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A B S T R A C T   

The reliability of MEMS inertial devices applied in complex environments involves interdisci-
plinary fields, such as structural mechanics, material mechanics and multi-physics field coupling. 
Nowadays, MEMS inertial devices are widely used in the fields of automotive industry, consumer 
electronics, aerospace and missile guidance, and a variety of reliability issues induced by complex 
environments arise subsequently. Hence, reliability analysis and design of MEMS inertial devices 
are becoming increasingly significant. Since the reliability issues of MEMS inertial devices are 
mainly caused by complex mechanical and thermal environments with intricate failure mecha-
nisms, there are fewer reviews of related research in this field. Therefore, this paper provides an 
extensive review of the research on the reliability of typical failure modes and mechanisms in 
MEMS inertial devices under high temperature, temperature cycling, vibration, shock, and multi- 
physical field coupling environments in the last five to six years. It is found that though multiple 
studies exist examining the reliability of MEMS inertial devices under single stress, there is a 
dearth of research conducted under composite stress and a lack of systematic investigation. 
Through analyzing and summarizing the current research progress in reliability design, it is 
concluded that multi-physical field coupling simulation, theoretical modeling, composite stress 
experiments, and special test standards are important directions for future reliability research on 
MEMS inertial devices.   

1. Introduction 

Micro-electro-mechanical systems (MEMS) are designed to achieve specific sensor or actuator functions and are integrated systems 
fabricated on a microscale [1,2]. Nowadays, MEMS technology has become extensively used in the civil and military sectors, with 
inertial measurement being among the most vital application areas. Commonly used inertial devices comprise MEMS gyroscopes, 
MEMS accelerometers, and MEMS magnetometers. They are applied to gauge the angular rate, acceleration, and magnetic field 
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intensity, correspondingly [3,4]. 
MEMS inertial devices can be used in smartphones, wearable devices, unmanned aerial vehicles, the automotive industry, aero-

space, and missile guidance owing to their small size, low power consumption, superior performance, and low cost, which have 
garnered increasing attention from researchers worldwide [5]. Currently, MEMS inertial devices, particularly gyroscopes and accel-
erometers, have undergone rapid development and commercialization [6]. With the wide adoption of MEMS inertial devices, they are 
inevitably exposed to various harsh operating environments. Although vacuum encapsulation technology effectively mitigates the 
impact of the external factors on MEMS devices, excessive stress loads might cause gas leakage from the encapsulation, leading to 
increased air pressure, quality factor degradation, and ultimately structural failure. Severe vibration, shock, and thermal impacts may 
also result in fatigue, fracture, delamination, particle contamination and other issues [7,8]. The main failure modes of MEMS inertial 
devices under external environmental loads are summarized in Table 1. 

MEMS inertial devices are susceptible to the failures mentioned above, regardless of whether they are used militarily or 
commercially. Component failure of the devices can lead to detection data errors, system breakdowns, and increased maintenance 
expenses, all of which would have a serious impact on product applications. Therefore, improving the reliability of MEMS inertial 
devices under various complex environmental stresses is the key to maintaining performance and extend-ing product survival. Reli-
ability design mainly involves structural optimization, circuit design, reliability modelling and analysis, reliability characterization 
and life prediction. There are currently numerous reports on the reliability of integrated circuits, while there are relatively few reports 
related to the reliability of MEMS inertial devices, and no review of research on MEMS inertial devices in complex mechanical and 
high-temperature environments has been reported. In this paper, the current state of research in this field is thoroughly investigated to 
summarize the influences of complex mechanical and high-temperature coupling environments on MEMS inertial devices and to 
discuss the future research trends and challenges, which are of great significance to the development of MEMS reliability. 

The search strategies for this paper include: (a) searching the relevant data from the digital databases, such as Google Scholar, IEEE, 
ScienceDirect and IOP; (b) investigating the relevant data from companies, research institutes and so on. The inclusion criteria are that 
the relevant contents are related to the theme of reliability research on MEMS inertial devices. The keywords or terms include MEMS 
inertial device, gyroscope, accelerometer, reliability, failure, shock or impact, vibration, temperature or thermal, etc., and the pub-
lished time is from 2018 to 2023. In terms of the summary method, the cited papers are classified according to different environmental 
stresses, such as vibration, impact, and thermal stress. Since the relevant data are limited, the narrative method instead of the statistical 
method is adopted for the summary of this review. Besides, the conclusion made in this article may be biased. However, we have tried 
our best to reduce the risk by investigating and summarizing the relevant papers as much as possible. 

1.1. MEMS reliability with consideration of vibration 

In general, MEMS inertial devices are utilized within the automotive industry, aerospace, and missile guidance for attitude sta-
bilisation and positioning navigation [10]. Industrial-grade gyroscopes are usually exposed to random vibrations ranging from 50 Hz 
to 2 kHz, with a total root mean square (RMS) of 6–20 g. Military gyroscopes, on the other hand, are subject to random vibrations from 
0 to 10 kHz, with a total RMS of 20–30 g [11]. Vibration is one of the most important factors affecting the reliability of MEMS inertial 
devices. The following is a comprehensive overview of the research advancements in the reliability of MEMS inertial devices under 
vibration. 

1.2. Typical vibration failure modes 

According to the literature [12,13], the main failure modes of MEMS inertial devices when subjected to vibration stress are fatigue, 
adhesion, stiffness degradation, pull-in instability, and structural fracture. 

MEMS gyroscopes are applied to measure the angular rate based on the Coriolis effect. Accordingly, the velocity of the drive mode 
must be maintained constant, which means that the moving structure should oscillate at a constant amplitude. If external forces are 
applied, increasing the amplitude of structural vibrations over an extended period, the spring beams may suffer from material fatigue 
and ultimately fracture. Yao Liu et al. [14] discovered that numerous polycrystalline silicon materials utilized in MEMS devices 
displayed crack defects. These defects are speculated to have arisen during the processing of silicon wafers, which involves heat 
treatment, etching, dicing, and more. The stress concentrations tend to emerge at crack defects under intense vibration loads, thus 
resulting in the fracture failure at the point of intersection between inclined and parallelogram beams, as shown in Fig. 1. 

