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Fabrication of Magneto-responsive Functional Surface through Removal

of Residual Layer

o|MdS"#
Sungho Lee'*
1 Solchstm 7| A3 Sk} (Department of Mechanical Engineering, Dong-A University)
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With the advancement of microstructure manufacturing technology, an array of functional surfaces based on micro/nano
structures have been developed. Recently, there has been active research in the development of functional surfaces using
composite materials that combine the properties of two different materials. One notable area of research is the creation of
functional surfaces that utilize magnetic force to actuate microstructures. Typically, these surfaces are produced using a
composite material that blends a flexible, easily deformable material with iron particles that respond to magnetic force.
However, the inclusion of iron particles in the flexible material can increase its Young's modulus, making it more challenging
to effectively actuate the microstructures. To address this issue, our paper presents a fabrication method that allows for the
effective actuation of microstructures by removing the residual layer of the composite material. This method enables the
arrangement of iron particles at the end of the microstructure, maximizing the bending of the microstructure when magnetic
force is applied. Furthermore, we conducted experiments to actuate microstructures with varying ratios of iron particles,

confirming the effectiveness of this fabrication method.
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Fig. 1 Schematics for the fabrication method (a) preparing the
composite with PDMS/Iron particles, Scale bar is 30 um (b)
fabrication of magneto-responsive sample (i) without
magnetic force (ii) with magnetic force, and (c) fabrication of
magneto-responsive sample with removal of residual layer

Fig. 2 Microscopic images of (a) control and (b) magneto-responsive
sample by Fig. 1(b-ii) fabrication method. Scale bar is 50 um
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(a) Iron particle

Iron particle

Fig. 3 Microscopic images with focus of (a) end of microstructures
and (b) middle of microstructures. Scale bars are 500 um

Iron particles

i l”‘i

Fig. 4 Microscopic images of side of microstructure. Scale bars are

200 um
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Fig. 5 Schematic for mechanism of bending of microstructures
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Fig. 6 Microscopic images depicting microstructures being actuated
by a magnet. (a) magneto-responsive sample with a ratio of
10 wt% iron particles and (b) magneto-responsive sample
with a ratio of 20 wt% iron particles. Scale bars are 100 pm
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This study examines the efficiency of chitosan microbeads in manufacturing and their effectiveness as a disinfectant. The
microbeads are developed using a solvent-assisted extraction process. The manufacturing process involves crosslinking
chitosan through an emulsion-based method, with the help of a crosslinker. This leads to an increase in particle size while
maintaining homogeneity and dispersion. The solvent-assisted method, which utilizes acetone, effectively extracts the
crosslinked beads into the aqueous phase. This extraction process ensures the structural stability of the beads, with an
average patrticle size of 40+3.94 um. By incorporating the disinfectant agent into the chitosan beads, antiviral effects against
the Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) were observed. These effects were found to be
effective at dilutions estimated to be between 1:1 and 1:100. The findings of this study demonstrate the inherent antiviral
capabilities of chitosan beads and the enhanced impact when combined with the disinfectant. This suggests a synergistic
approach to managing viral infections in livestock environments.
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o] oA Alef] olglz WA= & A o] I nf$ =Q 3t and-Mouth Disease, FMD), 18|11 AR 3dl2l(Salmonella)?} 7+
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Fig. 1 (a) The size of the CS emulsion and (b) the change in size of
the emulsion after the injection of the crosslinking agent
(Scale bar = 100 pm)
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Fig. 2 Process of the Solvent-driven CS microbead extraction. (a)
The image of fully extracted CS microbead and (b) The
image of detailed process of CS microbead extraction (Scale
bar = 100 pm, Black dotted line = Oil-water interface, Red
dotted line = Crosslinked CS microbead)

Fig. 3 Optical image of extracted chitosan microbeads and their size
distribution (insert)
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Fig. 4 The (a) optical image (Scale bar = 100 um) and (b) SEM
image (Scale bar = 40 um) of dried CS microbead
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Table 1 Virus inhibition of the control group according to the
dilution factor

Dilution factor  TCIDS0/mL h;:t‘:(‘;gn Dis‘liggzcct;“t
1:1 0 100 Effective
1:50 0 100 Effective

1:100 528 x 10 99.97 Ineffective

Table 2 Virus inhibition of the test group according to the dilution

factor
Dilution factor ~ TCID50/mL Inhibition Disinfectant
rate(%) efficacy
1:1 0 100 Effective
1:50 0 100 Effective
1:100 0 100 Effective
1:300 7.34 x 10 99.96 Ineffective
LA A 9 54 oI 254 PA 7| EA vpo] 2 u]E
S DWel 20%(wv)O R 53} A7) AE S A=k

ks

CHpolEs g TR0 R HEAE HARE 7]EA Hlo] 2
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254 Do mu 3 AHHHT 111, 1:5071%) H}Olﬂi/\
7F AFEEE & 1-1000§ —Wd © o]y
2 A= ;} ] t, 99.99% 7/}1] A &ik= ¢igick. whetbA
A=A o] G A vpol# A fE wles 1:508 1:100 AF
o] =] 4ufj=of A *P“‘ < SATH(Table 1).
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Fig. 6 Microscopic observations of MARC-145 cells under different
experimental conditions: (a) Negative control group with
untreated MARC-145 cells showing normal morphology, (b)
Positive control group with MARC-145 cells exposed to
PRRSV showing cytopathic effects, (c) MARC-145 cells
treated with the chitosan microbead encapsulation with
disinfectant at a 1 : 100 dilution demonstrating reduced viral
cytopathic effects, and (d) MARC-145 cells treated with the
chitosan microbead encapsulation with disinfectant at a
1:300 dilution showing intermediate levels of viral
cytopathic effects
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Advancements in Soft Grippers for Versatile Grasping: Exploring Diverse
Actuation and Grasping Mechanisms
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In recent years, significant progress has been made in functional soft materials, alongside advances in nano/micro-
manufacturing techniques, driving the evolution of soft grippers to the forefront of robotics innovation. Compared to their
traditional rigid counterparts, soft grippers offer unparalleled adaptability, effortlessly conforming to objects of varying sizes and
shapes. This comprehensive review explores the latest trends shaping the landscape of soft robotic grippers, providing insights
into their diverse functionalities and applications. The exploration begins with an examination of the various actuation
mechanisms utilized by soft grippers, including cable or tendon-driven, pneumatic, electroactive, and thermoactive systems.
Additionally, the review delves into the intricacies of grasping and manipulating mechanisms, spanning from multi-finger
configurations to innovative approaches, such as jamming, suction, and adhesion grasping. Notably, hybrid grippers, which
integrate multiple actuation and grasping mechanisms, are of particular interest, thereby enhancing the range of functionalities
offered by these grippers. Finally, the review briefly addresses current limitations and future directions in the field.

Manuscript received: April 4, 2024 / Revised: May 23, 2024 / Accepted: May 27, 2024

NOMENCLATURE Ef = Elastic Modulus of the Finger
1 = Area Moment of Inertia
2 = Motor Angle Ovawen = Maxwell Pressure
Ly = Length of the Finger & = Absolute Permittivity
L; = Target Finger Length & = Relative Permittivity
R, = Radius of the Cable is Wound or Unwound v = Applied Voltage
R, = Curvature Radius of the Finger d, = Membrane Thickness
P = Pneumatic Pressure F, = Holding Force
A, = Cross Section Area of Inside the Chamber R = Radius of the Gripped Object
e = Eccentricity d = Width of the Contact Area

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

7 = Stress Applied by the End Effector

0 = Contact Angle between the End Effector and the Object
F. = Suction Force of the Suction Cup

P, = Atmospheric Pressure

P;, = Pressure Inside the Suction Cup

Ay = Contact Area of the Suction Cup

Poorma = Normal Adhesion Force

Prear Shear Adhesion Force

A = Contact Area

W, = Work of Adhesion between the Contacting Surfaces
E = Elastic Modulus of the Microstructure Material

a = Radius of Microstructures with Protruding Tip

v = Poisson's Ratio

Y7, = Friction Coefficient
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Fig. 1 Various types of actuation and grasping mechanisms in soft robotic grippers. (a) Actuation mechanisms: (i) cable-driven, (ii) pneumatic,

(iii) electroactive polymer-based, and (iv) thermoactive polymer-based gripper and (b) Grasping mechanisms: (i) multi-fingered, (ii)

jamming, (iii) suction, and (iv) dry adhesion
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Fig. 2 Different actuation mechanisms in soft grippers: (a) Cable-driven actuation, (b) Pneumatic-driven actuation, (c) Electro-active actuation
featuring dielectric elastomer actuators (DEA) and ionic polymer-metal composites (IPMC), and (d) Thermo-active actuation using
shape memory alloys (SMA) and shape memory polymers (SMP)
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Fig. 3 Different grasping mechanisms in soft grippers: (a) Jamming type: (i) Schematic illustration of the jamming-type grasping mechanism,
(ii) Influence of contact angle on geometric interlocking, (b) Suction type: (i) Schematic illustration of the suction-type grasping
mechanism, (ii) Suction type gripper integrated with an electro-adhesion layer, and (c) Dry adhesive type: (i) Schematic illustration of
the dry adhesive-type grasping process, (ii) Dry adhesive type gripper integrated with microscale adhesive structures
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Hybrid jamming
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Hybrid suction
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Y Joint 2
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Fig. 4 Hybrid grippers combining various actuation methods and grasping types: Schematic illustrations of (a) a hybrid jamming gripper, (b) a

hybrid suction gripper, and (c) a hybrid dry adhesive gripper

Li Wen 3> 512 Alols -5 WA OR 2gshe o
E7igte] 249 BAE EokE 4 e AW R T2 S
Ao BN Tl vpA] HES FET £ Sl sholHeE
AZE Je|WE AFSIAt (Fig 4b)[12). olfat 2ejui

o

In wo

rl

A wpale] gustel Aold TES B3 F3 AlolS FA
of 3 4= 2o, & F F2 S ol8slo] EAE HE
SPIAOR AT 4 Gk AolS TEI AW WSS T
e &1 11101—5— 2.1 N¢J Rlo= w3l glo] Mg A%l A9
Aoz} 7bsata, S22 olgdte] BAS Sof et 4
FolAi= 40 NO| wx 8 A%-S Borh,

