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Optical Error Analysis and Compensation of Six Degrees of Freedom
Measurement System Using a Diffraction Grating Target

Jong-Ahn Kim", Eui Won Bae”, Soo Hyun Kim"™, and Yoon Keun Kwak™

ABSTRACT

Six degrees of freedom measurement systems are required in many fields: precision machine control, precision
assembly, vibration analysis, and so on. This paper presents a new six degrees.of freedom measurement system utilizing
typical features of a diffraction grating. It is composed of a laser source, three position sensitive detectors, a diffraction
grating target, and several optical components. Six degrees of freedom displacement is calculated kinematically from the
coordinates of diffracted rays on the detectors. Optical measurement error was caused by the fact that a laser source had
a Gaussian intensity distribution. This error was analyzed and compensated using simple equations. The performance of
the compensation equation was verified in the experiment. The experimental results showed that the compensation
equation could reduce the optical measurement error remarkably and the error in six degrees of freedom measurement
less than +10 um for translation and +0.012 ° for rotation.

Key Words : Six degrees of freedom(6 A+ %), Diffraction grating target(2]d Z 2} ¥4)), Optical error(FH3 9
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153 -

ae Fig 1el4sh 2ol YArEol B Az
o 312 wael +454 ¥ Ade Wgos
Agola Aol H8% WY BFE T4
e 39HQ Ao B} Figure 19
H AS BE 747 QAT S8YY ve Uy
WelE Uehin B el o) A NEBe A%
o 57 Axe] DN BEANH EAD 7}
o9l e WEe] 24ES o83t 3 FE
ARA L A (1)F 2ol RIE F AT,

mx_Ax+m_ (1)
B =A,
A% AE QARE B9 Wk dEe xF3 y
Wge 84F UEE B, % BE m s 8
% 99 B NE Y 2, F BT 220
Me QAR g, dE 9 AR HAE

(RN VS G P A
o
Y
I

A AHeA B 3d Azt AAl Wz}
514 7%‘2} l nRE FHRANAN 2HE AR
9 w3 g E MstA|a o2 A HAE P
P BI= HPH A dh

a3y 33 AWy FE)T H3F HY
F5ol dalM e FHdFe A PFo] WA
det & dFdAe ddsts A dhabst
HA v EHe F3d d4¥e] 3d AR 7Y
& o83t olHF HA %EP—
Az FA o] ARG diellA
W 3o BAHE S%li]ﬂ uh7 A 5101
%9 SA 48% HRE & F U

Laser source

Detector
Convex lens é@

" BN
& -
Detector £4 \

Incident ray

&} Detector
7 23
//II .

Object

Non-reflective surface Diffraction grating target

Fig. 2 A configuration of the six-DOF measurement
system



S EEE

oY
»
e
Sk
rl

cEZAYTGEA A 18U A2 %

o

Ao Fig. 29 2°] dolA

238 94 2A 4, 3
ga 2 e Fe iz}‘:s—z FHET e
u}ﬂ §2% FolA 53 A2 dRAEE
ng Hzdel uﬂigw 728 714

6 A= 574 ]

#9, 54 A% E

e
a

=3 *liEéH

22 7|78 4

Z2R29 AFE e 3719 2349 HA
A azte] 2o zREYH J|FEH o Avtd

. 717EHA 7414 HHLe EHEY AMGgES
B A7 2L At ZWE LA 3
FatE FAH 2A719 FHFPoZRE AA
9 6AFE WAZ AislE GwdE A
T3 JMOE TAE o
& 98 A A="8& TAs
»JrE?%la Aostn 713k Fehg ol
JTH e T 5 U A #
el #HE wdn A 1)y ddH AAHE
%}fa Ao AP FHE AN A
2 vetd= H 9] A8 5 el t}.
Pt +1 2 3AAFY A7 EHHE
A @ 2ol T 5 AT X Yiger g = BA
7] AFEANM Jebd 3d Ax HxA dF
BER, Lo g e = BA7] FRANN e

£

%2 o
2

o X op 2
831

Ld
r&

2 A4 547 a9l B Wee arghsold
mgx
Xond = ‘xm«o Zm 0
Yol @
Yma = ymgo - ngo (m=+1»—1)
mgl
0445 SRS Aol BS 429 Ay
2 Q3% AP 2HE FrHHoE 1wt 4

=
@3)F ol +1 AF JPFY A9} FAR FH
2 74718 2834 72 F Ak x, v T
A7) ZEANA vebd A=W HHF
HHEG, Ly, by, 1. BA7] FEANA HERD A=
2 298 3o oxs 3AF @y 0y e
fxgEIT

P
!

