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Abstract
Metamaterials and phononic crystals (PCs) with artificially designed periodic microstructures
have attracted increasing research interests due to their unique properties that cannot be easily
realized in natural materials. In recent years, the applications of metamaterials and PCs have
been extended into the field of energy harvesting. A direct integration design strategy can yield
a multifunctional system to suppress undesired vibrations/noise and convert them into electrical
energy for providing power supply to widely distributed micro-electromechanical systems.
Moreover, the defect state mode of metamaterials/PCs can localize the energy with an
amplification effect, which has a great potential for improving energy harvesting efficiency. In
addition, through tailoring the refractive index profile of metamaterials/PCs, the wave focusing
phenomenon can be realized to boost the energy harvesting efficiency over a wide frequency
range. This paper presents a comprehensive overview of the state-of-the-art advances in this
direction over the past decade. According to the design strategies and working mechanisms, the
existing studies in the literature on this topic are outlined and classified into three different
categories. The advantages and disadvantages of various configurations are compared. The
potential solutions to the existing drawbacks are discussed. An outlook on future prospects in
this area is provided.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Energy harvesting is the technology to extract electrical energy
from ambient sources such as solar, thermal, wind and vibra-
tion etc. This field has been extensively investigated in the
past few decades [1–5]. Energy harvesting is regarded as

∗
Authors to whom any correspondence should be addressed.

a promising solution for low power electronics to get rid
of chemical batteries that need to be replaced or recharged
constantly. In some cases where the replacement of batter-
ies is costly and even not feasible (e.g. pacemaker, remote
location sensors), energy harvesting technology provides a
viable solution. As vibration-based energy harvesters take
use of the most ubiquitous and accessible energy source, the
research in this field has attracted immense interest in the
past two decades. Conversion efficiency [6] and operating
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bandwidth [7] are two main concerns in the development of an
energy harvester. Most of the previous research efforts have
been devoted to improving the performance of energy har-
vesters in terms of these two aspects [8–11]. Other research-
ers have focused on achieving low resonant frequencies
[12–16] and miniaturizing energy harvesters for compatibility
with micro-electromechanical system (MEMS) manufactur-
ing [12, 14, 15]. However, the performance of conventional
harvester designs has been limited by the properties of natural
materials and conventional structures.

In recent years, in the wake of the wide application of
metamaterials and phononic crystals (PCs) in various dis-
ciplines, interests and attempts have also been dedicated to
employing them for energy harvesting. PCs, which are con-
ceptually similar to and inspired by photonic crystals [17, 18],
are made of a periodic arrangement of scatterers embed-
ded in matrices [19]. A remarkable trait of PCs is the band
gap generated by the mechanism of Bragg scattering due
to the periodic impedance mismatch [20, 21]. Metamateri-
als are artificial materials with intentionally designed internal
micro-structures to achieve unique properties, such as negat-
ive refraction [22, 23], negative modulus [24, 25], negative
effective density [26, 27], which are not commonly observed
in natural materials. In the field of vibration energy harvest-
ing, exploiting metamaterials and PCs as conversion medium
for energy harvesting have been increasingly reported by
researchers [28–30]. In particular, three review papers can be
found on this topic [31–33]. However, the review article [31]
was accomplished at the early stage of the development in this
direction. Thus it does not cover recent new developments of
metamaterial-based energy harvesting techniques. Moreover,
the development in this direction grows much faster in recent
years than at its early stage. As metamaterial-based energy
harvesting has been increasingly attracted more attention in
recent years. The review article [32] by Ahmed et al classified
it as a relatively novel energy harvesting approach. However,
the overview of metamaterial-based energy harvesting consti-
tuted only a subsection of that review article [32], which aimed
to provide a comprehensive review of various energy harvest-
ing approaches. On the other hand, though the review article
[33] is a more recent informative review article which covers
the themes of energy harvesting, metamaterials and Internet
of Things, it lacks sufficient pertinence to the specific topic we
are discussing. Therefore, there is a demand for a review paper
that gives a comprehensive collection and summary of the lit-
erature on energy harvesting techniques based on metamater-
ials and PCs over the past decade.

Actually, converting vibrations into electrical energy is a
bidirectional process. By introducing energy harvesters into
metamaterials, mechanical energy is converted into electricity,
and then dissipated or stored in a circuit. This kind of dissipa-
tion in the form of electrical energy is similar to the mechan-
ical damping effect, through which the mechanical energy is
directly transformed into heat [34, 35]. For example, shunted
piezoelectric systems are often termed as piezoelectric shunt
damping systems [36, 37] and they are widely used for applic-
ations in the field of noise/vibration control. In fact, through
shunt circuits, not only the effective damping can be increased,

but also, the elastic modulus of the piezoelectric element can
be tuned [38]. With the implementation of the piezoelectric
elements in the local resonators of metamaterials, the natural
frequency of the local resonator, thus the band gaps can be
controlled by tuning the shunt circuits [39–41]. Based on this
mechanism, active tunable metamaterials can be realized. A
recent review article provided a comprehensive overview of
the existing techniques on the specific topic of active tun-
able metamaterials [42]. The present review article aims to
summarize the existing research on the opposite side: how
metamaterials and PCs serve for energy harvesting purposes.

The rest of this review is organized as follows. Section 2
introduces the basic concepts and fundamentals of energy har-
vesting, PCs, and metamaterials. Subsequently, based on the
system features and the underlying design mechanisms, we
classify all the existing configurations into three categories:
directly integrated multifunctional configuration, defect state
based configuration, and wave focusing mechanism enhanced
configuration. Sections 3–5 present the overview of recent
advancements in each direction, respectively. In section 6,
we summarize and compare all the design approaches in
the literature. We retrospect the advantages and disadvant-
ages of each type of configuration to provide some guidelines
for readers interested in this direction. Potential solutions to
the drawbacks of the existing configurations are briefly dis-
cussed. Future prospects that deserve more research attention
are proposed.

2. Basic concepts and fundamentals

2.1. Vibration energy harvesting

Vibration energy harvesting has attracted immense research
interests in the last decade [43–46], as this technology has a
promising potential for powering widely utilized low-power
electronics. Since vibration-based energy harvesters take use
of the most ubiquitous and accessible energy source and have
wide potential applications, the research in this field has attrac-
ted tremendous interests from both academia and industry.

2.1.1. Energy transduction mechanisms. Three main energy
conversion mechanisms used for vibration energy harvest-
ing are electromagnetic [47], electrostatic [48], and piezoelec-
tric [49, 50] transductions. The electromagnetic transduction
mechanism refers to Faraday’s law of induction, which states
that a current will be induced in a coil due to any change of
the magnetic environment in which the coil is placed [51].
An electromagnetic vibration energy harvester mainly consists
of three components: a coil, a magnet, and an oscillator [52].
Either the coil or the magnet is attached to the oscillator. When
the external excitation forces the oscillator to vibrate, a relat-
ive displacement is generated between the coil and the mag-
net. A current is induced in the coil due to the change of the
magnetic flux through the coil. The electrostatic transduction
mechanism employs a parallel-plate variable capacitor with a
pre-charged voltage or constrained charge on the electrodes.
According to the formula of an ideal parallel-plate capacitor
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Figure 1. SDOF piezoelectric energy harvester [56].

[43], when the external vibration is exerted on one plate of
the capacitor and forces the gap of the parallel plates to vary,
the effective capacitance of the capacitor varies [53]. For the
pre-charged voltage mode, charges flow in and out of the capa-
citor through a circuit to stabilize the pre-charged voltage and
deliver electrical energy into the load in the circuit.

Piezoelectric transduction is the most commonly used
energy conversion mechanism due to the high power density
and high energy conversion efficiency [54]. Most of the exist-
ing metamaterial-based energy harvesters are realized using
piezoelectrics. Therefore, this subsection provides a brief ret-
rospect of the fundamentals of piezoelectric energy harvest-
ing. Piezoelectric materials can generate an electric voltage in
response to an applied external force and vice versa. The rela-
tionship between a mechanical stress and an electrical voltage
in piezoelectric materials is termed the piezoelectric effect
which can be basically described by the constitutive equations
as follows [49, 55]:

S= T/Y+ dE

D= dT+ εE
(1)

where T is the mechanical stress, S is the strain, Y is the mod-
ulus of elasticity, ε is the dielectric constant, d is the piezo-
electric constant, E is the electric field, and D is the electric
displacement.

The simplest way to describe a piezoelectric energy har-
vester is by using the lumped parameter model. The schematic
of a single-degree-of-freedom (SDOF) piezoelectric energy
harvester subjected to the base excitation of u0 is shown in
figure 1 [56]. The governing equations of this system can be
written as:{

m1ü1 + c1 (u̇1 − u̇0)+ k1 (u1 − u0)+ θV= 0
V
R +CpV̇− θ (u̇1 − u̇0) = 0

(2)

where m1, k1, and c1 are the mass, stiffness, and mech-
anical damping of the system, respectively; Cp = εS33A/t is
the clamped capacitance of the piezoelectric element. When
the piezoelectric transducer is used in the 3–3 mode, the
electromechanical coupling coefficient is defined as [57–61]:
θ = e33A/ t. A and t are the surface area normal to the
three-direction and the thickness in the three-direction of
the piezoelectric transducer, respectively. e33 and εS33 are
the piezoelectric constant and permittivity, respectively. R

is the electrical resistance connected to the piezoelectric
transducer.

2.1.2. Energy harvesting enhancement from structural design
perspective. Since most ambient vibration energy spreads
over a broad spectrum, operating bandwidth is one of the main
concerns in designing vibration-based energy harvesters. In
order to achieve broadband energy harvesting, various tech-
niques have been proposed for broadening the bandwidth.
Generally speaking, most broadband energy harvesting tech-
niques can be realized through the optimization of mechanical
structures. Some commonmethods from the existing literature
are summarized and normally classified as follows.

2.1.2.1. Multi-mode technique. Traditional linear energy
harvesters are designed to work in resonance. The energy har-
vesting performance will degrade significantly if the external
excitation frequency shifts away from the resonant frequen-
cies of energy harvesters. Though a traditional resonant-type
vibration energy harvester has multiple resonant frequencies,
the voltage output at higher-order resonances is much smaller
than that at the fundamental resonance [62]. Therefore, only
the first mode is useful for energy harvesting, and the operating
bandwidths of traditional energy harvesters are very narrow.
To overcome this limitation, multiple DOF energy harvesters
with useful vibration modes close to each other and com-
parable outputs have been proposed by researchers to cover
a broader range of frequency for efficient energy harvesting
[63, 64].

