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Abstract: The Micro-Electro-Mechanical-System (MEMS) micromirror has shown great advantages
in Light Detection and Ranging (LiDAR) for autonomous vehicles. The equipment on vehicles is
usually exposed to environmental vibration that may degrade or even destroy the flexure of the
micromirror for its delicate structure. In this work, a mechanical low-pass filter (LPF) acting as a
vibration isolator for a micromirror is proposed. The research starts with the evaluation of vibration
influences on the micromirror by theoretical calculation and simulation. The results illustrate that
mechanical load concentrates at the slow flexure of the micromirror as it is excited to resonate in
second-order mode (named piston mode) in Z-direction vibration. A specific LPF for the micromirror
is designed to attenuate the response to high-frequency vibration, especially around piston mode.
The material of the LPF is a beryllium-copper alloy, chosen for its outstanding properties of elasticity,
ductility, and fatigue resistance. To measure the mechanical load on the micromirror in practical, the
on-chip piezoresistive sensor is utilized and a relevant test setup is built to validate the effect of the
LPF. Micromirrors with or without the LPF are both tested under 10 g vibration in the Z-direction.
The sensor output of the device with the LPF is 35.9 mV in piston mode, while the device without the
LPF is 70.42 mV. The attenuation ratio is 0.51. This result demonstrates that the LPF structure can
effectively reduce the stress caused by piston mode vibration.

Keywords: light detection and ranging; MEMS micromirror; vibration isolation; mechanical
low-pass filter

1. Introduction

A micro-electro-mechanical-system (MEMS) is an intelligent system with electronics,
optics and micromechanics integrated on a single chip in a three-dimensional structure
according to functional requirements [1]. In the past decades, great progress has been
made in this field, no matter in commercialization or academia, such as MEMS inertial
sensors [2,3], radio frequency (RF) switches [4] and microphones [5]. Representatively,
MEMS micromirrors, acting as scanners [6], have been put into diverse applications from
optical cross-connect (OXC) technology [7] to projection display [8], and have achieved
commercial mass production successfully in the rapid development of light detection
and ranging (LiDAR) for the automotive industry in recent years [9]. Compared to a
traditional motorized scanner, the MEMS micromirror is desired because it allows operating
in miniaturization, on low power and at low cost, while keeping a high scanning speed
and a wide field of view [10,11]. These advantages make it tremendously valuable in
autonomous vehicles. Hofmann et al. proposed a 7 mm biaxial MEMS mirror for an
intelligent vehicle safety system that is actuated by electrostatic combs [12]. Bo and co-
workers developed a 2D micromirror with large electromagnetic driving forces to meet the
demand for a sufficient scanning angular range [13].
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Since MEMS devices contain a delicate movable micro-structure, they are susceptible
to mechanical vibration and shock especially in an automotive environment [14]. These
mechanical interferences can degrade or disturb the device’s performance. In a worse
situation, the deformation response of MEMS will make microstructures fractured under
a heavy environmental load [15,16]. Therefore, considerable attention should be given to
the reliability of MEMS devices. Current research mainly focuses on MEMS sensors like
gyroscopes [17] and accelerometers [18,19]. For environment vibration, an efficient solution
is to integrate MEMS with a low-pass filter (LPF), a mass-spring-damper structure, and
restrain ambient high-frequency vibration [20].

Yoon et al. presented a wafer-level design of vibration by taking gyroscopes as study
object, and their experimental results showed effective suppression to over 2.1 kHz external
vibration [21]. Additionally, a new metamaterial composed of phononic crystal unit-cells
was utilized to fabricate a vibration isolator in Yao’s work and showed a —30 dB attenuation
level in a certain range of frequency [22]. Brent et al. developed a micro-isolator fabricated
from <100> silicon and investigated the transmissibility of the damped and undamped
isolators by applying different fibrous meshes [23]. Regarding the MEMS scanner, Fang et al.
explored the failure mechanism of an electromagnetic micromirror when it was exposed to
vibration [24] and shock [25] loads, respectively, and the proposed theoretical model was in
good agreement with the experimental results. These research papers offer corresponding
inspiration on how to enhance the robustness. Yoo et al. evaluated the coupling vibration
influence on the resonant mirror in operation that was caused by an inertial mismatch
between reinforcement structure and mirror. Then, the phase-locked loop was adopted to
decrease the amplitude and frequency error by way of a control algorithm [26].

From the state of the art relevant to the MEMS scanner, the three main actuation
principles to be considered in vehicle LiDAR are electrostatic actuation, electromagnetic
actuation, and piezoelectric actuation. Compared to the other two kinds of micromirror,
the electromagnetic actuator has obvious advantages in high force and linearity to drive
a large optical aperture mirror with a low voltage, as a large mirror size is required for
sufficiently high resolution. However, it has disadvantages in package compactness. More
importantly, the big mirror and the metal moving coil increase the mass of the movable
part, which pulls the natural frequency of eigenmodes into the 20~2000 Hz band. Therefore,
an environmental vibration disturbance can trigger the device to resonate in unwanted
mode. This will not only impact the performance of micromirror but may even lead to
device failure.

