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Abstract — In this study, the effect of the shape error of a guideway on the movement of a stage that uses an
air bearing is analyzed. The shape error of moving parts supported by the air bearing is known not to affect the
vibrations of moving parts as much as the magnitude of the shape error. This is called the “averaging effect.”
In this study, the effect of shape error on a guideway, as well as the averaging effect of an air-bearing system,
is analyzed theoretically using a dynamic-analysis program. The dynamic-analysis program applies a com-
mercially available code in COMSOL and solves the Reynolds equation between the stage and the guideway,
along with the equation of motion of the stage. The stage is modeled as a two-degree-of-freedom system. The
shape error is applied to the film thickness function in the form of a sine wave. The stage movement is analyzed
using the fast Fourier transform process. The eccentricity and tilting are found to be proportional to the amplitude
of the shape error of the guideway. Stage vibrations are less than 10% of the amplitude of the shape error on
the guideway. This means that the averaging effect of the air bearing is verified quantitatively. Moreover, if the
air supply position matches the shape error in the guideway, there is a notable change in eccentricity and tilting.
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Fig. 3. Film Thickness.



ofJ

g 4 Slrh

A7 A4, A,E 7Iel=9t ZH|olx]e] AF x}e]
1-*7-;_ UrE‘ﬂH” WEolt), Ny, Ni, e ZEle]R] 9] Zo]
T A oAk Aol & Y eake] 1o tig
hias °lﬁ¥ Fig. 3 &% 9271 A& 508 W] 25
oA 9} 7lol= Afele] EAIE b

3. Xl

31 37| H|ojd AH|0|X] =
AToME COMSOLZZ 138 o]-g5}o] ZH|o]
XH RS MYt
Fig. 41 COMSOLZZT3olr melge 2|o]x]
oF FAE FEHE ERIT < St} 2Tl Ea
g AR A7) s A 2|
oK 5 BAHINT & ALt F9L 23 HoZ A
ghelo] Sl7] wiEel s AIThE =Y 4 Ak

32. 37| Wlofz AHOIX| 25 WHA
lolAle] &) wet 3 He qJE $E7} s
7) R A 3, B T R g 0] &
w8 29 He] ) Lol FEaih 2ol

O

N

rir
o

4
X y

Fig. 4. Modeling and Lubrication area of stage.

Acceleration of stage

Acceleration [m/s”~2]
)

0 1 2 3 4 5 6 7
Time [s]

Fig. 5. Acceleration of stage.

7] ZHo|A 2] F 2t

ms2 71, 2% B9t 1msE 5% 953
5% B¢t 0m/sE 158k, 2% B AR Ak
Al Bt} Fig. 5014 2Ho|x| ] 7i&e =2
]

Ef

AL Aol 2ElolAst Tlel= Alole] £
uo] Qg ALK & gtk olm), 4L sl 2
HlolAE AR wlole) Wiz ZRIET} A, v
S 2T, wojd w

F, = [pdA,—[psdds
F.= jp|dA|

M= (o —[ps st oz,

M,=—[p,-xdA, )

2H|o]R| 9] SFHAAL wojd vyl RHER
AJEct ZEo|R)9] 7} ZHEko Bo] S ale U
I} 7o} yek SERPg oA 2= M RE A
AT 9] Aot}

m-é,,=F‘.

m~é_,:F:—m~g

L.p.= M,

L,$,=M+m-a,z

L.$.= M. ()

$5 WAL d4el] dlal Faas w Te)
38 ey 815

691 COMSOL Multiphysics&

AL, A7 A iL MUMPSHH S AR5t}
A Al Aol 318 231 0.01%, A& Wkl gk 43
O &8 2AE 0.1%= AAst 71 7S FA%th
T3t Time Steppingell~] BDF¥ 3 Newton-Rapson
HHE BEAS 3 ALSSlES Bt S skt

gul

M

4. M Zof
.8 2xt gle s Znt
ZHo|A]9] BM ARE IRIT
ﬁo’é 27} Q= ZH|oA] & B
Att. Fig. 7elA= ZE|0]A] 9]
S ATk 7R kel &
Hlo ]X]‘—E = W ‘ok_og et 55 PRl & A
Aol Al FAIEAL 2 M = Hilol 7t

_l

Vol. 36, No. 2, April 2020



7 o1 - oAl -

0.010 4 €z]
0.008 4
0.006 4

0.004 4

Eccentricity [um]

0.002 4

0.000 4

T ¥ 4 Ll T
Time [sec]

Fig. 6. Eccentricity of stage.

