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Abstract
To deal with the limited availability of long-lasting power sources for sensor nodes in industrial
environments, a novel piezoelectric energy harvester with high efficiency and a wide working
bandwidth was designed to harvest broadband and random vibrations from the ambient
environment. The developed energy harvester adopts a doubly clamped piezoelectric beam with
a peanut-shaped auxetic structure to improve the power output. It also incorporates a sliding
proof mass for frequency self-tuning, enabling a wider working bandwidth. As the doubly
clamped beam exhibits geometry nonlinearity under large vibration amplitudes, the power
output of the energy harvester can be further enhanced in the frequency self-tuning process.
Finite element simulations are conducted to evaluate the impact of the auxetic structure and the
position of the proof mass on the performance of the energy harvester. Experiments are
performed to examine the energy harvesting performance of the proposed energy harvester.
Under an excitation acceleration of 0.3 g, the use of the sliding proof mass widens the working
bandwidth of the auxetic energy harvester (AEH) by 9 Hz, with the maximum root mean square
output power of AEH reaching 18.78 µW, which is much higher than that of the plain energy
harvester (PEH) or the AEH with a fixed proof mass. The developed energy harvester can
successfully power a wireless temperature and humidity sensor node based on the vibration
produced by a centrifuge, which demonstrates the practical feasibility of the proposed energy
harvester for industrial applications.
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1. Introduction

Internet of things (IoT) has gained increasing attention in
recent years due to its contribution to the safety and productiv-
ity in industrial production [1]. Industrial IoT (IIoT) is an inter-
connected network that enables connectivity and interaction
between industrial machines by using various types of sensors
[2]. However, the lack of long-term sustainable power supplies
for sensors limits the adoption of IoT systems in the industry
[3]. Although the advancement of low-power technology has
significantly reduced the power consumption of sensors, the
batteries in sensors still require routine replacement, which
can be extremely difficult for vast sensors installed in hard-
to-reach areas [4].

As an alternative to batteries with limited lifespans, vibra-
tion energy harvesting is a promising solution for powering
standalone low-power IoT sensors because vibration is one of
the most ubiquitous and sustainable energy sources in indus-
trial environments. Vibration energy harvesters convert ambi-
ent vibrations into electricity mainly based on piezoelectric
[5], electromagnetic [6], and electrostatic mechanisms [7].
Among these approaches, the piezoelectric energy harvest-
ing method has been widely investigated for developing self-
powered sensors due to its advantages of high energy density
[8], simple structure [5], and ease of integration into a micro-
device [3]. A conventional linear piezoelectric energy har-
vester is designed to operate at its resonance frequency. Once
frequencies of vibration sources slightly deviate from the res-
onance frequency of the energy harvester, the power output of
the energy harvester would decrease significantly [9]. Since
vibrations available in industrial environments are character-
ised by a broad and random frequency spectrum, it is essen-
tial to design a piezoelectric vibration energy harvester with
a wide working bandwidth and high power output to supply
in-situ sensors for industrial applications.

Various techniques have been proposed to yield the work-
ing bandwidth of the piezoelectric energy harvester, including
multi-frequency harvesting, nonlinearity and frequency tun-
ing mechanisms. A multi-frequency system can be realised by
using an array of piezoelectric energy harvesters with different
resonance frequencies [10, 11], or by designing a piezoelectric
energy harvester with multiple closely spaced vibration modes
to scavenge energy from different modes of vibration [12, 13].
Therefore,multi-frequency energy harvesters are always bulky
and require complex geometric designs and optimisations. The
nonlinearity technique enables piezoelectric energy harvesters
to harvest more energy under off-resonance conditions [14].
Nonlinear energy harvesters can be designed by introducing
nonlinear forces (e.g. preload [15], mechanical stress [16] and
magnetic force [17]) and nonlinear geometries (e.g. M-shaped
[18] and L-shaped [19] beam structures). Therefore, nonlinear
energy harvesters can be achieved by incorporating auxiliary
components, such as stoppers and magnets, to provide non-
linear restoring forces. Alternatively, novel structural designs
may be required to induce geometric nonlinearity in the piezo-
electric beam under large deformations [20–23].

Frequency tuning is another approach for broadening the
working bandwidth of the piezoelectric energy harvester

which aims to alter the resonance frequency of the energy har-
vester during its vibrating process. Active frequency tuning
technique consumes additional energy to monitor the work-
ing condition of the energy harvester and tune the natural fre-
quency of system by actively modulating structure stiffness
[24–28]. In contrast, an energy harvester with passive fre-
quency tuning capability can automatically adapt its resonance
frequency to match the excitation frequency without addi-
tional energy consumption and human interventions by using
a beam-slider structure. The slider could autonomously move
along the vibrating beam, thereby shifting the natural fre-
quency of the system [29]. Lan et al [30] proposed a canti-
lever beam-based piezoelectric energy harvester with a sliding
proof mass, increasing the working bandwidth of the energy
harvester by more than 11 Hz at an excitation acceleration of
1.5 g. Yu et al [31] developed a nonlinear cantilever energy
harvester incorporating twomagnets and a free movable slider.
Two magnets were employed at the free end of the beam
and on the clamp to arouse the hardening nonlinearity. The
slider moved along the beam to ensure that the energy har-
vester always attain the high energy orbit. Another of their
studies [32] indicated the slider could also help the doubly
clamped beam capture high energy orbit when the beam exhib-
ited hardening nonlinearity. Miller et al [33] experimentally
investigated the passive self-tuning performance of a beam-
slider resonator that was composed of a clamped-clamped
beam and a sliding proof mass. This resonator was capable
of passive self-tuning in a wide frequency range regardless of
size scale and manufacturing materials. Inspired by this phe-
nomenon, Shin et al [34] designed an energy harvester with a
doubly clamped piezoelectric beam and a mobile proof mass
for broadband energy harvesting, achieving a frequency tuning
range of 35 Hz at an excitation acceleration of 0.5 g. The feas-
ibility of this energy harvester for industry applications was
validated through the energy harvesting test on a rotary pump.