Table 1 
Main failure modes of MEMS inertial devices in relation to external environmental loads [9].   

vibration shock temperature 

fracture ✓ ✓ ✓ 
fatigue ✓  ✓ 
creep   ✓  
adhesion ✓ ✓  
wear ✓ ✓  
delamination  ✓ ✓ 
contamination ✓ ✓  
short circuit ✓ ✓   
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Elastic beams of a MEMS inertial device constantly undergo repeated mechanical motion with high-vibration load cycles. The 
resulting alternating stress is likely to cause fatigue damage in the structure, which makes the stiffness of the structure decrease, causes 
performance degradation, and eventually causes fatigue fracture. 

Ebiakpo Kakandar et al. [15] investigated the effect of driving a MEMS resonator at its resonant frequency by supplying a high 
sinusoidal voltage to its comb structure. As shown in Fig. 2, when the rotation amplitudes are large enough (greater than 14 mrad, 
equivalent to stress amplitudes exceeding 300 MPa), the driving of the microresonator leads to cyclic mechanical motion of the 
microbeam sidewalls in the form of compression and tension, resulting in fatigue damage and crack propagation or even fracture. This 
fatigue phenomenon is exacerbated especially under random vibration conditions. 

Due to the continuous accumulation of fatigue damage in the polycrystalline silicon microbeam, the material properties gradually 
degrade. Once the mechanical recovery force of the material is less than the electrostatic driving force, the suspension beams will 
collapse towards the fixed electrode, and the adhesion failure occurs. Shun Zhang and Jin Zhang [16] studied this phenomenon and 
demonstrated that with increasing vibration amplitude, the rate of fatigue also increased, resulting in pull-in instability. For the 
fatigue-induced pull-in instability, Tajalli et al. [17] applied the wavelet transform algorithm based on the Gabor function to calculate 
the damage in the microstructure and investigated the mechanism of surface cracks. The structural model of the pull-in instability is 
shown in Fig. 3. In conclusion, increasing crack depth results in lower pull-in voltages. As the crack position approaches the fixed 
endpoints, the pull-in voltage drops significantly. 

As MEMS structures have an extremely small mass and a large specific surface area, distances between combs or microbeams 
become extremely small under high vibrational stress, resulting in various surface effects. Because of adhesion forces (capillary, van 
der Waals, and electrostatic forces), a short-circuit failure or impaired function would occur when two surfaces make contact. By using 
a stopper or a limiting structure, it enables MEMS gyroscopes to avoid the problems associated with structural pull-in and adhesion 
resulting from vibrations. 

1.3. Vibration failure mechanisms 

Large vibration loads cause various failures in microbeams and metal leads, such as fatigue and fracture. Therefore, it is essential to 
analyze the vibration response of curved leads or microbeams to understand the vibration failure mechanism. 

The vibration response characteristics and intrinsic frequencies of metal leads were derived in detail based on the Euler-Bernoulli 
beam theory and Hamilton’s principle [18]. It was determined that when the external acceleration frequency aligns with the natural 
frequency of the gold wire, resonance and stress concentration would result in fracture failure. Yunbo Shi et al. [19] modeled the 
vibration of two- and three-degree-of-freedom systems and calculated the first-order natural frequency of an accelerometer as a 
function of material parameters using MATLAB. The model indicated that the first-order natural frequency of the accelerometer was 
strongly dependent on the material parameters. The first-order natural frequency could be increased by improving the packaging 
material to avoid resonance, thus improving the vibration resistance. 

The analytical model for the resonant frequency of a butterfly gyroscope in the drive mode was deduced by Yao Liu. With the 
increase in vibration time, residual stresses in the silicon structure would slowly deteriorate the device’s performance since resonant 
frequency and mechanical sensitivity would gradually decrease [20]. This result was consistent with the result of modal analysis by the 
Finite Element Method (FEM). For the application environment, Wenhao Luo et al. [21] proposed a method for measuring the vi-
bration characteristics of MEMS microstructures in vacuum, high- and low-temperature environments. This method provides valuable 
guidance for the maintenance, reliable operation and optimal design of MEMS applications. It can be concluded that different quality 
factors and residual stresses at various temperatures and vacuum levels have a significant effect on the vibration characteristics. 

With prolonged vibration, significant cracking occurs on the surface of microbeams, which could affect the static deflection and the 
natural frequency of the structure. In 2020, K. Larkin et al. [22] investigated the nonlinear vibration response of a cracked MEMS 
gyroscope using the Griffith strain energy release theorem. This numerical study demonstrates that the presence of a severe single 
crack or a series of cracks could considerably affect the sensitivity of the gyroscope, resulting in degradation of the performance of the 
damaged MEMS sensor. In the following year, K. Larkin’s team analyzed the effect of cumulative damage on the performance of 
electrically driven cantilever micro-beams based on an effective modulus structure model, deriving the equations of motion and 
analyzing the reduced order model for actuators with surface cracks [23]. A fatigue damage model was proposed by Jiaxing Cheng 
et al. to quantify the damage caused by micro- and nano-cracks in crystalline silicon structures and native oxide layers, which can 
assess the fatigue lifetime of MEMS structures [24]. The results indicate that the accumulation of fatigue damage occurs mainly near 

Fig. 1. Structure fracture of a MEMS gyroscope under random vibration [14].  
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the root of the notch, which contributes to the cracks growth and the reduction in the resonant frequency. 
In a word, the vibration-induced failures are mainly related to the resonant effect, material fatigue and micro-cracks propagation. 

1.4. Vibration test methods 

Vibration testing is used to reveal potential failure modes in MEMS device structures, metal leads and interconnects, and to assess 
device reliability. The commonly used vibration test methods are sinusoidal sweep and random vibration testing [25]. 

