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ABSTRACT

This review will present a collection of previous research studies in the field of enhanced piezoelectric proper-
ties. At first, an introduction will be provided about the field of energy, methods of harvesting energy, the field of
employing piezoelectricity, and also the concept of piezoelectricity to convert mechanical energy into electrical
energy when used as a sensor. It can be employed as an actuator that can convert electrical energy into mechanical
energy. This paper will provide an overview of techniques for enhancing the characteristics of piezoelectric materi-
als. There are many of these methods, such as composite and hybrid materials, partial size, shape, and dimension,
compressibility, lamination, 3D printed piezoelectric, coating, functional grid materials, hybrid systems, and more.
For each method, different materials were used to prepare the piezoelectric. These materials can be broken down
into several groups, such as smart materials that have piezoelectric effects, shape memory effects, and pyroelectric
effects; reinforcement materials as multi-walled carbon nanotubes (MWCNT), carbon fiber-reinforced polymer
(CFRP), or glass fiber-reinforced polymer (GFRP); matrix materials as UV-curable resin, and polydimethylsilox-
ane (PDMS); materials that help with the distribution process as N,N-dimethylformamide (DMF); and electrode
materials as copper, platinum, and graphene. Additionally, the size of the added materials was defined, as most are
nanomaterials. We will display the hybrid system, which is multifunctional. It is considered an important aspect of
future development. In this part, different effects are combined into one application. For example, the smart scaf-
fold combines the piezoelectric and shape memory effects. The real benefit of the research is to make the material’s
properties work better in general, and piezoelectricity works better in particular. These improvements can be done
by studying each method on its own and then trying to combine some improvement methods in future research to
make piezoelectricity work better and make it useful in more situations.

Keywords: piezoelectric, 3d printer, enhancement methods, composite or hybrid material, energy harvesting.

INTRODUCTION

Recently, demand for energy has increased tre-
mendously due to the advent of various advanced
technologies, and hence researchers are trying to
solve this energy crisis by harvesting energy from
different ambient sources [1, 2]. Energy harvest-
ing is defined as capturing minute amounts of en-
ergy from one or more of the surrounding energy
sources, accumulating them, and storing them for
later use. It is also referred to as power harvesting
or energy scavenging [3]. Energy harvesters can
reduce the planet’s consumption of nonrenewable

energy and alleviate the pollution caused by tra-
ditional batteries [4]. In the viewpoint of energy
conversion, humans have already utilized energy
harvesting technology in the form of windmills
[5-7], geothermal energy [8—11], solar energy
[12-14], watermills [15-18], biomass from
plants [19-22], magnetic [23-26], and mechani-
cal vibration [27-31]. The energy derived from
natural sources, known as renewable energy, has
emerged as a future power source due to the limi-
tations of fossil fuels and the instability of nuclear
power, such as the Fukushima nuclear crisis. Re-
newable energy harvesting plants generate kW
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or MW-level power, which is classified as macro
energy harvesting technology. In contrast, mi-
crotechnology for energy harvesting focuses on
alternatives to conventional batteries. This tech-
nology is based on sources like mechanical vibra-
tion, mechanical stress and strain, thermal energy
from furnaces, heaters, and friction sources, sun-
light or room light, the human body, and chemi-
cal or biological sources, which can generate mW
or uW-level power [32]. The rapid advancement
of mobile electronic technologies and artificial
intelligence necessitates the ongoing increase of
battery energy density. On the other hand, tra-
ditional batteries have limited energy storage
capacity [3], short life cycles [33-35], and low
efficiency. However, the emergence of renewable
clean energy and its storage may provide a solu-
tion to the energy challenges in the future years.
Although existing green energy sources can effi-
ciently power electronic devices, they are chal-
lenging to apply to microelectronic devices with
power on the scale of mW or uW due to their de-
manding usage conditions and significant power
production [36, 37]. As a result of these factors,
mechanical vibration energy has become a pre-
ferred energy source for microelectronic systems.
Furthermore, mechanical energy sources are di-
verse: mechanical impacts, vibration waves, wa-
ter flow or raindrops, vehicle transportation, body
movements, blood circulation, heartbeat, breath-
ing, and respiratory movements. The mechanical
energy gathered might be utilized immediately or
stored in a battery for later use. [1] Since piezo-
electric materials can convert mechanical vibra-
tion into electrical energy with a basic structure,
piezoelectric energy harvesting has gained at-
tention as a self-power source for wireless sen-
sor network systems [32, 38]. The efficiency of
energy harvesting applications can increase via
hybridization with other generators [39]. This de-
sign approach is represented by integrating piezo-
electric with triboelectric [40], thermal [41], and
electrostatic nanogenerators [42]. Piezoelectric
energy harvesting technologies are expected to
usher in an era of self-powered autonomous op-
eration in various fields, including aeronautics,
healthcare, wireless data transmission, civil engi-
neering, the automotive industry, environmental
monitoring, robotics [1], transportation, aerial
applications, smart systems, microfluidics, bio-
medical, wearable and implantable electronics,
tissue regeneration [43], monitoring the marine
environment, safeguarding maritime rights and
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interests, building a smart ocean [44], sensors,
actuators, interdigital transducers, and structural
health monitoring [2].

The published review of research in the field
of piezoelectricity looks at the materials and ap-
plications and tries to explain how piezoelectric-
ity works [1, 2, 32, 43, 45-49]. This study, on
the other hand, will look at the ways to improve
the properties of piezoelectricity and show how
to make it work better by using more than one
method at the same time to get the right proper-
ties. We will also explain the methods of prepar-
ing and manufacturing piezoelectric materials,
starting with piezoelectric materials, through
mixing components and the process of fabricating
samples. We will also highlight the most impor-
tant points extracted from the study and review of
previous research.

PIEZOELECTRIC CONCEPT

The piezoelectric effect was discovered by
the Curie brothers in 1880 [50]. Briscoe and
Dunn [51] defined piezoelectricity as “electric
charge that accumulates in response to applied
mechanical stress in materials that have non-
Centro symmetric crystal structures” while Er-
turk and Inman [52] defined piezoelectricity as
“a form of coupling between the mechanical
and electrical behaviors of ceramics and crystals
belonging to certain classes”. The Greek origin
of the word “piezoelectricity” is “squeeze or
press” [42], which refers to the property of the
piezoelectric materials to generate an electric
field when a mechanical force is applied [53],
as illustrated in Figure 1, A piezoelectric crys-
tal is placed between two plate electrodes. When
a force is applied to the plates, a stress will be
produced in the crystal and a corresponding de-
formation. With certain crystals, this deforma-
tion will produce a potential difference at the
surface of the crystal, and the effect is called the
piezoelectric effect [54, 55]. The piezoelectric
effect is divided into two phenomena: the direct
piezoelectric effect and the converse piezoelec-
tric effect [52]. The property of some materials to
generate an electric field when a strain is applied
(direct piezoelectric effect) [S0]. The converse or
inverse piezoelectric effect was mathematically
deduced from the principles of thermodynamics
a year later by Lippmann [56], and it states that
a piezoelectric material will deform if an electric
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Figure 1. Schematic diagram of piezoelectric effect [58]

field is applied to it [53]. These two effects coex-
ist in a piezoelectric material; therefore, ignor-
ing the presence of one effect in an application
would be thermodynamically inconsistent [57].
The electrical behavior of piezoelectric materials
can be described using Hooke’s law [51]. The in-
duced charge on the crystal is proportional to the
impressed force and is given by [54, 55]:
Q=d-F (1
where: O is electric charge generated (Cou-
lombs), F is applied force (Newtons), and
the proportionality constant d is called the
piezoelectric constant. The output voltage
of the crystal is given by:

E=g-tp 2

where: 7 is the crystal thickness (meters), p is the

impressed pressure (MPa), and g is called
voltage sensitivity and is given by:

g=dl/e 3)
where: d is the piezoelectric constant (C/N) and &
is the permittivity of the material (F/m).

PZT/PVDF-TrFE composite film

METHODS USED TO IMPROVE
PROPERTIES OF PIEZOELECTRIC

The published research is grouped by the meth-
od used to improve the properties. These methods
include composite and hybrid materials, partial size,
shape and dimension, compressibility, lamination,
3D printed piezoelectric, coating, functional grid
materials, and hybrid systems. For each method,
there is a summary of the materials used, partial size,
electrode, preparation method, auxiliary and addi-
tional materials, tests, and some research results.

