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Abstract

Flexible energy harvesters have become a research hotspot in both academia and industry because of their
great advantages in powering wearable electronic devices. The flexible energy harvesters based on
piezoelectric materials are recognized as a competitive method because of their sensitivity to mechanical
deformation, excellent energy conversion performance, mature production technology and simple
structure. This paper presents a comprehensive review to illustrate the research progress and future
development of wearable flexible piezoelectric harvesters. In this work, the widely-used piezoelectric
materials for flexible energy harvesters, including inorganic piezoelectric materials, organic piezoelectric
materials and piezoelectric composites, are first summarized. The research progress on the influence of
ceramic content, morphology, distribution, surface chemical modification, and the addition of conductive
materials on the properties of piezoelectric composites are systematically discussed. Additionally, this

paper also presents novel structures and fabrication methods of flexible piezoelectric energy harvesters.
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Finally, future trends in research, development and innovation of flexible piezoelectric energy harvesters

are outlined and prospected.
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Abbreviations
AC alternating current
AD aerosol deposition
BCT (Ba,Ca)TiO3
BCTZ (Ba,Ca)(T1,Zr)O3
BST (Ba,Sr)TiOs
BT/BTO BaTiO3
BZT-BCT Ba(Zr,T1)O3—(Ba,Ca)TiOs
CNT carbon nanotube
DC direct current
DEP dielectrophoresis
EHD electrohydrodynamic
FDM fused deposition modelling
FEH flexible energy harvester
GA gallic acid
Ga-ZnO Ga-doped ZnO
HOG —OH-functionalized graphene
IoT Internet of Things
ITO Indium-tin oxide
KN KNbO:;
KNN/NKN (K,Na)NbO3
LED light emitting diode
MWCNT multi-walled carbon nanotube
NCDS nanocomposite deposition system
NG nanogenerator
PBTCA 2-phosphonobutane-1,2,4-tricarboxylic acid



PCL poly(e-caprolactone)

PDA polydopamine

PDMS polydimethylsiloxane

PEBA polyether block amine

PEN polyethylene naphthalate
PET polyethylene terephthalate

PI polyimide

PIN-PMN-PT Pb(In,Nb)Os-Pb(Mg,Nb)O3-PbTiO3
PLA polylactic acid

PLLA poly(L-lactic acid)

PMMA poly(methyl methacrylate)
PMN-PT Pb(Mg,Nb)Os3-PbTiO3
PNN-PZT Pb(Ni,Nb)O3-PbZrOs3-PbTiO;
PU polyurethane

PVDEF/PVF, poly(vinylidenefluoride)

P(VDF-TtFE)

poly(vinylidenefluoride-co-trifluoroethylene)

PZN-PZT Pb(Zn,Nb)Os-Pb(Zr, Ti)Os
PZT Pb(Zr,Ti)Os

RGO reduced graphene oxide
RF radio frequency

Tb-ZnO Tb-doped ZnO

TrFE trifluoroethylene

1. Introduction

Driven by the rapid development of cloud computing, big data and artificial intelligence (Al), the advent

of the Internet of Things (IoT) technologies promises to revolutionize people's lives in different aspects. It is
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estimated that 50 billion devices will be interconnected through networks around the world by 2025 [1]. These
devices will be widely used in industrial automation production, urban transportation, household, personal
health and many more [2-4], as shown in Figure 1(a). Taking healthcare as an example, wearable sensors and
their systems including smart watches, smart clothes and other components can be used in the field of human
health and environment date real-time collection, preliminary diagnosis of disease, motion recognition and
human-machine interaction [5-8], shown in Figure 1(b). However, one key bottleneck for industrial-scale
implementation of wearable electronic devices lies in the power supply. Although each device does not require
a high energy supply, the use of massive number of sensors will lead to a huge energy consumption. Moreover,
these devices are widely distributed and usually require sustainable power supply. The use of conventional
batteries will hinder the miniaturization of the equipment, and the production, recycling and disposition of the

battery will easily cause environmental pollution [9, 10].
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Figure 1. (a) Application of IOT in different fields; (b) IOT equipment for human healthcare [8]
Self-powered technology provides a solution for the energy supply of portable and wearable sensor systems.
The self-power technology is designed by using energy harvesters to convert other kinds of energy to electrical
energy, which can be realised through two modes: one is to power the sensor systems by harvesting energy

from environment or human body; the other one is to convert signal induced by the physical or chemical



changes in the environment or human body to electrical signals directly for further analyse [11, 12]. As the
energy is usually produced in nano scale, energy harvesters are also called nanogenerators (NGs) [13, 14].
Different kinds of clean and renewable energy in nature, including solar energy, thermal energy and
mechanical energy, can be used as energy source for energy harvesters. Solar energy harvester [15, 16],
thermoelectric energy harvester [17, 18], and piezoelectric energy harvester [19, 20] have been proposed based
on these different energy conversion laws. Howerer, the widespread use of solar and thermoelectric energy
harvesters is still limited by their complex structures and weather/temperature/place dependencies [21, 22].
Piezoelectric energy harvesters are more suitable for wearable electronic devices. One important reason is that
the human body itself contains huge mechanical energy. Human lung movement, heart beat and blood flow
can generate about 0.3-1W energy [23]. The movement of ankle, knee, hip, elbow and shoulder can generate
several energy. These energy can be used by wearable piezoelectric energy harvesters to power variety of
devices. In order to better fit with the human body to improve comfort, wearable energy harvesters need to
have enough flexibility to withstand large tensile and torsional deformation, so they are also named flexible
energy harvesters (FEHs). Figure 2 shows representative applications of piezoelectric wearable or implantable
energy harvesters and self-powered sensors [24-30]. These devices can be attached to the fingers, wrists,

throats, feet and other positions for energy harvesting or movement monitoring.
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Figure 2. Application of piezoelectric wearable and implantable energy harvesters and self-powered sensor
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Piezoelectric materials can convert mechanical energy into electrical energy. They are sensitive to
mechanical deformation and have high energy conversion efficiency. Morever, the wearable energy harvesters
made of this material has simple structure and mature fabrication technology [31, 32]. For these reasons,
wearable piezoelectric energy harvesters have been widely studied by researchers. Piezoelectric materials that
can be used for energy harvesters include inorganic piezoelectric materials and organic piezoelectric materials.
However, inorganic piezoelectric materials are usually brittle and unable to withstand large deformation, while
organic piezoelectric materials has very limited energy conversion efficiency, which have hindered the their
application in wearable energy harvesters. Therefore, piezoelectric composites composed of organic and
inorganic materials have attracted the attention [33]. Since the 1950s, perovskite inorganic piezoelectric
materials with ABOs structure have been regarded as a major breakthrough in the field of energy harvesting
[34]. Various materials preparation methods have been developted for energy harvesters in recent years.

Inorganic materials are mostly prepared by sputtering or liquid-phase synthesis method, while organic
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piezoelectric materials and composites are ususally produced by casting, spin coating, electrospinning and 3D
printing. At present, many reviews on piezoelectric energy harvesters have been published [35-39], but they
usually involve a wide range of applications. There is a lack of a specific review about the wearable flexible
piezoelectric energy harvesters. In recent years, with the rapid development of smart healthcare technologies,
the novel wearable flexible piezoelectric energy harvesters have attracted extensive attention. As shown in
Figure 3, the research output on wearable piezoelectric energy harvesters has been on an upward trend.
Therefore, this paper aims to systematically summarize the research progress and achievements in this fast
growing field. Section 2 briefly summarizes the energy conversion principle of piezoelectric materials. Then,
popular piezoelectric materials and their applications in wearable piezoelectric energy harvesters are discussed
in detail in Section 3. Especially, the influence of piezoelectric phase characteristics (such as content,
morphology, distribution and surface chemical modification) of piezoelectric composites on electrical energy
output is analyzed and summarized. Sections 4 and 5 present the novel structures and fabrication methods of
current piezoelectric FEHs. Finally, the concluding remarks and future perspectives of wearable flexible

piezoelectric energy harvesters are highlighted in Section 6.
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Figure 3. Number of documents on (“piezoelectric energy harvester” or nanogenerator) and (wearable) by
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2. Piezoelectricity

