAR] G, Gy, Ly, S
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Main Effects Plot (data means) for E-field
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Fig. 6 Main effect plot for E-field
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Table 5 Response surface methodology

Rn G, G, L s
1 0.6 0 7.6 0 25.76
2 0.6 3 7.6 0 462.7
3 0.6 0 12 0 33.90
4 0.6 3 12 0 76.89
5 0.6 0 7.6 10 19.28
6 0.6 3 7.6 10 241.7
7 0.6 0 12 10 30.43
8 0.6 3 12 10 19.69
9 2 0 7.6 0 210.6
10 2 3 7.6 491.7
11 2 0 12 178.2
12 2 3 12 0 569.4
13 2 0 7.6 10 210.1
14 2 3 7.6 10 598.2
15 2 0 12 10 123.1
16 2 3 12 10 457.9
17 1.3 0 9.8 5 23.46
18 1.3 3 9.8 5 170.4
19 1.3 1.5 7.6 5 268.8
20 1.3 1.5 12 5 202.9
21 1.3 1.5 9.8 0 64.66
22 1.3 1.5 9.8 10 107.0
23 0.6 1.5 9.8 5 31.57
24 2 1.5 9.8 5 144.5
25 1.3 1.5 9.8 5 40.82
26 1.3 1.5 9.8 5 40.82
27 1.3 1.5 9.8 5 40.82
28 1.3 1.5 9.8 5 40.82
29 1.3 1.5 9.8 5 40.82
30 1.3 1.5 9.8 5 40.82
31 1.3 1.5 9.8 5 40.82

Table 6 Analysis of variance for E-field
Term Coefficient T P
Constant 63.65 3.547 .002
G, 113.44 7.440 .000
G, 124.11 8.140 .000
L, -46.48 -3.048 .006
S -17.02 -1.116 276
L*L, 170.87 7.257 .000
G * L, -35.64 -2.204 .038
G * G 43.98 2.720 .012

E-field e et e E-field

G? = ' Gz : -

Efield

E-figld s

a2 7 el 3

Edieid S / Eheld

[ AR e gl 5 *

Fig. 8 Surface plot for all factor pairs
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G, [ S Gy
New 30 120 100 20
Cur (0.0 [8.90] [10.0) [0.60]
0.44596
= 0.0 7.60 0.0 060
E-fiald
Minimum
y=-147.0757
d = 0.44506

Fig. 9 Shape optimization of microwave shielding door
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As the digitization of the manufacturing process is accelerating, various data-driven approaches using machine learning are
being developed in chemical mechanical polishing (CMP). For a more accurate prediction in contact-based CMP, it is
necessary to consider the real-time changing pad surface roughness during polishing. Changes in pad surface roughness
result in non-uniformity of the real contact pressure and friction applied to the wafer, which are the main causes of material
removal rate variation. In this paper, we predicted the material removal rate based on pressure and surface roughness
using a deep neural network (DNN). Reduced peak height (Rpk) and real contact area (RCA) were chosen as the key
parameters indicative of the surface roughness of the pad, and 220 data were collected along with the process pressure.
The collected data were normalized and separated in a 3 : 1 : 1 ratio to improve the predictive performance of the DNN
model. The hyperparameters of the DNN model were optimized through random search techniques and 5 cross-validations.
The optimized DNN model predicted the material removal rate with high accuracy in ex-situ CMP. This study is expected to
be utilized in data-driven machine learning decision making for cyber-physical CMP systems in the future.
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1. M2 A & F 7Hl Al 34 Mg =3 AEsHA A8-sfof sk
- E33E A oltH4]. CMPOA] A= A|AES 5317 ¢
313} 7]4& HAul(Chemical Mechanical Polishing, CMP)= 3 AREE 7|20 BT 7HE AT e S 11 theslo
tlupo] A Al ArellAl Bleha] wkgat 7[A1A] Am AlAS 2 ofsfl ekt o Zofl SAZE At
3t stojBP|= Anls Fof HAo| wE W TAE AA 22 Az 3749 tAdart 7Sk whet =22 7)nt
oh= F Fekeh FAoInH1]. CMP F7gollM ©ake] A= A A A9 HAE 55317 flsll CMP 3ol = Ql3Als
A& Aol wpe} Hrpo] o] 543 Aso] EEbA7] weol 71AkES 283t oy 7|Hke] H A7} o] Fofx|al Q)
Avp FRFS JBH @Ash= 2ol Ta51HH2]. o]t o] th Ahng 7|AERE 7|WHe] Hdls ARgsto] Am AAE oS
= A tutol2 sfE o] ZujAstel iR A Sto] ulel A Hdlo] AJsS vl 245k, XGBoost RS Sl =
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Fig. 3 Comparison of CMP results in parameters over time by pressure
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Fig. 5 Schematic of RCA measurement system
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Fig. 6 RCA image processing and analysis

Table 1 Break-in conditions

Polishing machine POLI-300
& (G&P Technology)
Wafer 200 mm Oxide blanket
Head [g/cm?] 210
Pressure
Retainer ring [g/cm?
. Head [RPM] 87
Velocity
Platen [RPM] 93
Slurry/DIW flow rate [ml/min] 150
Polishing time with DIW [min] 20
Polishing time with slurry [min] 10
Conditioning Ex-situ
Sweep cyc
. 9
[cyc/min]
Rotation speed 101
Conditioning [RPM]
Down force 4
[kef]
Time [min] 5

ZH17]. o= vt ?JX}EI /gxﬂ fé-‘@lés HsA7|BR,
2l

I7go] Q) E}F/}H _H_Eﬂ E! =
517] 9J3 DI water® 205, Slurry® 1054 ulsiglon, o]

Table 2 Experimental conditions

Polishing machine POLI-500
i (G&P Technology)
Wafer 200 mm Oxide blanket

Head [g/cm?] 140, 210, 280, 350

Pressure i i
Retainer ring 51 280, 350, 420
[g/cm?]
. Head [RPM] 87
Velocity
Platen [RPM] 93
Slurry flow rate [ml/min] 150
Polishing time [min] 1
Conditioning Ex-situ
Sweep cycle
: 9
[cyc/min]
Rotation speed 101
Conditioning [RPM]
Down force 4
[kef]
Time [sec] 10, 30, 60, 180, 300
3000
S b "'. o‘. ¥
56 . ..i;l. w5 . Il .

2500
4.5

4.0
Psl 35
30
2.5
20

g
2000 £

1500

00 1000
ack 125

1.50
175 6

Fig. 7 Actual parametric data scatterplots for deep learning-based
modeling
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Table 3 Range of experiment result value for data construction

Value
Data feature
Minimum Maximum
Pressure [g/cm?] 140 350
Reduced peak height [pum] 1.643 6.308
Real contact area [%o] 0.065 1.834
Material removal rate [A/min] 694 3356

Aol we A= AAE dlolE 204ES ghEsien 2t b

o]E]2] ¥ $}= Table 30f LRSIt}

o Tr
=
%—(Hldden Layer), €+52] €} dlo] g ‘?_ % Z-(Output Layer)
= o

2 FHEY 24939 mRES YESoriE AT o
E|E &A3} 3= (Activation Function)of wle} 712} HERS
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g 2AE AEZH R 53t A5 A% (Deep Neural
Network, DNN)& t}3-0] 249302 44 Qg A4%S 9
njshy @} odute] due|ES Fof syS pATith 2 A
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Adam Optimizer, He Initialization2 A3}t

HJ
i)

4.2 H|0|e{ M2

S0l AL Blojele] BAES gtel wslel wel B
thes] wEe) WA S AXA o e AFehE 7
A} 2 g2 NFOR AT Aupt AL epd =
£ B450] BU 20 FRES WISHES ol WS
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QTN Bl P2 AGEE Ha o ATFSHMin-
Max Normalization)& AR5} 2|4 o) Afsle] W3 4]
e ofdlsh g& Ao B i

min
X . —X;
- L) J
Xij max _min M
X J
Al(DellAl xoF x'& 27t AAYE A, 39 Hlol"HE, ¢

Input layer Hidden layer Qutput layer

Fig. 8 Deep Neural Network structure diagram

Table 4 Number of partitioned data set

Data set Value
Train 132
Validation 44
Test 44

j& dlolee] &, d& oJu|gitt. 4 Hdf A413k= Raw do]
Eof tisf A% WIS SaYsto] &gk 0, HHgk 19] M2
£ 248k, o] A RSl WollA o 22 EEHARe} o
A0 FEFe Fasigieh FtstE dolEe AW Fl
El
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Table 5 Range of hyperparameter tuning

Hyper parameter Value
Minimum Maximum Step size
Hidden layer 0 10 1
Number of neurons 1 150 1
Batch size 2 64 2
Learning rate 3e-4 3e-1 le-18
Epochs 1,000 10,000 500
Drop out 0.1 0.9 0.1
Table 6 Result of random search
Hyper parameter Value
Hidden layer 6
Number of neurons 57
Batch size 8
Learning rate 0.000319
Epochs 5,500
Drop out 0.1

HAstsls o] Basirh. B dgolxi slolv] setuje s
HHeP| 918 TPset BE 23 B7bolA] 2wk Signlt
Agos tfelsts A AJx|(Random Search) 71H-S ARS8}
ok 2|23} 342 Table 52+ o] 2} stolu] mehu]E o] |,
o] Wolel AAF) 5l 7HAS LRSI dk50) 34} vk
ZI%H(Under Fittingy2 W|317] 9J3) 57H9] A% dlojg] 180z
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N 2
> —'.
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X 1=y
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N
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MAPE ¥ 3 - )

i=1
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Table 7 Test data with a prediction error rate above MAPE

