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ABSTRACT We propose a vertical linear motor (VLM) for semiconductor manufacturing equipment that
compensates for the weight of the moving part by using the balance of magnetic and elastic forces. The
developed VLM achieves zero stiffness with a constant upward force over a working range. The magnetic
circuit of the VLM is designed to provide a linear negative stiffness over a ±2 mm stroke, with an upward
force of 14 N at a 0 mm stroke. The negative stiffness is compensated for by the positive stiffness of
elastic component-like springs. The upward force is then constant over the working range and corresponds
to the weight of the moving part. The proposed VLM is designed to minimize the coupling effects of
stiffness and gravity compensation forces by using magnetic flux saturation and magnetic flux path design.
We investigate the effects of each design parameter on VLM operation through finite element analysis.
Finally, the simulated forces in the proposed VLM are experimentally verified, indicating a linear negative
stiffness of approximately −13.5 N/mm and a gravity compensation force of 14.9 N.

INDEX TERMS Gravity compensation, magnetic force, magnetic flux saturation, negative stiffness, vertical
linear motor, zero stiffness.

I. INTRODUCTION
Gravity compensation is used to study the tradeoff between
gravitational energy and other types of energies in order
to maintain the total energy during the motion of an
object [1], [2]. Gravity compensation can reduce the required
capacity of actuators, and consequently, their size, energy
consumption, and heat generation. Thus, gravity compen-
sators are often adopted in the rotational joints of robotic
systems to ensure the safety of humans and realize energy
savings [3]–[5].

Gravity compensation is classified according to the energy
source that balances the gravitational energy. A simple solu-
tion, known as a counterweight, consists of adding grav-
itational energy to maintain a constant total gravitational
energy [6]–[8]. Although the counterweight is an intuitive
solution, it may hamper the system performance due to the
increase in mass and volume. Alternatively, a spring and
motion transformation mechanism can be used. The spring
is an elastic energy source, and the motion transformation
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mechanism transmits the gravitational energy of the object
to the spring to maintain the sum of the two energy com-
ponents. Many mechanical components have been used as
motion transformation mechanisms, such as wires [9]–[11],
gears [12], cams [13], and slide cranks [14]. The magnetic
energy provided by a permanent magnet (PM) is also used for
gravity compensation. A gravity compensator usingmagnetic
energy was proposed by Boisclair et al. [15], but there were
difficulties in designing a magnetic circuit that generated
sufficient torque to support a heavy robot arm and adjust the
nonlinear magnetic force to a torque related to the angular
displacement.

A linear gravity compensator for linear motion has differ-
ent characteristics compared to a rotary gravity compensator.
In rotary gravity compensators, the magnitude of the gravity
compensation torque depends on the angular displacement
of the mass. In contrast, a linear gravity compensator must
provide a constant positive upward force, which is a gravity
compensation force (GCF), over the working range that is
equivalent to the payload on the moving part. However, it can
be challenging to achieve zero stiffness over a long stroke.
Various studies on zero stiffness in linear motion have been

136520
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ VOLUME 9, 2021

https://orcid.org/0000-0003-2863-2985
https://orcid.org/0000-0002-8169-5347


B. Shin, K.-M. Lee: Design and Analysis of Novel Gravity-Compensating VLM

FIGURE 1. (a) Energy per unit volume in PM, and (b) total energy and force generation in magnetic circuits considering PM, magnetic material,
and air.

conducted using spring and motion transformation mecha-
nisms [16], [17] or shape memory alloys [18].

As the semiconductor industry pursues ever smaller struc-
tures, the corresponding manufacturing equipment requires
increasingly high precision. Hence, the dual-stage motion
systems consisting of a coarse stage for long strokes and a fine
stage for high precision are usually adopted. The fine stage
commonly uses linear motors owing to the fast response,
no backlash, and simple mechanical structure [19]–[21].
However, a linear motor used for vertical motion in the fine
stage should generate sufficient force to support the pay-
load against gravity, consequently generating joule heating,
and thereby deteriorating its accuracy. Thus, linear motors
that provide gravity compensation have been developed.
In [22]–[25], gravity compensation and magnetic levitation
were achieved by arranging PMs and balancing their attrac-
tion and repulsion forces. In [26]–[29], gravity compensation
was achieved by compensating for the magnetic attraction
force using the elastic force of elastic members. The linear
systems in the semiconductor manufacturing industry use
magnetic energy for gravity compensation mainly because of
its contactless, noiseless, and frictionless operation. However,
it is a challenge to achieve zero stiffness because the stored
magnetic energy is nonlinear with respect to the displace-
ment, and it is also affected by factors such as fringing, flux
leakage, and saturation of the magnetic material. Addition-
ally, magnetic coupling hinders the decoupling of the stiffness
from the GCF and complicates the design of the compensa-
tion system. Therefore, it is very challenging to modify any
property of a linear gravity compensator.

