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Abstract: Technologies of energy harvesting have been developed intensively since the beginning
of the twenty-first century, presenting themselves as alternatives to traditional energy sources (for
instance, batteries) for small-dimensional and low-power electronics. Batteries have numerous
shortcomings connected, for example, with restricted service life and the necessity of periodic recharg-
ing/replacement that create significant problems for portative and remote devices and for power
equipment. Environmental energy covers solar, thermal, and oscillation energy. By this, the vibration
energy exists continuously around us due to the operation of numerous artificial structures and
mechanisms. Different materials (including piezoelectrics) and conversion mechanisms can transform
oscillation energy into electrical energy for use in many devices of energy harvesting. Piezoelectric
transducers possessing electric mechanical coupling and demonstrating a high density of power in
comparison with electromagnetic and electrostatic sensors are broadly applied for the generation of
energy from different oscillation energy sources. For the last decade, novel piezoelectric materials,
transformation mechanisms, electrical circuits, and experimental and theoretical approaches with
results of computer simulation have been developed for improving different piezoelectric devices
of energy harvesting. This overview presents results, obtained in the area of piezoelectric energy
harvesting for the last decade, including a wide spectrum of experimental, analytical, and computer
simulation investigations.

Keywords: piezoelectric energy harvesting; piezoelectric materials and composites; material and
harvester optimization; rotary harvester; flexoelectric effect; cantilever-type piezoelectric generator;
stack-type piezoelectric generator

1. Introduction

Over the last decade, many advanced approaches have been proposed to improve
material characteristics, the architecture of transducers, electrical circuits, theoretical and
computer models, and applications for piezoelectric energy harvesting. This overview
presents novelties in the area of piezoelectric energy harvesting since 2010, including a wide
spectrum of experimental, analytical, and computer simulation results. It should be noted
that during this period of time, a huge number of works on piezoelectric energy harvesting
were presented by many researchers, and this paper attempts to present a comprehensive
overview of the most significant investigations in this area.

The research and design of small-dimensional, portative, and remote devices with
low power has led to the development of non-conventional sources of power since the
beginning of the XXI century. Conventional energy sources—batteries—have limitations
associated with restricted service life and energy efficiency, as well as problems with energy
harvesting, which requires frequent recharging.

The main area of research is the harvesting of environmental energy, as opposed to
the necessity to use batteries or extend batteries’ service time. The solution to this problem
extends the life service of electronics and develops specific devices for inaccessible elec-
tronics or systems/structures that require expensive maintenance, for example, implanted
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health trackers, biomedical devices [1-4], and large-scale sensor networks [5,6]. There are a
lot of reviews in the field of energy harvesting, which focus on modern nanoscale materials
and devices (“nanogenerators”) [7-16].

Energy harvesting (or energy scavenging) can be determined as the direct conversion
of environmental energy (solar, wind, fluid flux, mechanical, thermal, and so on) into
electricity by using certain materials, devices, and transformation mechanisms. Numerous
materials have already been developed to harvest energy with help of unique mechanisms
for its transformation [17-19]. In particular, materials for photovoltaics (solar panels) that
transform solar energy into electrical ones [20-23], thermoelectrics (thermoelectric gener-
ators) operating at temperature differences [24,25], and electromechanical transformers
(piezoelectric devices and electrostatic generators) that transform mechanical energy into
electrical energy [1,12,26-28] should be noted.

Mechanical oscillations are common in many environments and can be fruitfully used
to harvest energy. The oscillation energy is created by the environment (wind, fluid flow,
etc.), as well as in the process of the technical operation of machines and mechanisms
(for example, rotating systems). The existing multiple sources of energy harvesting based
on oscillations and other mechanical impacts seem to be more advantageous than other
methods, allowing one to separate the stochastic effects of the environment with the
efficiency of energy harvesting systems [29,30].

The piezoelectric energy harvesting from the surrounding oscillatory processes, as a
rule, is aimed at harvesting the energy for the power of low-power electronics, varying on
a scale from several microwatts to milliwatts. Compared to harvesters powered by thermal
and solar energy, generating hundreds of watts, piezomaterials often operate with energy
scales several orders of magnitude lower. Certain advantages of piezoelectric transforma-
tion in comparison with the harvesting, caused by thermal and solar sources, relate to the
fact that the ambient oscillations are usually continuous because of the operation conditions
of the system, independent of unstable environmental conditions that vary in time and
space. Moreover, there are a huge number of reasons why thermal and solar energy may
not be available. Therefore, the development of piezoelectric materials with optimal and
given characteristics is a very important area of scientific research, directly coupled with
energy harvesting [17,31-53].

The last decade has demonstrated dramatic growth in the demand and application
of piezoelectric systems [54]. Harvesting the piezoelectric oscillation energy is especially
efficient at civil infrastructure objects, including buildings, roads, and bridges [55], in
aerospace systems [56,57], during human and animal movements [58]. As a rule, the oscil-
lation energy can be transformed into useful power using piezoelectric, electrostatic [59,60],
electromagnetic [61,62], magnetic [63], and triboelectric converters [64,65]. The advantages
of piezoelectric generators include their inherent transformation capability, maintaining
efficiency at small scale levels, higher density of power, and the ability to operate in high
frequency applications. For capturing the oscillation energy of the construction, a piezo-
electric harvester must be fastened to the main object to efficiently transmit oscillations
from one object to another. Such mechanical systems can be designed in different ways, but
the optimal choice is found by the existing restrictions and general features of the system.

Since usually piezoelectric energy harvesting systems operate on a scale from several
microwatts to milliwatts, the use of harvesters mainly covers the supply of energy from
low-power electronics, in particular, embedded electronics, implanted biomedical sensors,
wireless devices, and portative electronics. As a result, piezoelectric harvesters ensure a
continuous autonomous energy source that does not require replacement or service and
thus significantly reduces the costs associated with battery replacement. At the same
time, independent power supplies allow for the embedding of electronic sensors in any
construction designs and/or in their remote locations. The intensive development of
wireless devices and microelectronics in the last decade has attracted the close attention of
scientists to piezoelectric energy harvesting. The presentation of the latest achievements in
certain areas of this broad topic is the purpose of this review.
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This review is organized as follows. Section 2 presents piezoelectric materials and
composites, used in energy-harvesting systems, as well as their characteristics, features, and
optimization. Section 3 is devoted to energy-rotating harvesters, beginning with the state-of-
the-art on this topic, with subsequent presentation of some solutions for rotating harvesters.
Section 4 discusses the flexoelectric effect with respect to energy harvesting on the base of
experimental and analytical approaches. Section 5 details the results obtained for cantilever-
type and stack-type piezoelectric generators (PEGs); here, based on different experimental
and theoretical approaches, finite element modeling and various designs, structures, and
electric circuits are considered. Finally, Section 6 provides concluding remarks.

2. Piezoelectric Materials and Energy-Harvesting Systems
2.1. Common Background

Currently, the greatest attention is paid to the research and development of renewable
energy sources, which use piezoceramic and thin-film piezoelectric elements (PEs) that
convert environmental energy (vibrations, wind, solar energy, heat, radiation, etc.) into
electrical energy, with subsequent accumulation and transmission to the receiver. An analy-
sis of the requirements for energy sources (harvesters, actuators, and environmental energy
converters) showed that they significantly depend on used types of devices. Neverthe-
less, most piezoelectric energy harvesting systems for low-power consumers of electricity,
received from the environment, consist of functionally homogeneous components.

Energy harvesting continues to attract considerable interest as it ensures a way to
create autonomous electronic devices with low-energy consumption (for example, wireless
transducer networks). The ability to supply sustainable power to wireless systems by
energy harvesting attracts particular attention since it reduces the cost of DC batteries,
as well as the time and costs required for their replacement and maintenance. There are
also environmental advantages connected with the restricted use of batteries and their
subsequent disposal. Obviously, successful convergence of energy collection and storage
with electronics will eventually lead to the design and creation of successful devices and
systems for energy harvesting.

Thus, the general requirements for devices collecting vibration energy include the
following: (i) there must be constant vibration (ideally fixed frequency and amplitude of
oscillation), (ii) the need to replace wired power or batteries, and (iii) compensation for
additional costs associated with energy production.

In the environment, vibration is present in all natural and artificial structures. The
transformation of mechanical oscillations into electrical energy is an important problem.
Energy harvesters convert mechanical energy into electrical energy on the basis of a direct
piezoelectric effect, presenting the property of certain crystalline materials that are polarized
when subjected to a mechanical strain, generating an electric potential difference. The
problems that arise at the stages of development of energy harvesting devices (in particular
piezoelectric generators) are presented in [57,66—69].

To date, the use of piezoelectric energy harvesters is relevant for several classes
of devices, such as (i) small-sized wireless electronics devices with a long service life,
(ii) low-power embedded and wireless communication devices (for instance, phones, and
walkie-talkies), (iii) household electrical appliances and electronics (for example, electronic
watches), (iv) sensors and tracking systems operating in certain climatic zones or places
inaccessible to humans, and (v) various generators for lighting and alarm systems [5,70,71].
For example, the system of providing wireless sensors for health monitoring is developed
in [72]. Power sources for unmanned aerial vehicles are presented in [73].

Piezoelectric materials are actively used in various applications related to energy
harvesting: (i) to transform mechanical vibration energy into electrical energy due to a
direct piezoelectric effect, (ii) to transform thermal vibrations into electrical energy using a
pyroelectric effect, and (iii) to use an internal electric field in ferroelectrics or deformable
piezoelectrics defining electron-hole recombination in solar cells. Ferroelectrics belong
to the so-called active dielectrics and are able to change the direction of spontaneous
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polarization under the action of an external electric field, distinguishing it from other
active materials. Moreover, some ferroelectrics demonstrate ferroelastic, relaxor, and
semiconductor characteristics. Since the above-mentioned characteristics are often present
in the same material, this presents the fascinating prospect of using these materials for
energy harvesting from several sources (for example, thermal and mechanical vibrations,
and light and sound waves). This simultaneous use of several physical and mechanical
fields for energy harvesting is similar to possibilities presented by so-called “multi-stimuli
responsive materials” [74-76]. Piezoelectric materials for energy harvesting provide a solid-
state method for transformation of electrical and mechanical energy, and such materials can
be manufactured in a small-scale configuration in order to be integrated into micro-scale
devices and electronic circuits.

To create electrical energy, a piezoelectrics must generate an electric charge and a
voltage. Many piezoelectrics developed for energy harvesting possess a specific polar
axis, and the effectiveness of energy harvesting depends on the applied strain (or stress)
direction in respect to this axis. In a poled ferroelectric ceramic (FC) or ferroelectric polymer,
the polar axis is the polarization direction. At the same time, for non-ferroelectric crystalline
materials such as aluminum nitride (AIN), gallium nitride (GaN), or zinc oxide (ZnO),
it depends on the orientation of the crystallographic axes. In this case, the polar axis is
called the 3-direction. Due to the symmetry, all directions in the perpendicular plane are
the same and are called the 1-direction. Strain (or stress) can be applied either along the
polar axis or perpendicular to it. For these two configurations, the terms 33-mode and
31-mode are usually used by describing piezoelectric generators. Other configurations
are also possible (for example, shear 15-mode); in the case of the lower symmetry of
materials, the situation is more complex. However, 33-mode [77-80] and 31-mode [81-83]
are applicable to most piezoelectric energy harvesters. The problem of estimation of the
effectiveness of piezoelectric material used and developed can be considered on the example
of works [84,85]. These authors present methods for measuring the output characteristics
(voltage and power) of devices, as well as the parameters of piezomaterials with promise
electrophysical and mechanical properties.

