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Abstract 

This paper presents a systematic review of vibration sensors and their application in equipment 
monitoring, aiming to provide a comprehensive reference for both academic research and practical 
applications in this field. Through the classification of measured parameters and sensing principles, 
this work endeavors to establish a structured understanding of vibration sensor’s working 
mechanism and deliver an in-depth analysis of their recent research achievements. By integrating 
practical cases from typical domains, this manuscript comprehensively demonstrates the practical 
value and application potential of vibration sensors in equipment monitoring, illustrating how these 
sensors are utilized to detect mechanical failures and enhance the performance and safety of 
automotive systems. Looking forward, with the rapid advancement of the Internet of Things (IoT) 
and artificial intelligence (AI) technologies, vibration sensors are anticipated to evolve towards 
multifunctionalization, miniaturization and intelligenizaion, thereby forming a comprehensive 
monitoring network that improves overall efficiency and reliability of the mechanical systems. 

Keywords: vibration sensor; fundamental principle; equipment monitoring; future prospects 
 

1. Introduction 

Vibration, a fundamental physical phenomenon defined by the periodic or non-periodic 
oscillations of system state parameters around an equilibrium state, pervades all scales of the physical 
universe. Its manifestations are diverse, ranging from gravitational waves generated by cosmic body 
oscillations and seismic-induced landslides or tsunamis, to biological rhythms such as heartbeat and 
quantum-level photon fluctuations [1–3]. Each manifestation is gonverned by distinct excitation 
mechanisms, rendering vibration a subject of profound scientific interest and practical significance. 

In mechanical systems, vibration exhibits a dual influence on operational stability and functional 
performance. On the positive side, it serves as the foundation for realizing numerous mechanical 
functions: vibratory feeders optimize material conveying through the control of vibration parameter; 
vibration-assisted polishing enhances surface finishing quality by introducing controlled oscillatory 
motions; and vibration directly determines the screening efficiency and accuracy by regulating the 
motion state of materials on the sieve surface [4–6]. Conversely, abnormal vibrations often indicate 
equipment malfunctions: rotor mass unbalance generates periodic centrifugal forces during rotation; 
shaft misalignment causes uneven bearing loads, accelerating wear and inducing vibrations; joint 
looseness reduces structural stiffness, amplifying vibratory responses; and friction-induced nonlinear 
forces give rise to complex dynamic behaviors [7–10]. These highlight the indispensable role of 
precise vibration measurement and analysis in various engineering disciplines [11]. 

Vibration sensors, which transduce mechanical vibration into processable signals (typically 
electrical signals), constitute the cornerstone of vibration measurement technology. Research on 
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vibration sensing can be traced back to 1920s, when McCollum and Peters first commercialized the 
resistance-bridge-type vibration sensor (accelerometer) [12]. Subsequently, the invented strain gauge 
accelerometer further expanded the working range of the vibration sensor (range ±500 g, NF 4500 
Hz). However, these mechanoelectric sensors are limited by low signal-to-noise ratios (SNR), low 
resonance frequencies, mechanical fragility, and poor temperature stability. The advent of 
piezoelectric vibration sensors has greatly improved the performance of vibration sensors, enabling 
the rapid development of related technologies [13]. 

 

Figure 1. (a) Number of publications fled on vibration sensors and its distribution on monitoring application. (b) 
The publication types distribution of vibration sensors. (Source: Web of Science with terms “vibration sensor” 
or “vibration transducer”). 

Before 1980s, the annual publication of related documents remained relatively low (Figure 1a). 
Since the beginning of the 21st century, there has been an evident surge in research reports on 
vibration sensor. Notably, since 2010, research focusing on vibration sensors for monitoring 
applications has flourished, emerging as a pivotal research direction within the field. As shown in 
Figure 2b, more than half of the related publications are patents, indicating that research in vibration 
sensing is predominantly driven by practical applications. This trend reflects the growing demand 
for reliable and accurate vibration monitoring solutions across various industries, including 
aerospace, automotive, manufacturing, and civil engineering. Particularly in mechanical fault 
diagnosis, assisted with signal processing techniques, vibration signals can accurately identify 
equipment malfunction and system lubrication conditions, or even predict its fault trend [14,15]. This 
provides a scientific basis for proactive maintenance, significantly reducing downtime and repair 
costs. 

In recent years, research on vibration sensors has surged, accompanied by a growing number of 
review papers. These include studies by Babatain et al. focusing on specific parameter monitoring 
fields such as accelerometers, reviews targeting vibration sensors based on particular sensing 
mechanisms (e.g., piezoresistive and triboelectric types), and those emphasizing on vibration signal 
analysis or application [16–21]. However, comprehensive reviews systematically organizing the 
classification, measurement mechanisms, recent progress and application of vibration sensors are still 
lacking. Based on the issues mentioned above, this paper presents a systematic review of recent 
advancements in vibration sensor technologies, detailing their working principles and state-of-the-
art developments. Special focus is placed on their applications in mechanical condition monitoring. 

2. Key Measurement Parameters for Vibration Sensing 

To comprehensively characterize the dynamic behavior of a vibration system, amplitude-
related, frequency-related, and energy-related parameters are essential. For complex multi-degree-
of-freedom nonlinear vibration systems, vibration modes and their corresponding modal frequencies 
are equally crucial, as they describe the relative displacement relationships among different system 
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components during vibration [22]. Currently, the real-time monitoring of vibration behavior in 
mechanical equipment mainly focuses on sensing and monitoring peak amplitude, vibration 
frequency, velocity, and acceleration (Figure 2). 

 

Figure 2. The critical measurement parameters for vibration behavior monitoring. 

2.1. Displacement and Amplitude 

Displacement is defined as the distance by which a periodic vibrating object deviates from its 
equilibrium position, while amplitude represents the maximum displacement during vibration and 
serves as a key indicator of vibration intensity. For the spring-mass simple harmonic vibration system, 
the total energy (E) is proportional to the square of the amplitude (A), expressed as E=1/2kA2 (where 
k is the elastic coefficient of the system). In mechanical engineering, larger amplitudes imply more 
intense energy transfer and exchange during vibration, directly affecting the equipment performance 
and service life. 

For instance, if the vibration amplitude of wind turbine blades exceeds the design standard 
during rotation, it may lead to a significant increase in transmission loss of wind energy, abnormal 
temperature rise in the gearbox oil, and premature bearing failure [23]. Similarly, in tunnel excavation, 
monitoring the vibration amplitude of the shield machine’s cutter head is of great importance. 
Increased cutter head vibration, caused by lubrication failure, uneven slag accumulation, or loose 
bolts, among other factors, severely compromises operation safety [24]. Amplitude increases during 
operation often indicate equipment failures or anomalies, such as severe bearing wear or poor gear 
meshing. Therefore, amplitude is a critical parameter in determining the need for equipment 
maintenance or repair. 

2.2. Frequency 

Frequency quantifies the periodicity of vibration. Without external excitation, every vibration 
system possesses intrinsic characteristic parameters, namely inherent frequencies or natural 
frequencies (NFs), that reflect its vibrational properties. These NFs are determined by the system’s 
geometric dimensions, material properties, and internal structure. For a spring-mass system, the NF 
is given by fn=1/2π√(k/m), where m is the mass of the block. When the system is in motion or subjected 
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to external excitation, its operational vibration frequency is closely related to its motion state and the 
applied excitation. Bearings, for instance, exhibit complex characteristic NFs influenced by 
component properties (e.g., elastic modulus, density) and structural parameters (e.g., inner diameter, 
outer diameter, rolling element diameter, number of rolling elements) [25]. During operation, their 
vibration frequencies are further affected by rotational speed, ball motion, and cage dynamics, 
showing diverse operational frequencies. 

