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Abstract— This paper presents a novel flexural-based nano-
positioning actuator that has a positioning accuracy of 10 nm
(limited by encoder resolution) throughout a range of 3 mm.
A new dual-magnet configuration is introduced to enhance this
electromagnetically driven actuator in achieving 60 N/Amp in
a compact configuration. In addition, a constant and evenly
distributed magnetic flux density is obtained throughout 11 mm
of air gap. A new mathematical model is presented to accurately
predict the behavior of magnetic field within the effective air
gap of this configuration. Complete analytical models for this
actuator’s electromagnetic drive and flexural-bearing support
element are presented. Lastly, a prototype of this actuator is
developed for validating the established analytical models and
verifying the claimed capabilities.

I. INTRODUCTION
Step-and-Flash Imprint Lithography (SFIL) was first re-

ported in 1999 as an emerging technology in the area of
nano-feature fabrications [1]. SFIL is a low-cost and high-
volume manufacturing process that delivers sub-100 nm
features by printing a template with nano-sized pattern onto
a layer of substrate. Unlike the conventional nano-imprint
lithography, SFIL allows Multi-Layer-Interconnection (MLI)
fabrications, which could mark a new era in electronic
chip fabrications for semiconductor industry [2]. However,
MLI fabrications in an SFIL process pose new engineering
challenges in particular to high-precision alignment. This
is because as nano-sized features are being built on top
of their preceding layers, misalignments at any layer will
generate an accumulative alignment error which may break
the connectivity of the circuitries. Currently, it is reported
that the alignment systems used to produce a well aligned
two layers interconnection impression could only reach sub-
microns of accuracy [3]. Clearly, such systems are incompe-
tence of producing features with sub-100 nm in depth and
spacing between two sets of imprinted patterns. One major
reason for such limitations is the lack of an appropriate
actuator to drive these existing alignment systems. Due to
varies sub-processes in such a nano-imprint process, the
system actuators must have several millimeters of travel
to maintain enough distance between the template and the
substrate [1]. In addition, they must have nanometers of
positioning accuracy that is necessary for producing sub-
100 nm of layer thickness. Lastly, these actuators also must
provide a continuous imprinting force, which range from 60N
to 70N for a typical SFIL process.
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Unfortunately, initial studies have shown that the existing
actuators have limitations in meeting all those requirements.
Currently, Piezoelectric (PZT) actuators that are commonly
used for nano-positioning have only several hundred microns
of travel [4], [5]. Even with added high-resolution pitch
screws to achieve several millimeters of displacements, such
PZT-driven actuators have poor repeatability due to backlash
and Coulomb frictions [6]. Others that use inchworm driving
techniques [7] or impact driving techniques [8] to overcome
PZT limitations have low payload capacities and slow re-
sponse speed. As for electromagnetic actuation, voice-coil
linear actuators that offer large displacements only produce
small output forces [9]. While solenoid actuation produce
inconsistent output forces [10]. Even magnetic leviation,
which offer nano-positioning over a large workspace [11],
are very sensitive to payloads variation. Consequently, limi-
tations of existing nano-positioning actuators have motivated
the development of a novel nano-positioning actuator. It
will be used to facilitate the alignment stages in realizing
high-precision MLI fabrications in a nano-imprint process.
In this paper, an actuator, which comprised mainly a dual-
magnet configuration with flexural-supported moving coil,
is introduce to meet those requirements. A mathematical
model that accurately predicts the magnetic field of this
magnetic configuration and a complete analytical model
of this actuator are also presented. Lastly, a prototype is
developed and experiments are conducted to validate the
proposed mathematical and analytical models, and verify its
claimed capabilities.

II. A NOVEL NANO-POSITIONING ACTUATOR

A. Overview

The novel nano-positioning actuator, or known as a
Flexure-based Electromagnetic Linear Actuator (FELA) [12],
[13] is proposed to achieve:

1) A few nanometers of accuracy, i.e. ±10 nm.
2) Millimeters of displacement, i.e. ±3 mm.
3) Large and continuous output force, i.e. ≥ 60 N.
4) Fast actuating speed, i.e. ≥ 100 mm/s.
A FELA consists of an Electromagnetic Driving Mech-

anism (EDM), which forms the main element for driving
its actuating body (Fig. 1a). A Lorentz-force technique,
which consists of a permanent magnet stator and air-coil
actuating body, is employed by this EDM for its linearity
between input current and output forces. In addition, its
competency of achieving infinite positioning resolution and
constant output force through the entire range of travel makes
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it a promising approach to drive this FELA. The actuating
body is then supported by the flexural bearings (Fig. 1b) to
form a complete FELA assembly (Fig. 1c).

