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A Novel Coilless Scanning Mirror Using Eddy
Current Lorentz Force and Magnetostatic Force
Hsueh-An Yang, Tsung-Lin Tang, Sheng Ta Lee, and Weileun Fang, Member, ASME

Abstract—This paper reports on novel coilless microscanning
mirrors driven by the magnetostatic force that resulted from a
magnetic interaction as well as the Lorentz force that is induced
by an eddy current. This eliminates complicated coil routing
and insulation layer deposition and simplifies fabrication allowing
easy integration with micromachining and complementary metal–
oxide–semiconductor processes. Bulk micromachined one-axis
and two-axis scanning mirrors are demonstrated, displaying 1-D
and 2-D scanning patterns. Two-dimensional scanning patterns
are easily tuned by varying the combination of driving frequencies.
The results show that the diamagnetic (Cu) mirror is mainly
driven by the eddy-current-induced Lorentz force, whereas the
ferromagnetic (Ni) mirror is mainly driven by the magnetostatic
force.
[2006-0082]
Index Terms—Eddy current, Lorentz force, magnetostatic force,
scanning mirror.

I. I NTRODUCTION

E

LECTROMAGNETIC actuation, which is common in
the macroworld, is a promising technique to drive microdevices. The noncontact electromagnetic actuator is able to
deliver a large force and a large displacement. Applications
of an electromagnetic force on microdevices have gradually
been increasing over the past few years [1]. Presently, there
are various approaches to generate the electromagnetic forces
for microdevices [2]. For instance, the electromagnetic force
reported in [3] results from the magnetic interaction of a permanent magnet and an external coil. In addition, an electroplated
Permalloy has been employed in [4] to replace the permanent
magnet. As a third example, the Lorentz force resulting from
the interaction of an electric field and a magnetic field has
been employed in [5]–[8] to drive microdevices. However, the
current-induced magnetic force in [5]–[8] is limited to the
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design and fabrication of complicated coil routing and results
in problematic joule heat generation.
An eddy current is defined as a closed-loop surface current
induced by an alternating current (ac) magnetic flux [9]. Power
loss due to an eddy current has been frequently discussed and
applied in the macroworld. For instance, the induction heating
caused by an eddy current has been extensively employed
to heat electrically conductive bulk materials in applications
such as melting, soldering, and hardening of metals [10]. The
skin effect brought about by the eddy current is a design
consideration for radio frequency components [11]. Currently,
the eddy current has few applications in the microworld. A
microelectromechanical system (MEMS)-based eddy current
sensor has been reported in [12]. Localized induction heating
due to an eddy current has been employed in [13] for a waferlevel MEMS package.
The two-axis micromachined scanning mirror is a key enabling component for optical applications such as the compact
display system [14]. In general, the scanning mirror employs
microactuators to manipulate incident light in two orthogonal
directions. Thus, the design considerations include large scanning angle, high frequency response, and low driving voltages.
Scanners driven by an electrostatic force have been extensively
reported [15]–[17]. A scanner driven by piezo is available in
[18]. Magnetic force is also introduced to drive the scanner
in [19] and [20]. Electrical routing of the scanner is a critical
issue not only for fabrication but also for packaging. The eddy
current is exploited in this paper to generate the Lorentz force
without conducting wire in an ac magnetic field. Meanwhile,
the magnetostatic force will also be induced in the magnetic
field to drive the scanner. The eddy current can be induced in
metal, particularly ferromagnetic material (e.g., Ni) with higher
permeability, by solenoid [21], eliminating the complicated
coil routing and insulation layer deposition. In application, the
coilless magnetic microactuators are demonstrated to drive Ni
and Cu scanners.
II. C ONCEPT
It is well known that a magnetic force F can be applied on a
charged particle when it moves in a magnetic field B (in teslas).
The force F is expressed as
F = qv × B

(1)

where v is the velocity of the particle, and q is the magnitude
(positive) of its charge. This equation is further employed to
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Fig. 1. Concept of coilless Lorentz force scanning mirror.

determine the magnetic force of a current-carrying wire that lies
in a magnetic field, i.e.,
F = iL × B

(2)

where i is the current carried by the wire, and L is the wire
length. The concept of (2) has been extensively adopted to drive
micromachined devices [22]. To this end, a more complicated
microfabrication process is required to provide conducting
wires.

Fig. 2.