Piezoelectricity of materials is caused by their non centrosymmetric crystal structure. For all 32 crystal
classes of materials, 20 of them exhibit piezoelectric properties [40]. When piezoelectric materials are
deformed by mechanical stress, the positive and negative charge centers in the material will shift, resulting in
charges generation on the surface, namely, piezoelectric effect [41]. Two separate electrodes are prepared on
the surface of the piezoelectric material and connected to the external electric loading, allowing the free charge
generated by piezoelectric materials flowing through the wire to power electronic devices. Perovskite structure
and wurtzite structure materials are widely-used in FEHs. The perovskite structure can be expressed in the
form of ABOs. A and B represent a kind of cation respectively, or the mixture of two or more cations. The
radius of A ion is close to that of oxygen ion, forming a dense stack. The radius of B ion is small, and it is
located in the middle [42, 43]. The crystal structure of perovskite materials will change with temperature.
Curie temperature is the phase transition temperature of piezoelectric materials from ferroelectric phase to
paraelectric phase [44, 45]. When the ambient temperature is higher than the Curie temperature, the unit cell
will be a cube, as shown in Figure 4 (a). The structure is centrosymmetric. When the external force is applied,
the centers of positive and negative charge are still coincident, and the material shows no piezoelectricity.
When the temperature drops below the Curie temperature, the unit cell will be a tetragon, as shown in Figure
4 (b). The structure is non centrosymmetric. When the external force is applied, the centers of positive and
negative charges are separated, and the material has piezoelectricity. The wurtzite structure is a hexagonal
crystal class. The reason for its piezoelectricity is that the non centrosymmetric crystal structure causes the

separation of the positive and negative charge centers when it is pressed [40].
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Figure 4. Unit cell of ABO3 material (a) cube unit cell; (b) tetragon unit cell

The properties of piezoelectric materials can be evaluated by different parameters, including permittivity
(e), dielectric loss factor (tan J), elastic compliance constant (s), electromechanical coupling factor (k), Curie
temperature (7c) and piezoelectric constant [38, 42]. Their physical meanings are summarized in Table 1.
Piezoelectric constant, including piezoelectric charge constant (d) and piezoelectric voltage constant (g), refers
to the material conversion coefficients of mechanical energy and electrical energy. Piezoelectric materials are
anisotropic, and the direction parallel to polarization axis is defined direction 3. Due to its anisotropy,
piezoelectric constant could be expressed by a 3 x 6 matrix. Among them, ds3 and represent the charge and
the eletric field produced in direction 3 by an applied stress in direction 3, respectively. They are often used
to evaluate the performance properties of energy harvesters. The piezoelectric voltage can be calculated by

equations (1) and (2) [38]:

d;
Voc =——0,8. (1)
€r80
or
Voc = 8ii0;8. (2)

where V. is open circuit voltage, o; represents stress, d; and gj are piezoelectric charge constant and
piezoelectric voltage constant, & and &y refer to the relative permittivity and vacuum permittivity, and g
represents the distance between two electrodes. A large piezoelectric charge constant, a small permittivity or

a large piezoelectric voltage constant are more favorable for achieving high voltage output.
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Table 1. Evaluation parameters of piezoelectric materials

Category Parameter Description

Dielectric properties ~ Permittivity (¢), Relative permittivity (er) The ability of a material to store electrical potential energy
Dielectric loss angle (d), Dielectric loss A dielectric material's inherent dissipation of electromagnetic energy
factor (tan o)

Elastic properties Elastic compliance constant (s) A parameter to describe the relationship between strain and stress

Piezoelectric Electromechanical coupling factor (k) A measure of the interchange of electrical and mechanical energy

properties
Curie temperature (7c) The temperature at which materials lose their ferro-magneticity and

become paramagnetic

Piezoelectric charge constant (d) The polarization generated per unit of mechanical stress applied to a
piezoelectric material

Piezoelectric voltage constant (g) The electric field generated by a piezoelectric material per unit of
mechanical stress applied

3. Piezoelectric materials and its application in FEHs

In FEHSs, the conversion from mechanical energy to electrical energy is realized by piezoelectric materials.
Materials performance directly affects the performance of energy harvesters. To meet the requirements for
power supply of electronic devices, piezoelectric materials are usually expected to have a strong energy
conversion. Moreover, in order to maintain the good performance under the complex environment in human's
body, materials should own some other excellent characterise, such as non-toxic, harmness, good impact and
fatigue resistance which ensure the energy harvesters can work under alternating stress. At present, popular
piezoelectric materials usually include inorganic piezoelectric materials, organic piezoelectric materials, and
piezoelectric composites composed of piezoelectric ceramics and flexible matrix. Figure 5 shows the

piezoelectric materials that are widely used in FEHs.
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M13 phage with piezoelectric properties [119]; (f) Schematic of piezoelectric composites
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3.1 Inorganic piezoelectric materials

Inorganic piezoelectric materials, such as perovskite ceramics, wurtzite materials and novel 2D
piezoelectric materials, often have higher piezoelectric constants than organic piezoelectric materials, which
means these materials exhibit good energy conversion performance. However, because of their brittleness,
they are prone to fracture under long-term alternating stress, thus they are usually wrapped with flexible
materials to form a ‘sandwich’ structure in practical application. Moreover, inorganic piezoelectric materials
are usually prepared into nano or micron films in order to improve material ductility or produced into
discontinuous forms (such as nanowire arrays, nanorod arrays, among others), which contributes to reducing
stress concentration and improve their bearing capacity [46].

The crystal cell structure of perovskite ceramics is shown in Figure 4. Among them, lead-containing
ceramic such as Pb(Zr,Ti)O3 (PZT) has emerged as a hotspot due to its large piezoelectric constant [3].
However, since lead is toxic and harmful to human-body [22, 47, 48], lead-free piezoelectric materials have
attracted extensive attention in wearable devices, including barium-containing ceramics, alkali niobate
ceramics and bismuth-containing ceramics. Barium titanate (BaTiOs3, abbreviated as BT or BTO) is one of the
earliest commercialized ceramics which have been widely used [49-51]. But they show a low Curie
temperature and thermal stability [52]. Alkali niobate ceramics and bismuth-containing ceramics have much
higher Curie temperature and high ferroelectric polarizability, which has attracted extensive attention [53-56].

Some piezoelectric ceramics are binary or multi-component materials, and the ratio of different elements
and their preparation process have an impact on their performance. Shandilya and co-workers have conducted
a lot of research on these materials, including (Ba,Ca)TiO3 (BCT) [57] and (K,Na)NbO3; (KNN or NKN) [58].
These studies provide an important reference for the selection of energy harvester materials.

The piezoelectric constant of these materials are shown in Table 2 [3, 25, 29, 49-51, 53, 54, 59-67].
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Table 2. Piezoelectric constants of widely-used perovskite piezoelectric ceramics.

Category Materials Piezoelectric constants d33 (pC/N)  Ref.
lead-containing ceramics Pb(Zr,Ti)O3 406 [3]

Pb(Mg1/3nb2/3)03-PbTiO3 373+5 [59]

Pb(Mg1/3Nb2/3)O3—Pb(Zr,Ti)O3-Mn 1140 [25]

Pb(Mg1/3Nb23)03-Pb(Zr,T1)O3 1527 [29]

barium-containing ceramics ~ BaTiO3 105 [49]

BaTiOs 133-213 [50]

BaTiOs 206 [60]

BaTiOs 191 [61]

Ba(Zro.2Tio.8)O3—(Bao.7Cao.3)TiO3 464 [51]

Ba(Zro.2Tio.8)O3—(Bao.7Cao.3)TiO3 620 [62]

alkali niobate ceramics KNbO3 423 [63]

(K,Na)NbO; 50 [53]

(K,Na)NbOs 120 [64]

(K,Na)NbO3 182.5 [65]

bismuth-containing ceramics  (Bi,Na)TiO3-(Bi,K)TiO3 190 [54]

Nao sBi0.sTi03-Ko.5Bio.sTiO3-BaTiOs 314 [66]

Bio.s(Nao.6Ko0.4)0sTiO3 154 [67]
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As the most widely-used wurtzite piezoelectric material, zinc oxide (ZnO) was applied in an energy
harvester as early as 2006 [68]. ZnO is often prepared into discontinuous structures such as nanorods,
nanowires and nanosheets to bear more stress and show a high energy conversion efficiency [39]. Kim et al
[69] prepared ZnO nanorods with a diameter of 80 nm and a height of 2 pm for energy harvester by aqueous
solution method. When a pressure of about 7.846 N was applied on the surface, the output current was 2.0
nA/cm?. He et al [70] processed ZnO nanorods array with a diameter of 70 nm and a height of 2 - 3 um. When
the material is subjected to bending deformation, the open-circuit voltage and short-circuit current test were
2.8 mV and 8.5 mA. In addition, other wurtzite materials such as aluminum nitride (AIN) and cadmium sulfide
(CdS) can also be used as piezoelectric materials for FEHs. For example, Algieri ef al [71] sputtered AIN onto

polyimide (PI) substrate to form a piezoelectric film, whose piezoelectric constant d33 is 4.93 £+ 0.09 pC/N.



