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Abstract: A simple aspheric chromatic dispersion lens group of low cost is designed using Zemax, and an
integrated fiber—coupled chromatic confocal 3D measurement system is developed. Performances of four
peak wavelength extraction methods, i.e. the maximum method, centroid method, Gaussian fitting method
and spline interpolation method, have been compared and analyzed quantitatively. In addition, calibration
accuracy of Gaussian fitting method and spline interpolation method is tested and compared through the
axial resolution and displacement measurement experiments. The experimental results show that the axial
measurement range of the built system is 1 mm. The Gaussian fitting method has higher accuracy and better
stability among the four peak extraction algorithms. The axial resolution of the system using Gaussian
fitting based and spline interpolation based calibration methods can both reach 0.2 um and the displacement
measurement accuracy is better than 1% within the whole measurement range; a quartz glass with a
thickness of 0.219 mm is measured, and the relative measurement error of the average value is 0.5%.
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Finally, the developed system is applied to the 3D surface measurement of a step structure, a flexible
electrode and a MEMS unit, and the experimental results indicate that the proposed system can perform
high—precision 3D measurements of complex microstructures and transparent material thicknesses.
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Fig.2 Diagram of chromatic lens group
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Table 1 Main component parameters

Component Parameter

Light source Wave band: 400~800 nm

Fiber coupler Diameter: 50 pm multimode fiber, NA=0.22, 50:50 split ratio, Wave band: 400~900 nm
Spectrometer Resolution: 0.7 nm, Wave band: 200~1 100 nm
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Table 2 Parameters of chromatic lens group

Lens surface Surface type Cu‘rvature Thickness/mm Optical glass Semiaperture/mm
radius/mm
OBJ Standard surface co 44.120 — 0.000
1 Even— order aspheric surface 63.000 0.060 1.52,52.0 12.500
2 Standard surface 66.000 2.500 S-TIH13 12.500
3 Standard surface 31.000 9.000 S-FSL5 12.500
4 Standard surface —28.500 40.000 - 12.500
5 Even—order aspheric surface 20.130 9.857 N—SF6 12.500
6 Standard surface co 18.979 — 12.500
IMA Standard surface co — - 0.569
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Fig.4 Chromatic confocal 3D measurement system
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Table 3 Goodness of polynomial fitting with different orders
Polynomial order 1 2 3 4 5 6 7 8
R-square 0.977 8 0.999 5 1 1 1 1 1 1
RMSE 47.95 7.46 2.107 1.682 1.366 0.876 0.673 0.672
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Fig.8 6-order polynomial fitting result of calibration curve
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Fig.14 Axial resolution test results by interpolation calibration method
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Table 4 Displacement measurement results by fitting calibration method
1 2 3 4 5 6 7 8 9 10 11
Testdata /um 0 100.027 8 200.037 3 300.171 6 400.267 4 499.745 4 601.105 2 700.098 5 799.445 0 900.584 51001.144 0
True data /pm 0 100.25 200.39 300.76 ~ 400.63  500.21  600.88  700.17  800.71  900.71 1000.22
0 —0.2222 —0.3527 —0.5885 —0.3626 —0.464 6 0.2252 —0.0715—1.2650 —0.1255 0.005 2

Position

Deviation /pm
Relative

o 0 0.395 4 0.3347 0.0872 0.0127 0.0279 0.0445 0.0466 0.0594 0.0770 0.924 1
deviation/ %

R5 RRABEMEEGINUBEEXRRER

Table 5 Displacement measurement results by interpolation calibration method
1 2 3 4 5 6 7 8 9 10 11
Testdata /um 0 99.608 3 200.291 0 300.3854 400.284 5 500.140 3 600.295 6 700.400 0 800.758 0 900.666 5 999.619 2
True data /pm 0 100.25 200.39 300.76  400.63 500.21 600.88  700.17 800.71  900.71 1 000.22
0 —0.6417 —0.0990 —0.3746 —0.3456 —0.0698 —0.5845 0.2300 0.0480 —0.0435 —0.6008

