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Abstract

Achieving sustainable structural health monitoring remains a critical challenge for intelli-
gent railway infrastructures, where distributed sensing networks require continuous power
supply and long-term maintenance. Although low-frequency railway bridge vibrations
simultaneously contain harvestable mechanical energy and structural state information, ex-
isting systems generally exploit these functionalities independently, resulting in increased
system complexity and limited energy utilization efficiency. Here, we present an integrated
triboelectric vibration energy harvesting and displacement monitoring device (THM) for
low-frequency railway bridge vibrations. By incorporating a quasi-zero-stiffness (QZS)
mechanism, the energy harvesting unit achieves an enhanced low-frequency response,
delivering an open-circuit voltage of 280 V, a short-circuit current of 28 µA, and a peak
power of 9 mW. The device charges a 22 µF capacitor to 4 V within 45 s under 1.5 Hz
excitation, demonstrating its capability to power low-power electronics. Simultaneously,
a freestanding triboelectric sensing unit enables real-time girder–pier displacement mon-
itoring, displacement-direction identification, and structural safety warning, exhibiting
excellent linearity (R2 = 0.9886) and stable operation over 20,000 cycles. This work provides
an integrated strategy for simultaneously harvesting energy and monitoring structural
displacement from low-frequency railway bridge vibrations, offering a promising route
toward self-sustained intelligent bridge health monitoring systems.

Keywords: triboelectric nanogenerator; self-powered sensing; vibration energy harvesting;
structural health monitoring; railway bridge

1. Introduction
Railway bridges are indispensable components of modern transportation networks,

ensuring efficient connections across rivers, seas, and mountainous regions while sup-
porting the rapid expansion of high-speed railway systems worldwide [1–3]. As bridge
spans continue to increase and structural configurations become increasingly sophisticated,
guaranteeing long-term operational safety and reliability has become a critical challenge in
railway infrastructure management [4,5]. During service, railway bridges are continuously
subjected to dynamic excitations induced by train passages, generating low-frequency
and small-amplitude vibrations throughout the entire structure [6–8]. These vibrations
not only reflect the operational state of the bridge but also contain valuable information
regarding structural integrity and potential damage evolution. In particular, the relative
displacement between girders and piers is widely recognized as a key indicator for eval-
uating load transfer behavior, structural stability, and service performance. Continuous

Inventions 2026, 11, 74 https://doi.org/10.3390/inventions11040074

https://crossmark.crossref.org/dialog?doi=10.3390/inventions11040074&domain=pdf&date_stamp=2026-07-23
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/inventions
https://www.mdpi.com
https://orcid.org/0000-0002-9167-1293
https://doi.org/10.3390/inventions11040074


Inventions 2026, 11, 74 2 of 14

monitoring of girder–pier displacement is therefore essential for the early identification of
structural abnormalities and the prevention of catastrophic failures [9]. To realize real-time
structural health monitoring, increasing numbers of distributed sensing nodes are being
deployed throughout railway bridge systems [10–12]. However, the long-term operation
of these monitoring networks remains heavily dependent on batteries or external power
supplies, leading to substantial maintenance costs, limited deployment flexibility, and re-
duced system sustainability. These challenges become even more pronounced in remote or
inaccessible bridge environments, where routine maintenance and battery replacement are
difficult to implement. Consequently, developing technologies capable of simultaneously
providing sustainable power supply and autonomous structural monitoring has become a
crucial requirement for next-generation intelligent bridge infrastructures.

