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Article history: This study presents an optomechanical athermalization design for reducing the
Received 13 August 2026 temperature-induced focus shifts in a digital side mirror (DSM) camera module.
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Accepted 22 September 2026 As DSM cameras operate in a wide range of temperatures, thermal changes in

plastic lenses and mechanical structures can result in focus drift and image
degradation. The focus shift sensitivity was used as a design parameter to mitigate
Keywords: these effects, and a mechanical compensation structure based on the thermal
Athermalization expansion of a holder was implemented. The proposed design maintained stable
modulation transfer function performance at 120 Ip/mm from -10°C to 60°C. The

Opto-mechanical integrated design

Focus shift sensitivity experimental results confirmed that the focus shift and image degradation were
Thermal stability suppressed across a wide temperature range. These results demonstrate that the
Modulation transfer function (MTF) proposed method can improve the thermal stability of various optical components.

Digital side mirror (DSM)
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Fig. 1 FSS change due to lens shape and ray height for DSM
optics: initial design
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Fig. 2 FSS change due to lens shape and ray height for DSM
optics: improved design
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ABFL — Image sensor
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AL —

Fig. 3 Thermal compensation structure of DSM optics
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Table 1 Comparison of initial and improved optical designs

Parameter Initial design In;};z?gjd Improvement

Number of lenses | 5 elements | 6 elements +1 element
FSS > 0.1 < 0.1 Target satisfied
Maximum ABFL 52 um 6.7 um 87.1% reduction
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Fig. 7 Experimental setup for image-based resolution evaluation
using the DSM camera module

Fig. 8 Representative ISO 12233 resolution chart image captured
by DSM camera module for qualitative resolution evaluation

2
K

& Fig. 8ol Uefiiitt. 14
S Tf grfsto] wlwgh A, A2(-10°C), A2
(20°C), 12(60°C) 271 RFoA el Pejet oA A =7t
AdtA oz FARSHA §AIEE A ERlsqith =3 2= #H3}
of W2 Fg 2 sPolu e Ao dFS WEEA F
Xt}

o] 9AFS DSM 7|t mE9] £ S t]AZH oo BASH H
QIR 7HHEtE AFP3 FYoln g, vt MTF ¥Haht side
Aol & AFAH o R H|uwste= tolle AP ik 2y BE 2
T 27o|M F "t oA o] H ez FAEeH,
| 2% Hzlol w2 24 9Jx] Hat et oz AAE]
g 4 AN

kel
=

B

o

dlo
o offt
=°,l_!,

gk

il
A
T

32

3.4 CODE V AlE20l43} Image Master £4 H|W

Y717 B WG A HPHS WS SIstol, B

401

Table 2 Comparison of CODE V and Image Master MTF at 120
Ip/mm and 0.8 field under different temperatures

Temperature | CODE V MTF (%) | Image Master MTF (%)
-10°C 69.1 62.6
20°C 74.9 68.7
60°C 74.5 67.5

A dAel M 343 CODE V a4
85

Z3+9} Image MasterZ O]
Z73t MTF Z3+& vlasieint. 43} 542 CODE V&
o|&sfo] se¥siglon, & W3l ufE P3A9] A5 Wt 4
S o =3I >1%, Image Master= Z3HA|Q] MTFE =45}
= Bs &4 Aagolt. 2 AtoM TriopticsAte]
Image Master® HRg ARG 1|9 B4 2% A9 UlR
oA AA $8% 4 ¢glong DSM 7het =ET 7}
2% 27(-10°C, 20°C, 60°C)ollA] oF 5~10% B FE3]
S}et & Image MasterZ 0|53t} =4S
2o gule 32 Aoz ¢

Holder7} 231 AelolH 2as17] olgjomz,
Holder?] g3 A3t FoHA AAQ Boe
27 A Y HAE -10°C, 20°C Y 60°Co] BE 2% 27|
H sl A 2= 2700 Uig 4% Hla AHE Table 20]
UEFHSITE 120 Ip/mm, 0.8 field 7]& Image Master MTF=
-10°C, 20°C ¥ 60°ColA Z¥7Z} 62.6%, 68.7% X 67.5%= et
won, BE 2k 2N AT s 531 55% olde TF