2.1.2.2. Nonlinear technique. Multi-modal energy har-
vesters can produce wider operating bandwidths, which is
usually achieved with the increase of the volume and the
weight of the devices; however, the energy density is sac-
rificed. In the past decade, nonlinear oscillators have been
explored for broadband energy harvesting [65, 66]. The bend-
ing phenomenon of the amplitude-frequency response curve
around resonance due to the nonlinearity results in a wider
range of frequency for energy harvesting [67, 68]. With prop-
erly designed system parameters, the internal resonance of the
nonlinear system could be realized to give further extended
bandwidth with more bent resonant peaks than those in the
traditional nonlinear design [68, 69].

2.1.2.3. Resonant frequency tuning technique. Resonant
frequency tuning enabled energy harvesters were designed to
detect and track the frequency variation in external excita-
tion. They passively or actively tune the resonant frequency
to match the excitation frequency for maximizing power out-
put in a wide frequency range [70, 71]. The passive tech-
niques do not need any additional energy to implement the
tuning [72]. The active tuning requires extra power input to
achieve frequency detection and tuning, which might signific-
antly sacrifice the harvested power; therefore, it is only suit-
able for the situation where the duty cycle for frequency tuning
is really low.
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2.1.3. Energy harvesting enhancement from circuit design
perspective. In real applications, the alternating current that
directly flows out of the energy harvester usually needs to
be rectified and conditioned before being delivered to power
devices. Therefore, the design and analysis of a practical
energy harvesting system should take into account both mech-
anical and electrical aspects. On the other hand, the conver-
sion efficiency is another important figure of merit to assess of
the performance of an energy harvester. Electrical parts (i.e.
interface circuits) play an important role in realizing efficient
energy harvesting. Using advanced interface circuits, such as
synchronized charge extraction (SCE) [73, 74], synchronized
switch harvesting on inductor (SSHI) [75–78], can boost the
power outputs of the energy harvesters. A study showed that
a highly efficient P-SSHI interface circuit could increase the
power output for about 5.8 times [79]. However, it is worth
noting that using advanced interface circuits can significantly
boost the conversion efficiency only under the weak coupling
condition [60, 61]. Research has proved that the power limit of
a piezoelectric energy harvester, is determined once the mech-
anical structure is manufactured [80]. To be more specific, the
power limit of an energy harvester with a given mechanical
structure is dependent on the mechanical damping of the sys-
tem. Using electro-mechanical analogies, the electrical equi-
valent of the damping coefficient is the resistance. By consid-
ering the equivalent resistance of the damping coefficient as
the internal resistance, the power limit can be obtained only
when the external resistance satisfies the impedance match-
ing condition [81, 82]. Interested readers in energy harvesting
interface circuits could refer to the review paper [83] that has
collected and summarized the relevant literature on this topic.

2.2. Phononic crystals and metamaterials

PCs and metamaterials are both periodic structures but based
on different operation principles, that is, Bragg scattering
effect and local resonance effect, respectively. The study of
PCs emerges from the end of the last century as a branch
of the research of periodic materials and structures [84]. The
realization of PCs can be achieved in different forms, e.g.
beams, rods, plates. The applications of PCs based on the band
gap behaviour include vibration suppression [85], noise reduc-
tion [86, 87], and wave collimation [88] etc. The research of
metamaterials is relatively a bit later and starts after a sem-
inal paper published in 2000 by Liu et al [89] that introduced
a first conceptual realization. In fact, metamaterials can be
classified into two categories: electromagnetic metamaterials
and acoustic-elastic metamaterials, according to the types of
waves on which metamaterials are engineered to manipulate.
Acoustic-elastic metamaterial is the mechanical analogy of
and actually originated from the electromagnetic metamater-
ial. The unique properties derived from the micro-structures
rather than the properties of the base materials give metama-
terials a promising future for applications in many fields such
as noise/vibration control [90, 91], cloaking [92], superlens
[93] etc. Due to the different working mechanism, metamater-
ials can break through the size limitation of PCs and gener-
ate sub-wavelength band gaps [21]. Therefore, metamaterials

Figure 2. One-dimensional PC (a) physical model; (b) mass-spring
model.

have attracted comparatively more research interests in recent
years.

Though numerous studies in the field of PCs and metama-
terials have been reported in recent years, there still lacks
a clear and universally accepted definition of metamaterial
[21]. The term acoustic-elastic metamaterial is used by some
researchers to in particular refer to the concept introduced by
Liu et al [89], while some others think that PC which has a
history tracked back to early 1990s should also be included
within the concept of metamaterial [21]. In contrast, in some
other literature [19, 94], the acoustic-elastic metamaterial is
broadly considered as an extension/evolution of PC, due to it
exhibiting a similar band gap phenomenon for wave transmis-
sion. To differentiate them, Bragg scattering PC and locally
resonant PC are also often used by researchers [21].

To unify the terminologies throughout this paper, herein-
after, ‘phononic crystal’ refers to the conventional PC based on
Bragg scattering effect (for short, Bragg scattering phononic
crystal or PCs) and ‘metamaterial’ refers to the acoustic-elastic
metamaterial based on local resonance effect (for short, locally
resonant metamaterial or locally resonant PC). This section
briefly reviews the band gap generation mechanisms of PCs
and metamaterials. The advantages and disadvantages of PCs
and metamaterials are compared and discussed.

2.2.1. Phononic crystals. Bragg scattering PCs, or for short,
PCs [95] usually consist of two (or more) kinds of materi-
als with different properties (such as mass density, bulk mod-
ulus etc.). The schematic of one-dimensional PC is shown
in figure 2. The stiff/dense material forms the substrate.The
compliant/light material is often used as inclusions. Due to
the Bragg scattering effect caused by the mechanical imped-
ance mismatch and the periodical distribution of inclusions,
the band structure (i.e. dispersion relation) is changed. There-
fore, the band gap phenomenon appears in the band structure
of the PC. Acoustic/elastic waves of frequencies that fall into
the band gap are insulated and attenuated. Due to this band
gap phenomenon, PCs are very suitable to be used in applica-
tions for noise/vibration control. Obviously, the noise/vibra-
tion suppression ability of the PC strongly depends on the
width of the band gap.
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Figure 3. (a) Mass-in-mass model representation of metamaterial, (b) effective mass of a unit cell, (c) nondimensionalized dispersion curve
for the mass-in-mass lattice model [27]. Reprinted from [27], Copyright (2009), with permission from Elsevier.

Investigations on the band gap of PCs have been widely
reported, including band structure computing techniques and
numerous research attempts to widen the band gap or make it
tuneable. To calculate the band structure, the transfer matrix
method (TMM), the plane-wave expansion methods [95–97],
the finite difference time domain method, and the multiple
scattering theory, and the lumped mass method have been
developed. A detailed introduction of these methods can be
found in [98]. The band structure can be tailored through tun-
ing the filling ratio [95, 97, 99] and using new materials with
different elastic properties [100]. Piezoelectric PC, which con-
tains piezoelectric materials, can have a wider band gap due to
the tunability through the piezoelectric effect [97, 101, 102].

2.2.2. Metamaterials. The locally resonant metamaterials,
or for short, metamaterials, also have periodically distrib-
uted inclusions embedded inside of its substrate and they are
formed by at least three kinds of materials. The third kind of
material between the inclusions and substrate is relatively soft
and used to enwrap the inclusion. In this manner, the inclu-
sion and the outside coating layer can be regarded as a local
spring-mass oscillator system. The local oscillator will exhibit
out-of-phase motion during the vibration near its resonance
frequency. These local oscillators can be essentially regarded
as a series of periodic vibration absorbers tuned to the for-
cing frequency of the vibration source. Every local oscillator
of the metamaterial gradually neutralizes the input excitation
through the out-of-phase motion near its resonant frequency.
After several unit cells, the vibration energy transferred from
the vibration source can be significantly reduced. Thus, wave
propagation in the substrate is banned, which is another band
gapmechanism that can be used for vibration control and noise
insulation. For PCs, band gap phenomenon occurs only when
the wavelength and the distance between inclusions, namely,

the lattice constant, satisfy a specific relationship for generat-
ing the Bragg scattering effect. While the band gap generation
of metamaterials is independent of the lattice constant and it
is only related to the natural frequency of the local oscillator.
This makes it easier to customize the band gaps of metama-
terials. Since metamaterials do not have any dimension limit-
ations, they are more effective in attenuating and filtering low-
frequency vibrations [103, 104].

One-dimensional metamaterials with frequency-dependent
effective mass, which is defined as the ratio of momentum to
velocity [105], can be mathematically modelled as a chain sys-
tem of springs andmasses. The spring-connected outer masses
m1 having an inner mass m2 embedded inside suspended by a
spring with constant k2 [27, 106]. The schematic of the model
is shown in figure 3(a). When the excitation is near the reson-
ance frequency of the local resonance, the out-of-phasemotion
of the inner mass leads to the whole unit exhibiting a negative
effective mass (figure 3(b)). A typical metamaterial can gener-
ate a band gap, as illustrated in figure 3(c). Profiting from this
property, an important application of this kind of metamaterial
is for vibration suppression. Some literature explained that the
band gap originates from the negative effective mass effect and
thus concluded that the band gap occurs in the range of negat-
ive effective mass. In most circumstances, the above statement
is valid. However, strictly speaking, there is a subtle difference
between the two concepts, namely, the negative effective mass
range and the band gap range. A rigorous mathematical deriv-
ation shows that the band gap range is not completed confined
within the negative effective mass range [107].

As the equivalent counterpart in the acoustic domain, an
acoustic metamaterial shown in figure 4 can be obtained using
an array of Helmholtz resonators which could be analogized to
lumped mass-spring local resonators and further to inductor–
capacitor resonant circuits [108]. Near the resonant frequency
of the Helmholtz resonator, the acoustic pressure at the neck
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Figure 4. (a) Schematic of an acoustic metamaterial consists of an array of Helmholtz resonators, (b) illustration of the analogy between a
Helmholtz resonator and an inductor–capacitor circuit [108]. Note that an inductor–capacitor circuit is the electrical analogy of a
mechanical mass-spring oscillator. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
natural materials [108], [COPYRIGHT] (2006).