2o

4.3 CFF 271241} 214 F& 2I218 BE3H 5jo|H2|=
CE el A4 HE pAle] WS FRsh 7}
3t YH72E Fotol theRd v 3

2 % %
ahaL, Sofgelop @% o] 57 %ﬂz, shgo] FUsl
A% A v e

Sk AR Y YRS s B E Sestel o
olB2g|t A&l HzF AZE T89S /st ch(Fig. 4(c))[39].
FAACE, I FE P E]% *"57]' & 29 (Proximal)
S 9|3 (Distah)2 LpH ], 7+ 2ol FS Foto] AEA
oz F3 2ol 7Fsdith. WHo]l ZwelE TTsh PLA
(Polyactic Acid) 2:7°] Zel|glo] YgElo] gloul, £7keke] #
Ay} 7o ATRS slo] WE 73] £ 50 =0 E]—X]Ej]—% 74 2=
QA sttt thE Lvleke] Zoj| AlabE A4l Azl ghek
B R
AROR SIS T - Siek ol A 3w
Y=ol 9l PLA 279 iﬂﬂ lo] di
Aoz gL HAY3 %
4 =Y 522U Lo
AR AL, $71E TS+ -

FEE 719 S 84 W FOYAS g3t

?&371,%

¢

_E'.

o

i)

l:l_l‘z‘ljoﬁ‘l'loﬁ
2L e Az 2 o mo

X

”3%
L
m{
M
il
i
m}o
i)
o &
rr
k

& jo

e

G R
2 L
fo oS

9

_1

é

[U

N

-

ﬁ

o

é

=2,

i ok

ﬂ

N

oo  of
~
ke

— o




July 2024 /523

i
m

|

ox |4
o
=)
rr
N
By
1o
o
o
i
I
N
P
[
o
i)
2
e
o
:|o
rW

o n

30,
(s

o b
%
4 L
i e
m I
O

[e] bl
SIck oleft AE 20l 548 AE

A7, 8 5 5

o
2
o

N o o
o
5
(o i
i
K
o
]; 2
AT
o
J_-% e
%7
= ol
IIO
_E‘_“ QT‘
a3
12
>
5&
o p o

oo
Hoou

rvr-,-'r

ot
=2
o

=k _g_;‘d- HEAl & okx] A7h3)E vfpe} Zro] Zhzke

stck. o]o] wheh S-gAjel W A% QAL
T3 }q xhﬂs}ﬂkﬂ_]khﬂo]J{&oH}

¢

ol
o
)

{

M ot 1o we

e

N
N o Eoox oX
I

2

e
O

(o]
T

J

J

flo

Ea-} | S1e1el Aol chogar
At soluel= zﬂmoﬂ
Y1 glon), o2 B ©s
1201%1 2l

2 g A7} A
el Agke 2% 1S oo

QIck. AE ool ohek chafek T WA, kA HlAY
Z A4 9 wsy e, A A duese 23l vt
748 A1 el Algrte] @ 4= itk ol AT A A
20| SPAL, Aol ARl 22} oz 23 11
2o WHOR olojd Ho.& 7|oygich.

oll— o
o

ALRA7] AL

4 ¢

o{r

o
==

ACKNOWLEDGEMENT

This work was supported by the Technology Innovation
Program (No.
Multi-Sensor Micro-System Platform) funded by the Ministry of
Trade, Industry & Energy (MITIE, Korea) and National Research
Foundation of Korea (No. NRF-2021R1A2C3006297).

001444157, Development of Heterogeneous

REFERENCES

1. Lee, J-H., Chung, Y. S., Rodrigue, H., (2019), Long Shape

memory alloy tendon-based soft robotic actuators and

implementation as a soft gripper, Scientific Reports, 9(1), 11251.

2. Li L, Xie, F, Wang, T., Wang, G, Tian, Y., Jin, T, Zhang, Q.,
(2022), Stiffhess-Tunable soft gripper with soft-rigid hybrid actuation
for versatile manipulations, Soft Robotics, 9(6), 1108-1119.

3. Roh, Y, Kim, M., Won, S. M., Lim, D., Hong, L, Lee, S., Kim, T.,
Kim, C,, Lee, D., Im, S., Lee, G, Kim, D., Shin, D., Gong, D., Kim,
B., Kim, S., Kim, S., Kim, H. K., Koo, B.-K., Seo, S., Koh, J.-S.,
Kang, D., Han, S., (2021), Vital signal sensing and manipulation of a
microscale organ with a multifunctional soft gripper, Science
Robotics, 6(59), DOI: 10.1126/scirobotics.abi6774.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Yang, Y., Vella, K., Holmes, D. P, (2021), Grasping with
kirigami shells, Science Robotics, 6(54), DOI: 10.1126/
scirobotics.abd6426.

Li, H,, Xie, D., Xie, Y., (2022), A soft pneumatic gripper with
endoskeletons resisting out-of-plane bending, Actuators, 11(9), 246.

Sun, T., Chen, Y., Han, T., Jiao, C., Lian, B., Song, Y., (2020), A
soft gripper with variable stiffness inspired by pangolin scales,
toothed pneumatic actuator and autonomous controller, Robotics
and Computer-integrated Manufacturing, 61, 101848.

Wu, Q., Yi, Z, Wang, H., Yuan, H., (2021), Design and
experiment of a soft gripper based on cable-driven continuum
structures, Proceedings of the 2021 IEEE International
Conference on Robotics and Biomimetics (ROBIO), 637-642.

Shintake, J., Cacucciolo, V., Floreano, D., Shea, H., (2018), Soft
robotic grippers, Advanced Materials, 30(29), 1707035.

Hao, Y., Gong, Z., Xie, Z., Guan, S., Yang, X., Ren, Z., Wang,
T., Wen, L., (2016), Universal soft pneumatic robotic gripper
with variable effective length, Proceedings of the 2016 35th
Chinese Control Conference, 6109-6114.

Mizushima, K., Oku, T., Suzuki, Y., Tsuji, T., Watanabe, T.,
(2018), Multi-fingered robotic hand based on hybrid mechanism
of tendon-driven and jamming transition, Proceedings of the
2018 IEEE International Soft  Robotics
(Robosoft), 376-381.

Conference on

Hughes, J., Culha, U., Giardina, F., Guenther, F., Rosendo, A.,
lida, F., (2016), Soft manipulators and grippers:
Frontiers in Robotics and Al, 3, 69.

a review,

Fang, B., Sun, F.,, Wu, L., Liu, F., Wang, X., Huang, H., Huang,
W., Liu, H., Wen, L., (2022), Multimode grasping soft gripper
achieved by layer jamming structure and tendon-driven
mechanism, Soft Robotics, 9(2), 233-249.

Yang, Y., Zhang, Y., Kan, Z., Zeng, J., Wang, M. Y., (2020),
Hybrid jamming for bioinspired soft robotic fingers, Soft

Robotics, 7(3), 292-308.

Zhang, Y., Zhang, W., Gao, P, Zhong, X., Pu, W., (2022), Finger-
palm synergistic soft gripper for dynamic capture via energy
harvesting and dissipation, Nature Communications, 13(1), 7700.

Li, C., Gu, X,, Ren, H., (2017), A cable-driven flexible robotic
grasper with lego-like modular and reconfigurable joints, IEEE/
ASME Transactions on Mechatronics, 22(6), 2757-2767.

Zaidi, S. S. Z., Maselli, M., Laschi, C., Cianchetti, M., (2021),
Actuation technologies for soft robot grippers and manipulators:
a review, Current Robotics Reports, 2(3). 355-369.

Nagua, L., Relafio, C., Monje, C. A., Balaguer, C., (2021), A
new approach of soft joint based on a cable-driven parallel
mechanism for robotic applications, Mathematics, 9(13), 1468.

Chen, S., Pang, Y., Yuan, H., Tan, X., Cao, C., (2020), Smart
soft actuators and grippers enabled by self-powered tribo-skins,
Advanced Materials Technologies, 5(4), 1901075.



524 [ July 2024

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Hussain, 1., Al-Ketan, O., Renda, F., Malvezzi, M.,
Prattichizzo, D., Seneviratne, L., Abu Al-Rub, R. K., Gan, D.,
(2020), Design and prototyping soft-rigid tendon-driven
modular grippers using interpenetrating phase composites
materials, The International Journal of Tobotics Research,
39(14), 1635-1646.

Hu, W, Mutly, R., Li, W, Alici, G, (2018), A structural
optimisation method for a soft pneumatic actuator, Robotics,
7(2), 24.

Lee, J.-Y., Eom, J., Yu, S. Y., Cho, K., (2020), Customization
methodology for conformable grasping posture of soft
grippers by stiffness patterning, Frontiers in Robotics and Al,
7, 114.

Zhou, F., Zhang, M., Cao, X., Zhang, Z., Chen, X., Xiao, Y.,
Liang, Y., Wong, T.-W., Li, T., Xu, Z., (2019), Fabrication and
modeling of dielectric elastomer soft actuator with 3D printed
thermoplastic frame, Sensors and Actuators A: Physical, 292,
112-120.

Bar-Cohen, Y., Anderson, 1. A., (2019), Electroactive polymer
(EAP) actuators-background of Soft
Materials, 1(1), 5.

review, Mechanics

Do, P. T, Le, Q. N., Luong, Q. V., Kim, H.-H., Park, H.-M.,
Kim, Y.-J., (2023), Tendon-Driven gripper with variable stiffness
joint and water-cooled SMA springs, Actuators, 12(4), 160.

Linghu, C., Zhang, S., Wang, C., Yu, K., Li, C.,, Zeng, Y., Zhu, H.,
Jin, X., You, Z., Song, J., (2020), Universal SMP gripper with
massive and selective capabilities for multiscaled, arbitrarily shaped
objects, Science Advances, 6(7), DOI: 10.1126/sciadv.aay5120.

