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Abstract
We propose a biaxial scanning mirror with a large rotation angle and low resonance frequency for a compact and low-

power-consuming LIDAR. The scanning mirror in LIDAR, which is driven by a rotating motor, requires a wide field of

view and a low working frequency. To achieve these requirements, we develop an electromagnetic actuator for a biaxial

scanning mirror that consists of two pairs of coils, one yoke with a cross shape, one rare-earth permanent magnet, and one

gimbal structure frame. The gap distance between the permanent magnet and yoke is adjusted to find the optimum

condition. The overall size of the developed system is 20 mm 9 20 mm 9 12 mm (width 9 depth 9 height) with a gap

distance of 3 mm. Experiments and simulations are performed with various gap distances. The experimental results

indicate that the maximum rotation angle is ± 51� at 37 Hz when the gap distance is 3 mm and the applied voltage

is ± 5 V.

1 Introduction

A LIDAR is an apparatus that measures the distance to a

target by using pulsed laser light. It is widely used in mobile

applications to detect obstacles, avoid collisions, and navi-

gate safely. Mobile applications demand compact and low-

power-consuming devices to minimize the weight, volume,

and battery consumption. One of the key components in

LIDAR is a scanning mirror, which is driven by a bulky and

heavy rotating motor. Recently, some efforts have been

made to replace the rotating motor with an MEMS scanning

mirror to make the rotating system compact and light

(Mizuno et al. 2008; Sandner et al. 2010; Kimoto et al. 2014).

A LIDAR requires a wide field of view (FOV), usually

greater than 180�, and a working frequency varying between

approximately 20–100 Hz (online catalogue of LIDAR,

https://sick-virginia.data.continum.net/media/docs/6/66/166/

Product_information_LMS5xx_Laser_Measurement_Tech

nology_en_IM0038166.PDF). As the working frequency

increases, the angular resolution decreases under a given

sampling frequency, because the scanning mirror in LIDAR

not only transmits light but also receives the reflected light

to measure the distance to an object. The rotating mirror

should be sufficiently large to reflect a laser beam spot.

Thus, the existing LIDAR systems use a rotating motor for

the rotation of a scanning mirror. A bulky motor and

rotating structure are obstacles to a compact and lightweight

LIDAR. In addition, there are other disadvantages of a

rotating motor, including high power consumption, large

rotational inertia moment, and high cost.

MEMS scanning mirrors have a small size and low

power consumption and achieve significant deflection at a

resonance frequency (Holmström et al. 2014). MEMS

scanning mirror driven by pressure actuators has a rotation

angle of 75�, and PZT-driven MEMS scanning mirrors

have a rotation angle of 27� and ± 38.9� (Werber and

Zappe 2006; Iseki et al. 2010; Koh et al. 2011). An elec-

tromagnetically driven MEMS scanner has a / 2.5 mm

mirror, but its rotation angle is too small (Iseki et al. 2006).

The rotation angles are insufficient and the resonance fre-

quencies are high for LIDAR applications. A scanning

mirror with mechanically rotating joints of ± 40� and ±

20� at the x- and y-axes at 60 Hz, respectively, was

developed (Shin et al. 2013). However, it has a large and

unsymmetrical structure, which makes it difficult to con-

trol. There are many other studies on scanning mirrors, but

the maximum deflection angles of most scanning mirrors
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have been limited to 40�. Further, the deflection angle

results from the deformation of the structure at high fre-

quencies, which is not preferred for LIDAR applications

(Pengwang et al. 2016). Recently, studies have been con-

ducted on increasing scanning angle by using lenses,

Snell’s windows, and wedge-shape optic amplifiers for

LIDAR application (Milanović et al. 2011; Hofmann et al.

2012; Zhang et al. 2016; Ye et al. 2016). Other studies have

used an electromagnetic actuator to increase the scanning

angle (Ataman et al. 2012). However, the deflection angles

are still insufficient.

In this study, we developed a biaxial scanning mirror

with a large rotation angle and a low resonance frequency

for a compact and low-power-consuming LIDAR. To

achieve the requirements, we designed and developed a

customized electromagnetic actuator as the driving mech-

anism and investigated the effect of the gap distance on the

performances. In Sect. 2, the design and working principles

of the developed biaxial scanning mirror and electromag-

netic actuator are described. In Sect. 3, we provide the

simulation results of the designed actuator while varying

the gap distance between the permanent magnet and yoke.

In Sect. 4, experiments carried out to verify the proposed

theory and simulation results are described in detail.