Figure 5. Multifunctional metamaterial design based on honeycomb structure embedded with piezoelectric cantilevers [109]. Reprinted
from [109], Copyright (2009), with permission from Elsevier.

of the Helmholtz resonator is out of phase with the acoustic
pressure in the main duct, resulting in the reciprocal cancella-
tion and thus the reduction of sound transmission in the main
duct.

3. Directly integrated multifunctional configurations

By integrating energy harvesters into metamaterial systems,
the vibration energy existing in the systems can be har-
vested. Moreover, the energy harvesting process can effect-
ively increase the system damping, which, in return, bene-
fits vibration suppression. Therefore, metamaterial systems
integrated with energy harvesters are expected to have dual-
functionalities. In the following, we divide this section into
two subsections. The first subsection summarizes the devel-
opment of multi-functional elastic metamaterial energy har-
vesting systems. The second subsection overviews the exist-
ing multi-functional acoustic metamaterial energy harvesting
systems in the literature.

3.1. Elastic wave energy harvesting

Gonella et al [109] first explored the idea of achieving a
multifunctional system (as shown in figure 5) by combining

the design of both metamaterials and energy harvesters. One
application configuration of the proposed system is based on
a hexagonal truss-core honeycomb. Because of the period-
icity of the microstructure, the hexagonal truss-core honey-
comb can produce Bragg-scattering band gaps. Moreover, the
introduction of the piezoelectric cantilevers also brings the
band gap due to local resonance in the honeycomb. On the
other hand, the introduced piezoelectric cantilevers can con-
vert mechanical stress into electrical voltage. They examined
the power output at frequency points immediately before and
after the local resonance induced band gap. This pioneering
work devoted most effort to investigating the band gap beha-
viour of the proposed system while less effort in evaluating
the energy harvesting performance. In addition to the multi-
functionalities, another important advantage being remarked
in [109] is that due to the metamaterial concept-based design,
the embedded piezoelectric energy harvesters can be shielded
from the damage caused by vibrations and shocks. However,
this statement is only valid when the proposed system operates
near the band gaps. From the energy harvesting perspective, to
maximize the power output, the system is required to operate
near the resonance in which the shielding capability of the pro-
posed system will not work.

The mass-in-mass model has been widely employed for the
investigation of metamaterials. The mathematical treatment
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Figure 6. (a) A unit cell of the metamaterial in [111], and (b) its implementation of piezoelectric shunting circuit for energy harvesting.
Reproduced with permission from [111].

Figure 7. (a) Schematic of a unit cell of the AEMM based energy harvester, (b) the depicted working mechanism [112]. Reproduced from
[112]. CC BY 4.0.

of the lumped parameter model reflects the intrinsic mechan-
ism of metamaterials. Therefore, it is intuitive to design struc-
tures based on the mass-in-mass model. Mikoshiba et al [110]
proposed an energy harvesting system with a periodic struc-
ture embedded with multiple local resonators made of spring-
suspended magnets. The inner mass is a cylindrical neody-
miummagnet that can be used together with the wrapped coils
to constitute a readily prepared electromagnetic generator.
When the inner mass (i.e. the magnet) oscillates, the magnetic
fields of the magnets induces the current in the coils. They
derived the dispersion relation and predicted the band gap of
the proposed metamaterial energy harvester. A simple exper-
imental study validated the predicted band gap. The experi-
mental results showed that the prototyped device could gener-
ate a peak voltage of 3.03 V with an output power of 36 mW
across a 1 Ω load under the harmonic excitation, close to the
resonant frequency of the local resonator.

Zhang and Wu [111] conceptually designed a metama-
terial with local resonators realized using folded beams as
shown in figure 6(a). The designed metamaterial can be equi-
valently explained using the mass-in-mass model. Each unit
cell contains multiple local resonators and the theoretical cal-
culation proved the existence of multiple band gaps in the
low-frequency range from 40 to 250 Hz. The modal analysis
revealed that the vibration energy was localized in the folded
beam for somemodes of metamaterial, which had the potential
for energy harvesting. To realize the idea of energy harvesting,
they attached piezoelectric transducers on the folded beams,

as illustrated in figure 6(a). They performed a simulation to
evaluate the stress variation in the folded beams and indirectly
predicted the voltage and power output from the conceptually
designed metamaterial energy harvester using a similar stress–
voltage relationship as presented in [109].

Ahmed et al [112, 113] also designed an energy harvester
based on a unit cell of metamaterial, as shown in figure 7(a),
with the original intention for harnessing acoustic energy.
Since they only tested the energy harvesting performance, in
fact, under a base excitation, this study is classified into the
elastic wave energy harvesting type research. They commen-
ted that due to the local resonance, the dynamic energy could
be entrapped inside the local resonator, which can thus be
recovered using the energy harvesting technique. In addition,
they argued that the maximum power could be generated in the
band gap when the acoustic energy is entrapped as depicted in
figure 7(b). However, in the analytical calculation, the forced
vibration of an SDOF oscillator is considered. Moreover, the
prototype is excited by a shaker instead of acoustic excita-
tion in their experiment. In addition, the matrix is made of a
thick aluminum block and can be regarded as a rigid body in
the low-frequency range of concern. These treatments indic-
ate that their conclusions are all obtained based on the analysis
of an SDOF resonator. The similar statement also appeared in
[114]. However, the statement that the maximum power can be
produced in the band gap is not always valid. As some early
exploration work, they did not clearly explain the conditions
under which the above statement is valid. A later research by
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Figure 8. (a) Transmittance and (b) dimensionless power output of the metamaterial-based energy harvester presented in [115]. Reproduced
with permission from [115].

Hu et al [115] pointed out that the harvested energy inside the
band gap is very minor due to the very weak vibration intens-
ity of the whole structure, as shown in figure 8. The maximum
power could only be achieved near the resonance of the struc-
ture as a whole when the vibration intensity reaches the max-
imum. Based on the similar design presented in figure 7(a),
Mir et al [116] and Saadatzi et al [117] explored the feasib-
ility for simultaneous energy harvesting and noise insulation
through finite element simulation. However, their finite ele-
ment results could not strongly support their statements.

Beams and plates are widely used in engineering designs.
Vibration suppression of these structures is critically import-
ant. On the other hand, numerous vibration energy harvesters
are designed based on beam structures. For these reasons,
designs of multi-functional metamaterials based on a beam or
plate-like structures emerge [94, 118–122]. Chen et al [118]
studied a piezoelectric phononic beam consisting of a canti-
lever beam periodically bonded with piezoelectric transducers
and ballasted by a series of rigid masses. The phononic beam
can only produce Bragg scattering band gaps. Both the ana-
lytical and finite element models are developed to predict the
band gaps of the piezoelectric phononic beam. However, these
Scattering band gaps were opened at high-frequency range. An
experiment was then conducted to validate the band gaps and
also evaluate the energy harvesting performance of the piezo-
electric phononic beam under a broadband white noise sig-
nal excitation. Shen et al [94] designed a metamaterial beam
with an array of spiral beams as springs for local resonators as
well as energy transduction medium. It is worth mentioning
that spiral beams have larger effective lengths and can achieve
lower natural frequencies than conventional straight beams,
thus beneficial for opening low-frequency band gaps and
realizing low-frequency energy harvesting [123]. As shown
in figure 9(a), the piezoelectric transducers are bonded at
the root of the spiral beams. In the experimental study, the
voltage outputs from the piezoelectric transducers were eval-
uated at the resonant frequencies of the metamaterial beam.
It was reported that in the low-frequency range of 0–500 Hz,

the designed metamaterial beam energy harvester could pro-
duce voltage outputs with amplitudes more than 1.2 V at a
dozens of resonant frequencies. Usingmass-loadedmembrane
type resonators, Chen et al [124] also designed a metama-
terial beam for suppressing transverse vibration and harvest-
ing energy. Because of the split ring design, the membrane
exhibited two resonant modes with close eigen-frequencies.
Thus, the metamaterial beam produced two band gaps close to
each other for broadband vibration suppression. They claimed
that the frequency where the maximum voltage output was
generated coincided with the maximum vibration attenuation
frequency. This is because they only measured the voltage out-
put from a single PVDF patch attached to a single membrane.
Since the membrane used for energy harvesting was near the
clamped root of the host beam, the effective bending stiff-
ness of the small segment of the host beam was very large.
The membrane underwent almost an independent uncoupled
motion. Hence, the maximum voltage could be generated near
the resonant frequency of the membrane. However, if the
PVDF patch was attached with the membranes near the tip of
the host beam, the maximum voltage could never be generated
near the resonant frequency of the membrane itself, since the
membrane together with the host beam formed new resonant
modes at different frequencies.

Hu et al [121] proposed a metamaterial beam with intern-
ally coupled local resonators, as shown in figure 9(b). The
small cantilever beams serve as the local resonators. The
piezoelectric transducers are attached to the local resonators.
The neighbouring local resonators are alternately connected
through springs. Both vibration suppression behaviour and
energy harvesting performance of the proposed system were
studied based on the derived analytical model. Thanks to the
coupling springs, the proposed metamaterial beam produced
two band gaps in the low-frequency range. As compared to the
means by adding extra local resonators to open additional band
gaps [126], the method proposed in [121] does not increase the
weight of the entire structure. While, the drawback is that the
internal coupling is not easy for physical implementation. On
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Figure 9. (a) A piezoelectric metamaterial with spiral beam structures [94], (b) a piezoelectric metamaterial beam with internal couplings
through spring connections [121] (c) a conventional metamaterial beam embedded with piezoelectric transducers (left) and an
electromechanical metamaterial with energy harvesting capability (right) [125]. Reproduced with permission from [94]. Reprinted from
[121], with the permission of AIP Publishing.

the other hand, regarding the energy harvesting performance,
it was found that the voltage output of the internally coupled
piezoelectric metamaterial can be increased by four times as
compared to the design based on a conventional metamater-
ial beam in [119]. In terms of the modelling of piezoelec-
tric material covered metamaterial beams, Hu et al [122] then
derived a one-dimensional piezoelectric composite finite ele-
ment. Using the derived element, they presented several case
studies of different piezoelectric metamaterial systems and
analysed both the band gap behaviour and the energy harvest-
ing performance.