In this paper, we take an electromagnetic micromirror as the research object, and
an LPF, serving as vibration isolator, is designed to attenuate the resonance effects. In
the section “Deformation analysis of micromirror”, the second mode of the micromirror,
named the piston mode, is found to create a risk of damaging the micromirror’s flexure
in Z-direction vibration based on FEM simulation. In the section “Design of Mechanical
LPF”, the LPF is proposed to enhance the reliability of the micromirror in piston mode,
which is integrated between the micromirror and the package substrate and we describe
the geometric dimension and material. Simulation and theoretical analysis predict the
effect of the LPF in Z-direction vibration. In the section “Experiments and Results”, we
introduce the measurement method. It is always difficult to detect the slight deformation
of the MEMS device, and in [21-24], the researchers apply a laser displacement meter
that is costly and complex to set up. In this work, we utilize the piezoresistive sensor
integrated at the flexure of the micromirror to measure the mechanical load and convert it
to a voltage signal received by a data acquisition card. The operating principle of the sensor
is elaborated in Section 4.1, illustrating the proportional relationship between stress and
signal. Then, we verify the performance of the LPF by comparing the experimental results
of the device with and without the LPFE. Finally, in section “Conclusions”, we summarize
our results and conclude that the LPF structure can effectively reduce the stress caused by
piston mode vibration.
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2. Deformation Analysis of Micromirror
2.1. Modal Analysis

The structure of the MEMS micromirror single chip is shown in Figure la. It is
composed of a reflecting mirror, a metal coil gimbal, the fast flexure and the slow flexure.
Moreover, the on-chip piezoresistive sensors are integrated at the end of the fast flexure and
the slow flexure, respectively. The metal coil gimbal is suspended by two torsion beams,
called the slow flexure, and the fast flexure extends from the gimbal connecting to the
reflecting mirror vertically. The packaged MEMS micromirror is shown in Figure 1b. The
package mainly includes a tube, a pedestal and two groups of permanent magnets, which
provide the magnetic fields in both X and Y directions for the metal coil to generate torque
when a drive current is present. The pedestal is made from steel, and the iron core at the
center can enhance the magnetic induction inside the package. The tube assembles all these
parts as a whole rigid body without any relative displacement. Therefore, the research
focus on reliability can be simplified to the micromirror chip only.

Fast Flexure

(©)

Figure 1. The electromagnetic MEMS micromirror and package. (a) Single micromirror chip.

(b) Schematic diagram of a packaged micromirror. (c) Packaged MEMS micromirror.

According to the relevant literature, the vibration disturbance to MEMS devices in
vehicles occurs in a band of 20 Hz~2000 Hz [24]. To analyze the deformation response
in this frequency range, we perform simulations via the finite element method (FEM).
The geometric parameters and material properties [27] used in MEMS fabrication for the
micromirror are listed in Table 1. The electromagnetic MEMS micromirror is fabricated
by <100> standard silicon on an insulator (SOI) wafer, and the thickness of the device
layer is 55 um. The movable part of the micromirror includes the flexures, gimbal and
the mirror. The remaining part of the micromirror is called the frame part. In the modal
analysis, the fixed support is applied to the bottom face of the frame part, which is the
boundary condition of simulation. The finite element model is built with 127,084 elements
in a mechanical module. The mesh of the model and the boundary condition are presented
in Figure 2a. The flexure beams are much smaller than other parts, and they are crucial
areas in the following analysis; therefore, the mesh of the slow flexure and fast flexure
structure are divided by the way of refinement.

Table 1. Geometric parameters and material properties.

Parameters Value
Width of slow flexure 210 pm
Length of slow flexure 1980 um
Thickness of slow flexure 55 um
Density of silicon 2.33 x 10° Kg/m?
Density of gold 19.3 x 10° Kg/m?
Young’s modulus of silicon 130 GPa
Poisson’s ratio of silicon 0.28

Shear modulus of silicon 79.6 GPa
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Figure 2. The results of modal analysis. (a) The finite model of the micromirror chip.(b) The first-order
operation mode for the slow flexure at 288.49 Hz. (c) The second-order piston mode at 1057.4 Hz.
(d) The third-order operation mode for the fast flexure at 1878.4 Hz.

The results of modal analysis are visualized in Figure 2. There are three eigenmodes in
the frequency range of 20 Hz~2000 Hz, and the first- and third-order modes are operation
scanning modes for the slow flexure and the fast flexure, respectively. In the second-order
mode, named the piston mode, the reflecting mirror and metal coil are moving out of the
plane vertically without any rotation. The natural frequency corresponding to the piston
mode is 1057 Hz. If the Z-direction vibration loads in frequency near to that value and
excites the micromirror into resonance, the slow flexure would face great stress and even
become fractured.

2.2. Deformation Analysis

Based on modal analysis, the frequency response of deformation is conducted by
means of numerical calculation and FEM simulation. As the micromirror was excited into
piston mode, we can simplify the dynamic model to an equivalent mass suspended by
two cantilevers, and the mass is the sum of the gimbal, metal coil and reflecting mirror.
Considering the piston mode of the electromagnetically actuated micromirror as a single
degree of freedom (SDoF) model [28,29]:

where m,;, denotes the equivalent mass of the considered piston mode. x, is the deformation

of the slow flexure. ¢, and k; represent the damping and stiffness, respectively. The

acceleration waveform of vibration excitation is denoted by xo/’ = asin(27ft), where a,

and f represent the amplitude and frequency, respectively. The equivalent mass value is

calculated by material parameters in Table 1 and computer-aided design software. The

stiffness is given by equivalent mass and the undamped natural frequency of piston mode
is denoted by fy;:

km

fm =2m X P ()