Resonance occurs when the operational frequency approaches the system’s NF, causing a sharp 
increase in vibration amplitude and potential structural damage [26]. In bridge engineering, for 
example, vibration frequencies induced by vehicle traffic that approximate the bridge’s NF may 
trigger resonance, threatening the structural safety [27]. In addition, equipment faults alter motion 
states, causing shifts in its operational frequencies [28]. For example, planetary gearbox fault 
diagnosis utilizes resonance frequency’s speed-independent property and sideband symmetry to 
extracting fault features from resonance regions [29]. Therefore, accurate frequency measurement can 
realize operation fault diagnosis and even prediction in equipment monitoring. 

2.3. Velocity 

Velocity is a physical quantity that describes the instantaneous motion state of a vibrating object. 
For a vibration system, its energy is primarily composed of kinetic energy (Ek) and potential energy 
(Ep), i.e., E= Ek+ Ep. According to the kinetic energy formula Ek=1/2mv2, the magnitude of velocity 
directly reflects the Ek of the system. In international standards, the vibration severity levels of 
equipment are classified according to the root mean square (RMS) value of vibration velocity. Within 
a vibration system, Ek and Ep are converted into each other during the vibration process. Taking a 
simple harmonic vibration system as an example, when the mass block moves away from the 
equilibrium position, the velocity decreases, and the Ek is converted into Ep (1/2kx2, where x is the 
displacement of the mass block); when moving toward the equilibrium position, the velocity 
increases, and Ep is converted into Ek, following the relationship 1/2mv2+1/2kx2=1/2kA2. In mechanical 
systems with multi-degree-of-freedom and multi-system interactions, vibration velocity plays a key 
role in energy transfer processes, affecting the system energy transfer efficiency through wave 
impedance matching, damping dissipation, modal energy distribution, and nonlinear coupling [30]. 

Furthermore, changes in vibration velocity can serve as a criterion for evaluating system stability. 
If the velocity increases without limit due to external interference and lacks effective damping, the 
system will suffer instability, potentially leading to equipment damage. Li et. al. proposes a 
noncontact vibration velocity feedback strategy for monitoring active magnetic bearing and 
demonstrates that velocity feedback enhances low-frequency damping signal [31]. Therefore, the 
operating status of the equipment can be effectively monitored through changes in vibration velocity. 

2.4. Acceleration 

Acceleration refers to the change rate of an object’s vibration velocity with respect to time, 
directly reflecting the intensity of vibrational agitation and the magnitudes of dynamic forces acting 
on the object. Among vibration parameters, acceleration amplitude, representing the maximum value 
of acceleration during vibration, serves as a critical indicator for evaluating the impact intensity and 
dynamic loading of vibrations. For instance, in a spring-mass system, the acceleration amplitude (aₘₐₓ) 
is proportional to the square of the angular frequency (ω) and A, following the relationship aₘₐₓ = 
ω2A. This relationship highlights that acceleration is particularly sensitive to high-frequency 
vibrational components, making it indispensable for capturing rapid and intense vibrational events. 

In mechanical engineering, acceleration amplitude is pivotal for assessing the structural stress, 
fatigue potential, and dynamic response characteristics of components [32,33]. Higher acceleration 
amplitudes indicate more severe impact loads and rapid motion state changes during vibration, 
which significantly affect the structural integrity and operational safety of mechanical systems. For 
example, Dong et al. proposed a data-driven vibration acceleration prediction method for offshore 
wind turbine structures based on Harris hawks optimization and extreme gradient boosting [34]. 
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Using 2-month monitoring data from a 3 MW turbine, the optimized model shows high accuracy 
(R2=0.9715, MAPE=6.55%) and stability in monitoring, with acceptable long-term performance. 

3. Principle and Recent Advancements of Vibration Sensors 

Vibration sensors play a pivotal role in diverse fields including engineering monitoring, fault 
diagnosis, and environmental monitoring [30]. They can be categorized through multiple approaches, 
depending on technical principles, measurement parameters, and application scenarios. Based on 
different measurement parameters, they are divided into displacement sensors, velocity sensors, and 
acceleration sensors. This paper primarily focuses on the working principles of vibration sensors, 
which can be categorized into piezoelectric, piezoresistive, capacitive, electromagnetic, photonic, 
triboelectric, and hybrid types. From each category, the main challenges and recent research progress 
of vibration sensors were reviewed and summarized. 

3.1. Piezoelectric 

Piezoelectric vibration sensors operate based on the piezoelectric effect. In 1880, the Curie 
brothers discovered that when a quartz crystal is subjected to mechanical stress, its lattice structure 
deforms, causing the separation of internal positive and negative charge centers [13]. This leads to an 
imbalance in charge distribution, generating polarized charges on the material surface, which they 
termed the piezoelectric effect. Since the generated charge is proportional to the applied force, the 
conversion between mechanical and electrical signals can be achieved. Subsequent research has 
developed various piezoelectric materials such as lead zirconate titanate (PZT), barium titanate (BTO), 
polyvinylidene fluoride (PVDF), and other ceramic-matrix and polymer-matrix composites, which 
have further enriched the system of piezoelectric materials and expanded their sensing application 
[35,36]. 

The structure of a piezoelectric vibration sensor typically consists of piezoelectric elements, mass 
block, circuit system, and base. These sensors boast advantages such as high sensitivity, a broad 
frequency response range (from several hertz to tens of kilohertz or even higher), self-powered 
operation, and immunity to electromagnetic interference [14]. They are commonly used in measuring 
high-frequency vibrations, such as tool vibrations in mechanical processing and engine vibrations in 
the aerospace. However, limited by the intrinsic properties of traditional piezoelectric materials, 
piezoelectric sensor devices face challenges in performance enhancement and application expansion. 
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Figure 3. (a) Illustrations of the langasite-based vibration sensor and its vibration sensibility in varied conditions 
[37]. Reproduced with permission. Copyright 2024, Elsevier. (b) Morphology and composition of BTO 
piezoelectric composite sensing array and its application performance on impact sensing and locating [38]. 
Reproduced with permission. Copyright 2024, Elsevier. 

The operating temperature of piezoelectric materials is typically below 50% of their Curie 
temperature (Tc); otherwise, the measurement accuracy degrades or even the functional failure occurs 
due to property attenuation and phase transitions. For example, the aging rate and relaxation time of 
PZT at 0.3 Tc were 0.0168 and 213 h, respectively, and turned to 0.0586 and 22 h at 0.8 Tc, due to 
enhanced vacancy diffusion [39]. Researchers have successively developed high-Tc piezoelectric 
ceramics such as layered bismuth, alkali metal niobate, and langasite, expanding their application in 
high temperature equipment monitoring [40–42]. As shown in Figure 3a, Liang et al. developed a 
shear-type vibration sensor using langasite piezoelectric crystal for high-temperature structural 
monitoring. Tested across 80-1000 Hz, 0.5-5 g, and 30-750°C, the sensor shows excellent linearity (<1%) 
and high sensitivity (0.074 V/g). With the decoupling method of temperature and vibration, the 
maximum error of demodulated acceleration is only 4.54%, making it ideal for aeroengines 
monitoring. 

