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In recent years, micro-electro-mechanical systems (MEMS) technology has
advanced rapidly, leading to widespread adoption of MEMS inertial sensors in
areas such as consumer electronics, industrial automation, national defense, and
military systems. These sensors offer notable advantages, including compact
size, low cost, and ease of large-scale production. This study provides a
comprehensive review of recent research, both domestic and international,
focusing on how variations in packaging design affect the performance of
MEMS inertial sensors across consumer-grade, industrial-grade, and tactical-
grade classifications. Typical sensor models, including the MPU9250, ADIS16470,
and the tactical-grade HG1930, are selected as representative examples. The
influence of different packaging types—such as quad flat no-lead (QFN), ceramic
leadless chip carrier (LCC), and hermetic metal vacuum packaging—on key
performance metrics such as bias stability, noise density, and temperature
drift is analyzed in depth. Moreover, the influence mechanism of electronic
packaging design on inertial sensors is explained from the perspective of the
coupling of thermal-mechanical-electrical multi-physics models. Finally, this
paper explores the development potential of emerging packaging technologies,
including heterogeneous integration, intelligent compensation, and quantum-
level techniques, in driving future performance breakthroughs in MEMS
inertial sensors.

packaging structure, MEMS, inertial sensors, service performance, IMU

1 Introduction

As the core components of modern inertial navigation and motion sensing
systems, MEMS inertial sensors play a critical role in determining the reliability
and performance of applications such as unmanned aerial vehicle (UAV) attitude
control, industrial robot positioning, and vehicle navigation systems (Contreras et al.,
2025; Li et al, 2024). Currently, market demand for MEMS inertial sensors
exhibits a trend of polarization. On one end, consumer-grade products emphasize
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FIGURE 1
The evolution of packaging structures for MEMS inertial sensors.

aggressive cost reduction and further miniaturization. On the
other, industrial-grade and tactical-grade devices are pushing
performance boundaries toward arcsecond precision levels (Senhaji-
Mouhaddib et al., 2024; Harindranath and Arora, 2024). Especially,
tactical-grade inertial sensors have higher accuracy and more
complex working conditions, often involving small military drones
and armored vehicles. Packaging design has emerged as a key factor
affecting critical parameters such as bias stability, noise density,
and long-term reliability (Del Sarto, 2022; Yang et al., 2024). The
evolution process of packaging structures for MEMS inertial sensors
can be seen in Figure 1.

The packaging of MEMS inertial sensors has undergone three
distinct developmental stages. In the early phase (2000-2010), epoxy
molding compound (EMC) packaging was predominant, facilitating
the widespread adoption of MEMS sensors in consumer electronics
due to its low-cost and scalable manufacturing processes (Yang et al.,
2024; Schreier-Alt et al., 2011). During the intermediate phase
(2010-2020), the commercialization of ceramic packaging and
three-dimensional stacking technologies significantly enhanced the
performance of industrial-grade sensors, achieving improvements
in accuracy by one to two orders of magnitude (Dean et al., 2011;
Dong et al., 2015). In the current stage (2020 to present), advances
in vacuum sealing, heterogeneous integration, and intelligent
packaging have enabled tactical-grade devices to approach the
quantum noise limit (Gong et al., 2024; Edinger et al, 2023;
Lau, 2023). This substantial performance improvement has been
accompanied by a transition in packaging materials from epoxy
resin to titanium alloy, and a shift in the internal environment from
atmospheric pressure to ultra-high vacuum conditions (InvenSense,
2016; Analog Devices, 2019; Honeywell, 2018).