=3
pa

[

31 2R x| #X|

R
ey
};]

%.T

i

H [LJ

g
ool AAF Azs

x :xo ZO
0d I I, P 3)
llv
Yoa = Yo =7 %0
L
Qg BAd AF Fos ARANE F

w2 A4 ¥ (Newton's method) S ©] £33 th

@ 7178 A4 B4s Ba 24 B

_9_
R

3. HoE 53 2%

3—5]75%4 22 AA 3t
HZ] 7 AAERE H =
+ PSD(position sensitive detector)2t 7HE
7# 7191 CCD(charge coupled device)”} STt
ccp o vl F74A<Q AEHEE A 835t
e &4 HNE5E 48 F 3 WE
8 AR ol A2 A 37 A2
47 242 A3EL 3

A% YA FE7 %]zéﬁ?} w72
PSD(tetra-lateral type)oll L o AX 4%
2 4t #Zo] TR

L

T Txl X, y)dxdy

—o— o

TTIi(x,y)dxdy+Ib

—on—or

T ];yl :(x, y)dxdy

Y =%
le,(x,y)dxdy+1b

-

m

O]

Ji

o

o3
Xy Y = ak

ME g
_H:l
o~

o

o

£
&
=

A
i

PSD ©J
@l Aet 7ol pSD = dHHE WA Fo
o= QArY ZE BI¥o T FAS

o

o2

A

Xéa}\'gi za@st uakd gAY AR F

70 YA weel 718eta S ds) 2
2¥s} gARoz EAsA oW Y%



AZ}.

o U

CEEREECE

Fe3x A 18 A2 5

71818k SA % QAR BE £2 FA A
dxetA] FA @k psDol UHEEE wWBFo]
EAste Beole AT A G A=

w2k pSD o A & gto] FFS vA "ok

32 YEE Y 2xfe| WY

71TEE A AN e B AL FA
olZ} 7tAsk= 718t FE ol &8k WEA I
g dn vletety S ZE £2E 19
A FAol dA8tA gow 717EE A A
7o PSD & o|&3 AAY FAA HA SAH AL
ol & Abel7t EAYHAl H L Fig. 33 #o] Fg

4 24 ox7t waEn

Center of gravity

= Center of beam spot

. Incident ray

1 order diffracted ray +1 order diffracted ray

Diffraction grating target

Gaussian intensity profile

(a) symmetric intensity distribution

Center of gravity

# Center of beam spot

. Incident ray

—1 order diffracted ray +1 order diffracted ray

Diffraction grating target Gaussian intensity profile

(b) non-symmetric intensity distribution

Fig. 3 Difference between center of gravity and
geometric center of beam spot on PSD

3 A Azl YAEE #old FL Yuky o
2 7b$-A%K(Gaussian) el Z = £EE 7pR
dALZe S 943 Fd A B F4lo
AR sHE Fig. 3 )Y A$dde I A 49
SA d&l AAY A=rh QA er B¥E
& PSD ol YAIHE I HFoME g v
3184 FAHY AE X FA F4o] XA
ok 28y Fig. 3 )9k Zo] BH WSt 2y
of At FA 4y 3d Azl T
A @A HE 48 FH Axde dAR 3
7 v Aoz EX¥Ey] g pSDY ¢
At 383 gele] 7)Estd 43 3x X
o FA F49 HXFo @EAA Hu =4 2
27b o

4. & ¥
41 MY Fx| 74

R
=

PSD

C > Convex lens

He-Ne laser
PBS

PBS : Polarization beamsplitter

3T stage

QWP : Quarter-wave plate

Eéj

b (mm)

DGT : Diffraction grating target

a (mm) c(mm) d(mm) H(deg)

37.7 323 67.7 181.3 50.1

Fig. 4 Schematic of the experimental setup



g4 A1gA A2

zjf_}-

JIN'

A 2ate 6AFE WY =4
AP Fxet 2t AA A4S Fig 49
°J‘5§-4 d Az ZAEA: 1200
grooves/mm, A E: 1 mm)E 6 AFHLT 2E|o]x] A
Z~®(resolution: 0.07um and 2 arcsec)ol]l ZLAAIA 6
AHrE HHE BAAZE £ UdEE 3T He-Ne
dolAE Ty Fdoez AgEslu 3709
PSD(sensitive area: 4.1 mm x 4.1 mm)E 2 3 9|3
A AR ol &3t 0 F A= (2¥AY: 2
mm)% HAF Y A ZFE(beam splitter)E ©)-§-3}
AEe] 10 mm Z 2 JEHFo] I AxH &
Ao g YALEEE S5 4 9] 1 33 wh(quarter-
wave plate)Z 0 b+ 3439 HF wgg 243}
o 3" Azl A FAEE 0 x5 FHFo] T
go]d Zo2 QAHA g3 BE A= (24
2l:65mm) HFoR WYL = YEF 33