Numerical calculation was conducted in the MATLAB software. To obtain the deforma-

tion response of slow flexure to different vibration frequencies, series values of frequency f

are substituted into Equation (1) and solve these equations. The value of f varies in intervals

of [600 Hz, 1200 Hz], which is around the piston mode according to the results of modal
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analysis. The results are exhibited in Figure 3. When the excitation level is fixed at 10 g and
the frequency varies around the piston mode, the deformation of the slow flexure increases
first and then decreases with rising frequency. The deformation reaches a maximum of
0.13 mm at 1040 Hz, regarded as the resonance state, as described in Figure 2b. Moreover,
FEM simulation of harmonic response was performed linked from modal analysis as well.
The inertial excitation was set to all fixed supports, and the acceleration was 10 g as well.
According to Figure 3, the results show good agreement with numerical calculation. The
response curve exhibits a typical resonance feature; the deformation peak occurs at 1057 Hz,
and the slow flexure stretches to 0.12 mm with a maximum stress of 382.4 MPa. The
deformation of the micromirror is shown in the embedded figure.

| Deformation_Simulation I I 4 400
0.15 LT .
e ) eformation_Calculation ¢
= = =Stress_Simulation (1040Hz,0.13mm) 4
]

| (1057Hz,0.12mm/382.4MPa) : ]
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é 0.10 A
=
E 00 &
~—
s 2
= )
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S 7
T 0.05 100
(=]

0
0.00 : :
600 800 1000 1200

Frequency (Hz)

Figure 3. The results of frequency response by methods of numerical calculation and FEM simulation.
Black circle notes Deformation_Simulation and Deformation_Calculation curves to left Y-axis and red
circle notes Stress_Simulation curve to right Y-axis.

3. Design of Mechanical LPF
3.1. Principle

Figure 4 conceptually presents the principle of the mechanical low-pass filter that
serves as a vibration isolator. In essence, the LPF is a set of mass-spring-damper assembly
that is inserted between the micromirror and package substrate.

It is explicit that the micromirror has a large deformation under the vibration with
frequency around the piston mode (f;;). By adjusting the stiffness of the LPF, the natural
frequency (f;) can be set to be low enough, which should be smaller than f;,. According to
the physics rule of resonance, the further away from the natural frequency, the smaller the
amplitude caused by the vibration. Therefore, the displacement of the LPF reaches a relative
tiny level when the vibration frequency is much higher than f;, and it then attenuates the
response amplitude of micromirror in piston mode.

The attenuation extent depends on the value of f;, the LPF’s quality factor (Q) and
the attenuation slope. In practical application, the filter’s resonance frequency is designed
to be smaller than the band desired to be suppressed or the frequency that sensors are
susceptible to, and the larger the difference, the more significant the attenuation level will
be. A high-Q filter is able to achieve a steep slope to obtain the ideal attenuation level
quickly; however, it may cause the amplitude of the filter itself to be exceeded, which is
harmful to the target device as well [23]. Therefore, it is a tradeoff in filter design, as low Q
cannot meet suppression requirements. In addition, multi-order isolators can be used to
improve the filter performance, which means increasing the number of LPFs.
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Figure 4. Operation of mechanical low-pass filter integrated with MEMS micromirror.

Accordingly, the dynamic equations of a two-degree freedom model are analyzed,
where x; represents the deformation of the LPF spring and the damping and stiffness are
denoted by cy, k1. The remaining parameters are explained as before.

Motion equations are given by [30]:

My (xm + X1+ xO) = —CmXm — kmXm 3)
my (X1 + Xo) = CmXm + kgxg — c1x1 — X1 4)
Xo = asin(27ft) ®)

These three equations involve three unknown variables, xy, x1, x;, forming a set of
differential equations. As shown in Figure 4, x( represents the absolute displacement
of excitation, the shake table for example, and its acceleration varies as a sine function,
described in Equation (5). Equations (3) and (4) correspond to the micromirror and the LPF,
respectively, and x;, is the deformation of the micromirror’s slow flexure. Compared to
the single-degree-of-freedom model, there are some cross terms in equations, which will
change the response amplitude to vibration. By solving the equations group, the variation
of x; and x;, are made clear, as explained in the following text.

3.2. Structure Design

The proposed LPF, according to the micromirror’s resonance frequency, is shown in
Figure 5. The structure applies a folded beam as a suspension spring, and the stiffness
is determined by the out-of-plane thickness s, width w and length of the beam /. The
thickness of the platform ¢, is designed to be more than the folder beam to prevent the
shape change of the platform from generating extra stress on the micromirror. The frame
is the area bonded to the package substrate. These main geometric parameters are listed
in Table 2. The overall dimension is 33 x 33 mm. In terms of material, the literature on
vibration isolators on MEMS devices focuses on single-crystal silicon for its advantages,
such as great compatibility with standard MEMS fabrication process and high precision
of dimensions to realize a delicate design [20-24]. Nevertheless, silicon is still imperfect
when it comes to large stretching, as a brittle material [31]. It is important to note that the
resonance frequency of the LPF is intentionally set to be low enough to ensure adequate
filter performance, which means small stiffness and large dynamic deformation, relatively.
Therefore, a silicon-based LPF is at greater risk of being fractured. By contrast, metal is more
ductile and possesses a high breaking strength, which meets the reliability requirement.
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In this research, we choose a beryllium-copper alloy to make the LPF for its outstanding
properties of elasticity, fatigue resistance and fracture strength [32]. The beryllium-copper
alloy’s yield strength is up to 1110 MPa and it is non-magnetic [33], making it suitable to
apply in this case.

