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A B S T R A C T

This paper reports an electromagnetic indirect-driving scanning mirror with an enlarged mirror plate (17mm×

17mm) supported by high-strength polymer hinges for wide-昀椀eld coaxial LiDAR (Light Detection and Ranging) 
applications. An indirect-driving mechanism was developed to achieve large tilting angle through mechanical 
ampli昀椀cation, while maintaining a relatively high resonance frequency of the enlarged mirror plate. A prototype 
mirror was designed, fabricated, and tested. A Hall scan position sensor was integrated to monitor the pose of the 
mirror in real time. The testing results show a coupled resonance frequency of 54.9 Hz with an optical tilting 
angle of ±60ç, corresponding to a 昀椀eld of view (FoV) of 120ç. A wide-昀椀eld coaxial LiDAR system was also built 
based on the indirect-driving scanning mirror, and 2D imaging was demonstrated.

1. Introduction

Signi昀椀cant advancements have been achieved in the 昀椀eld of auton-
omous driving with the recent development and utilization of the 
scanning LiDAR. Based on the optical beam steering mechanisms, cur-
rent scanning LiDAR technologies can be divided into three main cate-
gories: optical phased arrays (OPAs) [1–3], rotational motors [4–6], and 
MEMS (microelectromechanical systems) scanning mirrors [7–10]. The 
MEMS mirror-based scanning LiDAR has high scanning speed, low 
power consumption, small factor, and light weight, which is especially 
suitable for unmanned mobile platforms with limited power supply and 
payload capacity. Due to the small mirror plate size (e.g., > mm2) [11, 
12], MEMS mirror-based scanning LiDARs usually adopts a non-coaxial 
optical design, where light transmitting and receiving are along two 
different paths. As shown in Fig. 1(a), the scanning mirror steers the 
(collimated) transmitting light beam, while the re昀氀ected or back scat-
tered light from the target is collected by a static receiver at an offset 
position. However, with the existence of ambient light interference, the 
reception sensitivity and 昀椀eld of view (FoV) of the optical receiver have 
to be balanced to ensure acceptable signal-to-noise ratio (SNR) [5,11, 
13]. This limitation can be lifted by using a coaxial design with increased 
receiving aperture, where light transmitting and receiving follow the 
same path and co-steered by the scanning mirror (Fig. 1(b)). In order to 
provide larger receiving aperture and sensitivity and also enable 

multi-beam scanning capability, a much larger (e.g., > cm2) mirror plate 
would be needed, which otherwise could pose challenges in the design 
and fabrication of the MEMS scanning mirror and also limit its scanning 
performance. For example, current MEMS scanning mirrors use 
torsional silicon hinges, which would be too brittle or fragile to support 
centimeter-sized mirror plates. Previously, 昀氀exible polymer or elastomer 
materials were used to form torsional or bending hinges for 
centimeter-sized mirror plates due to their large ultimate strain and 
impact resistance [14–17]. Nevertheless, with low Young’s modulus, the 
polymer or elastomer hinges have to be made relatively short and thick 
to provide enough force constants for achieving desirable resonance 
frequencies. Because of this, the internal stress inside the hinges will 
increase fast with the tilting angle [17]. To avoid permanent degrada-
tion or damage, the maximal tilting angle (FoV) will have to be reduced. 
This situation forms a tradeoff between the scanning frequency and FoV, 
which is undesirable for LiDAR applications where both high scanning 
frequency and wide FoV are required. Although there were some pre-
vious efforts to achieve both high scanning frequency and wide FoV for 
MEMS scanning mirrors [18–21], these designs are still limited to 
relatively small (mm2) mirror plates, which are insuf昀椀cient for coaxial 
LiDAR applications.

