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Abstract

The concept of piezoelectric energy production is based on energy harvesting devices
using as generation materials single crystals, ceramics, polymers and composites. These
production systems can harvest wasted environmental energy and convert it essentially
into electrical energy. There are different nano- and micro-scale power harvesters which
are increasingly useful for powering mobile electronics and low power devices, even in
hardly accessible areas. Despite many efforts in the development of new materials, the
most widely used materials in device applications remain the ceramics of the PZT family,
since they still present the higher output performances in the range of mW of generated

power.
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1. Introduction

This chapter provides an introduction to energy harvesting based on piezoelectric
materials. Piezoelectric materials are widely used as smart materials due to their wide
bandwidth, fast electromechanical response, relatively low-power requirements and high
generated forces. These materials can operate either as a motor or as a generator
depending on the application. Thus, piezoelectric materials have been investigated in
order to improve their maximum displacements with a minimal input voltage, for motor
applications, and to produce the maximum output voltage with a minimal applied stress
or strain, for generator applications. The later will be the main focus of the present
chapter.

Piezoelectric generators work as a transducer that collets useful energy from wasted
sources, such as mechanical vibrations, that can be used to power micro devices.
Piezoelectric materials integrated in microelectromechanical systems are commonly used
actually in the automotive industry, smart phones and several low power applications.
Further, with the rapid development of low power portable electronics and wearable
sensors, energy harvesting is highlighted as a potential alternative to conventional
batteries. Similarly, another emergent area for piezoelectric energy harvesting
applications is the development of self-powered sensors in remote or difficult to reach

locations, in order to avoid the used of batteries with a limited service-life.

2. Energy Harvesting

In the last years the term energy harvesting appears to describe a device or system that
capture or harvest wasted or unused environmental energy and converts it essentially, but
not exclusively, into electrical energy. It is a promising technology to provide solutions
for the area of energy and its environmental impact, decreasing the energy waste. There
are different nano- and micro-scale power harvesters such as thermoelectric, thermo-
photovoltaic, piezoelectric and microbial fuel cell, among others, which are increasingly
useful for powering mobile electronics, even in remote areas, without the need for large
power storage elements. Their positive prospects and benefits are summarized, for several

technologies, in Figure 1.
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Figure 1: Positive prospects and benefits of four micro-power technologies [1].

Energy harvesting from mechanical into electrical energy include piezoelectric,
electromagnetic, electrostatic and magnetostrictive or magnetoelectric conversion
methods as well the use of electroactive polymers, such as dielectric elastomers and ionic
polymer-metal composites [2, 3]. Wasted power exists in a large number of activities
including industrial machines, human activity, vehicles, structures and environmental
sources and one of the goals of energy harvesting is to enable self-powered micro devices
by collecting environmental energy for electronic applications ranging from structural
health monitoring to medical implants [2]. Among the interesting and promising sources
for recovering energy from are periodic vibrations generated by rotation machinery or
engines at industrial scale or environmental sources such as wind or ocean waves [2, 4].
There are different large-scale renewable technologies used to generate energy that can
be considered forms of energy harvesting, such as solar panels, wind turbines or ocean
waves, which are the most common ways to convert energy nowadays [5]. In the last
decade, dielectric elastomers generators have been developed to obtain energy from
renewable sources, such as ocean waves, with increased efficiency for electromechanical
conversion [4].

The present chapter will be devoted, to energy harvesting systems based on piezoelectric
materials as well as on their applications. Up to now, the piezoelectric effect has been
extensively used in different applications, such as transducers, sensors, actuators, surface
acoustic wave devices and frequency control, among others [2, 3] and, in the scope of

energy harvesting, it is increasingly explored for low power electronic systems, in the
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field of the variety of systems developed for this purpose, as illustrated in Figure 2.
Piezoelectric materials generally possess crystalline structures with dipolar moments that
vary/reorient under the application of mechanical solicitations, leading to a voltage

variation that can be harvested by storing it in rechargeable batteries or capacitors.
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Figure 2: Various energies sources that can be converted into electrical energy for powering electric
systems [6].

Piezoelectric energy harvesting remains the most widely investigated harvesting method
due to its ease of application, high voltage output without requiring post-processing for
voltage multiplication or bias input, high-power density and relative mature processing
of the materials, which can be used to fabricate devices at different geometric scales [2].
Energy harvesting has been also extensively studied in ionic polymer metal composites,
magnetostrictive materials and shape memory alloys, among others, but based on the
current state of the technology, piezoelectric materials are preferred due their efficiency
and reliability [7].

In this scope, piezoelectric energy harvesting from vibrational movement is one of the
most popular technologies to supply energy for wireless sensor networks [8]. In a simple
system, the harvester beam is located on a vibrating host structure, and the dynamic strain
induced in the piezoelectric layer generates an alternating voltage output across the

electrodes covering the piezoelectric layer, as shown in Figure 3.
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Figure 3: (a) Illustration of a piezoelectric energy harvester with a linear system of mass-cantilever
structure; (b) frequency response of a typical linear energy harvester with a resonant frequency of f, and
bandwidth of Af [9].

In this way and taking into account the growing field of low-power electronic technology,
energy harvesting is a very attractive method for a wide range of self-powered micro-
devices, in particular in the area of sensors located in remote areas and difficult to access
locations. Thus, when compared with conventional batteries, an autonomous power
system with an embedded energy-harvesting device would be of great significance in
terms of environmental friendliness and low-cost maintenance, in particular in difficult-
to-access environments. These low-power generators can be defined as harvesters of the
available mechanical vibration from the surroundings and converting it into electrical
energy and, in this scope, Table 1 shows several micro-energy harvesting sources and
Table 2 shows typical acceleration and peak frequencies of potentially useful vibration

sources for energy harvesting [10, 11].

Table 1: Energy sources available in the surrounding for harvesting electricity [11].

Main sources Type of source

Solar, light, wind, tide, temperature and pressure gradients, acoustic wave,
sound, thundering, radioactive materials, water flows
Blood pressure, body temperature, walking, running, arm, leg, and finger

Environment

Human body motion, breathing
Vehicles Automobiles, aircraft, trains, turbines, tires, ships
Structures Building, bridges, roads, MEMS, control switch
Industrial Motors, generators, compressors, fans, pumps, switch-gates




Table 2: Acceleration and peak frequency of different vibration sources [11].

Vibration based energy sources | Acceleration (m/s?) | Peak frequency (Hz)
Human walking 0.4 2
Passenger automobile engine 12 200 200
Base of 3-axis machine tool 10 70
After closing the door 3 125
Blender machine 6.4 121
Washing and drying machine 3.5 121
Instrumental panel of car 3 13
HVAC vents in buildings 0.2-15 60
Microwave oven 25 121
Windows beside busy street 0.7 100
Footbridge - 0.9-1

It is to notice that power transferred to a load is limited by the availability of the raw
energy and the efficiency of the transducer and the conversion circuit, and that all these
issues must be taken into account for the development of a proper energy harvesting
system.

Due their excellent overall properties of the piezoelectric materials of single crystals,
ceramics and polymer, is one of the most widely used materials due their wide band width,
fast electromechanical coupling and response, relatively low power requirements and
high generative forces [12]. The piezoelectric devices in the market increasesd in the last
two decades, in several areas applications.

Most of the required specifications for device applications moves towards nano- and
micropower energy harvesting. In the last two decades (in 1996 T. Starner theorized a
computer powered by the energy of the body) several investigations allowed to stongly
improve materials performance for developing energy harvesters, with specific reference
to on-body applications [13]. These type of applications are particularly interesting for
the next generation of wearable electronic systems, avoiding the need to charge them. On
the other way, electronics miniaturization structures and devices have led to a continuous
reduction in power consumption, leading to the possibility to replace batteries by energy
harvesting systems in a variety of low power consumption applications.

Figure 4 shows the power consumption values of commercial off-the-shelf components,
the values ranging between 100 nW to 10 mW, which is the typical range of the power

that can be harvested from the surface of the human body [13].
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Figure 4: Average power consumed by generic integrated circuit components and sensors, as well as by
implantable devices. The consumed power typically ranges from 100 nW to 10 mW. The colors codify the
power consumption ranges: green, 100 nW-1 uW; violet, 1-10 uW; blue, 10-100 uW; red, 100 pW—-1 mW;
yellow, 1-10 mW [13].

3. Background and Fundamentals
This chapter presents the main theoretical ideas related to the piezoelectric effect and

related concepts in different piezoelectric structures and devices.

3.1 Structural considerations
Crystalline structure can be classified into 32 crystallographic point groups. Of all 32
crystallographic point groups, 11 classes have inversion symmetry and the remaining 21
classes have no inversion symmetry, a necessary requirement for the existence of
piezoelectricity. One of these 21 classes with no inversion symmetry, possesses other
combined symmetry elements, thus rendering no piezoelectricity. In this way, there are
20 crystallographic point groups with would exhibit piezoelectric effect. From these 20
classes, in half of them the polarization can be induced by a mechanical stimulus, while
the remaining 10 classes possess spontaneous polarization and thus can show
piezoelectric as well pyroelectric effects. There is a subgroup within these 10 classes that
possesses spontaneous and reversible polarization under an electric field: ferroelectric
effect. This subgroup can thus exhibit all three effects, ferro-, piezo-, and pyroelectric.
Thus, the classification of the crystals show that all ferroelectric crystals possess piezo-
and pyroelectric properties. All pyroelectric crystals also show piezoelectric properties,

but not all are ferroelectric. Piezoelectric crystals can show both or just one of them.



Piezoelectricity can be described as the capability of certain materials to develop an
electrical voltage under the application of a certain mechanical stress, and will be
described later in more detail. Pyroelectricity represents the property of some crystals to
develop an electrical potential when heated. As the crystal temperature changes, it will
cause changes in the spontaneous polarization and an electrical potential is established
[14]. The energy conversion efficiency of the pyroelectric device is related to the
electrical energy outputs over thermal energy input. Pyroelectricity was firstly described
in the 18™ century but the first reference is in 314 BC in tourmaline [14]. The theory of
the pyroelectric effect was formulated at the beginning of the 18" century by Louis
Lemery [14].

Ferroelectric materials (a subgroup of pyroelectric crystals) present a spontaneous
polarization that can be reversed under application of an external electric field, lower than
the dielectric breakdown of the material. Ferroelectricity was discovered in 1921 in
Rochelle salt. Following these discover the phenomenon was observed in several families
materials including hydrogen bonded crystals, oxides, polymers and liquid crystals [15].
There are four categories groups of the ferroelectric materials, being the perovskite
structure (ABOz3) the most important one, followed by the bismuth layer structure, the
tungsten bronze and the pyroclore group [16]. Most ferroelectric materials show a phase
transition at the so called Curie temperature: below the Curie temperature the material is
ferroelectric and at that temperature the material undergoes a structural phase transition
to a paraelectric phase. It is commonly understood that the ferroelectric structure of a
crystal material is developed by a small distortion of the paraelectric structure such that
the lattice symmetry in the ferroelectric phase is always lower than that in the paraelectric
phase [17].

3.2 Piezoelectric effect
The word piezoelectricity derives from Greek piezein that means “to press”.
Piezoelectricity can be described as the capability of certain materials to develop an
electrical voltage under the application of a certain mechanical stress. Crystalline
materials composed by polar structures without a center of symmetry will show
piezoelectric properties. The piezoelectric effect is historically divided into direct and the
inverse piezoelectric effect and describes the ability of a material to transform mechanical
energy into electrical energy or the inverse mechanism, transform electrical signals into

mechanical variations (as exemplified in Figure 5). For the direct piezoelectric effect,
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when the piezoelectric material is subjected to external strain, the electric dipoles in the
crystal are oriented such that the crystal develops positive and negative charges on
opposite surfaces, resulting in an electric field within the material. When an electric field
is applied to the piezoelectric material (inverse piezoelectric effect), asymmetric
displacements of anions and cations will take place that cause considerable net
deformation of the crystal, the resulting strain being directly proportional to the applied
electric field unlike electrostrictive materials in which the strain is proportional to the
square of the electric field. Depending on the polarity of the applied field, the strain of
the piezoelectric material is extensive or compressive.

The direct effect was discovered by the brothers Pierre and Jacques Curie in 1880 [18],
while the inverse effect was deduced mathematically from the fundamental principles of
thermodynamics by Lippmann in 1881 and then confirmed experimentally by the Curie

brothers in the same year [19].
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Figure 5: Schematic representation of the direct and inverse piezoelectric effects.

The direct and inverse piezoelectric effects are described by the following constitutive

equations [19]:
D; = diTi + €l Ex (1)

Sij = St Tia + diijEx (2)



In equations (4) and (5) subscripts i, j, k and | take values of 1, 2, and 3. The strain and
stress tensors are S and T, respectively and D and E are the electric displacement and
electric field vectors, respectively. Further, s is the elastic compliance matrix evaluated
at a constant electric field, d are the piezoelectric strain coefficients and & the permittivity
values evaluated at constant stress. In both equations d represents the charge variation
induced by a given force in the absence of an electric field (short circuit electrical
condition), or the deflection caused by an applied voltage in the absence of an applied

force (stress-free mechanical condition) [20] and illustrated in Figure 6.

Figure 6: Schematic representation of the meaning of the parameters involved in the piezoelectric coupling

equations 1 and 2 [21].

The direct piezoelectric effect is mainly responsible for the application of the material as
a sensor and the inverse piezoelectric effect is accountable for its ability for act as an
actuator [15, 22].

There are a wide range of commercial applications taking advantage of the
piezoelectricity of the materials. The main application areas are communications and
control, industry, health and consumer electronics among others applications. Some
particular examples are radio, television or radars, transducers, sensors or actuators,
sonars, pumps or motors. More recently, these materials are implemented in
microelectromechanical (MEMS) devices and microoptomechanical (MOMS) devices,

smarts structures or biomimetic devices.
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3.3 Piezoelectric coefficients and modes
The piezoelectric coefficients d are represented by unit of meters per volt or coulombs
per newton. The most standard and used piezoelectric coefficients are ds3; and dss,
respectively known as transverse and longitudinal coefficient. The transverse coefficient
describes the electric polarization generated in a direction perpendicular to the applied
stress in material. The longitudinal coefficient describes the electric polarization

generated in the same direction of the applied stress [23].