:LQL

o

42 & QX Ay

B WY EHAY A oa RS FA3}
71 938 PULNIX 9 TM745 CCD 79k}
SPIRICON it 9] LBA100A F& BEA7E ol &3l
sidge] Zx £XE ARG AY 9
T4 Fig. 49 Y35l pSD 9 99X ccp 7}t
Hets dxdte F= REZ A8

2 g ge] wE EPe AL BE
35 HAuEY Wt HAHE MY AE B
E_,] %-.Mo] 3:];{4 7_-];(} EN«] %&M_‘,} 7;“/\ oX
HE B3] B daME HdF Fe B9
FE7E A9 dAHSA FAHADG a2y HW
AR x &% y & Wk W) e YAt
F A= BX FAN FFE A FA HAX
2 3 FHFo FEXy nhAH ez wHslEg

¢

£

Figure 5= x 53 y & 9o @& o5 3
g A= £ wEE 4T AAelrh 41, -1
A HHFY ASE ozt HAFe] AL
FARE A3E JEtch Ao e
ZE7t ¥ RS YEL o5
7]_ /\l—q]ﬂ oz g_rg], _'_1_2 b}E]-LHE]—
o ¥l w2t FE= s FAHE
o] FeE A A SRR T WY
wet AR Bkl Wah vehdg
.

=)
-
o
o

=)

1=}

T
X

o He rl

7}
=
u}

5w o

¥2 &t A HT o 2

L o:i

mil

>~
T

156

(a) x=1mm, y =0 mm (b)x=-1mm,y=0mm

(©x=0mm, y=1mm (d)x=0mm, y=~-1 mm
Fig. 5 Variation of intensity distribution of the 0 order
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B W19 SN dede gdd #A 9
Ao 71F8A s ozt 4Pkl 2ol g Fig. 6
of tetdigich. defA BA F ghe] ztolzt
H uslel mek Ao H¥Her Fristn Wzt
2 FEeME A g U2 Frishs AP
= dEbRth sidghat dfge) Xojrt Wl
g dgHos F7tEE AL Fig 59 BE ¥

E 549 AN et ZAAY HE Wl
E}% Berel WgolA 71y Aoz s S
Ak A5 e o] Fohe thed 2o 4
2 7 o WAt 7SS oA F she

=S

3

b BE X9 PR FEe] A Az %
of dAt H7] W] HAHA JA FFe] F
SHAl Zadnh webd Fge] & we FAE
ARG i Fe] FFol vepuA s F g
o)zt A F4e] delE Frkgoh ol
ok% 127 B -FAM Hohe 034 3EH

F7F o BEEA debged 1 & 8"
IBH 02t P Zert Aoz of
o] v g dEM o & 9% e
o2 FEdd. ZAFeA PSD ¥ ¥
A7 Ao dsiA A& gAo] ofd A
AN HH AR FAH YA 7H9-Al
TE FAol A& dASA F%r] wio)
Azt

>}‘.,

ﬂ@$£&$¢ﬁd£%ﬁﬁz
HU



&3 A 18 A2z

——0 order (KA) —O— -1 order (KA)

15 -@-—0 order (Exp.) —@— -1 omler (Exp.)

E 10 -a o

E Sm, e

@ W o e

2 ost . 3///0/

g N -

E LI ‘//G/

€ 2

£ o "

3 08 %% N

g 0 m

b3 N e
10 - ]
15

. 1 1 1 .
15 10 05 00 05 10 15
X &Y displacement (mm)

(a) x-axis outputs of PSDs

20 T T T
[ ——oorder (KA)—O— -1 order (KA} -
15 - 0 order (Exp.) —8— -1 order {Exp)
— = /O
E 10 N 5.
E LN e
-, e
® ~32.
2 05 o
T l\\ /l
£ N
G 00
5 o
2 e o,
2 08 o Sl
3 .
= ., < ,-.\'
10 oo T

5 . . .
05 ¢o 05 10 15
X &Y displacement (mm)

(b) y-axis outputs of PSDs

Fig. 6 Difference between PSD outputs of two cases (one
is calculated through kinematic analysis, the other
is obtained in experiments)