This paper reports a new electromagnetic indirect-driving scanning 
mirror for coaxial LiDAR designs. The scanning mirror consists of an 
enlarged mirror plate (17mm× 17mm) supported by two torsional 
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hinges made of high-strength polymers with good impact resistance. The 
utilization of the indirect-driving mechanism allows the use of softer 
hinges to achieve a larger torsion angle without sacri昀椀cing the reso-
nance frequency. To precisely monitor the position of the mirror plate, a 
Hall scan position sensor is also built into the scanning mirror. For the 
demonstration, a prototype scanning mirror was designed, fabricated, 
and characterized. An experimental coaxial LiDAR setup was also built 
with the fabricated scanning mirror to evaluate its feasibility and im-
aging capability.

2. Design

Fig. 2 shows the schematic designs of the electromagnetic direct- and 
indirect- driving scanning mirrors. As shown in Fig. 2(a), the direct- 
driving scanning mirror consists of a mirror plate, which is supported 
on an outer frame by one pair of torsion hinges. Two permanent driving 
magnets (DMs) (having opposite polarity) are directly attached onto the 
mirror plate, which forms a part of the electromagnetic actuator (con-
sisting of an inductor coil and the two magnets). When a DC or AC 
current 昀氀ows through the inductor coil, a magnetic torque will be 
generated to tilt the mirror plate around the two torsion hinges. While 
the direct-driving design is compact, the addition of the two DMs can 
signi昀椀cantly increase the overall mass of the mirror plate. Fig. 2(b) 
shows the indirect-driving scanning mirror design, which consists of a 
mirror plate (the same scale as the mirror plate in Fig. 2(a)), an inner 
frame and an outer frame linked to each other with two pairs of torsion 
hinges. The outer frame is 昀椀xed onto the base, which is also the holder of 
the driving inductor coils. Two groups of DMs (red part represents the 
north while white part represents the south) are attached onto the inner 
frame around its center axis. They form two individual electromagnetic 
actuators with the inductor coils underneath. When AC currents 昀氀ow 
into the inductor coils, an alternating magnetic force will be generated 
onto the DMs to tilt the inner frame around its central axis back and forth 
(Fig. 2(c)). The dotted line represents the inner frame, also showing the 
DMs in two states of tilting. By matching their resonance frequencies, 
the small titling angle (β) of the electromagnetic actuator is ampli昀椀ed 
into a much larger tilting angle (α) of the mirror plate. This mechanical 
ampli昀椀cation mechanism has been demonstrated in works [22–25]. 
Without the additional mass added to the mirror plate, a relatively high 
resonance frequency can be achieved even with softer hinges that can 
withstand larger torsion angle without permanent degradation or 
damage. In the current design, BoPET (biaxially oriented polyethylene 
terephthalate) is used as the material for the inner torsion hinges while 
acrylic is used as the materials for the outer torsion hinges and frame, 

due to their high mechanical strength and moderate Young’s modulus of 
several GPa.

For resonant scanning mirrors, there is always a time delay between 
the driving signal and the mirror tilting angle. Therefore, the actual pose 
of the mirror plate cannot be deduced directly from the phase of the 
driving signal, which calls for in-situ scan position sensing. Traditional 
capacitive and piezoresistive sensing are dif昀椀cult to implement on the 
non-conducting polymer hinges [26,27]. Optical position sensing is 
complex and oftentimes suffers from non-linearity and limited range 
[28]. Magnetic noncontact sensing based on a static Hall element and 
moving sensing magnets (mounted on the mirror plate) would be the 
best choice (Fig. 2(d)). With the indirect-driving mechanism, the driving 
magnets and coils are located far away from the mirror plate, and 
therefore the electromagnetic interference to the Hall scan position 
sensor can be minimized. Table 1 lists the material properties and main 
design parameters of the indirect-driving scanning mirror (with a tar-
geted resonance frequency of 50 Hz).

