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Development of an Ultra-precision Air-bearing Stage Integrated with
Real-time Motion Error Measurement and Compensation Functions
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This study details the development of an ultra-precision air-bearing stage that integrates real-time motion error
measurement and compensation features. The motion errors addressed include horizontal and vertical straightness errors,
as well as roll, pitch, and yaw errors. These errors are measured by an embedded system that incorporates five capacitive
sensors and a reference mirror within the stage. A key advantage of this stage is its capability to perform real-time
compensation using the internal measurement system and on-stage pneumatic regulators, eliminating the need for external
measurement and compensation devices. Experimental results show a significant reduction in motion errors, with horizontal
and vertical straightness errors decreasing from 3.09 and 1.95 um to 0.29 and 0.25 um, respectively. Additionally, roll, pitch,
and yaw errors were reduced from 3.18, 3.45, and 4.93 arcsec to 0.35, 0.41, and 0.49 arcsec, respectively. These results
clearly demonstrate the effectiveness of the proposed approach.
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NOMENCLATURE 0. = Linear Displacement Error [pum]
0. = Horizontal Straightness Error [um]

Fyu Left Side Levitation Force of the Stage [N] . .

bt Sid o fihe S O, = Vertical Straightness Error [pum]
F, Right 1 e LeV1tz'1t10n Force of the Stage [N] . = Roll Error [arcsec]
F, = Magr:ﬂcfA:ractwe Force [N] g = Pitch Error [arcsec]
W Weight of the Stage [N] &. = Yaw Error [arcsec]
d = Distance from the Permanent Magnet to Center [mm]
! = Distance from the Air-bearing to t Center [mm]
m; = Measured Data of i-th Sensor, (i=1,...,5) [um] 1 M2
b = Distance between the First and Second Sensors [mm] =

= Height between m; and ms [mm]
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Fig. 1 Isometric view of the air-bearing stage
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{F}: Measurement sensor coordinate system
{S}: Stage process coordinate system

Table 1 Components of the air-bearing stage

Name Features Manufacturer

. . Porous type, LNK Co., Ltd.,
Air-bearing @25 mm round Republic of Korea
Linear Resolution: 5 nm Renishaw Plc.,
encoder ’ United Kingdom
Granite Flatness: 2 pum, I(\:/I(;krI(j tl(\i/h Tech
plate Squareness: 1 prad Republic of Korea
Reference Coated with g};an;-dTech
mirror conductive layers Republic of Korea
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{F}: Measurement sensor coordinate system
{S}: Stage process coordinate system (Ideal)
{X}: Error-affected coordinate system (Actual)

Fig. 5 Coordinate system of the air-bearing stage
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Fig. 6 Compensation algorithm of the air-bearing stage
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Table 2 Compensation results of motion errors

Compensation
Parameters Before After Reduction
PV Mean + Standard deviation (%]
O [um] 0.71 £0.03 0.03 +0.01 95.77
O [um] 3.09+0.13 0.29 £ 0.02 90.61
Oy [um] 1.95+£0.10 0.25+0.02 87.18
& [arcsec] 3.18+0.13 0.35 +0.03 89.00
&y [arcsec] 345+0.12 0.41 +0.04 88.12
&, [arcsec] 493+0.14 0.49 £ 0.04 90.06
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Fig. 9 Results of motion errors compensation
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