Ambient bridge vibrations represent a ubiquitous and sustainable energy source that
can potentially power distributed monitoring systems. To exploit this resource, various
vibration energy harvesting technologies based on electromagnetic and piezoelectric conver-
sion mechanisms have been extensively investigated [13–16]. Although these technologies
exhibit attractive power generation capabilities, their performance is often compromised
under the low-frequency and small-amplitude vibration conditions characteristic of rail-
way bridges [17–19]. More importantly, conventional energy harvesters are primarily
designed for energy conversion and generally lack the capability to directly provide struc-
tural sensing information [20]. As a result, separate sensing modules are usually required,
increasing system complexity, installation costs, and maintenance requirements. Therefore,
an important challenge remains: how to efficiently utilize low-frequency bridge vibrations
not only as a sustainable energy source but also as an information carrier for structural
monitoring. The emergence of triboelectric nanogenerators (TENGs) provides a promising
pathway toward addressing this challenge [21–24]. By coupling contact electrification
and electrostatic induction, TENGs can simultaneously convert mechanical motions into
electrical energy and generate electrical signals that inherently reflect external mechanical
stimuli [25–30]. Benefiting from their lightweight structures, flexible configurations, high
sensitivity, and excellent adaptability to low-frequency mechanical excitations, TENGs
have attracted significant attention in energy harvesting, self-powered sensing, wearable
electronics, and intelligent infrastructure applications [31–34].

Recent studies have demonstrated the feasibility of triboelectric technologies for
bridge-related applications, including bridge vibration energy harvesting, girder settlement
monitoring [35–37], deformation sensing [38,39], and structural response detection [40,41].
For example, Tan et al. developed a bistable triboelectric nanogenerator capable of broad-
ening the low-frequency response bandwidth for bridge vibration energy harvesting [42].
Zhang et al. reported a triboelectric real-time sensing system for self-powered monitoring
of bridge dynamic responses through the integration of TENG sensing units and wireless
data acquisition modules [43]. These studies collectively verify the considerable potential
of triboelectric technologies in bridge structural health monitoring. Despite these advances,
existing triboelectric systems predominantly focus on either energy harvesting or struc-
tural sensing as independent functionalities. From the perspective of energy harvesting,
efficiently extracting electrical energy from railway bridge vibrations remains challeng-
ing because of their ultra-low-frequency and small-amplitude characteristics. From the
perspective of structural monitoring, most self-powered sensing systems are designed for
unidirectional motion detection or large-stroke displacement measurements, exhibiting
limited capability in resolving bidirectional micro-displacements under realistic bridge op-
erating conditions. More fundamentally, current triboelectric systems rarely exploit the dual
attributes of bridge vibrations as both energy sources and structural information carriers.
The integration of efficient low-frequency vibration energy harvesting and high-resolution
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displacement monitoring within a single triboelectric platform therefore remains largely
unexplored. Addressing this challenge is essential for developing sustainable, compact,
and intelligent structural health monitoring systems for future railway infrastructures.

Herein, we present an integrated triboelectric vibration energy harvesting and dis-
placement monitoring device (THM) for low-frequency railway bridge vibrations. Distinct
from existing independent energy harvesting or sensing systems, the THM is characterized
by three key advancements. First, by incorporating a quasi-zero-stiffness (QZS) mecha-
nism with linear elastic elements, the system achieves stiffness matching and enhanced
low-frequency response, enabling efficient harvesting of bridge vibration energy. The
energy harvesting unit delivers an open-circuit voltage of 280 V, a short-circuit current of
28 µA, a transferred charge of 225 nC, and a peak output power of 9 mW, demonstrating
its capability to power low-power electronic devices and wireless sensing nodes. Second,
we integrate a freestanding triboelectric sensing unit to achieve real-time girder–pier dis-
placement monitoring and direction identification, overcoming the limitations of previous
self-powered systems in concurrent multi-dimensional motion sensing. Finally, the THM
maintains high linearity and stable performance over long-term operation. Combined with
a LabVIEW-based visualization and warning interface, the proposed system enables simul-
taneous energy harvesting and structural monitoring within a unified triboelectric platform.
This work provides a practical strategy for transforming low-frequency railway bridge
vibrations into both electrical energy and structural information, offering a promising route
toward sustainable and intelligent railway bridge health monitoring systems.