Position

Deviation /pm
Relative
deviation/ %

0 0.6401 0.0494 0.1246 0.0863 0.0139 0.0973 0.0329 0.0060 0.0048 0.0601

ZEA R T RE] 12 B S 56 BCHE FUE o BT 45 S, AT R ARl v AR DU R Rk vh B B A U e N
P 5 M R 06 L I K B IR 0 v i LSk o A L SR RS A A L A (A 2 Tk i R 4 Tk B AH ) Y
0.2 e il 1] 3 2% 110 50 A% G B2 00 45 SR U B AE 1 oo Bl [ 3000 2 S BT PN 9 1 2 2 92 A R (AORG 8 T 1y, o 1R
UE ) 2 25 SR T A A, I R FH A v A B o R 7R S B R A (R 9 32 B[R] B A7 B A (E % R E e, B
A SR 2 S FRAR A B8R TR I 78 S e P R A v (o = 2 e B3 0 & ) ) I it 3 5 v vl 5 R B R Ik 2
T 3 B ) 0L 1k R AT O 1 i Ak 2
4.2 ZHBENE

R B ZR G0 TE T A5 Fa) = R TR A5 R RS I R 5 T A PR RE S — A 25 100 pm, MRS B R Y BE
RO =4 &, 4% 15Ca) B, K A4 7 Bl 800 pm X 200 pm , F 4 4 #E 10 um o XJ %) 45 B 6 % Fi 3 <3
AN B T8 FE W T R R AT A R R AL IE B B i S B AR S R g A B & 15(b) 5 15(e) FrR
T 6 B B 55 = R 40 B EE AR o R NS B AR Y 0 48 24 (B A R L AT A b 3L 5 AR 6 B T P
$H X 38 200 A5, 785 BE 1 08 5 6 I RS 30 1 2L IX 35k 200 A5 BE i 3 1 2 2% 8 B G s o 111.2 pm. i TE
i 7 TADRELDRE B2 30K HL 28 RUFr B i Bt AL IR 25 i i A RS 30 2 AT, 9 A i 45 R 2 4 i 25 -

X Pk SCFE A B % T FE BE R AT AR S AR S B R R SR A R IR R S R PET 2 A RL, 3R 1 A )R
A7 HL S BB 20 ) 42 T 2 450, 2R 58 R 100 pmy, AT 16 (a) PR, 204 BT 7R 2 2 mm X 1.6 mm 54 IX 38, 459 4
A PEMEI B 20 pmo AR IESCRAE R T R 1hn E th R Ab B 25 SR 401 16(b) ATE 16(c) fr s , P2 8 24 4 480 pum,
YR S5 U AT L, U RH R 40 AT e S R 2 S A KRR AT AT R = M R A

XiF 2% 1 s /N AR B MEMLS 850 2 17 45 A8 AT = 4B . 151 17 (a) R 25 MEMS )l 22 S M A ) 1% J
FRRE S LTAE T AR X R /N 0.75 mm X 0.75 mm, $3 48 A PE A B 15 pm o 2R 38 BE EHR 0 7 % 14
BACA TR AL PRAS 3 Je SR 2 AR S S o (B 17 () Al i 8 g 25 5 (K 17(c)) , @ AR AE 3 um Z N, 7]
S 2R 0 %) 3% 1T 45 A Al /N RS AR AR S SR T AT R R R R N A
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Fig.16 3D profile measurement of flexible electrode
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(a) MEMS unit
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(b) 3D point cloud (¢) 3D surface reconstruction result
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Fig.17 3D profile measurement of MEMS sample
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Fig.18 Thickness compensation model*”
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Table 6 Measurement result of quartz glass thickness

No. 1 2 3 4 5 6 7 8 9 10 Average
h/mm 0.145 0.144 0.148 0.144 0.144 0.144 0.146 0.148 0.146 0.143 0.145
H/mm 0.217 0.216 0.222 0.216 0.216 0.216 0.219 0.222 0.219 0.215 0.218