To augment the power output of the piezoelectric energy
harvester, a variety of novel beam geometrical designs have
been proposed to replace conventional rectangular cantilevers.
Baker et al [35] designed a piezoelectric energy harvester
that bonded piezoelectric material on a trapezoidal-shaped
cantilever beam, resulting in a 30% higher power density
than a rectangular counterpart at an excitation acceleration of
4 g. Dietl and Garcia [36] investigated the performance of
piezoelectric energy harvesters with three types of beams (i.e.
rectangular, linear tapered and reverse tapered beams). They
optimised beam structures by varying beam geometrical para-
meters and tip mass to gain the maximum power output at con-
stant or variable amplitude base excitations. The study conduc-
ted byAyed et al [37] showed that the piezoelectric energy har-
vester with a symmetric quadratic-shaped beam could double
the power output compared to the rectangular one.

The auxetic concept also shows great potential for enhan-
cing the power density of piezoelectric energy harvesters.
This is attributed to the ability of auxetic structures to gen-
erate advantageous lateral forces on piezoelectric materials,
which enable both d31 and d32 operation modes can con-
tribute to power generation [38]. Besides, the introduction
of the auxetic structure can increase the magnitude of the
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stress, thereby enhancing polarisation to improve the power
output [39]. Tabak et al [39] thoroughly reviewed the design
of piezoelectric energy harvesters based on various auxetic
structures. Ebrahimian et al [40] numerically and experiment-
ally demonstrated that the auxetic structure could effectively
reduce the resonance frequency and increase the power out-
put of the piezoelectric energy harvester. Sadikbasha et al
[41] proposed a cantilever-based piezoelectric energy har-
vester with an auxetic hexachiral structure. The power out-
put of the energy harvester can be improved either by repla-
cing the plain substrate with a hexachiral substrate or by
adding an additional hexachiral patch on the plain beam. Fang
et al [42] introduced an auxetic hexagonal pattern to the sub-
strate of a vortex-induced energy harvester with monostable
softening behaviour to enhance the power output. Tikariha
et al [43] investigated the performance of the auxetic energy
harvester (AEH) with three types of auxetic structures via
finite element modelling (FEM). The results indicated that
the energy harvester with an elliptical hole-shaped substrate
achieved a higher power output compared to its counterpart
with re-entrant or s-shape auxetic structures. Xie et al [44]
mounted a polyvinylidene fluoride (PVDF) film on the sur-
face of the auxetic cementitious cellular composites to harvest
strain energy when subjected cyclic loading. Chen et al [45]
designed a piezoelectric energy harvester based on a doubly
clamped beamwith auxetic structures. This harvester included
two re-entrant hexagonal honeycomb auxetic arrays located
on both ends of the beam and covered by two piezo ceram-
ics. Experimental results indicated that the auxetic structure
could increase the power output of the energy harvester by
173% at 0.1 g constant acceleration. Their subsequent stud-
ies demonstrated that the power density of an AEH could be
further improved by increasing the number of unit cells in an
auxetic array [46] and by using gradient auxetic structures
[47]. Furthermore, Chen et al [38, 39] mentioned that the
nonlinearity of the doubly clamped beam could be leveraged
to broaden the working bandwidth of the energy harvester.
However, capturing the high power output of nonlinear energy
harvesters remains a challenging problem due to the coexist-
ence of low and high energy orbits in the system caused by
the hysteresis behaviour of the vibrating beam [48]. To ensure
the stability of beam vibration at the high energy orbit, various
methods such as load perturbation [49] and mechanical impact
[50] have been proposed to address this issue.

Given that the previous researchers have exclusively
focused on investigating the application of the auxetic struc-
ture and the sliding mass on piezoelectric energy harvesters
separately, this paper presents the development of a novel
piezoelectric energy harvester that integrates passive fre-
quency self-tuning technique and auxetic concept to simul-
taneously improve the power output and working bandwidth
of the energy harvester. The natural frequency and deforma-
tion of the energy harvester are evaluated through the FEM.
The influence of the auxetic structure on power generation
and the frequency self-tuning capability of the sliding proof
mass are experimentally investigated. Parametric studies are
also conducted to analyse the impact of parameters of the slid-
ing proof mass on vibration energy harvesting. Furthermore,

the practical feasibility of the developed energy harvester for
industrial applications has been demonstrated by successfully
powering a wireless temperature and humidity sensor node.

2. Design, fabrication and working principle

2.1. Energy harvester design and fabrication

The fabricated prototype of the proposed piezoelectric energy
harvester is shown in figure 1(a). It consists of a doubly
clamped substrate with auxetic structure, a piezoelectric film,
and a sliding proof mass. To ensure the smooth movement of
the sliding proof mass, the geometric corners of the auxetic
substrate should be minimised. Therefore, a peanut-shaped
auxetic pattern adapted from the literature [51] is evenly fab-
ricated on the 301 stainless steel beam using laser cutting.
Then, a commercial off-the-shelf piezoelectric film (LDT4-
028K/L) is bonded to the auxetic substrate through the epoxy
adhesive. The piezoelectric film has a total thickness of
157 µm, comprising a PVDF piezoelectric layer (28 µm), a
laminated polyester sheet (77 µm), and a protective polyester
coating (52 µm). The length, width, and thickness of the com-
posite piezoelectric beam are 171 mm, 22 mm, and 0.8 mm,
respectively (figures 1(b) and (c)). Note that although piezo-
electric ceramics such as lead zirconate titanate (PZT) are
commonly used for vibration energy harvesting due to their
higher power density [30, 40, 45, 46], they are brittle and lack
of robustness under large displacement. As a result, the flex-
ible PVDF film is applied in this design.

