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Next-generation lithography requires a high precision stage, which is compatible with a high
vacuum condition. A magnetic levitation stage with six degrees-of-freedom is considered
state-of-the-art technology for a high vacuum condition. The noncontact characteristic of magnetic
levitation enables high precision positioning as well as no particle generation. To position the stage
against gravity, z-directional electromagnetic levitation mechanisms are widely used. However, if
electromagnetic actuators for levitation are used, heat is inevitably generated, which deforms the
structures and degrades accuracy of the stage. Thus, a gravity compensator is required. In this paper,
we propose a new magnetic bearing using Halbach magnet arrays for a magnetic levitation stage.
The novel Halbach magnetic bearing exerts a force four times larger than a conventional magnetic
bearing with the same volume. We also discuss the complementary characteristics of the two
magnetic bearings. By modifying the height of the center magnet in a Halbach magnetic bearing, a
performance compromise between levitating force density and force uniformity is obtained. The
Halbach linear active magnetic bearing can be a good solution for magnetic levitation stages
because of its large and uniform levitation force. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3116482�

I. INTRODUCTION

Magnetic levitation �maglev� technology is one of the
solutions for a high-precision positioning mechanism in a
high vacuum environment because of its noncontact nature.
It does not need any fluid supply or exhaust, which would
lower the degree of vacuum. With no mechanical connection,
mechanical stress in a fixed frame is not transferred to the
moving platform on which a specimen is laid. Also, friction-
less movement gives excellent scanning performance. Mag-
netic levitation can be achieved by implementing six degree-
of-freedom �DOF� motion, with all DOFs actively controlled
by multiple actuators and sensors. Thus, active vibration iso-
lation and/or high static stiffness can be achieved by
servo-control.1 Conventional positioning stages have rela-
tively low structural natural frequencies, which limit control
bandwidth due to complex structural and mechanical connec-
tions. However, the maglev stage can achieve high band-
width because it has a single moving body without mechani-
cal connections.

In the late 1980s, a first concept for a magnetically levi-
tated positioning technique was developed by Trumper et al.2

Many mechanisms have been refined from his technique, or
newly developed technique.1,3,4 Figure 1 represents the sche-
matic of a dual-servo positioning system, which has a ma-
glev fine stage. For long range movement, the coarse stage
moves with long strokes, and the fine stage is positioned with
high accuracy and small strokes. Upon the coarse stage, the
fine stage is levitated by several one DOF actuators. The one
DOF z-direction actuator between the fine stage and the
coarse stage is called a linear active magnetic bearing
�LAMB�. Three or more LAMBs levitate the fine stage and
control its out-of-plane motion. The LAMB uses electromag-
netic force to control its vertical motion. However, if only
electromagnetic force by electric current is used, continuous
power consumption is inevitable to suspend the weight of the
moving platform. In this case, the heat generated by coil
current deforms the mechanical structure and deteriorates
system accuracy. Thus, we need a gravity compensating
mechanism. In order to compensate for gravity, mechanical
springs, air-bellows, and opposed permanent magnets5–9

have been discussed. Among these, springs and air-bellows
are inevitably mechanically coupled, which limits the control
bandwidth of the fine stage. The opposed permanent magnets
have no mechanical contact and high force, but show non-
linear force characteristics. Hol et al.10 proposed a new grav-
ity compensator using permanent magnets and a Lorentz
coil. Two vertically magnetized stator magnet rings suspend
two horizontally magnetized mover magnet rings inside. Due
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to the uniform magnetic field made by the long stator mag-
nets, the mover magnets have constant levitation force. Also,
a circular Lorentz coil between the two mover magnet rings
generates a position-independent force to control the position
of the mover. A LAMB such as this gravity compensator is
very useful for a high-precision maglev stage using dual-
servo configuration. It can control out-of-plane motion by
actively compensating the gravity of the stage simulta-
neously.

As stated earlier, the biggest advantage of the maglev
stage is high bandwidth, which works to reduce settling
times and improve disturbance rejection. For its higher band-
width, the gravity compensator, as well as other embodied
actuators, should have high force density, which is given as
generated force per volume of permanent magnets used.
Moreover, the gravity compensator should have a uniform
and constant levitating force and a small parasitic force, even
though the position has deviated from the nominal position.
Force variation is directly related to bearing stiffness. If the
force variation were large, internal modes due to bearing
stiffness deteriorate dynamic performance when feedback
control is applied. Although most magnetic bearings are said
to have zero stiffness, the stiffness is zero only at their nomi-
nal positions, and it changes significantly around the nominal
position. Therefore, it is important to have near-zero stiffness
within the whole workspace.