Under the excitation of bend loading, the output peak-to-peak voltage and current were 1.4 V and 1.6 pA.
Zhang et al [72] prepared CdS nanosheets and magnetron sputtered nickel oxide on its top and bottom surfaces
as electrodes of an energy harvester. After bending by fingertip, the peak-to-peak open-circuit voltage and
short-circuit current were 1.2 V and 6 nA, respectively.

Waurtzite materials such as ZnO often shows weaker piezoelectric properties than perovskite materials.
Although ZnO has obliged mankind with numerous applications such as thin film transistors [73, 74], gas
sensors [75], biosensors [76], optoelectronic and photovoltaic devices [77, 78], it’s usage in piezoelectric
based devices is limited and efforts are going on to improve its piezoelectric response by doping it with various
hetro-elements, including halogen dopants, transition metal dopants, rare earth metal dopants and others [40].
Batra et/ al [79] prepared Tb-doped ZnO (Tb-ZnO) by wet-chemical co-precipitation method. After doping,
the material morphology changed from hexagonal nanorods to nanotapers. Since the polarity of Tb—O bonds
is higher than Zn—O bonds, the material is easy to be polarized, showing a higher piezoelectric property.
Aleksandrova [80] successfully fabricated Ga-doped ZnO (Ga-ZnO), which also shows good piezoelectric
properties. Under the action of a cyclic bending loading of equivalent 40 g, the energy harvester prepared with
this material had an output voltage of 398 mV.

2D materials, such as graphene, MoS, because of their exciting physical, chemical, optoelectronic, and
mechanical properties, are also used in flexible energy harvesters [81].Wu et al/ found [82] that voltage and
current can be generated when cyclic stretching thin layer of MoS: with odd atoms. Research by Li et a/ [83]
indicated that under bending excitation, 2D SnSe crystal they processed showed an output voltage of 760 mV
and the power density 28 mW/m?. In the work by Ghasemian et al [84], 2D piezoelectric materials are
comprehensively reviewed from the aspects of preparation methods, piezoelectricity measurement approaches,
and application. Currently, the application of 2D materials in FEHs is still rare, because of its relatively-low
output energy, and the complexity and high cost of the preparation process. More exploration should be carried
out to accelerate the creation of more 2D materials based FEHs.

The output voltages of representative FEHs made of inorganic piezoelectric materials are shown in Figure
63,21, 29,50, 53,71, 72, 83, 85, 86].
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PZT [21] 140 V (bending)

PZT [3] 75 V (bending)
PMN-PZT [29] 45V (bending)
PMN-PT [85] 8.2 V (finger taping)
BTO nanotubes [50] 1V (bending)
KNN [53] 1V (bending)

ZnO nanosheets [86] _ 0.1V (finger tapping)
AIN [71] _ 1.4 V (bending/unbending by a linear microactuator)
CdS nanosheets [72] _ 1.2 V (finger tapping)
snse [83] | o.76 v (bending)

10° 107 1000 1 10 100 10°
Qutput Voltage (V)

Figure 6. The output voltages of representative FEHs made of inorganic piezoelectric materials
3.2 Organic piezoelectric materials
Compared with inorganic piezoelectric materials, most of organic piezoelectric materials exhibit small
piezoelectric constants, but they show great advantages in flexibility and lightweight [87, 88]. Moreover, they
also have stable chemical properties, good biocompatibility and simple preparation process [89, 90].
Poly(vinylidenefluoride) (PVDF or PVF,) and poly(vinylidenefluoride-co-trifluoroethylene) (P(VDF-TrFE))
are two popular piezoelectric polymers used in FEHs [90-92]. Figure 7 compares the output voltages of

several representative FEHs made of PVDF or P(VDF-TtrFE) [90-95].

PVDF [91] 22 V {bending)
PVDF [90] 1.5V (bending)

P(VDF-TrFE) [93] _ 5.8 V (tapping by a shaker)
P(VDF-TrFE) nanowire [94] _ 5.6 V (bending)
P(VDF-TrFE) pillar [95] _ 4.0V (tapping)

p(vDF-TrFE) [92] [l 0.4V (tapping by a cylinder)

10* 1 10 10°
Output Voltage (V)

Figure 7. The output voltages of representative FEHs made of PVDF or P(VDF-TrFE)
PVDF In 1969, Kawai discovered the piezoelectric properties of PVDF materials [96, 97], which has
become the most widely-used piezoelectric polymer with piezoelectric constants d31 of 20 pC/N and d33 of 20
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to 30 pC/N [91]. Despite of its small piezoelectric constants, the PVDF has a small permittivity, which leads
to a high output voltage. PVDF shows different polymorphs, including a, 8, v, d and €. Figure 5(d) shows the
conformations of most common phases, namely, a and B-phase [98]. a-PVDF is usually non-polar and does
not have piezoelectricity, due to its random arrangement of hydrogen and fluorine dipoles, whereas B-PVDF
exhibits good piezoelectric properties after its spontaneous polarization through electric dipole moments
superimposition [99, 100]. Therefore, in order to improve the piezoelectric properties of PVDF, researchers
improve the content of B-phase through various methods, including mechanical stretching [101-103], high-
temperature annealing [104], external electric field polarizing [105], particles or reagents doping [106, 107].

Mechanical stretching is generally used to promote the transition from a-phase to B-phase by applying a
mechanical stress in a reasonable direction to change the arrangement of polymer chains. During mechanical
stretching, the conversion rate from a-phase to B-phase is affected by stretching temperature, ratio and speed.
Mechanical stretching is usually carried out with high temperature annealing. Gomes et a/ [102] investigated
the influence of stretching ratio and temperature (80-140 °C) on the performance of PVDF films. The testing
results showed that when the temperature was 80 °C and the stretch ratio was 5, the content of B-phase in
materials was the highest, achieving a large piezoelectric constant d33 of 34 pC/N. Li et al [103] studied the
effect of stretching temperature (80-150 °C), speed (1 um/s-1,000 pm/s), and ratios (1-5) on the performance
of PVDF in terms of material microstructure and piezoelectricity. The PVDF showed the largest content of -
phase when temperature was about 100 °C and the drawing ratio was 3.

Electric field polarization also can be applied to change the direction of dipole moment, facilitating the
transition from o-phase to B-phase. Ramos et a/ [108] found that when the applied vertical electric field
exceeds 50 MV/cm, a rotation of —CF> and —CH> around the chain axis would happen in opposite directions.
When the applied vertical electric field is larger than 100 MV/cm, a-phase would change into -phase.

In addition, chemical particles, such as Mg(NO3)2-6H>0, Co304, can also be used as nucleating agents to
promote and stabilize B-phase in PVDF, as indicated in the work by Chen et a/ [107] and Ojha et al [109].

P(VDF-TrFE)  P(VDF-TrFE) is produced by introducing trifluoroethylene (TrFE) into PVDF material,
in which fluorine atoms will change steric hindrance, resulting in more B-phase in P(VDF-TrFE) [110].
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Compared with PVDF, P(VDF-TrFE) has the advantages of high piezoelectric coefficient, good crystallinity,
high residual polarizability and high temperature stability [93, 111]. Especially, good biocompatibility makes
it applicable in wearable FEHs. The piezoelectric constant of P(VDF-TrFE) is between 20-40 pC/N [89, 112].
The methods to improve its piezoelectric properties include high-voltage polarization [92, 113], thermal
annealing [114], nano particle doping [112] and so on.