The effectiveness of a material for energy harvesting is directly determined by its
piezoelectric factors and electromechanical characteristics, but the applied load also con-
tributes, determining the relationship between mechanical stress and piezoelectric proper-
ties. However, the restrictions imposed on the strength (fatigue) and elasticity (restoration
of properties after repeated loading) of materials can become the dominant factors in energy
harvesting. Moreover, for efficiency of a piezogenerator (for example, a cantilever type), it is
required to move the piezoelectric layer away from the neutral axis. This is usually reached
by attaching a piezoelectric material to a non-piezoelectric elastic layer (unimorph struc-
ture) or by coupling two piezoelectric layers, which are polarized in opposite directions
(bimorph structure) [86].

Finally, the influence of the ferroelectric domain structure (regions with a uniform
direction of spontaneous polarization) and domain walls between these regions on energy
harvesting should be noted. The properties of domain walls differ from those of the
single domain material, causing a significant effect on energy harvesting. The domain
walls can be either neutral, with the polarization in adjacent domains parallel to the wall,
or charged in all opposite cases, with the nonzero surface bound charge. In insulating
ferroelectrics, charged domain walls demonstrate essential electric conductivity comparable
with metals [87-89]. Such highly conductive components will lead to reorganization of the
surface charges in the crystal and decrease the performance of the energy harvester.

2.2. Material Performance

Cantilever-type piezoelectric generators (harvesters) usually work in a frequency
range close to resonance values. In this case, the oscillation amplitude of the proof mass
located at the free end of the console is restricted by the losses of the mechanical system
arising from energy harvesting, together with losses caused by internal electrical losses,
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friction, and air damping. As a result, the most efficient piezoelectric harvester may not use
the material with the highest piezoelectric factors. Broadly used for these aims, poled PZT
FC is suitable in various compositions from so-called hard ferroelectric materials that have
low losses but low piezoelectric coupling, to so-called soft ferroelectric materials with far
higher piezoelectric coupling but with great losses. Hard materials with lower piezoelectric
factors can demonstrate a greater output power in comparison with soft materials [68].
However, the best FCs are not obvious, and their performance (effectiveness) is determined
by the greater amount of harvested electricity in comparison with other sources of losses.
Piezoelectric energy harvesters do not work under the same thermodynamic conditions as
thermal converters, and the theoretical conversion efficiency can be 100% in the principle.
However, in practice, losses largely determine the amount of transformed energy, and the
typical effectiveness is about 20% [90].

An important advantage of piezoelectrics for energy harvesting is their scalability,
which reaches the corresponding small dimensions of the device. The integration of a
piezoelectric element with silicon electronics using microelectromechanical system (MEMS)
manufacturing technology opens up possibilities for creating inexpensive electronic de-
vices with autonomous power [91]. For piezoelectric materials (PZT type), this may be
problematic from the viewpoint of process compatibility, but there is already significant
progress in integrating complementary metal-oxide—semiconductor (CMOS) compatible
materials such as AIN. Despite the fact that the piezoelectric factors d;; for AIN are lower
than those values of PZT (see Table 1), piezoelectric coupling is more advantageous due to
its low dielectric constant and its high squared figure of merit related with the oscillation
33-mode (Q33)? = d33g33 (Where d33, ¢33 are the piezoelectric factors), creating a lead-free
alternative to PZT FCs [92].

Table 1. Comparison of electromechanical characteristics of some piezoelectrics at room temperature
(from Bowen et al. [17], reproduced by permission of Springer Nature © 2022).

d33, pC/N d31, pC/N d15, pC/N k33

GaN 37,132 (NW)  —1.9; —9.4 (NW) 3.1 -
AIN 5.0 -2.0 3.6 0.23

12.4;14.3-26.7

ZnO (nanobelt) -5.0 —-83 0.48
BaTiO3, FC 149 —58 242 0.49
PZT-4 (hard FC) 289 —123 495 0.70
PZT-5H (soft FC) 593 —274 741 0.75
PMN-0.33PT, SC 2820 —1330 146 0.94
LiNbO3, SC 6 -1.0 69 0.23
Poled PVDF -33 21 =27 0.19

Designations: nanowires (NW); single crystal (SC); ferroelectric ceramic (FC); polyvinylidene fluoride (PVDF);
djj are the piezoelectric factors; and ks; is the electromechanical coupling factor (ECF) at the longitudinal oscilla-
tion mode.

There is considerable research interest in the design and manufacture technology of
nanostructured materials required to create new promising piezoelectric harvesters [6,16].
Rod-shaped ZnO nano-structures are piezoelectric materials that can be grown in a signif-
icant volume and ensure improved energy harvesting quality [14,93,94]. In particular, it
has already been possible to reach a density of output power near 0.2 W-cm~2 for such
structures [95] by measuring the peak short-circuit current and open circuit voltage for
pulsed mechanical loading.

The possibility to manufacture functional material by using low-cost and energy-
effective processes is important for the creation of promising energy harvesting systems.
In comparison with a number of piezoelectrics (for instance, poled PZT FC), ZnO has
clear environmental advantages. However, piezoelectric factors (ds3, d3; and dy5) of ZnO
are relatively small in comparison with the corresponding factors of PZT (see Table 1).
Computational investigations of dimensional effects in ZnO nanowires have shown that
piezoelectric characteristics can be improved by reducing the diameter of the nanorods to
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about 1.5 nm [39]. At the same time, the modern methods of growing them allow for the
obtainment of nanorods with a diameter in the range of 10-100 nm [96]. We also note the
studies of nanoscale ferroelectrics in [97].

The improvement of energy transformation from various natural sources by using
piezoelectrics is determined by the development of the piezoelectric potential caused by
the material strain. Since ferroelectrics can be considered as semiconductors, which can
sustain a crystal dipole, there are close relationships between the semiconductor material
characteristics and the behavior of the device arising due to any strains. Many devices have
already been created, which use these relationships for a number of piezoelectrics. There
are a large number of applications in which the piezoelectric or ferroelectric nature of the
device is used for generating energy in a controlled medium [98].

It has been practically proven that ferroelectrics such as BaTiO3, LiNbO3; and PZT
are actual semiconductors. For example, undoped PZT FC is a semiconductor with a
band gap from 2.6 eV to 3.5 eV [17]. PZT FC also has p-type electrical conductivity due
to the presence of low-valence impurities, which replace Pb-ions with higher valence.
The material behavior changes due to the non-centrosymmetric crystalline structure, and
this can be used to improve the work of appropriate devices, in particular photovoltaic
characteristics or photochemical output.

2.3. High-Temperature Application

There are a number of applications (energy, mineral exploration, and transport) where
it is required to operate at high temperatures. For instance, temperatures up to 600 °C are
broadly found in various types of engines and industrial processes. By using piezoelectrics
for high-temperature applications, it is necessary to take into account that many ferro-
electrics are characterized by a Curie temperature T¢ < 600 °C. For example, ferroelectric
materials based on PZT have T¢ < 400 °C, and a gradual decreasing in output power at
temperatures up to 150 °C was reported for soft PZT energy harvesters [99].

In addition to ferroelectrics, broadband semiconductors and piezoelectrics with
wurtzite structures are of interest. GaN has semiconductor and piezoelectric characteristics,
which is advantageous for the realization of high-temperature energy harvesting. While
its piezoelectric factors d;; are not as high compared to ferroelectrics (see Table 1), GaN
nanowires have already shown high piezoelectric factors [100], and piezoelectric sensors
based on GaN [101] have been designed. Table 1 presents the piezoelectric factors of GaN
nanowires and volumetric SCs. Due to their wideband gap, they are expected to operate in
the limits of a broad temperature range while retaining low electrical conductivity. More-
over, being semiconductors, they have the possibility to be integrated with the electronics
of energy harvesters. From the viewpoint of electronics, the sufficiently narrow band gap
of silicon causes a deterioration in the functionality of the device at temperatures in the
region of about 350-400 °C due to the significance of the intrinsic densities of electrons
and holes in comparison with doping densities. The use of materials with wideband gap,
such as GaN or SIC, is one of the possible decisions for energy harvesting in aggressive
media [102].

Another potential high-temperature material is AIN, which has a wurtzite crystal
structure like GaN. Thin AIN films oriented along the c-axis were used in high-temperature
piezoelectric converters [103]. Piezoelectric activity in AIN is observed at temperatures
up to 1150 °C, while the material has low electrical conductivity due to the wide band
gap. Ferroelectric LiINbO3 is another candidate for high-temperature operations and was
used in applications such as ultrasonic drills, samplers, and rock abrasion tools [104].
In shear conditions, LiNbO3; SC demonstrates relatively high piezoelectric activity (see
dy5 in Table 1) and ECFs necessary for effective energy transformation, as well as very
high Tc = 1142-1210 °C [105]. However, this material is still little used for energy harvest-
ing [106].

We note a good review of piezoelectric sensor materials for high-temperature applica-
tions [107]. While there are research results on piezoelectric materials for high-temperature
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converters, there are far fewer studies of energy harvesting and relative problems of work-
ing devices in extreme conditions.

2.4. Polymer Piezoelectrics

The inorganic piezoelectric materials described above (PZT, GaN, ZnO, and LiNbO3)
are inherently hard, having high stiffness and brittleness, fracturing at sufficiently low-
tension loads [108]. Therefore, polymer materials with piezoelectric characteristics are
of independent interest to energy harvesting due to their flexibility, low density (and
correspondingly low weight), strength, biocompatibility, and small cost. Wearable and
implantable devices are the examples of such applications [109,110], in which the polymer
material bends or stretches due to limb motion or lung expansion during respiration [10].
The most common piezoelectric polymer is polyvinylidene fluoride (PVDEF), known as
a favorite polymer from the family of fluoropolymers, whose piezoelectric behavior is
determined by oriented molecular dipoles, formed as the result of joint mechanical strain
and electrical polarization of the ferroelectric f-phase of PVDF [108]. It has excellent
thermal stability and mechanical strength. This polymer demonstrates a fracture strain of
2% or higher [10] but has relatively low piezoelectric factors d;; and ECFs k;; in comparison
with the parameters of inorganic piezoelectrics (see Table 1). Moreover, it has a good
processability and demonstrates chemical resistance to various aggressive media such as
different acids, bases, organic solvents, oil, and fat. Examples of PVDF application in energy
harvesting are associated with respiration by using microbelts [111], wind, and rainfall [112].
The manufacture methods of PVDF at the nano-scale have been developed by employing
electro-spinning by using a needle [10] or disc [108] in order to form nano-fiber webs.

Overview [63] presents progress in the application and modification of PVDF mem-
branes, focusing on sensors and actuators, spin-valve devices, magnetoelectric materials,
and energy harvesting applications. From an electronic viewpoint, ferroelectric polymers
are highly-insulating, polar, and have a non-conjugated backbone. The insulating polymers
are most attractive for the study of charge transportation and storage. Such polymers also
create the best electrets for practical application because of their insulating properties and
high concentration of deep trapping sites.

Other ferroelectric polymers have been investigated for vibration harvesting to a
lesser extent. In this case, their piezoelectric characteristics are caused by internally
charged voids [113]. Their potential advantages over PVDF are higher piezoelectric factors
(d33 > 200 pC/N) and greater elasticity (s;; ~ 1100 pPa’l) [114]. At the same time, they
have low electromechanical coupling factors (k33 < 0.1) and demonstrate a deterioration in
output voltage at lower temperatures in comparison with PVDF [113].

Other attempts to create flexible piezoelectric structures are related to the use of small-
scale wavy PZT ribbons on flexible rubber substrates in order to provide bending and
stretching modes for harvesting biomechanical energy [115,116]. This makes it possible
to use the high piezoelectric activity of the PZT FCs. Such piezoelectric nano-ribbons
were used to form a biocompatible interface with cells to operate as transducers, with
the potential operation as a harvester of biomechanical sources [117]. Moreover, the bio-
piezoelectric devices were also considered on the base of genetically modified bacterial
viruses (M13 phages) with an aligned protein shell structure, to create the required electrical
dipole [118].