No Pressure RCA Rpk Real MRR Predicted MRR Prediction error rate
’ [g/em?] [%] [um] [A/min] [A/min] [%]
1 210 0.4766235 4.543 1,624 1,785.6068 9.951158
2 280 1.1841390 3.180 1,731 1,602.0144 7451508
3 140 0.1846151 5.175 1,226 1,038.1718 15.320412
4 210 0.4943034 4.586 1,793 1,657.3381 7.566194
5 210 0.4660441 2.709 1,191 1,375.7162 15.509336
6 280 0.8840373 3.013 1,866 1,666.5496 10.688662
7 280 0.6425659 3.729 2,107 2,308.8945 9.582085
8 140 0.1851733 3.928 864 936.416 8.381483
9 280 1.1594971 3.056 1,340 1,571.9052 17.306355
10 140 03186116 4.454 843 951.67255 12.891168
11 210 0.3302002 3.946 1,396 1,759.6122 26.046718
12 210 0.4329015 3.048 1,624 1,473.16 9.288175
13 350 1.5340251 2.086 1,821 2,112.963 16.033108
14 350 1.4431559 2.282 1,877 2,339.1433 24.621380
— train
2000 - =
3000+ i
- 1500 1
o 2500 ™
[a'd Em o 1250
E @ S 1000
o 2000
| = 750 1
9 .. 500
§ 1500+ -
-8 250 PR TR ' -
i 1000 ) [ 1000 20‘00 3000 4000 5000
Epoch
500 A . . . . L
Fig. 11 Evaluation loss function according to epoch of optimized
DNN

0 500 1000 1500 2000 2500 3000 3500
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Fig. 9 Result of R according to optimized DNN training
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Fig. 10 Validation of DNN with test data set

o
o
o,
)
o

£
[

=S|
=
£ ox

4

>

o

%

2
Ir

o>4

rUR

%

N
ﬁ

ok

rﬂ

é”.:

S XHE Xﬂﬂ%ﬂ A% AHeert Hlﬂlﬁ‘Pﬂk 01h Léﬁ‘ﬂ
CMP Aol o w2 A2=g G457 s 38 A
Ao s tﬂ?—}o}i tlolg 5455 F7Heg Jesjof 3
e 2 ouiditt. wEba] 2 Akl ARE 545
= 25k 9 2R He| Wt 5 ARt uhE 34 g ES
Z7k oz meRittd Beh 2 AEwel o3| A% A
oJt}. 71l A AP

o} et & JEet 3 Aot 7k Ae® vt E)
ol#gt /A A AIE Tl FF AbolH =] AlLEHE 7
HEO 2 CMP 349] T Estel 3 dlolel 7lute] A 34
Aloj7} " Aolch.




28/ January 2023

rol
Hl
o
ng
OF
]
o
>
=
N
o
i
=
fo

ACKNOWLEDGEMENT

o] gk 2022 AR |EAH REAIRO] Ao R o=t

AAEke] 2] QL whol 23] ¢351¢](No.2021R1A2C1095017),

REFERENCES

10.

11.

Lee, H., Jeong, H., Dornfeld, D., (2013), Semi-empirical material
removal rate distribution model for SiO, chemical mechanical
polishing (CMP) processes, Precision Engineering, 37(2), 483-
490.

Jeon, B. J., Ha, J. M., Lee, J. M., Park, C. H., Kim, S. J., and
Yoon, B, D., (2016), Chemical mechanical planarization removal
rate estimation with ensemble model, Proceedings of the Korean
Society of Mechanical Engineers 2016 Autumn Conference,
1398-402.

Lee, H., Kim, H., Jeong, H., (2021), Approaches to sustainability
in chemical mechanical polishing (CMP): A review, International
Journal of Precision Engineering and Manufacturing-Green
Technology, 9, 349-367.

Yu, H.-M., Lin, C.-C., Hsu, M.-H., Chen, Y.-T., Chen, K.-W.,
Luoh, T, Yang, L.-W., Yang, T., Chen, K.-C., (2021), CMP
process optimization engineering by machine learning, IEEE
Transactions on Semiconductor Manufacturing, 34(3), 280-285.

Ahn, J.-E., Jung, J.-Y., (2019), Predicting and interpreting quality
of CMP process for semiconductor wafers using machine
learning, The Journal of Bigdata, 4(2), 61-71.

Li, Z., Wu, D., Yu, T., (2019), Prediction of material removal
rate for chemical mechanical planarization using decision tree-
based ensemble learning, Journal of Manufacturing Science and
Engineering, 141(3), 031003.

Wang, P, Gao, R. X., Yan, R., (2017), A deep learning-based
approach to material removal rate prediction in polishing, Cirp
Annals, 66(1), 429-432.

Lee, K. B, Kim, C. O., (2020), Recurrent feature-incorporated
convolutional neural network for virtual metrology of the
chemical mechanical planarization process, Journal of Intelligent
Manufacturing, 31(1), 73-86.

Zhang, L., Biddut, A., Ali, Y., (2010), Dependence of pad
performance on its texture in polishing mono-crystalline silicon
wafers, International Journal of Mechanical Sciences, 52(5), 657-
662.

Prasad, Y. N., Kwon, T.-Y., Kim, 1.-K., Kim, 1.-G, Park, J.-G,
(2011), Generation of pad debris during oxide CMP process and
its role in scratch formation, Journal of the Electrochemical
Society, 158(4), H394.

Jeong, H., Lee, H., Choi, S., Lee, Y., Jeong, H., (2012),
Prediction of real contact area from microtopography on CMP
pad, Journal of Advanced Mechanical Design, Systems, and

12.

13.

14.

15.

16.

17.

18.

19.

20.

Manufacturing, 6(1), 113-120.

Kim, S., Saka, N., Chun, J.-H., (2014), The effect of pad-asperity
curvature on material removal rate in chemical-mechanical
polishing, Procedia Cirp, 14, 42-47.

Park, K., Jeong, H., (2008), Investigation of pad surface
topography distribution for material removal uniformity in CMP
process, Journal of the Electrochemical Society, 155(8), H595.

Park, B., Lee, H., Park, K., Kim, H., Jeong, H., (2008), Pad
roughness variation and its effect on material removal profile in
ceria-based CMP slurry, Journal of Materials
Technology, 203(1-3), 287-292.

Processing

Lee, C., Lee, H., Jeong, M., Jeong, H., (2011), A study on the
correlation between pad property and material removal rate in
CMP, International Journal

Manufacturing, 12(5), 917-920.

of Precision Engineering and

Park, K., Kim, H., Chang, O., Jeong, H., (2007), Effects of pad
properties on material removal in chemical mechanical polishing,
Journal of Materials Processing Technology, 187, 73-76.

Kim, H., Kim, H., Jeong, H., Lee, E., Shin, Y., (2002), Friction
and thermal phenomena in chemical mechanical polishing,
Journal of Materials Processing Technology, 130, 334-338.

Kim, H., Kwon, D., Jeong, H., Lee, E., Shin, Y., (2003), A study
on the distribution of friction heat generated by CMP process,
Journal-Korean Society of Precision Engineering, 20(3), 42-49.

Park, K.-H., Kim, H.-J., Choi, J.-Y., Seo, H.-D., Jeong, H.-D.,
(2005), The effects of groove dimensions of pad on CMP
characteristics, Transactions of the Korean Society of Mechanical
Engineers A, 29(3), 432-438.

Jang, J.-H., Lee, D.-H., (2004), Optimization of groove sizing in
CMP using CFD, Proceedings of the Korean Society of
Mechanical Engineers Conference, 1522-1527.



o

THUISEX| M40 H1E

January 2023 /29

J———

Jong Min Jeong

M.Sc. candidate in the School of Mechani-
cal Engineering, Pusan National University.
His research interest is artificial intelligence
CMP system.

E-mail: jmjeong@pusan.ac.kr

Seon Ho Jeong

Ph.D candidate in the School of Mechanical
Engineering, Pusan National University. His
research interest is planarization profile
modeling of pattern device.

E-mail: shjeong@pusan.ac.kr

Yeong 11 Shin

M.Sc. candidate in the School of Mechani-
cal Engineering, Pusan National University.
His research interest is planarization model-
ing of copper pattern.