Deviation/ % 0.91 1.37 1.37 1.37 1.37 1.37 0 1.37 0 1.83 0.5
5 it

FIH Zemax BEit T S5 F 5 RARAS PERE RAF B CURICR SR BE 2, 5 1O T 20 i 4R = 2 ) g
P R, 2 BE1E 500~800 nm i B P 5 B o 90 95 4 1 mom, X 4 0 5905 PR 8 25 . RO T 2
ASCSI2 56 72 o3 M B ASE T U ol e (R AR ROSREE BRI 0005 L 0 BL 5 vk FVRE S A0 , i LSk &2
PERE R L. HEAT T R GU il 1] o0 B R 50K B DS 56, SR 0 PR AS [] A9 90 1 — 0 B M B A 7 1, SR 4 2R 3R
B - LA s T R (AR 2 1k 2 T R A BEIA 2 0.2 pm AR 1 43 B8, B 5 3O T WA R Lt 76 1 mm
i AR Pl 2 RS DR 22 R T 1 00 FMIHDIZ R GE Xt ZE R G B 2 M H Al \MIEMLS 45 48 1 9% 31 B 52 3 ik
107 =4l A R G807 52 B N T IOILB O - RO A R AR R L B R AR Y RS R AR R Al T
Eing Rl
S % 3tk
[1] WANG Teng, YANG Shuming, LI Shusheng, et al. Error analysis and compensation of galvanometer laser scanning
measurement system[J]. Acta Optica Sinica, 2020, 40(23): 2315001, .
EW, A, AR, A5 IRBEEOG I RGBT S AMELT]. oA, 2020, 40(23): 2315001.
[2] HU Pengyu, YANG Shuming, ZHENG Fenghe, et al. Accurate and dynamic 3D shape measurement with digital image
correlation—assisted phase shifting[J]. Measurement Science and Technology, 2021, 32(7): 075204.
[3] MAO Jie, HOU Xi, WU Fan. Position error analysis in radius interferometric measurements[J]. Acta Photonica Sinica,
2015, 44(7): 0712003.
B, RE, L. MRPAS TR E SRR ZE AT LT ]. 67 oA, 2015, 44(7) 2 0712003.
[4] MINSKY M Microscopy apparatus: US, 3013467[P]. 1961-12-19.
(5] WM, XU, XU . =4k 2 3t 2 O R S5 IH HOR G TM ] I 7R - I 7RI Tolk R 2= i htat , 2014,
XUHF . O ik A7 55 2 37 8 o3 Bk 2R SR AT SQ G S L 2 W OB IF 5 [ D ] IR« i AR 0l K%, 2014,
[7] ZHANG Zhaoli, SU Junhong. Simulation and reconstruction of 3D microscopic morphology of damaged optical film surface

1112001-13



¥ %

[12]
[13]
[14]
[15]

[16]
[17]

[18]