In this paper, we propose a vertical linear motor (VLM)
with a linear negative stiffness and a GCF for gravity com-
pensation. A theoretical analysis of the magnetic energy and
force and the conceptual design are described in Section II.
The effects of each component on the stiffness, GCF, and
linearity of the force profile, are evaluated based on a finite
element analysis (FEA) of the detailed VLM design in
Section III. The performance of the proposedVLM is verified
and compared with the FEA results in Section IV. Finally, the
conclusions of this study are presented in Section V.

II. VLM DESIGN
A. MAGNETIC ENERGY IN A GRAVITY COMPENSATOR
The principle of gravity compensation is to maintain the
total energy, including the gravitational potential energy. The
energy balance in the proposed VLM can be described as

∂

∂z

(
Wmagnetic +Welastic +Wgravity

)
=
∂Wmagnetic

∂z
+ k1z+ mg = 0, (1)

where Wmagnetic, Welastic, and Wgravity are the magnetic, elas-
tic, and gravitational energies, respectively, and z, k ,m, and g
are the vertical displacement, spring constant, mass of the
moving object, and acceleration of gravity, respectively. Here,
the derivative of the magnetic energy is expressed as a linear
equation of the vertical displacement and the weight of the
moving object for gravity compensation.

Fig. 1 (a) is a demagnetization curve of a rare earth PM
and the area of the orange triangle (OAB1) corresponds to
themagnetic energy per unit volume. The area below segment
B1B3 corresponds to the energy released to the environment,
such as air or a magnetic material [30]–[32]. As the load line
moves to B2, the magnetic energy per unit volume increases
to include the area of the blue triangle (OB1B2), whereas the
force decreases. We modified Fig. 1(a) by multiplying the
length and area, and this figure illustrates the total magnetic
energy in a system, as shown in Fig. 1(b). The magnetic flux
(8) – magnetomotive force (MMF, F) curves for a magnetic
material and air are added in the first quadrant. In Fig. 1(b),
the load line and magnetic flux of the working point are
determined by the energy balance between the PM and the
air/magnetic material. Specifically, the magnetic flux at the
working point is the point at which the magnetic energy (area
of triangle OC1C3), delivered to the external environment,
is equal to the sum of the two areas bounded by OC3Fg1 and
OC3FMM1. Graphically, if the air gap decreases, the 8 − F
curve of the air gap moves to the left. The MMF on the air
gap decreases to Fg2 and the magnetic flux and MMF on the
magnetic material increases to 82 and FMM2, respectively.
As a result, the load line moves upward to point C2, the
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magnetic energy decreases by the area of the blue triangle
(OC1C2), and the attracting force increases as

W2 −W1 =
1
2
Br
lPMAPM
µ0

(
BPM2 − BPM1

)
, (2)

F = −
∂W
∂lg
=

1
2
B2r
V 2
PM

µ0
Ag

×

 1

lgAPM + AglPM +
AgAPMlMM
µrAMM

2

, (3)

where µ0 and µr are the permeability in free space and
relative permeability of the magnetic material, respectively.
A and l denote the cross-sectional area and length of each
material, respectively. The subscripts g and MM indicate the
air gap, and magnetic materials, respectively. The values in
equation (3), except lg and µr, are constants. µr should be
varied according to the change in lg to achieve a linear force
profile. The graphical result and equation (3) show that the
working point of the PM should be between the linear region
and the saturation region to provide a linear negative stiffness
while the air gap decreases.