E-mail: 0il5108@pusan.ac.kr

Young Wook Park

M.Sc. candidate in the School of Mechani-
cal Engineering, Pusan National University.
His research interest is designed CMP pad.
E-mail: pyu0131@pusan.ac.kr

Hae Do Jeong

Professor in the School of Mechanical Engi-
neering, Pusan National University. His
research fields include chemical mechanical
polishing (CMP), grinding, polisher and
consumable design, and post-CMP cleaning.
E-mail: hdjeong@pusan.ac.kr






S HUSSS|X| K40 # X 1S pp. 31-38

January 2023 /31

< | ron

Korean Soc. Precis. Eng., Vol. 40, No. 1, pp. 31-38

XHE Jelirlni=E AEX] =
SAIZE HAH[H ZAF UE

http://doi.org/10.7736/JKSPE.022.092
ISSN 1225-9071 (Print) / 2287-8769 (Online)

=~o o|=
=2 st

Real-Time Machine Vision-Based Inspection Method

for Automotive Crash-Pad’s Stitch
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In response to the market's need for luxurious automobile interiors, automotive parts makers are developing various types
of crash pads to give drivers a sense of emotional luxury. In particular, a low-cost and high-quality crash pad manufacturing
technology is being developed for mid- to low-priced vehicles, namely, the IMG-S (In Mold Grain-pre Stitch) technology.
High defect rate of stitching is a critical problem during the manufacture of crash pad using the IMG-S technology. In order
to solve this problem, this paper proposes a method of real-time machine vision inspection of stitches on the automotive
crash pad. This paper presents the real-time machine vision inspection system configuration, proposes stitch and reference
line detection methods, and method for calculating the distance between stitches and the reference line. According to the
distance between the stitch and the reference line, the status of the stitch was judged as normal, warning, or erroneous,
and the final result was displayed on the user interface. The applicability of the proposed real-time machine vision

inspection method was verified by stitching the test line.
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Fig. 1 The IMG process of producing a crash pad (up) and the
IMG-S based process of producing a crash pad with stitches
(down)

Qroll ] 7]&3E ute} o] IMG-S FH-2 vl 22 u|g}
Azt Al AHHH=g AR = vk B

go] 9]
tf. ZEu BEY 4] AEAE i A9 sl Ao] of
U3 Seseis gaow AuE Eude] AX A 9

oF 37| wjiLe] AutRog 59 o|iFo] LeFol oJaf AEX
o] Yo BFgo] wrhs BAZL k. B ERS
IMG-S W o= Nise AFE W= A% &

ojef A2 ZARE SEsH] fiske] MAlbAE ol 87t A
Floj=o] AER] FAF AILE S AEshs AE 52 oR Jith

Az gRloA SHAIE = HFSAEFS] EF oS w4l
v o2 AARE ns glgt 34 A3 T HE o] A A|AES
T Ao} tFEolt). o]e}l Zo] EMro] mAln|A HAMAA
9 & A9 oY HolA 2% 59 &3S wAlRA FA
Ao e ‘Rlottl Bkl 7‘*}01] 295 AIREE 4|

27 fdo €92 4 9

o)

£ =5o) 2o AFA 3R ANZE AAE $I3 o]
A AP 2RI g AR, 344 o)
AP AT Aol ARgAE QlElslol St A4
g Al Mol 3 S| AL B Ho] AR AA

2. DHAIHIF ZAL AIAR) THS

B eRoA o s adHEEt IMGS AFHol
498 Aoz, Fig 25 Po] A% 2 - %xggfc NETES
270t o] A Ead §) 2EA] Beps Ao AL

Fig. 3 The camera and dual LED lights for inspecting stitches
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Fig. 4 Left/right stitches, reference line, and left/right offsets: (a)
The case of good stitches and (b) The case of fault stitches
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Fig. 5 Fault detection process for stitches
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Fig. 6 Fault detection process for stitches: (a) Original image, (b)
The image of left/right stitches, (c) The image of reference

(a)

line, and (d) The result image of stitch inspection

| .
(b) (c)

Fig. 7 Perspective calibration of a camera image: (a) The original
image before the perspective calibration, (b) The image after
the perspective calibration, and (c) The image within ROI for
stitch inspection
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Fig. 8 The process for detecting left and right stitch contours and
moments

(a) (b) (©

Fig. 9 The pre-processing for stitch inspection: (a) Original image,
(b) The blurred image, and (c) The image after automatic
brightness and contrast calibration
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Fig. 10 Generation of initial stitch area mask through (a) The
horizontal Sobel derivatives from right to left, (b) The
horizontal Sobel derivatives from left to right, (c) The
binarization of image (a), (d) The binarization of image (b),
and (e) The OR bitwise operation of images (c) and (d), (f)
Delating of image (e), (g) Eroding of image (f), (h) Filter 2d
with a kernel, (i) Generation of left and right stitch area

masks through finding contours from the initial stitch area
mask followed by finding left and right stitch area masks by
removing outliers, (j) The left stitch area mask, and (k) The
right stitch area mask
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(a) (b)

Fig. 11 Generation of left and right stitch area masks in case of
involving outliers: (a) The original image, (b) Finding
contours from the initial stitch area mask, and (c) Finding
the left and right stitch area mask by eliminating the outlier
contour

(a)

Fig. 12 Finding the left/right stitch contours and their moments: (a)
The stitches in the left stitch area mask, (b) The stitches in
the right stitch area mask, and (c) The contours and
moments of the left and right stitches
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Fig. 13 The process for detecting reference line

(a) (b) (©)

Fig. 14 The pre-processing for reference line inspection: (a)
Original image, (b) The blurred image, and (c) The image
after automatic brightness and contrast calibration

(a) (b) (c)

Fig. 15 Generation of reference line area mask and the image
contained inside the mask: (a) The initial reference line
area, (b) The reference line area mask obtained by delating,
and (c) The image contained inside the reference line area
mask
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Fig. 16 Finding the initial reference line using template matching
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(a) (b) (c)

Fig. 17 Finding the reference line: (a) The initial reference line
obtained using template matching, (b) Removement of
outlier, and (c) The reference line after smoothing

Reference line & stitch
contours
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gradient
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reference point and using
shortest distance

L3
Compute stitch error
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iaull no
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Fig. 18 The process for fault detection for stitches

(a) (b) (c)

Fig. 19 Results of inspection: (a) Good, (b) Warning, and (c) Fault
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Fig. 20 GUI for real-time stitch inspection of a crash pad

A FAA 2ERe} 71EAe] Aol oF B A, AE
o} 7)&Ao] Waks] A2 Aol daAyt &
25 Hojzrt,

4. AFEX} QEE 0|~ H AT

AER] ZALS AdPEAA AA|ZE A
Stal Aol A A HolE 5 QleE AE|A] Au]o] TlA
Zajo] A S dx|8}al Fig. 207} 22 3PS £YleE AL
|2 e o] A5 AT ARG QI H|o] A Foko] &
| 22 AAF 2IE HolE 4= Q= Atk Ao] x5t &

I

|

Of

Wi

Zoji= shuje} setnle) A4 W AE|A ] HE, A, Bk 7|
2o AR % %L o] QAT ALgA QlEjHlo] s 9.
o= 2% EAAA AHE AAE] B 4 S AE e 7]
ATtel Az gmel Aet HE 4R on|NE RolFe %
& 917151

ANZE 2E7) B AA] o} BAE F s AE
2402 g 204 Awls) W5 ol XS Ayel £S5
L 2Ao] WX oHe 497 Qrks Aotk ol s
Fletel 2617 L e Aol A4 JMOM %_-:g o]um

A e A ool 13 AAE £ olalA 210 2ol
U Ak AT oIl Al el 2 /12t 4%

3 ol oJgt 7Hdoltt. /\E]X] A ﬂﬁ = Eqﬂgi A
E]x]9] F4E& HAksl7] {lalial= AER] Aol FAE AlA
A =, 2
D_I]_

‘ﬁ ﬂilo l

YA Yol 3145 31 ol
L gol olgitt. 287 3
S 3ol 9w ergel AAEel o 2ol 4o
3 | )% 2yol 9P Haskeh] AT Yeto] 4
Sk ol Slste] 1AH O R 2eX] Aulo] 24 W 2L



January 2023 /37

(a) (b)

(c) (d)

Fig. 21 Processing of the out-of-focus image due to vibration of a
stitch machine: (a) Well-focused image, (b) The blurred
image of image (a), (¢) Out-of-focus image, and (d) The
blurred image of image (c)

(a)
(©) (d)

Fig. 22 Process to minimize the effect of external lighting: (a) The

original image extracted from a dart external environment,
(b) Stitches are not detected properly in image (a), (c) The
image with auto-adjusted brightness and contrast of image
(a), and (d) Stiches are well detected properly in image (c)
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Table 1 Computation time

Average time Minimum time Maximum time
[s] [s] [s]
0.0983 0.0951 0.1012

Table 2 Average precision, recall, F1-score, and accuracy

F1-score
0.987 0.975 0.980 0.970

Precision Recall Accuracy
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Analysis of Acoustic Emission (AE) Signal Characteristics
of the Magnesium Alloy Sheet (AZ31B) in the Tensile Deformation
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In this study, acoustic emission (AE) signals associated with the behavior of materials in the magnesium alloy (Mg AZ31B)
tensile test were analyzed. The AE sensor was attached with the material to measure the AE signals. During the tensile
experiment, the AE sensor measured the elastic waves generated inside the specimen. The AE parameters, such as, the
signal energy, duration, and frequency centroid, were studied. We also analyzed the effect of the materials size and tensile
speed on the AE signals. As a result, the lowest frequency centroid value occurred at the yield and fracture points. As the
width and length of the specimen increased, the number of hit counts increased and the peak frequency occurred. Other
AE parameters, such as, the duration and frequency centroid, were not affected. As the tensile speed increased, the hit
decreased and the frequency centroid decreased in the elastic region. It was found that in the detection of the yield and
fracture deformation, the number of counts, and frequency centroid were appropriate.
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Fig. 1 Specimen specification of tensile test specimen (unit: mm)
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Fig. 3 Experimental set-up for the tensile test for measuring AE
signals

Table 1 Experimental conditions

Case No. Gage length Gage width ~ Cross head speed
[mm] [mm] [mm/min]

