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Abstract

To address the waste of mechanical energy from suspension vibrations during vehicle
operation, this study proposes a vehicle suspension vibration energy harvester based on
the piezoelectric effect and nonlinear magnetic coupling. It aims to recover the mechanical
energy generated by suspension vibrations in the course of vehicle operation. The device
adopts a multi-cantilever beam array structure. Permanent magnets are symmetrically
arranged on the free ends of cantilevers and suspension springs, which enables non-contact
excitation and system frequency regulation. It converts mechanical energy into electrical
energy by virtue of the direct piezoelectric effect. A finite element simulation model
was developed in the study. A dedicated vibration test platform was also constructed.
Experimental results show the following performance: Under the operating conditions
of 16.75 Hz excitation frequency and 10 kΩ load resistance, a single cantilever beam can
generate a peak voltage of 9.59 V. Its maximum output power reaches 7.67 mW. Under
simulated Class D road conditions and at a vehicle speed of 90 km/h, the array made up of
eight cantilever beams delivers a total output power of 414.37 mW. This study provides a
viable technical solution for vehicle suspension vibration energy recovery. It promotes the
full utilization of wasted energy, and it is of great significance for advancing sustainable
development in the transportation sector.

Keywords: vehicle vibration; nonlinear magnetic coupling; frequency tuning; finite ele-
ment simulation

1. Introduction
With the rapid development of the automotive industry, coupled with the increasingly

urgent issues of energy and environmental sustainability, enhancing energy utilization
efficiency and achieving sustainable development have become critical research priorities.
Within the research context of New Energy Vehicles (NEVs), challenges such as limited
driving range underscore the urgent need to explore effective energy recovery technolo-
gies. During vehicle operation, a significant amount of mechanical energy is dissipated
as vibrations through the suspension system, which has conventionally been regarded
as waste energy. However, advancements in energy harvesting technologies, such as
piezoelectric and electromagnetic technologies [1–4], have created opportunities to con-
vert such wasted vibrational energy into usable electrical power. In particular, vibration
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energy harvesting (VEH) systems based on nonlinear magnetic coupling and structural op-
timization are capable of effectively capturing broadband vibrational energy and achieving
high-efficiency electromechanical conversion without significantly compromising dynamic
vehicle performance. This technology not only contributes to reductions in the overall
energy consumption of vehicles and prolonged battery lifespan but also offers a promising
pathway toward environmentally friendly transportation systems, thereby demonstrating
significant research value and application potential.

To date, research on vehicle vibration energy recovery has primarily evolved along
two technical pathways: regenerative suspension systems [5,6] and piezoelectric energy
harvesting. Mohamed A. A. Abdelkareem [7] reviewed the technical advances in regen-
erative vehicle suspension systems, providing a detailed comparison of the performance
characteristics and application boundaries of different energy recovery systems, such as
electromagnetic, hydraulic, and piezoelectric types, and outlined future research directions.
In addition, Yao M [8] developed a nonlinear electromagnetic energy harvester specifically
for automotive suspensions, thoroughly investigating the influence of key structural pa-
rameters on the energy output characteristics. This study provided a theoretical foundation
for the optimal design of the system. Taghavifar H [9] proposed a hybrid electromagnetic
suspension system that operates independently of any switching control strategy. The
study investigated the influence of various variables on the maximum utilizable energy
of the suspension system while maintaining ride comfort. To further enhance system
performance, Hajidavalloo M R [10] developed a ball screw-based idler pendulum damper
and evaluated the effects of various control algorithms in improving ride comfort and
energy harvesting efficiency. Another stream of research focuses on the improvement of
suspension structure. Xie [11] proposed a damping-tunable vehicle energy-harvesting
shock absorber with multiple controllable generators. It aims to address two key issues of
traditional hydraulic shock absorbers: vibration energy dissipation and fixed damping. By
adopting a ball-screw and gear transmission, the device converts suspension vibration into
the rotational motion of generators. Damping adaptation and energy recovery are achieved
by controlling the number of activated generators and fine-tuning the adjustable resistor.
MTS tests verify its flexible damping adjustment and stable electrical output performance.
Building on this work, Wang [12] further proposed a high-efficiency regenerative shock
absorber with a dual ball-screw transmission. Both designs utilize mechanical structures
to transform the reciprocating motion of the suspension into the unidirectional rotational
output of generators. This significantly enhances energy conversion efficiency. Their po-
tential to extend the driving range of electric vehicles has also been validated through
real-vehicle experiments.

Meanwhile, piezoelectric energy harvesting technology, as another major technical
pathway, demonstrates significant potential in the field of micro-scale power sources due
to its flexible configuration and ease of fabrication and has attracted considerable research
attention [13–18]. This technology also offers a unique approach to vehicle vibration energy
recovery. Several scholars have applied this technology to automotive vibration energy
harvesting. For instance, AL-Najati I [19] optimized a novel single-end-cap tire strain piezo-
electric energy harvester, aiming to power the Tire Pressure Monitoring System (TPMS) [20].
Li Y [21,22] designed a cantilever beam-based piezoelectric energy harvesting device driven
by dual gears with automatic switching functionality. By converting linear motion into
rotational motion and incorporating a proposed virtual vibrational displacement filtering al-
gorithm with an adjustable gear-pitch design, the energy-capture efficiency was effectively
enhanced. Furthermore, to achieve integrated vibration control and energy recovery, Liu
C [23] proposed a quasi-zero-stiffness vibration isolation-energy harvesting integrated seat
suspension system based on piezoelectric buckling beams. The system utilizes horizontally
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arranged Euler piezoelectric buckling beams to provide negative stiffness, which are paral-
leled with vertical positive stiffness springs to achieve low-frequency broadband vibration
isolation and high-static-load support. Additionally, piezoelectric materials attached to the
beam surfaces convert mechanical vibrations into electrical energy. Building on this concept,
Ying Tuo [24] achieved low-frequency vibration isolation and energy recovery through
a similar parallel positive–negative stiffness mechanism. The modeling framework was
extended from a single-degree-of-freedom system to a multi-degree-of-freedom coupled
system that better aligns with the dynamic characteristics of practical vehicle seats, thereby
bringing the technology closer to practical implementation.