While the fundamental principles of piezoelectric coupling of electrical and mechani-
cal energy remain unchanged, there are many difficulties connected with their practical
application for energy harvesting, which were solved only recently. With further re-
search and development, new opportunities will arise for new materials, innovations,
and technologies.

2.5. Optimization of Piezoelectric Materials and Energy Harvesters

Piezoceramic compositions, including lead zirconate titanate (PZT), lead magnonio-
bate (PMN), lead zinc niobate (PZN), lead methaniobate (PN) and lead titanate (PT), are
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widely used in piezoelectric converters for various applications [51,119]. There is a constant
trend towards the development of new and more advanced piezoelectric converters, caused
by rapidly increasing requirements for sensitivity (efficiency) and resolution (bandwidth).
The materials currently used in the design of converters have significant limitations with
respect to these requirements. High-resolution transducers have already been developed,
manufactured using highly damped PZT piezoceramics, lead methaniobate piezoceramics,
or piezoelectric polymers (PVDFs). However, these sensors have low sensitivity due to
energy losses in the damper, low electromechanical efficiency, and mechanical quality of
these materials. There are also converters with high sensitivity made using conventional
piezoceramics of the PZT system. However, these converters have low resolution due to
the design features and high mechanical quality of the piezoceramics of the PZT. Thus,
the requirements of high resolution and high sensitivity for conventional converters are
contradictory, which often leads to the need for compromise in the design of converters.
One of the key requirements for solving this problem is the development and manufacture
of new and more advanced piezoelectric materials [41,120].

Existing materials demonstrate either high piezoelectric properties (PZT, PMN, and
PZN), high electromechanical anisotropy (PT), or low mechanical Q-factor and low acoustic
impedance (PN). To improve the electrophysical properties of converters, R.E. Newnham,
in 2004, developed a new type of piezoelectrics, the so-called ceramic/polymer piezocom-
posites, with connectivity 1-3 (ceramic rods in a polymer matrix) [121]. The advantage of
these materials is that it is possible to change their parameters in a very wide range, which
makes it possible to perfectly match the converter with different materials and increase its
efficiency and signal quality [50,122]. The electromechanical coupling factor of composites
1-3 is significantly higher than that of dense PZT ceramics, whereas the mechanical Q-factor
and acoustic impedance are much lower and can reach values characteristic of piezopoly-
mers. At the same time, existing composite materials with connectivity 1-3, as well as
composites of other types, have serious technical limitations associated with low operating
temperature (~100 °C), low mechanical strength, and low stability of parameters [52,53].

The concept of microstructural design of piezoactive ceramic-matrix composite (CMC)
ferroelectrics is based on statistically controlled substitution of individual crystallites or
their groups by pores, crystallites of other composition and/or structure, crystal particles
or amorphous substances with preliminary finite element modeling of the structure, and
properties of CMC during the formation of the composite [123-131]. A distinctive feature
of this concept is the transition to the microscopic level of individual crystallites and the use
of a number of special technological techniques at the stages of synthesis and preparation
of raw materials, granulation and molding of press billets, and sintering and subsequent
heat treatment of the composite. One of the promising directions of using these composites
is the development of piezoelectric devices for energy harvesting [17,132,133].

Examples of the implementation of the developed CMC concept with micro- and
nanoporous piezoactive matrices are [50]: (i) ceramic/ceramic (PZT/BeO, PZT/PZT,
and PZT/BaTiO3); (ii) ceramic/crystal (PZT/a-Al,O3, PZT/ZnO, PZT /LiNbOs3, and (Na,
Li)NbOj3/LiNbO3); and (iii) ceramics/metal (PZT/W, PZT /Mo, PZT/Pt, and PZT/Ni).
The use of CMC technology can significantly improve the mechanical properties of ceramic
materials. However, the problem of compromise of properties, that is, deterioration of
electromechanical properties with an increase in the content of the passive phase, remains
unresolved [85,134]. An interesting solution, proposed in recent years to improve both
electrophysical and mechanical properties, is the development of piezoceramic materials
with metallized pore surfaces [135-137].

Optimization of the energy harvester design consists of a coupled system of three elements:

(i) The dynamic response of the harvesting construction;

(ii) Electrical circuit providing generated voltage and charge;

(iii) The related electromechanics of the system, which represents a key step in energy
harvesting and presents a complex multiphysical problem.
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In some published studies, optimization of material properties has been considered,
for example, optimization of the configuration of microscopic crystallites to maximize the
improvement of electromechanical coupling in certain ferroelectrics [8]. However, most
studies have applied an approach to structural optimization of piezoelectric energy collec-
tion systems at the device scale. The most common configurations for optimization studies
are cantilever beams and plates. It is obvious that the location and configuration of the
piezoelectric material are very important for the effectiveness of energy harvester [138-140].
In [139], a combination of the constrained pattern search algorithm and gradient search
method was used to optimize the width of a bimorphic cantilever beam with a proof mass
in order to maximize voltage generation over time. The first two modes of oscillations
were used for structure optimization, and it was found that the optimal configuration
included the beam tapered down from the clamp and then widened again near free end.
In other studies, it has been found that higher and more uniform strain regions can be
achieved by developing a trapezoidal tapered beam along the beam span [138] and through-
thickness [141]. In the both cases, it led to an increase in the specific output power per
unit volume.

The shape in the plan has little effect on the common effectiveness of the device, but
it is very sensitive to loads that determine the permissible amplitude of oscillations. This
confirms the result [142] that under static load, the plan-shaped structure has little effect
on the effectiveness of electrical energy transformation, but the trapezoidal cross-section
increases the output voltage. Studies of the shape of the energy harvester construction in
most literature are restricted either to the fact that a simplified analytical model or a reduced
model is built, and then analytical optimization is carried out or a small set of geometries
is studied. The greatest understanding of the optimal efficiency of energy harvesting is
associated with the specific location of the piezoelectric material. This usually refers to
areas of high strain of the device, and in these cases the lowest bending mode is most
advantageous. Since quadrangular and triangular geometries are usually considered in
these cases, the design space is essentially restricted as the understanding of the optimal
design of structure for energy harvesting. In [143], the design space was expanded by
applying shape optimization to the beam in plan. Since the design space was restricted in
their application domain, the maximum length of the cantilever beam was given and an
arbitrary width change was allowed, to maximize the output power of energy harvester.
The optimal shape of the beam made it possible to obtain an output power of 37%, higher
than the power of a rectangular sample in plan of the same volume.

Obviously, it is important to optimize the electromechanical coupling of the harvester.
The work on solving this complex multiphysical problem uses stochastic optimization,
which does not require an analytical model or sensitivity to gradients. The genetic algorithm
(GA), being a heuristic search algorithm based on natural selection to create a set of potential
solutions, was combined with a reduced order model to maximize the power output of a
piezoelectric-substrate beam construction [144]. This allowed one to optimize the thickness
values of the piezoelectric and substrate, the coefficient of mechanical losses, and electrical
resistance. In [145], GA for multiple objectives (MOGA-II) was used to maximize output
power and voltage while minimizing the size of a bimorph piezoelectric beam when it
was subjected to a single excitation frequency. In [146], an unimorphic cantilever beam
was optimized that allowed one to maximize the transformation of mechanical energy into
electrical energy for the first three oscillation modes of harvester using a genetic algorithm.
Moreover, the optimal piezoelectric coating scheme for various substrate materials (brass,
steel, and aluminum) was investigated. The study showed that for an optimal design, the
choice of substrate materials is indifferent, and the optimal location of the piezoelectric
material coincided with the areas of maximum strain for each oscillation mode. In [147], a
Self-Organization Migrating Algorithm (SOMA) was used that imitated the behavior of
groups of wild animals, in order to harvest the energy of electromagnetic oscillations. For
the numerical studies carried out, the multi-purpose optimization of SOMA was assumed
to be more perfect than GA, while both methods were able to find optimal solutions.
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Well-known approaches, as a rule, take into account a small number of geometric
variables of harvester and explore a relatively small design space, that is, they mainly study
certain geometries, for example, rectangles and trapezoids. The complex multi-physics
dynamics of energy harvesting are insufficiently studied, and the intuitive design may
not be optimal. In order to expand the design space to include other cases, efforts were
directed to optimizing the topology for linear energy harvesters. Topology optimization
is a structural optimization that ensures the most creative solution, independent of the
preconceived or initial design. Two types of such approaches have been developed. The
conventional approach formulates the design problem as a material distribution problem,
where each material element is considered as a design variable and can take the value either
1 (material) or 0 (void). The most popular methodology with this approach is termed the
Solid Isotropic Material with Penalization (SIMP). The alternative approach is generally
referred to the Level Set Method (LSM), which represents the structural boundaries as a
set of implicit signed distance functions, and the boundaries are displaced to minimize the
objective function, producing the topologically optimum solution [148].

In [149], the LSM was applied in order to optimize a cylindrical energy harvester by
using two materials that operated in the 33-mode. In [150], two materials were optimized
in a magnetoelectroelastic multilayer composite. To optimize the thickness of each material,
a micromechanical model was used, taking into account the impact of static load. It was
found that the interpolation model of SIMP-type materials does not converge to a solution
with different phase states in this complex multiphysical problem. Note that the most
common configurations considered in the literature on topology optimization remain
cantilever beams and plates [151,152], with appropriate variations (for example, with or
without substrates, with or without proof mass).

For energy harvesting devices, designed for quasi-static applications or at an excita-
tion frequency much lower than the resonance frequency, optimization is usually aimed at
maximizing the ECF k;; [150,153], which characterizes the effectiveness of transformating
mechanical and electrical energy in a piezoelectric medium. In the case of dynamic applica-
tions, the obtained power for a given vibration medium is maximized [153-155]. In [155], a
stress constraint was added to optimization for control of the peak stress in a piezoelectric
and substrate composite system using linear elasticity so that the device could withstand
the applied load or be repeatedly subjected to recoverable strain. In [149], by optimiz-
ing the dynamic system, the average effectiveness of energy transformation in stationary
mode, similar to ECF, was used. Most dynamic optimization studies considered a single
frequency medium, and the structural layout was optimized to tune its resonance modes
to the excitement frequency. In [154], a cantilever-type energy harvester was optimized
for broadband random oscillations. A comparison of solutions for objective functions and
for a broadband medium shows that their topological constructions are fundamentally
various. Thus, additional research is required in the field of dynamics and, in particular, for
broadband and random environmental vibration conditions.

3. Piezoelectric Rotary Harvesters
3.1. State-of-the-Art in Piezoelectric Harvesters

Piezoelectric harvesters were proposed and studied by many researchers because of
their low cost, light construction, simple production process, and high energy density [156].
As mentioned in Section 2.1, different modes of piezoelectric material are usually used to
collect energy from the piezoelectric material depending on the (ds3), axial (d31), and shear
(d15) modes. A compressive force is applied to the piezoelectric material in the d33 mode,
while in the d3; mode the piezoelectric patch is fixed on the console, and vibrations are
created in the beam in order to create a bending strain in the piezoelectric patch. In the
shear mode, the corresponding force is applied along the y-axis in the yz-plane, while the
polarization direction remains along the x-axis [157].

In [157], an PZT energy harvester operating in a shear mode was developed and
manufactured to collect the energy of water flowing at varying pressure. The open circuit
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voltage of 72 mV and the power of 0.45 nW were obtained experimentally at a pressure
amplitude of 20.8 kPa and a frequency of about 45 Hz. An analytical mathematical model
of voltage generation by a unimorphic piezoelectric cantilever beam based on the classical
beam theory was proposed in [158]. The obtained numerical results of the model are
consistent with the experimental results. At the same time, about 24.5 uW of power was
obtained in testing at a resonant frequency. It was shown in [159] that by changing the
value and orientation of the magnetic force, the frequency response of a piezoelectric
cantilever can be changed in such a way as to provide a useful method for collecting
out-of-resonance vibrations.

