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Piezoelectric energy harvesting using mechanical
metamaterials and phononic crystals
Geon Lee1,5, Dongwoo Lee 1,5, Jeonghoon Park1, Yeongtae Jang1, Miso Kim2 &

Junsuk Rho 1,3,4✉

Mechanical metamaterials and phononic crystals enable localizing, focusing, and guiding of

elastic or acoustic waves in various ways. Here, we describe the physical mechanisms

underpinning wave manipulation and then review the most recent energy harvesting methods

for converting localized mechanical wave energy to useable electrical energy. Due to the

exceptional wave-matter interactions enabled by the man-made structures, energy is col-

lected more efficiently than through conventional methods. Artificially designed mechanical

structures are versatile, especially when used in renewable and ecologically-benign energy

transformation, and have a wide array of potential applications.

Waves such as vibration (elastic waves), sound (acoustic waves), and light (electro-
magnetic waves) are ubiquitous in nature, and each interacts with matter in their own
different way, each with its own energy. However, most of the energy is dissipated

through mechanisms such as material damping, friction, and heat transfer. To repurpose such
waste energy, researchers have been looking for sustainable and ecologically-benign energy
sources that harvest waste energy and convert it to electrical energy with high efficiency. The
method of energy capture relies on the wave type to be converted and how it is to be converted,
therefore the use of transducers varies accordingly. For example, piezoelectric materials are used
for elastic and acoustic waves1,2, pyroelectric materials for thermal waves3,4, and solar cells for
sunlight5,6. Piezoelectric materials yield voltage by electrical polarization when subjected to an
applied force7. This phenomenon happens when external mechanical stimuli cause changes that
align the direction of molecular dipole moments. To greatly increase the effect of electrical
polarization which increases proportionally to the displacement of the medium, the medium
should be subjected to high stress. However, existing piezoelectric energy harvesting (PEH)
materials have practical limits in terms of efficiency and frequency range, making them
unsuitable for use with electrical devices.

Metamaterials (MMs) are man-made structures with properties that are not found in
naturally-occurring materials. Veselago pioneered the field of MMs by proposing theoretical
research into materials in which the refractive index becomes negative as a result of the
unnatural electromagnetic responses8. Pendry later proposed MMs that operate in narrow fre-
quency ranges by using split-ring resonators with negative permeability9,10. Smith has experi-
mentally developed a negative refractive index in the microwave regime, leveraging theoretical
grounds11. Since then, electromagnetic MM research has been lively, leading to the control of
acoustic12–16, elastic17–20, and seismic21,22 waves being investigated in recent years. Progress in
MMs has been possible due to mathematical analogies in the underlying wave physics. PEH-
generated mechanical (elastic and acoustic) waves can be described using constitutive parameters
such as mass density and modulus, both of which are usually positive. However, MMs allow for
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negative mass density and negative elastic modulus from discrete
mass-spring equivalent models in dynamic systems. Milton and
Willis explained the physical concept of effective mass density
theoretically23, which Yao later validated experimentally24. In
mass-in-mass systems, the local resonance mechanism can result
in a negative effective mass density. Moreover, as demonstrated
experimentally by Fang25, a negative effective bulk modulus can be
obtained using membrane systems or Helmholtz resonators.
Negative parameters have significant consequences because they
imply that the amplitude of a wave can decay exponentially by
reshaping the forward propagation wave into an evanescent
wave. The decaying wave remains as a localized wave in a small
segment of the structure and its energy can be efficiently con-
verted by attaching a piezoelectric material to the local area.
These MMs are specially designed by tailoring the shapes, sizes,
and periodic configurations of subwavelength resonant elements,
known as meta-atoms. As a result, unique properties such as
negative constitutive parameters and remarkable phenomena in
frequency spectra across Bloch states have been discovered, and
extended to nonlocality26–28, non-Hermitian29–31 systems, and
topological32–34 effects for intriguing behaviors. Media of peri-
odic structures ranging from isotropy to bianisotropy35,36 in the
constitutive parameter set have potential applications in a variety
of domains of wave physics.

The notion of phononic crystals (PnCs) is similar to that of
photonic crystals37,38, in that both evolved from electronic sys-
tems that forbid certain energy-level bands. PnCs are periodic
structures that exploit Bragg scattering in lattices to take advan-
tage of wave interference induced by a high-impedance
mechanical contrast between hosts and inclusions. The inter-
ference arises when the wavelength is of the same order as the
lattice constant of the periodic structure, and thereby allows
interference with scattered waves in neighboring lattices. PnCs
are characterized by a bandgap or frequency range in which
waves cannot propagate through a medium. Using PEH, the
bandgap mechanism can be used efficiently to localize and focus
waves. Surprisingly, an extremely high wave localization can be
induced in imperfect structures by exploiting defect cavity modes.
Furthermore, by adjusting the refractive index of each crystal size,
PnC arrays that consist of a gradient of crystal sizes contribute to
increased wave focusing and yield a gradient-index (GRIN) lens.
The refractive index is inversely proportional to the phase velo-
city, so the incoming plane wave bends when the phase velocities
form a gradient. By carefully manipulating the refractive indices,
the waves can be captured at the focal point. Because of a lack of
rigorous classification, the terms MM and PnC, which give rise to
unusual features, are commonly used interchangeably. The lattice
spacing, which corresponds to the range of working frequency,
provides an intuitive way of understanding the distinction: MMs
are composed of a cluster of strong dispersive resonators that
operate on the subwavelength scale, whereas PnCs are composed
of multiple scatterers that operate on the wavelength scale.

Vibration insulators39–42, soundproofing43,44, and seismic
mitigation45,46 structures are just a few of the cutting-edge
applications inspired by MM and PnC platforms. Parallel to
theoretical progress, fabrication techniques such as 3D
printing47–49 and structuring of macro- and nano-scale designs
for MMs and PnCs have been developed. Wireless networks,
portable and wearable devices, sensors, the Internet of Things
following the Fourth Industrial Revolution, and biotechnology
devices have all seen substantial growth. Related products fre-
quently use batteries that have a lifetime and may require special
disposal, therefore, PEH research is being conducted to develop a
new generation of energy sources to address such challenges.
MMs and PnCs improve energy harvesting efficiency by redir-
ecting the wave energy input to the desired position for maximal

energy conversion and harvesting. In this Review, we describe
methods for capturing the energy of mechanical waves at
broadband frequencies and achieving effective PEH by using
MMs and PnCs, which are wavelength- or subwavelength-scale
microstructures integrated with piezoelectric materials. Moreover,
we place a greater emphasis on the physical meaning and discuss
it in wider context than earlier publications50,51 as an useful
indicator for future research directions in this area. We provide
an overview of wave localization and focusing methods and
applications that make use of local resonances, defect modes, and
GRIN structures that convert mechanical energy to electrical
energy through integrated piezoelectric devices (Box 1).