3.4 The electromechanical coupling coefficient
The electromechanical coupling coefficient, k, represents the conversion efficiency
between electrical and mechanical energy (and vice versa), being closely related to the

bandwidth of resonant devices and it is expressed as [23].

kij === 3)

The coupling factor is related to the different vibration modes and can be experimentally
measured directly from the resonance and anti-resonance frequencies observed in the

piezoelectric elements.

3.5 Mechanical quality factor
The mechanical quality factor, Q, is related to the power loss over the energy stored in
the system. For a piezoelectric resonator, the mechanical quality factor characterizes the

resonator’s bandwidth:

Q=" @
where f,. is the resonant frequency and Af the frequency difference at -3 dB of the

maximum admittance [15]. The single crystal efficiency of the mechanical quality factor

decreases significantly with the existence of domain wall motion/polarization rotation.
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Other factors which affect the mechanical quality factor are the polarization rotation

angle, domain size and state (single domain or multidomains).

4. Materials used in piezoelectric transducer for Energy Harvesting
Piezoelectric materials can be natural or synthetic, the most common natural piezoelectric
material being quartz (SiOz). Synthetic piezoelectric materials are more efficient when
compared to natural, and the most used ones are ceramic materials.

Natural piezoelectric materials can be divided into two main groups: the mineral group,
including quartz, Rochelle salt, topaz and tourmaline, among others, and organics groups,
represented by silk, wood, enamel, dentin, bone, hair and rubber, among others [18].
These piezoelectric materials when subjected to mechanical loads and/or vibration
(usually in the 31 or 33 mode, exemplified in Figure 7) produce a variation of the surface
electrical charge. The voltage and charge produced depend on the overall piezoelectric
properties of the material, the mechanical loading and the structure of the device

application.

31 Mode

Figure 7: Illustration of two operational modes of a piezoelectric material: 33-mode (up) and 31-mode
(down) [24].

Piezoelectric materials can be more precisely divided into four different categories based
on their structural characteristics: single crystals, ceramics, polymers and their
composites, being the later a combination of piezoelectric ceramics or single crystals

embedded into a piezoelectric or non-piezoelectric matrix.
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Most piezoelectric single crystals and ceramics used for up to date for energy harvesting
applications are also ferroelectrics. The ferroelectric single crystals, ceramics, and
composites show much larger piezoelectric response that polymers, the latter showing,
however, the ability to sustain much higher strains due to their intrinsic flexibility.
Nowadays, an increasing number of studies are being devoted to perovskite
nanostructures including nanowires, nanorods, nanotubes, nanobelts, nanowhiskers and
nanoplates, which are expected to open up new applications in nanoelectronics and self-
powered nanodevices [25]. Develop suitable and scalable processing approaches to
develop the piezoelectric materials with novel structures and tailored properties is one of
the main scientific and technological challenges of the near future.

The selection of a certain piezoelectric material for a specific energy harvesting
applications is determined not only by the piezoelectric properties, but also by the specific
design requirements of the energy harvesting unit, such as the application frequency, the
available volume, and the form in which mechanical energy is fed into the system, among
others.

Strictly from the materials perspective, the important properties of piezoelectric materials
for energy harvesting applications include the piezoelectric strain constant d (induced
polarization per unit stress applied, or induced strain per unit electric field applied),
piezoelectric voltage constant g (induced electric field per unit stress applied),
electromechanical coupling factor k (an indication of the mechanical to electrical energy
conversion efficiency), mechanical quality factor Q (degree of damping; lower value
indicates higher damping), and dielectric permittivity ¢ (the ability of the material to store
charge).

4.1. Single Crystals

Piezoelectric nanogenerators have attracted extensive attention as they can harvest
ubiquitous mechanical energies from ambient environment continuously, for self-
powered nanosystems that enable continuous operations of implantable biodevices,
micro-electrochemical systems, wireless sensors and portable/wearable electronics,
without the trouble of charging and replacing micro-power sources.

Piezoelectric single crystal (also known as piezocrystals) were the first discovered
piezoelectric materials but they were largely overcome by piezoelectric ceramics in
practical applications. The most interesting piezoelectric crystals with technical relevance
are shown in Table 3, together with some of their relevant properties.
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Quartz and lithium niobate are the most traditional single crystals; however, they exhibit
inferior piezoelectric performance compared to lead zirconate titanate (PZT) ceramics.
Quartz is silicon dioxide (SiO2) crystalized in hard, glass-like, six-sided prisms. It is
intrinsic properties change with temperature, losing the piezoelectric properties above
573 °C (Curie temperature). The crystal structure showing piezoelectric response is called
a-quartz and the f-quartz do not present piezoelectric properties. Lithium niobate
(LiNbO3) has the ABO3 chemical formula (as the most commercial piezoceramics barium
titanate (BaTiOs) or PZT). It was discovered in 1949 and presents very low losses and
very high longitudinal propagation speed, being particularly appropriate for high-
frequency applications [26]. Furthermore, it presents very high Curie temperature, Tc¢
~1200 °C, ideal for high temperature applications [26]. LiINbOs single crystals produced
commercially are typically grown using the Czochralski technique [27].

Rochelle salt (NaKCsH406-4H20) is sodium potassium tartrate tetrahydrate with four
molecules of water can show a large piezoelectric effect under specific conditions of
temperature and humidity [24]. Values of humidity lower than 35% and higher than 85%
at room temperature leads Rochelle salt to evaporate and absorb the moisture,
respectively, and begins to dissolve [24]. The range of optimum operating temperature is
between -18 °C and 24 °C [24]. It is an important crystal in the discovery of the
piezoelectric phenomenon but does not present suitable properties for being used in
commercial applications due to their intrinsic properties.

Lead magnesium niobate (Pb(MgwsNb23)O3) or PMN exhibits high dielectric constant,
broad dielectric maxima at T, with low sintering temperature. Synthesis of this family of
compounds has, however, been found to be rather hard because of the pyrochlore phase
formation mainly from the loss of PbO during sintering [28]. The stable pyrochlore phase
in PMN is also known to reduce the dielectric constant of the material. Alternative
preparation method can improve the piezoelectric properties of the PMN [28], leading to
dielectric constant as high as e~ 28 000.

Lead zinc niobate (Pb(Zn13Nb23)Oz) or PZN is a typical relaxor ferroelectric material
with perovskite structure. PZN-based single crystals exhibit outstanding dielectric,
electrostrictive and optical properties, making them a good candidate for applications as
sensors and actuators. PZN near the morphotropic phase boundary (MPB) at room
temperature shows large dielectric and piezoelectric constants and higher

electromechanical coupling coefficient than the PZT family of ferroelectrics [29]. On the
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other hand, it is difficult obtain PZN with a perovskite structure by conventional
processing methods [30].

Based on the development of relaxor-PT (relaxor- lead titanate) system in ceramic
engineering, the growth of the corresponding single crystals has also been studied bearing
in mind their excellent piezoelectric properties and high Curie temperatures for
applications in harsh environments.

An interesting family of single crystal piezoelectric materials is lead magnesium niobate
doped with lead titanate, x)Pb(Mg13Nb213)O3-(1-xPbTiOs (PMN-PT) [26]. This relaxor-
PT family, classified as having tetragonal symmetry, has good dielectric and piezoelectric
properties as a result of enhanced polarizability arising from the coupling near the MPB,

shown in Figure 8.

RELAXOR
Pb (B4, B2) O3

MPB (ll)
A RELAXOR - PT

Rhomba HORfled PZT Tetr.

PbZrOs (PZ)  MPBO) PbTiO;3 (PT)
Tc=230°C Tc=490°C

Figure 8: Ternary diagram of MPB (1) in PZT and MPB (II) in relaxor—PT systems [27].

Somewhat similar to PZT in many characteristics, its particularly attractive properties are
its very high coupling coefficient, kss~ 0.9, and piezoelectric strain coefficient, dsz~ 1400
pm.V ! [26], combined with a relatively high value for the piezoelectric voltage
coefficient. As negative issues, PMN-PT has a low Curie temperature, Tc~ 130 °C [26].
Together with the relatively high mechanical losses, there is a significant limitation of it
is potential applications where elevated temperatures or high average output ultrasound
intensities are required. To overcome this problem, research is under way to extend the
binary PMN-PT material system to ternary systems and doped ternary systems. These
properties lead to some loss in piezoelectric performance but better mechanical properties

and thermal stability.
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The ternary single crystal Pb(In12Nb12)-Pb(Mg1sNbzs3)-PbTiOs (PIN-PMN-PT) shows
higher Curie temperature than PMN-PT and is grown from the melt by the Bridgman
method [27]. The other interesting properties remains similar to PMN-PT. These kind of
ternary single crystal are increasingly being used for ultrasound transducer applications.
The development of synthetic single crystal such as PZN-PT (lead zinc niobate-lead
titanate) and PMN-PT near the MPB composition leads to excellent piezoelectric
properties with electric field-induced strains exceeding 1% and electromechanical
coupling larger than 90% (compared to the values of 0.1% and 70-75%, respectively, for
the PZT ceramics) [21]. Thus, the piezoelectric properties of the PZN-PT single crystal
depends on the PZN/PT ratio in crystal composition, which must be taken into account to
properly tuning materials functional response [31].

Strong research efforts have led to the development of highly efficient processing
methods, including high-temperature solutions and/or congruent melt, for producing
PZN-PT and PMN-PT single crystals.

Aluminum nitride (AIN) is a piezocrystal with interesting properties for applications. In
particular, AIN has the same crystallographic symmetry as piezoceramic PZT and a
behavior somewhat similar to LiNbO3z [26]. However, it is distinguished by its realization
as a highly inert, crystalline thin film, leading to its use in surface acoustic wave devices.
Lithium tantalate (LiTaOs3) has the same chemical structure than LiNbOz and AIN. AIN
shows a high Curie temperature (600 °C), suitable linear characteristics are observed in
electro-optic and piezoelectric responses at room temperature.

In addition to the aforementioned materials, there are other single crystals with interesting
piezoelectric properties but due their rarity, manufacturing cost or stability are not used
in energy harvesting systems. An example is tourmaline that is a semiprecious stone, also
known as “Ceylon Magnet”. The piezoelectric applications of tourmaline involve the
measuring of hydrostatic pressures and very high frequency applications. The shortage
and expensive cost of large-size crystals makes the tourmaline inappropriate to
commercial applications. Ammonium dihydrogen phosphate (ADP) was discovered in
1930s and was used as a substitute for Rochelle salt as underwater sound transducer. ADP
is stable in the presence of water, can operate in environments up to 100 °C [32], can be
grown commercially and show better mechanical properties than Rochelle salt. Ethylene
diamine tartrate (EDT) was discovered in 1930s having the advantage of a wide gap
between their resonant and antiresonant frequencies. EDT was used to substitute quartz

as low-frequency filters in military communications. On the other hand, EDT shows
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higher temperature sensibility than quartz for high-frequencies, requiring a suitable
control of the operating temperature. Finally, dipotassium tartrate (DKT) is a synthetic
crystal with similar chemical structure than Rochelle salt (the sodium atom has been
replaced by a potassium atom) and exhibits no tendency to dehydrate below 80 °C. It has
similar properties than EDT but the DKT crystals are more difficult to grow, hindering
their incorporation into commercial applications.

The main piezoelectric properties of the most used single crystals in piezoelectric systems

are presented in Table 3.

Table 3: Main piezoelectric properties of the single crystal used in energy harvesting and related
applications.

_ PE charge | PE charge EM Dielectric T
Materials dconstant constant | coupling | constant © é) Ref.
33 (PC/N) | da (pC/N) | factor ka3 &

Quartz 2 - - 4.5 - [31]
LiNbOs 49 - 0.47 47 1140 [27, 33]

Rochelle salt - 275 0.65 <24 [17]
PMN <2800 - 0.91-0.95 | > 5400 <150 [15, 28]

PZN - - - 950 - [15]
PMN-PT 1620 -760 0.93 7000 <155 [12’4]27’
PIN-PMN-PT 2742 -1337 0.95 7244 200 [2:73’5:]34’
PMN-PZT 1530 -718 0.92-0.93 > 4850 ~ 216 [15, 35]
PZN-PT 2200 -1075 0.94 5100 - [15, 35]
AIN 51 -2 0.38 > 2000 [36-38]
LiTaOs 14.6 7.28 0.32 44-47 620 [39, 40]

Single crystals have improved piezoelectric properties (piezoelectric coefficients or
electromechanical coupling) compared to ceramics crystals. On the other hand,

piezoceramics are easier and cheaper to produce than single crystals.

4.2. Ceramics
Piezoelectric ceramics (or piezoceramics) are the most widely used piezoelectric

materials in device applications. The most important ferroelectric oxides for piezoelectric
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ceramics are restricted to perovskite-type, tungsten bronze-type, and bismuth layer-
structured compounds.

The discovery of piezoelectric ceramics with improved properties, such as barium titanate
(BaTiOz) and lead zirconate titanate (PZT) in the 1940s and 1950s, respectively,
increased their commercialization for practical applications [26]. These families of
materials exhibited very high dielectric and piezoelectric properties and can be tailored
to improve their behavior to appropriate and specific responses, also by the use of specific
dopants. These materials bring the benefit of relatively high electromechanical coupling
factor and piezoelectric constant and, therefore, display improved bandwidth and
sensitivity. To date, PZT is one of the most widely used piezoelectric materials, the vast
majority of ultrasonic transducers using polycrystalline piezoelectrics based on the
composition PZT. However, considering the toxicity of lead and its compounds and the
environmental protection rules for waste disposal of products, there is a general awareness
for the development of lead-free materials as evidenced from the legislation passed by
the European Union in this effect.