Other piezoelectric ploymers Some other polymers with piezoelectric properties are potentially
applied in FEHs. For instance, poly(g-caprolactone) (PCL) with good biocompatibility, has an orthorhombic
crystalline structure unit with a space group P2:2121, which is non centrosymmetric structure. Once PCL-
based energy harvesters are subjected to external loading, the positive and negative charge centers of
molecules will be separated and the charges will be generated on the surface. Using electrospinning, Sencadas
[115] prepared PCL film with a polymer fiber size of 117 + 17 nm, and the test piezoelectric charge constant
ds3 and piezoelectric voltage constant g3z were 5 + 2 pC/N and 0.25 Vm/N. Zhu et al [116] used poly(l-lactic
acid) (PLLA) as piezoelectric material to prepare nanofibers by electrospinning. When the bending
deformation angle was 28.9°, the output open-circuit voltage and short-circuit current of the energy harvester
could reach 0.55 V and 230 pA, and the joint movement-generated maximum power was 19.5 nW.

Piezoelectric bio-materials Bio-materials such as collagen fiber, cellulose and chitin, also attracted
the attention of scholars, due to their non-toxic and harmless, good biocompatibility, and easiness to synthesize
[117-119]. Lee et al [117] found the piezoelectric behavior of M 13 bacteriophage (phage). The piezoelectric
constant of the phage self-assembled thin film was 7.8 pC/N, and the energy harvester could generate a current
of 6 nA and a voltage of 400 mV. Ghosh and Mandal [120] extracted natural collagen nanofibers from the
swim bladder as piezoelectric materials to make energy harvesters. The open-circuit voltage and short-circuit
current generated by finger pressing were 10 V and 51 nA. However, biomaterials above-mentioned generally
have low piezoelectric constants and the natural materials with high energy conversion ability need to be
further developed.

For organic piezoelectric materials, PVDF and P(VDF-TrFE) are widely studied and applied, and mature
technology ensures that such materials are still the research focus of piezoelectric organic harvesters. Other
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piezoelectric polymers and natural materials are not widely used because of their low piezoelectric constants.
The research and development of materials with high voltage electrical properties is a research hotspot for

these materials.

3.3 Piezoelectric composites

Piezoelectric composites are composed of matrix and piezoelectric ceramics. The matrix absorbs stress and
prevents material fracture, while ceramics realize energy conversion. Piezoelectric composites are expected
to overcome the problems that inorganic piezoelectric materials are prone to failure under impact and fatigue
loads, and piezoelectric organic materials have poor energy conversion effect.

The type of composite material can be defined by an index of two numbers, which correspond to the
connectivity of ceramic and matrix material in three dimensions [121, 122]. The most studied piezoelectric
composites are categorized into 4 types, namely, ‘0-3’ type, ‘1-3’ type, ‘2-2’ type and ‘3-3’ type, as shown in
Figiure 8. ‘0-3” means that piezoelectric materials are dispersed in 3D-connected matrix, which is the most

widely-used piezoelectric composite material for FEHs.

(a) (b) ' Ceramic

- Matrix

> & 4

Figure 8. Schematic of widely-used piezoelectric composite structure: (a) ‘0-3’; (b) ‘1-3’; (c) 2-2’; (d) ‘1-3’
type
3.3.1 Matrix
When external stress is applied on the piezoelectric composites, matrix will absorb the strain and affect
stress transmission, which will further influence the energy conversion of energy harvesters [123]. The matrix
also needs to be easy to process and non-toxic. Currently, the commonly-used matrix materials include
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polydimethylsiloxane (PDMS) [124, 125], epoxy [126, 127], poly(methyl methacrylate) (PMMA) [128],
polyurethane (PU) [22], polylactic acid (PLA) [129], polyether block amine (PEBA) [130], among others.

PDMS has been widely used in FEHs, due to its easy to access and storage, low cost, chemical stability,
high elasticity and good biocompatibility [93, 123]. Its relative permittivity & is about 4.6, which is smaller
than that of PVDF (about 13) [131], based on the equation (1) in Section 2, composites with smaller
permittivity can generate a larger output voltage. Zhuang et al [124] prepared KNN/PDMS composites with
a piezoelectric constant d33 6 pC/N. After being packaged into an energy harvester, the power generated by
finger tapping was 0.13 uW. Shi and Beeby [132] fabricated ZnO/PDMS composite films by spin-coating.
After polarization, the piezoelectric constant d3; was 380 pC/N. The peak value of output power was 0.78 pW
when compressed with 150 N. However, the piezoelectric performance of ZnO/PDMS composite tend to
weaken as time passed by. The piezoelectric constant reduced to 55% of the initial value after two weeks.

Piezoelectric polymers can also be used as matrix to protect internal piezoelectric ceramics because of their
good flexibility. Piezoelectric polymer matrix also has piezoelectric behavior. High direct current (DC)
voltage polarization of composites makes the direction of spontaneous polarization of piezoelectric ceramic
and matrix consistent. Under the action of external stress, the electric field generated by the two materials will
be synergy, making the output voltage higher [46, 133]. Pan et a/ [134] chose Bay 7S19.3TiO3 (BST) as ceramic
phase and prepared BST/PVDF composite film by electrospinning. Under the alternating load, the output
open-circuit voltage was 667 mV and the short-circuit current was 310 nA. Sahoo et al [135] fabricated the
Fe-doped ZnO/P(VDF-TrFE) with the highest open-circuit voltage of 7 V when finger tapping. However,
since piezoelectric polymers cannot directly dissolve ceramics, additional dissolving agent are needed in the
prepraration process of composites. Both dissolution and solvent evaporation process will affect the final
performance of the composites.
3.3.2 Piezoelectric phase

In piezoelectric composites, piezoelectric phase is mainly responsible for energy conversion. Its content,

morphology, distribution and surface chemical modification will affect the performance of energy harvesters.
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Content Kim et al [136] added BTO particles of different mass fraction (0-15 wt%) to PVDF to form
BTO/PVDF composites, which were further applied to prepared the piezoelectric film by fused deposition
modelling (FDM) 3D printing, as shown in Figure 9. With the increase of BTO content, both number and size
of ceramic aggregates in PVDF matrix increased. When the BTO content reached 9 wt%, microcracks were
initially formed in the matrix, as shown in Figure 9(d). As mass fraction increased, the cracks grew, leading
to the decrease of the material strength. For piezoelectric performance, the output current would increase with
the ceramic phase content. The current generated by composites with 15 wt% BTO was 0.0442 nA and the

piezoelectric constant d33 was 0.101 pC/N.

(a) NS

Figure 9. Composite film surfaces with different ceramic contents: (a) pure PVDF, (b)-(f) 3, 6, 9, 12, 15
wt% BTO/PVDF [136]

However, many research results show that the piezoelectric properties of the composites are not positively
correlated with the ceramic content. Gaur et al [47] prepared BTO/PVDF composite films with different
ceramic mass fractions (5-40 wt%), and measured the output voltage by finger tapping after polarization. The
results show that the composite with 10 wt% BTO has the maximum output voltage of 78 V and power density

of 120 pW/cm?. With the further increase of ceramic content, the output voltage of the composite tend to
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decrease. Many studies have drawn similar conclusions, but the accurate explanation of this phenomenon
remains to be explored. Researchers give some explanations as follows [55, 65, 137, 138]: Firstly, the higher
the content of ceramic phase, the more likely the cluster phenomenon caused by particle aggregation will
occur, which will weaken the piezoelectric properties of the material; Secondly, the more ceramic phase
content in the composite, the stress on each ceramic particle will be reduced, resulting in a low voltage output;
Thirdly, the voltage output is related to the dielectric properties. The permittivity of the composite with high
ceramic content is large, so the output voltage will be reduced. In addition, the appropriate ceramic content
will facilitate the formation of B-phase in PVDF or P(VDF-TrFE) matrix materials. A very large content also
easily leads to an increased amorphous polymer content and weakened piezoelectric properties.

Morphology In addition to ceramic particles, wires, rods, pillars, cube, platelets and even irregular
flower-shaped ceramics can also be used as additive phase for piezoelectric composites.