Zhou, L., Ren, L., Chen, Y., Niu, S., Han, Z., Ren, L., (2021),
Bio-inspired soft grippers based on impactive gripping,
Advanced Science, 8(9), 2002017.

Brown, E., Rodenberg, N., Amend, J., Mozeika, A., Steltz, E.,
Zakin, M. R., Lipson, H., Jaeger, H. M., (2010), Universal
robotic gripper based on the jamming of granular material,
Proceeding of the National Academy of Sciences, 107(44),
18809-18814.

Okuno, Y., Shigemune, H., Kuwajima, Y., Maeda, S., (2019),
Stretchable suction cup with electroadhesion, Advanced
Materials Technologies, 4(1), 1800304.

Meloni, G.,, Tricinci, O., Degl’Innocenti, A., Mazzolai, B.,
(2020), A protein-coated micro-sucker patch inspired by octopus
for adhesion in wet conditions, Scientific Reports, 10(1), 15480.

Wang, Y., Sun, G, He, Y., Zhou, K., Zhu, L., (2022), Octopus-
inspired sucker to absorb soft tissues: Stiffness gradient and
acetabular protuberance improve the adsorption effect,

Bioinspiration & Biomimetics, 17(3), 036005.

Jeong, H. E., Lee, J.-K., Kim, H. N., Moon, S. H., Suh, K. Y.,
(2009), A nontransferring dry adhesive with hierarchical polymer
nanohairs, Proceedings of the National Academy of Sciences,
106(14), 5639-5644.

32.

33.

34.

35.

36.

37.

38.

39.

Mengii¢, Y., Yang, S. Y., Kim, S., Rogers, J. A., Sitti, M.,
(2012), Gecko-inspired controllable adhesive structures applied
to micromanipulation, Advanced Functional Materials, 22(6),
1246-1254.

Boesel, L. F., Greiner, C., Arzt, E., Del Campo, A., (2010),
Gecko-inspired surfaces: a path to strong and reversible dry
adhesives, Advanced Materials, 22(19), 2125-2137.

Yi, H., Lee, S. H., Seong, M., Kwak, M. K., Jeong, H. E.,
(2018), Bioinspired reversible hydrogel adhesives for wet and
underwater surfaces, Journal of Materials Chemistry B, 6(48),
8064-8070.

Song, S., Sitti, M., (2014), Soft Grippers using micro-fibrillar
adhesives for transfer printing, Advanced Materials, 26(28),
4901-4906.

Amano, K., Iwasaki, Y., Nakabayashi, K., Iwata, H., (2019),

Development of a three-fingered jamming gripper for
corresponding to the position error and shape difference,
Proceedings of the IEEE International Conference on Soft

Robotics (RoboSoft), 137-142.

Chin, F., Lipton, J, Rus, D. (2020),
Multiplexed manipulation: versatile multimodal grasping via a

L., Barscevicius,

hybrid soft gripper, Proceedings of the IEEE International
Conference on Robotics and Automation (ICRA), 8949-8955.

Ruotolo, W., Brouwer, D., Cutkosky, M. R., (2021), From
grasping to manipulation with gecko-inspired adhesives on a
multifinger gripper, Science Robotics, 6(61), DOI: 10.1126/
scirobotics.abi9773.

Park, W., Park, S., An, H., Seong, M., Bae, J., Jeong, H. E.,
(2024), A sensorized soft robotic hand with adhesive fingertips
for multimode grasping and manipulation, Soft Robotics, https://
doi.org/10.1089/s0r0.2023.0099.

Hyeonseok Song

is a Ph.D. student in the School of Mechani-
cal Engineering, Ulsan National Institute of
Science and Technology (UNIST) under the
guidance of Prof. Hoon Eui Jeong. His
research interests include soft electronics
and bioinspired adhesives.

E-mail: hsong@unist.ac.kr

Dong Kwan Kang

is a Ph.D. student in the School of Mechani-
cal Engineering, Ulsan National Institute of
Science and Technology (UNIST) under the
guidance of Prof. Hoon Eui Jeong. His
research interests include nanoelectronics
and soft robotics.

E-mail: austc101@unist.ac.kr



Seongjin Park

is a Ph.D. candidate in the School of
Mechanical Engineering, Ulsan National
Institute of Science and Technology
(UNIST) under the guidance of Prof. Hoon
Eui Jeong. His research interests include soft
robotics and bioinspired adhesives.

E-mail: gkrtjdwls918@unist.ac.kr

Hee Jin Lee

is a Ph.D. student in the School of Mechani-
cal Engineering, Ulsan National Institute of
Science and Technology (UNIST) under the
guidance of Prof. Hoon Eui Jeong. His
research interests include smart materials
and bioinspired adhesive based energy har-
vesting.

E-mail: Lheejin@unist.ac.kr

Hoon Eui Jeong

eammed his Ph.D. from the School of
Mechanical and Aerospace Engineering at
Seoul National University in 2009. Follow-
ing this, he undertook postdoctoral research
at the University of California, Berkeley,
under the guidance of Prof. Peidong Yang.
He embarked on his independent academic
career in 2012 as an assistant professor in
the Department of Mechanical Engineering
at Ulsan National Institute of Science and
Technology (UNIST). His research currently
focuses on bioinspired soft materials, wear-
ables, and soft robotics..

E-mail: hoonejeong@unist.ac.kr

July 2024 /525






StEXUZSHE|X| M 41 H M 75 pp. 527-532 July 2024 / 527
J. Korean Soc. Precis. Eng., Vol. 41, No. 7, pp. 527-532 http://doi.org/10.7736/JKSPE.024.060
ISSN 1225-9071 (Print) / 2287-8769 (Online)

* Topical Issue * 7}S3El 7|5 X& 7|=(Engineered Functional Materials)
Lirofjel EHE U YMEE AHEX| HSFX 7[dt OfEH7 |-
slojHz|= 0||L'|II SHHIAEi
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We demonstrate a practical and efficient hybrid triboelectric-piezoelectric energy harvesting structure that consists of a
nanopatterned and/or metal-deposited polymer film and a piezoelectric elastomeric sponge. When a polymer (here,
polycarbonate (PC)) and an elastomer (here, polydimethylsiloxane (PDMS)) make contact with and detach from each other,
triboelectric energy can be harvested. In this case, the PC surface can be nanopatterned by continuous dynamic
nanoinscribing and/or coated by a metal (here, Cu) layer for enhanced performance. When a piezoelectric material (here,
lead zirconate titanate (PZT)) and sugar powder are mixed with PDMS, and the sugar is later dissolved, a porous
piezoelectric elastomeric sponge (PES) can be fabricated. When a PC film and a PES make contact with and detach from
each other, both triboelectric and piezoelectric energies can be simultaneously harvested. We systematically study the effect
of PES and Cu thicknesses and dynamic nanoinscribed nanopattern on the energy harvesting performance of the hybrid
triboelectric—piezoelectric nanogenerator (HTPENG). The performance of the HTPENG can be improved by using the PES
of optimal thickness, and by applying the nanopattern and Cu layer. The HTPENG can be utilized in many systems where
wireless self-powering is desired, such as wearable devices, flexible sensors, and skin electronics.
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Fig. 1 (a) Schematic illustration of the dynamic nanoinscribing
(DNI) process where a rigid nanopatterned edge slides over a
polymer substrate to continuously create nanograting
structure, SEM images of (b) a well-cleaved nanopatterned Si
edge used as a DNI tool, (c) the nanograting structure DNI-
ed on a PC substrate, Optical images of (d) a PC film having
the DNI-ed nanograting pattern, and (e) its Cu-coated
samples
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Fig. 2 (a) Fabrication procedure for piezoelectric sponge (PES)
structures, (b) PESs fabricated with various thicknesses, and
(c) SEM image of the PES, showing its porous
microstructure
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Fig. 3 (a) Conceptual design of the HTPENG measurement system
and (b) Actual prototype system for HTPENG measurement
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Fig. 4 (a) Performance evaluation of the PC/PES devices with
various PES thicknesses and (b) Averaged maximum
voltages reachable for each device with the corresponding
PES thickness
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Fig. 5 (a) Performance evaluation of the Cu-coated PC/PES devices
with various Cu thicknesses and (b) Averaged maximum
voltages reachable for each device with the corresponding Cu
thickness

3.2 255 S0 2 HTPENG Mstst =}
kA AR vle} Zo|, Cu 5 2452 gtz
& tHXd‘é; 7H e &8 TENG A%< Alas 4= 9ltt. Fig 5=
PC D24 1, 2, 3um 5 371K 9] T2 A&
oh(OIUH CuE F231A] ¢k 295 Y=o 319, o
7mm F79] PES®} | Zsto] HTPENG 352 B7Iet 75_‘
80-90% 7+ 9 IAVISHA 78S ehdch ]g
32+ Al PC EWHE AREE fjEh HTPENG 44ko] 4
= qlom, Cu Hfete] A7} S7rdrs thd 2 XPO]
?* HTPENG /453 817} o] AA|= A& geld & Sict. 1
#ut Cu Hjufo] Uit FAQAH F-A% PC BE Aol Hi=]
+ AFol wet Bre] 9 o] WS 7ks/dol sold 4= Atk

Tt

O:x:“:-_“

e @

3.3 LICiiE M85 £S5t HTPENG M5 1=5}
TENG Ao Uleyfle]l 125 Adgozy A& Wy =
tf &35 7|t 4= Ut} Fig. 62 Y10 R 753k tie



July 2024 /531

(a) 20 - : ;
| PES thickness = 7 mm (for all cases) | !
154 Cu thickness = 3 ym (where applied) i
0.5 1
E .
o 004 --- [ - - -~~~
<)
8 ]
S 054 ! - . e
> |
1.0 f
] PC DNIPC  Cu/PC' Cu/DNI/PC
I e seseeee ERmm—— potiEe
] [ | [ I I | PES
20——F———7T T T — T — T T T+ T
-20 0 20 40 60 80 100 120 140 160
Time [sec]
(b)
1800
1500
5
E
P 1200
<]
2
o
>
900
600
; T T T
DNI (X) DNI (O) DNI (X) DNI ()
Cu (X) Cu (X) Cu (0) Cu (0)
[ I 0 |