Charge leakage, caused by the finite resistance of piezoelectric materials and charge amplifiers, 
makes piezoelectric sensor unable to measure static or ultra-low-frequency vibration (<1 Hz). To this 
end, researchers have addressed this through material optimization, device structure design, and 
circuit compensation [43]. Ramany et al. investigated the effect of vanadium doping on the 
piezoelectric and sensing behaviors of zinc oxide nanorod, finding that 5 wt.% doping achieves 3.528 
V/g sensitivity, 77.28% higher than undoped nanorods [44]. Moreover, the doping strategies 
successfully improved the signal linearity at low-frequency vibration. Ramanathan et al. introduced 
a differential compensated charge amplifier into sensing system for near-static and low-frequency 
strain measurements using piezoelectric PVDF films [45]. The sensor achieves a 0.01 mHz-310 kHz 
sensing range, 95% drift reduction, and 30 dB sensitivity increase with uniaxial near-DC strain 
measurements stays maintaining <3% voltage over 500 s. 
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Additionally, to meet the requirements in wearable devices, low-temperature adaptability, and 
environmental friendliness, extensive research has focused on flexible, lead-free piezoelectric 
materials [46]. For example, Deng et al. designed a PZT-7A ceramic-based triaxial piezoelectric 
vibration sensor suitable for low-temperature sensing [47]. Compared to room temperature, its X-, Y-, 
and Z-axis voltage sensitivities varied by just 1.78%, 2.65%, and 3.33%. As shown in Figure 3b, Narita 
et al. developed an elastic porous polymer-based piezoelectric composite film with BTO particles for 
vibration and impact sensing. The film shows excellent flexibility and stability, remaining reliable 
after 8 million cycles. The sensor exhibited enhanced piezoelectric properties, with direct impact 
generating a 22 mV output. When assembled into a 4-sensor array combined with the centroid 
localization algorithm, the device enables accurate impact positioning within a 3×3 grid. 

3.2. Electromagnetic 

Electromagnetic vibration sensors achieve the perception and conversion of vibration signals 
based on the electromagnetic induction effect. In 1831, Michael Faraday discovered Faraday’s law of 
electromagnetic induction, laying a theoretical foundation for the development of electromagnetic 
sensors [48]. The core principle is that when vibration causes relative motion between a magnet and 
a coil, the coil cuts the magnetic field lines, leading to a change in magnetic flux, thereby generating 
an induced current or voltage signal in the circuit [49]. The amplitude of the output electrical signal 
corresponds to parameters such as vibration acceleration and velocity. With the development of 
electromagnetic science, researchers have developed various magnetic circuit structures and coil 
designs, enabling the measurement of multiple signals including electromotive force, induced 
current, and inductance [50,51]. In the field of materials, researchers have successively developed 
composite magnetic circuit systems such as permanent magnets (e.g., neodymium-iron-boron, 
samarium-cobalt) and soft magnetic materials (e.g., silicon steel sheets, permalloy), further 
expanding their applications in different vibration scenarios [52,53]. 

The structure of electromagnetic vibration sensors typically includes components such as 
magnetic materials, induction coils, spring-damper systems, and signal conditioning circuits. These 
sensors possess significant advantages, including high output (usually in the millivolt to volt range), 
self-power supply, excellent long-term stability, and sensitive response to medium and high-
frequency vibrations [54]. They are widely applied in scenarios such as industrial equipment 
vibration monitoring (e.g., fans, motors), automobile engine vibration detection, and rail transit 
vibration analysis. However, affected by magnet performance and structural inertia, electromagnetic 
vibration sensors still have limitations in miniaturized design, soft device, and low-frequency 
vibration detection. 

To address the above issues, Zhao et al. developed a fully flexible electromagnetic Micro-Electro-
Mechanical Systems (MEMS) vibration sensor using a suspended flexible magnet enclosed in a multi-
layer flexible coil and annular origami magnetic membranes (Figure 4). The annular membranes 
enhance the overall magnetism by 291% and extend the magnetic field to cover the entire coil region. 
The sensor exhibits a broad frequency response (1 Hz to 10 kHz) and a sensitivity of 0.59 mV/μm at 
1.7 kHz. Its fully flexible format enables applications in motion detection, voice recognition (with a 
98-99% accuracy), biophysical sensing (heart rate, pulse), and machine diagnostics by adapting to 
complex surfaces. Additionally, it supports wireless transmission and shows potential for battery-
less, self-sustainable operation and distributed sensing. 
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Figure 4. The structure of the fully flexible electromagnetic vibration Sensor and vibration monitoring 
performances [55]. Copyright 2020, John Wiley and Sons. 

3.3. Photonic 

Photonic vibration sensors predominantly operate based on photon-related physical 
phenomena, encompassing the photoelectric effect, Doppler shift, and photon interference [56–58]. 
Based on their specific operational principles, photonic vibration sensors are further categorized into 
fiber optic interference-type, laser Doppler-type, photoelectric-type, and so on. Among these 
categories, the optical fiber-type and laser-type sensors have garnered significant research attention 
owing to their distinct measurement capabilities and application potentials [59,60]. 
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Fiber optic vibration sensors work on the principle that mechanical vibrations induce micro-
deformations in optical fiber waveguides, thereby modulating the intrinsic properties (including 
phase, intensity, and frequency) of photons propagating through the fiber core. This mechanism 
enables precise vibration monitoring with exceptional performance metrics, such as ultra-high 
sensitivity, a broad operational bandwidth spanning multiple frequency and amplitude scales, robust 
anti-electromagnetic interference capability, and an extended detection range exceeding several 
kilometers [61,62]. However, inherent limitations persist: pronounced directional dependence in 
vibration response; fiber degradation induced by intense vibrational stress, elevated temperatures, 
and high-humidity environments; and relatively high manufacturing and application costs. To 
address these issues, researchers have developed advanced optical materials, protective coatings, 
compensation circuits, and integrated modular designs, which collectively reduce measurement 
deviations [63–65]. Nevertheless, the stringent equipment specifications and consequent high 
assembly and operational expenses remain critical barriers to their large-scale commercialization. 

Laser-based vibration sensors typically leverage the Doppler effect, wherein laser radiation 
incident upon a vibrating target undergoes frequency or phase shifts in its reflected component, 
directly correlated with the target’s vibrational dynamics [66]. This physical principle enables non-
contact vibration measurement with superior precision, where displacement resolution reaches 
nanometric or even sub-nanometric scales [67]. Moreover, their sensing capacities exhibit a broad 
displacement and frequency ranges immunity to electromagnetic interference, and extended 
measurement distances exceeding tens of meters. Such attributes render them indispensable in 
scenarios requiring non-invasive monitoring, including precision machinery diagnostics and ancient 
structures assessment [68,69]. Conversely, their performance is significantly influenced by the surface 
reflectivity of the measured object, susceptibility to ambient light perturbations, and prohibitive 
equipment costs, which collectively constrain their widespread application [70]. 