In addition, algorithmic advancements and refined modeling serve as key enablers for
the improvement of vehicle energy utilization efficiency. Samieiyan [25] et al. developed
the Adaptive Neuro-Fuzzy Inference System (ANFIS), which integrates the adaptability of
neural networks with fuzzy logic. Validated using the NGSIM dataset, this system reduces
fuel consumption by up to 4.4% compared to fuzzy logic and metaheuristic optimization
techniques. It offers an efficient algorithmic approach to optimizing energy allocation under
dynamic driving conditions. Almaazmi [26] et al. developed the explainable federated
learning (XFL) framework. It integrates distributed learning with XAI techniques (LIME
and SHAP). While safeguarding data privacy, the framework achieves a prediction accuracy
of 94.73% for energy consumption and 99.83% for traffic density. Nold and Corman [27]
proposed a four-level energy-loss modeling approach for railway vehicles. This approach
demonstrates the significant impact of nonlinear losses on energy-optimal trajectories.
Compared with simplified models, its refined modeling achieves an additional 2–4%
energy-saving gain. It offers general modeling insights for energy-loss quantification and
efficiency optimization of transportation vehicles.

Despite significant progress, most regenerative suspension systems still face numerous
challenges. Issues such as increased system complexity, the introduction of additional mass,
limited dynamic response, and difficulties in integration with existing vehicle suspension
systems may adversely affect overall dynamic vehicle performance and consequently com-
promise the damping performance of the suspension. These factors have hindered the
large-scale commercial adoption of this technology. While piezoelectric energy harvest-
ing technology demonstrates promising application prospects in vehicle vibration energy
recovery, it still exhibits certain limitations. The main issue arises from the mismatch
between the inherently high resonant frequency of piezoelectric materials and the pre-
dominantly low-frequency vibration environment commonly encountered during vehicle
operation. This frequency mismatch significantly reduces energy harvesting efficiency
under low-frequency excitation, thereby restricting the effective energy-capture capability
of this technology in vehicle applications.

This paper presents a piezoelectric energy harvester specifically tailored for vehicular
suspension systems, aimed at enhancing its energy-capture efficiency under vibrational
conditions. The core design involves integrating permanent magnets at the end of the
cantilever beam to effectively reduce the system’s natural frequency and mounting perma-
nent magnets onto the vehicle suspension coil spring, thereby broadening the response
bandwidth and enhancing energy harvesting performance under typical vehicle excitation
conditions. This design harnesses the suspension vibrations generated during vehicle oper-
ation to excite the energy harvester via the nonlinear magnetic attractive forces produced
between the permanent magnets. To validate the reliability of the system, the variation of
the attractive magnetic force with vertical distance under different initial horizontal gaps
was first investigated. Through a comparative analysis of the attractive magnetic force and
the elastic restoring force of the cantilever beam, the feasibility of this excitation mechanism
was verified. Subsequently, a quarter-vehicle two-degree-of-freedom (2-DOF) suspension
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model was established to investigate the dynamic response characteristics of the suspension
under various road conditions and driving speeds. Finally, the variation characteristics of
the output voltage and power of the energy harvester with respect to vibration frequency
and load resistance were systematically investigated. The variations in output voltage
and power as a function of road excitation level and vehicle speed were quantitatively
analyzed. By virtue of this scheme, the dissipated vibrational energy generated during
vehicle operation can be efficiently captured, offering a feasible and novel pathway for
enhancing the energy utilization efficiency of vehicles. Comparison of Representative
Studies on Vehicle Suspension Vibration Energy Harvesting Technologies: A comparison
of representative studies on vehicle suspension vibration energy harvesting technology is
presented in Table 1.

Table 1. Comparison of representative studies on vehicle suspension vibration energy harvesting
technologies.

Research Team Core Method Key Features

Xie 2017 [11] Damping-tunable energy harvesting
vehicle shock absorber

Adopts ball-screw and gear transmission; realizes
damping adaptation and energy recovery by

controlling the number of activated generators.

Liu C 2021 [23]
Quasi-zero-stiffness vibration
isolation-energy harvesting
integrated seat suspension

Uses horizontally arranged Euler piezoelectric
buckling beams to provide negative stiffness,

achieving low-frequency vibration isolation and
energy recovery.

Yao M 2022 [8] Design of nonlinear electromagnetic
energy harvester

Developed for automotive suspensions;
systematically analyzes the influence of structural

parameters on energy output characteristics.

This Study
Nonlinear magnetic coupling

multi-cantilever-beam piezoelectric
energy harvester

Non-contact magnetic excitation tunes the natural
frequency of the system to match low-frequency
vehicle vibrations. Multi-cantilever-beam array

structure features high integration without increasing
suspension load.

Section 2 describes the structure and operating principle of the designed energy
harvesting device and validates its feasibility. Section 3 establishes the dynamic vibration
model and the electromechanical coupling model of the system. Section 4 systematically
analyzes the variations in output voltage and power with vibration frequency and load
resistance and quantitatively investigates the output performance under different road
excitation levels and vehicle speeds. Section 5 summarizes the main research contributions
of the work.

2. Design, Working Principle, and Feasibility Analysis of the Energy
Harvesting Device

This section begins by describing the core design and working principle of the vibration
energy harvesting device, followed by a theoretical and simulation-based analysis to verify
the feasibility of the proposed design.