3. Simulation

A 昀椀nite element simulation was conducted with COMSOL Multi-
physics® to determine the resonance frequencies of the mirror plate and 
the inner frame, and to estimate the torsional force constants of both 
hinges. The simulation model consisted of the entire upper mirror 
structure except the driving coils and holder. The surrounding medium 
was designated as air to represent the actual working environment. The 
simulated isolated eigen-frequencies of the mirror plate and the inner 
frame were 56.1Hz and 65.7Hz, respectively. To determine the torsional 
force constant of the inner hinges, a 0.001N normal load was applied 
onto the mirror plate when the inner and outer frames were both 昀椀xed. 
The resulting displacement of the two sides of the mirror plate was 
calculated as 1.6 × 10−5m (Fig. 3(a)). Similarly, to determine the 
torsional force constant of the outer hinges, a 0.1N normal load was 
applied on the inner frame when the outer frame was 昀椀xed. The 
resulting displacement of the two sides of the inner frame was calculated 
as 1.9 × 10−4m (Fig. 3(b)). The torsional force constants of the inner 
hinges and the outer hinges were calculated by 

k =
F " d

4 " arcsin(D
w)

(1) 

where k is the torsional force constant of a single hinge, F is the 
applied force, d is the work distance of the applied force, D is the 
calculated displacement from the simulation, and w is the width of the 
mirror plate or inner frame (Fig. 3(c)). The estimated torsional force 

Fig. 1. (a) MEMS mirror-based scanning LiDAR system with non-coaxial architecture (b) Large mirror-based scanning LiDAR system with coaxial architecture.
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constants of a single inner and outer hinge were 1.96 × 10−4 N/rad and 
2.18× 10−2 N/rad, respectively.

In this design, the mirror plate, the inner frame and the two hinges 
can be considered as a two-degree-of-freedom (2-DOF) mass-spring 
system with two moving masses and two springs. A 2-DOF mass- 
spring system has two different coupled resonance frequencies 
depending on whether two masses move in phase or out of phase. The 
mechanical ampli昀椀cation ratio is de昀椀ned as the ratio between the tilting 
angle of the mirror plate (α) and that of the inner frame (β) at the same 
tilting frequency (Fig. 2(c)). At frequencies near the resonance, damping 
plays a dominant role in the tilting amplitude of the mirror plate and the 
inner frame. Viscous damping of both mirror plate and inner frame in air 
should be small. The inner frame encounters higher structural damping 
than the mirror plate from the anchor loss (between the 昀椀xed outer 
frame and the stiffer outer hinges) and the electromagnetic damping 
(between the driving coil and the DMs). As a result, the mechanical 
ampli昀椀cation (α > β) can be realized when the resonance frequencies of 
the mirror plate and the inner frame are matched. Higher ampli昀椀cation 

Fig. 2. Schematic design of the electromagnetic (a) direct-driving scanning mirror and (b) indirect-driving scanning mirror (c) Illustration of the tilting angle 
ampli昀椀cation through mechanical coupling (d) The representative magnetic 昀氀ux of the sensing magnets and the position and sensitivity direction of the Hall sensor.

Table 1 
The material properties of BoPET and acrylic hinges and other main design 
parameters.

BoPET hinge Young’s modulus (E) 2.7 GPa
Acrylic hinge Young’s modulus (E) 3.2 GPa
BoPET hinge Poisson ratio 0.38
Acrylic hinge Poisson ratio 0.35
BoPET hinges size (l× w× t) 1.5× 0.75× 0.1 mm3

Acrylic hinges size (l× w× t) 3× 0.75× 0.8 mm3

The mirror plate size (l× w× t) 17× 17× 0.2 mm3

The overall inner frame size (l× w× t) 27× 27× 1.7 mm3

The inner frame side width 3.5mm
Big driving magnet size (l× w× t) 13× 3× 1.6 mm3

Small driving magnet size (l× w× t) 5× 3× 1.6 mm3

The mirror size (l× w× t) 45× 33× 5 mm3

Hall sensor size (l× w× t) 4× 3× 1.6 mm3

Sensing magnet size (d× h) 1.6× 0.8 mm2

Magnet density 7.5 g/cm3

Fig. 3. Simulated linear displacement of (a) the mirror plate and (b) the inner frame under the applied normal loads (c) The schematic calculation diagram for the 
torsional force constant.
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can be achieved by optimizing the mass moment ratio between the inner 
frame and the mirror plate, the force constants of the hinges, and their 
anchor design and bonding [25,29].

