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A B S T R A C T   

The global energy crisis and environmental pollutions caused mainly by the increased consumption of nonre-
newable energy sources prompted researchers to explore alternative energy technologies that can harvest en-
ergies available in the ambient environment. Mechanical energy is the most ubiquitous ambient energy that can 
be captured and converted into useful electric power. Piezoelectric transduction is the prominent mechanical 
energy harvesting mechanism owing to its high electromechanical coupling factor and piezoelectric coefficient 
compared to electrostatic, electromagnetic, and triboelectric transductions. Thus, piezoelectric energy harvesting 
has received the utmost interest by the scientific community. Advancements of micro and nanoscale materials 
and manufacturing processes have enabled the fabrication of piezoelectric generators with favorable features 
such as enhanced electromechanical coupling factor, piezoelectric coefficient, flexibility, stretch-ability, and 
integrate-ability for diverse applications. Besides that, miniature devices with lesser power demand are realized 
in the market with technological developments in the electronics industry. Thus, it is anticipated that in near 
future, many electronics will be powered by piezoelectric generators. This paper presents a comprehensive re-
view on the state-of-the-art of piezoelectric energy harvesting. The piezoelectric energy conversion principles are 
delineated, and the working mechanisms and operational modes of piezoelectric generators are elucidated. 
Recent researches on the developments of inorganic, organic, composite, and bio-inspired natural piezoelectric 
materials are reviewed. The applications of piezoelectric energy harvesting at nano, micro, and mesoscale in 
diverse fields including transportation, structures, aerial applications, in water applications, smart systems, 
microfluidics, biomedicals, wearable and implantable electronics, and tissue regeneration are reviewed. The 
advancements, limitations, and potential improvements of the materials and applications of the piezoelectric 
energy harvesting technology are discussed. Briefly, this review presents the broad spectrum of piezoelectric 
materials for clean power supply to wireless electronics in diverse fields.   

1. Introduction 

Today, miniaturization, multifunctionality, portability, flexibility, 
high computational capability, and low power communication have 
become the general trend in the development of electronic devices 
[1–4]. Harvesting the energies available in the ambient environment 
such as mechanical vibrations, heat, fluid flows, electromagnetic radi-
ation in the form of light and radio waves (RF), and in vivo energies can 
supply clean power to operate various electronic devices such as wire-
less sensor networks, mobile electronics, wearable and implantable 
biomedical devices. These devices have been conventionally powered by 
electrochemical batteries. However, the life of batteries is limited and 
oftentimes shorter than the life of electronic devices. Hence, it brings the 
extra cost of recharging or replacement. In the case of biomedical 

devices, additional surgeries are performed for replacing the batteries, 
which brings about an increased risk of infection and morbidity to the 
patients, as well as an increased economic burden on healthcare in-
stitutions. Another drawback of batteries is that they are bulky and 
usually dominate the weight and size of electronics, which hinders the 
miniaturization of the devices. Considering all these drawbacks, signif-
icant research and developmental efforts have been devoted to the 
advancement of energy harvesting technologies as a self-power source of 
a broad range of wireless electronic devices. 

Harvesting parasitic energy available in the ambient environment 
surrounding the electronic device would be a better alternative to the 
implementation of the conventional batteries as a power source [5,6]. 
Energies generated by industrial machinery, vehicles during trans-
portation, structures, natural sources, human activities, and movement 
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of body organs can be captured and converted into useful electric power 
without affecting the original source. Further, such energy harvesting 
would allow operation in harsh environments that would not be possible 
with conventional batteries e.g. temperature above 60 ◦C. Various en-
ergy harvesting strategies have been proposed using electromagnetic, 
electrostatic, piezoelectric, triboelectric, thermoelectric, and pyroelec-
tric transduction mechanisms at meso, micro, and nanoscale [7]. Among 
them, piezoelectric harvesters employ active materials to convert me-
chanical strains into electric power, whereas electrostatic, triboelectric, 
and electromagnetic harvesters generate electric power through varying 
capacitance, frictional contact and electrostatic induction, and magnetic 
induction, respectively. Heat is another valuable source for ambient 
energy harvesting. Thermoelectric and pyroelectric energy harvesters 
generate electric power on the basis of the available temperature 
gradient and thermal fluctuations, respectively. 

Among all the ambient energy sources, mechanical energy is the 
most ubiquitous energy that can be captured and converted into useful 
electric power [5,8–11]. Piezoelectric energy harvesting is a very 
convenient mechanism for capturing ambient mechanical energy and 
converting it into electric power since the piezoelectric effect is solely 
based on the intrinsic polarization of the material and it does not require 
a separate voltage source, magnetic field, or contact with another ma-
terial as in the case of electrostatic, electromagnetic, and triboelectric 
energy harvesting, respectively [12,13]. Piezoelectric generators are 
durable, reliable, more sensitive to minute strains, and exhibit 
∼3–5-fold higher density power output and higher voltage output 
compared to the other energy harvesting methods [14–19]. Moreover, 
piezoelectric generators can be manufactured in small dimensions and 
compact structures, and easily integrated into microelectromechanical 
systems. Further, they are not affected by environmental factors such as 
humidity [1,8,20,21]. Thus, piezoelectric transduction is the most 
promising ambient energy harvesting technology that has found appli-
cations in many diverse fields including structures, transportation, 
wireless electronics, microelectromechanical systems, Internet of Things 
(IoT), wearable and implantable biomedical devices, and so on [22]. 

A number of piezoelectric materials such as single crystals, ceramics, 
polymers, composites, and bio-inspired materials have been prepared in 
the form of the nanostructure, thin-film, and layer stacks for building 
piezoelectric generators to be deployed in a number of fields. The 
prominent field of application of piezoelectric generators is the wireless 
sensor networks. The continuous increase in the number of sensor nodes 
deployed in diverse fields and the significant reduction of node size and 
power requirement made it convenient to harvest ambient energy for 
sustainable power supply to the sensor nodes. Transportation, avionics, 
defense, infrastructure, environmental monitoring, networking, elec-
tronics, healthcare, and many other industries are the potential field of 
application of piezoelectric energy harvesters. For instance, the pressure 
of a tire can be monitored by wireless communication of sensors pow-
ered by piezoelectric energy harvesters. Snyder [23,24] patented the use 
of piezoelectric generators embedded in the car wheels to power tire 
pressure sensors. The generator was powered by the vibration of the 
wheel during driving, and abnormal tire pressure was reported to the 
driver through a low-power radio link. Another example of the energy 
harvesting in transportation is the prediction of the failure of rail wheel 
bearings by the wireless communication of piezoelectric sensors that 
convert the vibration of rolling stock into electrical power [25]. 

Piezoelectric generators can make use of the in vivo energies, too 
such as the beat of a heart, lung motion, muscle stretching, and blood 
flow for powering biomedical devices such as a cardiac pacemaker, deep 
brain stimulator, hearing aids, or sensors for diagnosing heart rate, 
blood pressure, respiration, and so on for a number of diseases related to 
the heart, brain, and other important organs [26–28]. 

Aside from in vivo energies, the biomechanical energy generating 
from the physical activities such as footfalls, hand swings, and finger 
tapping, etc. can be used by deploying piezoelectric energy harvesters 
on footwears, knees, elbows, wrists, and fingers to power a number of 

electronic devices such as LED lights, wristwatches, mobile phones, and 
implantable biomedical devices [29]. Besides, the biomechanical energy 
of wild animals or livestock on a farm can power electronic devices for 
monitoring their health status. The ambient mechanical energy is also 
utilized to self-power sensor nodes for environmental monitoring such 
as humidity and dust through the piezoelectric effect [30,31]. 

The recent research and developmental efforts on piezoelectric ma-
terials and manufacturing methods at micro and nanoscale have enabled 
widening the application fields of piezoelectric technology. Newly 
developed piezoelectric materials such as ceramics, polymers, compos-
ites, and bio-inspired natural materials in the form of different nano-
structures and thin films with satisfactory physical properties such as 
high piezoelectric coefficient, flexibility, stretch-ability, and durability 
favored their use in emerging fields including wireless sensor networks, 
IoT, wearable electronics, and implantable biomedical devices. Thus, 
piezoelectric energy harvesting has received a growing interest world-
wide. The number of documents within this context has tremendously 
raised from 1 to 1172 by the time between 2000 and 2019 (Fig. 1). In the 
meantime, excellent review papers have been published based on 
various aspects of piezoelectric energy harvesting such as materials 
[32–34], device architectures [35], circuit designs [36], energy sources 
[37–39], applications [35,40], and performance optimization [41]. 
Despite the availability of literature reviews that specifically focus on 
some of the abovementioned aspects of piezoelectric energy harvesting, 
none of the recent reviews compiles the broad spectrum of materials and 
applications in one literature. The present paper is a comprehensive 
review on the state-of-the-art of piezoelectric energy harvesting. It is 
specifically aimed to compile, discuss, and summarize the recent liter-
ature on materials and applications of piezoelectric energy harvesting. 
Firstly, concise background information on electromechanical energy 
harvesting, piezoelectric transduction mechanism, energy harvesting 
device structures, and operation modes is provided in the following 
sections. Next, a detailed review of a range of piezoelectric materials 
including ceramics, polymers, composites, and bio-inspired natural 
materials is presented. Finally, the applications of piezoelectric gener-
ators in diverse fields such as transportation, structures, aerial applica-
tions, in water applications, smart systems, microfluidics, biomedicals, 
wearable and implantable electronics, and neuronal and bone tissue 
regeneration are reviewed. Briefly, this paper is an up-to-date review of 
piezoelectric energy harvesting with an emphasis on the broad spectrum 
of materials and applications. 

2. Electromechanical energy harvesting 

Mechanical energy is the most ubiquitous and versatile energy 
available in the ambient environment. Motion, flow, and the vibration of 
a source can be captured and converted into electrical power through 
mechanical-to-electrical transduction [42]. 

Inertial energy harvesting is the widely implemented method in 
electromechanical energy harvesting, which relies on the resistance of a 
mass to acceleration. In the literature, vibration energy harvesting is 
extensively studied by incorporating a basic configuration of spring- 
mass-damping system, which represents the inertial energy harvesters 
[4]. The system consists of a seismic mass, “m" and a spring with a 
stiffness ”k”. When the generator moves with a displacement “y(t)”, a 
vibration is set up in the mass-spring system. The mass moves out of 
phase with the frame that produces a relative movement between the 
mass and frame; “z(t)” (Fig. 2). The resultant sinusoidal displacement is 
converted into electrical energy via piezoelectric transduction. Each 
inertial system has a certain resonant frequency that is designed to 
match the frequency of the vibration source. The amplitude of the vi-
bration in the mass-spring system is significantly larger than the 
amplitude of the frame. Energy losses within the system comprising 
parasitic losses, “bp”, and electrical power extracted by the transduction 
mechanism, “be” are represented by the damping coefficient, “b”. These 
components are associated with the excitation of the inertial frame by 

N. Sezer and M. Koç                                                                                                                                                                                                                           



Nano Energy 80 (2021) 105567

3

sinusoidal vibration of the form y(t) = Ysin(ωt) where “Y” is amplitude 
and “ω” is the angular frequency of vibration. The piezoelectric trans-
duction mechanism generates electricity by exploiting the mechanical 
strain. Active piezoelectric materials are employed to convert defor-
mation into electrical power. 

3. Piezoelectric transduction mechanism 

The piezoelectric effect was first discovered by Pierre and Jacques 
Curie brothers in 1880. It is described as the asymmetric shift of charges 
or ions of piezoelectric materials when exposed to mechanical strain. 
Certain crystalline materials such as quartz, barium titanate, topaz, 
Rochelle salt (sodium potassium tartrate tetrahydrate [(NaK-
C4H4O6⋅4H2O)]), tourmaline, as well as natural organic materials such 
as cane sugar exhibit piezoelectricity that generate electricity under the 
effect of applied pressure. As such, a direct piezoelectric effect is ach-
ieved. The converse piezoelectric effect is attained if the electric po-
tential is applied to the same materials to undergo mechanical 
deformation as illustrated in Fig. 3. Both effects are useful in diverse 
applications; specifically, the direct effect is used as a sensor and energy 

Fig. 1. Number of documents on “piezoelectric energy harvesting” by year (all data from Scopus).  

Fig. 2. Spring-mass system for mechanical energy harvesting [43].  

Fig. 3. Electromechanical conversion of piezoelectric phenomena [22].  
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transducer while the converse effect is used as an actuator [18,44]. The 
constitutive equations of direct and converse piezoelectric effect are as 
follows [45]. 

D = dT + εE (Direct effect) (1)  

X = sT + dE (Converse � effect) (2)  

where D is electrical displacement, d piezoelectric coefficient, T stress, ε 
permittivity of the material, E electric field, X strain, and s mechanical 
compliance. 

4. Energy harvesting device structures 

The cantilever beam with one or two piezoelectric material layers, 
termed as unimorph or bimorph (Fig. 4a and b), respectively, is the most 
widely used device structure for piezoelectric energy generators (Fig. 4) 
since it can produce large mechanical strain during vibration. A seismic 
mass is usually attached at the tip of the cantilever to adjust the resonant 
frequency to the available environment frequency, which is usually 
below 100 Hz. The beam is placed on a vibration source that induces 
dynamic strain in piezoelectric layers. As such, an alternating voltage is 
generated through the electrodes covering the piezoelectric material 
layers [30]. 

Another piezoelectric device structure is the cymbal structure that 
was proposed by Newnham et al. [46]. It consists of two metal 
cymbal-shape endcaps and a piezoelectric disk placed in between them, 
as shown in Fig. 5. The metal cymbal-shape endcaps enhance the 
endurance of the piezoelectric disk under high loads. With the presence 
of a cavity, the metal endcaps serve as a mechanical transformer. Thus, a 
portion of the incident axial stress is converted into the radial and 
tangential stresses that amplify the piezoelectric coefficient d31 and d33 
of the generator [47]. 

Cymbal structure can generate larger power output (∼100 µW) 
compared to that of a cantilever structure that enables harvesting of high 
load mechanical energy. On the contrary, the loss of mechanical input 
energy and high resonant frequency are the drawbacks of cymbal 
structure [47]. 

In addition to the cantilever and cymbal structures, large numbers of 
thin piezoelectric materials can be arranged together along the direction 
of the electric field to form a stack structure. This way, the energy output 
can be effectively improved. Stack structure is a suitable choice for high 
load applications. However, the complex stacking process in confined 

space is the major barrier of stack configuration [47]. 

5. Operation modes 

Piezoelectric materials for energy harvesting usually exhibit a 
certain polar axis, and the direction of the applied stress relative to the 
polar axis affects the energy harvesting performance. The polar axis is 
denoted as “3” direction, and other directions at right angles to the polar 
axis are denoted as “1” direction. The direction of the applied stress can 
be either along the polar axis, i.e. 3-direction or at right angles to it i.e. 1- 
direction, resulting in 33-mode and 31-mode configurations, respec-
tively. These are the two common modes used in piezoelectric energy 
harvesting as shown in Fig. 6. The applied stress and generated voltage 
are in the same direction in 33-mode, while in 31-mode, stress is applied 
in an axial direction, but the voltage is obtained in a perpendicular di-
rection. The open circuit voltage Voc of piezoelectric material is calcu-
lated by; 

VOC =
dij

εrε0
σijge (3)  

where σij is the applied stress, dij is the piezoelectric coefficient, ge is the 
distance between the top and bottom electrodes, εr is relative dielectric 
constant, and ε0 is the permittivity. The mode of operation affects the 
piezoelectric output. The 33-mode yields higher voltage output whereas 
the 31-mode is superior in high current output [4]. 

Fig. 4. Cantilever structure of piezoelectric generators with (a) unimorph and (b) bimorph, construction. Reproduced with permission [30] Copyright 2018, John 
Wiley & Sons, Ltd. 

Fig. 5. Schematic illustration of cymbal structure (a) cross-section view and (b) 
top view [48]. 
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6. Piezoelectric materials 

Piezoelectricity is a change in polarization that some materials, such 
as ferroelectrics, undergo when subjected to mechanical deformation 
(strain) due to having a crystal structure without a center of symmetry. 
Piezoelectric materials are active materials that generate electricity in 
response to minute mechanical strains. The type of material selected for 
piezoelectric energy harvesting has a major influence on its perfor-
mance. Therefore, a wide range of materials including inorganic, 
organic, and composite materials have been investigated for piezoelec-
tric energy harvesting. 

Piezoceramics are characterized by their large dielectric and piezo-
electric coefficients, and electromechanical coupling factors, as well as 
high energy conversion rates. However, they are very brittle so they 
cannot absorb large strains without being damaged. On the contrary, 
piezopolymers exhibit low electromechanical coupling factor, but they 
are highly flexible [18]. Piezoelectric composites are another class of 
materials that combine the benefits of ceramics and polymers required 
for specific applications. 