However, the underlying correlation mechanisms between
packaging design and precision performance have yet to be
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systematically deconstructed. Most existing studies tend to focus
on the localized optimization of individual packaging parameters,
such as thermal resistance or the coeflicient of thermal expansion
(CTE) (Qi et al., 2025), while lacking a comprehensive analysis of
the coupled effects arising from thermal, mechanical, and electrical
multiphysics interactions. For instance, although CTE mismatch
in polymer-based packaging materials is widely acknowledged as
a primary contributor to temperature-induced drift in consumer-
grade sensors, recent experimental findings indicate that moisture
ingress at the packaging interface can induce plastic deformation
in these materials (Han et al., 2023), thereby exacerbating the
nonlinear drift in long-term bias. Similarly, while the ceramic
substrates commonly used in industrial-grade sensors help mitigate
thermal stress, their inherently high stiffness can amplify the
transmission of external mechanical vibrations, leading to modal
coupling and interference with the MEMS structure (Nia and
Kouki, 2024). In the case of tactical-grade sensors, although
vacuum packaging effectively suppresses gas damping noise, the
ultra-high vacuum environment can trigger material outgassing,
contaminating the MEMS surface and resulting in a gradual, time-
dependent degradation of the quality factor (Guo et al., 2021).

This study selects three representative MEMS inertial sensors
at different performance levels—consumer-grade (MPU9250),
industrial-grade (ADIS16470), and tactical-grade (HG1930)—to
systematically review and analyze the relationship between
packaging structure and service performance. The discussion
is carried out from multiple perspectives, including material
properties, structural topology, and process parameters, in order
to clarify how packaging influences key performance characteristics
across different precision tiers. The findings aim to provide a
technical foundation and design reference for future MEMS
packaging solutions in high-performance application scenarios.
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TABLE 1 Comparison of packaging structures for three typical MEMS inertial sensors.

Types QFN LCC Metal vacuum packaging
Material Plastic (Epoxy resin) Ceramics Metal (Kovar alloy/Titanium alloy)
Airtightness None High Extremely high
Mechanical strength Low High Extremely high
Thermal performance Medium Excellent Excellent
Bias instability (Allan variance) ~50°-100°/h ~10°/h <1°h
Cost Low Medium Extremely high
Typical products MPU6050/9250, BMI160 ADIS16480/16470, MS9000 HG1930, STIM300

2 Packaging technology for MEMS
inertial sensors

The packaging of MEMS inertial sensors plays a pivotal
role in maintaining their performance stability and operational
reliability. Beyond its basic function as a physical enclosure,
packaging can mitigates environmental disturbances and filters
internal noise sources (Xu et al., 2024).

In the consumer electronics sector, QFN and Land Grid Array
(LGA) packages are the dominant formats for MEMS inertial
sensors. For instance, the MPU9250 developed by InvenSense
utilizes a compact 4 x 4 x 1 mm® QFN package, which is
widely integrated into smartphones, wearable devices, and other
portable electronics due to its small footprint and lightweight
design (Mischie and Matiu-Iovan, 2024). However, the epoxy
molding compound used in this type of packaging exhibits a high
coefficient of thermal expansion, which significantly mismatches
that of the silicon-based MEMS chip. During thermal cycling, this
mismatch generates considerable interfacial shear stress, leading to
mechanical deformation and stiffness drift in the MEMS cantilever
structures. Such effects substantially degrade sensor accuracy and
limit the applicability of QFN-packaged sensors in thermally
sensitive environments (Hollstein et al., 2021).

Compared to consumer-grade products, industrial-grade
MEMS inertial sensors impose stricter requirements on packaging
reliability and long-term stability. A representative example is the
ADIS16470 developed by Analog Devices, which employs a Ceramic
Leadless Chip Carrier (CLCC) package (Analog Devices, 2019).
The alumina ceramic substrate used in this design has a CTE of
approximately 6.5 ppm/°C, closely matching the thermal expansion
behavior of silicon-based MEMS structures. In addition, low-stress
bonding using gold-tin (Au80Sn20) eutectic solder significantly
reduces thermally induced deformation by over 60%, thereby
enhancing both sensor performance and durability under complex
industrial operating conditions. The hermetic nature of CLCC
packaging further contributes to environmental robustness, offering
effective protection against dust, moisture, and corrosive gases
commonly encountered in industrial settings (Chen Y. et al., 2022).