2.1. Structural Design and Working Principle

This paper presents a piezoelectric energy harvester designed for vibrational energy
recovery in vehicle suspension systems. The core structure of the device comprises an array
of eight cantilever beams aligned axially (x-direction) and sixteen permanent magnets,
all encapsulated within a cylindrical housing rigidly connected to the vehicle body. The
root of each cantilever beam is fixed to the inner wall of the housing, with its free end
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integrated with a permanent magnet mass. The permanent magnets adopted in this design
are N40-grade NdFeB magnets (supplied by Ningbo Yunsheng Co., Ltd., Ningbo, China),
with a diameter of 10 mm, height of 4 mm, residual magnetism (Br) of 1.28–1.32 T, coercive
force (Hcb) ≥ 955 kA/m, and maximum energy product ((BH)max) of 293–318 kJ/m3.
These performance parameters ensure a stable nonlinear magnetic coupling force to drive
the deformation of the cantilever beam.

Correspondingly, an additional set of permanent magnets is symmetrically mounted
on the vehicle suspension coil spring (adapted to the MacPherson independent suspension,
supplied by Wanxiang Qianchao Co., Ltd., Hangzhou, China). The suspension coil spring
has a wire diameter of 12 mm, a central diameter of 80 mm, an effective number of turns of
8, and a stiffness of 16,000 N/m, forming a nonlinear magnetic attractive coupling with
the permanent magnet mass at the tip of each cantilever beam. As shown in Figure 1,
this design addresses critical issues faced by conventional nonlinear energy harvesters,
including their limited adaptability to complex and variable vibrational environments due
to a reliance on unidirectional excitation responses, as well as the low energy conversion
efficiency of conventional cantilever structures. The latter issue stems from a natural
frequency significantly higher than the ambient excitation frequency within the ultra-low-
frequency spectrum typical of vehicle vibrations. By integrating a mass block at the free
end of the cantilever beam, the overall equivalent mass and stiffness of the system are
effectively reduced, thereby significantly lowering the natural frequency and promoting
a shift of the resonance peak toward the lower frequency region. This tuning mechanism
aligns with the vibrational frequency characteristics of vehicle suspension systems, as
Sun [28] et al. highlighted that the human body is highly sensitive to 4–8 Hz vertical
vibrations (consistent with ISO 2361 From the ISO 2361 [28], the human body is much
sensitive to vibrations of 4–8 Hz in the vertical direction.) and that finite frequency-targeted
optimization outperforms full-frequency-domain control in suppressing relevant vibrations,
while Zhang et al. [29]. revealed, via evolutionary power spectral density (EPSD) analysis,
that suspension resonant frequencies form a dynamic frequency domain (DFD) that shifts
toward lower ranges with increasing vehicle speed. This frequency-tuning mechanism
enables highly efficient matching between the resonance frequency of the energy harvester
and the actual vibrational spectrum of vehicles, thereby fundamentally enhancing the
device’s energy capture performance in low-frequency vibrational environments.

  
(a) (b) 

Figure 1. Structural design of the energy harvester: (a) suspension structure diagram; (b) diagram of
the energy harvesting device structure.

Figure 2 illustrates the operating mechanism of the energy harvester, which functions
through the collaborative interaction between the electrical and structural domains. The
structural domain is centered on a cantilever beam, with an attached mass at its free end to
modulate the natural frequency, while the electrical domain consists of a PZT-5H piezoelec-
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tric ceramic patch bonded to the upper surface of the beam. The core operational principle
of the system lies in the electromechanical coupling effect. In the static state, the two
permanent magnets are horizontally aligned to ensure that the initial magnetic coupling
force is in a stable linear interval, avoid pre-bending deformation of the cantilever beam
caused by excessive static magnetic attraction, and ensure that the nonlinear characteristics
of the magnetic coupling force are controllable during dynamic excitation [30]. When exter-
nal excitation, such as suspension vibration generated during vehicle operation, induces
vibration of the beam, the permanent magnet corresponding to the one at the free end of
the cantilever moves following the suspension vibration. The magnetic force generated
between the two permanent magnets causes repeated bending deformation of the beam.
This mechanical deformation directly induces strain in the PZT-5H piezoelectric patch
attached to the beam, which subsequently converts the mechanical strain into electrical
charge output through the direct piezoelectric effect, thereby transforming mechanical
energy into electrical energy.

 

Figure 2. Schematic diagram of the energy harvester.

In addition, the piezoelectric ceramic patch bonded to the cantilever beam surface
is PZT-5H (supplied by Baoji Tianbo Electronic Materials Co., Ltd., Baoji, China), with
dimensions of 60 mm × 20 mm × 0.2 mm, an electromechanical coupling coefficient (Kp)
of 0.68, and a piezoelectric constant (d31) of 320 × 10−12 C/N, which ensures efficient
conversion of mechanical strain into electrical energy.

2.2. Feasibility Analysis

In the designed vibrational energy harvesting system, the nonlinear magnetic coupling
force between the cylindrical permanent magnet integrated at the end of the piezoelectric
cantilever beam and the permanent magnet mounted on the suspension coil spring serves
as the core excitation mechanism. The initial gap distance plays a critical role as a key
design parameter of the mechanism. When the initial gap distance is excessively large, the
coupling strength between the magnets attenuates significantly. As a result, under external
excitation along the z-axis, the vibration amplitude of the cantilever beam is suppressed,
thereby substantially reducing the electrical output power generated by the piezoelectric
transduction layer. Conversely, if the initial gap distance is too small, the attractive force
generated between the magnets will significantly exceed the elastic restoration force thresh-
old of the cantilever beam. Such a mechanical imbalance would lead to a complete loss of
functionality in the energy harvester.
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To investigate the relationship between the interaction force of cylindrical permanent
magnets and the gap distance, a finite element model was developed using the COMSOL
Multiphysics 6.2 platform. The model adopts the Magnetic Fields, No Currents physics
interface, which is dedicated to simulating static magnetic field distributions and magnetic
force interactions between permanent magnets without external current excitation. The
model comprises two cylindrical N40-grade NdFeB magnets of identical dimensions (diam-
eter: 10 mm; height:4 mm), with their magnetization direction defined as the axial direction
(z-axis), consistent with the actual installation orientation of the magnets in the energy
harvester. The initial gap distance defined as s. In this model, the left magnet is fixed as a
constraint, while the right magnet is subjected to a displacement excitation along the z-axis
(for a specified gap distance s). The computational domain was set to include the magnet
region and the surrounding air domain, with a far-field boundary condition applied to the
outer surface of the air domain to simulate the infinite extension of the magnetic field and
eliminate boundary reflection effects. Figure 3a displays the meshed model of the magnet
system, including the enclosing air domain, while Figure 3b presents the computed contour
plot of magnetic flux density, which is utilized to evaluate the interaction force between
the magnets.

