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Ceramic—polymer piezoelectric composites integrate the high piezoelectric activity of fer-
roelectric ceramics with the mechanical flexibility and durability of polymers, forming a
key platform for next-generation energy harvesting. This review critically examines recent
progress in hybrid composites for mechanical-to-electrical energy conversion, emphasiz-
ing architectural design strategies that govern structure—property—performance relation-
ships. Particular focus is placed on connectivity patterns (0-3, 1-3, and 3-3) and advanced
engineering approaches—including aligned ceramic networks, porous scaffolds, core—
shell structures, gradient configurations, and interfacial functionalization—which enhance
stress transfer, electromechanical coupling, and power density while reducing brittleness
and dielectric loss. Lead-based (e.g., PZT) and lead-free systems (e.g., BTO, KNN), com-
bined with flexible matrices such as PVDF and its copolymers, are assessed for appli-
cations in low-frequency vibrations, wearable electronics, structural health monitoring,
and self-powered sensors. Scalable fabrication methods (freeze casting, electrospinning,
3D printing) and multiphysics modelling are evaluated alongside major challenges: po-
larization stability, fatigue resistance, interfacial debonding, and long-term reliability. The
review provides a unified framework for architectural optimization and strategic directions
toward efficient, robust, and sustainable energy harvesters.
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1. INTRODUCTION

The piezoelectric effect—the linear electromechanical
coupling in non-centrosymmetric crystalline systems
manifested through charge generation under mechanical
stress and conversely mechanical strain under an applied
electric field—is foundational to a broad range of sens-
ing, actuation, and energy conversion technologies. Since
its initial characterization in quartz by the Curie brothers
and subsequent application in barium titanate (BaTiO,)
and lead zirconate titanate (PZT) in the mid-20th century,
piezoelectric transducers have been integral to precision
instrumentation [1]. In recent decades (Table 1), interest
has pivoted toward piezoelectric energy harvesting as a
sustainable strategy for powering distributed electronics
and wireless sensor networks by capturing low-frequen-
cy ambient vibrations from structural, fluidic, and biome-
chanical sources. These vibrations are pervasive but low
in magnitude (typically <100 Hz), requiring materials

with high electromechanical coupling efficiency and me-
chanical adaptability [2].

Energy harvesting technologies exploit various ambient
energy sources, including solar radiation, thermal gradients,
electromagnetic fields, and mechanical vibrations, each
characterized by distinct power density ranges depending
on environmental conditions and device configuration (Ta-
ble 2). Photovoltaic systems generally provide the highest
power densities, reaching tens to hundreds of mW/cm’ un-
der direct sunlight and several mW/cm® under indoor illu-
mination. Thermoelectric generators typically operate with-
in the range of approximately 10-1000 uW/cm* depending
on the available temperature gradient, whereas electro-
magnetic and electrostatic vibration harvesters commonly
generate power densities on the order of 1-1000 pW/cm’
under resonant mechanical excitation. Piezoelectric en-
ergy harvesting systems, in contrast, generally produce
power densities ranging from several to tens of pW/cm’
depending on excitation frequency, strain amplitude, and
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Table 1. Representative developments in ceramic—polymer piezoelectric composites for energy harvesting. Following abbreviations
are used: PZT — lead zirconate titanate, PZT5A4 — soft lead zirconate titanate, PDMS — polydimethylsiloxane, PZN — lead zinc niobate,
KNN — potassium sodium niobate, Ba,, ;Sr, ;TiO, — barium strontium titanate, BNT — bismuth sodium titanate, PVDF-TrFE — poly(vi-
nylidene fluoride-trifluoroethylene), CNTs — carbon nanotubes. Based on Refs. [2-7].

]
Year | Architecture / Ceramic phase | Polymer matrix |Fabrication method |Key performance |Notable
Connectivity metrics contribution
PZT

ICFEIN 03 particulate PVDF Conventional mixing d,, ~40-70 pC/N First systematic

composite & hot pressing connectivity model
(Newnham
connectivity theory)
ICLHEN 1-3 fiber composite PZT Epoxy Dice-and-fill k,>0.4;d,;upto Reduced
300 pC/N clamping, improved
electromechanical
coupling
()8 3-3 interconnected PZT Polymer Injection/infiltration Enhanced stress ~ Continuous ceramic
composite infiltration transfer vs 0-3 pathways for
improved coupling
P(JBEN Di-clectrophoresis PZT5A4 Polyurethane Dielectrophoretic ~ 10% energy den- Field-assisted
aligned structured alignment sity improvement alignment enhances
composite (DEP) stress transfer
PIUEIN 3D foam-templated PZT PDMS PU template 85 V under 8% Cellular skeleton ar-
(3-3) (~ 16 vol.%) infiltration + sinter-  compressive strain chitecture improves
ing voltage output
Biomimetic porifera- PZT-based Elastomer Freeze casting / ~ 16x power Nature-inspired
inspired (3-3) templating output increase load distribution
enhances efficiency
PIPJUBN [ce-templated 2—2 PZN-PZT PDMS Freeze casting Ol T = Exceptional trans-
skeleton 58.213x10"° m*/N duction coefficient
via aligned lamellae
W((P»A8 3D interpenetrating PZT PDMS Camphene-templated 7x d;, Independent stress
phase composite (IP3C) freeze casting improvement transfer from
stiffness ratio
PP Vertically aligned PZT + CNTs PVDF Phase inversion d,, =595 pC/N;  Synergistic
microchannels 66 V; 1.25 uW/mm’ CNT-enhanced
polarization
Layered hybrid Ba,,Sr,,TiO;  PVDF-TrFE RF sputtering + spray > 3% power Interfacial nanolay-
thin-film composite deposition increase er engineering
V(P23 | cad-free KNN/BNT-  Elastomer 3D printing / freeze  Comparable to Toward environ-
hierarchical composite  based casting PZT-based at mentally sustain-

moderate loading able systems

Table 2. Typical power density ranges of major ambient energy harvesting sources.

Energy source Typical power density Key characteristics Representative applications

Solar (photovoltaic) 10-100 mW/cm® (sunlight) ~ Highest energy density but Outdoor sensors, portable electronics
dependent on illumination

Eemems ]
10-1000 pW/cm’ Requires temperature gradient  Industrial monitoring, waste heat
recovery

10-1000 pW/cm’ Effective at higher frequencies = Machinery monitoring

1-100 pW/cm® MEMS-compatible systems Microelectronics

1-100 pW/cm’ High efficiency under mechani- Wearables, SHM sensors, biomedical
cal excitation devices

material configuration. Although their absolute power These conditions are particularly relevant for distributed

output may be lower than that of photovoltaic systems, sensor networks, wearable electronics, structural health

piezoelectric harvesters offer a decisive advantage in en- monitoring systems, and implantable biomedical devic-

vironments where mechanical vibrations, cyclic stresses, es. Consequently, the development of high-performance

or biomechanical motions are continuously available. piezoelectric materials capable of efficiently converting
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low-frequency mechanical energy into electrical power
has become an important research focus, with ceramic—
polymer hybrid composites emerging as a promising solu-
tion that combines high polarization activity with mechan-
ical flexibility.

