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Recently, lens manufacturing and assembly technology has greatly improved. However, tight requirements of manufacturing and assembly lead
to an increase in cost and manufacturing time, and in some cases the performance of an optical system may deteriorate depending on the operating
environment’s conditions, such as temperature or vibration. In addition, the use of a compensator is an effective method to reduce sensitivity in an
ultra-precision optical system, but in the case of a small lens, such as that in an endoscope, it is difficult to use a compensator due to the size limitation
of the lens barrel. Therefore, minimizing lens sensitivity is the most important technology in lens design. For this reason, there have been various
attempts to reduce the lens sensitivity, and there is a trend to add functions to reduce the sensitivity in the lens design S/W. In this paper, we introduce
a design technology that minimizes lens sensitivity. We first design a lens with quite good performance, then analyze the sensitivity of this lens,

make a multi-configuration with high-sensitivity element error, and then reoptimize it. We prove with an example that this design technique is very
effective.
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OCIS codes: (080.2208) Fabrication, tolerancing; (080.2740) Geometric optical design
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Table 1. Multi-configuration

Variables Config. 1 Config. 2 Config. 3 Config. 4 Config. 5
2nd lens decenter 0 0.02 0 0 0
3rd lens decenter 0 0 0.02 0 0
5th lens decenter 0 0 0 0.02 0
6th lens decenter 0 0 0 0 0.02
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Table 2. Initial endoscope optical system lens data Table 3. Lens data after sensitivity improvement
No. Radius Thickness Glass No. Radius Thickness Glass
OBJECT Infinity 10 OBJECT Infinity 10
1 Infinity 0.477 2.02:29.06 1 Infinity 0.472 2.02:29.06
2 1.993 0.556 2 1.995 0.568
3 -4.060 0.497 729545 3 -3.660 0.492 729545
4 2.035 0.243 4 2.371 0.214
5 5.379 0.878 729545 5 5.674 0.864 729545
6 -4.597 0.053 6 -5.308 0.021
7 2.977 0.850 729545 7 4.007 0.826 729545
8 21.117 0.083 8 —19.249 0.062
9 2.838 1.526 923209 9 2.867 1.508 923209
10 1.670 0.041 - 10 1.880 0.073 -
STOP Infinity 0.030 STOP Infinity 0.021
12 2.959 0.792 618634 12 2.960 1.420 618634
13 -2.832 0.089 - 13 -2.708 0.073 -
14 3.337 1.046 618634 14 3.646 0.947 618634
15 -2.632 0.076 - 15 -3.148 0.073 -
16 -2.926 0.565 923209 16 -2.749 0.539 923209
17 -91.472 1.926 - 17 -52.055 1.913 -
IMAGE Infinity - - IMAGE Infinity - -
1.0 7 —— 0.00 (deg)-tangential 1.0 7 —— 0.00 (deg)-tangential
- - - 0.00 (deg)-sagittal - - - 0.00 (deg)-sagittal
081 49.00 (deg)-tangential 084 49.00 (deg)-tangential
w 49.00 (deg)-sagittal w 49.00 (deg)-sagittal
'5 —— 70.00 (deg)-tangential '5 —— 70.00 (deg)-tangential
o ----= 70.00 (deg)-sagittal o ----= 70.00 (deg)-sagittal
2 0.6 2 0.6 A
© ©
g g
2 0.4+ 2 0.4+
e) e
o o
= =
0.2 0.2
0 54 108 162 216 270 324 378 432 486 540 0 54 108 162 216 270 324 378 432 486 540

Spatial frequency in cycles per mm

Fig. 1. MTF of initial endoscope optical design.
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Fig. 2. MTF after improvement of lens decenter sensitivity.
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Fig. 3. Effect of lens sensitivity for tolerance improvement.
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Table 4. Lens data after optimization
No. Radius Thickness Glass
OBJECT Infinity Infinity -
STOP 30.272 5.929 581408
2 14.353 7.010 -
23.327 2.899 847238
4 34.236 3.682 -
5 26.412 4.862 592684
6 -23.561 2.374 -
7 -17.329 2.290 575415
8 14.511 5.328 548742
9 —-20.866 6.243 -
10 —-30.745 1.987 512626
11 11.811 11.961 -
12 30.991 5.435 497816
13 -24.771 30.000 -
IMAGE Infinity 0.000 -
0.10 1 — Poly 1.0 7 —— 0.0000 (deg)-tangential
» 0.6563 - = = 0.0000 (deg)-sagittal
% 0.08 4 0.5876 . 2.5000 (deg)-tangential
gu - == 0.4861 = 2.5000 (deg)-sagittal
c T N —— 3.6000 (deg)-tangential
5 0.06 - 6 06 - \\\ ----- 3.6000 (deg)-sagittal
(0] o \
1S =
£ 0.04 1 5 0.4
s 3
1% o 4
2 2 0.2
o
0 0.36 0.72 1.08 1.44 1.8 2.16 2.52 2.88 3.24 3.6 0 49 98 147 196 245 294 343 392 441 49
+Y field in degrees Spatial frequency in cycles per mm
Fig. 5. RMS wavefront error of initial objective lens design. Fig. 6. MTF of initial objective lens.
Table 5. Tolerance values for manufacturing
oh A2 o]2jt FA 2 AR wet ohE e HE &
Tolerance parameters Values
AL Radius (Newton ring@632.8 nm) 5
3 59] FAF Fholl gk A= g EE= ¥ o3t A 6 #l Thickness (mm) 0.05
Z TR EE gEE = Hio] 2 ugEE 247 9o Surface tilt (ArcSec) 30
- . Surface irregularity (2=0.633 um 0.2
u et @ajo] sl 43 Wze] Abbe o] WIZE gl A0 e
7F AL 11 9] Tk & RS THA g2 E S Tk Abbe (%) 0.8
F712 2H-7I22 AlE#o]Ad(Monte-Carlo simulation) Lens decenter (mm) 0.02
& B A T dyEe 4%, & £ 245 1 75 Lens it (ArcSec) 3
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Table 6. Lens sensitivity for initial lens (criterion: RMS wavefront error)