\ o | | |

Fig. 6 (a) Performance evaluation of the PC/PES devices with or
without the Cu layer and the DNI-ed nanopattern and (b)
Averaged maximum voltages reachable for each device with
the corresponding Cu and DNI combination
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For the commercialization of polymer electrolyte membrane fuel cells (PEMFCs), it is essential to achieve high
performance while improving the durability of the membrane electrode assembly. In particular, the durability of
PEMFCs can be improved by adding radical scavengers, such as CeO; (ceria), to the membrane. Though it is
desirable to insert the ceria at the interface between the membrane and electrode, where the generated radical attack
initiates, this increases interfacial resistance and ionic resistance, thereby inducing a probable reduction in initial
performance, compared to that of a conventional membrane. Here, we developed modified Nafion electrolyte
membranes with a spatially located patterned ceria containing Nafion ionomer to improve durability while minimizing
performance degradation. The fabrication process includes an etching process to pattern the electrolyte membrane,
and the ceria nanoparticle layer is selectively deposited by spray coating onto the membrane. The synergetic effect of
the structural modification of the electrolyte membranes and the introduction of the functional ceria layer exhibited
improved chemical durability, while maintaining the initial performance of the PEMFC.
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NOMENCLATURE

PEMFC = Polymer Electrolyte Membrane Fuel Cell

VEZ} A2 o 2 X (PEMFC Yz HE §87
MEA = Membrane Electrode Assembly J__ el ) 1C Y= = ouA | &
e - olAlshela, AANSHE, FABHE, Boled 5o 04 B

© e Tivdneney Resnes MhESHA) oFe Wk ouiA ZAR del QT gdrk1.2)
PFSA = Perfluorosulfonic Acid o2lst ojz] AA EHo] PEMFCL S 253, Foie 7]7].
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Fig. 1 Schematic illustration of ceria-embedded Nafion membrane:
(a) Flat ceria layer, (b) Flat ceria layer with ionomer, and (c)
Ceria micro-plate with ionomer
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Fig. 2 Schematic illustration of fabrication of ceria micro-plate ceria
on Nafion membrane
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Fig. 3 The HFR plot of pristine, flat ceria without ionomer, and
ceria with ionomer deposited on Nafion membrane 211

H,/Air (60 °C, RH 100 %)

0_7 - Pristine
Ceria

Ceria with ionomer, Ce/ionomer = 5.0/0.5
Ceria with ionomer, Ce/ionomer = 5.0/1.0

4pon

0.6 -

PO P00000000000040000000% 0000,

0.5-

AAAAAAAAAAALAAAAAAALAAALA LA ALAAL,

0.4

AAAAAAAAAAAAAAAAAAAAAAAALAAAAI

e

Z. /ohm cm’

0.3 -

0.2 T T T )
0 60 120 180 240

time/s

Fig. 4 The HFR plot of pristine, ceria without ionomer, ceria with
ionomer (ceria solution/ionomer solution = 5.0/0.5 v/v), and
ceria with ionomer (ceria solution/ionomer solution = 5.0/1.0
v/v) deposited on Nafion membrane 211
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Fig. 6 Scanning electron microscope (SEM) images of the pristine
Nafion membrane 211 (a), Nafion membrane with flat ceria
layer (b), micro-pattern etched membrane (c), and Nafion
membrane with patterned ceria micro-plates (d)

(a) NRE-211 with
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Fig. 7 Morphological features of NRE-211 with Patterned ceria: (a)
The SEM images of NRE-211 with Patterned ceria, (b) The
corresponding EDS elemental mapping images of Fluorine
(F), and (c) The corresponding EDS elemental mapping
images of Cerium (Ce)
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Recent advancements in additive manufacturing (AM) have made it possible to create compact heat exchangers (HXs) with
complex geometries. This study introduces a new approach that uses Triply Periodic Minimal Surface (TPMS)-based
designs for HXs. Mathematical filtering techniques are incorporated to optimize the local morphology changes. The goal of
the proposed mathematical filtering method is to improve the flow characteristics and heat exchange capability of TPMS
HXs by modifying the structure's morphology at the inlet and outlet regions. This modification facilitates flow selection and
reduces pressure drop. The HX design includes cylindrical flow domains at the inlet and outlet regions. Three different HX
designs with varying inlet/outlet domains (through-hole, half-hole, and taper-hole) were fabricated using polymer AM and
DLP 3D printing. These designs were then tested for pressure drop. Among the three designs, the taper-hole configuration
showed the best flow characteristics, with a 50% reduction in pressure drop compared to previous studies. The taper-hole
design was then replicated using metal AM technology, resulting in a 70-125% improvement in heat exchange capacity
compared to previous studies.
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NOMENCLATURE (x,,y.) = Center Position of Cylindrical Filtering Domain
) ) (X, Y.) = Center Position of Tapered Filtering Domain
?g = Gyroid-type TPMS Surface Function . . o .
R(z) = Radius Function of Tapered Filtering Domain
' = Filtered Gyroid- TPMS Functi
Y Htered Gyroid-type unetion D, = Hydraulic Diameter of TPMS Channels
C = Level-set Constant for TPMS Structure
F(x,y,z) = Sigmoid-based Filtering Function
=
G(x,y,z) = Filtering Function for Inlet and Outlet Domains 1. ME
k., ky, k, = Directional Sigmoid Coefficients .
. . . G w37] (Heat Exchanger, HX)= A2 tf2 2x9] 27 ©]%¢
p = Magnitude of Sigmoid Function ) o _
” - . o] A 7koll oA E wdalr] flgt Baow AREE I
(x,,¥,,2,) = Threshold Position of Sigmoid Function o Ao}, Ams)= A, AR D A A ~ES Takehs
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Fig. 1 Description of TPMS heat exchanger (HX): (a) design
configuration (unit: mm), (b) gyroid unit cell, (c) gyroid unit
cell with colored fluids, and (d) signed distance fields (SDF)
for the top view (XY-plane) and side view (XZ-plane)
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Fig. 2 Mathematical filtering of a TPMS HX for fluid selection: (a)
definition of the filtering domain (b) masked model for fluid
selection, (¢) SDF distribution for selection filtering, and (d)
filtered model for fluid selection
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Table 1 Design parameters for the through-hole type filtering

i Description  x, [mm] Ve [mm] yij
1 Hot inlet -40 21 22
2 Hot outlet 40 21 22
3 Cold inlet 40 21 22
4 Cold outlet -40 21 22
(a) j (b) L1 Solid wall Cold fluid

(c)
/ LA
) ARRXXXX.
} SRR
N N
| 3 N2 2 0NN

Fig. 3 Design modification of a TPMS HX with the through-hole
selection filtering: (a) definition of the filtering domain, (b)
SDF distribution for selection filter (Top View), (¢) SDF

distribution after filtering (Section A-A’), and (d) SDF
distribution after filtering (Top View)
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Fig. 4 Design modification of a TPMS HX with the half-hole
selection filtering: (a) definition of the filtering domain, (b)
SDF distribution of half-hole filtering, and (c) SDF
distribution after filtering (Section A-A”)
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Fig. 5 Design modification of a TPMS HX with the taper-hole
selection filtering: (a) definition of the filtering domain, (b)
SDF distribution of taper-hole filtering, and (c) SDF
distribution after filtering (Section A-A’)

Table 2 Center positions of the taper-hole type filtering domains

1 Description x5, y1, 21) (3 V2 22)

1 Hot inlet (-40, 21, 22) (-43, 24, -16)

2 Hot outlet (40, -21, 22) (43, -24, -16)

3 Cold inlet (40, 21, 22) (43, 24, -16)

4 Cold outlet (-40, -21, 22) (-43,-24, -16)
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Table 3 Comparison of hydraulic diameters for three HX designs

Description £[%] A [mm™] Dj, [mm]
Through-hole 43.2 0.272 6.34
Half-hole 42.7 0.290 5.89
Taper-hole 42.8 0.287 5.96
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Fig. 6 Pressure drop tests for various HX designs: (a) experimental
setup, and (b) comparison of pressure drops
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Fig. 7 Comparison of streamlines across section B-B’ for various
inlet/outlet designs: (a) through-hole filtering, (b) half-hole
filtering, and (c) taper-hole filtering
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Fig. 8 Comparison of sectional velocity distributions for various
inlet/outlet designs (Section B-B’): (a) through-hole filtering,
(b) half-hole filtering, and (c) taper-hole filtering
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Fig. 9 Micro-CT images of additively manufactured TPMS HX at
different cross sections: (a) Section C-C’, (b) Section D-D’,
and (c) Section E-E’
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Mechanical Property Test Results for Additive Manufactured Specimens
of Stainless Steel 316 L after Heat Treatment
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Additive manufacturing (AM) technology, also known as 3D printing, is a highly promising technology that can drive
innovation in various industrial areas, including the nuclear industry. Although the nuclear industry is traditionally
conservative when it comes to adopting new technologies, it is crucial that AM technology is eventually applied for a variety
of reasons. To overcome the barriers that currently hinder the adoption of AM in the nuclear industry, it is essential to
ensure the reliability of AM products. One key factor is ensuring that AM products have mechanical properties equivalent to
those of traditionally manufactured products. This paper presents the results of mechanical property tests conducted on
additive manufactured specimens of stainless steel 316 L after heat treatment. We performed tensile tests, hardness tests,
and microstructure analysis on specimens produced using two types of metal AM technologies: powder bed fusion (PBF)
and directed energy deposition (DED). The results of the tests indicate that certain weaknesses, such as anisotropy and
brittleness, in AM products can be improved through three types of heat treatments. In particular, AM products produced
using the PBF method and subjected to heat treatments show potential for application in the nuclear industry in terms of

materials.
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25 xﬂ—r—(Addlthe Manufacturlng, AM) 7]%3 3D =g (Korea Electric Power Industry Code, KEPIC)o|| wj2} A 2

e AR glon, 7|EA el 8S ASME (American Society

g 7|4 & shiz @l -7—52 HPO]TJ( Z]:LW]-Z] -% ol Lo} of Mechanical Engineers) BPVC (Boiler & Pressure Vessel
Ear} o|olH W, B, o7 Hof SolA] Uit 8T
5] A7)

