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Over the past decade, extensive research has been conducted in the field of piezoelectric energy harvesting,
which drives advancements in novel designs and techniques. In this study, the vibration of an electric motor is
characterized, and a piezoelectric energy harvester (PEH) beam with a natural frequency of 50Hz is designed
and fabricated. Then, the electromechanical characteristics of the PEH are simulated and tested through both
finite element simulation and experiment. The validated simulation model can accurately predict the vibration
characteristics of the PEH, which can be utilized for design improvements. Based on this beam structure,
three sets of PEHs with different sizes are designed. A study of the output voltage and fatigue life of these
different PEH sizes is conducted, and the relationship between the electromechanical coupling effect and its
varying values is discussed. Based on the results, design schemes 1O∼ 6O demonstrate advantages in terms of
output voltage efficiency and fatigue strength, making them suitable for various environments and application
purposes. This study establishes an efficient method for analyzing the structural parametric performance of
piezoelectric cantilever beams, which paves the way for future research on fatigue-based structural design
guidelines for PEH in electric motors.
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1. Introduction

Intelligent devices in the current digital era require
constant monitoring to ensure long-term operation and
functionality, establish operational profiles, and antic-
ipate specific malfunctions. Electrical devices generate
minor wideband vibrations during regular operation.
Before malfunctions occur, oscillations that cause vari-
ations in displacement, frequency, and other related
parameters can be distinguished from steady-state op-
erations. Multiple sensors are needed to monitor the
devices during operation, and it has become common
to seek an appropriate power source from these elec-

trical devices. At present, the most promising method
for powering wireless sensors is to capture the vibration
energy produced by the device itself. The vibration fre-
quencies generated by these devices are generally in
the power spectrum and harmonic waves. This study
focuses on the optimal design of an piezoelectric en-
ergy harvester (PEH) for 50Hz vibrations excited by
an electric motor, with the objective of increasing en-
ergy output while also improving the structure’s dura-
bility.
Piezoelectric materials have the ability to convert

mechanical vibration energy into electrical energy and
have been widely investigated for energy harvesting
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due to their high energy density (Li, Lee, 2022). Piezo-
electric energy harvesting is a bourgeoning topic that
has been investigated for use in construction, machin-
ery, automobiles, and aerospace, owing to the signifi-
cant amount of wasted vibration energy produced by
these systems. These devices are frequently utilized as
a power source for self-powered wireless sensors and
employed in situations where external power is un-
available and using batteries is not a practical solu-
tion. The initial application of PEH was presented by
Panda et al. (2022), where a lead zirconate titanate
(PZT) patch was attached to the root of a cantilever
beam.
Piezoelectric elements may experience considerable

deformation due to the cantilever beam’s ability to
modify the frequency and increase the vibration ampli-
tude when a mass block is applied. This configuration
is currently the most widely used because of its ease
of implementation, high efficiency, and well-developed
technology. Extensive research has been carried out
over the past two decades on the design, functionality,
and application of cantilever beam piezoelectric har-
vesters. Zhang et al. (2022) indicated that vibration-
based PEHs may produce maximum power when op-
erated at the resonant frequency, and the power out-
put drops dramatically as the natural frequency of the
PEH deviates from the vibration frequency. Accord-
ing to Rafique and Bonello (2010), it was found
that the resonant frequency of the cantilever beam is
negatively correlated with its length while its thick-
ness is positively correlated with the resonance fre-
quency. When the vibration characteristics of the PEH
match the vibration frequency of the surrounding envi-
ronment, the harvester will undergo multi-modal res-
onance, resulting in significant deformation and caus-
ing large stress and strain at the end of the cantilever
beam. The harvester’s lifespan may be impacted over
time by fatigue damage due to the prolonged concen-
tration of stress and strain. Additionally, the output
voltage is proportional to its length and inversely pro-
portional to its width and thickness (Wang et al.,
2019).
To match the low-frequency vibrations of the

surroundings and increase the PEH output voltage,
the cantilever beam’s length and mass must also
be increased, or its width and thickness need to be
decreased. However, Roundy et al. (2005) concluded
that as the aspect ratio increases (as natural frequen-
cies differ across structures), the strain at the root of
the cantilever beam changes drastically, causing the
overall deformation of the piezoelectric layer to in-
crease. As a result, the piezoelectric layer experiences
an increase in stress, which has a substantial effect on
its fatigue life.
Relevant research has indicated that fatigue life and