Waseem et al [139] prepared GaN/Al2O3; nanowires with the length and diameter of 6.5 um and 40 nm
through vapor-liquid-solid growth technique, as shown in Figure 10(a). After spin-coating PDMS on
nanowires, electrodes were added and encapsulated to make energy harvesters. Under bending excitation, the
maximum output voltage could reach 30 V. Bairagi and Ali [140] processed KNN nanorods/PVDF composite
energy harvester, which has a maximum voltage of 3.4 V in finger tapping (about 1.1 kPa). Shin et a/ [141]
fabricated Fe-doped BTO nanopillars/PDMS composite energy harvester. The nanopillars with diameter and
height of 120 nm and 400 nm were prepared by mold patterning, as shown in Figure 10(b). The peak values
of the output open-circuit voltage and short-circuit current of FEHs are 10 V and 1.2 pA/cm? when 0.3 Mpa
stress knocking. Allluri et al [142] prepared BTO nanocubes/PDMS composite with different mass fractions
(5-25 wt%) by casting. Figure 10(c) shows the morphology of nanocubes in the composite. The FEHs with
15 wt% BTO show the largest output electrical signal under 988.2 Pa stress, whose peak-to-peak open-circuit
voltage and short-circuit current were 126.3 V and 77.69 pA/cm?. Gao et al [143] prepared BTO platelets and
dispersed them on Indium-tin oxide (ITO) coated polyethylene terephthalate (PET). Figure 10(d) illustrates
the preparation process of FEHs. The open-circuit voltage and short-circuit current generated by the FEH
under bending were 6.5 V and 140 nA, respectively. Jian et a/ [138] designed and prepared flower-like BTO
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piezoelectric fillers and mixed them with carbon nanotubes (CNTs) to fabricated BTO-CNT/PDMS composite,
shown in Figure 10(e). For the composite at a BTO content of 15%, under the compression loading of 50 N,
the output open-circuit voltage and short-circuit current were 260 V and 50 pA. In addition, through COMSOL
simulation, it is also found that stress concentration is easier to occur at the petals, and a large local stress may
be the main reason for the significant enhancement of voltage output in the composites.

Nanofiber film can be prepared by electrospinning after mixing ceramic particles with polymers such as
PVDF and P(VDF-TrFE), which is also widely-used to make energy harvesters [144, 145]. Siddiqui et al [146]
dispersed BTO particles with a diameter of 100 nm in P(VDF-TrFE) and prepared piezoelectric nanofibers by
electrospinning. The schematic of the energy harvester made of nanofibers and PDMS matrix and the
topography of fibers are shown in Figure 10(f). The maximum output open-circuit voltage and short-circuit

current under the action of a compression force of 20 N were 12.46 V and 3.65 pA, respectively.
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Figure 10. Piezoelectric composites with different ceramic morphology: (a) GaN/Al,O3 nanowires prepared
by vapor-liquid-solid growth [139]; (b) Fe-doped BTO nanopillars array [141]; (c) BTO nanocubes/PDMS
composite [142]; (d) Preparation process flow of BTO platelets/PDMS composite and photograph of FEH

[143]; (e) Flower-like BTO and their dispersion in matrix [138]; (f) Schematic of BTO/P(VDF-TrFE) energy

harvester made of nanofibers and PDMS matrix and SEM image of nanofibers [146]
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From research results list above, we can know that the morphology of piezoelectric ceramic will affect the
properties of materials. The stress distribution of the composite is different with the morphology of ceramic
in the material. Generally speaking, stress is more likely to be concentrated on ceramics with morphology of
wires, platelets and irregular flowers, which is conducive to the generation of electrical energy. However,
ceramic stress concentration also increases the risk of material damage. The influence of ceramic phase
morphology on piezoelectric properties of piezoelectric materials needs further research.

Distribution = The output electrical signals are also affected by distribution of piezoelectric phase. Once
the distribution of ceramic particles in piezoelectric composites are well designed, the electric field generated
by each ceramic particle can be superimposed. The practical distribution of phase distribution in composites
is directly related to the materials preparation method.

Dielectric electrophoresis (DEP) is one of the widely-used methods to prepare piezoelectric composites
with regularly distributed ceramics. By applying alternating current (AC) electric field during matrix curing,
the ceramic particles are arranged regularly under the action of electric field force. Wang et al. [147] prepared
aligned KN particles in PDMS matrix composite, shown in Figure 11(a). The experiment results showed that
the electrical signals of the aligned composites were larger than those of randomly distributed piezoelectric
particles composite. Gao et al [131] prepared (Bao.ssCao.15)(Ti0.90Z10.10)O3 (BCTZ)/PDMS composites by DEP.
An AC electric field of 1 kV/mm and 50 Hz was applied during curing to ensure the ordered distribution of
ceramics. Their research showed that under the action of the electric field, as curing time increased, the
ceramic particles exhibited a more regular distribution. After polarization, the piezoelectric strain constant 33
and the piezoelectric voltage constant g33 were 31 pC/N and 600x10° Vm/N. The simulation results also
showed that the ordered distribution ceramics contribute to better polarization of composites, resulting in a
higher piezoelectric constants. Research by Hu et al [148] further verified this result. They prepared and
compared the performance of piezoelectric composites with random and ordered distribution PZT nanowires
and PDMS matrix, as shown in Figure 11(b). They found that the open-circuit voltages of the energy harvester
with random and orderly distribution of ceramics were 0.32 V and 0.6 V, and short-circuits were 2.44 nA and
3.95 nA.
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Some other methods are also used to fabricate composites with regularly distributed ceramics. Gao et al
[149] produced KNN nanowires/PDMS composites by extrusion 3D printing. During extrusion, nanowires
adopted strongly preferential orientations in matrix due to the shear force in printing head. Test results showed
that the maximum open-circuit voltage of printed composite was 72.2 V, which was about 400% of that of the
materials with random distributed nanowires prepared by spin coating. Nafari and Scdano [150] also reached
similar conclusions, confirming the superiority of well-ordered nanowire composites both theoretically and
experimentally. Jin et al [151] studied the influence of an electric field on the distribution of
0.5Ba(Zro2Tio.8)03-0.5(Bao.7Cao3)TiO3 (BZT-BCT) nanofiber in composites. It was found that the applied
electric field could help to realize the ordered distribution of nanofibers, as shown in Figure 11(c). The output
open-circuit voltage and short-circuit current of the nanofiber energy harvesters made of orderly-distributed
nanofibers were 3 V and 50 nA, which are significantly higher than those (0.9 V and 12 nA) of energy

harvesters with randomly distributed nanowires.

Figure 11. Piezoelectric composites with different ceramic distribution: (a) BCTZ/PDMS composite
prepared by DEP [147]; (b) PZT nanowire composites with random distribution (b1) and ordered
distribution (b2) [148]; (¢) Randomly distributed BCTZ nanowires (c1) and regularly distributed BCTZ
nanowires (c2) prepared by electrospinning [151]

Overall, although the orderly distribution of the ceramic phase inside the piezoelectric composites can help
to improve the piezoelectric performance. The current preparation process cannot enable the controllable

ceramic phase distribution. More work needs to be done for the optimization of the fabrication methods.

26

26



Surface chemical modification As descripted above, the ordered distribution of ceramic particles in
composites generally leads to a have higher output voltage. However, in the fabrication process, ceramic
powders easily aggregate to clusters, reducing the mechanical strength and energy conversion performance
[152]. Surface chemical modification of piezoelectric materials is an important method to reduce material
cluster by coating organic components on the surface of piezoelectric particles to separate piezoelectric
particles from each other. Surface modification of organic materials can also improve the bonding ability of
ceramics and matrix, so as to facilitate effective stress transfer to piezoelcetric materials [153].

The surface modification of piezoelectric materials is achieved through chemical reaction. Ceramic
particles are mixed with coating materials and organic solvents. After chemical reaction, surface modified
piezoelectric ceramics can be separated from solvent by centrifugation. Gao et al [154] prepared 2-
phosphonobutane-1,2,4-tricarboxylic acid (PBTCA) coated BTO nanoparticles by this method. BTO particles
and PBTCA were mixed in alcohol solvent, stirred at 70 °C for 2h, cooled, centrifuged, washed and dried.
They mixed PBTCA-coated BTO nanoparticles with P(VDF-TrFE) matrix to fabricate composite by casting.
Under the vibration excitation, the maximum output voltage of the composite was 45 V and the current was
2.0 pA. Yang et al [155] used polydopamine (PDA) to modify the surface of BTO. After dispersing BTO into
a buffer solution with pH 8.5, they added DA -HCI solution. Chemical reaction would happen to form PDA-
coated BTO when strring solution. After centrifugation, cleaning and drying, particles were mixed with PVDF
to fabricate energy harvester. Test results show that the energy harvesters with modificated materials exhibited
a 2 times higher output than the untreated material. Guan et al [156] also used PDA as a modified coating to
prepare a PTO/P(VDF-TrFE) self-powered sensor, whose output open-circuit voltage and short-circuit current
were increased by 68% and 40% compared with the unmodified ones. In addition, gallic acid (GA) [157],
PLA [158] are also used as modified materials , and good results have been achieved.