In this paper, we propose a new active magnetic bearing
for a magnetic levitation stage using Halbach magnet
arrays11 and Lorentz coils. Because the Halbach magnet ar-
ray can confine magnetic flux density, the proposed magnetic
bearing exerts more levitation force than the conventional
one. Also, the Lorentz coil can make the dynamic force to
control its vertical motion with the confined magnetic field
using Halbach magnet arrays. This active magnetic bearing
is called a Halbach LAMB �HLAMB�. Due to its large force
capacity and embodied Lorentz coils, the HLAMB has a
compact size. Moreover, the HLAMB is designed to have
near-zero stiffness within its workspace.

This paper is organized as follows. In Sec. II, the con-
figuration of HLAMB is introduced. The new gravity com-
pensating mechanism is compared with a conventional one
using three-dimensional finite element analysis �3D FEA� in
order to prove its superior performance. In Sec. III, an ana-
lytical electromagnetic model for HLAMB is established. In
Sec. IV, we discuss the force characteristics of both gravity

compensating mechanisms and investigate a compromising
parameter between two mechanisms. In Sec. V, a design op-
timization is applied to the HLAMB. A prototype is fabri-
cated and tested. Conclusions are presented in Sec. VI.

II. CONCEPT OF THE HALBACH LINEAR ACTIVE
MAGNETIC BEARING

A. Design considerations

In order to achieve high-precision positioning ability and
good dynamic performance, the bearing should be designed
properly. A LAMB for a six-DOF maglev fine stage should
have following characteristics:

A. Gravity compensation with no power consumption.
B. Large force density.
C. Zero stiffness.
D. Position-independent dynamic force.
E. Enough workspace in all directions.

As mentioned previously, the LAMB should compensate for
gravity as exactly as possible to avoid heat problems. The
large force density can reduce the volume and mass of the
bearing; thus, force density is related to the efficiency of the
LAMB. Zero stiffness is important for vibration isolation and
servo-stability. Also, zero stiffness means that force nonlin-
earity is negligible and no additional skill like a feedback
linearization is required. In order to reduce control complex-
ity, the dynamic force should be position-independent and be
linear with respect to driving current. Finally, for six-DOF
motion, the LAMB should have adequate working volume
without any contact.

B. Conceptual design

In this section, we introduce the basic configuration of a
new magnetic bearing. First, we simplify the structure of the
gravity compensator from former research10 as shown in Fig.
2�a�. The side magnets are longer than the target magnet and
they are magnetized vertically. The horizontally magnetized
target magnet is levitated in the z-direction by two side mag-
nets. The upper poles of the side magnets attract the target
magnet, and the lower poles repulse it. In this case, the levi-
tating force is uniform even when the target magnet deviates
from the nominal position. This is because the magnetic field
around the target magnet is uniform due to relatively long

FIG. 1. �Color online� Dual servo system using six DOF magnetically levi-
tated fine stage. The fine stage is levitated by several one-DOF actuators.
The LAMB is the one-DOF z-direction actuator between the fine stage and
the coarse stage.

FIG. 2. �Color online� Conceptual models: �a� conventional gravity com-
pensator and �b� proposed gravity compensator. The side magnets of the
proposed gravity compensator include not only vertically magnetized mag-
nets but also horizontally magnetized magnets.
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side magnets. The magnetic characteristics are analyzed us-
ing 3D FEA. The size of the side magnet is 10�10
�30 mm3, and the size of the target magnet is 10�10
�10 mm3. The gap between the side magnet and the target
magnet is 5 mm. For simplicity, we did not consider the
x-directional effect since it can be diminished by increasing
the thickness of the side magnet. Figure 3 represents the
magnetic field in the YZ cross section at the geometric center
of the conventional gravity compensator. As previously men-
tioned, the field around the target magnet is uniform. How-
ever, it results in only a small force for levitation—FEA
results show that the force in the z-direction is only 5.7 N.