2. Materials and Methods
2.1. Deployment and Structural Design of the THM

The overall architecture and operational principle of the railway bridge vibra-
tion energy harvesting and displacement monitoring device (THM) are illustrated in
Figure 1. To simultaneously utilize low-frequency bridge vibrations as both energy
sources and structural information carriers, the THM integrates an energy harvesting
unit and a displacement monitoring unit within a unified optical platform (YH-JM-K-06-06,
GANGZHOU YIHANG TECHNOLOGIES CO LTD, CHN, Ganzhou, China). The device
is installed at the girder–pier connection of railway bridges. The dimensions of the THM
(220 mm × 220 mm × 120 mm) are optimized to fit the pier-top platforms of standard rail-
way bridges, ensuring a compact design that avoids structural interference within the
bearing zone. It continuously harvests ambient vibration energy induced by train passage
and wind excitation while monitoring the relative displacement between the girder and
the pier in real time (Figure 1a). The THM mainly consists of a quasi-zero-stiffness (QZS)
mechanism, an energy harvesting unit, a displacement monitoring unit, and upper and
lower housing structures. The energy harvesting unit is designed to efficiently capture
low-frequency bridge vibrations, as shown in Figure 1b(i). A nonlinear QZS mechanism is
established by coupling a negative stiffness subsystem, composed of roller cams, horizontal
springs, and sliders, with a vertical spring. This stiffness-matching design significantly
reduces the effective natural frequency of the system, enabling resonance enhancement
under low-frequency bridge excitation. In addition, the roller-cam mechanism amplifies
the vibration displacement of the load-bearing platform while constraining the motion to a
single vertical degree of freedom. Consequently, the amplified motion periodically drives
the triboelectric layers into contact and separation, converting ambient vibration energy
into electrical energy through triboelectrification and electrostatic induction (Figure 1b(ii)).
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Figure 1. Structure and working principle of the railway bridge vibration energy harvesting and
displacement monitoring device: (a) Application scenario and installation location of the THM;
(b) (i) structural composition and (ii) working principle of the energy harvesting unit; (c) (i) structural
composition and (ii) sensing principle of the monitoring unit.

To simultaneously acquire structural state information, a freestanding triboelectric-
layer displacement monitoring unit is incorporated into the THM, as illustrated in
Figure 1c(i). The monitoring unit consists of a precision slider, a guide rail, centering
springs, and triboelectric electrode arrays. The upper housing is mechanically connected
to the bridge girder, whereas the lower housing is fixed to the pier. Relative displacement
between the girder and pier drives the slider to reciprocate along the guide rail through
a matched driving protrusion–groove structure. A fluorinated ethylene propylene (FEP)
film attached to the slider serves as the negative layer, while periodically arranged copper
electrodes function as the positive stator. As the FEP layer slides across the electrode
array, periodic charge redistribution is induced, generating electrical signals that directly
correspond to the displacement magnitude and motion direction of the bridge structure
(Figure 1c(ii)). Therefore, the THM establishes an integrated triboelectric platform capable
of simultaneously harvesting vibration energy and monitoring structural displacement.
By coupling vibration-to-electricity conversion with displacement sensing, low-frequency
railway bridge vibrations are utilized not only as sustainable energy sources but also as
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carriers of structural state information, providing a foundation for self-sustained structural
health monitoring.

2.2. Mechanical Analysis of the Energy Harvesting Unit

Figure 2 illustrates the structural design and non-linear dynamic characteristics of the
THM energy harvesting unit. The dimensionless force–displacement characteristic curves
reveal the low-stiffness properties of the quasi-zero-stiffness (QZS) mechanism near the
equilibrium position. By utilizing the negative stiffness element to compensate for the
system’s linear positive stiffness, this design effectively reduces the initial response fre-
quency and shifts the vibration response toward the lower range. Based on this, Figure 2a(i)
illustrates the working principle of the energy harvesting unit: when an external vertical
force fv is applied, the horizontal springs experience a corresponding spring force fh due
to compression, and the energy harvesting unit operates in the vertical contact-separation
mode to collect vibration energy in this direction. Based on the mechanical analysis of the
cam-roller-spring mechanism, the relationship between the applied force fv and the vertical
displacement x can be derived as follows:

f (x) = Mg − fv − 2 fh − tan θ (1)