1 25 6 5

2 25 12.5 5

3 50 6 5

4 50 12.5 5

5 25 12.5 05

6 25 12.5 50
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A Study on the Prediction Model of the Radius of Curvature of the
Subtle Feature of the Automotive Parts for Different Forming Conditions
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The subtle feature is one of the characteristic lines and represents the most noticeable line in the automotive panel. In this
study, we proposed a method to predict the radius of curvature of products according to the material, its thickness, its punch
angle, and its punch radius. The radius of curvature was divided into three regions, namely, the non-linear, transition, and
linear regions. In the non-linear region, the prediction model for the radius of curvature with different forming conditions was
derived using the finite element analysis. In the linear region, the radius of curvature was assumed to be the sum of the
punch radius and the thickness of the material. In the transition region, a model connecting two regions (Non-linear and
linear region) was developed based on the continuity condition. The prediction model presented a very small RMSE with the
value of 0.314 mm. Using the prediction model, the radius of curvature with various forming variables could be predicted and
the required radius of punch, to obtain a certain value of the radius of curvature, could be precisely predicted.
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Table 1 Coefficients of response surface model for each material

180B2 210B2 CR2 CR3 CR4
a -0.001 -0.002 -0.002 -0.002 -0.001
b 0.625 11.875 82.500 -88.500 49.000
c 0.033 0.034 0.036 0.032 0.034
d 0.067 0.073 0.071 0.077 0.063
e 0.854 1.196 0.508 0.904 1.150
f -0.382 -0.722 -0.694 -0.468 -0.395
g -0.022 -0.024 -0.025 -0.021 -0.021
h -129.067 -193.874 -177.631 -21.354 -239.114
i -10.961 -11.339  -11.479  -10.673 -11.499
j 3.641 4.158 4315 3.548 3.578
k 897.002  945.044  951.664  840.514 976.649
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Steering Stop parts constituting the suspension system of automobiles are located inside an automobile suspension. They
are used to fix upper and lower suspension arm parts by welding. The purpose of this study was to develop Steering Stop
parts for automobile suspension. Cost increase due to problem of existing tool life is a challenging issue. This study tries to
solve the tool life problem and reduce the cost using a former cold forging complex forming technology. We developed a
long-life complex forming technology between multistage former forging and cold forging for producing Steering Stop parts

of automobile suspension.

1. Introduction

Automobile suspension is a device that prevents damage to the
automobile body or lower body and improves riding comfort by
preventing the axle from directly transmitting vibrations or shocks
received from the road surface to the automobile body when
driving by connecting the axle to the automobile body. It is
composed of a chassis spring that relieves the shock from the road
surface, a shock absorber that improves riding comfort by
suppressing the free vibration of the chassis spring, and a stabilizer
that prevents the automobile from twisting sideways. In addition,
the suspension transmits the driving force generated to the driving
wheels or the braking force of each wheel to the automobile body
when braking, and at the same time withstands the centrifugal
force when turning, and supports each wheel in the correct position
with respect to the automobile body. Steering Stop parts are located
inside the automobile chassis suspension and are used to fix the

upper and lower suspension arm parts by welding. In order to

Copyright © The Korean Society for Precision Engineering

Manuscript received: June 25, 2022 / Revised: August 30, 2022 / Accepted: September 6, 2022

precisely weld the upper and lower parts, gap management is
important. It is a part that requires precision because it has to be
welded with a constant gap [1].

Springs used for suspension are largely divided into steel
springs, rubber springs, and gas springs, and steel springs are
further divided into leaf springs, coil springs, and torsion bars.
Among them, the coil spring is the most used independent type,
and it has the advantage of not occupying much space and not
causing an uncertain friction action. Steering Stop parts of
automobile suspension are processed by the existing former cold
forging, which causes tool life to become a problem, resulting in
cost increase and quality problems. As a part, there should be no
shape precision and no deformation of the product. Existing
complex forging technology is currently being applied to hot
forging and cold forging process. However, since hot forging
process has poor dimensional precision of the product, it must be
formed by a cold process after a hot process to reduce cost and

obtain a product with excellent precision [2-5]. Complex forging

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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parts frequently have problems of cost increase and quality
deterioration due to tool breakage when working only with the cold
process, and cold and hot complex forging technology is applied to
solve these problems [6-8].

This study is to develop a Steering Stop parts for a vehicle
suspension that applies a long-life former cold forging complex
forming technology. As the existing tool life problem persists,
quality problems are emerging due to tool replacement and cost
increase. This was improved to the 2nd former forging process,
the Ist cold forging process, and the Ist trimming process to
solve the tool life problem and reduce costs. In the Steering Stop
parts, directional work due to symmetry is required for the
existing tool, and tool breakage occurs frequently during the cold
forging process, and cracks occur in the product exterior. To
improve this, the existing former forging of 5 processes and cold
forging of 1 process were improved to the former forging of 2
processes, the cold forging process, and the trimming process to
improve the life of the tool and reduce the cost. Therefore,
comparing the technology development of Steering Stop parts
before and after the technology development of the Steering Stop
parts, in the past, the former forging of 5 processes and the cold
forging process were performed, and tool damage occurred
frequently. The process was improved to remove by trimming
process. As a result, the tool life was more than doubled

compared to the previous one [9-11].

2. Tool Experiment

2.1 Material Property Test

For forming analysis of the Steering Stop parts, a compression
test was performed to confirm the mechanical properties. The
material used for the test was SWRCHI18A, and the test piece was
manufactured by wire cutting with a diameter of 10 mm and a
height of 15 mm in a cylindrical shape as shown in Fig. 1. The
compression test was performed in a 100-ton universal testing
machine (UTM) at a test speed of 2 mm/min and a material
reduction rate of 60% (9 mm). Fig. 2 shows the compression test
equipment, and Fig. 3 shows the specimens before and after the
compression test. Fig. 4 shows the compression process of
SWRCHI18A material as a curve of nominal stress and nominal
strain, and a curve of true stress and strain, and the obtained data

was applied as material properties for forming analysis.

2.2 Steering Stop Tool Design and Making
The characteristic of the former forging process is that it is

formed by giving a large deformation step by step in the former

10 mm

15 mm

Fig. 1 Test specimen size

e UL SRR SR EE

Fig. 2 Experimental equipment for compression test

080000

(a) Before (b) After

Fig. 3 Test specimens of before and after compression test
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Fig. 4 Stress-strain curve of the compression test for SWRCH18A

forging machine. The feature of the cold forging process is that
it is formed by giving a large deformation like the former
forging process in the forging press, and the processing surface

is smooth and the material recovery rate is good because there
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Fig. 6 Cold forging tool breakage of Steering Stop product before
improvement

is no need for post-processing. In addition, the dimensional
accuracy of the product is excellent and the mechanical
properties by work hardening are improved. The optimal
process was designed to develop the Steering Stop parts for
automobile suspension by applying the former cold forging
complex forming technology that fused former forging and cold
forging. The number of forging steps is determined according to
the shape of the forging product and the degree of cross-
sectional change. Even if the shape is complex and the cross-
sectional change is severe, it is better to design as few steps as
possible. Fig. 5 shows the Steering Stop model product. Existing
Steering Stop parts cause tool breakage and exterior defects due
to operator error by directional work, and product defects due to
tool breakage in the former and cold forging process. Fig. 6
shows the broken part of the cold forging tool of the Steering
Stop parts. The die breakage occurred at the bottom of the die
subjected to concentrated stress. In order to improve this, the
optimal process was designed and manufactured by applying the
former cold forging complex forming technology that combines
former forging and cold forging.

This Steering Stop parts process consists of a total of 4 processes,
designed in the order of 1st step former forging, 2nd step former
forging, 3rd step cold forging, and 4th step trimming process. Table 1
shows the process sequence of the Steering Stop tools.

The whole process before improvement consists of a total of 6
processes, the fifth performing former forging, and the final closed

cold forging process. In this case, punch and tool breakage due to

Table 1 Process sequence of Steering Stop tools

Process Before improvement After improvement
1* Former forging 1% Former forging
1
2™ Former forging 2" Former forging
2
Cold forging
3
Trimming
4
5" Former forging
5

|

Cold forging
6 ' -

concentrated load occurred frequently in the Sth process of former

forging and the final closed cold forging process. To improve this,
the former forging process was simplified to two processes, the
closed cold forging process was improved to an open cold forging
process, and a final trimming process was added to remove flash.
In other words, in order to improve the damage of punches and
dies due to concentrated load in the 5th process of the existing
former forging process and the final closed cold forging process,
edge processing is performed in the former forging process, and a
trimming process is added after open cold forging in the cold
forging process. Therefore, it was improved to distribute stress
concentration between processes.

2nd forging process is shown in Fig. 7, the preform was
designed to be @ 14.2 x 22 mm. Fig. 8 shows the assembly
diagram of the cold forging die, and Fig. 9 shows the trimming tool
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Fig. 9 Trimming tool design of Steering Stop

assembly diagram. Cemented carbide was used for the punch
material of the 3-step cold forging tool, and SKH55 high-speed
tool steel was used for the tool material. The 4-step trimming
process was designed to cut the flash generated in the 3-step cold
forging process, and STD11 alloy tool steel was used for the punch
and tool of the 4-step trimming tool.