Piezoelectric materials used in energy harvesting exhibit wurtzite or 
perovskite crystal structure. Materials with perovskite structure typi-
cally exhibit better piezoelectric performance than the wurtzite struc-
ture. Nevertheless, an additional process of poling is required to be 
implemented on materials with the perovskite structure to induce 
piezoelectric property. 

Piezoelectric generators are typically fabricated by sandwiching the 
prepared piezoelectric materials between elastomeric substrates to 
induce required flexibility to the generator as well as to protect the 
piezoelectric layer from environmental factors such as humidity. The top 
and bottom electrodes are connected to collect the generated electric 
charge and finally transfer it to the external load. 

The important properties of piezoelectric materials for energy har-
vesting applications include piezoelectric strain constant “d” induced 
polarization per unit stress applied, voltage constant “g” induced electric 
field per unit stress applied, electromechanical coupling factor k; square 
root of the mechanical-electrical energy conversion efficiency, me-
chanical quality factor “Q” the degree of damping (lower value indicates 
higher damping), and dielectric constant “ε” the ability of the material to 
store charge. The values of d, k, and ε for inorganic piezoelectric ma-
terials are typically much greater than those of piezoelectric polymers. 
The g constants of the polymers are higher as they exhibit much lower 
dielectric constants compared to those of the inorganic materials. 

6.1. Inorganic materials 

Despite natural materials, such as quartz and berlinite, exhibit 
piezoelectricity due to their specific crystalline structure, synthetic 
materials, such as lead zirconate titanate (PZT) and barium titanate 
(BT), should be subjected to the poling process to impart piezoelec-
tricity. Perovskite, ilmenite, bismuth-layer, and tungsten bronze 

structure ferroelectrics are the most commonly investigated systems that 
possess the piezoelectric effect. Among these, perovskite is the promi-
nent piezoceramic crystal structure with outstanding performance. 
Therefore, materials with perovskite structure received the utmost in-
terest from the researchers worldwide. In the perovskite structure, 
highly symmetrically distributed constitutional atoms allow the defor-
mation of the unit cell easily, which gives rise to various 
ferroelectrically-active non-cubic phases. The versatility of the perov-
skite structure is in part based on the many different distortions that the 
unit cell can undertake. 

The first piezoelectric ceramic, BaTiO3, abbreviated as BT, was 
discovered in 1947 [49]. It was a revolutionary finding that a poly-
crystalline material could be rendered permanently piezoelectric after 
applying an electric field, the so-called poling process. BT was found to 
have the highest dielectric constant εr of 1100 at the time of its devel-
opment. BT and other later developed class of synthetic ceramic mate-
rials were termed as ferroelectrics. The piezoelectric constant (d33) of 
ferroelectrics was significantly greater than that of natural materials. 

Considerable efforts have been devoted to fabricating high- 
performance BT-based piezoelectric generators. It was found that BT 
ceramics prepared by using hydrothermal nanoparticles possessed a 
larger dielectric constant than those fabricated from conventionally 
synthesized powders [50]. Wada et al. [51] reported that all 
piezoelectric-related constants of single-crystal BT increased with the 
decrease of ferroelectric domain size. Takahashi et al. [52] successfully 
densified hydrothermal nanoparticles by microwave sintering to fabri-
cate high-density and nano-domain BT ceramics that had a dielectric 
constant of 4200, piezoelectric constant d33 = 350 pC/N, and electro-
mechanical coupling factor kp = 36%. Besides, Polotai et al. [53] and 
Wang et al. [54] reported a novel approach to sintering nanocrystalline 
BT ceramics, in which a two-step sintering method was applied to 
control grain size so as to improve the relative density of the ceramics. 
The studies demonstrated that it is possible to obtain high-performance 
BT piezoelectric ceramics by controlling both the grain size and density 
through optimizing the sintering conditions. Karaki et al. [55] success-
fully fabricated high-density BT piezoelectric ceramics with an average 
grain size of 1.6 mm by using hydrothermal nanoparticles through a 
two-step sintering method. Excellent piezoelectric performance with 
electromechanical coupling factor 42%, dielectric constant 5000, 
piezoelectric coefficients d33 = 460 pC/N, and d31 = 185 pC/N were 
obtained. The high d33 of the ceramics was attributed to the high Pois-
son’s ratio and large dielectric constants. 

Ultrahigh piezoelectricity and superior electromechanical coupling 
properties of relaxor lead titanate (PbTiO3, abbreviated as PT) piezo-
electric single crystals were discovered. These materials exhibit a strong 
piezoelectric effect; 3–10-fold greater than that of conventional piezo-
electric ceramics. The high piezoelectric constant and electromechanical 
coupling factors of relaxor-PT single crystals were found to be closely 
related to the engineered domain configurations [49]. Most researches 
on BT prepared through various processing routes have revealed 
promising piezoelectric performance. However, the operating temper-
ature range of BT is limited below 120 ◦C due to its low Curie temper-
ature (Tc); the critical temperature above which piezoelectric materials 
lose their piezoelectricity. Takenaha and Nagata [56] prepared a binary 
system of BaTiO3-(Bi0.5K0.5)TiO3 [BKT] that exhibited an elevated Tc 
value of 380 ◦C. 

In 1954, Bernard Jaffe [57] stated that the lead zirconate-lead tita-
nate system (PZT) should have a strong piezoelectric effect near a molar 
compositional mix of 50/50. A noticeable feature of this material is the 
occurrence of a morphotropic phase boundary (MPB) (Fig. 7) that leads 
to composition-induced ferroelectric-to-ferroelectric phase transitions. 
Therefore, compositions close to the MPB boundary show excellent 
electromechanical properties [58]. Modified PZT compositions near the 
tetragonal side of the tetragonal-rhombohedral (T-R) boundary are now 
the most widely used piezoelectric materials. PZT shares with quartz 
over 90% of all piezoelectric applications [59]. 

Fig. 6. Operation modes of piezoelectric transducer.  
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PZT ceramics have a superior piezoelectric performance with high 
charge coefficient (d33), piezoelectric voltage coefficient (g33), dielectric 
constant, electromechanical coupling coefficient (kp), charge sensitivity, 
and energy density [60]. By tailoring zirconia (Zr) content and including 
doping acceptor (Mn) and donor (Nb) ions, a wide range of soft 
(PZT-5H), semihard (PZT-4), and hard (PZT-8) PZT materials have been 
developed for different applications. Zr content in PZTs determines 
tetragonal or rhombohedral crystal symmetry, while PZTs prepared with 
a composition near the MPB of these two phases displayed the highest 
piezoelectric property due to easy dipole reorientation [61]. Flynn and 
Sander [62] imposed fundamental limitations on PZT material and 
indicated that the mechanical stress limit is the effective constraint in 
typical PZT materials. They reported that a mechanical stress-limited 
work cycle is 330 W/cm3 at 100 kHz for PZT-5H [18]. 

To achieve higher piezoelectric coefficients, various compositions of 
PZT-based piezoelectric materials (d33 = 300–1000 pC/N), as well as 
different alternate materials have been studied. A PZT-based high-per-
formance piezoelectric generator was developed by Yi et al. [63]. Bulk 
PZT thick films were mounted on two sides of a flexible thin beryllium 
bronze substrate (50 µm) by bonding and thinning methods, and a 
tungsten proof mass was placed on the tip end of the cantilever beam. 
The thickness of top PZT layer and bottom PZT layer was reduced to 
53 µm and 76 µm, respectively. The effective volume of the resultant 
device was 30.6 mm3. The maximum output voltage, power, and power 
density of 53.1 V, 0.98 mW, and 32 mW/cm3 were achieved, respec-
tively, at an excitation force of 3.5g and frequency of 77.2 Hz. The 
generator was sufficient to light up twenty-one serial LEDs at resonance 
at 3.0g acceleration. 

As is well-known, lead is a harmful component that can induce 
toxicity to the environment and the human body. Therefore, govern-
ments restrict its use in the manufacturing of many products. Thus, re-
searchers have put intense effort into developing high-performance 
lead-free piezoelectric materials that resulted in the realization of many 
new piezoceramics, the most typical of which are potassium sodium 
niobate [(K0.5Na0.5)NbO3, abbreviated as KNN] and sodium bismuth 
titanate [(Bi0.5Na0.5)TiO3, abbreviated as BNT] [49,64]. Kang et al. [64] 
investigated the piezoelectric performance of lead-free (1 − x) 
BNT–xBT ceramics, sintered at 1100–1200 ◦C. BT has a high dielectric 
permittivity and high power capabilities from the equation E = (1/2) 
CV2. Increasing both the BT content and sintering temperature improved 
the grain growth and densification, and consequently the piezoelectric 
properties. The (1 − x)BNT–xBT ceramic exhibited a piezoelectric 
voltage coefficient of 47.03 × 10− 3 Vm/N at x = 0.04, favorably 

compared to that of PZT-based ceramics. The peak piezoelectric charge 
coefficient of 164 pC/N and the output voltage of 8.95 V were reported 
at x = 0.06. 

Shin et al. [65] studied the potentiality of using (1-x)Ba(Zr0.2Ti0.8) 
O3–x(Ba0.7Ca0.3)TiO3 [(1-x)BZT-xBCT] as a lead-free material in piezo-
electric energy harvesting. The phase convergence region of (1-x) 
BZT-xBCT was studied to achieve high piezoelectric properties. The 
maximum piezoelectric coefficient d33 = 464 pC/N and the maximum 
energy density of 158.5 μJ/cm3 were achieved near the phase transition 
region between the orthorhombic and tetragonal phase. The output 
energy density of 158.5 μJ/cm3 was achieved which was the highest 
record value among lead-free ceramics. The optimal sintering temper-
ature and optimal ceramic composition were determined to be 1475 ◦C 
and x = 0.5, respectively. 

A lead-free non-toxic NaxK1− xNbO3 (NKN) piezoelectric ceramic was 
suggested as an alternate material of the PZT, which possessed favorable 
piezoelectric coefficient (d33 = ∼100–400 pC/N) and electromechan-
ical coupling constant (kp = 0.36) [66,67]. However, both the piezo-
electric coefficient and the electromechanical coupling of NKN are still 
much lesser than that of the PZT-based materials. The performance of 
the NKN-based ceramics can be enhanced by adding dopants. In the 
literature, ceramics of NKN with various dopants have been studied 
[68–74]. These NKN-based piezoelectric ceramics exhibited improved 
densification properties with dopants. For instance, Kim and Koh [75] 
used mixed oxide fabrication method to synthesize (1 − x)(Na0.5K0.5) 
NbO3–x(Bi0.5Na0.5)TiO3 [(1-x)NKN-xBNT] (x = 0, 0.01, 0.03, 0.05, 
0.07 mol) piezoelectric ceramics at various sintering temperatures be-
tween 1080 and 1160 ◦C [75]. A high piezoelectric coefficient of d33 
= 204 pC/N was achieved at 0.03 mol% BNT concentration and at 
1140 ◦C sintering temperature that yielded a maximum output power 
density of 24.6 nW/cm2 and maximum output voltage of 10.8 V, 
respectively. 

Aluminum nitride (AIN) thin films exhibit piezoelectric performance 
favorably comparable to the bulk materials. Thin films of AIN with low 
dielectric permittivity and high piezoelectric voltage coefficient can be 
prepared through a facile sputtering method. Though, its piezoelectric 
coefficient (d33 = 3–5 pm/V) is still much less than PZT-based materials 
[66]. 

Most perovskite-type (ABO3) lead-free piezoelectric materials 
investigated thus far exhibited relatively large piezoelectric constant. 
However, common drawbacks with these materials are summarized as 
having low Curie temperatures (Tc), difficult poling treatments, and 
poor relative densities. Wang et al. [76] defined the name “piezoelectric 
nanogenerators” after they discovered the piezoelectricity in ZnO 
nanowires (d33 = 14–26 pm/V) in 2006. The advantage of using 
nanowires is that they can be triggered by minute physical motions and 
excitation frequency in a range of few Hz to multiple MHz, which is ideal 
for harvesting random energy in the environment such as vibrations, 
body motion, and gentle airflow [77]. Thus, piezoelectric nano-
generators have received significant attention from the research com-
munity. Over time, the output electric power has increased from several 
millivolts to several hundred volts, which is enough to drive low power 
devices, such as liquid crystal display (LCD) and light-emission diode 
(LED) [27]. 

Bulk inorganic materials are brittle and rigid. Therefore, several 
groups have fabricated them into thin films, membranes/ribbons, or 
nanowires to form more-flexible systems [78]. Besides, these materials 
have been formed into a hemisphere structure embedded in a polymer 
matrix, which offers flexibility and stretch-ability that broadens the 
range of its applications. Thus, the deformation of such structures per-
mits the system to be stretched by up to 40% of strain, without me-
chanical failure [79]. In addition to the nanofibers and thin films of PZT 
and BT, ZnO nanowires, (1 − x)Pb(Mg1/3Nb2/3)O3 − xPbTiO3 
(PMN-PT) thin films, and Ba(Zr0.2Ti0.8)O3 − x(Ba0.7Ca0.3)TiO3 
(BZT-BCT) nanowire/polydimethylsiloxane (PDMS) nanocomposites 
have been used to design flexible systems [80]. Thin films of ZnO can be 

Fig. 7. Phase diagram of lead zirconate-lead titanate (PZT) compound showing 
crystallite structures in different regions. Piezoelectric properties of the ceramic 
are superior in the vicinity of the morphotropic phase boundary (MPB), at a 
composition of 52% lead zirconate to 48% lead titanate. 
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prepared through the low-temperature processes, unlike many ferro-
electrics which require high-temperature processing. ZnO nanofilms can 
be integrated on flexible organic substrates [81]. Besides, the nano-
structures are crystallographically aligned and non-ferroelectric, and 
therefore do not require the implementation of the poling process. ZnO 
has a wurtzite crystal structure, which lacks central symmetry, giving 
the material piezoelectric properties [82]. The final thin film is flexible 
and stretchable that widens the fields of its application. Nevertheless, 
PZT-based materials still have much higher piezoelectric coefficient and 
outperform ZnO materials [78,81,83]. 

A fully-functioning, flexible piezoelectric generator has been re-
ported by Kim et al. [81] who grew ZnO nanorods on Au-coated woven 
polyester substrates. The device was completed by pressing another 
Au-coated polyester layer onto the surface to form a top electrode. As 
such, the nanorods were contacted at both their base and tip so that the 
piezoelectric polarization – induced by straining the rods when the cloth 
was bent – could be efficiently used to generate a voltage in an external 
circuit. An improved output was achieved by placing a 40 µm thick 
polyethylene (PE) spacer between the nanorods and top electrode, 
which produced 4 V open-circuit voltage and 0.15 μA/cm2 short-circuit 
current density when excited by acoustic vibrations at 100 dB. 

Lee et al. [84] investigated the energy harvesting capability of a 
hexagonal boron nitride (h-BN) nanoflakes-based flexible piezoelectric 
generator. h-BN nanoflakes (lateral size: 0.82 µm, thickness: 25 nm) 
were synthesized through a mechanochemical exfoliation process and 
transferred onto an electrode line-patterned plastic substrate. Mechan-
ical bending of a single h-BN nanoflake produced alternate piezoelectric 
output voltage and current of 50 mV and 30 pA, respectively. Further, 
an h-BN nanoflakes-based flexible piezoelectric generator was fabri-
cated that yielded a piezoelectric voltage, current, and power of 9 V, 
200 nA, and 0.3 μW, respectively. 

Introducing porosity into a piezoelectric material is another effective 
strategy to improve the piezoelectric performance. Roscow et al. [85] 
synthesized porous BT using polyethylene glycol as a volatile 
pore-forming specie. The porous composite structure changed from a 
3–0 configuration (isolated pores) to a 3–3 configuration (inter-
connected pores) with the increased level of porosity. A maximum en-
ergy harvesting figure of merit of 2.85 pm2/N was achieved at 60% 
porosity, which was three-fold higher than that of the dense samples. 
Such enhancement was the result of the reduced permittivity at this 
porosity level along with a relatively small reduction in piezoelectric 
coefficient d33. In another study, the same research group aimed to 
enhance the piezoelectric energy harvesting performance of BT by 
forming a highly aligned porous microstructure through the freeze 
casting process. The freeze cast BT with 45 vol% porosity had a d33 
= 134.5 pC/N, which is comparable to d33 = 144.5 pC/N for dense BT.  
Porosity considerably reduced the permittivity of BT, as such lead to an 
improved energy harvesting performance [86]. 