So far, although there is no international vibration test standard explicitly for MEMS inertial devices, there have been numerous 
studies suggesting various vibration test methods for different vibration environments. For example, D. Capriglione et al. [26] pro-
posed a vibration test to detect mechanical stress effects on reliability and metrology performance in practical applications in MEMS 
testing and characterization. Han Woong Yoo et al. [27] developed a vibration test platform to accurately evaluate the reliability of 
MEMS resonators with external vibration coupling. 

Several researchers have devised vibration test methods that can be applied to MEMS inertial devices by referencing international 
standards within MEMS-related fields. For instance, Domenico Capriglione et al. created a test rig utilizing sinusoidal sweep for 
automotive applications, referring to various international standards such as IEC 60068-2-6 (2009), AEC-Q100 rev. H (2014) and 
JESD22 B103B.01 (2016). Continuous sinusoidal sweep tests were performed in the frequency range of 20–2000 Hz, with the vibration 
acceleration of 2 g, 4 g or 8 g. Yao Liu et al. [14] carried out step tests on MEMS gyroscopes exposed to random vibration with root 
mean square accelerations of 3 g, 6 g, 25 g, 30 g, 35 g, 45 g, 50 g, 55 g, 60 g, and 62.5 g. 

1.5. Design for vibration reliability 

In terms of structural design, the reliability design of gold wire leads in MEMS inertial devices is essential to improving vibration 
reliability. The displacement and acceleration of gold wire leads under external acceleration were derived using the lead vibration 
equation [18]. The maximum positive stress σwire_max of the lead can be described as (1). 

σwire max ≈
ρL2Qia0

d
(1)  

where Qi is the quality factor, L, d and ρ are the length, diameter and density of gold wire lead, respectively. a0 is the amplitude of 
vibration acceleration. It was concluded that increasing lead diameter and shortening lead length would result in higher first-order 
natural frequency, preventing resonance and fracture failure, and improving lead reliability during vibration [18]. 

To prevent the performance instability of MEMS gyroscopes in random vibration environments, a combination of a long short-term 
memory (LSTM) network and a Kalman filter (KF) was proposed for error compensation by Chenhao Zhu [28]. Among them, the 
parameters of the Kalman filter were optimized iteratively using the Kalman smoother and expectation maximization (EM) algorithm. 
It was found that the combination method of bidirectional LSTM (BiLSTM), EM and KF results in a reduction of 46.54% and 22.30% in 
the standard deviation of the output signal (angular velocity) for the x-axis and z-axis, respectively. 

In summary, in the domain of vibration reliability design, researchers primarily address issues of fatigue and fracture failure 
through structural design and theoretical modeling. In addition, errors caused by vibration are compensated based on artificial in-
telligence algorithms to avoid performance degradation. With the rapid development of artificial intelligence, error compensation 
algorithms based on AI for MEMS inertial devices will gain more attention of researchers. 

Fig. 2. Fatigue damage on a Ni microbeam [16].  

Fig. 3. Fatigue damage model of microbeam [17].  
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2. MEMS reliability with consideration of shock 

External shocks typically have large acceleration amplitudes, which largely impact the reliability of MEMS. The shock waveform is 
similar to a half-sine or square wave pulse. MEMS devices are subjected to unexpected or overloaded mechanical shock from time to 
time during normal operation. For instance, a large shock may be induced by a cell phone falling from a certain height, a car subjected 
to an external shock, a flying vehicle landing, or a cannonball launch [29,30]. Some typical shock scenarios are listed in Table 2 [31]. 

2.1. Typical shock failure modes 

Shock stress is generated by external acceleration with a high amplitude and short pulse. The main failure modes of MEMS inertial 
devices under high-impact conditions include structural fracture, particle contamination, short circuit, adhesion, and delamination 
[32–34]. 

The fracture failure of comb and beam structures is a frequently occurring failure mode in MEMS inertial devices. When the impact 
stress exceeds the yield strength of the silicon material, the material cannot recover its original state due to plastic deformation, and 
fracture failure is likely to occur. Bing Bai et al. [35] applied a half-sine impact of 1500 g with a duration of 2 ms to a tuning fork 
gyroscope in six different impact directions, and the micro-beam root of the gyroscope fractured, as illustrated in Fig. 4. 

During the fabrication of MEMS silicon structures, manufacturing processes such as deposition, etching, cutting, and assembly are 
prone to generate particulate defects and microcracks on the silicon wafer surface. For instance, particulate contamination is shown in 
Fig. 5 [36]. This phenomenon is exacerbated by external mechanical impacts, that is, the silicon residue particles can be transferred to 
anywhere in the cavity, resulting in the block of comb movement. Meanwhile, when the particles come into contact with other 
components, it can lead to short circuit failure. 

For MEMS structures, the specific surface area (i.e. area divided by volume) is relatively large. In general, MEMS gyroscopes range 
in size from 1 to 100 μm, with tiny gaps (<1 μm) for capacitive combs. Therefore, its surface forces, including electrostatic force, 
capillary effect, and surface tension, play a dominant role. When MEMS devices are operated in severe shock environments, the 
suspended beam is subjected to significant bending deformation. If the surface stress of the comb exceeds its elastic stress and the 
displacement and deformation are greater than the comb gap, the movable comb will adhere to the substrate, eventually leading to 
stiction failure or short circuit failure [37]. Stiction failure is shown in Fig. 6. 

2.2. Shock failure mechanisms 

Shock loads are characterized by high acceleration amplitudes and short durations. In particular, the shock acceleration pulse does 
not simultaneously affect the whole structure region but is transmitted as a form of the stress wave. Technically, the impact response of 
MEMS structures ought to be calculated based on the theory of stress wave analysis [38]. However, applying the above theories to 
MEMS structures under diverse impact loads would result in heightened numerical modeling and computational difficulties. As a 
result, it is extremely significant to identify an appropriate response model for MEMS structural under shock. In general, analytical 
modeling and numerical analysis are the primary methods to analyze failure mechanisms. 