Based on a conventional metamaterial beam similar to
that presented in [119], Sugino and Erturk [125] and [120]
modelled and analysed an energy harvesting meta-structure
as shown in figure 9(c). Instead of using the conventional
TMM method and Bloch’s theorem, they developed a novel
method for estimating band gaps of metamaterial beams based
on modal analysis. In this method, with the assumption of
an infinitely number of local resonators, a cumulative term
in the transfer function can be simplified by the integral
term of the orthogonality condition. They also analytically
investigated the energy harvesting performance and concluded
that the integrated energy harvesters could produce useful
energy and did not influence the vibration suppression of the

metamaterial. In addition, both piezoelectric and electromag-
netic transductions were considered in the conceptual design
of the local resonators for energy harvesting, as shown in
figure 9(c). Studies on similar configurations or based on sim-
ilar mechanisms are not detailed anymore but can be referred
to [127–136].

The design of an energy harvester involves two aspects:
mechanical structure and electrical interface circuit. In the
existing literature on metamaterial-based energy harvesting,
most work focused on the complicated mechanical structure
and simplified the interface circuit as a purely resistive load.
A recent work by Chen et al [137] reported a piezoelectric
metamaterial plate shunted to a self-powered SCE circuit (SP-
SCE) for energy harvesting. The mechanical structure and the
electric interface circuit, shown in figures 10(a) and (b), are
modelled based on the Kirchhoff plate theory and the equival-
ent impedance method [138], respectively. The results showed
that shunting to the SP-SCE interface circuit has few effects on
the band gap behaviour of the metamaterial plate, while shunt-
ing to a simple inductor can generate a new dispersion curve
and broaden the first band gap for benefiting low-frequency
vibration suppression. In terms of the voltage output, the SP-
SCE did not boost the power output due to the low piezo-
electric voltage. After inserting an inductor in parallel with
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Figure 10. (a) Mechanical structure of a piezoelectric metamaterial plate shunted to (b) the SP-SCE circuit [137]. Reprinted from [137],
Copyright (2020), with permission from Elsevier.

the piezoelectric capacitor, the output voltage amplitude of the
piezoelectric transducer was increased for about 200%.

3.2. Acoustic wave energy harvesting

The studies reviewed in section 3.1 focused on harvesting
energy from vibrations in elastic metamaterials. Li et al [139]
designed an acoustic metamaterial device that was capable
of both sound insulation and energy harvesting, as shown in
figure 11. The pre-stressed thermoplastic polyurethane mem-
brane together with the rigid mass constitute the local reson-
ator. They experimentally evaluated both the noise insulation
and the energy harvesting performance of the dual-functional
acoustic metamaterial. A similar energy harvesting system
based on the membrane-type metamaterial was reported in
[140]. Related in-depth modelling of a membrane-type local
resonator can found in [141, 142]. The acoustic local reson-
ator can be simplified and becomes equivalent to amass-spring
oscillator [143].

Wang et al [144] designed a dual-membrane coupled acous-
tic metamaterial and inserted a piezoelectric transducer inside
the cavity between the two membranes. Figure 12(a) shows
the schematic of a unit cell of the proposed acoustic metama-
terial. Each membrane is equivalent to an oscillator connected
to the ground (i.e. the holder shown in figure 12(a)) and the
air in the cavity between the two membranes plays the role as
an air spring that couples the motions of the two membranes,
i.e. two oscillators. Hence, the dual-membrane coupled system
can be understood as a coupled 2-DOF system with two reson-
ant modes which has been confirmed by their simulated results

Figure 11. The prototyped acoustic metamaterial with both noise
insulation and energy harvesting capabilities [139].

(figure 12(b)).When the resonance takes place, the sound pres-
sure inside the cavity is expected to be amplified for improving
the energy harvesting efficiency. An experimental study valid-
ated that an amplification of about 4.2 times could be achieved
when the proposed dual-membrane coupled acoustic metama-
terial was used for energy harvesting.

The Helmholtz resonator is a very classic acoustic sys-
tem that can often be regarded as a single degree of freedom
acoustic oscillator. Zhang et al [145] employed the Helmholtz
resonator in the design of acoustic metamaterials. Actually,
as shown in figure 13, the acoustic resonator is a combina-
tion of a Helmholtz resonator and a membrane. The rigorous
mathematical modelling of such kind of system can be found
in [143]. Due to the acoustic-structure coupling between the
Helmholtz resonator and the membrane, the designed acoustic

10



Smart Mater. Struct. 30 (2021) 085025 G Hu et al

Figure 12. (a) Dual-membrane coupled acoustic metamaterial with piezoelectric transducer for energy harvesting [144], (b) simulated
sound pressure response inside the cavity between the two membranes.

Figure 13. (a) The illustration of the structure of the acoustic metamaterial proposed in [145], (b) the fabricated physical prototype used in
the experimental study.

resonator can be considered as a 2-DOF system in the low-
frequency regime. Therefore, two sound insulation bands were
obtained. Two resonant frequencies could be used for energy
harvesting. It is worth mentioning that sound insulation peaks
and power peaks are located at the same frequencies, which
means that both noise reduction and energy harvesting can
be truly realized simultaneously. This result seems to be con-
trary to the conclusion from elastic wave energy harvesting
using metamaterial and PCs as summarized in the previous
subsection.

In fact, both conclusions from [145] and the previous sub-
section are correct. The contradiction is actually attributed to
the difference of the targeted wave types to be harvested in
the two different situations. In the previous subsection, the
vibration-based energy harvesters are considered to be under
base excitations. The vibration modes of the whole system,
e.g. beam and plate, are intrinsically elastic standing waves
superposed by an infinite number of travelling waves. In the
band gap, the vibration of the whole system is suppressed due
to the self-cancellation effect of the infinite number of travel-
ling waves. Near system resonances, the vibration of the whole
system becomes significantly intensive due to the construct-
ive effect of the infinite number of travelling waves. For this
reason, the maximum energy can only be harvested near the

system resonant frequencies and very small amount of energy
can be produced in the band gap.

The situation in [145] we are discussing for acoustic energy
harvesting is different. The closed end of the impedance tube
is placed with sound-absorbing foam to obviate sound reflec-
tion, playing the role as a perfectly matched layer. Thus, the
incident acoustic waves in the ambient environment are travel-
ling waves. When the acoustic wave frequency in the imped-
ance tube matches the resonant frequency of the Helmholtz
resonator, the sound pressure in the Helmholtz resonator is
significantly amplified. Due to the reaction of the Helmholtz
resonator, most of the incident wave is reflected back, and
less is transmitted. The acoustic energy is concentrated at the
reflecting interface and squeezed into the Helmholtz resonator.
This explains why for the system presented in [145], using
Helmholtz resonator can achieve peaks simultaneously in both
sound transmission loss and power output responses.

To achieve broadband ability, instead of coupling a Helm-
holtz resonator with a membrane, Liu et al [30] directly intro-
duced couplings between the Helmholtz resonators, as shown
in figure 14. The rigid wall between the neighboring Helm-
holtz resonators was replaced by a flexible plate bonded with
a piezoelectric transducer for energy transduction. The exper-
imental results showed that over a wide range of frequency
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Figure 14. (a) Details of two coupled Helmholtz resonators, (b) the acoustic metasurface proposed in [30]. Reprinted from [30], with the
permission of AIP Publishing.

Figure 15. (a) Sound pressure distribution in the quarter-wavelength resonator based acoustic metamaterial and the elastic deformation of
the piezoelectric transducer, (b) transmission spectrum, (c) the voltage frequency response [146]. Reproduced from [146]. CC BY 4.0.

from 460 to 680 Hz, substantially high voltage outputs can be
obtained.

In addition to the Helmholtz resonator, the quarter-
wavelength resonator is also widely used in the acoustic sys-
tem design. Guo et al [146] proposed a quarter-wavelength
resonator-based metamaterial system for energy harvesting,
as shown in figure 15(a). The closed end of the quarter-
wavelength resonator was replaced by a piezoelectric trans-
ducer to harvest the acoustic energy. A theoretical model was
developed for predicting the sound transmission of the pro-
posed acoustic metamaterial. The results shown in figure 15(b)
verified the sound insulation capability of the proposed
metamaterial. Through a finite element study, they also eval-
uated the voltage response (figure 15(c)) from the embedded

piezoelectric transducer. By comparing figures 15(b) and (c),
it is noted that the maximum voltage outputs are achieved
at the system resonant frequencies, which are outside of the
band gap. Though this work looks similar to that of [145]
apart from the acoustic resonators being used, the conclusion
is completely different: maximum sound isolation and energy
harvesting can not be achieved simultaneously any more in
this case. The subtle but crucial difference is that standing
waves are formed in the quarter-wavelength resonator-based
acoustic metamaterial proposed in [146]. The resultant acous-
tic system is similar to a mechanical metamaterial rod con-
taining mass-spring local resonators [143]. Therefore, for such
kind of system, as aforementioned in the previous subsec-
tion that the band gap can not entrap the energy. The optimal
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Figure 16. (a) The metasurface consists of labyrinthine resonators (b) the labyrinthine resonator embedded with a piezoelectric transducer
for energy harvesting, (c) the absorption coefficient of the metasurface, (d) output voltage response of the piezoelectric transducer
embedded inside the metasurface [147]. Reproduced from [147]. CC BY 4.0.

sound insulation/vibration suppression and energy harvesting
can not be simultaneously achieved in the same frequency
band.

Jin et al [147] developed an ultrathin metasurface
(figure 16(a)) using labyrinthine resonators (figure 16(b)).
The thickness of the developed metasurface is at deep sub-
wavelength dimension. A piezoelectric transducer is inserted
inside the labyrinthine resonator for harvesting energy. The
mechanism of the labyrinthine resonator is actually similar to
that of a traditional Helmholtz resonator that has a resonant
frequency. Around the resonant frequency of the labyrinthine
resonator, the metasurface exhibits the extraordinarily sound
insulation ability which is revealed from the absorption coeffi-
cient curve, as shown in figure 16(c). On the other hand, from
figure 16(d), it is noted that near the resonant frequency of the
labyrinthine resonator, the inserted piezoelectric transducer
can produce the maximum voltage output. The advantages
of this metasurface include the ultrathin thickness as com-
pared to the Helmholtz resonator type metamaterial and the
high mechanical robustness as compared to the membrane
type metasurface. Also, based on labyrinthine resonators, Sun
et al [148] designed an acoustic metamaterial with the topolo-
gical architecture similar to that presented in [144] for energy

harvesting. Both numerical and experimental studies showed
the improvement of the energy harvesting performance.