The calculated torsional force constants from COMSOL Multi-
physics® were plugged into MATLAB to calculate the coupled resonance 
frequencies and the angular displacement responses of the mirror plate 
and the inner frame. The calculation was based on the equations of 
motion (EOM) of a 2-DOF system, 
[ Im 0

0 If

][

θ̈m
θ̈f

]

+

[Cm 0
0 Cf

][

Ûθm
Ûθf

]

+

[ 2ki −2ki
−2ki 2(ki + ko)

][

θm
θf

]

=

[ 0
Mmagsin(ωt)

]

(2) 

where I, C, k, θ̈, Ûθ, θ are the mass moment of inertia, the damping 
constant, the torsional force constant, the angular acceleration, the 
angular velocity, the angular displacement, the notation m, f ,i and o are 
referred to the mirror plate, the inner frame, the inner hinge and the 
outer hinge, Mmag is the maximum amplitude of the applied torque on 
the magnets, ω is the angular frequency of the applied torque. Fig. 4(a) 
shows the calculated and normalized maximum angular displacement of 
the mirror plate and the inner frame vs. the frequency of the applied 
torque. The coupled resonance frequency was determined as the fre-
quency where the angular displacement reaches maximum. The 昀椀rst 
coupled resonance frequency of the mirror plate and the inner frame 
were 54.4Hz and 53.8Hz, respectively. The second coupled resonance 
frequencies of the mirror plate and the inner frame were 65.3Hz and 
65.7Hz, respectively. The maximal ampli昀椀cation ratio was 19.6 at the 
昀椀rst coupled resonance frequency of the mirror plate. Coupled eigen- 
frequencies were also simulated by COMSOL Multiphysics® to verify 
the results. Fig. 4(b) and 4(c) show the 昀椀rst and second mode shapes of 
the scanning mirror. The simulated isolated and coupled resonance 
frequencies are listed in Table 2.

Previously, using a 1D Hall sensor with a single sensing magnet to 
monitor the tilting angle of the mirror plate was demonstrated [30]. 
However, it was limited to small tilting angles because it directly 
measured the magnetic 昀椀eld strength difference (instead of the relative 
direction) caused by the distance change between the Hall sensor and 
the sensing magnet. When the tilting angle is large (leading to several 
millimeter displacement of the sensing magnet), the sensing magnet will 
move either too close (causing saturation) or too far (causing no signal) 
to the Hall sensor. Such limitations can be addressed by replacing the 
single sensing magnet with a pair of magnets with opposite polarity at 
the middle of the mirror plate to enable scan position sensing by 
monitoring the change of the magnetic 昀椀eld direction. A 昀椀nite element 

simulation was also conducted with COMSOL Multiphysics® to show the 
magnetic 昀氀ux of the pair of sensing magnets with respect to the detec-
tion direction (i.e., Z axis) of the Hall sensor. As shown in Fig. 5(a), the 
overall magnetic 昀椀eld strength is relatively uniform over the Hall sensor. 
When the mirror plate is at the rest position (i.e., θ = 0ç), the magnetic 
昀氀ux is almost perpendicular to the Z axis (indicated by the green arrow 
in Fig. 5) of the Hall sensor, which causes a low response of the Hall 
sensor. When the tilting angle of the mirror plate increases, the magnetic 
昀氀ux will be better aligned to the detection direction of the Hall sensor 
(Fig. 5(b)), which results in a higher response of the Hall sensor. As a 
result, the scan position sensing could be achieved even at large tilting 
angles.

