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Abstract Movement parallelism is one of the key parameters of motorized stages, and it can directly affect the
performance of the stages. A spot image method for accurately measuring the movement parallelism 1s proposed. In
addition, based on theoretical research and analysis, a measurement system with a precision better than 50 nm is set up.
Utilizing this measurement system, movement parallelism of the motorized stage is measured, and the movement
parallelism error is 11. 66 um. After optimizing the motorized stage according to the above results, the optimal movement
parallelism error can reach 6.22 pm. In order to verify the feasibility of the proposed method, a displacement sensor is
applied to re-measure the movement parallelism. The root-mean-square error between the measurement results of the
displacement sensor and that of spot image method is lower than 248 nm. In other words, the two measurement results are
basically the same.
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1912005-2



£ 42% F 19 #1/2022 £ 10 B/RFZFR

HIE VIR E T 1S
)
tan U, = —
Lo
tanUO/:L(i? (1)
Xy
8]
tan U= —
X
Ty
tan Uj=—— tan U,, (2)
0
St
tanU/=—-+tan U, (3)
N
CISRLIROP IR
tan U, = tan U/, (4)
rn=r,— (tan U/, (5)
r:( il ,m>tanU{o (6)
tan U,

13X (6) AT AR B AR

T | e
r=|\|ro—Ilrol ——— l——|—mry| ——— |-
': Joo xo N Joo 2o

(7)
iz 8 5 1912 8l A7 B2 I T 2R S R B Y
2k DX I A R R AR R 15 pm << Axg <<

20 pmo MPLSECH : 53 HE% Ny 4024 pixel X 3036 pixel,
FAHLAE A R SF R 5. 67 mm X 7. 51 mm, @14 1(b) Jif
IR BB AL B RST OGBREE 1R r i KA BE
i AHMLAL AR e /N 1/2(2. 835 mm) |, [F] B 25 f& %
B2 A2 2 /N AT O BE R 00 b B TR O3 B OG BE
rd /R 0,25 mmo MR Bk SR A GO R
B, 2% OGBS B, 45 0 D B2 G B W i 288, B =
4. 5mm, /=350mm, f,=2.5mm, x,= 2. 483 mm,
fi= 150 mm,m =150 mm,

AT FR G S R0 R B R IR B OB AR R X
R G S BT UL B ) 1 Z BRI ' i 0 B
RS e AT £ m R A BB RO BE 2 A8 (R 5 e, G
Bl 2(a) (D) frm. EE 2P AN Y=
125 mm B, OGB4 428 6 i/ N 5 1 K BRSO | PRI
W IXC 8] /N B A3 B2 A1K 2/, = 150 mm B, 76 47 [A] 25 £
FREG NGB AR B A A 3 DR T 1S K [ O B A
o W R AE B X, AT AR £, = 175 mm A &L S
o FEE2(b) Al LLFE B OGEE 42 Bl A m 1 3 KM
/IS T2 R B R G 53 HE R B m 138 KT K [
BF O B 2 42 7 0O AR B X B, B T S o =
160 mm A LS8 . &l S BILE AN &R 5
My 2% M X 1R TE RE N 18 pm, dx K6 BE R RN
2. 730 mm, /NGB R 0. 260 mm,

@5 125 mm ®) 85 n=140 mm
f,=150 mm 3.0} ———m=150 mm
41 —f=175mm - 2.835| —m=160 mm
E E 25 — m=170 mm ey
% 5 g0k —m=180 T |
: g 15 -
k] ° e
EIJQ‘ C% 1.0 .___:;//
0.5p«
0.25] <
P i om e ) R
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Defocus distance /um Defocus distance /um
B2 firnihi gk . (a) AN f i B AR I B8 OB AR B OC 3R 5 (D) AR m I 2 45 R B 5 0B A2 19 06 R