P—e=—=tilting_x
=—e—-tilting_y]|
—a=—tilting 2

500.0n 4

0.04

-500.0n 4
1.0p 4
1.5p 4

-2.0p <

Tilting [rad]

2.5p
-3.0p

-3.5p1 4

-4.0p T T T T T T T T 1

Time [sec]

Fig. 7. Tilting of stage.

sk A HF % ek ol ZelolAzk g
SJsf 71801l el oINSt EAE Q5

gab7] molet. $<} ke 2HjolAst 7t
o= kel ols) ARz, WA IPe &
= Zeskls BUd F3L uel,

—Ln:.
[of

&
:
T2
e“é

4-2. @A xFloI= )l mE szt

2H|o]R| 9} 7o)Ee] A} Q3= Azt dmo] e

Z EX) <o L85l AHo)R= slolze] 1
< w2t 2Ze)7] vl ’\Eﬂom F4 o212 wh}
A 1531 9k Fig. 8& ZH01A]9] 2Z& e WAL
AZbol weh VR e Zelt), 2Ejo|x| o) AL
4 924e) shgsh Qe mekd ek B, o), %
Aske 2Elo|A)e] EL FETA s 2481t &
b oak= Al 1% @"ﬂ”} 285U}, Fig. 9=FFT *g]
zEjolA)e] ABS ol web 1 ol
e ool weh AHR Farol] olFold Ae

o

)

Tribol. Lubr., 36(2) 2020

B - At

—s— ey
€z

0.4
Tt
ddidd.

= 03

.S. \

% 0.2 J ‘

E

s

3 014

w

0.0 4 -

Time [sec]
Fig. 8. Vibration of stage.
—a—N1G=1
0.36 - ——N1G=2
0343 —a—N1G=3|
0323 —N1G=4]
0303 +—N1G=5|
028 3
026 3
= 024
£
022 3
2 020
2 018
S 0167
5 0144
012 3
g 0107
0.08 3
W 006
0.04 3
0.02 3
0.00
-0.02
™
0.00 1334 2001 26.68 33.35 40.02 46.69
Frequency [Hz]
—e—N1G=1
——N1G=2
9.0p 4 a—N1G=3
lw—N1G=4
8.0p 4 F——N1G=5
7.0p
. 6.0p4
o
“_'g. 5.0p 4
E 4.0p 4
S
B 3.0p 4
2.0p 4
1.0p 4
0.0
1.0p T T T T T T T
0.00 6.67 13.34 2001 26.68 33.35 40.02 46.69

Frequency [HZ]

Fig. 9. Eccentricity and Tilting of stage following number
of shape error on guideway.

g

13 4 glom, oju) Ful Tt o] 2ol
&9} Lol olgale] Al4kar)

o 4

v, L
f% A ©

<

X

I

HAZ] i FFT Hal® Z2#3=Z2 w
£ F 9t ol

9
N=42 T Byl 2 R 2

(o)



7] 2Ho|x] 9] A} 927}

[e—A1G=1
0.5 -—A1G=2
aA—A1G=3
P—A1G=4
0.4 T [e—A1G=5
E 0.3 i}
A
2
L2
= 0.2+
e
@
3
w 0.14 |"\
Il
\ .
0.0 L5 & -
T T T T
0.00 6.67 13.34 20.01 26.68
Frequency [Hz]
35.0p
30.0p | o—A1G=5
25.0p
)
= 20.0p -
—_
2 15.0p 1
=
= 10.0p
5.0p 4
0.0+ — »
-5.0p T T T T
0.00 667 13.34 20.01 26.68

Frequency [Hz]

Fig. 10. Eccentricity and Tilting of stage following
amplitude of shape error on guideway.

ol AREE ZE|olX]] F71Fe] $IR7} 7lel=e] F
2 eate] wigs) dR|sHAA o]y e dAte] Yehe
Ao g Helt} o] Ea) Zso)x|e] F7]F2 X
Hjgo] o]zl lox] Fogk WS AEHS U
T AL PRIV Z 98-S FFTAHE S 2328 1
W, F713 7lel=e] 3% k] vl wiEel Ni=4
oA degle] 22 AL EAT 4 ).

Fig. 10& ZElo]A]2] A58 FFTARE § 7} 7lol=

G Lo x1Fe A7) IE}E} LrERd Trefzeln).
ARl tisll FFT3E 225 BA| =9, ZHo]x]e] 7

B2 77ke] 4 9xpe] Ze) =)o) Tis) oF 10% vl
uko] HAIZES Hol3l 9t} o]= ojEdo g Hisi= o
3} BAE SHOR o S g ol wat A
AAFS BR B o] QEo] A% T?—:zoﬂ e}