Both ceramics, BaTiOszand PZT, are based on the perovskite structure (ABOz) shown in
Figure 10. The structure is characterized by corner-sharing oxygen octahedra linked
together in a regular cubic array with smaller cations (Ti, Zr, Sn, Nb) occupying the
central octahedral B-site, and larger cations (Pb, Ba, Sr, Ca, Na) filling the interstices

between octahedra in the larger A-site (Figure 9).

Figure 9: Schematic representation of the ABOj3 perovskite structure of (a) cubic and (b) tetragonal phases
[25].

There are three classes of perovskite compounds including A'BVOs;, A'BVO; and

A"'B"'O5 where the Roman numerals represent the chemical valence of the cations (Table

4), together with some representative examples [25].
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Table 4: Examples of perovskite structures [25].

Perovskite structures System examples
A'BVO; KNbOs, NaNbOs, (K,Na)NbO;
A'BVO; PbTiOs, PbZrOs, Pb(Zr,Ti)Os, BaTiOs
AB!O, BiFeOs, BiScOs

PZT ceramic is based in lead titanate (PbTiOz or PT) that is a ferroelectric material with
a high phase transition temperature. It is widely used in most of transducer and actuator
for high temperature and frequency applications due to its stable pyro- and piezoelectric
properties [41]. The piezoelectric PZT ceramic solid-solution is a representative
piezoelectric material used in many electronic devices due its superior piezoelectric
coefficients (dsz~ 300-1000 pC/N) [3]. The crystalline symmetry of this solid-solution
system is determined by the zirconate (Zr) content. Lead titanate also a tetragonal
ferroelectric phase with a perovskite structure. Increasing Zr content in PZT, leads to a
structural changes from a tetragonal to a rhombohedral ferroelectric phase in the vicinity
of the Zr/Ti = 52/48 [25]. The MPB delimits both phases with both tetragonal and
rhombohedral phases coexisting together [42].

MPB compositions show high dielectric and piezoelectric properties as a result of
enhanced polarizability, arising from the coupling between two equivalent energy states,
that is, the tetragonal and rhombohedral phases, allowing optimum domain reorientation
during the poling process [42, 43].

Lead zirconate titanate (Pb(Zr;<Tix)O3) is a solid solution of ferroelectric PbTiO3 (Tc=
490 °C) and antiferroelectric PbZrOs (Tc= 230 °C). PZT properties depend on the ratio of
Zr/Ti, being Pb(Zros2Tio.48)O3 the one with large piezoelectric properties to be applied in
transducer applications (with structure and main properties showed in Figure 10 and
Table 5). Furthermore, it has a high Tc= 390 °C which allows piezoelectric devices to be
operated at relatively high temperatures and high electromechanical coupling coefficients
[44]. Further, PZT can be easily polarized. PZT materials can be doped with donor,
acceptor or isovalent ions, with a strong variation of their properties [43]. Donor doping
creates “soft” PZT, such as PZT-5, as the Pb vacancies allow domain motion. These
ceramics are used in high sensitivity applications as hydrophones or loudspeakers [43].
Acceptor doping leads to “hard” PZT, such as PZT-8, as the oxygen vacancies will restrict
the motion of the domain walls. High-power devices such as sonars or ultrasonic

transducer are the typical applications [43]. Isovalent doping changes ions of the same
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valence and may result in a decrease of the Curie temperature and an increase of the

dielectric constant [43].

Center

O Pb a=b=04046nm
O o ¢=0.4103nm
® 1.z cla=1.014

Figure 5: Tetragonal lattice structure of the PZT ceramic [45].

Table 5: Piezoelectric properties of the PZT ceramic [45].

Effective elastic constant (e£;) 53 GPa
EM coupling coefficient (Kss) 0.71
Piezoelectric constant (dss) 472 pm/V
Permittivity (&33) 22.7 nF/m

PZT in ternary solid solutions with another perovskite phase has been investigated
intensively with interesting results, including higher Curie temperatures or dielectric
properties. PZT-4, PZT-5A (-5H) and PZT-8, known as soft, semi-hard and hard PZT,
respectively, are examples of intense studies on the properties of these piezoceramic
materials [43].

Replacing the lead (Pb) sites with trivalent or monovalent (donor or acceptor) impurities
affects the piezoelectric properties due the generated vacancies. Among the different
investigated dopants, the donor impurity lanthanum it is found to improve the
piezoelectric and dielectric properties of PZT. Adding lanthanum in different
concentrations and at different Zr/Ti ratiosallows to produce lead lanthanum zirconate
titanate (PLZT) ceramics, which exhibits a variety of ferroic phases and cover all
compositional aspects of the piezo-, pyro- and ferroelectric, ceramic properties. Thus,

commercial PLZT shows higher piezoelectric coefficients and dielectric constant values
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than pristine PZT [46]. On the other hand, the addition of lanthanum decreases the
stability of the ferroelectric phases in favor of the paraelectric and antiferroelectric phases,
also decreasing the Curie temperature with increasing lanthanum in PLZT. At a critical
concentration of lanthanum in PZT, the temperature of the stable ferroelectric polarization
is reduced to slightly below room temperature [16]. In this way, the result is a material
that is non-ferroelectric and cubic in its virgin state. Further, the phase diagram also shows
a region of diffuse, metastable relaxed phases that can be electrically induced to a
ferroelectric phase along the ferro- to paraelectric phase boundary [16].

As previously indicated, Pb is toxic and lead-free piezoelectric perovskites are being
intensively investigated to developing lead-free piezoelectrics in response to the request
for environmental protections. Lead-free alternatives are studied for applications in
memory devices and microelectromechanical systems (MEMS) [25, 42, 47, 48]. These
materials have recently been attracted much attention due to their excellent ferro- and
piezoelectric properties together with their environmental friendliness [49]. There
materials include langasite and ferroelectric ceramics with a perovskite structure,
tungsten bronze structures, and bismuth layer-structured ferroelectrics (BLSF) [31, 47].
Recently, various perovskite-structured ferroelectrics based on BaTiOs structure, such as
(Biw2Nay2)TiOz , (Biw2K12)TiO3, KNbOs, or (K,Na)NbOs3 [31], and their solid solutions
have been actively studied as candidates for new lead-free piezoelectric ceramics.

At the moment no lead-free materials displays better piezoelectric properties than those
of PZT-based systems. To replace PZT-based systems, it is necessary that the required
piezoelectric properties can be tuned for the specific application [47], the main issues
including to improve their low Curie temperatures or depolarization temperatures, Tq,
difficulties in poling treatments, and/or low relative densities.

Barium titanate (BaTiO3) is a representative perovskite compound with an even extensive
history than PZT with ferro- and piezoelectric properties and a large diversity of
commercial applications for devices. The applications of BaTiOs include ceramic
capacitors, embedded capacitance in printed circuit boards, underwater transducers
(sonars), thermistors with positive temperature coefficient of resistivity and
electroluminescent panels [16], among others. Their grain size plays a major role in
ferroelectric properties. This ceramic has a relatively high electromechanical coupling
factor, ks~ 0.50, and piezoelectric strain constant, dzz~ 190 pC/N, and has been used for
piezoelectric applications such as sonars and dielectric material for multilayered ceramic

capacitors due to its low Curie temperature and low coercive field. However, the working
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temperature range of the BaTiOs is narrow for actual piezoelectric applications due to its
low Tc= 130 °C and the vector of spontaneous polarization changes its orientation with
decreasing the temperature [31]. The dielectric and piezoelectric properties of the material
are affected by its stoichiometry and microstructure, as well as by the dopants in the solid
solution. Ceramic BaTiOs with dopants such as Pb or Ca ions has been used to stabilize
the tetragonal phase over a wider temperature range and has been used as a commercial
piezoelectric material [26]. BaTiOz has attracted continuous interest because of its
simpler composition when compared to PZT and there are many scientific studies using
BaTiO3 as a model material to investigate the nanoscale effects.

BaTiOs-based doped ceramic materials with sodium or potassium can be improve the
piezoelectric properties, but their inherently low Curie temperature and several
polymorphic phase transitions limits its overall usefulness. In this way, new ceramic
composites were investigated to improve the overall properties of lead-free ceramics.
Bismuth sodium titanate ((Bii2Nay2)TiOs) or BNT is the most important compound
among the bismuth containing ferroelectric perovskites. Their perovskite-structured is
ferroelectric with Curie temperature between 340 < T < 540 and exhibits a large remnant
polarization, strong ferroelectric properties and relatively high piezoelectric response
compared with other lead-free piezoelectric ceramics [50]. Thus, the piezoelectric
constant is dss~ 57 to 64 pC/N for pure BNT. On the other hand, BNT ceramics need high
temperatures for being processed and it is difficult to pole due to their high electrical
conductivity. Other BNT-based structures with a morphotropic phase boundary are
reported in order to improve the piezoelectric properties (as ds3 or ksz) and increase the
Curie temperature [31, 48]. Doping BNT ceramics with some inorganic materials
improves the overall properties and processing when compared with pure BNT ceramics
[48]. The piezoelectric charge constant can be larger than dss> 100 and the Curie
temperature is near 350 °C when BNT is doped with niobium sodium oxide (NaNbO3)
[48]. There are other materials that have been used as dopants [42, 48], but do not
significantly change the properties of these ceramic systems in view of commercial
applications.

Replacing sodium by potassium leads to bismuth potassium titanate ((Bi12K12)TiO3),
BKT, a lead-free ferroelectric with a perovskite structure of tetragonal symmetry at room
temperature with relatively high Curie temperature, Tc= 380 °C [31, 51]. Due to its
promising properties, there are extensive research efforts in BKT-based solid solutions

[31, 42]. The combination ceramic systems such as BKT, BaTiOz and BNT has already
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been investigated, leading to overall properties similar to the individual properties of each
compound.

The dielectric and piezoelectric properties of (1-x)BT-xBKT solid solution leads to large
piezoelectric constants, ds;= 350 pC/N and dss= 450 pC/N, and a relatively high Tc= 380
°C were reported [31]. Others compounds based on BaTiOz with specific properties are
detailed in [48]. Thus, there are investigations in BaTiO3z ceramic doped with sodium,
potassium and lithium to develop new ceramic systems, Bi(Na,K,Li)TiOs, but generally,
the overall properties are comparable to barium titanate [48]

Zinc oxide (ZnO) is another important lead-free piezoelectric. ZnO is highly tensile and
may undergo large mechanical deformations, receiving increased attention for MEMS
device applications. Due to the unique combinations of electrical, optical and
piezoelectric properties, ZnO, has a large potential for energy harvesting applications [52-
54], being demonstrated with this material an innovative approach for converting
nanoscale mechanical energy into electric energy by piezoelectric zinc oxide nanowire
(NW) arrays [54].

Another alternative material of the perovskite family of lead-free piezoceramics is
potassium niobate KNbO3z (KN) and doped with sodium, the potassium-sodium niobate
(K,Na)NbO3 (KNN). KN exhibits the same sequence of phase transitions as BaTiOs with
high Curie temperature, Tc= 435 °C, but shows weak piezoelectric properties. The
tetragonal, orthorhombic and rhombohedral phases are all ferroelectric in KN. Strong
research efforts have been carried out in lead-free piezoelectric KNN-based ceramics in
last decade leading to a large enhancement in piezoelectric charge coefficients from
d33~100 to =500 pC/N [25, 31, 48, 50]. Further, relatively low dielectric constants and
high electromechanical coupling factors could be obtained over a wide range of
compositions. KNN is one of the most promising alternatives to Pb-containing
piezoelectric ceramics with high Tc = 420 °C, strong ferroelectricity [50] and good
piezoelectric properties [31], although their properties are still inferior to PZT ceramic.
New synthesis methods as nanocrystals (1D materials) can improve the KNN properties
[25]. The introduction of ABOs-type compounds produces strong “softening” effects in
KNN-based ceramics, giving significant improvement in piezoelectric properties. KNN-
based ceramics such as KosNaosNbO3—Ks4Cu13Tai002-MnO2 (KNN-KCT-Mn) or
KNN-potassium cooper titanate-manganese ceramic have been prepared by conventional
ceramic sintering technique, KNN-KCT-Mn showing excellent piezoelectric properties

for application in power devices [25]. Different dopants can lead to different structures in
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piezoelectric KNN-based ceramics with interesting properties [31, 50]. Copper oxide on
KNN ceramics decreases the synthesis temperature of KNN, prevent the sodium oxide
evaporation and eventually improves the piezoelectric properties by increasing the poling
efficiency [48]. There are other investigations to improve the processing method or
tailoring the properties of KNN ceramic, without strong improvements in the
piezoelectric properties of the ceramics.

The main properties of the abovementioned materials are summarized in Table 6.

Table 6: Main properties of the most representative piezoelectric ceramics suitable for energy harvesting
applications.

Materials PE charge | PE charge EM Dielectric | T,
constant constant | coupling | constant | (°C) Ref.
dss (pC/N) | ds1 (pC/N) | factor kss &

PT - - - - 490 [41]
PZT 472 - 0.71 714 340 [15, 45]
PZT4 290-410 170 0.6 2300 250 [37, 42]

PZT5A 375 - 0.71 1700 365 [42]
PZT5H 590 - 0.75 3400 190 [42]
PZT8 225 - 0.64 1000 300 [42]
PLZT - - 0.45 1800 - [55]
BaTiOs 190 - 0.5 1700 115 [42, 48]
ZnO 12.4 5.0 0.48 10.9 - [23, 53, 56]
KNN > 80 - <0.6 <500 421 [42, 50]
KNN-KCT-Mn 90 -33 0.4 300 404 [27]
BNT 64 - - 302.6 310 | [31,42,48]
BKT 74 - - - 380 [31, 51]
BNLT <91 - - <550 | <370 [57]
BNKLT 41 - 145 - - <1753 - [58]
BNT-NN <80 - - <801 - [59]
BNT-BZT < 147 - - <881 <251 [60]

Additional ceramic materials with piezoelectric properties are aurivillius and tungsten
bronze ceramics or pyrochlore structures but due to their processability issues, such as
property reproducibility difficulty, or intrinsic low properties are currently hardly to use
in commercial devices.