Physical mechanism of local resonance in MMs. To be used for
PEH, the MMs should include meta-atoms with an independent
degree of freedom capable of triggering local resonances. The first
elastic meta-atom with local resonance consisted of relatively
high-density solid-core materials and epoxy-enclosed soft
coatings52. When the operational frequency of the driving force
coincided with the natural frequency of the inner core mass,
which is a resonating element, a state known as a local resonance
is obtained. Following that, the effective mass of the mass-in-mass
equivalent model53 was developed to describe the out-of-phase
and in-phase motions of the outer mass and internal mass
(Box 1a). The sign indicates the direction of movement, and the
effective mass moves in the same direction as the main mass.

Under dynamic settings, mechanical waves can propagate
through mechanical MMs in a specific frequency range known as
the passband but not in the stopband (or bandgap)54. Two
fundamental mechanisms can drive the bandgap: Bragg scattering
and local resonances55–57. When the wavelength in a periodic
array is equivalent to the lattice constant, PnCs undergo Bragg
scattering, which results in bandgaps due to interference. MMs,
on the other hand, exhibit local resonances, which can also
produce bandgaps when the wavelength is much larger than
the lattice constant. According to the mass-in-mass equivalent
model, in a local resonance state, the effective mass can become
negative near the resonant frequency, and the dynamic structural
response results in an out-of-phase oscillation compared to the
in-phase input force. Due to the out-of-phase oscillations, the
resultant force approaches zero at the resonant frequency, i.e.,
the displacement movement is considerably suppressed, and the
accumulated energy remains inside the resonators. Meanwhile,
without real-valued wavenumbers in the bandgap of either Bragg
scattering or local resonances, waves cannot propagate in the
medium, and instead convergent and divergent imaginary-valued
components appear. For local resonances, the imaginary values
globally support a lossy system that loses the frequency
components that are locally trapped in resonators. The PEH is
generated by mounting a piezoelectric device at the place where
wave energy is localized and converting it to electrical energy. The
harvesting efficiency of the PEH using MMs is higher than that of
a conventional piezoelectric substrate.

PEH systems using locally resonant MMs. Numerous designs,
including beams and plates, have been utilized in locally resonant
MMs. Due to the high Q-factor associated with the resonance
mechanism and the relatively narrow range of the resonating
frequency, such MMs with an augmented mass are well geared for
efficient PEH. For this reason, the local-resonance mechanism
can have dual functionalities, simultaneously contributing
towards both wave attenuation and energy harvesting. Gonella
et al.58 developed a cantilever PEH with piezoelectric micro-
structures that makes use of the bandgap mechanism. The wave
filtering effect is dramatically enhanced due to the bandgap, and
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energy harvesting is achieved as a consequence of the conversion
of the localized kinetic energy. Mikoshiba et al.59 used an array of
dual functional resonators based on local resonance with elec-
tromagnetic induction to establish energy harvesting of elastic
waves both analytically and experimentally. Ahmed and

Banerjee60 designed an acoustic-MM energy harvester embedded
in a soft matrix with a piezoelectric wafer that yields the capability
of large electrical potential and power. The following sections
discuss the latest studies indicating that employing MMs with
local resonances may further improve the efficiency of PEH.

Box 1 | Mechanical piezoelectric energy harvesting (PEH) using metamaterials (MMs) and phononic crystals (PnCs)

Process of harvesting mechanical wave energy using mechanical structures such as local resonators, defect 
cavities, and gradient-index (GRIN) systems. The piezoelectric material and electrical circuit converts the 
mechanical wave energy from vibrations and sound to electrical energy.

Schematic design of the locally-resonant mass-in-mass system using discrete element method model. Unit cell 
composed of inner and outer masses connected by spring is arranged connected by other spring. The behavior of 
mass-in-mass system where the inner and outer mass move in the same direction (in phase) and opposite direction 
(out-of-phase) can be replaced with the effective mass model that represents the behavior of an overall unit cell. 

Schematic of PnC and PnC with defect cavity, and corresponding band structure. Due to the periodicity of 
inclusions, a Bragg bandgap occurs. The bandgap frequency range includes one or more flat passbands generated 
by the defect cavity; these are called defect modes. 

Schematic of the GRIN system. An incident plane wave bends when passing through PnCs that have gradually-
varying geometrical profiles of the inclusions, and corresponding change in n along the y direction.
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Li et al.61 designed a cantilever MM for dual-purpose PEH
(Fig. 1a). The MM is partitioned into a free-standing cantilever
and a primary structural frame, with vibrations at natural
bending frequencies localized in the middle of the cantilever
rather than at the nodal point (intersection) between them
(Fig. 1b). Cantilevers behave as local resonators, and their PEH
efficiency can be improved by increasing their stiffness and
inertia. A clear bandgap frequency range can be obtained by
calculating the band structure and the force transmission spectra
(Fig. 1c). Elastic waves are obviously forbidden in the bandgap
but are locally confined throughout the system, particularly at the
cantilevers. Each harmonic vibration of the free-standing
cantilever and the primary structural frame is engaged in the
strongly-coupled mode when the harmonic elastic bulk wave is
well synchronized with the vibration of the cantilever. In this
scenario, the vibration energy delivered by the elastic bulk wave is
accumulated by the resonance of the cantilever, where it is
converted to localized kinetic energy. A piezoelectric polymer
thin film (polyvinylidene fluoride (PVDF) film) with electrodes
was attached to each cantilever for further conversion of kinetic
energy to electrical energy, providing dual functionalities of
vibration isolation and energy harvesting into a single device