Notably, both fiber optic and laser-based photonic sensors exhibit complementary advantages 
in specific application scenarios. Fiber optic systems excel in long-distance monitoring and harsh 
electromagnetic environments, while laser sensors are irreplaceable in non-contact, high-precision 
measurement tasks. Current research endeavors primarily focus on three directions: material 
engineering to enhance fiber durability under extreme conditions, adaptive optical systems to 
compensate for ambient light interference in laser measurements, and cost optimization through 
miniaturized component integration. Addressing these technical challenges will be pivotal for 
expanding the practical utility of photonic vibration sensors across industrial, aerospace, and cultural 
heritage preservation domains. 

3.4. Capacitive 

Capacitive vibration sensors operate based on the variation of capacitance with mechanical 
vibration. Originated with the invention of Leyden jar in 1740s, the principles of capacitance were the 
theoretical foundation for capacitive sensors [71]. The structure of capacitive vibration sensors mainly 
includes capacitive sensing unit, signal conditioning circuit, and encapsulation structure. As the core 
component, the capacitive sensing unit can be categorized into different types based on the 
capacitance variation mechanism, such as changes in electrode spacing, area, and dielectric constant 
[71]. Among these, the spacing-type and the area-type represent the primary types in current 
vibration sensors. In particular, the spacing-type is mainstream in industrial applications due to its 
structural compactness and compatibility with MEMS technology [72]. Besides, capacitive vibration 
sensors feature high sensitivity, capable of detecting tiny vibration changes (nanometer scale); good 
linearity, with output signals linearly related to vibration amplitude; fast dynamic response, enabling 
rapid capture of vibration signal changes [73]. 

However, capacitive vibration sensors have several limitations. High output impedance and 
parasitic capacitance lead to rapid signal attenuation, poor SNR, and susceptibility to external 
interference [74]. These sensors are sensitive to environmental factors such as humidity and 
temperature, where environmental fluctuations may cause capacitance drift and compromise 
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measurement accuracy. Furthermore, their structural characteristics result in a trade-off between 
sensitivity and stability [75]. For instance, reducing the distance between the plates can enhance 
sensitivity, but this makes the capacitive structure prone to breakdown and reduces stability. Thus, 
in recent years, researchers have carried out a large amount of research in fields such as materials, 
processes, structures, circuit, and signal processing [76,77]. At the same time, accuracy, precision, 
flexibility, linearity, intelligence, and self-powering have also received extensive attention. 

 
Figure 5. (a) The fabrication process of PI/BTO/GO aerogels and its capacitive sensing and mechanical 
performance [78]. Copyright 2025, Elsevier. (b) Relative capacitance variation. (b) The preparation process of 
iontronic capacitive sensor and its sensing performance [79]. Copyright 2024, Elsevier. 

To address the aforementioned issues, researchers have carried out a series of endeavors [80]. In 
terms of materials, efforts have been directed toward developing new dielectric materials with 
intrinsic compositions and microstructures to enhance their stability, dielectric constant, and 
mechanical properties, thereby increasing sensing performances and reducing the impact of 
environmental factors such as temperature on capacitance values [80,81]. For instance, polymer 
materials with special molecular structures are adopted, whose dielectric properties remain stable 
over a wide temperature range. In structural design, the structure of capacitive sensing units is 
optimized by employing a differential structure, which effectively minimizes the influence of external 
interference and parasitic capacitance [82–84]. 

Cheng et al. used polyimide (PI) with excellent heat resistance as the substrate, fabricated 
PI/BTO/GO aerogels via freeze-drying, and assembled them into capacitive sensors (Figure 5a). The 
oriented aerogel structure and filler interactions enhance mechanical and thermal stability. The 
sensor operates stably at -196°C to 150°C, maintaining performance over 2000 cycles at 150°C, 
enabling extreme environment applications. Su et al. develop an iontronic capacitive sensor with Ag 
NWs/MXene composite electrodes and a H₃PO₄/PVA dielectric layer featuring surface-pillar and 
internal random multi-bubble structures (Figure 5b). The sensor achieves exceptional linear 
sensitivity (~153.83 kPa⁻¹) over 0-260 kPa (R²>0.996), rapid response/recovery (<1 ms), and stability 
over 10,000 cycles, functioning underwater. The composite electrode enhances electron conduction 
and pseudocapacitance, and the dielectric layer design expanding the linear range. It effectively 
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monitors ultrasonic vibrations, recognizes sound waves and musical instruments, showing great 
potential in flexible electronics. Moreover, sensing performance and temperature stability of sensors 
can be achieved via compensation circuit design, MEMS technology, thermal insulation packaging, 
etc [85–87]. 

3.5. Piezoresistiv 

Piezoresistive vibration sensors operate based on the piezoresistive effect. In 1856, William 
Thomson (Lord Kelvin) discovered that the resistance of metal materials changes when subjected to 
mechanical stress, a phenomenon named the piezoresistive effect [88]. Later, it was found that 
semiconductor materials exhibit a more significant piezoresistive effect, with a good linear 
relationship between their resistance change rate and the applied stress, enabling more accurate 
conversion between mechanical and electrical signals [89]. With the advancement of research, 
semiconductor materials such as single-crystal silicon and germanium, as well as metal strain gauges, 
have been successively applied in piezoresistive sensors, greatly expanding their performance and 
application fields. In recent years, the emergence of new piezoelectric material systems based on 
nano-conductive network reconstruction and tunneling effect, such as polymer/conductive filler 
composite systems, carbon-based aerogels, and ionic gels, has enabled piezoresistive vibration sensor 
devices to show great application prospects in fields such as large-amplitude monitoring, 
environmental stability, biocompatibility, and flexible equipment [90,91]. 

The structure of a piezoresistive vibration sensor generally includes components such as 
piezoresistive elements, elastic sensitive elements, mass blocks, a housing, and leads. It boasts 
advantages such as easy signal processing, simple structure, and low cost. It performs excellently in 
low-frequency vibration and even quasi-static signal measurement, and is commonly used in 
scenarios requiring low-frequency vibration monitoring, such as equipment structure vibration 
monitoring and automobile chassis vibration monitoring [92,93]. The main problems with 
piezoresistive sensitive materials are as follows: poor temperature stability, where temperature 
changes can cause zero drift and sensitivity variations, affecting measurement accuracy in 
environments with large temperature fluctuations; insufficient long-term stability, as their 
performance will attenuate to a certain extent with prolonged use; nonlinear response under large 
strains; and relatively high power consumption, requiring external power supply for operation [94]. 
To address these issues, researchers propose to integrate temperature compensation circuits, adopt 
materials with low temperature coefficients, optimize packaging to reduce environmental erosion, 
develop piezoresistive materials, and integrate energy-harvesting modules, aiming to enhance 
measurement accuracy, durability, and energy efficiency. Among them, heterogeneous composite 
and microstructure design have become the main breakthrough directions in the design and 
construction of piezoresistive materials [95]. 

As shown in Figure 6a, Yan et al. uniformly dispersed multi-walled carbon nanotubes in 
polydimethylsiloxane (PDMS) to construct a “conductive-elastic” substrate. A hierarchical porous 
structure was prepared by a sacrificial template method, and a pyramid array was constructed on the 
surface of the composite membrane. This design utilizes the stress concentration at the tip of the 
pyramid to enhance sensitivity and relies on the compressive deformation of the porous structure to 
broaden the pressure detection range. The pressure sensing range of the sensor is 1 Pa-1000 kPa, with 
a sensitivity of 0.71 kPa-1 in the range of 1-80 kPa and 0.024 kPa-1 maintained at 80-1000 kPa. In 
addition, it can detect dynamic mechanical stimuli exceeding 20 kHz with a frequency resolution of 
0.1 Hz. The electrodes are seamlessly connected to the sensor through chemical bonding, and thus 
the response-relaxation time is only 0.04 ms. 
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Figure 6. (a) Piezoresistive flexible pressure sensor by combining porous materials with a pyramid array 
composite hierarchical structure. Reproduced with permission [96]. Copyright 2025, Elsevier. (b) Schematic 
preparation of biomass-derived aerogel and its strain and vibration sensibility [97]. Reproduced with 
permission. Copyright 2025, John Wiley and Sons. 