Z, Code)s W21l Qirh. £3] 9] 71&7150l A4 SAE A7)
QA At A& Ao T3

d Al S8 Bt & £0] ARR &0l Azt FA|Z|TolA o 7143 Ae
£ Mgl o odo] BpHel 9H AN HE Ax A B AN T o]l AT4]. A ASTM (American Society for
EZ2 Aof A83= Al A 9] Zlolr Y] JETH1-3]. Testing and Materials), ISO (International Organization for

Rl lel /1 A450) Pl ol AA7H 2 Sundundiion FH02 A5 Az W, Aol e g
asith ol 47149 AR se] 48 ST AT 714 71ES WAk YA, oFd ASMEC] SAlE 7% 715e
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Fig. 1 Additive manufacturing machines

(a) PBF specimens

(b) DED specimens

Fig. 2 Additive manufactured specimens
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Table 1 Process parameters of PBF additive manufacturing

Table 3 The conditions of the heat treatment

Parameter Value
Laser power 240 W
Beam spot size 50 pm
Layer thickness 50 pm
Beam travel speed 1,100 mm/s
Hatch distance 70 pm

Table 2 Process parameters of DED additive manufacturing

Parameter Value

Initial 1,800 W,
100 W reduction after every layer until 1,600 W

Laser power

Beam spot size 3 mm
Powder feed rate 12 g/min

Layer thickness 0.9 mm
Beam travel speed 1,000 mm/min

Hatch distance 1.6 mm

8 37 WG Tables 1 3 29} Zrovy, ] A XA} Al
3 2 Aotk A AR AME 2T AF Ax
2k Zpo]7} Glck. PBF ajof ARG 282 50 um ©]
3te 2k - i) AH|Q1E A 316 L kel
T2 45-104 umO] PBF "§4]of] ARg-==
o Aol ARgE -

A Hu
= p j=] a2
o] FAME Fo 2R 316 L sk A& 8w

2.2 MF M= AlHE2| Exe|

=% AR A R 2 202 oy 77 Sk a4
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Dimensions, mm in
For Test Specimens with Gauge Length Four times the Diameter [E8]
Standard Small-Size Specimens Proportional 10 Standard
Spaciman
Spocimen 1 ‘Spocimen 2 ‘Spocimen 3 Spocimon 4 Specimen 5

G—Gauge length 50.00.1 36020, 240201 160401 100101

[2.000 = 0.005] 1.400 + 0.008] 1.000 = 0.008] 0640 = 0.008] 10.450 = 0,008]
D—Diameter (Note 1) 125202 90201 60201 40201 25201

[0.500 = 0.010] fo3s0 .+ 0007) 0250 = 0.008] 0180 = 0.003] {0113 + 0.002]
A—Radius of filet, min 10 [0.375] 8[025] & [0.188] 4 [0.156] 2 [0.094]
A—Lengih of raduced paraliel secticn, min 56 [2.25] 45(1.75) 30 [1.25] 20(0.75] 16 [0.625)
(Nole 2)

Fig. 3 The size of the tensile test specimens

(a) Before tensile test specimens (Z-direction)

(b) After tensile test specimens (Z-direction)

Fig. 4 Before and after tensile test specimens of as-built

2k o PBF A2 A H =% X, Y
HZ o] g Zrl o 4711 ol AAR, Z W Awe)
WSZS o H]a) 29ich. 58] DED Rt} PBF A2t Aol
3} 7&5 t&a}ﬁ 1 oF 2IHE Aol7} how, ol As-built 4
BF A|mo] oF 200 MPa A% &9t7] W&o
EH7}= % PBF A]JHO| 10-110 MPa =7} &=9F
u}. DED Alo] 4$ Axe] $Ro| meh gu7rwe) Wsjo|
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_>‘ill
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700 o roy
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7
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(a) Tensile strength of PBF specimens
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- =
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E 400 & !
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X Y z
® AS-Built = HIP = SA = HIP+SA
(b) Yield strength of PBF specimens
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Fig. 11 EBSD picture of PBF specimens (XY-plane)
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Development of Rotation and Pull-back Drive System of Catheter for

Vascular Treatment
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Varicose vein treatments range from conventional surgical ligation and sclerotherapy to venous closure using biological
adhesives. However, considering ease of procedure, recovery time, and cosmetic outcomes like minimal scarring, minimally
invasive techniques employing lasers or radiofrequency are preferred. The efficacy of these methods heavily relies on clinician
expertise and ultrasound imaging, with manual catheter retraction during cauterization presenting challenges, such as
overlapping or untreated areas, especially in long vessels exceeding 1 meter, leading to increased procedure time and
operator fatigue. To address these issues, we propose an automated catheter procedure for varicose veins. This system
features a handpiece for energy generation control (laser, radiofrequency) operated near the clinician for convenience. We
designed a pullback system that enables constant speed rotation and forward/backward movements of the catheter without
moving the handpiece. Through handpiece operation, the catheter rotates at a set speed, and a roller-driven pullback action
occurs as it winds on a reel, expanding the diameter of the reel for retraction while remaining stationary. Conversely, reducing
the diameter of the reel facilitates forward movement. The length adjustment of the catheter based on winding turns on the
reel makes it adaptable for various vascular procedures, enhancing the procedural accuracy and operator convenience.

NOMENCLATURE
R = Radius
1 = Length of a Link
C = Distance Center to Axis of an External Gear
® = Angular Velocity
P.C.D = Pitch Circle Diameter
AD = Addendum Circle Diameter
D.D = Dedendum Circle Diameter
m = Module of Gear
Z = Number of Teeth
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Radiofrequency Ablation (RFA) Treatment for Varicose Veins

Fig. 1 Radiofrequency ablation (RFA) treatment for varicose veins
[2] (Adapted from Ref. 2 on the basis of OA)

Under-treatment

Over-treatment

Fig. 2 Radiofrequency irradiation overlap and non-contact parts [3]
(Adapted from Ref. 3 on the basis of OA)
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Table 1 Catheter properties and contact conditions used in the
multibody dynamics analysis

Catheter properties

Young’s modulus 100,000 [MPa]

Density 1.85e-006 [kg/mm~3]
Damping ratio 8.e-002
Contact conditions
Stiffhess coefficient 20
Damping coefficient 2.e-004
Dynamics friction coefficient 0.9
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Fig. 10 Catheter reel design parameters in diameter expansion

Table 2 Catheter reel design parameter values

Internal gear External gear

P.C.D [mm] 72 24
A.D [mm] 74 26
D.D [mm] 69.5 21.5

Module 1 1
Z 72 24
L [mm] 35.45

Radius Increase as an Internal Gear Rotation

y = 1.3947x + 55.909

- R? =0.9982 g
58 /

56 =

~ degree(O)h

Fig. 11 Graph of radius increase as an internal gear rotation
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Fig. 12 Pulled back catheters as catheter reel diameter is extended

Fig. 14 Control unit of the pull-back module that controls the
pull-back operation and speed
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Pull back \ /)
module E w’(rol board

Fig. 15 System configuration including prototype of a pull-back
module, the hand piece, and a generator that controls
radiofrequency output
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This paper presents an integrated thermo-mechanical model for analyzing angular contact ball bearings (ACBBs) operating
under oil-jet lubrication. The proposed approach enables a comprehensive analysis of both the mechanical and thermal
behavior of the ACBB system. The proposed formulation employs a quasi-static approach to accurately calculate contact
loads and heat generation, taking into careful consideration variations in internal clearance resulting from factors such as
surface pressure, centrifugal forces, and thermal expansion. For the thermal analysis, a refined thermal network model is
utilized. The proposed thermal model incorporates a newly derived correlation for the drag coefficient under oil-jet
lubrication, which is obtained through high-fidelity computational fluid dynamics simulations. The validity of the proposed
model is confirmed through comparison with experimental data. Furthermore, extensive simulations are conducted to
investigate the impact of bearing fit-up and thermal variations on the performance of ACBBs.
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NOMENCLATURE M,. = Rolling Friction Torque, Nmm

J M,; = Sliding Friction Torque, Nmm

= Bearing Bore Diamet ) . -

earTng .ore 1.ame cn M, = Viscous Drag Friction Torque, Nmm
d, = Bearing Pitch Diameter, mm ) .
. . n = Shaft/Inner Ring Rotational Speed, RPM

D = Bearing Outer Diameter, mm ]
D, = Ball Diameter, mm P, = Internal Diametral Clearance, mm
F = External/Equivalent Force, N Q = Ball Contact Load, N
F. = Centrifugal Force, N ©Q = Heat Generation, W
{F} = External Load Vector, N, Nmm {Q;} = Inner Ring Contact Load Vector, N, Nmm
M = External/Equivalent Moment, Nmm R = Thermal Resistance
M, = Gyroscopic Moment, Nmm [R#] = Transformation Matrix
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by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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T = Temperature, °C

VA = Number of Balls

o, = Nominal Contact Angle, rad
a = Operating Contact Angle, rad
2 = Misalignment Angle, rad

) = Bearing Displacement, mm
{6} = Displacement Vector, mm, rad

= Traction Coefficient for Gyroscopic Moment, mm

ugp = Total Displacement due to Surface Pressure, mm

uro = Total Displacement due to Temperature Change, mm
uror = Total Displacement of a Bearing Component, mm
ucp = Total Displacement due to Centrifugal Expansion, mm
{u} = Inner Ring Displacement Vector, mm, rad

{v}

Ball Displacement Vector, mm, rad

SUBSCRIPTS FOR ACBB QUASI-STATIC MODEL

e = Quter Race
i = Inner Race
j = Rolling Element Index

SUBSCRIPTS FOR THERMAL NETWORK MODEL

i,j = Node Location

j = Node Location Adjacent to Node i
air = Node Location for Air

oil = Node Location for Lubricant

1. Introduction

High-speed rotating machines are versatile components in
numerous critical industries, spanning power generation and oil
and gas to process plants and aviation [1-3]. Angular contact ball
bearings (ACBBs) are found in diverse high-speed rotating
machines. In gas turbine engines, high-speed ACBBs and roller
bearings are prevalent in the shaft and gearbox pinion shafts.
Notably, the axial load-carrying ball bearing plays a critical role
within an aircraft gas turbine [4-6]. Due to the combined loadings,
each ball in ACBBs has a unique loading and speed. Moreover, it
is common for the shaft to rotate at a very high speed where the
centrifugal forces and gyroscopic moments are significantly large
relative to the loads applied to the balls. The dynamic
characteristics of the high-speed machines can also be affected by
several important factors, including the fitting between the shaft
and inner ring, the fitting between the housing and outer ring, and
changes in temperature caused by the heat generated in an ACBB.