6.2. Organic materials 

Compared to inorganic piezoelectric materials, piezoelectric poly-
mers are naturally flexible, durable, and easy for processing, thus 
favorable for many applications [4,87]. The piezoelectric effect in pol-
yvinylidene fluoride polymer (PVDF) was first observed in 1969 by 
Kawai [88]. Later, a copolymer of PVDF with trifluoroethylene, abbre-
viated as P(VDF-TrFE), was discovered. Although the magnitudes of the 
effects in polymers are much lower than those of ferroelectric ceramics, 
polymers have low permittivity and low acoustic impedance. They are 
available in large-area sheets (thin films), flexible, lightweight, and 
relatively low-cost [89]. They have large elastic compliance, and 
therefore can be formed on the surfaces of curved structures. PVDF has 
been reported to occur in α-phase, β-phase, γ-phase, and δ-phase but 
only the β-phase shows favorable electroactivity (piezoelectricity, 
ferroelectricity, and pyroelectricity), thus manifests spontaneous po-
larization and exhibits piezoelectricity [90,91]. High β-phase 

concentration makes the PVDF highly responsive to mechanical stresses 
or strains. Achieving a high concentration of β-phase is aimed to obtain a 
resulting material highly responsive to the applied stress/strain. The 
beta-phase polymeric  structure of PVDF is illustrated in Fig. 8. This 
alignment can be achieved by the poling process through mechanical 
stretching and subsequently applying a large static electric field at 
elevated temperatures [92]. 

Electrospun PVDF nanofibers displayed a high β-phase fraction due 
to the application of a high voltage during electrospinning. The elec-
trospinning process can be effectively utilized for loaded polymers. The 
application of high voltages during the electrospinning process essen-
tially leads to the alignment of the electric dipoles present in the PVDF 
solution, with the degree of alignment being proportional to the 
magnitude of the applied electric field [93]. Spin-coating is also widely 
used for preparing piezopolymers since it readily results in the formation 
of the β-phase of PVDF and copolymers [93]. Pi et al. [94] fabricated a P 
(VDF-TrFE) thin film-based flexible nanogenerator using the 
spin-coating method. The generator yielded an open-circuit voltage and 
short-circuit current of 7 V and 58 nA, respectively with the current 
density of 0.56 μA/cm2. 

Jin et al. [95] prepared a β-PVDF piezopolymer by a high-pressure 
melt crystallization process for self-powered acceleration sensors. This 
process allowed for obtaining high crystallinity β-phase and eliminated 
the need for additional poling process. A favorable linear relationship 
between short-circuit current and acceleration with a sensibility of 
2.405 nA s2 m− 1 was observed from 5 m/s2 to 30 m/s2 favorable for 
acceleration sensors. The generator remained stable after 10,000 
repeating operation cycles under 4 Hz. 

Poly(L-lactic acid) (PLLA) polymer is a green plastic derived from 
plants, and it is often used as an industrial raw material. The biocom-
patibility, flexibility, and piezoelectricity of PLLA attracted research 
interest in energy harvesting. Zhu et al. [96] fabricated PLLA 
nanofibers-based piezoelectric device for strain sensing and energy 
harvesting from human joint motion. Well-ordered porous PLLA nano-
fibers were formed on a comb-shape electrode using the electrospinning 
method. The direct current electric field of the electrospinning process 
aided polarization of the electric dipole component along the main 
carbon chain of PLLA nanofibers. An open-circuit voltage of 0.55 V and a 
short-circuit current of 230 pA were reached with a 28.9◦ strain 
deformation angle. The linear relationship between the short-circuit 
current and open-circuit voltage indicated that the developed piezo-
electric device can be used as a strain sensor. The energy from human 
joint motion generated a maximum electrical power of 19.5 nW. 

The low power density of piezopolymers can be overcome by intro-
ducing porosity in the material structure that reduces the effective 
dielectric permittivity and increases piezoelectric voltage constant. 
Abolhasani et al. [97] successfully formed nanopores in the electrospun 
P(VDF-TrFE) nanofibers through a liquid-phase de-mixing effect that 
was achieved by adding a certain amount of water in the polymer prior 
to electrospinning. Using the porous electrospun P(VDF-TrFE) nano-
fibers, a piezoelectric nanogenerator was fabricated that yielded as high 
as 500-fold greater output power at 45% porosity compared to a 
nonporous P(VDF-TrFE)-based nanogenerator. 

6.3. Composite materials 

Despite the outstanding piezoelectric performance of ceramics, their 
inherent brittleness limits their application in flexible devices, and 
despite the satisfactory flexibility of polymers, their poor piezoelectric 
properties restrict their use in high energy density applications. These 
problems can be overcome by developing composite piezoelectric ma-
terials through dispersing nanosized ceramics in a polymer matrix 
[98–100]. The development of nanocomposites and hybrid multiscale 
composites with nanosized reinforcements have made it possible to 
achieve simultaneous improvements in multiple structural functions and 
energy harvesting performance of piezoelectric generators. Various 
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studies reported that the composites of PZT/PVDF exhibit comparable 
flexibility to native PVDF with a greater piezoelectric coefficient than 
native PVDF [61,101,102]. 

For enhancing the mechanical-to-electrical energy conversion ca-
pacity, PVDF-based piezoelectric nanogenerators have been tailored by 
the incorporation of the nanofillers that serve as nucleation and crys-
tallization sites and improve β phase formation, crystal orientation, and 
subsequently the piezoelectric coefficient [103]. Conductive fillers, such 
as graphene, carbon nanotubes, carbon black, and silver, have been used 
to enhance nucleation and to aid the transfer of generated charges. 
Non-conductive fillers such as BT, KNN, ZnO, MgO, and TiO2 have also 
been reported to help in nucleation and dipole alignment [11,91,93]. 
Among the nanofillers, BT is an extensively studied nucleating filler for 
PVDF-based composites owing to its high piezoelectric coefficient and 
biocompatibility, as well as the facile, scalable, and low-cost preparation 
process [104]. Many studies showed the improved piezoelectric per-
formance of PVDF by the incorporation of BT nanofiller [104–108]. 
PVDF/BT-based nanocomposite thin films and fiber mats formed 
through solution casting and electrospinning processes exhibited 
enhanced dielectric constants and output power density [104,105, 
108–110]. For instance, Siddiqui et al. [111] synthesized a piezoelectric 
nanocomposite thin film based on BT nanoparticles embedded into a 
highly crystalline P(VDF-TrFE). The nanocomposite generator with 
40 wt% BT loading produced 9.8 V output voltage and 13.5 µW/cm2 

output power density under cyclic bending, which was comparable to 
those of PZT. The high piezoelectric performance of the developed 
nanocomposite was owing to highly crystalline P(VDF-TrFE) and its high 
piezoelectricity that was strengthened by BT nanoparticles [111]. 

Choi et al. [90] synthesized flexible piezoelectric nanocomposites 
with BT nanowires embedded in the PVDF matrix and studied the 
piezoelectric performances of the composites by varying the aspect ratio 
and volume fraction of the nanowire, and the duration of the poling 
process. It was shown that a high aspect ratio significantly increases the 
relative permittivity to 64. When the concentration of BT nanowires was 
50 vol%, the piezoelectric coefficient was 61 pC/N, which is superior to 
that of composites with 50 vol% spheroid BT nanoparticles. 

Siddiqui et al. [112] fabricated a nanocomposite generator based on 
BT nanoparticles dispersed in P(VDF-TrFE) nanofibers prepared through 
the electrospinning process (Fig. 9). The generator comprised of P 
(VDF-TrFE) electrospun nanofibers loaded with 15 wt% BT nano-
particles generated an open-circuit voltage and a short-circuit current 
density of 3.4 V and 0.67 µA/cm2, respectively, with a power density of 
2.28 µW/cm2 under 20 N tapping pressure. The output voltage was 
observed to be stable after 10,000 tapping cycles. The generator pro-
duced an open-circuit voltage of 25 V during walking with high dura-
bility of 1000 walking steps under 600 N human body weight. The 
generated output power was stored in a commercial capacitor that 
successfully powered a strain sensor. Further, Guan et al. [16] improved 
the dispersion of BT nanoparticles in the P(VDF-TrFE) matrix by func-
tionalizing BT nanoparticles with polydopamine through in situ poly-
merization route. A P(VDF-TrFE) nanofiber network was prepared by 
the electrospinning process and the functionalized BT nanoparticles 
were mixed in this network through ultrasonic agitation. The developed 
nanogenerator achieved an output voltage and current of 6 V and 

1.5 μA that were 4.8-fold and 2.5-fold greater than those of P 
(VDF-TrFE) nanogenerators, respectively. Besides, a maximum power 
density of 8.78 mW/m2 was achieved. The excellent flexibility, 
enhanced piezoelectricity, and durability of the developed nano-
composite generator were favorable for biomechanical energy harvest-
ing for powering wearable electronics. 

Shuai et al. [113] functionalized hydroxylated BT nanoparticles with 
polydopamine to facilitate a uniform dispersion in PVDF scaffolds 
fabricated via selective laser sintering. The functionalized BT nano-
particles were uniformly distributed through the PVDF matrix, which 
significantly enhanced the fraction of the β phase from 46% to 59% and 
the output voltage by an order of 3.5-fold. As such, cell adhesion, pro-
liferation, and differentiation were significantly enhanced. In another 
study, Shuai et al. [114] prepared a more complex structure by deco-
rating polydopamine-functionalized BT nanoparticles with Ag nano-
particles through in situ growth (Fig. 10). Then, the resultant 
strawberry-like nanoparticles (Ag-pBT) were introduced into the PVDF 
scaffold fabricated by selective laser sintering. Besides inducing highly 
desired antibacterial property to the scaffold, Ag nanoparticles aided to 
enhance the polarized electric field strength on BT and to align BT 
nanoparticles in the direction of the applied electric field. The developed 
PVDF/Ag-pBT-based nanocomposite scaffold exhibited the maximum 
output current and voltage of 142 nA and 10 V, respectively, which were 
50% and 40% greater than those of PVDF/pBT-based scaffold. In vitro 
cell culture tests revealed that the enhanced electric output further 
stimulated proliferation and differentiation of cells. 

Gd5Si4-PVDF-based nanocomposite film was prepared by Harstad 
et al. [91]. The addition of 2.5–5 wt% ferromagnetic Gd5Si4 nano-
particles that have a high magnetic moment enhanced the crystallization 
of the β-phase in the PVDF film [115]. Karan et al. [91] synthesized 
Fe-doped reduced graphene oxide/PVDF (Fe-RGO/PVDF) nano-
composite piezoelectric material via solution casting method. 
Fe-RGO/PVDF nanocomposite yielded a high output voltage without 
applying the electric poling process. With an excitation of human finger 
touch, the nanocomposite film exhibited a maximum output voltage of 
5.1 V and a short circuit current of 0.254 μA, which are 12-fold and 
105-fold greater than those of the pure PVDF, respectively. 

Kang et al. [116] investigated the performance of piezoelectric 
composite nanofibers, which consist of NKN nanoparticles embedded 

Fig. 8. Polarization of polymer chain in β-PVDF ([CH2CF2]n). Reprinted with permission [92] Copyright 2012, Woodhead Publishing Ltd.  

Fig. 9. (a) Schematic of the nanocomposite nanofiber generator. Top-view FE- 
SEM image of electrospun 35 wt% BT-P(VDF-TrFE) nanocomposite nanofibers 
(b) before PDMS coating. Reproduced with permission [112] Copyright 2016, 
Elsevier Ltd. 
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along the length of P(VDF-TrFE) nanofibers. The output performance of 
the system was improved by the increased volume fraction of NKN 
nanoparticles. 0.98 V output voltage and 78 nA output current were 
reported at 10 vol% NKN loading. 

The output performance of generators has also been reported to be 
effectively improved by the incorporation of conductive nanofillers such 
as carbon nanotubes [117–121], graphene and its derivatives 
[122–126], carbon black [127], and silver [128] into polymer matrix 
[9]. For instance, Yaqoob et al. [90] investigated the fabrication and 
characterization of a trilayer nanogenerator assembled by stacking a 
PVDF-BT layer on each side of an n-graphene layer. A maximum output 
voltage of 10 V was generated along with a current of 2.5 μA at an 
applied force of 2 N. The nanogenerator also produced 5.8 μW of 
instantaneous power with a 1 MΩ load resistance. 

Alam and Mandal [129] studied a non-toxic cellulose-based flexible 
piezoelectric hybrid generator. Native cellulose microfiber and poly-
dimethylsiloxane (PDMS) with Multi-Walled Carbon Nanotubes 
(MWCNTs) as conducting filler were used to prepare the hybrid gener-
ator. With the excitation of a repeating human hand punching, it pro-
duced an open circuit output voltage of ~30 V and short circuit output 
current of ~500 nA, corresponding to a power density ~9.0 μW/cm3 

that could be sufficient to power a number of LEDs or electronic devices 
such as an LCD screen, calculator, or wristwatch. 

Bhavanasi et al. [130] reported enhanced piezoelectric energy har-
vesting performance of the bilayer films of poled P(VDF-TrFE) and 
graphene oxide, fabricated via drop-casting of the charged dielectric 
film (graphene oxide) onto ferroelectric P(VDF-TrFE). The developed 
bilayer film exhibited a voltage output of 4 V and a power output of 
4.41 μW/cm2, which were superior to poled P(VDF-TrFE)-alone film 
that had a voltage output of 1.9 V and power output of 1.77 μW/cm2. 
The enhanced performance of P(VDF-TrFE) with graphene oxide was 
attributed to multiple effects including the electrostatic contribution 
from graphene oxide, residual tensile stress, enhanced Young’s modulus 
of the bilayer films, and the presence of space charge at the interface of 
the PVDF-TrFE film and graphene oxide film, arising from the uncom-
pensated polarization of P(VDF-TrFE). High Young’s modulus and 
dielectric constant of graphene oxide brought about efficient transfer of 
mechanical and electrical energy. The study concluded that interfacing 
any charged material of high dielectric constant and Young’s modulus 
with a ferroelectric material leads to an improved energy harvesting 
performance. 

Shi et al. [17] demonstrated that the combination of BT nano-
particles and graphene nanosheets exhibits a synergistic contribution to 
the piezoelectric performance of nanogenerators. A nanocomposite 
piezoelectric generator based on BT nanoparticles and graphene nano-
sheets embedded in PVDF fibers was fabricated using the electro-
spinning process. At 0.15 wt% graphene nanosheets and 15 wt% BT 

nanoparticles loading, the open-circuit voltage and electric power of 
11 V and 4.1 μW, respectively were achieved under a loading frequency 
of 2 Hz and 4 mm strain. The durability of the generator was demon-
strated with the open-circuit voltage that remained stable after 1800 
operation cycles. The generator produced a peak voltage of 112 V during 
a finger pressing-releasing process. This energy was sufficient to light 15 
LEDs and to drive an electric watch. 

In addition to P(VDF-TrFE), another copolymer of PVDF; poly 
(vinylidenefluoride-co-hexafluoropropylene) (PVDF-HFP) has received 
significant attention [11]. Ghosh et al. [103] developed a new ferroe-
lectretic nanogenerator by in situ doping of platinum nanoparticles into 
a PVDF-HFP matrix. The developed nanogenerator produced 18 V 
open-circuit output voltage and 17.7 mA short-circuit current under 
4 MPa of compressive stress. The generated power could light up 55 blue 
LEDs, 25 green LEDs, or charge capacitors to store the generated charge. 
The enhanced piezoelectricity of the nanocomposite film was attributed 
to the enhanced piezoelectric coefficient, superior ferroelectretic prop-
erties, and a high dielectric constant. 

A number of metal oxide nanofillers such as MgO [131], ZnO [132, 
133], NiO [134], SiO2 [134], TiO2 [135] have been investigated for the 
enhancement of the piezoelectric performance of polymers. For 
instance, Takhur et al. [132] observed an enhanced β-phase content of 
up to 84% after dispersing 0.85 vol% ZnO nanoparticles (50–150 nm) 
into the PVDF matrix. At 1.7 vol% nanoparticle loading, the piezoelec-
tric coefficient increased to 50 pC/N at 50 Hz, and the dielectric con-
stant increased to 109. Singh et al. [131] proposed a solution-processed 
flexible piezoelectric generator based on a nanocomposite film, con-
sisting of MgO nanoparticles < 50 nm, embedded in P(VDF-TrFE) ma-
trix. Compared to pure P(VDF-TrFE), the piezoelectric response of the 
MgO/P(VDF-TrFE) was improved by 50%, which was due to the 
preferred conformation of PVDF-TrFE chain, enhanced crystallinity of 
the P(VDF-TrFE) matrix, and uniform distribution of MgO nanoparticles 
through the matrix. The energy harvesting performance of MgO/P 
(VDF-TrFE)-based generator was superior to P(VDF-TrFE)-based gener-
ator with a two-fold greater output voltage. MgO/P(VDF-TrFE) exhibi-
ted good durability against electrical and mechanical fatigue, with the 
piezoelectric coefficient remained unaffected after 10,000 bending 
cycles. 

