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Long-Term Reliability and Control Methods of MEMS Micromirror
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Abstract MEMS micromirror, a novel micro-optical-electro-mechanical system, can accomplish optical
modulation at microscale and has been widely applied in the fields of photoelectric communication, medi-
cal imaging, civil projection, radar detection, etc. In recent years, MEMS LiDAR with micromirrors as
core component is expected to become one of the more competitive autonomous sensors due to its advan-
tages such as small size and low power consumption. However, given the specificity of in-vehicle appli-
cations, various reliability problems of MEMS micromirrors in complex multi-physical field coupled en-
vironments such as temperature and humidity, electromagnetic, vibration and shock have seriously re-
stricted the engineering applications of MEMS LiDAR. Based on the reliability research of MEMS mi-
cromirrors, this paper reviews the complex failure forms and failure mechanisms such as delamination
warpage, fracture, pull-in and short circuit burnout under extreme environments such as high frequency
vibration, temperature & humidity cycling and electromagnetic coupling. We also summarize the com-
mon dynamics modelling theories and control methods of MEMS micromirrors and discuss the main chal-

lenges and development trends of MEMS LiDAR standardization.
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(b) Electromagnetic micromirror: a diagram of the model of electromagnetic
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Fig. 4 Summary of failure forms of MEMS micromirrorst?’-3!:33:99-118]

(a) Burning out of embedded heater in electrothermal micromirror;
(b) Surface optical profile measurement of MEMS electrostatic
micromirror array in normal working condition (upper left) and
pull-in instability at 40V Cupper right) ., typical failure scenarios
after electrostatic discharge stress (ESD) stress in micromirrors (below) ;
(o) Fracture of support beam of an electromagnetic MEMS micromirror
chip; (d) AFM image of surface warping of MEMS micromirror (above),
roughness analysis (below)
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Table 1 General failure types and influencing factors of MEMS micromirrors
Failure Micromirrors Environmental triggers Structure Fault mode Year Refs.
Fatigue failure Electrostatic High-frequency vibration Reflector Complete failure 2022 [119]
Brittle fracture Electromagnetic External shocks Torsion beam Complete failure 2022 [33]
Fatigue fracture Electromagnetic High-frequency vibration Torsion beam Complete failure 2022 [120]
Fracture Piezoelectric Alternating loads Actuators Complete failure 2022 [113]
Package failure Electromagnetic Ambient temperature changes Packaging Sensitivity drift 2022 [74]
Dynamic deformation Electrostatic Machining residual stress Torsion beam Angle bias 2021 [121]
Dynamic deformation Electrostatic Long-term alternating loads Reflector Fracture 2021 [13]
Stiffness degradation Electrostatic Artificial long-term stresses Reflector Angle bias 2017 [66]
Dynamic deformation Piezoelectric Alternating loads Reflector Scanning distortion 2012 [46]
Stiction Electrostatic Temperature& humidity cycle Reflector Complete failure 2010 [122]
Mirror warp Electrostatic Residual stress Mirror surface Scanning distortion 2006 [53]
Long-t F shift
Crack extending All types Ong, erm Mirror Torsion beam ) reduency s'n 2005 [3]
alternating loads Complete failure
Mirror warp Electrostatic Residual stress Mirror surface Scanning distortion 2004 [55]
Mirror warp Piezoelectric Residual stress Mirror surface Scanning distortion 2003 [49]
Long-t
Hinge memory Electrostatic Ong erm Reflector Angle bias 1998 [123]
alternating loads
2 AAXBEHENBEIAIEARZMESR
Table 2 The unique failure forms and influencing factors of different types of micromirrors
Failure Micromirrors Environmental triggers Structure Fault mode Year Refs.
High temperature Insulati
Oxidation failure Electrothermal 1g. met,rd, ure Electrothermal bimorph . nsuta ‘Of] 2023 [28]
High humidity Complete failure
High t t Alumi 1
Corrosion Electrothermal lgA empeAmA ure umlr‘ulm aver Complete failure 2022 [28]
High humidity of bimorph
Pull-in Electrostatic Microscopic forces Reflector Low scanning range 2022 [95]
Actuator distortion Piezoelectric High electric field intensity Actuator Low driving accuracy 2022 [117]
Electromigration . .
Burn out Electrothermal . Embedded heater Complete failure 2017 [31]
High voltage
Microscopic f s Low s i
Pull-in Electrostatic 1cr0\CO‘plc orce? Multiple structures O‘w scanmng.range 2014 [88]
Electrostatic attraction Complete failure
L sitioning a a
Pull-in Electrostatic Electrostatic discharge Mirror surface oW post 10n1.ng aceuracy 2012 [118]
Low scanning range
Short circuit Electrostatic Electrostatic discharge Welding points Complete failure 2012 [118]
Angle bias
Creep Electrothermal High temperature Reflector . 'ng ¢ . 1as . 2009 [27]
Scanning distortion
High temperature . .
Burn out Electrothermal . Embedded heater Complete failure 2009 [27]
High current
Multila Strai sal;
Polarization reversal Piezoelectric Electrical overstress . U rayer ramn reversa 1998 [44]
Ceramic Actuator Loss of control
. . . L Multilaye .
Electrical breakdown Piezoelectric Electromigration uttiayer Complete failure 1998 [44]