Platform

Figure 5. Schematic diagram of the mechanical low-pass filter integrated with a micromirror.

Table 2. Geometric parameters of LPF.

Parameters Value
Width of beam 2.5mm
Length of beam 13.75 mm

Thickness of beam 300 um
Thickness of platform 600 um
Mass of equivalent mass l6g

3.3. Deformation Analysis of Micromirror with LPF

In this section, the micromirror integrated with the LPF is analyzed as an assembly,
with a particular focus on the deformation of the slow flexure and the spring of the LPF.
Similarly, we investigate the response to vibration by approaches of FEM simulation and
numerical calculation. In the numerical calculation, excitation frequency w is set to vary
around the micromirror and LPF resonance in Equation (5). To obtain the frequency
response curve of the integral structure, the differential equations are solved by combining
Equations (3) and (4). The numerical calculation results of the device with and without
the LPF are compared in Figure 6a, and the deformation in piston mode is obviously
attenuated from 0.13 mm to 0.036 mm. The other deformation peak occurs at LPF resonance
as 0.067 mm. Figure 6b describes the transient responses of the micromirror’s slow flexure
at 345 Hz and 1048 Hz, respectively.
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Figure 6. Results of the micromirror’s slow flexure deformation under 10 g vertical vibration by
numerical calculation. (a) Frequency response. (b) Transient response at two resonance states. Red
graph (top) represents response at 345 Hz and green graph (bottom) represents response at 1048 Hz.

In the FEM simulation, the following material parameters of the beryllium—copper
alloy are used: density is 8.3 x 103 kg/m3, Young’s modulus is 110 GPa and Poisson’s ratio
is0.34. The bottom surface of the micromirror is set to be bonded to the top surface of
the LFP without any relative displacement. The fixed supports are applied to the bottom
surface of the LPF’s frame, and in harmonic response analysis, the applied load is 10 g
acceleration in the Z-direction vertically.

In parametric analysis, the overall size is fixed to fit the device package, so the LPF is
optimized by changing the thickness of the LPF spring (f;) to adjust the stiffness. As shown
in Figure 7, simulation is conducted to observe the influence of different thicknesses on the
micromirror. The value of the Y-axis represents the deformation of the micromirror’s slow
flexure. With the thickness increasing, the natural frequency of the LPF increases as the
stiffness becomes harder. The deformation of the micromirror at the low-frequency band is
smaller with a harder LPF applied, but the attenuation in piston mode of the micromirror
becomes weak, which is in agreement with the discussion in Section 3.1. If the stiffness is
designed to be too low, it would cause a large mechanical load on the micromirror and the
LPF, although it achieves good attenuation in piston mode. Therefore, it is a tradeoff in
design to realize a good isolation effect while keeping low deformation in the low-frequency
band. In this work, the thickness of 300 um is preferred for its appropriate performance
across the full frequency band.

In Figure 8, the plots describe the deformation and stress of the LPF spring and the
micromirror’s slow flexure, compared to the device without the LPE. As shown in Figure 8a,
the deformation of the slow flexure reaches two peak values of 0.045 mm and 0.039 mm at
334.4 Hz and 1085.8 Hz, respectively. This is close to the results of numerical calculation.
The corresponding stress values are 166.3 MPa and 124.9 MPa. The total deformation
distribution cloud picture at 334.4 Hz is embedded in Figure 7a. It exhibits the attenuation
effects according to the simulation results. The total deformation distribution of harmonic
response analyses at 334.4 Hz and 1085.8 Hz are presented in Figure 7b. The deformation
LPF reaches the peak value of 0.52 mm at 334.4 Hz with maximum stress of 279.93 MPa,
as shown in Figure 8b, and the total deformation distribution is shown in the embedded
picture. The maximum stress value of the LPF is far smaller than the yield strength of the
beryllium—copper alloy.
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Figure 8. Simulation results of micromirror with LPF under sweeping frequency excitation. (a) The
deformation and maximum stress of the micromirror’s slow flexure. (b) The deformation and
maximum stress of the LPF spring. Blue circle notes blue Deformation curve to left Y-axis and red
circle notes red Stress curve to right Y-axis.

4. Experiments and Results

In this section, experiments are conducted to verify the effect of the LPF under vibra-
tion excitation. The piezoresistive sensor is utilized to measure the load of the micromirror’s
slow flexure. The sample devices with and without the LPF are tested and compared.

4.1. Piezoresistive Sense Principle

The piezoresistive sensor is integrated at the end of the rotation flexures by ion
implantation, as shown in Figure 9b, to detect the deflection angle in working states. The
sensor is configured in the form of a diamond, with four resistors connected, and made to
be a Wheatstone bridge to measure the stress caused by torsion. In this research, the goal
of the experiments is to measure and compare the stretch of the micromirror’s slow flexure
with or without the LPF.
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Figure 9. (a) The diagram of piezoresistive sensor configuration and silicon crystal coordination.
(b) Picture of piezoresistive sensor under a microscope.