Tan et al. presents a biomass-derived piezoresistive aerogel designed via a multiscale 
microstructure modulation strategy inspired by wood cell assembly (Figure 6b). The aerogel 
integrates lignin (rigid segments) and cellulose (flexible segments) into a cross-linked network, with 
oriented micropores and a polypyrrole conductive network. The prepared sensors exhibited 
exceptional superelasticity (94.91% stress retention after 500 compression cycles at 50% strain) and 
outstanding sensing performance: an ultra-low detection limit (4.6 Pa/0.01% strain), high sensitivity 
(160.93 kPa⁻¹, gauge factor 3364), and fast response (11 ms compression, 38 ms rebound). It effectively 
monitors subtle motions (pulse, swallowing) and substantial movements (joint activities). Combined 
with deep learning, it enables 96.33% accurate sign language recognition and wireless robotic control, 
offering a promising platform for proactive health monitoring and advanced human-computer 
interaction. 

3.6. Triboelectric 

Triboelectric vibration sensors achieve the sensing and conversion of vibration signals based on 
the triboelectric effect [98]. In 2012, Wang Zhonglin’s research team first proposed the concept of 
triboelectric nanogenerators (TENGs), whose core principle relies on the coupling effect of contact 
electrification and electrostatic induction during the contact-separation process of two different 
materials [99]. When vibrations cause mechanical contact and separation between the surfaces of 
triboelectric materials, interfacial charge transfer creates a surface potential difference, generating 
induced current or voltage signals in the external circuit. This enables the direct conversion of 
mechanical energy to electrical energy, with the output electrical signals having a clear correlation 
with vibration parameters such as amplitude and frequency. Subsequently, researchers have 
developed a diverse range of triboelectric material systems, including positively charged materials 
(e.g., nylon, cellulose, metal foils), negatively charged materials (e.g., polytetrafluoroethylene (PTFE), 
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PDMS, PI, and various micro-nano structured modified composites, further expanding their 
applicability in vibration sensing [100]. 

The structure of triboelectric vibration sensors typically includes components such as 
triboelectric material layers, electrode layers, support structures, and signal processing circuits. These 
sensors exhibit significant advantages including excellent self-powered capability, a wide range of 
material choices, flexible structural design, low cost, and high sensitivity to low-frequency vibrations 
[17]. They are widely used in low-frequency vibration monitoring scenarios, such as health 
monitoring of large structures like bridges and buildings, as well as detection of weak vibration 
signals from human motion and sound waves. However, affected by material surface charge stability 
and environmental factors, triboelectric vibration sensors still face challenges in measurement 
accuracy and environmental adaptability. 

Environmental humidity is one of the key factors affecting the performance of triboelectric 
sensors. High humidity accelerates the dissipation of surface charges on materials, thereby reduce 
the strength and stability of output signals [101]. To address this issue, researchers have developed 
techniques such as material surface modification and structural encapsulation [102]. Besides, the 
triboelectric effect relies on contact-separation on material surfaces, traditionally structured sensors 
tend to experience incomplete contact or response lag under high-frequency vibrations, leading to 
decreased measurement accuracy. 

Thus, researchers have improved high-frequency response characteristics by optimizing micro-
nano structures and adopting new working modes. As shown in Figure 7a, Huang et al. designed a 
cavity-free membrane TENG. Guided by 3D laser-scanned broadband vibration characteristics of the 
FEP membrane, it eliminates the cavity, enabling contact electrification independent of ultrasonic 
excitations. It achieves an ultralow detection limit of 37.1 Pa@20 kHz, average 206.1 Pa (20–200 kHz), 
1-2 orders lower than conventional designs. With 0.001 kHz frequency resolution, 25 MHz operating 
frequency, and stability over 100 million cycles, it performs well in diverse ultrasonic vibration 
sensing. 

 
Figure 7. (a) Concept and vibration monitoring performances of cavity-free membrane TENG [103]. Copyright 
2025, Elsevier. (b) Structure and materials design of the miniaturized TENG-based vibration sensing device and 
its acceleration sensing performance [104]. Copyright 2023, John Wiley and Sons. 
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Furthermore, to meet the miniaturization and low-power requirements of wearable devices and 
IoT nodes, researchers have developed flexible and integrated triboelectric vibration sensors [105]. 
For instance, Mehamud et al. developed a TENG-based self-powered vibration measuring and 
alerting system with integrated signal conditioning and data acquisition (Figure 7b). It includes a M-
TENG for measurement and P-TENG for energy harvesting. The system measures vibrations range 
from 0 to 1800 Hz. The 3.6 cm² TENG generates up to 80 V and 0.55 µA. It harvests 320 mJ energy in 
36 h, enabling 1.5 s alerting. Costing $30, with 105 cm³ volume and 0.18 W power consumption, the 
TENG-based vibration sensor outperforms commercial devices. Compared to traditional ones, it 
shows similar performance in tests, proving effective for mechanical vibration monitoring. 

3.7. Hybrid 

Single-mechanism sensor systems struggle to capture the multi-dimensional characteristic 
signals of equipment faults, such as wide frequency band and broad displacement range, 
accompanied by temperature rise. In contrast, hybrid sensors, which adopt various configurations 
including capacitance-resistance, triboelectric-capacitance, triboelectric-electromagnetic or 
piezoelectric-thermoelectric combinations, enable synchronous acquisition of diverse vibration 
spectra (frequency, acceleration, and amplitude) while even integrating sensor data on temperature, 
humidity, or even electrical conductivity [106,107]. By constructing fault correlation models based on 
these multi-source data, composite sensors significantly enhance prediction accuracy, concurrently 
reducing sensor failure rates and maintenance costs. This integrated approach addresses the 
limitations of single-sensor setups by leveraging cross-dimensional data synergies, thereby 
optimizing the reliability and economic efficiency of fault diagnosis systems, thus attracted much 
attention at present [108]. 

 

Figure 8. (a) Illustration of the fabrication process and structure of hybrid sensor and its sensing performances 
[109]. Reproduced with permission. Copyright 2025, Elsevier. (b) Schematic diagram of tri-hybrid self-powered 
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vibration wireless sensing system and its application on the vehicle engine monitoring [110]. Reproduced with 
permission. Copyright 2025, Elsevier. (c) MXene/CNF aerogel@PDMS-based dual-modal pressure sensor and its 
multiple sensibility [111]. Reproduced with permission. 

4. Application of Vibration Sensors on Industrial Monitoring 

In modern industry, equipment reliability and safety are crucial for ensuring production 
efficiency. Faults in critical moving components, performance degradation caused by structural 
damage, and frictional failures resulting from lubrication degradation all manifest through 
characteristic changes in vibration signals [14]. Moreover, vibration monitoring can be used for early 
fault prediction and remaining life assessment, propelling the industrial maintenance from post-
failure repair to predictive service [19]. As a cross-disciplinary solution integrating sensing 
technology, signal processing, structural dynamics, and intelligent algorithms, currently, vibration 
sensors are developing towards wide-frequency monitoring, high precision, self-powered operation, 
and high environmental stability, aiming to construct a technological cornerstone for ensuring 
equipment reliability in the era of IoT, AI, and intelligent manufacturing [11]. 

