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Measurement of Five DOF Motion Errors in the Ultra Precision Feed Tables

Yoon Jin Oh®, Chun Hong Park”, Joo Ho H\A;ang* and Deug Woo Lee”

ABSTRACT

Measurement of five DOF motion errors in a ultra precision feed table was attempted in this study. Yaw and pitch
error were measured by using a laser interferometer and roll error was measured by using the reversal method. Linear
motion errors in the vertical and horizontal directions were measured by using the sequential two point method. In this
case, influence of angular motion errors was compensated by using the previously measured ones by the laser
interferometer and the reversal method. The capacitive type sensors and an optical straight edge were used in the
reversal method and the sequential two point method. Influence of thermal deformation on sensor jig was investgated
and minimized by the periodic measurement according to the variation of room temperature. Deviation of gain between
sensors was also compensated using the step response data. 5 DOF motion errors of a hydrostatic table driven by the
linear motor werer tested using the measurement method. In the horizontal direction, measuring accuracies for the linear
and angular motion were within £0.02 pm and +0.04 arcsec, respectively. In the vertical direction, they were within
10.02 pm and £0.05 arcsec. From these results, it was found that the introduced measurement method was very effective
to measure S DOF motion errors of the ultra precision feed tables.

Key Words : Five DOF motion error(5 AHr = &% 2.2}, Sequential two point method(F X} 2 ), Reversal

method(¥F H), Capacitive type sensor(£38 Al A1), Straight edge(F A 7]+ %), Hydrostatic table(++
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(b) vertical direction

Fig. | Notations for the sequential two point method
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138

32 gExte I

HrleE, FAYE &8 T 2xHgst
FA3g wAe ¥ FAHHNAE drLE,
822 2 2 A9 AME X7 2xHEE,
FHHE o83t 2 AAER FA3 Fig. 4 o
el i

+06CY tZl&=ws 2 +0.15CY &%

2= )3t} o) *ﬂ*iil?-‘ﬂ %E%‘.:@} 01T
ol uYehlz lon, e f8HEY
= grj2xe w3 T7loﬂ A 4¢e wz

&g wola gt

W, ol eEdse] e JAEFAA A

A =g ZTEZEL 200 ppm/°C(=200 pm/m°C) °] =
2 o]& AAMZAold & WAZ FASE 0.01

pum o7t Aok 2y, AA X Fe SR
0.1TC)ol g d¥d ex= X T Holo s
gaskd Hdl o 0.1 pm 7F HEE SHAAUE
AA FEE A £ At ol SHEAY o
S 13y, o]F Add dodME F249
SEFINY 12 B Fuste

Zo =2dlg o 1 3
Fygtozn A 9
o}

3.3 ¥ S dA9 HUdEY

4 2 AW HE FA, AHEFHE 2 K9
AAgeE A Zhe] Aol Hxbo o3 xS
HazatriHa 5 AMEY A 1*2} &4 8}
I HAE dart gk o]E ¥, T AAE H
ol e FUdFo dAsn Ji?‘ii s

o2 wjXg F, 0.5 um/step E 1 um/step &2 €
1B AAA LA 0.2 um /250 mm)S T Ao)FA|
ZE o SHHEARRH T AMY HAE F

)

l
I

=

F

=

-ll

g)\ 21.0f Sensor jig A Sensor jig B Room temp.
2 205
=2
i
@ 200
%
£
’93 19.5 Inlet oil
0.0 0.5 1.0 1.5 2.0
Time (hour)

Fig. 4 Temperature variation of room temperature,
sensor jigs and inlet oil



AR TR A 2E ANE

Bt Fig 5 & FAARE JEd Aoz §
Az ARl B 8] RyR, B oSV B
Aglel 1.03 22 Yeua gk =, F A4
AAE M= wgste] 5 AAdx FY3A U
Ehton a9 Qg olde ZERH,
olF ALY ANE ]8T FHATE WA

o Al BAe) B E H8ste] EASA.

A=

[

4.5 75 23249 £

41 HoIX Al ot NMSERR

F3 2 9l A% ANLFLA ZHWEY
84S Wi, 2437 el WA, el Az A
ogdtel FRWY Y FAWY ANLFLR

=
= o
€ 53 &5 539 238 Fig 6 ol YERAA

o o] A$- 10 Hz 9 29 ATEZE wo|2A
ol YR AN 524 Z23de] FHo] go)
A gdgkorm @ 02 Hzol WY AETS HE Y3}
o YelAS AgZAd, FHuede A9 0.18
ol £FA B 2010 pm o FHLAE, 55
o] A% 026 um o EFLA E +0.18 um o
2AHE YEAT & B 5] gle] wt
ZH9) W97 AXSFeA A4 Y AA U
T glel AiiHos YA TeRdL A&
¢ 4= ok

=

=
3

B
ha )
L
Y

4 L g (Z ok

e

42 THYE 22 £5F

Fig. 13 2o) 32 8¢ 437 9,

F 0.5 pm/step Rg

S FRy/R~1.03

Ra

[ 1.0 pm/step Ra

OF RyR=1.03

Displacement (um)