Ceramic piezoelectrics such as PZT, potassium
sodium niobate (KNN), and modified bismuth sodi-
um titanate (BNT) exhibit high piezoelectric coeffi-
cients (d,, > 200 pC/N) and strong dielectric permittivi-
ty (g, > 1000) conducive to high energy conversion metrics.
However, their intrinsic brittleness and high elastic modu-
lus (~ 50-100 GPa) impede integration in flexible or me-
chanically dynamic systems, leading to premature fracture
under cyclic loading [8]. Conversely, piezoelectric poly-
mers—notably polyvinylidene fluoride (PVDF) and its co-
polymers (e.g., polyvinylidene fluoride-trifluoroethylene,
PVDEF-TrFE)—offer high mechanical flexibility (Young’s
modulus ~ 1-3 GPa), low acoustic impedance, and facile
processing [9]. Although, their piezoelectric coefficients
are comparatively modest (d;, ~—20 to —30 pC/N) with
lower dielectric constants (~10—12), constraining harvest-
ed power output [10]. These complementary material attri-
butes underpin the emergence of ceramic—polymer piezo-
electric composites, designed to synergistically integrate
high polarization activity with mechanical compliance.

Early composite architectures relied heavily on partic-
ulate dispersions (0—3 connectivity), where ceramic par-
ticles are embedded within a polymer matrix achieving
volume fractions up to ~ 50 vol.% but suffering limited
stress transfer due to discontinuous ceramic pathways [3].
These systems generally demonstrated modest piezoelec-
tric performance enhancement (d;;, ~40-70 pC/N) rela-
tive to neat PVDF owing to poor interphase coupling [11].
Recognizing these limitations, researchers advanced
structured connectivities such as 1-3, 0-3, and 3-3 sys-
tems, wherein continuous ceramic fibers, lamellae, or
interconnected networks promote more efficient stress
transfer and polarization alignment [12]. For instance,
1-3 composites fabricated via dice-and-fill techniques
exhibited up to 2x improvement in electromechanical
coupling (k,> 0.4) compared to random composites at
similar ceramic loadings, attributed to reduced mechan-
ical clamping effects and continuous load paths [13].
Beyond connectivity, advanced structuring strategies
have demonstrated significant performance gains. Freeze
casting produces lamellar, aligned ceramic frameworks
with controlled porosity, yielding enhanced d,, and g,
coefficients through improved stress distribution and
connectivity. Template-assisted infiltration and dielectro-
phoretic alignment create oriented ceramic phases within
polymer matrices, further optimizing mechanical integrity
and phase continuity. Additive manufacturing (e.g., direct
ink writing) has recently enabled multimaterial scaffolds
with architected porosity and graded phase distributions,

reported to improve harvested power densities by > 50%
relative to conventional composites. Interfacial engineer-
ing via functional coupling agents or core—shell archi-
tectures has emerged as critical for enhancing interphase
adhesion, reducing dielectric loss, and stabilizing ferro-
electric domains under cyclic loading [14]. Despite these
advances, key challenges remain. Long-term polarization
stability under mechanical fatigue, interfacial debonding,
dielectric losses inherent to multiphase systems, and the
transition toward environmentally benign, lead-free ce-
ramics (e.g., KNN, BNT modified systems) persist as bar-
riers to commercialization. Moreover, unifying effective
medium theories with multiphysics models to accurately
predict performance across frequency, strain amplitude,
and temperature remains an active research focus [15].
This review systematically examines the interplay of ar-
chitectural design, phase connectivity, and interfacial en-
gineering in ceramic—polymer piezoelectric composites,
elucidating structure—property—performance relationships
critical to advancing high-efficiency mechanical energy
harvesters stable under real-world conditions.

2. MATERIAL SELECTION AND HYBRID
COMPOSITE DESIGN

The performance of ceramic—polymer hybrid piezoelectric
composites is governed by a multidimensional interplay
between intrinsic material properties, interfacial polar-
ization phenomena, connectivity architecture, and elec-
tromechanical coupling efficiency. Beyond simple phase
combination, optimized hybrid systems require deliberate
selection of matrix chemistry, ceramic filler characteris-
tics, volume fraction, morphology, and interfacial engi-
neering strategies to maximize the piezoelectric voltage
coefficient (g,), charge coefficient (d,;), dielectric permit-
tivity (&,), and mechanical compliance simultaneously.

2.1. Polymer matrix selection and functional
optimization

The polymer matrix serves multiple roles: mechanical
compliance provider, dielectric medium, stress-transfer
bridge, and polarization stabilizer. Among electroactive
polymers, polyvinylidene fluoride (PVDF) remains the
benchmark material due to its intrinsic ferroelectricity
and relatively high piezoelectric coefficient for an organic
system in B-phase-rich films (d;; =20-30 pC/N). PVDF
crystallizes into five polymorphs (a, B, v, 0, €), with the
all-trans B-phase being responsible for its highest sponta-
neous polarization [16]. Enhancement strategies reported
in recent literature include:

» mechanical stretching to induce chain alignment;

* electrical poling under high fields;

* electrospinning-induced molecular orientation;
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* incorporation of nucleating nanofillers;
* solvent engineering and controlled crystallization
kinetics.

Phase-engineered PVDF systems have demonstrat-
ed significant improvements in dielectric constant and
remnant polarization, thereby increasing energy density
(U oc eE* /2) [17].

Copolymer systems such as polyvinylidene fluo-
ride-trifluoroethylene (PVDF-TrFE) offer superior ferro-
electric ordering and reduced coercive field compared to
PVDF homopolymer. The presence of TrFE units stabilizes
the B-phase without requiring extensive post-processing.
Thin-film PVDF-TrFE-based composites have demon-
strated enhanced electromechanical coupling under low
poling fields, which is advantageous for flexible and wear-
able energy harvesting systems [18]. Similarly, poly(vi-
nylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)
copolymers introduce improved mechanical flexibility
and toughness due to reduced crystallinity, while main-
taining adequate dielectric response. Their lower modulus
improves strain transfer from ambient vibrations, increas-
ing the effective stress experienced by embedded ceramic
phases [19].