output voltage are incompatible and cannot be opti-
mized by a single variable. Current research has de-

voted considerable effort to optimizing the structure of
energy harvesters based on structural strain and ma-
terial strength to improve energy harvesting conver-
sion efficiency and power output. Few studies address
the contradictions between fatigue damage and out-
put voltage caused by structural parameters. However,
there are almost no references studying the coupling
effects of multiple variables on output voltage and fa-
tigue life. A few commercially PEHs are available, but
they are limited by a narrow bandwidth of operational
frequency and concerns regarding the reliability and
durability of the structure.
Although numerous studies have investigated the

structural parametric and fatigue-related issues of
PEH, most have focused on the impact of a single
variable on either output voltage or fatigue life. There
are not many studies that systematically examine and
discuss the relationships among structural size, fa-
tigue damage, and output voltage. Moreover, most re-
search adopts the approach of matching external vibra-
tion excitation to the natural frequency of the struc-
ture, rather than adjusting the structure’s inherent fre-
quency to match a specific external vibration source.
However, modifying a single variable can cause changes
in the natural frequency of the structure, limiting the
practical value of comparing the performance of struc-
tures with different natural frequencies in a consistent
vibration environment in terms of energy absorption.
The most important aspect of designing a PEH beam
to match a specific surrounding frequency is to exam-
ine the combine influence of multiple variables. These
relationships do not have a simple linearly increasing
or decreasing relationship, and a practical approach
is required to optimize appropriate structural dimen-
sions.
To address this gap, the main aim of this study

is to design PEHs integrated into an electric motor
by evaluating their energy output and fatigue life, us-
ing PEHs with similar natural frequencies but different
sizes through laboratory testing and numerical sim-
ulation. Then, the optimal design of PEH beams is
determined to achieve an optimal balance between fa-
tigue damage and maximum output voltage. This work
is organized into six major sections. First, the back-
ground, and recent advances in PEHs are reviewed.
The second section introduces the electro-mechanical
model and the energy harvesting system. In Sec. 3, the
dynamic characteristics of the motor and PEH beams
with a natural frequency of 50Hz of natural frequen-
cies are measured and developed, and their electro-
mechanical characteristics are then examined using
both ANSYS software and experimental validation. In
Sec. 4, three sets of PEHs are theoretically modeled,
their output voltages and maximum stress are simu-
lated, and five beams are selected for further analysis.
In Sec. 5, the fatigue life of the selected beams is calcu-
lated, and the design strategies under different usage
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environments are discussed. The conclusion summa-
rizes the major findings and the research value of this
work.

2. Electro-mechanical model of PEH

Currently, the most commonly used PEH struc-
ture is the cantilever beam type (Sezer, Koç, 2021),
mainly composed of a piezoelectric layer, a beam, and
a mass block, as shown in Fig. 1.

Load

Mass block Beam
Fix end

g(t)

h(t)
Piezoelectric layer

Fig. 1. Piezoelectric cantilever beam model.

Assume that the length of the piezoelectric can-
tilever beam is L, width is b, thickness of the piezo-
electric layer is H, thickness of the elastic substrate
layer is D, and the mass block weight is M . The sys-
tem is subjected to translational excitation g(t) and
a small rotational excitation h(t) at the base. Due
to the large aspect ratio of the beam, the effects of
shear deformation and rotational inertia of the beam
are neglected, and the beam is treated as an equiva-
lent Euler–Bernoulli beam. The free vibration equation
of the piezoelectric beam can be expressed as (Feng
et al., 2023)

E
∂4w(x, t)
∂4x

+m∂2w(x, t)
∂t2

= 0, (1)

where E represents the bending stiffness of the piezo-
electric beam, m is the mass per unit length of the
piezoelectric beam, and w(xt) represents the trans-
verse displacement at position x along the beam’s neu-
tral axis relative to the fixed inertial system. The trans-
verse vibration displacement of the piezoelectric can-
tilever beam can be expressed as

w(x, t) = wb(x, t) +wrel(x, t), (2)

where wb(x, t) is the base excitation displacement, and
wrel(x, t) is the displacement relative to the fixed end.
Considering the electromechanical coupling effect, the
dynamic equation of the piezoelectric cantilever beam
can be further written as