3.3.3 Conductive materials

For piezoelectric composites, the electric resistance of the matrix is very large. If conductive materials are
added, the dielectric properties of the material can be changed. On the one hand, reducing the resistance of
the matrix is conducive to the full polarization of the piezoelectric ceramics and improving the piezoelectric
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constant [159]; On the other hand, the charge generated by piezoelectric ceramic is more easily transferred to
the electrode, which has a better energy conversion performance.

Metallic materials such as silver and copper have low resistance and they can be used as conductive
additives. Baek et al [160] added silver into BCTZ/PDMS composite, and piezoelectric constant ds3 of the
composite is about 220.5 + 17.2 pC/N. Shin et al. [161] studied the influence of copper on the properties of
BZT-BCT/PVDF material. The calculation results of COMSOL software showed that after adding copper
particles, the composites would generate greater voltage under the same external force, which was also proved
by their experiments.

Apart from conductive metals, carbon materials are also widely used in piezoelectric harvesters. In addition
to their good conductivity, their unique physical and chemical properties have attracted much attention [162-

164]. Such materials include multi-walled carbon nanotubes (MWCNTS), graphene and carbon dots.

MWCNTs have excellent conductivity, high specific surface area and high ductility [165]. In addition to
improving the conductivity, it can also be used as a dispersant and stress enhancer. Park et al [166] processed
BTO/PDMS composite with MWCNTs additives. Although the content of MWCNTs was very low, the output
voltage and current were much larger than those of the composite without MWCNTs.

In addition to improving electrical conductivity, some materials such as graphene can also promote the
formation of B-phase in piezoelectric polymer matrix of composites with piezoelectric polymer matrix. Anand
et al [167] added graphene oxide (RGO) into the BixAlsO9 nanorods/PVDF composites. The materials
achieved a higher open-circuit voltage of 5.92 V than that of 3.19 V without the RGO composite under finger
pressing with a pressure of 10 - 12 kPa. Wu et al [27] prepared the composite with PZT powder as piezoelectric
materials, —OH-functionalized graphene (HOG) nanosheets as additives and P(VDF-TrFE) as matrix. They
found that PZT and HOG can be used as nucleating agents to promote B-phase formation. However, excessive
HOG nanosheets may lead to aggregation, which hindered the movement of P(VDF-TrFE) chains and
inhibited the formation of B-phase.

In addition to the piezoelectric composite FEHs mentioned above, the output voltages of some other FEHs

are summarized in Figure 12. [54, 123, 128, 142, 145, 156, 168-175].
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KNN-BTO/PVDF [168] 160 V (bending)
BTO nanocube/PDMS [142] 126.3 V (988.2 Pa press)
BLF-PT/PI [169] 110V (0.18 MPa compression)
BNT-BKT/PDMS [54] 100 V (20 N knocking)
KNN-BTO/PDMS [170] 58 V (10 N stretching)
KNNLN/PDMS [123] 28 V (bending)
MWCNTs/BTO/PDMS+PVDF [171] 22 V (bending by hands)
BTO/ polyethyleneimine (PEI) hybrid aerogels [172] 11.6 V(20 N pressing)
Pdop-BaTiO3/P(VDF-TrFE) [156] 6V (700 N compress)
PZT/PMMA [128] 5.2 V (bending by index finger)
Zn0 nanowires/PMMA [173] 3.43 V (bending)
BCZT/ P(VDF-HFP) [145] 2.5 V (finger press)
TDPA-modified KNN/P(VDF-TrFE) [174] 0.8 V (bending)
MWCNTs/BTO/PVDF [175] 0.725 V (80 N press)
107 10" 1 10 100 10
Output Voltage (V)

Figure 12. The output voltages of representative FEHs made piezoelectric composites

4. Novel structures of FEHs

The output electric energy of FEHSs is related to its structure, which includes composite material structure
and harvester shape. Types of composite material structure has been introduced in Section 3.3. The discussion
above mainly involves ‘0-3’ piezoelectric composites, which is the most widely-used type. In addition, ‘1-3’,
‘2-2’ and ‘3-3’ type piezoelectric composites with better connectivity will be introduced in this section.

Chen et al [176] designed an energy harvester with self-connected piezoelectric P(VDF-TrFE) fiber array,
whose structure is similar to ‘1-3” composite. The preparation principle and process is shown in Figure 13(a).
Under the force of 50 N and frequency 1 Hz, the energy harvester had a peak output voltage and current
destiny of 13.2 V and 0.33 pA/cm?. In addition, they also used electrohydrodynamic (EHD) method to prepare
energy harvesters with similar structure, whose output voltage and current were 5.6 V and 2.6 pA under 25 N
force [95]. The composites of ‘2-2” and ‘3-3’ type have a better connectivity, which means a better mechanical
transmission effect on ceramics phase [177]. Zeng et al [178] developed a ‘2-2° piezoelectric composite by
cutting, grinding and polishing. The piezoelectric component was Pb(Ini2 Nbi2)O3—Pb(Mgi/3Nb23)O3—

PbTi0O3 (PIN-PMN-PT) crystal, and the matrix was epoxy. The open-circuit voltage and current output of
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FHEs under bending load were 54.2 V and 6.7 pA. Hao et al [179] prepared a ‘2-2’ type composite energy
harvester with 0.2Pb(Zn13Nb23)03-0.8Pb(Zr12Ti12)O3 (PZN-PZT) interconnecting skeletons by freeze-
drying method. Experiment results showed that energy harvesters with this structure have ultra-high
piezoelectric properties, and the calculated transduction coefficient ds3 X g33 is 58 213x107 1> m?/N. Zhang et
al [180] also prepared the FEH of Pb(Mg13Nb23)O3-PbTiO3 (PMN-PT) material with cellulose skeleton
through a similar method. The preparation process is shown in Figure 13(b). Under the compression of 35 N,
the output open-circuit voltage and short-circuit current were 36 V and 850 nA/cm?, which is 4 times than that
without cellulose template.

A reasonable shape can improve the electrical output of FEHs effectively. The shape design of energy
harvesters has gradually attracted the scholars’ attention. Wang et a/ [181] designed an energy harvester with
3D grid architecture shown in Figure 13(c), which was prepared by extrusion 3D printing. The silver-coated
Pb(Ni13Nb23)O3-PbZrO3-PbTiO3 (PNN-PZT) powder was mixed with PDMS, and then encapsulated after
extrusion. The piezoelectric voltage constant g33 measured was 0.4 mV/N. The generated energy could
instantly light up 20 commercial Light Emitting Diode (LED) lights under 20 N impact.

In addition, the practical working scenario of wearable energy harvesters was also considered in the design
process. Human’s skin strain can reach 30% during body movement, which is unachievable for traditional
energy harvesters [182]. Therefore, Zhou et al [183] designed energy harvesters with kirigami structure,
shown in Figure 13(d). When their energy harvester subjected to stress, the shape can be easily adjusted with
the skin, which will be more comfortable to wear. Experiment result showed that this kirigami structure could
be stretched to more than 300% of its original shape, showing great potential for application in wearable

electronic systems.
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Fiugre 13. Schematic of FEHs with different structures: (a) Preparation process of self-connected
piezoelectric P(VDF/TrFE) fiber array [176] ; (b) Schematics of the fabrication for the 3D interconnected
porous piezoceramic skeleton based on cellulose template [180]; (c) 3D grid architecture energy harvester

[181]; (d) Optical images of origami structure energy harvester mounted on a sock [183]

5. Fabrication methods

In recent years, preparation methods of FEHs have been improved and developed constantly. This section
mainly discusses the preparation methods of popular inorganic piezoelectric materials, organic piezoelectric

materials and piezoelectric composites.

5.1 Fabrication methods for inorganic piezoelectric materials

5.1.1 Sputtering and deposition

Sputtering and deposition methods are usually used to to fabricate the films by accelerating ceramic
particles and impacting them on the substrate. Based on different particle formation and acceleration principles,
sputtering and deposition methods for the preparation of piezoelectric energy harvesters can be divided into a
variety of types including radio frequency (RF) sputtering, pulsed-laser deposition, aerosol deposition and so
forth.