The auxetic structure can be regarded as an array of unit
cells with peanut-shaped holes. The geometry of the peanut-
shaped hole is determined by two small circles and two large
circles tangent to them, as depicted in figure 1(c). The sliding
proof mass comprises four pieces of metal, manufactured from
6063 aluminium alloy and engineering steel, and is assembled
with bolts and nuts (figure 1(a)). The dimensions of the slid-
ing proof mass are shown in figure 1(d). There is a gap at the
centre of the proof mass with a gap size of 1 mm, which allows
the proof mass to freely move along the piezoelectric beam. In
order to avoid the sliding proof mass being stuck on the piezo-
electric beam, the width of the gap (22.3 mm) is slightly wider
than that of the piezoelectric beam.

2.2. Auxetic structure

Instead of using a conventional plain substrate, the proposed
piezoelectric energy harvester utilises a peanut-shaped auxetic
structure on the substrate to boost its power output. On the
one hand, the auxetic structure has a negative Poisson’s ratio,
which is characterised by lateral expansion (along x axis)
under a longitudinal tension force (along y axis), as shown in
figure 2. In this case, the lateral and longitudinal strains in the
auxetic substrate have the same sign, showing opposite beha-
viour compared to a normal plain substrate. For a piezoelec-
tric energy harvester operating in bendingmode, themaximum
power output of the energy harvester is equally influenced by
both average lateral strain εxx and average longitudinal strain
εyy in the piezoelectric film (as expressed in equation (1) [47]).
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Figure 1. Proposed piezoelectric energy harvester: (a) fabricated
prototype of the energy harvester; (b) dimensions of the energy
harvester (front view); (c) dimensions of the substrate with a
peanut-shaped auxetic structure; (d) dimensions of the sliding proof
mass.

In an AEH, negative εxx can be reduced or even have the same
sign as εyy due to the advantageous lateral force exerted by the
auxetic structure.

MaximumPower∝ (εxx+ εyy)
2 (1)

On the other hand, compared to the plain substrate, the
substrate with an auxetic structure can lead to higher stress
in the piezoelectric film, thereby enhancing the power output.
According to the constitutive equations of piezoelectric effect
(equations (2) and (3)) [52], an increase in the stress T in the
piezoelectric material contributes to the rise of the electrical

displacement D. Therefore, the power output of the piezo-
electric energy harvester can be significantly enhanced by the
introduced auxetic structure owing to the above-mentioned
two advantages.

D= dT+ εE (Direct effect) (2)

X= sT+ dE (Converse effect) (3)

where D is the electrical displacement, d is the piezoelectric
coefficient, T is the mechanical stress, ε is the dielectric con-
stant, E is the electric field, X is the mechanical strain, and s is
the mechanical compliance.

2.3. Passive frequency self-tuning mechanism

Since vibration frequency levels of common industrial
machinery are relatively low (e.g. the dominant frequency of a
water pump is 49.5 Hz [53]), in this case, only the first mode of
vibration of the proposed doubly clamped beam-based energy
harvester is suitable for vibration energy harvesting. The pass-
ive frequency self-tuning mechanism of the proposed energy
harvester is depicted in figure 3. Initially, the proof mass is
placed at the side of the piezoelectric beam. Then, an external
constant excitation is applied to the energy harvester with a
frequency of f 1. If the vibrating beam can provide sufficient
inertia force to the proof mass and the excitation frequency f 1
is within the frequency self-tuning range, the proof mass will
autonomously move towards the centre of the beam. During
this process, the vibration amplitude of the beam will gradu-
ally increase, leading to the occurrence of the hardening non-
linearity in the doubly clamped beam. As a result, the proof
mass will not stop at the position where the modulated nat-
ural frequency of the energy harvester (as a linear system)
matches the excitation frequency. Instead, the proof mass will
stop near the centre of the beam to attain a larger vibration
amplitude due to the existence of geometric nonlinearity and
friction force during the sliding process [54]. Overall, the pass-
ive frequency self-tuning behaviour can be attributed to the
interaction between the vibrating beam and the sliding proof
mass. Specifically, the vibrating beam drives the motion of the
proof mass. Consequently, this motion results in the change
in the mass distribution of the system, which in turn alters
the dynamic response of the vibrating beam. To quantify the
frequency self-tuning capability realised by a sliding proof
mass, Kim et al [55] presented a comprehensive mathemat-
ical model of the piezoelectric energy harvester with a doubly
clamped plain beam and a sliding proof mass based on exten-
ded Hamilton principle by considering the nonlinear dynam-
ics of the doubly clamped beam. However, the motion of the
proposed energy harvester cannot be accurately expressed by
analytical calculations due to the introduction of the auxetic
structure. The mode shape of the proposed energy harvester
is more complicated than its plain counterpart, and the cross
sections of the substrate with the auxetic structure are not uni-
form due to the presence of hollows [46].
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Figure 2. Deformation shapes of (a) the plain structure and (b) the peanut-shaped auxetic structure (2 × 2 unit cells) under longitudinal
tension (along y axis).

Figure 3. Schematic illustration of frequency self-tuning of the doubly clamped beam-based energy harvester through passive adjustment
of the sliding proof mass position.

3. Numerical methodology and experimentation

3.1. FEM

FEM is conducted using COMSOL Multiphysics 5.6, which
couples electrostatic physics, electrical circuit and solid mech-
anics, to estimate the eigenfrequencies of the energy harvester
with a fixed proof mass and investigate the effect of the auxetic
structure. As shown in figure 4(a), the finite element model
of the proposed energy harvester consists of an auxetic sub-
strate with fixed boundary conditions at both ends, a PVDF
piezoelectric layer sandwiched between two polyester sheets
for power generation, an epoxy layer with the same auxetic

pattern as the substrate to bond the piezoelectric film to the
substrate, and a proof mass fixed on the piezoelectric beam.
To simplify the model, the bolts and nuts on the proof mass
are ignored. However, since the weight of the bolt and nuts
has a significant influence on the natural frequency of the
energy harvester, the density of the proof mass 1 is assumed
to be the same as the aluminium alloy 6063, while the dens-
ity of the proof mass 2 is calculated based on the weight of
the proof mass used in the experiments. Besides, consider-
ing the imperfect bonding caused by the adhesive, substrate–
adhesive–polyester interfaces are modelled as thin elastic lay-
ers with a bonding strength of 200 GN m−3 [56], and the
damping ratio of the system is assumed to be a single isotropic
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Figure 4. Finite element model of the proposed auxetic energy harvester: (a) exploded view of the energy harvester; (b) mesh configuration
of the energy harvester; (c) effect of the maximum mesh size on the natural frequency of the energy harvester.