In tactical applications where exceptional accuracy and stability
are required, MEMS inertial sensors are typically enclosed in
metal housings made of titanium alloys or Kovar (Honeywell,
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2018). These packaging materials provide outstanding mechanical
strength and electromagnetic shielding, while enabling high-
vacuum environments to effectively suppress gas damping effects
on the MEMS resonant structures. This contributes to enhanced
sensitivity and improved resistance to external disturbances, thereby
satisfying the stringent performance demands of aerospace and
military navigation systems. Furthermore, the thermal conductivity
of metal packaging is approximately 40% higher than that of ceramic
counterparts, allowing for more efficient heat dissipation during
sensor operation and reducing the risk of performance degradation
due to localized overheating (Han et al., 2023). To further ensure
operational integrity under extreme conditions, tactical-grade
packaging commonly incorporates multi-layer stress-buffering
structures and redundant design elements (Zotov et al, 2021;
Analog Devices, 2014), which help maintain signal integrity and
measurement accuracy even under severe mechanical shocks (e.g.,
accelerations exceeding 10,000 g) and wide operating temperature
ranges from —55°C to 125°C. The performance and features
comparison of packaging structures for three typical MEMS inertial
sensors can be seen in Table 1.

3 The influence mechanism of
packaging technology

3.1 Thermal management capability

The thermal conductivity of packaging structures plays
a critical role in maintaining temperature uniformity within
MEMS inertial sensors (Hu et al, 2021). For example, the
QFN package used in the MPU9250 incorporates plastic
encapsulation materials with inherently low thermal conductivity.
This results in pronounced axial temperature gradients under
continuous power dissipation, which can introduce common-
mode errors in the differential capacitance sensing circuitry.
In contrast, the ADIS16470 adopts an aluminum nitride
ceramic substrate (Analog Devices, 2019), known for its high
thermal conductivity, in combination with integrated heat pipe
technology. This design effectively mitigates internal temperature
differentials and significantly reduces thermal gradient-induced
measurement errors.
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Moreover, the thermal hysteresis characteristics of
packaging materials can induce nonlinear bias drift in MEMS
inertial sensors (Pieniazek and Ciecinski, 2020). In the case of the
MPU9250, the plastic encapsulant exhibits significant hysteretic
behavior during temperature cycling, leading to residual stress
accumulation and measurable deviations in acceleration bias.
In contrast, ceramic packaging materials, which possess a high
elastic modulus and exhibit a narrow thermal hysteresis loop,
produce substantially smaller bias offsets under similar conditions.
This inherent material stability contributes to improved thermal

repeatability and overall measurement consistency.

3.2 Suppression strategies for mechanical
stress

Packaging-induced stress affects MEMS inertial sensor
performance through two primary mechanisms (Seok, 2022). First,
static stress can modify the stiffness of MEMS structures, leading to
variations in sensor output (Das and Bhushan, 2023). For instance,
the MPU9250 demonstrates notable sensitivity to packaging-
induced stress. Changes in the torque applied to mounting bolts
alter the interfacial stress distribution, resulting in significant shifts
in bias error. Second, dynamic stress can excite structural resonances
within the sensor. Vibrations transmitted through the packaging
shell at specific frequencies may couple into the substrate and reach
the MEMS proof mass, generating spurious angular rate signals and
degrading measurement accuracy.

To mitigate the adverse effects of packaging-induced stress, various
technical solutions have been implemented across different sensor
grades. The ADIS16470 incorporates a corrugated stress-buffer layer
at the base of its package. This design absorbs mechanical stress
through localized plastic deformation and simultaneously elevates the
packaging’s resonance frequency beyond the operational bandwidth of
the sensor, thereby minimizing resonance-induced errors. In tactical-
grade MEMS sensors, active damping technologies are employed.
By embedding piezoelectric ceramic actuators within the package,
these systems utilize closed-loop control to actively suppress external
vibration inputs in real time, significantly enhancing dynamic stability
and measurement fidelity.