Fig. 1. An (a) EDM with (b) flexural joints to form (c) a FELA.

B. A Dual-Magnet Configuration

A new magnetic configuration is introduced to enhance the
capabilities of the EDM [13]. In this work, we name it as a
Dual-Magnet (DM) configuration (Fig. 2),which consists of
a ferromagnetic stator and two pairs of rare-earth Permanent
Magnet (PM), as shown in Fig. 2a. Each pair of PM will
be placed in attracting position within the gaps of the
ferromagnetic stator and forms an effective air gap between
them. The actuating body with conducting coil wound to it
is then inserted within the stator to form a complete EDM
(Fig. 2b). Unlike a conventional magnetic configuration, a
DM configuration offers:

1) Large effective air gap: In a conventional configura-
tion, the magnetic flux density within the air gap varies with
respect to the distance from the PM polarized surface. On the
other hand, a DM configuration ensures an evenly distributed
magnetic flux density throughout the air gap. Thus, magnetic
flux density remains constant even at tens of millimeters
away from the PM polarized surface.

2) Good force-to-size ratio: To achieve a larger output
force, a bigger size PM or longer conducting wire is re-
quired in a conventional configuration. Yet any approach will
increase the size of an electromechanical actuator. A DM
configuration offers 40% higher and evenly distributed mag-
netic flux density within the effective air gap as compared
to the conventional configurations. This allows larger force
generation with more compact configuration.

3) Low heat generation: In a SFIL process, a continuous
imprint force is required. This continuous force will elevate
the coil’s heat generation that causes thermal expansion in
every material. Such expansions, which can be in nanometric
or micrometers, will affect the positioning accuracy of a
nano-positioning actuator. A DM configuration allows the
EDM to generate large continuous output with small amount
of current input that ensures low heat generation and mini-
mize the thermal expansion effect.

Fig. 2. (a) A symmetrical DM configuration. (b) An EDM

C. Flexural Supporting Bearing

In this FELA, the flexural supporting bearings are em-
ployed by its actuating body to provide a smooth, rectilinear
and frictionless motion [13]. Known as a Flexural Bearing
Mechanism (FBM), it retains the frictionless motions of
an electromagnetic driving scheme. The flexural bearings
are formed using the shims (Fig. 1b). Most part of the
shims will be clamped, leaving the unclamped parts as the
free deflection portions that facilitate the displacement of a
FBM. The proposed 1-DOF FBM requires a relatively small
amount of force to achieve a displacement range of 1.5 mm.
In addition, the stiffness of a FBM in non-actuating directions
will be a hundred times more than the actuating direction.

III. CURRENT-FORCE MODEL

A. Lorentz Force Model

The magnitude of Lorentz force, F , is determined by the
magnetic flux density, B, input current, i, and length of coil
placed in the magnetic field. In this analysis, coil length is
fixed with B varies within the effective air gap. This suggests
that F in x-axis (or actuating direction) with the coil wire
across in y-axis and B in z-axis can be expressed as,

F = i

∫

−Coily

0

(−ŷdy)× (Bẑ) · x̂ = iNBCoily (1)

where N is the number of windings and Coily is the length
of each winding in y-axis. Consequently, (1) suggests that an
accurate current-force model will requires a good prediction
of the 2D magnetic flux density.

B. Field Potential

For a current-free environment, the magnetic field within
the air gap of such a configuration can be reduced to a scalar
potential, Φ, described by Laplace’s equation [14], [15].

∇2Φ = 0 (2)

Fig. 3. A 2D geometry of a halved DM configuration.

For 2D field modeling, symmetrical design of a DM
configuration is reduced to geometry (Fig. 3) comprised:

1) Region I: Air gap of a dual-magnet configuration.
2) Region II: Air gap between the PM-1 and stator.
3) Region III: PM-1 of a dual-magnet configuration.
4) Region IV: Air gap between the PM-2 and stator.
5) Region V: PM-2 of a dual-magnet configuration.

Hence, (2) is reduced to 2D Dirichlet boundary-value prob-
lem and becomes a linear homogenous partial differentiation
equation that can be solved by separation of variables method
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with regions describes in Cartesian form. Consequently, the
generalized 2D scalar potential for all regions is given as,

Φj(x, y) =
∞
∑

n=1

[Sn
j−1cos(k

n
j x) + Sn

j−2sin(k
n
j x)]

·(Sn
j−3e

kn
j y + Sn

j−4e
−kn

j y) (3)

where j represents the each region (refer to Fig. 3, j =
I, II, III, IV, V ) with coefficients S and k to be determined
by the boundary conditions.