B. CONCEPT DESIGN FOR GRAVITY COMPENSATION
Fig. 2 shows the structure of the proposed VLM (Fig. 2(a)),
the integration of multiple VLMs using flexure hinges for
gravity compensation (Fig. 2(b)), and the forces on the VLM
(Fig. 2(a) and Fig. 2(c)). The VLM delivers a linear negative
stiffness and an upward force at the center position, where
the stroke is zero. Zero stiffness is achieved by compensating
for the negative stiffness with the linear positive stiffness of
an elastic component, which corresponds to the flexure hinge
in this scenario. In semiconductor manufacturing equipment,
four VLMs are located on the four sides of a moving part, and
they generate translation along its Z axis and rotations about
its X andY axes. TheGCF of eachVLM therefore contributes
to countering one-quarter of the weight of the moving part,
including the wafer being manufactured.

The proposed VLM consists of three PMs—PMU (above
the stator), PMD (below the stator), and PMS (on the inner
circumference of the stator)—an armature and stator made of
ferromagnetic material, and an excitation coil. The armature
is composed of two parts: a center disk with a slope, and
a flange surrounding the center disk. Both PMU and PMD
are magnetized symmetrically from the inside to the outside,
and they interact with this center disk. The PMU attracts the
armature upward, which is represented as a positive value
in Fig. 2(c). Themagnitude of the force increases non-linearly
as the stroke increases. PMD attracts the armature downward,
which is represented as a negative value, and the magnitude
of the force increases non-linearly as the stroke decreases.
The two forces are depicted by the blue lines in Fig. 2(c).
The symmetrical structure is the reason why the sum of the
two non-linear forces results in a linear force profile with a
negative stiffness and zero y-intercept, as depicted by black
dashed line. The hollow-cylinder PMS is located at the upper

FIGURE 2. Proposed VLM: (a) cross section, (b) cross section of integrated
module for gravity compensation, and (c) force components.

side of the inner circumference of the stator. It is magnetized
radially from the outside to the inside. The flange is pulled up
toward PMS with a slowly increasing force, which is depicted
by the green line, owing to the magnetic flux saturation in
the thin flange and the horizontal distance between PMS and
the flange. The sum of the three forces provides a linear
negative stiffness and a positive Y-axis intercept for gravity
compensation, without excitation, as depicted by the solid
black line.

Adding an elastic force with a positive stiffness, depicted
by a yellow line in Fig 2(c), helps compensate for the lin-
ear negative stiffness, and it achieves a flat force profile as
depicted by the red line.

The proposed conceptual design can provide a long stroke
with a linear negative stiffness and decouple themagnetic flux
governing the stiffness and the GCF. This decoupling allows
these two characteristics to be easily adjusted.
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III. DETAILED DESIGN
The design requirements corresponded to a semiconductor
metrology device with±2mm stroke and 14 NGCF.We used
the ANSYSMaxwell Axisymmetric 2D model (RZ) to deter-
mine the detailed design and analyze the effect of those design
parameters on the magnetic force characteristics required for
effective gravity compensation. The PM used in the simu-
lation was N48H with 1.4 T of residual magnetization (Br)
and −1061 kA/m coercivity (Hc). The armature and stator
material was S45C (medium carbon steel with 0.45% C),
which possessed the non-linear BH magnetic property.

The design parameters were selected as shown in Fig. 3.
The forces were simulated at stroke intervals of 0.5 mm,
as shown in Fig. 4, while the design parameters were varied,
as listed in Table 1. Linear regression was applied to the sim-
ulated forces over a ±2.5 mm stroke. The slope and upward
vertical force at the 0 mm stroke in each linear regression
model were treated as the stiffness and GCF, respectively.
The simulated force profiles of the developed VLM should be
linear to be perfectly compensated by a linear spring constant.
Otherwise, the VLM demands additional force control to
support the payload. The coefficient of determination R2 of
the linear regression model was used to quantify the linearity
of the simulated force profile. This coefficient is a statistical
measure of how close the simulated forces are to the linear

FIGURE 3. Parameters for the proposed VLM.

FIGURE 4. Effects of armature thickness on VLM.

regression model. If all the simulated forces are explained
by the linear regression model, the value of R2 is 1. The
value decreases as the simulated forces deviate from the
linear regression model. In other words, a higher R2 value
indicates that the force profile is more linear. Based on the
three indices (stiffness, GCF, and R2 value), the determined
values that satisfied the design requirements were selected,
as listed in Table 1. Fig. 5 summarizes the effects of the
parameters based on the determined values. For instance,
Fig. 5(a) summarizes the eight force profiles in Fig. 4 with
the three indexes. As the thickness increases, the stiffnesses
increases and the GCFs are almost constant. The value of R2

reaches a maximum at 2 mm thickness, and the force profile
with 2 mm thickness exhibits the most linear force profile
over a ±2.5 mm stroke, as shown in Fig. 4.