8t9ith. =3 CODE V 814 Z3ktet Image Master 574 Z3Hs

2ha}
hal

Zz20o
':l‘;ga

Image Master

=7
T 2% 2HAM fARE A5 Wt e e
olo] wt FEE= A9 AAE HAaslelr] sl Fig. 99
Fig. 100 it 27190 A4-2(20°C)ollA ] CODE V 4] At
9} Image Master 274 A}E AA5HITt 7|4 CODE VY
Real Image Height®} Image Master®] Image Height= 2% ©]
njZ] FACRERE A& oulst= T Adolth
CODE V 3|4 Zio] A= Fig. 99} ZFo] oju]z] FA4lFojA
FHEZ o]5I,E MTFZ HRA o g Fashs S HIle
o, 43 5 Aste UEA| it AlA| Image Master &
7% ZAol|M®= Fig. 103} Zo] FAlFoIM 71 w2 MTFE YE
, THER 295 gutetA factke A%E Bl ot
A AlEEolAd AFfet AA| 57 Zat= oln|A] Folof whE Fe}
s Het BolM AR B4S UEUgIL
AA] Z7olM 120 Ip/mm 7]& MTF= $4
FEolglon, FHIENME QA A
B W (sagittal) 7 Y5 WK (tangential) o] MTF 27} 27|
7FSIA] Qhof, A2 2710l A H]Z 42 (astigmatism)ol] 2]3t 7

wo
el

=N
[e]



Myoung Soo Yang, Yongho Jeon, Moon Gu Lee

0.8
0.7
0.6

— —_Sagittal

-\_-‘

—_—
Tangential

0.5

'S
=04
0.3

0.2
0.1

0 0.5 1 1.5
Image Height (mm)
Fig. 9 CODE V simulation result at 20°C (MTF vs image

height, 120 lp/mm)

2 2.5

0.8

0.7

\

Sagittal

0.6

0.5 Tangential

MTF

0.4

0.3

0.2

0.1

0.5 1 1.5
Image Height (mm)
Fig. 10 Image Master measurement result at 20°C (Image-based

MTF vs image height, 120 lp/mm)

2.5

27%e 24 e Aoz A,
w2t CODE V 31X Z3tel AA| Image Master 274 ZAat=
AThel MTF oAl 25 xtol7} glgiont, ofmlx] 4%

A FHEE o|5go] wE MTF Mt 4 Auhaos fakst
Al YeRdth o= A2 DSM 7H|g BEo| CODE V 84

r

ZAvtol 9ARst Fot A Bus yehion A 7oA 24
Rof FHE W YA S A S BRGNS HAT 2
otk MTF= 31l w2 474 ol e 5448 Y
LHJ\E‘ Z].ﬂ‘.i, "6}01—7‘1]—‘] OH/&]' 5] ° Ziot;ﬂ_g_i %7:6“5‘]3] %_g_
Qt}[zz,zn'
4, 4 B
H 0i7lojA= DSM 7Hjet BEC] L& wWalo] uE 24 o)%

S Fasksl7] sl 24 ol UAE(FSS)E 7Ntz 3t A
ok 715+ AAIE Age F714 udst A7 7S AQtetgith
L& W] wpE A=) ZA4E Y P wstel 7] 2o gW
N7 AN & nEo 2R PEHA9 2k NS

Aget

o
O:
e A

402

rakdgei )

27 sieit
3} @1741 WJIIOHHL FSS <

ifieR
o

£

7174 Bagg Hgstol ol 7] 0|5 371

w7 Zhastol of 87.1%9] 71 E3HE Utk 0|3
WYY ol&
2 el

s B7F Ak, 120 lp/mm, 0.8 field 7]% Image Master
MTF+= -10°C, 20°C % 60°ColA 22} 62.6%, 68.7% 2 67.5%
2 ZAr)o] RE 2% Z70AM AAS s BEQ 55% oJAS
=519t} =3 CODE V a4 A9} Image Master 74 At
Olﬂlxl olo| w2 MTF ¥3t Aol Hutdoz galst
Uetol, 7] W0l o3 2% SHAsH EAlo] A

ANE SAES Belsert
ol A A|otsk J—]'7] A H|d3s} A7 71He DSM
2 SgE s HehE oA

O

d
=

_llrn e

Y:_

E‘.
A B

B e
SATUKIATS A
146).

oo

o
Ry

References

[1] Schkreba, A., Pampel, S., Burnett, G., Large, D. R., 2021, Driver
Perception Using a Camera-Based Digital Side Mirror: An
On-Road Study, Ergonomics and Human Factors, 65:2, 3-10.

[2] Flannagan, M. J., Sivak, M., 2006, Distance Cues and Fields of

SAE Technical Paper,
2006-01-0947, https://doi.org/10.4271/2006-01-0947.

[3] UNECE, 2016, Devices for Indirect Vision, Regulation No. 46,
Geneva.

[4] Born, M., Wolf, E., 1999, Principles of Optics, 7th ed., Cambridge
University Press, Cambridge.

[5] Hecht, E., 2017, Optics, Pearson, 5th ed., New York.