Ceramic Actuator
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Fig.5 Response analysis of MEMS micromirror in external vibration,

shock and etct®*+119:122]

. (a) The numerical results of predictions of
shock acceleration tolerance: stress at the fixed ends of the beam with
different deflections (left), peak stress of the slow axis with different
shock levels (right); (b) The results of the influence of duration of
shock pulses: the time series of the dynamic response under the
acceleration amplitude of 500g (left), relationship between dynamic
response and the dimensionless duration (right); (¢) Stiction equivalent
energy operation at 20% , 50%, 80% RH: for 20°C (above), 60°C
(middle) and 90°C (below); (d) Transient response of scanning trajectory,
envelope for amplitude changes and frequency changes of the open loop
mirror system: 2 g y vibration witha frequency of 1.0327kHz (left), 2 g
2 vibration with a frequency of 2. 0331kHz (right)
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Fig. 6 Reliability research of MEMS micromirror in complex automobile
environment!?3119:120:129-131.139] () The Jiquid package of MEMS
micromirror to improved impact resistance; (b) Impact reliability
test of electromagnetic MEMS micromirror: the mesh of MEMS
mirror chip model(left) , the pneumatic shock test equipment (middle)
and test sample fixed on the drop table (right); (c¢) Impact-resistant
piezoelectric micromirror structure design; (d) Stress distribution of
slow axis in electromagnetic micromirror with an acceleration level
of 500g impact; (e) ResonantMEMS micromirror for vibration test
(left), vibration coupling torque model (right); (f) Mechanical

fracture of a silicon cantilever under impact
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Fig. 7 Dynamic modeling and data fusion life prediction methods of
MEMS micromirrort*?-#1-12:189- 1161601 (o Equivalent SDOF systems

with single degrees of freedom (left) and multiple degrees of {reedom

(right) of MEMS micromirror; (b) Equivalent solid support beam model
of piston mode under external vibration; (c¢) Simplified diagram of
bending deformation (left) and force of doubly clamped cantilever
(right) ; (d) Application of folding beams in MEMS micromirrors

(above) : straight torsion beams (center left) , S-shaped torsion
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Table 4

A summary of common control methods for MEMS micromirror

Control Methods Advantages

Disadvantages Applicable scenarios

+ Short response time and small overshoot.
PID control R .
 Large inclination angles can be achieved.

Sliding mode  + Strong noise immunity.

control « Insensitive to changes of parameters.
Command- « No additional sensors are required.
Shaping » Lower cost.
Adaptive » Parameter changes and model
control uncertainties can be compensated online.

» An accurate system model is required.

» Large static error.

* Poor dynamic performance.
« Jitter often occurs.
» Low robustness.

» Long-term operation is less stable.

« Computationally intensive.

« Insufficient transient performance.

Simple structure that system
model is determined.

When the external disturbance is
strong and the model is uncertain.
Tiny structures that are

difficult to integrate sensors.

When the system

parameters is uncertain,
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Fig. 8 MEMS micromirror control method under abnormal working
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conditions L2 a) A composite command shaping method

applied to MEMS micromirrors: input (left) and output(right) ;
(b) Skew distortion rates at different incidence angles and different
deflection angles (above), the pillow distortion of reflected light angle
varies with the MEMS deflection angle (below); (c¢) Influence of
open-loop (left) and close-loop (right) control on rotation angle
error of MEMS micromirror (d) Cartesian coordinate system based
on MEMS micromirror scanning (left), pillow distortion (middle)
and skew distortion (right) of MEMS micromirror.
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Table 1

Comparison of reported methods for control of MEMS micromirrors

Micromirrors Purpose of control Control method
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