Figure 2. Structural design and mechanical analysis of the THM energy harvesting system.
(a) (i) Energy harvesting process and (ii) schematic diagram of the contact-separation working
mode. (b) (i) Static mechanical analysis of the roller-cam mechanism, (ii) dimensionless force-
displacement characteristics, and (iii) time-displacement response of the system. (c) (i) Dynamic
mechanical analysis of the roller-cam mechanism, (ii) dimensionless stiffness-displacement character-
istics, and (iii) frequency response spectrum.

The vertical spring is compressed by a deflection ∆x to support the payload at the static
equilibrium position. Therefore, the relationship between the force f and the displacement
x is:
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f (x) = kvx − 2khx

1 +
δ − (r1 + r2)√
(r1 + r2)

2 − x2

 (2)

In order to further study the dynamic response of the THM energy harvesting unit, the
dimensionless non-linear vibration equation is used for numerical simulation. The system
parameters are non-dimensionalized to reveal the key characteristics of the THM energy
harvesting unit and simplify the analysis process. The non-linear vibration equation is
as follows:

d2x
dt2 + 2β

dx
dt

+ k0x + axn = F0 sin(ωt) (3)

Here, x is the dimensionless displacement of the system, k0 is the dimensionless linear
stiffness coefficient, α is the non-linear stiffness coefficient, β is the damping ratio, ω is the
dimensionless excitation frequency, and F0 is the dimensionless amplitude of the external
excitation force. The mass and damping parameters of the system are standardized in the
dimensionless form. Detailed derivations are provided in Equations (S1) to (S10) of the
Supplementary Materials.

Based on the mechanical equilibrium equations, Figure 2b(i) presents the force anal-
ysis model of the roller cams, horizontal springs, and vertical spring at the equilibrium
position, showing the interaction forces between components. Consequently, Figure 2b(ii)
characterizes the dimensionless force–displacement curves of the energy harvesting unit
under different horizontal spring pre-compressions δ. As the pre-compression increases,
the slope of the curve near the equilibrium position gradually approaches zero, which
demonstrates typical quasi-zero stiffness characteristics. This indicates that the system
stiffness can be effectively modulated by adjusting the pre-compression of the horizontal
springs. Figure 2b(iii) illustrates the time-history displacement response of the THM energy
harvesting unit under external excitation. The analysis reveals that the system exhibits
non-linear oscillation behavior under low-frequency excitation. The displacement response
shows transient fluctuations at the initial stage, followed by a stable steady-state vibration
mode after a non-linear transition process. The periodic characteristics of the displacement
signal demonstrate the low-frequency resonance mechanism of the system, where the am-
plitude increases when the external excitation frequency approaches the natural frequency
of the system.