The piezoresistive effect in single-crystal silicon can be described by the well-known equation

Apq mp e oz 0 0 07 ¢
Apo mp mp 2 00 0 ||
Aps| _ |mp ma om0 0 0| o3
Mgl “Pl0 0 0 mw 0 0 || ©
Ap5 0 0 0 0 TT44 0 (%
Ap6 0 0 0 0 0 744 (o

where 7111, 7712, and 7144 are longitudinal, transverse and sheer piezoresistive coefficients,
respectively. ¢; represents the stress tensor withi = 1, 2, 3 denoting axial stressand =4, 5, 6
denoting sheer stress. For a thin piezoresistor, the piezoresistive effect mainly produced
by axial stress in the X- and Y-directions, sheer stress in the X-Y plane and sheer stress
in the remaining plane are too small and therefore negligible [34]. Thus, Equation (6)
approximates to

Ap AR

0 R = mT'1101 + 701202 + 71606 ()

The piezoresistive coefficient needs to be transformed from the silicon crystal graphic
coordinate system into the coordinate system, the same as with the stress tensor. The
transformation to [7r] is performed by

' = RmR~! 8)
where R is [35]:
l% m% 1’1% 21’?111’11 2111’11 211 mq
l% m% n% 21112112 2121’12 212?’12
l% m% Tl% 27113713 213713 2[37113 (9)

bl mams nons  mong +mong  Ionz +lzny  malz + msly
Ll mymz nying ming+msny hLinzg+Ilzny myls + mzl
Ll mymy mniny mynpy +mony Ihing +bhny milh + moly

The element in matrix R is the direction cosines of the coordinate system. In this
research, the silicon wafer used in micromirror fabrication is a standard (100) wafer, and
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the slow flexure is aligned in the <110> silicon direction, as shown in Figure 9a. Therefore,
the direction cosines are

1 1 9
L om m N
12 my; npy| = —\% % 0 (10)
Is m3 n3 0 0 1

Substituting Equations (8)—(10) into Equation (7), we can obtain the resistance change
of one single piezoresistor:

% = %(01 +01) (711 + 712) + 06(7T11 — 7T12) (11)

Accordingly, the stress will change the resistance of the sensor and convert to a voltage

signal with DC bias. In working mode, the flexure is mainly subject to shear stress ¢ for

torsion motion, which can be used to detect the scanning angle. While in piston mode,

the flexure is mainly subject to axial stress o7 or o, for stretch strain. All these mechanical

loads are reflected in Equation (11). In the following experiments, only the piston mode
would be triggered in a particular frequency excitation.

4.2. Experimental Setup

The experiment setup is shown in Figure 10a, and the single-end measurement circuit
is shown in Figure 10b. The device being tested is bonded on the shaker table controlled
by a custom terminal, which can supply excitation signals with constant or sweeping
frequencies. The magnitude of vibration acceleration is 10 g to test the device. To capture
the stress load on the micromirror’s slow flexure, a voltage divider circuit is established.
The input voltage is 6 V using a source meter and the divide resistor is of the same value
as the piezoresistive sensor’s stress-free resistance to build a 3 V DC bias. The output
signal of the piezoresistive sensor is imported to the data acquisition card (NI 6361) with
the sampling frequency of 100 kHz, and the waveform data are plotted and stored in a
LabVIEW program. Data processing is finally performed by MATLAB software. All the
connections to the device chip under test are switched by a flexible flat cable (FPC), which
is linked to the pads on the chip by wire bonding. As discussed before, the piezoresistive
sensor integrated on the chip can detect the mechanical load on the flexure, so the output
signal of the device, under the same vibration level, with or without the LPF can be
compared to verify the attenuation effect of the LPE. The attenuation ratio is

Swithout

where S represents the peak-to-peak amplitude of the signal waveform.

V.

R
| 0 i ) S,
Ok
Piezoresistor S.

LabView Signalexpress
(a) (b

Figure 10. (a) Experimental setup using vibration exciter. (b) Single end measurement circuit diagram;

~

the Ry is an out-of-chip resistor acting as a zero setting.
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4.3. Results

There are two parts in the experiments to evaluate the effect of the LPF for the mi-
cromirror, one of which is the frequency response test, and the other is the harmonic
response test. In the frequency response test, the steady-state vibration response of the
micromirror’s mechanical load to different single-tone vibrations is measured and a set of
envelope amplitudes of response waveforms is recorded and plotted. The frequency re-
sponse in Figure 11 illustrates the behavior of the micromirror with or without the LPF, with
a comparison to simulation results. For the device without the LPF, when the frequency
increases to more than 960 Hz, the output of the piezoresistive sensor rises gradually and a
peak value is observed when the sweeping frequency reaches 994 Hz, which is attributed
to the resonance of the piston mode analyzed in Section 2.1. The measured resonance
frequency is slightly lower than the value predicted by FEM and numerical calculation.
For the device with the LPF, the frequency response exhibits two resonance peaks with the
frequency at 369 Hz and 970 Hz, corresponding to the resonance of the LPF and micromir-
ror’s piston mode retained, respectively. It is important to note a significantly reduced
peak value at high resonant frequency, which proves the attenuation effect of the LPF on
the micromirror’s piston mode. However, there is still a relatively large response at low
resonant frequency caused by the LPF, despite it being smaller than the maximum response
of the micromirror without the LPF.

—e— Without LPF,measure,  °°% __ - _ _ _ _
—a— With LPF,measure 70.46mV

70
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40
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0 L 1 L K L 1 L 1 L
0.12 |= Without LPF,simulation —
0.10 With LPF,simulation

0.08
0.06
0.04
0.02

0.00 " : ;
0.6 0.7 1.9 2.0 2.1 2.2

Attenuation

37.42mV 359mV & - - - - - - _"_
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Deformation (mm)  Sepsor Output (mV)

Normalized Frequency

Figure 11. The test results of frequency response to micromirror with and without LFP, with compari-

son to simulation results.