In [160], the topology of the PZT energy harvester was presented, consisting of a wind
turbine based on an elevator with a PZT beam without a contact vibration mechanism. It
has been demonstrated that a power density of 2 mW/cm3 can be achieved at a voltage
of 3.8 V at a wind speed of 0.9 m/s. In [161], a windmill was constructed having a wind
turbine with a horizontal axis and 12 magnets of variable polarity along the periphery. At
the same time, a bimorphic PZT element with a size of 60 x 20 x 0.7 mm? had a magnet at
its end. In this design, a peak electrical power of 450 uW can be achieved with a nominal
wind speed of 4.2 miles per hour. In [162], a rotary harvester was proposed based on the
vibration caused by the wind impact. A PVDF piezoelectric beam was used to maintain
high deflection during impact. Analytical modeling was developed followed by the use
of FE calculations. The maximum power of 2566.4 uW was achieved at a wind speed
of 14 m/s.

In [163], a galloping cantilever beam was developed to collect energy. The beam
had a D-shaped cross-section of a piezoelectric sheet bonded in the form of a bimorph.
Continuous air supply to the D-shaped section led to abrupt oscillatory movements and,
consequently, was converted into electrical energy through a piezoelectric sheet. Experi-
mentally and analytically, a maximum power of 1.14 mW was obtained for the prototype
at a wind speed of 4.69 m/s with galloping vibration. In [164], the PZT generator was
modeled as a bending mode using the Euler-Bernoulli beam theory. With a load of 29 k(),
the maximum power of 6.5 mW has been achieved. In [165], a cantilever harvester for cross-
wind was developed. The phenomenon of dropping the tops was used to create vibration of
the cantilever beam. This allowed generating 2 W of output power at a resonant frequency.

The energy received from rotating magnets can be increased by expanding the broad-
band frequency range [166]. It was shown in [167] that by using the dynamic magnetic
force method, the harvesting power of multi-cantilever beam harvesters can be increased
to 55.6%. In [168], the strain of a prestressed piezoelectric beam caused by interaction with
a magnet was used. This harvester was used in the tire pressure monitoring system. A
hybrid energy harvester combining piezoelectric and electromagnetic generators has been
developed for electronic devices and a wireless system. In [169], the piezoelectric and elec-
tromagnetic methods were combined to make a hybrid energy harvester appropriate for the
power requirements of electronic devices, wireless sensors, and nodes. The oscillation of
the bimorphic cantilever created an electric potential on piezoelectric surfaces as the relative
motion of the magnet disposed on the cantilever end. It induced an electromotive force in
the coils in addition to the magnet. About 10.7 mW of power was collected, which is 81.4%
higher than that of one electromagnetic harvester. In [170], a cantilever-type piezoelectric
harvester on a shear mode (d15) was present for collecting energy. The estimated power
was approximately 16 mW with an external load of 3 MQ).

In [166], rotating magnets were used to increase the broad band frequency range of
the energy harvester and increase productivity. In [171], a vibration-based energy harvester
was developed for applications with rotational motion. Beams with proof masses and
piezoelectric pads fixed to the beams were installed on the cantilever of rotating hub.
Vibration was induced in the beams due to rotation and gravitational influence of the
proof masses. Both polyvinylidene fluoride (PVDF) and PZT were used to collect energy at
optimal load resistance. The maximum power of 6.4 mW was achieved at a shaft rotation
speed of 138 rad/s when using PZT material. In [172], a cantilever-type harvester was
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designed, excited by a flow created for heating, ventilation, and air conditioning. Blowing
air by hitting the aerodynamic keel fixed at the end of the beam caused vibrations in the
beam. As a result, a power of about 3 mW was generated at a flow rate of 5m/s.

In [173], a piezoelectric harvester based on a scotch yoke mechanism was developed to
convert rotational motion into linear vibrations of two piezoelectric levers through springs.
The simulation results showed that for a piezoelectric wind turbine with a blade radius of
1 m at a wind velocity of 7.2 m/s and an estimated angular speed of 50 rad/s, a power of
about 150 W can be obtained. In [174], an octogenerator was proposed for collecting wind
energy by using a piezoelectric material. The analytical model made it possible to calculate
the power of 5 kW for the device at a tide speed of 1.75 m/s in the ocean.

In [175], an annular piezoelectric harvester with internal and external concentric
rings was developed. The inner ring rotated with some frequency, and the outer ring
was stationary to create relative movements between these rings. Piezoelectric pads were
installed inside the stationary ring, and each piezoelectric plate magnet was mounted on
PZT pads; a magnetic sinusoidal repulsive force was created on the outer periphery of
the inner ring during rotation. At an inner ring speed of 30 m/s, the maximum power of
5274.8 W was collected using this device with a radius of 0.5 m.

Thus, the above values of output power in practice may differ by several orders of
magnitude. Obviously, full-scale energy-harvesting facilities (in particular, rotary devices)
make it possible to significantly expand the output power range observed for low-power
electronics, which usually varies from a few microwatts to milliwatts. It could be ex-
plained that such an expansion of the range occurred due to fundamentally new design
features of macro objects, their complex design, and additional electromagnetic elements of
considerable sizes manufactured on the basis of promising materials. The scale factor is
characteristic not only for fracture mechanics but also for energy harvesting.

In [176], the shear mode (d15) of a cantilever-type piezoelectric bimorphic energy
harvester was used to satisfy the Timoshenko beam theory. The developed analytical model
gave results close to finite-element modeling. Open circuit peak voltage and power obtained
at optimal electric load resistance and operating resonant frequency were observed. Based
on the Timoshenko beam theory, an energy harvester, operating in a shear mode (d15), is
presented in [2]. The cantilever PZT sandwich beam was excited by the vibration of the
base, causing shear deformation. It was found that the energy obtained in the d15 mode
was approximately 50% higher than the energy obtained in the d33 mode. The data [177]
showed that the value of dj5 is greater than the values of d3; and d33. Therefore, a shear
excitation mode of piezoelectric material should be used to capture power during rotational
motion with a simple design of the structure.

3.2. Some Solutions for Rotary Harvesters

In the last decade, some author’s solutions for rotating harvesters have been researched
and developed.

3.2.1. Rotary Harvester with Parallel Coaxial Plates

In [178], it was proposed to extract energy from rotating objects using a piezoelectric
energy harvester with parallel coaxial plates. The harvester consisted of rotor and stator
plates, piezoelectric patches, and magnetic plates (see Figure 1). The stator plate had a
number of piezoelectric rectangular plates disposed on the inner surface. The surface of the
piezoelectric patches was covered with magnetic plates of the same size. The upper plate of
the rotor was made of aluminum with an inner surface having number magnetic plates of
the same size and shape. The relative angular motion between the stator and rotor created
a periodic magnetic repulsion force between the magnet plates. This repulsive force caused
compression of piezoelectric patches, which led to the generation of electric charges on the
piezoelectric surfaces.
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Figure 1. Configuration of piezoelectric energy harvester with parallel coaxial plates (from
Narolia et al. [178], reproduced by permission of Springer Nature © 2022).

A mathematical relation was derived for the RMS power of a piezoelectric energy
harvester. The influence of various parameters, such as the sizes of the magnetic and
piezoelectric plates, magnetic induction, and rotation velocity, is analyzed. The results
showed that the RMS power increased with increasing length and thickness of both the
piezoelectric patch and the magnetic plate. The RMS power also increased with an increase
in the rotation velocity of the rotor plate and the residual induction of the magnet. Reducing
the gap between the stator and rotor plates led to an increase in the RMS power. In this case,
the maximum power of 1.3572 W was obtained for a harvester with a radius of 11 mm.

3.2.2. Rotary Hub Energy Harvester

In [179], a piezoelectric energy harvester with a rotating hub was suggested. This har-
vester transformed the magnetic attraction force into an electric charge. The magnetic force
was induced between the magnets disposed on the hub and the lever located directly below
it. The magnetic force on the lever was amplified at the other end, where a piezoelectric
rod was installed. Figure 2 shows the suggested rotary energy harvester with a hub with a
vertical axis for energy extraction.

BASE
HINGE
HUe
LEVER
MAGNET
PZT

0OmoEn

Figure 2. Configuration of energy harvester with rotating hub (from Narolia et al. [179], reproduced
by permission of Springer Nature © 2022).

The main components of the harvester were a rotating hub, eight lever mechanisms
with piezoelectric rods, and sixteen magnetic plates. Due to the rotation, the magnetic
force on the piezoelectric rod was constantly changing and generating a charge due to
the piezoelectric effect. A mathematical model was formulated to calculate the root mean
square (RMS) of the power. The influence of various parameters, namely, the thickness
of magnets, the thickness and length of the piezoelectric rod, the ratio of the moment
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arms, and the structural stiffness of the lever on the power and natural frequency of the
system, was investigated. An experimental study has shown that the shift mode (d;5)
can generate power of a higher value than the modes d3; and ds3. The maximum power
of 113.6684 W was obtained in the harvester. The productivity of the harvester can be
increased by increasing the radius of the hub and the number of levers in accordance with
the power requirements.

3.2.3. Shear-Mode Piezoelectric Energy Harvester with Scissor Mechanism

To collect wind energy, it was proposed to excite a piezoelectric material with a shear
(d15) mode [180]. The main parts of the suggested harvester included a windmill, a scotch-
yoke mechanism, four piezoelectric pads with two scissor jacks, and two springs. A scissor
mechanism with the scotch-yoke mechanism was used to transform the rotational motion
of the wind turbine into linear oscillations of the piezoelectric pads. The force of the input
spring was changed using a scissor mechanism. The principle of operation of the proposed
generator is illustrated in Figure 3. The rotational motion of the input shaft was transformed
into reciprocating motion by means of the scotch-yoke mechanism.

Steel Block

I3 mne
Wind Turbine Upper Arms

Input Shaft \ Input Shaft
? Fixed Block 2~ 00 0

Sliding Block

Scotch Yoke Mechanism
‘

(a) (b)

Figure 3. (a) Configuration of wind turbine and (b) energy harvester with scissor mechanism (from
Narolia et al. [180], reproduced by permission of Springer Nature © 2022).

To calculate the average electrical power, an analytical model was formulated and
modeled. To estimate the effectiveness of the harvester, the wind velocity varied from 5 to
9 m/s. The maximum output power of 242.4 W was calculated at a wind velocity of 9 m/s.

3.2.4. Shear-Mode Piezoelectric Energy Harvester for Rotational Motion

In [181], a shear-mode (dy5) piezoelectric energy harvester was designed to collect en-
ergy from rotational motion. The assembly of the shear-mode (d;5) rotary energy harvester
is shown in Figure 4. The harvester consisted of a rotary hub, a stationary hub, and 2n PZT
patches located on a fixed hub. The same number of magnets were located over the PZT
patches, and n magnets of the same size were placed on a stationary hub so that the same
poles of the magnets were in front of the face (see Figure 4). The relative angular motion
between the stator and the rotor created a periodic magnetic repulsion force between the
magnets and created a shear force on the PZT patches, which led to an electric charge on
the surface of the PZT sections to collect energy.
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Figure 4. Configuration of energy harvester (from Narolia et al. [181], reproduced by permission of
Journal of Advanced Dielectrics, Vol. 10, No. 03, @ 2020 and World Scientific Publishing Co. Pte. Ltd.).