Numerous researchers have focused their efforts on shaft-

bearing systems, with particular emphasis on the performance of
rolling-element bearings [7-10]. Zaretsky [7] investigated the
feasibility of ceramic bearings in gas turbines, while Glockner et
al. [8] conducted experimental research on hybrid ceramic and
actively cooled ball bearings in the same context. Despite the
abundance of studies on shaft-bearing systems, the thermo-
mechanical performance of ACBBs under oil-jet lubrication
remains largely unexplored. Given that ACBBs operating under
oil-jet lubrication typically run at high speeds, significant heat
generation and elevated temperatures within the system are
expected. Consequently, thermal effects emerge as crucial factors
influencing bearing characteristics, as temperature fluctuations
alter the interaction between balls and races, as well as their
material and fluid properties. Thus, operating temperature plays a
pivotal role in the overall performance of the entire spindle-bearing
system [11-13].

Besides the excessive heat generated in the high-speed region,
the adjustment of internal clearance in ACBBs significantly
influences the system's performance. When installing bearings, an
appropriate level of interference fit should be applied to prevent
any relative motion between the inner ring and the shaft, as well as
between the outer ring and the housing. However, excessive
interference during installation can lead to detrimental side effects.
To accurately assess the change in internal clearance in ACBBs, it
is essential to analyze the operational fits between the shaft and
housing, the effects of temperature changes, the radial expansion
induced by ring rotation, and the radial components of the contact
loads between the balls and the races [14-19].

This study aims to develop an integrated thermo-mechanical
model for predicting the characteristics of ACBBs operating under
oil-jet lubrication. A numerical model is introduced to analyze both
the mechanical and thermal characteristics inherent in the system.
A quasi-static methodology [20,21] computes the contact loads and
heat generation. Additionally, a fit-up model improved from the
existing models [14-17] is proposed to consider the impact of inner
ring to shaft, and outer ring to housing fittings, contact loads,
surface pressures of rings, centrifugal expansion of rings, and
temperature gradients, thereby calculating changes in diametral
clearance of ACBB. The thermal behavior within the system is
accurately captured using an advanced thermal network model
(TNM) [22].

The proposed model is enhanced by a newly formulated
correlation for the drag coefficient, derived from computational
fluid dynamics (CFD) simulations. Heat generation is computed
using a running torque-based model [21,23-29], which
incorporates friction sources from sliding, rolling, and viscous

drag. Moreover, one of the essential parameters for thermal
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analysis, the actual flow rate of the oil injected into the bearing
cavity [22,30-32], is also included. Validation of the thermo-
mechanical model is achieved by comparing the simulated
temperature results with experimental data. In addition, rigorous
simulations are conducted to investigate expansions of the bearing

components, contact loads, stiffness, and heat generation.

2. Thermo-mechanical Model for ACBB

2.1 The Quasi-static Model of Bearing

The ACBB model used in this study is based on the quasi-static
model of ball bearings [20,21]. The effects of centrifugal forces
and gyroscopic moments are included. Fig. 1(a) shows the five-
degrees-of-freedom (DOF) model of an ACBB with external loads

and corresponding inner ring displacement, respectively.

(F} = {FoF,F, M M} (1)
(8} = (808, 0t} @)

In the figure, o denotes to the nominal contact angle of the
ACBB.

Fig. 1(b) shows the cross-section of ACBB with local
coordinates. Here, the inner ring and ball displacements are

indicated, respectively, by

(uy = {u,u, )" 3)

=, u’ )

Fig. 2 shows the free-body diagram of a ball where the ball
equilibrium equations can be established [20]. a;, o, represent the
operating inner and outer contact angles. D, is the ball diameter. 1,
A. indicate the traction coefficients for the gyroscopic moment
which are set to 4; = 0, and 4, = 2 for outer raceway control [11].
F,, M, are the centrifugal force and gyroscopic moment. w,,, wg,
denote the ball orbital speed, and ball rotational speed in rad/s, and
the pitch angle of the ball [21]. By solving the ball equilibrium
equations, the ball displacement vector in Eq. (4) can be estimated.

The inner ring force equilibrium can be written as

{(FYy+3]\[Rg1'{Q;}, = 0 5)
where the inner ring contact load at the i-th ball is defined as
—Q;cos
10} =4 -0O;sina; 6)
0

and [R¢] is the transformation matrix from local frame to global
frame [15]. The contact loads between the ball and races can be

_ -
T

j—
P II:. \'__
‘ Q:

—é—

; vV,

x Qr
(a) Global (b) Local (inner ring)

(0]

Oy

Fig. 1 Global and local loading and displacements

Fig. 2 Contact load, centrifugal force, and gyroscopic moments

calculated using Herzian contact theory as

0=Ks" )

3/2

0, =K., ®)

where K, K, denote the contact stiffness constants between the ball
and inner race, and the ball and outer race, respectively. J;, J.
represent the contact compression between the ball and races. If
any one of these compressions becomes negative, the contact
compression is assumed to be zero.

This study implements a constant force preloading condition,
which treats the external loads as inputs, while the displacement
vector of the inner ring is the unknown variable to be determined.
To calculate the displacement vector for an ACBB, it is imperative
to consider the force equilibrium between the balls and the inner
ring. Due to nonlinearity of these equations, an iterative approach
is necessary to solve the equilibrium equations. The calculation
methodology for the entire model is depicted in Fig. 3, which relies
on the iterative Newton—Raphson method. The calculation
procedure encompasses iterative loops for the global equilibrium

equations of the inner ring and for the equilibrium equations of
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Input: ACBB parameters, rotational speed n, External force vector
{F}. Assume inner ring displacement {5}, Assume ball displacement
{v}, set bearing tolerance {&;,}, & set ball tolerance {¢,.}

Determine inner ring displacement at
each ball location {u} ;

1
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Calculate ball contact loads, centrifugal force, gyroscopic
moment, internal speeds, contact parameters, etc.

1 i
1 h
I "
1 h
1 i
: : i
I Solve ball equilibrium equations and i
: i
1 i
1 h
1 "
1 : 1

ball displacement error {4,.}

Solve global equilibrium equations
and estimate bearing error {4, }
v

—

]
]
1
|
1
Solve inner ring displacement {} '
:
]
1
1
1

Fig. 3 Calculation procedure for the quasi-static model of ACBB

Housing Housing

Outerring | . Pa __Outerring Py + AP,
P, Py + APy
- T 4 - 4
Inner ring Inner ring
Shaft Shaft
z z
(a) Before deformation (b) After deformation

Fig. 4 Definition of diametral clearance change in CRBs

each ball. Upon achieving global equilibrium solution, the contact
forces and angles between the balls and races are estimated for

subsequent calculations of running torque and heat generation.

2.2 The Fit-up Model

When an ACBB is mounted to a shaft, the internal diametral
clearance (P,;) may change due to ball-race contact loads, fit-up
condition between the shaft and inner ring and housing and outer

ring, centrifugal expansions of rotating rings, and temperature

changes [14-17] as shown conceptually in Fig. 4. The estimation of
the change of diametral clearance of an ACBB is performed based
on the thick-ring theory [16,19].

The estimation of diametral clearance change comes with
estimating the total deformation of the bearing inner ring, outer
ring, and the balls. The changes in bearing geometry are calculated
by combining the diametral displacements from each race and the
change of diametral displacement from the ball. The total diametral
deformation () is the combination of the deformation due to
surface pressures (ugp ), centrifugal expansions of rotating rings

(ucg ), and temperature change (u;) as outlined in Eq. (9):

Uror = UspTUcpturc 9

Therefore, the change in diametral clearance is given by

AP, = uror, 0R*”T0T,1R*2“Tor,mzler (10)

Here IR, OR denote as the inner ring and outer ring,
respectively. With a new diametral clearance, the internal geometry
of ACBB will change and causes changes in contact loads and heat
generation.

The deformation due to surface pressures (ugp ) is observed in
cold to hot mounted fittings and from the ball-race contact loads. In
a thick-walled cylinder scenario, this deformation manifests when
the cylinder with uniform wall thickness is exposed to evenly
distributed internal and external pressures. Such deformation is
symmetrical along the axis of the cylinder and is presumed not to
impact its length [14]. Importantly, this deformation sums up the
effect of pressures stemming from ball-race contact loads and the
fittings of bearings to shafts and housings.

The deformation due to centrifugal expansion (u.z) is
associated with rotating rings originates from the centrifugal
expansion effect observed in rotating shaft and ACBB inner ring.
This phenomenon is primarily due to the centrifugal force
generated as the inner ring and shaft operate at high velocities,
which softens some of the compressive stress induced by
interference fits. Thus, this reduction in compressive stress leads to
a decrease in the inner ring-to-shaft contact stress, with the rate of
reduction accelerating as the rotational speed increases [17]. Such a
dynamic property can cause the inner ring-to-shaft operating fit to
transit from a tight to a loose state, potentially resulting in fretting
wear, increased shaft vibration, and rotor eccentricity [15].