4.1. Fault Diagnosis 

Motion joints such as bearings and gears serve as core components for power transmission, 
whose operational reliability directly impacts equipment efficiency and safety. Typical faults, 
including bearing damage, gear wear, and shaft unbalance, can induce changes in system dynamic 
characteristics, thereby generating vibration responses with deterministic patterns [112]. For example, 
bearing fault frequences are directly related to the number of rolling elements, geometric dimensions, 
and rotational frequency and are centered around high-frequency impacts and characteristic 
frequencies; gear fault frequencies are closely related to the meshing frequency and are marked by 
modulation sidebands and higher amplitude [29]. 

Sensors should be deployed near monitored vibration component, such as bearing housings or 
gearbox casings, to obtain raw signals with the optimal SNR. Subsequently, fault features are 
determined through signal processing techniques. For example, frequency-domain analysis based on 
the Fourier transform is suitable for extracting fault characteristic frequencies, while time-frequency 
methods like the Short-Time Fourier Transform can effectively capture transient fault features during 
start-up/shut-down processes; for variable-speed equipment, signal processing techniques such as 
order analysis eliminate the interference of rotational speed fluctuations on fault feature extraction 
[14]. Finally, by comparing and analyzing vibration spectra with those in healthy states, quantitative 
identification of abnormal frequency components is achieved. In recent years, the development of 
multi-sensor fusion technology, deep learning, and other technologies has driven fault diagnosis to 
evolve from traditional signal processing to multi-dimensional and intelligent diagnosis, providing 
new technical pathways for intelligent operation and maintenance of industrial equipment [113]. 

Sensor performance is crucial for achieving accurate monitoring. Its monitoring range must 
comprehensively cover equipment operating conditions and fault characteristic parameters. For 
example, high-frequency impacts can reach over 20 kHz, which is suitable for using a piezoelectric 
sensor; the amplitude deviation of high-precision bearings is extremely small, and thus capacitive 
sensing might be more appropriate [114]. Facing complex industrial environments, sensors need to 
have strong environmental robustness (temperature, humidity, electromagnetic, etc.). Besides, to 
ensure the accuracy of signal analysis, parameters such as resolution and measurement error are 
critical. 

Huang et al. developed the multilongitudinal mode quadrature laser self-mixing vibration 
sensor [60]. Leveraging the spacing characteristics of multilongitudinal mode lasers, they generate 
two polarized self-mixing signals with tunable phase shifts and then measure target vibrations 
through relevant quadrature demodulation techniques, quadrature-phase algorithm, and circle 
fitting. Demonstrated in bearing fault diagnosis, the sensor achieved 5.00 μm amplitude 
measurement error less than 40 nm and bearing frequency error less than 0.65%. Its high accuracy, 
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compactness, and robustness promise wide applications in online measurement and dynamic 
analysis. 

 

Figure 9. (a) Manufacturing, morphology, and output voltage of the composite membrane and its application in 
gear faults recognition and digital twin demonstration [115]. Reproduced with permission. Copyright 2025, 
Elsevier. (b) The principle measuring mechanism of the designed capacitive vibration sensor and its deployment 
on a high-speed laboratory machine monitoring [116]. Reproduced with permission. Copyright 2024, Elsevier. 

As shown in Figure 9a, Hu et al. presents a self-powered piezoelectric vibration sensor, with a 
layered structure of tungsten, polyethylene terephthalate, aluminum, and the PVDF-PI nanofiber 
membrane [115]. The synergistic designed sensor can distinguish vibration signals from healthy, 
pitting, and broken gears with a 96.3% recognition accuracy using machine-learning algorithms. Due 
to the thermal stability of PI and enhancement of carbon nanotubes, the sensor maintains stable 
electrical output under high temperatures (e.g., only 15% performance decline at 80°C). Furthermore, 
a digital twin system is developed to integrate physical sensor data, information processing, and 
virtual modeling for real-time fault diagnosis and engine health management. Pawlenka et al. 
develops custom capacitive sensors for measuring vibrations and small displacements in high-speed 
rotating machines (Figure 9b). The sensors exhibited a maximum measurement frequency of 3.8 kHz, 
a maximum relative error of about 0.7%, and a resolution ranging from 700 nm to 14 µm. Smart 
sensors with integrated sensitive parts show optimal performance, verifying their suitability for shaft 
displacement diagnosis and active vibration control. 

In addition, problems in the control system can also cause characteristic signals in the vibration 
of the transmission system, and thus fault reporting can be achieved through vibration signal analysis. 
Papathanasopoulos et al. propose a non-invasive technique for fault diagnosis of position control 
system in brushless DC motor drives, leveraging vibration signals acquired by low-cost piezoelectric 
sensors [117]. As position control system faults (i.e., misalignment or breakdown), characteristic 
signal manifest in vibration signatures, where the second harmonic component serves as a reliable 
signature for misalignment faults, and the fourth harmonic component is used to detect breakdown 
faults. 
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4.2. Structural Health Monitoring 

The equipment structural health monitoring (SHM) technology based on vibration sensing is an 
interdisciplinary field integrating sensing technology, structural dynamics, signal processing, and 
recently, machine learning [118]. Its core theory posits that structural damages, such as cracks, fatigue, 
and loosening, alter the stiffness, damping characteristics, and other mechanical properties of the 
vibration system. Consequently, these changes affect the intrinsic vibration parameters of structural 
components, including NF and modal shapes [119]. For instance, crack propagation reduces local 
stiffness, shifting the structural NF to the low-frequency range; while the loosening of connected 
components introduces nonlinear stiffness, resulting in subharmonic vibration. 

In practical engineering monitoring, vibration sensors are attached to or embedded within 
structural surfaces or interiors to convert structural vibration induced into electrical or optical signals. 
Collected signals, typically containing complex environmental noise and nonlinear components, are 
processed and analyzed to determine current inherent vibration parameters, such as the NFs, 
damping ratios, and mode shapes. These real-time parameters are assessed with baseline data, which 
is established under healthy structural conditions. Then, damage is identified when the deviation 
from the baseline reaches a predefined threshold [120]. 

At present, piezoelectric sensors dominate the traditional SHM market, but they have problems 
such as poor low-frequency response and being vulnerable to electromagnetic interference. Fiber 
optic sensors have strong anti-interference ability and good durability, but their dynamic response 
bandwidth is limited (usually < 1 kHz), which is insufficient for the monitoring of high-speed 
equipment. MEMS accelerometers have advantages such as low cost and miniaturization, but the 
noise level limits their high-precision applications. Along with technical challenges such as power 
supply and signal transmission, SHM vibration sensors develop towards directions of power-free, 
wireless transmission, and functional integration [121]. 

For example, Cui et al. proposed a disk-shaped TENG, which uses multi-sized honeycomb 
structures and PTFE balls as friction materials (Figure 10a). It can achieve broadband vibration 
detection from 10-2000 Hz, with an acceleration measurement range of 1-11 m/s² and a resolution of 
0.1 m/s². Under the vibration condition of 11 m/s², the peak voltage exceeds 80 V, and it can charge a 
100 pF capacitor to 5 V within 100 seconds. Subsequently, with a dedicated circuit, it was used for 
wireless self-powered vibration detection, demonstrating its feasibility for the structural health 
monitoring of motors, tracks, etc. 