loss factor with a value of 0.001 [40]. The computational mesh
configuration of the proposed AEH is shown in figure 4(b). To
characterise the geometry of the auxetic piezoelectric beam,

a combination of free triangular mesh and swept meshing are
employed to build the mesh of the auxetic piezoelectric beam,
while the proof mass is meshed using free tetrahedral mesh
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Table 1. Geometrical parameters of the energy harvesters in the modelling.

Component Parameter Symbol Value Unit

Piezoelectric layer Length lp 171 mm
Width wp 22 mm
Thickness tp 0.028 mm

Laminated polyester sheet Length l1 171 mm
Width w1 22 mm
Thickness t1 0.077 mm

Protective polyester coating Length l2 171 mm
Width w2 22 mm
Thickness t2 0.052 mm

Substrate Length ls 178 mm
Width ws 22 mm
Thickness ts 0.47 mm

Auxetic structure Radius of two small circle r 1.53 mm
Radius of two large circles R 2.71 mm
Centroid distance of two small circles D 5.08 mm
Centroid distance of two large circles S 6.78 mm
Distance between peanut-shaped holes m 0.75 mm
Side length of the unit cell la 11 mm
Total length of the auxetic pattern l 165 mm

Epoxy adhesive layer Length le 171 mm
Width we 22 mm
Thickness te 0.1 mm
Bonding strength k 200 GN m−3

Proof mass (four pieces) Length lm 32 mm
Width wm 11 mm
Thickness tm 3 mm

due to its good adaptability. To achieve precise simulation res-
ults within a reasonable computational time, natural frequency
of the energy harvester with a proof mass fixed at the centre
of the piezoelectric beam is initially calculated to determine
the maximum size of the mesh. As depicted in figure 4(c), the
natural frequency of the energy harvester shows little sensitiv-
ity to the maximum mesh size when it is smaller than 1 mm.
Consequently, the maximum mesh size is set at 1 mm. In this
configuration, the proposed finite element model comprises
77 391 mesh vertices and a total of 168 384 elements. As a
comparison, FEM is also performed to analyse the behaviour
of a conventional piezoelectric energy harvester with a plain
substrate. The geometrical parameters and material properties
of AEH and plain energy harvester (PEH) for FEM are sum-
marised in tables 1 and 2, respectively.

To facilitate the investigation of the performance of the
auxetic structure, the proof mass is fixed at the centre of
the piezoelectric beam. The modal analysis is conducted to
determine the eigenfrequencies of the energy harvester. A
sinusoidal body load equivalent to a constant vibration of 0.3 g
acceleration [40] at the first eigenfrequency is applied to the
energy harvester along the z axis. Since the doubly clamped
piezoelectric beam of the energy harvester has a thin thickness
and exhibits large deflection when subject to an excitation
acceleration of 0.3 g, the impact of geometric nonlinearity

should be considered. Besides, in order to explore the effect
of the position of the proof mass on the natural frequency of
the AEH, the first eigenfrequency of the AEH is calculated by
varying the position of the proof mass fixed on the piezoelec-
tric beam.

3.2. Experimental setup

To validate the design concept, an experimental setup is organ-
ised to investigate the performance of the proposed piezoelec-
tric energy harvester. As shown in figure 5(a), the energy har-
vester is vertically mounted on a vibration shaker (APS 113
ELECTRO-SEIS) to be excited by harmonic excitations. The
shaker is driven by a power amplifier (APS 125) whose input
signal is sourced from a function generator. The vibration fre-
quency and amplitude of the shaker can be manually adjus-
ted to ensure that provided excitation is at the desired level.
An accelerometer (Brüel & Kjær 4507-B) is attached to the
U-shape fixture to measure the base acceleration generated
by the shaker. Two data acquisition modules (DAQ NI-9229
and NI-9234) are used to measure the voltage signal generated
by the energy harvester and the acceleration signal measured
by the accelerometer, respectively. Simultaneously, these two
data acquisition units are connected to the computer, where
themeasured voltage and acceleration signals can be displayed

7
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Table 2. Material properties of the energy harvesters in the modelling.

Component Parameter Symbol Value Unit

Piezoelectric element (PVDF) Density ρp 1780 kg m−3

Compliance matrix sE11 3.78 × 10−10 1 Pa

sE12 −1.48 × 10−10 1 Pa

sE13 −1.72 × 10−10 1 Pa

sE22 3.78 × 10−10 1 Pa

sE23 −1.72 × 10−10 1 Pa

sE33 1.09 × 10−9 1 Pa

sE44 1.11 × 10−9 1 Pa

sE55 1.11 × 10−9 1 Pa

sE66 1.43 × 10−9 1 Pa

Coupling matrix d31 2.3 × 10−11 C/N
d32 1.48 × 10−12 C/N
d33 −3.3 × 10−11 C/N

Relative permittivity ε11 7.4 —
ε22 9.3 —
ε33 12.0 —

Polyester sheet Density ρ1 1780 kg m−3

Poisson’s ratio ν1 0.2 —
Young’s modulus E1 3.5 GPa

Substrate (301 stainless steel) Density ρs 7930 kg m−3

Poisson’s ratio νs 0.3 —
Young’s modulus Es 195 GPa

Epoxy Density ρa 1250 kg m−3

Poisson’s ratio νa 0.35 —
Young’s modulus Ea 1.0 GPa

Proof mass 1 (aluminium alloy 6063) Density ρm 2700 kg m−3

Poisson’s ratio νm 0.33 —
Young’s modulus Em 69 GPa

Proof mass 2 (engineering steel) Density ρm 8200 kg m−3

Poisson’s ratio νm 0.3 —
Young’s modulus Em 200 GPa

and recorded by the NI SignalExpress software (figure 5(b)).
Note that the measured output voltage is slightly lower than
the open-circuit voltage due to the inherent 1 MΩ resistance of
the data acquisition module NI-9229. Besides, the piezoelec-
tric film is connected to a resistance box to measure the power
output of the energy harvester with different resistances.

