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Abstract— Conventional electromagnetic microelectromechani-
cal system scanners require a biaxial (two-axis) external magnetic
field to obtain a biaxial torque, which increases the number of
bulky external permanent magnets and the packaging size caused
by 45◦-orientated placement of permanent magnets. Thus, this
study developed a two-axis resonant electromagnetic scanner with
an asymmetric gimbal frame that generates two-axis torque via
a one-axis lateral external magnetic field. As external permanent
magnets can be placed parallel to the device die, the proposed
method reduced the packaging size. Two driving forces were
generated by two independent electromagnetic actuators placed
on both sides of the asymmetric gimbal frame, which converted
the unidirectional forces into two-axis torque. As the two driving
actuators were independent of the connecting beams, gimbal
frame, and mirror and were connected to the thick outer
Si handle frame, the temperature increase of torsion beams
and the asymmetric gimbal frame, which affects the resonant
performance, were reduced. Additionally, as the current paths
were not multiturn coil shapes, the paths can be formed with
a via-less single metal layer. Also, the drive circuit can be
simplified since drive signals for two-axis rotation can be applied
to individual actuators. We demonstrated biaxial scanning using
the proposed structure with a 4-mm mirror. The optical scanning
angle was 4.84◦ for the 1.308 kHz X-axis scan and 16.1◦ for
the 2.568 kHz Y-axis scan when a current of 300 mA was
applied independently to the X- and Y-axes driving actuators.
We obtained the large displacement at the resonant frequency
using the asymmetric gimbal frame under a lateral magnetic
field. [2024-0050]

Index Terms— LiDAR, electromagnetic, scanner, mirror.

I. INTRODUCTION

MICROELECTROMECHANICAL systems (MEMS)-
based scanners have become essential for laser scanning

because of their compact sizes and fast responses [1]. Exploit-
ing these advantages, MEMS scanners have been integrated
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Fig. 1. Schematic of the proposed two-axis electromagnetic scanner with an
asymmetric gimbal frame.

Fig. 2. Design and dimensions of the proposed two-axis electromagnetic
scanner.

into various applications, such as three-dimensional (3D)
imaging [2], small projectors (known as pico projectors) [3],
and light detection and ranging (LiDAR) [1], [4]. LiDAR
applications require a high-performance MEMS scanner with
a large scanning angle, large mirror, and fast response [1],
[5], [6], [7]. Among the many actuation principles such as the
electrostatic [8] and piezoelectric [9], [10], [11] principles,
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TABLE I
COMPARISON OF PREVIOUS ELECTROMAGNETIC SCANNERS

AND THIS WORK

electromagnetic actuators are widely used as driving actuators
in a MEMS scanner. In electromagnetic actuation, the use
of multiturn coils in the moving part as current paths and
external permanent magnets in the housing are essential for
generating the Lorentz force. Conventional electromagnetic
MEMS scanners require a biaxial (two-axis) external mag-
netic field to obtain a biaxial torque [12]. This requirement
increases the number of bulky external permanent magnets
or decomposes a one-axis magnetic field into a two-axis
magnetic field via a 45◦-orientated placement of permanent
magnets [13], [14], [15].

When such a 45◦-oriented magnetic field is used, a square
MEMS scanner chip must be placed at 45◦ for packaging
between a pair of permanent magnets. In other words, the
packaging area must be 1.41 times the device’s size and
the external magnet’s size. As a result, it is challenging to
reduce the packaging area [16]. In addition, driving multiturn
coils must be placed on a gimbal with 2 degrees-of-freedom
connected only by narrow beams in the conventional elec-
tromagnetic MEMS scanner. Such a structure increases the
temperature rise of the mirror and torsional beams since the
generated heat can hardly dissipate through the thick outer Si
handle frame.

Although certain studies have solved this issue using a radial
magnetic field under a scanner [17] or by combining other
principal actuators [18], these methods still limit the scanning
angle simply because when the rotation angle is too large,
the mirror hits the permanent magnet on the back. Therefore,
reducing the number of external permanent magnets remains
an issue for realizing high-performance compact 2D MEMS
scanners.