2Hjo]x|8] 715 o] 7

_4

[‘

F

[

(€)1}
[N
ru

= A7elME 371 Hlold ZEolx] e AES Akt

2. 71el=e) A

3. 7tol=0] F o] Fpgel] wet s

o] AFE= 202089 AR

2 32 2171E059 0] X|9)e ol SralE oo,
(P0002092, 202043 AR A EolH Y %7(}@]—/\]-04)

—_

 zElolAe] B Betane Qs 2ejole

71&017 AejelA] ABspl Ak, 2HlolAe] &
=7} 0e] \R 2ElolA F7] fgel) Slair )
5151 1% e,

QA7 91w, Zelolle WAt
o] shgs —éEﬂ 19 Sl js) Akl 7
srole] ol AL Ao walR. o),
HolAs] ol oAk B4 0} 21719 10%1]
o WEo WA L, Bt Bt B
S CEECE RETE

N o

2
a3k, 7132 sk B o512 4] 2

Aolzoli] Hay o] =7 WS AL %
A% 4+ ek WSl A, 1ol st B
o3ke] Shge] N FFE 7123k,

4. 7ol=0] B oo A%l wet A e

A3, B3 98 mE AEo) weshe 2L 3
o1gk 4~ k.

Acknowledgements

FARIEAAE AL

References

[1] Song, M. S., Azam, S., Jang, J. Y., Park, S. S.,

“Effect of Shape Errors on the Stability of Externally
Pressurized Air Journal Bearings using Semi-implicit
scheme”, Tribology International, Vol.115, pp.580-
590, 2017, https://doi.org/10.1016/j.triboint.2017.06. 037
Baek, H., Moon, J. S., Park, S. S., Park, J. M,,
“Development of a Measuring Device for Coeffi-
cient of Friction between Connection Parts in Vehi-
cle Head Lamps”, Tribol. Lubr., Vol. 35, No. 1, pp.
59-64, 2019, https://doi.org/10.9725/kts.2019.35.1.59

Tian, C., Ming, Z., Yu, Z., Chuxiong, H., “Dynamic
Modeling and Analysis of a 3-DOF Ultra-precision
Positioning Stage with Air Bearing”, Procedia Engi-
neering, Vol.16, pp.264-270, 2011, https://doi.org/
10.1016/j.proeng.2011.08.1082

Ro, S. K., Ehmann, K. F., Yoon, H. S., Park, J. K.,
“Static and Dynamic Characteristics of Magnetically

Vol. 36, No. 2, April 2020



74

—_

—_

—

Frjel - ol

Preloaded Air Bearing Stage for a 3-Axis Micro-
Machine Tool”, Proc. Korean Society of Machine
Tool Engineers Conference, pp.468-472, 2005, https://
doi.org/10.1063/1.2884925

Xue, F., Zhao, W., Chen, Y., Wang, Z., “Research
on Error Averaging Effect of Hhydrostatic Guideways”,
J. Precision Engineering, Vol.36, Issue 1, pp.84-90,
January 2012, https://doi.org/10.1016/j.precisioneng.
2011.07.007

Oh, J. S., Khim, G, Park, C. H., Chung, S. J., Lee,
S. K., Kim, S. J., “Accuracy Simulation of the Pre-
cision Linear Motion Systems”, Journal of Korean
Society of Precision Engineering, Vol.28, No.3,
pp275-284, 2011, http://www.dbpia.co.kr/journal/arti-
cleDetail?nodeld=NODE01598623

Ro, S. K., Kim, S., Kwak, Y., Park, C. H., “ A Lin-
ear Air Bearing Stage with Active Magnetic Pre-
loads for Ultraprecise Straight Motion”, Precision

Tribol. Lubr,, 36(2) 2020

SRl - )

Engineering, Vol.34, No.1, pp.186-194, January 2010.
https://doi.org/10.1016/j.precisioneng.2009.06.010

[8] Khim, G, Oh, J. S., Park, C. H., “Analysis of 5-

DOF Motion Errors Nnfluenced by the Guide Rails
of an Aerostatic Linear Motion Stage” Interna-
tional Journal of Precision Engineering and Manu-
facturing, Vol.15, Issue 2, pp. 283-290, February
2014, https://doi.org/10.1007/s12541-014-0336-7

[9] Jeong, J. H., Khim, G, Oh, J. S., Park, C. H., “5

D.O.F. Free Vibration Response Analysis of Linear
Stage”, Proc. of the Korean Society for Precision
Engineering, pp. 432-432, 2015, www.dbpia.co.kt/
journal/articleDetail?7nodeld=NODE06600851

[10] Khim, G,, Park, C. Ho., Shamoto, E., Kim, S. W.,,

“Prediction and compensation of motion accuracy in a
linear motion bearing table” Precision Engineering 35,
No.3, pp.393-399, 2011, https://www.sciencedirect.
com/science/article/pii/S0141635910001868