(a) (b) (c)

Figure 3. Finite element simulation: (a) mesh diagram; (b) magnetic flux density distribution; (c) the
magnitude of the magnetic flux density.

To validate the accuracy of the developed finite element model, this study selected
representative methods for comparison based on a literature review. Akoun [31] first
proposed the complete analytical expression for the force between magnets, which was
further applied to the design of magnetic devices. Furlani [32] derived the expression for
the axial force between magnetic disks by using the charge model. Under the condition
of uniform magnetization, Vokoun [33] et al. presented the expression for the axial force
between two transversely moving cylindrical magnets. Avvari et al. [30] expressed the axial
and lateral forces between cylindrical magnets in the form of integrals, which were then
used to investigate piezoelectric energy harvesters. Among various analytical approaches
for calculating the interaction forces between permanent magnets, Avvari et al. [30] derived
expressions for both axial and lateral forces between cylindrical magnets through an integral
formulation, which demonstrated high consistency with experimental measurements.
Figure 4 illustrates the geometric configuration of two cylindrical magnets under both

https://doi.org/10.3390/wevj17020092

https://doi.org/10.3390/wevj17020092


World Electr. Veh. J. 2026, 17, 92 8 of 21

axial and lateral relative displacements. The derived analytical formula for the lateral force
between identical magnets is presented below:

Fy = 4πεµ0M2R2
∫ 0

∞

(
rq
R
)

q
J2(q)sinh2(

qt
2R

)e
−(

qs
R

)
dq (1)

Figure 4. Schematic of two cylindrical magnets with axial and lateral separation.

In Equation (1), s denotes the axial distance between the magnets, J represents the
Bessel function of the first kind and order 1, µ0 is the permeability of free space, ε takes a
value of +1 for attraction and a value of −1 for repulsion, q is a dimensionless parameter
reflecting the characteristic shape function of the cylindrical magnets and the properties of
the magnetic vector potential in Fourier space, M denotes the magnetization, R is the radius,
t is the thickness of the magnet, and r indicates the lateral spacing between the magnets.

The data obtained from the developed finite element model were compared with
those from the model developed by Avvari et al. [30]. As S0 (the initial horizontal distance
between the two permanent magnets) increased progressively from 5 mm to 10 mm, both
the theoretical model and the finite element model demonstrated a consistent variation
trend. The two methods exhibited a highly consistent positively increasing pattern within
the parameter range of S0 = 5 mm to S0 = 10 mm. Although minor discrepancies exist
in the computational results of the finite element model (FEM), it maintains high overall
accuracy. Analysis of the data at 8 mm, as shown in Table 2, indicates that the error ranges
approximately from 5% to 10%. The variation trends predicted by both models are highly
consistent, with the FEM results being slightly lower than the theoretical values across all
dimensional parameters. This reflects the higher sensitivity of the numerical method to
the structural mechanical response. Nevertheless, the observed differences remain within
an acceptable range and do not undermine the reliability of finite element analysis as an
effective tool for evaluating structural performance, as shown in Figure 5.

Table 2. Piecewise linear approximation of nonlinear magnetic force.

Force, Fy (N) Force, Fy (N)

Displacement Model Finite
Element Displacement Model Finite

Element

1 mm 0.826 0.751 6 mm 2.364 2.149
2 mm 1.559 1.418 7 mm 1.713 1.875
3 mm 2.127 1.934 8 mm 1.613 1.524
4 mm 2.364 2.149 9 mm 1.241 1.153
5 mm 2.493 2.266 10 mm 0.808 0.82
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Figure 5. Variation of the magnetic interaction force.

To investigate the mechanical response of the cantilever beam structure under external
loading, with a specific focus on the quantitative relationship between the load applied
at its free end and the resulting displacement, this study systematically modeled and
analyzed the deflection behavior of a cantilever beam subjected to a concentrated load at
the free end based on classical beam theory from mechanics of materials. The study focuses
on a composite laminated cantilever beam structure consisting of a piezoelectric ceramic
(PZT-5H) layer and an elastic steel substrate. Its equivalent bending stiffness is governed
by the geometric dimensions and physical properties of the constituent materials.

In such laminated structures, the synergistic deformation between different material
layers necessitates the introduction of an equivalent bending stiffness to characterize the
overall flexural resistance. This equivalent stiffness expression comprehensively incor-
porates the contributions of both the PZT layer and the steel substrate, as given by the
following formula:

EIeq = EPZT(1 + Ad2) + Esteel I (2)

According to the deflection solution of a cantilever beam subjected to a concentrated
force (F) at its free end, the relationship between the free-end deflection and the applied
load can be expressed as follows:

δ =
FL3

3EIeq
(3)

Equivalently, the required applied force can be solved as follows:

F =
3EIeqδ

L3 (4)

where Ieq is the equivalent bending stiffness, A is the area of the PZT layer, L is the length of
the beam, EPZT is the Young’s modulus of the PZT layer, and Esteel is the Young’s modulus
of the elastic steel substrate.