RF sputtering RF sputtering is generally carried out in a near-vacuum environment. Positive ions in
the RF discharge plasma are used to bombard the target, and the sputtered material is deposited on the substrate,

thereby forming the film. RF voltage and post heat treatment temperature have influence on the fabricated
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film. Aleksandrova et al [184] prepared ZnO/GaxOs films at different voltages of 0.5 kV, 0.9 kV and 1.1 kV.
The SEM image of the prepared film is shown in Figure 14(a). When the voltage increased to 1.1 kV, a large
number of materials were sputtered onto the substrate, which provides more locations for grain growth to
achieve a smaller grain size, and decreased the surface roughness, resulting in better piezoelectric properties.
In the work by Kim et a/ [53], KNN films with a thickness of 45 nm were prepared on a titanium nitride-
silicon substrate by RF sputtering, and they were treated at different temperatures (room temperature, 100,
200, and 300 °C). When the heat treatment temperature was lower than 200 °C, smooth piezoelectric film
surfaces could be obtained with a small surface roughness, and the main composition was amorphous KNN.
Under the bending excitation, the open-circuit voltage of the energy harvesters was less than 0.5 V and the
short-circuit current was less than 20 nA. When the heat treatment temperature reached 300 °C, the surface
roughness increased and KNN began to crystallize. The crystalline material showed better energy conversion
effect. The open-circuit voltage was 1 V, and the short-circuit current was 30 nA. Aleksandrova ef a/ [63]
sputtered KNbO3 (KN) on a flexible polyethylene naphthalate (PEN) substrate. Due to the limited heat
resistance of PEN, a low temperature environment (110 °C) was chosen. At a sputtering voltage of 0.6 kV to
0.9 kV, the achievable thickness of prepared film was 265 nm-370 nm. SEM images showed that at a small
sputtering voltage, irregular clusters would be formed on the substrate due to insufficient energy. As the
voltage increased, the film become more uniform. When the voltage reached 0.9 kV, the KN film showed the
finest and most regular microstructure.

Pulsed-laser deposition To fabricate a film by pulsed-laser deposition, the target is bombarded by
laser, and the sputtered material is deposited on the substrate. The deposition resolution and efficiency are
higher than that of RF sputtering. Kang et al [185] first sputtered KNN on the substrate, and the KNN nanowire
array was obtained by crystal growth. The following optimal process parameters were determined through
experiments: the substrate temperature, laser energy, repetition rate, and number of laser pulses were 700 °C,
1.6 J/em?, 10 Hz and 18,000 times, respectively. The prepared nanowires have a diameter of 60 — 90 nm and
a length between 500 — 600 nm, as shown in Figure 14(b). The piezoelectric constant ds3 of the nanowires is
97 + 11 pC/N, which is higher than that of the film 48 = 5 pC/N.
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Aerosol deposition  Aerosol deposition (AD) can be used to prepare large thickness piezoelectric films.
The micron-sized piezoelectric particles are accelerated to about 300 m/s and then collide with the substrate
at a high speed, thereby forming a dense ceramic film on the substrate. After AD, annealing treatment is
usually required to promote grain growth and film crystallization, thereby improving piezoelectric
performance. In the work by Hwang et a/ [3], the PZT particles were preheated at 400 °C, and then they were
carried by medical grade dried air to collided with the sapphire substrate in the vacuum chamber, forming a
piezoelectric film on the substrate surface. Subsequently, high-temperature annealing was performed to
promote the crystallization of PZT. The grain sizes of the ceramics formed at annealing temperatures of 700 °C,
800 °C and 900 °C were 61.6 nm, 84.5 nm and 125.4 nm. With the increase of annealing temperature, the
crystallization effect also became better. But when the temperature was higher than 900 °C, PbO will be
evaporated, weakening the piezoelectric properties of the PZT. Under finger bending, the open-circuit voltage
and short-circuit current of the piezoelectric film prepared at 900 °C were 200 V and 35 pA, which was 7.5
times of that of the film prepared at 700 °C.

5.1.2 Liquid-phase synthesis

Liquid-phase synthesis, as one preparation method of piezoelectric material in solution, is more economical
than deposition methods requiring sophisticated equipment. Currently, the liquid-phase synthesis methods that
can be used for the fabrication of piezoelectric energy harvesters including sol-gel method, hydrothermal
method, among others.

Sol-gel method The precursor solution is poured or spin-coated on the substrate, and a specific
temperature is set to volatilize organic components in the precursor to obtain the piezoelectric film. Jeong et
al [21] prepared a PZT ceramic film with a thickness of 2 pm on a sapphire substrate by this method. The PZT
sol-gel solution was spin-casted at 2500 rpm followed by pyrolysis in air environment at 450 °C for 10 min to
form the film. After that, the film was transferred to a flexible substrate by laser lift-off technology. The
encapsulated energy harvesters could generate a voltage of 140 V and a current of 10 pA under the bending

of the finger.
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Hydrothermal method Hydrothermal method is used to prepare piezoelectric materials through
hydrothermal reaction under high pressure, and it does not require a high temperature required for this process
is not high (generally less than 200 °C) [186]. Manjula et a/ [86] synthesized ZnO nanosheets networks by a
single-step hydrothermal method. The cleaned aluminum plate was placed in a solution of Zinc nitrate
hexadehydrate (Zn(NO3)2:-6H20) and hexamethylenetetramine, and reacted in a hot air oven at a temperature
of 80°C for about 4 hours. The ZnO obtained after cleaning and drying is shown in Figure 14(c). The open-
circuit voltage of energy harvesters generated by a finger tapping was 100 - 150 mV.

Hydrothermal method can also be used to prepare ceramic phase in piezoelectric composites. Wang et al.
[171] fabricated BTO nanowires by hydrothermal method. Firstly, the Ti foil substrate was oxidized at 750 °C
for 8 hours, then the oxidized substrate was introduced into a Teflon-lined autoclave filled with NaOH solution
and reacted in an oven at 210 °C for 8 hours to obtain sodium titanate nanowires arrays. After soaking them
in an autoclave of barium hydroxide octahydrate (Ba(OH)2:8H20) solution and reacted in an oven at 210 °C
for 12 hours, BTO nanowire arrays with a wire width of about 330 nm could be obtained. Using this material
and MWCNTs, a composite energy harvester based on PVDF matrix was prepared and 22 V voltage can be
generated by finger bending.

Jeong et al [50] combined the hydrothermal method with the anodic oxidation method to prepare the array
of BTO nanotube piezoelectric materials, and the process is shown in Figure 14(d). First, the cleaned Ti foil
was connected to the electrode and placed in an electrolyte solution. 60 V voltage was applied for anodic
oxidation. During oxidation, the volume of the Ti substrate would expand, resulting in irregular surface and
forming TiO; nanotubular. After reacting with Ba(OH).-8H2O solution at 150 °C for 4 hours, BTO nanotubes

could be synthesized. The piezoelectric constant d33 of the prepared material was 180.3 pC/N.
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Figure 14. Preparation methods of inorganic piezoelectric materials: (a) Morphology of ZnO/Ga;O3 films
sputtered at different voltages ((al) 0.5 kV, (a2) 0.9 kV and (a3) 1.1kV) [184]; (b) KNN nanowire arrays
prepared by pulsed-laser deposition [185]; (c) ZnO nanosheets networks synthesized by hydrothermal

method [86]; (d) Preparing process of nanotubes by anodic oxidation [50]

5.2 Fabrication methods for organic piezoelectric materials and piezoelectric composites

The preparation methods of organic piezoelectric materials and piezoelectric composites are similar, which
are introduced in detail in this section:

Casting  Casting is one of the simplest fabrication methods. Firstly, the solution containing piezoelectric
components is poured into the Petri dish or other molds, and then the piezoelectric film can be prepared by
chemical reaction, evaporation of solvent or curing in high temperature environment. Annealing treatment is
always required in order to improve the performance of high voltage films. Vivekananthan er al/ [168§]
fabricated the KNN-BTO/PVDF composite energy harvester by casting. First, ceramic particles and the matrix

were mixed and sonicated for 1 h by a probe sonicator. After that the solution was poured into glass Petri dish
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and dried at 70 °C to form a composite film. The energy harvester was made up via the direct attachment of
electrodes. Under the applied force of 0.4 N, the output open-circuit voltage and short-circuit current were
160 V and 400 nA. Casting process is easy, but requires a long curing time. Due to the different properties of
each component in the solution, the materials will precipitate, and the high-density components are easy to
accumulate at the bottom, making the film composition uneven.