Polyamides, with nylon being the most used, exhib-
it significant piezoelectric response among ferroelectric
polymers. Notably, nylon stands out among piezoelectric
polymers as a well-established material in the industry,
having been used in clothing since the 1940s. The rev-
elation of polyamides’ piezoelectric properties occurred
in 1969 by Kawai etal. [20]. Further exploration by
Scheinbeim and Newman, particularly in odd-numbered
nylons, uncovered enhanced piezoelectric properties due
to the unique arrangement of amide groups, whereas in
even-numbered polyamides dipole moments cancel each
other out [21,22]. Nylon thus enables the development of
piezoelectric fabrics. These fabrics can harness electric en-
ergy from movement, offering a sustainable power source
for small electronic devices [23]. Nylon fabrics also find
application in pressure sensing. However, challenges in-
clude the need for the 6-phase for piezoelectricity, which
is not achieved through conventional fabrication methods
like melt extrusion, and their hydrophilic nature, with wa-
ter adsorption affecting their piezoelectric properties [24].

Among bio-based polymers, one polymer that has
awakened strong interest is poly-L-lactic acid (PLLA),
after reports of piezoelectricity without the need of pol-
ing [25]. This is an optically active polymer proposed for
biomedical applications due to its ability to be resorbed
and absorbed in the human body [26]. Piezoelectric re-
sponse in PLLA is achieved when crystallites become ori-
ented during fabrication process, most typically by cold
drawing, associated with the polarity induced by carbonyl
groups. This avoids the need of a further poling treatment,
unlike PVDF and polyamides, simplifying the manufac-

turing of polymer-based piezoelectric devices. Indeed, ap-
plications in sensing and energy harvesting have already
been proposed based on PLLA. Nonetheless, its piczo-
electric coefficients (d,, ~10 pC/N), as other alternative
polymers considered so far, are lower than best PVDF-
based copolymers [27].

Piezoelectricity has been also observed in amorphous
polymers, in which the absence of crystalline phases
means that polarization is achieved as molecular dipoles
become locked in place. Some of the most commonly used
amorphous polymers are polyimide, polyvinylidene chlo-
ride (PVDC), and polyarylene ether nitrile (PAEN) [4].

Polyimides are characterized by exceptional thermal,
mechanical and dielectric properties [28]. While PVDF
exhibits superior piezoelectric characteristics, polyimid-
es surpass PVDF in applications involving higher tem-
peratures, maintaining their piezoelectric performance
up to 150 °C compared to PVDF’s degradation beyond
70-80 °C [29]. As amorphous polymers with a high glass
transition temperature, polyimides employ a distinct
piezoelectric mechanism from semi-crystalline polymers.
The poling process involves subjecting the material to a
high electric field at an elevated temperature to align the
dipoles, followed by cooling below the glass temperature
while maintaining the electric field [30]. This process
aims to retain a partially polarized state at lower tem-
peratures, making polyimides suitable for microelectro-
mechanical systems (MEMS) devices, high-temperature
tactile sensors and pyroelectric sensors, where PVDF and
fluoropolymers lack stability [31]. Polyimides also find
application in piezoelectric nanogenerators (PENG) for
electronic skins or biomedical devices [28].

Recent studies emphasize that polymer dielectric
constant critically influences the composite voltage out-
put. Lower permittivity matrices enhance g, (since
g, = dy;/ &), which is particularly important for vibra-
tion-based energy harvesters [32]. Therefore, matrix selec-
tion must balance dielectric screening effects and electro-
mechanical conversion efficiency. Emerging elastomeric
matrices such as polydimethylsiloxane (PDMS) have also
been explored in architected 3—3 systems. Although in-
trinsically non-piezoelectric, their ultra-low modulus
enhances mechanical amplification of ceramic skeleton
deformation, substantially improving voltage output in
structurally engineered composites [33]. Figure 1 shows a
graded comparison of different polymer matrices used in
composite piezoelectric structures.

To facilitate comparison among commonly used poly-
mer matrices in ceramic—polymer piezoelectric compos-
ites, Table 3 summarizes their key dielectric, mechanical,
and processing characteristics. Polymer matrices play a
critical role in determining the flexibility, dielectric re-
sponse, and interfacial compatibility of the composite
system. Materials such as epoxy provide excellent struc-
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Polyimides

PVDF-HFP
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High temperature
stability, poling

Low required

Industrial use, poling
required, hydrophilic

EE

Improved flexibility,
adequate dielectric
response High

aE)

PLLA PVDF P(VDF-TrFE)
Piezoelectric without Benchmark, Superior
poling, biodegradable ferroelectric, poling ferroelectric

required ordering, reduced

poling

Made with % Napkin

Fig. 1. Polymer matrices ranked by piezoelectric response and temperature stability.

Table 3. Key properties of commonly used polymer matrices for ceramic—polymer piezoelectric composites.

Dielec

Polymer matrix

Epoxy 34

i i Young’s Typical processing | Key advantages Limitations
cons ) | modulus (GPa) | method
2-3

Casting, lamination, Excellent mechanical strength, Relatively brittle,

hot curing good adhesion to ceramic fill-  limited flexibility
ers, dimensional stability
2.5-3 0.001-0.003 Soft lithography, High flexibility, stretchability, Low dielectric
molding suitable for wearable devices  constant, weak
mechanical stiffness
812 3-3.5 Solution casting, Intrinsic piezoelectricity, good Requires B-phase
electrospinning chemical resistance control for optimal
performance
PVDF-TrFE 10-14 2-2.8 Spin coating, solvent Strong ferroelectric and piezo- Higher cost and
casting electric response processing sensitivity
Polyimide (PI) 34 2.5-5.6 Thermal imidization, Excellent thermal stability and More complex
film processing mechanical strength processing
Polyurethane (PU) |RES 0.01-0.1 Solution casting, High elasticity and durability = Lower thermal stability

extrusion

tural rigidity and filler adhesion, while elastomeric matri-
ces like PDMS and polyurethane offer superior flexibility
suitable for wearable and deformable energy harvesting
devices. Ferroelectric polymers including PVDF and its
copolymers further contribute intrinsic piezoelectric ac-
tivity, which can enhance the overall electromechanical
response of the composite.

2.2. Ceramic filler selection, morphology control, and
polarization efficiency

Ceramic inclusions constitute the primary active phase
governing the intrinsic piezoelectric response of ceram-
ic—polymer composites. Their crystallographic structure,
spontaneous polarization, domain-wall mobility, and
phase stability directly determine the achievable piezo-
electric coefficients (d,;, g;;), electromechanical coupling
factors, and dielectric permittivity of the overall system.

Consequently, the selection of an appropriate ceramic
phase requires a multidimensional optimization that bal-
ances functional performance with practical constraints.
Key trade-offs arise among (I) piezoelectric activ-
ity and dielectric constant, which influence charge gen-
eration and voltage output; (II) Curie temperature and
thermal stability, which define the operational window;
(III) environmental compliance, particularly in the case
of lead-containing systems; (IV) processability, including
sintering temperature, particle size control, and compat-
ibility with low-temperature polymer processing routes;
and (V) interfacial compatibility with the polymer matrix,
which governs stress transfer efficiency and dielectric
loss [34]. High-permittivity ceramics can enhance charge
density but may also reduce voltage sensitivity (g;;) in
composite configurations, while high ceramic loading im-
proves electromechanical coupling yet increases stiffness
and brittleness. Therefore, rational ceramic selection is
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Ferroelectric
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Lead Zirconate
Titanate (PZT)
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ferroelectric
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for high-
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piezoelectric
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through domain
engineering.

applications.