Composite material

Zhang et al.’s research from 2021 tries to
manufacture flexible piezoelectric films as illus-
trated in Figure 2 using the solution casting and
blade coating method, which includes incorporat-
ed lead zirconate titanate Pb(Zr,Ti)Os (PZT) ce-
ramic nanomaterials and modified PZT by tetra-
decylphosphonic acid (TDPA) into the polyvinyl-
idene fluoride-co-trifluoroethylene (PVDF-TrFE)

m-PZT Panticles @ PET

v PVDF-TiFE B Flectrodes &

Figure 2. Design concept of PZT/PVDF-TrFE composite film and schematic diagram of the piezoelectric shoe
application process [4]
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copolymer matrix polymer for studying piezo-
electric properties, as well as studying the best
conditions for the annealing and polarization
process. The results indicated that the improve-
ment percentage for voltage output was 74.9% for
M-PZT and 1.8% for PZT compared to samples
without additions, while the best conditions for
annealing and polarization were T = 140 °C, V =
4000V, and t = 120 min [4]. Similarly, within the
same investigation, Chao Zhang et al. (2021) in-
vestigated the development of film piezoelectric
materials using PVDF as the polymer matrix and
PZT as the piezoelectric filler. To enhance disper-
sion, they incorporated UP-105 titanate coupling
reagent-modified PZT (M-PZT). The manufac-
turing process involved two methods: solution
and extrusion casting. The materials were investi-
gated for the tensile test, dielectric, ferroelectric,
and piezoelectric properties, as well as the break-
down strength. The results indicated that the films
prepared by extrusion casting have improved
properties in terms of density, dielectric constant,
breakdown strength, and piezoelectric coefficient
[59]. Further exploring surface modification strat-
egies, Ipsita Chinya et al. (2017) investigated the
effect of surface modification on zinc ferrite (ZF)
ceramic by PEG-6000 dispersion in PVDF poly-
mer to manufacture flexible nanocomposite films
by the solution casting method for optimization
of maximum dielectric, ferroelectric, and piezo-
electric performance. This composite exhibited
18 VOC AC touch sensing performance [60]. In
contrast, adopting a different approach, Abhishek
et al. (2018) reported the addition of Sodium Ni-
obate (NaNbOs) nanorods to PVDF polymer to
manufacture thin film piezoelectric by the solution
casting method as illustrated in Figure 3. A series
of microstructural tests were performed, including

XRD, FTIR, and polarization, in addition to ex-
amining piezoelectric response, dielectric prop-
erties, and energy harvesting performance. The
results showed that NaNbOs nanorods not only
facilitate the alignment of dipoles in PVDF but
also increase the piezoelectric properties of the
nanocomposite due to the inherent piezoelectric
property of NaNbOs nanorods [61]. Expanding
upon these studies, Sankar Ganesh et. al. (2017)
studied the incorporation of bismuth ferrite (Bi-
FeOs - BFO) ceramic into polydimethylsiloxane
(PDMS) polymer at 50 wt.% and produced a
flexible piezoelectric sandwich composed of gra-
phene/BiFeOs-PDMS/graphene, as illustrated in
Figure 4. The results showed that the output volt-
age was 0.4 V by a normal pressure finger from
a human hand [62]. In continuation of this work,
Xiaohu Ren et. al. (2016) used the same mate-
rials and manufacturing method as illustrated in
Figure 5 with different addition ratios from 10
to 40 wt.% and with aluminum (Al) electrodes.
The result showed that the voltage was 3 V as the
same procedure mentioned before [63]. Finally,
concluding these investigations, Feifei Wang et.
al. (2015) aimed to fabricate flexible piezoelectric
from barium titanate (BaTiOs) nanorods incorpo-
rated into polydimethylsiloxane (PDMS). The
results showed that the voltage generation was
0.45 V [64]. For a comprehensive comparison of
the materials, particle sizes, additive percentages,
and fabrication methods discussed in these sum-
maries, refer to Table 1.

Hybrid materials

Initially, Mehdi et al. [2022] aims to manu-
facture hybrid mixture piezoelectric films us-
ing the solution casting method, which includes

PVDF Dissolvedin DAF  NaNbO, sanorods  Well dispersed PVDF-
NaNbO, solution

PYDF-NaNbO), film casted over
the glass substrate

Dried at 60°C

KT N AN vt

=7 S e

Film peeled off from glass substrate

Figure 3. Schematic diagram representation for the synthesis of flexible PVDF-NaNbOs
nanocomposite films [61]
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Figure 4. Schematic illustration of the sandwich structure of G/BFO-PDMS/G along with pressure direction [62]

BiFeO, NPs
LI

Figure 5. Schematic diagrams of the PNG fabricating process [63]

incorporated potassium sodium niobate (KNN)
and multi-walled carbon nanotubes (MWCNTs),
respectively, into the PVDF matrix polymer for
studying microstructure, thermal, and piezoelec-
tric properties. Through the results of the re-
search, which showed that with the addition of
KNN only to matrix enhancement, the proper-
ties of piezoelectric increased with an increased
add ratio percentage until the height value, which
was at 80 wt.%, and with the addition of MW-
CNT enhancement, the properties of piezoelec-
tric increased to a percentage of 0.5 wt.%, and
then decreased with an increase in the MWCNT
add ratio. The enhancement was 78% and 57% at
0.5SMWCNTs-80KNN-PVDF for the piezoelec-
tric constant (d,,) and piezoelectric voltage con-
stant (g,,) compared with the composite mixture
80KNN-PVDF, respectively [67]. Building upon
this research, Satya Ranjan et. al. (2020) inves-
tigated the same materials but different particle
forms of reinforcement materials, where carbon
nanotubes (CNTs) and potassium sodium niobate
nanorods were used. The incorporation of 0.1%
CNTs into the PVDF/KNN composite enhanced
the output voltage by 93.6% compared to without
incorporation. In fact, the addition of CNTs led to

a higher B-fraction and created a conducting path
in the nanofiller-loaded polymer jet, which result-
ed in enhanced mechanical stretching of the elec-
trospun fibers [68]. In the case of changing the
second filler additive from MWCNT to Silicon
Carbide (SIC) and changing the manufacturing
method from traditional solution casting to hot-
pressing as indicated in the Vajihe et. al. research,
we notice that d,, decreased by 40% for the com-
parison between the best results, which were 50
and 30.5 pC/N for 0.5SMWCNTs-80KNN-PVDF
and 1SIC-80KNN-PVDF, respectively [69]. Ex-
tending the scope of material modifications, Ko-
hei et al. (2022) included epoxy polymer as a ma-
trix material, with the addition of KNN as a first
filler reinforcement material, in addition to using
the glass fiber-reinforced polymer (GFRP) as a
secondary reinforcement material, as illustrated
in Figure 6, to strengthen the mechanical and
piezoelectric properties. The aim of the research
is to study the mechanical and piezoelectric prop-
erties. The manufacturing method was the tra-
ditional solution casting. Through the research
results, which showed an improvement in bend-
ing strength and elastic modulus in the length of
about 4 times and 2 times, respectively, compared
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Table 1. Summary of materials, particle size, enhancement methods,