Based on the theoretical model described above, this study further calculated the
concentrated load required to achieve a free-end deflection of the cantilever beam ranging
from 1 to 8 mm. The calculation results are shown in Figure 6. As the deflection increases,
the required external load exhibits a significant non-linear growth trend, indicating that
the structure may exhibit geometric nonlinear characteristics. To further evaluate the
excitation feasibility of the cantilever beam system, a comparative analysis was conducted
between the calculated elastic restoring force and the magnetic attractive force under
various initial horizontal gaps. The results indicate that at a horizontal magnet gap of
8 mm, the magnetic attractive force significantly exceeds the elastic restoring force of the
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beam throughout the displacement range, except near the 8 mm deflection point. This
demonstrates that the magnetic configuration can effectively overcome the structural
stiffness, achieve the intended deformation of the cantilever beam, and induce a stable
electromechanical coupling response. Simultaneously, this gap configuration both ensures
excitation effectiveness and prevents excessive structural deformation or damage caused by
an overpowering magnetic force, thereby balancing actuation performance and safety. In
contrast, when the magnet gap increases to 9 mm, the magnetic attraction force attenuates
significantly, becoming insufficient to overcome the beam’s elastic restoring force over most
of the deflection range. This results in inadequate excitation and fails to drive the cantilever
beam to produce an effective dynamic response.

Figure 6. Relationship between the elastic restoring force of the beam and the magnetic attrac-
tive force.

Therefore, based on a comprehensive trade-off between excitation efficiency and
structural integrity, a horizontal gap of 8 mm between the permanent magnet at the free
end of the cantilever beam and the fixed magnet on the suspension coil spring is identified
as the optimal design parameter. This configuration ensures sufficient excitation of the
cantilever beam while effectively preventing structural failure or fatigue damage caused
by excessive deformation, thereby significantly enhancing the operational stability and
long-term reliability of the entire energy harvesting device.

3. Modeling
This section establishes a time-domain model of road roughness using MAT-

LAB/Simulink 2021b mathematical analysis software to generate random road elevation
excitation that conforms to a specified power spectral density. Based on this foundation, a
two-degree-of-freedom (2-DOF) vibrational system dynamics model of a quarter-vehicle
suspension was established. By incorporating vehicle operating conditions, numerical
solutions were obtained, yielding the vertical dynamic displacement response of the vehicle
under various road classes and driving speeds. Furthermore, an electromechanical coupling
model of a cantilever-type piezoelectric vibration energy harvester was developed, integrating
the aforementioned vibrational responses to evaluate its energy recovery performance.

3.1. Vibration Modeling

Vibrations during vehicle operation primarily originate from excitations induced by
road roughness, which exhibits statistically significant differences between car and truck
wheel tracks, as highlighted by Hassan and Evans [34], who characterized road irregulari-
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ties using the Heavy Articulated Truck Index (HATI), which is sensitive to long-wavelength
features that dominate low-frequency vibrations (1–4 Hz) relevant to suspension responses.
As Abdelkareem et al. [35] further verified via a 7-DOF full car model, such road excitations
manifest in multiple input modes (bounce, pitch–bounce, and roll–pitch–bounce), with
the latter (complex real-world mode) yielding higher vibration intensity and energy har-
vesting potential (up to 420 W per damper under standard driving cycles like NEDC and
WLTP), especially for heavy-duty and off-road vehicles. In this study, the vibration energy
harvester was integrated into the suspension system. Road-induced excitations, including
those inherent to wheel track-specific roughness and multi-mode dynamic characteristics
documented in [35], are transmitted through the suspension to the device, driving it to
undergo electromechanical conversion. In terms of modeling methodology, first-order
filtered white noise was adopted to generate random road excitation with band-limited
characteristics—consistent with the frequency distribution of real-world road roughness
validated by both [31,32] through experimental measurements and full-vehicle simulations
across diverse road classes (Class A to D)—the mathematical model of which is given by
Equation (5).

.
q(t) = −2π f0q(t) + 2π

√
G(n0)vω(t) (5)

where f 0 denotes the lower cut-off frequency, q(t) represents the random road excitation
signal, and G(n0) is the road roughness coefficient. Considering actual vehicle operating
conditions, the first four classes of road roughness listed in Table 3 were adopted. The cor-
responding random road excitation signal was subsequently generated through simulation.

Table 3. Road roughness classification based on power spectral density.

Road Class A B C D

Gq(n0)
(
10−6 m3)(n0 = 0.1 m−2) 16 64 256 1024

A quarter-car suspension model was established, as shown in Figure 7 above. The
governing differential equations of motion for the two-degree-of-freedom quarter-vehicle
model were derived based on Newton’s second law of motion as follows.

m1
..
z2 + c(

.
z1 −

.
z2) + k2(z1 − z2) + k1(z1 − q) + Fd = 0 (6)

m2
..
z2 + c(

.
z2 −

.
z1) + k2(z2 − z1)− Fd = 0 (7)

where ż1 denotes the vertical velocity of the wheel, ż2 represents the vertical velocity of the
vehicle body,

..
z2 is the vertical acceleration of the vehicle body, m1 is the unsprung mass

(wheel mass), m2 is the sprung mass (vehicle body mass), k1 is the equivalent stiffness of the
tire, k2 is the equivalent stiffness of the suspension, c is the equivalent damping coefficient
of the suspension, q is the road excitation input, z1 is the vertical displacement of the wheel,
z2 is the vertical displacement of the vehicle body, and Fd is the active control force.

The focus of this study is a passenger car, and the key structural parameters of the
vehicle suspension employed in the simulations are listed in Table 4. Based on the system
governing differential equations, a dynamic model of the quarter-vehicle suspension system
was established in the Simulink environment. Through simulation analysis, the dynamic
travel response of the suspension was obtained, as shown in Figure 8.
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Figure 7. Quarter-vehicle suspension model.

Table 4. Simulation parameters of the suspension system.

Symbol Parameter Value Unit

m1 Unsprung Mass 40 Kg
m2 Sprung Mass 480 Kg
k1 Tire Stiffness 150,000 N/m
k2 Suspension Stiffness 16,000 N/m
C Suspension Damping Coefficient 1200 N·s/m

(a) (b)

(c) (d)

Figure 8. The 60 km/h relative vertical displacement of the road surface for classes A–D: (a) grade A
pavement; (b) grade B pavement; (c) grade C pavement; (d) grade D pavement.