3.3 Package optimization for signal
integrity

High-frequency noise and EMI are critical factors that constrain
the resolution and signal integrity of MEMS inertial sensors (Tehrani
and Mojtaba Atarodi, 2024). Conventional wire bonding techniques
introduce parasitic inductance, which, in conjunction with the
intrinsic capacitance of MEMS structures, can form unintended
LC resonance circuits. These resonances amplify the noise power
spectral density within specific frequency bands, thereby degrading
sensor performance. In contrast, TSV technology offers a substantial
improvement by minimizing parasitic inductance. Utilizing silicon
dielectric isolation and deep reactive ion etching (DRIE), TSV
enables compact vertical interconnections with reduced electrical
path lengths, effectively suppressing high-frequency noise and
enhancing overall EMI immunity.
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In terms of electromagnetic shielding, the effectiveness of a
shielding structure is directly related to its ability to attenuate
external electromagnetic field interference (Ghanam et al., 2023).
For example, the ADIS16470 utilizes a gold-nickel dual-layer
shielding configuration. This design strategically exploits the skin
effect of gold, which enhances attenuation of high-frequency
electric fields, in combination with the high magnetic permeability
of nickel, which effectively suppresses low-frequency magnetic
components. Compared to conventional single-layer aluminum
shielding, this composite structure significantly improves shielding
effectiveness across a broader frequency spectrum, thereby
enhancing the sensor’s resilience to EMI in complex electromagnetic
environments.

4 Future trends and challenges
4.1 Wafer level packaging

Wafer Level Packaging (WLP) can integrate MEMS structures
and ASICs during the front-end manufacturing process, thereby
effectively shortening the interconnection length and reducing
parasitic capacitance, typically achieving a reduction of more
than 50% (Ghanam et al, 2023; Chen et al., 2022b; Ubando
and Gonzaga, 2025), such as STMicroelectronics’ ISM330DHCX
(ISM330DHCX Datasheet, 2025).
methods package optical, radio frequency, and MEMS devices into

Heterogeneous integration
a unified platform, such as the CHIPS (Common Heterogeneous
Integration and IP Reuse Strategy) project initiated by the
US. Defense Advanced Research Projects Agency (DARPA).
It realizes the hybrid integration of photonic integrated
circuits and MEMS gyroscopes through an interposer, which
greatly improves the angular resolution and signal processing
capability for high-performance inertial sensing applications

(Zhang et al., 2022).

4.2 Intelligent packaging

Intelligent packaging integrated with artificial intelligence
processors is also one of the key directions for the future
development of MEMS inertial sensor systems. For example, Bosch’s
SMI230 series directly integrates a machine learning accelerator
within the sensor package (BOSCH, 2024). By modeling and
compensating for these influences online, the system effectively
mitigates the impact of bias errors on the overall performance
of the sensor. Moreover, deep learning-based lifetime prediction
algorithms can detect early indicators of degradation phenomena,
such as creep at the bonding interface or material aging,
thereby providing predictive maintenance capabilities and early
fault warning.

4.3 Quantum packaging

To break through the limitations of traditional inertial sensing,
quantum inertial sensors require ultra-low temperature and ultra-
high vacuum environments at the packaging level. The atomic
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interferometer gyroscope developed by the U.S. National Institute
of Standards and Technology (NIST) adopts a rubidium atomic
gas cell combined with laser cooling packaging to suppress system
phase noise under near-vacuum conditions (Milton et al., 2021).
However, the perfect realization of such packaging requires solving a
series of complex engineering problems, including adiabatic thermal
management, multi-layer p-metal magnetic shielding, and active
vibration isolation using optical platforms.

5 Conclusion

This paper systematically reviews the impacts of packaging
structures, material selection, and process parameters on the
operational performance of MEMS inertial sensors across
different precision levels. Through multi-angle and multi-
level analysis, it emphasizes the critical role of packaging in
mitigating environmental interference, reducing internal noise,
and enhancing mechanical stability, while revealing the coupling
relationship between electronic packaging technology and the
service performance of MEMS inertial sensors.

Meanwhile, this paper also looks ahead to the electronic
packaging and signal processing technologies of next-generation
inertial sensors, such as wafer-level packaging technology,
heterogeneous integration technology, and intelligent packaging
technology. Intelligent packaging technology, which realizes real-
time compensation and early warning by adopting AL, will further
promote the development of sensors towards adaptive intelligence in
the future. These innovative technologies will be crucial for meeting
the stringent requirements of advanced application fields such
as autonomous navigation, deep space exploration, and quantum
positioning systems.
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