E
∂4wrel(x, t)

∂4x
+ csI

∂5wrel(x, t)
∂4x∂t

+ ca
wrel(x, t)

∂t
+m∂2wrel(x, t)

∂t2
+ ξV0 (t)

= − [m +Mδ(x −L)] ∂
2wb(x, t)
∂t2

, (3)

where cs is the strain damping coefficient, ca is the air
viscoelastic damping coefficient, and ξ is the electrome-
chanical coupling coefficient. Using the modal superpo-
sition method, the solution to Eq. (3) can be written as

wrel (x, t) =
∞
∑
r=1
∅r(x)qr(t), (4)

where ∅r(x) is the normalized mode shape function
for the r-th mode of the piezoelectric cantilever beam,
and qr(t) is the corresponding generalized modal co-
ordinate. Solving Eq. (4) yields the relative vibration
response of the beam:

wrel (x, t) = αejωt
∞
∑
r=1

ω2G0 [mγωr +M∅r (L) −XrVm]
ω2
r − ω2 + j2ζrωrω

⋅ [cos λr
L
x − cosh λr

L
x

+ K (sin λr
L
x − sinh λr

L
x)], (5)

where

γωr =
L

∫
0

∅r(x)dx, (6)

G0 is the base excitation displacement amplitude,
ω is the excitation frequency, j is the imaginary unit,
λr is the dimensionless frequency of the r-th mode, α is
the modal amplitude constant, ωr is the undamped
natural frequency of the r-th mode, Xr is the modal
electromechanical coupling coefficient, ζr is the me-
chanical damping ratio, Vm is the voltage amplitude,
and the expression for K is:

K =
sinλr − sinhλr + λr MmL(cosλr − coshλr)
cosλr + coshλr − λr MmL(sinλr − sinhλr)

. (7)

According to Kirchhoff’s law and the electrical re-
sponse equation, the expression for the power output
of the piezoelectric cantilever beam can be written as

P (t)= V
2(t)
R
= 1

R

⎛
⎜⎜⎜
⎝

∞
∑
r=1

µr
jω3[mγω

r +M∅r(L)]
ω2

r−ω2+j2ζrωrω

∞
∑
r=1

jωXrµr

ω2
r−ω2+j2ζrωrω

+ jωψ+1
ψ

G0e
jωt

⎞
⎟⎟⎟
⎠

2

,

(8)
where

ψ = Rεs33bL

H
, (9)

µr =
−d31YpeH
εs33L

d∅r (x)
dx

∣
x=L

, (10)

εs33 = εt33 − d231Yp, (11)

where Yp is the elastic modulus of the piezoelectric
layer, d31 is the piezoelectric constant, e is the distance
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from the middle layer of the piezoelectric cantilever
beam to the neutral axis, and εt33 represents the elastic
compliance constant.
Solving Eqs. (5) and (8) reveals that the geometric

dimensions and material parameters of the piezoelec-
tric cantilever beam have a significant impact on its
electromechanical response. This observation provides
a theoretical foundation for subsequent finite element
modeling and simulation analysis (Bao et al., 2021;
Chen et al., 2020).

3. Structural design of PEH

3.1. Dynamic test and characteristics
of electric motor

The majority of PEHs are designed for general-
purpose applications and are evaluated under simpli-
fied harmonic excitations. However, this approach is
still far from being ready to be used in real-world ap-
plications.
It is well established that vibration-based PEHs

generate maximum power when operated at their res-
onant frequency. A straightforward and effective solu-
tion to address this is to broaden the bandwidth of the
beam’s resonant frequency. The natural frequencies of
the motor (shown in Fig. 2a) and the system’s dy-
namic properties under operating conditions must be
first tested and analyzed before conducting the PEH
design and experiment. These parameters are critical
data for conducting the structure design of the PEH
(Lu, 2018).
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Fig. 2. a) Electric motor (Gaomeng, 2020); b) acceleration
frequency spectrum under working condition.