Another issue is the multiturn coils in a gimbal. These coils
require vertical-interconnect-access (via) fabrication of cur-
rent paths by multi-metal layers. Although such a multilayer
interconnection can be realized through standard MEMS and
CMOS processes, it complicates the fabrication. Moreover, the
multiturn coils must be placed on a gimbal with 2 degrees-of-
freedom connected only by narrow beams, it is challenging for
Joule heating to dissipate from the gimbal and mirror, causing
performance degradation and mirror deformation.

This study proposed a novel two-axis resonant electromag-
netic scanner with an asymmetric gimbal frame to solve these

issues [19], [20]. In the proposed scanner, two-axis torques
were mechanically generated via an asymmetric gimbal frame
using only a one-axis lateral magnetic field, as shown in
Figs. 1 and 2. Although Chen et al. used a asymmetric frame
and Y-shaped bulk Pb(Zr, Ti)O3 (PZT) actuators for two-axis
piezoelectric MEMS scanner [9], their proposed structure
required an adder circuit and two signals in each of the
two-axis rotation with different phase differences between the
two pairs of PZT plates in the Y-shaped actuator. In our
proposed method, two driving forces were generated by two
independent actuators placed on both sides of the asymmetric
gimbal frame, which converted the unidirectional forces into
two-axis torque. Therefore, the drive circuit can be simplified
since drive signals for two-axis rotation can be applied to
individual actuators. In addition, external permanent magnets
were placed laterally, and the two independent driving actu-
ators required only a one-axis magnetic field. Furthermore,
two current paths were independent of the connecting beams,
gimbal frame, and mirror. Compared to previous studies in
Table I, this facilitated the use of a simpler via-less fabrica-
tion and avoided Joule heating of the mirror. In this paper,
we first discussed how the proposed asymmetric framework
works. Then, simulation results showed the proposed scanner’s
characteristics. Finally, we fabricated and demonstrated the
proposed scanner.

II. METHODOLOGY

Figure 2 shows the design of the proposed two-axis scanning
mirror with an asymmetric gimbal frame. The mirror frame
and actuators were composed of a 40-µ m thick device layer
of a 40/1/400 µ m silicon-on-insulator (SOI) wafer. The size
of the device die was 2×2 cm2 and the diameter of the mirror
was 4 mm. As shown in Fig. 2, the mirror frame was designed
asymmetrically on the Y-axis to generate two-axis torque
from a one-axis lateral magnetic field (Bext). The shorter and
longer parts of the asymmetric gimbal frame were La and
Lb, respectively, where La < Lb. The electrodes on the two
actuators were made up of 200-nm thick gold and 15-nm
titanium. The length, width and gap of the current paths are
2000, 200 and 50 µ m, respectively. Because the two current
paths on the two independently driven actuators were fully
isolated, the two driving currents (ix and iy) could be applied
independently without any crosstalk.

Two electromagnetic actuators were placed on both sides of
the mirror frame to generate vertical electromagnetic forces
(Fx and Fy) from Bext. Figures 3(a) and 3(b) show X- and
Y-axes rotation schematics, respectively. The vertical X-axis
rotation directly utilized the force, as shown in Fig. 3(a).
Whereas, the horizontal Y-axis rotation utilized the torque gen-
erated by the unbalanced asymmetric gimbal frame, as shown
in Fig. 3(b).

The physical behavior of a mirror can be described using
a set of equations of motion. The sets of second-order dif-
ferential equations describing the X-axis and y-rotation of
the mirror and asymmetric gimbal frame can be obtained
using the angular deflection, moment, damping coefficient, and
angular spring constant. Figures 4 and 5 show the models
of the rotational spring-mass-damper system for the X- and
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Fig. 3. (a) Schematic of X-axis rotation. The driving forces directly generate
X-axis rotation. (b) Schematic of Y-axis rotation. The asymmetric gimbal
frame converts these forces into Y-axis rotation.