20 30 40
Time (sec)

0 10

Fig. 5 Gain of capacitive type sensor A and B

A HANAAE ol &t ST Ly 7
FELAHLLAHE Fig. (@) YERIATE. +0.04
arcsec & WHE @ XA ZH2FE Q2= 1.96 arcsec
S eRATh 39, Fig. 2 9 498 2 4 )
o] vtAW S o} &3l FAHT ELXE Fig 7(b)l
YERA AT BHE @ A} £0.02 arcsec oWl A FA o]
Hesldon SHH Q24+ 0.14 arcsec & Ve
ek o] ZAeFeaES A9 o] BT
o] Zak 2 Aol ot AMeFeA 2 Fxd
o) EAANE Fig. 8o YU AM S
22kE 0.16 um & YERN ST, 53] EHglo 2
HE 2] B8 o 2k 1+0.02 pm & YERRIT. A,
HzHY] o= 0.02 pm B SAEHYL wrEQ

~ 0.2}a) Horizontal linear motion esror €;=0.18 pm

i by Laser interferometer €hrep=£0.10 pm
~ 0.1

[

o

T 0.0

3

o 0
. 0.3} (b) Vertical linear motion error €,~0.26 pm

g by Laser interferometer €yrep=20.18 um
2 0.2 /4 2
5 0.1
}i’, 0.0

3 0.1
O 02

100 150 250

Position (mm)

(=1
i
(=)

Fig. 6 Horizontal and vertical linear motion error

measured using the laser interferometer

g
=]

(a) Yaw error by laser interferometer

iy

§ 1.5F 6,=1.96 arcsec, 6,,.p=%0.04 arcsec

& 1.0}

c

2 05t

©

> 0.0

D

0O os : :

2 o1} (b) Roll error by RVM

2 . 6=0.14 arcsec, 6,,,,=£0.02 arcsec

3 00

c

£ 01t

R

>

D 02} .

3 0.2 ) ) .
0 50 100 150 200

250
Position (mm)

Fig. 7 Measured yaw and roll error

139



L&A MHE FFI- 5L FSFLTHIA AnA AN E
AHE £0.01 pm & YERAA T el & dAsta glon ¥ FuHE F dF
of 24ARE Fig. 6@ FHA} viws  F& wolw Utk FzW a9 AE, wARe
A, AAHA F ¥ FABAT, AFAHA & 004 pm 2, F32 2 Ayl &) oha A et
ojL} ?ﬂl@ﬂ BYgollM e & Atolg Yeha 3l I AR wkE e kel WS nestd & ARt
o o] AL "ol A A BE, FAsk] HEL HaA 2 dAgva ddEd 5 givh
247k @111 &2 A9 e Hlolmz HA ol’del AFA2HE wolATAHAN A% Z&
HP S FEI HEA R3] HELz F34E T SAUIA FA2 WY E ol & AMEFL
o A 574 ¥del A b&%gz} $0.02 pm 3 40.04
22 A A ZHAH] HIHE HAF arcsec o SAALE H oA Trzfék% sk
7198 WAM S ol gt ST AHEFLx =3
b #zwe 98 Fig. 9 of YA AL
532}9} 729 ¥HEQ A= 242 0.18 pm, +0.01 pm 3FA WY 252Xt £F
WEo s} ool A 32 Bol 7 242 FANY $EAA YANE FALY £F
~ 0.20} (@) Horizontal linear motion error by STPM .05
g e4=0.16 pm, €5, r5;=+0.02 pm 8 o.0L_ Pitch error by laser interferometer
= 0.10 g 05} 6,=2.26 arcsec, 6,rp=%0.05 arcsec
<] R
B 000} g -1.0f
5 |
0 -0.10} . ) ) % 2.0k
. 0.06f : 0 25t . . . .
g (b) Form error of straight edge by STPM 0 30 100 150 500 250
? 003t r=0.02 pm, rprep=20.01 pm Position (mm)
o
'g 0.00 % Fig. 10 Measured pitch error
(]
-0.03¢ N R N N
0 50 100” 150 200 250 — 020 (a) Vertical linear motion error by STPM
Position (mm) E €,=0.18 um, ,,,,,~+0.02 um
~ 0.10
Fig. 8 Horizontal linear motion error and form error of é 0.00
straight edge measured using the STPM 'g ’
o -0.10
~ 0.20Ha) Horizontal linear motion error by RVM . 0.09 (b) Form error of straight edge by STPM
E ¢;=0.18 pm, e;,.,=+0.01 pm g 0.06 £=0.06 um, 7y ,;=+0.01 ym
~ 010 ~
_5 _5 0.03
_% 0.00 _g 0.00
0 -0.10} 8 -0.03
0.06f f 0.09 :
— (b) Form ermor of straight edge by RVM - (c) Form error of straight edge by RVM
g ooal OO M. im20.01 f:‘; 0.06}  7=0.06 M, Furep=£0.02 pm
_§ 5 o0
Kl ©
2 .% 0.00
a Q -0.03

