#£50% & 21H/2023 % 11 B/FEEx

B T B P 90 4K 32 B A8 RO 2 &R 8 e HEIE 8

B, IAE, D&, N, BEA

REMTRFOCE TSR, Sk KE 130022

TEE % G0 A A I B VR A 65 0 T 5 2 ) R A RS U L DR TR S5 ) B, 4 T — R LAV OB B N O e S
AR B E R G, PGB BB WU S A g b, Se Bl T AR R h g . MRS TS BDLE SN LR
TR B85 A COMSOL BB I1 05 B T 3 12 B 77 £5 15 70 BB 0 BURIRGB B . T ZEMAX B e e Ak 1 1 s 5 W
PR3 57 FE O B GE, Tl A 3 ) R B AT S AR BE 5~ 15 mum 38 BN [R]— 15 T8 0 0 MR A% . 7EFREE 15 mm i, A
550 B 05 HE(RMS) 2424 6.694 pum , 72 A2 15 5 mm B, 2037 1551 ] RMS 2F 42 24 4.596 pm, BI/N T 7.4 pm 1913
JERSE . RG AT L % R EC(MTE)7E 68 lp/mm 4b 5 K F 0.5, 4 1A (FEIE 454 5.7.2.10.4 .15 mm ) B 45 43 5

h7.047 % .1.961% ,0.732% .0.295 % , Tl & i i 8 0 24 2R G AR A EESR
KR bl BERS; WKSES; HEES; COMSOL; ZEMAX

HESES 0435 NEIREE A

1 5l =

TR ARG BNIE YT B R AMREF AR Bk, N
B AR TABRRIER . BERHNBEZ N
S5 T AR N . B AT EE TN BB 2R
N RS AR BR34BT I R 4k
1 GE ML A £5 5 =X T AL 25 4 e o 2 ] K 7 £E A
MESE ), HErie A B N g s b .
SRR RGN T N S B AT LTE SRAIE AL 3 AN AR
PRI 0 T 7E SR Rl R AR A 4 S — o R
DX 39 2k 114 3 BT kT, R AT A ) — R R S B R N AR
ZH S, A A G T A HE RIS B AT S BN g
PV =28

AR T B3 5L T AR A S e i 2 —F AR BN 1]
A A A RE W LA B, BE A TR AR
THEC R M A TR R A G 1 R 4k S BRI 5 1 R I
TR, HL T 0 Y A3 5 R H 4 3 o Ha i 1 Y
WA 5 T B N B B s T, AE ) R Y LR
i AT S AR A AR R B IE AR BT A

E WA &AM S WARE TR N RGO E R
GURTF T 5. 2010 4, Tsai % #E H WE s B 4 1%
MLAGAE AR, 35 3 DA V1A 335 s 1) 2 1) R s e A8 £ AR AL, O
TEWAE S AT 70, SOR AN 5 2013 4F , [ S0 g =
Wt T S AR B R A, AR FE ] 3.24~12.95 mm,
Fe KW AR A 16 Y0 , 22 G0 1) FH 50 A 35 45 20 47 A £ i
BE ML, W T RAE RS EEMET ;201545

DOI: 10.3788/CJL231015

FE AP T — o R PR A R 4 R R A B, T
WMTHRAEEERERENRENNFRE, WAk
110°LL |, 5 IR 7 Bl 3~100 mm, Z 45 5t K W 728 {1
35.54 % o BRI, MELLUAE B AT 15 T O A% 1 ) B 355 I ey
AN BEH IR TR A S A R — . AR
BT B FH I e e A 75 R, MG G AR (2 R G e
Shy BE Ay, AR R R W AR A O B AR AR A A M
BEIT T — 33 T A5 B2 10 8 s B AR % R 5 .
WITE R R, REAETHMEE NS 5B ENNELT,
AL Sz P AR R R ZE 5~ 15 mm PN B9 I A%, i R I AR
FEAE TR IE,  7.047% 8 T & B AT Rk =
SCHR H R KRR R 16 %0 AR A o