(Fig. 1d). Indeed, the primary structure that is interconnected to
each beam does not undergo significant elastic deformation, but
the well-confined vibration energy is trapped locally in the
substructure. Consequently, elastic waves become suppressed
externally, and the remaining strong strain fields are generated by
energy localization; this reaction implies that cantilever deforma-
tion would result in efficient energy conversion. This design was
intended to filter out noise from mechanical vibration. To do this,
an extra mass was attached to the end of the cantilever to lower its
cutoff frequency. Kinetic-to-electric energy conversion is also
accessible using the piezoelectric response of the PVDF film
transducer; this conversion shares the same mechanism as the
case in which no extra mass is required. When stimulated at the
resonant frequency, the use of an energy harvester at the
corresponding frequencies produce a voltage output (Fig. 1e).
Due to the anisotropic design, both compression (perpendicular)
and shear (parallel) loadings were considered. Given that the
complete bandgap is obtained along high-symmetry lines, the
vibration-isolation effect emerges regardless of the direction of
the excited waves. When an input force of 5.34 N was applied
perpendicular to the direction of the force, the PVDF film
produced a maximum output voltage of 0.22 V, a maximum load

Fig. 1 Mechanical metamaterial (MM) consisting of locally resonant cantilevers for energy harvesting. a Topologies of the unit cell: Original square
lattice, modified square lattice with cantilevers attached, and modified square lattice with cantilevers and masses attached. b Representative mode shapes
of each unit cell. c Comparison of the force transmission spectrum to a band structure obtained from unit cell analysis by sweeping the wavevector along
the contour of the irreducible Brillouin zone. d Array of mechanical MMs for energy harvesting. Piezoelectric material (polyvinylidene fluoride film (PVDF))
is attached at the substrate (acrylonitrile butadiene styrene (ABS) plastic) to convert localized kinetic energy to electrical energy. e Capability of designed
MMs to filter mechanical waves: Compression longitudinal-wave test and shear transverse-wave test. “X, Y”: number of cantilevers in perpendicular and
parallel directions to excitation, respectively. Within the bandgap range indicated by dashed lines, the waves do not propagate. The energy harvesting
capability with longitudinal wave input force 5.34 N: Cantilevers in perpendicular and parallel directions to the excitations. Maximum output of voltage and
power is found within the bandgap frequency measured across a 1-MW resistor61. Reprinted with permission from ref. 61.
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of 1MW, and a maximum power of 0.05 mW. These values can
be manipulated by changing variables such as the geometric
configuration of the cantilever, the tip mass, and the piezoelectric
film thickness. Remarkably, the input wave was indeed localized
inside the bandgap frequency range, allowing the piezoelectric
device to capture the trapped energy when wave propagation is
prohibited. The energy extraction process facilitates the distribu-
tion and diffusion of energy throughout the system, hence
increasing the effectiveness of vibration isolation in mechanical
MMs.

Li et al.62 used local resonances to facilitate acoustic-to-electric
energy conversion rather than vibration-to-electrical energy. A
positive real-valued mass density and bulk modulus can be used
to characterize acoustic wave propagation, while the use of
acoustic MMs such as membrane-type resonators and Helmholtz
resonators allow for the full classification of each parameter
spectrum to be extended to negative and even zero values. For
example, membrane-type acoustic MMs consisting of a thin
membrane with one or more rigid masses attached have been
shown to significantly absorb acoustic waves. Thin membrane-
type MMs can achieve much stronger acoustic attenuation at the
deep-subwavelength scale, compared to standard thick sound-
absorbing materials. In practice, this approach provides both
sound insulation and noise-based energy harvesting. This dual
functionality is feasible because the local resonance strengthens
the effect of the localization of energy while excluding the
propagation mode. The base structure (Fig. 2a) is constructed of
prestretched circular thermoplastic polyurethane, while the
boundary of the membrane is attached to a rigid aluminum ring,
and aluminum sheets are bonded on each side. This structure is
referred to as a membrane-type acoustic MM and is well-known
for its capacity to establish a negative mass density between
resonant and antiresonant frequencies. For practical usage, the
evolution of membrane loss contributes to lowering the efficiency

of sound insulation in the corresponding frequency range.
However, this study sought to retrieve rather than dissipate the
energy; i.e., to develop a MM device that is capable of both sound
insulation and energy harvesting. The displacement and strain
energy distribution vary along the center line of the membrane at
the first three resonance frequencies (Fig. 2b). The result indicates
that the strain energy of the bending deformation is largest at the
central mass. Transmission-line analysis showed that the energy
dissipation is maximized when the membrane and the terminated
circuit have the same impedance, analogous to a capacitor and
resistor (Fig. 2c). The MM sample that is subjected to each
prestress on the membrane can also be used to tune the operating
frequency in energy transmission and absorption spectra (Fig. 2d).
When different membrane stresses (64.3 MPa and 42.0 MPa) are
applied, the fundamental frequencies change (432 Hz and
356 Hz); this shift should be considered during energy conver-
sion. The maximum voltage output is attained at the correspond-
ing frequency where the absorption is greatest (Fig. 2e) and yields
high energy-conversion efficiency (Fig. 2f).

The use of local resonators has been shown to achieve much
higher PEH efficiency than the use of a conventional one, but
devices consisting of a single resonator can only operate in a
single frequency range. However, recent studies have shown that
by using multiple resonators, PEH efficiency can be improved and
devices can be designed to expand the working frequency range.
Chen et al.63 employed membrane-type MMs with multiple local
resonators for both wave attenuation and energy harvesting in the
elastic regime. This capability was achieved mainly by substantial
deformation of the membrane. The proposed MM is made up of a
MM beam and a pretensioned elastic membrane with a built-in
split-ring mass (Fig. 3a). The MM beam has periodic holes that
are filled by membrane-split ring structures. Aluminum is used
for the host beam, copper for the split ring, and polyetherimide
(PEI) film for the membrane. At the resonant frequency, when