Simulations of the time-domain response of suspension dynamic travel were con-
ducted for road classes A to D under multiple speed conditions. Through statistical analysis
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of the time history of suspension dynamic travel under various operating conditions, the
root mean square (RMS) value of its amplitude was extracted to serve as the equivalent
periodic displacement excitation input at the excitation end of the permanent magnet for
the corresponding condition, as shown in Table 5. This provides key boundary conditions
for the subsequent establishment of the magnetic–mechanical–electrical coupling model.

Table 5. Relative vertical displacement of the road surface for road classes A–D at various vehi-
cle speeds.

Speed Class A Class B Class C Class D

30 km/h 1 mm 2 mm 4.02 mm 6.04 mm
60 km/h 1.36 mm 2.72 mm 5.8 mm 10.75 mm
90 km/h 1.62 mm 3.23 mm 7.04 mm 12.53 mm

3.2. Modeling of the Energy Harvesting System

This paper describes a piezoelectric energy harvester integrated into vehicle sus-
pension systems. The device consists of multiple arrays of cantilever beam units with
ferromagnetic end masses and corresponding permanent magnets mounted on coil springs,
all encapsulated within a cylindrical shell fixed to the vehicle body. Suspension vibration
drives the displacement of the permanent magnets and alters the magnetic field, thereby
exciting the cantilever beams through magneto-mechanical coupling. This mechanical
vibration subsystem can be simplified as a mass–spring–damper model. By exploiting
the fact that the natural frequency of the cantilever beams is significantly higher than the
vibration-frequency band of the suspension, the system converts low-frequency excitations
into high-frequency responses through a nonlinear frequency up-conversion mechanism,
thereby enhancing energy harvesting efficiency. The governing equation for the transverse
vibrations of the structure of the piezoelectric cantilever beam was established to investigate
its electromechanical coupling characteristics. The beam consists of a piezoelectric ceramic
layer, a steel substrate, and a tip magnet. Its governing equation for transverse vibration
can be expressed as follows:

mb
..
y + c

.
y + kby = Fm(t) (8)

where mb is the equivalent lumped mass of the system, which includes the mass of the
permanent magnet (mmag), the mass of the elastic steel substrate, and the mass of the PZT
material. The specific expression is given by

mb = mmag + ρsVs + ρpVp (9)

where ρs and ρp denote the densities of the elastic steel and PZT-5H material, respectively,
Vs and VP represent their corresponding volumes. The c parameter denotes the equivalent
viscous damping coefficient of the system, characterizing the energy dissipation effects
of internal structural damping and the surrounding medium. The equivalent bending
stiffness coefficient (Kb) is calculated through a piecewise integration method to account
for the non-uniform stiffness distribution along the length of the beam, and its reciprocal is
given by

k−1
b =

∫ Lp

0

(L − x)2

EI1
dx +

∫ L

Lp

(L − x)2

EI2
dx (10)

Due to the beam structure consisting of a laminated composite of PZT-5H and elastic
steel over the interval of [0, LP] and pure elastic steel over [LP, L], its bending stiffness must
be modeled in a piecewise manner. Here, L denotes the total length of the cantilever beam;
LP represents the coverage length of the PZT patch; and EI1 and EI2 indicate the equivalent

https://doi.org/10.3390/wevj17020092

https://doi.org/10.3390/wevj17020092


World Electr. Veh. J. 2026, 17, 92 14 of 21

bending stiffness of the composite section and the pure steel section, respectively. Their
expressions are given as follows:

EI1 = Es Is + Ep Ip + Ep Ap(
hs + hp

2
)

2

(11)

EI2 = Es Is (12)

where L is the total length of the cantilever beam, LP is the coverage length of the piezoelec-
tric patch, ES is the Young’s modulus of the elastic steel layer, EP is the Young’s modulus of
the PZT-5H material, IS is the moment of inertia of the steel layer cross-section, AP is the
cross-sectional area of a single PZT layer, IP is the moment of inertia of a single PZT layer
cross-section, hS is the thickness of the steel layer, hP is the thickness of the PZT layer, EI1 is
the equivalent bending stiffness of the composite section, and EI2 is the bending stiffness of
the pure steel section.

The external excitation force (Fm(t)) is a time-varying magnetic force originating from
the non-contact magnetic interaction between the permanent magnet at the free end of the
cantilever beam and the external excitation magnet. Its vertical component can be derived
from either the magnetic dipole model or the integral form of the Maxwell stress tensor.
This study adopts the following empirical integral expression:

Fy = 4πεµ0M2R2
∫ 0

∞

(
rq
R
)

q
J2(q)sinh2(

qt
2R

)e
−(

qs
R

)
dq (13)

Based on the bending strain distribution of the beam, a piezoelectric output model is
further established. According to classical beam theory, the axial strain at any position (x)
along the beam is given by

ε(x, t) = −h
2

∂2ω(x, t)
∂x2 (14)

where ω(x, t) is the transverse deflection function of the beam and h denotes the distance
from the neutral axis of the piezoelectric layer to its outer surface (i.e., h = hs + hp, taken as
the distance above the neutral axis). Based on the d31-mode piezoelectric effect, the total
generated charge (Q(t)) is obtained by integrating the strain gradient over the PZT-covered
region (0 ≤ x ≤ Lp):

Q(t) = −d31EP
h
2

∫ Lp

0

∂2ω

∂x2 dx (15)

where d31 is the piezoelectric stress constant of the PZT-5H material.

V(t) =
Q(t)
Cp

(16)

where the equivalent capacitance of the PZT layer is given by

Cp =
εrε0bLp

hp
(17)

where εr is the relative permittivity of PZT-5H, ε0 is the vacuum permittivity, and b is the
width of the beam. Finally, the instantaneous output power across the load resistance (R) is
given by

P(t) =
V2(t)

RL
(18)

This theoretical model fully characterizes the electromechanical conversion process of
the piezoelectric cantilever beam under magnetic excitation, encompassing the complete
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dynamic behavior, from mechanical vibrational response to electrical energy output, thereby
providing a solid theoretical framework for subsequent numerical simulations, parameter
optimization, and experimental validation.