Therefore, we propose a new gravity compensating
mechanism. To enlarge the force density, we need to focus
magnetic flux to both poles of the target magnet. A Halbach
magnetic array confines the magnetic flux to one side of the
magnet array, which has an orthogonally magnetized
magnet.11 Inspired by Halbach’s conception, we divided the
side magnet into three magnets as shown in Fig. 2�b�. They
push up the target magnet more strongly than the conven-
tional gravity compensator because the distance between the
N pole and S pole becomes smaller. Figure 4 shows the mag-
netic field of a new gravity compensator with the same vol-
ume as a conventional one. The magnetic field is focused to
both poles of the target magnet. In this case, the z-directional
force is 23.4 N. It has a force four times larger than by the
conventional one. Moreover, due to the focused magnetic
flux, a Lorentz coil can be contained compactly in the pro-
posed mechanism. For high dynamic force, the Lorentz coil
should be located at the point where the magnetic field den-
sity is high. As shown in Fig. 4, the magnetic field in the
middle of both Halbach magnet arrays is not strong enough.
Near the Halbach magnet array the magnetic field is strong,
but the direction is not exactly horizontal. However, if two
coils are located symmetrically, the resultant force has only a
component in the z-direction, and the resultant moment be-
comes zero. If the magnetic field around the coils is uniform,
the dynamic force depends only on current, and the relation
between them becomes linear. Due to the Halbach magnet

array, the proposed LAMB can have a uniform magnetic
field near the horizontally magnetized segments. The sche-
matic for the proposed LAMB is shown in Fig. 5. The two
Lorentz coils and the target magnet are fixed together on the
ground �actually, on a coarse stage� as a stator and the two
Halbach magnet arrays are fixed on the moving platform
�actually, on a fine stage� as a mover. The new magnetic
bearing is a HLAMB.

III. MODELING

In order to model the magnetic field generated by per-
manent magnets, we obtained an analytical model for a
simple block magnet using a surface current model.12 The
total magnetic field can then be obtained by superposition of
the magnetic field for each block magnet. Finally, the force
induced to the target magnet can be calculated.

A. Analytical model for a permanent magnet block

Figure 6 shows a surface current model for a block mag-
net. Assuming that the magnetization is in the z-direction, the
surface current flows by the right hand rule as shown in Fig.
6. The equivalent current density J is given as �0M, where

FIG. 3. �Color online� Contour plot of magnetic flux density of conventional
gravity compensator. This figure represents the magnetic field in the YZ
cross section at the geometric center of the conventional gravity compensa-
tor.

FIG. 4. �Color online� Contour plot of magnetic flux density of proposed
gravity compensator. This figure represents the magnetic field in the YZ
cross section at the geometric center of the proposed gravity compensator.

FIG. 5. �Color online� Concept of HLAMB. The two Lorentz coils and the
target magnet are fixed together on the coarse stage as a stator and the two
Halbach magnet arrays are fixed on the fine stage as a mover.
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M is the magnetization of the permanent magnet. Consider-
ing a rectangular sheet A’B’C’D’ with infinitesimal thickness
dz, the magnetic field at P by the sheet can be obtained by
Biot–Savart’s law, given as

dB=
�0

4�

Idl � r

r2 , �1�

where �0=4��10−7 is the magnetic permeability of air, I is
the current through the sheet coil, r is a vector from a current
unit, dl is to the filed point P. Integrating the result along the
contour A’B’C’D’ and z-axis, the total magnetic field at any
point, P�x ,y ,z� out of the magnet can be calculated,

BM�x,y,z� = Bxi+Byj+Bzk

= �
0

c

�dBx�z0�i+dBy�z0�j+dBz�z0�k� , �2�

where dBx, dBy, and dBz are the magnetic induction compo-
nents in the x, y, and z directions, respectively, at P�x ,y ,z�
produced by the current loop A’B’C’D’.

B. Calculation of the static and dynamic force

The static force FS and moment MS applied to the target
magnet are given as Eqs. �3� and �4�. The electromagnetic
body force is an integral of the inner product of the Maxwell
stress tensor T and the surface normal n over the surface of
the target magnet,13

Fs =� T � nda =� � � Tdv �3�

Ms =� r � �Tn�da , �4�

where da and dv are the infinitesimal surface area and vol-
ume of the target magnet, respectively.