2.2.1. Analytical models for shock 
The single degree of freedom (SDOF) system model is the commonly used analytical model that is applied to calculate the structural 

response to shock [39]. For example, an approximate shock response to a ring vibration gyroscope was estimated using a SDOF model 
by Zhengcheng Qin et al. Therefore, the shock excitation displacement x(t) of the vibration ring is calculated from the Duchenne 
integral, as shown in equation (2) [40]. 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A
ωd

∫ t

0
sin(ωsτ)eξωt(t− τ) sin(ωd(t − τ))dτ

0 ≤ t ≤ t0

A
ωd

∫ t0

0
sin(ωsτ)eξωt(t− τ) sin(ωd(t − τ))dτ

t > t0

(2) 

Table 2 
Shock loads under different operating scenarios [31].  

Scenarios Shock loads 

Falling 500~3000 g, 50–200 Hz 
Vehicles 0~100 g, 5–50 Hz 
Earthquake 0.1–0.5 g, 2–90 Hz 
Shot 103~104 g,102~103 Hz 
Hard Penetration 104~105 g,103~104 Hz 
Spacecraft 103~104 g, 102~103 Hz 
Artillery launch 104~105 g, 103~104 Hz  
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where ωd and ωs are the intrinsic angular frequencies of the drive mode and sense mode, respectively. ωt is the resonant frequency of 
the MEMS gyroscope. ξ is the corresponding damping ratio. 

In paper [41], the SODF shock response model for the gyroscope is derived in detail The response displacement z(t) is solved 
according to equations (3) and (4), and Matlab simulation analysis and experimental verification are performed. 

z(t)=R(t)u(t) + R(t − t0)u(t − t0) (3)  

R(t) =
ω0Ai

ωi

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξi

2
√ e−

ωi
2Qi sin

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − ξi
2

√

ωit + θi

)

+ Ai sin(ω0t − φi)

Ai =
a0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ω4 + 2
(
2ξi

2 − 1
)
ωi

2ω0
2 + ωi

4
√

φi = tg− 1 ωiω0

Qi(ωi
2 − ω0

2)
, θi = tg− 1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ξi

2
√

ξi
2 − Qi(ωi

2 − ω0
2)
/

ωi
2

(4)  

where, ωi and ω0 are the natural angular frequencies of the gyroscope and external shock acceleration, respectively. ξi is the damping 
ratio and Qi is the quality factor of the gyroscope. a0 is the amplitude of shock acceleration. 

Owing to the large amplitude and short duration of the shock, the transient and steady-state responses of the structure must be 
considered simultaneously. Transient responses to high-g impacts tend to induce structural vibrations that decay with time [42]. 
Recently, an analytical model was reported by Tianfang Peng et al. to describe the transient response under high-g shock, considering 
the decay of amplitude and frequency. The accuracy of the model was confirmed through numerical analysis results based on Shock 
Response Spectra (SRS) [43]. A model for high-g shock response was proposed by Kaisi Xu et al. to rapidly estimate the response of 
MEMS structures using a transfer function [44]. 

Tingting Huang et al. investigated the degradation process of devices in dynamic environments and developed a shock degradation 

Fig. 4. Fracture failure of V-beam after the impact [35].  

Fig. 5. Microparticle contamination [36].  

Fig. 6. Stiction failure caused by impact [36].  
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model based on the effective shock function and the Wiener process [45]. Nevertheless, the above studies only investigate one type of 
shock and rarely consider multiple shock processes that are widely available in practical applications. To address this point, Hongda 
Gao et al. developed four different dependent competitive failure models for degraded systems with multiple random shocks and 
derived reliability indicators [46]. 

According to the aforementioned models, it is possible to obtain the impact response acceleration and calculate the maximum 
impact stress on the structure. The main failure mechanisms of weak parts fractured due to impact, such as capacitive combs or spring 
beams, include collision or impact stress exceeding the yield strength of silicon material and stress concentration. 

To sum up, although significant advancements have been made in modeling the shock response of MEMS structures under impact 
conditions, due to the intricate microstructure, shock response, and absence of experimental verification for transient processes, the 
existing studies exist the following deficiencies: (1) The theoretical model has yet to be fully verified through experimentation. (2) 
There is a relative lack of studies on the effects of different types of damping and nonlinear factors on the microstructure under shock 
conditions. These shortcomings require further overcoming in the future. 

2.2.2. Shock finite element analysis 
The Finite Element Method (FEM) is the most widely used numerical method for calculating the impact response of microstruc-

tures, including the calculation of the natural frequency, the operating mode, and the stress distribution of MEMS devices under shock. 
For example, Jinkui Wang et al. calculated the first four orders of modalities of a MEMS gyroscope by FEM, as well as the stress 
distribution and maximum stress values in different directions under an impact amplitude of 20,000 g [47]. Failure modes of MEMS 
gyroscopes under typical shock during artillery firing were investigated using FEM by Jiangkai Lian. The analysis results demonstrated 
that the shock of continuous oscillatory acceleration had a significant amplification effect on the stresses in the gyroscope structure 
[48]. 

The conclusion from the impact test was that the FEM simulation results are consistent with those of the model analysis. The main 
failure mechanisms are that the impact stress is far greater than the yield strength of the material due to stress concentration, leading to 
fracture failure. 

2.3. Shock test methods 

MEMS shock experiments require high amplitude and short duration mechanical loads, which bring some challenges to the 
waveform control and real-time data acquisition techniques. The general impact test equipment mainly includes Machete Hammers 
and Hopkinson Bar [31]. The waveforms of the shock signals generated by Machete Hammers and Hopkinson Bar are similar to a 
half-sinusoidal wave. In terms of damage characterization methods, the most commonly used instruments are scanning electron 
microscopy (SEM) and X-ray energy spectrometry (EDS) [49]. Up to now, there are still some new shock test methods worth exploring 
and researching. 