The processing methods used in the fabrication of the ceramics materials span from
powder synthesis, colloidal processing to template grain growth [16]. Generally, the

several processing methods involve mechanical, thermal and chemical processes. The
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control of each processing step, purity and size control of the ceramic crystals is critical
for the final overall properties of the ceramics materials. In the last decade, research on
the controlled processing at nanoscale of this kind of materials has been extended to new
compositions and routes to produce powders with controlled properties. Nano- and
microfabrication improves the intrinsic properties of the ceramics. One-dimensional
piezoelectric fabrication methods for lead and lead-free nanomaterials has become a
research topic of interest in last year’s due their exceptional morphology structure and
excellent piezoelectric properties. The research of these kind of nanomaterials have been
carried out in three different ways: controllable synthesis, emerging characterization
techniques and novel fabrication techniques of nanomaterials [25]. Actually the
piezoelectric nanostructures can be fabricated in several forms such as nanorods,
nanowires or nanotubes and can be prepared either with random orientation or aligned
using controllable synthesis. High resolution characterization techniques are also
promoting the suitable understanding of the properties of these structures at micro- and
nanoscale. Finally, novel fabrication methods, such as printing techniques, allow to

develop new application areas

4.3. Piezoelectric Polymers
Kawai's pioneering works in the area of piezoelectric polymers in the late 60°s of the last
century led to strong research activity in poly(vinylidene fluoride) (PVDF) and its
copolymers [61].
Electroactive polymers are among the most interesting classes of polymers used as smart
materials in numerous applications including sensors, actuators, energy harvesting
devices and biomedical applications [62].
The piezoelectric properties of polymers are related to the molecular structure of the
polymer (monomer characteristics and chain conformation) and its orientation. The main
disadvantage of piezoelectric polymers is that their piezoelectric coefficients (dzz< 30
pC/N) are lower than for other piezoelectric materials [63]. However, their piezoelectric
stress constant is much higher, which indicates that they are well suited for sensors. Other
relevant advantages of polymers areas their relatively low-cost processing and light
weight (low density) and high flexibility. Further, they show low dielectric constant and
high dielectric breakdown.
Piezoelectric polymers can be divided into two main categories: semicrystalline (the
majority of piezoelectric polymers) and amorphous polymers. Piezoelectric
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semicrystalline polymers show a polar crystalline phase. Mechanical orientation, thermal
annealing or high voltage treatment are all effective to induce the piezoelectric crystalline
phase within the polymer. The piezoelectric effect can be found in a non-crystalline
polymer if its molecular structure contains strong molecular dipoles. Amorphous
piezoelectric polymers, however, usually exhibit a lower piezoelectric response than
semicrystalline polymers. Their corresponding polymer based piezoelectric composites
are described in a separate section.

Both in semicrystalline and amorphous polymers, there are specific structural properties
that should exist for a polymer material to show piezoelectric properties. First, the
polymer molecular structure must inherently contain molecular dipoles. Second, these
dipoles should be able to be reoriented within the material and to keep in their favored
orientation state. This reorientation is achieved through the application of an electric field,

a process called poling [23].

4.1.1 Semicrystalline polymers

Piezoelectric polymers with semicrystalline structure presenting piezo, pyro or
ferroelectricity include Nylon-11, the family of the poly(a-hydroxy acid)s, and PVVDF and
its copolymers.

PVDF was discovered in 1969 by Kawai and is the most widely reported piezoelectric
polymer, being up to now the best all-around electroactive polymer and being therefore
the polymer of choice for an increasing number of applications [62].

PVDF is a semicrystalline polymer and can present four distinct crystalline phases related
to different chain conformations [62]. The crystalline properties of PVDF are strongly
dependent on the processing conditions, which as stablished in order to get a specific
phase or the coexistence of different polymorphs within the semicrystalline polymer.
Figure 11 shows the phases most investigated and used for applications: a,  and y phases,
among which the a-phase is nonpolar and the g-phase is the most polar. The piezoelectric
coefficients of poled thin films of the PVDF in the £ phase were reported to be as large
as -34 pC/N, larger than the values observed in any other polymer [62]. PVDF has
typically 50-60% of crystalline phase and a glass transition temperature (Tg) around -35
°C [26]. To obtain the material in its piezoelectric phase, the « to f phase transformation
is typically achieved by mechanically stretching in order to orient the molecular chains
and then poled at few hundred MV/m. It is to notice that the crystallization of PVDF in

its f-phase can be also achieved using several strategies, including electrospinning
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processing [64], or in the presence of nanofillers such as BaTiOz [65], organically
modified clays [66], ionic liquids [67], or magnetic nanofillers [68], among others.
Unlike other piezoelectric materials, PVDF has a negative ds3 value.

The preparation method can influence the overall polymer properties and, for example,
PVDF electrospun fibers can be prepared in the S-phase with piezoelectric constants four

times higher than those of corresponding thin films [69].
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Figure 6: Schematic representation of the chain conformation for the o, f and y phases of PVDF [62].

PVDF based materials in the form of copolymers and terpolymers with distinct behaviors
in response to electric fields [17] have been developed. The copolymer PVDF-TrFE is
synthesized through free radical polymerization of the two monomers, an example of
defect-modified PVVDF. Copolymer molecular interchain interactions leads to a decrease
of the ferroelectric to paraelectric transition temperature (Tc) below the melting
temperature of the polymer [17]. The transition temperature of the copolymer material
depends on the molar ratio of TrFE, decreasing with increasing the molar ratio between
60 to 135 °C [17]. PVDF and PVDF-TrFE show similar mechanical properties, as well as
dielectric properties. On the other hand, the piezoelectric coefficient ds3 and kss are larger
in the copolymer compared to pure PVDF [23]. The other piezoelectric coefficients are
similar between both polymers. PVDF-TrFE has been thus used in sensor applications
due to the better piezoelectric properties than PVDF [38].

Another PVDF copolymers developed using bulkier monomers such as
chlorotrifluoroethylene (CTFE) and hexafluoropropylene (HFP), and more recently the
bromotrifluoroethylene (BTFE) have been developed. PVDF-CTFE and PVDF-HFP
exhibit slimmer electrical hysteresis loops when compared with related polymers based

on PVDF. In PVDF and their copolymers the poling procedure is critical to obtain stable
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and high level piezoelectric response. Poling can be achieved by applying a DC field
across the film thickness at a temperatures between 80 and100 °C for a period around 30
min and should remain applied while the sample cools to room temperature to not
depolarize the sample at higher temperatures. The poling fields to produce the maximum
polarization are just below the breakdown strength, typically 30-120 MV/m. Corona
poling is also typically used to pole PVDF and related copolymer samples.

Polyurea is a thermoset elastomer formed by the rapid reaction of isocyanates and amines,
having microphase separation between hard and soft domains, with high and low Ty,
respectively. The elastomer is composed by crystalline hard domains dispersed in the
continuous soft segment matrix. Polyurea shows excellent mechanical and physical
properties, impact mitigation, moisture and chemical resistance, long elongation and a
wide range of operating temperatures. These properties makes it a suitable candidate for
many engineering applications [70]. Aromatic and aliphatic (with an odd number of CH>
groups) polyureas are expected to have good ferroelectric properties because of the large
dipole moment of the urea bond, which is more than twice that of P(VDF/TrFE) [71].
Aromatic polyureas were the first polyurea structures identified as piezoelectric, showing
piezoelectric properties up to high temperatures, near 200 °C [72].

Odd-numbered nylons (polyamides polymers) are one of the most investigated
semicrystalline polymers, presenting excellent piezoelectric properties at elevated
temperatures. The monomer unit of odd nylons (usually nylon-5, nylon-7 and nylon-11)
consists of even numbers of methylene groups and one amide group with a dipole moment
[72]. The amide dipoles align synergistically for the odd-numbered monomer, resulting
in a net dipole moment.

Biopolymers are an interesting area of study in the scope of piezoelectric polymer due the
wide range of potential biomedical application. The piezoelectricity has been first
observed in 1941 and studied in several biopolymers that present lower piezoelectric
constant than synthetic polymers. The electromechanical effect in biopolymers is
attributed to the internal rotation of polar atomic groups linked to asymmetrical carbon
atoms. These biopolymers include collagen, polypeptides like poly(y-methylglutamate)
and poly(y-benzyl-L-glutamate), oriented films of DNA, poly(a-hydroxy acid)s family
and chitin. Biopolymers from natural origin are often difficult to process and show poor
mechanical and electrical properties [73]. In this scope, several synthetic biopolymers
have been widely used to produce materials for tissue engineering [73]. The poly(a-

hydroxy acid)s family such as polyglycolide (PGA), polylactide (PLA) and its copolymer
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like poly(lactide-coglycolide) (PLGA) which are synthetic polymers approved for human
clinical use by FDA are extensively used or tested for scaffolds materials as a bioerodible
material due to good biocompatibility, controllable biodegradabilitiy, and relatively good
processability [74].

4.3.1. Amorphous polymers
The literature on semicrystalline piezoelectric polymers literature is more extensive than
for amorphous polymers. This is in part due to the lower piezoelectric response of
amorphous piezoelectric polymers, which are not enough to attract commercial interest.
The piezoelectric effect in amorphous polymers diverges from that in semicrystalline
ones, once the polarization is rather a quasi-stable state due to the freezing-in of molecular
dipoles and is not in a state of thermal equilibrium.
The orientation polarization of molecular dipoles is responsible for the piezoelectricity in
amorphous polymers. The polymers are polarized by an external field above their glass
transition, where the mobility of the molecular chains is larger and allow the dipole
alignment with the electric field. The remaining polarization is achieved below Ty,
resulting in a piezoelectric-like effect proportional to the electric field of polarization [75].
Examples of the amorphous piezoelectric polymers include polyamide and nitrile-
substituted polymers, including polyacrylonitrile (PAN), poly(vinylidene cyanide-vinyl
acetate) (PVDCN/VAc), poly(phenyl ether nitrile) (PPEN) and poly(1-
biciclobutanecarbonitrile). Weak piezoelectric properties in polyvinyl chloride (PVC)
and polyvinyl acetate (PVAc) have also been found.
The most interesting of these materials are vinylidene cyanide and vinyl acetate
copolymer, which have been extensively studied due to their suitable piezoelectric
response and large dielectric relaxation strengths.
Poly(vinylidene chloride) (PVDC) shows lower piezoelectric properties but is stable and
reproducible, improving by simultaneous stretching and corona poling of the film [75].
Poly(vinylidene chloride nitrile), PVDCN/VAc, shows large relaxation strength and has
the largest value of remanent polarization and piezoelectric stress effect of all amorphous
polymers [75]. Polyacrylonitrile (PAN) is a widely used polymer and has similar structure
than PVDCN/VAc. PAN has large nitrile dipoles that can be oriented by an extern electric
field.
Polyimide (B-CN)APB/ODPA shows piezoelectric properties but, however, one order of

magnitude smaller than PVDF. These lower piezoelectric properties are in part due to the
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fact that the dipoles in the polymer do not align along the applied electric field efficiently
because of limited chain mobility in the imidized closed ring structure [76]. The high
temperature performance of these modified polyimide films allow to maintain their
piezoelectric properties at temperatures up to 150 °C [77]. Therefore, thermally stable
piezoelectric polyimides may be an attractive alternative to PVDF for high temperature
piezoelectric applications [76].

The main relevant properties of the aforementioned piezoelectric polymers are

summarized in Table 7.

Table 7: Main properties of the presented piezoelectric polymers (semicrystalline and amorphous)
potentially interesting for energy harvesting applications.

PE charge . . .
Materiss | comsant | SRR OIS | (8 | R
PVDF 6-34 0.12 12 -35 [23, 61, 62]
PVDF/TrFE 6-12 0.07 12 -35 [23]
Polyurea <10 - - - [72, 78]
Nylon-7 17 0.054 - [61]
Nylon-11 14 0.049 50 [72]
PAN 2 0.01 38 90 [61]
PVDCN/VAC 10 0.05 3 170 [61, 72, 79]
PPEN - - 5 145 [80]
PVC 0.5-5 0.001 10 80 [61, 81]
PVAC - - 6.5 30 [61]
Polyimide <5 - 4 220 | [23,61,76,77]

4.4. Piezoelectric Polymer Based Composites
Piezoelectric composites are typically composed by a piezoelectric ceramic or crystalline
phase embedded in a polymer matrix. The polymer gives the mechanical properties as
flexibility or pliability, but it can be also piezoelectric, such as PVDF.
Piezoelectric composites are usually defined by their dimensional connectivity,
represented in Figure 12. The connectivity between polymer and ceramic or crystal is a
critical parameter in a composite material. A composite with m-n connectivity has its

piezoelectric phase connected in m dimensions for the polymer phase and in n dimensions
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for ceramics or crystals. For example, 0-3 structure comprises dispersed piezoelectric
particles in a polymer matrix and 1-3 consist of cylindrical or square ceramic or crystal
pillars embedded in a polymer matrix (Figure 12). There are different methods to fabricate
a 1-3 composite. The two most common methods are dice-and-fill and laminate-and-cut
[59]. The 0-3 composite fabrication is the most simple, just by particles dispersion on a
polymer. These two configurations are the most used in composites materials.

The main goal of piezocomposite structures is to combine the best properties of the
polymer matrices (mechanical, electrical or piezoelectric) with the excellent piezoelectric
properties of the ceramics or single crystals. However, there are some disadvantages, such
as the operation temperature of the device, which is typically lower when compared to
ceramic or crystal properties, piezoelectric losses in particle-polymer interfaces and
viable processing during the manufacture of the device. Particles size, dispersion in
polymer, manufacturing using solvents and homogenization of the overall properties in
the composite are challenges which are still investigated nowadays.