Figure 2c(i) illustrates the force model of the load-bearing (Mg) relative to the static
equilibrium position under the external excitation force ( fv). By optimizing the geometric
dimensions of the load-bearing platform and the upper and lower housing structures, it
is ensured that the roller remains in continuous contact with the roller cams throughout
the movement. Figure 2c(ii) depicts the dimensionless horizontal springs characteristics
under different horizontal spring pre-compressions (δ). The total stiffness of the system is a
combination of the negative stiffness provided by the horizontal spring and the positive
stiffness of the vertical spring. When the pre-compression is high (δ = 0.8), the negative
stiffness component dominates, causing the system to exhibit negative stiffness charac-
teristics near the static equilibrium position. Conversely, for a smaller pre-compression
(δ = 0.3), the system exhibits positive stiffness. When the pre-compression parameter is set
to a value of 0.5, the system achieves the quasi-zero-stiffness (QZS) state near the equilib-
rium position (Figure S1, Supplementary Materials). The wire diameter of the horizontal
spring fundamentally governs the output performance by modulating the total system
stiffness. Specifically, the wire diameter determines the horizontal stiffness k0, which in
turn regulates the magnitude of the negative stiffness provided by the roller-cam mech-
anism. Experiments demonstrate that when the wire diameter is 0.8 mm, the negative
stiffness perfectly offsets the positive stiffness of the vertical spring, driving the system
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into the QZS state. As shown in Figure 2c(iii), this state significantly reduces the natural
frequency of the THM, facilitating the harvesting of low-frequency excitation (1–3 Hz)
from railway bridge vibrations. To further clarify the physical mechanism underlying
the continuous generation of electrical signals by the THM, COMSOL Multiphysics 6.4 is
employed to simulate the potential distribution during the separation of the triboelectric
layers (Figure S2, Supplementary Materials). The simulation results demonstrate that the
potential difference between the two electrodes increases systematically as the gap between
the triboelectric layers widens. This dynamic evolution of the potential distribution aligns
well with the principle of electrostatic induction, which strongly validates the feasibil-
ity of achieving continuous electromechanical energy conversion through reciprocating
contact-separation motion.

3. Results and Discussion
3.1. Output Characteristics of the Energy Harvesting Unit

To further investigate the influence of spring stiffness and excitation frequency on the
performance of the THM, a comprehensive experimental platform is developed, which
incorporates capabilities for low-frequency vibration simulation and signal acquisition.
The output performance of the THM energy harvesting unit under various excitation
frequencies and spring stiffnesses is evaluated, and the experimental results are presented
in Figure 3. By adjusting the wire diameter of the horizontal springs (0.5–0.9 mm), the influ-
ence of stiffness matching on the energy harvesting efficiency of the THM under excitation
frequencies of (1–3 Hz) is investigated (amplitude: 15 mm). The excitation frequencies
and amplitudes used in our experiments are based on the operational characteristics of
railway bridges. Initially, with the horizontal springs diameter fixed at 0.8 mm, the output
performance at different frequencies is shown in Figure 3a. As the excitation frequency
increases from 1.0 Hz to 2.5 Hz, the open-circuit voltage (Voc), transferred charge (Qsc),
and short-circuit current (Isc) of the system exhibit a significant increasing trend. How-
ever, when the excitation frequency further increases to 3 Hz, the performance, which is
primarily limited by the mechanical response frequency and the effective contact stroke,
declines. Under this condition, the triboelectric layers fail to achieve sufficient contact and
separation, leading to a reduction in the effective induced charge.

Subsequently, to further determine the optimal system stiffness, the influence of the
horizontal spring wire diameter on the output characteristics is discussed at a frequency
of 2.5 Hz. As shown in Figure 3b, the output performance reaches its peak when the
wire diameter is 0.8 mm, with the maximum Isc, Qsc, and Voc reaching 28 µA, 225 nC,
and 280 V, respectively. The experimental data indicate that when the wire diameter
is small (0.6 mm), the system stiffness is insufficient, leading to weak contact pressure.
Conversely, an excessive diameter (0.9 mm) limits the mechanical response speed. Any
stiffness configuration deviating from the optimal value limits either the effective contact
area or the response speed. Therefore, a wire diameter of 0.8 mm achieves the optimal
balance between charge transfer and damping characteristics, serving as the key parameter
for ensuring the superior performance of the quasi-zero stiffness mechanism. To further
clarify the interaction between physical parameters, Figure 3c illustrates the coupling effect
of excitation frequency and horizontal spring stiffness on the performance of the THM.
The experimental results indicate that the output of the energy harvesting unit increases
with frequency within the range of 1–2.5 Hz. Regarding stiffness, the output performance
follows a trend of increasing followed by decreasing as the horizontal spring wire diameter
increases. Specifically, as the horizontal spring diameter increases from 0.6 mm to 0.8 mm,
the negative stiffness effect offsets the positive stiffness of the system, which enhances the
resonance response and improves the energy harvesting performance. However, as the
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wire diameter further increases to 0.9 mm, the excessive horizontal restoring force increases
the system motion impedance, limiting the effective contact between the triboelectric layers
under the fixed excitation amplitude. Therefore, the 0.8 mm wire diameter provides the
optimal balance between maintaining quasi-zero-stiffness characteristics and dynamic
responses, which ensures the peak performance of the mechanism.