Distribution of eddy current and Lorentz force.

µ0 is 4π × 10−7 (in henries per meter), and n is the number of
turns per unit length. According to the magnetic field Bp that
is introduced from permanent magnets, a time-varying Lorentz
force FL sin ωt is developed on the mirror. The magnitude of
force FL on a particular point (r, θ) of the mirror can be
expressed as
FL =

A. Lorentz Force and Magnetostatic Force in
AC Magnetic Field
The ac magnetic field has commonly been employed to generate an eddy current ie in the workpiece for induction heating.
This present paper adopts the same approach to generate the
induced eddy current as well as the moving charged particles
inside a conductor using an ac magnetic field. According to (1),
these moving charged particles will introduce a magnetic force
to the conductor when it is placed inside a magnetic field. Thus,
the conducting wires and the additional complicated fabrication
processes are no longer required. This paper further employs
this magnetic force to drive a scanning mirror.
The design of the coilless Lorentz force scanning mirror
is schematically illustrated in Fig. 1. The micromachined torsional mirror consists of torsional springs and a mirror plate
with no coils. The torsional mirror is placed on top of a
solenoid. In addition, the torsional mirror is also placed between two permanent magnets. A time-varying magnetic field is
produced when an ac i with driving frequency ω is introduced
into the solenoid, and the eddy current ie sin ωt is induced in
the whole mirror plate. The magnitude of an eddy current ie at
a given radius r can be expressed as
ie =

µ0 µr hr2
ωni
ρ

where h, µr , and ρ are the thickness, relative permeability, and
resistivity of the mirror, respectively. The permeability constant

(4)

where θ is the angle between this point and the magnetic field
Bp . The distribution of the Lorentz force is predicted in Fig. 2.
The horizontal axes (x axis and y axis) indicate the position on
the plate, whereas the vertical axis shows the magnitude of the
Lorentz force FL . Hence, the coil is no longer required for the
present scanning mirror. The eddy current and the Lorentz force
reach their maximum at the plate edge and their minimum at the
plate center. Moreover, the magnetic flux and the intensity of
the electromagnetic field vary with the area of the mirror plate
[23]. It is easy to increase the intensity of the eddy current and
the Lorentz force by increasing the planar dimensions of the
mirror. In addition, a magnetostatic force FM sin ωt can also be
applied on the scanner made of ferromagnetic material under
the ac magnetic field, and
FM = M AHext

(5)

where M , A, and Hext are the magnetization, pole face area,
and external magnetic field, respectively [24]. The magnetization M of a soft-magnetic material can be expressed as

M = min

(3)

µ0 µr hr3
ωniBp sin θ
ρ

µ H cos(γ − φm − θ0 )
 0 ext
, Ms
Na2 cos2 φm + Nc2 cos2 φm


(6)

where γ is the angle between the original position and the magnetic field, φm is the angle between the magnetization direction
and the easy axis, θ0 is the maximum angular displacement of
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Predicted magnetic field distribution. (a) Side view. (b) Top view.

the mirror, Na and Nc are the shape anisotropy coefficients,
and Ms is the saturation magnetization [25]. Since the magnetic
field induced from the solenoid interacts with the field Bp , the
distribution of a magnetic field will be significantly influenced
by Bp . The simulation results in Fig. 3 predict the magnetic
field distribution outside the solenoid with Bp . As indicated
in Fig. 3(a), the mirror will be driven by the out-of-plane
component of a magnetic field. The top view in Fig. 3(b) shows
that the direction of the net magnetic field is mainly toward the
direction of Bp .
B. Scanning Pattern of the One-Axis Coilless Scanner
The results in Fig. 2 indicate that the eddy-current-induced
Lorentz force will generate an equivalent force couple on
a symmetrical structure. Thus, the net force applied on the
structure is zero, and a time-varying moment ML sin ωt is
introduced by the Lorentz force. The direction of moment
ML sin ωt is orthogonal to the direction of a magnetic field Bp .
As shown in Fig. 4, the magnitude of moment ML applied on
the mirror with a radius rm has the following form:
ML =

4
πµ0 µr hrm
ωniBp .
4ρ

Fig. 4. Direction of induced moment for one-axis scanner when the magnetic
field Bp has an intersection angle of φ with the springs. (a) φ = 90◦ . (b) 0◦ <
φ < 90◦ .