Ren et al. [136] reported a flexible piezoelectric nanogenerator 
based on a composite film prepared by dispersing BiFeO3 nanoparticles 
in polydimethylsiloxane (PDMS) matrix using the spin coating method. 
BiFeO3 nanoparticles functioned as the power generation source while 
the PDMS as a flexible matrix. Under human hand impacting, the output 
voltage and current density of the fabricated nanogenerator were 
measured to be 3 V and 0.12 µA/cm2, respectively, that was sufficient to 
instantly light a commercial light-emitting diode (LED). 

A non-perovskite compound barium dititanate BaTi2O5 (BT2) is a 

Fig. 10. Preparation process of in situ growth of Ag nanoparticles on BaTiO3. Reproduced with permission [114] Copyright 2020, Elsevier Ltd.  
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promising piezoelectric material, which exhibits strong ferroelectricity, 
high Curie temperature (TC = 430 ◦C), and low dielectric constant 
(ε = ∼100) at room temperature [11,98]. Fu et al. [98] synthesized a 
BT2/PVDF-based flexible piezoelectric nanocomposite. BT2 nanorod 
fillers were polarized via a facile molten salt synthesis route, followed by 
hot pressing to control the orientation of the nanorods. Since PVDF also 
possesses a polar structure, the PVDF matrix was used to contribute to 
the piezoelectric properties of the resultant nanocomposite. A cantilever 
type piezoelectric generator was constructed from textured BT2/PVDF 
nanocomposites that exhibited an output power density of 
27.4 μW/cm3 across 22 MΩ loads at an acceleration of 10 g. Besides 
that, the nanocomposite generator showed excellent anti-fatigue prop-
erties with the output voltage remained stable after 330,000 cycles of 
excitation. 

Ye et al. [100] fabricated a piezoelectric generator based on P 
(VDF-TrFE)/boron nitride nanotubes (BNNTs) nanocomposite with a 
micropillar array microstructure. The strong piezoelectricity of BNNTs 
and the strain confinement effect of the nanocomposite micropillar array 
structure led to a significant enhancement of output voltage. At 0.3 wt% 
BNNTs loading, the output voltage and power density reached 22 V and 
11.3 μW/cm2, respectively, under 0.4 MPa maximum pressure, which 
was 11-fold greater than that of pristine P(VDF-TrFE) film. 

Vitamin B2 was considered a potential alternative β-phase stabilizer 
for PVDF. Karan et al. [10] added vitamin B2 into the PVDF matrix that 
stabilized β-phase PVDF by 93%. Based on this nanocomposite material, 
a nanogenerator was fabricated that revealed an output current of 
12.2 μA and a voltage of 61.5 V. A peak power density of 9.3 mW/cm3 

and energy conversion efficiency of 62% was reported. This power 
would be sufficient to light more than 100 LEDs and could power a CD 
motor/mobile via capacitor charging. 

A flexible generator has been reported by Kim et al. [137] who grew 
ZnO nanorods on Au-coated woven polyester substrates. The device was 
completed by pressing another Au-coated polyester layer onto the sur-
face to form a top electrode. As such, the nanorods were contacted at 
both their base and tip so that the piezoelectric polarization – induced by 
straining the rods when the cloth was bent – could be efficiently used to 
generate a voltage in an external circuit. An improved output was ach-
ieved by placing a 40 µm thick polyethylene (PE) spacer between the 
nanorods and top electrode (Fig. 11), which produced 4 V open-circuit 
voltage and 0.15 μA/cm2 short-circuit current density when excited 
by acoustic vibrations at 100 dB. 

Most polymers exhibit favorable properties such as high flexibility 
and acid/base resistance that enable the generators to operate under 
harsh conditions. However, due to low Curie temperature, their oper-
ating temperature is usually limited below 200 ◦C. Sun et al. [8] aimed 
to broaden the operational temperature range of piezoelectric genera-
tors by using polyimide (PI), a highly heat-resistant polymer that can 
operate at a broader temperature range from − 200 to 300 ◦C. A 
piezoelectric nanocomposite generator was fabricated based on 
0.57Bi0.8La0.2FeO3-0.43PbTiO3 (BLF-PT) ceramic powders dispersed in 
the PI matrix. The BLF-PT/PI composite film was prepared via 
spin-coating of mechanically mixed ceramic particles and the polymer 
matrix. A voltage output and a current density of 110 V and 220 nA/ 

cm2 were achieved, respectively at room temperature, with the impact 
of a human hand. The maximum open-circuit voltage and short-circuit 
current were measured to be 110 V and 310 nA, respectively, under 
0.18 MPa pressure. The generator exhibited a voltage output of 30 V at 
300 ◦C and a high temperature stability of up to 150 ◦C. 

6.4. Bio-inspired piezoelectric materials 

In addition to the widely researched ceramic, polymer, and com-
posite piezoelectric materials, some natural biological materials such as 
sugar cane, cellulose, peptide, collagen fibrils, bones, hairs, etc. also 
show piezoelectric properties. Owing to the non-toxic, biodegradable 
and biocompatible nature, bio-inspired piezoelectric materials have 
been considered to be promising energy harvesting materials [129,138]. 

One of the simplest multi-cellular living organisms, sea sponge is 
composed of soft fibrils (e.g. spongin) and hard skeletons (e.g. spicules) 
in a 3D porous configuration that induces the sponge high elasticity and 
toughness. Zhang et al. [139] reported the performance of a sea spon-
ge-inspired (Ba,Ca)(Zr,Ti)O3 (BCZT) piezoceramics and elastomer 
matrix-based composite piezoelectric generator (Fig. 12). The 3D 
interconnected porous framework structure was developed based on the 
natural sea sponge. It was demonstrated that the mechanical and 
piezoelectric performance of the generator was significantly enhanced 
compared to those of a randomly dispersed particle-based composite 
generator. The output voltage, current density, and power density of 
25 V, 550 nA/cm2 and 2.6 mW/cm2, respectively, were achieved with 
the generator when compressed by 12%. This power density was 16-fold 

Fig. 11. Schematic of ZnO nanorod-based generator. ZnO nanorods were grown on an Au-coated polyester textile substrate with a polyethylene spacer and Au-coated 
polyester top electrode. Reprinted with permission [137] Copyright 2012, Royal Society of Chemistry. 

Fig. 12. (a) Schematic illustration of the fabrication process of the sea sponge- 
inspired 3D piezoelectric composite. (b) SEM image of the BCZT porous 
structure. Inset: a magnified SEM image presenting the cross-section of the 
porous BCZT branch. (c) EDS mapping of the BCZT porous structure. Repro-
duced with permission [139] Copyright 2018, Royal Society of Chemistry. 
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greater than that of the randomly dispersed particle-based composites. A 
high strain–voltage efficiency was reported with an output voltage of 
5 V by stretching. 

Cellulose is an abundant natural polymer with favorable piezoelec-
tric, biocompatible, and biodegradable properties. It exhibits a high 
piezoelectric coefficient of 26–60 pC/N [140]. Alam and Mandal [129] 
studied a non-toxic cellulose-based flexible piezoelectric hybrid gener-
ator. Native cellulose microfiber and polydimethylsiloxane (PDMS) with 
MWCNTs as conducting fillers were used to prepare the hybrid gener-
ator. With the excitation of a repeating human hand punching, it pro-
duced an open circuit output voltage of ~30 V and short circuit output 
current of ~500 nA, corresponding to a power density ~9.0 μW/cm3 

that could be sufficient to power a number of LEDs or electronic devices 
such as an LCD screen, calculator, or wristwatch. 

Maiti et al. [141] used self-aligned cellulose fibrous untreated onion 
skin as an efficient self-poled piezoelectric material with a piezoelectric 
coefficient of 2.8 pC/N (Fig. 13). The fabricated generator produced an 
output voltage, current, instantaneous power density, and high piezo-
electric energy conversion efficiency of 18 V, 166 nA, 1.7 μW/cm2, and 
61.7%, respectively. The generator was able to light 30 green LEDs 
under a repeated compressive stress of 34 kPa and 3.0 Hz frequency. 
When 6 generator units were connected in series, a maximum output 
voltage of 106 V was achieved which instantaneously lighted 30 green, 
25 blue, or 18 red LEDs. 

Zheng et al. [140] fabricated a high performance flexible piezo-
electric nanogenerator based on a nanocomposite film made of cellulose 
nanofibers and PDMS. Cellulose nanofibers were prepared in the form of 
porous aerogel films through the freeze-drying process. The prepared 
aerogel was compressed and then coated by a PDMS layer to form the 
final aerogel nanocomposite film. A nanogenerator, with a size of 
1 cm × 2 cm × 480 µm, was fabricated by sandwiching the prepared 
aerogel nanocomposite film between two thin PDMS films and two 
aluminum foils. An open-circuit voltage of 60.2 V, a short-circuit current 
of 10.1 μA, and a corresponding power density of 6.3 mW/cm3 was 
achieved under the excitation by an oscillator of 10 Hz. The nano-
generator could power 19 blue LEDs and charge a capacitor to 3.7 V. 

Ghosh and Mandal [142] developed a piezoelectric nanogenerator 
based on fish swim bladder; a waste product in fish processing (Fig. 14). 
It consists of highly ordered self-aligned natural collagen nanofibrils 
(Fig. 14d). The developed nanogenerator could convert compressive 
stress from a human finger (1.4 MPa) into electricity with an open cir-
cuit voltage, short circuit current, and instantaneous output power of 
10 V, 51 nA, and 4.15 μW/cm2, respectively that was sufficient to light 
50 commercial blue LEDs. Karan et al. [143] investigated the potential 

of using the bio-waste eggshell membrane as a piezoelectric material 
that exhibited a piezoelectric coefficient of 23.7 pC/N. A natural 
eggshell membrane-based piezoelectric nanogenerator was successfully 
fabricated, which yielded an output voltage of 26.4 V, 63% energy 
conversion efficiency, and 1.45 mA current with a peak power density of 
238.2 mW/cm3 under applied stress of 81.6 kPa. Further, an output 
voltage of 131 V was achieved with the series and parallel connections 
of five nanogenerators that lighted up 90 LEDs and generated 6 mA 
current, respectively. Alluri et al. [144] fabricated flexible and trans-
parent piezoelectric aloe-vera films via the spin coating method. The 
prepared film had a piezoelectric coefficient d33 of 6.5 pm/V. The film 
was tested for harnessing the waste mechanical energy and reported to 
generate sufficient electric charge to act as a self-powered sensor for 
human finger monitoring. 

A number of natural biologic systems such as eggshell membrane, 
fish swim bladder, and onion skin are composed of piezoelectric mate-
rials including collagen fibrils, vitamins, chitin, and so on. These natural 
piezoelectric materials exhibited favorable material properties such as 
biocompatibility, biodegradability, flexibility, and durability, which are 
highly desired in most applications, particularly in regenerative medi-
cine. Besides that, generators based on bio-inspired natural materials 
exhibited promising piezoelectric performance. Thus, bio-inspired nat-
ural materials can help large reduction of not only biologic wastes but 
also toxic e-wastes generated due to the use of electrochemical batteries 
or lead-containing piezoelectric materials. 

The output performance of generators fabricated using various 
piezoelectric materials are summarized in Table 1. 

7. Applications of energy harvesting technologies 

The advent of nano and micro-scale materials and manufacturing 
processes has enabled fabricating favorable materials for energy appli-
cations [145–153,154–161]. Numerous piezoelectric generators with 
desirable properties specific to applications such as flexibility, 
stretch-ability, durability, high piezoelectric performance, biocompati-
bility, biodegradability, etc. have been developed. As such, research 
groups from many diverse fields have investigated the potentiality of 
employing generators based on different materials to harvest ambient 
energy from nano to mesoscale. This section reviews the researches on 
the application of piezoelectric energy harvesting in various fields 
including transportation, structures, aerial applications, in water ap-
plications, smart systems, microfluidics, biomedicals, wearable and 
implantable electronics, and tissue regeneration in order to present the 
readers the broad spectrum of applications of piezoelectric generators. 

Fig. 13. (a) Schematic of fabrication of onion skin-based piezoelectric nanogenerator with a cross-section view. (b) Photograph of onion skin. The demonstration of 
the flexibility of onion skin under (b) bending, (d) rolling, and (e) twisting, respectively. (f) Photograph of the final generator. Reprinted with permission [141] 
Copyright 2017, Elsevier Ltd. 
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7.1. Transportation 

Load mechanical energy in the road can be utilized for several pur-
poses, such as powering traffic signal lights, monitoring the structural 
health of roads, self-powering vehicle weighing system, and so on. Li 
et al. [162] used a tracking wheel-pressure test of a beam piece to 
determine the piezoelectricity generating capacity of road pavement. 
The maximum voltage of 65.2 V was achieved. The primary wheel 
rolling impact produced 0.23 mJ electric energy. 0.8 kW/h electric ca-
pacity could be produced per day that would be sufficient to power 
traffic signal lights. The application of piezoelectric energy harvesting in 
asphalt has been realized in the market. An Israeli company Innowattech 
employs different modules with piezoelectric elements to harvest the 
ambient vibrational energy from asphalt [163]. 

7.1.1. Roadway 
Harvesting energy from road traffic could be possible by using 

piezoelectric generators that could be a clean macro-energy source. Song 
et al. [164] aimed to harvest this energy by implementing piezoelectric 
generator modules (30 × 30 × 30 cm3), each contains 48 piezoelectric 
cantilever beams (40 × 60 mm2) under 5 cm thick asphalt. The output 
power of the full-scale generator module was determined to be 736 µW. 
The output energy density of 4.91 Wh/m2 was reported at 600 vehi-
cles/h traffic rate. Under the same conditions, the generators could 
produce 2.95 kWh electrical power if installed along a 1 km road, along 
two straight lines. 

Jung et al. [165] developed a PVDF-based piezoelectric generator 
module for energy harvesting from roadways. The study demonstrated a 
high-power output density, comparable to ceramic-based systems for 
roadway energy harvesting, by connecting sixty-unit generators in 
parallel. The module generated 200 mW instantaneous power output 
across a 40 kΩ resistor at a speed of 8 km/h and a weight of 250 kgf. 
Khalili et al. [166] also aimed to harvest the mechanical energy from 
roadways using a stack of piezoelectric generators connected in parallel. 
An electromechanical model was implemented, and experiments were 
conducted. The study achieved 95 V and 1190 V maximum voltage 
output, 9 mW and 1400 mW power output with a single PZT stack at a 
sinusoidal excitation of 1.1 kN and 11 kN, respectively, at 66 Hz fre-
quency and 500 kΩ external resistance. 

7.1.2. Rail 
Gao et al. [167] proposed a 200 mm × 170 mm × 80 mm piezo-

electric generator to harvest rail-borne energy of wheelset/rail system, 
which typically has low-frequency (5–7 Hz) and low-amplitude 
(0.2–0.4 mm rail displacement). A hydraulic-driven system with a 

loading arm at an excitation force of 140 kN was used to simulate the 
real wheelset/rail system. The system achieved 4.9 mW output power 
and 22.1 V output voltage with a 100 kΩ load impedance. The 
open-circuit voltage reached 24.4 V at an excitation amplitude, 
frequency, and acceleration of 0.2 mm, 7 Hz, and 5 g, respectively. 
Although the available research on energy harvesting in railway 
systems using piezoelectric technology is limited, a general review on 
energy harvesting in the railway field can be found in Ref. [168]. 

7.1.3. Bridge 
The energy of bridge vibrations, caused by the vehicles passing 

through the bridge, can be converted into electrical power using vi-
bration energy harvesters. This energy can be used for several purposes 
such as for lighting or for monitoring the structural health of the bridge. 
For instance, Karimi et al. [169] used a cantilever beam type piezo-
electric generator to harvest energy from bridge vibrations. The optimal 
load resistance at the resonance frequency of the generator (13.5 Hz) 
was determined to be 200 kΩ, which corresponded to a maximum 
power of ~35 µW. Wang et al. reviewed the literature on energy har-
vesting technologies in bridge [170]. It was concluded that in piezo-
electric energy harvesting, the generated power output is usually low for 
individual piezoelectric transducer under one vehicle pass on the bridge. 
Thus, in order to generate more electric power, multiple sensor arrays 
under repeated traffic loading are required. 

7.1.4. Speed bump 
Speed bumps are constructed on the roads to control the vehicle 

speed to typically 5–20 km/h for traffic safety. The kinetic energy 
generated by the passing of a vehicle over the speed bump can be con-
verted into electric power for wireless sensor nodes. Chen et al. [171] 
developed an energy harvesting system for road speed bumps, which 
consists of a piezoelectric impact-induced vibration cantilever energy 
harvester and a power management circuit. The efficiency of the system 
was 74% at different vehicle speeds. The total ideal energy generated by 
one piezoelectric cantilever from one car passing the speed bump was 
1.26 mJ. It was noted that the sleep mode function of the designed 
circuit significantly reduced the energy losses and improved the effi-
ciency of the speed bump energy harvester. For further reading, a review 
on energy harvesting from vehicular traffic over speed bumps is avail-
able in Ref. [172] by Castillo-García et al. 