2 Design of biaxial scanning mirror
for LIDAR application

A LIDAR typically needs an FOV greater than 180� and a

rotating frequency varying between 25 and 100 Hz. The

optical reflection angle of the mirror is twice the rotation

angle of the mirror and the mirror scans twice in one cycle.

Therefore, the required rotation angle and resonance fre-

quency were set to 95� (= ± 47.5�) and approximately

40 Hz, respectively. For a large rotation angle and low

resonance frequency, an electromagnetic actuator with

rotating joints was selected because an electromagnetic

actuator shows a relatively large rotation angle compared

with other actuators in previous study (Shin et al. 2013).

We designed a biaxial scanning mirror with a gimbal

structure driven by an electromagnetic force. Figure 1

shows the developed biaxial scanning mirror and its

working principle. It consists of a moving part at the top

and a stationary part at the bottom. The stationary part

consists of one bottom plate, four supports, and two pairs

of coils around one yoke with a cross shape. The moving

part consists of one gimbal structure supported by four

supports and one permanent magnet. The detailed proper-

ties and dimensions are listed in Table 1. The permanent

(a) Entire system

(b) Structure of moving part (c) Structure of stationary part

Permanent 
magnet

2 pairs of Coils 
and Cross 
shaped Yoke

Gap between 
yoke and 
magnet

Mirror
plate

N
S

Mirror

X-axis

Y-axis

Fig. 1 Structure and working principle of the developed biaxial scanning mirror (color figure online)
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magnet is attached to the bottom of the center plate. The

permanent magnet moves up and down according to the

direction of the current, and as the current flows through

the upper and lower coils (red coils in Fig. 1b), which are

connected in series, the mirror rotates around the y-axis.

When the current flows thorough the left and right coils

(blue coils in Fig. 1b), the permanent magnet moves left

and right according to the direction of the current. The

mirror then rotates around the x-axis.

To achieve the requirements, we varied the gap distance

between the permanent magnet and yoke. Theoretically,

the mechanical and electrical performances, such as the

torque constant, restoring torque constant, the geometric

range of the rotation angle, and the resonance frequency

are greatly affected by the gap distance among many

parameters. When the gap distance decreases, which means

the permanent magnet is closer to the yoke and coils, the

restoring torque and rotating torque increase. The reso-

nance frequency, which is a function of the rotating torque,

restoring torque constant, and other values, also changes.

Here, we investigate the relationship between the gap

distance and mechanical and electrical properties while

varying the gap distance from 2 to 6 mm at 1 mm intervals.

3 Simulation

For the theoretical analysis, the mechanical and electrical

equations were derived from the equations of a DC motor,

as shown in Eq. (1):

J€hþ Tmagnet ¼ Telectromagnet

Tmagnet ¼ Kmh; Telectromagnet ¼ KtI:

V ¼ RI þ Ke
_h

ð1Þ

Here, J is the mass moment of inertia; €h; _h and h are the

angular acceleration, angular velocity, and rotation angle;

Tmagnet is the restoring torque that rotates the permanent

magnet to a neutral position; Telectromagnet is the torque that

rotates the permanent magnet to a certain angle; Km and Kt

are the restoring torque constant and the torque constant,

respectively; I is the current flowing through the coils; V is

the applied voltage; R is the resistance of the coil; and Ke is

the back-EMF constant.

The relationship between the rotation angle and applied

voltage is calculated from the Eq. (1) as:

h
V
¼ 1

JR
Kt
s2 þ Kesþ KmR

Kt

: ð2Þ

Table 1 Parameter values
Parameter Value

Size

Entire system 20 9 20 9 (11–15) mm

Gimbal structure 16 9 16 mm

Mirror plate on the gimbal structure 8 9 8 mm

Inertia (J)—X, Y axis 1.9 9 10-8, 1.4 9 10-8 kg m2

Resister (R) 116 X (a pair of two coils in series, 1620 turns)

Permanent magnet Neodymium (ND50)

Yoke with cross shape S45C

Fig. 2 Simulation results of the

permanent magnet torque with

2 mm gap distance
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We conduct a finite element analysis (FEA) to calculate

the restoring torque constants and the torque constants

according to the gap distance by using a commercial

software. Already-known material properties are used such

as the B–H curve and magnets, and other parameters for

simulation are measured from the prototype such as resis-

tance and inertia. Figure 2 shows the simulation results of

the magnetic flux density when the gap distance is 2 mm

and the rotation angle is 10�.
Figure 3 shows the simulated torque in the actuator at

the gap distance of 3 mm and the relations between the

torque constant and the gap distances. The torque constants

were calculated from the slope of the lines. The torques are

proportional to the current as expected in Eq. (1). The

torque constants decreased as the gap distance increased.

