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Fig. 3

Nanoscale CMM. (a) NMM-1 following the Abbe principle™; (b) NMM-1 picture™; (c) Isara 400 following the Abbe

principle™”; (d) Isara 400 picture™”
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Optical profile scanner. (a) Principle of multiwavelength interferometer™; (b) structure of LuphoScan™; (c¢) principle of

chromatic confocal measurement™; (d) structure of NANOMEFOS™

HH T B 58 AL, Anderson 25 T —FhAT
AWK O 4R oo 2% R B9 42 R B B o ik
(SAP) , i 8 7 1% W5 6 2 45 8 2% 7 m] e 5% 1) 15 7
R Sty , 38 2 g A% 0L A R A I S A I 1 Sl R
TET g 0 R AR R AN TS R R RS B A il
AR T R AR R T A R 4 A B I RS B R A 1
g S R K B AT 5% B mm & mo R O AR 2 e
IR AT 45, L 2 22 oK 0 %) 3 T I 3 25V LR A LA
FE I BRI S K A R 2% TR T e R 5 A T TR BF
T T 15 2 A v A SR 2 5 R M
2.2 Z0O#FNE

S [ el T I A A B R, R T A
Jo 35 B 4 i S TR B A /0N A 422 fik the A T RE G
FE A 1 AR 5, i O 2 A 2 ko i AN AT DL EA T
JCAR I, W H A s A AR R . AT R

B O 2 4 11 A 0 o s A A T 0 0 £ AR A7 i AT R
Shack-Hartmann il & J5 ¥ .
2.2.1 F#Hm=

T A vk — R 2R R TR 0 Y Rk
5, ARG S AL 15 Ty 1) T S0 48 K 43 B Pk
S LI R B, 2 R T A Ik TR AR 0 TR
A BRI TH AR 45 A OB BT AR B, SR B2 (B Y IR S OE
IFREEHR Z BB — N ROCRE 2. YSH w5 e
T B AR DT LS, AT ARAR ZF A8, B S R M 5 . )
il =l T R N A N =S i i o S Y )
P Al BR T O 2 B AR RS BR T 5 1R A 15 25, A 4 e R
i TR AR T U AL, TR T AT PR Y AR
AW M DLy HE Ak e s S s A el il e i s
i SR T 2R g L N )T Jon] e
T K BORBU I iE ] 732 328, 3 i D i it 58k

0822013-5



45 1 47 iR

W5 T — B AL AT S AT W R i
4 B (CGH) % 5 2) di /NFLAR DLk 2> 3 26 19 90 42 8,
2 2R A JE X aE R T PR g G LI A R I
B F-fLAE PRI B 3k 5 3) i h A al i b 2 A M T R, #b
PR A AR 2%l H ™ A W 43 R ) T 05 SR B0 R &
7 #MZT

CGH T 1971 4F ff MacGovern 25" i Fi T A 5k i
I . CGH By Ji B2 38 o 45 8 19 505 8 ORI

& 43% % 8 HI/2023 £ 4 B/NEHR
o TR S A1l T S R A e S R SN R I
1225 O BT, mT L o 4 B R Y AT 4 T B D i
PR A1 1 A0 AH 57, DAY S BAT: 5 T I 1% 2 A0 A £ D
PR, CGH g8 4 B R S 88 1 f il 1 1 90 00 o 7 1 e %
JeeE R e SE PR AR v, T EUR CGH R ZE il
YE AT IS BB RT a4, 1 745 1 T CGH A+ A
T ) s 5 T D B P A RS I 4 (%) A 5 2 4 e

Freeform mirror

I Cat-eye zone
B Alignment zone &)
. Main zone Hal
3 Fidicual zone |y

F7 CGHRE.(a) [ Mliin CGHEAL T HEM 5 (b) Cat-eye CGH B ; (¢) Cat-eye CGH il fEFE
Fig. 7 CGH measurement. (a) Schematic of zero interference of freeform surface CGH"; (b) design of Cat-eye CGH; (¢) sample of
Cat-eye CGH