the moment MM is also orthogonal to the direction of Bp . Thus,
the moment MM , which is in the same direction with ML , can
be expressed as
2
hniM sin(γ − φmm − θm0 )
MM = πrm

(8)

where φmm is the angle between the magnetization direction
and the easy axis of the mirror, and θm0 is the maximum
angular displacement of the mirror. As shown in Fig. 4(a), the
direction of Bp is aligned orthogonally to the springs. Thus, the
net moment (ML + MM ) sin ωt will only introduce a twisting
moment on the springs, so that the mirror with radius rm will
only scan the y axis. If the direction of Bp has an intersection angle of φ with the springs, as shown in Fig. 4(b), the
moment (ML + MM ) sin ωt will not only introduce a twisting
moment (ML + MM ) sin φ sin ωt but also a bending moment
(ML + MM ) cos φ sin ωt on the springs. Hence, the mirror will
be driven in both x and y axes. For a mirror with torsional
stiffness Kt and bending stiffness Kb , its equations of motion
associated with the first y-axis and x-axis scanning modes are,
respectively, expressed as

(7)

In addition to the moment induced by the Lorentz force, a
moment MM sin ωt that is due to a magnetostatic force FM
can also be applied on the scanner made of ferromagnetic
material. According to the magnetic field distribution in Fig. 3,

Iy θ̈y + Kt θy = (ML + MM ) sin φ sin ωt
Ix θ̈x + Kb θx = ML + MM cos φ sin ωt

(9)
(10)

where Ix and Iy represent mass moments of inertia of the
mirror plate about the x and y axes, respectively. The stiffness
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Kt and Kb of suspension with thickness h can be expressed
as [26]
kt =




h
Gbh3 16
1 h4
− 3.36
1−
16L 3
b
12 b4

(11)

kb =

2Ebh3
3L

(12)

where b and L, as indicated in Fig. 4(a), represent the width
and length of the suspension, respectively. In addition, the
parameters G and E are the shear modulus and elastic modulus
of the film, respectively. Thus, the mirror will experience a large
scanning angle√when it operates at √
the resonance frequencies of
scanner ω1 = (Kt /Iy ) or ω2 = (Kb /Ix ). The angular displacements θx = Θx sin ωt and θy = Θy sin ωt have maximum
mechanical scanning angles Θx and Θy , i.e.,
Θx =

(ML + MM ) cos φ

2
Kb 1 − ω
ω2

(13)

ML + M sin φ

.
2
Kt 1 − ω
ω2

(14)

2

Θy =

1

In short, the scanning pattern of the present coilless scanner can
be easily tuned by varying the magnetic fields, for instance, the
intensity and frequency of the ac introduced into the solenoid,
and the direction of the permanent magnets φ. The scanner
will provide horizontal and vertical 1-D scanning patterns when
φ = 0◦ and 90◦ , respectively. The scanner will provide 2-D
scanning patterns for the rest of angle φ. Considering a circular
mirror with Ix = Iy will lead to the amplitude ratio Θ0 (=
Θx /Θy ) of
Θ0 =

cos φ ω12 − ω 2
.
sin φ ω22 − ω 2

(15)

Thus, the 2-D scanning pattern of a particular one-axis scanner
can still be easily realized and tuned by varying the direction of
the permanent magnets φ.
C. Scanning Pattern of the Two-Axis Coilless Scanner
The concept can be further applied to drive the two-axis
gimbal scanner illustrated in Fig. 5. This gimbal scanner (with
radius rm ) has a mirror plate connected to a hollow circular
frame (with inner radius rf i and outer radius rf o ) by springs
Km . The hollow circular frame also connects to fix ends
by springs Kf . The springs Km are aligned orthogonally to
springs Kf . As shown in Fig. 5(a), the direction of Bp is aligned
along the direction of springs Kf (i.e., φ = 90◦ ). Thus, the
net moment MmL sin ωt resulting from the eddy current on
the mirror plate will introduce a twisting moment on springs
Km . The magnitude of moment MmL can be yielded from
(7). In addition, the net moment Mf L sin ωt resulting from the

Fig. 5. Direction of induced moment for two-axis scanner when the magnetic field Bp has an intersection angle of φ with the springs. (a) φ = 90◦ .
(b) φ = 0◦ . (c) 0◦ < φ < 90◦ .

eddy current on the frame will introduce a bending moment on
springs Kf . The magnitude of moment Mf L is expressed as

