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Table 1 Main design parameters of electronic

endoscope objective lens

Parameter Specification

F light, d light, and

Wavelength /nm C light (visible light)

Entrance pupil diameter/mm 0. 36
Field-of-view (FOV) /(%) 90
Focal length /mm 2
Working distance /mm 20
Total length /mm <3

<13.37

Image plane size /mm
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Fig. 1 Structure of double concentric lens
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Table 2 Main design parameters of electronic endoscope objective lens

Material
Surface type Radius /mm Thickness /mm
Refractive index Abbe number
Object
1 1.023 0.573 1.6 23
2 0. 450 0. 450 1.5 40
Stop 0. 450 1.5 40
4 —0.450 0.573 1.6 23
5 —1.023 0. 802
Image —1.828
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Fig. 2 Initial structure and aberration of the system. (a) Structure of double concentric lens; (b) curvature of initial system
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Fig. 3 MTF of initial system
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Table 3 Main parameters of each ring
Parameter #1 =2 #3 #4 5 %6
FOV /(*) 0 9 18 27 36 45
Radius /mm —0.469 —0.548 —0.687 —0. 851 —1.153 —1.225
Focal length /mm 1. 189 1. 317 1.512 1. 697 1. 938 2.05
Z coordinate of the vertex of ring /mm 1. 081 1.093 1.113 1.115 1. 066 1.073
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Fig. 7 Surface of each ring and sag deviation between the rings in the YOZ plane of the global coordinate. (a) Profile of

cach ring in +Y-direction; (b) sag deviation of the adjacent rings
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Fig. 9 Flow chart of optimization
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Table 4 Deviation of coordinate and the normal vector on the intersection points of A and B mm
Intersection point A, A, Ay, Ay
A 6.548>X107° 2.888x10"° 9.466>x10"° 1.720X10°°
B 1.505X10 ° 9.854X10 ° 5.394X10 ° 7.623X10 °
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Fig. 10 Optical structure of electronic endoscope optical system. (a) Overall structure; (b) partially enlarged structure
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Fig. 12 Performance of electronic endoscope objective lens. (a) Field curvature; (b) distortion

M—0.4861 M—0.5876 M1—0.6563

L0 22 B L X SR 14 S H RN AR R T 2R IE
0.9 N - NS
5 08 NS BEL IR . Hrp R 48 TP B8R — T M s — TG 5
g 8'2 TCAF R i O v BURK
Z 05 5 NENSTH RILEE
£ 04 Table 5 Tolerance analysis items and their values
s 03
E 0.2 Item Specification
0.1 Refractive index 0. 0007
0 Abbe number 0.7%
0 45 9.0 135 18.0 225 27.0 31.5 36.0 40.5 45.0 Radius One fringe
Yfield/(°) Thickness /mm 0.02
B 13 28509k % IR g Irregularity 0. 2 fringe
Element tilt /(") 3

Fig. 13 Relative illuminance o
0. 05 for sensitive elements
Element decenter/mm

DAk T BEATECR , R GE A A IR 3 00 04 FH A R RE R
T 0.5, W BT ESK,
R B R TE &5 2R 0 w] 0 A L ek B i i BE

0. 01 for other elements

K 200 R SEHER B BLRLEAT 28 22 70 B
FIRTAF MTFE A5 9 940 b o L 15 20 19 2 03 19 F

WE Y B AT~ 220 8. R Zemax OpticStudio
A AT 1) R BRE 43 #r . AT LA 3R 5 TR I 4%

IR g MTF 20 A5 45 50 (74 FR 8 5 1m)) an el 14
FT 7N L B AN A 3 10 LN L 6 A B A R R T A

1.0
0.8
0.6

0.4

Modulus of the OTF

0.2

0 7.2 14.4 21.6 28.8 36.0 43.2 50.4 57.6 64.8  72.0
Spatial frequency /(Ip-mm-")

=—Diff. Linit-Tangential ===Diff. Linit-Sagittal B —-e.ce, e.ce (ceg)-Tangential ===0.00, .00 (deg)-sagittal ~0.00, -7.50 (deg)-Tangential
===0.00, -7.50 (deg)-sagittal ——0.00, 7.50 (deg)-Tangential M -=--0.00, 7.50 (deg)-Sagittal ©.00, -15.00 (deg)-Tangential .00, -15.00 (deg)-Sagittal
%

<]

——0.00, 15.00 (Ceg)-Tangential ===0.00, 15.00 (deg)-sagittal .00, 22.50 (deg)-Tangential .00, 22.50 (deg)-sagittal ——0.00, -20.00 (deg)-Tangential
-=-0.00, -30.00 (deg)-Sagittal .00, 30.00 (deg)-Tangential .00, 30.00 (deg)-Sagittal -=-0.00, 37.50 (deg)-Sagittal
=++0.00, -37.50 (deg)-sagittal || =——0.00, -45.00 (deg)-Tangential ~—0.00, 45.00 (eg)-Tangential