3. Forming Analysis

The process design was carried out for the production of
Steering Stop parts, and after cutting the raw material, the product
was designed to be completed by 1st step former forging, 2nd step
former forging, 3rd step cold forging, and 4th step trimming. It is

Table 2 Simulation conditions of cold forging

Plastic material SWRCHI18A

Preform size [mm] D142 x22
Material temperature [°C] 20
Die temperature [°C] 20

Friction coefficient 0.05,0.1, 0.15, 0.2
Velocity [SPM] 20

Upper Die

et
e 4
e \
Forging Press
T ——
Sheasingitop L T2 SIRSSSH1PT BSPS . Madel w B

Fig. 10 3D model of Steering Stop tool

designed to carry out 3-step cold forging through annealing, shot
peening, and lubrication treatment after 2-step former forging.
Forming analysis was not performed in the 1-step former primary
forging and 2-step former secondary forging process as it was a
process of making a preform, but in the 3-step cold forging
process, forging analysis was performed. Steering Stop parts and
tools were modeled in 3D using 3D CAD s/w, and forging analysis
of Steering Stop tools were performed using simufact forming
software. For the forging analysis, the compression test data of
SWRCHI18A material were input as mechanical properties. Table 2
shows the conditions for forging forming analysis. Forging
analysis was performed by dividing the friction coefficients for
each process into 0.05, 0.1, 0.15, and 0.2 during cold forging. The
forming speed of the forging press was applied at 20 SPM. Fig. 10
shows the part model of the cold forging tool. As a process of
making a preform in the former forging process, the preform
formed in the former secondary forging process is placed on the
lower die and open-type cold forging is performed. Fig. 11 shows
the effective plastic strain rate when the friction coefficient is 0.1 in
the cold forging process, and Fig. 12 shows the equivalent stress.
Fig. 13 shows the maximum load according to the friction
coefficient as a result of cold forging analysis. As a result of

checking the change in the maximum load according to the change
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Fig. 12 Equivalent stress of Steering Stop at friction coefficient 0.1

in the friction coefficient, it was found that the friction coefficient
was 107 tons at 0.05, 110 tons at 0.1, 115 tons at 0.15, and 118 tons
at 0.2. In general, the friction coefficient was performed in four
cases from 0.05 to 0.2 based on 0.12 applied during cold forging.
According to the friction coefficient, there was little difference in
the shape of the cold forging process product, and it was judged to
be applicable based on the 250-ton press actually used. In order to
prevent tool breakage, the 3-step cold forging tool is an open
forging tool, as shown in Fig. 8. Fig. 14 shows the analysis results
according to the length of the preform in cold forging. When the
length of the preform is 17 mm and 19 mm, the occurrence of
pitting is predicted, but when the length of the preform is 22 mm, it

does not occur. Fig. 15 shows the defect occurrence site when the

120
118
116
114
112
110

Load ( Ton)

102

0.05 01 0.15 0.2
Shear Friction

Fig. 13 Load change according to friction coefficient

(a) L22 mm

(b) L19 mm (c) L17 mm

Fig. 14 Underfill occurrence according to preform length

=

©

Underfill

Fig. 15 Simulation results of underfill defect of Steering Stop
product at preform length 17 mm

length of the preform is 17 mm. The pitting area is predicted at
both edges of the Steering Stop parts. It is important to avoid stress
concentration in cold forging punches and dies to improve tool life.
In the forming analysis result, when the length of the preform is 22
mm, no cracking occurs. Therefore, the preform length was

determined to be 22 mm.

4. Experimental Results and Discussion

In order to improve the mold life of the Steering Stop parts for

automobile suspension, the SWRCH18A round bar material is cut
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Fig. 16 Underfill defect of Steering Stop product at preform length
17 mm

and the former primary forging and former secondary forging are
performed to produce a preform, designing the process in the order
of cold forging and trimming, and designing and manufacturing the
mold Thus, a prototype was produced. Fig. 16 shows the areas
where the formation of pitting occurs in the cold forging product.
The 3-step cold forging tool is designed as an open forging tool to
prevent tool breakage, so it is easy to cause cracking. In
consideration of this, the length of the preform was manufactured
to 22 mm by referring to the analysis results according to the
length of the preform. In particular, since cracks appear at both
corners of the product, it is necessary to prevent the occurrence of
cracks while improving the life of the tool. Therefore, the length of
the preform was determined to be 22 mm in the direction of
improving the tool life rather than reducing the material. In order to
trim the Steering Stop parts produced in the 3-step cold forging
process, the final prototype was obtained from the 4-step trimming
tool. That is, by inserting the 3-step cold forging product into the
trimming tool installed in the press, the flash generated on the
outside was removed. Fig. 17 shows the process product produced
in the cold forging tool, and Fig. 18 shows the final prototype
produced in the trimming tool. In the actual cold forging test,
cracks occurred near both corners of the product as in the forming
analysis results. In general, the coefficient of friction in cold
forging is evaluated to be about 0.1 to 0.2, but the shape difference
in the cold forging process is hardly shown according to the
friction coefficient in the forming analysis results. Compared with
the analysis results in the actual forming test, the friction
coefficient is judged to be about 0.1 to 0.2. A tooled product that
satisfies the final dimensional accuracy was manufactured by
trimming the Steering Stop process parts secured by the cold
forging tool. That is, the trimming tool was able to obtain the final
product by inserting the cold forging process product after
installing the tool on the 55 ton press. Fig. 19 shows a scene of
measuring the outer diameter of a Steering Stop parts for a vehicle
suspension. The outer diameter of the Steering Stop product for
automobile suspension was measured using a three-dimensional

measuring machine. As a result of measuring the outer diameter of

(b) Rear view

(c) Side view

Fig. 17 Cold forging product of Steering Stop

Fig. 18 Final trimming product of Steering Stop

Fig. 19 Outside diameter measurement of Steering Stop product

10 prototype samples, the dimensional accuracy was satisfied as
0.168 mm. Table 3 shows the tool life of experimentally produced
Steering Stop parts. During product production, it was found that
the tool life was improved from about 5,000 pieces using the
existing high-speed steel material to about 400,000 pieces by
applying the cemented carbide material. In other words, in the cold
forging process, the tool life of the existing punch was about 5,000,
so cemented carbide was applied to produce about 400,000
products at HRAS85 hardness. In the trimming process, more than
400,000 products were produced by applying the punch and tool
materials with STD11 alloy tool steel.
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Table 3 Tool lifespan of Steering Stop product

Shot No. Existing punches Improved punches
1 4,921 421,232
2 5,210 402,365
6,011 412,351

5. Conclusion

In this study, an improvement process was suggested to improve
the tool life by developing a Steering Stop parts for automobile
suspension using the former cold forging composite forming
technology. In order to apply the former cold forging composite
forming method of the Steering Stop parts, material properties
evaluation, forging analysis, prototype tool design and production,
and prototype performance evaluation were performed. The results
of this study are summarized as follows.

(1) In order to understand the mechanical properties of
SWRCHI8A, the raw material of the Steering Stop parts, a stress-
strain curve could be obtained through a compression test, and
more accurate analysis results could be obtained by applying it to
the forging analysis.

(2) In the cold forging analysis results, it was confirmed that the
maximum load increased as the friction coefficient increased, and
cold forging was possible with little difference in shape by friction.
The degree of cracking was predicted according to the length of the
preform. In the forming test, it was confirmed that the Steering
Stop cold forging is possible.

(3) For the production of Steering Stop parts, it was designed in
4 processes including former primary forging, former secondary
forging, cold forging, and trimming from the existing 6 processes,
and the final prototype with excellent dimensional accuracy was
secured during the trimming process.

(4) It was confirmed that tool life could be improved by
securing cold forging technology for Steering Stop parts for

automobile suspension.
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|2 1= HE XZL7]), Positioning distortion (IX| =& o),

This paper presents a distortion compensation algorithm for cable-driven master devices. Such device has four string
pots at four corners of a frame. Four cables are tied from the four corners to the center holder. When the central
holder, which is a haptic grip, moves, lengths of the four cables will change. From the four cable lengths, the spatial
position of the haptic grip can be estimated using triangulation. In this case, distortion such as barrel image of the
image field occurs when estimating a position with an offset parallel to the plane in which the four string pots are
located. The closer to the corner, the smaller the position estimate value is than the true value. After distortion
phenomenon is modeled by projecting onto the ellipsoid, the position in the vertical direction of the cable plane is
compensated by the corresponding value and flattened. The mean error in the x-direction position was improved by
91% from 0.7833+0.8381 mm to -0.0709+0.4341 mm. This cable-driven master device can be used as a haptic

device for operating a surgical robot.