TABLE 1. Design parameters and variations.

A. ARMATURE DESIGN
The ferromagnetic armature was designed to be pulled by the
three PMs and achieve the linear negative stiffness character-
istics of the proposed VLM. The center disk interacts with
PMU and PMD and contributes to the stiffness, and the flange
interacts with PMS to contribute to the GCF. Therefore, they
should be decoupled.

1) EFFECTS OF CENTER DISK SHAPE
The thickness corresponds to the area of the magnetic mate-
rial in Fig. 1(b) and is proportional to the magnetic energy
capacity. Fig. 6 shows the simulated magnetic fluxes in the
armatures for three thicknesses at two different stroke val-
ues. For a thin armature of 0.5 mm thickness, the magnetic
flux is saturated at a stroke of 0 to 3 mm. The relative
permeability is approximately 1 over the stroke range. Thus,
the change of magnetic energy in the system is insignificant
and the force increment is small, as shown in Fig. 4. For an
intermediate-thickness armature of 2 mm, the magnetic flux
is not saturated at a stroke of 0 mm, and it is almost saturated
at a stroke of 3 mm. The relative permeability decreases over
the stroke range, and the linearly increasing force profile
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FIGURE 5. Effects of design parameters on the three indices.

and the largest R2 values are exhibited. For a thick armature
of 3 mm, the magnetic flux in the armature is not saturated
over the stroke range and the force increases nonlinearly.
Consequently, this armature exhibits a large stiffness, and the
value of R2 also decreases.
The GCF remains unaffected for thicknesses above 1.5 mm

because the magnetic flux in the 1 mm thickness flange,
which is flown from the thick center disk, is saturated and the
attraction force related to GCF does not change significantly.

Fig. 5(b) shows the effects of the center disk radius on
the VLM. To suppress the side effects of the volume and
horizontal distance on the three indices, the armature thick-
ness and flange length were decreased while the radius was
increased. The volume of the armature is related to the energy
capacity, and an increase in volume affects the indices. The
center disk radius corresponds to the magnetic path length of
the magnetic material shown in Fig. 1(b). A larger radius will
horizontally extend the 8–F curve of the magnetic material.
Nevertheless, this effect can be overlooked because the MMF
in the armature was relatively small in the linear region.
Moreover, its variation was small compared to the original
radius of the center disk. Along with the effect of thickness
increase in Fig. 5(a), the results in Fig. 5(b) indicated that the
stiffness and GCFwere insensitive to the radius. The decrease
in the R2 values with a large radius were due to the non-
saturated magnetic flux in the flange, which became thicker
than the center disk with decreased thickness.

2) EFFECTS OF FLANGE SHAPE
The flange surrounds the center disk of the armature and inter-
acts with PMS. Fig. 5(c) shows that the GCF is determined
by the flange and PMS. When the flange was thinner than

the center disk, the linearity of the force profile was high.
In contrast, when the flange was thicker than the center disk
after 2 mm, the magnetic flux is not saturated in the flange
and the force profile became non-linear. Thus, the R2 value
is observed to decrease with a thicker flange.

An increase in the flange length corresponds to an increase
in the length of the magnetic material, which is negligible.
It also corresponds to a decrease in the horizontal distance
between PMS and armature. Fig. 5(d) shows that a decrease in
the horizontal distance contributed to the increase in the GCF,
but such a small horizontal distance deteriorates the linearity
of the force profile.

In summary, the thickness of the center disk should be
designed such that the armature has an intermediate energy
capacity and the working point of the magnetic circuit moves
from the linear region to the saturation region in the working
range to provide high linearity, which was determined to be
2 mm for the proposed VLM. The flange thickness should
be designed such that it is saturated in order to keep the
upward force constant over the working range and to decou-
ple the GCF from the stiffness. For high linearity, the distance
between the PMs and flange should remain above a minimum
value, which is determined to be 2mm for the proposedVLM.