——0.00, 37.50 (deg)-Tangential
==-0.00, -45.00 (deg)-sagittal

K]

——0.00, -27.50 (deg)-Tangential
---0.00, 45.00 (deg)-sagittal

K14 AEYE RGNS MTE ik
Fig. 14 Average MTF graphs of endoscope objective lens

2107003-8



F 48 % 5 21 #1/2021 £ 11 A/HEHN

THOLT A 907 LA LRI BERAEE AT 2] 72 1p/mm I
FALF AT MTF KT 0.3 BB R8¢

5 4 1w

ARICHERLO S5 S ml b R ERGB B 0 i R —
I 35 I 22> B GIRAFAS [R) A 6 A5 B L 2R T 3l
P42 T A0 4 TR 5 AR Ak OA B 0% 2k SR 2 R R AT
Z WA TR A S B R S RAA . T
BEak B L R A Q-type JEBR T RAE A W] (19 BR 45, LU
PRAE R AG BTt [R) B AR AT R4 PR . &l
R3] T TAET A OB 2 90° . REKE
9 2.81 mm HALH 4 A7 5 10 A4 50 B N B
BRS. ZREWN AT I/NT 0.1 mm, K22
TE20% LA MTF 7€ 72 lp/mm Ab Al # 3t 0. 3,4
TR 3 4 AR X BEBE KT 0. 5., T 2 HEL T 9 B 400 B 1 AR
BER, ZRGER A AT RO R KRG . M
TR AR AR 35, I 1) FH B0 45 F 2 Dt 30 R A 1 3K 3% 45
R 3 i, A6 2 7 SR Y[R R, 25 4 T 5
B o TN &G TERR S s b .

2 % x M

[1] Shah J. Endoscopy through the ages [J]. BJU
International, 2002, 89(7): 645-652.

[2] Yu L, Cheng D W, Zhou W, et al. Optimization
design of rigid endoscope with high definition and
large depth of field[J]. Acta Optica Sinica, 2013, 33
(11): 1122003.

S, B, A, & KSR EE YN BB
FREMMEABITI]. St =M, 2013, 33(11):
1122003.

[3] FuY L.
system [D]. Changchun: Changchun University of
Science and Technology, 2018: 13-24.
fHHEW . S NEEOLF RERIFID]. KE: K&
BT K22, 2018: 13-24.

[4] Chen L, Yuan Q, Ye ] F, et al. Design of a compact

dual-view endoscope based on a hybrid lens with

LI

Design of high definition endoscope optical

annularly  stitched  aspheres Optics

(5]

(6]

7]

(8]

[9]

[10]

[11]

[12]

[13]

2107003-9

Communications, 2019, 453: 124346.

Sheu M J, Chiang C W, Sun W S, et al. Dual view
capsule endoscopic lens design[J]. Optics Express,
2015, 23(7): 8565-8575.

Liu Q, Bai J, Luo Y J. Design of high resolution
panoramic endoscope imaging system based on
freeform surface[J]. Journal of Physics: Conference
Series, 2016, 680: 012011.

Wang Y, Meng X Y, Zhang L, et al. Design of
super-wide-angle mobile phone camera based on
concentric lens [J]. Acta Optica Sinica, 2018, 38
(10): 1022001.

T, mAA, K, % ERTROSBENE AT
BUBE Sk B TH ] . Je %R, 2018, 38(10): 1022001.
Guo ZY, LiJ C, Chen T X, et al. Design of single-
center and ultra-wide-angle mobile phone lenses[]J].
Laser &. Optoelectronics Progress, 2020, 57 (7):
072204.

EIC, TR, BRE, & pho8) M T
Bt (U] WOt S5t 7oAt &, 2020, 57(7):
072204.

Liang W L, Su G D J. Wide-angle and ultrathin
camera module using a curved hexagonal microlens
array and all spherical surfaces[J]. Applied Optics,
2014, 53(29): H121-H128.

Cheng D W, Chen X J, Xu C,
description and design method with annularly stitched
aspheric surface[J]. Applied Optics, 2015, 54(34):
10154-10162.

Atchison D A, Smith G. On the description of zonal

et al. Optical

aspheric surfaces[J]. American Journal of Optometry
and Physiological Optics, 1986, 63(2): 156-162.
Zhu Q M. Portable ENT
technology research [ D].
University, 2015: 1-7.
KA. EHEXH S RPN BB AR5 (D],
PO WL, 2015: 1-7.