Made with Z Napkin

Fig. 2. Most well-known piezoelectric ceramic materials.

not solely based on intrinsic bulk properties but must also
consider composite architecture, volume fraction, parti-
cle morphology, and interfacial engineering to achieve a
targeted balance between energy conversion efficiency,
mechanical flexibility, and long-term reliability [35]. Fig-
ure 2 is a comparison of three common examples of ce-
ramic reinforcement phases in piezoelectric composites.

2.2.1. Barium titanate (BaTiO,)

Barium titanate (BaTiO,) was the first perovskite-struc-
tured ferroelectric material identified during World War
II and initially attracted attention due to its high dielec-
tric constant. Although its early applications were pri-
marily dielectric rather than piezoelectric, substantial
improvements in piezoelectric performance have been
achieved through domain engineering and composition-
al modification, particularly via grain-size refinement
and A/B-site substitutions [36]. For example, hydrother-
mally synthesized BaTiO, with controlled grain sizes of
1-2 um has demonstrated d,; values up to ~460 pC/N,
while Ca, Zr co-doped BaTiO, compositions have re-
ported coefficients exceeding 600 pC/N, approaching
those of soft PZT systems [37]. Nevertheless, the rela-
tively low Curie temperature of BaTiO, restricts its op-
erational temperature window, which may limit its use in
high-temperature environments. In bulk tetragonal form,
undoped BaTiO, typically exhibits moderate piezoelectric
activity (d;; = 60—-70 pC/N), yet at the nanoscale it shows
pronounced size-dependent ferroelectricity; particle sizes
in the range of 50-200 nm can preserve domain mobil-
ity while enabling improved dispersion in polymer ma-
trices [38]. When incorporated into PVDF-based compos-

ites, BaTiO, significantly enhances dielectric permittivity
and polarization under mechanical excitation. However,
excessive ceramic loading (> 40 volio%) often results in
agglomeration, increased brittleness, reduced flexibility,
and interfacial charge trapping, thereby diminishing ef-
fective electromechanical conversion. To overcome these
limitations, surface functionalization strategies—such as
silane coupling agents or dopamine coatings—are widely
employed to improve interfacial adhesion, stress transfer
efficiency, and effective d;, [39].

Beyond BaTiO,, Bi-containing perovskites have
emerged as a major class of lead-free alternatives. The pres-
ence of highly polarizable Bi’* cations with stereochemical-
ly active lone-pair electrons at the A-site enhances lattice
distortion and polarizability, promoting strong electrome-
chanical responses [40]. In particular, Bi,Na, , TiO,-based
systems have demonstrated large strain responses and ap-
parent piezoelectric coefficients exceeding 500 pC/N, of-
ten associated with field-induced phase transitions rather
than purely intrinsic piezoelectric effects [41]. Similarly,
BiFeO,-based ceramics show enhanced d,, values due to
electric-field-driven ordering of nanoscale domain struc-
tures. Importantly, Bi-containing perovskites exhibit fa-
vorable down-scaling behavior compared with many other
lead-free systems, making them particularly attractive for
miniaturized piezoelectric devices in microelectronic and
energy harvesting applications [42].

2.2.2. Zinc oxide (ZnO)

Zinc oxide (ZnO) is a multifunctional piezoelectric semi-
conductor characterized by its non-centrosymmetric
wurtzite crystal structure, which gives rise to intrinsic
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Fig. 3. Polarization mechanisms in dielectric and piezoelectric materials. Three-dimensional schematic illustration of four polarization
mechanisms under an applied electric field E. (A) Electronic polarization results from the displacement of the electron cloud relative
to the nucleus. (B) lonic polarization arises from the relative displacement of positive and negative ions in the lattice. (C) Dipolar
polarization occurs when permanent dipoles align with the electric field. (D) Interfacial polarization, also known as Maxwell-Wagner—
Sillars (MWS) polarization, is caused by charge accumulation at interfaces between phases with different electrical properties and is
particularly important in ceramic—polymer piezoelectric composites. Generated by the authors using Bio-Render”.

polarization along the c-axis. When engineered at the na-
noscale, ZnO exhibits significantly enhanced electrome-
chanical performance compared to its bulk counterpart.
Nanorods and nanowires—typically with diameters in
the range of 20100 nm—can sustain higher elastic strain
without fracture, leading to improved energy conversion
efficiency, particularly under low-frequency mechanical
excitation [43]. The effective piezoelectric constant is
strongly dependent on morphology, aspect ratio, and crys-
tallographic alignment; vertically aligned ZnO nanowires
grown via vapor-liquid—solid (VLS) methods demon-
strate higher effective piezoelectric coefficients than bulk
ZnO due to reduced internal clamping and enhanced po-
larization along the growth direction [44].

In polymer-based composites (e.g., ZnO/PVDF sys-
tems), high-aspect-ratio nanostructures promote efficient
stress transfer and interfacial polarization, while also intro-
ducing semiconducting functionality and biocompatibili-
ty—features advantageous for wearable and biomedical
self-powered devices. Optimized and electrically aligned
ZnO/PVDF composites have reported d;; values exceed-
ing ~ 60 pC/N [45]. Furthermore, dielectric enhancement

in such systems often surpasses classical rule-of-mix-
tures predictions due to interfacial Maxwell-Wagner—
Sillars (MWS) polarization effects (Figure 3). Beyond
piezoelectricity, ZnO fillers can impart photocatalytic ac-
tivity, broadening functional integration potential. Repre-
sentative demonstrations include ZnO nanorods grown on
conductive textiles generating output voltages up to 1.8 V
under mechanical excitation (~ 26 Hz), sufficient to pow-
er low-energy electronic components such as LCD dis-
plays [46]. Collectively, the synergy between nanoscale
architecture, crystallographic orientation control, and in-
terfacial engineering underpins the high performance of
ZnO-based piezoelectric composites in next-generation
energy harvesting systems.