The resonance between the PEH and the motor’s
natural frequency is not considered here because the

motor’s modal test results, conducted earlier, indicated
a very high natural frequency. The acceleration of the
motor under working conditions (maximum speed) was
measured, and the corresponding frequency spectrum
is shown in Fig. 2b. From the figure, it can be observed
that the motor exhibits several vibration peaks dur-
ing operation. The peak acceleration response, which
is generated by electromagnetic excitation, occurs at
50Hz, 100Hz, and 150Hz – multiples of 5Hz. These
vibration frequencies generated during the operation
of electrical devices, such as motors, are at the main
operating frequency (50Hz) and its harmonics. Hence,
studying energy harvesting from the vibration frequen-
cies of motors offers significant applicability.

3.2. Finite element analysis

Finite element analysis (FEA) is one of the reliable
methods for studying the performance of any designed
system prior to its prototype development. Studies by
Zhu et al. (2010) and Augustyn et al. (2014) con-
ducted parametric studies using FEA to determine the
ideal system configuration. Meanwhile, studies by Ab-
delkefi et al. (2014) and Avvari et al. (2017) em-
ployed FEA to validate the experimental and analyti-
cal models of PEHs to guide further simulation. This
work utilizes FEA to guide preliminary structural de-
sign and the subsequent structural parametrization,
along with dynamic characteristics analysis.

3.2.1. Parameter selection and analysis

Material selection and optimal structural design are
crucial for energy harvesting. One important limita-
tion of existing energy harvesting techniques is that
the power output performance is subjected to the res-
onant frequencies of ambient vibrations, which are of-
ten random and broadband. To address this issue, re-
searchers have focused on developing efficient PEHs
using novel piezoelectric materials by adjusting the
natural frequency of the harvester to match the de-
sired vibration frequency. In terms of materials, piezo-
electric materials can be categorized into natural and
synthetic types. Synthetic materials are further subdi-
vided into ceramic and polymer-based categories. The
widely used piezoelectric material is PZT, known for
its excellent piezoelectric properties and high dielectric
constant. However, it is prone to fatigue fracture under
high-frequency cyclic vibration, leading to certain lim-
itations in its application (Niasar et al., 2020). Thus,
polymer-based transducers, such as polyvinylidene di-
fluoride (PVDF) and macro fiber composite (MFC),
have gained popularity in recent years due to their
flexibility, durability, and resistance to humidity (Shi
et al., 2017).
In this study, a laminated structure consisting of

a piezoceramic plate, electrodes, and polymer mate-
rials, referred to as as P-876 DuraAct patch trans-
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ducer, is selected (Abdul Satar et al., 2022). This
material has the advantages of high piezoelectric co-
efficients and dielectric constants and can be applied
onto curved surfaces or used for integration into struc-
tures. The operation mode of d31 is chosen, with the
polarization of the electric potential perpendicular to
the stress direction. In terms of the structure, a classic
rectangular cantilever beam PEH is adopted, in which
the piezoelectric patch is attached to the base near the
fixed end, and a tip mass is attached at the free end
to decrease the natural frequency.
The structural parametric study can be divided

into size, shape, and topology. Size parametric study
involves adjusting structural dimension parameters,
such as cross-sectional area and thickness, to im-
prove structural performance while maintaining the
basic shape and topological configuration. This para-
metric study involves applying mathematical model-
ing, simulation, and specific algorithms to find the op-
timal combination of structural parameters that meet
performance, cost, and weight constraints. Given the
type and basic dimensions of the piezoelectric sensor
have been determined, the research focuses on the ef-
fects of beam length and width on output voltage to
achieve maximum energy production. The preliminary
design of the cantilever harvester base uses an alu-
minum alloy with a width equal to that of the piezo-
electric patch, and a thickness of 0.2mm (Abdul Sa-
tar et al., 2022). As discussed in Sec. 2, the experi-
ment results indicate that the acceleration response is
mainly attributed to the working frequency of the mo-
tor. Therefore, the fundamental frequency of the PEH
should be tuned to match the motor’s working fre-
quency of 50Hz. The structural design and parametric
study of the PEH will be carried out using the motor’s
operating frequency of 50Hz as a target operating fre-
quency, considering both the fatigue life and energy
output of the PEH beams.

3.2.2. Validation of PEH

Using the piezoelectric coupling analysis module
in ANSYS, the SOLID5 element, specifically designed
for piezoelectric analysis, is chosen for the piezoelec-
tric layer, while SOLID45 elements are selected for
the metal layer and end mass block. Voltage degrees
of freedom coupling are applied to the piezoelectric

Table 2. Material parameters.