Chen L, Yuan Q, Xu N Y, et al. Compact dual-view

electronic endoscope

Hangzhou: Zhejiang

endoscope imaging system based on annularly stitched
aspheres [J]. Proceedings of SPIE, 2020, 11353:
113531M.



F 48 % 5 21 #1/2021 £ 11 A/HEHN

Design of Electronic Endoscope Objective Lens Optical System Based on
Annularly Stitched Surface

Cao Xin', Gao Zhishan', Xu Ningyan', Chen Lu’, Yuan Qun', Guo Zhenyan'
" College of Electronic and Optical Engineering, Nanjing University of Science and Technology, Nanjing,
Jiangsu 210018, China;

* Northern Information Control Research Institute Group Co., Ltd., Nanjing, Jiangsu 211153, China

Abstract

Objective Given the increased prevalence of digestive diseases in recent years, the endoscope has been widely used
for abdominal diagnoses, including those related to the stomach and intestines. Researchers are working to develop
more effective and less invasive techniques for patients to benefit from endoscopy. A large field-of-view (FOV) and
high resolution will reduce examination time and improve evaluation accuracy. Moreover, a compact endoscope
structure is critical for minimising patient discomfort. In conventional wide-field camera lenses, a large panoramic
scene needs to be focused onto an image sensor plane, to reduce the field curvature caused by the strong mismatch
between the focal planes. The concentric lens consists of four refractive surfaces, and the centres of curvature of
each refractive surface coincide at one point. Therefore, off-axis aberration does not exist. Only spherical and axial
chromatic aberrations need to be corrected. Therefore, this structure can be applied to optical systems with
miniaturisation, high image quality, and a large FOV; however, the image surface formed by the concentric system
is curved. In this study, we correct the curvature of the field in the concentric sphere system by designing an
annularly stitched aspheric surface to achieve flat-field imaging with a large FOV.

Methods In this study, an optical system with full FOV is regarded as a combination of multiple single- or small-
FOV sub-system units, then the sub-field units are solved separately, and the formation of a complete complex
surface is optimised to realize the construction of a complete optical system. First, the initial concentric structure is
solved with well-corrected spherical and chromatic aberration. Then, based on the FOV, an annularly stitched
surface is constructed by dividing the surface into rings and calculating the initial structure parameters of each zone
based on the flat-field conditions. The Q-type aspheric surface characterises different annuli to ensure imaging quality
while obtaining good splicing results. Simultaneously, the continuity constraint condition of the annularly stitched
aspheric surface is derived. Finally, a complete surface is optimized to realize the construction of a complete
electronic endoscope.

Results and Discussions The deviation of normal and sag between adjacent rings has been reduced to less than
one-tenth of the test wavelength (typically test wavelength 632.8 nm) through optimisation. These rings are then
fused after the optimisation. The system diagram is shown in Fig. 10. Compared with the modulation transfer
function (MTF) curve of the initial structure in Fig. 3, the MTF of the system after optimisation is more than 0.3 at
the spatial frequency of 72 Ip/mm (Fig.11). Thus, the curvature of the full FOV is reduced from 0.5 mm in the
initial structure to within 0.1 mm [Fig. 12(a)], the imaging requirements of electronic endoscope objectives are
met. To validate the design results’ manufacturability, a Monte Carlo simulation analysis was performed 200 times
within the tolerance range (Fig.14). Consequently, in the full FOV, considering mass production and assembly, a
probability that an optical system with an average diffraction MTF greater than 0.3 at 72 Ip/mm frequency can be
obtained is more than 90%.

Conclusions Based on the concentric structure, multiple rings are superimposed on the last surface to obtain
different optical powers to generate the initial surface shape of the splicing surface of the rings. The surface shapes
of the multiple rings are fused to generate a complete continuous surface after the continuous conditions are
optimized. In the design, the Q-type aspheric surface is used to characterise different ring zones to ensure imaging
quality. An electronic endoscope objective lens operating in the visible band is designed using this method. The
objective comprises only four refractive surfaces, with a total system length of 2.81 mm and FOV of 90°. The field
curvature of the system is less than 0.1 mm, the distortion is within 20% , the MTF reaches 0.3 at 72 lp/mm, and
the relative illuminance of the full FOV is greater than 0.5, which meets the imaging requirements of electronic
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endoscope objectives. The system uses the imaging advantages of the concentric objective lens with a large FOV and
small volume. The annularly stitched aspheric surface is used to correct the curvature of the field caused by the

spherical lens. Compared with the traditional structure, our electronic endoscope objective lens is more compact and
readily manufacturable.

Key words optical design; annularly stitched surface; endoscope imaging; large field-of-view

OCIS codes 220.2740; 220.3630; 220.4830

2107003-11