approaches for piezoelectric composite materials

additive percentages, and fabrication

Materials
N Year Methods Add. Ref
0. Polymer matrix Additive Particle Additive Modified Enhancement % :
. . ] Electrode .
materials materials size layer materials
Heat treatment
annealing and
polarization
PZT No +Composite material
+ simple doctor
blade coating 5, 10-50
1. | 2022 PVDF-TrFE 800 nm | Electrode PET method wt.% [4]
Heat treatment
Pt b
PZT TDPA polari .
By acid Composite material
Y and modified by
(TDPA)
. Composite material
ﬁﬁt;:tn; Without any
2. | 2019 PVDF Nano size Al No DMF treatment and 0-15wt.% | [61]
(NaNbO3) It
additional
nanorods
processes
Zinc ferrite Solution casting
(ZF) Silver PEG - method
3. | 2017 PVDF Modified 50 nm No 6000 and | composite materials | 0-12 wt.% | [60]
A ) paste A
Zinc ferrite DMF after casting hot
(ZF) pressured used
annealed Nano
PDMS BiFeO, Nano Fl’g/"\élf powder Spine
4. | 2017 Not have (BFO) ) Graphene 4 Chloroform | coated Composite 50 wt.% [62]
. X a particles For .
piezoelectric effect Ceramic . material
flexiable )
Multilayer
PET layer . spin-casted
5. | 2016 PDMS BiFeO3 Nano AL For Cuing | o mposite material | 10229 30 | (63]
particles . agent . 40 wt.%
flexiable Multilayer
no No Without addition
PZT UP-105 Composite material
6. | 2021 PVDF 1pm Silver titanate solvent casting 5-45 wt.% | [59]
P7T coupling | Composite material
reagent extrusion method
Nano
rods
Barium diameters
7. | 2015 | Polydimethyisiloxane | e | ~100- | piinum | silicon No Composite material | Undefined | [64]
(PDMS) . 200 nm
(BaTiO3) ;
and grain
size ~40
nm
8. | 2018 PVDF-TrFE MWCNT Nano Au Silicon DMF Electro spinning | 0.2wt.% | [65]
tube rubber
Barium Above Couplin spin-coated
9. | 2015 PVDF titanate | Nano size | AL and Layer | Com e oterial | 40Wt% | [66]
BaTiO3 bottom Ni 9 P

to the control samples (KNN-epoxy), this means
that the samples can now withstand a higher force,
which enables them to be used in wider applica-
tions. This was proven by the damped flexural
vibration energy harvesting test, as the samples
without the GFRP failed. While the piezoelectric
constant (d,,) for GFRP-KNN-epoxy was less
than half the value of KNN-epoxy [70]. Finally,
concluding this review, Huidrom et al. (2017) in-
vestigate the incorporation of NaNbOs (sodium
niobate) and RGO (reduced graphene oxide) into
PVDF, as illustrated in Figure 7, using traditional
solution casting to manufacture film piezoelectric.
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Through the research results, we note that the re-
sulting voltage improved by approximately 187%
for the haybird mixture compared to the samples
without addition [71]. For a comprehensive com-
parison of the materials, particle sizes, additive
percentages, and fabrication methods discussed
in these summaries, refer to Table 2.

Particle size and dimension

To begin with, Xiaoteng Chen et. al. (2022)
incorporated BaTiOs with submicron particle siz-
es of 200 nm, 500 nm, and 600 nm into prepared
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Figure 6. Schematic diagram of the piezoelectric composite samples (a) without and (b) with glass fibers [70]
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PVYDF/RGO film casted over
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Dried -‘,
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Flexible PVYDF/NaNbO, film

Flexible PVDF/RGO (ilm

PVDF/NaNbOYRGO film casted  Flexible PVDF/NaNbO /RGO

PVDF-DMF Solution NaNbO /RGO nanecompeosites

over the glass substrate film

Figure 7. Schematic diagram showing the synthesis of the nanocomposite films [71]

UV resin (50 vol% HDDA and 50 vol% PEG-
DA) to fabricate dense piezoelectric by DLP 3D
printer as illustrated in Figure 8. The rheological,
photopolymerization behaviors, density, grain
size, piezoelectric, and dielectric properties were
investigated. Through the results that showed
that the viscosity and the cure depth of the mix-
ture were affected by the particle size, such that
the viscosity decreases and the cure depth in-
creases with an increase in the added particle
size. While the relationship between piezoelec-
tric coefficient and dielectric constant and par-
ticle size is a direct relationship, as they increase
with the increase in the particle size of the added
powder [73]. Expanding on the role of 3D print-
ing in piezoelectric material fabrication, Rent-
eria (2019) dealt with the use of different types
of 3D printers (freeze-form extrusion fabrication
(FEF)) to manufacture BaTiOs ceramic piezo-
electric samples, as illustrated in Figures 9 and
10 that explain the stages of preparing the paste
solution and 3D printer with samples. The aim
of the research was to study the effect of particle

size on the properties of the material. The results
indicated that the relationship between the par-
ticle size and the density, dielectric constant, and
piezoelectric coefficient was an inverse relation-
ship; as the particle size increases, the values of
properties increase [74]. Building upon this con-
cept, the same researchers presented a second
study on the integration of two different particle
sizes of BaTiOs powder (100 nm and 400 nm)
with a solution binder to fabricate dense piezo-
electric samples by past extrusion with a 3D
printer. A 50-50% vol. bimodal particle distribu-
tion achieved the highest packing density and a
piezoelectric coefficient of 350 pC/N, which is
a 40% improvement over using 100% vol. from
100 nm BaTiOs alone [75]. In a related investiga-
tion, Jia-Wun Li et al. (2020) explore the effects
of particle dimensions on the crystalline struc-
ture and piezoelectric properties, where carbon
was added in its three dimensions to the ma-
trix (zero-dimensional (0D) carbon black (CB),
one-dimensional (1D) carbon nanotubes (CNT-
COOH), and two-dimensional (2D) graphene
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Table 2. Summary of materials, particle size, enhancement methods, additive percentages, and fabrication

approaches for piezoelectric hybrid materials

Materials
Methods Add.
No. | Year Polymer o . Ref.
matrix Addlt!ve Pa'.—t'de Electrode | Additive layer | Modified materials Enhancement %
materials materials size
KNN
e 50, 60, 70,
Modified by _ and 80 wt.%
DMF Hybrid
) material KNN (50, 60,
1. | 2022 | PVDF Nano | Silver No DMF Solution 70,and 80 | [67]
size paste . '
KNN casting wt.%), CNT (0,
MWCNTs method 0.25,
0.5,0.75, and
1 wt. %)
KNN Hybrid
material
Tch; tg);()e of Nano Solution
2. | 2022 (Bisp?’nenyol F | KNN-glass size Cu tape Teflon mold No casting 32 vol % [70]
and ST12) fiber fabric two layers
from glass
cloth
KNN Hybrid 60-80 % wt.%
Nano Un material
3. | 2021 PVDF . defined No Ethanol for mixing + hot 60-70 % [69]
KNN +SiC size etine compression | *+SiC (0.5, 1
molding 1.5) wt.%
. 1g PVDF +
50 mg RGO/
RGO Nano Solution 100 mg
4. | 2017 PVDF NaNbO3 size Copper No DMF Casting as NaNbO3 / [71]
a dropped 100 mg
NaNbO, + NaNbO3 +
RGO RGO
Nano
fiber
) 10-15 10 — 50 wt.%
BaTiO3 . . N
nm, Aluminum . Solution for BaTiO; and
5. | 2017 PDMS MWJE;NT length foil No Curing agent Casting 0—5 wt.% for [72]
of MWCNT
10-20
um
KNN 3 wt.% for
Nano Polypropylene | Dimethylformamide Electro KNN and
6. | 2020 PVDF CLT rods Altape (PP) tape | (DMF) and Acetone Spinning 0-0.5 wt.% for [68]
CNT

oxide (GO)), and to improve the spread, distri-
bution, and prevention of agglomerations inside
the matrix, a polymer dispersion was added: sty-
rene-maleic anhydride copolymer (SMAz) and
polyoxyalkylene amine (M1000). Post-processes
included annealing and polarization treatments
that were needed to transform the a-phase into
the B-phase responsible for piezoresponse, as il-
lustrated in Figure 11. The best result was ob-
tained using modified CNT, which increased the
B-phase content in PVDF-TrFE and piezoelectric
coefficient by 17% and 34%, respectively [76].
Furthering this exploration, a study by Bharathi
Ponraj et. al. (2016), which discusses the effect
of particle size on the properties. The incorpora-
tion of KNN fillers in PVDF at both nanometer
and micron scales above 10 vol% to manufac-
ture piezoelectric samples by the hot-pressing
method. The results showed that incorporation
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at both scales above 10 vol% resulted in the for-
mation of a polar B-form of PVDF. The dielec-
tric properties were better when using nanoscale
than microscale at 40 vol%, and the opposite is
true if the percentage increases to 70 vol% with
respect to the piezoelectric coefficient (d,,), as
the results show that the nano is not responsive
[77]. For a comprehensive comparison of the
materials, particle sizes, additive percentages,
and fabrication methods discussed in these sum-
maries, refer to Table 3.