B. PERMANENT MAGNET DESIGN
1) EFFECTS OF PMU AND PMD
The PMs are the magnetic energy sources in the VLM.
The sizes of the PMs determine the demagnetization curves
in the second quadrant and the force profiles. Fig. 5(e)
shows the effects of thickness of the PMU and PMD on
the VLM. The increase in thickness leads to a subsequent
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FIGURE 6. Distributions of magnetic field intensity on armatures according to center disk thickness
and strokes.

increase in the volume of the PMs and a decrease in the
vertical air gap distances between the armature and PMU
and PMD. Thus, the results in Fig. 5(e) included the side
effects of volume increase and the vertical air gap distance
decrease. The nonlinear increases in stiffness originated from
a combination of an increase in volume and a decrease in the
vertical air gap.

Fig. 5(f) shows the effects of the PMU and PMD radii for a
constant volume and horizontal distance to suppress the side
effects of the volume and horizontal distance. It is observed
that the GCF was insensitive to PMU and PMD, and the R2

value decreased as the thickness increased.

2) EFFECTS OF PMS
It was observed that the length of PMS contributed to the
increase in GCF and linearity, as shown in Fig. 5(g). How-
ever, the magnetic flux from the top section of a long PMS
circulated on the edge of the stator and did not interact with
the armature. Consequently, the length of PMS did not have
a significant effect on the proposed VLM after 4.5 mm.

Fig. 5(h) shows the effect of the location of PMS. When
the bottom of PMS was vertically coincident with the center
of the stator, the distance is reported as 0 mm. When the
center of PMS was vertically located at the center of the
stator, the distance is reported as −2.5 mm, and the armature
was pulled to the center, compensating for the negative stiff-
ness generated by PMU and PMD. As PMS moved upward,
the effect of stiffness compensation decreased, and the GCF
and R2 increased. Once the air gap was sufficiently long and
the fringe and leakage increased, the GCF decreased. The
stiffness compensation provided by PMS decreased and only
the stiffness by the PMU and PMD remained.
In summary, the PMU and PMD were related to the stiffness

and PMS was mainly related to the GCF. It was observed that
the stiffness was related to the volume of PMU and PMD, and
the initial air gap was related to the thickness. The GCF was

related to the length of PMS up to a certain value, which was
determined to be 5 mm for the proposed VLM. The location
of PMS may suppress the stiffness due to PMU and PMD
depending on its location.

IV. EXPERIMENTS AND DISCUSSION
We fabricated and tested the proposed VLM with the deter-
mined values in Table 1. The size of theVLM,which provided
a stroke of ±2 mm, was φ 50 × 25 mm (diameter × height).
The VLM consisted of three neodymium magnets (N48H,
Arnold Magnetic Technologies, Rochester, NY, USA) for
energy supply, an excitation coil (φ 0.3 mm, 720 turns) for
position control, and an iron (S45C) armature and stator.
The excitation is needed only when the armature moves,
because the VLM does not consume electric energy when it
is stationary.

During the tests, we measured the magnitude of the neg-
ative stiffness and gravity compensation characteristics to
compare them with the simulation results of the determined
values reported in Section III.

A. LINEAR NEGATIVE STIFFNESS
Fig. 7 shows the experimental setup and its cross-sectional
view used to collect the force measurements. The experi-
mental apparatus consisted of the proposed VLM, a load
cell (30 Mid, 25 lb, Honeywell, Charlotte, NC, USA), an
XYZ-axis manual stage (S3H-12025C, Misumi), and a hold-
ing jig. The stator of the VLM was fixed inside the stator
holder. The armature and load cell were installed on the stage.
The centers of the armature and the stator were aligned using
the horizontal axes (X, Y). The stroke of the armature was
controlled by the vertical (Z) axis. The upward forces on the
armature were measured using the load cell, while the arma-
ture was moved up and down at an interval of 0.5 mm over
a stroke of ±2 mm. The net upward forces were calculated
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FIGURE 7. Experimental setup for VLM force measurements.

using the measured force by the load cell and the weight of
the moving parts connected to the load cell.

Fig. 8 shows the FEA-simulated force, with the determined
values in Table 1, and the net upward force. The simulated
forces correspond to the solid black line in Fig. 2(c). We sim-
ulated two force profiles with the maximum and minimum
of the residual magnetization properties as a noise factor,
because residual magnetization of the PM used has a range
from 1.35 to 1.45. The measured force profile is approxi-
mately located between the two simulated force profiles. The
measured stiffness and GCF were −13.3 N/mm and 14.9 N,
respectively, which were similar to the simulation results.