7.1.5. Vehicles 
A small portion of only ∼10–16% of the fuel energy is used to drive 

the car that overcomes the resistance from road friction and air drag 
while the significant portion is lost in the form of heat and mechanical 

Fig. 14. Collection and preparation of the FSB for elec-
trical characterization (a) The photograph of the sweet 
water (Catla catla) fish from where (b) the swim bladder 
was collected to be used in this study. (c) The flexibility of 
the fish swim bladder (FSB) with sputtered Au electrodes 
was demonstrated by a human finger. (d) FE-SEM micro-
graph with left inset representing a single collagen fiber to 
calculate the D-periodicity indicated by the histogram 
profile in the right inset. Reproduced with permission 
[142] Copyright 2016, Elsevier Ltd.   
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Table 1 
The output performance of generators based on various piezoelectric materials.  

Ref. Material Generator output performance 

Inorganics 
Yi et al. [63] Bulk PZT thick films The peak output voltage is 53.1 V, power is 0.98 mW, and the power density is 32 mW/cm3 under excitation force 3.5 g and 

frequency 77.2 Hz. 
Kang et al. [64] (1− x)BNT–xBT The piezoelectric voltage coefficient is 47.03 × 10− 3 Vm/N at x = 0.04. 

The peak piezoelectric charge coefficient is 164 pC/N and the output voltage is 8.95 V at x = 0.06. 
Shin et al. [65] [(1− x)BZT-xBCT] The peak piezoelectric coefficient d33 = 464 pC/N and the peak energy density is 158.5 μJ/cm3. 
Kim and Koh [75] [(1− x)NKN-xBNT] The piezoelectric coefficient d33 = 204 pC/N at 0.03 mol% BNT. The peak output power density is 24.6 nW/cm2 and the peak 

output voltage is 10.8 V. 
Kim et al. [81] ZnO nanorods The open-circuit voltage is 4 V and the short-circuit current density is 0.15 μA/cm2 under the excitation of acoustic vibrations 

at 100 dB. 
Lee et al. [84] Hexagonal boron nitride  

nanoflakes (h-BN) 
Single h-BN nanoflake produced alternate piezoelectric output voltage 50 mV and current 30 pA under mechanical bending. 
h-BN-based generator yielded a piezoelectric voltage 9 V, current 200 nA, and power 0.3 μW. 

Roscow et al. [85] Porous BT The peak energy harvesting figure of merit is 2.85 pm2/N at 60% porosity. 
Organics 
Pi et al. [94] P(VDF-TrFE) thin film Open-circuit voltage is 7 V, short-circuit current is 58 nA, and current density is 0.56 μA/cm2. 
Zhu et al. [96] PLLA nanofibers Open-circuit voltage is 0.55 V and short-circuit current is 230 pA with 28.9◦ strain deformation angle. 

Peak electric power generated by human joint motion is 19.5 nW. 
Abolhasani et al.  

[97] 
Porous P(VDF-TrFE) 
nanofibers 

500-fold greater output power at 45% porosity compared to nonporous P(VDF-TrFE)-based nanogenerator. 

Composites 
Siddiqui et al. [111] P(VDF-TrFE)/BT 40 wt% BT loading produced 9.8 V output voltage and 13.5 µW/cm2 output power density under cyclic bending. 
Choi et al. [90] PVDF/(BT nanowires) At 50 vol% BT nanowires loading, the piezoelectric coefficient is 61 pC/N. 
Siddiqui et al. [112] P(VDF-TrFE)/BT At 15 wt% BT nanoparticles, open-circuit voltage is 3.4 V, short-circuit current density is 0.67 µA/cm2, and power density is 

2.28 µW/cm2 under 20 N tapping pressure. 
Open-circuit voltage of 25 V during human walking. 

Guan et al. [16] P(VDF-TrFE)/ 
(polydopamine- 
functionalized BT) 

Output voltage is 6 V and current is 1.5 μA. Peak power density is 8.78 mW/m2. 

Shuai et al. [113, 
114] 

PVDF/Ag-pBT Peak output current is 142 nA and voltage is 10 V, which were 50% and 40% greater than those of PVDF/pBT-based scaffold, 
respectively. 

Karan et al. [91] PVDF/ Fe-RGO Output peak voltage is 5.1 V and short circuit current is 0.254 μA by human finger touch. 
Kang et al. [116] P(VDF-TrFE)/NKN Output voltage is 0.98 V and output current is 78 nA at 10 vol% NKN loading 
Yaqoob et al. [90] PVDF-BT/n-graphene Peak output voltage is 10 V and current is 2.5 μA under an applied force of 2 N. The nanogenerator also produced 5.8 μW of 

instantaneous power with a 1 MΩ load resistance. 
Alam and Mandal  

[129] 
PDMS/MWCNT Open circuit output voltage is ~30 V and short circuit output current is ~500 nA, and power density is ~9.0 μW/cm3 under 

repeated human hand punching. 
Bhavanasi et al.  

[130] 
P(VDF-TrFE)/GO Output voltage is 4 V and power is 4.41 μW/cm2. 

Shi et al. [17] PVDF/BT,GO At 0.15 wt% graphene nanosheets and 15 wt% BT nanoparticles loading, open-circuit voltage is 11 V and electric power is 
4.1 μW under a loading frequency of 2 Hz and strain of 4 mm. 
The peak voltage during a finger pressing-releasing process is 112 V. 

Ghosh et al. [103] PVDF-HFP/Pt Open-circuit output voltage is 18 V and short-circuit current is 17.7 mA under 4 MPa compressive stress. 
Ren et al. [136] PDMS/ BiFeO3 Under human hand impacting, the output voltage is 3 V and current density is 0.12 µA/cm2. 
Fu et al. [98] BT2/PVDF Output power density is 27.4 μW/cm3 across 22 MΩ load at 10 g acceleration. 
Ye et al. [100] P(VDF-TrFE)/BNNT At 0.3 wt% BNNTs loading, the peak output voltage is 22 V and power density is 11.3 μW/cm2 under 0.4 MPa maximum 

pressure. 
Karan et al. [10] PVDF/Vitamin B2 Output current is 12.2 μA and voltage is 61.5 V. The peak power density is 9.3 mW/cm3 and energy conversion  

efficiency is 62%. 
Kim et al. [137] PE/ZnO nanorods Open-circuit voltage is 4 V and short-circuit current density is 0.15 μA/cm2 when excited by acoustic vibrations at 100 dB. 
Sun et al. [8] BLF-PT/PI Output voltage is 110 V and current density is 220 nA/ cm2 at room temperature, with the impact from a human hand. The peak 

open-circuit voltage is 110 V and short-circuit current is 310 nA under 0.18 MPa pressure. 
The generator exhibited a voltage output 30 V at 300 ◦C. 

Bio-inspired materials 
Zhang et al. [139] Sea sponge-inspired BCZT The output voltage is 25 V, current density is 550 nA/cm2, and power density is 2.6 mW/cm2 when compressed by 12%. 
Alam and Mandal  

[129] 
Cellulose/PDMS/MWCNT Open circuit output voltage is ~30 V, short circuit output current is ~500 nA, and power density is ~9.0 μW/cm3 under 

repeating human hand punching. 
Maiti et al. [141] Onion skin Output voltage is 18 V, current is 166 nA, instantaneous power density is 1.7 μW/cm2, and piezoelectric energy conversion 

efficiency is 61.7%. 
Zheng et al. [140] Cellulose nanofibers/ 

PDMS 
Open-circuit voltage is 60.2 V, short-circuit current is 10.1 μA, and power density is 6.3 mW/cm3 under the excitation of 
oscillator at 10 Hz. 

Ghosh and Mandal  
[142] 

Fish swim bladder Open circuit voltage is 10 V, short circuit current is 51 nA, and instantaneous output power is 4.15 μW/cm2 under compressive 
stress from a human finger (1.4 MPa). 

Karan et al. [143] Eggshell membrane Output voltage is 26.4 V, energy conversion efficiency is 63%, current is 1.45 mA, and the peak power density is 238.2 mW/cm3 

under applied stress of 81.6 kPa.  

N. Sezer and M. Koç                                                                                                                                                                                                                           



Nano Energy 80 (2021) 105567

14

energy [173]. Absorbing mechanical energy from various parts of the 
vehicles such as tires, engine, and suspensions, and converting it into 
electrical power by using energy harvesting technologies could power 
various sensors that would improve the comfort, safety, and efficiency of 
vehicles, as well as decrease their economic and environmental costs 
[13]. 

7.1.5.1. Tire. Monitoring the pressure of tires using a wireless sensor 
system can significantly enhance the safety of a vehicle [174]. Energy 
harvesting has been proposed to exploit the structural vibration induced 
by the wheel rotation to power tire pressure sensors in order to eliminate 
the use of batteries and associated problems. Esmaeeli et al. [175] 
studied the design, analysis, and optimization of a rainbow-shaped 
piezoelectric energy harvester mounted on the inner layer of a pneu-
matic tire for powering a tire pressure monitoring system. The designed 
energy harvester generated sufficient voltage and power for the tire 
pressure monitoring system with high data transmission speed. The 
energy harvesting efficiency of one rainbow energy harvester system 
was calculated to be 0.69%. Bowen and Arafa summarized the literature 
on various energy harvesting strategies using piezoelectric, electro-
magnetic, electret, and triboelectric materials for self-powering of the 
tire pressure monitoring systems [176]. The main challenges of energy 
harvesting from a tire are defined as the variable and low rotational 
frequency of a tire, space limitation for the deployment of the harvester, 
and low average output power of a harvester. 

7.1.5.2. Engine. Piezoelectric generators can produce electric power via 
harvesting torsional vibration induced by internal combustion engines. 
A cantilever beam structure was attached atop the surface of a rotating 
shaft. It generated 14 μW electrical power under 30 Nm vibrating tor-
que. The output power can power wireless transducers such as a shaft 
torque transducer at a typical engine rotational speed of 2000 rpm 
[177]. 

7.1.5.3. Suspension. Xie and Wang [13] developed a mathematical 
model for a dual-mass piezoelectric bar generator for absorbing vibra-
tion and motion energy of a vehicle suspension system under the exci-
tation of road roughness. The model demonstrated that output power of 
738 W could be realized by a practical piezoelectric bar generator with a 
width and height of only 1.5 cm and 10 cm, respectively. A detailed 
review of vibration energy harvesting in the automotive suspension 
system is provided in Ref. [178]. 

7.2. Smart home 

The location of home occupants can be used to control the electronic 
devices for the energy management of smart homes. To this end, a floor 
tile can be used to generate enough energy to wirelessly transmit the 
information to the electrical devices when a person steps on it. 0.72Pb 
(Zr0.47Ti0.53)O3-0.28Pb[(Zn0.45Ni0.55)1/3Nb2/3]O3 + x mol% CuO 
(PZNxC) thick film-based self-powered floor tile was developed through 
the tape casting method. The piezoelectric system exhibited an output 
voltage and current of 42 V, 52 µA, respectively. The output voltage 
obtained from the footsteps of an average person (50–80 kg) on the floor 
tile successfully operated a wireless transmitter sensor node and the 
receiver switch module of the electrical device [179]. 

Harvesting energy from steps is an exciting topic that can be ach-
ieved by inserting piezoelectric generators either into floors or into 
shoes. Heel-strike energy harvesting was studied, and it was calculated 
that a person walking at a pace of 2 steps/s generates 67 W power that 
can be harvested as electrical power of 5 W using piezoelectric shoe 
inserts. Puscasu et al. [180] harvested step energy by using active floors. 
A 50 × 50 cm2 energy-harvesting tile, capable of generating 2.4 mJ 
electrical energy per step with outstanding fatigue resistance, reaching 
10 million compression cycles without decay in performance, was 

developed. 

7.3. Aerial applications 

7.3.1. Heating, ventilation, and air conditioning (HVAC) 
Petrini and Gkoumas [181] harvested flow-induced vibrations inside 

HVAC ducts using a piezoelectric generator in order to power a humidity 
sensor and a temperature sensor, as well as to wirelessly transmit the 
data in a building automation context. Depending on the cross-section of 
the aerodynamic fin, an output power in a range of 200–400 µW was 
achieved, which was sufficient to power a temperature sensor. 

7.3.2. Wind 
Flexible piezoelectric devices have been utilized to harvest wind 

energy. Orrego et al. [182] investigated the wind energy harvesting 
performance of inverted piezoelectric flags under controlled and 
ambient wind conditions. Inverted flag configuration offered multiple 
benefits such as providing sustained power generation over a wide range 
of wind speed, being not relied on the resonance, tunability of the 
resonance by adjusting the bending stiffness of the flag, and tunability to 
self-oscillate at any desired wind speed via adjusting its length. The peak 
power output of 1–5 mW/cm3 was achieved at 5–9 m/s wind speed, and 
0.1–0.4 mW/cm3 was achieved at 2.5–4.5 m/s wind speeds using flags 
with a length of 60 mm and 100 mm, respectively. 

7.4. In-water applications 

Energy harvesting eel converting fluid flow energy into electrical 
power has been demonstrated by Taylor et al. [183]. Energy harvesting 
from underwater base excitation of piezoelectric beams has been 
investigated by Erturk et al. and Cha et al. [184,185]. Hydraulic pressure 
fluctuations as a source of usable energy for piezoelectric harvesting 
have been studied by Wang et al. and Cunefare et al. [186,187]. Further, 
harvesting mechanical energy from the undulations of a fishtail for 
developing a self-powered fish-tag has been studied by Cha et al. [188]. 

7.4.1. Ocean wave 
Wave energy is an attractive source for energy harvesting since 70% 

of the Earth’s surface is the ocean. It has been predicted that as high as 
885 TWh electrical power can be generated from ocean wave energy 
[189]. Hwang et al. [190] aimed to utilize low-frequency ocean wave 
energy (0.5–1 Hz) by capturing the wave energy from several directions. 
In that regard, a piezoelectric energy harvester was designed with a 
cantilever structure and a magnet as the tip mass, and a tube with a 
metal ball moving through the tube was positioned on top. The system 
was tested under simulated ocean waves. The maximum output power 
was 68.9 μW with an impedance of 95 kΩ for a displacement of 
13.2 mm. It was noted that the developed system can operate in 
sea-based applications involving buoys and boats. 

7.4.2. Fish-tags 
The migration patterns and movements of fish species can be un-

derstood by wireless communication of sensor tags implanted externally 
or internally in the fishes. Energy harvesting of fish swimming for self- 
powered fish tags is studied by Cha et al. [188]. A biomimetic fishtail 
was developed, which hosted two piezoelectric composites in a bimorph 
configuration. Both model predictions and experimental findings of the 
study showed that the energy from the undulating tail can power the 
wireless communication device. 

7.4.3. Microfluidics 
Wang et al. [191] developed a self-powered microfluidic sensor in 

order to monitor the characteristics of fluids. The fluid mechanical en-
ergy was harvested through integrating piezoelectric PVDF nanofibers 
with a microfluidic chip. A water droplet flowing through PVDF nano-
fibers, which were suspended in the fluid, could generate 1.8 V 
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open-circuit output voltage with the periodical deformation of the 
nanofibers. The impulsive output voltage signal was used for counting 
the droplets or bubbles in the microfluidic systems. Variation of the fluid 
flow condition could be monitored by the variation of the output 
voltage. A negative correlation between the output voltage and the input 
pressure and viscosity of the microfluid allowed in-situ monitoring of 
the fluid viscosity and pressure. 

7.5. Body movement 

Recently, piezoelectric energy harvesting from the movement of the 
human body has attracted salient attention since it can power autono-
mous wearable devices [192]. Kim et al. [193] developed a wearable 
boron nitride nanosheets-based piezoelectric generator for converting 
mechanical energy from human body movements into electrical energy. 
The generator produced a peak output voltage and output power of 22 V 
and 40 μW, respectively with a power density of 106 μW/cm3 under 
periodic mechanical push force of 80 kg. The generator was attached to 
the skin on various parts of the human body that generated output 
voltages of 2.5 V on the foot, 1.98 V on the elbow, 0.48 V on the neck, 
0.75 V on the wrist, and 1.05 V on the knee under differential human 
movements. 

Jung et al. [194] developed a PVDF-based curved piezoelectric 
generator in order to harvest low-frequency biomechanical energy from 
body movement for powering wearable electronics. The system gener-
ated 3.9 mW/cm2 output power density that could power 476 LED 
bulbs. Average output power of 45 V and an average output current of 
225 mA were reported at 35 Hz. Further, the developed system was 
integrated into a shoe-insole and to a watch strap. During running, the 
insole generator produced an average output voltage of 14 V and an 
average output current of 18 µA while the watch generator produced an 
average output voltage of 22 V and an average output current of 50 µA. 