CGH 75 Z 9 A d il w3 it — — X A9 4%
SUIEIRE , HLAH R #5175 B g5 p i T2, 1k
A Ay B, PRI E R 5 3 0 0 32 2 A b A R T
TH K 6 R G b ok T AR A el L
Beier 25 % B 5l DU 4% & Ge il A7 [l 25 0 i, SC B T DB
WEASE (PV) R 0. 5~1 pm B0 B A5 B o b [ RL 24 B
Kot 2ok % AL 5 4 38 0F o8 B 3% 3 F 0 AR A B
CGH"™ Sz 8 7 1148 2k 800 mm X 600 mm [ 1 i1 1 1%
P05 MR (RMS) iy 12. 7 nm 4 TR RS B2 &

CGH &l % 75 42 1 % AR sl AE T R By 20K 1, DA
R A A i R, B AT A R CGH RE 8 M2 /N T
Imm W25 5340 A7 5 B 5 fie /N D) D CGH
B AT RS 32 B0 3 T 20K BRI, HL CGH il i
JFEXELAFRAE , T B 1% ik ik — 2B

Shy 4 v T I Bl A T DA GE T O 2 AR R
(9 A FR I8 A fLAR S i — R AN LRl
i fLAR I R e P LR LA 8(a) |7 (RIJE T
LA Tk R A LR Y B T LR BE
BN IrkZe Tz kE. KPP QEDIFAM A )
Proz 0 A 2= 0T F T BE S IR BR AT A eh il 9 JE Bk
PR TR ok, AR Z R PR R
ZHELXME RN R L., 5o, RN
gt 3k 22 AN SCRE B 0 e e R LK R B T PR
451, HAniz ik 22 0 T 5AT 18] 6 Bk i 2 Tl
T kv, At Y o P A HRGE

FEEFFEMACR LR LR FARAM AN R
B, 6 ki 1 3 2 (TWD) /] [a] i 0 4 2 4~ 7 FL A% .
TWI i Osten /N & B IF R4k . TWIA R B

WE (b)) FraR"™ % Jr i At F vh a5 % M 90 R L B
G A B G TR ) ofe B K T el SR e
RS AR, IR SR I L AR AL Y 3R
BREE . WL, A TR B A RN R BT
PRI ZE o X AN 2 A 1 1 T 85 I vk, A AT
G Hb A T AL AR R 2 I A B T Y 2 R A S
R 22 A5 1 AR 25 X0 5 0 e T Y R B EE A A T
T 1 22 PPAk A R Pk AR

BT A 1Y 2 A AMEE o4 AT SEBE A TR Y
Hr DU AFLR 0 B D TR A A 4R B TR 22 1,
R A AE SR T R A8 K B TP 32 22 1), Ak T v
N S (TR = 10 005 G VS | 0 1 1 =R E B g VA
G 2% Je A B B I SR &R 1Ry . SN B
H 6% i ) {3 OGS M T R Hh AR e
B (DM) 5 23 [a] S o il 48 (SLM) & e A 1SR A &
|V, =Ty o

&9 S 3 N s I . R AR I 45 S8 301
B AN 9(a) BT 7R o 2004 4, Pruss &R H T
BEAE 37 B IK B) T ] SE B 40 pm AR TE A9 Gl I A
Sy AR Bk Y 3h A& F AL b 2D i 7 vk . 2014 4R
Fuerschbach 25" 4 4 F| F] Zernike mirror 5 1% 4t % ;.
FHEAES A 0 R I [ ek R o e E i )
FRT | Y 22 AR, 1% A1 AR Rl H Offer 455 #b £ Bk
25 8 AR I R A s R 25 B 25 T SE B B AR
4 80 mm f¥ Zernike [ J& 19 I &, 2016 4F , Huang
SEUURE T AU Ty v 3 AR B A AME R AN A
P o1 T TR P8 e i I AR A S AL HE DMK AR
R R 2E . ZIT RSB T PV {E N 101 nm \RMS {H

0822013-6



& 43 % & 8 H1/2023 4 4 B /R

B8 AL I () BTG L AR B 4 0 v I st SR I ™5 (o) ARk T 0k ) o J i el

Fig. 8

Subaperture measurement methods. (a) Schematic diagram of circular subaperture stitching interferometry™; (b) schematic

diagram of TWI"™
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Advances in Measurement and Error Evaluation Technique of Optical
Freeform Surfaces

Wang Shixiang, Kong Lingbao', Lii Haoyu
Shanghat Engineering Research Center of Ultra-Precision Optical Manufacturing, School of Information Science
and Technology, Fudan University, Shanghai 200438, China