Y-axes scanning modes. As shown in Figs. 4 and 5, the mirror
was located at the end of the system and connected to the
asymmetric gimbal frame in series. The mirror and asymmetric
gimbal frame were described as inertial components and these
components were supported by torsional beams.

The X-axis rotation can be described as

Jx θ̈x + cx θ̇x + kx (θx − θ1) = 0 (1)

J1θ̈1 + c1θ̇1 + (kx + k1)θ1 = Te + kxθx (2)

where Jx and J1 are the inertial moments of the mirror and
asymmetric gimbal frame, respectively, θx and θ1 are the
X-axis rotation angles of the mirror and asymmetric gimbal
frame, respectively, cx and c1 are the viscosities of the mirror
and asymmetric gimbal frames, respectively, kx and k1 are
the spring constants of the two torsional beams, and T e is
the torque generated by the electromagnetic actuator forces
Fx and Fy. Under the X-axis rotation mode, the frame was
symmetrical along the X-axis. Therefore, these moments were
ignored.

However, the moments of the asymmetric gimbal frame
must be considered in Y-axis rotation. The Y-axis rotation
can be described as

Jy θ̈y + cy θ̇y + ky(θy − θ2) = 0 (3)

J2θ̈2 + c2θ̇2 + (ky + k2)θ2 = Te + kyθy + magLa/2 cos θ2

− mbgLb/2 cos θ2 (4)

where Jy and J2 are the inertial moments of the mirror
and asymmetric gimbal frame, respectively θy and θ2 are the
Y-axis rotation angles of the mirror and asymmetric gimbal
frame, respectively, cy and c2 are the viscosities of the mirror
and asymmetric gimbal frame, respectively, ky and k2 are
the spring constants of the two torsional beams, and Te is
the torque generated by the forces of the electromagnetic

Fig. 4. (a) Schematic of the X-axis rotation and (b) rotational spring-mass–
damper system model.

Fig. 5. (a) Schematic of the Y-axis rotation and (b) rotational spring-mass–
damper system model.

Fig. 6. FEM simulation results of various resonant modes of the proposed
device. (a) Y-axis slow-resonant mode, where, primarily, the longer part of the
frame part (Lb) undergoes rotation. (b) In the Z-axis piston resonant mode, the
mirror part vibrates vertically. (c) X-axis resonant mode, where the mirror part
primarily rotates. (d) Y-axis fast resonant mode, where, primarily, the mirror
part rotates with a counter-rotation of the shorter part of the frame (La).

actuators: Fx and Fy. Further, ma and mb are the masses
of the short and long parts of the asymmetric gimbal frame,
respectively. As shown in Eq. 4, the Y-axis rotation was
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Fig. 7. FEM Simulation results of (a) X-axis and (b) Y-axis frequency
responses of the mirror.

dependent on the generated torque Te and the moment owing
to the asymmetric gimbal frame.

III. FEM SIMULATION

Figure 6 shows the various mode shapes of the proposed
device derived from a finite element method (FEM) simulation
using ANSYS Mechanical. The X-axis rotation mode was
observed at 1.461 kHz, as shown in Fig. 6(c). In addition,
at 945 Hz, the mirror vibrated vertically, which is called the
piston resonant mode (Fig. 6(b)).

As shown in Figs. 6(a) and 6(d), two resonant modes (slow
and fast) exist at 234 Hz and 2.582 kHz in the Y-axis rotation
modes owing to the asymmetric gimbal frame. While the
longer part of the asymmetric gimbal frame (Lb) primarily
rotated in the slow-scan mode, the mirror component primarily
rotated in the fast-scan mode. Note that the fast scan mode
included a counter-rotation of the short part of the frame (La),
depending on the mirror. As shown in 6(d), the longer part
of the asymmetric gimbal frame (called the LB part) was

Fig. 8. Simulation model when (a) Lb = La and (b) Lb = La + 5000.
(c) FEM Simulation results of Y-axis rotation at the fast resonant mode when
the asymmetric ratio was changed.