Topological metamaterial is a relatively undeveloped area
in the community of metamaterials. Topological metamater-
ial is an analogy to the topological insulator in condensed
matter physics [150]. The localization effect at the topolo-
gical interface may be beneficial for improving energy har-
vesting efficiency [151]. However, using topological metama-
terials for energy harvesting has been rarely reported. Fan et al
[149] employed the interface localization state of topological
metamaterial and proposed an acoustic energy harvester, as
shown in figure 17. They first analysed the band-edge eigen-
mode of the studied topological metamaterial and verified the
acoustic localization effect at the interface. Subsequently, they
installed a piezoelectric transducer at the interface and evalu-
ated the acoustic pressure using COMSOL simulation. It was
found that the acoustic pressure at the interface was amplified
by 66 times at the eigen-frequency of the interface mode (i.e.
4045Hz). The voltage output from the piezoelectric transducer
at this frequency was about 163 mV. The research in this dir-
ection is worth further investigation and more attention from
researchers. For example, how to achieve the interface mode
at low-frequency regime for low-frequency energy harvesting?
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Figure 17. Schematic of a topological metamaterial based acoustic energy harvester [149].

A minor derivation from the eigen-frequency of the interface
mode will result in a significant reduction in the output voltage
amplitude. Similar to the idea of multi-mode energy harvest-
ing, is there any means to produce multiple interface modes
for energy harvesting? In addition, it is worth mentioning that
the idea of generating the interface mode is similar to the
idea presented in [152] of customizing vibration mode shapes.
Though they are realized through different mechanisms, the
purpose is the same, that is, to achieve a mode concentra-
tion effect for localizing dynamic energy through changing the
mode shape.

According to the literature review, one can find that, for
most of the existing multifunctional metamaterial/PC energy
harvesting systems, the vibration suppression function and
the energy harvesting function can only work in separate fre-
quency ranges. Hence, vibration suppression and energy har-
vesting can not be literally achieved simultaneously by most
of current multifunctional metamaterial/PC based energy har-
vesters under narrow-band excitations. Some statements in
the literature, such as that ‘the energy is absorbed by the
local resonators, thus the maximum energy can be harves-
ted in the band gap of metamaterials’ are actually confus-
ing in some sense, since the working condition is not well
explained. In fact, within the band gap, the whole system is
at a state similar to anti-resonance. Though the mechanical
energy density in the local resonators are comparatively much
larger than that in the main structure whose vibration is tar-
geted to be suppressed. The total vibration energy transferred
to the entire structure is very small in the band gap as com-
pared to the resonance state of the system [115]. The results
of the study in [115] clearly showed that the optimum fre-
quency ranges for vibration suppression and energy harvesters
are non-overlapped, and the conditions for the optimal vibra-
tion suppression and energy harvesting are different. There-
fore, we can conclude that the band gap phenomenon does not
have any benefits for energy harvesting using standing wave
systems. The results in [145] showed that in a travelling wave
system, due to the band gap phenomenon, incident waves can
be reflected back and concentrate in the local resonator at the
reflection interface. In this situation, maximum sound isolation
and energy harvesting can be truly achieved simultaneously.

Overall speaking, most multi-functional metamaterial-
based energy harvesters in the literature are developed on the
basis of easy implementation of metamaterial structures. The
energy harvesting function is more like a by-product that can
be conveniently obtained by introducing an electromechan-
ical transducer into a readily existing metamaterial structure.

From this point of view, a multi-functional configuration is
usually not meant to bring too many improvements for energy
harvesting. But from another point of view, this is also the
advantage of directly integrated multi-functional configura-
tions. Researchers can devote most of their efforts to the devel-
opment of metamaterial systems and then obtain the bonus
energy harvesting function in an economical way.

In retrospect to the literature reviewed in this section, one
may notice another fact that almost all the existing work are
based on using linear metamaterials for energy harvesting. On
the one hand, in the community of energy harvesting, nonlin-
ear oscillators have been extensively explored for energy har-
vesting [65, 66, 153–156]. It has been revealed that the bend-
ing phenomenon of the amplitude-frequency response curve
around resonance due to the nonlinearity results in a broader
range of frequency for energy harvesting. On the other hand,
introducing nonlinearity is a strategy to achieve wide band
gaps for metamaterials [157–159]. In particular, Fang et al
[158] explained that ultra-broad band gaps can be obtained
in nonlinear metamaterials for the induced chaotic motions.
However, using nonlinear metamaterials for energy harvesting
is still very rare. In recent, Hwang and Arrieta [160] conduc-
ted a preliminary study of a metamaterial that is composed
of bistable unit cells for energy harvesting. This study rep-
resents an early attempt to investigate nonlinear metamater-
ials for energy harvesting. However, the analysis is insuffi-
cient to reveal the in-depth mechanism and phenomenon that
can benefit energy harvesting efficiency. Researchers from the
communities of nonlinear metamaterials and nonlinear energy
harvesting may pay more attention to this direction to promote
its development.

4. Defect state based configurations

The band gap is a unique phenomenon of metamaterials and
PCs that has great engineering values for vibration suppres-
sion or noise reduction. However, from the results of the work
summarized in the previous section, we can conclude that
the band gap phenomenon itself does not have any benefit
for improving energy harvesting efficiency. Defect state is
another interesting phenomenon in metamaterials and PCs. A
defect metamaterial/PC is obtained by breaking the period-
icity at a certain place. A defect mode will then appear at a
specific frequency within the band gap. To predict the appear-
ance of defect mode frequency, one can use the conventional
dispersion relation calculation methods based on an assumed
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Figure 18. (a) Schematic of a defect sonic crystal for energy harvesting [163], (b) physical implementation of placing a PVDF film inside
of the cavity of sonic crystal for energy harvesting [29]. Reprinted from [163], with the permission of AIP Publishing.

super-cell [161, 162]. For the defect mode, it has been proved
that the wave of the defect mode frequency can be localized at
the defect place of the metamaterial/PC [162]. For this reason,
researchers have been attracted to employ the energy localiz-
ation effect at the defect mode for improving the energy har-
vesting efficiency. Based on the wave properties, we can also
classify the related research in this section into acoustic and
elastic types. However, different from section 3, the subsec-
tion arrangement of this section is determined based on the
following classification criterion for more easily indicating the
installation features of the systems. According to the relation-
ship between the incident wave direction and the characteristic
plane of metamaterial/PC, the defect state based configuration
can be further divided into two groups, namely, the in-plane
mode and the out-of-plane mode.

4.1. In-plane mode

Wu et al [163] developed a defect sonic crystal for energy har-
vesting, as shown in figure 18(a). It is worth mentioning that
‘sonic crystal’ is an alternative name of PC to refer to acous-
tic PC in particular. Due to the introduction of the defect, a
band corresponding to the defect mode would appear in the
band structure. The defect mode of the developed sonic crys-
tal was confirmed to appear at 4.21 kHz, which is because the
lattice constant of the studied sonic crystal is very small (only
49 mm). From the experiment, it was found that the pressure
in the defect cavity was enhanced by 4.94 times and power by
24.4 times as compared to the sonic crystal without defect. In
a later study by the same research group [29], they presented
the physical prototype as shown in figure 18(b). Amodel of the
sonic crystal and a model of the piezoelectric energy harvester
have been developed. The theoretical model was validated by
the experimental result. However, due to the low power dens-
ity in the acoustic waves, the harvested energy power reported
in [29, 163] is limited at nanowatt level.

It is well known that a Helmholtz resonator has the ability
to amplify sound pressure. Yang et al [164] installed a Helm-
holtz resonator in the defect cavity of a sonic crystal to further

enhance the energy harvesting performance. The structure of
the entire system is illustrated in figure 19(a). The frequency
range for energy harvesting is around 5 kHz and the power out-
put is increased to the microwatt level. The introduction of the
Helmholtz resonator resulted in the coupling with the defect
mode. The experimental results showed that due to the reson-
ance coupling, the energy harvesting efficiency was increased
by 23 or 262 times as compared to the case when a defect
sonic crystal or a Helmholtz resonator was employed, separ-
ately. Later on, researchers from the same group proposed to
use two coupled defect sonic crystals for further enhancing
the acoustic wave localization effect [165]. Though they did
not directly use it for energy harvesting, from their experi-
mental results, we can expect that the coupled system of the
two defect sonic crystals should have the potential for improv-
ing energy harvesting efficiency as well. The schematic of the
proposed system is presented in figure 19(b). This idea is nat-
urally inspired from that of the Helmholtz resonator coupled
defect sonic crystal analysed in their previous study [164].
They first calculated the defect modes of the two different
defect sonic crystals independently. The one with a smaller
lattice constant produced a defect band in the band structure at
a higher frequency range. When the two defect sonic crystals
are coupled, there exist two defect bands. They measured the
pressure in the experiment and validated the pressure ampli-
fication effect around the eigen-frequencies of the two defect
bands.

In the study of [164] and [165], Yang et al used cylinder
inclusions to design the sonic crystals. In a following study of
[166], they proposed to use cross-plate inclusions to increase
the Q-factor of the sonic crystal. The Helmholtz resonator is
still used to form coupling with the defect sonic crystal. The
entire structure of the system is similar to that presented in
figure 19(a), except the cylinders are replaced by cross-plates.
Using the high Q sonic crystal, they claimed that the output
power from the energy harvester was further improved by 22
times than that reported in [164] with cylinder inclusions.

Based on the same idea of using defect mode, figure 20(a)
presents a defect metamaterial designed by Carrara et al [167]

15



Smart Mater. Struct. 30 (2021) 085025 G Hu et al

Figure 19. (a) A piezoelectric transducer coupled Helmholtz resonator being installed in a defect sonic crystal to achieve enhanced energy
harvesting performance [164]. (b) Schematic of two coupled defect sonic crystals [165]. Reprinted from [165], with the permission of AIP
Publishing.