2.2.3. Lead zirconate titanate (PZT)

Lead zirconate titanate (PZT) was first introduced in the
early 1950s at the Tokyo Institute of Technology and re-
mains the benchmark ferroelectric perovskite ceramic
for high-performance piezoelectric applications [47]. Its
outstanding electromechanical response (bulk 4., typical-
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ly exceeding 300-500 pC/N, depending on composition
and poling conditions) is fundamentally attributed to the
presence of a monoclinic C,, phase at the morphotropic
phase boundary (MPB) between the rhombohedral and
tetragonal polymorphs, which enables polarization rota-
tion and enhanced domain mobility [48]. In addition to
its high piezoelectric coefficients and strong electrome-
chanical coupling, PZT exhibits a relatively high Curie
temperature (~ 350 °C), environmental stability, and
broad technological applicability ranging from aerospace
systems to precision microscopy [49]. Nevertheless, in-
trinsic ceramic brittleness and the presence of toxic lead
remain critical limitations, particularly under increasing-
ly stringent environmental regulations. To address these
constraints while preserving performance, extensive
research has focused on PZT-based composites, where
nanoparticle-filled PZT/polymer systems have achieved
d; values approaching 90-100 pC/N at optimized ceram-
ic loadings [50]. More recently, architecture connectivity
designs—such as 1-3 and 3-3 composites and freeze-
cast ceramic skeletons—have further improved energy
harvesting efficiency by minimizing mechanical clamp-
ing, enhancing stress transfer pathways, and enabling
controlled phase continuity [13,51]. In these engineered
systems, the overall electromechanical performance aris-
es from the synergistic interplay between intrinsic crys-
tallographic phase behavior and mesoscale structural ar-
chitecture [52].

Other ceramic fillers also used in polymer composites
are aluminum nitride (AIN) or lithium niobate (LiNbO,),
among others [53,54]. The combination of ceramic fillers
with piezoelectric polymers results in composites with
improved thermal and electrical properties while retain-
ing excellent mechanical characteristics. The size of ce-
ramic particles allows the production of micro or nano-
composites tailored for specific applications. Processing
conditions influence morphology and properties, with
printing technologies enabling cost-effective produc-

tion of large-area composite materials. Magnetoelectric
composites, formed by blending piezoelectric polymers,
such as PVDF and copolymers, with magnetic fillers like
Zn,,Mn, Fe,O, (ZMFO) or CoFe,O, (CFO), seamless-
ly integrate piezoelectric and magnetostrictive features.
Also, the search of environmentally-friendly alternatives
free of toxic elements like Ni and Co is playing an im-
portant role, ideally biocompatible. This dynamic synergy
enables the manipulation of electrical polarization through
magnetic fields and vice versa, resulting in a powerful
magnetoelectric response. Ongoing research explores di-
verse applications for these composites, ranging from sen-
sors, data memories, and energy collectors to biomedical
devices, promising innovative solutions across various
domains [55].

Ceramic fillers are the primary contributors to the
intrinsic piezoelectric activity of ceramic—polymer com-
posites. Their selection significantly influences the elec-
tromechanical coupling efficiency, dielectric response,
and operational stability of the final composite material.
Table 4 summarizes the key properties of representative
piezoelectric ceramics commonly employed as fillers
in hybrid composites. Among them, lead zirconate ti-
tanate (PZT) remains the benchmark material due to its
exceptionally high piezoelectric coefficients and electro-
mechanical coupling factors. However, increasing envi-
ronmental concerns related to lead content have stimulated
intensive research on lead-free alternatives such as barium
titanate (BaTiO;) and potassium sodium niobate (KNN).
In addition, wide-bandgap materials including zinc ox-
ide (ZnO) and aluminum nitride (AIN) have gained atten-
tion for micro- and nano-scale energy harvesting devices
because of their excellent compatibility with thin-film
processing and microfabrication technologies. Conse-
quently, the choice of ceramic filler typically involves a
balance between piezoelectric performance, environmen-
tal considerations, process compatibility, and mechanical
integration within the polymer matrix.

Table 4. Key properties of representative ceramic fillers used in ceramic—polymer piezoelectric composites.

Ceramic | Crystal structure | Piezoelectric Dielectric con- | Curie temperature | Key advantages in composites
filler coefficient d;; (pC/N) | stant (e.) (°O)

- Perovskite 300600 3001200
Perovskite 100-200 12001700
- Perovskite 80160 300-500
Wartzite 10-15 8-10
- Wurtzite 4-6 8-10

~350 Very high piezoelectric response and
electromechanical coupling

~120 Lead-free, good dielectric properties,
widely studied

~420 Environmentally friendly lead-free
alternative

non-ferroelectric Easy nanostructure growth, compati-
ble with flexible devices

> 1000 Excellent thermal stability and com-
patibility with MEMS fabrication
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3. COMPOSITE ARCHITECTURES AND
PIEZOELECTRIC PERFORMANCE

3.1. Connectivity patterns

The piezoelectric performance of ceramic—polymer com-
posites is fundamentally governed by phase connectivity,
a concept first formalized in composite electromechanics
theory to describe how active and passive phases interact
mechanically and electrically. Connectivity determines
stress transfer efficiency, electric field distribution, polar-
ization continuity, dielectric response, and ultimately the
effective electromechanical coupling factors of the com-
posite system. In this article, we will examine the three
most common design structures of piezoelectric compos-
ites (Figure 4).

In a 0-3 connectivity composite, discrete piezoelec-
tric ceramic particles are randomly dispersed within a
continuous polymer matrix (e.g., PZT particles embedded
in PVDF). This architecture is synthetically simple and
mechanically flexible, making it attractive for wearable
and low-modulus energy harvesters. However, because
the ceramic inclusions are electrically and mechanically
isolated, polarization continuity is interrupted and strain
transfer is inefficient. The effective piezoelectric response
is therefore strongly attenuated relative to bulk ceram-
ics [3]. Experimental studies consistently report effective
d,, values in the range of 50-150 pC/N for optimized 0-3
PZT/PVDF systems at moderate filler loadings, with per-
formance strongly dependent on particle dispersion and
interfacial bonding [56]. The response is typically lim-
ited by dielectric screening, interfacial charge trapping,
and mechanical clamping imposed by the polymer ma-
trix (Figure 5, top left).

3-3 Connectivity

Interpenetrating three-
dimensicnal networks
of ceramic and polymer.

In contrast, 1-3 connectivity composites consist of
continuous piezoelectric ceramic fibers or pillars embedded
within a polymer matrix. A widely adopted fabrication route
is the “dice-and-fill” technique, which creates a periodic ar-
ray of vertically aligned ceramic rods subsequently infiltrat-
ed with polymer. This geometry establishes a continuous
pathway for stress and polarization along the poling direc-
tion, significantly enhancing electromechanical conver-
sion (Figure 5, top mid) [13]. Extensive experimental inves-
tigations demonstrate that 1-3 PZT/epoxy composites can
achieve effective d;; values in the range of 300-500 pC/N,
approaching bulk PZT ceramics (d,, = 300-700 pC/N de-
pending on composition and poling conditions). Moreover,
thickness coupling factors (k,) up to ~ 0.65-0.70 have been
reported at ceramic volume fractions below 30%, exceed-
ing those of many monolithic PZT ceramics (k, = 0.45—
0.55) [60]. Finite element simulations confirm that stress is
preferentially concentrated within the ceramic pillars while
the polymer phase reduces lateral clamping, thereby en-
hancing effective longitudinal polarization.