2 WRARIE L R

A SC 3 HL I N AL AR B R B0 R 4R T
P AR 1Y PR e At T oS S o gt R ) A R 9 9 T 9
PR Bt S /N AL RT E R E AT E OR
Pl 1 Sk T8 A A U A 25 5 45 4 7 T 1L T v D R A
BB LA, d N BLKIR IR E  nyon, S PR A B A7 45
R0y vp R A B BT DL S, o Sy R S TR B AR
LR85 R Ay iz i 4, IR A BE PR 04 A i K 2L B K
J2 R T K A BT Teflon f4F . 78 FAE 4 N A SR
LR T b AN R B, e rp R I 1 O S L 9
(NaCl) , A 2 2 26 G AR AP R 1A CRRE I ), 78 348 1
AR TR, ] 009 A 25 5 e 1) B T A R T L AR E
fR o M EE Tl AN R e U, 38 Aok e R S B A ik £ 0

Wi HE . 2023-07-12; fEEHEHHER: 2023-08-01; RABH: 2023-08-18; MELBHXZHE: 2023-09-15
HEE&WH.: SMEATTRSH AT H (JJKH20220755KT) | 3 #kA BHE & 3121 (20220201074GX)

BEEH: 245044961@qq.com

2107204-1


https://dx.doi.org/10.3788/CJL231015
mailto:E-mail:245044961@qq.com
mailto:E-mail:245044961@qq.com

2% 50% &£ 21 #1/2023 £ 11 B/ E#*x

protective glass hydrophobic layer

liquid chamber 1
ny

U,

| —
PELL v A GE B A F R
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Table 1 Index requirements of laparoscopic zoom optical system

Parameter Value
Wavelength coverage /nm 486-656
Zoom part system caliber /mm <6.2
System outside diameter /mm <10
Overall length /mm <45
Focal length /mm 5-15
Field angle range /(°) 24-64
MTF /(lp>mm™") =0.3
Optical distortion /% <15
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Fig. 2 System structure composition
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Fig. 3 Structure diagram of mechanical zoom system. (a) Effective focal length (EFL) 5 mm; (b) EFL 7.2 mm; (c) EFL 10.4 mm;
(d) EFL 15 mm
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Fig. 4 COMSOL simulation results under different voltages. (a) U=0 V; (b) U=35 V; (c) U=60 V
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Fig. 7 Structure of liquid lens zoom system. (a) EFL 5 mm; (b) EFL 7.2 mm; (¢) EFL 10.4 mm; (d) EFL 15 mm
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Table 2 Structure parameters

Surface Radius /mm Thickness /mm Material
1 Infinity 10.000
2 —45.898 0.980 H-ZBAF16
3 7.027 2.069
4 —13.737 2.410 D-LAKS52
5 —8.091 0.086
6 48.217 1.835 H-ZLLAF50E
7 —10.645 0.600
8 —9.675 0.500 H-ZF73
9 Infinity 1.000 Sodium chloride solution
10 Short EFL (5 mm) —5.726, middle EFL (7.2 mm) —15.576, 1.000 Silicone oil

middle EFL (10.4 mm) 57.832, long EFL (15 mm) 12.410

11 Infinity 0.500 H-ZK14
12 Infinity 3.496
13 —9.589 1.201 H-K3
14 —6.563 0.991 H-ZK10
15 —6.972 7.935
16 Infinity 0.299
17 4.162 1.530 ZFT7L
18 —6.879 0.983 H-ZLLAF4LB
19 4.658 2.106
20 7.539 1.850 H-LAK52
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g3k
Surface Radius /mm Thickness /mm Material
21 —2.897 0.953 H-ZF73
22 —13.700 0.295
23 —14.580 0.500 H-BAK7A
24 Infinity 1.000 Sodium chloride solution
25 .Short EFL (5 mm) 6.583, middle EFL (7.2 mm) 11.978, 1.000 Silicone oil
middle EFL (10.4 mm) —202.228, long EFL (15 mm) —7.458
26 Infinity 0.500 D-ZILLAF521LA-25
27 Infinity 5.550
28 —2.969 1.278 D-LAKT70
29 —3.577 0.086
30 11.031 1.512 F2
31 —47.507 0.981
25
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Fig.8 MTF curves for different focal lengths. (a) EFL 5 mm; (b) EFL 7.2 mm; (¢) EFL 10.4 mm; (d) EFL 15 mm
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Design and Study of Liquid Lens Zoom Optical System for Laparoscopy

Dong Jian, Wang Chunyan, Sun Hao, LiuHuan, Teng Yunjie
School of Optoelectronic Engineering, Changchun University of Science and Technology, Changchun 130022, Jilin, China

Abstract

Objective At present, the medical endoscope mainly uses the fixed focus optical system and relies on image processing and other
means to scale the image. Due to the large space occupied by traditional mechanical zoom optical system as well as its difficulty in
zooming, it has not been applied to medical endoscopes. Based on the concept of bionics, the liquid lens is a small, integrated and self-
zooming lens. The electrowetting liquid lens is applied to the design of medical endoscope. Zooming can be realized by adjusting the
voltage and the image quality can be guaranteed. Some scholars at home and abroad have studied the optical system of endoscope
containing liquid lens, but there are many problems in the existing research contents, such as large distortion and difficulty to
guarantee the image quality. In this paper, based on the traditional zoom optical design of medical laparoscope, an autonomous zoom

optical system with small distortion and simple structure is designed , which is suitable for medical endoscope.