Fig. 2 Simulation curve. (a) Relationship between defocus distance and spot radius for different f;; (b) relationship between defocus

distance and spot radius for different m

T AR BLAE S 2R 00 %, PR Ik A O B 1R Y
2= 428 I 25 2 L pixel (1 pixel=1. 867 pum) A H.47 .
T BE EIAG AL B R AN K] 3 B R o B AR R AE B
JCBE G TR r.=134 pixel (0. 25 mm) { X 3§,
K E YA goo 24 go=> 200 B 6 BE AR N /NEBE, 2
RRICEE . /INCBE Y 2 A2 /N H BE B K, 301 2 35 Wi
K 8 22 BE AT I G . JOBBEE 4R K K BE Y
B/, S B, R H 3 B AT A . S,
HEATCBE BSR4 r 5 IR EHME g0 Z TR
ARG & PR RN
2.2 MERS

it RGOGR a1 4(a) BroR , Horh PZT S R LR
o OGRS KUK R 658 nm BIEOE MO AR
B (BE) . 1/2% i (WP) ¥k 73 6 # 5 (PBS) (1/4 %

AR RS L (ML) 8 IR i AR (B L AR R
NA=0.8)JF2liAF MR . A5, WOC& A R T
FSF U T AR ] 380 38 O B A e e B R ST BE 2(M2)
LB (L), e AR A M HLAL RS R

iz B AT RE B IN RR Ay oA 4 8 1) ML TE R AR L
¥ bR RS B (A5 BE A S A ML AL IR A K
1/4;2) ¥ 32 30 &5 1932 sy B8 70 mm X 70 mm, %
BB KA E I s s G ER R A S IR L BT
Bl {45 6 BE 2 42 S AH ML S 2 w40 S B Y 3/5;
Wiz sh iz 8, i hE F3E~ 70 mm X 70 mm,
WA A(h) fir s, 7832 gl Hp A PIL A2 B R 45 B AS BoR 46
FI] A9 6 BE B AGE of e S5 0 B AR R, an A 4 (e) . (d)
FEoR s 4) M40 25 A PR B 25 iz 3l A7 FE = 4RI 8], 40
El 4Ce) s o

1912005-3



=42 3% 519 #1/2022 £ 10 B /¥R

calculating gray
mean value g, of area
with =134 pixel

e |-

O)

_.ﬁ‘

automatic
threshold

fixed calculating spot
threshold |~ | radiusrand gray

mean value g

3 JEBE R 5 b i i AR
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Fig. 4 Measurement process. (a) Diagram of system optical path; (b) scanning motion of motorized stage; (c) acquisition of spot

images; (d) mapping spot images to defocus distance; (e) three-dimensional picture of movement parallelism
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Fig. 5 Defocus distance and spot image. (a) Spot image with defocus distance of 0; (b) spot image with defocus distance of 3 pm;
(c) spot image with defocus distance of 6 pm; (d) spot image with defocus distance of 6. 348 pm;(e) spot image with distance of
9 pum; (f) spot image with defocus distance of 12 pm; (g) spot image with defocus distance of 15 pm; (h) spot image with defocus

distance of 17. 34 pm

o 2500 (a) ---- raw data of gray mean value 1600t (b) spot radius raw data 1000 (© —— derivative of defocus

o] —— fitting function curve —— fitting function curve distance and spot radius

g 2000 —, 1400 800 ~4~ derivative of defocus

s % [} distance and gray mean value
A

g £ 1200 E
5 600

2 = £1000 £
= B

é 1000 £ 800 *§ 400
3 5

> 600

g 500 A & 200

o 400 0(6.4380, 63.4866)

0 0 0 /
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 1012 14 16 18

Defocus distance /um Defocus distance /um Defocus distance /um

6w AR TR R 5 O B TR (R 1Y R HOC 2R o () 18 A B 8 5 010 R 2 35 B0 00 40045 BR BRI 225 (b) g 2 B 8 5 0l B~ 42 400 R BIOIN £2 5
(e) 805 bR B 0 oK 5 il 2%
Fig. 6 Function relationship between defocus distance and spot image. (a) Fitting function curve of defocus distance and spot gray
mean value; (b) fitting function curve of defocus distance and spot radius; (¢) derivative curves of fitting functions
1 LA RS SRR R R R