Elastic compressibility effect

To start with, a study by Jianguo Sun et. al.
(2021) achieves an enhancement in the piezoelec-
tric response by increasing the elastic compress-
ibility of balsa wood through a facile, green, and
sustainable fungal decay pretreatment. Figure
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Fabrication
platform

Support
structure

Sample

Coated glass ©—
slide Lens Photocurable resin or
ceramic slurry
Digital Mirror T
Device +«—— UV-light

Figure 8. Manufacturing principles of DLP [73]

12 displays the difference between native wood
that hasn’t been treated and decayed wood that
has been treated. It shows that the treated wood is
easier to compress, as shown by the research re-
sults, which showed that the response value went
up by 55 times [78]. In the same way, Jianguo

PVA powder

Dwell for 20
minutes

Stirring at <00 pm

Sun (2020) also investigates the same principle
but another method, where a simple delignifica-
tion process was used, which led to an enhanced
piezoelectric response of 85% compared with na-
tive wood [79].

Lamination techniques

In the past few years (2019-2023), a group of
researchers studied the effect of piezoelectric and
mechanical properties of lamination piezoelec-
tric film (KNN-epoxy) by using layers of car-
bon fiber-reinforced polymers (CFRPs) because
of their excellent mechanical properties and use
as electrodes. Initially, a study by Yaonan Yu et
al. (2023) manufactured a piezoelectric film by
the blade coating method as illustrated in Figure
13, then used two upper layers and two lower
layers from CFRPs. The results showed an en-
hancement in bending strength and, therefore,
an increase in the resulting voltage generation,

BaTiO; powder

HoEr i b

Heating at 90°C for Mixing
20 minutes

BaTiO; paste

Figure 9. Schematic procedure for BTO/PVA aqueous paste [74]

Computer software

Motor

Piston

Material

Nozzle

Aluminum plate

Substrate

Figure 10. (a) Structure of 3D printing machine used for paste extrusion, (b) 3D printed cylinder structure,
(c) 3D printing process of a square structure [74]
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Before annealing

Annealing at 125°C

Annealing at 145°C

Figure 11. The effect of temperature annealing process on the appearance of piezoelectric film [76]

Table 3. Summary material, percentage, and methods Enhancement used to fabricate piezoelectric for Particle size
and dimension

Materials
Methods Add.
No. | Year Polymer " . - . Ref.
matrix Add|t!ve Partlcle Electrode Additive Modlﬁed Enhancement %
. materials size layer materials
materials
Prepared 200 nm DLP 3D printer
UV resin Coated by Post-process 40
1. | 2022 (50 vol% BaTiO; 500 nm | conductive No Dispersant BYK debinding vol% [73]
HDDA and 50 600 silver and sintering °
vol% PEGDA) mm process
Binder 1o “Postprocoss.
o .
2. | 2019 | (1BWL%PVAL poro, 300 nm | Conductive | No debinding 70 | 74
+ deionized silver paint L wt. %
water) 500 nm and sintering
process
Pespinans
(13wt. % 100 nm Conductive Post-process 70
3. 12021 | PVA+PAA BaTiO3 + ) } No No pro o [75]
. silver paint debinding wt.%
deionized 400 nm L
and sintering
water)
process
No additive | Nano size Solution and wet |
coated
(0D) carbon 40 nm Styrene-n_1a|eic
black (OCB) anhydride Heat treat t
(1D) modified | . copolymer eat reaxmen
bon Diameter ) (smaz) and annealing 0.1
4. | 2020 | PVDF-TrFE car 10-20 | Silverglue | PET Polarization 05 | [76]
nanotubes polyoxyalkylene 0o it y
(CNT—COOH) | "M amine (M1000) omposite
+ Methv material + 3
Two- ethyl ethyl . o
) ) ketone (MEK) solution and wet | 5 wt.%
dimensional coated
550 nm
(2D) graphene
oxide (GO)
. Composite 10-40
Nanosize :
KNN Silver material vol%
5. | 2016 PVDF . No Acetone medium Hot pressing [77]
ceramic ) ) Coated s 10-70
Microsize (powder mixing o
and pressing) | VO'”°

Niltive waod "

Decayed wood

Compress

Release

Figure 12. Photographs of the decayed wood showing its higher and reversible compressibility compared to
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native wood [78]
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which was 6 times longer for CFRP-KNN-epoxy
compared with piezoelectric without lamina-
tion KNN-epoxy. Increasing strength allows the
use of piezoelectric in applications that require
the use of materials with high strength. There-
fore, this technology has increased the extent of
the use of piezoelectrics [80]. In the same vein,
in 2021, the same researchers used four layers
of upper and two layers of lower as illustrated
in Figure 14 to study the energy harvesting by
bending technique; the results showed the volt-
age generation was 0.51 mV but a decrease in
piezoelectric constant by 29.8% [81]. Further-
more, (2020) used two layers of upper and lower,
as illustrated in Figure 15, to study the energy
harvesting by impact and bending vibration tech-
niques, and the results indicated that they have

Hardner
W

KNN Nanoparticles
- X E—

Epoxy resin

Blade coating method

Heal curing

0.8 pW/cm? and 4 nW/cm?, respectively, for im-
pact and bending tests but a decrease in piezo-
electric constant by 26.5% [82]. In the same year,
a study was published by Hiroki Kurita et. al. on
the same concept of the work, which used KNN
and BTO for comparing and adding individually
to epoxy resin to fabricate piezoelectric samples
by the solution casting method, then lamina-
tion by CFRP. The maximum stress and flexural
modulus of KNN-epoxy-CFRP lamination were
approximately 5—10% larger than those of BTO-
epoxy-CFRP lamination [83]. In addition, Fumio
Narita et. al. (2019) aimed to fabricate hybrid
lamination consisting of a copper (Cu) electrode
tape consisting of one upper and one lower layer
and GFRP consisting of two upper and lower lay-
ers opposite orientation as illustrated in Figure

Cutting & Poling

Figure 13. Schematic for the fabrication of KNN-nanoparticle-filled epoxy (KNN-EP) plate [80]

Hardener

Moong & Defoaming

Cutting & Polishing Lamination

Shaping

CFRP curing

Corona poking

Figure 14. Schematic for the complete fabrication process of piezoelectric composite specimens [81]
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Figure 15. Schematic for the fabrication of KNN piezo-resin/CFRP composite material [82]

Sikcon ol

Figure 16. Schematic for the fabrication of piezoelectric hybrid CFRP composite material [84]

16 for studying the energy harvesting by impact
technique, from the results that showed the volt-
age generation was 140 mV for lamination KNN-
epoxy and 100 mV for lamination Barium Tita-
nate (BaTiOs)-epoxy[84]. Finally, CAM MINH
et. al. (2010) aimed to fabricate multiple layers
of different materials, such as copper electrode,
carbon epoxy, and glass epoxy, layered onto a ce-
ramic piezoelectric wafer (PZT), as illustrated in
Figure 17. The maximum voltage generation was
2.56 V for the configuration of PCGE-A [85]. For
a comprehensive comparison of the materials,
particle sizes, additive percentages, and fabrica-
tion methods discussed in these summaries, refer
to Table 4.
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3D printed piezoelectric

Mold forming, mixing, and dicing-filing
techniques are the main preparation methods for
piezoelectric composite structures in the con-
ventional fabrication process. However, these
techniques are limited in fabricating shapes with
complex structures. With the rapid development
of additive manufacturing (AM), many research
fields have applied AM technology to produce
functional materials with various geometric
shapes [86]. In the past few years (2020-2024),
a group of researchers has employed the piezo-
electric effect in applications that require the fab-
rication and manufacturing of complex shapes,
such as scaffolds used in bone regrowth and
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Figure 17. Geometry and position of the neutral axis of PCGE Types [85]