πµ0 µr h rf4 o − rf4 i
Mf L =
ωniBp .
(16)
4ρ
Similarly, a moment MmM from a magnetostatic force can also
be applied on the mirror, and which can be yielded from (8).
Moreover, a moment Mf M from a magnetostatic force applied
on the frame can be expressed as
Mf M = π rf2 o − rf2 i hniM sin(γ − φf m − θf 0 )

(17)

where φf m is the angle between the magnetization direction
and the easy axis of the frame, and θf 0 is the maximum angular displacement of the frame. After combining the moments
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generated from the Lorentz force and the magnetostatic force,
the total moments are yielded as
Mm = MmL + MmM

(18)

Mf = M f L + M f M .

(19)

Considering the mirror and the frame as a rigid body, the
equations of motion associated with the y-axis scanning modes
for mirror θmy and frame θf y are expressed as
Imy θ̈my + Kmt (θmy − θf y ) = Mm sin ωt
(20)
If y θ̈f y + Kf b θf y + Kmt (θf y − θmy ) = Mf sin ωt
where Imy and If y are mass moment of inertia about the
y axis for mirror and frame, respectively, Kmt is the net
torsional stiffness for springs Km , and Kf b is the net bending
stiffness for springs Kf . The angular displacements of the
mirror θmy and frame θf y obtained from (20) are given in
(21) and (22), as shown at the bottom of the page. When the
direction of Bp is aligned along the direction of springs Km
(i.e., φ = 0◦ ), as indicated in Fig. 5(b), the equations of motion
associated with the y-axis scanning modes for mirror θmx and
frame θf x are expressed as
Imx θ̈mx + Kmb θmx + 12 θf x = Mm sin ωt
If x θ̈f x + Kf t θf x + Kmb θf x + 12 θmx = Mf sin ωt
(23)
where Imx and If x are mass moments of inertia about the
x-axis for the mirror and frame, respectively, Kmb is the net
bending stiffness for springs Km , and Kf t is the net torsional
stiffness for springs Kf . Similarly, the angular displacement
θmx of the mirror can be obtained in (24) and (25), as shown
at the bottom of the page. If the direction of Bp has an angle
of 0◦ < φ < 90◦ , as shown in Fig. 5(c), the net moments in
(20) become Mm sin φ sin ωt and Mf sin φ sin ωt, and the net
moments in (23) become Mm cos φ sin ωt and Mf cos φ sin ωt.
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In summary, the two-axis scanner has angular displacements of
θx = Θx sin ωt and θy = Θy sin ωt with maximum mechanical
scanning angles Θx and Θy , i.e.,
Θx = (θmy )φ=90◦ sin φ

(26)

Θy = (θmx )φ=0◦ cos φ.

(27)

The scanner will provide horizontal and vertical 1-D scanning patterns when φ = 0◦ and 90◦ , respectively. The scanner
will provide 2-D scanning patterns for the rest of angle φ.
Thus, the scanning patterns of the coilless two-axis scanner
are realized and tuned by varying the intensity and frequency
of the magnetic field, and the direction of the permanent
magnets φ.
III. E XPERIMENT AND R ESULTS
The process steps shown in Fig. 6 have been established in
this paper to demonstrate the feasibility of the coilless scanning
mirror. As shown in Fig. 6(a), the Ti adhesion layer and the
Cu seed layer were deposited onto a silicon wafer. Fig. 6(b)
shows that the Cu layer was patterned to define the window
for the following bulk silicon etching. As shown in Fig. 6(c)
and (d), a thick AZ4620 photoresist acted as a mold after photolithography, and then a 20-µm-thick Ni was electroplated and
molded. Fig. 6(e) shows the second molding process using the
AZ4620 photoresist and Ni film, so as to increase the thickness
of some particular components such as the mirror plate. This
key process enables structures with different thicknesses and
stiffness. Table I lists the recipe of electroplating solutions
for Ni. After stripping the photoresist, the Ti film, without
protection from the Cu layer, was etched away by buffered
oxide etchant and the silicon substrate underneath was exposed,
as shown in Fig. 6(f). Finally, the Ni structure was released from
the substrate after bulk silicon etching by tetramethyl ammonium hydroxide (TMAH), as depicted in Fig. 6(g). Following
the similar process steps, the Cu scanning mirrors were also
fabricated. However, the Cu structure was released from the