Abstract

Significance Freeform surfaces have been regarded as one of the major revolutions in the field of modern precision
optics. They are expected to further promote miniaturization, lightweight and integration of optical systems due to their
excellent optical and mechanical properties. The quality of machined freeform surfaces will significantly influence the
performance of optical systems. Surface metrology including the measurement of surface texture and surface form errors is
the important post-manufacturing part to determine which surface can be employed. In the past decades, various methods
have been developed for measuring and characterizing freeform surfaces, mainly including probe-based scanning, full-
aperture optical inspection, on-machine measurement technology, feature-based surface registration and multi-scale data
fusion methods. Although many corresponding advances have been achieved, great challenges are posed to the quality of
surface manufacturing with the complexity of freeform surfaces increasing. Moreover, the surface form error is required to
be lower than 0.1 pm and the surface roughness should be less than 1 nm. It is urgent to develop a new measurement
technology for achieving a higher dynamic range and a higher accuracy. Hence, it is important and necessary to summarize

the existing research to guide the future development of this field more rationally.

Progress Measurement and characterization of optical freeform surfaces are the key processes to check the quality of
freeform surfaces. The widely used techniques related to these two processes are summarized. Firstly, the precision
measurement methods for optical freeform surfaces are introduced, including probe-based scanning, full-aperture optical
inspection and on-machine measurement. The probe-based scanning methods include nanoscale 3D coordinate measuring
machine, non-contact profile scanner and swing arm profilometer. To further improve the dynamic and precision
measurement performance of coordinate measuring machines, Manske's research group from Technische Universitit
Ilmenau, Germany, has conducted relatively pioneering studies by using an atomic clock-stabilized He-Ne laser via a high-
stable-frequency comb. Secondly, full-aperture optical inspection methods are elaborated, including null test metrology of
computer-generated holography (CGH), sub-aperture stitching test and adaptive interferometry. Subsequently, surface
characterization processes such as surface registration, data fusion and error evaluation are reported. The iterative closest
point (ICP) algorithm and its modified methods have been surveyed by Maiseli and Zhu. Liu and Wang from the Hong
Kong Polytechnic University have engaged in plenty of studies on multi-sensor data fusion based on Gaussian processes
(GP) after reliable surface registration. Jiang's team from the University of Sheffield summarized and expounded on the
new application methods of characteristic parameters for complex freeform surfaces. Considering the latest application of
freeform surfaces, a novel method is also presented for measuring and evaluating new freeform types called conjunctive
multi-freeform surfaces. In the end, the problems and the ongoing research trends in this field are discussed, including

measurement means and surface characterization techniques.

Conclusions and Prospects Rapid, accurate and reliable inspection technology is the core factor to judge whether the
performance of an optical freeform surface meets the requirements of intelligent manufacturing. In the measurement
process, the widely used point-line-based scanning measurement method can achieve high measurement accuracy and
realize the measurement of micro-nano structure, large-scale surface, and local features with high steepness. However,
the measurement efficiency is low and the optical surface may be scratched during contact measurement. In contrast, full-

aperture measurement methods have the superiority of fast measurement and high accuracy without contacting the surface.
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However, the lateral resolution of these methods needs to be further improved and the dynamic range of measurement is

limited. Combining the advantages of the two types of measurement technologies is a promising way to improve
manufacturing efficiency. As a result, on-machine measurement technology integrating multiple measurement methods to
realize the multi-sensor in-sizu measurement of complex surface shapes has become the development trend of the current
measurement field.

On the other hand, in the error evaluation process, ICP and its modified technologies have always been the first choice
for surface registration. Although it is influenced by the initial value, the registration method combined with the inherent
characteristics of optical freeform surfaces or the auxiliary datum constructed basically meets the accuracy requirements.
However, the computational complexity and efficiency still need to be improved. For multi-sensor data, data fusion
mostly depends on linear fitting. The associated characteristics of the fusion process remain to be further explored. The
deep fusion of multi-source data may become an important direction in this field by combining with the machine learning
technique. In the future, with the rapid exploration of multifunctional, micro-nano and multi-scale optical surfaces, the
corresponding measurement and surface characterization methods may encounter new challenges in the manufacturing of

optical freeform surfaces.

Key words optical design; optical freeform surfaces; precision measurement; surface shape measurement; error

evaluation; error parameters
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