Fig. 2 Membrane-type acoustic metamaterial (MM) for energy harvesting. a Proposed locally resonant acoustic MM system that uses a flexible
piezoelectric material (polyvinylidene fluoride film (PVDF)) and a thermoplastic polyurethane (TPU) membrane with additional mass. b Displacement and
strain energy of the first three-order mode shapes along the central line of the MM. c Energy-dissipation behavior by the different resistors. The output
power diminishes as the resistance increases. d Transmission and absorption spectra vs frequency with varying membrane stresses. e, f Output voltage
and energy-conversion efficiency from acoustic MMs with different membrane stresses62. Reprinted with permission from ref. 62.
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the wave is severely attenuated, the voltage output reaches a
maximum. The wave attenuation capable of capturing trapped
energy was proved numerically, and a PVDF patch attached to
the membrane could be used to convert localized energy to
electrical energy. The flexural-type mode shapes of the membrane
and two split rings indicate the in-phase (monopole) and out-of-
phase (dipole) motions at the first and second resonant
frequencies, respectively (Fig. 3b). Furthermore, a Bragg-type
bandgap arises at considerably higher frequencies in the periodic
assembly of the host beam, but this phenomenon is beyond the
scope of their work. The corresponding band structures of the
single- or double-layer MM beam reveal apparent bandgaps in
which the elastic waves are highly suppressed with no real-valued
wavenumber, induced by local resonances (Fig. 3c). The onset
frequency of the first bandgap is broadened in a double-layer
resonator made of identical resonators on the top and bottom
surfaces, compared to a single-layer resonator. The single-layer
structure enables estimation of two separate attenuation regions
by using band-structure analysis. A major attenuation exists in
the frequency range of 340–426 Hz, whereas a moderate
attenuation occurs at 460–500 Hz (Fig. 3d, e). The different
attenuation capabilities are mainly characterized by vibration
modes. Due to the lower displacement and stress in the secondary
vibration mode, the attenuation capacity is relatively looser than
in the first mode that absorbs most of the external source energy.
A PVDF film was mounted on the unit cell to convert vibration
energy to electrical energy. For double-layer resonators (Fig. 3f),
using a parallel-connected resistor rather than top and bottom

resistors demonstrated an output power four times greater than
that of the single-layer structure loaded with a resistance of 200
kΩ. The output voltage peaked at 348 Hz (Fig. 3g), which is
extremely close to the bandgap frequency range. The output
voltage and the wave attenuation show a linear correlation, which
enables the output voltage to be maximized in the first bandgap.
Overall, this study provides generally consistent evidence
supporting a reliable relationship between vibration mitigation
and mechanical-to-electrical energy conversion.

Physical mechanism of defect modes. Defect modes are one of
the wave-localization mechanisms that occur in PnCs. Bloch’s
theorem states that a complete bandgap can appear in a periodic
structure in which elastic or acoustic waves can no longer
propagate64,65. By breaking the periodicity and incorporating an
impurity, a fascinating phenomenon arises in which one or more
flat passbands emerge within the Bragg-induced bandgaps, so
called defect modes66,67 (Box 1b). This method of wave locali-
zation is analogous to the localization of impurities in a
semiconductor68. By using an impurity to break the periodicity,
the defect mode-induced system facilitates a flat branch in the
bulk band, but a topology-induced system, particularly in the
one-dimensional case, provides an interface state that can
be localized by breaking the inversion symmetry69,70. A defect-
mode mechanism does not produce a new bandgap but has an
exceptionally low slope in the dispersion curve; this trait indicates
a zero group velocity, in which elastic or acoustic waves are
condensed in the imperfection domain. Imperfect regions have an

Fig. 3 Metamaterial (MM) beam with membrane-split-ring resonators for energy harvesting. a Configuration of a membrane-split-ring resonator
embedded in a MM beam and a single unit cell. The membrane is a polyetherimide (PEI) film. bMode shapes at the cutoff frequency of the first and second
bandgaps. c Band structures of the MM beam with single- and double-layer resonators; both have two bandgaps in which the wave cannot propagate
through the system. d, e Simulated and experimental frequency responses of the MM beam. f, g Output power and voltage of the MM beam with double-
layer resonators63. Reprinted with permission from ref. 63.
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independent degree of freedom at the frequency that corresponds
to the defect mode, and thus can amplify the evanescent waves that
surround the defect cavity. This property can be used to devise
compelling PEH and the efficiency of energy harvesting can be
facilitated by utilizing a piezoelectric device in the area where
localized wave energy is present. Thus, by using piezoelectric
materials as energy converters, the defect-mode mechanism per-
mits the capture of localized waves. In the following subsection, we
introduce state-of-the-art mechanical PEH designs that use the
defect-mode mechanism to improve PEH efficiency.

PEH system using defect modes. Previous studies have
attempted to improve the efficiency of PEH by using the defect
mode that is induced by imperfect PnCs. Wu et al.71 demon-
strated an acoustic energy harvester that uses PnCs and piezo-
electric materials to trap and harvest the acoustic wave in the
defect zone at the resonant frequency caused by the imperfection.
Moreover, Wang et al.72 numerically and experimentally devel-
oped an acoustic PEH that uses curved beams in a resonant PnC
cavity to localize the acoustic wave, and the output voltage and
power are developed through the piezoelectric. Lv et al.73

numerically and experimentally verified elastic wave energy
harvesting using a two-dimensional PnC with point defect states
by removing an inclusion from the periodic array, and the results
showed that the energy harvesting performance of the defect
cavity PnC is much higher than that of the original PnC. Chuang
et al.74 numerically and experimentally proved the feasibility of
energy harvesting of defect modes by slowing down the flexural
waves surrounding the defect.

However, early PEH systems had a drawback in that their
working frequency was restricted to a single value. To solve this
issue, Oudich et al.75 proposed a tunable PEH to capture acoustic
wave energy. This was achieved by quantifying the acoustic energy
gathered by a plate with a periodic array of unit cells that contain
mass-spring resonators made of impurities to produce a defect
mode. Analysis of the band structure evaluated whether sound
transmission loss (STL) and mechanical-to-electrical energy con-
vergence could enable tunable acoustic energy harvesting in the
low-frequency range around 500Hz. The unit cell (Fig. 4a) consists
of mass-spring resonators that are attached to a plate. Acoustic
energy is confined by utilizing an imperfect plate that has a defect in
the mass-spring resonators. Due to the oscillation of mass-spring
resonators, the acoustic energy is transferred to mechanical energy,
which is subsequently caught by piezoelectric elements and
converted to electrical energy. The supercell (Fig. 4b) of the
acoustic plate structure includes a defect that is obtained by
removing nine resonators around the center. Band structures and
STL (Fig. 4d) were analytically investigated considering Kirchhoff
plate theory. The resonant frequency in this system is 950 Hz,
whereas the flat mode appears in the bandgap at 1.2 kHz due to the
use of the defective-cavity mode. The flat mode, which has a zero
group velocity, effectively supports the desired localization. To find
the optimal setting, output power and voltage were measured along
with the load resistance (Fig. 4e). Compared to the existing plate,
the system with nine resonators captured more acoustic wave
energy and lowered the frequency range from which suitable energy
could be harvested. Also, the corresponding resonant frequency
(i.e., 400Hz) is considered to further lower the bandgap around
500Hz. Interestingly, the supercell (Fig. 4c) is composed of an
impure substance rather than a geometric impurity. The stiffness of
the resonators is tailored to account for imperfections in the
material. The spring of resonators are rigid and only the mass effect
of the plate is addressed, so the defect-induced cavity mode was
generated and exploited for energy harvesting. The defect mode was
created at 519 Hz, and 18.1 μW of acoustic energy was harvested