Figure 4 shows the simulated restoring torque in the

(a) Relation between torque and current at gap distance of 3 mm

(b) Relation between torque constant and gap distance 
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Fig. 3 Simulated torque and torque constants

(a) Relation between restoring torque and rotation
      angle at gap distance of 3 mm

(b) Relation between restoring torque constant and gap distance
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Fig. 4 Simulated restoring torque and restoring torque constants

(a) Dynamic response of X-axis (outside)

(b) Dynamic response of Y-axis (inside)
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Fig. 5 Calculated dynamic responses
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actuator according to the rotation angles from the neutral

point and gap distances. The restoring torque constants

were also calculated from the slope of the lines. The

restoring torques are proportional to the angle, as shown in

Eq. (1). However, the restoring torque constants decreased

more rapidly than the torque constants as the gap distance

Table 2 Simulated torque constants, restoring torque constants, and related parameters according to the gap distance

Gap distance (mm) Kt and Ke (mNm/A) Km (mNm/rad) Rotating angle at ± 5 V (�) Resonance freq. of X, Y-axis (Hz)

2 3.27 2.66 ± 3.04 60, 69

3 3.03 1.03 ± 7.27 37, 43

4 2.31 0.37 ± 15.42 22, 26

5 1.66 0.15 ± 27.33 14, 17

6 1.1 0.07 ± 38.81 10, 11

Fig. 6 Experimental setup of

the developed biaxial scanning

mirror
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increased, which means that the restoring torque is domi-

nant at smaller gap distance relatively. From the results and

Eq. (2), it is expected that the resonance frequency will

decrease as the gap distance increase:

h ¼ Kt

Km

I ¼ Kt

Km

� V
R
ðradÞ: ð3Þ

From the Eq. (3), the maximum rotation angle at the

given voltage input was calculated. The calculated maxi-

mum rotation angle with a 3-mm gap distance at 5 V was

7.27�, which was much smaller than the required value.

Next, we calculated the resonance frequencies and

magnitude. The magnitude provides information on the

rotation angle amplification at the resonance frequency.

The dynamic responses derived from Eq. (2) are shown in

Fig. 5. The resonance frequencies of the x- and y-axes are

slightly different owing to the difference in the mass

moment of inertia of the two axis. The resonance fre-

quencies decrease and the magnitudes increase as the gap

distance increases as expected. The resonance frequencies

were approximately 40 Hz with a 3-mm gap distance.

Table 2 summarize the simulation results.

4 Experiment

The prototype manufactured is shown in Fig. 1. The gap

distance was adjusted by changing the length of four sup-

ports. Figure 6 shows the experimental setup. The actuator

was controlled using an open-loop control circuit with a

power op-amp. The input signal was generated using a

function generator. A load cell (CAStm PW4M C3) mea-

sured the force at the mirror plate or rotating structure, and

the laser displacement sensor (Keyence IL-065) measured

the vertical displacement of the mirror plate and rotating

structure. The torque was calculated from the forces mea-

sured at the mirror plate and the rotating structure when

input currents were applied. The restoring torque was

calculated from the restoring forces measured at the mirror

plate and the rotating structure when the structure was

rotated from a neutral position.

The torque constants and restoring torque constants at

each gap distance were calculated. When the gap distance

was 2 mm, the mirror does not rotate at 5 V owing to the

large restoring torque. Thus, the gap distances are varied

from 3 to 6 mm at intervals of 1 mm. The torque constant

(a) Torque comparisons at 3-mm gap distance

(b) Torques comparisons at 4-mm gap distance
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(a) Restoring torque comparison at 3-mm gap distance

(b) Restoring torque comparison at 4-mm gap distance
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was the slope of the current–torque relation shown in

Fig. 7. The restoring torque constant was the slope of the

angle–torque relation shown in Fig. 8. The experimental

results were compared with the simulation results shown in

Figs. 7 and 8. The rotation angle was ± 5.6� with a 3-mm

gap distance at ± 5 V, which was smaller than expected in

simulation.

The dynamic responses of the developed system were

measured to investigate the rotation angle at the resonance

frequency. For the dynamic response, sinusoidal sweep

excitation experiments were conducted. The range of the

sweep frequency was 0.1–100 Hz and the amplitude was

5 V. Figure 9 compares the experimental and simulation

results. The resonance frequency and magnitude of the

Y-axis at a 3-mm gap distance were 37 Hz and 17 dB,

respectively. The maximum rotation angle calculated from

the magnitude and the rotation angle at ± 5 V is ± 40�,
theoretically. The measured maximum rotation angle at the

resonance frequency were ± 51� with a 3-mm gap dis-

tance, which is slightly higher than theoretical calculation.