An additional advantage of 1-3 composites is their re-
duced acoustic impedance relative to bulk ceramics, im-
proving impedance matching to soft media such as water
and biological tissue. This property has driven widespread
adoption in ultrasonic transducers, hydrophones, and
medical imaging systems [61].

Another important architecture is 3—3 connectivity,
in which both ceramic and polymer phases form contin-
uous, interpenetrating three-dimensional networks. Such
structures are often produced by fabricating a porous ce-
ramic scaffold (e.g., via freeze casting or partial sintering)
followed by polymer infiltration [62]. In 33 systems, the
ceramic phase provides continuous polarization pathways
while the polymer network contributes mechanical tough-

0-3 Connectivity

Discrete ceramic
particles dispersed in a
continuous polymer
matrix.

1-3 Connectivity

Continuous ceramic fibers or pillars
embedded in a polymer matrix.

Fig. 4. Composites design systems.
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0-3 Connectivity Composite 1-3 Connectivity Composite 3-3 Connectivity Composite
; Ceramic Fibers
Polymer Matrix 4
(Continuous Phase) N (I Sonnsativity) hW
Ceramic Network
(3D Connectivity)
Polymer Network
(3D Connectivity)|
A
Ceramic Particles "
g s Polymer Matrix
(Piezoelectric Phase) 10 ym (3D Connectivity) 100 ym

WD11.5mm 25.0kV x1.5k  30um

Fig. 5. Various architectural design systems for structural composites: (top left) 0-3, (top middle) 1-3 and (top right) 3—3 (generated by
the authors using Bio-Render”). SEM micrographs: (bottom left) potassium—sodium niobate (KNN) piezoelectric ceramic with photo-
polymer resin “high-temperature V2 matrix in a 0-3 composite structure [57], (bottom middle) PDMS microhole arrays (cross-sec-
tional and top views) replicated from the silicon micropillar master molds in a 1-3 composite structure [58] and (bottom right) PVDF
nanofiber mesh with dispersed BaTiO, nanoparticles in a 3—3 composite design system [59]. Adapted from Refs. [57-59] under the
terms of CC BY 4.0 license, © 2022 Mitkus et al., © 2020 Kashaninejad et al., © 2022 Magnani et al.

ness and flexibility. These composites exhibit improved
strain accommodation and reduced brittleness compared
to bulk ceramics. However, the complex multidirection-
al connectivity can reduce effective poling efficiency and
increase dielectric heterogeneity, often leading to lower
coupling factors compared with optimized 1-3 systems.
Reported d,, values for 3-3 PZT/polymer composites
typically range between 150-350 pC/N depending on
ceramic fraction and scaffold morphology. Other con-
nectivity types (2-2 laminar structures, 3-0 fully dense
ceramic frameworks with isolated polymer inclusions,
and emerging hybrid architectures) have been explored in
modern energy applications; however, 0-3, 1-3, and 3-3
remain the dominant configurations in energy harvesting
research (Figure 5, top right) [63].

3.2. Impact of connectivity on piezoelectric
coefficients

Connectivity directly influences the effective piezoelec-
tric coefficients (d,;, d;,), electromechanical coupling fac-
tors (ky3, k,), dielectric permittivity, and mechanical qual-
ity factor (Q,). Experimental comparisons consistently
demonstrate that 1-3 composites outperform 0-3 systems
in both longitudinal and transverse piezoelectric coef-

ficients. For instance, a well-optimized 1-3 PZT/epoxy
composite may exhibit:
* d,; =450-500 pC/N;
d,, =—150 to —250 pC/N.
In contrast, typical 0-3 PZT/PVDF composites report:
s d,;=80-150 pC/N;
e d, =-50to—-120 pC/N.

The superior performance of 1-3 systems arises from
efficient axial strain transfer: deformation of the polymer
matrix directly loads the continuous ceramic fibers along
the poling direction, maximizing dipole reorientation
and charge generation. In 0-3 systems, stress transfer is
localized at particle-matrix interfaces, and internal elec-
tric field distribution is non-uniform, limiting effective
polarization [60].

Mechanical —quality factor (Q,) and dielectric
loss (tan 6) are also strongly architecture-dependent.
1-3 composites frequently exhibit higher O and lower
dielectric loss compared to 0-3 systems due to reduced
interfacial polarization losses and better-defined domain
alignment. These properties are particularly advantageous
for resonant energy harvesting applications, where me-
chanical damping directly affects power density.

Nevertheless, trade-offs exist. Achieving high cou-
pling in 1-3 composites often requires ceramic volume
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Table 5. Comparison of (0-3), (1-3), and (3-3) ceramic—polymer composite architectures in terms of piezoelectric coefficients, cou-

pling performance, and mechanical characteristics.

0-3 Ceramic particles in ~100-150
polymer matrix
Ceramic fibers in ~ 500

Interpenetrating ceramic— ~ 200-300
polymer network

13

fractions exceeding 40-60%, which reduces overall flex-
ibility and increases fabrication complexity. In contrast,
0-3 composites maintain excellent mechanical com-
pliance at low filler loadings (<30 vol.%) but sacrifice
piezoelectric output [13]. Thus, architecture selection
must be application-driven:
» flexible wearable nanogenerators — typically fa-
vor 0-3 systems;
e ultrasonic and high-sensitivity transducers — fa-
vor 1-3 systems;
* mechanically robust multifunctional structures —
explore 3-3 systems.

3.3. Enhanced piezoelectric coefficients via
architectural optimization

Beyond classical connectivity definitions, recent studies
demonstrate that geometric optimization within a given
connectivity type can dramatically enhance performance.
In 1-3 systems, parameters such as pillar aspect ratio, pil-
lar spacing, diameter, and polymer modulus strongly in-
fluence effective coupling.

Modified 1-3 architectures with optimized pillar ge-
ometry and reduced lateral clamping have reported d,,
values exceeding 700 pC/N under controlled conditions.
Improvements are attributed to:

» enhanced poling uniformity;

¢ reduced transverse constraint;

» optimized electric field distribution;
» improved interfacial adhesion.

Finite element modeling confirms that increasing fi-
ber aspect ratio enhances k,, up to a critical limit, beyond
which mechanical instability (fiber buckling or fracture)
degrades performance.

Emerging hybrid architectures—including graded
1-3+3 systems, partially connected ceramic networks,
and bioinspired hierarchical scaffolds—have shown po-
tential for further improving energy conversion efficiency
while maintaining mechanical durability. Although still
under development, such designs aim to decouple ceramic
volume fraction from flexibility constraints, a longstand-
ing limitation of conventional 1-3 composites.