The parameter values of the piezoelectric energy harvester listed in Table 6 are not
arbitrarily selected. They are rationally determined based on the parameter range of
conventional vehicle suspension systems, such as MacPherson independent suspensions
with a stiffness range of 10,000–20,000 N/m (see Table 4). They also take into account
the low-frequency vibration characteristics of vehicles complying with ISO 2361. For key
parameters, the electromechanical coupling coefficient (Kp = 0.68) and piezoelectric con-
stant (d31 = 320 × 10−12 C/N) of PZT-5H piezoelectric ceramics are selected to match the
small-amplitude and low-frequency vibration excitation characteristics of suspensions.
This ensures efficient conversion of mechanical energy into electrical energy. The dimen-
sional parameters of the piezoelectric ceramic (60 mm × 20 mm × 0.2 mm) and substrate
(80 mm × 20 mm × 0.2 mm) are optimized. They achieve a balance between the structural
stiffness of the cantilever beam and the installation space of the suspension system. This
parameter design strategy ensures that the established electromechanical coupling model
is not only applicable to the suspension system in this study. It also has the potential to be
extended to a broader range of vehicle suspension types.

Table 6. System parameters for piezoelectric energy harvester modeling.

Parameter Unit Value

Piezoelectric Ceramic Dimensions mm 60 × 20 × 0.2
Substrate Dimensions mm 80 × 20 × 0.2

Quality Factor Qm 70
Electromechanical Coupling Coefficient Kp 0.68

Piezoelectric ConstantD31 10−12 C/N 320
Dimensions of Permanent Magnet mm 5 × 4

Young’s Modulus of PZT-5H Gpa 60
Structural Young’s Modulus Gpa 200

PZT Relative Dielectric Constant (εr ) F/m 3800
Vacuum Dielectric Constant (ε0 ) F/m 8.854 × 10−12

4. Experimental Section
To investigate the impacts of different road classes on the power generation perfor-

mance of the vehicle vibrational energy harvesting device, a complete experimental test
system was established. As shown in Figure 9, the system utilized a function genera-
tor to produce electrical signals with adjustable frequency and amplitude, which were
then amplified by a power amplifier to drive an electromagnetic shaker, thereby simu-
lating various road excitation conditions. The energy harvesting device under test was
mounted on the shaker table, and its vibrational response was monitored in real time
using a displacement sensor. The output open-circuit voltage of the harvesting device was
recorded by a high-precision oscilloscope, from which the output electrical power was
calculated. By comparing and analyzing the output voltage and power of the device under
various operating conditions, its power generation capability can be evaluated. The main
equipment of the experimental platform includes: an electromagnetic shaker (SA-JZ Wuxi
Shiao Technology Co., Ltd., Wuxi, Jiangsu, China), a power amplifier (ATA-101B105B Xi’an
Aigtek Electronic Technology Co., Ltd., Xi’an, Shaanxi, China), a function generator (FY6900
Shenzhen FeelTech Technology Co., Ltd., Shenzhen, Guangdong, China), a displacement
sensor (WA0708D04 Hottinger Baldwin Messtechnik GmbH, Darmstadt, Hesse, Germany),
an oscilloscope (Tektronix MDO3012 Tektronix MDO3012, Tektronix, Inc., Beaverton, OR,
USA), and a prototype of the energy harvesting device.
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Figure 9. Vibration test platform.

A finite element model was also developed in COMSOL Multiphysics. First, geometric
modeling was performed. Using the software’s Geometry module, the 3D structural
models of the cantilever beam substrate (elastic steel), piezoelectric layer (PZT-5H), and
permanent magnet (N40-grade NdFeB) were constructed. The data used herein are those
mentioned in the preceding sections. Subsequently, the corresponding materials were
selected from the material library. Next, mesh generation was performed. Enter the Mesh
module and select free tetrahedral mesh. Set the minimum element size to 0.5 mm. Then,
boundary conditions and excitation are set. Enter the Physics module and add structural
mechanics and piezoelectric effect physics fields. Apply full constraints to the left end of
the cantilever beam to simulate the fixed end. Apply the harmonic excitation specified
in the table (frequency: 10–30 Hz) to the free end. Meanwhile, properly configure the
electrode boundary conditions of the piezoelectric layer to ensure normal charge output.
Finally, solution settings and post-processing are completed. The solution frequency range
and calculation accuracy are clearly defined.

To verify the output voltage characteristics of the unimorph cantilever piezoelectric
resonator in the simulation, an experimental analysis was conducted under harmonic
vibration conditions. Figure 10 presents the output power and voltage characteristics of the
energy harvester at various excitation frequencies. The voltage and power responses of the
energy harvester exhibit a distinct peak at 16.75 Hz, which corresponds to the first-order
natural frequency of the piezoelectric vibrator. When the excitation frequency deviates
from this value, both the output voltage and power exhibit noticeable attenuation. Based
on this frequency response characteristic, an excitation frequency of 16.75 Hz was selected
for all subsequent experiments to fully exploit the resonant behavior of the system. At this
frequency, the measured peak voltage was 9.59 V, and the maximum output power was
7.67 mW.

Furthermore, Figure 11 presents the output power and voltage of the energy harvester
as functions of load resistance under a vibrational frequency of 16.75 Hz and an acceleration
excitation of 1 g. It can be observed that the output voltage increases approximately
linearly and rapidly with increasing load resistance. When the load resistance reaches
approximately 100 kΩ, the voltage saturates. The output power, however, exhibits a
trend of initial increase followed by a decrease with increasing resistance, reaching its
maximum value at a load of 10 kΩ. This indicates that this resistance value represents
the optimal matching load for the system. This value represents the optimal matching
load for the system under the given excitation conditions, enabling maximum power
extraction efficiency. The observed trend aligns with the typical impedance characteristics
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of piezoelectric energy harvesters, where the maximum power point corresponds to the
resistive load that balances the inherent capacitive impedance of the piezoelectric element.
Therefore, a load resistance of 10 kΩ was adopted in all subsequent experiments to achieve
optimal energy harvesting performance.

