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Extended Range Six DOF High-Precision Positioner
for Wafer Processing
Tiejun Hu and Won-Jong Kim, Senior Member, IEEE

Abstract—A high-precision positioner using a novel superimposed concentrated field permanent magnet matrix is presented in
this paper. It can generate all six-degrees-of-freedom (DOF) motions with only a single moving part. This extended range multi axis
positioner is actuated by three planar levitation motors, which are
attached on the bottom of the moving part. Three aerostatic bearings are currently used to provide the suspension force for the system against gravity. We designed and implemented digital lead–lag
controllers running on a digital signal processor (DSP). To improve
the closed-loop dynamic performance in the vertical directions, we
implemented a controller in the minor feedback loop as well. The
positioner demonstrates a position resolution of 20 nm and a position noise of 10-nm root mean square (rms) in x and y and 15-nm
rms in z. The angular resolution around the x-, y-, and z-axes is
of submicroradian order. The planar travel range is 160 mm ×
160 mm, and the maximum velocity achieved is 0.5 m/s at the 5m/s2 acceleration, which can enhance the throughput in wafer processing. Several two-dimensional motion profiles are presented to
demonstrate the positioner’s capability of accurately tracking any
extended range planar trajectories. The experimental results verified the utility of this extended range six-DOF high-precision positioner in semiconductor manufacturing and factory automation.
Index Terms—Multi dimensional positioner, precision motion
control, real-time digital control, semiconductor manufacturing.

I. INTRODUCTION
HE chip industry is now experiencing a significant PCdriven to consumer-driven transformation, and large, fastgrowing consumer markets will have expanding demands for
the semiconductor devices. As the 65-nm production moves
to a high volume and the development activity of the 45-nm
node technology is gearing up, how to maximize the production
yields of high-quality devices becomes one of the critical problems for the semiconductor manufacturing industry [1]. As a
result, the capital equipment manufacturers are expected to supply more high-performance, high-throughput equipment with
cutting edge technology than ever. However, current high precision mechanisms used in the wafer stages are usually designed
to work with mechanical constraints such as linear guidance
and rotary axes [2]. To achieve precision position capability,
the requirements and costs to manufacture these mechanisms
are fairly high. Due to the Coulomb friction existing in the
mechanical contacts, conventional positioning systems cannot
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have a fast response or multi dimensional positioning capability without auxiliary axes [3]. Therefore, a better actuation
methodology that can easily generate the multi dimensional motion with nanometer position resolution is desired for the future
wafer-stepper design.
Conventional mechanical stages for x-y positioning typically
use the crossed axis-type or gantry-type configurations [4]–[6].
However, planar motors can neatly simplify the designs due
to their unique structures for motion control. Planar motors
can be mainly categorized as the variable-reluctance type, the
permanent matrix type, and the induction type [7]–[12]. Among
them, induction planar motors were designed at the laboratory
level. The Sawyer motor, which is a type of variable-reluctance
planar motor, was commercialized by Northern Magnetics and
Megamation, and is usually operated in open loop. According
to Northern Magnetics, the two-phase full-step size is as coarse
as 250 µm with a possibility of reduction by microstepping. In
addition to the large cogging force, the attractive force of one
model is as large as 1800 N [13]. Megamation’s x-y stage has
been used in an IBM printed circuit board assembly line, and
its accuracy specification is about 25 µm.1 A commercialized
wafer stepper, PAS 5500/850D DUV, the step-and-scan system
of ASML is for 110-nm mass production and has a field size of
26 mm × 33 mm.2
The multi dimensional positioner actuated by synchronous
permanent magnet planar motors (SPMPMs) presented in this
paper, overcomes all the shortcomings of the established Sawyer
motor technology and can generate all fine and coarse motions
with only one levitated moving part required for the wafer positioning. This prototype achieved a 20-nm closed-loop positioning resolution and 160 mm × 160 mm travel range without requiring an additional primary coarse-motion or secondary
fine-motion stage. As three aerostatic bearings are used to levitate the positioner, the heat generated by the planar motors is
dramatically reduced, compared to the positioners levitated by
magnet forces only. Therefore, this stage has a better thermal
stability than those of maglev stages. The positioner employs a
novel superimposed concentrated field double-axis magnet matrix [14] to improve the positioner’s force capability. Its cogging
force is less than a fraction of 1 N without a strong attractive
force.
This positioning technology has the potential to satisfy the dynamic performance specifications necessary for next-generation
deep-submicrometer semiconductor manufacturing equipment
with significant advantages.
1 Megamation,
2 ASML,