Since there is no unified test method or standard for MEMS devices, researchers mainly refer to national or international standards 
for impact testing. To compare the reliability of different MEMS accelerometers in space applications, I. Marozau et al. applied shock 
accelerations of 5000 g and pulse duration of 2 ms to a variety of test devices [8]. To validate the theoretical analysis results, Yiyuan Li 
et al. exerted a shock to the MEMS-suspended inductors with amplitudes ranging from 8500 to 20400 g and durations ranging from 100 
to 120 μs impact pulses by using a Machete Hammer [32]. MEMS gyroscope impact tests were conducted by Jiangkai Lian, with an 
acceleration of 15,000 g and duration of 100 μs, to simulate the high-g shock caused by shell launch. It was found that the critical 

Fig. 7. Nonlinear spring model of the stopper; (B) Polymer three-dimensional impact baffle based on micro stereolithography; (C) Structure 
schematic of SANS. 

Y. Xu et al.                                                                                                                                                                                                              



Heliyon 10 (2024) e27481

8

acceleration for shock failure decreases with successive shocks of acceleration [48]. 

2.4. Design for shock reliability 

Currently, the main shock-resistant design methods include optimizing the design of beam structures, adding buffer structures, 
adoption of energy dissipation, and using shock-resistant packaging technology. Tianfang Peng et al. optimized the shapes of MEMS 
cantilever beams, comb beams, island beams, and folded beams. The research results showed that various shock resistance properties 
of MEMS inertial devices were improved by 13–79% [50]. For buffer structures, it reduces impact stress as well as protects the MEMS 
structure. Tianfang Peng’s team optimized the parameters of MEMS anti-overload structure by FEM, which effectively improved the 
anti-overload capability of MEMS stopper [51]. Sébastien Lani et al. designed a polymer three-dimensional (3D) impact baffle based on 
micro stereolithography, which increases impact resistance by four times and withstands an impact of up to 1000 g [52]. In addition, 
an adaptive nonlinear stopper (SANS) was proposed by Kaisi Xu et al. that can reduce the impact force by about 89.4% [53]. The SANS 
has three shock protection modes that are determined by the shock’s magnitude, allowing for self-adaptive capability. The 
above-mentioned structures that provide shock resistance can be seen in Fig. 7. 

Although the stoppers mitigate the effect of shocks, they increase the non-linearity of the system, which reduces the accuracy and 
sensitivity of detection. Consequently, to achieve a balance between impact resistance and mechanical sensitivity, Yang Gao increased 
the resonant frequency of the MEMS gyroscope and adopted a two-stage elastic baffle structure. The shock tests indicated that the 
proposed structure could withstand impacts of up to 10,000 g [54]. However, the baffle structures could potentially lead to particle 
contamination and short circuits due to silicon residues generated during impact. Thus, it is necessary to employ support structures to 
prevent mechanical collisions between structures, isolate the transfer of stresses, and reduce impact stresses. 

With respect to energy dissipation, several researchers have proposed various materials with low coefficients of restoration (COR) 
as contact materials, namely, shock absorbers. Three-dimensional (3D) nanoscale lattices have attracted significant attention as 
structural materials for mechanical energy dissipation due to their excellent mechanical elasticity and high damping capacity [55]. A 
vertically aligned 3D nanocomposite based on ceramic-reinforced carbon nanotube (CNT) arrays was proposed by Eunhwan Jo et al. 
for in-plane damping and energy dissipation materials for MEMS with in-plane shock reliability over a wide acceleration range (0–12, 
000 g) [56]. In the impact drop test, samples with nanotube arrays had approximately 115% and 80% higher survival rates (average 
acceleration at rupture of 10,000 g) compared to controls (no nanotubes) with hard-stop and flexible spring dampers, respectively. 

In terms of shock-resistant packaging technology, Yunbo Shi et al. designed an efficient packaging method based on a three-layer 
wafer-level silicon chip [19], as shown in Fig. 8. The packaging method ensured that the measurement accuracy of the sensor under an 
impact of 200,000 g was better than 5%. This method starts by bonding the chip to the package shell, effectively insulating it from 
stress waves by controlling the parameters of the patch rubber, and then filling it with potting glue to increase the equivalent stiffness 
and achieve high natural frequency and unloading efficiency. The term “high solid” refers to the high natural frequency of the 
packaging body, and “wave unloading” refers to the ability to filter mechanical stress waves. 

In regard to system-level structure design, Mohammad Fathalilou et al. proposed a dual-mass MEMS shock sensor (switch) that 
improve the safety performance of the sensor under below-threshold shocks by adjusting the auxiliary system, namely by attaching an 
auxiliary mass-spring to the main structure [57]. Danmeng Wang devised a Trap-and-Hold (TAH) additional structure to effectively 
restrict the motion of the mass when subjected to a shock, thereby enhancing the shock resistance of the dual-mass gyroscope [58]. The 
summary of the shock reliability design for the past five years is summarized in Table 3. 

3. MEMS reliability with consideration of temperature 

3.1. Typical thermal failure modes 

Due to the widespread use of MEMS devices, they are inevitably exposed to high temperatures of 85 ◦C or even 125 ◦C. Temperature 
also has a significant influence on MEMS reliability. At high temperatures, thermal stresses generated by different materials can cause 
deformation of the sensor package, which can lead to bias and scale factor instability. The failure modes mainly include fatigue, 
fracture, open circuit, and delamination [62,63]. 

Fatigue originates from subcritical cracking caused by material surface roughness, while temperature increase intensify the ma-
terial creep and accelerate crack growth until fracture failure occurs. The long-term thermal stress will lead to microcracks in the 
MEMS device solder joints. With the propagation of microcracks, the solder joints will eventually fall off, resulting in open-circuit 

Fig. 8. Diagram of the “High solid-unloading wave” packaging technology [19].  
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Table 3 
Summary of the shock reliability design in the past five years.  

Devices The design for shock reliability Performance of MEMS devices Year Ref. 