  
(a) (b) 

Figure 10. Relationship diagram of output voltage and power versus frequency: (a) output voltage
versus excitation frequency;w (b) output power versus excitation frequency.

 
(a) (b) 

Figure 11. Relationship between output voltage, power and load Resistance: (a) variation of output
voltage with load resistance; (b) variation of output power with load resistance.

As shown in Figure 12, the input acceleration exhibits a high correlation with the
output of the energy harvesting device. The experimental measurements demonstrate
excellent agreement with the finite element simulation results. Both the output voltage and
output power exhibit a linearly increasing trend with rising acceleration. This is because
the increase in acceleration directly leads to a greater force acting on the inertial mass of the
energy harvester, which, in turn, induces amplified mechanical strain. Consequently, the
output power increases.

Finally, to investigate the output performance of the energy harvester under different
road roughness levels and vehicle excitation speeds, the energy harvester was mounted on
a vibration platform. The results are shown in Figure 13.
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(a) (b) 

Figure 12. Relationship of output voltage and power versus vibration acceleration: (a) output voltage
versus acceleration; (b) output power versus acceleration.

  
(a) (b) 

Figure 13. Relationship of output voltage and power versus vehicle speed and pavement grade:
(a) output voltage versus road class and vehicle speed; (b) output power versus road class and
vehicle speed.

Vibrations during vehicle operation primarily originate from road excitation. Given
that common road classes in China predominantly fall within grades A to D, this study
focuses on analyzing the impact of vehicle-body vertical displacement induced by class
A to D road profiles on the dynamic response and power generation performance of the
energy harvester. The results indicate a significant positive correlation between vehicle
speed and the output of the energy harvesting system, with road roughness also exerting
a substantial influence on the output performance. Class D roads demonstrated optimal
performance, achieving an output voltage of 71.97 V and a power output of 414.37 mW at a
vehicle speed of 90 km/h. In contrast, the output performance of Class A, B, and C roads
decreases sequentially as their roughness reduces (Table 7), with Class A roads exhibiting
the weakest performance. Under a fixed road class, the output power exhibits a gradually
increasing trend with higher vehicle speeds due to the enhanced intensity of vehicle body
vibrations. This difference becomes particularly pronounced under high-speed conditions,
revealing the critical role of the interaction between excitation frequency (controlled by
vehicle speed) and excitation amplitude (determined by road roughness) in maximizing
energy harvesting.
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Table 7. Output power under road Classes A–D at different vehicle speeds.

Speed Class A Class B Class C Class D

30 km/h 2.64 mW 10.56 mW 42.65 mW 187.56 mW
60 km/h 4.88 mW 19.52 mW 88.76 mW 304.96 mW
90 km/h 6.92 mW 27.53 mW 130.77 mW 414.37 mW

During the experimental process, it was observed that the values of the experimental
data were slightly larger than the simulation results. Specifically, under the same excitation
conditions, the measured peak output voltage was approximately 8–12% higher than the
finite element simulation results. The maximum output power was 10–15% higher. Some
of the reasons for this discrepancy include the following:

1. The finite element model assumes the root of the cantilever beam to be fully rigidly
fixed. However, in the actual experimental setup, the material properties of the
mounting bracket and assembly gaps caused slight elastic deformation at the fixed
end. This deformation increases the effective vibration amplitude of the cantilever
beam and further enhances the output performance of the piezoelectric ceramics.

2. In the simulation, the piezoelectric constant (d31) and Young’s modulus of PZT-5H
were set as fixed values. The effects of temperature and stress on material properties
were neglected. In the experiment, the temperature rise caused by continuous device
vibration and stress concentration at the cantilever beam root led to slight changes in
the material’s piezoelectric properties. This ultimately resulted in measured output
values being higher than the simulation results.

To reduce the deviation between experimental and simulation results in future studies,
the following targeted corrective measures are proposed:

1. Change the single-point central excitation method to multi-point excitation. Multi-
point excitation better matches the actual vibration mode of vehicle suspensions.
This reduces the discrepancy between experimental excitation conditions and simula-
tion assumptions.

2. Introduce flexible constraints at the fixed end of the cantilever beam in the simulation
model. Set the constraint stiffness according to the actual material properties of the
mounting bracket. This is to simulate the slight deformation of the fixed end observed
in the experiment.

5. Conclusions
This paper presents the design, modeling, and experimental validation of a nonlinear

piezoelectric energy harvester incorporating magnetic coupling, specifically tailored for
vehicle suspension systems. The harvester effectively reduces the natural frequency of the
system by attaching an inertial mass to the cantilever beam and utilizes magnetic attractive
forces to achieve efficient excitation under actual vehicle vibration conditions. Through
an integrated approach combining theoretical modeling, finite element simulation, and
experimental testing, the magnetic characteristics, system dynamics, and electromechanical
response were thoroughly analyzed and validated. Experimental results demonstrate that
the device achieves a maximum output power of 7.67 mW under resonant laboratory
conditions and reaches an output power of 414.37 mW under Class D road excitation
at 90 km/h. From a practical application perspective, the energy recovery potential is
estimated as follows. Assume an electric vehicle equipped with this device travels 100 km
per day on Class D roads. The average driving speed is set at 60 km/h. Based on an
average output power of 300 mW, the daily recoverable energy is approximately 1.5 kJ.
This energy can power low-power electrical components such as tire pressure monitoring
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systems and on-board sensors. In the long run, optimizing the array scale to 20 cantilever
beams can increase the output power to over 1 W. It is expected to extend the driving range
of small electric vehicles by 1–2 km per 100 km. The harvester demonstrates significant
sensitivity to variations in vehicle speed and road class. The findings of this study provide
a feasible and efficient solution for enhancing low-frequency vibrational energy harvesting
in automotive systems, contributing to the efficient collection of wasted energy in vehicles,
in addition to promoting the sustainable development of the transportation sector. Future
work will focus on optimizing structural parameters to broaden the bandwidth response
and evaluating long-term reliability under actual vehicle operating conditions.
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