Parameter Symbol Piezoelectric
patch

Substrate layer
(aluminum alloy)

Mass
(structure steel)

Density [kg/m3] ρ 7500 8920 7850

Young’s modulus [GPa] Em 56 71.7 210

Volume [mm] L ×W × t 60× 35× 0.8 90× 35× 0.2 35× 5× 2.5

Poisson’s ratio u 0.36 0.33 0.31

Piezoelectric constant [C ⋅m−2] d31 2.74× 10−10 – –

Dielectric constant [nF ⋅m−1] εt 3.01× 10−8 – –

layer as electrical constraints, and zero displacement
constraints are applied to the fixed end as mechani-
cal constraints for modal analysis. The structural nat-
ural frequencies and mode shapes can be determined
using this analysis to further ascertain its size and in-
herent characteristics.
The FE modeling and the first three-order modes

of the PEH are presented in Table 1. The first-order
mode, at 50.05Hz, aligns precisely with the frequency
at which the motor operates. The second-order natural
frequency is 125.90Hz, which is much higher than the
first-order mode. The red region of the vibration mode
indicates the maximum deformation, while the blue
region represents the minimum deformation. The first
modal shape exhibits bending deformation, as shown
in Table 1, where the maximum displacement occurs
at the tip mass block and gradually decreases to-
wards the fixed end. The second mode shape involves
shear deformation, with the maximum deformation
occurring at positions along the edge of the piezo-
electric element, away from the fixed end. The third
mode shape is mainly associated with twisting defor-
mation around the horizontal axis. Unlike the bend-
ing mode, in the case of torsional vibration, the dis-
placement at the midpoint of the cantilever beam is
minimal, while the displacements on both sides in the
width direction are larger.

Table 1. Modal frequency and mode shapes.

Modal
order

Modal
frequency
[Hz]

Mode shapes

1 50.05
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4. Fabrication and experimental verification
of PEH

The surface of the piezoelectric patch is coated with
a silver electrode, and external wires are led out from
here. The piezoelectric patch is bonded to an aluminum
substrate using epoxy resin. Furthermore, the PEH is
clamped in a rigid holder and mounted on an elec-
tromagnetic shaker to provide the base excitation, as
illustrated in Fig 3.
An algorithm to generate a sinusoidal voltage signal

is constructed using LabVIEW software, and this sig-
nal is supplied through an output module (NI cDAQ
9263), which is then amplified by a power amplifier
to drive the shaker (Sentek BTM-100-M). The har-
vested voltage from the PEH and the measured accel-
eration are then fed back to LabVIEW software for
data monitoring and analysis through the input mod-
ule (NI cDAQ 9234). The control algorithm for the
harvested voltage and output acceleration of the PEH,
in terms of time domain and frequency response, is de-
signed in LabVIEW software for further analysis and
data validation.
The PEH experimental setup is shown in Fig. 4.

The energy harvesting system operates as a cou-
pled field of mechanical and piezoelectricity (electro-
mechanical system). In the experiment, a signal of fre-
quency sweep from 0Hz to 100Hz was supplied to

Shaker amplifier

Accelerometer
NI cDAQ 9234

NI cDAQ 9263

Computer with 
LabVIEW software

Shaker

PEH

Fig. 3. Diagram of PEH experiment.

Feedback system: 
monitoring and analyzing

Acceleration
voltage

Shaker amplifier
ExcitationComputer:

data logging and control

Fig. 4. Experimental setup for PEH experiment.
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Fig. 5. Comparison of output voltage and acceleration in the frequency-domain.

the PEH using an open-circuit sinusoidal excitation,
with the input acceleration load recorded at 3m/s2.
The resulting tip acceleration-frequency and voltage-
frequency responses from this experiment are shown
in Fig. 5. It can be observed that when an external
excitation frequency approaches the natural frequency
of the cantilever beam, the vibration acceleration and
output voltage of the PEH reach their peaks. The curve
of voltage peaks on both sides exhibits a symmetrical
decreasing trend, which indicates that the fabricated
piezoelectric oscillator has a clear natural frequency of
50Hz.
The harmonic response analysis simulation is then