Table 4. Summary material, percentage, and methods Enhancement used to fabricate piezoelectric for Lamination

method
Materials
Methods Add.
No. | Year Polymer " ; ; Ref.
matrix Additive | Particle | g g0 | Additive layer | Modified Enhancement %
) materials size materials
materials
Bisphenol KNN Nano Without 4 upper and 2 lower 30
1. 2021 F epoxy size Hardener layer Lamination vol.% [81]
resin KNN CFRP CFRP prepregs + 2 method of poling 0
.. 0,
Bisphenol KNN Nano Without 2 upper and 2 lower ggéo
2. 2023 F epoxy size Hardener layer Lamination ang' [80]
resin KNN CFRP CFRP prepregs +2method of poling | 4,
o
Bisphenol-F KNN Au-coated Without Hardener 2 up and 2 lower 30
3. 2020 . 880 nm e o [82]
epoxy resin KNN CFRP CFRP prepregs ST-12 layer Lamination vol.%
2 up and 2 lower
layer from CFRP
Epoxy Nano 2 layer (1 top and
(EP106N) KNN size Cu CFRP prepregs No 1 lower ) from Cu
layer
hybrid Lamination 35
4. 2019 [84]
vol.%
2 up and 2 lower
Epox Nano layer from CFRP
poxy BaTiO. ) Cu CFRP prepregs No 2 layer (1 top and
(EP106N) 3 size
1 lower ) from Cu
layer
hybrid Lamination
Ceramic Carbon/epoxy Multilayer method
5. 2010 PZT wafer copper + No By Different no [85]
glass/epoxy materials
KNN Without
CFRP Lamination
Bisphenol-F KNN Nano GFRP GFRP 30
6. 2020 . ) Au Hardener [83]
epoxy resin BaTiO size Without 0 CFRP vol.%
s 90 CFRP
) CFRP
BaTiO, GFRP

fusion. To enhance the functional efficiency of
scaffolds, which is done by incorporating smart
piezoelectric materials into scaffolds that con-
vert passive scaffolds into active and smart scaf-
folds with the complex shape manufactured by
using a 3D printer. To begin with, Giovanna et.
al. (2024) studied the effect of adding BaTiOs in
nano size (< 3.0 pm) to the polyhydroxybutyr-
ate (PHB) matrix in different weight ratios (5-20
wt.%) fabricated by using a Deposition Model-
ing (FDM) 3D printer, as illustrated in Figure 18.
The morphological, thermal, biodegradation, me-
chanical, piezoelectric, and dielectric properties

of the nanocomposites were studied. The results
showed that increasing the percentage of added
BaTiOs material, piezoelectric coefficients (d31),
dielectric constant (¢), and piezoelectric volt-
age constant (g, ) increased, reaching the highest
value at the highest percentage added, which was
20 wt.%, as follows: 37.46 pm/V, 6.29, and 0.67
V.m/N, with the figure of merit 25.2. The me-
chanical properties results showed that increasing
the compression stress and modulus of elasticity
approximated by 8.9 and 33%, while for tensile
stress and elongation strain, the decrease was
approximately 21% and 62%. [87]. In the same
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Figure 18. Photographs showing BaTiO,/PHB 5/95 (w/w%) nano composite production: (A,B) pellets,
(C,D) extruded filament, (E) printer sample by 3D printer,(F,G) sample

year, Rishikesh et. al. studied the effect of add-
ing boron nitride nanotubes (BNNTs) at 2 wt.%
to the mixed polymer matrix consisting of varied
percentages of PVDF (2040 wt.%) and UV resin
3D printer, where the aim was to fabricate piezo-
electric samples by stereolithography 3D printer
(LCD), as illustrated in Figure 19, and investigate
the structural, thermal, rheological, mechanical,
and piezoelectric properties. The results demon-
strate the successful micro-scale printability. Ad-
ditionally, it indicated that incorporating BNNTs
into the polymer matrix enhanced the fraction of
the B phase (F(B)), piezoelectric coefficient (d,,),
dielectric constant (¢ ), piezoelectric voltage coef-
ficient (g,,), and voltage output (V) as follows:
8, 66,43, 16, and 50%, while the elastic modulus
and hardness decrease by 62 and 25%, and the
viscosity increased by 50% and temperature melt-
ing by 16% [88]. In 2021, Samuel E. Hall et al.’s
research paper was about the direct writing (paste
extrusion) fabrication of piezoelectrics from PZT
mixed with water and post-processed sintered, as

Build platform

. Polymer resin

LCD screen

Lens
Mirror

Figure 19. LCD 3D printing setup [88]
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illustrated in Figure 20, then compared with the
traditional fabrication method (die pressing meth-
od). A group of tests on viscosities, yield stresses,
stability, density, and piezoelectric properties was
performed on the samples. The results indicated
that the two method values are close to equal for
densities, piezoelectric coefficient, and dielectric
constant, where the results d,,, €, g,,, and FOM
were 675, 4100, 0.0186, and 12.66, respectively
[89]. Additionally, in the same year, Anton et. al.
investigated methods for managing high additive
concentrations of up to 70 wt.% and studied the
effect of particle size (micro, submacro, and nano)
on printability by incorporating BaTiOs into the
SG15 UV resin LCD-SLA 3D printer. The steps

Computer
/Software

Piston

Ceramic
Paste
AN s Green
£ — Part

ubstrate

Figure 20. Schematic of Printrbot Simple Metal with
paste-loaded syringe, plunged by a stepper motor-
driven piston [89]
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of the printing process are clearly illustrated in
Figure 21. Investigates the structural, thermal,
rheological, and piezoelectric properties. The re-
sults indicated that the viscosity of the liquid mix-
ture increased with decreased particle size; the
height value at the nanoscale was 400,000 MPa
s. Moreover, the dielectric constant (¢ ), piezo-
electric coefficient (d,,), and loss tangent (tan 9)
were 1965, 200 (pC/N), and 1.7% (pC/N), re-
spectively [90]. Furthermore, Emmanouela et. al.
in the same year mention previous studies. Em-
ploy the 3D printing capability to form complex
shapes with the hybrid principle using four mix-
ing materials to increase the functional efficiency
of a scaffold called scaffold multifunctional. It
consists of poly(lactic acid) (PLA) as a matrix
polymer mixture with another polymer, polycap-
rolactone (PCL), to increase its flexibility and
decrease its brittleness. As for filler addition, two
materials were used: the first BaTiOs, which has
a piezoelectric effect to benefit from this effect
to increase the growth of bone defects, and the
hydroxypyrite (HA) material, which has bioac-
tivity for increasing strength adhesion to its bone
surroundings. The working samples consisted of
the following (PLA, PLA-PCL, PLA-PCL-0-20
wt.% HA, and 0-20 wt.% BaTiOs) and used 3D
printer filaments (FDM) to fabricate test samples.
Through the results, it was indicated that the mix-
ture had piezoelectric properties close to bone,
an increase in elongation by 30%, and a decrease
in strength and modulus of elasticity by 20%
and 36%, respectively, when using 10 HA+10
BaTiOs+PCL+PLA compared with PLA [91]. Af-
ter a year, Zehuan Wang et al. (2020) mixed Ag-
coated PNN-PZT with PDMS polymer and then
used the mix as inks in a 3D printer to make the
intricate three-dimensional grid structures that are
piezoelectric and flexible, as seen in Figure 18.
Electromechanical property tests are examined.

Viscosity

BT powder
measurement

Mixing

UV resin

The results indicated that the grid complex shape
has more flexibility than ceramic only and has
d,,, €, g,,, FOM, and V0 as 58, 16, 0.4, 23.2, and
0.55, respectively. This study demonstrates that a
3D-printed flexible ceramic-polymer composite
could be used instead of fragile piezoceramics
to change electrical energy into mechanical en-
ergy [92]. In the same year, Yushun Zeng et. al.
employed additive manufacturing along with 3D
printing technology in the field of ultrasonic de-
vices with a new design named honeycomb based
on absorbing sound waves and converting them
into electrical energy. Approximately 70 wt.%
of BaTiO:s into UV resin. After printing samples,
they carried out some post-processes consisting
of debinding and sintering, as illustrated in Figure
22. The result showed a high piezoelectric coef-
ficient, which was 60 pc/n, and the voltage out-
put reached 180 Vopp [86]. Finally, Zeyu Chen et.
al. (2016) demonstrate that a piezoelectric-com-
posite slurry with BaTiO, nanoparticles can be
3D printed using Mask-Image-Projection-based
Stereolithography (MIP-SL) technology. After a
post-process, the printed samples exhibit d,, and
relative permittivity of 160 pCN™" and 1350, re-
spectively [93]. For a comprehensive comparison
of the materials, particle sizes, additive percent-
ages, and fabrication methods discussed in these
summaries (Figure 23), refer to Table 5.