−If y Mm ω 2 + Mm (Kf b + Kmt ) + Mf Kmt
sin ωt
Imy If y ω 4 − (Kf b Imy + Kmt If y + Kmt Imy )ω 2 − Kmt

(21)

−Imy Mf ω 2 + Mm Kmt + Mf Kmt
sin ωt
− (Kf b Imy + Kmt If y + Kmt Imy )ω 2 − Kmt

(22)

(θmx )φ=0◦ =

−If x Mm ω 2 + Mm (Kf t + Kmb ) − 12 Mf Kmb
sin ωt
2
Imx If x ω 4 − (Kf t Imx + Kmb If x + Kmb Imx )ω 2 − 14 Kmb

(24)

(θf x )φ=0◦ =

−Imx Mf ω 2 + Mf Kmb − 12 Mm Kmb
sin ωt
2
Imx If x ω 4 − (Kf t Imx + Kmb If x + Kmb Imx )ω 2 − 14 Kmb

(25)

(θmy )φ=90◦ =
(θf y )φ=90◦ =

Imy If y

ω4
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Fig. 7. SEM photos of typical fabrication results. (a) One-axis Ni scanner.
(b) Two-axis Ni scanner. (c) Two-axis Cu scanner.

Fig. 6. Fabrication processes of coilless scanning mirror.
TABLE I
RECIPE OF ELECTROPLATING SOLUTIONS FOR NICKEL

substrate by means of deep reactive ion etching for backside
etching and then dipped into TMAH for polishing.
Fig. 7 shows the scanning electron microscope (SEM) photos
of typical fabrication results. The one-axis gimbal scanning
mirror in Fig. 7(a) consists of a mirror plate and one pair of
torsional springs. This SEM photo clearly demonstrates the
coilless mirror plate design. The mirror connects to the substrate through the torsional springs. The Kt and Kb in (11) and
(12) are determined, respectively, by the torsional and bending
stiffnesses of the torsional spring. The rigid frame and mirror

plate (2000 µm in diameter) were 18 µm in thickness, whereas
the flexible spring was only 8 µm thick. The thickness difference of the mirror plate and springs can be easily observed in
the zoomed-in photo in Fig. 7(a). According to the bulk silicon
etching, the space under the scanner was 150 µm. The surface
roughness of the electroplated Ni mirror measured by an atomic
force microscope was about 10.2 nm. The thickness variation
across the mirror plate measured by optical interferometer is
less than 1%. The two-axis gimbal scanning mirrors in Fig. 7(b)
consist of a mirror plate, a supporting frame, and two pairs of
torsional springs. The shape as well as stiffness of the torsional
springs can be easily tuned by the process. The mirror connects
to the supporting frame through one pair of springs, and the
supporting frame connects to the substrate through another pair
of springs. The design of these two pairs of springs allows the
mirror and the supporting frame to be flexible in the orthogonal
directions. As a comparison, the photos in Fig. 7(c) show the
suspended Cu mirrors.
Fig. 8 shows the experimental setup for the driving test of the
mirror. In this paper, the strength of the permanent magnet was
near 2870 G. The ac magnetic field provided by the solenoid
was about 3.7 G when the carried current was 17 mA. The
dynamic characteristics of the scanner are measured by varying
with the driving frequency of the ac magnetic field. Moreover,
the solenoid can be driven by various function generators, so
that it can provide the ac magnetic field with multiple excitation
frequencies. Thus, more than one resonant mode of scanner
can be excited by the present driving mechanism. Fig. 9 shows
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Fig. 9. Typical measured frequency responses for (a) one-axis scanner and
(b) two-axis scanner.
Fig. 8. Schematic illustration and photo of the experiment setup for mirror
driving test.

the typical measured frequency responses of one-axis and twoaxis Ni scanners. As shown in Fig. 9(a), the two orthogonal
scanning resonant modes of the one-axis scanner are 838 Hz
(torsional mode of spring) and 3912 Hz (bending mode of
spring), respectively. As shown in Fig. 9(b), the two orthogonal
scanning resonant modes were 2708 Hz (torsional mode of
frame) and 4920 Hz (torsional mode of mirror), respectively.
It demonstrates that the eddy-current-induced Lorentz force and
the magnetostatic force were not only applied at the mirror plate
but also at the supporting frame, as illustrated in Fig. 5. The
typical optical scan angle was 20◦ at an input power of 9 mW.
Thus, both of the one-axis and two-axis scanners can provide
2-D scanning patterns. The scanning angle of Ni mirror had
dropped slightly after removing the permanent magnets (i.e.,
remove Bp and the induced Lorentz force). In other words, the
Ni (ferromagnetic material) scanning mirror was mainly driven
by the magnetostatic force. As a comparison, Fig. 10 shows the
typical measured frequency responses of a two-axis Cu scanner.
The scanning angle of the Cu (diamagnetic material) scanner