carried out on the PEH model under the same excita-
tion levels using ANSYS software. The comparison be-
tween the simulation and experimental voltages with
open circuits is also illustrated in Fig. 5. This figure
indicates that the peak voltage and natural frequency
obtained from the simulation are nearly identical to
experimental measurements with a 98.5% correlation.
The voltage drops sharply when the frequency deviates
from the resonant frequency.
It should be noted that the peak voltage obtained

from the FEA simulation is slightly higher than the
experimental values because of the ideal boundary
and loading conditions of FEA. Nevertheless, the FEA
modeling results agree well with the experimental val-
ues, with the frequency differences at peak voltage values
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falling within a range of 0.5Hz to 1Hz. Therefore, the
FEA model is valid for the fatigue-based structural
design study of the PEH.

5. Fatigue-based mechanism
and parametric study

5.1. Design of structural parameters

The natural frequency and output voltage of piezo-
electric cantilever beams are influenced by several fac-
tors. Therefore, it is necessary to perform a statistical
analysis of various influencing factors and choose the
optimal solution that achieves a natural frequency of
50Hz, a large output voltage, and acceptable fatigue
reliability. By varying the height (t) of the tip mass,
a batch of piezoelectric cantilever beams with equal
areas but different aspect ratios are designed based on
the results from Sec. 3, targeting a natural frequency
of 50Hz. The width and length are rounded to one dec-
imal place to account for constraints during physical
experiment.
In order to accurately ascertain the specific size and

inherent characteristics, modal analysis of PEHs with
the same sectional area but different shapes was con-
ducted using ANSYS software. The voltage-frequency
and stress-frequency responses of the PEHs were mea-
sured under harmonic base excitation with an acceler-
ation of 3m/s2, as this work aimed to evaluate how the
harvesters of different sizes performed when subjected
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Fig. 6. a) Voltage-frequency response of different beam aspect ratios;
b) voltage and stress induced by different beam lengths.

Table 3. Dimensions and performance parameters of Fig. 6.

Aspect ratio (L/W) L ×W × t [mm] Frequency [Hz] Voltage [V] Stress [MPa]

1.56 70× 45× 9.2 50.2 47.39 48.62

1.79 75× 42× 7.2 50.3 59.15 58.91

2.05 80× 39× 5.6 50.2 52.27 60.39

2.30 85× 37× 4.3 50.3 71.28 78.28

2.45 88× 35.8× 3.8 2O 50.3 65.86 88.23

2.57 90× 35× 1.4 1O 50.1 68.34 92.69

to identical loading conditions. The output voltage was
used as the key parameter tom assess the performance
of the harvester, while the maximum stress in the PEH
beam provided further insight into the behavior of the
beam. In this study, only the stress and fatigue life of
the piezoelectric patch were considered, as the fatigue
strength and bending strength of the matrix material
are noticeably higher than those of the piezoelectric
patch.
As expected, the fundamental frequency of the de-

signed PEHs with different aspect ratios is close to
50Hz, as shown in the PEH voltage-frequency re-
sponses in Fig. 6a. Meanwhile, the variations in out-
put voltage and stress versus the beam length are
shown in Fig. 6b. The different sizes of PEHs com-
bined with their natural frequency, output character-
istics, and stress are summarized in Table 3. From Ta-
ble 3 and Fig. 6, we can observe that both the out-
put voltage and maximum stress exhibit an upward
trend as the aspect ratio of the beams increases, with
the stress increases being more noticeable. A turn-
ing point is reached at a 85mm length and a 4.3mm
mass height, where the output voltage starts to drop,
and the stress increases. The reason may be that
the tip mass has an amplifying effect on the output
voltage, as supported by pertinent data in (Li, Lee,
2022), and the maximum coupling effect occurring be-
tween the beam length and mass height. Subsequently,
with the height of the tip mass fixed at 4.3mm, a set
of PEHs with variable lengths and widths will be con-
structed with a 50Hz natural frequency as the target.
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Fig. 7. a) Voltage-frequency response of different beam widths;
b) voltage and stress induced by different beam widths.

Table 4. Dimensions and performance parameters of Fig. 7.