4. Fabrication and assembly

Fig. 6 illustrates the fabrication and assembly process of the elec-
tromagnetic indirect-driving scanning mirror. First, a 200-μm-thick 
aluminum-coated silicon wafer was diced into 17mm × 17mm square 
pieces to serve as the mirror plate. The BoPET hinge layer was cut from a 
100-μm-thick BoPET 昀椀lm with a CO2 laser cutter. The acrylic hinge layer 
and two inner frames were laser cut out from a 0.8-mm-thick acrylic 
sheet. The silicon mirror plate, the BoPET hinge layer, the acrylic hinge 
layer, and the inner frame were aligned and bonded together with sili-
cone adhesive (Momentive Performance Materials RTV108) (Fig. 6(a)). 
Second, four pairs of large driving magnets (B821, K&J Magnetics), two 
pairs of small driving magnets (B321, K&J Magnetics), and one pair of 
sensing magnets (D101-N52, K&J Magnetics) were aligned and bonded 
together with silicone adhesive onto the fabricated hinge layer (Fig. 6
(b)). Third, a 1D Hall sensor (SS49E, Honeywell Sensing and Produc-
tivity Solutions) was 昀椀xed onto the 3D printed holder, which was 
bonded onto the 3D printed coil holder with silicone adhesive. The 
assembled top mirror structure was mounted on the coil holder. Two 
coil-type electromagnets (YJ-15/5, YJ Electric Store) were inserted in-
side the coil holder to complete the fabrication and assembly (Fig. 6(c)). 
Fig. 7 shows the top and side view of the fabricated prototype of the 
electromagnetic indirect-driving scanning mirror.

5. Characterization

A double-laser tracing method was used to characterize the scanning 
performance (Fig. 8). The scanning mirror was 昀椀xed on a 3D printed 
backboard at 45ç towards a reading screen. An additional small re昀氀ector 
was attached onto the inner frame. Two collimated CW laser beams (red 
and green) were shot onto the center of the mirror plate and the small 

Fig. 4. (a) The calculated and normalized maximum angular displacements of the mirror plate and the inner frame at different driving frequencies. (b) The 昀椀rst and 
(c) the second mode shape of the scanning mirror.
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re昀氀ector on the inner frame at an incident angle of 45ç, respectively. The 
incident laser beams were re昀氀ected onto the reading screen at certain 
distances away. The optical tilting angles of the mirror plate and inner 
frame were calculated from the length of the red and green laser traces 
and their travel distances on the reading screen.

The isolated resonance frequencies of the mirror plate and the inner 
frame were characterized to ensure their resonance frequencies match 
with each other. The amplitude of the AC driving voltage for each coil 
was set to 2Vpp (corresponding to the driving current of 13.7 mApp and 
the power consumption of 3.4 mW). The frequency of the AC driving 
voltage was swept from 1Hz to 200Hz to reveal the resonance fre-
quencies. Both inner frame and outer frame were 昀椀xed for testing the 
mirror plate by using another temporary coil to actuate the sensing 
magnets, while both mirror plate and outer frame were 昀椀xed for testing 
the inner frame by using the two assembled coils to actuate the driving 
magnets. The results were 57Hz and 61Hz, respectively. The coupled 
resonance frequencies of the mirror plate and the inner frame were also 
characterized. Fig. 9 shows the optical tilting angles of the mirror plate 
and the inner frame vs. frequency, respectively. The 昀椀rst coupled 

Table 2 
Resonance frequency simulation results.

Simulated isolated eigen-frequencies 
from COMSOL

Simulated 昀椀rst coupled resonance frequencies from 
MATLAB/COMSOL

Simulated second coupled resonance frequencies from 
MATLAB/COMSOL

The mirror 
plate

56.1Hz 54.4Hz/54.6Hz 65.3Hz/66.4 Hz

The inner 
frame

65.7Hz 53.8Hz/54.6Hz 65.7Hz/66.4 Hz

Fig. 5. (a) The simulated magnetic 昀氀ux density of (a) a pair of sensing magnets without tilting and (b) a pair of sensing magnets tilted to a large angle.