Fig. 10. Typical measured frequency responses for 2-D Cu scanner.

is much smaller than that of the Ni (ferromagnetic material)
scanner. In addition, the response with a magnetic field Bp
(dashed line) is much higher than that without Bp (solid line).
It demonstrates that the Cu (diamagnetic material) scanning
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Fig. 11. Typical scanning patterns of one-axis scanner. (a) Orthogonal
1-D scanning patterns. (b) Two-dimensional scanning patterns with different
frequency ratio.

mirror was mainly driven by the eddy-current-induced Lorentz
force.
Fig. 11(a) shows 1-D laser scanning patterns displayed using
the one-axis Ni mirror in Fig. 9(a). The horizontal and vertical
patterns were scanned by the torsional and bending modes,
respectively. According to (11) and (12), the stiffness Kb is
approximately one order of magnitude larger than the stiffness
Kt ; therefore, the scanning angle associated with the bending
mode was smaller. Both of these two orthogonal scanning
modes were excited simultaneously when the solenoid was
driven by dual ac signals. Thus, the 2-D scanning patterns
are achieved, as indicated in Fig. 11(b), and the frequency
ratios were 1 : 7 and 838 : 3912, respectively. Fig. 12(a) shows
1-D laser scanning patterns when the two-axis Ni mirror in
Fig. 9(b) was driven at its orthogonal scanning modes, respectively. The horizontal scanning pattern was displayed by the
frame torsional mode (2708 Hz), whereas the vertical one was
scanned by the mirror torsional mode (4920 Hz). This paper
also employed dual frequencies to simultaneously drive the
mirror and frame torsional modes. Thus, the 2-D scanning patterns are displayed, as shown in Fig. 12(b). The 2-D scanning
patterns were easily tuned by varying the combination of these
two driving frequencies. As indicated in Fig. 12(b), the frequency ratios were 1 : 1 (1773 : 1773 Hz), 1 : 2 (1423 : 2846 Hz),
2678 : 4910, and 2708 : 4920 (frame and mirror torsional
modes), respectively.
This paper also demonstrates the tuning of scanning patterns
by varying the direction of the permanent magnets φ, as presented in Section II. Fig. 13 shows the scanning patterns for
16 different directions of a magnetic field Bp . In short, the
scanning pattern of the present coilless scanner can be tuned
by varying not only the structure design and driving frequency
but also the direction of permanent magnetic field Bp . The

Fig. 12. Typical scanning patterns of two-axis scanner. (a) Orthogonal
1-D scanning patterns. (b) Two-dimensional scanning patterns with different
frequency ratio.

measurement results agree with the simulation results shown
in Fig. 3(b) that the direction of the net magnetic field is
toward the direction of Bp , so that both of the moments ML
and MM are orthogonal with the direction of Bp . The joule
heat is one design consideration for the Lorentz force actuator.
Fig. 14 shows the temperature distribution on the scanning
mirror measured by an infrared microscope. Since the operating
frequency ranges from 900 to 4000 Hz, the mirror had not been
heated by an eddy current.
IV. S UMMARY
This paper reports on novel coilless micro scanning mirrors
driven by the magnetostatic force that resulted from a magnetic
interaction as well as the Lorentz force that is induced by an
eddy current. The one-axis and two-axis scanning mirrors have
been successfully fabricated and tested. Typical testing results
showed that the optical scan angle was 20◦ when the scanner
was operated at an input power of 9 mW. The present scanner
has the following advantages and characteristics. First, complex
current routing and insulation layer deposition for the Lorentz
force is not required. Second, it is easy to drive the scanner
using the far-field magnetic force, which no longer gives limitations to the scanning angle. Third, the fabrication processes
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Fig. 13. Variation of the scanning patterns with the direction of the permanent magnets φ.
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