L ×W × t [mm] Frequency [Hz] Voltage [V] Stress [MPa]

84.6× 36× 4.3 50.2 45.90 57.17

85× 37× 4.3 4O 50.3 71.28 78.28

85.2× 38× 4.3 50.3 75.62 85.43

85.5× 39× 4.3 50.1 212.00 249.71

86.2× 40× 4.3 3O 50.1 138.54 82.66

86.6× 42× 4.3 49.9 25.81 28.14

89.8× 44× 4.3 49.8 13.38 17.92
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Fig. 8. a) Voltage-frequency response of different beam lengths;
b) voltage and stress induced by different beam lengths.

Table 5. Dimensions and performance parameters of Fig. 8.

L ×W × t [mm] Frequency [Hz] Voltage [V] Stress [MPa]

90× 35× 1.4 50.1 68.34 92.69

85× 35× 1.9 49.8 21.87 28.34

80× 35× 3.2 50.2 25.52 33.52

75× 35× 4.8 50.4 16.64 21.56

70× 35× 5.9 5O 50.1 55.49 62.51
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The voltage-frequency responses of the designed
PEHs with different beam widths are shown in Fig. 7a,
and the variations in output voltage and stress versus
beam width, using the same tip mass, are shown in
Fig. 7b. The specific dimensions and related charac-
teristics of the beam are shown in Table 4. From Ta-
ble 4 and Fig. 7, we can conclude that as the length
and width increase, both the voltage and stress ini-
tially grow and subsequently drop. The voltage is at its
maximum when the width is 39mm, while the stress
is also relatively significant, even exceeding the mate-
rial’s yield limit of 108MPa (Wu, 2013). The output
voltage is relatively high when the width is 40mm,
but the absolute value of the stress is lower than the
voltage, which meets the PEH selection criteria. Fi-
nally, by using a fixed width of 35mm (the minimum
width, equal to the width of the PEH), with the beam
length and mass height as variables, a set of PEHs has
been investigated, as shown in the voltage-frequency
responses in Fig. 8a, and the variations in voltage and
stress versus beam length are shown in Fig. 8b. Spe-
cific dimensions and related characteristics are listed
in Table 5. From these figures and table, the results
indicate that with the increase of the beam length and
the decrease in the mass height, both output voltage
and stress initially decrease and then increase. When
the beam is at its minimum length of 70mm, the out-
put characteristics are significantly influenced by the
mass block; on the other hand, when the mass height
is at its minimum of 1.4mm, the output characteristics
are primarily influenced by the beam length.
Based on the foregoing analysis, five beams, labeled

1O to 5O, are chosen for further fatigue life analysis.
These beams are chosen based on the criteria of having
a higher output voltage and a maximum stress smaller
than the material’s yield strength limit.

5.2. Prediction of fatigue life

The main methods for fatigue life analysis in-
clude the nominal stress method and local stress-strain
methods (Zhang et al., 2014). The former involves es-
timating life based on the S-N curve using fatigue cu-
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Fig. 9. a)–b) FE simulation results; c) actual PEH beam under study.

mulative damage theory, which is appropriate for high-
cycle fatigue failures with cycles greater than 104. The
latter calculates the crack initiation life using the lo-
cal stress-strain approach and predicts crack propaga-
tion life using fracture mechanics, making it suitable
for low-cycle fatigue failures with cycles less than 104

(Salazar et al., 2021). Both methods are based on the
fatigue characteristics of materials and fatigue cumu-
lative damage theory. Since piezoelectric transducers
are subject to high-cycle fatigue, the nominal stress
method approach is used in this study.
The fundamental principle of performing fatigue

analysis using ANSYS software is to use FEA to ob-
tain the stress and strain distribution of a structure
under external periodic loads. These results are then
combined with the material fatigue performance curve,
and fatigue theory is applied to calculate the fatigue
life distribution of the components. This process aids
in predicting potential failures of structural compo-
nents due to fatigue over long durations of operation.
Stress-life curves for piezoelectric patch materials are
not available in the ANSYS material library. There-
fore, it is necessary to set up the fatigue properties of
piezoelectric patch materials by generating stress-life
curves using parameters provided by the manufacturer,
such as elastic modulus and fatigue limit, which allows
for the simulation and analysis of the fatigue behavior
of piezoelectric patch transducer.
The analysis is conducted by applying the identi-

cal constant excitation equal to the initial resonant
frequency to five PEHs. After obtaining the required
parameters and calculating the stress distribution and
fatigue life, the simulation results indicate that the
maximum stress occurs at the root of the cantilever
beam. Stress concentration and early fatigue failure oc-
cur at both ends of the cantilever beam, as illustrated
in the fatigue life contour map for the piezoelectric
patch layer in Fig. 9a and 9b. The blue areas repre-
sent the maximum fatigue life, while the red areas
indicate the minimum fatigue life that the PEH can
withstand. The yellow circles in Fig. 9c illustrate the
specific locations on the PEH that are prone to fatigue
damage, based on the simulation. This conclusion can
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Table 6. Fatigue life of beams.