Composite type Typical d;, (pC/N)

Typical d;, (pC/N) | Coupling factor £, Flexibility

~—100 to —150 Low (= 0.2-0.3) Very high
(flexible)
~-200 High (= 0.6-0.7) Moderate
(stiff fibers)
~-100 Moderate (= 0.3-0.5) High (moderate
stiffness)

The comparative data summarized in Table 5 highlight
the strong dependence of effective piezoelectric perfor-
mance on connectivity architecture, underscoring the ne-
cessity of structural design optimization alongside mate-
rial selection.

It should be emphasized that although 1-3 connectivity
architectures are capable of delivering near-ceramic-level
piezoelectric coefficients and high electromechanical cou-
pling, their performance is highly sensitive to geometric
and compositional optimization. Fiber (pillar) diameter,
aspect ratio, spacing, and volume fraction must be care-
fully engineered to minimize lateral clamping, ensure
uniform poling, and prevent mechanical instability. Exces-
sive ceramic loading—while beneficial for increasing d;,
and kj;—can significantly reduce composite compliance,
elevate acoustic impedance, and promote brittleness or
microcrack formation under cyclic loading. Conversely,
insufficient ceramic continuity compromises strain trans-
fer efficiency and polarization coherence [61]. Therefore,
optimal 1-3 composite design inherently involves balanc-
ing ceramic fraction with mechanical flexibility, dielectric
behavior, and long-term durability. Overall, connectivity
engineering remains a primary structural lever for tailor-
ing ceramic—polymer piezoelectric composites to applica-
tion-specific requirements: 0-3 architectures are well suit-
ed for lightweight and highly flexible devices, 1-3 systems
enable high-sensitivity and high-output transducers, and
3-3 networks provide a compromise between mechanical
robustness and electromechanical activity in multifunc-
tional hybrid structures [13,51]. A summary of the system-
atic comparison of these design models is given in Table 5.

4. ADVANCED DESIGN STRATEGIES FOR
ENHANCED PERFORMANCE

Recent progress in ceramic—polymer hybrid piezoelec-
tric composites clearly demonstrates that architectural
engineering—rather than simple compositional optimiza-
tion—is the dominant factor governing electromechanical
conversion efficiency. Modern design strategies increas-
ingly focus on field distribution control, stress localiza-
tion, interfacial polarization, and domain orientation to
simultaneously enhance piezoelectric output, dielec-
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tric strength, and mechanical robustness. The following
subsections summarize three high-impact structural ap-
proaches supported by recent literature.

4.1. Heterostructured and multilayered architectures

Heterostructured and multilayered configurations repre-
sent a highly effective strategy for decoupling dielectric
permittivity and breakdown strength—two parameters that
are intrinsically coupled in single-phase materials. Recent
studies on multilayer ceramic—polymer composites show
that alternating ferroelectric-rich layers (e.g., BaTiO;-,
PZT-, or KNN-filled PVDF-TrFE) with low-loss polymer
interlayers create strong interfacial polarization (MWS)
effect, resulting in enhanced effective permittivity without
sacrificing electrical reliability (Figure 6) [64].

In particular, heterolayered nanofiber systems com-
bining PVDF-TrFE/BaTiO; composite fibers with con-
ductive interlayers such as graphite nanosheets or reduced
graphene oxide have demonstrated significant power den-
sity enhancement due to three coupled mechanisms [65]:

1. Stress redistribution and concentration at conduc-
tive interfaces, amplifying local strain in the active
ferroelectric domains.

2. Interfacial polarization enhancement, increasing
displacement current under dynamic loading.

3. Internal micro-capacitor effects, improving charge
collection efficiency.

Such multilayered piezocomposites have achieved
power densities exceeding 3 W/m’ under low-frequency
mechanical excitation in optimized configurations. Recent
work in graded multilayer dielectric stacks further shows
that compositional gradients (e.g., progressive ceramic
loading across thickness) suppress local electric field con-
centration and delay dielectric breakdown, enabling high-
er operating voltages [66].

Theoretical modeling confirms that alternating
high-permittivity ceramic-rich layers and mechanical-
ly compliant polymer layers produce a synergistic im-
provement in both dielectric constant (g.) and breakdown
strength (£,), thereby maximizing the energy harvesting
figure of merit:

2
FOM o d;’f : (1)

where d is the piezoelectric coefficient and Y is Young’s
modulus. Multilayer design thus enables independent tun-
ing of stiffness and electrical response—an outcome not
achievable in homogeneous composites [67].

4.2. Three-dimensional hierarchical structures

Three-dimensional (3D) hierarchical architectures pro-
vide a multiscale approach to stress management and

— Nanofiber System

.
Stress Redistribution

Ampeling strain in
redtributic donaing

coductite gamphere
erquetids
fernelectric domains

Conductive Internal Micre-capacitor

\ Effects

compotite fibers Interfacial Polarization

B Conceptual Mechanisms

Amplification

Palarization C  Compositional gradient

Compositional gradient

Fig. 6. Schematic of a functionally graded piezoelectric nano-
composite: (A) multilayer architecture, (B) polarization and
charge-generation mechanisms, and (C) compositional gradient
for enhanced energy-harvesting performance. Generated by the
authors using QuillBot” Image.

charge generation. Electrospun nanofiber scaffolds with
core—shell morphologies are particularly effective: ce-
ramic-rich cores (e.g., BaTiO,, PZT, or ZnO nanowires)
provide strong intrinsic piezoelectric response, while
polymer shells (PVDF, PVDF-TrFE, or PDMS) enhance
mechanical durability and prevent dielectric failure. Hier-
archical porosity within electrospun mats plays a critical
functional role [68]:
* increases mechanical compliance for low-frequen-
cy deformation;
» enhances effective stress transfer to active ceramic
domains;
* improves air permeability and biocompatibility for
wearable systems.

Recent investigations demonstrate that 3D intercon-
nected nanofiber networks increase surface-area-to-vol-
ume ratio and promote dipole alignment during in situ
poling. Furthermore, templated 3D ceramic skeletons
infiltrated with elastomeric polymers create stretchable
composites with enhanced strain tolerance (> 20%) while
preserving significant piezoelectric output [69].

The hierarchical integration of micro-scale ceramic
frameworks with nano-scale fillers introduces dual-scale
stress amplification. Finite element simulations confirm
that hierarchical architectures create localized electric
field intensification zones, thereby improving voltage
output under weak mechanical stimuli typical of human
motion (< 10 Hz). Such structures are especially advan-
tageous in wearable, implantable, and textile-integrated
energy harvesters where mechanical flexibility and high
energy density must coexist [68].
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4.3. Oriented fiber alignment and directional
reinforcement

Directional alignment of dipoles, polymer chains, and
ceramic inclusions is another critical architectural pa-
rameter governing anisotropic piezoelectric response. In
semi-crystalline polymers such as PVDF and PVDF-Tr-
FE, the piezoelectric B-phase (all-trans conformation) is
the primary contributor to electromechanical coupling.
Controlled electrospinning under high electric fields pro-
motes in situ dipole alignment along the fiber axis, in-
creasing B-phase fraction and enhancing d; values beyond
60—-70 pC/N in optimized nanofiber systems [70]. Key en-
hancement mechanisms include:
 electric-field-induced chain orientation during
electrospinning;
* mechanical drawing and post-stretching, trans-
forming non-polar o-phase into -electroactive
B and y phases;
e thermal annealing under constraint, stabilizing
crystalline orientation;
 dielectrophoretic alignment of ceramic nanowires,
creating preferential 1-3 connectivity pathways
within flexible matrices.