Hybrid system

The goal of a hybrid system is to increase the
output voltage by combining other effects with the
piezoelectric effect, such as the triboelectric effect
or magnetic effects. It is also meant to improve the
functionality of the device or tool by using the ef-
fects together, such as the shape memory effect in
the scaffold field with the piezoelectric effect. The
doctor uses the first to address irregular shapes in

Cover box -

Bottle holder
Forming
platform

Resin tank
Rir purifier
Srapper -

3D printer

s UV curing
with scrapper \

H
7y e PSS R U
 Initial components )

» N

Figure 21. LCD-SLA 3D printing of BT/UV samples [90]
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Figure 22. (a) Schematic illustration of 3D printing, (b) optical image of printed pure PDMS, (c—e) optical
images of printed ceramic composites, (f, g) wearable printed material on a wooden doll before and after arm
bending, (h—k) flexibility and stretching of printed composite presented by bending, twisting, and stretching [92]

& Wtcrbj

-
-

_.-==""Before sintering After sintering ~~~~__

Figure 23. Size comparison of the samples before
and after sintering [86]

bone defects, while the second enhances growth
and healing. To begin with, Guanlin Li (2023),
using an acrylate epoxidized soybean oil (AESO)
matrix polymer doped with modified piezoelec-
tric Ag-TMSPM-pBT (ATP), was prepared via
3D printing based on digital light processing to
fabricate a multifunctional scaffold as illustrated
in Figure 24. The 10 wt.% Ag-TMSPM-pBT +
AESO scaffold exhibits promising piezoelectric
properties, with a piezoelectric coefficient (d,,)
of 0.9 pC N! and an output current of 146.4 nA,
which are close to the piezoelectric constants of
bone tissue. Moreover, these scaffolds exhibit a
strong shape memory function and can quickly
recover their original shape under near-infrared
(NIR) light irradiation [95]. Subsequently, Hai-
rong Chen et al. (2018) included the addition of
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PZT to SMP (PU) to fabricate an actuator using
the solution casting method. The results indicated
that the addition of PZT particles increased recov-
ery stresses by 4.3 times at 80% and decreased
recovery rate values. Despite this, the recovery
rates are still no less than 94.5%. Additionally, it
showed an enhancement in the tip displacement,
which was measured by the displacement mea-
surement system as illustrated in Figure 25 [96].
Furthering this exploration, Guoquan Suo et. al.
(2016) incorporated BaTiOs nanoparticles into a
PDMS matrix polymer to fabricate a piezoelec-
tric film as illustrated in Figure 26 by the solu-
tion casting method. The device with 20% BTO
in PDMS and a 100-pum-thick film showed the
highest output power, while the hybrid output
performance was higher than the tribo or piezo-
electric performances [97]. Moving forward, a
study presented by Zakharov et. al. proposes an
enhanced method for thermal energy harvesting,
exploiting combined pyroelectric, piezoelectric,
and shape memory (SME) effects. A material that
is pyroelectric is also piezoelectric. If it is com-
bined with a material with SME by laminated
structure as illustrated in the Figure 27, which
generates large strain and stress in a rather narrow
temperature range, the resulting laminated struc-
ture would generate voltage from temperature
variations using two different energy conversion
principles at once: (1) pyroelectric effect and (2)
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Table 5. Summary of materials, particle size, enhancement methods, additive percentages, and fabrication

approaches for piezoelectric 3D printing

Materials
Methods Add.
No.| Year | Polymer | ,quie | Particle Additive Modified Enhancement % Ref.
Matrix . ) Electrode .
- Materials Size Layer Materials
Materials
Additive 50-70 wt.%
Epoxy for manufacturing )
Photo filling the (DLP were mixed
1. | 2020 | curable UV BaTiO. Nano size Au/Cr 9 no . with 30 — 50 | [86]
) 3 Blank in the printer)+complex o
resin wt. % photo
honeycomb shape )
. curable resin
Metamaterials
Nano
size 3d printer y FDM
2. | 2024 PHB BaTiO, particle No No no From powder to 0-20 wt.% [87]
size < 3.0 filament manufacture
um
%\é iegg‘ (DEF) solvent
wt. % BN Nano 23% + HDODA 3d printer
3. | 2024 \ (boron Aluminum No 0.1% + 2 wt.% [88]
+ PVDF o tubes SLA
nitride) BAPO
20-40 1.9%
wt. % e
Deionized Silver Extrusion method with | 11, 12.5, and
4. | 2021 PZT 0.5 um ) No No post- processing 14 wt.% for [89]
water paint - .
+ die pressing method water
Micron
Photo dy, = 70.1 wt.% (30
curable 3.4 um Siver. 3d orinter vol.%) and
5. | 2021 resin BaTiO, d,, =1.02 aste No No LCB—SLA then less for | [90]
(SG15 pum P nano to (20
resin) d = vol.% )
50
50-70 nm
Ag-coated 40 wt.%
PNN-PZT . ) AG coated . . +
6. | 2020 PDMS . Nano size | Undefined No Ceramic powder 3d inks printer 1 Wt.% MW- [92]
MWCNTs CNTs
3d printer filaments
PLA HA BaTiO, < Dichloromethane (FDM) . o
7- 12021 | b avpCL | HA+BaTIO, | 2 pm No No solvant Hybrid material 0-20wt% | [91]
Hybrid functional
Additive
Photo . manufacturing
. Azeotropic
8. | 2016 | curadle BaTiO, | 100nm | Cr/Au Conductive |yt ire with (L 70Wt.% (93]
resin epoxy dispersant printer)+complex
S1500 shape
Met materials
binder jetting additive
manufacturing
- ) prior process
9. | 2015 Binding BaTiO 08510 S|Iyer No No and post process Undefined [94]
agent 3 1.45 ym paint .
consistency of heat
powder,debinding and
sintering

piezoelectric effect driven by SME. The results
revealed that enhancement in voltage generation
was 50% compared with the pyroelectric effect
[98]. Applying a similar approach, Dong Cao et
al. (2021) look into how to deposit a thin multi-
layer of P(VDF-TrFE) piezoelectric polymer on
the NiTi SMA surface using the electrospinning
method, as illustrated in the Figure 28. They want
to make simple, scalable devices that can collect
both mechanical and thermal energy. from the re-
sults that showed the d,, value was found to be
22.8 pC/N [99]. Expanding on this concept, Lil-
ian Nunes et. al. (2024) propose a novel approach

for the fabrication of magnetoelectric composites
aimed at enhancing cross-coupling between elec-
trical and magnetic phases for potential applica-
tions in intelligent sensors and electronic compo-
nents. They used PZT fibers, cobalt (CoFe20.),
and a polymeric resin to make the composites as
illustrated in Figure 29. According to SEM scans,
the PZT-5A fibers were evenly distributed in the
cobalt matrix. Dielectric measurements indicate
stable behaviors, particularly when PZT-5A fibers
are properly poled, showcasing potential applica-
tions in sensors or medical devices [100]. For
a comprehensive comparison of the materials,
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Figure 25. Schematic illustration of the displacement measurement system in a common experimental
environment [96]

particle sizes, additive percentages, and fabrica-
tion methods discussed in these summaries, refer
to Table 6.

Functionally graded materials system (FGMS)

At first, in the research published in 2022 by
X.L. Yu et al., a theoretical study was included
on the effect of the volume fraction of carbon
nanotube and its distribution pattern on the nat-
ural frequency value. The volume fraction and
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distribution type of the CNT significantly affect
the stiffness of the piezoelectric-integrated FG-
CNTRC plate. As the CNT volume fraction in-
creases, the natural frequency of the piezoelec-
tric-integrated FG-CNTRC plate also increases.
Additionally, the natural frequency of the piezo-
electric FG-X CNTRC plate is relatively larger
compared to other CNT distribution types, in-
cluding UD, FG-0O, and FG-V, as illustrated in the
Figure 30 [101]. Furthering this research, in 2015,
Satyanarayan et al. conducted a theoretical study
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Figure 26. Stepwise operation mechanism used to investigate the combined effects of piezoelectricity
and triboelectricity [97]
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Figure 27. Principle of proposed enhancement of pyroelectric material performance. 1 — pyro/piezo-electric
layer, 2 — SMA layer with SME pre-determined at the temperature range of interest [98]

by using functionally graded piezoelectric mate-
rial PZT-Pt, as illustrated in Figure 31, to fabri-
cate an actuator. The results showed an enhance-
ment in frequency of 87.6%, which was 960 Hz
- , as compared to the resonance frequency of 7761