4. Results and discussion

4.1. Modal analysis results

As shown in figure 6, the first four eigenfrequencies of the
AEH with a proof mass fixed at the centre of the piezoelec-
tric beam are simulated to be 18.93 Hz, 65.56 Hz, 120.82 Hz
and 248.57 Hz, respectively. Among four mode shapes, only
the first mode of vibration of the AEH can be utilised for
vibration energy harvesting in the proposed energy harvester
design because this mode enables the sliding proof mass to
move smoothly along the vibrating beam for passive fre-
quency self-tuning. Besides, the first eigenfrequency of the
PEH is found to be 36.44 Hz, which is significantly higher

than that of the proposed AEH. This decrease in the natural
frequency of the AEH can be attributed to the lower stiffness
of the auxetic substrate in comparison to the plain substrate.
Therefore, the introduction of the auxetic can considerably
reduce the natural frequency of the energy harvester. The vari-
ation of the natural frequency of the AEH with the position
of fixed proof mass is shown in figure 7. Despite minor dis-
crepancies, FEM results match well with experimental results.
The experimental results indicate that the natural frequency of
the AEH exponentially increases from 18.0 to 48.3 Hz, as the
proof mass moves from the centre of the piezoelectric beam
to the fixed end. This implies that the position of the proof
mass significantly affects the dynamic behaviour of the energy
harvester.

4.2. Effect of the auxetic structure

To investigate the influence of auxetic structure on the deform-
ation of the piezoelectric beam, finite element simulations
were conducted to analyse the displacement distributions of
the substrate covered by the piezoelectric layer, as well as
the stress and strain distributions in the piezoelectric layer.
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Figure 5. Experimental setup of the vibration energy harvesting test: (a) testing system; (b) data acquisition system.

Figure 6. First four mode shapes of the AEH with a proof mass fixed at the beam centre.

Figure 7. Experimental validation of natural frequencies of the
AEH with a proof mass fixed at different positions.

To ensure a fair comparison, these simulations were per-
formed for both PEH and AEH with a poof mass fixed at the
centre of the beam under an excitation acceleration of 0.3 g at
their respective first eigenfrequencies. Considering the struc-
tural symmetry of the two energy harvesters, the displace-
ment and stress distributions of the piezoelectric beam are
symmetrical with respect to the centre of the beam. Hence,
only the displacement and stress distributions of the left half
of the energy harvesters are depicted for comparison. As
shown in figures 8(a) and (b), the longitudinal displacements

of both substrates first increase and then decrease along
the y-axis, which means that the regions near the fixed end
undergo stretching, while the regions near the centre exper-
ience compression. The lateral displacement distribution of
plain substrate (figure 8(c)) indicates that the plain substrate
contracts laterally in the stretching region and expands later-
ally in the compression region, which aligns with the expec-
ted positive Poisson’s ratio behaviour. In contrast, the auxetic
substrate expands laterally in most regions (figure 8(d)). This
behaviour arises because the longitudinal stress varies across
the cross section of the substrate when it is in a bending mode,
which is characterised by one surface in tension and the other
in compression. The auxetic substrate consistently exhibits
lateral expansion when both tensile and compressive stresses
coexist within the auxetic substrate.

The stress distributions of piezoelectric films for the two
energy harvesters are depicted in figures 8(e) and (f). It can
be observed that the stress in the piezoelectric film of the
AEH is higher than that of the PEH. To further evaluate the
performance of the auxetic structure, the average strain and
maximum stress in piezoelectric layers for both energy har-
vesters are summarised in table 3. For the piezoelectric film
in the PEH, the average strains along the x axis (εxx) and
along the y axis (εyy) have opposite signs, which means that
εxx will diminish the power output generated by εyy. In con-
trast, εxx and εyy in the piezoelectric layer of the AEH have
the same signs, indicating that both stains can contribute to
the power generation. Besides, the maximum stress in the
piezoelectric film is 0.375 MPa for the PEH and 1.645 MPa
for the AEH.

9
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Figure 8. Displacement distributions of the left half of the substrate covered by the piezoelectric layer: along y-axis (a) plain structure and
(b) auxetic structure; along x-axis: (c) plain structure and (d) auxetic structure; and stress distributions of the left half of the piezoelectric
layer: (e) plain structure and (f) auxetic structure.

Table 3. Average strain and maximum stress in piezoelectric films.

Energy harvester εxx (10−5) εyy (10−5) Maximum stress (MPa)

PEH −0.328 1.891 0.375
AEH 1.093 3.866 1.645

To quantify the effect of the auxetic structure on vibra-
tion energy harvesting, the frequency responses of the AEH
and the PEH were experimentally tested under an excitation
acceleration of 0.3 g. The proof masses of both energy har-
vesters were fixed at the centre of the piezoelectric beam. The
frequency responses of the energy harvesters were obtained
through manual frequency sweep [17]. The excitation fre-
quency was increased and decreased manually in steps of
0.5 Hz within the frequency ranges of interest. Considering
that the AEH has a lower natural frequency compared to the
PEH, the frequency range of interest for the AEH was defined
as 15 Hz to 30 Hz, while the range for PEH was set as 30 Hz
to 45 Hz. As shown in figure 9, the AEH achieves a max-
imum root mean square (RMS) output voltage of 2.07 V at
a frequency of 25 Hz. In contrast, the PEH acquires a lower
maximum RMS output voltage of 1.42 V at a frequency of
40 Hz. These results highlight the ability of the auxetic struc-
ture to enhance the voltage output of the energy harvester.
Furthermore, obvious jump phenomena can be observed in the
upward frequency responses of both energy harvesters. There
also exist noticeable differences between upward and down-
ward frequency responses as the structural stiffness varies
with the vibration amplitude. These observations indicate the
presence of geometric nonlinearity in the energy harvesters,

Figure 9. Comparison of the frequency responses of the AEH and
the PEH under an excitation acceleration of 0.3 g.

which can be attributed to the occurrence of stretching
strain in the doubly clamped beam under large vibration
amplitudes.