C. Boundary Conditions

In this analysis, a superposition of boundary conditions
method is proposed to obtain the scalar potential of the ef-
fective air gap that is influenced by two magnetic sources, i.e.
PM-1 and PM-2. Hence, the scalar potential of the effective
air gap will need to be solved separately under the influence
of each PM. Consequently, the total scalar potential, ΦT

I
, of

the effective air gap will be the summation of the two scalar
potentials, i.e. Φ1

I
and Φ2

I
.Hence, boundary conditions are

made under these assumptions; when analyzing the influence
of PM-1, the Regions IV and V are ignored. While analyzing
the influence of PM-2, the Regions II and III are ignored. The
permeability of the closed-loop stator iron must be infinite.
The normal component of the magnetic field strength, H,
at the center of the air gap and the PMs is zero. The
tangential component of the magnetic field strength at the
edge of the vertical closed-loop path is zero. At the interface
between effective air gap and PM, the tangential component
of magnetic field strength must be continuous. In addition,
normal component of magnetic flux density must be also
continuous. Lastly, PM is assumed to be ideal and uniformly
magnetized throughout. Magnetization, M , within the PM is
only orientating normal to the polarization surface. Thus,

x =

{

Mŷ Region III,V
0 Region I,II,IV (4)

D. Magnetic Flux Model

Solving (3) using those boundary conditions, yields the
scalar potential of air gap influence by PM-1,

Φ1I(x, y) =

∞
∑

n=1

8Ml(1)n

UI [(2n− 1)π]2
sinh[

(2n− 1)π

2l
(y − b)]

·sin[
(2n− 1)π

2l
x] (5)

where

UI = sinh[
(2n− 1)π

2l
(a− b)]coth[

(2n− 1)π

2l
a]

−cosh[
(2n− 1)π

2l
(a− b)] (6)

and scalar potential of air gap influence by PM-2 is given
as,

Φ2I(x, y) =

∞
∑

n=1

8Ml(1)n

UII [(2n− 1)π]2
sinh[

(2n− 1)π

2l
(y − a)]

·sin[
(2n− 1)π

2l
x] (7)

where

UII = sinh[
(2n− 1)π

2l
(b− a)]coth[

(2n− 1)π

2l
(b− c)]

−cosh[
(2n− 1)π

2l
(b− a)] (8)

Consequently, the 2D magnetic flux density within the
effective air gap can be re-expressed as,

BT
I (x, y) = −µ0[

dΦ1I(x, y)

dx
+
dΦ2I(x, y)

dx
] (9)

With (1) and (9), the static current-force analytical modeling
of the proposed EDM of a FELA is established.

IV. FORCE-DISPLACEMENT MODEL

A. Pseudo-Rigid-Body

A Pseudo-Rigid-Body (PRB) modeling technique [16] is
used to describe the behavior of the force-deflection relation-
ship of the flexural joints by modeling them as kinematics
rotary joints with torsional springs. The flexural joints of a
FBM, which are the unclamped portions of a shim, will be
described as a thin cantilever beam. Consequently, the torque,
T , generated at the “characteristic pivot” can be expressed
as [17],

T = (γKΘ
EI

P
)Θ (10)

where Θ is the PRB deflection angle of the beam, γ is the
“characteristic radius factor”, KΘ is the non-dimensionalized
spring constant, EI is the flexural rigidity and P is the length
of the beam.

B. Forward Kinematic Analysis

A FBM can be described as a pair of symmetrical linear
spring configuration with flexural joints. Each of these linear
spring configurations can be represented by a planar four-
bar mechanism. Consequently, forward kinematics analysis
conducted based on Fig. (4a) suggests that the velocity
coefficients are,
{

θ̇3/θ̇2
θ̇4/θ̇2

}

=

{

r2sin(θ4 − θ2)/r3sin(θ3 − θ4)
r2sin(θ3 − θ2)/r4sin(θ3 − θ4)

}

(11)

where θ2 is primary variable, θ3 and θ4 are secondary
variables. r2, r3, and r4 represent rigid links.