Besides, with the continuous advancement of MEMS and wireless sensing technologies, and the 
application of flexible sensor arrays, novel approaches have emerged for the distributed real-time 
monitoring of complex curved structures, such as aero-engine blades and wind turbine blades. In the 
field of intelligent diagnosis, machine learning algorithms, trained on extensive labeled vibration 
datasets, enable accurate identification of structural damage patterns, locations, and severity levels 
[122–124]. 

As shown in Figure 10b, Muxica et al. prepared an autonomous on-blade sensor system for 
remote vibration measurement of low-capacity wind turbine blades. Deployed on three turbines, 
including one in harsh southern Chile, the system uses MEMS accelerometers to record 
flapwise/edgewise accelerations, enabling dynamic characteristic extraction for structural damage 
diagnosis. Powered by solar panels and Li-ion batteries, it achieves reliable data 
acquisition/transmission without human intervention. The system demonstrates 99.6% data 
transmission reliability and accurately captures NFs, laying a foundation for vibration-based 
structural health monitoring. Its cost-effective, autonomous design withstands extreme 
environments, showcasing potential for long-term blade health evaluation. 
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Figure 10. (a) Structure of the TENG and as-assembled vibration sensor and its application for structure 
monitoring of motor and railroad tracks. Reproduced with permission [125]. Copyright 2025, Elsevier. (b) 
Overview of the embedded detection system for wind turbine blades and vibration measurement signals. 
Reproduced with permission [126]. Copyright 2025, MDPI. 

4.3. Tribological Status Analysis 

The degradation of equipment lubrication status essentially represents imbalanced 
physicochemical interactions on the friction surfaces. Insufficient lubrication leads to increased 
energy loss and wear of critical frictional components, thereby reducing the operational efficiency 
and service life of equipment. In cases of poor lubrication, the friction coefficient at the frictional 
contact interface rises sharply. According to Coulomb’s law of friction, the rapidly increased friction-
induced contact stress generates high-frequency mechanical impacts via micro-elastic-plastic 
deformation, which in turn excite wide-frequency random vibrations. The interaction between 
tribological conditions and vibrational behaviors is the basis for monitoring lubrication status using 
vibrations [127,128]. Furthermore, friction-induced vibrations can increase the risk of mechanical 
structures damage and affect the machining accuracy of products [129]. Therefore, monitoring 
lubrication status through vibration analysis is of great significance for improving both the service 
life and production efficiency of equipment [130]. 

Variations in frictional operating conditions, such as frictional motion behaviors (sliding friction, 
rolling friction, fretting friction), lubrication states (fluid lubrication, mixed lubrication, boundary 
lubrication, dry friction, etc.), and the wear condition, can induce changes in contact behaviors, 
friction coefficients, and energy dissipation mechanisms between friction pairs, thereby generating 
corresponding characteristic vibration signal spectrums [131–134]. Based on these vibration 
characteristics, it is necessary to select appropriate vibration sensors for effective monitoring, so as to 
ensure that the sampling accuracy meets the requirements of subsequent analysis. For instance, 
piezoelectric sensors are suitable for capturing high-frequency vibrations from abnormal gear 
meshing and local bearing defects. Capacitive/inductive displacement sensors, meanwhile, can 
dynamically measure the oil film thickness of low-speed heavy-load equipment with a measurement 
accuracy reaching the sub-micron level. 
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Figure 11. (a) The framework of the proposed sound and vibration sensor-based approach with machine 
learning technique and its application in wear identification [135]. Copyright 2024, Elsevier (b) Grinding wheel 
wear status recognition architecture based on optimized modal and its identification accuracy of feature subset 
[136]. Copyright 2025, Elsevier. 

Signal analysis technology is also a core component of lubrication condition diagnosis. On the 
one hand, researchers explore the generation mechanism and physical essence of vibration signals 
through the research of lubrication-vibration coupling dynamics, etc., and then establish the 
characteristic frequency generation mechanisms [137,138]. On the other hand, by means of various 
signal analysis methods, including traditional methods such as time-domain analysis and adaptive 
decomposition, as well as new data processing technologies such as deep learning, the characteristic 
frequencies of the lubrication state are identified [11,139]. Research on vibration sensor devices in the 
field of lubrication state monitoring has formed a full-chain technical system from basic theory to 
engineering application. However, it still faces many challenges such as sensitivity, accuracy, and 
environmental adaptability. Therefore, researchers try to make improvements through methods such 
as new sensing mechanisms, miniaturization, intelligentization, and fusion diagnosis to meet the 
increasing requirements on industrial equipment lubrication monitoring [140]. 

As shown in Figure 11a, Bagherpour et al. integrated sound and vibration sensing with machine 
learning techniques to achieve real-time monitoring for disc cutter wear in tunnel boring machines. 
The research reveals that sound and vibration signals correlate significantly with wear progression, 
particularly in the frequency range of 3.5-8 kHz for normal wear and 3.5-13 kHz for blocked cutters. 
This approach enables non-intrusive, continuous wear assessment without disrupting excavation 
and offer a practical solution for real-time tool wear evaluation, guiding optimal replacement timing 
and enhancing safety in underground construction. Wan et al. present a multi-sensor monitoring 
methodology for grinding wheel wear evaluation (Figure 11b). It combines Whale Optimization 
Algorithm and Variational Mode Decomposition for signal denoising, which distinguishes grinding 
process and environmental noise frequency bands, enhancing SNR by 30% compared to other 
methods. Using the ReliefF algorithm for feature selection, it constructs a dataset and develops a 
model that optimizes Support Vector Machine parameters via the weighted mean of vectors 
algorithm. Innovatively, it integrates image analysis of grinding wheel and workpiece topography 
with multi-sensor signals (AE, force, vibration). The optimized model achieves 95.8% accuracy with 
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a fast recognition time of 1.1769s, showing superior robustness and efficiency in handling low-
correlation datasets, outperforming traditional methods. This integration of direct observation and 
indirect monitoring advances wear evaluation precision. 

4.4. Early Warning and Service Life Prediction 

Vibration sensors can realize early fault warning and remaining useful life (RUL) prediction via 
acquiring mechanical vibration signals in real time, analyzing characteristic parameters, and 
integrating intelligent algorithms. Its core lies in quantifying the degradation process of equipment 
health status, combining the physics of failure model with data-driven methods, and establishing the 
relationship among vibration characteristics, damage accumulation, and life consumption [141]. 
After convert mechanical vibration into electrical signals, the data undergo multistage processing 
procedures including filtering, amplification, and feature extraction. For example, the Fast Fourier 
Transform is employed to convert time-domain signals into the frequency domain for identifying 
fault characteristic frequencies, and envelope analysis technique is combined to demodulate high-
frequency signals, further highlighting early fault features [142,143]. Then, the characteristic vibration 
signal thresholds are set to construct a hierarchical early warning system. By continuously tracking 
feature trends (e.g., RMS values and high-frequency energy), time-series curves of equipment 
operation status are generated to realize life prediction. For example, Thoppil et al. combined 
principal component analysis and exponential degradation model for mechanical system RUL 
prediction [144]. By extracting time-frequency features with discrete wavelet transformation and 
selecting them via monotonicity, trendability and prognosability, Health Indicator was successfully 
established to estimate RUL. Validated on FEMTO bearing data, the HI effectively reflects 
degradation, with RUL prediction error at 21 minutes, showing potential for predictive maintenance. 