Mathematical and finite element models were developed to estimate the induced
voltage of the piezoelectric patch. The COMSOL Multiphysics 5.3 FEA software was used
for the FE simulation, which allowed for the optimization of the various parameters of
the harvester. The maximum output power of 358.44 W was calculated for a hub rotation
velocity of approximately 600 rpm, with patch sizes of 200 mm x 200 mm x 50 mm and
158 piezoelectric patches.

4. Flexoelectric Effect

Flexoelectric effect, defined as the appearance of polarization under the influence
of a deformation gradient, is widely used in various energy harvesting applications at
different scales [107,182-185]. This effect is ubiquitous in all dielectrics and shows strong
scaling with size. Using a simple beam-based design, it is possible to theoretically and
computationally investigate the collection of flexoelectric energy under harmonic mechan-
ical excitation. Flexoelectricity-based energy harvesting can be a viable alternative to
piezoelectrics. In particular, the conversion efficiency of flexoelectric transformation at
submicron thickness increases by two orders of magnitude with a decrease in thickness by
an order of magnitude [182]. Flexoelectric energy harvester operates even for a single-layer
beam with a symmetrical cross-section, which is impossible in the case of piezoelectric
energy harvesting. Moreover, the flexoelectric effect opens the way for the study of high-
temperature energy harvesting since, unlike piezoelectricity, flexoelectricity persists far
beyond the Curie temperature of commonly used ferroelectrics with high electromechanical
coupling factor.

The flexoelectric effect is closely related to the study of unipolarity, which occurs, for
example, in nonpolar ferroelectric ceramics with the electrodes made of various metals on
opposite surfaces. Unipolar switching can be obtained by using a pair of non-equivalent
electrodes (material, method of application). Such unipolarity does not disappear under
the prolonged effect of a strong AC field and when heated above the Curie point (T¢).

As arule, the presence of unipolarity is explained by the presence of a surface layer
with a polarization state various from the main one. Many theoretical and experimental
investigations have been devoted to proving and confirming the connection between the
unipolar state and the spatial distribution of polarization in ferroelectrics [186-189]. Unipo-
larity can be caused by a stationary strain gradient near surfaces of non-polar ferroelectric
ceramics. This gradient occurs as a result of superposition of metal electrodes with different
values of the factor of linear thermal expansion at on opposite surfaces.
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Measurements of electrical responses to the bending at the resonant frequency of
the PZT-19 ceramic plates with Ag- and Pt-electrodes on opposite sides, according to
the three-point loading scheme by proof mass, have demonstrated that their amplitude
could increase to two times when the plate experienced tensile stress on the side with the
Pt-electrode (Figure 5).
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Figure 5. Electrical responses of samples with applied Ag- and Pt-electrodes to the bending at the
resonant frequency.

The creation of a strain gradient makes it possible to polarize ferroelectric ceramics
without applying an external electric field and without reheating and cooling the sample.
Moreover, the use of the presented method allows one to increase the piezoelectric response
values, as well as to increase sensitivity to the temperature gradient [190].

Axial-type PEGs can operate at significantly higher mechanical stresses compared to
cantilever-type generators. This intermediate type of excitation between axial and cantilever
PEGs allows one to investigate the output parameters of the PEG in the resonant mode
of the harmonic voltage of the active element with a proof mass. Moreover, it is possible
to study the effect of load application on both sides of the piezoelectric plate. The lateral
impact of the proof mass in the plate center leads to its elastic deflection, which compresses
the upper and stretches the lower layers of the electrodes and creates an oppositely directed
strain gradients in these layers or alters the existing stationary ones. Figure 6 shows a test
setup and its block scheme for study of flexoelectric effect by using three-point mechanical
loading of the beam of unpolarized ceramic.

In most works devoted to modeling the flexoelectric effect in solids [191,192], the
variational approach, proposed by R. D. Mindlin [193], has been used.

Based on a three-point type of excitation of the active PEG element with a proof mass
in its center (see Figure 7), the mathematical model of the flexoelectric effect, using the
variational approach, developed by Mindlin for an electroelastic body, was developed
in [57,194,195].
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13

(b)

Figure 6. General view of the test set-up (a) and its block diagram (b): 1—piezoceramic beam,
2—proof mass, 3—1st fixing point, 4—base, 5—worktable of the electromagnetic shaker, 6—shaker,
7—optical linear displacement sensor, 8—optical sensor’s controller, 9—ADXL-103 acceleration sensor
(located at 2nd fixing point), 10—acceleration sensor’s controller, 11—ADC/DAC E14-440D external
unit, 12—power amplifier, 13—signal generator, and 14—computer; R; is the electric load resistance
(from Shevtsov et al. [57], reproduced by permission of Springer Nature © 2022).
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Figure 7. Kinematic scheme of loading of flexoelectric beam with proof mass M.

The excitation of the beam oscillations with proof mass M, presented in Figure 7, took
place through the displacement of two clamps in respect to a certain plane. Therefore, the
absolute displacement of the beam along the x3-coordinate consisted of the movement of
we(t) and the relative displacement of the beam w (x1, t). In the result of analytical modeling,
the equation of an electrical circuit with a flexoelectric coupling was obtained.

By using the Kantorovich method, the relative displacements of a beam were rep-
resented as a series expansion. After substituting these relative displacements into con-
stitutive equations and equating the coefficients at the independent variation to zero, a
system of two differential equations describing the forced oscillations of a flexoelectric
beam, connected to a resistor, was obtained. The subsequent modeling allowed one to take
into account the influence of proof mass M in this system.

Finally, the problem of free vibrations for a beam, clamped at both ends and having a
proof mass at the center (see Figure 7) for the case of harmonic excitation of the base [194],
was solved.

For a piezoceramic beam made of unpolarized ceramic PZT-19 with known properties,
the frequency response of the voltage across the resistor with different values of the load
resistance (see Figure 8) was solved [195].
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Figure 8. Frequency response of the voltage across the resistor with various values of the load resis-
tance, obtained from the numerical experiment (from Shevtsov et al. [57], reproduced by permission
of Springer Nature © 2022).

5. Piezoelectric Generators

To date, the problem of creating piezoelectric generators (PEGs) for various purposes
has not been solved in general due to the low energy effectiveness of PEGs and the low
output power of the devices being developed. Among the various problems that arise
during the development of PEGs, the most significant are related to: (i) the choice of
energy-effective piezoelectric materials (PMs), (ii) the development of electrical circuits for
the accumulation of electrical energy with a minimum charge loss, and (iii) the search for
of geometric configurations and assembly technologies of the PEG sensing element that
ensures maximum output power.

In relation to the first direction, analytical and computer simulation (including finite
element) approaches have already experienced intensive development. In particular, an-
alytical and FE-modeling of porous piezoelectric ceramics has been carried out in [196];
non-uniform polarization of multi-layered piezoelectric transducers has been studied
in [197]; and structures, consisting of transversally polarized and longitudinally polarized
parts, have been investigated in [197].

The research approaches, used in solving these problems, differ significantly depend-
ing on the field and specifics of PEG application. This section will discuss in detail the
relevant experimental, analytical, and model solutions with corresponding results, related
to above second and third research directions, which have been obtained over the past
decade for cantilever-type and axial-type piezoelectric generators.

5.1. Cantilever-Type PEG: Experiment

The problem of estimating the energy efficiency of a cantilever-type PEG was consid-
ered before in [69,81,82]. It was shown that the output power of PEG depended not only
on the electrical characteristics of piezoelectric materials of the PEG sensitive elements but
also on the method of measuring their output parameters as well as on the characteristics
of the electrical circuit [84].

Expansion of the bandwidth for operating frequencies is one of the ways to increase
the energy effectiveness of PEG. Typically, a cantilever-type PEG operates only on the first
vibration mode, that is, the output electrical characteristics of subsequent modes are small
and are not of interest for energy collection. This, in turn, indicates a narrow band of operat-
ing frequencies of the cantilever-type PEG. Moreover, in actual working media, vibrations
of arbitrary shape often occur, which are the result of the use of vibrations with various
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frequencies, rather than purely harmonic with one frequency, which are usually used in
experiments. Nevertheless, attempts are being made to expand the working frequency
band of the cantilever-type PEG by modifying the classical design and introducing different
technical solutions into it. This, in turn, concerns not only the working frequencies but also
the output electrical characteristics of the PEG.

For cantilever-type PEG, research is being conducted aimed at finding new materials
and optimizing the cantilever. For example, the authors [69] produced a piezoelectric paint
(nanocomposite) and obtained an output power of 0.2 uW with a paint layer thickness of
0.5 mm for a cantilever with a one-sided composite coating.

In [138], the shape of the unimorph cantilever (both the substrate and the piezoelectric
transducer, located on it) was optimized on the basis of analytical, finite-element, and
experimental methods. A comparison of the output power of rectangular and trapezoidal
shapes showed that the specific power of 0.72 uW/mm?, obtained on the trapezoidal shape
of the cantilever, exceeded the power of a rectangular shape of 0.6 pfW/ mm>3.

In [140], only the shape of the piezoelectric element itself was optimized, and the shape
of the substrate was left rectangular. It has been shown that the shape of the transducer
defined both the capacitance of the piezoelectric material and its ECF; by changing these
parameters, the output power was found in different ways.

In [198], a cantilever generator operating on two modes of oscillations was studied.
In this case, instead of the usual proof mass, an oscillator was used (a mass with two
springs connected in parallel) that was attached to a piezoelectric console with a brass
base. Theoretically and experimentally, it has been shown that the output power of such
a cantilever exceeded the output power of a similar cantilever but with a conventional
proof mass.

In [199,200], to expand the operating frequency band of a cantilever PEG with a proof
mass, a so-called embedded cantilever with two degrees of freedom and two working
oscillation modes was suggested. Such a cantilever consisted of one main cantilever beam
and an internal embedded cantilever beam, on each of which piezoelectric transducers
were located. A 1.5 mW power was obtained for the main beam, and a 0.8 mW power was
received for the inner (embedded) beam.

In [201], a PEG with multi-cantilever piezoceramic elements operating in low frequen-
cies was developed. The device included six piezoelectric consoles of various lengths and
weights at their free tips. It has been experimentally shown that this PEG can work in some
low resonant frequencies. A 2.5 uW maximum power was received on this generator; it
can be increased by increasing the number of consoles.

In [202,203], a cruciform piezoelectric generator was developed and investigated. Its
elements were a thin centrally symmetrical elastic substrate with cruci form and four
rectangular piezoelements attached to the upper surface of four blades of the substrate.
The oscillation load excited a force applied to the substrate center. Aluminum, copper,
brass, and SUS304 stainless steel were used as the substrate materials. Of all the materials,
PEG with a steel substrate (SUS304) demonstrated the highest output voltage (4.42 V) and
current (7.83 pA).

In [204], the effect of an asymmetrically located proof mass on a bimorphic cantilever
was investigated. It allowed the using of oscillation energy in two directions. Moreover,
the mass had the ability to regulate the center of mass, which made it possible to more
accurately adjust the excitation level. The achieved output electrical voltage and power
were 38.5V and 7.5 mW.

In [200], a study of nonlinear non-resonant cantilevers was carried out. The nonlinear-
ity was ensured by adding permanent magnets to the design. A magnet was mounted on
the free tip of the cantilever and other magnet was also located at some distance from it.

In [205], a cantilever-type PEG was investigated in which mechanical vibrations were
excited by an air flow. Based on the nonlinear theory of Euler—Bernoulli beams and linear
constitutive equations, in combination with Hamilton's principle and the theory of electrical
circuits, equations describing the dynamics of PEG were obtained. Subsequently, using
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the Galerkin method, the dimension of the model was reduced, and it was also shown
that models with a reduced dimension, taking into account one mode of oscillations of
an infinite-dimensional system, are sufficient to predict the PEG behavior. Moreover, an
approximate analytical solution of the simplified model was obtained near the stability
boundary, and a normal form as a result of bifurcation was studied. The conducted
experiment showed the reliability of the developed model. The output power of the
studied PEG was in a range of 0.1-0.8 mW at an air flow velocity of 7.5-12.5 m/s.