Fig. 6. Fabrication and assembly of the electromagnetic indirect-driving scanning mirror.

Fig. 7. (a)The top and (b) side view of the fabricated prototype scan-
ning mirror.
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resonance frequencies of the mirror plate and the inner frame were 
determined to be 54.9Hz and 54.5Hz, respectively. The second coupled 
resonance frequencies of the mirror plate and the inner frame were 
determined to be 67Hz and 67.6Hz, respectively. The actual maximum 
ampli昀椀cation ratio and quality factor at the 昀椀rst coupled resonance 
frequency of the mirror plate were estimated to be 15.0 and 14.4, 
respectively. Table 3 summarizes the actual resonance frequencies, 
which match well with the simulation results.

The AC driving response of the mirror plate and the inner frame was 
also tested. The frequency of the AC driving voltage was set at the 昀椀rst 

coupled resonance frequency of the mirror plate. The amplitude of the 
AC driving voltage for each coil was increased from 0Vpp to 13 Vpp. 
Based on the resistance (~146 Ω), the driving current and power con-
sumption were calculated to be 89 mApp and 145 mW, respectively. The 
magnetic 昀椀eld output from the coil was estimated to be 4.55 mT from 
the measurement with a Gauss meter. The test was repeated three times. 
Fig. 10 shows the optical tilting angles of the mirror plate and inner 
frame vs. the amplitude of the AC driving voltage. The optical tilting 
angle of the mirror plate could reach a ±60 ç, corresponding to an FoV of 
120 ç, which is larger than those of electromagnetic direct-driving 
scanning mirrors [14–17,31–36,44]. The viscous damping and its vari-
ation on the mirror plate are small at small tilting angles. Therefore, 
both the linearity and repeatability of tilting angle vs. the AC driving 
voltage are excellent at small tilting angles. However, the viscous 
damping and its variation increases rapidly with the tilting angle, which 
results in a slower increase rate of the tilting angle especially at larger 
tilting angles. The increase in the variation of the viscosity damping also 
re昀氀ects itself in the increase of the deviation of the tilting angle.

The Hall scan position sensor was characterized for its linearity and 
repeatability. The input voltage of the Hall sensor was set to 4VDC. The 
output of the Hall sensor was monitored with an oscilloscope. The op-
tical tilting angle of the mirror plate (φ) and the corresponding output 

Fig. 8. (a) Top view and (b) side view of the double-laser tracing setup.

Fig. 9. Characterization of coupled resonance frequencies of the mirror plate 
and the inner frame.

Table 3 
Actual resonance frequencies.

Isolated resonance 
frequencies

First coupled 
resonance 
frequencies

Second coupled 
resonance frequencies

Mirror 
plate

57Hz 54.9Hz 67Hz

Inner 
frame

61Hz 54.5 Hz 67.6 Hz Fig. 10. The optical tilting angles of the mirror plate and the inner frame at the 
昀椀rst coupled resonance frequency of the mirror plate.
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voltage (H) of the Hall sensor at different AC driving voltage were 
recorded. The measurement was repeated three times. Fig. 11 shows 
three datasets of Hall sensor readings vs. the optical tilting angles of the 
mirror plate with a 昀椀tting line. The Hall sensor readings increased lin-
early with the optical scanning angle, which veri昀椀es the prediction of 
simulation. A small 昀氀uctuation was observed between datasets, which 
may be due to the vertical vibration of the mirror plate. If necessary, 
such 昀氀uctuation can be removed by using a calibration algorithm [37]. It 
should be mentioned that although the Hall scan position sensing has 
been applied in electromagnetic scanning mirrors with direct driving 
[30,38], complex signal processing has to be conducted to remove the 
interference from the driving coil and DMs to reveal the useful signals 
from the sensing magnets. With the indirect-driving mechanism, the 
driving magnets and coils are located far away from the mirror plate, the 
electromagnetic interference to the Hall scan position sensor is mini-
mized and clean raw signals can be readily obtained.