Fig. 4. (a) A schematic representation of a PRB linear spring. (b) A
parasitic error at y direction due to motion in x-direction.
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C. Force-Deflection Model

The total virtual work done, δWSY S , of a linear spring
configuration based on the FBM can be summarized as,

δWSY S =

1
∑

i=1

~Fi · δ ~Zi +

4
∑

i=1

~Ti · δ ~ψi (12)

where the first term represents the virtual work done due to a
driving force, ~F , acting on the rigid link that causes a virtual
displacement, δ ~Z , of the rigid link. The second term repre-
sents the virtual work done due to all the torsional springs
with ~Ti = −k(ψ) and their virtual deflection, δψi = θi−θi(o)

, where θi(o) is the initial angle of the un-deflected torsional
spring. Based on (11), (12) and virtual work principle, the
force-displacement relationship of a single flexural joint of
the FBM is given as,

Fin torsional =
−4KT (θ2 − θ2o)

r2sinθ2
(13)

D. Force-Axial Elongation Model

A single linear spring mechanism gives a parasitic error in
Y direction, δy , when driven in X direction (Fig. 4b). In this
analysis, the axial elongations of the linkages are treated as
the linear spring effects using PRB modeling. Consequently,
the virtual displacement of this axial elongation, δWaxial,
can be expressed as,

δWaxial = −
∑

p=2,4

{fk[
rp

cos(βp)
− rp]sin(βp)}̂i

·[−rpsinθp(θ̇p)̂i+ rpcosθp(θ̇p)ĵ] (14)

where index, p, indicates the linkage, βp = 90o − θp, and
fk =

EA
L

; E is Young’s modulus, A is cross-sectional area
of the flexure joints, and L is the length of the flexural joint,
Applying virtual work principle, the force-axial elongation
relationship of a single flexural joint is given as,

Fin axial = 2fk[
r2

cos(β2)
− r2]sin(β2) (15)

E. Force-Displacement Model

Consequently, the displacement in x-direction and deflec-
tion relationship of a single linear spring mechanism can be
expressed as,

δx = γLsinh−1(β2) (16)

and force require to achieve a given δx can be expressed as,

Fin =
−16KT (θ2 − θ2o)

r2sinθ2
+8fk[

r2
cos(β2)

−r2]sin(β2) (17)

Fig. 5. A numerical simulation of a FELA in ANSYS 8.1.

TABLE I
FINITE ELEMENT ANALYSIS OF FBM

Type of analysis Results (Ratio)
Stiffness ratio between x and y directions at
+2 mm (x : y) with external force of 11.5N 1 : INF
Stiffness ratio between x and z directions at
-2 mm (x : z) with external force of 11.5N 1 : 3.1×10

3

Stiffness ratio between x and y directions at neutral
position (x : y) with external force of 11.5N 1 : 1.7×10

3

Stiffness ratio between x and z directions at neutral
position (x : z) with external force of 11.5N 1 : 3.1×10

3

V. ANALYSIS

Using ANSYS 8.1, the proposed FBM underwent numer-
ical analyses to determine its stiffness at all non-actuating
directions. In those analyses (Fig. 5), stainless steel is
selected as the FBM’s material. This material is assumed
to be linearly elastic with Young’s modulus of 190 GPa,
Poisson’s ratio of 0.31 and SOLID 92 of element type. The
numerical analyses conducted through ANSYS 8.1 simulator,
have shown that the FBM demonstrated high stiffness in the
non-actuating directions at a positive actuating, neutral and
negative positions respectively (Table I).

Fig. 6. A static force-displacement analyses of a FBM.

A static force-displacement analyses based on numerical
simulator (i.e. ANSYS 8.1) and analytical model (17) is
conducted (Fig. 6). The analytical model has shown that
the proposed FBM with parasitic error compensation in y-
direction demonstrates a non-linear force-displacement be-
havior. On the other hand, the analytical model returns
with a linear force-displacement behavior on the FBM when
parasitic error is not compensated.

Fig. 7. A complete assembly of a FELA prototype.

VI. PROTOTYPE

A 100×100×70 (mm) prototype of a FELA is developed
(Fig. 7). The flexural joints are form by stainless steel shims
and the remaining parts of the FBM are form by aluminum.
For the EDM, AWG24 wire (DIA 0.45 mm) is selected based
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on an operating temperature of 120oC at 2 Amp. Rare-earth
PMs (Type N45M) with residue magnetic flux density of
1.33 Tesla, T, are used to form an effective air gap of 11
mm to optimize the performance of the current EDM design
and size.