Spin-coating Spin coating is a procedure used to deposit thin films onto substrates. Material solution
is gradually droppe on the continuously rotating substrate, spread under the action of centrifugal force, and
cured through heat treatment and/or other processes to form a film. Jin et al [187] prepared Li-doped
ZnO/P(VDF-TrFE) composites by spin-coating at the rotation speed 1,500 rpm. The film was obtained after
it was dried in an oven at 50 °C. After annealing at 135 °C for 2 h and polarization in a 50 MV/m electrical
field at a 100 °C for 1 h, the peak-to-peak output voltage of the prepared energy harvester was 3.43 V. This
method can form the film layer by layer, which avoids long-term settling and ensures that each layer is uniform.
However, it is necessary to select the appropriate rotation speed during spin-coating, the speed affects the
centrifugal force, and the unreasonable centrifugal force will affect the processing result. Spin-coating is
suitable for preparation of thin film. For thick films, multiple spin-coating should be done, resulting in low
efficiency and unfavorable industrial production [188].

Electrospinning Under the action of electric force, materials in the needle are ejected and deposited
on the rotating drum collector to form nanofibers. The schematic structure of the electrospinning process is
shown in Figure 15(a) [189]. During process, some parameters, which affect the forming performance and the
formation of the B-phase of PVDF materials, should be considered carefully, including solvent properties,
ejected speed, ambient temperature and humidity, nozzle shape and size [190]. Szewcyk et a/ [191] fabricated
PVDF films by electrospinning. The preparation process parameters were: voltage 15 kV, nozzle inner
diameter 0.8 mm, flow rate 6 mL/h, spinning time 8 min, and ambient temperature 25 °C. Two humidity, 30%
and 60% were selected. The results showed that the content of the B-phase of film prepared at 60% humidity
was twice that of 30%, and the piezoelectric constant d33 (5.558 pC/N) of the material is also higher. The
fibers prepared by electrospinning are staggered with high flexibility. The application of high-voltage electric
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field during processing is beneficial to the formation of B-phase, improving the piezoelectric properties of
PVDF-based materials. However, process parameters should be controlled strictly to avoid failure preparation.

3D printing 3D printing, also known as additive manufacturing, can be used to fabricate parts or
objects by layer-by-layer material accumulation, which provides a huge opportunity for the rapid preparation
of electronic devices with complex structures [192].

Park et al [130] printed a BTO/PEBA piezoelectric energy harvester with nanocomposite deposition system
(NCDS). The printed process parameters were: extrusion pressure 50 kPa, nozzle diameter 500 ym and
printing temperature 150 °C. Under compressive force, the average open-circuit voltage and short-circuit
current were 2 V and 50 nA. Kim ef al [193]compared BTO/PVDF piezoelectric films prepared by FDM 3D
printing and casting. During 3D printing, the printing head temperature was 220 °C and the printing speed was
5 mm/s. Surface morphologies are shown in Figurel5(b). A large BTO agglomerate can be found on the
bottom surface of casting film and more cracks were generated, while there was an obvious improvement in
3D printed film. This is because 3D printing-based materials can be formed and cured layer-by-layer, thereby
avoiding the sedimentation during the curing.

In the above-described piezoelectric composites, horizontally-distributed nanowires composites can be
prepared by extrusion 3D printing. Figure 15(c) shows the schematic of extrusion printing and the stress
distribution in the printing needle. The flow velocity gradient of material at the edge of the cylindrical print
nozzle is large, leading to a large shear force. The nanowires are forced to rotate and eventually distribute
along the axial direction [129]. Malakooti used this method to process BTO/PLA energy harvesters with
horizontally-distributed nanowires. After transferring configured ink into needle with the diameter 400 pum,
printing has been carried out through a high-precision three-axis moving platform. The adjustment of printing
pressure and speed is realized by G code. When the energy harvester was stretched with a strain of 0.35%, the
root-mean-square value of voltage Vrms and peak-to-peak voltage Vpp were 486 mV and 1.4 V, and the
generated maximum power is more than 700% of that prepared by casting.

In addition, 3D printing can also be used for the preparation of complex structures. The fabrication of grid

architecture energy harvester shown in Figure 13(¢) is difficult to fabricate by traditional methods. But it can
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be realised through extrusion 3D printing which is based on three-axis platform moving and materials
distributing [181]. The kirigami energy harvester shown in Figure 13(d) can also be realized by 3D printing.
The inner diameter of the nozzle used was 0.26 mm, and the printing speed was 10 mm/s. After printing, the
solvent was evaporated rapidly in the environment of 70 °C to obtain the designed kirigami structure [183].
The advantages of these structures have been introduced in Section 4.

To sum up, in the preparation of energy harvesters, 3D printing technology mainly has the following
advantages: (1) Layer-by-layer forming and curing results in a more uniform distribution of components in
the composite; (2) Composites with ordered distribution of nanowires can be prepared by controlling the shear
force during extrusion; (3) Through materials distribution on demand, energy harvesters with complex shape
and structure can be prepared easily. However, the current research on 3D printing of piezoelectric materials
is still in its infancy, and more materials suitable for 3D printing still need to be explored, as well as the design

of printing processes and complex structures.

(a) Fiberﬁijtiun n (c)

-

-
Syringe Pump Drum Collector

+ DC High Voltage —

Figure 15. Preparation methods of organic piezoelectric materials and piezoelectric composites: (a)
Schematic of electrospinning process [189]; (b) SEM images of composite surface ((b1) and (b2) top and
bottom surfaces of solvent-casted film, (b3) surface of 3D printed film) [193]; (¢) Schematic of extrusion

printing and the stress of distribution in the printing needle [129]
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6. Conclusions and outlook

Mechanical energy generated within human movement has demonstrated hugh potential in enabling the
power supply of the wearable electronic devices through wearable piezoelectric flexible energy harvesters.
In this review, we summarize the recent progress and achievements of wearable piezoelectric FEHs in terms
of material, structure and fabrication. The principle of piezoelectric FEHs is first introduced. Then we review
the frequently-used piezoelectic materials in FEHs, including inorganic piezoelectric material, organic
piezoelectric material and piezoelectric. Additionally, the research finding on the influence of the content,
morphology, distribution and surface chemical modification of ceramic phase in piezoelectric composites on
piezoelectric properties are analyzed. Finally, the novel structures and fabrication methods of FEHs are
discussed. On this basis, the results and the prospects for future research are drawn as follows:

(1) High energy output is the purpose of design and development of novel FEHs. Piezoelectric composite
usually adopts a much more simply preparation process than inorganic materials and can withstand more
impact and alternating loads, showing a high potential in novel FEHs, but the influence of the content,
morphology and distribution of ceramics and conductive materials on the energy output remains unclear and
needs further research;

(2) Traditional preparation methods such as spin-coating, RF sputtering, electrospinning are only applicable
to produce simple structures. 3D printing shows a huge poential in fabricating complex structure because this
method realise the fabrication of complex composites by means of point-by-point into line, line-by-line into
plane, and plane-by-plane into a 3D part. This technology is still in its fancy. Further attention should be paid
on 3D printing of piezoelectric composites with controllable shape and performance;

(3) At present, a lack of general performance test and evaluation method for energy harvesters has become
one key bottlenck. Different excitation, mechanical force and frequency are used for FEH performance test,
making it diffcult to compare results directly. In addition, most studies only consider the energy conversion
performance but ignore the mechanical properties of the energy harvesters. FEHs are usually subjected to

alternating loads, the effect of which on the service life and output of FEHs requires further investigation;
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(4) ‘Sandwich’ structure is widely-used in wearable FEHs, but it ignores the influence of practical
application conditions and scenarios (for example, when the FEHs are attached to an elbow or a sock).
Innovative design, miniaturization, integration, intelligence and personalized design should be considered in
the research and creation of future FEHs.

In conclusion, the design of flexible piezoelectric energy harvesters is still in an infancy and has great
potential. It is believed that with the popularization and application of the IoT, flexible energy harvesting

devices will have broad application space when the problems and limitations are solved in the future.
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