[J]. Acta Photonica Sinica, 2021, 41(2): 0212002.
SRR, SRR 2. s IR 1 2 1 = 4R OWTE SR (7 IC S A [T ] 24, 2021, 41(2): 0212002.
GARZON R J, MENESES J, TRIBILLON G, et al. Chromatic confocal microscopy by means of a continuum light
generated through a standard single-mode fibre[ J]. Journal of Optics A : Pure and Applied Optics, 2004, 6(6): 544-548.
CHEN Yichang, DONG Shuping, WANG Chunchieh, et al. Using chromatic confocal apparatus for in situ rolling
thickness measurement in hot embossing process[ C |. SPIE, 2010, 7767: 77670P.
OLSOVSKY C, SHELTON R, CARRASCO Z O, et al. Chromatic confocal microscopy for multi-depth imaging of
epithelial tissue[ J]. Biomedical Optics Express, 2013, 4(5): 732-740.
MOLESINI G, PEDRINI P, POGGIF, et al. Focus-wavelength encoded optical profilometer[J]. Optics Communications,
1984, 49(4): 229-233.
. BT AR B R AR 2 i BRI 4 [ D ] R AR b R R, 2019,
By . BT R SRR RN R (D], i RiEACE R, 2018,
XA AF . R R (006 15 1 48 1 48 B S RS o I ek [ D ] s R LAR K%, 2018.
YANG Rui, YUN Yu, XIE Bin, et al. Design of dispersive objective lens of large linear chromatic confocal 3D surface
profiler[ J]. High Power Laser &. Particle Beams, 2018, 30(5): 170521.
Wi, =9, i, A O ILE 4R SO B QR Y BiA B [T SR BOG S R, 2018, 30(5) : 170521,
RTTHE . e e (7 AL R BT HORBTFE LD | 40 B < vb (3 AR 4 BT 5T B , 2012,
ZHOU Yong, GUO Banghui, LI Can, et al. Research on spectrum bandwidth of emergent light in lens center thickness
measurement system[ J]. Laser & Optoelectronics Progress, 2015, 52(8): 081202.
JE B, BREEE, A, A GE BT O SR I AR A AOEORIE MPE AL T]. Mot S0t ToE Rt g, 2015, 52(8): 081202,
CUI Changcai, LI Huang, YU Qing, et al. Design of adjustable dispersive objective lens for chromatic confocal system
[J]. Optics and Precision Engineering, 2017, 25(4): 875-883.
AR, 220, R, 45 R IR R G 0] G B BB LT ). ARG % 122, 2017, 25(4) . 875-883.
WANG Jinnan, CEHN Fengdong, LIU Bingguo, et al. White LED-based spectrum confocal displacement sensor[J].
China Measurement &. Testing Technology, 2017, 43(1): 69-73.
EHHR, BRRUR, X, S 2T HOG LED BOEREEE G R A2 AR [T ], AN, 2017, 43(1): 69-73.
MA Jing, QI Yuejing, LU Zengxiong, et al. Design of linear dispersive objective for chromatic confocal displacement
sensor| J]. Chinese Journal of Lasers, 2019, 46(7): 0704009.
AL, FEA H, G, SF OISR AR R AV B BRG] P EROE, 2019, 46(7) : 0704009.
LIU Qian, YANG Weichuan, YUAN Daocheng, et al. Design of linear dispersive objective for chromatic confocal
microscope[ J]. Optics and Precision Engineering, 2013, 21 (10): 2473-2479.
XL, HYEN, EM, % OB IR BB A QB BT [T]. LR % TR, 2013, 21(10) : 2473-2479.
BAT Jiao, LI Xinghui, WANG Xiaohao, et al. Chromatic confocal displacement sensor with optimized dispersion probe
and modified centroid peak extraction algorithm[J]. Sensors, 2019, 19(16): 3592.
LUO Ding, KUANG Cuifang, LIU Xu. Fiber-based chromatic confocal microscope with Gaussian fitting method [J].
Optics and Laser Technology, 2012, 44(4): 788-793.
MIKS A, NOVAK J, NOVAK P. Analysis of method for measuring thickness of plane-parallel plates and lenses using
chromatic confocal sensor[ J]. Applied Optics, 2010, 49(17): 3259-3264.
QIAO Yang, ZHANG Ning, XU Xiping, et al. Design of lens thickness measurement system based on confocal
technology[ J]. Chinese Journal of Scientific Instrument, 2011, 32 (7): 1635-1641.
ot ST, IRERP, AF L RETIRIA I B R R RGBT [T ] MR, 2011,32(7) 1 1635-1641.

Foundation item: Key Research and Development Program of Shaanxi Province (Nos.2021ZDLGY12-06, 2020ZDLGY04-02) , Science and
Technology Innovation Group of Shaanxi Province (No0.2019TD-011)

1112001-14



	3.1　系统集成
	3.2　测量曲线标定
	4.1　分辨率和精度测试
	4.2　三维轮廓测量
	4.3　厚度测量