http://www.megamation.com/hm_frame.htm, 2001.
http://www.asml.com/asmldotcom/show.do?ctx=6677&rid=6687,
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Fig. 1. Photograph of the multi DOF positioner. Triangular platen is placed
on top of a mirror-finished aluminum plate, and beneath the aluminum plate is
the superimposed concentrated field magnet matrix [15].
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of magnet arrays that provides a magnetic field concentrated to
one side of the array was first proposed by Halbach for use in
undulators and particle accelerators [16]. Marinescu and Marinescu also studied such a magnet array in [17], where it is
represented by a two-dimensional (2-D) multipole field expansion via a complex variable theory. Abele et al. represented the
magnet array in spherical harmonics and calculated its coefficients [18]. Leupold et al. suggested a free-electron laser with a
pair of permanent magnet wigglers with a Halbach array [19].
The Halbach magnet array has the remarkable property of primarily single-sided field pattern, which can be seen from the
flux lines of a square Halbach magnet array presented in [20].
The superimposed concentrated field magnet matrix beneath
the shining aluminum plate, as shown in Fig. 1, is manufactured
by a linear superimposition of two orthogonal Halbach magnet arrays [15]. The 2-D magnet matrix’s field lines are their
orthogonal superimposition, and a detailed study can be found
in [21].
B. Moving Platen Design

1) A noncontact stage requires no lubricants, does not generate wear particles, is noncontaminating, and thus, is highly
suited for clean-room environment.
2) Footprint is reduced by superimposing the multiple linear
motors into one unified actuation system.
3) One moving part can be designed to have high natural
frequencies compared with the prevailing multi element
stages with complex dynamics.
4) By eliminating complicated mechanical elements, the fabrication cost is reduced and the reliability is increased.
Therefore, the development of the extended range six-DOF
high-precision motion generation technology holds promise for
future semiconductor manufacturing and factory automation
applications.
The positioner’s detailed mechanical design and construction
was described in our previous publication [15]. In this paper, dynamic analysis, system modeling, and controller design are discussed in Section III. Key experimental results are presented in
Section IV to demonstrate the applicability of this positioner in
semiconductor manufacturing. Section V concludes this paper.
II. THE SIX-DOF POSITIONER FOR WAFER PROCESSING
Fig. 1 shows a photograph of the fabricated multi DOF positioning system. The single-moving platen of this positioner is
levitated by three aerostatic bearings. Since it will generate no
wear particles, it is highly suited for the clean-room environment. Furthermore, this six-DOF positioner provides a unique
combination of long-travel range and high-precision position
resolution with no additional complicated mechanism.
A. Superimposed Concentrated Field Magnet Matrix
In the magnet arrays used for conventional linear permanent
magnet motors, there exists a two-sided magnetic field if no
iron backing is used. In the typical cases with the winding on
only one side of the array, half of the field is wasted. A type

There are two different ways to design this positioning system, namely, the moving magnets stationary windings design
and the moving windings stationary magnets design. Therefore,
the moving platen can be designed to carry either the magnets
or the windings. Among the two design concepts, we decided
on the moving windings design to avoid excessive power consumptions in the inactive winding area coils. Furthermore, we
can attain the six-DOF motion generation capability with only
three independent levitation motors as shown in Fig. 2. Each
levitation motor in Fig. 2 can generate a horizontal as well as
a vertical force [22]. Two stick mirrors are mounted on the top
of the platen for the three-axis laser interferometry for the horizontal position feedback. The position information in the other
three DOFs was obtained using three laser distance sensors.
Fig. 3 presents an assembly process of the three sets of windings. Three Delrin cores without iron are designed to attach the
windings to the bottom of the platen, so the magnetic attractive force between the platen and the stationary magnet matrix
is negligible. Twelve coils are stacked together side by side
to become a three-phase, two-pitch levitation motor mover by
soldering the inner leads from inside and the outer leads from
outside for every two coils.
Three laser distance sensors 1, 2, and 3 are employed for
the vertical position feedback as shown in Fig. 4. A cartesian
coordinate system xoy is attached on the platen with the origin o
at the platen mass center, where zx(1,2,3) and zy(1,2,3) denote
the distances of each sensor to the y- and x-axis, respectively.
The relation between the readings z1 , z2 , and z3 of each sensor
and the vertical position θ, ψ, and z can be derived as (1).
Therefore, the vertical displacement vector can be calculated
by multiplying the inverse or the coefficient matrix in (1) and
the vector representing sensor’s readings
 
−zy1
z1
 z2  =  zy2
z3
−zy3


−zx1
−zx2
zx3

 
θ
1
1ψ.
1
z

(1)
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Fig. 4.