In [206], the possibility of using vibrations arising in objects such as a flexible flag,
placed in an axisymmetric fluid flow for energy harvesting purposes, was considered. With
this aim, the authors of the study considered the dynamics of a coupled system, consisting
of a classical liquid medium, a flexible plate in an axisymmetric flow, and a simple resistive
circuit, connected to piezoelectric elements, attached to the plate surface, and converting
plate bending deformations into electric current. Analytical analysis, in which the plate
was completely covered with infinitesimal piezoelectric elements, showed that the energy
conversion efficiency was determined as a function of the various system parameters,
namely, the inertia coefficient, the dimensionless flow velocity, the coupling coefficient,
and the adjustment coefficient. As a further development of the idea of excitation of the
mechanical vibrations in a piezoelectric material by an air flow, an integrated vibratory and
aeroelastic energy harvester was designed [207], structurally combined with a wing that
can simultaneously use energy from surrounding vibrations and wind.

It has been demonstrated both theoretically and experimentally that when using a
single piezoelectric generator under conditions of combined aerodynamic load and environ-
mental vibration, it is possible to significantly improve the output electrical characteristics.
In [208], the issues of designing and improving the performance of aeroelastic PEGs at low
wind velocities were considered. The generator consisted of a rigid wing supported by
linear and nonlinear bending and torsion springs with piezoelectric elements, located on
bending springs. To maximize the output power, application of the normal form of Hopf
bifurcation was proposed. The maximum power received without loss of stability of the
wing was 8 mW.

In addition to modification of the mechanical part of PEG, there is another way to
increase the output power, which consists in optimizing the electrical circuit that processes
the output signal from the PEG. An overview of corresponding results is widely presented
in [209]. Increasing the output power and optimizing the design of the generator to the
conditions of the intended working environment are quite interesting research tasks, but
besides them there is also the question of using PEG as energy sources. For example, the
paper [210] considered the problem of direct use of the energy, generated by PEG, to power
a wireless sensor. A trapezoidal cantilever PEG was used as a power source, which was
designed to operate at a given excitation frequency. The obtained maximum output power
of a trapezoidal bimorphic PEG was 35 pW.

5.2. Some Solutions for Test Study of Cantilever-Type PEG with Proof Mass

In [82,211], an experimental approach was developed to estimate the output param-
eters of a cantilever piezoelectric power generator in the form of a bimorph with active
structure elements. The electrical and structural schemes of such a PEG are shown in
Figure 9.

Studies of harmonic oscillations of PEG were carried out on a vibration setup (see
Figure 10) with measurement of displacements by sensors optoNSDT and RF603 [82].
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Figure 9. (a) Electrical scheme of PEG at vibration loading and (b) structural scheme of PEG with
proof mass: 1—plate piezoelectric elements (PEs); 2—substrate; 3—proof mass; 4—PEG fixation point
(with movable base b); and 5—cylindrical PE.

Figure 10. Vibration setup with PEG: 1—vibrating table; 2—PEG; 3—laser sensor optoNSDT of
displacement; 4—support of laser sensor 3; 5—electric path of PEG; 6—triangulation laser sensor of
displacements RF603; 7—sensor support stand (6); 8—cylindrical PEs, located at the base of the PEG;
and 9—PE plates.

Figure 11 schematically shows a measuring system for studying the output parameters
of PEG at vibrational excitation [211]. The research was carried out by using Russian
certificate software [212,213], which allowed one to generate a signal by scanning and
recording it on a computer.

In experiment, peak values of output voltage and electric power were measured
in the dependence on different values of proof mass and electric load resistance. These
measurements were conducted for three initial constant transverse displacements of free tip
of the cantilever plate for three values of the displacement amplitude (J; = 1, 2, and 3 mm).
The characteristic dependences of output electric power on load resistance for a proof mass
of 20.6 g are present in Figure 12, defining a preferable result in a case of §3 = 3 mm.
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MEASUREMENT SET-UP

Figure 11. Measuring set-up: 1—PEG; 2—vibration exciter; 3—optical sensor of linear displacements
optoNSDT; 4—controller of optical sensor 3; 5—optical sensor of linear displacements RF603; 6—
controller of optical sensor 5; 7—external ADC/DAC module L-Card 14-440; 8—matching device
of acceleration sensor; 9—power amplifier; 10—AFG3022 signal generator set or sound card; and
11—computer.
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Figure 12. Dependence of output electric power on load resistance for various values of displacement
amplitude of free tip of the cantilever at a proof mass of 20.6 g.

Experimental set-up for double-cantilever PEG is present in Figure 13.
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Figure 13. Experimental set-up for research of double-cantilever PEG: the numbers point out dis-
placement measurer (1), accelerometer (2), shaker (3), and proof mass (4).

Investigations of output characteristics of this double-cantilever PEG were conducted
by using the experimental method developed in [211]. At the oscillations in resonance fre-
quency of 350 Hz, the transverse displacements of free tips of the PEG cantilever plate were
equal to 0.7 mm. In this working regime, it was reahed effective output electric power equal
to 90 mW at the load electric resistance R; = 10 k() was reached. The calculation showed
that specific output electric power of this PEG model was equal to Woy; = 69.2 mW/cm?,
which was three orders of magnitude higher in comparison with the cantilever PEG studied
in [82].

5.3. Cantilever-Type PEG: Modeling

Modeling PEG includes, in general, the following approaches: (i) mathematical mod-
eling with lumped parameters [80], (ii) mathematical modeling with distributed parame-
ters [78,79], and (iii) FE modeling [77,83]. In this section, the cantilever-type PEG modeling
has been performed for some structures with different physical conditions of operating the
PEG and its various geometries.

5.3.1. Cantilever-Type PEG with Symmetrical and Asymmetrical Location of Proof Mass

The experimental and theoretical approaches to the study of PEGs have been presented
in works [9,83,214-219]. The effectiveness of these approaches was shown by close results
of comparison with experimental ones.

In [83], for modeling the cantilever-type PEG with symmetrical and asymmetrical
location of proof mass, the linear theory of elasticity and electrodynamics was used with
account of the dissipation of energy and the motion equations in an acoustic approximation.
The built FE model was numerically realized in the ANSYS software.

The full-scale finite-element model of PEG presents itself as a cantilever structure with
a bimorph of thin symmetric piezoelectric layers, polarized in thickness and glued to an
elastic plate. The structural and electric schemes of the cantilever-type PEG are similar
those presented in Figure 9. Figure 14 presents symmetrical and asymmetrical cases of the
arrangement of proof mass relatively of the cantilever axis.
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Figure 14. (a) Symmetrical and (b) asymmetrical arrangement of proof mass.

At the first stage, the problem of the comparison of the output parameters of the PEG
in symmetric and asymmetric attachment of the proof mass at different electric resistive
loads for each of the piezo-plates was solved. For two cases of the length of proof mass

m = 65 mm and 103.5 mm, Figure 15 presents dependencies of output voltage and output
power on active load for these proof masses. The values of output voltage and output
power, obtained in symmetric case, differed weakly on values of asymmetric case.
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Figure 15. Output power (a) and output voltage (b) vs. active load for two locations of proof mass:
m = 65 and 103.5 mm.
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Then, the results of a modal analysis were obtained (see Figure 16) for the eigen-forms
of vibration. Transverse modes of oscillation in the vertical plane O, are the first, second,
fifth, and sixth oscillation modes. A transverse vibration mode in a horizontal plane O,
is the third oscillation mode. A torsion vibration mode with respect to the axis Oy is the
fourth mode.

1 mode 2 mode

3 mode 4 mode

5 mode 6 mode

Figure 16. First six modes of vibration eigen-forms for asymmetrical disposition of proof mass.

Then, two PEG models with various conditions of the attachment of proof mass and
mechanical excitation were considered. The first model performed small vibrations in the
moved coordinate system, connected with the surface, disposed at the base of the plate.
The vertical oscillation of the moved system was determined as [83]:

y(t) _ yoe—i(an)t’ (1)

where v is the vibrations amplitude and f is the forced oscillations frequency.
In the second model of PEG, its base could move freely only in the vertical direction
but horizontal direction was fixed. The vibrations were excited by the external force [83]:

F(t) — Foe—i(an)t,

where F is the force amplitude.

The dependencies of voltage amplitude, calculated on the free electrode, on the
material properties and on the length [ of substrate, and vibrations, excited at a non-
resonance frequency of 10 Hz, are shown in Figure 17 for both models for the proof mass
equal to 5 g. These results demonstrate a preference of the fiberglass substrate for both of
the models.
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Figure 17. Dependencies of voltage amplitude: (a) for the first model; (a) for the second model:
1—fiberglass; 2—duralumin; and 3—steel.

5.3.2. Cantilever-Type PEG, Based on Porous Piezoceramic, with Proof Mass

A combination of the method of effective moduli with the FE solution of homoge-
nization problems at modeling representative volumes allows one complete account of
the internal structure of the piezocomposite, its connectivity, and the shapes and sizes of
inclusions/pores [220,221].

In [222], FE modeling of the vibrations of a cantilever-type PEG with active clamping,
having piezoelements with effective properties of piezoelectric ceramics with a certain
porosity, was performed. The linear equations of the theory of elasticity and electroelas-
ticity, taking into account the energy dissipation adopted in the finite-element ANSYS
software [223], were used together with the motion equations of liquid and gaseous media
in the acoustic approximation. The FEM in the classical Lagrangian formulation was used
to solve dynamic problems of acoustoelectroelasticity. A coordinated discretization of
geometric regions was performed in the transition from the continuous formulation to the
FE model, namely, a partitioning into FEs (triangulation) with a certain set of geometric
points being nodes. An approximation of the FEM for generalized statements of dynamic
problems, including boundary conditions, was reduced to a system of ordinary differential
equations with respect to the nodal unknowns.

The properties of piezoceramic material, used for modeling, are presented in [133,224].
An active load and FE-scheme of PEG are shown in Figure 18a,b, respectively. Figure 19a,b
show the results for the output voltage U in dependence on the frequency of harmonic
excitation of the structure. They correspond to the values on the bimorph plates, disposed
on the PEG cantilever substrate, and on the PEG piezoelectric cylinders, respectively.

(b)

3

Figure 18. (a) Location of electrical load on model; and (b) FE-scheme of PEG with proof mass.
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Figure 19. Output voltage on the (a) bimorph plates, located on the PEG cantilever substrate; (b) PEG
piezoelectric cylinders vs. the frequency range of harmonic excitation from 0 to 600 Hz.

The results of the modal and harmonic analysis of calculations for six vibration modes
showed that the most effective modes were 1 and 3, which were modes of bending vibra-
tions in the plane of least rigidity. The analysis showed that when comparing the output
characteristics of ceramics with a porosity of 0% and 80%, the output voltage of the struc-
ture decreased by a factor of 31. At the same time, the output power at a load of 1000
decreased by more than 950 times. Cylindrical piezoelectric elements at PEG clamping
were more effective in comparison. Comparing the output characteristics of these ceramic
constructions, in structures with 0% and 80% porosity, the output voltage decreased by
6.8 times, while the output power decreased by a factor of 47.

5.3.3. Numerical Optimization of Cantilever-Type PEG with Incomplete Covering
Substrate by Piezoelectric Elements

Based on the Euler-Bernoulli hypotheses for the beam, analytical solutions were
obtained in [225] for various configurations of cantilever-type PEGs. Explicit relations
for the output voltage across the resistor for harmonic oscillations of the cantilever-type
beam were also given. In addition, the behavior of PEG with short-circuited, open-circuited
electrical circuits, and the effect of the electromechanical coupling factor, was investigated
in detail.