under 100 dB of acoustic pressure (Fig. 4f). When designing the
mass-spring resonators on elastic substrates, the stiffness and mass
must be considered. From a practical perspective, to physically
model this mass-spring system, alternative structures that share the
same resonance mechanisms can be considered, such as rigid
materials coated or embedded with a soft medium, particularly for
underwater environments76.

Despite the great success of acoustic energy harvesting in
previous proof-of-concept studies, the trapped energy is still
insufficient for practical applications. Subsequently, Ma et al.77

incorporated a MM and a Helmholtz-coupled resonator (MHCR)
to increase the acoustic energy density through wave trapping and
sound pressure amplification. Acoustic energy can be directed to
the desired location by utilizing the defect mechanism and
manipulating materials locally. For this reason, the MHCR was
designed to increase the acoustic energy density surrounding the
defect. The MHCR consists of a locally resonant MM plate for
focusing and a Helmholtz resonator for amplification (Fig. 5a).
The thin metal plate is supported by locally resonant silicone
rubber pillars. In the Helmholtz resonator, a cavity and a neck are
used to generate a resonance. To describe this model analytically,
each pillar and Helmholtz resonator is replaced by a mass-spring
model. The Helmholtz resonator, in analogy to a mass-spring
equivalent system, is fabricated of silicone rubber and the
substrate which is made of thin aluminum plates governed by
Kirchhoff plate theory. The sound pressure is amplified by local
resonance on the plate coupled to Helmholtz resonators that each
have a defect. The MM plate traps the localized acoustic waves in
the imperfect zone around the resonant frequencies, and
subsequently, Helmholtz resonators magnify the sound pressure
in cavities. The investigation of band structures of flawless
supercells without taking impurities is required before imple-
menting defect-induced MMs (Fig. 5b). The band structure that
meets periodic conditions in the MM unit cell has a bandgap.
However, the design process must consider the supercell
configuration, which uses certain finite unit cells that have
intrinsic defects. Then, by exploiting impurities to break the
periodicity, defect modes (flat band) with a frequency of 2722 Hz
appear in the bandgap, which correspond to the resonant
frequency of the designed Helmholtz resonator. The voltage
throughout the frequency response and the corresponding
displacement fields were examined for the piezoelectric effect
(Fig. 5c). In most frequency ranges, the MHCR generated higher
voltage than the acoustic-MM (AM) that lacked the coupled
resonator. The MHCR harvested 38.62 mV at the resonant
frequency of 2701 Hz, which is almost double that obtained by
the AM. To illustrate the structural resonance, sound pressure
was stimulated and experimentally validated. The transmission
spectra (Fig. 5d) derived from the voltages of the unit sound
pressure of each energy harvester show that the maximum
transmission of the MHCR energy harvester at 3027 Hz was up to
3.5 times more than that of the AM energy harvester. As a result,
the MHCR has remarkable energy-harvesting efficiency for the
target frequency of mechanical noise (2000–4000 Hz), so
transmission is relatively high. The output voltage and output
power (Fig. 5e) varied due to the external resistance of the MHCR
energy harvester at the resonant frequency. The voltage peaks
rose monotonically to an asymptote of 416.10 mV driven by the
release of external resistance. At the optimal external resistance,
the output power reached 23.85 μW. The MHCR is a self-
powered acoustic device that can be seen as a sustainable energy
transfer in the harvesting of ambient acoustic energy and is
applicable to ecologically-benign energy harvesters. MHCR
provides a useful pathway in designing acoustic harvesters to
maximize energy density, and further improvement of perfect
wave localization and harvesting capacity is feasible.
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To further improve mechanical energy harvesting, several
limitations should be resolved. To begin with, the currently used
heuristic design approaches should be interchanged with more
systematic selection rules using established using methods such as
stochastic design or deep learning for inverse design, with the
results being verified experimentally. Second, although the
demonstrations shown so far show the feasibility of energy
harvesting, the power is still bounded to sub-micro watts. Park
et al.78 obtained a significant increase in mechanical PEH using

defective frameworks of octagonal PnCs that give rise to high
energy density. The design was theoretically optimized to increase
the bandgap width, and was proved experimentally. The proposed
unit cell consists of an octagonal hole punched into a square plate
(Fig. 6a). This highly anisotropic unit cell provides numerous
degrees of freedom for structural parameters to be optimized, and
therefore the unit cell can be adjusted to tune the bandgap. The
geometry was optimized using an objective function based on the
width of the bandgap, especially at the target frequency of 50 kHz.