-~ Hz of the original design. The proposed function-
ally graded piezoelectric material actuator can be
effectively used at low frequency (960 Hz) with

Figure 28. SMA/P(VDF-TrFE) multilayer composite high tip displacement (35 pm) under 500 V [102].
structure [99] Furthering this research, in 2015, Satyanarayan et

Allllilllm"

Cr/Al electrodes

NiTi SMA
P(VDF-TrFE) thin films

Figure 29. The cube composite, 1 mm-thick cuts perpendicular to the PZT-5A fibers, and the composite
electrical connections (wiring schemes using silver ink to interconnect the PZT-5A fibers) [100]

59



Advances in Science and Technology Research Journal 2025, 19(6), 41-69

Table 6. Summary of materials, particle size, enhancement methods, additive percentages, and fabrication

approaches for piezoelectric hybrid systems

Materials
Add.
No. | Year | Polymer | rqqive | Particle Additive |  Modified | Methods Enhancement % | Ref
matrix . . Electrode .
) materials size layer materials
materials
PE;)/IIeTrO Solvent casting
i 1 ! 0,
1| 2017 PDMS BaTiO 2_00 nm Cu upper and Composnfa materla] 5-30 wt.% [97]
3 diameter New technique hybrid
Cu and system
PET lower 4
Combine
Piezoelectric and shape
PU Pb-Pt Tetrahydrofuran memory effects 60, 70, 80
2. | 2018 (SMP) pzT 400 nm alloy No (THF) Composite material wt. % [96]
Used solution casting and
hot pressing
) PDA Combine
BaTiO, ) . 5
+ Piezoelectric and shape
AESO (Ag- Nano Kapton 10
312023 Uyresin | TMSPM- size Copper film Ag memory effects 20 (9]
BT) + hybrid material W%
P TMSPM 3d printer SLA 70
Combine
Ti-Ni-Cu | Macro Fiber ) ) ) Piezoelectric , pyroelectric )
4. | 2021 (SMA) Composite Un defined | Undefined | Undefined No and SME effect undefined | [98]
Multilayer
PVDF- NiTi ) Spin-coated
5. | 2021 TIEE SMA Undefined Cr/Al No No multifunctional layers [99]
PZT fibers, . . .
6. | 2004 | POlVESter | o it Nano size | Silver ink No Solution casting and Fiber | - ycineq | [100]
Resin implant
(CoFe,0,)

al. conducted a theoretical study by using func-
tionally graded piezoelectric material PZT-Pt, as
illustrated in Figure 32, to fabricate an actuator.
The results showed an enhancement in frequency
of 87.6%, which was 960 Hz as compared to the
resonance frequency of 7761 Hz of the original
design. The proposed functionally graded piezo-
electric material actuator can be effectively used
at low frequency (960 Hz) with high tip displace-
ment (35 pm) under 500 V [103].Continuing along
these lines, In 2003, Kenta Takagi et. al. studied
the effect of the functionally graded volume frac-
tion of composition PZT/Pt on the mechanical,
dielectric, piezoelectric, and elastic properties.
Miniature bimorph-type FGM actuators that con-
sist of a composite internal electrode (70 vol.%
PZT/30 vol.% Pt) and three piezoelectric layers
(100 vol.% PZT, 90 vol.% PZT/10 vol.% Pt, 80
vol.% PZT/20 vol.% Pt), as illustrated in the Fig-
ure 33, were fabricated by powder stacking and
normal sintering techniques. The results showed
an inverse relationship between the piezoelec-
tric and dielectric properties and the amount of
platinum, meaning that the more platinum there
is in the composition, the lower the piezoelectric
coefficient and dielectric constant values, despite
the slight difference. Conversely, this relationship
holds true for mechanical properties. especially
the fracture toughness in the composites [104].
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Finally, Abdulhakim Almajid et al. (2002) used a
porous FGM system that consists of multiporous
piezoelectric layers where the porosity gradient in-
creases in the thickness direction. The porous FGM
actuator is fabricated by co-sintering powder com-
pacts of PZT and stearic acid in air. The electro-
elastic properties of each layer in the FGM systems
were measured and used as input data in the analyt-
ical model to predict the FGM actuator curvature.
The analytical predictions are found to agree well
with the experimental measurements [105].

Coating techniques

Bio-piezoelectric materials were capable
of improving the osseointegration properties of
implants by converting mechanical forces into
electrical signals that provided microelectrical
stimulation for the formation and remodeling of
bone tissue. Although metallic bioimplant mate-
rials can provide adequate mechanical strength,
their surfaces were biologically inert as well as
lacking the piezoelectric properties to stimulate
osteogenesis.Xiaohui Sun et al. (2024) study
coating zirconium alloys with deposition of Ba-
Ti0s—SrZrTiOs piezoelectric material by magne-
tron sputtering to enhance osseointegration with
the bone. The morphology and electrical proper-
ties were characterized. The results of the tests
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Figure 31. Schematic diagram showing the feedback configuration of the FGM plate with piezoelectric sensor/
actuator layers [102]

Figure 32. Schematic design of FGM cantilever actuator [103]
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Figure 33. Optical microscopic photograph of the cross-section of PZT/Pt FGM bimorph actuator.
The Pt volume fractions are indicated in the photograph [104]

indicated that the piezoelectric constant value
was 5.02 pC/N for the zirconium alloy coating,
which approximated the piezoelectric properties
of natural bone tissue. Biological experiments
indicated that the BaTiOs—SrZrTiOs piezoelec-
tric coated film had a good promotion effect on
the early adhesion, proliferation, and differen-
tiation of osteoblasts.[106]. Expanding on this
approach, in 2021, Oriol Careta et al. published
research on a Ti-based alloy that had been cov-
ered with piezoelectric zinc oxide (ZnO) in two
different forms, a flat dense film and an array of
nanosheets, as illustrated in Figure 34. The goal
was to get cells to stimulate their own electri-
cal activity. Researchers examined the coating’s
effect on proliferation, cell adhesion, differen-
tiation marker expression, and the induction of
calcium transients. The findings showed that
ZnO nanosheets could only cause calcium fluc-
tuations, which helped Saos-2 cells multiply and
increased the expression of some genes involved
in early differentiation. The normal movement
of the cells puts stress on the ZnO nanosheets.
These, in turn, create electric ficlds nearby be-
cause they are piezoelectric. These electric fields
cause the opening of calcium voltage gates and
boost cell proliferation and early differentiation
[107]. Similarly, using the same principle but us-
ing a composite material from zinc oxide (ZnO)

ZnO thin film

Zn sputtering
under O, atm

Pristine alloy / -

Si0, deposition _

and titanium dioxide (TiO2) with a particle size
of 100 nm to coat the titanium substrate. Shumin
Pang et al. (2019) studied the aim of fabricating
a multifunctional coating. The results showed an
enhancement in antibacterial, biocompatibility,
and piezoelectric properties due to the coating
process [108]. Taking this research a step further,
Rui Zhou et al. (2019) study coating Ti substrate
by bi-layered SnO->—TiO: as illustrated in Figure
35. The crystallization of the TiO- interlayer fa-
cilitates the growth of SnO: nanorods, showing
excellent hydrophilicity and good apatite-induc-
ing ability due to the formation of a heterojunc-
tion. The results show a significant improvement
in bonding strength with surrounding bone tis-
sue, which makes it a suitable material for bone
tissue replacement and repair [109].

HIGHLIGHTED POINTS

1) There are three methods for converting mechani-
cal energy into the electrical energy needed by
electronic devices: electromagnetic [23-26],
electrostatic, and piezoelectric effects. Piezoelec-
tric materials outperform electromagnetic and
electrostatic methods due to their high energy
conversion performance and high piezoelectric
sensitivity. PEHs are robust and consistent, and

Zn0
@® AN
® sio,
®

TiZrPdSiNb

y ZnO nanosheets
2ZnO hydrothermal
synthesis
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AN
N
- “

s 4‘3_'_' Al

Figure 34. Schematic illustration of the coating process to obtain ZnO thin films (sputtering) and ZnO
nanosheets (hydrothermal synthesis) on TiZrPdSiNb alloy [107]
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they are not impacted by external conditions
such as humidity [1].