Fig. 9. FEM simulation results when we applied 100 mW heat flow under
ambient temperature of 30 ◦C to the heating path (a) on the asymmetric
gimbal frame and (b) outside the asymmetric gimbal frame.

halted. This indicates that mbgLb/2 cos θ2 on the right side
of Eq. 4 decreased. In addition, J2 and c2 decreased owing to
the decrease in the rotational mass and size. Consequently,
rotation increased when an asymmetric gimbal frame was
used. Figures 7(a) and 7(b) show the simulated results for
the X- and Y-axis rotational frequency responses. We applied
a frequency signal of 50 kPa amplitude in the Z direction
to the current paths on one side of the cantilever, shown in
Figs. 1 and 2. As shown in Fig. 7(b), the displacement of the
mirror was largest in the Y-axis fast resonant mode, despite
the highest-frequency resonant mode.

As shown in Fig. 6(b), the X- and Y-axes deflections
were large at 945 Hz because of the piston-mode actuation.
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Fig. 10. Process flow of the proposed device. (a) Thermal oxidization
and sputtering the titanium and gold. (b) Patterning the titanium and gold
for current paths. (c) Patterning SiO2 layer and DRIE of the device layer.
(d) DRIE of the substrate followed by release of the device by etching the
BOX layer using CHF3 plasma.

Fig. 11. Image of the fabricated device with external permanent magnets.

Fig. 12. Scanned Lissajou’s pattern using the X- and Y-axes fast res-
onant mode. Each current was applied independently, and both currents
were 300 mA.

At 1.46 kHz, the X-axis deflection was the largest, as shown
in Fig. 6(c). As shown in Figs 7(a) and 7(b), the X-axis
displacement increased at the Y-axis resonant frequency. This
was because of the nature of the cantilever actuator, which
rotated along the Y-axis. However, these crosstalk displace-
ments at the Y-axis resonant frequencies were more than 20 dB
smaller than the X-axis resonant displacement. The Y-axis
slow-resonant mode at 245 Hz and the Y-axis fast-resonant
mode at 2.58 kHz, corresponding to Figs. 6(a) and 6(d) were
observed, as shown in Fig. 7(b). The Y-axis displacement was
the largest at a fast resonant-mode frequency of 2.58 kHz,
owing to the proposed asymmetric gimbal frame.

Fig. 13. Measured frequency response of (a) X-axis and (b) Y-axis scans
using a laser-Doppler instrument when the 100 mA current was applied.

To investigate the role of the asymmetric gimbal frame,
we swept the ratio of La to Lb. Figures 8(a) and 8(b) show the
fast resonant mode displacement along the Y-axis fast resonant
mode of the simulated models with Lb = La and Lb =

La+5000, respectively. Figure 8(b) shows the simulated results
for Y-axis rotation using different Lb-La ratio models. Three
different models were simulated: Lb = La, Lb = La +1000 µ

m and Lb = La + 5000 µ m. As shown in Fig. 8(b), the
deflection increased with increasing asymmetry ratio under the
fast resonant mode of the Y axis.

Furthermore, we compared two different models with dif-
ferent placements of the heating path to observe the heat
dissipation of the device when we applied 100 mW heat flow to
the heating path (that is, simulated current path) at an ambient
temperature of 30 ◦C, as shown in Fig. 9.

Figure 9(a) shows the thermal simulation model, where the
heating path was placed on the asymmetric gimbal frame,
which is similar to the placement of the previous two-axis
electromagnetic scanner [13], [14]. The mesh element sizes
of the device area and the outer bulk handle frame were
30 µ m and 50 µ m, respectively. The nodes of the element
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Fig. 14. Measured frequency response of (a) X-axis and (b) Y-axis scanning
angles when the applied currents were changed.

between the device area and the outer bulk handle frame were
continuous. The mesh size was the smallest that could be
simulated in the used environment. We confirmed that the
mesh quality was enough to obtain accurate results because the
results remained the same when using the larger mesh element
sizes. As shown in Fig. 9(a), the maximum temperature around
the heating path was 75 ◦C, the connecting beam was 51 ◦C,
and the torsional beam was 65 ◦C. On the other hand, in the
model, as shown in Fig. 9(b), the heating path was placed
outside the asymmetric gimbal frame, which simulates the
proposed design. In this model, the maximum temperature
around the heating path was 51 ◦C, the connecting beam was
46 ◦C, and the torsional beam was 34 ◦C. We consider this to
be another advantage of the proposed position of coils in the
proposed design.