7.5.1. Walking activity 
Zhou et al. [21] additively manufactured a P(VDF-TrFE)/BT nano-

composite-based flexible and stretchable kirigami-structured piezo-
electric generator (Fig. 15) that can be mounted on a sock to harvest the 
energy from foot-stamping, and to act as a self-powered gait sensor. 

Acceleration pulses caused by heel strike, acceleration from leg 
swing, and the compressive force acting upon the shoe due to the weight 
of a person are the three energy sources from walking activity that can 

be harvested to generate electrical power. In order to harvest energy 
from these three different excitations of walking activity, Fan et al. 
[195] developed a piezoelectric generator, comprised of a piezoelectric 
cantilever beam, a crossbeam, and a ferromagnetic ball, that was 
mounted inside a shoe. Output voltage and power increased from 1.06 V 
to 3.55 V and 0.03–0.35 mW, respectively, with the variation of the 
walking speed from 2 km/h to 8 km/h. A detailed review of walking 
energy harvesting using piezoelectric materials is available in Ref. [196] 
by Nia et al. 

7.5.2. Footfalls 
Turkmen et al. [197] developed a PZT-5H piezoelectric ceramic 

system with a steel frame integrated into a human shoe of a weight of 
90 kg. The system was able to convert 0.4% of the applied force into 
electrical power with an output rate of 1.43 mW. Hwang et al. [198] 
designed a piezoelectric tile for harvesting energy from footsteps 
(Fig. 16). A tile with springs and a tip mass was employed to prevent the 
breaking of the piezoelectric module. The developed system was tested 
by the impact of a free-falling steel ball, which yielded a peak output 
power of 55 mW. 

7.6. Interactive human-machine interface 

The development of an interactive human-machine interface, which 
transfers human intentions to the machine and collects feedback from 
the machine, has attracted increasing attention. The most important 
components of an interactive human-machine interface are flexible 
sensors for applications such as soft robotics and gesture recognition. 
Deng et al. [199] fabricated a self-powered flexible piezoelectric sensor 
based on cowpea-structured PVDF/ZnO nanofibers (Fig. 17), prepared 
via electrospinning process, for pressure sensing and for monitoring 
bending motions. A pressing and bending sensitivity of 0.33 V kPa− 1 

with a response time of 16 ms, and 4.4 mV deg− 1 with response time of 
76 ms, respectively were achieved. Besides, the PES showed good me-
chanical stability up to 5000 operation cycles under both working 
modes. A self-powered real-time gesture control system was successfully 
implemented by wirelessly transmitting the pulse signal from human 
fingers to robotic palm based on the developed piezoelectric sensor. 

Fig. 15. Schematic illustration of the fabrication process of 3D-printed piezoelectric nanogenerator. Reprinted with permission [21] Copyright 2020, Elsevier Ltd.  
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7.7. In vivo energy for biomedical applications 

Implantable medical devices can serve as diagnostic tools and 
treatments to improve the quality of human life [200]. Among such 
devices, cardiac pacemakers, cardioverter defibrillators, cardiac 
monitor, bone tissue stimulators, neuronal tissue stimulators, deep brain 
stimulators, cochlear implants, artificial retinas, and drug delivery sys-
tems are few examples [201,202]. However, limited battery life is a 
major barrier in the development of these devices. Therefore, devel-
oping sustainable self-powered implantable biomedical devices is the 
need of the hour to reduce the physical, psychological, and financial 
burden on patients. In that regard, piezoelectric energy harvesting is a 
promising alternative to power such medical devices in order to elimi-
nate the need of additional surgeries for the replacement of death bat-
teries and associated morbidity and economic cost [202]. 

7.7.1. Cardiac energy harvesting 
Cardiac pacemakers generate electrical pulses to aid the function of a 

hearth by correcting abnormal heart rhythms caused by sick sinus syn-
drome or heart blockage. However, the major drawback of the pace-
maker device is its short lifespan [27]. It usually lasts for 5–8 years 
before its battery requires a replacement by surgery that brings about 
increased morbidity to the patients, such as the risk of bleeding, 

inflammation, infection, and long healing process, and additional costs 
on healthcare institutions [203]. Thus, cardiac energy harvesting stra-
tegies have been proposed to power the pacemakers as an alternative to 
the implementation of batteries [201,204–207]. 

Ansari and Karami [207] utilized the heartbeat vibrations to power a 
lead-free pacemaker using a fan-folded piezoelectric beams structure. 
Several piezoelectric beams stacked on each other. The size of the 
developed energy harvesting device was 2 cm × 0.5 cm × 1 cm that 
enabled operation at very high frequencies. Fan-folded geometry 
allowed to reduce the frequency to the desired levels and to generate 
more than 10 µW of power, which was sufficient to power an autono-
mous lead-free pacemaker. 

Dong et al. [201] reported in vivo cardiac energy harvesting strategy 
that eliminates contact of the harvesting device with the heart and the 
interference with the cardiovascular function. A piezoelectric energy 
harvesting device based on a porous thin film with a bioinspired 
self-wrapping helical structure was developed to convert mechanical 
energy from the lead of a pacemaker or implantable 
cardioverter-defibrillator into electrical energy (Fig. 18). Despite the 
commonly used cantilever structure, the study introduced a new helical 
structure in order to scavenge the complex motion from a cardiac 
pacemaker lead. The developed harvesting device eliminates the need 
for additional surgeries since it integrates with the pacemaker lead and 
is compatible with the pacemaker lead implantation approach. 

7.7.2. Cardiac sensors 
Cardiac sensors are implantable medical devices capable of detecting 

arrhythmic symptoms with a timely response to report heartbeat con-
ditions. With such capabilities, cardiac sensors can significantly help 
reducing heart diseases [200]. Piezoelectric energy harvesting has been 
studied for self-powered cardiac sensors [208–211]. Recently, a 
self-powered cardiac sensor was developed based on a flexible 
single-crystalline (1 − x)Pb(Mg1/3Nb2/3)O3 − (x)Pb(Zr,Ti)O3 
(PMN-PZT) by Kim et al. [208]. The PMN-PZT-based generator 

Fig. 16. Conceptual design of the piezoelectric and real tiles. (a) Real piezo-
electric tile with a real tile. (b) Illustration of the piezoelectric tile. (c) Piezo- 
installed layer. Reprinted with permission [198] Copyright 2015, Elsevier B.V. 

Fig. 17. The structure design of the self-powered sensor. (a) The schematic 
diagram of the developed smart sensor. The sketch of the device (b), NFs film 
(c), and a single NF (d). (e) The photograph of the fabricated sensor under 
bending mode. (f) The SEM image of the NFs. (g) The TEM image of a single NF. 
(h) The result of the FEM simulation. (i) The application of robot hand remote 
control is based on the PES. Reprinted with permission [199] Copyright 2018, 
Elsevier Ltd. 
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produced an open-circuit voltage and a short-circuit current of 17.8 V 
and 1.74 µA, respectively from the contraction and relaxation of a 
porcine heart. The generated energy was successfully used to wirelessly 
switch on and off a light bulb. 

7.7.3. Blood pressure monitoring 
High blood pressure, so-called hypertension, is the major cause of 

severe diseases such as cerebrovascular disease, arteriosclerosis, retinal 
damage, renal failure, and heart disease [212,213]. Implanting blood 
pressure sensors in vivo could help in diagnosing these diseases and 
assessing the efficacy of drug treatment. Energy harvesting would allow 
self-powered operation of sensors to eliminate battery-related problems 
including current leakage, energy depletion, recharging, and limited 
lifetime [22,214]. 

Zhang et al. [202] attempted for the first time to harvest the pul-
sating energy of ascending aorta using a flexible and implantable 
piezoelectric generator based on PVDF film (Fig. 19). Ascending aorta 
theoretically yields the greatest output power since it exhibits the largest 
amplitude of deformation among all blood vessels. Experimentally, the 
blood circulation in ascending aorta was simulated by a latex tube of 
outside diameter 17 mm and a pulsating intra-aortic balloon pump. The 
in vitro pulsating energy on the latex tube was harvested by wrapping a 
PVDF film-based piezoelectric generator (2.5 cm × 5.6 cm × 200 m) 
on the outer surface of the tube. Under a flow pressure of 160/80 mmHg, 

the generator produced a maximum output voltage of 10.3 V and a 
current of 400 nA. The maximum power of 681 nW was achieved with 
the sampling resistor of 33 MΩ. Each pulse generated an electric charge 
of 7–9 nC. The generator performance was further investigated in vivo 
by wrapping it on the outer surface of the ascending aorta of a porcine 
model. Under the blood pressure of 160/105 mmHg, the maximum 
output voltage and current were measured to be 1.5 V and 300 nA, 
respectively. The generator had the capability to charge a 1 μF capacitor 
to 1.0 V in 40 s. 

Cheng et al. [215] developed a piezoelectric self-powered implant-
able blood pressure monitoring device based on polarized PVDF thin 
film that can detect hypertension status (Fig. 20). The study demon-
strated the capability of the proposed system for blood pressure sensing 
with an instantaneous maximum power output of 2.3 μW and 40 nW in 
vitro and in vivo, respectively. Favorable linearity between the peak 
output voltage and blood flow pressure, high sensitivity, high output 
power, and good stability under repeated operating cycles implied the 
possibility of using the developed device in clinical applications. 

7.7.4. Pulse sensors 
Variations in the waveform of the pulse wave carry significant in-

formation on the physiological and pathological status of the human 
cardiovascular system [216–218]. Therefore, real-time pulse wave 
monitoring is important for early prevention of diseases such as hyper-
tension and cardiovascular disease, as well as for improving the efficacy 
of medical treatment [218–220]. 

Meng et al. [221] developed a self-powered pressure sensor based on 
a flexible weaving structure for noninvasive measurement of the pulse 
wave and blood pressure. The developed sensor had the capability to 
capture the mechanical change of the blood pressure in the vessel and 
convert it into electrical signals in the human pulse waveform. The 
sensor with a size of 10 × 10 × 1 mm3 exhibited a good sensitivity of 
45.7 mV Pa− 1 with fast response time (< 5 ms), and a broad detection 
range (2.5–710 Pa). The durability of the sensor was demonstrated by 
40,000 continuous operating cycles. No performance degradation was 
observed. The sensor was integrated with a system including pulse signal 
extraction, signal processing, and wireless transmission. As such, the 
measured cardiovascular parameters were communicated to the per-
sonal mobile phones. The measured results were accurate and favorably 
comparable to the results obtained from a commercial blood pressure 
measuring devices. 

Park et al. [219] developed a self-powered pulse sensor for 
measuring radial/carotid pulse signals in vivo, in near-surface arteries. 
A high-quality PZT thin film was prepared by Sol–Gel method, then 
transferred onto a plastic film having a thickness of 4.8 µm. Conformal 
contact between the sensor and the complex texture of the rugged skin 
was achieved that allowed the sensor to detect the tiniest pulse changes 
appearing on the surface of the epidermis. The sensitivity and response 
time of the sensor was measured to be 0.018 kPa− 1 and 60 ms, 
respectively. Good durability was demonstrated by operating the sensor 
under 5000 pushing cycles. Further, the self-powered and real-time 
pulse monitoring system was demonstrated by a successful wireless 
transmission of detected arterial pressure signals to a smartphone. 

7.7.5. Deep brain stimulation 
The symptoms of several neurologic and psychiatric disorders such 

as depression, essential tremor, epilepsy, Parkinson’s disease, and other 
movement disorders can be effectively relieved through deep brain 
stimulation; a neurosurgical treatment, in which specific targets in the 
brain is stimulated through precisely implanted electrodes by contin-
uous electric impulses generated from a neurostimulator (also called 
brain stimulator or brain pacemaker) [222,223]. Neurostimulators are 
powered by batteries that have a limited lifetime (typically 3–5 years 
due to high operation power), thus require battery replacement through 
repetitive surgeries. Compared to cardiac pacemakers that typically 
operate at 2 V and 1 Hz with a pulse duration of 400 ms, 

Fig. 18. Cardiac energy harvesting strategy, helical configuration, and material 
characterization. (A) Schematic of a helical piezoelectric energy harvester using 
flexible porous piezoelectric thin films. The EH device is self-wrapped around a 
pacemaker lead and ultimately charges the battery of the pacemaker. (B) 
Schematic of sandwiched PDMS/PVDF-TrFE/PDMS thin film with gold elec-
trodes (single layer porous PVDF-TrFE EH device). (C) An example of a tendril 
in nature. (D) Finite element analysis for fabricating a sandwich structure of 
self-wrapping helical piezoelectric EH device by using the strain effect within 
the layers. (E) The in-plain strain distribution of the helical ribbon with 
different pitches by using FEA. (F) SEM image of the cross-section of sand-
wiched two layers of porous PVDF-TrFE thin film with the PDMS layer in be-
tween. (G) XRD spectra showing the peak associated with the crystalline 
β-phase at 2θ = 19.3◦. Reprinted with permission [201] Copyright 2019, 
Elsevier Ltd. 
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neurostimulators consume few folds higher electric power since they 
operate at 3–5 V and 130 Hz with pulse duration of 60 ms. Piezoelectric 
energy harvesting has been proposed to avoid frequent surgical pro-
cedures for the battery replacement of neurostimulators and associated 
problems. Fan et al. [223] suggested using energy from the human 
mandible to power deep brain stimulator. An experimental setup was 
developed to mimic the human mastication forces and analyze the en-
ergy generation performance of a piezoelectric generator mounted on 
the synthetic mandible. Identical output voltage waveforms were ob-
tained by experiments and simulation by finite element analysis. 
Nevertheless, the power produced by the piezoelectric generator was 
insufficient to power a commercial brain stimulator. 

Hwang et al. [222] developed a high performance flexible 

piezoelectric generator based on an indium modified single-crystalline 
Pb(In1/2Nb1/2)O3–Pb(Mg1/3Nb2/3)O3–PbTiO3 (PIMNT) thin film on a 
plastic substrate. The fabricated generator was utilized as a self-powered 
deep brain stimulator to induce forearm movements in mice. It yielded a 
maximum output current and voltage of 0.57 mA and 11 V, respectively 
from mechanical deformation and biomechanical motion. The generator 
energy directly stimulated a specific target area of the mice’s brain to 
induce forearm movement. The generator successfully stimulated the 
M1 cortex of a living mouse that generated instantaneous bending mo-
tions of the right forelimb. 

7.7.6. Tissue engineering 
Electricity exists in living tissues in the form of stress-generated 

Fig. 19. (a) The schematic illustration of the piezoelectric generator (PG) wrapping around the latex tube; (b) The cross-sectional SEM images of the PG; (c) The 
photograph of the PG. (d) The schematic diagram of the in vitro testing system set-up; (e) Photograph of the in vitro testing system; (f) Three PGs of different size 
wrapping around the latex tube. (g) Photograph of the PG sealed by PI tape; (h) The implanted PG wrapping around the ascending aorta. Reprinted with permission 
[202] Copyright 2015, Elsevier Ltd. 
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potentials, endogenous electric fields, and transmembrane potentials. 
The bioelectric microenvironment plays an essential role in stimulating 
tissue regeneration and repair [61,113,224]. The extracellular matrix is 
a dynamic structure that undergoes continuous remodeling. Its molec-
ular components are subjected to several modifications. Nevertheless, 
the current synthetic tissue scaffolds (also named static scaffolds) 
remain passive and do not respond to the stimulations by external 
changes of the environment. Static scaffolds resist the conduction of 
bioelectric signals and disrupt natural signaling pathways. 
Stimuli-responsive scaffolds are highly desired to allow generation and 
transfer of bioelectric signals analogously to the native tissues to sustain 
proper physiological functions. Piezoelectric materials can generate 
electrical signals in response to the applied stress, which can be imposed 
even by attachment and migration of cells or body movements [225]. 
Thus, piezoelectric materials can be used as building blocks of active 
tissue engineering scaffolds that enable wireless electrical stimulation 
without the need for implantation of electrodes, implanting batteries, or 
any external electricity source [226]. Piezoelectric materials have been 
extensively studied for tissue repair applications, especially in neuronal 
and bone tissue engineering. The electric pulses stimulate neurite 
directional outgrowth to fill gaps in nervous tissue injuries, while 
charges induced by mechanical stress enhance bone formation in hard 
tissue injuries [44]. 