The Maxwell stress tensor is

T =
1

�0
�BB −

1

2
B2��

=
1

�0�
Bx

2 −
1

2
B2 BxBy BxBz

BxBy By
2 −

1

2
B2 ByBz

BxBz ByBz Bz
2 −

1

2
B2 	 , �5�

where B is the total magnetic field whose components are
�Bx By Bz�, B is the magnitude of B, and � is the identity
tensor.

The dynamic force can be also calculated by Eq. �3�.
However, doing so is computationally expensive because all
magnetic flux components by the coil current should be cal-
culated. Therefore, we used the Lorentz law under the as-
sumption that the magnetic flux produced by the coils does
not affect the static force of the target magnet. The effective
volume of the coil, whose length is the same as the width of
the Halbach magnet array, is considered to obtain the Lorentz
force. Then, the dynamic force FD and moment MD of the
HLAMB are given as

FD = −� � �
V

J � BMdv = −� �
A
� I

A
�

0

l

dy � BM�dA

�6�

MD = −� � �
V

�r − p� � J � BMdv

= −� �
A
� I

A
�

0

l

�r − p� � dy � BM�dA , �7�

where A is the cross-sectional area of the coil, I is the current
flowing in the coil, l is effective length of the coil, and vector
�r-p� is defined as the position of the infinitesimal volume dv
from the center of gravity of the whole permanent magnet
system.

IV. PERFORMANCE OF THE HALBACH LINEAR
ACTIVE MAGNETIC BEARING

Using the preceding analytical model, we calculate the
force distribution with regard to variations of the height
�z-direction� and the gap �y-direction� from the nominal
position. Since the maximum stroke of the fine maglev stage
is set to �1 mm in the y-z plane, we obtained force
distribution within this workspace. It should be noted
that the z-directional stroke is actually much smaller than
1 mm.

Figure 7 shows the force distribution of the conventional
magnetic bearing. From Fig. 7�a�, the nominal levitating
force is around 5.7 N. The levitating force is almost insensi-
tive to the variation of gap, whereas it increases with the
height variation. At two ends of the z stroke, maximum
z-directional stiffness equals 100 N/m. The parasitic force in

FIG. 6. �Color online� Surface current model of a block magnet. Assuming
that the magnetization is in the z-direction, the surface current flows by the
right hand rule as shown.
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y-direction and the torque about x-axis are negligibly small,
as shown in Figs. 7�b� and 7�c�.

For the Halbach magnetic bearing, the levitating force is
greatly increased as shown in Fig. 8�a�. Matching the previ-
ously described 3D FEA result, the nominal levitating force
is 24.3 N, which is more than four times the force of the
conventional system. The distribution is similar to the shape

of a saddle. Contrary to the conventional gravity compensa-
tor, the sign of z-direction stiffness becomes reversed. The
maximum stiffness in the z-direction is 1440 N/m. The maxi-
mum parasitic force in the y-direction is about 1.2 N at the
corners of the workspace, as shown in Fig. 8�b�. For refer-
ence, the static stiffness of a variable-reluctance actuator is

FIG. 7. �Color online� Static force distribution of the conventional gravity
compensator, �a� Z force, �b� Y force, and �c� torque about X axis. The
levitating force is almost insensitive to the variation of gap, but the nominal
levitating force is just around 5.7 N.

FIG. 8. �Color online� Static force distribution of the Halbach linear active
magnetic bearing, �a� Z force, �b� Y force, and �c� torque about X axis. The
nominal levitating force is 24.3 N, which is more than four times the force
of the conventional system. The distribution is similar to the shape of a
saddle.
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on the order of 104–105 N /m. Although a Halbach magnetic
bearing has much less static stiffness than a variable-
reluctance actuator, it is necessary to lower the stiffness for
the highest possible performance.