FIGURE 8. Generated forces in VLM.

B. ZERO STIFFNESS
To verify the gravity compensation performance of the pro-
posed VLM, we conducted zero stiffness experiments using
the experimental setup shown in Fig. 9. The armature was
connected to a moving frame by a shaft, which was vertically
translating over four ball guides. Eight springs were installed
above and below the moving frame corners to generate the
restoring forces. The stiffnesses of the springs were set to
be slightly different from the VLM stiffness to prevent non-
zero stiffness in the resultant force. Thereafter, the upward
forces that changed according to the stroke were measured.
Fig. 10 shows the forces with 13 N/mm spring stiffness. The
slope in the figure represents the difference between the VLM
stiffness and the applied spring stiffnesses. The pulling force

FIGURE 9. Experimental setup for zero-stiffness measurements.

FIGURE 10. Additional force required to achieve equilibrium according to
the stroke for a spring constant of 13 N/mm.

exerted by the magnetic energy was larger than the restoring
force by 0.8 N/mm with a 13 N/mm spring. The experiment
indicated that the stiffness of the VLM was approximately
−13.8 N/mm.

C. DISCUSSION
The proposed VLM exhibits stiffnesses of −13.3 and
−13.8 N/mm and a GCF of 14.9 N according to the exper-
iments. Table 2 shows the GCF per mass and volume com-
pared to previous gravity compensators. The dimensions of
the outer structure were not described in previous research,
and only the PM and coils are considered in the mass and
volume calculation. However, the stator and armature of the
developed VLM are included in the calculations. The devel-
oped VLMhas a similar force density, even though it includes
the structures in the calculation. Additionally, the VLM uses
less PM, and the manufacturing cost is much less than the
previous gravity compensators.

With regard to the energy consumption, a commercial
linear voice coil motor (LVCM-038-038-02, Moticont, 25 N
of continuous force) consumes approximates 6.5 W to sup-
port 15 N, while the developed VLM consumes no energy.
As a result, the developed VLM helps save energy, and also
improves the overall performance of the equipment.
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TABLE 2. Comparison of gravity compensation force density.

V. CONCLUSION
In this study, we proposed a VLM design that uses the
magnetic and elastic forces in the system for gravity com-
pensation. In this design, there is no energy consumption
required for supporting the payload against gravity, thus,
it saves energy and improves the overall performance of
the equipment. A conceptual design for the negative linear
stiffness and GCFwas first provided based on the total energy
in a magnetic circuit considering PM, magnetic material, and
air. A detailed design was then performed by analyzing the
effects of the VLM parameters on the force profiles using
FEA. The FEA results were then experimentally verified,
with the proposed VLM exhibiting a GCF of 14. 9 N over
±2 mm according to the experiments. Through the analytical
solution, FEA results, and experimental validation, we could
establish the following:

1) The working conditions of the magnetic material with
a non-linear BH property, such as its linear, transition,
and saturation regions, were related to the force profile.
In the linear region, the force profile of the magnetic
material is proportional to the inverse square of the
air gap. The working point of the magnetic material
should be moved from a linear region to the transition
and saturation regions in order to achieve a linear force
profile, as the air gap decreases. Therefore, the thick-
ness of the center disk was determined on the basis of
the magnetic energy provided by the PMs and the BH
characteristic of the magnetic material to provide high
linearity. In addition, the working point of the magnetic
material should be designed to be in the saturation
region to minimize the variation of force with respect to
the stroke. Here, the flange was designed to work in the
saturation region in order to achieve a constant upward
force.

2) The structure of the proposed VLM decoupled the
effects of stiffness and GCF using the magnetic flux
saturation in the flange, although there remained slight
interactions. The stiffness and GCF can therefore be
adjusted independently by adjusting the design param-
eters of the center disk and the flange, thus providing a
more convenient method for modification of the mag-
netic properties.

3) The thickness or radius alone were insensitive to the
stiffness and GCF. The magnitudes of the stiffness and
GCF were mainly determined by the air gap distance
and volumes of PM and magnetic material, which were
related to energy capacities.

The proposed VLM can be applied in semiconductor man-
ufacturing systems, such as a wafer metrology and inspection
systems. It can reduce joule heating and energy consumption
and improve the accuracy of equipment. Future work will
focus on dynamic performance tests and frequency-domain
characteristic analyses.
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