Piezoelectric composite materials also offer the possibility of increased customization
through the selection of the constituent material phases and filler volume fraction. Their
combination changes the final properties of the composite material that can be tailored
for specific applications.

Piezoelectric composite materials increase the performance of ultrasonic transducers
particularly in applications where there is a large acoustic impedance mismatch between

the piezoelectric ceramic and the ultrasound propagation medium.
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Figure 7: Piezocomposite material structures with 0-3 and 1-3 connectivity. Polymer is shown as uniform
grey, ceramic textured [26].

The typical examples of ceramics used in composites are BaTiOz, PZT and PMN-PT,
Elastomers or thermoplastic elastomers are commonly used in piezoelectric composites

due their mechanical properties, including high flexibility or deformability.

31



Thermoplastics are used in distinct applications with bending or small applied
deformations.

Summarizing, the different materials with piezoelectric properties range from natural
materials such as wood and silk to biological ones, such as bone and tendon, among
others. The most relevant natural piezoelectric crystals are quartz, Rochelle salt and
tourmaline. Man-made piezoelectric materials include single crystal, ceramics and
polymer, being the most relevant BaTiOs and PZT among the ceramic materials and
PVDF as the polymer one. In the last decades lead-free regulations have fostered the study

and development of new high-performance lead-free ceramic materials.

5. Results and Discussion
This section will provide an overview of piezoelectric energy harvesting applications
divided into four distinct parts according to the nature of the material used in the device:
ceramics, single crystals, polymers and polymer composites. The order of presentation
followed in this chapter is related with the number of works reported for each type of
material. In each subsection it is presented a table with the materials used in the
application, the performance and the type of device produced. This section is not an
exhaustive review of all available literature, but rather a representative summary of the

main applications with the most used materials and geometries.

5.1. Piezoelectric energy harvesting based on ceramics
Piezoelectric ceramics are widely used in energy harvesting systems because of their high
energy conversion ability, large electro-mechanical coupling constants, ease of
incorporation into devices and low cost. The typical piezoelectric ceramics are BaTiOs,
ZnO and PZT, the later stands out due to its excellent piezoelectric properties, high
dielectric constants and high Curie temperature, resulting in a wide number of studies and
applications. The wide applicability of PZT boosted the expansion of this material to a
large family of ceramics by chemical composition modifications, among which highlights
PZT-5H and PZT-5A as being the most often used [34, 82-84]. The potential of these
materials has been extensively explored by the scientific community in seeking solutions
for a better use of the mechanical energy available in the environment and thus, several

studies have been devoted to the development of piezoelectric energy harvesters based
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on piezoceramics. Table 8 summarizes the power outputs and main characteristics of

several energy harvesting systems based on piezoceramics reported in the literature.

Table 8: Summary of the piezoelectric energy harvesting systems based on ceramics.

Piezoelectric

Output

material Performance Characteristics Ref.
3.85 mW [85]
2.9 mW [86]
5.5 yWw [87]
1.38 mW [88]
2.4 yW [89]
2.15 pyWw [90]
0.803 pyW [90]
PZT 45 W [91]
51.4 pyW [92]
1.4 uyW [93]
2.16 pwW Cantilever beam [94]
1.01 pw [95]
0.66 mW [96]
70 pW [97]
~8 mW [98]
PZT-5A 375 pW [99]
PZT-5H 0.48 mW [100]
PZT-5A4E 4.05 pW/mm? [101]
PZT (PSI-5A4E) 38.1 yW [102]
PZT (PZT-QA) 0.14 mW [103]
Zn0O ~20 pW [104]
PZT 1.8 W [105]
PZT-5A 1.0W Rodway energy harvester [105]
PZT (PZT-PZNM) 184 pW [106]
p7T 39 mW [107]
52 mW Cymbal transducer [108]
PZT-5H 141.61 pW [109]
PZP'I¥T5 A 12%§ E\\//VV Micro-fabricated power generator Hig}
3.7 mW Skin for vibrating surfaces [112]
0.6 mW Harvester prototype for human motion [113]
10-80 pW Piezoelectric-magnetostrictive generator [114]
P7T 1.8 mwW Membrane transducer [115]
1.5 yw Rolling-based vibration harvester [116]
80 mwW Strip for shoes soles [117]
4.8 mW Piezoelements embedded on orthopedic implants | [118]
1.13 pWw Radioisotope micropower generator (cantilever) [119]
P7T-5H 9.30 mW Flexible patch on a closed chamber [120]
3.0 pW Thick-film inertial generator [121]
~0.75 mW Unidirectionally aligned fibers embedded in a resin [122]
matrix

PZT-5A Tunable-resonance vibration energy scavenger

300-400 pW [123]
generator

BaTiOs :11225:')’5&\\//\/ Nanowires based generator Egg}
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0.17-0.20 V [126]

397 mW/cm? [127]

70 pW [49]

~15 nW [128]

Zno ~8 pW [124]
2.39 pW [129]

0.123 pyW Nanorods based generator [130]

KNN ~30 uyW Thin film flexible energy harvester [131]

Most of the developed piezoelectric harvesting systems are based on the cantilever beam
configuration, either for macro devices or for MEMS applications, as they are simple to
fabricate, allow large mechanical strains and mainly possesses a resonance frequency of
the flexural modes significantly lower than other vibrational modes of a piezoelectric.
These systems are usually composed by a thin piezoelectric layer bonded to a non-
piezoelectric one, frequently a metal, serving as a conductor of the generated charge, with
the end fixed to take advantage of the flexural mode of the structure. The majority of the
cantilevers present one (unimorph) or two (bimorph) active piezoelectric layers,
nonetheless the bimorph configuration is the most widely used since it doubles the energy
output of the harvester without significant increase in volume [34].

It was verified that the power output of a cantilever is proportional to the proof mass, so
it should contain the largest proof mass that is possible within the space constraints [97]
(Figure 13a). For a given piezoelectric material, the piezoelectric coefficient ds; is
typically lower than dss, in this sense and in order to take advantage of the higher
piezoelectric vibration mode (ds3) an interdigitated electrode design is used to obtain

higher energy outputs (Figure 13b).

Figure 8: a) PZT cantilever beam with a proof mass attached [97] and b) SEM image of a cantilever beam
with patterned interdigitated electrodes configuration [95].
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The majority of these systems achieve output powers of some pW, however it is possible
to find reports in the order of mW, as the rectangular bimorph cantilever beam fabricated
from PZT, with the dimensions of 60 x 20 x 0.70 mm, tested in environments from room
temperature up to 82 °C. A maximum output power of 1.38 mW was recorded with a tip
mass of 1.32 g and a load resistance of 19.75 kQ, at room temperature. At higher
temperatures (82 °C) the output decreased up to 0.74 mW [88]. The geometric profile of
the cantilever beam influences the performance of the harvester and, in this sense, a
comparative study between three different beam profiles has been carried out: linear,
parabolic and cubic. The output of the cubic cantilever proved to be the most effective
configuration, leading to a power output of 2.9 mW with an optimum resistance of
170.902 kQ [86]. The typical cantilever beam represented in the Figure 13a, composed
by a bimorph based of PZT with ~1 cm® and a proof mass attached to the free end
generated a power density of 70 uW/cm?®. Simulations indicate that further optimization
of the design of the piezoelectric harvester would allow to achieve 250 pwW/cm? from a
vibration source with an acceleration of 2.5 m/s? [97].

The integration of cantilever beams into MEMS energy harvesting devices has been
studied as a viable alternative to power micro devices. A MEMS-based power generator,
based on a sol-gel-spin-coated PZT thin film with 170 x 260 pm, registered a maximum
output power of 1.01 uW delivered to a 5.2 MQ load, corresponding to an energy density
of 0.74 mW h/cm?. This cantilever operated in the ds3 mode and used interdigitated shape
electrode deposited via e-beam evaporation and patterned using a lift-off procedure
(Figure 13b) [95]. A thin PZT harvester of 1 pum was produced by pulsed laser deposition
technique reported a maximum power output power of 51.4 uW with a sensitivity of 63.6
HUW/g?, for a system dimensions of 1.1 x 5.0 x 5.0 mm and a proof mass of 0.91 g. The
potential of this device for energy harvesting in car tires have been assessed by applying
shock input excitation and a power output of a few uW’s has been obtained with
accelerations in the order of 100 g, which are sufficient to power sensor nodes in car tires
[92].

Regarding the PZT chemical modified materials, some solutions employing PZT-5A have
been explored. A piezoelectric energy harvester based on PZT-5A was designed to
generate power using wind energy. The system composed by a bimorph piezoelectric
cantilever beam, with 72 x 0.267 x 36 mm and tip mass of 0.024 g, generated a power of
~8 mW with an optimum load of 105 kQ [98]. In the same line, PZT-5A4E has been
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tested in rectangular and triangular geometry beams composed by a layer of brass
sandwiched between two layers of the piezoceramic. A maximum e power of 0.23 mW
at 45.5 Hz was achieved for the triangular shape with an optimum resistance of 71 kQ,
corresponding to a normalized power density of 4.05 uW/mm?, approximately 85 %
power density improvement with respecting to the rectangular beam, which was attributed
to the larger average strain in the beam [101]. Different shape beam structures have been
also compared for the piezoceramic PZT-5H, including rectangular, trapezoidal and
truncated triangular energy harvesters with the same length (20 mm), root width (25 mm)
and thickness (0.2 mm). The three beams were tested in experiments with acceleration of
2 m/s? and a proof mass of 5.7 g. The truncated triangular cantilever reached the highest
open circuit voltage and optimal load power output of 18.25 V and 0.48 mW, which was
81.6 and 167 % higher than the 10.05 V and 0.18 mW obtained for the rectangular beam.
The main reason for that difference was related with the strain distribution of the truncated
triangular beam, which was more uniform than that of the rectangular and trapezoidal
ones [100]. Further, piezoelectric PSI-5H4E with dimensions of 31.8 x 12.7 x 0.51 mm
in a bimorph type with a center shim of brass, generated 38.1 UW by using a resistance
of 110.3 kQ at the frequency range of 50 + 3 Hz and with a 4 g tip mass attached on the
free end of the beam [102].

The concept of piezoelectric energy harvesters for busy roadways exploiting the
vibrational frequency under vehicles speeds around 60-80 km/h have been explored. An
energy harvester module, with 15 x 15 x 10 cm, containing 12 cantilevers beams, with
38 x 38 x 0.2 mm, based on commercial PZT-PZNM were produced as represented in
Figure 14. Assuming that the most common speed of passage of the vehicles is between
60 and 80 km/h, corresponding to a road vibration between 10 and 14 Hz, the frequency
of the cantilever beams was adjusted for 13 Hz. In these conditions, each module
generated a power of 184 uW with a power density of 8.19 mwW/m?, thus a full-scale
harvesting module of 30 x 30 x 10 cm is expected to reach the 736 uW. In a place with a
frequency of passage of 600 vehicles per hour each module can generate up to 4.91
Wh/m? [106].
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Figure 9: Three-dimensional schematic representation of a piezoelectric energy harvesting module (15 x
15 x 10 cm) to collect ambient energy from vehicles on a road [106].

Another approach for energy harvesters has been explored by varying materials and
configurations. The better outputs were obtained for a prototype consisting of a stack of
six ceramic disks of PZT-5A with 43 mm of diameter, 6.2 mm of height and a cross
sectional area of 0.00176 m?, and for a set of 3 prototypes connected in parallel consisting
of 21 rectangular PZT elements with 20 x 20 mm in cross section and 2 mm in height. In
both prototypes the elements were connected in parallel and their polarity alternated. The
tests were performed using a servohydraulic universal testing machine with sinusoidal
loading at 10 Hz with the mean of 2.5 kN and amplitude of 2.5 kN. The prototype based
on the PZT-5A ceramic disks generated ~1.0 W while the porotype based on the PZT
rectangular elements generated an output of ~1.8 W. The authors estimated the levelized
cost of energy ranging from $19/kWh to $4.8/kWh for an average daily traffic ranging
from 20000 to 80000, and conclude that the piezoelectric energy harvesting from the
roadways is attractive in powering equipment or electric lights in remote areas, since it is
at least one order of magnitude more expensive than photovoltaics [105].

Cymbal transducers represent another harvester configuration frequently used to develop
piezoelectric energy harvesting systems (Figure 15). Typically, it consists on a
piezoelectric ceramic disc sandwiched between two cymbal-shaped metal end caps on
each side, bonded directly to the surface of the disc using a suitable adhesive agent. When
axial stress is applied to the cymbal transducer the end cap converts and amplify the axial
stress to radial stress in the piezoelectric disc, such that both ds; and dss piezoelectric
coefficients are combined to contribute to the performance of the transducer. Cymbal
transducers can provide higher energy output than cantilever beams because they

withstand higher impact, however its robust nature limits the use to applications that
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provide high magnitude of vibrations, hence they are suitable for energy harvesting from

natural ambient vibration sources which have low magnitude of vibrations [34, 132].

epoxy

Figure 10: Schematic representation of a typical cymbal transducer [132].

A cymbal transducer, consisting of a piezoelectric ceramic disc sandwiched between two
concave-shaped metal end-caps was used to test PZT discs of 29 mm diameter and 1 mm
of thickness. The system generated a power of 39 mW under a cyclic force of 7.8 N at
100 Hz [107]. A power of 52 mW was measured across a 400 kQ resistor in a cymbal
transducer with a PZT ceramic of 29 mm diameter and an optimized thickness of 1.8 mm
with an end cap of 0.4 mm, under a force of 70 N and with a pre-stress load of 67 N at
100 Hz. Applying higher stresses will allow to harvest power with higher efficiency,
however the force magnitude of 70 N is near the maximum limit for a steel cap of 0.4 mm
of thickness, thus the possibility to apply higher stresses is by increasing the diameter of
the cymbal transducer in a specific ratio that allows using thicker end caps and ceramics
[108]. The modified PZT-5H has also been employed in a cymbal transducer system
consisting of a steel cantilever beam structure with a proof mass attached and two
identical ceramic cymbal transducers as showed in Figure 16. The two tested systems
consisted of a single layer bulk disk ceramic of 1 mm of thickness and a two layered stack
disk ceramics with 0.5 mm of thickness. The stacked system generated more power than
the single transducer, achieving 141.6 pW at 153 Hz across a resistive load of 40 kQ,
whereas the single one generated 104.04 pW at 166 Hz with a load resistance of 80 kQ
[109].
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Figure 11: Piezoelectric energy harvester with two ceramic cymbal transducers and a steel cantilever beam
with a proof mass attached [109].