A scanning angle limit testing was conducted to study the long-term 
operational stability of the electromagnetic indirect-driving scanning 
mirror. The scanning mirror was operated at different scanning angles 
for several hours. There was almost no change on the scanning perfor-
mance when the scanning angle was below 120ç. The resonance fre-
quency started to drop slowly when the scanning mirror was driven 
beyond the scanning angle of 120ç due to the excessive torsion of the 
hinges. More speci昀椀cally, when the scanning mirror was operated at the 
scanning angle of 130ç, it took about 15 min for the resonance frequency 
dropped from around 54 Hz to 50 Hz. So, the long-term operational 
stability of the scanning mirror is good as long as the scanning angle 
does not exceed a threshold value. Table 4 summarizes and compares 
similar works that have demonstrated scanning mirrors with large 
aperture. Compared with them, the electromagnetic indirect-driving 
scanning mirror achieved the largest FoV even though with relatively 
low resonance frequency. For real autonomous driving applications, the 
scanning angle (or FoV) would be the most critical speci昀椀cation to 
evaluate the scanning mirror’s performance. For the resonance fre-
quency, a resonance frequency of 10 s of Hz (corresponding to 2× frame 
rate) should be high enough for ordinary driving. A higher resonance 
frequency will result in sparser data points within each imaging frame 
and therefore lower imaging quality.

6. LiDAR imaging experiment

A prototype coaxial scanning LiDAR based on the electromagnetic 

indirect-driving scanning mirror was built to demonstrate the scanning 
and imaging capability (Fig. 12). It consists of an optical transceiver 
module, a 昀椀xed optics module, and the electromagnetic indirect-driving 
scanning mirror. The optical transceiver module has an infrared laser 
diode (905 nm with 20 kHz pulse repetition frequency), a photodetector 
(SF30/D, Lightware) with a convex receiving lens, and a microcontroller 
(MC). In the 昀椀xed optics module, a redirection mirror and a reception 
mirror (with a 6-mm wide hole) were placed with 45ç facing down in a 
3D printed enclosure. Both mirrors were made of 500-um-thick 
aluminum-coated silicon wafer. The 昀椀xed optics module was mounted 
right above the optical transceiver module to allow the re昀氀ected laser to 
go through the middle of the hole. The scanning mirror was held at 45ç

facing out in the front of the 昀椀xed optics module at a distance of ~4 cm 
to provide proper scanning range and reception sensitivity. A two- 
channel function generator (FG) was used to drive the scanning mirror 
and provide power for the Hall sensor. The output of the Hall sensor was 
monitored by an oscilloscope (OS). The infrared laser and photodetector 
were controlled by a PC through the microcontroller. Microcontroller 
also converted the ToF (time-of-昀氀ight) into the distance information. A 
data acquisition (DAQ) card (PCI 6251, National Instruments) was used 
to record the driving signal of the scanning mirror and both response 
signals of the Hall sensor and microcontroller. The microcontroller and 
the DAQ card were synchronized by the same trigger signal from the PC 
to register the corresponding spatial location of each laser pulse (Fig. 12
(c)).