Serial number Beam Output voltage Fatigue life

1O 90× 35× 1.4 68.34 1.76× 107

2O 88× 35.8× 3.8 65.86 1× 109

3O 86.2× 40× 4.3 138.54 2.21× 106

4O 85× 37× 4.3 71.28 1.03× 107

5O 70× 35× 5.9 55.49 1× 109

serve as a reference for future structural parameters
and optimization studies.
For typical fatigue analysis, if a specimen does not

fail after 107 stress cycles, it is assumed that the speci-
men will not fail even after an infinite number of stress
cycles (Wang et al., 2021). As shown in Table 6, it
can be observed that under the same external loads,
beams 1O, 2O, 4O, and 5O have the fatigue life exceed-
ing 107 cycles, indicating that fatigue failure is unlikely
to occur. For a certain natural frequency of the beams,
both output voltage and fatigue life are influenced by
the combined effects of the mass block and the struc-
tural length-to-width ratio, and this influence is non-
linear. In general, the larger the output voltage, the
shorter the lifespan. Therefore, when designing a PEH
for a specific frequency, it is critical to consider the cou-
pling effects of the mass block and aspect ratio, while
balancing the trade-off between output voltage and fa-
tigue life to select the best solution that fits the actual
vibration environment. In terms of the motor usage en-
vironment, that is for indoor electrical devices (such as
machine tools), design schemes 1O and 4O are recom-
mended. They maximize output voltage while meeting
the fatigue life requirements. For outdoor application,
with an uncertain vibration environment (such as au-
tomotive), design scheme 2O is recommended to en-
sure the cantilever beam has a sufficient safety margin
to withstand extreme external loads. If space is lim-
ited, design scheme 5O can be considered. If the output
power of the chosen beam is insufficient to meet certain
requirements, increasing the surface area of the piezo-
electric layer can be an alternative solution. Option 3O
is suitable for situations with high output power de-
mands and a low requirement for safety margin.

6. Conclusion

Long-term vibration loading at a constant ampli-
tude of excitation in a PEH can induce fatigue dam-
age at the root of the cantilever beam in the long run.
In this study, three sets of PEHs with distinct fixed
and variable values were designed for an electric mo-
tor with a 50Hz vibration frequency. After comprehen-
sively considering the output voltage and fatigue life
of the piezoelectric cantilever beam, suitable design so-
lutions for various environments and operational con-
ditions were investigated. The conclusions are summa-
rized as follows:

– The dimensions of the beam and the weight of
mass will result in the optimal solution for output
voltage and fatigue life at the maximum coupling
effect position for a PEH with specific natural fre-
quency of 50Hz. When designing the structure of
the PEH beam, output voltage should not be the
sole design objective; instead, comprehensive con-
sideration of both the output voltage and the fa-
tigue life of the piezoelectric layer is necessary.
– Five optimized design schemes with a frequency
of 50Hz were selected in this study, and these are
recommended for application in different opera-
tional environments and for varying design pur-
poses.
– The structural parametric study of the PEH with
a specific natural frequency of 50Hz, along with the
determination and analysis of the optimal scheme,
provides a simple and effective method for the
structural optimization design of PEH beams.
Based on these conclusions, it is necessary to con-

duct further research to determine the optimal pa-
rameters for the elastic beam in PEH. The fundamen-
tal correlations between the parameters and structural
properties, as obtained in this study, are shown in Ta-
ble 7, which will be useful as a reference for future PEH
design research.

Table 7. Parameters correlation analysis in designing PEH.

Parameters Length Width Mass

Relationship with
structural frequency

Negative
correlation

Positive
correlation

Negative
correlation

Relationship with
output voltage

Positive
correlation

Negative
correlation

Positive
correlation
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