4.3. Passive frequency self-tuning energy harvesting

For an AEH with a sliding proof mass, passive frequency self-
tuning of the energy harvester can be achieved through the
automaticmovement of the sliding proofmass. To demonstrate
the improved energy harvesting performance of the energy
harvester, a series of experiments were conducted at differ-
ent frequencies under a constant excitation acceleration of
0.3 g. Figures 10(a)–(d) depict the output voltage of the energy
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Figure 10. Time histories of the output voltage of the AEH with a sliding proof mass at different frequencies under a constant excitation
acceleration of 0.3 g: (a) 26 Hz; (b) 28 Hz; (c) 30 Hz; (d) 31 Hz.

harvester over time at 26 Hz, 28 Hz, 30 Hz and 31 Hz, respect-
ively. As shown in figure 10(a), when the energy harvester
was subjected to an excitation frequency of 26 Hz, the ini-
tial output voltage of the energy harvester is relatively low
owing to the small vibration amplitude of the piezoelectric
beam. However, as the proof mass moves towards the beam
centre, the output voltage gradually increases due to the amp-
lified vibration amplitude. Ultimately, the output voltage of
the energy harvester is significantly improved and remained
constant, accompanied by the beam vibrating in a large amp-
litude and the proof mass anchored at a position near the
beam centre. The transient responses of the energy harvester
at 28 Hz (figure 10(b)) and 30 Hz (figure 10(c)) exhibit a
similar trend as the case at 26 Hz. However, in the case of
31 Hz (figure 10(d)), the output voltage of the energy har-
vester increases dramatically at the beginning, followed by
a sudden decrease. This behaviour may be attributed to the
rapid movement of the proof mass, which may hinder the
vibrating beam from effectively capturing the high vibration
amplitude. Consequently, the nonlinear energy harvester trans-
itions from the high-energy orbit to the low-energy orbit when
the proof mass reaches the position near the centre. These res-
ults demonstrate that the sliding proof mass can automatically
move from the side of the piezoelectric beam towards the beam
centre to help the energy harvester capture high output voltage
at different excitation frequencies within the frequency tuning
range.

To investigate the effect of the initial position of the proof
mass on frequency self-tuning, experiments were conducted
with the sliding proof mass initially placed at three different
positions. During the tests, the energy harvester was subjected
to an excitation acceleration of 0.3 g at a constant frequency

of 26 Hz. As shown in figure 11(a), when the initial posi-
tion of the proof mass was 66 mm from the beam centre, the
output voltage of the energy harvester consistently remains
at an extremely low level. This is because the proof mass is
kept at its initial position and the excited frequency is devi-
ated from the resonance frequency of the structure, causing the
beam to vibrate with a small vibration amplitude. The similar
phenomenon was also discovered when the proof mass was
initially placed at the beam centre, as shown in figure 11(c).
The voltage output of the energy harvester is relatively low
and remains unchanged over time. However, when the proof
mass was initially placed at 44 mm from the beam centre, the
energy harvester could realise frequency self-tuning to obtain
high voltage output (figure 11(b)). These results imply that
frequency self-tuning is only achieved when the proof mass
is initially placed at an appropriate position. Specifically, the
initial vibration amplitude of the piezoelectric beam should be
sufficiently large to initiate the movement of the proof mass.
Subsequently, the proofmass can autonomouslymove towards
the beam centre to track the large vibration amplitude. Note
that for the PEH under an excitation acceleration of 0.3 g,
the proof mass cannot automatically move towards the beam
centre regardless of its initial position. This may be attributed
to the significantly higher stiffness of the plain substrate with
smaller vibration amplitude in comparison to the auxetic sub-
strate.

Figure 12 compares the RMS output voltage between the
AEHwith a fixed proof mass and the AEHwith a sliding proof
mass at different frequencies under a constant excitation accel-
eration of 0.3 g. In each test, the energy harvester remained in
a stationary state until it was subjected to a specified excit-
ation frequency. In the case of the AEH with a fixed proof
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Figure 11. Time histories of the output voltage of the AEH with a sliding proof mass placed at different initial positions under an excitation
acceleration of 0.3 g at 26 Hz: (a) 66 mm from the centre; (b) 44 mm from the centre; (c) at the centre.

Figure 12. Comparison of the output voltage between the AEH with
a fixed proof mass (centre) and the AEH with a sliding proof mass
at different frequencies under an excitation acceleration of 0.3 g.

mass, the proof mass was fixed at the beam centre to max-
imise output voltage. This configuration achieves a maximum
RMS output voltage of 1.07 V at a frequency of 21 Hz. In con-
trast, the energy harvester with a sliding proof mass exhibits
a maximum RMS output voltage of 3.37 V at a frequency of
30 Hz. Moreover, although the maximum RMS output voltage
of the AEH with a fixed proof mass at the beam centre can
be improved to 2.07 V at 25 Hz through the manual upward
frequency sweep in steps of 0.5 Hz due to the occurrence of
geometric nonlinearity, the AEHwith a fixed proof mass at the
beam centre exhibits a lower maximum operating frequency
and RMS output voltage compared to the AEH with a sliding
proof mass. Therefore, the introduction of the sliding proof
mass significantly enhances the voltage output of AEH and
broadens its working bandwidth by 9 Hz under an excitation
acceleration of 0.3 g.