Fig. 4 Tunable subwavelength acoustic metamaterial (MM) plate for energy harvesting. a Simplified model of MM plate. The unit cell is composed of a
spring-mass resonator and a thin plate, while the supercell MM plate is made up of a square array of unit cells; k0: wavevector, θ: elevation, and φ: azimuth
angle. Acoustic waves propagate from Air1 to Air2 through the MM plate. Supercell of the MM plate structure where the defect is obtained b by removing
the nine central resonators and c by changing the stiffness of the nine central resonators and each displacement field of the plate at the defect mode
frequency. The spring-mass resonators and stiffness changed resonators are described as black and blue spheres, respectively. d Calculation of the band
structure and sound transmission loss (STL) about the supercell with removing nine central resonators. The edge of the green shaded region in the band
structure symbolized the sound line, which determines whether airborne sounds can be radiated or not; hence, propagation modes are not permitted in the
shaded region. Output power and voltage of MM plate structure e by removing the nine central resonators and f by changing the stiffness of the nine
central resonators, at the frequency of the defect mode75. Reprinted with permission from ref. 75.
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Any material can be used for PnCs in a host-inclusion system
unless they have an indistinguishable impedance contrast in terms
of mass density or elastic modulus. The optimal design demon-
strates a bandgap spanning from 46.93 kHz to 52.68 kHz, with a
central frequency of 49.80 kHz, extremely close to the target
frequency of 50 kHz (Fig. 6b). The complete bandgap across the
high-symmetry lines ensures that waves cannot propagate in any
direction into the PnC structure at the corresponding frequencies.
In this case, the optimized octagonal unit cell has a broader
bandgap frequency range than the commonly-investigated config-
uration, i.e., the circular structure. Moreover, the proposed unit cell
has a lattice constant smaller than that of circular one, allowing for
a denser design. The bandgap propagation dynamics facilitates
reflection of all energy, leaving just the local evanescent wave within
the PnCs due to displacement continuity. A defect mode was
established by removing a single unit cell from the area in which
displacement fields are localized (Fig. 6c). Harmonic analysis
verified the bandgap effect of the supercell of the defect-based PnC.
Numerical findings of displacement fields revealed highly-
attenuated waves throughout the entire system, but well-preserved
localized waves at the defect did not violate energy conservation. A

significant reduction in wave amplitude after the second column
indicates that elastic wave energy is confined to this layer, and
provides a potential source of energy generation by the use of
defects. The output voltage over electrical resistance was much
higher on MM plates than on bare plates (Fig. 6d), and gave a
dramatic increase in voltage at low resistance. This voltage rapidly
converges to a steady state, the existence of this state implies that
the electrical-impedance matching condition has been satisfied and
is thus immune to any perturbation during elastic energy harvesting
using piezoelectric devices. Moreover, the reported output voltages
indicated that the MM plates generated much more power than the
bare plates (Fig. 6e), and that the amplification ratio reaches its
maximum of 22.8. The displacement distribution over frequency
(Fig. 6f) confirmed that the presence of a PEH device did not
change the target frequency, but did slightly reduce the amplitude of
displacement fields, despite the device remaining functional for
energy harvesting.

Physical mechanism of GRIN systems. Wave-localization phe-
nomena that exploit local resonances suffer from being severely

Fig. 5 Metamaterial and Helmholtz-coupled resonator (MHCR) for energy harvesting. a Theoretical model of the MHCR; each resonator and Helmholtz
resonator (HR) element is represented by a mass-spring resonator. b Band structures of the unit cell in theory and numerical simulation, and the band
structure of the supercell in theory. Both band structures, theoretically, have the same bandgap frequency range, which prevents the acoustic wave from
propagating. c Simulated output voltage of acoustic-metamaterial (AM) and MHCR, and displacement field of AM in defect mode and MHCR in resonant
mode. d Experiment results of transmission per frequency for each resonator plate. e Output power and voltage per resistance of the MHCR77. Reprinted
with permission from ref. 77.
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restricted to a particular frequency range. To overcome this,
mechanical wave guiding and focusing strategies spawned by
optical-transformation devices have been developed79,80. To
control the propagation of elastic or acoustic waves, the refractive
index of each unit cell is modulated gradually in line with its
density and elastic modulus (Box 1c). The refractive index of the
medium is gradually customized to guide waves in GRIN struc-
tures; the customization is often used by a non-dispersive feature
that provides a broadband operating frequency. Such a GRIN
system may be classified as using either MMs or PnCs as ele-
ments. They could be thought of as MMs that use non-resonant
elements at the subwavelength scale, and the constitutive non-
dispersive wave parameters can be extracted using the
S-parameter retrieval method or homogenization theory81,82.
GRIN systems could also be considered PnCs for obtaining gra-
dient indices from band structures, particularly in the non-
dispersive regime far below Bragg gap frequencies, by averaging
wavevector information. We provide some examples of GRIN
lenses that can be used for energy harvesting by inducing a focal
point with gradient refractive indices. The most straightforward
configuration of the GRIN profile83,84 is to use a refractive-index
profile as a function of a hyperbolic secant formula in the
transverse (y) direction given by, n(y)= n0 sech (αy), where n0 is
the background refractive index and α is the gradient coefficient.
This gradient is extensively used for focusing and collimation in
planar waveguides. According to the formula, the gradient
refractive index bends rays or waves toward a focal point on the
central axis by redirecting the wave along the propagation axis.
Ray trajectories across the GRIN medium describe the focal
length, f ¼ π=ð2αÞ, which can be controlled by altering the filling
fraction or elastic properties of each inclusion. The focal point is
where the wave energy is steered and concentrated, so this system

could also be utilized to convert wave energy to electrical energy
by using a mechanical-wave transducer strategically placed there.

PEH systems using GRIN systems. Numerous designs using
PnCs with variable refractive indices can guide and focus
mechanical waves. Tol et al.85–87 proposed the use of a GRIN
PnC lens to significantly amplify elastic waves during PEH. The
modulation of the inclusion of each unit cell in a GRIN structure
with a gradient refractive index yielded the generation of Lamb
waves. Subsequently, the same group88 developed a Luneburg
lens to improve the efficiency of the focusing capability of both
unidirectional and omnidirectional waves. Moreover, Zareei
et al.89 designed a continuous profile flexural GRIN lens by
varying the thickness of the plate rather than the inclusion
parameters. Recent years have seen the emergence of more effi-
cient GRIN-based focusing PnC structures for elastic or acoustic
waves through a variety of approaches, incorporating optimiza-
tion and advanced 3D printing techniques.