The conventional gravity compensator can achieve uni-
form and constant force due to the relatively long vertical
magnets compared to the target magnet. This inspires us to
find a compromise solution through geometric variation with
the previous conceptual Halbach magnetic bearing. In the
Halbach magnet array, the upper and lower magnets work on
confining the magnetic field to the target magnet, while the
center magnet acts as a path for magnetic flux. If the height
of the center magnet in the Halbach magnet array were ex-
tended as presented in Fig. 9, the confining effect would be
weakened, but the magnetic field around the target magnet
would become more uniform. Figure 10 shows the effect of
increasing the Halbach ratio—the height of the center mag-
net to the height of the lower magnet. Even though the levi-

tating force is reduced as the height is increased, the parasitic
force in the y-direction and the z-directional stiffness force is
also diminished. Also, there exists a toggle point where the
absolute value of the z-direction stiffness becomes nearly
zero. This is because the magnetic field around the target
magnet is uniform at this point.

V. DESIGN OPTIMIZATION

To fulfill the design considerations discussed in Sec. II,
design optimization is required. In this case, it might be the
minimization of the cost function, f�x� that is dependent on
the design parameters. The cost function might be subject to
constraints. In the design of the HLAMB, we wish to maxi-
mize dynamic force when the following constraints are sat-
isfied:

• Z -direction static force should be equal to the gravity of
the moving platform. Because the mass of the moving plat-
form is 10 kg, four HLAMBs should generate a static force
of 2.5 kg�9.8 m /s2=24.5 N.

• Maximum z-direction static stiffness should be lower than
1 N/m, which makes the natural frequency of the static
bearing less than 0.1 Hz. Because the servo-bandwidth will
be about 100 Hz, the effect of the static stiffness can be
considered negligible.

• Maximum parasitic force in the y-direction direction
should be lower than 0.05 N because the thrust force of
100 N and the servo-bandwidth of 100 Hz can reject this
parasitic force.

• Its size should be limited for implementation and assembly.
The maximum volume of the HLAMB is restricted to 40
�40�50 mm3.

The optimization design process is realized using se-
quential quadratic programming.14 At each major iteration, a
positive-definite quasi-Newton approximation of the Hessian
of the Lagrangian function is calculated using the Broden–
Fletcher–Goldfarb–Shanno method. This method generally
guarantees the local minimum.15 However, we need a best
solution in the design boundary. Using a Bayesian stopping

TABLE I. Optimization results and final design parameters.

Design parameters Unit

Halbach ratio 2.2
Width of Halbach magnets 40 mm
Thickness of Halbach magnets 7.8 mm
Gap 7.2 mm
Height of lower magnet 10 mm
Thickness of target magnet 10 mm
Width of lower magnet 10 mm
Height of target magnet 10 mm
Total size 40�40�42 mm3

Static Z force 24.45 N
Dynamic Z force 6.53 N
Max. Z stiffness 11.2 N/m
Max. Y force 0.024 N
Max. Torque about x-axis 0.025 Nm
Power @ cont. 20 N dynamic force 28.2 W
Natural freq. of internal mode 0.34 Hz

FIG. 9. �Color online� Modification of Halbach magnet array in the
HLAMB. Hc is the height of the center magnet and Hl is the height of the
upper and the lower magnets.

FIG. 10. �Color online� Force characteristics of HLAMB vs Halbach ratio.
The Halbach ratio is the ratio of the height of the center magnet to the height
of the lower magnet. Even though the levitating force is reduced as the
Halbach ratio is increased, the parasitic force in the y-direction and the
variation of the levitating force is also diminished. There exists a toggle
point where the absolute value of the z-direction stiffness becomes nearly
zero.
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rule,16 a global minimum can be found statistically with ran-
dom initial estimations of design parameters. The whole op-
timization process is performed using the MATLAB optimiza-
tion toolbox. The cost function and the constraints are
updated at every iteration by the analytical model of the
HLAMB obtained as described in Sec. III. The analytical
model is also implemented by MATLAB code. Other param-

eters and magnetic properties are fixed for simplicity. The
target magnet’s size is set to 10�10�10 mm3. All perma-
nent magnets are NdFeB45-M grade magnets �Stargroup In-
dustry Co. Ltd., Daegu, Republic of Korea�. This grade has a
remanent magnet flux �Br� of 1.35 T and intrinsic coercive
force �iHc� of 1195 kA/m. The air gap between the Halbach

FIG. 11. �Color online� Static force distribution of the final HLAMB design:
�a� Z force, �b� Y force, and �c� torque about X axis. FIG. 12. �Color online� Dynamic force distribution of the final HLAMB

design: �a� Z force, �b� Y force, and �c� torque about X axis.
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magnets and coil is set to 1.5 mm to obtain a 1 mm stroke
and some margin. Each coil winding has 108 turns with a
copper core whose diameter is 0.5 mm, and an insulating
layer whose thickness is 0.025 mm. The results from design
optimization are shown in Table I. The static force distribu-
tion and dynamic force distribution of the final HLAMB de-
sign are shown in Figs. 11 and 12, respectively.