A finite element (FE) modeling the cantilever-type PEGs of various configurations was
present in [226,227]. The case in which the piezoelements incompletely cover the substrate
is also easily solved by the FEM. At the same time, obtaining a numerical-analytical solution
for the case of incomplete coverage of the substrate by a piezoelectric element is of interest in
itself. The free end of the cantilever is subjected to only a small voltage, so the concentration
of piezoelectric material in the direction of clamping ensures the most efficient use of the
material. It has been shown that for a rectangular cantilever, a piezoelectric coating of 2/3
of the beam area provides maximum output power [228]. The location of the piezoelectric
material in the clamping area can also lead to significant losses.

A numerical analytical model for the case of complete coverage of the substrate by a
piezoelectric element was developed based on the Kantorovich method [78], validated by
FE simulations and a series of numerical experiments [57]. This model was used to analyze
the problem of forced vibrations of a cantilever bimorph PEG. The simplest bimorphic
design of a cantilever-type PEG is shown in Figure 20a. This piezoelectric generator
included two piezoelectric elements (Figure 20a, points 1 and 3), glued to the substrate
(Figure 20a, point 2), which was clamped at one tip. The electrodes were applied to the
large sides perpendicular to the x3-axis. The electrical voltage v(t) was measured across
resistor R. Finite-element analysis of an improved cantilever PEG model was carried out [9].
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Figure 20. (a) Bimorph cantilever PEG: 1 and 3—piezoelements, 2—substrate; (b) cantilever-type
PEG with incomplete piezoelectric coating of the substrate.

In [218], the adequacy of using the direct normal hypothesis in applied theory for
calculating a cantilever-type PEG with an incomplete piezoelectric coating of the substrate
(see Figure 20b) was stated based on the procedure for numerical optimization of the
piezoelectric generator, accounting for critical destructive stresses. The modulus of elasticity
of the substrate (inner layer) was 3.8 times less than the modulus of elasticity of the
piezoelectric elements (outer layers). It may be assumed that this fact can cause a violation
of the surface normal when the beam is bent. This, in turn, can lead to inaccurate results
when using a theory based on the Euler-Bernoulli hypotheses when studying this structure.
Using the FE calculation, the deformations in the cross-section of the beam (see Figure 20b)
were analyzed and compared with the theory.

Comparison of the numerical results of the stress-strain state of the cantilever converter
based on the applied theory and corresponding finite-element model in the framework of
the deflected mode with the open circuit condition at a frequency in the vicinity of the first
resonance showed a good qualitative match of the characteristics (see Figures 21 and 22).
At a difference in relative deflections of 9%, the relative difference in the maximum stresses
at the free boundaries of the PE in their middle part along the length did not exceed 10%.
Moreover, a comparison was made with the well-known FE model constructed in the
ANSYS software. In this case, the relative error in determining the resonant frequencies
and the output voltage was 6%.

Thus, the applied theory developed in [218], on the basis of the only normal hypothesis,
satisfactorily described the deflected regime in the interior of piezoelectric elements. An
exception to this rule was the observed small error in a narrow vicinity of the ends of the
piezoelectric layers. However, the influence of this feature on the integral characteristics of
the piezoelectric was insignificant.
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Figure 21. Stress distribution in cantilever PEG along its length on the upper surfaces of layers.
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Figure 22. Stress distribution in cantilever PEG over thickness in the middle part of piezoelement.

The optimization of the cantilever type PEG was performed considering the critical
mechanical stresses for the PEG materials. The optimization results showed that there is a
frequency range in which the first resonant frequencies of the PEG with and without the
proof mass coincide, but the PEG model in the absence of the proof mass could not operate
in this range due to the excess of the critical stress threshold.

5.3.4. Modeling Double-Console PEG

In [9], the linear theory of elasticity and electrodynamics based on energy dissipation
were applied together with the motion equations of liquids and gases in the acoustic
approximation to model a double-cantilever rod with proof masses having an axisymmetric
design. The biaxial model of the PEG with symmetrically disposed proof masses and the
electrical circuit of the PEG under active load are shown in Figure 23a. Positions 1a, 1b
present a fiberglass substrate; 2a, 2b—proof masses; 3a, 3b—piezoelectric elements; and
4—PEG substrate. The wiring diagram for connecting the PEG to a resistive load is shown
in Figure 23b.

(b)
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©

Figure 23. (a) Biaxial PEG model with symmetrically-located proof masses; (b) electric scheme of
PEG under active load.

Modal eigen-frequency analysis of PEG was carried out using the ANSYS software.
The investigation of the first 10 modes of oscillation showed that 1-4, 9, and 10 modes
corresponded to bending vibrations of the construction about the vertical axis y (the
vertical axis is shown in Figure 24). For modes 1 and 2, one of the plates was in the region
of maximum oscillation amplitudes, while the second plate was in the region of conditional
rest. Mode 3 was antisymmetric about the y-axis, and mode 4 was axisymmetric about
the y-axis. Modes 5 and 6 were vibration modes in the horizontal Oxz plane, that is, in
the plane of the substrate and the PEG piezoelectric plates. Mode 5 was axisymmetric, but
mode 6 was an antisymmetric oscillation mode. Modes 7 and 8 were torsional vibration
modes of the left and right plates, respectively.
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Figure 24. First ten modes of the eigen-forms of PEG with symmetric fixing of load oscillations.

So, it has been demonstrated that it is necessary to use the first four oscillation modes.
They had a bending nature of oscillations about the vertical y-axis. For this generator
model, the resonances were close to circular frequencies: w = 45.616-45.636 Hz for the 1st
and 2nd vibration modes and w = 119.09-119.1 Hz for the 3rd and 4th vibration modes.
Taking into account these parameters, a harmonic analysis of PEG vibrations was carried
out under active load and accounting of damping for the first 4 oscillation modes. The
analysis showed that for oscillation modes 1 and 2, the maximum output power of 669 uW
and 720 uW was achieved with a load resistance of 50 kQ).

5.3.5. Bistable and Tristable Energy Harvesting in Cardiology

One of the restrictions of energy harvesting devices operating on the basis of resonance
is that the output power decreases rapidly away from the resonant frequency. Thus, these
devices are effective only when there is a large component of the oscillation amplitude at
or near the resonance frequency. In many cases, the vibration source generates multiple or
time-varying frequencies. To overcome this restriction, a number of strategies have been
developed to increase the effectiveness of energy harvesters [229,230], including the use of
tunable resonators, multi-frequency arrays, and nonlinear generators. Nonlinearity is often
introduced by creating two stable states in the device (bistability) [225].

When a certain amplitude is exceeded, the system switches between the two states
in a non-linear, non-resonant, and chaotic manner. This lack of a well-defined resonance
frequency leads to the fact that the device becomes effective in a wider frequency range.
The use of such a nonlinear energy harvester to power a pacemaker [231] has shown its
effectiveness in the range from 7 to 700 beats per minute. At the same time, harvester
pacemaker used opposite permanent magnets to create bistability. The performed reviews
of bistable energy harvesting [1,4] classified potential methods for creating bistability, such
as using magnetic attraction/repulsion on cantilever structures and giving mechanical
bistability to piezoelectric structures, for example, by engineering asymmetric composite
laminates supporting the piezoelectric [90].

In [90], a non-linear bistable piezo-composite energy harvester was optimized using
sequential quadratic programming. The design space was highly nonlinear and multi-
modal, but it was possible to consistently determine all local and global optima using
several random initial solutions. The dimensional parameters of the rectangular plate were
optimized to maximize the output energy, characterized by maximum strain. Due to the
nonlinear nature of the bistable structure, the strain is large and the output power can be as
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much as an order of magnitude greater than a linear harvester, with an additional benefit
of harvesting significant energy over a broad spectrum of excitation frequencies [17].

The test object in [232] was a nonlinear PEG, based on a bistable composite plate with
piezoelectric transducers, glued to it, using piezoelectric material PZT-5A. Bistability, in this
case, was provided by the properties of the plate to retain its shape, and not by magnets.
The obtained maximum output power was equal to 34 mW with pulsed excitation with a
frequency of 9.8 Hz.

In [233], a PEG with a nonlinear magnetic oscillator was investigated. Instead of
a fixed magnet, located opposite the magnet at the tip of the cantilever beam, another
cantilever beam with a magnet at the free end was located in parallel. Both beams were
located on a common movable base. The resulting maximum output power was 2.5 mW at
an excitation scale of 2 m/s?.

In [234], the process of energy accumulation with the introduction of nonlinearity
induced by a magnetic field (tristable PEG) with three potential wells was investigated.
Tristability was achieved by introducing a third magnet into the design. In their study, the
authors presented a theoretical model and experimental studies of this PEG. A coupled
electromechanical model with a nonlinear magnetic restoring force was used to define the
dynamic parameters of a tristable nonlinear PEG. The characteristics of the corresponding
linear energy harvesting system without the presence of magnetic force were obtained using
genetic algorithms by searching for the minimum error between numerical modeling and
experimental results. The main conclusion, reached by the authors, was that, compared with
the bistable PEG configuration, which has deeper potential wells, the tristable configuration
is more easily excited and more easily overcomes potential wells, which allows one to
achieve higher output power in a broad frequency range.

5.3.6. Wind Energy Harvesting from Artificial Grass

Finally, in this section, we consider a modeling artificial grass (a cantilever structure),
developed to transform wind energy into electrical one [235].

Numerous studies have been carried out in the last decade to improve the effectiveness
of specific piezoelectric energy harvesters. Several materials, various structures, and
different analyses have been proposed to ensure the best alternative solutions [58,236-241].
The most common structure of this technique was the piezoelectric cantilever-type beam;
nevertheless, different new designs were also developed for improving the effectiveness of
the cantilever [178,242-245].

The novel idea of power generation by artificial grass is shown in Figure 25. Each
energy harvester consisted of passive cantilever beams, active microfiber composite (MFC)
patches, and electronic circuits. The artificial grass with proof masses was implanted in
1 feet? area. The wind striked with these cantilevers, deforming them, and energy of wind
was transformed into electrical energy.

Modal analysis was carried out for three cases: (i) without proof mass, (ii) with steel
proof mass, and (iii) with duralumin proof mass with defining eigen-frequencies. Results
obtained showed that the eigen-frequency of the cantilever energy harvester with the proof
mass of duralumin was equal to 29.88 Hz. The peak voltage of 44.99 V took place at 1 Pa
pressure of wind. The one artificial grass harvested energy of about 0.0123 W and total
output power was equal to 12.95 W.
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Figure 25. Energy harvesters from artificial grass (from Haldkar et al. [235], reproduced by permission
of Springer Nature © 2022).

5.4. Stack-Type PEG: Experiment

There are two main types of axial transducers: monolithic and stack. Monolithic
transducer is a solid piece of piezoceramic material of a certain shape with electrodes
applied to it. A stack-type transducer consists of several monolithic transducers, connected
structurally into a single whole, as well as connected in parallel to a single electrical circuit
(see Figure 26). PEG, using longitudinal modes of oscillations in the direction parallel to
the polarization vector, is commonly called axial.
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Figure 26. Stack-type converter.

In [246], a transducer is proposed, made of two annular piezoelectric stacks, one pair
of arc-shaped elastic plates, and one shaft that pre-compresses the previous parts. The
maximum output power reached for this configuration was equal to 14.6 mW.
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In [247], the harmonic and stochastic excitation of PEG stack configuration was studied
theoretically and experimentally. The analytical and numerical solutions agree fairly well
with experimental measurements for a multilayer piezoceramic transducer based on PZT-
5H ceramic for various values of electric load resistance and levels of mechanical excitation
of PEG. The maximum specific output power was 25 utW /cm?3.