Figure 20. (a) PC with point defect. The above figure shows the configuration with a circular piezoelectric energy harvester, the bottom
figure shows the configuration with two rectangular piezoelectric energy harvesters [167]. (b) A vibration energy harvester using the point
defect state of a PC. The above figure shows the defect PC and the bottom figure shows a rubber block for comparison [168]. Reprinted
from [168], with the permission of AIP Publishing.

for harvesting energy from elastic waves. The experimental
result showed that two defect modes at frequencies of 35
and 63 kHz were obtained for energy harvesting. Though the
defect mode frequency is also very high, at the same level as
the acoustic case [163], the experimental result showed that
the harvested energy power was at microwatt level which is
much larger than that of the acoustic counterpart [163]. Lv
et al [168] also designed a similar defect PC for vibration
energy harvesting, as shown in figure 20(b). For their designed
defect PC, the eigen-frequency of the defect mode is around

several hundreds of Hertz, which is much lower than the cases
presented in [163, 167, 169]. They also fabricated a pure rub-
ber block without the defect mode for comparison. At the
eigen-frequency of the defect mode, the power output from
the energy harvester being placed in the defect PC was found
to be 177 421 times larger than that being placed in the rubber
block without the defect mode.

For a similar defect sonic crystal based energy harvester as
presented in figure 18(a), Aly et al [170] explored the tem-
perature effect on the energy harvesting performance using
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Figure 21. (a) Voltage frequency responses at different temperatures, (b) output voltage versus temperature [170]. Reprinted from [170],
with the permission of AIP Publishing.

COMSOL simulation. From their results shown in figure 21,
it is noted that with the increase of the temperature, the output
voltage increases. Moreover, the resonant frequency shifts to
the higher frequency range. They explained that this is due to
the increase of the piezoelectric constant with the increase of
the temperature. In another work [171] by Aly et al as well,
the temperature effect on the pass band of a one-dimensional
PC that contained a piezoelectric material constituted defect
was theoretically investigated. Though the environmental tem-
perature must influence practical materials/devices, research
of the thermal effect on piezoelectric metamaterial systems is
still rare. Researchers could possibly devote more efforts in
this direction in the future.

Instead of adding inclusions onto plates to achieve a PC, Jo
et al [172] introduced some holes in a plate and obtained a PC
plate, as shown in figure 22(a). An in-plane excitation incident
from one side of the PC plate was considered. A piezoelectric
transducer was introduced in the defect cell for energy har-
vesting. The previous studies introduced only a single defect
in the PCs for energy harvesting. Jo et al proposed to intro-
duce two coupled defects to split the defect band for widening
the frequency bandwidth for energy harvesting. As expected,
from the voltage frequency responses obtained from simula-
tion shown in figure 22(b), two defect resonant frequencies
appeared where the output voltage was substantially large.
Aslo through finite element simulation, they inspected the
two defect modes formed by the coupling of the two defects
and verified their speculation. Though the lattice constant is
33 mm, which is at the same scale of those in [163, 164, 168,
173], the two defect modes appeared at very high frequencies:
59.79 and 60.11 kHz, respectively. Using a similar structure,
the same research group has also conducted some related work
which has been reported in [174]. Another work from them
provided a comprehensive experimental study for the valid-
ation [175]. The experimental results showed that the output
power from the piezoelectric energy harvester was increased
up by 22.8 times as compared to the case without using the
defect PC.

Based on a beam structure, Hu et al [176] developed a
phononic beam-based piezoelectric energy harvester which is
similar to the system presented in [118]. The difference is
that a cavity defect is introduced in the phononic beam and
a single piezoelectric transducer is used and installed in the
cavity. The theoretical analysis predicted the occurrence of
the defect mode band in the band structure. The COMSOL
simulation was conducted to predict the power output from
the energy harvester. Also, for a phononic beam consists of
binary beams, as illustrated in figure 23(a), Geng et al [177]
investigated the potential of its defect state for energy har-
vesting through theoretical analysis. Interestingly, they con-
sidered the model in the thermal environments and explored
the effect of the temperature on the band structure behaviour
and the energy harvesting performance. It is found that with
the increasing temperature, due to the softening effect of the
thermal load on the beam, the energy harvesting performance
is depressed. For instance, when the temperaturewas increased
by 60 ◦C, the output voltage was reduced by more than three
times, as indicated in figure 23(b). It is worth noting that this
conclusion is different from that given in [170]. This is because
they considered the thermal effect on the beam instead of the
piezoelectric material. The thermal effect on the beam is incor-
porated in the governing equation of the beam as a thermal
induced axial force. If both the thermal effects on the beam
and the piezoelectric constants of the piezoelectric material are
considered, the results could be different. Further efforts may
be devoted to investigating this problem, especially through
some experimental studies for validation. On the other hand,
with the increase of the temperature, the band gap, together
with the defect mode band, moves to a lower frequency range
(as demonstrated in figure 23(c)), which is beneficial for low-
frequency vibration suppression and energy harvesting.

4.2. Out-of-plane mode

Different from the studies reviewed in section 4.1, Qi et al
[28] presented a defect sonic crystal, as shown in figure 24,
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Figure 22. (a) Defect PC plate with piezoelectric transducer, (b) open-circuit voltage frequency response, (c) two defect mode shapes:
in-phase mode (left), out-of-phase mode (right) [172]. Reprinted from [172], with the permission of AIP Publishing.

for harvesting energy from the acoustic waves in the direction
in parallel with the cylinder inclusions. Another difference is
that the cylinders are installed on a thin elastic plate. When the
sound is incident, the acoustic-structure coupling takes place.
According to the dispersion relation study using supercell cal-
culation method, a defect mode is formed at the frequency
of 2257.5 Hz due to the introduction of the defect. Then,
they developed a finite element model using COMSOL and
performed simulations to evaluate the voltage outputs from
the piezoelectric transducer around the eigen-frequency of the
defect mode. Numerical results showed that for an incident
acoustic pressure of 2 Pa, the obtained power density is around
0.54 µW cm−3 at the frequency of 2257.5 Hz.

To realize the tunability of the defect mode for energy har-
vesting, Deng et al [178] proposed a magneto-elastic planar
sonic crystal, as shown in figure 25(a). The cylinder pillars
are made of magnetostrictive materials. The mechanical mod-
ulus of the magnetostrictive material is dependent on the mag-
netic field. Thus, by varying the applied magnetic field, the
band structure of the proposed metamaterial can be tuned.
Figure 25(b) shows the band structure results under differ-
ent magnetic fields simulated by COMSOL. It can be expec-
ted that the voltage output from the embedded piezoelectric
transducer will change for different magnetic fields. The cor-
responding simulated results in terms of the voltage output
is demonstrated in figure 25(c). Another research from the
same research group presents some further studies of the same

magneto-elastic sonic crystal for energy harvesting [179]. In
the modelling of the proposed magneto-elastic planar sonic
crystal, the nonlinear magneto-mechanical coupling was lin-
earized for simplicity. In the analysis, in addition to the out-
of-plane modes, they also discussed the in-plane modes.

The previous work is all based on creating defects in PCs;
for locally resonant metamaterial, Oudich and Li [173] pro-
posed some defect configurations for energy harvesting, as
shown in figure 26. To form the defect, they explored the
ways of introducing an empty cavity and changing the mech-
anical properties of one or several local resonators. The bene-
fit of the later configuration is that the eigen-frequency of the
defect mode can be tuned by changing the mechanical prop-
erties of the local resonators. They developed an analytical
model to analyse the band structure, sound transmission loss,
and the energy conversion of the proposed defect metamater-
ial plate. Moreover, finite element simulations were performed
for evaluating the energy harvesting performance. The eigen-
frequencies of the defect mode are around 500 Hz. The collec-
ted power is about 22 µW.

Compared with the multifunctional configurations
reviewed in section 3, defect state based configurations exhibit
remarkable enhancements of energy harvesting performance:
the power output can often be improved for several dozens or
even hundreds of times. However, there are several draw-
backs of defect state based configurations. First, most of
defect state based configurations are realized using PCs; the
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Figure 23. (a) Schematic of a perfect and a defect phononic beam in the thermal field, (b) open-circuit voltage responses for different
temperature rises, (b) transmittance response for different temperature rises [177]. Reprinted from [177], with the permission of AIP
Publishing.

Figure 24. A defect sonic crystal embedded with a piezoelectric
transducer for harvesting energy from acoustic waves that is
incident in the direction in parallel with the cylinder inclusions [28].
Reprinted from [28], with the permission of AIP Publishing.

operating frequencies are thus unavoidably located in the
high-frequency range at the level of kHz. As most ambient
vibration energy spreads over the low-frequency spectrum [3],
this high-frequency characteristic of defect state based con-
figurations goes against the urgent demand of low-frequency
energy harvesting. Second, a defect state based configura-
tion consists of a defect metamaterial/PC and a conventional
energy harvester being installed in the defect cavity. The

defect metamaterial/PC plays the role of an auxiliary device
to realize energy amplification. In this manner, the dimension
of the auxiliary device, i.e. the defected metamaterial/PC, is
actually much larger than the core component, i.e. the energy
harvester. Though the power output can be significantly amp-
lified, the power density of the whole system including the
relatively ‘giant’ auxiliary device is actually questionable.
Last, the operation bandwidths of defect state based config-
urations are commonly very narrow. The operation band is
originated from the defect state which is obtained by breaking
the integrity of a metamaterial/PC at the sacrifice of a com-
plete band gap. Almost all the existing studies of defect state
based configurations focused on the investigation from the
perspective to improve the energy harvesting performance,
while ignored the influence of the defect for other application
scenarios, such as vibration suppression or noise reduction.
Therefore, the engineering value of the defect state based con-
figurations is still doubtable and needs to be validated through
application in practical scenarios.

5. Wave focusing mechanism enhanced
configurations

From the existing work summarized in sections 3 and 4, it can
be noted that the operation bandwidths of both the directly
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Figure 25. (a) Magneto-elastic planar sonic crystal, (b) band structures under different magnetic fields, (c) output voltage for the defect
bands in the third band gap under different magnetic fields [178].

Figure 26. Schematic of the metamaterial plate in the airborne sound filed (left), the defect metamaterial configurations (right) [173].

integrated multifunctional configuration and the defect state
based configuration are still limited. The multifunctional con-
figuration is similar to the conventional multi-modal energy
harvesters and can deliver substantial power output only
around the structural resonance. The defect band of the
defect state based configuration is very flat and narrow, thus
in the power frequency response, there only appear sev-
eral peaks at discrete frequencies where considerable energy
can be harvested. For the above reasons, we can conclude
that these two configurations can not benefit for broadband

energy harvesting. The third kind of configuration to be intro-
duced in this section overcomes this disadvantage by focus-
ing waves over a wide frequency range. To achieve wave
focusing, the PCs and metamaterials are designed to form
the mirror/lens effect. The related research in this section
could be classified into acoustic and elastic types as well.
However, classifying them according to the formation of
the mirror/lens effect is obviously more rational, making
them more recongnizable from the underlying mechanism
perspective.
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Figure 27. (a) PC stubs arranged in the elliptical shape to achieve acoustic mirror effect, (b) simulated wave focusing phenomenon due to
the acoustic mirror effect, (c) comparison of the power output from the energy harvesters with and without the acoustic mirror effect [180].
Reprinted from [180], with the permission of AIP Publishing.