Hyun et al.90 investigated an elastic GRIN lens that conveys
flexural waves to a desired focal point, 2D PnCs embedded in a
plate, and is particularly well-suited for the high-frequency range,
where the presence of shear deformation is no longer negligible.
The PnC design was optimized using a genetic algorithm. The
shape of the unit cell was determined by the lattice constant and
the hole radius (Fig. 7a). The wavelength of the first flexural wave
mode was adjusted to ~19.2 mm by setting the target frequency of
the aluminum plate to 50 kHz. To satisfy the homogenization
limit, lattice constant a ¼ 5 mm was selected as it is
approximately a quarter of the wavelength. The GRIN lens was
constructed as an array of unit cells with optimum radii (Fig. 7b).
The band structure (Fig. 7c) was computed using the standard
Galerkin method with discretized governing equations. The

Fig. 6 Two-dimensional octagonal phononic crystals (PnCs) for energy localization and harvesting. a Unit cells of two-dimensional octagonal PnCs, a, b,
and c, determine the geometric parameters. b Band structure of the unit cell calculated using the first irreducible Brillouin zone (Γ-X-M-Γ). The yellow area
represents a bandgap across which the elastic wave cannot propagate. c Simulation results of energy localization at the defect of the PnC supercell
structure. d, e Output voltage and power per resistance in the metamaterial (MM) plate and the bare plate. f Displacement vs frequency obtained by fast
Fourier transform (FFT) for the Al MM plate with and without an energy-harvesting device78. Reprinted with permission from ref. 78.
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radius of the unit cell varied along the radius, so the velocity of
the flexural wave decreases as the refractive index increases.
Consequently, by Snell’s law, the path of the wave is gradually
shifted toward the focal point. To experimentally verify the
optimized GRIN lens, the designed GRIN plate was fabricated by
drilling a hole in the aluminum plate. A piezoelectric element was
attached to the analytically obtained focal point to validate the
energy harvesting capability. By using transverse displacement
fields, the normalized intensity Iw along the position was obtained
(Fig. 7d). The intensity was normalized over the position along
the cross-section (Fig. 7e), and to achieve the largest efficiency at
the optimal position, the focal point was found by searching for
the location at which the normalized intensity was closest to 1.0.
This is the position of wave localization, and can be used for
energy harvesting by attaching piezoelectric devices. The normal-
ized intensity was high over a wide range around 40 mm, so other
preferences with respect to focal spots of energy harvesting are

available. The output voltage-response waveform (Fig. 7f) was
measured at the maximum focal point of the GRIN plate and the
bare plate. The focusing effect of the GRIN plate resulted in an
output voltage approximately double of the bare plate. The
maximum output voltage over load resistance for both plates
(Fig. 7g) showed an abrupt change at low resistance, and
gradually converged. The maximum output power over load
resistance for both plates was about twice that of the bare plate
(Fig. 7h), in agreement with the previous result. Consequently,
the GRIN energy-harvesting system is compact, so power
generation can be compact. The system also offers directional
control, so the user can concentrate elastic energy towards the
desired focal point.

With the development of 3D printing techniques capable of
fabricating complex geometries at the macroscale, Tol et al.91

recently developed a 3D-printed PnC lens to steer and harvest
elastic waves. In an index parametric manner, a bilayer 3D-

Fig. 7 Gradient-index (GRIN) lens for focusing and harvesting flexural wave energy. a Unit cell of 2D GRIN lens for Reissner-Mindlin plate with lattice
constant a and hole radius r; x, y, and z: Cartesian coordinates; w: transverse displacement, θx: x-rotational angle, θy: y-rotational angle of flexural wave.
b GRIN lens arranged by changing r to focus the flexural wave at the calculated focal point. The incident plane wave is excited from left to right. c Band
structure of the unit cell calculated by the first irreducible Brillouin zone (Γ-X-M-Γ) with the maximum and minimum radius of the hole. Red line: target
frequency of 50 kHz. d, e Normalized intensity distribution of transverse displacement, and cross-sectional plot along the central axis measured
experimentally. f Output voltage distribution by time-domain analysis measured at load resistance 4.8 kW. Maximum output of energy harvesting of
g voltage and h power at various load resistances90. Reprinted with permission from ref. 90.
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printed GRIN lens made of a host aluminum plate with an array
of nylon stubs was designed. The height of the stubs at the bottom
of the base plate determine the corresponding refractive index
profile, which follows a hyperbolic secant gradient distribution for
the lowest antisymmetric mode (A0) of Lamb waves in the band
structure (Fig. 8b). The 3D-printed GRIN lens was designed by
establishing a relationship between the height of the stubs and the
refractive index of the unit cells (Fig. 8c) to fulfill the hyperbolic
secant GRIN distribution at 40 kHz (Fig. 8d). The transition from
non-dispersive to dispersive characteristics is dependent on the
height and is balanced at the bandgap at around 55 kHz, while the
maximum and minimum heights were determined with con-
sideration of the resolution of the 3D printer. According to the
ray tracing approach, the first focal point appears at a position of
17.6 times of the lattice constant a (Fig. 8e). Time-domain
numerical simulations were undertaken to obtain the out-of-
plane velocity field and illustrated the wave-focusing effect of the
3D-printed GRIN lens. The excited plane waves converged to the
focal point at which the refractive index was highest (equivalently,

the wave velocity was slowest), then re-diverged while propagat-
ing through the GRIN medium. In the experimental demonstra-
tion, eighteen piezoelectric transducers were mounted on an
aluminum plate to produce a plane-wave envelope following the
Huygens-Fresnel principle. The output voltage was measured
over time for the GRIN lens with a load resistance of 4.6 kΩ and a
reference plate with a load resistance of 4.8 kΩ (Fig. 8f). The
GRIN lens harvester improved the output power by up to 2.84
times (Fig. 8g).

The GRIN phenomenon can also be used to focus acoustic waves
that can be harvested. Allam et al.92 designed a 3D acoustic lens for
the audible frequency range (20Hz–20 kHz) to increase output
voltage and power by using piezoelectric devices. The unit cell was
composed of a 3D-printed cross-shaped polymer in air. The effective
speed of sound (ceff ¼ 2πf =k, where f is the frequency and k is
the wavenumber) has a slope in the band structure and can be
modulated by adjusting the volume-filling fraction (Fig. 9a). The
effective speed of sound also defines the effective refractive index,
neff ¼ cair=ceff . This relationship was used to design the GRIN lens to

Fig. 8 3D-printed gradient-index (GRIN) lens for elastic wave focusing and energy harvesting. a Unit cell composed of heterogeneous materials. b Band
structure of the lowest extensional Lamb wave along the x-direction with varying stub heights. c Refractive index of the unit cell as it varies with stub
height. d Hyperbolic secant distribution of the refractive-index profile and e beam trajectory obtained from the same profile analytically. f, g Energy
harvesting: Output voltage per time and average power per load resistance with and without a GRIN-phononic crystal lens (GRIN-PCL)91. Reprinted with
permission from ref. 91.
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have a Luneburg profile n rð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2� ðr=RÞ2
q