[6] Kasarova, S. N., Sultanova, N. G., Nikolov, I. D., 2010,

Temperature Dependence of Refractive Characteristics of

View in Rear Vision Systems,



Journal of the Korean Society of Manufacturing Technology Engineers 35:5 (2026) 396~403

Optical Plastics, J. Phys.. Conf. Ser, 253 012028,
https://doi.org/10.1088/1742-6596/253/1/012028.

[7] Sultanova, N., Kasarova, S., Nikolov, 1., 2009, Dispersion
Properties of Optical Polymers, Acta Phys. Pol. A, 116:4
585-587, https://doi.org/10.12693/APhysPolA.116.585.

[8] Lu, S. H. D., 2010, viewed 30 September 2026, Tutorial for Plastic
Optical Materials, of
<https://wp.optics.arizona.edu/optomech/wp-content/
uploads/sites/53/2016/10/S.H.Lu_Plastic-Optics-Tutorial pdf>.

[9] Shannon, R. R., 1997, The Art and Science of Optical Design,
Cambridge University Press, Cambridge, https://doi.org/
10.1017/CB09780511816529.

[10] Grey, D. S., 1948, Athermalization of Optical Systems, J. Opt.
Soc. Am., 38:6 542-546, https://doi.org/10.1364/JOSA.
38.000542.

[11] Rogers, P. J., 1991, Athermalization of IR Optical Systems,
Proc. SPIE 10260, Infrared Optical Design and Fabrication: A
Critical Review, 102600F, https://doi.org/10.1117/12.48455.

[12] Smith, W. J., 2007, Modern Optical Engineering, 4th ed.,
McGraw-Hill, New York.

[13] Yoder, P. R., Vukobratovich, D., 2015, Opto-Mechanical
Systems Design, 4th ed., CRC Press, Boca Raton.

[14] Bayar, M., 1981, Lens Barrel Optomechanical Design
Principles, Opt. Eng., 20:2 181-186, https://doi.org/10.1117/
12.7972687.

[15] Fischer, R. E., Tadic-Galeb, B., Yoder, P. R., 2008, Optical
System Design, 2nd ed., McGraw-Hill, New York.

[16] Greivenkamp, J. E., 2004, Field Guide to Geometrical Optics,
SPIE Press, Bellingham, https://doi.org/10.1117/3.547461.

[17] Lee, Y. H., Lee, C. J., Cha, D. H., 2023, Optical Design and

Analysis for Automotive Thermal Cameras Using the

University Arizona,

Chalcogenide-glass Lens, J. Korean Soc. Manuf. Process Eng.,
22:6 55-61, https://doi.org/10.14775/ksmpe.2023.22.06.055.
[18] Malacara-Hernandez, D., Malacara-Hernandez, Z., 2013,
Handbook of Optical Design, 3rd ed., CRC Press, Boca Raton.
[19]ISO, 2017, Photography - Electronic Still Picture Imaging -
Resolution and Spatial Frequency Responses, ISO 12233:2017,
International Organization for Standardization, Geneva.
[20] JSAE, 1994, General Rules of Environmental Testing Methods
for Automotive Electronic Equipment, JASO D 001-94, Society

403

of Automotive Engineers of Japan, Inc., Tokyo, Japan.

[21] Hertel, D. W., Chang, E., 2007, Image Quality Standards in
Automotive Vision Applications, Proc. 2007 IEEE Intelligent
Vehicles Symposium, 404-409, https://doi.org/10.1109/
1VS.2007.4290148.

[22] Burns, P. D., 2000, Slanted-Edge MTF for Digital Camera and
Scanner Analysis, Proc. IS&T PICS Conf., 135-138.

[23] Williams, C. S., Becklund, O. A., 2002, Introduction to the
Optical SPIE  Press,
https://doi.org/10.1117/3.2265056.

Transfer Function, Bellingham,

Myoung Soo Yang

M.Sc. Candidate in the Department of
Mechanical Engineering, Ajou University.
His research interests include athermal

. opto-mechanical design of camera module
optics for minimizing temperature
dependence.

E-mail: msyang@ajou.ac.kr

Yongho Jeon

Professor in the Department of Mechanical
Engineering, Ajou University. His research
interests include additive manufacturing,
welding.

E-mail: princaps@ajou.ac.kr

Moon Gu Lee

Professor in the Department of
Mechanical Engineering, Ajou University.
His research interests include design and

control of high precision positioning systems.

E-mail: moongulee@ajou.ac.kr




	온도 의존성 최소화를 위한 카메라 모듈 광학계의 광기구적 비열화 설계
	ABSTRACT
	1. 서론
	2. DSM 카메라의 광기구적 비열화 설계
	3. 실험 및 성능 평가
	4. 결론
	References