In the harmonic response test, the shaker table provides continuous sweeping fre-
quency vibration around the devices’ resonance, and the time domain data are captured
to observe transient response. Figure 12 describes the transient response of oscillating to
resonance. As shown in Figure 12a, the vibration frequency of the shaker table is set to
sweep around the piston mode within a period of time, and the mechanical load of the
micromirror without the LPF significantly increases when the vibration frequency is greater
than a certain frequency. Figure 12b exhibits the harmonic response of the micromirror
without the LPF at 994 Hz, and the sensor output is 70.46 mV. Figure 12c,d depict the
harmonic response of the micromirror with the LPF to high-frequency resonance and low
frequency resonance. In the low-frequency band, the micromirror reaches the maximum
amplitude of 37.42 mV. In the high-frequency band, the sensor output is 35.9 mV. Substituting
the results into Equation (12), the attenuation ratio at the micromirror’s piston mode is 0.51.
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Figure 12. The test results of harmonic response. (a) Real-time response of micromirror without LPF
under rising frequency vibration. (b) Harmonic response of micromirror without LPF at 994 Hz.
(c) Harmonic response of micromirror with LPF at 369 Hz. (d) Harmonic response of micromirror
with LPF at 970 Hz.

In the experimental part, frequency response tests and harmonic response tests are
conducted to validate the performance of the LPE. For the micromirror without the LPF,
the maximum deformation only occurs at 994 Hz, caused by the piston mode. With
the LPF applied, the mechanical load on the micromirror’s slow flexure emerges as an
extra resonance peak at 369 Hz caused by the LPF; moreover, the piston mode remained.
This phenomenon is predicted by simulation and numerical calculation. Compared with
the device without the LPF, the device with the LPF has amplitudes smaller than the
original amplitude in both resonant frequency ranges, indicating that the LPF structure can
effectively reduce the stress caused by piston mode vibration.

5. Conclusions

This paper presents analyses and experimental results of a mechanical low-pass
filter that serves as a vibration isolator applied to a MEMS electromagnetic micromirror
for automotive LiDAR. In practical application, the micromirror on vehicle is seriously
influenced by vibration disturbances, which not only interfere with the performance of the
integrated on-chip angle sensor, but also raise the potential risk of device damage. Against
this background, simulation on FEM and numerical calculations are conducted to study
the deformation response to vibration. Apart from the operating mode, the piston mode is
found to lead to large deformation and stress on the slow flexure in Z-direction vibration.
To improve the reliability in piston mode, a mechanical low-pass filter for the micromirror is
proposed. FEM simulation and a mathematic model are established to predict the response
to external vibration. A beryllium—copper alloy is chosen for its high ductility. To verify
the effect of the LPF, an on-chip piezoresistive sensor is utilized to test the mechanical load
of the slow flexure. The magnitude of vibration excitation is uniformly set as 10 g. For
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the micromirror without the LPF, the amplitude of sensor output reaches the maximum
value of 70.46 mV at 994 Hz. For the micromirror with the LPF, there are two resonance
responses corresponding to the LPF structure and piston mode of the micromirror, and
the peak values of the sensor’s output amplitude are 37.42 mV at 369 Hz and 35.9 mV
at 970 Hz, respectively. The attenuation ratio is 0.51 in piston mode. The experimental
results are fairly close to the simulation results. The proposed design provides considerable
attenuation for the micromirror at low cost, which relieves the stress on the slow flexure,
as expected.

However, based on experiment results, there is still a relatively large mechanical load
when the vibration occurs around the LPF’s resonant frequency. Therefore, it may degrade
the reliability of the micromirror at low-frequency disturbance. Furthermore, future work
will focus on attenuating the deformation at low frequency caused by the LPF to realize
isolation across the full frequency band, and we will implement this by optimizing the
structural design and material selection. In addition, shock protection is an important
research subject in studies of MEMS reliability as well, and we intend to carry out the
investigation into the shock protection of micromirrors for vehicle LiDAR.

Author Contributions: Methodology, investigation, data curation, analysis, and writing—original
draft, L.Q.; investigation and data curation, Y.S. and ].W.; resources, H.L. and H.Y.; review and editing,
K.W. and P.Z.; conceptualization, methodology, supervision, funding acquisition, and writing—
review and editing, W.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (grant number 2021YFB3202202), the Suzhou Science and Technology Program (grant number
5752022007), and the National Key Research and Development Program of China (grant number
2018YFF01010901).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data sharing in this study is not applicable.

Acknowledgments: The authors would like to acknowledge SINANO Nanofabrication Facility for
the use of the facility’s equipment.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhu, J; Liu, X;; Shi, Q.; He, T.; Sun, Z.; Guo, X,; Liu, W,; Sulaiman, O.B.; Dong, B.; Lee, C. Development Trends and Perspectives
of Future Sensors and MEMS/NEMS. Micromachines 2019, 11, 7. [CrossRef] [PubMed]

2. Yazdi, N.; Ayazi, F.; Najafi, K. Micromachined Inertial Sensors. Proc. IEEE 1998, 86, 1640-1659. [CrossRef]

3. Gong, X.; Kuo, Y.-C.; Zhou, G.; Wu, W.-]; Liao, W.-H. An Aerosol Deposition Based MEMS Piezoelectric Accelerometer for Low
Noise Measurement. Microsyst. Nanoeng. 2023, 9, 23. [CrossRef] [PubMed]