NOMENCLATURE

Xe, Ve» Ze = Estimated Position in x, y, z-axes

a = Half Distance between Cable Starting Points in y-
direction

b = Half Distance between Cable Starting Points in z-
direction

m = Length of Center Cable Holder

R; = Length of i-th Cable

X, = Amount of Compensation in x-position

Xo = Reference Value of x-position in Experiments

L, M, N = Coefficients of Ellipsoidal Equation

Copyright © The Korean Society for Precision Engineering

Manuscript received: July 13, 2022 / Revised: August 3, 2022 / Accepted: August 10, 2022
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Fig. 1 Prototype of the cable-driven master device
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Fig. 4 Comparison between experimental results and compensated
results in 2D-plane

Table 1 Comparison of position error data

y-Error [mm] z-Error [mm]

0.5609+0.9914 -0.1175+0.9156
x-Error- [mm]
Without With Improvement
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Fig. 5 Comparison between experimental results and compensated
results in 3D-space
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by Reinforcement of Carbon Nanotubes
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In this study, thin-shell surface observation, storage capability test, and micro-compressive test were performed for self-
healing microcapsules using a field emission scanning electron microscope (FE-SEM) and a micro-compressive testing
machine. A microcapsule having a melamine-urea-formaldehyde thin-shell and a microcapsule having a melamine-urea-
formaldehyde thin-shell reinforced with carbon nanotubes were used. Two carbon nanotube contents were considered: 0.17
wt% and 0.50 wt%. Thin-wall shell state was relatively smooth when microcapsules were not reinforced with carbon
nanotubes. It was uneven when microcapsules were reinforced with carbon nanotubes. Prepared microcapsules showed
little decreases of weights even when the exposure time was increased regardless of whether they were reinforced with
carbon nanotubes. Thus, their storage capability was good. When carbon nanotube content was the same, the fracture
load was almost constant without being affected by the diameter of the microcapsule. However, fracture displacement
increased with increasing diameter of the microcapsule. When diameters of microcapsules were similar, fracture load and
fracture displacement increased when carbon nanotube content increased. It was found that self-healing microcapsules had
good storage capability and mechanical properties. Thus, they could be applied to repair damage to composite materials if
thin-shell formation mechanism for adding carbon nanotubes is supplemented.
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Fig. 2 Schematic diagram of the storage capability test
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Fig. 3 Schematic diagram of the micro-compressive test
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Fig. 4 Thin-shell surface of microcapsules observed by FE-SEM
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Fig. 5 Measurement of thin-shell thickness of microcapsules

Table 2 Thin-shell thicknesses of microcapsules
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() :standard deviation, unit : nm
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Fig. 6 Storage capability test results of microcapsules
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Fig. 7 Typical load-displacement curves conducted by micro-
compressive test
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Fig. 8 Deformation of microcapsules observed in micro-
compressive test
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In this paper, the relationship between various physical and chemical dynamics included in a gas cutting process was
analyzed and a mathematical model was presented. To express the gas cutting process in a formula that could reflect the
physics and chemical reaction dynamics, the entire process was classified into three stages: flame spurt, metal oxidation,
and metal oxide melting. Flame spurt is caused by combustion of fuel gas and oxygen. It was modeled through fluid
dynamics, chemical species transport, and reaction kinetics. Metal oxidation was modeled as a chemical reaction of surface
oxidation and oxide growth based on temperature and concentration of species of the metal surface obtained through flame
and cutting oxygen spurt results. Finally, the melting of metal oxide was expressed as a rate equation based on melting
conditions, heat flux obtained in the previous two stages, and changed properties of the metal. The presented mathematical
model could analyze dynamic relationships for each stage of a gas cutting process and connect them into one process.
Results of this study can be used as basic data for future finite element analysis and simulations.

1. Introduction

The gas cutting is one of the most frequently used cutting
methods in the industrial field. After preheating a steel to 700-
900°C with a flame, pure high-pressure oxygen is sprayed to
oxidize the surface to cut metal oxide with a lower melting point.
Since the gas cutting has a low technical difficulty, any special
prior research is not required if an operator cuts the steel manually.
However, in the case of using a robot or an automatic equipment in
a special environment where access is difficult (nuclear
decommissioning waste cutting, underwater cutting, etc.), a
sufficient review is required in advance. In this stage, a preliminary

review is generally performed through a finite element method
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(FEM) analysis, but the studies necessary for FEM analysis of gas
cutting have not yet been sufficiently conducted.

There have been attempts by researchers to study some
phenomena during the gas cutting process or to simplify the entire
process and analyze it through simulation. Refs. [1,2] analyzed the
characteristics of high-temperature oxidation of thin metal films
placed in tubes under controlled experimental conditions. In Ref. [3],
a numerical modeling was performed on the combustion reaction of
oxygen and fuel gas. In addition, Ref. [4] studied on the
characteristics of impinging jet flame. Refs. [5-7] tried to
numerically analyze similar processes such as laser cutting, plasma
cutting, and welding, respectively, but they are different from the gas

cutting process. In Refs. [8,9], attempts were made to simulate the

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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entire gas cutting process, but factors such as the heat source model
and metal oxidation were simplified. Although these studies are easy
to understand and apply to the simulation process, they can only be
applied under certain conditions due to the limitations of simplified
elements. For the general application of simulation studies, it is
important to design more principle-based mathematical models.

This paper presents a mathematical model for the overall
process of gas cutting. Modeling targets include heating by fuel
gas, cutting oxygen injection, metal oxidation, and metal shape
change (melting). Modeling analyzes the relationship between
physical mechanics and chemical reaction mechanics for each
process of gas cutting and is performed centered on the governing
equations expressing the process. We analyzed the relationship
between physical mechanics and chemical reaction mechanics for
each process of gas cutting, and presented a mathematical model
including the entire gas cutting process with a focus on the
governing equation.

Prior to the mathematical modeling of the gas cutting process,
the gas cutting process was organized and detailed steps were
classified. The classified dynamic steps are the spurt of preheating
flame and cutting oxygen, the surface oxidation of metal (iron) and
the growth of the oxide film (scale), and melting including the
change in the properties of metal oxide. For each process, a
mathematical modeling was performed by analyzing the physical
and chemical dynamics. In addition, in order to connect each
process as one process, the correlation between processes was
analyzed. The mathematical model presented in this paper can
express the entire process of gas cutting. The presented model can
be used as basic data for performing a FEM analysis-based

simulation in the future.

2. Gas Cutting Process

The process of gas cutting was established prior to the analysis
of the dynamic relationships. The detail principles and process of a
gas cutting are as follows, and it is schematically shown in Fig. 1.

1. Select an object to be cut (base material). The base material
that can be cut through the gas cutting should not form a film that
inhibits oxidation during oxidation and the melting point of oxide
should be lower than that of the base material.

2. The injected fuel (propane, hydrogen, acetylene, etc.) generates
a flame to preheat the base material to about 700°C or higher.

3. When the iron is preheated, high-pressure pure oxygen is
sprayed to the heated base material from the center of the gas
cutting tip.

4. The iron heated above a certain temperature causes various

High-pressure cutting oxygen
Fuel gas (Fuel +0,)
]

Nozzle of
cutting tip

Cutting
direction

P : . “ NN N N
reheating range / b \

L]
Drag line
Combustion reaction *e 9

Slag

Fig. 1 Schematic diagram of a gas cutting

Gas injection for preheating and cutting
« Gas spurt and diffusion fluid dynamics
+ Reaction kinetics of oxygen and fuel
» Chemical reaction heat transfer and spedes transfer

Heating and Oxidation of the Base Material

+  Heating of base material by flame

+  Readion kinetics of oxygen and parent material
- Surface adsorption (physical, chemical)
- Oxygen, iron ionization (electrochemical)
- Ion transfer through the oxide scale

- Oxide scale growth

Phase change of base material (Solid->Liquid)
« Melting considering material property changes

Fig. 2 Dynamics associated with the gas cutting process

oxidation reactions, which produce iron oxides (FeO, Fe,0s, Fe;0,).

5. Since oxidation is a reaction that releases heat, the base
material is heated more and more by the heat of oxidation reaction,
and high-temperature conditions promote the reaction.

6. Due to the continuously ejected high-pressure oxygen, the
iron melts and flies into the state of FeO and Fe at the same time.
At this time, in the case of iron oxide, the lower melting point
makes it easier to cut.

A summary of the dynamics involved in a series of processes
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for gas cutting is shown in Fig. 2. As shown in Fig. 2, the gas
cutting is explained by a very complex dynamic relationships
compared to the easy accessibility of industrial fields. In Chapter 3,
dynamic analysis and mathematical modeling are performed based
on the process of gas cutting summarized and classified in Chapter
2. Chapter 4 organizes the connectivity between the processes
described in Chapter 3 and combines them to become a single

process.

3. Mathematical Modeling of the Gas Cutting

This paper aims to represent the entire process of gas cutting in
one integrated mathematical modeling. As mentioned in the
introduction, a gas cutting is easy to handle in the industrial field,
whereas in the research area, understanding of various fields such
as machinery, chemistry, and materials is required. Therefore, in
this paper, according to the process described in Chapter 2, only
the most essential contents are covered, and modeling was
performed based on the well-known governing equations in the
overall process of gas cutting. Accordingly, it expresses the
phenomenon and deals only with formulas applicable to numerical
analysis. The mathematical model considers only the variables that
have a dominant influence on the entire gas cutting process and
general factors such as temperature, pressure, concentration, and
reactivity. On the other hand, parts such as detailed material
properties expressed by specific constants such as iron lattice
shape, oxygen solubility, and surface roughness were excluded.
Other considerations or limitations on ideal conditions are

described in each chapter.

3.1 Preheating Flame and Cutting Oxygen Modeling

When the cutting material is ready, the first step in a gas cutting
is the spurt of a preheating flame. The preheating flame spurts the
compressed fuel gas and oxygen through a narrow tipped nozzle.
This paper deals with a premixed gas that is premixed with oxygen
and sprayed together.

The premixed gas spurted in the gaseous state generates heat
through a chemical reaction process. The spurted fluid collides
with the base material and transfers heat. In general, when creating
a mathematical model for combustion, it should be modeled
considering six factors: Flow modeling, Turbulence modeling,
Turbulence chemistry interaction, Chemical kinetics, Radiant heat
transfer, Pollutant formation. In the case of general flame heat
transfer, the effect of radiant heat transfer is very large, but in the
case of wall collision flames, heat transfer by forced convection
has a dominant effect (70-90%) [3]. Therefore, for a gas cutting,

reliable results can be obtained without considering the effect of
radiant heat transfer. Also, the pollutant formation is excluded
because it is a factor that affects radiant heat.