VII. EXPERIMENT AND VALIDATION

A. Magnetic distribution of a DM configuration

A LAKESHORE hall-sensor probe and gauss-meter tools
are employed to measure the magnetic flux density within
the effective air gap. The hall-sensor probe is a single-axis
measuring device that is placed within the air gap of a DM
configuration. This probe is attached to a X-Y-Z translational
manipulator, which runs a pre-programmed measure loop.
The gauss-meter is connected to a Personal Computer (PC) to
display the amount of magnetic flux density instantaneously
in Tesla scale with 0.001 T of noise resolution. From
Fig. 8(a), the experimental results have shown that a DM
configuration offers a large effective air gap of up to 11
mm with a consistent and evenly distributed magnetic flux
density within it. Most importantly, Fig. 8(b) shows that the
established analytical model 9 has accurately predicted the
magnetic flux behaviour and distribution within the effective
air gap up to an accuracy of ±0.01 T. Consequently, this
analytical model will be used for design optimization of a
DM configuration in future.

Fig. 8. Magnetic flux density within the effective air gap obtained from
(a) experiments and (b) analytical model.

B. Output force of a FELA

A force measurement was performed on the FELA using
a THRUST DC linear amplifier and a 6-DOF force/torque
sensor from ATI. From Fig. 9, the experimental results have
shown that the relationship between the input current and
the output force is linear. The FELA generates a 6 N of
output force using 0.1 Amp of input current. Due to the
low power rating of the linear amplifier, input current is
limited to 0.5Amp. With a larger VDC linear amplifier,
a FELA will be capable of generating 120 N of output
force with 2 Amp of input current based on such a linear
relationship. The analytical solution based on the established
current-force model and experimental data was plotted in
Fig. 9. The difference can be explained by the presence
of vector potential due to the existence of current source

(or vector potential). As both scalar and vector potentials
agree with Hamiltonian principle, vector potential will have
a direct affect on the magnetic field. As the current analytical
solution is based on a current-free assumption (9), a more
comprehensive magnetic field model that includes this vector
potential will be introduced in near future.

Fig. 9. A input current and output force analysis based on analytical model
and experimental results.

C. FELA for High-precision Positioning

A simple PID position control had been implemented
on the FELA to validate its positioning accuracy and dis-
placement range. This control system mainly consists of
an industrial PC, a NI controller card, a linear amplifier
and a MicroE-Systems optical linear encoder (5 nm/count
resolution). The control frequency of this system is 1 kHz
with 10 kHz PID servo-loop.In this analysis, a set of PID
parameters has been used for fine and large positioning tasks.
All tasks are done at actuating speed of 100 mm/sec.

Fig. 10. A step response of FELA from 0 to 0.5 mm.

A step response of the FELA from 0 to 0.5 mm was
plotted in Fig. 10. It shows a rise time, Tr, of 3.4 msec
and a overshoot, Os, of 8.4%. It settles after 10 msec and
reaches position accuracy of ±10 nm after 30 msec. Fig. 11
shows a ±10 nm of positioning accuracy obtain at every 30
nm repetitive step. Lastly, a large displacement positioning
is performed on FELA. From Fig. 12, FELA moves from 0
to 1.5 mm and settles at 10 nm after 0.4 sec. At this point
of time, the positioning accuracy of the FELA is limited
by the current encoder resolution. By referring to Fig. 11,
variations with ± 1 ∼ 2 encoder count have suggested that
a higher resolution encoder will increase FELA’s positioning
accuracy.
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Fig. 11. A 30 nm repetitive step.

Fig. 12. A large displacement from 0 to 1.5 mm performed by FELA.

VIII. CONCLUSION

A novel nano-positioning actuator with large displacement
and large continuous thrust force has been developed in this
work. Known as a FELA, it will be implemented as the
actuating systems in a proposed high-precision alignment
stage for a nano-imprint machine (Fig. 13). A new DM
configuration is introduced as the main element that con-
tributes to a FELA’s performances, which are unachievable
in conventional electromechanical linear actuators. A new
mathematical model has been established to predict the
magnetic field of such a new configuration. Its accuracy has
also been validated experimentally. A complete analytical
model of a FELA’s EDM and FEB was also presented. A
simple PID position control scheme was implemented to the
developed FELA prototype. Results have shown its capa-

Fig. 13. A proposed 6-DOF machine for MLI fabrication in SFIL.

bility of achieving 10 nm of positioning accuracy (limited
to current encoder resolutions) over a displacement of 3
mm. Lastly, the linearity of current-force suggests that a
compact-sized FELA is capable of generating 60 N/Amp of
continuous thrust force. With those capabilities, this FELA
has potential of facilitating the alignment systems to realize
high-precision MLI fabrications in a nano-imprint process.
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