4. Park, J.; Shim, E.S.; Choi, W.; Kim, Y.; Kwon, Y.; Cho, D.I. A Non-Contact-Type RF MEMS Switch for 24-GHz Radar Applications.
J. Microelectromech. Syst. 2009, 18, 163-173. [CrossRef]

5. Groschup, R.; Grosse, C. MEMS Microphone Array Sensor for Air-Coupled Impact-Echo. Sensors 2015, 15, 14932-14945. [CrossRef]

6. Holmstrom, S.T.S; Baran, U.; Urey, H. MEMS Laser Scanners: A Review. ]. Microelectromech. Syst. 2014, 23, 259-275. [CrossRef]

7. Yano, M.; Yamagishi, F.; Tsuda, T. Optical MEMS for Photonic Switching-Compact and Stable Optical Crossconnect Switches
for Simple, Fast, and Flexible Wavelength Applications in Recent Photonic Networks. IEEE ]. Sel. Top. Quantum Electron. 2005,
11, 383-394. [CrossRef]

8. Yu, H; Zhou, P; Wang, K,; Huang, Y.; Shen, W. Optimization of MOEMS Projection Module Performance with Enhanced
Piezoresistive Sensitivity. Micromachines 2020, 11, 651. [CrossRef]

9. Yoo, HW.,; Druml, N.; Brunner, D.; Schwarzl, C.; Thurner, T.; Hennecke, M.; Schitter, G. MEMS-Based Lidar for Autonomous
Driving. E I Elektrotechnik Informationstechnik 2018, 135, 408—415. [CrossRef]

10. Wang, D.; Watkins, C.; Xie, H. MEMS Mirrors for LIDAR: A Review. Micromachines 2020, 11, 456. [CrossRef]

11. Wang, J.; Zhang, G.; You, Z. Improved Sampling Scheme for LiDAR in Lissajous Scanning Mode. Microsyst. Nanoeng. 2022, 8, 64.
[CrossRef] [PubMed]

12. Hofmann, U.; Aikio, M,; Janes, ].; Senger, E; Stenchly, V.; Hagge, J.; Quenzer, H.-].; Weiss, M.; von Wantoch, T.; Mallas, C.; et al.

Resonant Biaxial 7-Mm MEMS Mirror for Omnidirectional Scanning. J. Micro/Nanolith. MEMS MOEMS 2013, 13, 011103. [CrossRef]


https://doi.org/10.3390/mi11010007
https://www.ncbi.nlm.nih.gov/pubmed/31861476
https://doi.org/10.1109/5.704269
https://doi.org/10.1038/s41378-023-00484-5
https://www.ncbi.nlm.nih.gov/pubmed/36890847
https://doi.org/10.1109/JMEMS.2008.2011124
https://doi.org/10.3390/s150714932
https://doi.org/10.1109/JMEMS.2013.2295470
https://doi.org/10.1109/JSTQE.2005.846523
https://doi.org/10.3390/mi11070651
https://doi.org/10.1007/s00502-018-0635-2
https://doi.org/10.3390/mi11050456
https://doi.org/10.1038/s41378-022-00397-9
https://www.ncbi.nlm.nih.gov/pubmed/35721371
https://doi.org/10.1117/1.JMM.13.1.011103

Micromachines 2023, 14, 1490 15 of 15

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.
33.

34.

35.

Jiang, B.; Peng, M,; Liu, Y.; Zhou, T.; Su, Y. The Fabrication of 2D Micromirror with Large Electromagnetic Driving Forces. Sens.
Actuators A Phys. 2019, 286, 163-168. [CrossRef]

Peng, T.; You, Z. Reliability of MEMS in Shock Environments: 2000-2020. Micromachines 2021, 12, 1275. [CrossRef]

Lall, P; Panchagade, D.R.; Choudhary, P.; Gupte, S.; Suhling, J.C. Failure-Envelope Approach to Modeling Shock and Vibration
Survivability of Electronic and MEMS Packaging. IEEE Trans. Compon. Packag. Technol. 2008, 31, 104-113. [CrossRef]

Huang, Y,; Sai, A.; Doraiswami, R.; Osterman, M.; Pecht, M. MEMS Reliability Review. IEEE Trans. Device Mater. Reliab. 2012,
12, 482-493. [CrossRef]

Li, J.; Broas, M.; Makkonen, J.; Mattila, T.T.; Hokka, J.; Paulasto-Krockel, M. Shock Impact Reliability and Failure Analysis of a
Three-Axis MEMS Gyroscope. . Microelectromech. Syst. 2014, 23, 347-355. [CrossRef]

Bottenfield, B.; Bond, A.G.; Kranz, M.S.; Dean, R.N.; Adams, M.L. Variations in Micromachined Isolator Geometries for Sensor
Performance in Harsh Environments. IEEE Trans. Compon. Packag. Manuf. Technol. 2020, 10, 659-668. [CrossRef]

Tao, Y.-K; Liu, Y.-F,; Dong, ].-X. Flexible Stop and Double-Cascaded Stop to Improve Shock Reliability of MEMS Accelerometer.
Microelectron. Reliab. 2014, 54, 1328-1337. [CrossRef]

Dean, R.; Flowers, G.; Sanders, N.; Horvath, R.; Kranz, M.; Whitley, M. Micromachined Vibration Isolation Filters to Enhance
Packaging for Mechanically Harsh Environments. J. Microelectron. Electron. Packag. 2005, 2, 223-231. [CrossRef]