In recent years, the introduction of artificial intelligence models has significantly improved 
prediction accuracy [145,146]. For instance, the Long Short-Term Memory network learns historical 
vibration data sequences to predict the degradation trajectory of equipment within 7–30 days, while 
the Convolutional Neural Network identifies abnormal patterns in vibration spectrograms for early 
fault warning. Combined with probabilistic models like Weibull distribution and survival analysis, 
these models quantify the RUL of equipment. Moreover, intelligent analysis based on vibration 
monitoring data enables comprehensive optimization of maintenance strategies. On one hand, the 
early warning system automatically generates predictive work orders, planning maintenance 
schedules and spare parts orders in advance to reduce unplanned downtime. On the other hand, 
equipment operation parameters can be optimized according to vibration data, achieving energy 
efficiency improvement and RUL extension. 
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Figure 12. A digital-twin framework for predicting RUL with sensitivity degradation modeling [147]. Copyright 
2023, MPDI. 

Current RUL prediction is still confronted with several core issues: poor adaptability to working 
condition transitions, where the mapping between vibration and service life of the same equipment 
drifts under varying loads, leading to a high prediction error; insufficient quantification of 
uncertainty, which fails to effectively characterize the randomness of the degradation process and 
thus results in an excessively wide RUL prediction uncertainty; and the contradiction between high 
sampling frequency and low power consumption. To tackle these problems, researchers have 
proposed solutions including intelligent model evolution and autonomous decision support [148]. 
For example, Fu et al. establishes a digital-twin framework based on a five-dimensional model, 
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integrating six modules for sensitivity degradation detection (Figure 12). The framework employs a 
Wiener-Arrhenius accelerated degradation model to characterize temperature-induced sensitivity 
degradation, coupled with real-time error correction via the Akaike information criterion and 
Bayesian parameter updating. Experiments on PVS samples demonstrate that the model reduces 
prediction errors to 8 hours. 

5. Conclusion and Future Prospects 

Vibration sensors, serving as core sensing components in industrial systems, are essential for 
monitoring equipment structural health and assessing operational status. Leveraging physical 
principles such as the piezoelectric effect and piezoresistive effect, these sensors utilize sensitive 
materials to convert mechanical vibration signals into electrical signals, enabling precise 
measurement of key parameters like vibration frequency, acceleration, and displacement. Recent 
advancements in materials science and micro/nano-fabrication technologies have propelled 
significant progress in vibration sensor technology. 

The development of novel sensitive materials, adoption of advanced manufacturing processes, 
and exploration of innovative sensing mechanisms have driven sensor performance towards higher 
precision, miniaturization, wearability, and self-power generation capabilities [149–153]. These 
evolutions mark a technological leap from traditional electromechanical sensors to intelligent 
microsystems. Looking forward, the future development of vibration sensors will focus on new 
material development, advanced manufacturing innovation, multi-sensor integration, 
miniaturization, and intelligentization, all aimed at meeting the urgent needs of predictive 
maintenance and system optimization in intelligent manufacturing. These developments will 
significantly reduce equipment failure rates and maintenance costs, and exhibit broad application 
prospects in fields such as industry, transportation, and aerospace. 

New materials: Intergrating emerging material systems, including nanomaterials, green materials, 
and smart materials, significantly enhances the overall performance of vibration sensors. 
Nanomaterials such as graphene and carbon nanotubes, with their outstanding physicochemical 
properties, mechanical strength, and electrical characteristics, can boost device sensitivity and 
improve adaptability in extreme environments (e.g., high temperature, radiation, corrosion), meeting 
the long-term monitoring demands for aerospace and nuclear equipment [154,155]. Advanced 
biodegradable materials, such as cellulose nanocrystal/polylactic acid composites, match the 
performance of conventional plastics while substantially reducing electronic waste pollution 
[156,157]. Self-healing polymers endow sensing device with self-repairing functions, enabling the 
device to recover after severe damage [158]. TENG materials smartly achieve the utilization of 
vibration energy and self-powered monitoring of vibration signals through delicate design [125]. 

New manufacturing technologies: Breakthroughs in novel manufacturing technologies, including 
controlled composite processes, surface microstructural engineering, and additive manufacturing, 
are reshaping the vibration sensor development. Controlled composite technologies overcome the 
performance trade-offs of conventional composite material, enabling synergistic optimization of 
multi-capacities [159,160]. Surface microstructural engineering innovations (e.g., infrared thermal 
shaping, UV-pulsed cold processing, light-induced surface reconstruction) achieve precise 
microstructural control over shape-memory alloys, hydrogels, and liquid metals to improve micro-
vibration detectability [161]. Additive manufacturing techniques leverage flexible multi-dimensional 
structuring to fabricate integrated anisotropic sensing units [162,163]. These advances drive 
transformative innovations in material systems and structural designs, accelerating the sensor 
transition to high performance and miniaturization. 

Multi-sensor fusion strategy: Multi-sensor fusion technology relies on two core strategies to 
achieve precise perception and evaluation of the vibration systems. Heterogeneous sensor fusion 
modal integrates data from vibration sensors with different measurement principles (e.g., 
piezoelectric acceleration sensors, electromagnetic velocity sensors, and capacitance displacement 
sensors), overcoming single-sensor measurement limitations and enabling multi-perspective 
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reconstruction of the measured object’s vibration characteristics [109]. Cross-domain sensor fusion 
modal jointly processes multi-source data (e.g., acceleration, strain, temperature) reflecting 
equipment operating states [159,164]. This strategy can construct a multi-dimensional feature space 
that significantly improves the monitoring data accuracy and reliability, and endows the system with 
adaptive robust characteristics. 

Miniaturization and intelligentization: With the development of miniaturization technologies, such 
as MEMS, sensors and signal processing circuits can be integrated into tiny chips, featuring small 
size, light weight, power efficiency, mass production, and low costs [165]. They show great 
application potential in space-constrained fields like aerospace and biomedicine, providing 
innovative solutions for precision equipment monitoring and disease diagnosis and treatment 
[166,167]. Intelligent sensors, by integrating sensors with smart chips, can perform real-time 
processing on collected vibration signals, including signal transform, feature extraction, data 
comparison, and even performance prediction [168,169]. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

SNR signal-to-noise ratios 
E total energy 
A amplitude 
k elastic coefficient of the system 
NF natural frequency 
m mass of the block 
Ek kinetic energy 
Ep potential energy 
RMS root mean square 
x displacement of the mass block 
aₘₐₓ acceleration amplitude 
ω angular frequency 
MAPE mean absolute percentage error 
R2 coefficient of determination 
PZT lead zirconate titanate 
BTO barium titanate 
PVDF polyvinylidene fluoride 
Tc Curie temperature 
MEMS Micro-Electro-Mechanical Systems 
GO graphene oxide 
PI polyimide 
PVA polyvinyl alcohol 
NWs nanowires 
PDMS polydimethylsiloxane 
TENG triboelectric nanogenerator 
PTFE polytetrafluoroethylene 
CNF carbon nano fiber 
DC direct current 
SHM structural health monitoring 
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