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Aerostatic planar XY stages are frequently used as the main frames of precision positioning systems. The
machining and assembly process of the rails and bed of the stage is one of first processes performed when the
system is built. When the system is complete, the 2D position, motion, and stage flatness errors are measured in
tests. 1If the stage errors exceed the application requirements, the stage must be remachined and the assembly
process must be repeated. This is difficult and time-consuming work. In this paper, a method for estimating the
errors of a planar XY stage is proposed that can be applied when the rails and bed of the stage are evaluated.
Profile measurements, estimates of the motion error, and 2D position estimation models were considered. A
comparison of experimental results and our estimates indicated that the estimated errors were within 1 um of their
true values. Thus, the proposed estimation method for 2D position and flatness errors of an aerostatic planar XY

stage is expected to be a useful tool during the assembly process of guideways.

1. Introduction

A planar XY stage is frequently used as a precision positioning
system for equipment that produces semiconductors or flat panel
displays. Therefore, higher velocities and better accuracies are
required to attain higher productivity and performance measures. A
planar XY stage, for which an H-shaped frame is usually used as the
base stage, is driven by two actuators, such as linear motors, with two
position feedback sensors, such as linear scales or interferometers on
the scanning motion axis. The stage is frequently used as the main
frame of the equipment. Therefore, the machining and assembly
process of the rails and bed of the stage is one of first processes
performed when the equipment is built. The 2D position, motion, and
stage flatness etrors are measured when the system is tested after it is
complete. If the stage errors do not meet the required specifications,
the stage must be remachined and assembly process must be repeated.
This is difficult and time-consuming work, especially when the
assembly and disassembly process must be repeated for a large stage.

In this paper, a method to estimate the errors of a planar XY stage
was proposed that can be applied when the rails and bed of the stage
are evaluated. The estimation procedure requires three steps. First,
the profiles of a pair of guideways are measured using a sequential
two-point method and an extended reversal method.! Then the motion
errors of the X- and Y-axes are estimated using the static equilibrium
of an aerostatic bearing obtained from the measured profiles.? Finally,
the 2D position and flatness errors are estimated using a
homogeneous transformation matrix model from the estimated
motion errors of the X- and Y-axes.’ The estimated results are
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compared with the 2D position and flatness errors obtained from the
motion errors measured by a laser interferometer.

2, Configuration of the planar XY stage

As shown in Fig. 1, the moving table of a planar XY stage
translates along the X-axis on the base stage, which has an H-type
structure and is driven by two simultaneously controlled linear motors
(LM310-4, Trilogy) along the Y-axis. The stroke of each axis is
300 mm, which can be measured using a precise optical linear scale
(LIP481, HeidenHain). A PC-based motion control board with a PID
filter (PMAC2, Delta Tau) is used to control the position of the stage.
The X- and Y-axes move on a granite bed, which is used as a vertical
guide for the vacuum preloaded aerostatic bearings of the two stages
to avoid deflections of the table and base stage and to reduce the

Linear motor for Y, Moving table

Horizontal aerostatic
bearings of base stage Base stage

Linear motor for Y,

Z,

Fig. 1 Schematic diagram of a planar XY stage

Copyright (c) 2007 by KSPE



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING Vol. 8, No.2

APRIL2007 / 65

moment forces in high acceleration motions. A double pad aerostatic
bearing is used to constrain the horizontal motion. As shown in Fig. 1,
the base stage is constrained against the horizontal motion only at the
aerostatic bearing on the Y7 axis.

3. Guideway profile measurements

Guideways are important elements of a planar XY stage. They
usually consist of a pair of surfaces that provide a constraint in one
direction, along with bearings. Noncontact bearings, such as
hydrostatic or aerostatic bearings, are usually adopted for
ultraprecision guideways, in which the profiles of the rails affect the
straightness of the table and the clearance of the bearings affects the
stiffness of the guideways. The clearance is varied along the moving
table according to the relative distance between the pair of rails. This
is often referred to as the parallelism of the two rails. Several methods
are used to obtain a measure of the straightness of each rail, such as
the reversal,*® sequential two-point,”'* and multi-probe'*"” methods.
These methods generally acquire deviation profiles by eliminating a
linear fitted inclined curve; however, they seldom provide
information about the relative distance between the pair of rails.'®
This section describes a method for simultaneously measuring the
parallelism and straightness of a pair of rails. The profiles of a pair of
rails were measured using three displacement probes and a probe
stage.