IV. FABRICATION

Figure 10 illustrates the process flow of the proposed device.
We used a 6-inch 40 µ m-1 µ m-400 µ m SOI wafer as
substrate. First, the wafer was oxidized to form an insulating
layer with a thickness of 500 nm, as shown in Fig. 10(a).

Fig. 15. Measured resonant scanning angles of X-axis and Y-axis scans
when the applied currents were changed.

Subsequently, 20-nm thick Ti and 200-nm thick Au were
sputtered for current paths. The Au and Ti were etched using
an Au etchant (KANTO CHEMICAL AURUM-302) and 5%
ammonia peroxide mixture (APM), as shown in Fig. 10(b).
Subsequently, the SiO2 layer was etched using a CHF3 plasma,
and the 40 µ m device Si layer was etched using deep reactive
ion etching (DRIE), as shown in Fig. 10(c). Subsequently,
the back of the substrate was etched by DRIE. Finally, the
moving structures were released by etching the BOX layer
using CHF3 plasma, as shown in Fig. 10(d). The chips were
separated by DRIE and release-etching of the BOX layer using
CHF3 plasma. Figure 11 illustrates the fabricated device.

V. MEASUREMENT

As shown in Fig 11, we placed two external Neodymium
magnets (2 cm high, 2 cm wide, 1 cm thick) on each side of
the device to generate Bext. The magnets were mechanically
fixed to the PCB using a 5 mm thick acrylic sheet jig, as shown
in Fig. 11. Figure 12 shows the scanned Lissajous pattern. The
currents were applied independently at 300 mA. The optical
scanning angles were 4.84◦ for the 1.308 kHz X-axis and
16.1◦ for 2.568 kHz Y-axis scans, respectively.
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Figures 13(a) and 13(b) show the frequency responses of
the X- and Y-axes scans measured using a laser Doppler
instrument (Polytec Inc., MSA-500), respectively. In this
measurement, the current was limited to 100 mA due to
the measurement limitations of the laser Doppler instrument.
As shown in Figs. 13(a) and 13(b), the X- and Y-axes resonant
mode frequencies were 1.308 and 2.568 kHz, respectively.

Figures 14(a) and 14(b) show the frequency dependence of
the X- and Y-axes scanning angles, respectively, around the
operating resonant frequency when the applied current was
changed. We swept the driving-signal frequency from low to
high. As shown in Fig. 14(a), the resonance behavior and
applied current were linear. However, as shown in Fig. 14 (b),
non-linear behavior was observed owing to a spring stiffening
increase in resonance frequency at larger deflections caused
by a progressive spring characteristic. Figures 15(a) and 15(b)
show the relationship between the maximum scanning angle
and the applied current.

VI. CONCLUSION

This study proposed a two-axis resonant electromagnetic
scanner with an asymmetric gimbal frame that generates
two-axis torques from a one-axis lateral external magnetic field
and can save the packaging size. Two driving forces were gen-
erated by two independent electromagnetic actuators placed on
both sides of the asymmetric gimbal frame, which converted
the unidirectional forces into two-axis torques. We success-
fully demonstrated biaxial scanning using the proposed device
with a 4 mm mirror and a one-axis lateral magnetic field.
The optical scanning angles were 4.84◦ and 16.1◦ for the
1.308 kHz X-axis and 2.568 kHz Y-axis scan, respectively,
when a current of 300 mA was applied independently to
the X- and Y-axis driving actuators. The results indicated
that the proposed method reduced the packaging size of the
electromagnetic scanner without performance degradation.

However, the scanning angles were not wide, compared to
the previous electromagnetic scanners. We consider that the
thin layer of current paths limits the maximum current, which
causes the small scanning angles. Future work is to realize the
proposed scanner with the thicker current paths deposited by
electroplating.
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