The deformation due to temperature variations () is a result
of changes from ambient to operating temperatures within the
inner ring, outer ring, and balls. This temperature change induces
linear expansion, altering the components’ diameter and affecting
the diametral clearance of the ACBB. To accurately predict the
operating temperatures within ACBBs, a TNM is utilized, as
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elaborated in section 2.4. This methodology enables precise
estimations of temperature-induced dimensional alterations, critical

for evaluating their influence on ACBB performance.

2.3 Heat Generation Model

The heat generation in ACBB is obtained from the ACBBs’
running torque-based model on the friction sources presented by
SKF [23], in which the friction torque of ACBB with respect to
bearing axis comprises three components: sliding friction torque
(M), rolling friction torque (M), and viscous drag friction torque
(M,). In this study, the friction coming from any interactions in
cage and seal is not considered.

The distribution of heat generation on the inner race and outer

race can be calculated as

01 = (M + My, i M, Jnx (11)
Qe = (Msl,e+ Mrr,e+Mv,e)n x 31%) (12)

After calculating the rates of heat due to friction torque, it is
possible to determine the bearing temperatures using a TNM. In
this analysis, the contact parameters of the most heavily loaded ball
are considered, and the heat generations for each race represent the
average heat generation of that specific race.

Sliding friction torque (M,;) is characterized by two primary
sources: macro sliding and micro-sliding. Macro sliding stems
from the conformity of contact influenced by the macro-
geometrical features of the components and spinning motion
inherent in their operation. Micro-sliding, on the other hand, results
from the geometrical distortions that occur due to elastic
deformation between the ball and races [23]. The sliding friction
torque is defined as the combination of torque from spinning
friction [21,25-29] and the differential sliding frictions [25,28,29]
that occur within the ball-race contacts of ACBBs. It is noted that
under high-speed operational conditions, the sliding friction is
prone to increase.

Rolling friction losses are a constant factor in rolling contacts,
regardless of whether they are dry or lubricated [23]. The origins of
rolling friction torque (M,,) can be traced back to two main
factors: the effects of elastohydrodynamic lubrication (EHL)
between the balls and races [21,23,25], and elastic hysteresis losses
within the materials [23,29]. These factors contribute to the
creation of rolling resistance that acts to resist motion between the
balls and races. Rolling friction torque has the unique characteristic
of potentially decreasing at higher speeds. This decrease is
particularly noticeable at very high rotational speeds, where

increased temperatures can alter the behavior of the lubricant

within the bearing. These changes may lead to phenomena such as
inlet shearing, caused by oil reverse flow, and lubrication starvation
[23]. Both conditions can significantly reduce the rolling resistance
in ball-race contacts.

This study develops a viscous drag friction torque (A, ) model
designed for ACBB under oil-jet lubrication conditions. In such a
bearing system, lubricated with a mixture of lubricant and air, balls
travel in an orbital path around the bearing's axis, navigating
through the lubricant-filled space. This motion necessitates
overcoming the viscous drag force (F,) generated by the lubricant,
which becomes significant at very high speeds [25,31]. However,
estimating viscous friction for ACBBs under oil-jet lubrication
presents analytical challenges, primarily due to the difficulty in
precisely determining the lubricant volume within the bearing
cavity. Crucial factors such as the oil density and viscous drag
coefficient are highly sensitive to variations in this volume. In this
study, the effective density of the lubricant is deduced by
calculating the lubricant cavity ratio [32], and the viscous drag

friction coefficient is derived from a sequence of CFD simulations.

2.4 Thermal Network Model (TNM)

The TNM is a representative method used to analyze the
temperature distribution of thermal systems, consisting of a series
of nodes and resistances, similar to an electrical circuit network.

Each node represents a specific component of the system, and a
node's temperature represents the temperature associated with its
component. Nodes are connected to their neighboring nodes
through thermal resistances, and heat transfer occurs in proportion
to the temperature difference between two adjacent nodes and in
inverse proportion to their thermal resistance (O = AT/R). In this
study, the nodes on the surface as well as the center of system
components were defined. Fig. 5 and Table 1 show the locations
and the detailed information of the nodes, respectively.

Governing equations need to be established to predict the
temperature at each node. This study focuses on the steady-state
bearing temperature during normal operation. The governing
equation for each node can be determined from the energy
balance, as shown in Fig. 6. The following is the energy

equation for node i

T,

Ny T—T, Typ=T, T,y=T; .
PO B + = +0,=0 13
s Rij Ri—air Ri—oil Q ( )

Ny 1 1 1 Ny -T; Tair Toi] -
> —+ + T.+%..) — = —"—+—"1+0,(14
(jilRij Ri—uir i—ail) ' j¢1Rij Ri—air i—air Q( )

Here, the subscripts i and j are node indices, and the
subscripts air and oil denote ambient air and lubricant oil,

respectively. N, is the number of neighboring nodes of node i.
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Fig. 5 Node arrangement in TNM

Table 1 Node numbers and locations in TNM

Node no. Description
1 Central diametral position of housing
2,4 Central diametral position of inner and outer rings
3 Ball center
5,6,7 Center of shaft segments
8 Contact area between ball and outer ring (OR)
9 Contact area between ball and inner ring (IR)
10,12 Oil inlet and oil outlet
11 Oil in cavity
13 Ambient air
14,18 OR-housing and IR-shaft contact surfaces
15 Outer surface of housing
16,17 Outer race and inner race

Ry, Ri i, and R, ,; represent the thermal resistances between
node i and node j, between node i and air, and between node i
and oil, respectively.

Eq. (13) indicates that the sum of all heat transferred to node i
and the heat generated at node i becomes zero when steady state is
achieved. Each term represents, in order, heat transfer from node j,
heat transfer from air, and heat transfer from oil. Eq. (13) can be
rewritten as Eq. (14), where the temperatures 7; and 7; are placed
on the left-hand side, and the remaining terms corresponding to
source terms are on the right-hand side. By solving these
equations, the temperatures of the bearing components can be
obtained.

The heat generated in a bearing is transferred to the bearing
parts such as ball, inner ring, outer ring, shaft, and housing, and

eventually transferred to surrounding air and lubricant oil.

Ri_oit

Fig. 6 Energy balance for node i
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Fig. 7 Calculation procedure of thermal network model

During this process, conductive and convective heat transfer
occurs, in the solid structure and at fluid-solid interfaces,
respectively. The conductive heat transfer rate is affected by
contact conditions. Therefore, thermal resistances can be
classified into conductive resistance, convective resistance, and
contact resistance, based on the heat transfer mechanism. The
formulas for calculating thermal resistances can be found in the
literature on thermal network [30,32]. The process of predicting
the temperature of a bearing system using a TNM is shown in
Fig. 7.
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2.5 Calculation Procedure for Integrated Model

The procedure for integrating the quasi-static model with the
TNM is delineated in Fig. 8. It commences with gathering requisite
inputs, encompassing dimensions of the bearing, shaft, and
housing, external loads, rotational speed, oil properties, oil flow
rate for oil jet lubrication, initial temperatures of the bearing and
oil, and fit conditions between the shaft-inner ring and housing-
outer ring. Subsequently, the bearing model, incorporating fit-up
conditions, computes the heat generated by the inner and outer
races. Following this, the TNM computes the temperature of
system components. As bearings expand, alterations in ACBB
clearance, material properties, and fluid properties occur,
modifying the ACBB’s characteristics. These modifications are
then fed-back into the ACBB model and the TNM for subsequent
iterations of results. The process iterates until achieving the desired

accuracy in calculations.

3. Experiments and Model Validation

This study considers a rotor-ACBB assembly, comprising a 40-
mm bore ACBB with ceramic balls, affixed to a shaft with an outer
diameter of 40 mm. The assembly is encased within a housing with
an 80-mm inner diameter and a 250-mm outer diameter. The
housing, shaft, and bearing ring materials have identical material
properties. Lubrication for the ACBB is facilitated through an oil-
jet system employing MIL-L-23669 lubricant. The ambient
temperature is set at 7, = 25°C. A diametral interference fit of
0.02 mm is applied between the shaft and ACBB inner ring, while
the fit between the housing and ACBB outer ring is set to 0 mm.
Fig. 9 shows the schematic drawing of the bearing test rig, in
which the sensor locations are also indicated. Fig. 10 depicts the
experimental setup along with its peripherals. The outcomes from
simulations are compared with experimental results, under the

operating conditions as detailed in Table 2.

Outer ring temperature Inner ring
A temperature

To driving <::|

motor unit

Shaft

Outlet oil

|
Oil jet nozzle
temperature

Inlet oil temperature

Fig. 9 Schematic drawing of bearing test rig

Speed
increaser

Radial load

Fig. 10 Experimental system for bearing test

Table 2 Experimental conditions

Condition no. 1 2 3 4
Speed [RPM] 10,084 20,202 30,303 40,000
Axial load [N] 4,441 4,406 4,400 4411
Radial load [N] 247 250 245 246
Oil temp. [°C] 92.1 91.3 92.2 93.4
Oil flow rate [lpm] 2.5 2.4 2.5 24

The drag coefficients for the ACBB were determined through
CFD simulation. Fig. 11 illustrates the simulated drag coefficient
plotted against Reynolds numbers, exhibiting an asymptotic
approach to 0.108 at high Reynolds numbers. Notably, this drag
coefficient is small compared to the typical value of approximately
0.45 for an isolated sphere [30]. However, it closely aligns with the
value of 0.09 proposed by Pouly et al. [32], derived from
measurements of drag on in-line multiple spheres. The reduced

drag coefficient can be attributed to the periodic arrangement of
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Table 3 Heat generation results under experimental conditions

Condition no.

Heat generation ! 2 3 4
O total [W] 331.1 900.1 1,591.5 3,063.8
O [W] IR 9.03 2527 4492  86.72
e OR 1502 3929 68.09 127.28
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Fig. 12 Comparison of simulated and experimental temperatures

multiple balls in close proximity. This established drag coefficient
was then employed in the heat generation analysis within the
ACBB, a critical factor for predicting bearing temperature using
the TNM. The findings from the heat generation analysis under the
specified experimental conditions are succinctly presented in Table 3.