, where r is the radial
distance from the origin and R is the radius of the lens. The
Luneburg profile enables rays or waves to be perfectly focused at a
single point on the opposite side of the lens without aberration. The
analytic profile of the refractive index was used to design a 3D
spherical GRIN lens composed of ten unit cells (Fig. 9b). The unit
cells may seem to have anisotropic properties due to their non-
symmetric shape, but by adopting a low frequency range with a
nondispersive feature, the effective properties become isotropic, so
the components can be easily fabricated to be compact. The
normalized pressure over position (Fig. 9c) can be increased at the
focal point, and the lens works in a broad frequency range.
Piezoelectric elements were mounted at the estimated focal point to
experimentally validate the 3D GRIN lens’s energy harvesting
capability. The output power was obtained by varying the frequency
and resistance while maintaining a uniform harmonic pressure of
30 Pa (Fig. 9d). The peak at 14.5 kHz corresponds to a short-circuit
resonance, but the peak at 15.5 kHz corresponds to an open-circuit
resonance. The center frequencies and bandwidth varied according
to the bandwidth and the presence or absence of a lens (Fig. 9e).
The GRIN lens significantly increased the power supplied to the
resistance. The voltage over time (Fig. 9f) reveals that the presence of
the GRIN lens expanded the voltage bandwidth substantially.
Consequently, a GRIN lens specialized to concentrate audible
acoustic waves can be used as an energy harvester, and can increase
the output voltage and power to the load by more than an order of
magnitude than without the use of a GRIN lens.

Outlook
We have presented an overview of various early modern piezo-
electric energy harvesters that use designed artificial mechanical

structures (i.e., MMs and PnCs) to produce wave localization or
focusing mechanisms by exploiting local resonance, defect mode,
and GRIN systems. The PEH capabilities of these methods are
summarized in Table 1, where the output voltage and power of
each system, according to their geometrical dimensions, local
resistance, and target frequency are compared. Despite exhibiting
PEH efficiency, all examples have more efficient harvesting per-
formances than conventional energy harvesters. The PEH
response of each mechanism has its own distinctive features,
which can be described by the pros and cons of each underlying
principle. First, owing to the bandgap induced by local reso-
nances, PEH using local resonators can operate at relatively low-
frequencies, and extremely high-density energy confinement can
be achieved. Furthermore, the operating frequency range can be
tuned at will through the design of the resonator. However, the
working frequency range is limited to a relatively narrow band.
Secondly, PEH using defect modes exploit Bragg-type bandgaps,
allowing them to operate in a higher frequency range than using
local resonances. One or more defect modes are established
within the bandgap, depending on the eigenmode of the impurity
contained inside the periodic structure, so efficient PEH working
at different frequencies can be realized. The defect-mode
mechanism exploits the resonance of independent degrees of
freedom of the impurity, and therefore achieves a very high
density of energy localization. Similarly, this method operates in a
narrow frequency range, and the calculation of the defect modes
in band structures is a fairly time consuming and difficult task. In
certain cases, an analytic derivation93,94 is used to determine the
defect mode, although its universal implementation is limited.
Third, GRIN-based wave localization PEH function over a larger
frequency range, but it provides a lower PEH efficiency. Also,
multiple unit cells with a gradual variation should be arranged, so

Fig. 9 3D-printed gradient-index (GRIN) lens for harvesting acoustic energy. a Unit cell and its band structure along the main direction of wave
propagation for various volume-filling fractions, ϕ ¼ ð3ah2 � 2h3Þ=a3, where a is the lattice constant and h is the height of part of the unit cell depicted in
figure. b Experimental setup to measure energy harvesting by piezoelectric devices. c Normalized pressure at different central frequencies, with a constant
bandwidth of 6 kHz. d Output power vs frequency and resistance for a uniform harmonic pressure of 30 Pa. e Experimentally harvested peak power per
resistance for an incident acoustic plane wave with a pressure of 30 Pa. f Numerical result of output voltage time series for maximum power output with
and without GRIN lens92. Reprinted with permission from ref. 92.
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the system becomes relatively bulky. By weighing up these unique
features, the most appropriate mechanism can be identified for
the given purpose.

These PEH structures have the potential to be applicable to
wireless communication or small electronic devices, but further
research is required to increase the harvested voltage and power.
Several alternatives have been presented to solve the short-
comings of these mechanisms, alongside breaking the limitations
of current PEH devices. For example, PEH with multiple
resonators95 is being explored to overcome the limitation of local
the single working frequency of PEH that uses resonance. Simi-
larly, the constructive effect of multiple impurities96 on PEH in
defect modes is being investigated. Furthermore, rather than just
localizing or focusing on the mechanical waves, the efficiency of
PEH could be improved by raising the ratio of energy converted
from the piezoelectric device. Therefore, by designing MM or
PnC with the dielectric material used in piezoelectric devices,
high-efficiency PEH may be achieved by minimizing the phase
difference caused by the impedance mismatch76,97.

Combinations of the mechanisms discussed in this Review is a
potential topic of future research to increase the efficiency of
PEH. For example, if the GRIN structure is used to focus
mechanical waves, a functional and efficient PEH may be devel-
oped by inserting a defect cavity or local resonator in the focusing
area. Another way to realize PEH across a broad frequency range
is to build a system that has a bandgap induced by local resonance
and Bragg-scattering concurrently, such as a structure with a local
resonator and a defect cavity. These strategies will require
development of ways to control the mechanisms that operate in
different frequency spectra.

More recently, studies on PEH have been undertaken to
employ mechanisms other than the local resonances, defect
modes, and GRIN mechanisms as discussed in this Review. One
example is wave localization in edge/interface modes using
topological MMs98,99. The use of topological features has the

privilege of being incredibly robust against undesirable defects.
Furthermore, although all of the systems addressed here operate
in the linear domain, wave localization effects in the nonlinear
domain100,101 will also be an excellent candidate for improving
PEH efficiency.

The output voltage and power produced by piezoelectric
materials and devices in various PEH methods are determined by
the material, size, and arrangement in periodic unit cells or local
structures. The primary strength of the present studies on MM-
enabled energy harvesting is in the amplification of the energy of
the input mechanical wave, to achieve tens to hundreds of times
greater voltages and power output than conventional materials
can provide. As a consequence of these findings, renewable and
ecologically-benign energy sources will be extensively utilized in
next-generation electronics.
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