Attention in neural regeneration has been drawn to repairing pe-
ripheral nerve injuries through improved neural differentiation and 
directional outgrowth of neurites. Direct electric fields as low as 70 mV/ 
mm have been shown to facilitate the outgrowth of the neurites of 
embryonic chick dorsal root ganglions toward the cathode [227]. 
Applying a direct electric field of 250 mV/mm or higher on Xenopus 
neurons resulted in more neurite-bearing cells with longer neurites 
directed towards the cathode and contracted neurites on the anode side 
(Fig. 21) [228]. Promising results are not limited to neurons; an early 
study on the effect of electrical stimulation on bone formation showed 
that implanting insulated batteries in the medullary canal of canine 
femora caused the substantial formation of endosteum near the cathode 
in a 14–21 day period [229]. Even in the absence of external electrical 
stimulation, implanting poled sintered piezoelectric hydroxyapatite 
disks in canine cortical bone resulted in the filling of a 0.2 mm gap be-
tween the negatively charged hydroxyapatite surface and the cortical 
bone in 14 days, while no bone formation occurred using the unpoled 
hydroxyapatite before day 28 [230]. 

7.8. Wireless power supply for implantable medical devices 

In addition to electric power generation from periodical biome-
chanical movements such as blood circulation, cardiac/lung motions, 
and muscle contraction/relaxation, piezoelectric generators can also 
generate energy from external sources outside the human body such as 
inductive power transfer and acoustic energy transfer. The external 
power sources can provide sufficient and stable output power irre-
spective of the organ shape, implanted location, and body size. Jiang 
et al. [203] fabricated a flexible piezoelectric array based on a PZT/e-
poxy composite for ultrasonic energy harvesting. The developed device 
generated a continuous power output under ultrasonic excitation. 2.1 
Vpp output voltage and 4.2 µA current were achieved. The generated 
electric power could be stored in capacitors and used to light commer-
cial LEDs. The flexible device could maintain a favorable output per-
formance when placed on curved surfaces. In vitro tests demonstrated 
that the output signals show weak attenuation performance of 15% at a 
mimicked implanted tissue thickness of 14 mm. These results were 
promising for the implementation of the developed device on wirelessly 
powered implantable medical devices. 

8. Concluding remarks and future prospects 

A comprehensive review on working mechanism, device configura-
tions, operational modes, material developments, and applications of 
piezoelectric generators has been presented. Most researches employed 
piezoelectric generators based on unimorph and bimorph cantilever 
beam structure in 33 operation mode. Inorganic, organic, and composite 
piezoelectric materials in the nanostructure, thin-film, and stack forms 
have been investigated. Inorganic materials exhibit superior piezoelec-
tric performance. However, the brittleness and toxic lead content hinder 
their application. Flexibility is a major requirement for the integrate- 
ability of the piezoelectric generators to most applications. PVDF and 
its copolymers have been the most explored flexible piezopolymers. 
Researches have shown that the low piezoelectric performance of these 
polymers can be greatly enhanced through several effective strategies. 
One of them is to form a mesoporous structure that reduces dielectric 
constant and improves the piezoelectric performance of the piezopol-
ymer. Another approach is to disperse ceramic nanofillers through the 
polymer matrix. This strategy attracted the utmost attention since it 
enabled composite generators to combine the favorable piezoelectric 

Fig. 20. (a) Exploded view of the device showing the multilayer thin-film structure. (b) Photograph of the device showing its flexibility 〈i〉 and the device wrapping 
on the ascending aorta of porcine 〈ii〉. (c) The circumferential stress in expanded aorta wall and the distribution of induced charge in the device. (d) The charge 
distributions in the device of expansion and retraction state. Reprinted with permission [215], Copyright 2016, Elsevier Ltd. 
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performance of ceramics and the high flexibility of polymers. Surface 
functionalization processes are effectively applied to aid the homoge-
neous distribution of the nanofillers in the polymer matrix. The nano-
fillers aided in obtaining high crystallinity. High piezoelectricity is 
achieved by the homogeneous distribution and optimal concentration of 
nanofillers in the polymer matrix. 

Besides the mostly explored inorganic and organic piezoelectric 
materials, many natural biologic systems such as eggshell membrane, 
fish swim bladder, and onion skin are composed of piezoelectric mate-
rials such as collagen fibrils, vitamins, chitin, and so on. Bio-inspired 
natural materials explored in the literature exhibited promising piezo-
electric performance with intrinsically favorable material properties 
such as biocompatibility, biodegradability, flexibility, and durability. 
These are highly desired in most applications specifically in regenerative 
medicine. However, this area of research is still in its infancy and open 
for the exploration of many more new biomaterials. Bio-inspired natural 
materials can help large reduction of not only biologic wastes but also 
toxic e-wastes generated by the use of electrochemical batteries or lead- 
containing piezoelectric materials. 

Developments of nano and micro-scale materials and manufacturing 
processes have enabled the fabrication of piezoelectric generators ac-
cording to the requirements of diverse fields. The thin films of polymer 
and nanocomposite-based piezoelectric materials can be easily inte-
grated into microelectromechanical systems. Besides that, nano-
structured materials convert minimal mechanical strains into electric 
power that allows for nanoscale energy harvesting and self-powered 
sensing. Among nanofabrication processes, electrospinning is consid-
ered as one of the simplest and most versatile methods for fabricating 
nanoscale materials with diverse compositions and tailored morphol-
ogies as well as for generating remarkably long length and a wide range 
of fiber diameters. The networks of electrospun PVDF nanofibers exhibit 
a high β-phase fraction due to the high voltage applied during electro-
spinning. Thus, most research employed electrospun polymers for 
fabricating piezoelectric generators. Besides the electrospinning 
method, advanced manufacturing processes such as additive 
manufacturing by selective laser sintering and selective laser melting 
exhibit better control over topology, microstructure, and formation 
quality, thus it will attract significant attention in fabricating future 
piezoelectric generators, as well as active tissue scaffolds. Further, 
poling-assisted additive manufacturing will be a favorable alternative 
that can align the dipoles of the polymer molecule chains and transform 
the polymer from the α phase to the β phase via applying a strong electric 
field during printing. 

In the reviewed literature, piezoelectricity has been investigated for 

self-powered sensing, energy harvesting, and as a stimulator in diverse 
applications. Though researches revealed promising results, only a few 
piezoelectric products have been realized in the market while others are 
still in the stages of research and development. New materials have been 
developed to satisfy the need for specific applications. For instance, 
recently the development of a high-performance flexible PIMNT thin 
film has been demonstrated to successfully power brain stimulators, 
which consume much more energy than cardiac pacemakers. Besides, it 
is expected that new materials with enhanced properties will find ap-
plications in various fields in near future. For instance, the development 
of materials with high Curie temperatures will allow the deployment of 
piezoelectric energy harvesters in heat transfer applications that involve 
fluid flow. Further, it is anticipated that the attention on piezoelectric 
energy harvesting will continue to grow with the exploration of newer 
piezoelectric materials and untapped vibration sources. 

Researches have demonstrated that piezoelectric generators can be 
effectively used for powering wearable and implantable biomedical 
devices as self-powered sensors for monitoring the health status of pa-
tients and as stimulators for regenerating neuronal and bone tissues. 
However, future researches on in vivo studies of piezoelectric generators 
are required to promote their clinical applications. 

Today, the development trend of electronics is to shrink the size of 
devices, to reduce power consumption, and to improve device flexibility 
and integrate-ability. On the other hand, the development of materials 
and manufacturing processes enable micro and nanofabrication of 
piezoelectric generators with improved flexibility, integrate-ability, and 
output power density. Thus, it can be anticipated that in near future, 
piezoelectric generators will be capable of powering most wireless 
electronic devices. 
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Fig. 21. Outgrowth of neurites [1 and 2 in (A)] of a bipolar neuron by means of stimulation under 500 mV/mm electric field applied in the direction of big arrows at 
the beginning of the electrical stimulation (A), after 2 h (B), after 4 h (C), after an additional 2 h of exposing to the electric field applied in opposite direction (D). Bar, 
50 µm [228]. 

N. Sezer and M. Koç                                                                                                                                                                                                                           



Nano Energy 80 (2021) 105567

21

References 

[1] M. Shirvanimoghaddam, et al., Towards a green and self-powered internet of 
things using piezoelectric energy harvesting, IEEE Access 4 (2016) 1–24. 

[2] S.S. Won, H. Seo, M. Kawahara, S. Glinsek, J. Lee, Y. Kim, C.K. Jeong, A.I. Kingon, 
S.H. Kim, Flexible vibrational energy harvesting devices using strain-engineered 
perovskite piezoelectric thin films, Nano Energy 55 (2019) 182–192, https://doi. 
org/10.1016/j.nanoen.2018.10.068. 

[3] F. Ali, W. Raza, X. Li, H. Gul, K.H. Kim, Piezoelectric energy harvesters for 
biomedical applications, Nano Energy 57 (2019) 879–902, https://doi.org/ 
10.1016/j.nanoen.2019.01.012. 

[4] H. Liu, J. Zhong, C. Lee, S.W. Lee, L. Lin, A comprehensive review on 
piezoelectric energy harvesting technology: materials, mechanisms, and 
applications, Appl. Phys. Rev. 5 (4) (2018), 041306, https://doi.org/10.1063/ 
1.5074184. 

[5] X. Wang, Piezoelectric nanogenerators-harvesting ambient mechanical energy at 
the nanometer scale, Nano Energy 1 (1) (2012) 13–24, https://doi.org/10.1016/ 
j.nanoen.2011.09.001. 

[6] C.R. Bowen, H.A. Kim, P.M. Weaver, S. Dunn, Piezoelectric and ferroelectric 
materials and structures for energy harvesting applications, Energy Environ. Sci. 
7 (1) (2014) 25–44, https://doi.org/10.1039/c3ee42454e. 

[7] S.P. Beeby, M.J. Tudor, N.M. White, Energy harvesting vibration sources for 
microsystems applications, Meas. Sci. Technol. 17 (12) (2006) R175–R195, 
https://doi.org/10.1088/0957-0233/17/12/R01. 

[8] Y. Sun, J. Chen, X. Li, Y. Lu, S. Zhang, Z. Cheng, Flexible piezoelectric energy 
harvester/sensor with high voltage output over wide temperature range, Nano 
Energy 61 (2019) 337–345, https://doi.org/10.1016/j.nanoen.2019.04.055. 

[9] D. Hu, M. Yao, Y. Fan, C. Ma, M. Fan, M. Liu, Strategies to achieve high 
performance piezoelectric nanogenerators, Nano Energy 55 (2019) 288–304, 
https://doi.org/10.1016/j.nanoen.2018.10.053. 

[10] S.K. Karan, S. Maiti, A.K. Agrawal, A.K. Das, A. Maitra, S. Paria, A. Bera, R. Bera, 
L. Halder, A.K. Mishra, J.K. Kim, B.B. Khatua, Designing high energy conversion 
efficient bio-inspired vitamin assisted single-structured based self-powered 
piezoelectric/wind/acoustic multi-energy harvester with remarkable power 
density, Nano Energy 59 (2019) 169–183, https://doi.org/10.1016/j. 
nanoen.2019.02.031. 

[11] J. Yan, M. Liu, Y.G. Jeong, W. Kang, L. Li, Y. Zhao, N. Deng, B. Cheng, G. Yang, 
Performance enhancements in poly(vinylidene fluoride)-based piezoelectric 
nanogenerators for efficient energy harvesting, Nano Energy 56 (2019) 662–692, 
https://doi.org/10.1016/j.nanoen.2018.12.010. 

[12] D.W. Wang, J.L. Mo, X.F. Wang, H. Ouyang, Z.R. Zhou, Experimental and 
numerical investigations of the piezoelectric energy harvesting via friction- 
induced vibration, Energy Convers. Manag. 171 (2018) 1134–1149, https://doi. 
org/10.1016/j.enconman.2018.06.052. 

[13] X.D. Xie, Q. Wang, Energy harvesting from a vehicle suspension system, Energy 
86 (2015) 382–395, https://doi.org/10.1016/j.energy.2015.04.009. 

[14] J. Chen, S.K. Oh, N. Nabulsi, H. Johnson, W. Wang, J.H. Ryou, Biocompatible and 
sustainable power supply for self-powered wearable and implantable electronics 
using III-nitride thin-film-based flexible piezoelectric generator, Nano Energy 57 
(2019) 670–679, https://doi.org/10.1016/j.nanoen.2018.12.080. 

[15] C. Fei, X. Liu, B. Zhu, D. Li, X. Yang, Y. Yang, Q. Zhou, AlN piezoelectric thin films 
for energy harvesting and acoustic devices, Nano Energy 51 (2018) 146–161, 
https://doi.org/10.1016/j.nanoen.2018.06.062. 

[16] X. Guan, B. Xu, J. Gong, Hierarchically architected polydopamine modified 
BaTiO3@P(VDF-TrFE) nanocomposite fiber mats for flexible piezoelectric 
nanogenerators and self-powered sensors, Nano Energy 70 (2020), 104516, 
https://doi.org/10.1016/j.nanoen.2020.104516. 

[17] K. Shi, B. Sun, X. Huang, P. Jiang, Synergistic effect of graphene nanosheet and 
BaTiO3 nanoparticles on performance enhancement of electrospun PVDF 
nanofiber mat for flexible piezoelectric nanogenerators, Nano Energy 52 (2018) 
153–162, https://doi.org/10.1016/j.nanoen.2018.07.053. 

[18] H.S. Kim, J.H. Kim, J. Kim, A review of piezoelectric energy harvesting based on 
vibration, Int. J. Precis. Eng. Manuf. 12 (6) (2011) 1129–1141, https://doi.org/ 
10.1007/s12541-011-0151-3. 

[19] N. Wu, Q. Wang, X.D. Xie, Ocean wave energy harvesting with a piezoelectric 
coupled buoy structure, Appl. Ocean Res. 50 (2015) 110–118, https://doi.org/ 
10.1016/j.apor.2015.01.004. 

[20] H. Madinei, H. Haddad Khodaparast, S. Adhikari, M.I. Friswell, Design of MEMS 
piezoelectric harvesters with electrostatically adjustable resonance frequency, 
Mech. Syst. Signal Process. 81 (2015) 360–374, https://doi.org/10.1016/j. 
ymssp.2016.03.023. 

[21] X. Zhou, K. Parida, O. Halevi, Y. Liu, J. Xiong, S. Magdassi, P.S. Lee, All 3D- 
printed stretchable piezoelectric nanogenerator with non-protruding kirigami 
structure, Nano Energy 72 (2020), 104676, https://doi.org/10.1016/j. 
nanoen.2020.104676. 

[22] J. Siang, M.H. Lim, M. Salman Leong, Review of vibration-based energy 
harvesting technology: mechanism and architectural approach, Int. J. Energy Res. 
42 (5) (2018) 1866–1893, https://doi.org/10.1002/er.3986. 

[23] D.S. Snyder, Vibrating transducer power supply for use in abnormal tire condition 
warning systems, 1983. 

[24] D.S. Snyder, Piezoelectric reed power supply for use in abnormal tire condition 
warning systems, 1985. 

[25] No Title, 〈http://www.perpetuum.com/rail/〉, 2020. 
[26] M.A. Parvez Mahmud, N. Huda, S.H. Farjana, M. Asadnia, C. Lang, Recent 

advances in nanogenerator-driven self-powered implantable biomedical devices, 

Adv. Energy Mater. 8 (2) (2018), 1701210, https://doi.org/10.1002/ 
aenm.201701210. 

[27] Q. Zheng, B. Shi, Z. Li, Z.L. Wang, Recent progress on piezoelectric and 
triboelectric energy harvesters in biomedical systems, Adv. Sci. 4 (7) (2017), 
1700029, https://doi.org/10.1002/advs.201700029. 

[28] B.J. Hansen, Y. Liu, R. Yang, Z.L. Wang, Hybrid nanogenerator for concurrently 
harvesting biomechanical and biochemical energy, ACS Nano 4 (7) (2010) 
3647–3652. 

[29] G. Zhu, Z.H. Lin, Q. Jing, P. Bai, C. Pan, Y. Yang, Y. Zhou, Z.L. Wang, Toward 
large-scale energy harvesting by a nanoparticle-enhanced triboelectric 
nanogenerator, Nano Lett. 13 (2) (2013) 847–853, https://doi.org/10.1021/ 
nl4001053. 

[30] S. Priya, D.J. Inman, Energy Harvesting Technologies, Springer, 2009. 
[31] Z.L. Wang, W. Wu, Nanotechnology-enabled energy harvesting for self-powered 

micro-/nanosystems, Angew. Chem. Int. Ed. 51 (47) (2012) 11700–11721, 
https://doi.org/10.1002/anie.201201656. 

[32] S. Mishra, L. Unnikrishnan, S.K. Nayak, S. Mohanty, Advances in piezoelectric 
polymer composites for energy harvesting applications: a systematic review, 
Macromol. Mater. Eng. 304 (1) (2019), 1800463, https://doi.org/10.1002/ 
mame.201800463. 