An energy harvesting device achieves the maximum power output when the frequency of
the external excitation matches the resonance frequency of the device [133]. In this sense
the steel cantilever beam structure was used since it allows low resonance frequencies.

Another configurations were studied and interesting outputs were achieved, such as the
energy harvesting skin to attach onto vibrating surfaces developed based on PZT. The
design considered two steps: the topology optimization to distribute the piezoelectric
material for an effective energy harvesting and the shape optimization to ensure the
manufacturability of the design model. The skin generated a power of 3.7 mW [112]. An
unconventional approach using a rolling mechanism to convert vibrations into regular
unidirectional rolling motion was tested. The system utilized an array of balls rolling the
piezoelectric units of a PZT layer and achieved an output power of ~1.5 pW with a
resistive load of 3.3 MQ, while the maximal rolling force was about 6.5 N. This
configuration presented the advantage of harvesting more vibration energy and reducing
the impact forces caused by oscillation [116]. An unimorph piezoelectric membrane
transducer composed by two layers of PZT/brass, perfectly embedded by an epoxy
adhesive and with thickness of 230 and 400 um for PZT and brass layers respectively,
achieved the maximum power output of 1.8 mW at the resonance frequency of 2.58 kHz,
across an optimal resistor of 56 kQ and under an acceleration of 2g [115]. A patch
configuration on a closed chamber that extracts energy from a hyperbaric air load was
also investigated. The harvester prototype was composed by a flexible PZT-5H patch and

was tested under different experimental conditions of pressure, load resistance, flow and
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cycle time. The results showed an optimal output power of 3.41 mW across 200 kQ
resistor, under 0.4 MPa and 365 L/min of pressure and flow respectively, during 0.8 s
cycle [120].

The concept of energy harvesting from human motion has gained prominence in last years
and several approaches were investigated for low power devices. Invivo electrical energy
generation trough orthopedic implants were developed in total knee replacement
implants. Three PZT elements, with a total volume of 1.2 cm?®, were embedded within the
implant and generated 4.8 mW of raw electrical power under the expected axial loading
conditions corresponding to an efficiency of around 19 %. The raw PZT output was
transformed into regulated electrical power through a conditioning circuit and an overall
efficiency of 4 % was achieved. The degradation study revealed a deterioration of less
than 17 % over the expected 20-year lifetime of the implant. The development of more
efficient conditioning circuitry will be considered in the future for further improvement
of the system [118]. The biocompatibility of the energy harvester device is essential to
develop in vivo applications, in this sense the search for piezoelectric materials of low
toxicity, in particular lead-free ceramics, is of growing interest. Thus, a flexible lead free
piezoelectric energy harvester based on LiNbOz-doped (K,Na)NbOz (KNM) was
produced by aerosol deposition and laser lift-off processes. The flexible piezoelectric
energy harvester was tested by regular bending and random finger flicks generating ~130
V /~1.3 pA and 170 V / 5.5 pA, respectively. These results are the best achieved up to
date in lead free flexible piezoelectric energy harvesters. The in vivo implementation of
the system was carried out into a porcine chest achieving up to 5 V and 700 nA through
the conversion of a continuous heartbeat. The system showed good short-term
biocompatibility as demonstrated by cell and histological studies, demonstrating suitable
properties for biocompatible and ecofriendly applications [131].

With the intention to produce energy from human limbs motion, a prototype based on a
PZT piezoelectric bending structure was designed consisting of a frame containing a
channel that guides a free sliding mass and two piezoelectric bimorphs located at the end
of the frame. The device with 3.5 x 2 x 2 cm and 60 g, placed on a hand of a person and
shaken at 10 Hz and 10 cm amplitude movements, produced an output power of 600 uW.
A power output of 47 pW was achieved when the harvester was rotated 180 ° each second.
It was also indicated further system improvements to be made in order to optimize the
output performance, such as the selectin of appropriate materials and dimensions to

increase the electromechanical coupling factor and the mechanical quality factor, increase
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the resonant frequency sufficiently so that the generated energy can be transferred before
the second impact, choose a sliding mass as stiff as possible to avoid storing energy into
vibrations instead of the vibrations of the piezoelectric transducer and implement a
damping system in the neighborhood of the piezoelectric elements to limit the reliability
problems due to high stresses and deflections resulting from high amplitude excitations
[113]. On the same ling, the inclusion of a unimorph strip of spring steel bonded to a patch
of PZT into a shoe sole achieved an output power of ~80 mW. It was estimated that the
generation of 10 mW from the shoe during a useful life of 2 years is equivalent to 150
cm?® of a lithium-thionyl chloride battery [117].

Other ceramic materials, such as BaTiOs and ZnO, have also been investigated in
piezoelectric energy harvesting applications, commonly in the configuration of nanowires
(Figure 17) or nanorods [49, 124, 126-129].

Figure 12: SEM micrograph of ZnO nanowires [134].

A piezoelectric nanoelectromechanical vibrational energy harvester based on BaTiO3
vertically aligned nanowires arrays ~1 pum long, produced by two-step hydrothermal
reaction on a fluoride thin oxide glass conductive substrate (~10 x ~10 x 2.2 mm),
generated an average power of ~125.5 pW at optimal load resistance of 120 MQ from 1g
root mean square acceleration, corresponding to a peak power density of ~6.27 uw/cm?
[124]. A similar system, developed by the same procedure, produced ultralong vertically
aligned BaTiOs nanowire arrays with ~40 pum in lenght, obtained an output peak power
of ~123 pW at a load resistance of 100 MQ from an input root mean square acceleration
of 0.25g, resulting in a peak power density of ~192 nW/cm?®. The system showed
interesting attributes such as compact size, low resonant frequency (155 Hz) and
biocompatibility for biomedical applications working with mechanical vibrations in the
low frequency regime [124].
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The same concept was explored with a ZnO nanowires blocks integrated into a micro-
energy harvester with a microelectromechanical proof mass. A single nanowires block
had the dimensions of 8 x 8 um and each nanowire presented the height of 5 um and an
average diameter of 150 nm. The system generated a peak power of 70 pW across an
optimal load of 7 MQ with an acceleration of 1.4g and at a frequency of 40 Hz, which
corresponds to a 22 mW/cm? volume normalized power output [135].

The ceramic ZnO was also investigated in a nanogenerator based on vertically aligned
nanorods, produced by a low temperature hydrothermal method, on poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) plastic substrate with an
area of 3 x 1 cm?. The system was tested by vibrations/pressure forces and registered an
output power of 0.123 pW at a frequency of 41 Hz and a load of 1000 g [130].

5.2. Piezoelectric energy harvesting based on single crystals

Single crystals are the materials in which piezoelectricity was first observed. These
materials represent a crystalline counterpart of a piezoelectric ceramic, although single
crystals show higher strain constants than ceramics and possesses much lower Young’s
modulus, which allows lower resonance frequencies with smaller devices. Among the
available single crystals, PMN-PT and PZN-PT are the most widely used due to their
superior performance [34, 136].

The Table 9 summarizes the reports using single crystals in the development of energy

harvesting devices.

Table 9: Summary of the single crystals based energy harvesting generators.

Plezoele(_:trlc Ol Characteristics Ref.
Material Performance

5 nW/g? [137]

0.7 mW [138]

PMN-PT 2.16 mW [88]

14.7 pW . [139]

S 12 mW Cantilever beam [138]

0.571 mW [96]

PIN-PMN-PT 5.18 mW [88]

AIN 34.78 yW [140]

178V /1.74 pA Flexible energy harvester [141]

~1.2V Nanobelt generator [142]

PMN-PT 160 kJ/m? Cyclic piezoelectric harvester [143]

8.2V /145 pA Thin film to self-power cardiac pacemaker [144]

3.7 mW Cantilever beam combined with cymbal transducer | [145]

LiNbO; 16.5 nW High temperature harvester [146]

PIN-PMN-PT 6.22 k/m® Compressive cyclic stress [147]

42




| 750 wilem® | Cyclic stressed harvester | [148] |

Among single crystals based energy harvesting devices, the cantilever beams
configuration continues to be repeatedly used to produce vibration energy harvester. A
cantilever beam with a tip mass was developed with the single crystal PMN-PT with
(67:33) composition as piezoelectric material, grown via a vertical gradient freeze
method. The system was excited under an acceleration of 1g at a resonance frequency of
50 Hz and the maximum power obtained was 5 nW/g? for an optimum resistive load of 2
MQ, with a cantilever of approximately 0.300 cm® and 6.03 g. The system was tested to
recharge a CMOS lithium battery with nominal operating voltage of 3.0 V, and at the
resonance frequency and optimum resistance the output voltage increased up to a constant
value of 2.88 V, which corresponds to approximately 92% of the full charge of the
rechargeable battery [137]. A comparison study of the energy harvesting efficiency
between PMN-PT, PZN-PT and the ceramic PZT cantilever beams was performed, and
both single crystals based systems showed higher performance than the ones fabricated
from PZT. Among single crystals, the PZN-PT harvester showed the highest root mean
square power output with 1.2 mW (RL = 600 kQ) whereas the PMN-PT harvester
registered 0.7 mW (R = 500 kQ) at 0.5g of acceleration [138].

The concept of MEMS energy harvester has also been explored with a cantilever beam
based on PZN-8% PT single crystals. The micro-generator composed of piezoelectric
beams with dimensions of 5 x 1 x 0.4 mm, with a piezoelectric layer with thickness of
0.1 mm, registered a power of 0.571 mW at an external resistance of 215 kQ [96].

In an attempt to benefit from the advantages of the cantilever beam and cymbal transducer
configurations, a combination of both in one device was reported as an effective way to
improve the properties of piezoelectric energy harvesters. The cymbal transducers were
produced from a 0.72PMN-0.29PT single crystal ingot grown directly from the melt by a
modified Bridgman technique and diced into (001) oriented plates of 25 x 5 x 1 mm and
sandwiched between two protruded stainless steel (SUS 304) caps, and the cantilever was
made of a beryllium copper (C17200) slice with 35 x 5 x 0.5 mm with a proof mass of
4.2 g. The structures were assembled and clamped by an aluminum alloy frame to form a
composite structure similar that shown in Figure 18. The system generated a maximum
power of 3.7 mW under an excitation of 3.2g at the resonant frequency of 102 Hz with a

matching load resistance of 251 kQ. The experimental results showed that the use of
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PMN-PT single crystal material allowed lower the resonance frequency and increased

significantly the output power [145].

Figure 13: Schematic representation of an assembling of a cantilever beam between two cymbal
transducers [109].

An approach in the scope of in vivo energy harvesting reported the production of a
harvester based on (001) oriented 0.72PMN-0.28PT thin film onto a flexible substrate of
PET (110 um) to achieve a self-powered artificial pacemaker. The maximum output
current and voltage was 145 nA and 8.2 V through periodic mechanical motions bending
and unbending, respectively. Moreover, 223 pA were obtained by finger tapping,
corresponding to the highest output current among flexible piezoelectric base
nanogenerators. Real-time functional electrical stimulation was performed to provide the
artificial heart beating for a live rat using the flexible PMN-PT energy harvester, and with
a rat heart beat rate of 6 beats per second, the cyclically stimulation generated an energy
of 2.7 pJ [144]. Still within the scope of in vivo applications a flexible energy harvester
was fabricated based on a thin single-crystalline PMN-PZT film, doped with 0.5 mol%
of Mn, with 3.5 x 7 cm and 20 pum of thickness fixed onto a PET substrate with 3.5 cm x
7 cm x 75 um coated with an adhesive epoxy. The flexible energy harvester was
implanted in a porcine heart and generated an open-circuit voltage of 17.8 V and a short-
circuit current of 1.74 pA from the porcine heartbeats. The biocompatibility of the system
was proved by a cell viability test and histological analysis. Finally, the energy obtained
from cardiac motions was used to wirelessly turned on and off a light bulb to visually
verify the data transmission [141].

Another approaches using less common single crystals can be found in the literature, such
as an AIN based cantilever with an output of 34.78 pW at a resonant frequency of 572
Hz, an acceleration of 2g, an optimal resistance of 495 kQ and with a seismic mass of 5.6
x 5.6 mm [140], and a high temperature harvester based on a Y-cut LiNbO3 (010) crystal
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that generated a maximum output power of 16.5 nW across a resistance load of 0.8 MQ

and at 400 °C [146].

5.3. Piezoelectric energy harvesting based on polymers
Piezoelectric polymers are flexible and deformable materials that allow an easy
assembling to curved surfaces and at the same time are resistant to mechanical impacts.
In relation to piezoceramics, piezopolymers present significant lower density and higher
flexibility, in turn their piezoelectric constants are significant lower. The most common
piezoelectric polymer used in energy harvesting applications is the fluoropolymer PVDF
and its copolymer P(VDF-TrFE), essentially due its flexibility, adequate mechanical
strength, ease of processing and high chemical resistance. Further, PVDF is chemically
stable and biocompatible which is an advantage regarding its application in biological
systems [34, 82, 83]. The number of studies available in the literature dedicated to PVDF
polymers attests its importance for this kind of applications. In the Table 10 are

summarized several reports devoted to energy harvesting from polymers.

Table 10: Summary of piezoelectric energy harvesters based on polymers.