From the results of the design optimization, the geomet-
ric parameters of the prototype of the HLAMB are decided.
Figure 13 shows the designed prototype. Halbach magnet
arrays are assembled in the magnet jig, which should be a
“mover.” The magnet jig is made of aluminum alloy �6061-
T6�. Two coil windings and one target magnet are assembled
in a monolithic coil block. To eliminate eddy currents, the
coil block is made of black acryl, and the coils and target
magnet are fixed to the coil block by adhesive without
screws. This coil block is a “stator.” The total size is about
40�55�65 mm3.

To evaluate the force characteristics of the prototype, a
three-axis load cell �MAS121, CAS®� was used. Figure 14
shows the test setup. The load cell can measure the forces in
the z-direction and y-direction, and the moment about the
x-axis. The position of the mover can be changed by the
three-axis manual stage. The forces at one position are mea-
sured for 5 s with 5 kS/s. Then, the time-averaged forces are
recorded at 11�11 positions in the YZ workspace. First, the
static forces are depicted in Fig. 15. The nominal Z force is
about 23.6 N, which is only a 3.5% difference from the de-
sign. The variations in the parasitic forces are quite small.
However, the actual force distribution has some differences
from the design. As compared to Fig. 11�a�, the Z force dis-
tribution has an inclination. Also, the Y force has an offset.
These phenomena are caused by assembling error of the Hal-
bach magnet array. The Halbach magnet array is hard to
assemble because of its very large escaping force. Thus, a

relatively large assembly error occurred in the fabrication
process even though an assembly jig and strong epoxy with
short curing time were used. In this prototype, the upper left
magnet juts about 0.3 mm beyond the inside plane of the
Halbach magnet array. This asymmetry caused the inclina-
tion and the offset of the force distributions. These offset

FIG. 13. �Color online� Exploded view of HLAMB prototype. Halbach
magnet arrays, which are assembled in the magnet jig, are a mover and the
coil block is a stator.

FIG. 14. �Color online� Test setup for HLAMB prototype. To evaluate the
force characteristics of the prototype, a three-axis load cell was used.

FIG. 15. �Color online� Static force distribution of the prototype: �a� Z
force, and �b� Y force. The measured nominal Z force is about 23.6 N, which
is only a 3.5% difference from the design. The variations of the parasitic
forces are quite small.
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forces can be compensated for by the state observer when a
closed-loop control is applied. Next, dynamic forces are
measured in the same manner as previously described. A
current of 1 A is applied to the stator coil. Figure 16 presents
the measured dynamic forces. The nominal dynamic Z force
is 7.24 N, which is larger than the designed value because of
the corner effect of the coil windings. The variation and the
shape are almost the same as the simulation.

VI. CONCLUSION

In this paper, we proposed a new HLAMB for a mag-
netic levitation stage. The HLAMB consists of two Halbach
magnet arrays, a target magnet, and two Lorentz coils. Be-
cause the Halbach magnet array confines magnetic flux to the
target magnet, the HLAMB can have a large static force.
Compared to a conventional bearing, the HLAMB achieved
a more than fourfold increase in static force. Also, the two
symmetric coils embedded between two Halbach magnet ar-
rays create a dynamic force in the same direction as the static
force. Therefore, the HLAMB can control its position while
simultaneously compensating for load gravity. Through de-
sign optimization, large dynamic force, zero stiffness, a small
parasitic force, and compact size were guaranteed. The linear
characteristic of the dynamic force and zero stiffness elimi-
nates the necessity for nonlinear control such as feedback
linearization, which increases the complexity of a controller.
In particular, zero stiffness and a small parasitic force can be
good advantages when applied to vibration isolation. There-
fore, the HLAMB will be widely utilized for high-precision
stages and/or active vibration isolation equipment.
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