The RMS output voltage of the AEH with a sliding proof
mass was investigated under different excitation accelera-
tions and frequencies, as shown in figure 13. The RMS out-
put voltage and maximum working frequency of the energy
harvester increase with increasing acceleration because of
the improved vibration amplitude of the piezoelectric beam
over time. The increased vibration amplitude of the beam
can enhance the geometry nonlinearity of the energy har-
vester. Thus, the high energy orbit of the energy harvester can
be easily captured and maintained as the proof mass moves

Figure 13. Output voltage of the AEH with a sliding proof mass
under different excitation accelerations and frequencies.

towards the beam centre. Furthermore, figure 14 depicts the
time histories of the output voltage of the energy harvester
during the frequency self-tuning process at a constant fre-
quency of 26 Hz under three different excitation accelerations.
To ensure a fair comparison, the initial position of the sliding
mass remained consistent across these three tests, with a dis-
tance of 44 mm from the beam centre. It can be observed that
transient response of the energy harvester under an excitation
acceleration of 0.2 g is consistently much lower than that of
the energy harvester under an excitation acceleration of 0.3 g
and 0.4 g. This indicates that the piezoelectric beam consist-
ently exhibits larger vertical displacement when subjected to
higher excitation accelerations, resulting in stronger geometry
nonlinearity.

4.4. Power output

To further evaluate the performance of the energy harvesters,
the peak RMS output power for each energy harvester was
examined with different load resistances under an excitation
acceleration of 0.3 g, as shown in figure 15. Considering the
energy harvester as a current source, the theoretical RMS
power output generated by the energy harvester across the con-
nected resistance can be calculated using equations (4)–(6)
[57]. According to the experimental results, the PEH with a
fixed proof mass has the lowest output power compared to the
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Figure 14. Time histories of the output voltage of the energy
harvester with the moving mass at different accelerations under
26 Hz.

Figure 15. Peak RMS output power of the energy harvester with
different load resistances under an excitation acceleration of 0.3 g.

other two PEHs. It achieves a maximum RMS output power of
3.37 µW at a load resistance of 300 kΩ. The AEH with a fixed
proof mass demonstrates a higher maximum RMS power out-
put of 5.85 µWat a load resistance of 420 kΩ. The AEHwith a
sliding proof mass exhibits the highest output power, reaching
a maximum RMS power output of 18.78 µW when connec-
ted to a load resistance of 320 kΩ. This value is 2.21 times
higher than that of the AEH with a fixed proof mass and 4.57
times higher than that of the PEH with a fixed proof mass. In
conclusion, the auxetic structure can improve the power out-
put of the energy harvester, and the introduction of the sliding
proof can further improve the working bandwidth and power
output of the energy harvester due to its frequency self-tuning
capability

P=
UR× IR

2
(4)

UR = R× IR (5)

Figure 16. Output voltage of the AEH with a sliding proof mass of
different weights under an excitation acceleration of 0.3 g.

IR =
I0√

1+R2C2ω2
(6)

where P, UR, IR denotes the RMS power output, voltage amp-
litude, and current amplitude across the connected resistance
load resistance R, respectively. I0 denotes the short-circuit cur-
rent generated by the energy harvester, which can be measured
in the experiments.C denotes the capacitance of the piezoelec-
tric film, with a value of approximately 14.8 pF, ω denotes
the angular frequency of the external excitation applied to the
energy harvester.

4.5. Parametric studies for the sliding mass

Since the proof mass exhibits a significant impact on vibration
energy harvesting, the influence of the weight and the gap size
of the sliding proof mass on the performance of the energy har-
vester was experimentally investigated. As shown in figure 16,
with the increase in the weight of the sliding proof mass, the
working frequencies of the energy harvester shift from the high
frequencies to low frequencies. At the same time, the RMS
output voltage of the energy harvester increases as the weight
of the proof mass increases. This is because a heavier proof
mass results in a larger vibration amplitude of the piezoelec-
tric beam when the sliding proof mass stabilises near the beam
centre.

In addition, the transient responses of the AEH with a slid-
ing proof mass of various gap sizes during the frequency self-
tuning process were investigated. The experiments were con-
ducted under an excitation acceleration of 0.3 g at a frequency
of 26 Hz with the sliding proof mass initially placed at 44 mm
from the beam centre. As shown in figure 17, the energy har-
vester with a sliding proof mass of a smaller gap size exhib-
its a slightly lower output voltage, and it takes more time for
the proof mass to move towards the beam centre during the
frequency self-tuning process with the decrease of the gap
size. This behaviour can be attributed to the increase in the
friction force and impacts between the sliding proof mass
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Figure 17. Time histories of the output voltage of the AEH with a
sliding proof mass of different gap sizes under an excitation
acceleration of 0.3 g at 26 Hz.

Figure 18. Output voltage of the AEH with a sliding proof mass of
different gap size at different frequencies under an excitation
acceleration of 0.3 g.

and the vibrating beam, which slows down the movement
of the sliding proof mass. Furthermore, figure 18 shows the
RMS output voltage of the AEH with a sliding proof mass
of different gap sizes as a function of excitation frequency
under an excitation acceleration of 0.3 g. The gap size of the
proof mass has little impact on the RMS output voltage of the
energy harvester under the same excitation frequency within
the frequency self-tuning range. However, a slight increase in
the maximum working frequency of the energy harvester is
observed as the gap size of the sliding proof mass decreases.