Plezoele(_:trlc Ol Characteristics Ref.
Material Performance
0.35 pyWw [9]
~45 [9]
3 \g_llzﬁ?/\/uA Cantilever beam Hgg}
~600 pW [151]
2.2 pW [152]
~1.3V Human exhaled air harvester [153]
PVDF 200 mW Rodway energy harvester [154]
~5.0 mw/em® Piezoelectric flag [155]
~45W [156]
2 YW Multilayer harvester [157]
20 mW Strip for shoes soles [117]
200 nW [158]
~1.3V [159]
~0.02 pWw Nanofiber based generator [160]
PLLA 19.5 "W [161]
~0.011 pWwW [160]
~0.26 pW Spin coated film generator [162]
P(VDF-TIFE) 56V Nanowires based generator [163]
0.2-1.0 pW Flexible skin-attachable generator | [164]

Among the possible configurations to develop energy harvesting systems based on

polymers, the cantilever beams stand out similarly to piezoceramics applications. An
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interesting approach has been developed based on a quarter-wavelength straight-tube
acoustic resonator 58 cm long and a cross section of 4 x 5 cm, with PVDF piezoelectric
cantilever beams with 2 x 1.61 cm and 0.2 mm of thickness placed inside (Figure 19a).
Each unimorph cantilever was composed of a 30 um thick PVDF film, 127 um thick
polyester laminate and an adhesive layer. Through the excitation of the tube, was
generated an amplified acoustic resonant standing wave that provokes the vibration of
PVDF beams (Figure 19b). At the incident sound pressure level of 110 dB a voltage of
1.48 V was obtained which corresponded to 2.2 pW and 0.11 pW/cm? [152].

b)

_ ) Quarter-wave
Piezoelectric beams tube resonator

w 7
[[H_H |/|/|/|||1|||

Piezoelectric beams

Figure 19: a) Perspective of the quarter-wavelength tube resonator with the PVDF piezoelectric beam array
and a) sketch of the experimental setup [152].

A bi-resonant structure consisting of two cantilever-mass beams (55 x 18 mm) of stainless
steel with attached PVDF film and a tip mass (Figure 20) has been developed. The system
was composed by two cantilevers to achieve two different resonant frequencies, when
one mass was oscillating at resonance, the vibration amplitude was large enough to the
mass to collide with the other mass and drive the second into a vibration mode. The
system was tested with a gap of 0.5 mm between the top cantilever, with 0.15 mm of
thickness and a tip mass of 1.5 g, and the bottom cantilever with the thickness of 0.2 mm
and a tip mass of 1.2 g and generated an output power of 0.35 pW across an external load
resistance of 20 MQ, at a low operation frequency of 16 Hz and at 9.81 m/s?,
corresponding to a harvested power density of the dual resonant device of about 1
HW/cmd. The theoretical analysis and experimental results of this study showed that a
piezoelectric energy harvester device with a bi-resonant structure could harvest more
energy than the sum of the two separated single devices [9].

An innovative approach of a spiral-shaped cantilever beam based on PVDF was

developed by micro-fabrication processes. It is stated that this geometry increases the

46



effective length of the cantilever which reduces the resonance frequency. The system
generated an output power of 8.1 nW at a load resistance of 100 MQ, corresponding to a
power density of 0.81 pW/cm?® at the resonant frequency of about 20 Hz and an
acceleration of 0.2g [150].

The harvesting of ambient vibrations, such as blowing wind, have been explored in
different approaches, such as a cantilever-pendulums architecture, based on PVDF,
harvesting the wind-induced mechanical vibration energy. Different cantilever beams
were tested and the best output performance was obtained for a bimorph configuration
with the area of 72 x 16 mm and the thickness of 0.41 mm, which registered an output
power of ~615 uW for 8 m/s of wind on 5 MQ load resistance [151]. Another approach
based on the same principle, described a PVDF flag generator (100 x 10 x 0.05 mm) and
the maximum output power of the system was dictated by both the optimal resistance and
the circuit voltage. It turns out that the optimal resistance was inversely proportional to
the inlet velocity, the voltage tending to stabilize around 4 m/s and the maximum power
increasing persistently reaching values of ~4.5 W for inlet velocities around 10 m/s [156].
In a similar approach, the wind energy harvesting of PVDF piezoelectric flags under
controlled wind and ambient conditions was studied. Poled PVDF membranes with
thickness of 0.2 mm and four different aspect ratios were tested in a wind tunnel with
cross section of 0.3 x 0.3 m, capable of producing free-stream velocities between 0 and
10 m/s, by fixing the trailing edge and leaving the leading edge free to move in a way
called inverted flag. A peak power density of ~5.0 mW/cm?® was generated at the wind
velocity of 9 m/s. The inverted flag configuration presented several advantages such as
the self-induced fluttering within a large wind velocity range, the non-dependence of self-
fluttering on resonance with possibility of tuning adjusting the bending stiffness, and
possibility to self-oscillate at a desired wind speed by adjusting its length [155].

In the field of human motion energy harvesting, a multilayer stave based on laminate
PVDF, with 2 layers of 8 PVDF sheets of 28 um thickness between a plastic core of 2
mm thickness, was produced for shoe sole harvesting achieving an output of 20 mW
[117]. An interesting approach in this scope has been developed for the medical
equipment spirometer, used to measure the lung capacity of a human being. A
piezoelectric film of PVVDF with 28 um of thickness was installed into the pipe of the
equipment, with 40 mm of diameter, with the intention to harvest energy from the human
exhalation while measurements with the equipment are carried out (Figure 20).

Simulation tests using a calibrated syringe of 3 L were performed and a maximum output
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voltage of 1.1 V was generated. A pyroelectric effect on the PVDF was reported to
increase the voltage from 0.6 to 1.1 V. In real life measurements with participants having
different height, weight, age and gender, 3 PVDF films in parallel and series connection
were evaluated, and output voltages in the range of 0.25 to 1.3 V for the parallel
configuration was obtained, which was higher than that for the series configuration,
moreover the characteristics of the participants was determinant for the output
performance. In short, exhaled air piezoelectric energy harvesting was successfully
achieved without disturbing the lung parameter measurement with medical spirometer
[153].

= Exhaled air out

Mouth
Piece
Figure 14: Schematic representation of the exhalation in the pipe of the spirometer [153].

The PVDF copolymer, P(VDF-TrFE), has also been studied and incorporated in different
energy harvesting approaches. Similarly to the ceramics, the nanowire configuration was
investigated on a flexible nanogenerator based on P(VDF-TrFE). The nanowires array
was produced by pressing an anodic aluminum oxide nonporous template on a spin coated
polymer film with 4-5 pm of thickness. The device was regularly deformed with
periodical bending and unbending motions, and for a movement of 10 mm with an
average speed of 20 mm/s a positive output voltage of 5.6 V was registered upon bending
states, and a corresponding negative output upon the releasing states. The authors
conclude that the output voltages depended on the bending strain rate, which increase
with increasing bending speed [163]. The nanofiber configuration was also addressed
with a P(VDF-TrFE) nanogenerator produced by electrospinning. The nanofibers were
electrospuned on interdigitated electrodes plates (Figure 21a) and the energy harvesting

performance evaluated by periodic bending tests, with maximum vertical displacements
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about 7 mm (Figure 22b), generating a maximum power output of ~0.011 uW with the
load resistance of 1 MQ [160].

a)

Figure 15: a) Schemamic representation of the interdigitated electrodes plate with electrospun nanofibers
and b) electromechanical generator during an energy harvesting bending test [160].

In a different configuration approach, highly ordered concentric circular PVDF
nanofibers were produced by electrospinning. The polymer fibers were deposited on a Cu
foil with a diameter of about 4 cm and glued to a PVC substrate and then encapsulated
into PDMS. The system achieved the optimized output power of 200 nW at a resistance
of 2 MQ. According the authors, this concentric configuration was able to harvest
mechanical energy regardless the direction of the applied deformation, thereby
overcoming the constraint of the aligned fibers of collecting energy in limited direction.
Furthermore, the piezoelectric generator was tested for five consecutive days at a constant
frequency of 5 Hz for 10 min per day, showing negligible variations of the output
performance and indicating, therefore, a great stability and robust life time [158].
Electrospinning was used to produce ordered porous piezoelectric nanofibers of poly(.-
latic acid) (PLLA) on polyimide substrate, with gold comb electrode sputtered by
magnetron sputtering, for strain sensing and human joint motion energy harvesting. The
PLLA nanofibers in both pushing and releasing process generated an open circuit voltage
of 250 mV and a short-circuit current of 96 pA with pushing displacement of 1 mm. For
a strain deformation angle of 28.9 ° the system achieved 0.55 V and 230 nA. After long-
term continuous operation of 2800 cycles no decline was observed on the output voltage
and current thus demonstrating the reliability and durability of the strain sensor. The
human joint motion application was also performed to deeper understand the application
of the prototype with this purpose, and when the PLLA nanofibers were deformed along
a human joint bending, a maximum peak power of 19.5 nW was generated [161].

Also in the scope of human motion energy harvesting, the production of a skin-attachable

generator composed by a spin coated P(VDF-TrFE) layer on a flexible polyimide support
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with 50 pum thicness was reported. The systems is aimed to be attached on a human wrist
to harvest energy from the arterial pulsation, and the experiments demonstrated its energy
harvesting ability in the range of 0.2 to 1.0 uW at a human heart rate range of 50 to 220
beat per minute, from the small skin contact area of 3.71 cm? where a blood pressure of
40 mmHg was applied [164].

The concept of energy harvesting systems for roadway applications have also been
explored for piezoelectric polymers, namely for PVDF. A piezoelectric module with
dimensions of 150 x 150 x 90 mm (Figure 22a) was produced with 6 sets of 10 units of
energy harvesters parallel connected and fixed in the vertical direction with initial radii
of curvature as high as possible, since it was verified by finite element analysis that the
vertical deformation was the most effective (Figure 22b). The unit energy harvester
consisted of two PVDF films with 110 um of thickness sandwiched into nickel based
fabric tapes of 15 um of thickness. The PVDF films were attached to the front and back
side of polyimide substrate with 300 um of thickness trough adhesive fabric tapes to
complete a bimorph structure (Figure 23c). The module was tested by a continuous load
from a tire with axial load applied of 250 kgf per wheel at a speed of 8 km/h and generated
an instantaneous power output of up to 200 mW across a load resistance of 40 kQ,
corresponding to a power density of around 8.9 W/m?2. The harvesters exhibited stable
performance and durability over repeated number of bending cycles [154].

a b
) ) PVDF thm film

N/ ' L3

Conductlve tapes Polylmlde substrate

Vertical deformation

Figure 16: a) Schematic representation of the roadway energy harvester module; b) simple packaging mode
of the energy harvester module with the units vertically stacked; c) schematic representation and image of
the bimorph energy harvester unit [154].

5.4. Piezoelectric energy harvesting based on polymer composites
The use of composites for piezoelectric energy harvesting applications have been studied
with the aim to match the best properties of different materials. Typically, most composite
materials combine the use of polymers with ceramics to take advantage of the flexibility
of the polymers together with the excellent piezoelectric properties of the ceramic
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materials. Table 11 summarizes the energy harvester generators based on composite

materials found in recent literature [34].

Table 11: Summary of the composite based energy harvesting generators.

Piezoelectric Material | Output Performance Characteristics Ref.
ZnO/PVDF ~1.0V [159]
LiCI/PVDF ~1.1V

BaTiOs;/PDMS ~60 nW Nanofiber based generator [165]
BaTiOs/P(VDF-TrFE) ~0.013 pWw [160]
. 0.48 V [166]
BaTiO/PVDF 0.072 pW Micro-fabricated power generator [167]
PZT/PET 185 nW [168]
PZT/RuO2/PET 143 nW
BiT/PDMS 0.8V [169]
BaTiOs/n-Gr/PVDF 5.8 yW Spincoated film generator [170]
BaTiOs/P(VDF-TrFE) 0.28 pW [162]
. 0.196 pw [171]
BaTiOs/P(VDF-HFP) 048 W/en? [172]
ZnO/PC 1600 mW/m? [173]
ZnO/P(VDF-TrFE) 1.3 mW/mm? Nanowire based generator [134]
PMN-PT/PDMS 7.8V /229 uA [174]
PV/DE/PDMS 38V/35pA Mesopk?_rous nano_generator fpr in vivo [175]
iomechanical harvesting
PZT/PVDF 0.35V/~4nA Thick film [176]
PIN-PNM-PT/epoxy 2-2 0.28 mW/cm® [177]
BaTiOs/PDMS 7 mW/cm? [178]
ZnSO3/PDMS 20V /0.6 pA Flexible film [179]
Zn**/P(VDF-HFP) 2.4 pW [180]
ZnO/PVDF ~4 V (few nW) [181]
PMSI:II-ii(-)I—AE/—IXJVbCk:)I(:II‘TS/ ~4 V [ ~500 nA Highly elastic generator [182]
PMN-PT/Epoxy resin 7.182 W [183]
PZT-5A/PET 40 pW Cantilever beam [184]
BaTiOs/Carbon fiber/ 23.5mVig [185]
PDMS )
BaTiOs/P(VDF-TrFE) 12.7 uW/cm? Imprinted micropillars nanogenerator | [186]
BaTiOs;/PDMS ~6 V /~300 nA Biotemplated flexible nanogenerator | [187]
BaTiOs/Ca-alg/PDMS 0.4 nW Self-powered wearable flexion sensor | [141]
FAPDBrs/PVDF 27.4 pyWicm? Flexible nanogenerator [188]

Energy harvesting systems based on composite materials can be found in literature

produced in several configurations, nevertheless it was verified an increasing trend

towards systems based on fibers. Thereby, a flexible nanogenerator based on nanofibers
of BaTiOs with diameters from ~100 to 200 nm (Figure 23a and b), produced by

electrospinning technique combined with a sol-gel process, were deposited on the top of

a flexible substrate with interdigital electrodes and covered with PDMS polymer matrix.