MEMS actuators The optimal shape of MEMS beam (cantilever-mass, beam-comb, beam-island and 
folded beam) 

Improvements of 13–79 % in different performance objectives 2022 [50] 

MEMS gyroscopes A vertically aligned 3D nanocomposite based on ceramic-reinforced carbon 
nanotube (CNT) arrays for shock absorbers of gyroscopes 

The in-plane shock reliability is over a wide acceleration range (0–12,000 g). 2023 [56] 

Optimizing the design of MEMS stopper’s shape and stiffness The maximum stress of the beam-mass structure was decreased by 70 % 2021 [51] 
A structure of Trap-and-Hold (TAH) to effectively restrict the movement of the 
mass 

The after-shock Angle Random Walk (ARW) was 0.0483 deg/rt-hr and the in-run bias instability 
(IrBS) was 0.69 deg/hr. 

2020 [58] 

Epitaxially encapsulated (EPI) MEMS disc resonating gyroscopes (DRGs) Maximum 50,000g impact with structural integrity and nearly constant resonance frequency (1.34 
ppm change) 

2020 [59] 

Optimizing the thickness of V-shaped beam of quartz tuning forks resonant 
gyroscope 

Optimized beam thickness of 80 μm with a maximum stress of 94.721 MPa, which is able to tolerate 
an shock with an amplitude of 1500 g and a duration of 2 ms. 

2020 [35] 

Enhancing the equivalent stiffness of the tuning fork gyroscope by restraining the 
movement of the quality mass 

Improvement of impact resistance until failure at peak acceleration of 20,000 g and duration of 80 
μs. 

2019 [60] 

MEMS switch A MEMS bidirectional inertial switch with multiple acceleration thresholds The acceleration thresholds are 69 g and 121 g, respectively, with tuning capability for greater 
robustness. 

2022 [61] 

A MEMS dual-mass shock sensor with higher reliability The interval between the designed threshold and the minimum shock has been decreased up to 45%. 2020 [57]  
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failure. 
Generally, MEMS devices are manufactured by anodic bonding, which means that silicon and glass are bonded together. The anodic 

bonding process is achieved by applying an electrical potential difference between the two ends at a specific temperature [64]. For 
silicon-glass bonding, shear stress occurs at the interface between the two materials under high temperatures or temperature cycling 
due to their different coefficients of thermal expansion [65]. Although the thermal stress is significantly lower than the bonding 
strength of silica-glass, its prolonged exposure may promote the formation and expansion of microcracks, eventually leading to 
delamination failure. The accelerometer sensor illustrated in Fig. 9 possesses a significant area aspect ratio and triggers delamination 
as a result of high thermomechanical stresses during the soldering process [2]. 

3.2. Thermal failure mechanisms 

3.2.1. Analytical models for thermal 
Jacek Nazdrowicz et al. investigated the thermal expansion phenomenon of MEMS devices and its effect on various performance 

parameters [66]. Theoretical calculations and simulations showed that the quality factor and the natural frequency were most affected 
by ambient temperature. The quality factor was gradually degraded at high temperatures, and the non-linear variation of the natural 
frequency with temperature led to drifting of the MEMS parameters and unstable performance [67]. In addition, the effects of tem-
perature on differential capacitance and output voltage were investigated by Jacek Nazdrowicz [68]. The zero bias of the vibratory 
gyroscope changes with ambient temperature due to thermal mismatch and degradation of the quality factor, eventually leading to 
instability in gyroscope performance. In brief, the thermal failure mechanisms mainly comprise the thermal mismatch, the temper-
ature drift of the natural frequency and degradation of the quality factor. 

3.2.2. Thermal finite element analysis 
Due to the complex structure of MEMS sensors, different material properties, and large dimensional errors, it is challenging to 

develop accurate theoretical models based on temperature effects. Thus, Huichao Shi et al. used the finite element method (FEM) to 
model the temperature effects for electrothermally excited MEMS resonant sensors and study the effects of ambient temperature and 
inherent temperature rise on the MEMS structure [69]. The conclusions showed that the resonant frequency slightly changed with the 
increase in static excitation power. The effect of the inherent thermal temperature rise on the resonant frequency proved negligible, 
and the frequency shift caused by inherent thermal temperature remained constant. The resonant frequency decreased gradually with 
the increase in ambient temperature, and the frequency shift introduced by the ambient temperature was significantly greater than that 
caused by the inherent thermal temperature rise. Jacek Nazdrowicz et al. performed a simulation analysis of a MEMS accelerometer, 
which operated within the temperature range of 293.15–393.15 K [70]. Assuming that the device was an elastic solid object and that 
the inertial acceleration and ambient temperature were applied uniformly to the device, a modal analysis based on 
thermal-mechanical-electrostatic coupling was performed. A static study of the device was conducted to evaluate the displacement and 
extension of particular parts of the accelerometer. It was concluded that the thermal expansion shifted the electrodes, causing un-
necessary capacitance and measurement signal errors, and that larger shifts also damaged the MEMS devices, resulting in structural 
failure. 

3.3. Testing methods under thermal loads 

According to literature research [71,72], there are two general categories of test methods under thermal loads: the temperature step 
test and the temperature cycling test. 

For the temperature step test, Marcantonio Catelani et al. designed a temperature step test for sensors employed in aerial inertial 
measurements [73], which included the following steps: (1). The temperature was lowered to − 20 ◦C after 15 min of exposure at 
− 20 ◦C. (2). The temperature was raised by 5 ◦C at the fastest possible rate, followed by 15 min of exposure at the temperature reached, 
and then repeated until the temperature reached 60 ◦C. 

For the commercial automotive industry, Maxime Auchlin et al. developed a temperature cycling test method methodology based 

Fig. 9. Delamination failure induced by thermal stress [2].  
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Table 4 
Summary of the temperature reliability design in the past six years.  

Devices The design for thermal reliability Performances of MEMS devices Year Ref. 