5.1. Mirror type

Carrara et al [180] exploited a PC inspired structure that is
arranged in the elliptical shape for energy harvesting from
structure-borne waves. Figure 27(a) shows the physical imple-
mentation of the whole setup, including the installation of the
piezoelectric energy harvester. Such kind of arrangement will
produce the acoustic mirror effect that can focus the elastic
wave energy to a specific point. Figure 27(b) shows the sim-
ulated wave focusing phenomenon due to the acoustic mir-
ror effect. The condition to achieve the acoustic mirror effect
is to make the spacing between the cylinder inclusions smal-
ler or of the same order of the wavelength of the considered
Lamb wave mode. In their experiment, they tested the energy
harvesting performance over the frequency range from 25
to 150 kHz. To directly evaluate the energy harvesting per-
formance, figure 27(c) compares the power output from the
installed PEHs with and without the acoustic mirror effect.
It can be seen that because of the acoustic mirror effect, the
power output from the installed PEH was increased by more
than 1 order of magnitude. Therefore, the proposed PC struc-
ture can not only improve the power output of the PEH but also
widen the operation bandwidth of the PEH. Based on the same
idea of the acoustic mirror [180], Tol et al [181] redesigned
the mirror structure by embedding beads into the host plate.
Based on the COMSOL simulation, they analysed the wave
focusing capability of the bead embedded acoustic mirror. A

further study of using beads embedded PC to design acoustic
mirrors for energy harvesting can be found in [182].

As an extension of the PC formed acoustic mirror presen-
ted in [180], the same research group proposed a PC formed
acoustic funnel for energy harvesting [167]. Figure 28(a)
shows the prototyped acoustic funnel, which is obtained by
opening a funnel based on a structure similar to the acous-
tic mirror. The waves within the frequency ranges of the
band gaps will be confined within the designed region and
can only propagate into the desired funnel. A PEH is then
installed in the channel for harvesting the guided wave energy.
Figure 28(b) compares the power output from the PEHs
installed inside and outside the funnel. It can be observed that
the PEH installed inside the funnel produced a much larger
power output.

For the PC formed acoustic mirror, Darabi and Leamy
[183] developed an in-depth theoretical model using the mul-
tiple scattering formulation. The presence of the piezoelec-
tric energy harvester was also included in the modelling to
guarantee the completeness of the electromechanical coupled
system. Based on the theoretical model, they conducted an
optimization study towards improving the energy harvesting
performance. The optimized system exhibited an enhanced
output power by ten times. An experimental study validated
their theoretical model. Overall speaking, their work presents
a comprehensive and rigorous modelling of the PC formed
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Figure 28. (a) PC formed acoustic funnel for energy harvesting, (b) comparison of the output power from the PEH installed in the PC
formed acoustic funnel and a free PEH installed directly on the plate [167].

acoustic mirror, and thus has a significant value for guiding
the design of suck kind of energy harvesters.

Based on the generalized Snell law in the field of optics,
Qi and Assouar [184] tailored acoustic waves using some
labyrinthine units to confine the sound energy at a desired pos-
ition for benefiting energy harvesting. Figure 29(a) shows the
designed labyrinthine unit and the phase shift phenomenon
of the acoustic wave tailored by the labyrinthine unit. Using
the labyrinthine unit, they further designed the metasurface as
shown in figure 29(b). The labyrinthine units at different pos-
itions were designed with different geometric dimensions to
meet the requirement of the desired phase shift profile for the
formation of a focal spot at a specific position. A finite element
simulation presented in figure 29(c) verified their conceptual
design, in which besides the source point, one can observe a
spot with the maximum pressure amplitude. By intentionally
installing the piezoelectric energy harvester at the designed
focal spot, the energy harvesting efficiency can be significantly
improved and the results (as shown in figure 29(d)) obtained
from their simulation well supported their prediction. How-
ever, for the given design, this metasurface can only confine
acoustic waves at the frequency of 3430 Hz to the designed
focal spot, which indicates that its working frequency for
energy harvesting enhancement is only around 3430 Hz.

5.2. Lens type

In analogy to an optical lens, Tol et al [185, 186] designed a
gradient-index (GRIN) PC lens to focus elastic Lamb waves
for energy harvesting. The underlying mechanism is similar
to that of an optical lens. By varying the inclusions of the
PC, one can customize the refractive index along the direc-
tion transverse to the wave propagation direction to have a
hyperbolic secant gradient distribution. When a plane wave
is incident, the waves at both side of the center axis will be
bent to the center axis at a focal spot. Figure 30(a) illustrates
the wave trajectory in the GRIN-PC to help understand this
mechanism. Figure 30(b) shows the fabricated physical proto-
type and the experimental setup. Then, in the experiment, the
authors measured the RMS velocity field under the excitation
of different frequencies. At a specific position different from
the source position, a maximum intensity could be observed

in the RMS velocity field, which indicated formation of the
focal spot. The wave focusing effect could take place over
a wide frequency range from 30 to 70 kHz. To evaluate the
wave focusing effect on the energy harvesting performance,
they compared the voltage and power outputs from the GRIN-
PC lens-based PEH and the baseline PEH (i.e. without using
the GRIN-PC lens). From figure 30(c), we can note that by
using the GRIN-PC lens for focusing the wave, the energy
harvesting efficiency was increased by 13.8 times compared
with the baseline case when there is no GRIN-PC lens. The
researchers from the same group then investigated the feas-
ibility of employing 3D printing technique for fabricating the
proposed GRIN-PC lens and tested its performance for energy
harvesting [187, 188]. However, due to some reasons such
as the effect of the thin epoxy bonding layer on the refract-
ive index distribution, the wave focusing capability of the 3D
printed GRIN-PC lens was not as good as expected. A sim-
ilar design has also been employed by Hyun et al [189] for
harvesting energy from flexural elastic waves.

Without using discrete inclusions, Zareei et al [190]
designed a GRIN lens by directly varying the thickness of
the plate to tune its rigidity for exhibiting the desired refract-
ive index profile. Figure 31 shows the corresponding design
principle. One benefit of this design is that the plate thickness
can be varied continuously; thus, the refractive index profile
will be very smooth, which can not be achieved using dis-
crete inclusions. Though the structure design is different, the
obtained wave focusing phenomenon is the same. The experi-
mental results validated the occurrence of the focal spot. The
improvement of the energy harvesting efficiency was success-
fully achieved as expected.

To achieve the desired refractive index profile, instead of
varying the mechanical parameters of the inclusions, Yi et al
[191] proposed to use piezoelectric patches to realize the
inclusions, then shunt them to negative capacitances for con-
trolling their effective Young’s Modulus (figure 32). Using
the negative capacitance to achieve tunable metamaterials was
actually proposed by [39, 40]. More detailed information on
this perspective can be found in these two references. Except
for the difference in the methods for tuning the effective
mechanical property, the design strategy of the PC is still the
same. In the modelling of the piezoelectric energy harvester,
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Figure 29. (a) Schematic of a labyrinthine unit and the phase shift caused by the labyrinthine unit with different geometric dimensions,
(b) a partially enclosed region by the metasurface consisted of the labyrinthine units and a piezoelectric energy harvester used for energy
harvesting, (c) the sound pressure distribution for the presence of the metasurface, (d) the voltage and power outputs from the piezoelectric
energy harvester under the conditions when the metasurface is and is not used [184]. Reprinted from [184], with the permission of AIP
Publishing.

the authors considered the effects of two advanced interface
circuits (i.e. P-SSHI and S-SSHI) on the energy harvesting.
According to the simulation results, it is revealed that using
the advanced interface circuits can boost the efficiency of the
piezoelectric energy harvester in the proposed PC lens.

Though the PC formed lens can be used for energy
harvesting, the working frequency range is actually relatively
high and out of the typical ambient energy spectrum. To reduce
the working frequency, Tol et al [192] also proposed a locally
resonant metamaterial-based lens for energy harvesting. The
design of a metamaterial-based lens is similar to that of a PC
based counterpart. Their proposed mechanical architecture is
also very similar. The difference is that they used relatively
soft acrylic plastic pillars and attached tip masses to the pillars.
The pillar, together with a tip mass, served as a local resonator.

Using such kind of strategy and following the same design
procedure, they designed a metamaterial-based lens with the
working frequency range being reduced to several hundreds of
Hertz.

The aforementioned GRIN PC lens was designed in a rect-
angular shape and can only focus a unidirectional wave [185].
To realize the focus of omnidirectional waves, inspired by
the circular shape of a Luneburg lens in the optics field, the
researchers from the same group then developed a PC formed
Luneburg lens and applied it for energy harvesting [193]. The
underlying mechanism is actually similar to that of the GRIN
PC lens introduced in [185]. The experimentally obtained
wave field shown in figure 33(b) validated the wave focusing
capability of the developed PC formed Luneburg lens and its
potential for energy harvesting efficiency improvement.
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Figure 30. (a) Schematic of wave trajectory in the proposed GRIN PC lens, (b) physical prototype of the GRIN-PC lens, (c) comparison of
RMS voltage and power output responses of the GRIN-PC lens based PEH and the baseline PEH without using the GRIN-PC lens at 50 kHz
[185]. Reprinted from [185], with the permission of AIP Publishing.