[33] B. Zaarour, L. Zhu, C. Huang, X. Jin, H. Alghafari, J. Fang, T. Lin, A review on 
piezoelectric fibers and nanowires for energy harvesting, J. Ind. Text. (2019), 
152808371987019, https://doi.org/10.1177/1528083719870197. 

[34] V. Jella, S. Ippili, J.H. Eom, S. Pammi, J.S. Jung, V.D. Tran, V.H. Nguyen, 
A. Kirakosyan, S. Yun, D. Kim, M.R. Sihn, J. Choi, Y.J. Kim, H.J. Kim, S.G. Yoon, 
A comprehensive review of flexible piezoelectric generators based on organic- 
inorganic metal halide perovskites, Nano Energy 57 (2019) 74–93, https://doi. 
org/10.1016/j.nanoen.2018.12.038. 

[35] R.A. Surmenev, T. Orlova, R.V. Chernozem, A.A. Ivanova, A. Bartasyte, S. Mathur, 
M.A. Surmeneva, Hybrid lead-free polymer-based nanocomposites with improved 
piezoelectric response for biomedical energy-harvesting applications: a review, 
Nano Energy 62 (. 2019) 475–506, https://doi.org/10.1016/j. 
nanoen.2019.04.090. 

[36] S. Priya, H.C. Song, Y. Zhou, R. Varghese, A. Chopra, S.G. Kim, I. Kanno, L. Wu, D. 
S. Ha, J. Ryu, R.G. Polcawich, A review on piezoelectric energy harvesting: 
materials, methods, and circuits, Energy Harvest. Syst. 4 (1) (2019) 3–39, https:// 
doi.org/10.1515/ehs-2016-0028. 

[37] M. Hamlehdar, A. Kasaeian, M.R. Safaei, Energy harvesting from fluid flow using 
piezoelectrics: a critical review, Renew. Energy 143 (2019) 1826–1838, https:// 
doi.org/10.1016/j.renene.2019.05.078. 

[38] M. Gholikhani, H. Roshani, S. Dessouky, A.T. Papagiannakis, A critical review of 
roadway energy harvesting technologies, Appl. Energy 261 (2020), 114388, 
https://doi.org/10.1016/j.apenergy.2019.114388. 

[39] J. Wang, L. Geng, L. Ding, H. Zhu, D. Yurchenko, The state-of-the-art review on 
energy harvesting from flow-induced vibrations, Appl. Energy 267 (2020), 
114902, https://doi.org/10.1016/j.apenergy.2020.114902. 

[40] J. Chen, Q. Qiu, Y. Han, D. Lau, Piezoelectric materials for sustainable building 
structures: fundamentals and applications, Renew. Sustain. Energy Rev. 101 
(2019) 14–25, https://doi.org/10.1016/j.rser.2018.09.038. 

[41] M.R. Sarker, S. Julai, M.F.M. Sabri, S.M. Said, M.M. Islam, M. Tahir, Review of 
piezoelectric energy harvesting system and application of optimization 
techniques to enhance the performance of the harvesting system, Sens. Actuators 
A Phys. 300 (2019), 111634, https://doi.org/10.1016/j.sna.2019.111634. 

[42] Q. Lu, L. Liu, F. Scarpa, J. Leng, Y. Liu, A novel composite multi-layer 
piezoelectric energy harvester, Compos. Struct. 201 (2018) 121–130, https://doi. 
org/10.1016/j.compstruct.2018.06.024. 

[43] S. Beeby, N. White, Energy harvesting for autonomous systems, 2010. 
[44] A.H. Rajabi, M. Jaffe, T.L. Arinzeh, Piezoelectric materials for tissue regeneration: 

a review, Acta Biomater. 24 (2015) 12–23, https://doi.org/10.1016/j. 
actbio.2015.07.010. 

[45] A. Jain, K.J. Prashanth, A.K. Sharma, A. Jain, R. P.n, Dielectric and piezoelectric 
properties of PVDF/PZT composites: a review, Polym. Eng. Sci. 55 (7) (2015) 
1589–1616, https://doi.org/10.1002/pen.24088. 

[46] Y. Sugawara, K. Onitsuka, S. Yoshikawa, Q. Xu, R.E. Newnham, K. Uchino, Metal- 
ceramic composite actuators, J. Am. Ceram. Soc. 75 (4) (1992) 996–998, https:// 
doi.org/10.1111/j.1151-2916.1992.tb04172.x. 

[47] L. Li, J. Xu, J. Liu, F. Gao, Recent progress on piezoelectric energy harvesting: 
structures and materials, Adv. Compos. Hybrid Mater. 1 (3) (2018) 478–505, 
https://doi.org/10.1007/s42114-018-0046-1. 

[48] D. Arnold, W. Kinsel, W.W. Clark, C. Mo, Exploration of new cymbal design in 
energy harvesting, in: SPIE Proceedings, 2011, 79770T. doi: 10.1117/12.880614. 

[49] J. Hao, W. Li, J. Zhai, H. Chen, Progress in high-strain perovskite piezoelectric 
ceramics, Mater. Sci. Eng. R Rep. 135 (2019) 1–57, https://doi.org/10.1016/j. 
mser.2018.08.001. 

[50] D.F.K. Hennings, C. Metzmacher, B.S. Schreinemacher, Defect chemistry and 
microstructure of hydrothermal barium titanate, J. Am. Ceram. Soc. 84 (1) (2001) 
179–182, https://doi.org/10.1111/j.1151-2916.2001.tb00627.x. 

[51] S. Wada, K. Yako, H. Kakemoto, T. Tsurumi, T. Kiguchi, Enhanced piezoelectric 
properties of barium titanate single crystals with different engineered-domain 
sizes, J. Appl. Phys. 98 (1) (2005), 014109, https://doi.org/10.1063/1.1957130. 

[52] H. Takahashi, Y. Numamoto, J. Tani, K. Matsuta, J. Qiu, S. Tsurekawa, Lead-free 
barium titanate ceramics with large piezoelectric constant fabricated by 
microwave sintering, Jpn. J. Appl. Phys. 45 (1) (2006) L30–L32, https://doi.org/ 
10.1143/JJAP.45.L30. 

N. Sezer and M. Koç                                                                                                                                                                                                                           

http://refhub.elsevier.com/S2211-2855(20)31141-1/sbref1
http://refhub.elsevier.com/S2211-2855(20)31141-1/sbref1
https://doi.org/10.1016/j.nanoen.2018.10.068
https://doi.org/10.1016/j.nanoen.2018.10.068
https://doi.org/10.1016/j.nanoen.2019.01.012
https://doi.org/10.1016/j.nanoen.2019.01.012
https://doi.org/10.1063/1.5074184
https://doi.org/10.1063/1.5074184
https://doi.org/10.1016/j.nanoen.2011.09.001
https://doi.org/10.1016/j.nanoen.2011.09.001
https://doi.org/10.1039/c3ee42454e
https://doi.org/10.1088/0957-0233/17/12/R01
https://doi.org/10.1016/j.nanoen.2019.04.055
https://doi.org/10.1016/j.nanoen.2018.10.053
https://doi.org/10.1016/j.nanoen.2019.02.031
https://doi.org/10.1016/j.nanoen.2019.02.031
https://doi.org/10.1016/j.nanoen.2018.12.010
https://doi.org/10.1016/j.enconman.2018.06.052
https://doi.org/10.1016/j.enconman.2018.06.052
https://doi.org/10.1016/j.energy.2015.04.009
https://doi.org/10.1016/j.nanoen.2018.12.080
https://doi.org/10.1016/j.nanoen.2018.06.062
https://doi.org/10.1016/j.nanoen.2020.104516
https://doi.org/10.1016/j.nanoen.2018.07.053
https://doi.org/10.1007/s12541-011-0151-3
https://doi.org/10.1007/s12541-011-0151-3
https://doi.org/10.1016/j.apor.2015.01.004
https://doi.org/10.1016/j.apor.2015.01.004
https://doi.org/10.1016/j.ymssp.2016.03.023
https://doi.org/10.1016/j.ymssp.2016.03.023
https://doi.org/10.1016/j.nanoen.2020.104676
https://doi.org/10.1016/j.nanoen.2020.104676
https://doi.org/10.1002/er.3986
http://www.perpetuum.com/rail/
https://doi.org/10.1002/aenm.201701210
https://doi.org/10.1002/aenm.201701210
https://doi.org/10.1002/advs.201700029
http://refhub.elsevier.com/S2211-2855(20)31141-1/sbref25
http://refhub.elsevier.com/S2211-2855(20)31141-1/sbref25
http://refhub.elsevier.com/S2211-2855(20)31141-1/sbref25
https://doi.org/10.1021/nl4001053
https://doi.org/10.1021/nl4001053
http://refhub.elsevier.com/S2211-2855(20)31141-1/sbref27
https://doi.org/10.1002/anie.201201656
https://doi.org/10.1002/mame.201800463
https://doi.org/10.1002/mame.201800463
https://doi.org/10.1177/1528083719870197
https://doi.org/10.1016/j.nanoen.2018.12.038
https://doi.org/10.1016/j.nanoen.2018.12.038
https://doi.org/10.1016/j.nanoen.2019.04.090
https://doi.org/10.1016/j.nanoen.2019.04.090
https://doi.org/10.1515/ehs-2016-0028
https://doi.org/10.1515/ehs-2016-0028
https://doi.org/10.1016/j.renene.2019.05.078
https://doi.org/10.1016/j.renene.2019.05.078
https://doi.org/10.1016/j.apenergy.2019.114388
https://doi.org/10.1016/j.apenergy.2020.114902
https://doi.org/10.1016/j.rser.2018.09.038
https://doi.org/10.1016/j.sna.2019.111634
https://doi.org/10.1016/j.compstruct.2018.06.024
https://doi.org/10.1016/j.compstruct.2018.06.024
https://doi.org/10.1016/j.actbio.2015.07.010
https://doi.org/10.1016/j.actbio.2015.07.010
https://doi.org/10.1002/pen.24088
https://doi.org/10.1111/j.1151-2916.1992.tb04172.x
https://doi.org/10.1111/j.1151-2916.1992.tb04172.x
https://doi.org/10.1007/s42114-018-0046-1
https://doi.org/10.1016/j.mser.2018.08.001
https://doi.org/10.1016/j.mser.2018.08.001
https://doi.org/10.1111/j.1151-2916.2001.tb00627.x
https://doi.org/10.1063/1.1957130
https://doi.org/10.1143/JJAP.45.L30
https://doi.org/10.1143/JJAP.45.L30


Nano Energy 80 (2021) 105567

22

[53] A. Polotai, K. Breece, E. Dickey, C. Randall, A. Ragulya, A novel approach to 
sintering nanocrystalline barium titanate ceramics, J. Am. Ceram. Soc. 88 (11) 
(2005) 3008–3012, https://doi.org/10.1111/j.1551-2916.2005.00552.x. 

[54] X.-H. Wang, X.Y. Deng, H.L. Bai, H. Zhou, W.G. Qu, L.T. Li, I.W. Chen, Two-step 
sintering of ceramics with constant grain-size, II: BaTiO3 and Ni-Cu-Zn ferrite, 
J. Am. Ceram. Soc. 89 (2) (2006) 438–443, https://doi.org/10.1111/j.1551- 
2916.2005.00728.x. 

[55] T. Karaki, K. Yan, T. Miyamoto, M. Adachi, Lead-free piezoelectric ceramics with 
large dielectric and piezoelectric constants manufactured from BaTiO3 nano- 
powder, Jpn. J. Appl. Phys. Part 2 Lett. 46 (4–7) (2007) 97–99, https://doi.org/ 
10.1143/JJAP.46.L97. 

[56] T. Takenaka, H. Nagata, Current status and prospects of lead-free piezoelectric 
ceramics, J. Eur. Ceram. Soc. 25 (12) (2005) 2693–2700, https://doi.org/ 
10.1016/j.jeurceramsoc.2005.03.125. 

[57] B. Jaffe, R.S. Roth, S. Marzullo, Piezoelectric properties of lead zirconate-lead 
titanate solid-solution ceramics, J. Appl. Phys. 25 (6) (1954) 809–810, https:// 
doi.org/10.1063/1.1721741. 

[58] M.D. Maeder, D. Damjanovic, N. Setter, Lead free piezoelectric materials, 
J. Electroceram. 13 (1–3) (2004) 385–392, https://doi.org/10.1007/s10832-004- 
5130-y. 

[59] D. Berlincourt, Piezoelectric ceramic compositional development, J. Acoust. Soc. 
Am. 91 (5) (1992) 3034–3040. 

[60] D.J. Shin, S.J. Jeong, C.E. Seo, K.H. Cho, J.H. Koh, Multi-layered piezoelectric 
energy harvesters based on PZT ceramic actuators, Ceram. Int. 41 (S1) (2015) 
S686–S690, https://doi.org/10.1016/j.ceramint.2015.03.180. 

[61] K. Kapat, Q.T.H. Shubhra, M. Zhou, S. Leeuwenburgh, Piezoelectric nano- 
biomaterials for biomedicine and tissue regeneration, Adv. Funct. Mater. 
1909045 (2020), 1909045, https://doi.org/10.1002/adfm.201909045. 

[62] A.M. Flynn, S.R. Sanders, Fundamental limits on energy transfer and circuit 
considerations for piezoelectric transformers, IEEE Trans. Power Electron. 17 (1) 
(2002) 8–14, https://doi.org/10.1109/63.988662. 

[63] Z. Yi, B. Yang, G. Li, J. Liu, X. Chen, X. Wang, C. Yang, High performance bimorph 
piezoelectric MEMS harvester via bulk PZT thick films on thin beryllium-bronze 
substrate, Appl. Phys. Lett. 111 (1) (2017), 013902, https://doi.org/10.1063/ 
1.4991368. 

[64] W.S. Kang, J.H. Koh, (1-x)Bi0.5Na0.5TiO3-xBaTiO3 lead-free piezoelectric 
ceramics for energy-harvesting applications, J. Eur. Ceram. Soc. 35 (7) (2015) 
2057–2064, https://doi.org/10.1016/j.jeurceramsoc.2014.12.036. 

[65] D.J. Shin, J. Kim, J.H. Koh, Piezoelectric properties of (1-x)BZT-xBCT system for 
energy harvesting applications, J. Eur. Ceram. Soc. 38 (13) (2018) 4395–4403, 
https://doi.org/10.1016/j.jeurceramsoc.2018.05.022. 

[66] A. Khan, Z. Abas, H. Soo Kim, I.K. Oh, Piezoelectric thin films: an integrated 
review of transducers and energy harvesting, Smart Mater. Struct. 25 (5) (2016), 
053002, https://doi.org/10.1088/0964-1726/25/5/053002. 

[67] B. Ponraj, R. Bhimireddi, K.B.R. Varma, Effect of nano- and micron-sized 
K0.5Na0.5NbO3 fillers on the dielectric and piezoelectric properties of PVDF 
composites, J. Adv. Ceram. 5 (4) (2016) 308–320, https://doi.org/10.1007/ 
s40145-016-0204-2. 

[68] Y. Wang, J. Wu, D. Xiao, J. Zhu, Y. Jin, J. Zhu, P. Yu, L. Wu, X. Li, Microstructure, 
dielectric, and piezoelectric properties of (Li, Ag, Ta) modified (K0.50Na0.50) 
NbO3 lead-free ceramics with high Curie temperature, J. Appl. Phys. 102 (5) 
(2007), 054101, https://doi.org/10.1063/1.2773687. 

[69] Y. Guo, K. Kakimoto, H. Ohsato, (Na0.5K0.5)NbO3–LiTaO3 lead-free 
piezoelectric ceramics, Mater. Lett. 59 (2–3) (2005) 241–244, https://doi.org/ 
10.1016/j.matlet.2004.07.057. 

[70] S. Zhang, R. Xia, T.R. Shrout, G. Zang, J. Wang, Piezoelectric properties in 
perovskite 0.948(K0.5Na0.5)NbO3–0.052LiSbO3 lead-free ceramics, J. Appl. 
Phys. 100 (10) (2006), 104108, https://doi.org/10.1063/1.2382348. 

[71] H. Du, F. Tang, D. Liu, D. Zhu, W. Zhou, S. Qu, The microstructure and 
ferroelectric properties of (K0.5Na0.5)NbO3–LiNbO3 lead-free piezoelectric 
ceramics, Mater. Sci. Eng. B 136 (2–3) (2007) 165–169, https://doi.org/10.1016/ 
j.mseb.2006.09.031. 

[72] Y. Guo, K. Kakimoto, H. Ohsato, Dielectric and piezoelectric properties of lead- 
free (Na0.5K0.5)NbO3–SrTiO3 ceramics, Solid State Commun. 129 (5) (2004) 
279–284, https://doi.org/10.1016/j.ssc.2003.10.026. 

[73] S.-T. Zhang, A.B. Kounga, E. Aulbach, T. Granzow, W. Jo, H.J. Kleebe, J. Rödel, 
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