Figure 3. Output performance characterization of the THM under various excitation frequencies
and spring stiffnesses. (a) Influence of excitation frequency on (i) short-circuit current, (ii) trans-
ferred charge, and (iii) open-circuit voltage at a wire diameter of 0.8 mm. (b) Influence of spring
wire diameter on (i) short-circuit current, (ii) transferred charge, and (iii) open-circuit volage at
a frequency of 2.5 Hz. (c) Three-dimensional mapping of (i) short-circuit current, (ii) transferred
charge, and (iii) open-circuit voltage under various combinations of excitation frequency and spring
wire diameter.

Figure 4 systematically characterizes the energy conversion performance, load match-
ing behavior, and operational stability of the THM under complex working conditions.
Figure 4a displays the stress distribution of the THM in a railway bridge scenario. Re-
garding energy storage and practical verification, as shown in Figure 4b(i), the system
charges a storage capacitor via a rectifier circuit. Under an excitation of 1.5 Hz and 15 mm,
the THM charges a 22 µF capacitor to 4 V within 45 s, which demonstrates the capa-
bility to power wireless sensor nodes. The power supply demonstration is provided in
Supplementary Materials Video S1. Regarding load matching, as shown in Figure 4b(ii),
the variation in the output performance with load resistance is investigated under an
excitation frequency of 1.5 Hz and an amplitude of 10 mm. As the external load resistance
increases, the output current decreases, while the output power exhibits a distinct peak.
The maximum output power of the system is measured at approximately 9 mW, which
demonstrates a favorable performance compared to similar devices, indicating the energy
harvesting capability of the THM. The vibration state of railway bridges is dynamic. There-
fore, to evaluate environmental adaptability, the output performance of the THM under two
modes of continuous variable-frequency and variable-amplitude excitation is tested, with
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results presented in Figure 4c,d. Working condition 1 (frequency: 0.5–1.5 Hz, amplitude:
5–10 mm) and working condition 2 (frequency: 0.5–1.5 Hz, amplitude: 10–20 mm) are
employed. Under these alternating excitation conditions, the short-circuit current and
transferred charge of the device maintain a stable output despite excitation fluctuations.
The analysis indicates that the THM exhibits sensitivity to frequency fluctuations. These
experimental results verify the environmental adaptability of the THM under broadband
and variable-amplitude excitation, providing an experimental basis for its application in
practical bridge engineering.

Figure 4. Output performance characterization of the THM under continuous variable–frequency and
variable–amplitude excitation. (a) Schematic diagram of the THM installation. (b) Energy harvesting
performance: (i) charging curves for different capacitors, and (ii) dependence of short–circuit current
and peak power on external load resistance. (c) Output characteristics under Working condition 1:
(i) excitation profile, (ii) short–circuit current, and (iii) transferred charge. (d) Output characteristics
under Working condition 2: (i) excitation profile, (ii) short–circuit current, and (iii) transferred charge.