Yoon, SW.; Lee, S.; Perkins, N.C.; Najafi, K. Analysis and Wafer-Level Design of a High-Order Silicon Vibration Isolator for
Resonating MEMS Devices. |. Micromech. Microeng. 2010, 21, 015017. [CrossRef]

Yao, Z.; Zega, V.; Su, Y.; Zhou, Y.; Ren, J.; Zhang, ].; Corigliano, A. Design, Fabrication and Experimental Validation of a Metaplate
for Vibration Isolation in MEMS. J. Microelectromech. Syst. 2020, 29, 1401-1410. [CrossRef]

Bottenfield, B.; Bond, A.G.; English, B.A.; Flowers, G.T.; Dean, R.N.; Adams, M.L. Microfibrous Mesh and Polymer Damping of
Micromachined Vibration Isolators. IEEE Trans. Compon. Packag. Manuf. Technol. 2021, 11, 543-556. [CrossRef]

Fang, X.-Y; Li, X.-Y,; Hu, K.-M.; Yan, G.; Wu, J.-H.; Zhang, W.-M. Destructive Reliability Analysis of Electromagnetic MEMS
Micromirror under Vibration Environment. IEEE J. Sel. Top. Quantum Electron. 2022, 28, 1-8. [CrossRef]

Fang, X.-Y.; Hu, K--M,; Yan, G.; Wu, Z.-Y,; Wu, ].-H.; Zhang, W.-M. Shock Destructive Reliability Analysis of Electromagnetic
MEMS Micromirror for Automotive LiDAR. J. Microelectromech. Syst. 2022, 31, 134-142. [CrossRef]

Yoo, HW.,; Riegler, R.; Brunner, D.; Albert, S.; Thurner, T.; Schitter, G. Experimental Evaluation of Vibration Influence on a
Resonant MEMS Scanning System for Automotive Lidars. IEEE Trans. Ind. Electron. 2022, 69, 3099-3108. [CrossRef]

Hopcroft, M.A.; Nix, W.D.; Kenny, T.W. What Is the Young’s Modulus of Silicon? ]. Microelectromech. Syst. 2010, 19, 229-238.
[CrossRef]

Zhao, ].P.; Chen, H.L. A Study on the Coupled Dynamic Characteristics for a Torsional Micromirror. Microsyst. Technol. 2005,
11, 1301-1309. [CrossRef]

Younis, M.I,; Alsaleem, E; Jordy, D. The Response of Clamped-Clamped Microbeams under Mechanical Shock. Int. J. Non-Linear
Mech. 2007, 42, 643-657. [CrossRef]

Yoon, S. Vibration Isolation and Shock Protection for MEMS. Ph.D. Thesis, The University of Michigan, Ann Arbor, MI, USA, 2009.
Merlijn van Spengen, W. MEMS Reliability from a Failure Mechanisms Perspective. Microelectron. Reliab. 2003, 43, 1049-1060.
[CrossRef]

Nagel, N. Beryllium and Copper-Beryllium Alloys. ChemBioEng Rev. 2017, 5, 30-33. [CrossRef]

Altenberger, 1.; Kuhn, H.A.; Miiller, H.R.; Mhaede, M.; Gholami-Kermanshahi, M.; Wagner, L. Material Properties of High-
Strength Beryllium-Free Copper Alloys. Int. |. Mater. Prod. Technol. 2015, 50, 124-146. [CrossRef]

Scott, J.; Enikov, E.T. Novel Temperature Compensation Technique for Force-Sensing Piezoresistive Devices. ]. Micromech.
Microeng. 2011, 21, 115017. [CrossRef]

Kanda, Y. A Graphical Representation of the Piezoresistance Coefficients in Silicon. IEEE Trans. Electron. Devices 1982, 29, 64-70.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.sna.2018.12.038
https://doi.org/10.3390/mi12111275
https://doi.org/10.1109/TCAPT.2008.916804
https://doi.org/10.1109/TDMR.2012.2191291
https://doi.org/10.1109/JMEMS.2013.2273802
https://doi.org/10.1109/TCPMT.2019.2947191
https://doi.org/10.1016/j.microrel.2014.02.011
https://doi.org/10.4071/1551-4897-2.4.223
https://doi.org/10.1088/0960-1317/21/1/015017
https://doi.org/10.1109/JMEMS.2020.3016179
https://doi.org/10.1109/TCPMT.2021.3063854
https://doi.org/10.1109/JSTQE.2021.3124140
https://doi.org/10.1109/JMEMS.2021.3130001
https://doi.org/10.1109/TIE.2021.3065608
https://doi.org/10.1109/JMEMS.2009.2039697
https://doi.org/10.1007/s00542-005-0613-6
https://doi.org/10.1016/j.ijnonlinmec.2007.01.017
https://doi.org/10.1016/S0026-2714(03)00119-7
https://doi.org/10.1002/cben.201700016
https://doi.org/10.1504/IJMPT.2015.067820
https://doi.org/10.1088/0960-1317/21/11/115017
https://doi.org/10.1109/T-ED.1982.20659

	Introduction 
	Deformation Analysis of Micromirror 
	Modal Analysis 
	Deformation Analysis 

	Design of Mechanical LPF 
	Principle 
	Structure Design 
	Deformation Analysis of Micromirror with LPF 

	Experiments and Results 
	Piezoresistive Sense Principle 
	Experimental Setup 
	Results 

	Conclusions 
	References