Granular crystals, or alternatively termed as granular
metamaterials, have inherent nonlinearity. A granular crys-
tal is often constituted by a chain of particles such as sphere
beads, cylinder rods etc. The stress waves in the granular crys-
tal propagate through the contact of neighbouring particles.
A recent review paper collects relevant literature on the topic
of wave propagations in granular metamaterials [195]. Since
the impact between the particles in the granular crystal gives
rise to the generation of solitary waves which become bulk
after propagating into a linear medium, Li and Rizzo [194]
proposed a symmetric configuration to enable the bulk waves
to coalesce into a focal spot located along the axis of symmetry
for energy harvesting. It is worth mentioning that though the
proposed system can also focus the waves to a focal spot, the
wave focusing functionality is not realized directly using the
granular crystal itself. Figure 34(a) shows the symmetric con-
figuration of the granular crystal. The linear medium is made
of a polycarbonate. Figure 34(b) illustrates the basic mechan-
ism as already explained for energy harvesting. A piezoelectric

transducer is bonded at the bottom of the linearmedium, where
the focal spot is formed for energy transduction. Figure 34(c)
presents the output power from the piezoelectric transducer.
They found that using more chains of granular crystals can
increase power output. However, the harvested power level is
only at the nanowatt level. Considering the large size of the
whole structure, the power density of this system is actually
very low. For the same system, the researchers from the same
group then conducted a parametric study based on a finite ele-
ment model to optimize the power output from the piezoelec-
tric energy harvester [196, 197]. Through a proper selection
of the system parameters such as the materials and size of the
beads, the material of the linear medium, and the setting of the
boundary condition of the piezoelectric transducer, the power
output was increased to the level of milliwatt. A further para-
metric study of the same system through experiments has also
been performed by the same group [198].

In summary, the wave focusing mechanism enhanced con-
figurations possess mainly two advantages. First, due to the
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Figure 31. (a) Top view of the wave trajectory, (b) the plate thickness profile, (c) the refractive index profile, (d) the corresponding plate
designed with the engineered thickness profile for obtaining the desired refractive index profile [190]. Reprinted from [190], with the
permission of AIP Publishing.

Figure 32. (a) An active PC formed lens for energy harvesting, the inclusions of the PC are realized using piezoelectric patches that are
shunted to negative capacitances, (b) the top and side view of a unit cell containing a piezoelectric patch shunted to the negative capacitance
[191].

wave focusing mechanism through the mirror effect or the
lens effect, the waves can be well concentrated in favour of
the energy harvesting purpose. Second, different from the
defect state based configurations with narrow operating band-
widths, wave focusing can be realized over a broad frequency
range. Hence, wave focusing mechanism enhanced configur-
ations often have a wide operating bandwidth. Nevertheless,
there are also some disadvantages of wave focusing mechan-
ism enhanced configurations. For example, though the oper-
ating bandwidths are satisfactory, the operating frequency
range is very high, making it difficult for low-frequency
energy harvesting. Moreover, to achieve the mirror effect

or the lens effect, the design of the refractive index pro-
file, as well as the manufacturing of the resultant struc-
ture, is relatively complicated. In addition, taking account
of the metamaterial/PC formed mirrors or lens, which play
the role of energy amplifiers rather than direct energy con-
verters, the dimension of the whole system is larger than
conventional energy harvesters. This characteristic poses a
challenge for the miniaturization of energy harvesting sys-
tems. Furthermore, the use of such configuration may be chal-
lenged by the question like, ‘is there any plus value of the
metamaterial/PC mirrors and lens besides the role as energy
amplifiers?’
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Figure 33. (a) PC formed Luneburg lens for energy harvesting, (b) experimental measured RMS wave field for demonstrating the wave
focusing phenomenon [193]. Reprinted from [193], with the permission of AIP Publishing.

Figure 34. (a) The granular crystal consists of a chain of beads, (b) the setup for energy harvesting, (c) the output power versus the load
resistance for different number of bead chains [194]. Reprinted from [194], with the permission of AIP Publishing.

6. Summaries, remarks, and outlook

Acoustic-elastic metamaterials with unique properties have
been widely employed in various circumstances, including
energy harvesting over the past decade. Conversion efficiency
and operating bandwidth are the main concerns that limit
the applications of energy harvesters in practical scenarios.

Based on the characteristics of metamaterials, researchers
have explored their potentials for being used in energy har-
vesting to achieve performance improvement. This article
has reviewed and summarized the existing design approaches
and classified them into three categories: directly integrated
multifunctional configuration, defect state based configura-
tion, and wave focusing mechanism enhanced configuration.
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Table 1 lists most of the literature reviewed in this paper
and sorts them into the defined three categories. Table 1 also
provides a comparison of the main features, such as the power
level, efficiency improvement, working frequency range, of
the reviewed systems. For the wave type column, ‘E’ and ‘A’
stand for elastic and acoustic, respectively, indicating that this
work is focused on harvesting energy from elastic or acous-
tic waves. The last column ‘research methodology’ is used
to indicate what methods have been adopted in this research.
‘T’, ‘S’ and ‘E’ are the prefix letters of ‘theoretical’, ‘simula-
tion’ and ‘experiment’, respectively. For instance, a research
being classified into the ‘TS’ type implies that both theor-
etical and simulation studies have been conducted in this
research.

From table 1, we can find that the directly integrated
multifunctional configurations have been most extensively
exploited. For these configurations, themain focus of research-
ers is on how to design a proper mechanical structure to enable
the installation of transducers for realizing energy conversion.
Interestingly, almost all the existing designs adopted the piezo-
electric transducers. This may be due to the ease of implement-
ation and integration of piezoelectric transducers into systems.
Using other transduction mechanisms such as the electromag-
netic one, one may need to devote lots of efforts to revising the
mechanical architecture to contain magnets and coils. Another
potential reason is that piezoelectric transducers are suitable
for being used in the circumstances with small vibration dis-
placements but large stresses. The power outputs of electro-
magnetic transducers are strongly dependent on the oscillat-
ing velocity. Therefore, the piezoelectric type transduction is
advantageous over the electromagnetic type to be installed
in metamaterials where the vibrations are significantly sup-
pressed. From this perspective, the electret-based electrostatic
transduction [43], which does not require large displacement
excitations, might also be applicable in this circumstance
to corporate with metamaterials concurrently. Nevertheless,
no related research has been found until now. The potential
reason is that the electret-based electrostatic transductions are
mostly used in MEMS scale energy harvester, while the cur-
rent research is still limited to the regular size of metama-
terials at the scale larger than centimetres. With the develop-
ment of elastic metamaterials in the future, researchers may
explore the feasibility of combining MEMS scale metama-
terial with electret-based electrostatic transducers for energy
harvesting or self-powered sensing, etc. Besides the transduc-
tion mechanism problem, as we aforementioned that though
the development of both metamaterials and vibration energy
harvesting have entered the era of nonlinearity, the research of
metamaterial-based energy harvesters is still confined in the
linear scope. What the recipe of nonlinear metamaterials and
nonlinear energy harvesters will bring to us is still unknown.
Moreover, as one of the popular branches of metamaterials,
topological metamaterials with some interesting phenomena,
such as interface modes, have not been fully explored for
energy harvesting. Therefore, future research in this direction
may pay more attention to the development of topological
metamaterials and try to unearth their potentials for energy
harvesting.

As revealed in table 1, from the perspective of efficiency
improvement, the latter two types of configurations seem to
be more effective. This is actually easily understandable and
expectable, since both the defect state mode and the wave
focusing mechanism have the capability to localize the energy.
However, in terms of the defect state based configurations,
there are two major drawbacks. One is that the working fre-
quency is very high, which can not cater for the demand of
harvesting energy from low-frequency environmental vibra-
tions. The other drawback is that the operating bandwidth is
narrow. Similar to a traditional linear vibration energy har-
vester, a defect state-based configuration can only deliver sub-
stantial power output around the eigen-frequency of the defect
mode. The first drawback may be partly overcome by repla-
cing currently widely used PCs with locally resonant metama-
terials [173], since metamaterials have been proved to have
the capability to operate in relatively lower frequency ranges.
In terms of the second drawback, an intuitive thought is that
tunable metamaterials/PCs could be a potential solution. How-
ever, most active tunable systems require external power sup-
plies, which are contradictory to our original intention for har-
vesting energy. For this reason, we think that passively self-
adaptive techniques could be a potential solution. Assuming
that the defected local resonator has the self-adaptive abil-
ity, the defect mode may also exhibit a self-adaption beha-
viour and can cover a certain range of frequencies, which
can then be used for energy harvesting. As compared to the
defect state based configuration, the wave focusing mechan-
ism enhanced configuration also has the advantage of high-
efficiency improvement but does not have the narrow band-
width drawback. However, the high working frequency is still
the drawback of this configuration. Since most of the existing
designs of such kind of configurations were based on PCs and
considered the lattice constants normally at the scale of several
centimetres, we can understand the reason why their working
frequencies were often at the kHz level. Using locally reson-
ant metamaterials may improve this situation by significantly
reducing the working frequency, which has been preliminary
proved by the work of Tol et al [192]. However, further efforts
need to be devoted to promoting this work.

On the other hand, most of existing research focused on
the use of metamaterials for energy harvesting, mainly from
the mechanical perspective. As well-known that the design
of any energy harvesting systems involves the knowledge of
multiple disciplines. The interface circuit could also play an
important role in affecting the energy harvesting perform-
ance of a system. Therefore, according to the characterist-
ics of metamaterial-based energy harvesters, does there exist
the possibility to develop more advanced or suitable inter-
face circuits, specially, for these types of energy harvesters to
boost their energy conversion efficiencies? Though a recent
study by [137] made an early attempt to introduce advanced
interface circuits in metamaterial-based energy harvesting, the
research in this potential direction is quite deficient. In addi-
tion, because of the periodic arrangement of electromechan-
ical transducers insidemetamaterials, the powermanangement
of the multiple different outputs becomes a challenge and a
difficulty [199, 200]. Therefore, besides of advanced interface
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circuits for efficiency boosting, theremay need a special power
manangement unit for energy optimization.

In general, metamaterial-based energy harvesting has a
bright future for applications in such as smart building blocks
for vibration isolation and noise reduction, powering structural
health monitoring sensors embedded in the infrastructure, and
vibration/shock absorbers with energy recycling abilities for
cars and trains etc. However, the currently developed systems
are still limited at the conceptual design stage. The authors
hope that this review article can provide a comprehensive and
helpful summary of the existing work to the researchers who
have interests in this direction. Moreover, from our defined
classifications of existing design approaches, the researchers
can find some guidance for developing a metamaterial-based
energy harvester. In addition, we have made some comments
and remarks on the disadvantages of the existing designs and
put forward prospects on what can be done in the future to
find potential solutions. We hope that the researchers can be
inspired to make their contributions to the development of this
research direction. It is envisioned that somedaymetamaterial-
based energy harvesters will be deployed in practical scenarios
to suppress undesired vibrations and sound noise, and con-
currently convert the inherent vibration energy into electrical
energy for providing a sustainable power solution.
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