Before creating a mathematical model for the preheating flame
and cutting oxygen, the following assumptions were made for the
convenience of interpretation. The assumptions below are high-
reliability assumptions that have already been verified in relation to
the flame combustion modeling [4].

1. All gases behave like ideal gases.

2. In the gaseous state, the binary diffusion coefficient is the
same, and it diffuses along Fick’s low.

3. Diffusion preference ratio, Lewis number equals 1.

4. The chemical reaction of combustion is premised on an
irreversible reaction.

The dynamic model of the preheating flame starts from the
continuity equation of the general fluid. Mathematical modeling of
the fluid behavior and heat flux is described with reference to the
theorem of Ananth Sharma and Sreenivas Jayanti based on the
representative fluid equations and species transport equations [3].
The general conservation equation for a gas mixture consisting of n
components that accompanies a chemical reaction is:
%?+A~(pv) -0 (1
where p is the density of the fluid (constant in the case of
incompressible fluid), ¢ is the time, and v is the velocity of the
fluid. The above equation leads to the Navier-Stokes momentum

conservation equation.

ou _
p(5+v~Vv)f—VP+V~T+f ()]

where P is the pressure, T is the stress, and f'is the volume force.
This means that the acceleration of the fluid is determined according
to the pressure, stress, and volume force acting on the fluid, and the
shear stress is proportional to the shear strain. In this case, the species

conservation equation for fluid flow can be written as

op;

5 +V-(pv) = S; 3)

where S; [kg/m’] represents the rate of formation of species i by
chemical reaction. By applying Fick’s diffusion law to Equation
(3), we can derive a more useful form of the species balance

equation in terms of mixture properties.

op;

SV (o) = V- (IVT) +S, )

where I' is the mass diffusion rate, Y, is the mass fraction and
-I'VY, is the diffusion flux.
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Equation (4) can be used to derive a species balance equation
considering the properties of the mixture. Based on the equation,
the momentum and energy conservation equations can be

expressed as Equations (5) and (6).

%}+V “(pwv) = —VP+u[Vv+(Vv)'] ®)
M‘FV'(,DVH) = §£+V~(1VT)
5t ot (6)

+V Vv + (V) v+ Op

where 1 and A are the viscosity and thermal conductivity of the
fluid, respectively, and mean the heat release due to the chemical

reaction. The total enthalpy H is defined as
H=h+ 3 %

where 4 is the static enthalpy and is calculated as the specific heat as
T Tref

AH = | [Cp(TH1dT' =] “[Cp(T)dT ®)

where Cp is the heat capacity and T, is the reference temperature

at which the static enthalpy becomes zero. The reaction occurring

in Equation 4 causes a change in enthalpy. The enthalpy change

caused by a chemical reaction is as follows.

AH?

reaction

= ZAH;(product)fZAH;(reactants) )

The change in enthalpy due to a chemical reaction can be
obtained by calculating the change in standard enthalpy or
dissociation and bond energy of molecules. The method of
calculating the enthalpy change due to a chemical reaction is to
derive the difference by obtaining the dissociation energy and the
bond energy in the process of separating all the species participating
in the reaction into each element and molecular binding into the final
reactants. As a result of the calculation, if the final enthalpy change is
negative, it is an exothermic reaction, and if it is positive, it is an
endothermic reaction. Fig. 3 shows the enthalpy change for the first
order combustion reaction of propane gas and oxygen.

The change in enthalpy obtained through the chemical reaction

is organized as follows by Danckwerts boundary condition.
kVT-n= pAHv-n (10)

where n is the boundary direction vector. The final heat flux

Oftame by the flame is

Qﬂame = 7(k+kT)VT (11)

where k£ is the intrinsic thermal conductivity and the turbulent

thermal conductivity & is defined as

3C +8H + 100

AH, = 6470 ki/mol|
AH,
C3Hg + 50, = —8474 K] po/mal

AH = -2004 [k)/maol]

1 3c0, +4n,0

v

* Bond energies [kJ/mol]
0=0:494,0—-H :460,C—C :348, C — H : 413

Fig. 3 Example of change in enthalpy of combustion reaction
(propane gas)

_ Hrep
T Pr,

(12)

where g is the fluid viscosity as a function of temperature, and
Pr; is the Prandti number as a function of temperature.

In this section, the dynamics of the reaction fluid including
the preheating flame and cutting oxygen was summarized
through Equations (1) to (10). Afterwards, the heat flux
transferred to the base material was summarized through
Equations (11) and (12). Through the mathematical model, the
results of the temperature change of the base material over time
and the distribution of each species on the surface of the base

material can be obtained.

3.2 Surface Oxidation and Scale Growth of the Metal

We summarized the mathematical model for the temperature
change of the base material and the distribution of species through
Section 3.1. As in the gas cutting process outlined in Section 2, the
temperature rises by the preheating flame, and the surface of the
base material forms an oxide film and the oxide film layer
(hereafter scale) grows. Oxidation of metals is also carried out at
low temperatures, but oxidation carried out at temperatures below
570°C has a very insignificant effect on the cutting process, so the
gas cutting mathematical model only considers the effect of high-
temperature oxidation [1,10,11].

Oxidation of metals is based on the process in Fig. 4 as
described in Wagner’s theory. The key to prior research is that an
oxide growth is most affected by oxidation temperature and
oxygen pressure. After the publication of Wagner’s theory, studies
related to mathematical modeling of the growth rate of the oxide
scale continued. These studies can only be applied under specific
conditions or have not been fully verified through experiments
[12,13]. In this paper, the mathematical modeling of metal
oxidation is based on the already verified parabolic equation of

Wagner’s theory and assumes the same ideal conditions.
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Physical
adsorption

0,(g) — 0z(ad)

Dissociation Chemical adsorption

— 20(ad) = 20~ (chem) + 2h

Ionization

— 202 (latt) + 4h

Fig. 4 Oxygen adsorption process on metal surface

The oxidation stage of metal can be divided into two stages:
oxygen adsorption, surface oxidation, and scale growth. The
adsorption and ionization processes are described by the chemical
formulas presented in Fig. 4.

Oxygen in gaseous state diffuses as the fluid moves, as described
in Equations (4) and (5). Physical adsorption occurs when oxygen
approaches the surface of the metal. On the surface of the metal,
oxygen molecules dissociate, chemically bond with the metal,
ionize, and create cation vacancies. In this process, the valence
electrons of metals and gases are rearranged to form chemical bonds.
In order for oxygen to be chemically adsorbed on the metal surface,
the oxygen pressure must be greater than the dissociation pressure of

the oxide in equilibrium with the metal [14].

P = exp(%g—i) (13)

where AG is the gibbs energy for oxide formation and R is the
gas constant. The reaction rate for the generation of surface species

A including adsorption conditions can be expressed as follows.

by = k7 1C;fmfkrAH?: 1C:rm (14)
Vig
7e |10/ 1\ RRT
b = | = = (Z)A/?AZ (4>
1 _-];."—4 l—‘tol‘ i

In Equation (14), c; is the molar concentration of species i, and

k; and k, are the ratio constants for forward and reverse reactions,

m

¢ 1s the concentration of all

respectively. In Equation (15), T
surface species, m is the reaction order, M, is the molecular weight
of the species 7, and y, is the sticking coefficient. The chemical
adsorption reaction rate of the gas on the metal surface can be
summarized through the above equation, and the site volumic
concentration (Z;) change and the site surface species

concentration (¢, ) for each surface species i are as follows.

7. R ..
_d_____l _ _surf,i (16)
dt r

tot

_ Zirtat
c, = 1o (17)

O;

The surface reaction accompanies an enthalpy change of the
same value as the bulk reaction, and the heat flux due to the

enthalpy change is as follows.
n-kVT =% _ k,AH, (18)

After the oxide layer is formed on the metal surface, the metal
and oxygen are separated by the scale and the reaction is carried
out through diffusion through the scale. The growth rate of the
scale is controlled by the movement of ions or electrons. This
process was first outlined by [15]. The growth rate of the scale
thickness (X) in the high-temperature oxidation of metal is

expressed as a parabolic function in Equation (19).

ax _k,
X (19
X =2k (20)

where kp is the rate constant.

In one-dimension, the rate of diffusion is described by Fick’s

law.
J= D5C[ 21
=-D= 21
_ Ac _ —D(c;—¢y)
J- DR - 22)

In Equation (21), J is the flux through a unit area with respect
to a plane orthogonal to the diffusion direction, D is the diffusion
coefficient, and C, is the concentration of the species. The partial
differential result of Equation (21) is Equation (22), ¢, and c, are
the concentrations of diffusion components at the oxygen-oxide
and oxide-metal interfaces, respectively. According to Fick’s law,
the diffusion of a species flows from a region of high concentration
to a region of low concentration. When the rate is controlled by
diffusion, the interface creation process is performed very quickly
and it can be assumed that it is in a local thermal equilibrium state.
That is, the ¢, —c, is time invariant. As a result, the growth rate

coefficient can be summarized as follows.
k, = QD(c;—c,) (23)
where Q is the volume of oxide formed per unit quantity of

diffusing species.