Three white boards were individually mounted on three pipes as 
imaging targets (Fig. 13(a)). The electromagnetic indirect-driving 
scanning mirror was driven with a 50-Hz sinusoidal signal (corre-
sponding to a 100-Hz effective imaging frame rate) with an amplitude of 
10 Vpp (to match with the new resonance frequency of the scanning 
mirror). When the Hall sensor signal displayed on the OS was stable, the 
driving signal of the scanning mirror and the response signals of the Hall 
sensor and the microcontroller were recorded. The calculated distance 
from the microcontroller was plotted vs. the scanning time (Fig. 13(b)). 
The actual angular position of the scanning mirror plate was calculated 
from the output signal of the Hall sensor based on the 昀椀tting line (Fig. 13
(c)), which indicates an FoV of 97 ç. Based on the ratio between the pulse 
repetition rate (20k Hz) and the effective imaging frame rate (100 Hz), 
every back or forth scanning cycle of the scanning mirror consists of 200 
uniformly distributed laser pulses over the scanning time. The lowest 
angular resolution was estimated as 0.76ç by the largest angular 
displacement difference (Δθ) between the two laser pulses around the 

Fig. 11. Hall sensor readings versus optical tilting angles.
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center of the FoV. The angular resolution increased when the scanning 
mirror scanned towards the two sides. A 2D image was reconstructed 
based on the average distance of each peak signal and the actual angular 
position of the scanning mirror (Fig. 13(d)). It shows that the recon-
structed targets 1, 2, and 3 were in the range of 7.7–8.2 m, 6.7–7.3 m, 

and 5.8–6.3 m, respectively. The measured distances are in good 
agreement with their actual distances measured by a point LiDAR 
(8.03 m, 6.96 m, 6.13 m with statistical errors are around 4.1 %, 4.9 %, 
and 5.4 %). In addition to three designed targets, cars at ~22 m away 
could also be detected and mapped correctly. These results prove the 

Table 4 
The comparison of scanning mirrors with large aperture.

Mirror Plate Dimension Resonance Frequency Optical FoV Driving Signal Amplitude/Power Mirror Position Sensor
This work 17 × 17 mm2 54 Hz 120ç 178 mApp/290 mW Hall Sensor
[39] 25 × 50 mm2 42–49 Hz 66.8ç 16Vpp/400 mW PSD

[40]
D=12 mm 1240 Hz 26ç 250 mA/NA PSD

[41] 10 × 10 mm2 234 Hz 10ç 7 V/NA No

[42] D = 20 mm 610 Hz 7.2ç 120 V/NA No

[43] 8 × 8 mm2 60 Hz 90ç 70 mA rms/210 mW No

Fig. 12. (a) Schematic design, (b) real setup and (c) signal 昀氀ow of the coaxial scanning LiDAR system.

Fig. 13. (a) Photo of the 昀椀eld test setup (b) Distance of the targets acquired within one scanning cycle (c) Angular position of the mirror plate within one scanning 
cycle (d) Reconstructed 2D LiDAR image.
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concept of the prototype coaxial scanning LiDAR using the electro-
magnetic indirect-driving scanning mirror with Hall position sensing.

7. Conclusion

In conclusion, a new electromagnetic indirect-driving scanning 
mirror was investigated to enable coaxial LiDAR designs combining the 
bene昀椀ts of MEMS mirror- and rotational motor-based approaches.To 
validate the concept, a prototype scanning mirror with an enlarged 
mirror plate was designed, fabricated, and tested. 2D LiDAR imaging 
was also demonstrated with a coaxial setup based on the prototype 
scanning mirror. With the indirect-driving mechanism, the additional 
mass contributed by the electromagnetic actuator components can be 
removed from the mirror plate, which alllows softer hinges to be used to 
achieve a larger torsion angle without reducing the resonance fre-
quency. Also, large ampli昀椀cation of the tilt angle can be obtained by 
carefully matching the resonance frequencies of the actuator and mirror 
plate. Due to the gimbal design, there is still a trade-off between the 
maximal tilt angle and resonance frequency of the mirror plate. How-
ever, compared with direct driving, the indirect-driving mechanism can 
be more effective to deal with this trade-off and improve the overall 
beam steering performance (i.e. speed and FoV) of the scanning mirror 
even with a relatively large mirror plate. This provides a wider design 
space for selecting the right tilt angle and resonance frequency to meet 
beam steering needs for different LiDAR applications.
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