250

150
Position (mm)

100 200

Fig. 9 Linear motion error and form error of straight
edge measured using the RVM

140

100 150 200 250

Position (mm)

0 50

Fig. 11 Measured vertical linear motion error and form
error of straight edge



2HR WAF 75 )59 FTHAVTEENA A2A AN E
Lt AF AAE EUE Fak 2 AWUE o8 ZRE, Uy A4 ¢ ﬂr%%ii}ﬂl HahAl
o ZAMEEea 2 Fzxd ox2 =AY £ 40.02 pm B +0.04 arcsec ©]u] 2 X“"QE"
ol Hal WA HANHAE ol&std EHT S Yoy, AN A 2 ¢
HX QX2 Fig. 100b)°l, ANELEox 2 Bz Late] Wi = ZkZE 40,02 pm 2 +0.05 arcsec °l
231e] EAHAAE Fig. 11(a), (b)o] 242 UrEM&*i el SAALEE ZEe FAF) oy 2
b #XQ2akE £0.05 arcsec 9 WHE Lz} WA F2ZHEH 2 =Ed4 HE3 SAHYYLE HHEn
2.26 arcsec 2 EAYHJ oM, ol F oLl ZA3 AU SFAHEEE Ze 24" °]‘/}‘Eﬂ°]ﬂ"]
TAER AdeFe @ 2 o] WEAE 5 ARFE EEA FAd We fAPE FA3
0.18 um % $0.02 pm & YERURICE A, Zo] Rt
e Pz g4ea 9 wgeats 7kt 0.06
pm R £0.01 pm & HERAT FEHY 237} f gkl

N

FHYFRT TA vehde AL AxdEe A
];H}\]-tﬂol f,‘—_\'igtﬂ-?'ﬂ: 7] o= xﬂ;_q_goi Alo'] }\Z]

O:

W) HesE 3¢ FRR APol WA
0E JFoith £AMY LA FHUL 7
o AFd) o, vages godE 34

P& ol AdE FERH A9} AHEFLAY
FA@®DA rx) + ev(X))°ﬂ*1 Fa 2 gl o8 &
AE AHLF2aE wulo] F2W 2XE AL
& @*Jf Fig. 11(c)oll JERIRATh Fxb 2 el
34 @401 Fig. 11(b)%} &) 2 Ux3}
YAk EA R WHEAE 0.06 pm 2
ol A GAFE Holn glo]

A 40 oM E FaF 2 Ay

J_

5 oft
Ho = *Jl

i fo, 4o olt B
o
)

O:

=

=X

73[
o

m

o

ookt &

ox 0%

2 A7N Aed 5
ﬂﬂ°%w i

AHE EFAE

o)
T

2
R

"

3134_ Hol&e 5 A=
o ZeF QK 8-
HolAAAE o83t
3o, AQEFAE 4
FA 24U E ol &st=

fAH ol

v e
i

(T L e

,d
2
e

O
&
RO
ol
o
N
rr Lo Hl'
o

o

o
e

2

NG
-
rir
L

ob

o
% o

> o2
o o
tlo o o

4

+
i

2 A ox 10 rlob Ho mit wE oft
Mo
offt
to
_)ﬂ‘

@ ool o o, 1 ol fo

uo X md

141

1. Hewlett Packard Co., “Laser Measurement System
User’s Guide,” Manual Part No. 00528-90010, 1984.
Osada, H. and Shomokohbe, A., “Measurement of
Straight Motion Accuracy,” J. of JSPE, Vol. 51, No.
6, pp-161-167, 1985.

Kiyono, S., “Profile Measurement Using Software
Datums,” J. of JSPE, Vol. 61, No. 8, pp. 1059-1063,
1995.

Gao, W. and Kiyono, S.,
measurement of a machined surface by the combined
method,” Measurement, Vol. 19, No. 1, pp. 55-64,
1996.

Li, C. ], Li,
seperation

“High accuracy profile

S. and Yu, J,
for

“High-resolution error
technique in-situ  straightness
measurement of machine tools and workpieces,”
Mechatronics, Vol. 6, No. 3, pp. 337-347, 1996.
Fung, E. H. K. and Yang, S. M., “An approach to on-
machine motion error measurement of a linear slide,”
Measurement, Vol. 29, pp. 51-62, 2001.

Kounosu, K. and Kishi, T., “Measurement of Surface
Profile Using Smoothed Serial Three Point Method,”
J. of ISPE, Vol. 61, No. 5, pp. 641-645, 1995,

Gao, W., Yokoyama, J., Kojima, H. and Kiyono, S.,
“Precision measurement of cylinder straightness
using a scanning multi-probe system,” Precision
Engineering, Vol. 26, pp. 279-288, 2002.

Park, C. H., Chung, J. H,, Kim, S. T. and Lee, H.,
“Development of a submicron order straightness
measuring device,” J. KSPE, Vol. 17, No. §, pp. 124-

130, 2000.