2) There are many different methods for enhanc-

ing properties of piezoelectric materials: com-
posite and hybrid materials, partial size, shape,
and dimension, compressibility, lamination,
3D printing, coating, functional grid materials,
and hybrid systems, and each method is used to
enhance one or more of the properties, for ex-
ample, enhanced electromechanical coupling
factor, piezoelectric coefficient, dielectric con-
stant, flexibility, stretchability, toughness, and
thermal conductivity. It is possible to combine
more than one enhancement method to increase
the functional efficiency of piezoelectricity and
integrability for diverse applications.

3) There are several traditional methods to fab-

ricate bulk piezoelectric ceramics (solution
casting method, electrospinning (liquid), hot
pressing (powder), biologically modified
woodland, and spin-casting); however, most
of those methods have restrictions regarding
being able to produce a functional and com-
plex shape for specific application needs [74]
3D printers can make piezoelectric ceramics
with high solid addition with complex geom-
etries and great material properties. These can
then be used to make sensors, capacitors, and
energy storage devices that are very specific
to the user’s needs. But it needs post-manu-
facturing processes, such as debinding and
sintering processes for removing the resin or
binder material, for example, to obtain dense
samples [110]. AM has many advantages,
such as low cost, multi-material parts, electro-
mechanical response, piezoelectric constant,
and size and shape [1]. 3D printing allows for
the precise control of the material’s compo-
sition, microstructure, and shape, which can
significantly enhance piezoelectric materials’
performance [49].

4) Representative piezoelectric materials can be

categorized into piezoceramics, piezopolymers,
and piezocomposites. Piezoceramics have large
electro-mechanical coupling constants and pro-
vide a high energy conversion rate, but they
are too brittle to use as general shape energy
transducers. On the other hand, piezopolymers
have smaller electromechanical coupling con-
stants compared to the piezoceramics, but they
are very flexible [32]. An example of this,
Pb(Zr,Ti)Os (PZT)-based ceramics have excel-
lent electromechanical energy conversion abil-
ity; however, their rigid and unreformed char-
acters are not suitable for flexible electronics
applications. To solve this problem, we use the
principle of additive manufacturing, for exam-
ple, a composite material of PDMS and PZT to
form a flexible piezoelectric [92].

5) There are two types of piezoceramics: lead-

based and lead-free [2]. Lead-containing piezo-
electric materials typically show the highest
energy conversion efficiencies, but due to their
toxicity, they will be limited in future appli-
cations. In their bulk form, the piezoelectric
properties of lead-free piezoelectric materials
are significantly lower than those of lead-con-
taining materials. However, the piezoelectric
properties of lead-free piezoelectric materials
at the nanoscale can be significantly larger than
the bulk scale [45].

6) There are four types of materials that were

looked at in this study: polymeric materials
(like PVDF, PVDF-TrFE, and AESO UV res-
in), matrixes for ceramic additive powders (like
PDMS, epoxy, PHB, PU, and photocurable UV
resin), and binding agents (like Binding Agent
3D printer). The purpose of binding agents is to
make the composite more flexible or to hold it
together. Following its creation, the composite
undergoes debinding and sintering processes to
eliminate the binding agents. There are many
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7)

8)

9)

10
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different types of additive filler reinforcement

ceramic materials. Some of them are piezoelec-

tric, like PZT, BaTiOs, BN, KNN, NaNbOs,

RGO, BiFeOs, ZF, NaNbOs, and MnO.. Other

types, such as MWCNTs, SiC, glass fiber fabric,

and HA, were added to improve mechanical,
bioactive, electrical, and thermal conductivity.

They were also laminated to improve mechani-

cal properties, such as CFRP and GFRP. We

add assistance materials to help mix the pow-
ders evenly within the matrix and prevent them
from aggregating. Examples of these materials

include UP-105 titanate coupling, SDS, N,N-

dimethylformamide (DMF), PEG-6000, disper-

sant BYK, TMSPM, PA, and AG coating.

According to research on the sizes of the ad-

ditives, mostly nanomaterials, the piezoelectric

properties of nano are better than micro. How-
ever, when the ratios get high (70 wt.%), the
micro materials’ properties become better, and
the nanoscale materials’ piezoelectric response
doesn’t respond. This is explain in the research
from Bharathi Ponraj et al. (2016). Further-
more, there is an inverse relationship between
the submicron size and viscosity properties.

The smaller the size, the higher the viscosity,

and thus it will cause difficulty in the process

of printing samples in the field of 3D printing,

for example [77].

Poling is an essential step after piezoelectric

device fabrication. It involves aligning the

molecular dipoles in a single global direction
within a structure by applying a high electric
field. Poling is mainly performed in two ways:

corona and thermal poling [1].

The efficiency of converting energy by using a

piezoelectric device from one form to another

is poor, and according to equation (n = output
electrical energy/input mechanical energy), the

results indicated that efficiency was 0.01546%

by using a 3-point bending test [81].

) The application of piezoelectricity to energy
harvesting: Piezoelectric shoes [4], piezo-
electric, pyroelectric, and ferroelectric-based
sensors [61], utilized for powering microwatt
power-consuming sensor devices [60], light-
emitting diodes (LEDs) and charge capacitors
[63], and micro devices for human energy
harvesting for wearable biosensors [39], ultra-
sonic transducers [111], aviation radio equip-
ment; in the marine industry for transceiver
modules of hydroacoustic antennas; and in the
nuclear industry for pressure control sensors

in the steam—water path [90], soft robotics,
artificial muscles, and biology signal identi-
fication [26], ultrasonic devices [86], sonar,
or in medical ultrasonic devices [112], Wear-
able products, Hearing aid system, deep brain-
stimulation system, retinal electrical stimula-
tion system, pacemaker, and wheel pressure
sensors [1], A magnetically coupled bistable
piezoelectric energy harvesting structure for
underwater applications [113], a piezoelectric
rain energy harvester using a self-release tank
[114], a rotating ring piezoelectric power gen-
erator [115], a tunable broadband piezoelec-
tric harvester for ultralow-frequency bridge
vibration energy harvesting [116], a floating
ocean wave energy harvester coupled with
piezoelectric material [116], a shock absorber
[117], and a seismocardiography (SCG) sen-
sor [76]. but has also been explored in other
fields like micro-actuation systems (microflu-
idic chips) [59], active scaffolds [87], piezo-
electric shape memory polymer scaffolds [95],
and active adhesion implants [109].

11) One of the future proposals from this review
is to utilize smart materials in conjunction
with the 3D printer’s multi-layer printing
capability to produce multi-functional piezo-
electric samples.

12) MWCNT can improve piezoelectric materials
with a small addition ratio (0.5 wt.%) using
the hybrid composition principle [67]. In ad-
dition, it improves the mechanical and ther-
mal properties of the material. Since this is
the case, it is considered a strong candidate
for use in filler reinforcement in the field,
combining piezoelectric and shape memory
effects (hybrid system).

13) The piezoelectric performance typically un-
dergoes several tests. These include looking
at the material’s physical and microstructure,
mechanical and thermal properties, biocom-
patibility and biodegradation, and electrical,
ferroelectric, and piezoelectric properties.

CONCLUSIONS

The studies looked at published work in the
area of piezoelectricity and put it into groups
based on the techniques used to enhance proper-
ties. These groups were made up of composite
and hybrid materials, partial size, shape, and di-
mension, compressibility, lamination, 3D printed
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piezoelectric, coating, functional grid materials,
and hybrid systems. For each method, different
materials were used to prepare the piezoelectric.
These materials can be broken down into several
groups, such as smart materials that have piezo-
electric effects, reinforcement materials, matrix
materials, materials that help with the distribu-
tion process, electrode materials, In addition, we
defined the size of the added materials, mostly
nanomaterials. We can use this study to select
materials, their specifications, and the improve-
ment method. The real benefit of employing the
review study lies in the possibility of integrating
multiple improvement methods in a single fu-
ture study. For instance, the study can be used to
improve the hybrid system by using the hybrid
composition method and piezoelectric surface
particle shape (2-dimensional particle) supported
by material fiber (1-dimensional particle) to im-
prove the thermal and electrical conductivity. A
3D printer can manufacture the system due to its
ability to create complex shapes. When choosing
two- or one-dimensional additives, the goal is to
keep the particles suspended in the mixture for
as long as possible and keep the additives from
agglomerating into the bottom of the printing vat
during printing. This is one of the most important
things to keep in mind, and you should test this
type of piezoelectric particle additive material.
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