Table 1 Coefficients of fitting functions and derivative functions

Fitting function 2 Derivative function 2

Coefficient Fitting function 1 (i=1) (i=2) Derivative function 1(i=3) (i=1)
A, 0.000014426722003240 0.035966 0.00012984049802916 0. 10790
B, 0.001186899767229283 5. 595450 0.00949519813783426 5. 19090
C, 0.041129495524157286 34. 53800 0. 28790646866910100 34. 5380
D, 0.779618900546933333 297.7664 4.67771340328160000
E, 8. 785642015492380000 43.9282100774619000
F, 59. 97781052539600000 239.911242101584000
G, 243.8104238874240000 731.431271662272000
H. 580. 0614833259150000 1160. 12296665183000
I, 973.8482258709920000 973.848225870992000
J; 2090. 196725693620000

R o 2w B 60 7 SOk 4 Ay BEAR . ANIET 6
(o) H 530 5 00HH [) 1 57 8 st B 79 A4 5 0o 0 it 2 11
A O MY B R IR B 6. 438 pm & B I 109 K FE 4
556. 536 pixel * 5 MCHE 42 622. 372 pixel, X [ 25 4 4
Kl 7(a) (b)) i~ . 4 r<<622. 372 pixel i}, S EUpREL 1

KT FHCREL 2, R FH G BEK B S (A g, an & 7 (a)
B I 5 3 2 B o 24 r>>622. 372 pixel B, 5 500k % 2
KT FEREL, RADEBEEE (R R ) WS, s 7
(b)) th By B &R 73 fr s o ANIEL 7(a) L (b) AT LLAS i,
M RS e R X ) Ky 17. 293 pm, HAK 2> 2wk

1912005-5



3R it X

=42 3% 519 #1/2022 £ 10 B /¥R

¥ A B R E AN A 7 (o) B, I 5% AR HE P 5905 <2 B
PR RSP
R JE SRR (9 58 XN

G,
§=—> (12)
nr
Axr=¢(g), r<<622.372 pixel , (13)
(@) 2500
o P (0,2234.472)
g 2000
] i
&
g 1500 \,i\
§1000F N
£ "..(6.438, 556.536)
2 Bo0f-—~"—""-- ...,
g n00 ) e (17.293, 150.968),
T e———,
0 L =
0 2 4 6 8 10 12 14 16 18
Defocus distance /um

©)

7

—-
< -

T AR 5 ' B PR U o () T A 0 15 D' R K B8 32 R S 5 () 80 8 B 0 S5 DI IR~ A R AB 5 (o) 73 S IR Ak B3 7 R

JEBE AR AR A R

Ar=0(r), r=>622. 372 pixel, (14)
b GG BE EIMRN 1 K 2 SR 5 o S DG BRE K BE 24
e 555 DXL 1, B g A K A4 (E g 15 88 SR BE S A B LSS 5 0
HOGCBEEAR (R R AE) B R 5, BN A sk r 5
BRI A F WL

®) 1600 (17.293, 1461.730)
.

1400
€ 1200

11X
—
(=3
(=3
(=]

Spot radius /p:
0]
=]
(=]

[resmsarane f (6'.438, 622.372)

(=23
(=3
(=}

1
b, 2r500) !
0 2 4 6 8 10 12 14 16 18
Defocus distance /um

'S
(=3
oSO

Fig. 7 Mapping of defocus distance to spot image. (a) Mapping of defocus distance to spot gray mean value; (b) mapping of defocus

distance to spot radius; (c) flow chart of classification mapping processing
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Fig. 8 Precision verification diagram of measuring system. (al)-(c1) Moving distance of piezoelectric ceramics is 150 nm;

(a2)-(c2) moving distance of piezoelectric ceramics is 100 nm; (a3)-(c3) moving distance of piezoelectric ceramics is 50 nm
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