Considering the noise in the dynamic responses, this dif-

ference was acceptable. As a result, the optical reflection

angle with a 3-mm gap distance at 37 Hz was 204� based

on the experimental result, which satisfies the requirements

for a compact LIDAR.

Table 3 summarizes the experimental results. They

correspond with the simulation results. However, the tor-

que constant does not decrease as expected as the gap

distance increase. Thus, the rotation angles are large, and

the resonance frequency is slightly lower in the experi-

ments of the gap distance of 4 and 5 mm.

Horizontal and vertical beam profiles were scanned to

verify the developed scanning mirror as shown in Fig. 10a,

b. The input voltage was ± 1.5 V, and the frequency was

10 Hz.

From the Eq. (1), we calculated the rotation angle when

a sinusoidal signal was applied:

J€hþ Kmh ¼ Kt

R
V0sinð2pftÞ; ð4Þ

h ¼ KtV0

RðKm � Jð2pf Þ2Þ
sinð2pftÞ � 2pf

ffiffiffiffi

km
J

q sin

ffiffiffiffiffi

km

J

r

t

 !

0

B

@

1

C

A

:

ð5Þ

Here V0 and f is the amplitude and frequency of the

sinusoidal signals, respectively.

When the gap distance was 3 mm and the other condi-

tions and boundary conditions were set at:

V0 ¼ 1:5 V; f ¼ 5 Hz, _h ¼ 0 and h ¼ 0. The rotation angles

were calculated as:

hx ¼ 0:031 sinð31:4tÞ þ 0:0041 sinð236tÞðradÞ;
hy ¼ 0:031 sinð31:4tÞ þ 0:0035 sinð275tÞðradÞ:

(a) Dynamic response at 3-mm gap distance

(b) Dynamic response at 4-mm gap distance
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Fig. 9 Dynamic responses of y-axis (inside) according to the gap
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Table 3 Torque constants, restoring torque constants, and related parameters according to the gap distance from Experiments

Gap distance (mm) Kt and Ke (mNm/A) Km (mNm/rad) Rotating angle at 5 V (�) Resonance freq. of X, Y-axis (Hz)

3 2.51 1.06 ± 5.6 29, 37

4 2.22 0.35 ± 16.0 22, 29

5 2.0 0.12 ± 41.2. 12, 14

6 1.4 0.05 ± 69.2 7, 10

Microsystem Technologies (2018) 24:4631–4639 4637

123



The trajectories of the x and y axis were slightly dif-

ferent because of the homogenous solutions in the rotation

angles. The scanning mirror drew an oscillating line along

a 45� oblique line as shown in Fig. 10c. The amplitude of

the homogenous solution increases as the frequency and

the mass moment of inertia increase and the restoring

torque constant decreases.

5 Conclusion

We developed a biaxial scanning mirror for a compact and

low-power-consuming LIDAR system. To fulfil a large

FOV at low resonance frequency, we designed and devel-

oped a customized electromagnetic actuator. It consists of

one permanent magnet rotating with a gimbal structure and

four electromagnets located in four directions on the base

frame. We varied the gap distance from 2 to 6 mm at

intervals of 1 mm and theoretically analyzed and simulated

the performance of the developed electromagnetic actuator

and the motion of the biaxial scanning mirror according to

the gap distance. When the gap distance was 3 mm, the

results satisfied the requirements for a LIDAR application

with an optical reflection angle of 204� at a resonance

frequency of 37 Hz. The results show that as the gap dis-

tance increases, the reflecting angle increases but the res-

onance frequency decrease. According to the requirement

of LIDAR system, an appropriate gap distance can be

calculated based on this experimental results in this study.

Table 4 compares the performance of the developed

scanning mirror with other mirrors for LIDAR. The

Table 4 Comparison of

scanning mirrors for LIDAR
Device FOV (�) Power input Working frequency Package size (mm)

Lee (lenses) 42.2 9 42.2 Double lenses 25 9 42 9 72

Zhang 150 (1-axis) Snell’s windows 2 1 in.3

Ye 45 9 43 12.5 V 710 Hz @ 6.3 V 20 9 20 9 16

Ataman 10 9 10 12.8 V 170 Hz 4 9 4 9 3 (estimation)

Our work 102 9 102 5 V 29, 37 Hz (X, Y) 20 9 20 9 12

Fig. 10 Scanning pattern of developed scanning mirror
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developed mirror satisfied the required specification with a

wide FOV at a low resonance frequency. Additionally, it

consumes less power, which is an indispensable charac-

teristic in mobile applications owing to the permanent

magnet and rotating joint.
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