Fig. 12 presents a comparison between bearing temperatures
obtained from simulation and experimentation. Notably, the
temperatures of the inner ring, outer ring, and outlet oil were
specifically chosen for simulation to correspond with the
experimental configuration, which employs thermocouples for
temperature measurements at the designated locations. Each graph
illustrates a temperature increase corresponding to escalating
speeds. The simulation data is depicted by blue bars, while the
experimental data is represented by red bars. The close agreement
between the simulated and experimental data confirms the model's
accuracy in predicting behavior at varying speeds. The maximum
discrepancy of |AT| = 8.72°C is observed in the inner ring

temperature at 10,084 RPM in Fig. 11. This discrepancy may be

Table 4 Deformations on ACBB components

IR 0 19.46 79.29
OR 0 2.17 105.86
Ball 0 0 1.90

attributed to factors such as the limited accuracy of thermal
resistance models and the limitations of obtaining precise

measurements at the designated locations.

4. Simulation and Discussion

This section presents simulation results with experimental
condition 4 specified in Table 4. The effect of diametral clearance
on contact loads, stiffnesses, and heat generation are rigorously

discussed below.

4.1 Change of Diametral Clearance in ACBB

Table 4 displays tabulated results on the changes in the
components of the investigated ACBB. Three scenarios are
examined: a) without fit-up and TNM, focusing solely on a basic
ACBB model that ignores all fit-up conditions and temperature
changes. b) with fit-up but without TNM, adding the effects of
tightly fitting parts together but keeping temperatures of the
bearing parts at ambient level, and oil at given conditions. c) with
both fit-up and TNM, integrating all models.

The comparison across these scenarios shows significant
variations in diametral clearance of ACBB. Without any fit-up or
TNM, the clearance remains unchanged. When fit-up is applied,
the clearance tends to decrease because the inner ring is more
affected by the combined effects of deformation from surface
pressures and centrifugal expansion than the outer ring, which is
mainly altered by surface pressure alone. The final scenario, which
combines fit-up and TNM, results in greater expansion of all
bearing components due to heating. This outcome is believed to
reflect real-world behavior more precisely, underscoring the
importance of accounting for both fit-up adjustments and operating

temperature considerations to estimate ACBB characteristics.

4.2 Change of Contact Loads

Fig. 13 depicts the contact loads on both races of the most
heavily loaded ball across various rotational speeds. These contact
loads increase as the operating diametral clearance of the ACBB

nears a negative value, indicating an interference fit between the
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balls and races. This indicates that without incorporating fit-up and
TNM, the contact load outcomes (Q;: 510.63 N, Q,: 703.61 N)
(red) differ significantly from the scenario where both are applied
(O 472.23 N, Q.: 665.14 N) (green), highlighting their critical

importance for realistic applications.

4.3 Change of Bearing Stiffness

Fig. 14 illustrates how fit-up and thermal changes influence the
stiffness of ACBB. When neither fit-up adjustments nor thermal
changes from TNM are considered, the results are derived solely
from the quasi-static model of ACBB. However, introducing only
the fit-up model under cold-mounted conditions leads to a gradual
increase in stiffness. This is attributed to the operating clearance of
ACBB becoming negative, as discussed in section 4.1, thereby
creating higher contact loads. When both fit-up and thermal
changes from TNM are considered, an additional notable effect is
observed. In this scenario, all factors that deform the ring are

considered, resulting in lower stiffness than others.

4.4 Change of Heat Generation

Fig. 15 presents the findings on heat generation at the position
of the most heavily loaded ball, showing a pattern different from
the discussions in sections 4.2 and 4.3. Upon reviewing the overall
results for either the total or the max-loaded ball’s heat generation,
it becomes apparent that the outcomes do not vary as substantially
as the contact loads and stiffness. Contrary to the behaviors
observed in contact loads and stiffness, the findings related to the
heat generation of ACBB are completely opposite. When the
internal clearance turns negative, its orbital speed drops, leading to

a decrease in drag friction. This observation highlights the complex

150
Dw/o fit-up, w/o TNM
EAwith fit-up, wio TNM
100 - Ewith fit-up, with TNM

Max-loaded
ball heat generation (W)

(4]
o

o

Inner race Outer race

Fig. 15 Effect of fit-up and thermal changes on heat generation

Table 5 Heat generation with different conditions

Heat eeneration w/o fit-up,  with fit-up, with fit-up, with
& w/oTNM  w/o TNM TNM
O total [W] 3,514.2 3,476.8 3,532.6
. IR 99.33 97.76 100.26
Qj,max [W]
OR 149.71 149.65 148.06

interplay between fit-up adjustments, thermal effects, and
rotational speed in influencing ACBB’s heat generation. Detailed
results of the total heat generation and the distribution of heat

generation across both races are provided in Table 5.

5. Conclusions

This paper introduced an advanced numerical model developed
for the thermo-mechanical analysis of high-speed ACBBs under
oil-jet lubrication. The proposed model, comprising a quasi-static
model, a fit-up model, and a thermal network model, demonstrates
a strong correlation with experimental data, accurately representing
temperature variations across different rotational speeds. A
simulation result is provided to illustrate the thermo-mechanical
behavior of ACBBs. Through simulation and analysis, the
following conclusions were drawn:

1) The proposed model consistently estimates bearing temperature
with a demonstrated error margin maintained within 10%.

2) Incorporating both fit-up adjustments and TNM into the
modeling of ACBBs leads to increased expansion and reduction of
diametral clearance, offering a more precise depiction of real-
world operational behaviors.

3) The influence of fit-up adjustments and TNM significantly
impacts contact loads. Their combined consideration results in
reduced internal contact loads compared to scenarios where these
factors are omitted

4) The initial introduction of fit-up under cold-mounted
conditions increases stiffness in ACBBs, primarily due to the
elevation of contact loads from negative operating clearance.
However, integrating fit-up with TNM subsequently results in a

reduction of stiffhess.
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The use of reflective optical systems is essential to acquiring high-resolution image quality in aerospace applications that
observe distant objects. The geometric shapes of large-aperture reflective optical systems can be deformed depending on
various operating and space environments, which deformation consequently affects optical performance. In this study, we
predict the image quality of a reflective aerospace optical system according to various environmental changes. In particular,
the shape deformation due to vibration and heat generated from the launch vehicle was mainly observed, and the effect on
gravity was also considered. The variations of image quality, such as Modulation Transfer Function (MTF) and wave-front
error (WFE), were also observed by importing the deformed shapes into the optical simulation tool. This study is intended
to provide approaches to reduce the cost and lead time to develop aerospace optical systems.
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Fig. 1 Schematic illustrations of environmental factors affecting
image quality of a reflective aerospace optical system. The
variations of temperature and gravity depending on the
altitude, and vibrations generated from the launch vehicle can
cause deformation of the reflective optical system
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Table 1 Mechanical and thermal properties of reflective optical systems

Al6061 Al7075 Ti-6-4 SiC Germanium
Young’s modulus [N/mm?] 6.89 10* 7.17 10* 1.14 10° 4210° 1.310°
Poisson’s ratio 0.33 0.33 0.34 0.14 0.3
Density [kg/m®] 2700 2810 4430 3100 5323
Thermal expansion [/k] 236 x 107 236 x 107 8.6x 10 3x10° 6.1x 10
Thermal conductivity [W/(m K)] 16 130 6.7 140 64
Specific heat capacity [J/(kg K)] 890 960 530 670 321.9
vonmiseswpa) (D) URES (mm)
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Fig. 3 Deformation results of the reflective optical system due to

gravity. (a) Stress, (b) displacement results when the force of
gravity is applied in a parallel direction to the mirror, (c)
Stress, and (d) displacement when gravity is applied in the
direction perpendicular to the mirror
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Fig. 4 Thermal deformation results of the reflective optical system.
(a) Displacement, (b) strain at 70°C steady-state temperature,
and (c) Maximum displacement graph of the reflective
optical system according to steady-state temperature
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Fig. 7 Deformation results due to explicit impact. (a) 3D simulation
rendering and (b) plot data of displacement after explicit
impact
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I Year of Launching

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

I Aims and Scope

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

I Fee

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

Publication Fee:

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

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

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

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

I Contact Us

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

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



I Rules for Submitting and Publishing Papers

Article 1 Purpose

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

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

Article 3 Responsibilities and Compliance with Code of Ethics

A.The Authors are responsible for the submitted paper.

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

Article 4 Scope of Research

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

Article 5 Categorization of Submissions

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

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

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

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

Article 6 Submission

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

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

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

D.The submitted paper shall not be returned.

Article 7 Review and Decision to Publish Paper

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

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

Article 8 Copyright

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

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

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

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

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

Article 10 Manual of Style

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

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

Article 11 Publication Fees

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



I Guidelines for Manuscript Writing

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

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

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

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

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

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

7. Arabic numbers and Sl 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.

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

I Author’s Check List

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

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

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

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

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

8. Is the English abstract within 200 words?

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



I Rules for Reviewing Papers

Article 1 Purpose

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

Article 2 Submission and Reception

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

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

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

Article 3 Selection of Reviewers

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

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

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

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

Article 4 Review Procedure

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

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

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

Article 6 Deadline for Author’s Revision

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

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



I Rules for Reviewing Papers

Article 7 Decision over Publication

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

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

Article 8 Review of Special Papers

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

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

Article 9 Confidentiality

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

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

Article 10 Objection

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

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

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



I Code of Ethics for Academic Activities

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=htmlI&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.

. 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

C.

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

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

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

citation, the EBM should be notified in detail.

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

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

Article 9 Ethics Committee

A

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

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

. Organization and Duties of Committee

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

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

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

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

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

A
B
C
D

. Establish and promote research ethics.

. Prevent and discourage research misconduct.

. Deliberate and vote on research misconduct.

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

E. Improve and enhance other research ethics.

Article 11 Convocation and Voting of Ethics Committee

A

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

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

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

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

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

Article 12 Reporting Research Misconduct

A

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

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

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

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