The system registered an output peak power of ~60 nW under periodic bending excitation
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of ~45 Hz across a load resistance of 1 MQ for a fiber area of 15 x 8§ mm?, and an average
power of 6 nW during the measurement period, which according to the authors are
relevant and comparable values among lead-free nanogenerators. The small size of the
device, the good reliability, high flexibility and sensitivity to external movement al low

frequency represent advantages of the system for a broad range of applications [165].

Figure 17: a) SEM and b) TEM images of a BaTiO3 nanofiber [165].

Another electrospun nanofiber generator based on BaTiO3z/P(VDF-TrFE) composite
reported ~0.013 uW of output power under periodic bending tests with maximum vertical
displacements of about 7 mm and a load resistance of 1 MQ. In this study different
BaTiOsz grain sizes were tested (10, 100 and 500 nm) and it was verified that the
composites with the lowest diameter ceramic nanoparticles presented the best
performance [160]. A generator composed by highly-aligned electrospun PVDF
nanofibers filled with BaTiOs nanoparticles and with an individual diameter of ~200 nm
(Figure 24) recorded an output voltage of 0.48 V during the periodic deflection tests at a
rate of 0.007 Hz. To perform the tests, ensuring an uniform stress upon deflection, the
nanofibers were encased into a PDMS matrix and deflected 6 mm [166].
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Figure 18: SEM image of highly-aligned nanofibers of BaTiOs/PVDF composite with a highlight
confirming the presence of BaTiOj3 on the surface of the nanofibers [166].

The functionalization of woven fabrics with active coatings have been addressed through
the production of multifunctional composites based on carbon fibers covered with BaTiO3
and infiltrated with a PDMS polymer matrix. The woven carbon fibers were coated via
two step hydrothermal reaction, the first for the synthesis of TiO2 and the second for the
conversion of TiOz into BaTiOs. The samples were diced to produce cantilever beams
and electromechanically tested on a magnet shaker with a tip mass of 1 g. An output of
23.5 mV/g at the resonant frequency of 96 Hz was achieved. These materials pave the
way to the production of structural woven carbon fiber fabrics with energy harvesting and
passive sensing capabilities [185].

The spincoating technique was also used to produced energy harvesting generators based
on BaTiO3z/P(VDF-TrFE) composites. Piezoelectric thin films with approximately 12 pm
were spincoated at 500 rpm speed and an acceleration of 750 rpm/s? during 30 s. Periodic
bending tests were performed to test the samples in the range of 1 Hz to 1kHz and it was
found that the system achieved the maximum output power of ~0.28 uW with a load
resistance of 1 MQ at 1 kHz. Similarly to the previous work, different nanoparticle sizes
were tested and the best results were found in the lowest particles (10 nm) [162]. A tri-
layer nanogenerator with ~60 nm based on stacked BaTiO3s/PVDF spincoated layers (at
500 and 1500 rpm), on each side of a n-graphene layer, achieved a maximum power
output of 5.8 uW at a load resistance of 1 MQ. The device presented good stability after
1000 cycles. According to the authors the graphene layer enhance the energy harvesting
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performance of the generator by aligning the dipoles and also increasing the Young’s
modulus of the piezoelectric film [170].

The ceramic PZT is also reported in composites harvesters, such as the cantilever based
on the PZT-5A/PET composite. This system was formed by firmly clamping a
piezoelectric bimorph based on PZT-5A to a polymer beam of PET with a proof mass of
0.72 g (Figure 25a). This original cantilever configuration resulted from the simulation
of the voltage distribution in a simple cantilever under a concentric force at the free end
(Figure 26b), which showed that the piezoelectric layer towards the free end of the
cantilever does not contribute to the energy generation due to negligible strain, thus the
piezoelectric bimorph was about 60 % of the total cantilever length. A conventional
cantilever system, with the same piezoelectric material, was tested to compare the results.
This innovative approach generated the output power of ~40 uW at 36 Hz, whereas the
conventional cantilever registered 35 uW at 125 Hz, both tested at an acceleration of 0.2
g and across a load resistance of 1 MQ. Thus, this new design favors the decrease of the
resonance frequency and increases the output power [184].
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Figure 19: a) Design of the cantilever beam with a polymer spring attached to piezoelectric bimorph; b)
Simulation results depicting the voltage generated in the high strain region responsible for energy
generation [184].

Composites incorporating single crystals have also been reported, such as the
piezoelectric MEMS cantilever harvester based on PMN-PT/epoxy resin composite with
interdigitated electrodes, developed by micro-fabrication processes. The harvesters
generated the maximum power of 7.182 pW at the resonance frequency of 406.0 Hz and
vibration level of 1.5 g, corresponding to a power density of 17181.8 uW/cm?® [183]. The
single crystal PMN-PT was also prepared in the configuration of nanowires, synthesized
by hydrothermal process and mixed with PDMS, to produce a composite nanogenerator
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made of PMN-PT/PDMS with an area of 1 x 0.5 cm? and 150 pm of thickness. The system
was tested by tapping the device vertically using a plastic handle and provided an output
voltage of 7.8 V and a current of 2.29 YA, achieving a current density of 4.58 pA/cm?2,
The device showed a linear relationship between the output voltage and strain with high
sensitivity [174]. Nanowires of ceramic ZnO with high aspect ratio (~250 nm diameter
and ~12 pum lenght), processed via template-assisted hydrothermal synthesis method,
were grown within nanoporous PC templates to produce a piezoelectric nanogenerator
with an area of 3 cm? and a thickness of ~12 um, which generated a peak power density
of ~1600 mW/m?3 at a load resistance of ~1 MQ. The system showed an excellent fatigue
performance with relative immunity to detrimental environmental factors and mechanical
failure since the nanowires remained protected inside the polymer matrix [173].

An innovative approach presented a tri-layer flexible handwriting driven nanogenerator
consisting of a ZnO/P(VDF-TrFE) composite ink sandwiched between two foils of ZnO
nanowires chemically grown onto soft porous paper substrates. The system achieved an
open circuit voltage of 4.8 V and a current of 14.4 mA, corresponding to the maximum
power density of 1.3 mW/mm? connected to a load resistance of 100 Q, for a fast
handwriting mode of 200-240 letters/min. These results were stable and reproducible,
representing a scalable approach to develop new applications [134]. Another interesting
approach based on BaTiOs/P(VDF-TrFE) nanocomposite micropillars explored the
fabrication of nanogenerators trough imprinting technique. The ceramic particles were
mixed with the copolymer and the obtained solution spin coated on a flexible bottom
electrode, then a PDMS mold was hot pressed against the nanocomposite thin film above
its melting temperature resulting in the formation of a micropillar array inside. The
micropillars were then spin coated with a new PDMS matrix to insulate the system with
an effective area of 1 x 1 cm?. To test the nanogenerators, the device was repeatedly
compressed by a vibration exciter with a maximum force of 50 N at 1 Hz. The maximum
output achieved was 13.2 V and 0.33 pA across a load resistance of 3.9 MQ,
corresponding to a power density of 12.7 uW/cm? [186].

Other less common composites such as the one based on PVDF with formamidinium lead
halide perovskite (FAPbBr3) nanoparticles can be found in literature with significant
results. A FAPbBrs/PVDF based composite film with 1.2 x 1.4 cm? was integrated
between PET films with 25 and 125 pum of thickness, with Cr (10 nm) and Au (90 nm)
thin layers deposited as electrodes. The system was tested with a seismic shaker on

mechanical bending measurements and an output voltage of 30 V and a current density
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of 6.2 uA/cm? under a vertical stress of about 0.5 MPa at 5 Hz were achieved. The power
density increased linearly from 0.87 to 27.4 uW/cm? with increasing load impedance from
0.87 to 500 kQ [188].

The in vivo energy harvesting concept has been also explored for composites based
generators, in the case a sponge-like mesoporous PVDF film of 1 x 2 cm? area and 100
nm of thickness encapsulated within two distinct PDMS layers of 100 um and 1 mm of
thickness, with interdigitated surface gold electrodes. The system was previously tested
under periodical deflecting at 20 Hz and a force of 6 N reaching 3.8 V and 3.5 pA. Then,
the in vivo biomechanical energy harvesting tests were conducted in the quadriceps
femoris muscle surface of living rats (Figure 27a): firstly, the animals were under
anesthesia and its leg manually deflected, the average output of the harvester was 0.26 V
and 0.17 pA,; afterward, the device was left within the rats during 5 days and the output
measured every day having been recorded voltage peaks between 0.21 and 0.26 V (Figure
26b), which showed the device could operate normally without decay. The
biocompatibility of the composite was assessed and no toxicity was found [175].
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Figure 20: a) Photograph of the connection setup during the in vivo measurements; b) voltage output of the
composite during 5 days while the rats live under normal conditions [175].

A self-powered wearable flexion sensor based on spherical composite beads of BaTiO3
and calcium alginate polymer (Ca-alg), prepared by ionotropic gelation method,
incorporated into a PDMS matrix was tested for decoding the arm and finger
flexion/extension periodic movements, without external battery and sensory circuit
(Figure 27). The system, with an area of 7.5 x 1.5 cm? and ~20 pm of thickness, generated
output peak powers from 1.23 pW to 0.4 nW for flexion/extension of the right arm fingers
[141].
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Figure 21: a) Photographs of the fingers and clenched fist movements; b) average peak powers of the
flexible sensor during the fingers and clenched fist movements [141].

An innovative approach proposed a flexible nanogenerator based on BaTiO3/PDMS
synthesized on a M13 virus template. It was found that the barium and titanium precursor
ions were strongly associated with the E3 peptide via metal ion and the virus-metal ionic
complexes were used to synthesize virus-templated BaTiOz nanostructures. After, the
virus-templated BaTiOs crystals were mixed into PDMS and spin-casted onto PDMS/ITO
(100 nm)/PET (175 um) flexible substrate at 1500 rpm. The device with an effective area
of 2.5 x 2.5 cm? was tested by periodical bending/releasing motion at 0.3 Hz, leading to
an output voltage of ~6 V and a current ~300 nA [187].

6. Future directions

Piezoelectric energy harvesting is a concept of high interest and wide application potential
in the near future for a broad range of low power electronics devices. Further
developments and optimizations are expected in piezoelectric materials for powering
sensors in remote and hard-to-reach locations operating in a discontinuously mode, for
self-powered sensors operating in body thus avoiding difficult maintenance for patients,
for wearable sensors for monitoring vital functions in several activities and for powering
portable gadgets replacing a hundred number of accessories that make it difficult to use
day to day, among others. On the other hand, the research in piezoelectric materials are
in continuous progress to improve their intrinsic properties such as electromechanical
coupling conversion efficiency, temperature and chemical stability. Finally, in some cases
it is also needed the development of more efficient production and system integration

technologies in order to carry out a suitable transition from prototypes to products.
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7. Conclusions
After a short introduction to the main concepts related to piezoelectric energy harvesting,
this chapter provided an overview of the main piezoelectric materials with potential
applicability for electromechanical energy harvesting. The different classes of materials
have been discussed, including ceramics, single crystals, polymers and polymer
composites. The main properties and limitations of the different material classes have
been presented together with the main relevant characteristics for piezoelectric
applications. Finally, the main energy harvesting results have been summarized for the
different classes of materials showing that piezoelectric energy harvesting devices hold
great potential for collecting useful energy from wasted sources, such as mechanical
vibrations, that can be used to power micro devices. Strong research efforts are being
devoted in order to improve materials response and processing technologies, allowing
improved performance and integration, which will open important application areas for
these piezoelectric energy harvesting devices in the fields of low power portable
electronics and wearable sensors, self-powered sensors and sensors for remote or difficult

to reach locations.
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List of symbols and acronyms

ADP Ammonium dihydrogen phosphate
BiT Bismuth titanate

BKT Bismuth potassium titanate

BNT Bismuth sodium titanate

Ca-alg Calcium alginate polymer

D Electric displacement vector

d Piezoelectric strain coefficient

DKT Dipotassium tartrate

E Electric field vector

EDT Ethylene diamine tartrate

f Frequency

FAPbBr; Formamidinium lead halide perovskite
FDA Food and Drug Administration

g Gravitational acceleration

HFP Hexafluoropropylene

ITO Indium tin oxide

k Electromechanical coupling factor
KNN Potassium-sodium niobates
KNN-KCT-Mn KNN-potassium cooper titanate- manganese
MEMS Microelectromechanical systems

MPB Morphotropic Phase Boundary
MWCNT Multi-walled carbon nanotubes

n-Gr n-type graphene

p Electric dipole moment

P Polarization

P(VDF-HFP) Poly(vinylidene fluoride-co-hexafluoropropylene)

P(VDF-TrFE)

Poly(vinylidenefluoride-co-trifluoroethylene)

PAN

Polyacrylonitrile

PC Polycarbonate

PDMS Polydimethylsiloxane

PEDOT:PSS Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
PET Polyethylene terephthalate

PGA Polyglycolide

PIN-PMN-PT Lead indium niobate- PMN-PT

PLA Polylactide

PLGA Poly(lactide-coglycolide)

PLLA Poly(,.-latic acid)

PMN Lead magnesium niobate

PMN-PT Lead magnesium niobate - lead titanate
PPEN Poly(phenyl ether nitrile)

PVACc Polyvinyl acetate

PVC Polyvinyl chloride

PVDC Poly(vinylidene chloride)
PVDCN/VAC Poly(vinylidene cyanide-vinyl acetate)
PVDF Poly(vinylidene fluoride)

PZN Lead zinc niobate

PZN-PT Lead zinc niobate-lead titanate

PZT Lead zirconate titanate

Q Mechanical quality factor

q Electric charge

S Strain tensors
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S Elastic compliance matrix
T Stress tensors

Te Curie temperature

Ty Depolarization temperature
Ty Glass transition temperature
X Distance

o Alpha

B Beta

Y Gamma

€ Dielectric permittivity

€0 Permittivity of free space
X Electric susceptibility
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