MEMS gyroscopes Temperature compensation models of first-order, second-order, and 
higher-order based on the particle swarm optimization algorithm 

The SD (standard deviation) of the output signal was reduced by about four times. 2021 [83] 

Bias drift compensation algorithm for the MEMS gyroscope with 
atmosphere package 

A total bias error of 0.01 ◦/s over a temperature range of 7~45 ◦C 2020 [63] 

Back propagation artificial neural networks for temperature calibration The accuracy of MEMS gyroscopes was improved by 20 %. 2018 [78] 
The quality factor of the bifurcation sensor was increased to 1000 Mechanical-thermal and electrical-thermal noise have no influence on the bifurcation sensors. 2021 [84] 
Enhancing the thermal stability of quality factor based on Joule effect in 
situ dynamic tuning by unitizing an active control loop 

Zero bias thermal drift improved by more than three times in the 100 ◦C range 2023 [85] 

MEMS accelerometer Temperature drift compensation algorithm based on deep long short- 
term memory (DLSTM) and improved sparrow search algorithm (ISSA) 

the three Allen variance coefficients of the MEMS accelerometer that bias instability, rate random walk, and 
rate ramp are improved from 5.43 × 10− 4 mg,4.33 × 10− 5 mg/s1/2, 1.18 × 10− 6 mg/s to 2.77 × 10− 5 mg, 1.14 
× 10− 6 mg/s1/2, 2.63 × 10− 8 mg/s, respectively. 

2023 [86] 

A reliable dual axis capacitive MEMS accelerometer Detecting the acceleration in the range of ± 50 g with a capacitance sensitivity of 38 fF/g in the temperature 
range of -40 ◦C to 100 ◦C 

2020 [81]  
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on the standard MIL-STD-883 K (method 1010). This test method involves cycling at − 40 to 110 ◦C, with a heating or cooling rate of 
2 ◦C/min and a rest time of 10 min [74]. Domenico Capriglione et al. proposed an Environmental Stress Screening (ESS) test procedure 
based on thermal cycling and mechanical vibration [75], in which the thermal cycling test was designed with reference to three 
standards, namely IEC 60068-2-14, MIL-STD 810G, and JEDEC JESD22 A104E. The test consists of four repetitive steps: (1). 1 h at 
low-temperature TA; (2). The temperature rises at a certain rate from TA to TB; (3). 1 h at high-temperature TB; (4). The temperature 
drops at a certain rate from TB to TA. 

3.4. Design for thermal reliability 

According to the previous analysis, it is evident that the performance of MEMS devices is affected by ambient temperature al-
terations. Achieving high vacuum packaging is a critical factor in solving this problem. MM Torunbalci et al. proposed a novel and 
simple method for all-silicon wafer-level fabrication and hermetic packaging of MEMS devices. The package remained hermetically 
sealed after temperature cycling (25◦C–85 ◦C) and severe temperature shock (5 min at 300 ◦C) testing. And the bias instability and 
temperature sensitivity were 2.3 times and 4 times higher, respectively, compared to the MEMS sensors fabricated using silicon-on- 
glass (SOG) technology [76]. To solve the thermal stress mismatch, a novel 3D sandwich packaging technique consisting of com-
posite substrate-Silicon-On-Insulator(SOI)-glass cap was presented by Lu Jia to achieve ultra-high quality factor for MEMS vibrating 
gyroscopes [77]. 

In addition, the errors caused by temperature were compensated using AI algorithms and circuit design. For the compensation 
algorithm, Rita Fontanella et al. proposed a temperature compensation method with improved polynomial fitting using Back Prop-
agation (BP) Neural Network for mapping thermal deviation variations [78]. Qi Cai et al. developed a parallel processing model based 
on a variational modal decomposition time-frequency peak filter and Beetle antennae search algorithm-Elman neural network 
(BAS-Elman NN) to compensate the drift of noise and zero bias [79]. To improve the bias stability, bandwidth, temperature drift 
coefficient, and nonlinearity of scale factor, For aspects of circuit design, Huiliang Cao et al. proposed a closed-loop control approach 
for the sense mode of a dual-mass MEMS gyroscope based on a bipolar temperature compensation method [80]. A pattern-matching 
MEMS gyroscope interface specialised integrated circuit (ASIC) with on-chip temperature compensation was reported by Huan Zhang 
et al. The experimental results show that the standard deviation of the scale factor was reduced to 11.2 % of the pre-compensation 
value and the standard deviation of the zero-bias was reduced to 2.5 % in the temperature range from − 40 to 60 ◦C. The zero-bias 
instability of the gyroscope was reduced to 1.9◦/h from 4.6◦/h before compensation. 

In terms of structural design, Tahir et al. designed a reliable dual-axis capacitive MEMS accelerometer with a capacitance sensitivity 
of 38 fF/g. Its operating temperature range was − 40~100 ◦C, and measurement range was − 50~50 g [81]. Cheng Tu et al. proposed a 
high-sensitivity temperature sensor with a double-ended and triple-ended tuning fork (D/TETF) coupling beam structure, whose 
measurement sensitivity was better than − 1000 ppm/◦C in the temperature range of 25~60 ◦C [82]. A stress isolation frame that is 
co-faced with a sensitive structural layer was proposed by Jing Zhang et al. for thermal stress isolation of accelerometers. It has been 
shown that the stress isolation frame effectively reduces temperature sensitivity by one to two orders of magnitude at temperatures 
from − 40 ◦C to 85 ◦C. Some of the thermal reliability design methods used in the past six years are summarized in Table 4. 

3.5. MEMS reliability with consideration of multiphysics field coupling 

For a long time, most researchers took only one environmental factor into account when analyzing the reliability of MEMS inertial 
devices. However, it is not enough since the real application scenarios are complex. That is, the external stresses induced by ambient 
temperature, vibration, and shock may exist at the same time. Complex interactions exist for Multiphysics field coupling, which makes 
the reliability of MEMS inertial devices difficult to evaluate [87,88]. Therefore, research on the failure modes and failure mechanisms 
of multi-physics field coupling and reliability assessment is an important direction to accelerate the development of MEMS 
applications. 

3.6. Electro-thermal-mechanical coupling 

Electro-thermal-mechanical coupling behavior depends on temperature-dependent material parameters such as heat conductivity 
and coefficient of thermal expansion (CTE). The heat conductivity and CTE vary with temperature, which in turn affects Joule heating 
and heat conduction, causing different degrees of deformation in the beam structure. Under long-term operating conditions, the 
structure undergoes fatigue or creep, resulting in cumulative thermal-mechanical coupling damage [89]. 