Methods The electrowetting liquid lens, which depends on voltage to adjust the curvature of the interface, is selected as the core
zoom element. The basic parameters of the optical system are determined according to the main technical indexes, the mechanical
zoom optical system is designed by optimizing the initial structure of traditional zoom optics, and the initial optical structure of a zoom
laparoscope is obtained. The parameters of liquid lens are determined according to the changing range of focal length and the aperture
of optical system, and then the liquid lens is designed and simulated by COMSOL. The simulation diagram of liquid lens interface is
given when the voltage 1s 0, 35 and 60 V. The corresponding relationship between voltage variation and liquid level variation is
simulated. When the voltage reaches 60 V, the contact angle of the electrowetting liquid lens reaches saturation, and the liquid lens
interface no longer changes. MATLAB software is used to simulate the corresponding relationship between voltage and focal length.
In the voltage range of 0-30 V, the focal length is positive and shows a slow growth trend; in the voltage range of 30-35 V, the focal
length increases rapidly and finally reaches infinity; when the voltage is in the 35-40 V range, the focal length is negative and rapidly
decays from infinity; when the voltage is in the 40-60 V range, the focal length slowly decays, and finally the contact angle of the
liquid lens reaches saturation, and the focal length of the liquid lens no longer changes. According to the data, the liquid lens is
modeled in ZEMAX. The zoom lens group and compensation lens group in the initial structure are replaced with liquid lenses, and the
liquid surface is controlled by voltage to achieve the purpose of zooming. ZEMAX is used to optimize the simulation.

Results and Discussions After optimization, the liquid lens zoom optical system for laparoscopy is obtained (Fig. 7), in which
the system structure diagrams under four different states are given: short focus (5 mm), medium focus (7.2 mm), medium focus
(10.4 mm), and long focus (15 mm), respectively. The fourth and eleventh mirrors of the optical system are liquid lenses. In the four
configurations, the focal lengths of liquid lens 1 and liquid lens 2 are (—17.89 mm, 20.88 mm), (—48.68 mm, 37.43 mm),
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(180.73 mm, —631.96 mm), (38.78 mm, —23.31 mm), respectively. Through 19.44-44.23 V voltage regulation, the focal length of
5-15 mm is realized, and the total length of the system is 45 mm (Table 3). Each state of the zoom system obtains the maximum root-
mean-square (RMS) radius at the maximum field angle (Table 3), and all of them are smaller than the pixel size 7.4 pum. The optical
transfer function curves of different configurations are all close to the diffraction limit curve (Fig. 8). At the Nyquist frequency of
68 lIp/mm, the modulation transfer function (MTF) of the optical system in the zoom range is greater than 0.5, which meets the high
quality requirements of the optical system of laparoscopy. The distortion value of each state of the zoom system is far less than the
required value, and the maximum distortion value is 7.047% (Fig. 9). Compared with the fixed-focus laparoscopic system, the

distortion value is far less than the common value of 15% , showing excellent system performance.

Conclusions A zoom optical system for laparoscopy is designed with liquid lens as the core component, and the relationship
between zoom range and control voltage is designed and simulated. Aberration analysis of the design results shows that the MTF of
the four configurations is greater than 0.5 at the Nyquist frequency of 68 Ip/mm, and the maximum distortion is 7.047 % . The imaging
quality can meet the requirements of laparoscopic optical system. In the process of focal length change, the position of the image plane
is always unchanged, and the zooming can be realized by adjusting the voltage without mechanical structure. The results show that it
is feasible to use liquid lens to realize the design of laparoscopic zoom optical system. It has a broad application prospect in reducing

the overall size, realizing convenient operation and improving the image quality of laparoscopy.

Key words optical design; zoom system; liquid lens; laparoscope; COMSOL; ZEMAX
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