Fig. 2. Perspective views of the levitated platen. (a) Top view. (b) Bottom
view. The length of the sides of the triangular platen is 381 mm. The platen
carries two stick mirrors for the horizontal metrology and three laser proximity
sensors for the vertical metrology. It carries three sets of independent threephase windings (A, B, and C) that can generate vertical and horizontal forces
and avoid the over-constraint issue with four sets of windings.

Top view of laser distance sensors.

Fig. 5. Definition of the individual force components generated by levitation
motors A, B, and C as well as the coordinate axes.

motion around the z-axis. The translation in the x direction was
generated by the force FCx of motor C with an error torque
cancellation by FAy and FBy . To generate a positive rotation
around the x-axis, the platen is driven with a positive FCz and
a negative FAz and FBz . Motions in the other two DOFs are
generated likewise. The asymmetry of the motor arrangement
can cause parasitic motions. To minimize this parasitic motion,
we implemented an error-torque compensation routine in a realtime C code [23].
III. DYNAMIC MODELING AND CONTROL SYSTEM DESIGN
A. Dynamics Modeling
Fig. 3.

Assembly process of the planar-motor windings.

With a triangular arrangement of such levitation motors, as
shown in Fig. 5, the platen can generate all the six-axis motions for focusing and alignment, and large 2-D step-and-scan
motions for high-precision positioning as a wafer stage in semiconductor manufacturing.
For example, we activate positive FAy and FBy in Fig. 5
to generate a translational motion in the positive y direction.
If FAy and FBy are in opposite directions, we get a rotational

We developed a theoretical framework to determine the resulting force generated by a levitation motor [20]. The size of
each winding, set in Fig. 2(b), is 45.78 mm × 72.59 mm ×
101.95 mm, the actuator pitch is l = 50.8 mm, and the air gap
between the magnet matrix and the windings is z0 = 2.324 mm.
The magnet matrix thickness is ∆ = l/4 and the winding thickness is Γ = l/5, determined via a power optimal design [22].
With these parameters, we calculate the driving force for this positioner of 22.87 N with 2 × 106 A/m2 peak current density [15].
This is a sufficient force to accelerate the platen mass of 5.91 kg
at 1/2 g (5 m/s2 ).
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The mass of the platen was measured with a precision balance
as 5.91 kg, and the calculated inertia matrix in kg·m2 , taken at
the platen center of mass, was


Ixx −Ixy −Ixz
I =  −Iyx Iyy −Iyz 
−Izx −Izy
Izz


0.0357
−0.00120
−0.000808
=  −0.00120
0.0261
0.000263  . (2)
−0.000808
0.000263
0.0561
As the products of inertia are less than 5% of the principal
moments of inertia, we neglect them in the present dynamic
model.
Although the three levitation motors were sized to be able to
levitate the platen magnetically, we use three aerostatic bearings
to provide the suspension force against the gravity to reduce the
power consumption in the system. As a result, the platen is
modeled as a pure mass without friction for the translation in
the x and y directions. The dynamics of this pure mass model
is presented by the Newton’s equation of motion
M

d2 x
= fx
dt2

(3)

d2 y
= fy
(4)
dt2
where M is 5.91 kg and f(x,y) is the magnetic modal forces
generated by the planar motors.
For the control of rotation around the z-axis, the dynamics of:
the system is represented by the following differential equation
M

d2 φ
= τz
(5)
dt2
where τz is the torque from the magnetic origin about the z-axis
and Izz is the principal moment of inertia about the z-axis.
The platen is modeled as a spring-mass system in the z-axis
because of the existence of the three aerostatic bearings
Izz

d2 z
+ Kz z = fz
(6)
dt2
where Kz is the effective spring constant of the aerostatic bearings and fz is the vertical modal force generated by the three
motors. By an experiment based on the Hooke’s law, Kz was
measured as 1.00 × 106 N/m.
As the three aerostatic bearings can be regarded as three
springs, the dynamics in the rotation around the x- and y-axes
can also be modeled as a spring-mass system
M