Therefore, in order to comprehend how high temperatures affect MEMS properties, it is necessary to carry out a theoretical analysis 
of thermomechanical multi-physical field coupling [90]. 

In 2021, Liaxing Cheng et al. established a creep damage model based on continuous damage mechanics and performed a long-term 
performance analysis of MEMS actuators with thermomechanically coupled damage behavior [91]. The proposed continuum damage 
mechanics (CDM) model could be used to evaluate the effects of irreversible damage (cracks and deformations) on structural reliability 
under thermomechanical coupling as well as to conduct lifetime prediction analysis. Besides, an electro-thermal-mechanical model 
was proposed by Linfeng Zhao to analyze the temperature distribution and mechanical parameters of V-shaped actuators and complex 
drive structures [90]. The proposed coupling model could accurately calculates the temperature distribution and displacement of the 
V-beam, and precisely predict the behavior of the driving structure of the V-shaped actuator. 
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3.7. Thermal-shock coupling 

Previous studies only considered single thermal or mechanical stresses on MEMS sensors without accounting for their environ-
mental adaptability under complex stresses. However, MEMS often face both thermal and mechanical stresses in real-world appli-
cations. In high-temperature or temperature-cycling environments, the effects of mechanical vibration stresses are amplified, 
accelerating the development of reliability issues in MEMS devices. 

Under thermal stress, high-risk connections are frequently subjected to significant levels of stress. Fatigue cracks develop in the 
joints between the solder and the pad. Similarly, the maximum stress occurs in the same areas during mechanical shock loads. With the 
thermal-shock coupling, the maximum stress at the connections will keep rising. Shuye Zhang et al. used COMSOL Multiphysics to 
analyze the mechanical performance of MEMS devices subjected to the coupled load of thermal cycling from − 55 ◦C to 125 ◦C and 
1500 g, 1 ms half-sine pulse shock [92]. Thermal stress and shock stress tend to cause stress concentration at the same position of the 
structure, enhancing the damage. Failure may occur if the combined stress exceeds the fracture strength. However, no further 
experimental validation was performed in this study. 

To study the overall failure process of the device, a competing failure model based on extreme impact damage and a δ-impact 
competing failure model considering strong impacts were proposed by X. Wang [93]. The term “competitive failure” describes both the 
hard failures that result from external random shocks and the soft failures caused by the gradual degradation process that is affected by 
ambient temperature. These failures are interdependent [94]. Each unforeseen disturbance results in an additional abrupt escalation in 
the system’s degradation, while the overall degradation lowers the threshold for hard failure [95]. 

So far, few studies on the reliability simulation of MEMS inertial devices under multiphysics field coupling environments have been 
reported, as well as the theoretical models and experimental tests. 

3.8. Thermal-vibration coupling 

The research on the coupling of temperature and vibration in MEMS has mainly focused on the silicon through-hole (TSV) structure 
of the devices. In 2019, Zhengwei Fan et al. studied the reliability of a typical TSV structure under thermal-vibration coupled loading, 
and obtained the maximum equivalent force, elastic and plastic strain response of the structure [96]. In 2020, based on fatigue theory 
and the multi-field coupling principle, Zhengwei Fan proposed a numerical analysis method for through-silicon-via copper (TSV-Cu) 
and analyzed the fatigue lifetime of the MEMS structure under thermal-vibration [97]. It was concluded that the fatigue lifetime was 
affected by the thermal-vibration stress obviously. However, there is a lack of detailed research on the reliability of MEMS inertial 
devices under multi-physical field coupling of thermal cycling and vibration. Similarly, there are few reports about the corresponding 
simulation, modeling, and experimental tests. 

4. Conclusion 

This paper reviews the main failure modes, failure mechanisms, test methods and reliability design of MEMS inertial devices under 
vibration, shock, thermal and coupling stress in the last five to six years. It can provide a guidance for the future failure analysis and 
reliability design of MEMS inertial devices. The conclusions are drawn as follows: (1) Although the research models for different 
environmental stresses are various, most of the studies contain three main parts: theoretical modelling, finite element simulation, and 
experimental validation; (2) Through a large number of literature studies, it is found that there are many and relatively complete 
reliability studies on MEMS inertial devices under single environmental stress at present, but there are few reliability studies on MEMS 
inertial devices under composite stress, lacking systematic research. (3) The main challenges for the reliability study under composite 
stress environment are as follows: i) It remains a challenge to develop a theoretical model of the failure mechanism; ii) Lack of 
professional coupling stress testing equipment; iii) Lack of corresponding test standards and evaluation methods. 

Although MEMS inertial devices have been widely used in recent years, and their performance and function test standards are 
relatively complete, there is a lack of corresponding reliability test standards. At present, the reliability test of MEMS inertial devices 
mainly refers to the reliability test standards of integrated circuits and electronic components, such as MIL-STD-810G, MIL-STD-883H, 
JESD22 B103B, IEC 60068, and AEC-Q100. Hence, future research should focus on the following directions: 

1). Multiphysical field coupling simulation: It is necessary to develop more accurate and reliable simulation methods for multi-
physical field coupling to further reveal the critical factors affecting the reliability of MEMS inertial devices. 

2). Novel theoretical modelling approaches: Based on the existing theoretical models, the complexity of the materials and struc-
tures in the devices is considered to better predict and assess the reliability of MEMS inertial devices.  

3). Design of composite stress tests: more complex composite stress tests should be designed and carried out to more realistically 
simulate the stress conditions in the working environment and to investigate their impact on the reliability of MEMS inertial 
devices.  

4). Developing specific test standards: The research on the reliability of MEMS inertial devices requires specific test and evaluation 
methods to better assess the reliability performance in complex operating environments and to provide a more accurate and 
reliable reference basis for reliability design in practical applications. 
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