3.2. Output Characteristics of the Displacement Monitoring Unit

To address the real-time perception demand for relative displacement between bridge
piers and girders, a displacement monitoring unit featuring a grating structure is designed.
Its structure, working principle, and output characteristics are illustrated in Figure 5. The
core structure is depicted in Figure 5a(i): the precision slider is mounted on a guide rail
and moves freely along it. An FEP film is attached to the precision slider surface as
the electronegative triboelectric layer, while an array of equidistant copper electrodes is
arranged on the stator. Centering springs are installed on both sides of the slider to return it
to the initial position once the displacement excitation is removed. Figure 5a(ii) shows the
relative arrangement of the stator and the precision slider, with an arched FEP film attached
to the precision slider to ensure robust contact. Figure 5a(iii) details the interdigital Cu
electrode configuration on the stator. This design aims to maximize the effective contact area
between the triboelectric layers and enhance the contact pressure via the elastic recovery
force of the film, which significantly improves the charge transfer efficiency.
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Figure 5. Structure, working principle, and output performance of the THM displacement monitoring
unit. (a) Structural design: (i) schematic of the monitoring unit, (ii) relative arrangement of the
stator and precision slider, and (iii) photograph of the interdigital stator electrodes. (b) Schematic
diagram of the charge transfer mechanism. (c) Output response under various excitation amplitudes:
(i) short-circuit current, (ii) transferred charge, and (iii) open-circuit voltage.

Figure 5b illustrates the charge transfer process of the displacement monitoring unit.
As the precision slider drives the FEP film to slide across the copper electrodes, the relative
motion between the film and the electrodes induces periodic alternating charge transfer,
thereby generating a continuous current signal. The number of peaks in the output electrical
signal maintains a linear relationship with the precision slider displacement. By counting
these peaks, the real-time displacement between the pier and the girder can be accurately
determined, facilitating the identification of the sensing signal. In the structural design,
a grating electrode structure (with an electrode width and gap of 1 mm each) is adopted,
allowing the precision slider to generate a complete electrical signal cycle for every 2 mm
of movement. This configuration enables the high-resolution acquisition of real-time
relative displacement information for the bridge structure. This study investigates and
compares the response characteristics of voltage, current, and charge signals under a
1 Hz and 10 mm harmonic excitation. As shown in Figure 5c, the measured peak short-
circuit current, transferred charge, and open-circuit voltage are 100 µA, 0.7 nC, and 2 V,
respectively. To verify the repeatability of these measurements, multiple tests are performed,
demonstrating high consistency and reinforcing the reliability of the experimental data.
The experimental results demonstrate that the voltage signal exhibits excellent stability and
periodic characteristics, with a waveform that effectively tracks the dynamic mechanical
displacement. Compared with current and charge signals, the voltage signal provides a
superior amplitude response, which facilitates signal feature extraction and processing for
subsequent circuitry. Therefore, the open-circuit voltage is identified as the optimal sensing
signal for characterizing the relative displacement between pier and girder. These results
verify that the THM concurrently performs energy harvesting and displacement sensing
under broadband excitation, providing a reliable technical solution for the structural health
monitoring of railway bridges.
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3.3. Application Demonstration of the THM

Figure 6 illustrates the experimental characterization and application demonstration
of the THM, covering the experimental platform, displacement fitting, direction discrimi-
nation, safety warning, and durability assessment. To verify the real-time displacement
monitoring capability of the THM, an integrated experimental system is constructed, as
shown in Figure 6a. This system comprises the THM prototype and a digital interactive
interface, which integrates data visualization with real-time safety monitoring. The inter-
face dynamically presents the motion trajectory and real-time displacement indicators of
the bridge pier and girder. Furthermore, the system incorporates a safety threshold-based
warning mechanism: when the real-time displacement exceeds the preset threshold, a
‘Warning’ indicator is triggered immediately, demonstrating the high responsiveness and
intuitive nature of the displacement monitoring unit. In order to evaluate the monitoring
accuracy of the displacement monitoring unit, the number of signal peaks measured by
the prototype experiment is linearly fitted with the actual displacement, and the results
are shown in Figure 6b. The fitting curve shows a high degree of consistency, and the
coefficient of determination (R2) is 0.9886.