5. Practical applications

With the prevalence of mine IoT, a wide range of sensors have
been extensively deployed in mine sites for environmental
monitoring and production management [58]. However, as

the number of sensors at mine sites continues to rise dra-
matically, the use of cable-based sensors becomes imprac-
tical due to the complexity and high cost of cable deployment
and maintenance [59]. To address this issue, vibration energy
harvesters can be employed in mine environments to harness
vibration energy from operating machinery and power the
nearby sensors. The feasibility of the developed piezoelectric
energy harvester for mining applications was evaluated based
on the vibration produced by a centrifuge in the coal hand-
ling and preparation plant (CHPP). According to figure 19(a),
the centrifuge can generate sufficient and stable vibrations for
vibration energy harvesting, exhibiting an RMS acceleration
of 0.346 g. The dominant frequency of the measured accelera-
tion is 25.0 Hz, which is within the working bandwidth of the
proposed energy harvester figure 19(b).

To demonstrate the potential of the proposed energy har-
vester for powering IoT devices, laboratory experiments were
conducted. The applied vibration to the energy harvester in
these experiments replicates the dominant frequency and amp-
litude of the vibrations produced by a centrifuge at the CHPP.
The developed energy harvester was connected with a com-
mercial IoT device kit (Cypress S6SAE101A00SA1002) to
show its capability in powering a Bluetooth low energy (BLE)
beacon and a wireless humidity and temperature sensor node.
The IoT device kit consists of an energy harvesting mother-
board and a BLE-USB bridge. The motherboard includes
two diode bridges to convert the generated AC voltage into
DC voltage, a power management integrated circuit with an
extremely low start-up power (1.2 µW) to manage and control
the power supply, a humidity and temperature sensor for envir-
onmental monitoring, and a BLE module to enable wireless
communication. As shown in figure 20, the energy harvester
captured vibration energy from the shaker. The generated AC
power was then rectified by diode bridges and stored in a capa-
citor. Subsequently, the stored energy was utilised to power the
electronics on motherboard.

In the experiments, the developed energy harvester con-
sistently generated an RMS output voltage of 2.297 V when
the sliding mass stabilised on the beam under an excitation
acceleration of 0.346 g at 25 Hz. Since the motherboard can
function as either a BLE beacon or a humidity and temper-
ature sensor node, two types of experiments were conduc-
ted. For powering the BLE beacon, a capacitor with a capa-
citance of 47 µF was used as an external storage compon-
ent. Figure 21 illustrates the charge and discharge curve of
the capacitor while powering a BLE beacon. Initially, as the
power generated by the energy harvester gradually accumu-
lates in the capacitor, the voltage across the capacitor gradu-
ally increases. Once the voltage reaches 3.28 V, the mother-
board wakes up, and the BLE beacon begins broadcasting its
unique identifier. This causes a sharp decrease in the voltage
across the capacitor. The identifier can be detected by the
BLE-USB bridge and read by the computer. When the voltage
drops to 1.92 V, the motherboard goes back to sleep mode
until the voltage across the capacitor returns to 3.28 V. In
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Figure 19. Vibration data collected from a centrifuge along the z axis: (a) time history signal of the measured acceleration; and (b)
frequency distribution of the measured acceleration.

Figure 20. Experimental setup of vibration energy harvesting for powering a sensor node.

Figure 21. Charge and discharge curve of the capacitor while powering a BLE beacon.

general, the energy harvester enables BLE beacon to broad-
cast its identifier at intervals of approximately 2 min and
40 s.

To power the temperature and humidity sensor node, a
capacitor with a capacitance of 100 µF was applied to stor-
age the power generated by the vibration energy harvester.
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Figure 22. VEH for powering a temperature and humidity sensor node: (a) charge and discharge curve of the capacitor; and (b) temperature
and humidity data recorded by the self-powered sensor node.

As shown in figure 22(a), initially, it takes approximately
6 min and 40 s to charge the capacitor, allowing the voltage
across the capacitor to reach 3.3 V. Afterwards, the capa-
citor discharges to power the sensor node until its voltage
decreases to 1.98 V. During this period, the temperature and
humidity sensor measures the surrounding temperature and
humidity once. The collected data is then transmitted to the
BLE-USB bridge through BLE connectivity and recorded
by the monitoring software (figure 22(b)). The temperature
and humidity data can be monitored every 3 min and 30 s.
Therefore, the developed piezoelectric energy harvester can
harvest sufficient vibration energy from the centrifuge to peri-
odically power a BLE beacon or a sensor node at the mine
site.

6. Conclusion

An auxetic piezoelectric energy harvester with frequency
self-tuning capability was developed for efficient and
broadband vibration energy harvesting. The auxetic structures
effectively reduces the natural frequency and increases the out-
put power of the energy harvester simultaneously. The sliding
proof mass with an appropriate initial position can automat-
ically adjust its position along the vibrating doubly clamped
beam to modulate the dynamic response of the system and
capture the high vibration amplitude of the beam across a
range of frequencies. FEM is conducted to analyse the effect
of the auxetic structure and the position of the proof mass on
the characteristics of the energy harvester, which is consistent
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with the experimental results. Experiments are performed to
investigate the improved energy harvesting performance of the
proposed energy harvester. Under an excitation acceleration
of 0.3 g, the introduction of the sliding proof mass widens
the working bandwidth of the AEH by 9 Hz (from 21 Hz
to 30 Hz). Besides, due to the geometry nonlinearity of the
doubly clamped beam under large vibration amplitudes, the
AEH with a sliding mass has the highest maximum output
power compared to PEH and AEH with a fixed proof mass.
The maximum RMS output power of AEHwith a sliding mass
reaches 18.78 µW under 0.3 g excitation acceleration, which
is 2.21 times higher than that of the AEH with a fixed proof
mass and 4.57 times higher than that of the PEH with a fixed
proof mass. Additionally, the results of the parametric studies
indicate the weight of the sliding proof mass has a significant
impact on energy harvesting performance, while the gap size
of the sliding proof mass exhibits little influence. Furthermore,
the developed energy harvester has successfully demonstrated
its potential to power either a BLE beacon or a temperature
and humidity sensor node in real-world mine environments.
We believe that this study will provide guidance for the design
of more efficient piezoelectric energy harvesters to realise
self-powered IIoT sensors.
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