Ixx

d2 θ
+ Kθ θ = τθ
dt2

(7)

d2 ψ
+ Kψ ψ = τψ
(8)
dt2
where τθ and τψ are the modal torques around the x- and y-axes,
respectively, and Kθ and Kψ are the effective torsional spring
constants with regard to the x- and y-axes, which were determined as 1.12 × 104 and 1.17 × 104 N·m/rad by experiments,
respectively. Refer to [23] for a full six-DOF state-space model
for the combined six-DOF motions.
Iyy
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B. Horizontal Motion Control
A Pentek 4284 board with a TMS320C40 DSP is used to
perform the real-time digital control of the system. A versa
module eurocard (VME) personal computer is used to compile
the C codes and load the executable file to the DSP. Three laser
interferometers and laser-axis boards (Agilent 10897B) with a
resolution of 0.6 nm are used to obtain the three-DOF position information (translations in x and y as well as the rotation
around z) in the horizontal plane. These digital sensor signals
are directly sent to the DSP. In the vertical directions, three laser
distance sensors (Nanogage 100) are employed for the vertical
position (translation in z as well as the rotations around x and y)
feedback. These sensors pass the vertical-axis position measurements to the 16-bit analog-to-digital converters (ADCs), which
communicate with the DSP via the MIX bus through first-order
RC anti-aliasing filers with a cut-off frequency of 1 kHz.
An interrupt service routine (ISR), which we developed, processes all the position measurement data and computes the control outputs for the positioner, and runs on the DSP at the
sampling frequency of 5 kHz [23]. Once the control outputs
are calculated, they are sent to a nine-channel power amplifier
through the 12-bit digital-to-analog converters (DACs). Then,
this amplifier passes the commanded nine independent phase
currents through the levitation motor winding sets to generate
the actuation forces.
The second-order digital lead–lag controllers were designed
for the translation motions in the x- and y-axis. The implemented
digital lead–lag compensator is



z − 0.9903
z − 0.9979
. (9)
Gx,y (z) = 740000
z − 0.7970
z−1
The crossover frequency of this control system is 21 Hz, and
the phase margin is 57.6◦ . A similar digital lead–lag controller
is designed to control the rotation around the z-axis as follows:



z − 0.9903
z − 0.9979
Gφ (z) = 13100
.
(10)
z − 0.7970
z−1
Here, the crossover frequency is 38 Hz, and the phase margin is
62.7◦ .
C. Vertical Motion Control
In the vertical dynamics, there exists a resonance due to the
aerostatic bearing springs in the system. For the z-, θ-, and
ψ-axis, the resonance frequencies are 65.5, 89.2, and 107 Hz,
respectively. This resonance degrades the dynamic performance
of the system significantly and may cause system instablility. To
improve the dynamic performance in the vertical axes, we designed an inner-loop controller based on the following feedback
structure.
The controller C(s) is implemented in the feedback path
to mitigate the effect of the aerostatic bearing resonance in
the vertical dynamics. It modifies the original plant so that the
overall closed loop can have a more stability margin and a faster
step response. The resonance peak was significantly reduced
after the controller C(s) was implemented in the minor loop.
The implemented digital controllers C(z) in all the three vertical
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Control structure in the vertical direction control.

axes are
z−1
z − 0.8187
z−1
Cθ,ψ (z) = 1.083 × 104
.
z − 0.8465
Cz (z) = 3.000 × 106

(11)
(12)