Nominal RMS wavefront error: 0.0168 (unit: wavelength)

Variables Surf. 1 Surf. 2 Value Criterion Change
5 6 0.02 0.1613 0.1484
1 2 0.02 0.0972 0.0842
7 9 0.02 0.0952 0.0822
Lens decenter (mm)
10 11 0.02 0.0825 0.0696
3 4 0.02 0.0682 0.0553
12 13 0.02 0.0422 0.0292
7 - 0.332 0.0616 0.0486
Abbe error 5 - —0.547 0.0349 0.0219
8 - -0.594 0.0343 0.0213
Index error 7 - 0.001 0.0339 0.0210
8 - 0.001 0.0285 0.0155
4 - -0.05 0.0371 0.0241
Thickness error (mm) 5 - -0.05 0.0368 0.0238
6 - 0.05 0.0324 0.0194
1 - 0.05 0.0258 0.0129
Surface tilt 3 - 0.0084 0.0259 0.0129
(deg.) 7 - 0.0084 0.0242 0.0113
Radius error 3 - 5 0.0248 0.0118
(N) 7 - -5 0.0229 0.0100
Lens tilt (deg.) 1 - 0.0084 0.0183 0.0053

Wavefront differential tolerance analysis
100 1

» D @
o o o
1 1 1

Cumulative probability (%)

N
o
1

0 0.05 0.1 015 0.2 025 03 0.35 04 045
RMS wavefront error (wavelength)

Fig. 7. Expected lens yield.

2}, 719 724 & 59 230 thato] 90% 712 oAFEE
RMS Th 2231 32 Aol thahA] 0.17 2013 H]3 Aol
0.24 12 dAFElo] A% % PotA] As0] BAZL F & QL
2 9% 9t

B wemo] 22l A= UPES Zol7] 95 oF THS
olgstol 2Asie Aae) moyTh thE FAL E 6o A=
AZERRE 7 A2 WAL Rolg thE AL e,
2712 74 W] Abbe 49 491 Wo] F7] Hole Hojgh o}
% 742 HED ofm AT} AL T 2RV} U
AEz WA B ololo] NAES} Y RAES 27lelg

Table 7. Lens data after sensitivity improvement

No. Radius Thickness Glass

OBJECT Infinity Infinity -

STOP 48.529 2.949 664360
2 -169.626 2.281 -

-56.421 2.196 805254
4 —481.457 1.000 -

5 34.825 3.068 620635
6 —255.382 6.288 -

7 25.299 1.989 549454

8 8.629 4214 497816
9 14.696 1.651 -

10 724.632 2.000 519574
11 20.266 28.656 -

12 43.383 3.714 497816
13 -39.125 30.005 -
IMAGE Infinity 0.000 -
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Fig. 8. Objective lens layout after sensitivity improvement.
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Fig. 9. RMS wavefront error after sensitivity improvement.
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Fig. 10. MTF after sensitivity improvement.
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Table 8. Lens sensitivity after sensitivity improvement

Nominal RMS wavefront error (unit: wavelength): 0.0289

Surf. 1|Surf.2| Value | Criterion | Change
3 4 0.02 0.0384 0.0094
1 2 0.02 0.0383 0.0093
Lens decenter 7 9 0.02 0.0348 0.0058
(mm) 5 6 0.02 0.0331 0.0042
12 13 0.02 0.0306 0.0017
10 11 0.02 0.0302 0.0013
- 0.288 0.0336 0.0047
Abbe error 7 - 0.363 0.0330 0.0041
3 - -0.203 0.0330 0.0041
12 - 0.001 0.0304 0.0015
Index error
1 - —-0.001 0.0304 0.0014
9 11 —-0.05 0.0308 0.0019
Thickness error 4 6 0.05 0.0306 0.0016
(mm) 10 11 —-0.05 0.0304 0.0015
7 9 —-0.05 0.0304 0.0015
Surface tilt 3 - 0.0084 0.0312 0.0023
(deg.) 4 - 0.0084 0.0308 0.0019
Radius error 3 - -5 0.0346 0.0056
(N) 4 - 5 0.0339 0.0049
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Fig. 11. Yield after sensitivity improvement.
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