Figure 6. Experimental characterization and application demonstration of the RB-VECM displace-
ment sensing system. (a) Photograph of the experimental test platform. (b) Correlation between the
measured displacement and the actual displacement. (c) Real-time voltage signals demonstrating
phase differences for different motion directions: (i) rightward shift and (ii) leftward shift. (d) In-
terface for setting the security warning threshold. (e) Durability test results of the monitoring unit
under continuous operation.

The upper shell of the monitoring unit is anchored to the bridge and connected
to the slider, while the lower shell, equipped with integrated stator electrodes, is fixed
to the pier. By acquiring voltage signals from two distinct units, the system achieves
precise identification of displacement vectors, including both displacement magnitude
and direction. As illustrated in Figure 6c(i,ii), the motion direction is determined by the
phase difference between the two signal sets: when the prototype moves to the right,
the right unit reaches the 3.4 V peak first, with the left signal lagging by approximately
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0.5 s; conversely, the left unit signal leads during leftward motion. By correlating the
signal-triggering sequence with a pulse-counting algorithm, the relative displacement
between the pier and the girder can be quantitatively determined. In practical engineering
applications, specific risk levels are defined based on bridge displacement, enabling the
implementation of corresponding emergency measures. As shown in Figure 6d, the THM
system is designed to trigger an alarm once the monitored displacement exceeds 10 mm.
Finally, a durability test is conducted to evaluate the long-term reliability of the system
under simulated engineering environmental conditions. As presented in Figure 6e, the
output voltage decreased from 168 V to 154 V after 20,000 continuous operation cycles,
corresponding to a performance retention rate of 91.7%. This marginal voltage attenuation
is primarily attributed to the frictional wear at the interfaces. These results confirm the
practicability and stability of the THM, providing robust experimental validation for its
reliable long-term operation in complex rail transit environments.

4. Conclusions
In this work, an integrated triboelectric vibration energy harvesting and displacement

monitoring device (THM) was developed for low-frequency railway bridge vibrations.
By incorporating a quasi-zero-stiffness (QZS) mechanism into the energy harvesting unit,
efficient low-frequency vibration energy conversion was achieved, enabling enhanced
response under bridge vibration conditions. The device delivered an open-circuit voltage
of 280 V, a short-circuit current of 28 µA, a transferred charge of 225 nC, and a peak output
power of 9 mW. Furthermore, the harvested energy was successfully stored in capaci-
tors and utilized to power low-power electronic devices, demonstrating its potential as a
sustainable energy source for distributed bridge monitoring systems. Simultaneously, a
freestanding triboelectric sensing unit was developed to monitor the relative displacement
between bridge girders and piers. Through voltage signal analysis, the system enabled
real-time displacement tracking, displacement-direction identification, and structural safety
warning. The monitoring unit exhibited excellent linearity (R2 = 0.9886) and maintained
stable performance over 20,000 operation cycles, confirming its reliability for long-term
structural monitoring. More importantly, this work demonstrates an integrated strategy for
simultaneously utilizing low-frequency railway bridge vibrations as both energy sources
and structural information carriers within a unified triboelectric platform. By coupling
vibration energy harvesting with structural displacement monitoring, the proposed THM
provides a practical route toward self-sustained and intelligent railway bridge health moni-
toring systems, offering broad prospects for future smart infrastructure applications. Future
development of the THM device will focus on optimizing the mechanical and material
parameters to further enhance power generation performance. Furthermore, we intend
to integrate multi-modal sensing modules into the existing architecture, transforming the
THM into a more versatile, self-powered sensing node. This advancement will facilitate the
construction of a comprehensive, intelligent monitoring framework for critical infrastruc-
ture, ultimately supporting the shift toward fully autonomous and sustainable structural
health monitoring systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inventions11040074/s1, Figure S1: Static analysis diagram of
cam and roller; Figure S2. Electric field simulation of TENG unit separation process; Video S1:
Power supply demonstration for temperature and humidity sensor; Video S2: Bridge early warning
demonstration video.
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