3.3 Characteristic Changes and Melting of Metal Oxide
Section 3.3 deals with boundary conditions to be applied to
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Table 1 Properties of iron oxide

Item Wiistite ~ Magnetite Hematite
Formula FeO Fe;04 Fe,0;
Cation Fe** Fe*'/Fe** Fe**
Melting point [°C] 1,377 1,583 1,350
Heat of formation [kJ/mol] -251 -1,012 =742

Specific latent heat of fusion

[kJ/mol] 24.06 138.07 -

numerical analysis for phase change (melting) of metals. Practically,
the metal is in a liquid state after melting and is scattered by high
pressure oxygen to become sludge. However, in this paper, in order
to focus on the cutting base material itself, only the shape change of
the base material is considered, and the molten and scattered metal
is not dealt with (assuming it has been removed).

In a metal, the temperature rises and the oxidation proceeds
together by the preheating flame and oxidation reaction. Compared
to the state before oxidation, the metal oxide changes various
material properties, and the melting point also changes. In
particular, Wiistite (FeO), which accounts for about 95% of iron
oxide in the high-temperature oxidation process, has a melting
point that is about 160°C lower than that of conventional iron, and
thus melts faster than Fe [16]. The material properties of iron oxide
are presented in Table 1.

When the oxidation of the metal is completed and the
temperature rises to the melting point, the temperature of the metal
does not increase instantaneously. This is a phenomenon in which
an object absorbs the latent heat of fusion required before a phase

change, and the latent heat of fusion can be expressed as follows.
Ot = mx LIJ] (24)

where m is the mass of the solid and L is the intrinsic latent heat
of fusion of the material. Finally, the amount of heat absorbed or

released by the material until melting is given as follows:

Qtotal = Qmelr X meAT (25)

where Cp is the iron (or iron oxide) heat capacity and AT is the
temperature change.
The boundary condition for the melting phenomenon of an

object can be written as a function of velocity.

_ Qtatal (2 6)
Pnm Qmelt
where p,, is the density of the metal.
Through the above formula, the melting of the metal is expressed,

and the molten metal is scattered by high-pressure oxygen.

T
Site material oxidation

YQoxidation

Fig. 5 Interrelations of a simplified gas cutting process

4. Interrelationship of the Gas Cutting Mathematical
Model

In Chapter 3, the mechanical analysis and mathematical
modeling of gas cutting were performed. The mathematical model
of each stage is not expressed independently, but mutually
influences the mathematical model of the previous or later stage.
According to the sequence of the cutting steps, the distribution of
species according to the location of the preheating flame and
cutting oxygen is calculated by Equations (3) and (4), through
Equations (6), (9), (10), (11), and (12), the values for the transfer of
heat generated by the combustion reaction and the local oxygen
partial pressure can be obtained.

The species distribution, thermal energy (temperature increase
of base material), and oxygen partial pressure summarized in
Section 3.1 are the main variables in Section 3.2. First, in the case
of oxygen partial pressure and temperature, the conditions for the
generation of oxides are determined in Equation (13). And the
surface concentration, which is the most important variable in
Equation (14), is determined based on the distribution of each gas
species, and since the other coefficients are functions having
temperature as a variable, the temperature also becomes a major
variable. In addition, the concentration and temperature (diffusion
is a function of temperature) are important variables in determining
the growth rate of oxide.

The main results of the process in Section 3.2 are the growth of
oxides (oxidation of metal Fe to Fe,Oy) and the heat of reaction
arising from the oxidation process. The result also affects the
model in Section 3.3. The result of oxide growth determines the
material properties of the surface. And the heat of reaction (flame
combustion, metal oxidation) calculated in the previous two steps
increases the temperature of the metal. After the temperature of the

base material reaches the melting point, if the amount of heat
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accumulates more than the latent heat of fusion, the metal is
melted. The melting of the metal causes a shape change, which in
turn affects the fluid flow of the 1st stage. Fig. 5 briefly shows
what was described above.

5. Conclusion

The gas cutting has been widely used in the existing cutting
industry, but unlike the ease of industrial access, analysis from a
mechanical point of view has not been performed. In this paper, we
organized the gas cutting process based on the relevant dynamics
and performed the mathematical modeling for each step. The gas
cutting process was divided into three stages: preheating and cutting
oxygen spraying, metal oxidation, and metal melting. The thermal
energy and partial pressure of metal surface oxygen obtained in the
first step affects the growth rate of metal oxides in the second step. In
the second step, the oxidation of the metal generates heat of reaction
and defines the chemical state of the metal. The temperature increase
and property change in the second stage have a decisive effect on the
melting phenomenon in the third stage. Finally, the shape of the
molten metal affects the first stage flame and oxygen flow. As a
result, the antecedent variables occurring in the entire process of gas
cutting were summarized so that the coupling between each
mathematical model could be finally achieved as a single process.
The constructed mathematical model can represent the entire process
of a gas cutting. The results of this paper can be used as a basis for

building a numerical analysis model in the future.
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A Study on the Estimation of Geometric Errors for Rotary Axes of
a Five-Axis Machine Tool Using a Cross-Shaped Calibration Artifact
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Estimation and compensation of geometric errors for rotary axes are among methods to improve machining accuracy of
five-axis machine tools. Studies have been conducted on various methodologies for estimating geometric errors for rotary
axes, which are essential for improving machining accuracies of five-axis CNC machine tools. This paper presents a
method for estimating geometric errors of a rotating/tilting table using a cross-shaped calibration artifact with a touch trigger
probe. The proposed method includes rotary axes error estimation equations for angles of each rotary and tilt axis based
on locations of probing points. Computer simulations were performed based on a MATLAB/Simulink and ADAMS co-
simulation system using the probing cycle process to verify the proposed method. Computer simulation results confirmed
the usefulness of the proposed method in terms of volumetric errors.
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NOMENCLATURE

L, h, w [mm] = Length, Height, Width of Cross-
Shaped Calibration Artifact

7 [mm] = Radius of a Touch Trigger Probe

@4, @c larcsec] = Unit Rotation Angles of Rotary Axes
A, C, Respectively

P; [mm)] = j-th Position Vector of n-th Touch Point

XL, Y;, Z; [mm] = i-th Position of n-th Touch Point along
with the X, Y and Z-Axes, Respectively

A g [mm] = Resolution of Linear Axes

Agrr [arcsec] = Resolution of Rotary Axes

Eqps [arcsec] = Set-Up Error of Cross-Shaped Calibration

Artifact on a Workpiece Table

Copyright © The Korean Society for Precision Engineering

Nepg = Normal Vector of Upper-Side of
Cross-Shaped Calibration Artifact
@ 6 ¢ [arcsec] = Rotation Angles along with the X, Y

and Z-Directions, Respectively

Acomp> Ccomp. [rad] = Compensation Angles of Rotary Axes

A, C, Respectively
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Fig. 1 Schematic of a rotating/tilting table of a TRT-CA type
machine tool

Table 1 Errors of associated with a rotating/tilting table

Symbol Description
E, o4 Angular positioning error of A-axis at.4 = 0°
Epos Squareness error of A-axis to Z-axis
Ecou Squareness error of A-axis to Y-axis
Epoc—Epoy Squareness error of C-axis to A-axis
Exoc Error of the position of C-axis in X-dir.
Eyvou Error of the position of A-axis in Y-dir.
E, oy Error of the position of A-axis in Z-dir.

Eyoc—Eyp, Error of the position of C-axis from A-axis in Y-dir.

Fig. 2 Schematic of the proposed cross-shaped calibration artifact
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mm
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Fig. 4 Probing points on the calibration artifact in the third probing

cycle
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Fig. 5 Schematics for estimating errors by rotating motions
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Fig. 6 Schematics for estimating errors by tilting motions
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Fig. 7 Five-axis machine tool (TRT-CA type) and the proposed
cross-shaped calibration artifact
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Table 2 Comparison of errors of a rotating/tilting table based on the computer simulation results

Exrror E 04 Epos Ecoq Epoc—Epoa Exoc Eyo, Ez04 Eyoc—Eyou
[arcsec] [arcsec] [arcsec] [arcsec] [pm] [um] [um] [um]
Random error 21.6 18 10.8 15 17 12 4
Estimated error ~ 21.5784 18.0086 10.8288 7.2194 14.9908 16.9500 12.0000 4.0666
Error rate [%] 0.10 0.05 0.27 0.06 0.30 0.00 1.67

Drs =7 crs n; crs ”k.CRs]T
sin¢si'n Q- cos¢0(')5(ps?n o 22)
=| cos@sing + cos@sin psin @
cos¢@cosd
where
$=E, 0
0=E,,

P =Eqo it Ecgs

Aoy, = arctanZ(i‘ 1= 1 rs nk_CRS) 23)

Comp, = arctan?2 ( 7, cps SIN (AComp_ ), =N, crs sin(AComp_ )) (24)

8)3% o 1A A 92 shetnle o] el AT CNCY
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Table 3 Comparison of maximum volumetric errors

After After
compensation  compensation
(Error map) (CNC parameter)

Before
compensation

Maximum
volumetric error 50.77 0.08 0.06
[nm]
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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.

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.orkr) 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.
e 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 SI 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

e 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=html&b=16

* 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.

F. 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.



I Code of Ethics for Academic Activities

Chapter 4
Verification
Process and
Standard

A

A.

. 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.

rticle 9 Ethics Committee
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

. Establish and promote research ethics.
. Prevent and discourage research misconduct.

C. Deliberate and vote on research misconduct.

D

. 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.

D. The decision shall be reported to the board of directors for the final decision.
E. If the chairman deems it necessary, opinions by a person other than external personnel or members can be heard.
F. 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

(® 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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