43 53 2R B4

B HAE SAHAY o vEvs IEF 7
AAS 21298 AU AA 33T Ao
4 SAE EAAIY. FEH HHE FI
B AFY) ZFE EX HIE o83l &
E”‘% 2= ),10‘4 5]]/\3 Ewoﬂ/\i @xﬂ
Q&3] gAter] g€ By ol A
?«ﬂ 9 3] (Fresnel diffraction) & 3143}
t Aol Hdly] wiel kel
BAE7] Aot Al 9

fo <1

oy 2k r$‘~‘
ol ™ =2 o wu

fo mi M

A o oX,
2 ok

mlm

e

AME HE X 2% exe 9
}4) qu 71;@34 A gtat Al 915
o AE FaAA W SAE wysx

L olE A ot e #A HRY wA

Nl
4

ol m

Aol S Nl e X
Sae Deew

£

157

Mysn 2o A4E AMEL Y

o PEe olgsnh

Xy =X, +a,ex X ex v’ +b
md md xm 3 p Wy md \m (5)

2 YZ
ymd = ymd + aym exp 2 exp 7
x Wy

A HelA x,, 3, T mAF H8F 24 9
A9 AT HMgeln g, 5, &
A4 sd%e) Auge vepach e
& 71F%A ANg] A »Ye o
A

=

be

2

Jymd + b_\*mY

71
.

rﬂ

A BAES @ bﬂﬂ%ﬂ uE 3"
AR 8] e @ AE BAs
b 2otk B4 ?J*}El o] ThgAISE
T X 4% 34 %*‘JJM Zr & Wk
X, yol ute} 3dge) FF2 WststA "o
k= \_3H Fig. 6 14 ¥ #t<l XM Ag F ¥
B Frbete Aol vehdth wEtA ojsh e
LatE A AR BEE JEUE 43 4
@E st #FA AF F AE Aolth q,, a,
< pPSDO Y4¥HE FdF3 WA Fe] FEnst
AE QAN w, w,E THFAIE BEXY 7
= 48 uAES A4 L}EME}

FHA B W ¥l fE HAd ¢
ALl Be] WA FE REE A% F g
o] AE BAE7] A3 Aotk ol @ =g H A
TEZ 8l Fig. 59 2L FEF] v 2
= B¥7) Jelva Fig 69 e ¥ gte] zbol
7t AF T FYE FoeA Aok webA o)y

L..
[e]

2 ogh N o

o

_Qioﬁ%
o o oY (E

# 5 @9 e 49 g4 Fe9 wge W7
st AN F A RolL b, b, HY B

T 71718 AA3t= AAMgtelth

Ad 94X A} 2 2o @3 A
AZs7] 98l Table 13 Zo] Z7] & 6
AY z7 daltd x &3 y & whake] W9
-1 mmolA 1 mm7bA] W3t A]7|HA PSD 9
E9gE AU ol e AEE 10
1808l 2 ATE Table 2 9 A5l vehy)

1o g

ﬁﬁiﬂliﬂl:olr

.ﬂ

Table 2 1A Yebd Z-zke} gd 4 (5)&
st 2A4dE 8% AA A

o1%
75 84k



SE R BT

P 67, =
74 F&:

&3z A 18W A2E

3 Zgz e A, Aay, 283 dagel
9. 2AslA we Fig 6ol Uehd magde) ¥
&l A7t w4 e Sakel A BaSHAR
& 5 gtk Age] xzdol weh wak A%l Ao
7 ARAAT 674 27l e 4y 29 bt
5 gte) A8 £10 pm UROZ BT £ AT
58 Adst YAgel wAE A7 AR He
case 3914 B Aol 7P S4shA vehgA
84 Axsh Yol WAE o MA A%

o

Wi

i}

{0

2

B Aol @Al daides F o o] &
FE,
Table 1 Experimental conditions
unit : mm
Radius of
. . w,
grating target ) :
Case 1 0.5 276 2.83
Case 2 0.5 223 230
Case 3 0.5 1.7t 1.75
Case 4 1.0 276 2.83
Case 5 1.0 223 230
Case 6 1.0 1.71  1.75

Table 2 Difference between analysis values and
measurement values after compensation

unit : pm

Max. Min. rms
Case 1 5.45 -5.46 0.23
Case 2 773 -5.30 1.12
Case 3 3.73 -3.78 0.33
Case 4 9.43 -6.31 0.66
Case 5 4.92 -5.94 0.62
Case 6 5.94 —4.83 0.76
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Table 3 Standard deviations of measured crosstalk for the each directional displacement

Direction of input displacement

X Y z Roll Pitch Yaw
X (um) - 0.407 1.760 1.664 0.781 0.540
Y (um) 0.182 - 2.676 3.323 0.208 0.870
Z (um) 3.639 0918 - 1.730 3.079 2225
Roll (arcsec) 1.752 9.773 9.212 - 1.195 3.947
Pitch (arcsec) 8.733 1.690 7.711 2.073 - 5.678
Yaw (arcsec) 1.678 9.615 8.204 7.559 1.639 -
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