3.1 Parallelism measurements

A schematic diagram of the three-probe parallelism and
straightness measurement system for. typical guideways is shown in
Fig. 2. The probe stage, which carries the three probes, moves along
the pair of rails. Two of the three probes, P; and P, are used for the
parallelism measurements. The profiles of Rail 1 and Rail 2 are
described by fix) and g(x), respectively. The corresponding
measurement data, m(x) and m,(x), are

m(x) = f(x)-e(x)

my(x) = ~(g(x)~e(x))
e(x)=06,(x)+t,8,(x)—1,&.(x) +6,-x,
&,(%,)=0,0x) +1,8,(x)—t,6,(x)+0,-x

, M

where e)(x;) and ey(x;) are the measuring errors due to the probe stage;
x), &(x;), &dx;), and 6, are the y-direction straightness, yaw error,
roll error, and alignment error of the probe stage along the x-axis,
respectively; and £1(x), ta(x:), £1(x;), and f(x;) are the x- and z-
direction constant offset values of P; and P,. The negative sign of
my(x;) in Eq. (1) indicates the negative sensitivity of P, in the +y
direction. Summing the two measured sets of data in Eq. (1) and
setting ¢,; = £, and t,; = 1,5 gives
p(x) = m(x)+m,(x;)
= f(x)—g(x)—e(x)+e,(x;)» @)
= f(xi) _g(xi)
Equation (2) describes the deviation of the two profiles along the X-
axis, or the parallelism of the pair of rails. This procedure is known
as the reversal method, and its cancellation effect has been used in
many other studies.*™

The slope between the two rails can be defined using a linear least
squares fit method, expressed as

nixip(xi)_i'xiip(xi)
= EE= , 3)
nzxiz _[in)

From Egs. (2) and (3), the principle of allotment, which is applicable
when acquiring slopes, is
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Fig. 2 Setup for measuring parallelism and straightness
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where a; and a, are the slopes of Ax) and g(x), respectively.
Consequently, the difference between the slopes of the two rails can
be calculated.

3.2 Simultaneous parallelism and straightness measurements

The straightness of each rail is also an important factor for
guideways. To measure the straightness of each rail for horizontal
guideways, a third displacement probe was attached to the system, as
shown in Fig, 1. The measured data for each probe can be expressed
as

my(x,) = f,(x)—e(x;)
my(x,) = £, (%)= &(x;) ’ (5)

e(x)=9, (x)+1,56,(x)~t .6 (x)+0,x

where ,5(x;) and 7,3(x,) are the x- and z-direction constant offset values
of P5, and f(x) is similar to f{x) except that the initial measured values
of my(x) and ms(x) were set to 0 and the profile was calculated from
incremental values. When f,; = t,; and the measuring step is the same
as the distance between the probes, [ = 1 — &3, the profiles of Rails 1
and 2 can be expressed from Eq. (2) and

F(x) = fi(x) :fd(xifl)+m1(xi)*m3(xi)+lgz(xf)
gd(xi)zfd(xi)AP(xi) ’

©)
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Fig. 4 Profiles of the Y-axis rails
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Fig. 5 Profiles of X-axis rails
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Fig. 6 Measured profile of the bed along the X- and Y-axes

Equation (6) uses a sequential two-point method to eliminate the
stage error, as described in previous studies.” "> The angular error of
the probe stage is required in order to use Eq. (6). This must be
measured using an autocollimator or a laser interferometer.'

To measure the profiles of the guideways for the X- and Y-axes,
three inductive probes (Mahr, 1320/1) and an angular interferometer
were fixed in the manual stage, which had a displacement
interferometer to detect its position, as shown in Fig. 3.

The measured profiles of each guideway are shown in
Figs.4-6. The vertical guideways of the X- and Y-axes are the
surface of the bed. The surface profiles were interpolated from the
measured data shown in Fig. 6 along six different positions at which
the center of the stage will be located.

4. Estimation of the meotion error

4.1 Static equilibrium model of the stage

The static equilibrium modeling, which considers the change in
the reaction force and displacement for a single porous pad of the
aerostatic stage, is shown in Fig. 7, where W is the external load of
the table including its weight, m is the number of pads in the table, X;
is the distance from the center of the table to the center of the pads, L
is the length of the rails, and F(x) and Z(x) are the i* reaction force

zi(x) * Z(TX)
 ml

-+ N

1 zim(x)

Fig. 7 Equilibrium state of a porous aerostatic stage

and corresponding displacement of the center of the pads. The
position of the center of the table is x, and &) is the slope of the table.

If the relationship between the rail profiles and each pad of the
table is considered, the pad of the table is moved to a new equilibrium
state due to the changed aerostatic reaction force (f(x)) and new
stage displacement (z/(x)); the reaction force is Fi(x) .