Then we added an integrator K/s in the outer loop to eliminate
the steady-state position error. The values of K for z, θ, and ψ
are 10 000 N/m·s, 100 N/rad·s and 100 N/rad·s, respectively. The
phase margin of the entire control system, as shown in Fig. 6,
now became as much as 87.1◦ in the ψ-axis.
IV. EXPERIMENTAL RESULTS
For a wafer stage to satisfy the requirements of semiconductor
manufacturing, the positioner should have a nanoscale positioning resolution, fast response, and an extended travel range. In
addition, the capability of generating any 2-D trajectory is also
necessary for such a positioner to be used in the wafer inspection process. The multi DOF positioner, presented herein, has
the potential to satisfy all these requirements. Several experimental results are presented in this section to demonstrate its
applicability in future semiconductor manufacturing and factory
automation.
A. Micro- and Nanoscale Multi DOF Positioning
To test the dynamic performance of the positioning system,
we obtained its step responses in all the six axes, as shown in
Fig. 7. The rise time is less than 3 ms, and the settling time is
less than 150 ms without the steady-state error in the x and y directions. The overshoot is less than 20% [Fig. 7(a) and (b)]. The
rise time of the vertical step responses [Fig. 7(c), (d), and (e)]
is a little longer than that in the horizontal ones, because of the
compensated aerostatic bearing dynamics and the lower bandwidth of the controllers in the vertical axes. However, it can be
noticed that there is no overshoot in the vertical step responses,
which is important to reduce the vibration and prevent any unwanted disturbance in wafer processing. The low-frequency (at
about 10 Hz) disturbance in φ is believed to be generated by the
umbilical cables and air pipes connected to the moving platen.
Fig. 8(a) and (b) presents the 30-nm step responses in x and y,
Fig. 8(c) the 1-µm step response in z, and Fig. 8(d), (e), and (f)
the 1-µrad step responses in θ, ψ, and φ, respectively. There exists a 10-nm-rms position noise in the system. The position noise
might originate from the measuring noise of the laser interferometer and laser distance sensor, D/A A/D quantization noise,
electrical noise of power amplifier and the external disturbances

Fig. 7. 10-µm step responses in (a) x and (b) y. (c) 5-µm step response in z.
10-µrad step responses in (d) θ, (e) ψ, and (f) φ.

from optical table, aerostatic bearings, and the umbilical cables.
Assuming all the noise and disturbances are white Gaussian
noise, we can obtain the noise/disturbance propagation model
for our system [24]. With the resolution of the sensors, quantization errors of the D/A converter, and dynamics of the system as
well as the experimentally measured disturbance data obtained
by accelerometers, we can theoretically calculate the position
noise in the horizontal plane is 8-nm rms, which matched fairly
well with the real noise, existing in Fig. 8. These experimental
results demonstrate the nanometer-precision positioning capability of the positioner.

B. Microscale Sinusoidal and Circular Motion Generation
Figs. 9 and 10 show that the positioner can precisely follow
any microscale trajectory in the x-y plane. Figs. 9(b) and 10(b)
indicate that the position noise in following the commanded trajectories is less than 30-nm rms. It is likely that the pneumatic
hammer causes this pitching noise, and we get Abbe error due
to the mismatch between the platen mass center and the sensor locations. However, these experimental results demonstrate
the positioner’s capability of one-dimensional (1-D) and 2-D
precision positioning.
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Fig. 10. (a) 5-µm radius circle in the x-y plane. (b) Positioning error in x and
y, respectively. The positioner completed this circular trajectory in 12.56 s at a
constant angular velocity of 0.5 rad/s.

Fig. 8. 30-nm step responses in (a) x and (b) y. (c) 1-µm step response in z.
1-µrad step responses in (d) θ, (e) ψ, and (f) φ.
Fig. 11. Profiles in y with the 0.5-m/s maximum velocity and 5-m/s2 maximum acceleration. (a) Position. (b) Velocity.

Fig. 9. (a) 1-µm amplitude sinusoidal motion. (b) Error with respect to the
commanded trajectory in y.

C. Fast Motion for High Throughput
The six-DOF positioner is currently capable of generating the
maximum velocity of 0.5 m/s with the maximum acceleration
of 5 m/s2 in the y direction. Fig. 11(a) shows the stage moved
back and forth with a range of 140 mm in y. The platen first
moved in the positive y direction at the maximum acceleration
of about 0.5g (5 m/s2 ). When the velocity reached 0.5 m/s, the
platen stopped accelerating and moved at this constant velocity.
After 0.18 s, the platen started to decelerate at 5 m/s2 until its
velocity reached zero. After resting at the position of 140 mm
for a while, the stage moved back to its original position in the

same way as it moved forth. Fig. 11(b) shows the corresponding
velocity profile. A 10% overshoot in the velocity is visible at the
end of abrupt velocity changes. The 0.5 m/s maximum velocity
is limited by the laser interferometry, which we employ and not
by our technology.
To generate an acceleration of 5 m/s2 in the y direction,
as shown in Fig. 11, the corresponding force, the two planar
motors A and B should provide, is 29.6 N. Therefore, the
nominal three-phase currents in one motor can be calculated
as 0.733, 0.367, and −0.367 A, respectively. With a 19.4-Ω
winding resistance, the maximum thermal power generated
by one motor can be calculated as 15.7 W. Since the acceleration/deceleration time is only 0.1 s, the heat generated by
one motor is 1.57 J. The average of the steady-state power
consumptions of all the three motors can be determined to be
12.6 mW by experimentally recording the instant currents in
each motor while the platen is in the steady state.
D. Step-and-Repeat Motion for Stepper Application
In the photolithographic process of chip fabrication, a wafer
stage would carry a silicon wafer (200 or 300 mm in diameter)
from one die sit to another to repeat the exposure to the laser.
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Fig. 13. (a) Actual 160 mm × 160 mm planar travel range in the x-y plane
traversed by the platen. (b) Actual 4-cm radius circle combined with a double
triangle trajectory traversed by the platen.