Different experimental approaches have been developed to evaluate the output param-
eters of a stack-type transducer [81,211]. The set-up ensured a low-frequency mechanical
loading of PEG under harmonic vibration excitation by using program and manual control
of the amplitude and frequency components of the impact, operating along the PEG axis,
with registration of input and output characteristics of the mechanical loading.

Figure 27 presents the set-up for definition of the characteristics of stack-type PEG [194].
Work of the loading module is caused by the kinematic scheme, shown in Figure 27b.
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(a) (b)

Figure 27. (a) Laboratory set-up for definition of stack-type PEG characteristics: 1—screw, intended

for disposition of PEG on thickness and for initial its preload, 2—immobile cross-arm, 3—test
PEG sample, 4—strain-gauge dynamometer, 5—force columns, 6—directing cylinder with mobile
cross-arm, 7—frequency transducer (giving frequency of the engine rotation from 10 to 1400 rpm),
8—tension amplifier, 9—transducer ADT/DAT, 10—support-bracket, 11—base, 12—eccentric disc
with connecting-rod 13, 14—reduction gear, and 15—engine; (b) kinematic scheme of the loading
module: 1—engine, reduction gear and eccentric disc, 2—crank mechanism, 3—preloaded screw,
4—cross-arm, 5—PEG, and 6—strain-gauge dynamometer (reprinted from Chebanenko [194]).

The mechanical load on the tested PEG sample is carried out by the loading module of
the set-up. The set-up ensures a pulsed mechanical cyclic action on the object under study.
Figure 28 presents a loading module of the set-up for determination of characteristics of
the stack-type PEG [194].

The reliability of the results of measuring the PEG output voltage and the associated
compression force was evaluated [81]. The mode of non-distortional translation of the
piezoelectric pulse to the input resistor R; for the PEG sensitive element with an equivalent
circuit that includes in parallel the electrical capacitance C, of the sensitive element and the
active resistance Ry was determined by the criterion: R;Cy > T;, where T; is the duration of
the compression force pulse.
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Figure 28. (a) Loading module of the laboratory set-up for definition of characteristics of stack-type
PEG: 1—frequency transducer, giving frequency of the engine rotation from 10 to 1400 rpm; 2—
engine with reduction gear and eccentric disc, and connecting-rod; 3—lever multiplier of changing
compression force with transformation factor equal to 50; 4—test PEG sample; 5—strain-gauge
dynamometer; and 6—support-bracket of holder; (b) kinematic scheme of loading module: 1—
engine, reduction gear and eccentric disc, 2—lever, 3—transforming mechanism, 4—strain-gauge
dynamometer, 5—PEG, and 6—loaded screw (reprinted from Chebanenko [194]).

Figure 29 shows transition from the regime of distorted translation of piezoelectric
signal to the regime of non-distorted translation. This figure demonstrates that at the
given electric load resistance, very great part of the mechanical energy, applied to the
sensitive element of the PEG, converts into electric energy with minimal loss, satisfying
above condition.

m—— 374 k) w2 572 MQ) s 22.77 MQ s Force
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Figure 29. Shapes of piezoelectric output voltage (1-3) and pulses of compression force (4) in
dependence on electric load resistance.

The dependences of output voltage and output power on impact frequency of the PEG
were constructed using the received values of output voltage at axial pulse mechanical
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load with an amplitude ¢ = 17.2 MPa and various values of electric load resistance R; (see
Figure 30). Peak values of output power in dependence on the quasistatic loading velocity
of PEGs at various stack heights and PEG electric capacitances are present in Figure 31.
Then, based on the measurement results, dependence of output voltage in dependence
on electric load resistance and loading frequency (see Figure 32) was obtained. Moreover,
output power for the PEG was also calculated, normalized by amplitude of mechanical
load in dependence on electric load resistance and loading frequency (see Figure 33).
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Figure 30. Output voltage (continuous curve) and output power (dotted curve) in dependence on
impact frequency at various values of load resistance for the ring-type PEG with a thickness of 38 mm
at a pulse mechanical load of 17.2 MPa.
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Figure 31. Peak output power vs. PEG quasi-static loading velocity at various stack heights and
electrical capacitance.
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Figure 32. Output voltage in dependence on electric load resistance under harmonic excitation to
frequency of 4 Hz at mechanical loading with value of 8.8 MPa.
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Figure 33. Normalized output power in dependence on electric load resistance under harmonic
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5.5. Stack-Type PEG: Modeling

There are rare studies of high-power harvesters based on piezoelectric stacks. In [79],
a dynamic analytical model was developed; its solution for piezoelectric composite stack
under external harmonic mechanical impact was determined by using the linear theory
of piezoelectricity. The model correctly described the stack behavior in a broad frequency
range but is cumbersome and inconvenient for analysis.

Comprehensive modeling and optimization of the stack-type PEG were performed on
the basis of constitutive equations in the strain-charge form [77]. All piezoelectric layers
were joined in parallel (see Figure 34) and loaded with electrical resistance. The problem
was formulated as axisymmetric. At each time step, the electric current through the load
was calculated by integrating the current density over each piezoelectric layer. Electric
voltage, generated by PZT stack, was found using Ohm’s law.

() (b) (o)

v q(t) 4= 2
O I
v It
— X 1x10-3
i i
[ ]z 2
— BEEpS== | | R M. e 2, e | BT
Y
L
1
—— l v
= 0o 2 4 6 8 10

Figure 34. FE model of stack-type PEG under homogeneously distributed mechanical load: (a) com-
mon scheme, (b) an example of modeled stack geometry, and (c) FE partition of axisymmetric model
(from Shevtsov et al. [77], reproduced by permission of Springer Nature © 2022).

In numerical simulations, the PZT stack was slowly prestressed by a compressive
force and excited by homogeneously distributed forces at various frequencies. This FE
simulation was carried out with different number of layers N, load resistance R, and
excitation frequency f, which were then used to reconstruct the operating parameters of the
PEG stack and to define their dependences on R and f. These dependences (see Figure 35)
are necessary to correct the lumped model of the piezoelectric stack.

With a random nature of mechanical excitation, a stacked PEG cannot be a stable
source of electrical energy, so the generated electricity cannot be used efficiently. Under
these operating conditions, the use of an electric battery as an absorber of the generated
electricity is a very promising technical solution. However, the difficulty of using a battery
lies in the fact that its resistance changes during charging and discharging. Therefore, the
piezoelectric power source must operate efficiently under various electrical load conditions.
An additional complexity in the analysis of such a load is due to charge/discharge phe-
nomena accompanied by hysteresis phenomena. In lithium-ion batteries, such phenomena
are minimal. For modeling lithium-ion battery dynamics, the discharge model developed
for the Li-ion batteries was used [77].
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Figure 35. Dependencies of the output voltage (a), current (b), and generated output power (c) on
the excitation frequency f and electric load resistance R (from Shevtsov et al. [77] reproduced by
permission of Springer Nature © 2022).

Optimization results were obtained for the charging current and the speed of charging
the battery in the dependence on the number of PZT layers for the randomly excited
piezoelectric stack-type PEGs. The ability of all studied PZT stacks to charge the battery
for 10-16 h was demonstrated. Such duration corresponds to the intensive motion of
cars, when this motion can generate mechanical excitation of the highway substrate, and
consequently acts on the PZT stack harvesters.

5.6. Comparative Optimization of Cantilever-Type and Stack-Type PEGs

There are three various approaches to the PEG optimization problem. While the
former is based on matching the impedance of the converter and the impedance of the
electrical load [77,248,249], the latter, which includes automatic switching, aims to eliminate
capacitor discharge and energy recovery phenomena [68,250,251]. In contrast to these
two approaches, the third one designs the generator space filled with a set of geometric
parameters [214]. Since the operating conditions of the piezoelectric power stack are very
different from the conditions for low power harvesters (low frequency range, random
excitation with high load), the latter approach is more useful to optimize the performance
of the piezoelectric stack.

Pareto-based numerical optimization of cantilever-type and stack-type PEGs was
considered in [214] for given excitation force parameters in order to obtain a set of generator
design variables that achieve the best possible output parameters.

Cantilever PEG optimization consisted of tuning the first resonant frequency of the
generator design to a given operating frequency so that maximum output power was
attained. For this purpose, the parameters of the proof mass (the position of the proof mass,
its linear dimensions and weight) were used in the analysis.

The task of optimizing the stack-type PEG for a given load shape consisted of in
determining the parameters (cross-sectional size, stack height, height of one layer, and
number of layers) of the generator, at which the output voltage and power should be
maximum. Both optimization problems were solved using a combination of two software
packages: COMSOL Multiphysics and MATLAB.
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In [214], the process of obtaining Pareto sets was based on an iterative call to the
finite element solver. For both PEG types, finite element models, based on the linear
theory of electroelasticity, were constructed. The mechanical and electrical properties of the
piezoelectric layers of the stack corresponded to the piezomaterial PZT-5H.

A multi-objective Pareto-based optimization method made it possible to construct two-
dimensional cross-sections of the four-dimensional optimization space for the cantilever-
type PEG and to determine the areas corresponding to the minimum of the objective
function, that is, the maximum output power. Using the obtained ranges for the mass
parameters (starting point, length, and thickness) and the values of the expected electrical
resistance of the external circuit, it is possible to develop a cantilever PEG with a proof
mass, working in a fixed frequency and having the highest possible output power.

Similar two-dimensional cross-sections of four-dimensional optimization space were
built also for stack-type PEG. The areas corresponding to the minimum of the objective
function, that is, the maximum output power, were determined too.

Thus, the design of both types of PEGs was optimized. For a cantilever-type generator,
the solution of the problem was aimed at optimizing the design in order to obtain the
maximum output power for a given mechanical excitation. The task of optimizing the
stack type for a given form of mechanical load was to find the geometric parameters of
the generator, at which the output voltage and power should be maximum. As a result
of solving both problems, sets of geometric design parameters of piezoelectric generators
were obtained, on the basis of which effective converters for specific operating conditions
can be developed.

6. Concluding Remarks

Piezoelectric energy harvesting has become an extremely vast area of study since the
early 21st century. Obviously, it is very difficult to summarize all the achievements in this
area of scientific and technical research. Nevertheless, this overview presents designs that
have arisen in the field of piezoelectric energy harvesting over the last decade.

We hope this paper has successfully reflected the recent growth in piezoelectric energy
harvesting and provided adequate research coverage for the many research groups working
in this promising area of research. We hope this paper will be a useful resource for numerous
researchers and engineers working in piezoelectric energy harvesting.

The continuous research and development of new piezoelectric materials with im-
proved electromechanical, thermal, and biocompatible properties has caused manufacture
of different new piezoceramic materials, piezoelectric composites, and films, including
flexoelectric materials, functional gradient materials, porous ceramics, and lead-free and
high-temperature piezoelectrics. The use of these materials has significantly improved the
frequency and energy characteristics of piezoelectric devices developed on their base. These
advanced materials and transducers are widely applied for the development of devices
that use the energy harvesting from infrastructure objects and vehicles, wind and liquid
flows, and the movement of human body and animals. Multifunctional energy harvesting
technologies have been introduced by using rotary harvesters and cantilever-type and
stack-type piezoelectric generators. Piezoelectric energy harvesting finds its significant
application in medicine.

Many of the listed topics remain at the research stage, and a large significant amount
of ongoing research is underway aimed at developing promising piezoelectric materials,
energy harvesting devices, experimental and theoretical methods, and computer modeling
of materials and process developed for energy harvesting. Finally, there was a significant
shift in the development of computer software for multiprocessor technology, which made
it possible to raise the computer modeling of new complex devices, structures, and systems
for energy harvesting to a new level.
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