Assuming that the stiffness of the aerostatic pads is constant
within the small displacement of the stage, the relationship between
Jei(x) and zi(x) is

Ji(x0) = f(x)-Kz,(x), @
Considering Eq. (7), the moment equilibrium from the reaction foree
of the pads is

i{fei () - Kyz,(x)} =0, ®)

ife,»(x)( &(x)+—] iKz(x)( 2’)

, ®
X =— ml L — _m_l
27 2
The Fourier transformed profiles of the rails (e(x)) is then
< 2 .
e(x)=a0+2(ak cos—%r—x+bk smyzﬁx), (10)
k=1

4.2 Computation of the motion error

The aerostatic bearing pads of the stage are the same shape and
have a multi-supported configuration in the same plane, as shown in
Fig. 7. Therefore, the error motion of the moving table of the stage
can be calculated from the geometric relationship of each pad and the
calculated characteristic of one pad. This can be calculated quickly
during the assembly process of the stage.

‘When a porous pad is moving along the rails and the center of the
pad has the same coordination as the rails, the profiles of the rails in
Eq. (5) and the change of the reaction force of a porous pad (f,(x)) can
be explained using the spatial frequency (@). The spatial frequency is
defined as @ = 2z /A, where the wavelength for one sinusoidal profile
of the rails is defined as 4. When the wavelength is the same as the
length of the pad (/), the spatial frequency becomes @; = 2#4. The
change of the reaction force (£,(x)) has the same spatial frequency as
the rails if the profile of the rail e(x) has only a single spatial
frequency @. From this relationship, the motion transfer function
may be defined as

K@=22, an

e(w)
The linear motion error and angular motion error can be represented
by

z(x) = KomeemXc,-) W
6(x)= MZ{ (x+ X)X, -R(x+ X))}

where f,(x) and R(x) can be represented by Eqgs. (8) and (9),% yielding
f_,(x)=ZK 2kz (ak cosz—kiz-x+b,c sinZk—ﬁxJ (13)
P L L L ’
R(x) =12G(2k—”)(ak cos%erbk sinZk—ﬂxj (14)
P L L L ’

The motion errors of the stage can be acquired by sequential
repetitive calculations along the moving directions.
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Fig. 8 Comparison between measured and estimated motion
errors of the planar XY stage

5. Estimation of the 2D position and flatness errors

The 2D position error estimation model of the planar XY stage
was introduced about the same stage. It is represented by’

{61’(1 N 1, (£, ()4 .2D) +1.8,, (/) + Sx,() + 8%, 1) , (15)
PG| [t (ea )+ £20) =16, )+ @D () + @, ()8, +83,()+ 83,()

In Eq. (15), each error motion contains an i or j index, or both. These
are intermittent steps of the estimation and measurement process of
the 2D error in the X- and Y-directions, respectively. The motion
errors of the stage measured by interferometer, shown in Figs. 4-6,
and estimated by Eq. (13) are compared in Fig. 8. The yaw motion of
base stage (&) is affected by the controlled position of the y1 and y2
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Fig. 9 Comparison of 2D position errors at the center of the planar
XY stage

axes. Therefore, the measured data of &, were used to estimate the
2D position in both cases. As shown in Fig. 8, most of the motion
errors were similar, but the yaw motion of the moving table along the
X axis had a slightly different shape.

The 2D position error of the stage was estimated from the sum of
the motion etrors every 10 mm over the 300 x 300-mm translational
area. The 2D position errors are compared in Fig. 9 for £, = 0 mm,
t,= 125 mm, £, = 60 mm, and 6;, = 0. Interpolation was used to
estimate the pitch errors g,(i;j) and &,(%), which had similar shapes
at the three different measured positions because the position
difference of 150 mm was less than the span of the aerostatic bearings
of the moving table (270 mm). The maximum difference of the
measured and estimated position errors was about 0.5 pm.

The straightness of the flatness can simply be calculated from the
summation of each interpolated straightness data point, which can be
measured directly or estimated from the measured profile data. The
comparison of the flatness data is shown in Fig. 10. The maximum
difference of the flatness error between the measured and estimated
values was about 0.6 um. These results indicate that the proposed
estimation method for 2D position and flatness errors on an aerostatic
planar XY stage will be useful in the assembly process of guideways.

6. Conclusions
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Fig. 10 Comparison between the measured and estimated flatness

In this paper, an estimation method was proposed for 2D position
and flatness etrors on an aerostatic planar XY stage. The error was
estimated from the estimated motion error obtained using profile
measurements of the guideways. Three steps were required to
estimate the planar XY stage errors. First, the profiles of a pair of
guideways were measured using a sequential two-point method and
an extended reversal method. Then the motion errors of the X- and Y-
axes were estimated using the static equilibrium of the aerostatic
bearing from the measured profiles. Finally, the 2D position and
flatness errors were estimated using a homogeneous transformation
matrix model from the estimated motion errors of the X- and Y-axes.
A comparison of experimental and estimated results demonstrated
that the estimates were within 1 um. Thus, the proposed estimation
method for 2D position and flatness errors on an acrostatic planar XY
stage can be successfully applied to the assembly process of
guideways.
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