range trajectories in the x-y plane. The angular velocity was
0.5 rad/s in the circle and the linear velocity was 5 mm/s in the
double triangle. These experimental results, as shown in Fig. 13,
verify that the stage has an extended travel range and that it can
generate any planar motion in the x-y plane.
V. CONCLUSION
Fig. 12. (a) Experimental motion profile of a 2-cm step-and-repeat motion in
the y direction traversed by the platen. Position trajectory in (b) x direction and
(c) y direction. (d) Velocity profile in the y direction.

These step-and-repeat steppers have dominated in IC fabrication since late 1980s [25]. The positioner herein can simulate
the similar step-and-repeat motion, which is used in semiconductor manufacturing. Fig. 12 presents a sample step-and-repeat
motion profile both in the position and velocity. Here, 2 cm was
chosen as a typical die size.
The positioner started from point A at the origin of its coordinate system with an acceleration of 4 m/s2 in the positive
y direction. After its velocity reached 0.2 m/s, it moved for
50 ms at this velocity. Then, it decelerated at an acceleration
of −4 m/s2 . After 50 ms, the velocity was reduced to 0 m/s.
Then, one 2-cm step was completed. This 2-cm step was repeated three times in the positive y direction until the positioner
reached point B. Then, the positioner moved with a constant
velocity of −5 mm/s [as seen in Fig. 12(b)] in the x direction
until it reached the point C. After that, the positioner moved
back from C to D in the same way as that from A to B, yet in the
opposite direction. The same motion was repeated in the rest of
the trajectory from D to H. When the positioner reached point
H, it began to move back to the origin point A in the x direction.
In Fig. 12(b), (c) and (d), we present the experimental results
for the first 12 s to enhance the resolution of the subplots. The
rest of the trajectories are similar.
E. Large Planar Motion Generation
Fig. 13(a) shows that the positioner has a travel range of
160 mm both in the x and y directions. The positioner traversed
the whole range with a constant velocity of 5 mm/s both in
x and y. Fig. 13(b) demonstrates that the positioner has the
capability of following both the curved and straight-line long-

An extended range six-DOF high-precision positioning system consisting of a novel superimposed concentrated field
double-axis magnet matrix with a triangular single-moving
platen was developed and tested. The actuators for the positioner are three three-phase linear levitation motors. Each of
these motors can generate vertical as well as lateral forces. The
mass of the single-moving triangular platen is only 5.91 kg.
The digital lead–lag compensators were designed to control
the horizontal motions. By implementing a controller in a minor
feedback loop, we successfully eliminated the aerostatic bearing
resonance in the vertical axes. After implementing these digital
feedback controllers, we achieved a position resolution of 20 nm
with a position noise of 10-nm rms in both x and y, and a
submicrometer resolution in the other axes. The positioning
error in tracking a 1-µm sinusoidal wave and a 5-µm radius circle
was less than 30-nm rms, which demonstrated the positioner’s
1-D and 2-D nanoscale positioning capabilities.
Several experiments were performed to evaluate the potential
application of this positioner in semiconductor manufacturing.
The 2-cm step-and-repeat motion with an acceleration of 4 m/s2
generated by the positioner indicates that it has the potential to
be used as a wafer stepper in semiconductor factory automation.
This prototype positioner has a planar travel range of
160 mm × 160 mm, which can be easily extended by adding
more magnets to the magnet matrix. It currently has 0.5-m/s
maximum speed at an acceleration of 5 m/s2 . The large arbitrary
planar-motion generation capability of this positioning stage
was demonstrated by following large 2-D motion profiles
such as a 4-cm-radius circle combined with a double triangle.
These extended range tracking capabilities make this prototype
positioner qualified to be used as a wafer inspection stage. We
demonstrated experimentally that the extended range six-DOF
positioner, presented in this paper, was suitable for the semiconductor manufacturing and factory automation applications.
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