Aligned BaTiO, nanowires or PZT microfibers em-
bedded in PVDF matrices have demonstrated significantly
higher longitudinal piezoelectric coefficients compared to
randomly dispersed systems, due to improved stress trans-
fer efficiency and coherent polarization direction [71].

Advanced techniques such as magnetic-field-assisted
alignment, 3D printing with shear-induced orientation,
and electric-field-assisted assembly further enable spatial-
ly programmable anisotropy, allowing device designers

to tailor energy harvesting response to specific loading
modes (bending, compression, torsion) [72].

4.4. Integrated perspective

Collectively, heterostructured multilayers, hierarchical
3D architectures, and directional alignment strategies rep-
resent complementary pathways toward maximizing elec-
tromechanical conversion efficiency in ceramic—polymer
hybrid piezoelectric composites. Rather than relying sole-
ly on increasing ceramic volume fraction—which often
compromises flexibility and reliability—modern architec-
tural engineering focuses on:

* interfacial polarization control;

 stress concentration management;

 dipole orientation optimization;

» multiscale structural synergy.

These strategies define the current frontier of high-per-
formance piezoelectric energy harvesting materials and
provide a rational framework for future development of
lightweight, flexible, and high-output self-powered sys-
tems (Figure 7).

5. MICRO/NANO STRUCTURAL
ENGINEERING

The progressive miniaturization of electronic systems
has positioned micro/nano-piezoelectric energy harvest-
ing (MPEH/NPEH) as a central research direction in the
development of ceramic—polymer hybrid composites for
enhanced energy harvesting. In this framework, micro—
nano structural engineering serves as a key architectural
strategy for optimizing electromechanical coupling and

Enhanced Energy Density
and Reliability

High permittivity with improved
breakdown strength

Heterostructured &
Multilayered
Architectures

Decouples permittivity and
breakdown strength

Anisotropic
Interfacial
Polarization

Directional charge
enhancement

Three-Dimensional
Hierarchical
Structures

Multiscale stress

management and charge
generation

Tailored strain and
polarization

Oriented Fiber Alignment
& Directional
Reinforcement

Anisotropic piezoelectric response

Fig. 7. Synergy in piezoelectric composite design.
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Fig. 8. Schematic structure of (top) d;; mode piezoelectric material operation (a), d;; mode piezoelectric material operation (b), PZT
bimorph series operation (c), PZT bimorph parallel operation (d) [74] and (bottom) schematic drawing of the proposed piezoelectric
MEMS energy harvester operating in the d,, mode for the purpose of scavenging low vibrations [76]. Adapted from Refs. [74,76] under
the terms of CC BY 4.0 license, © 2020 Chilabi et al, © 2022 Zhou et al.

power output. At the microscale, controlled distribution
and connectivity of ceramic phases (e.g., 0-3, 1-3,3-3 ar-
chitectures) regulate stress transfer efficiency, electric
field distribution, and effective piezoelectric coefficients.
Refinement of ceramic inclusions improves domain align-
ment and reduces structural defects, thereby enhancing
intrinsic piezoelectric response. At the nanoscale, high-as-
pect-ratio nanofillers increase interfacial area and inter-
facial polarization (MWS) effect, leading to improved
dielectric permittivity and local field amplification. Na-
noscale confinement also influences domain wall mobility
and dipole orientation, contributing to higher voltage out-
put and power density. Hierarchical micro—nano architec-
tures further promote stress concentration at active sites
while maintaining mechanical flexibility, which is essen-
tial for low-frequency ambient excitation. However, per-
formance gains must be balanced against dielectric loss,
filler agglomeration, percolation effects, and mechanical
embrittlement. Accordingly, precise control of dispersion,
alignment, and interfacial bonding remains critical in the
architectural optimization of hybrid piezoelectric compos-
ites for advanced energy harvesting applications.

5.1. Micro-piezoelectric energy harvesting (MPEH)

MPEH is a device combined with the MEMS technolo-
gy, and this micro-processing technology is integrated
with microsensors, micro-actuators, micro-electron-
ic processing, and control unit structure in the micron
scale (1 pm—1 mm). With the requirement of extremely
low power electrical and MEMS devices, MPEH becomes
more and more attractive. MPEH achieves the objective
of miniaturization, which is always suitable for applying
at high frequency corresponding to the high natural fre-
quency. However, it is difficult to convert vibration energy
into electricity in low-frequency environment. Therefore,
among various structures combined with MEMS, cantile-
ver MPEH has attracted much attention due to its lower
structural stiffness, simple structure, easy to process and
generate strain [73].

Figure 8(top) illustrates the fundamental electrome-
chanical operating configurations of piezoelectric energy
harvesters, including (a) the d,, mode under longitudinal
polarization, (b) the d,, mode under transverse deforma-
tion, and (c—d) the series and parallel electrical connec-
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Fig. 9. (Left) Schematic diagram of (a) 40° tilted view SEM image of perpendicular ZnO NWs arrays grown on ZnO SL/Si (100) sub-
strates at 10 mTorr and (b) deformed ZnO NWs arrays grown on ZnO/SL/Glass/ITO (ZnO nanorods on both silicon and glass-indium tin
oxide) substrates at 5 mTorr [79]. (Right) A schematic diagram of a NW piezoelectric nanogenerator driven by an ultrasonic wave [80].
Adapted from Refs. [79,80] under the terms of CC BY 4.0 license, © 2020 ElZein et al., © 2021 Latif et al.

tions of PZT bimorph structures. These configurations
are implemented in MPEH systems via top—bottom elec-
trodes (TBEs) for d,, mode activation and interdigital
electrodes (IDEs) for effective excitation of the d,; mode,
enabling distinct strain—electric field coupling mecha-
nisms and output characteristics. Notably, the d,; mode
generally exhibits higher electromechanical coupling effi-
ciency due to direct alignment of the electric field with the
applied stress, whereas bimorph configurations in series
and parallel provide design flexibility to tailor voltage and
current output, respectively, for specific energy harvesting
requirements [74].

In 2003, Sood etal. [75] successfully fabricated a
MPEH (smaller than 300 x 300 um) in d;; mode to store
the electricity converted from high frequency sound en-
ergy, to provide electrical energy for minimize wireless
sensor. The first layer of membrane (SiO, and/or SiN ) can
control stress and bow the cantilever structure; the sec-
ond layer of diffusion barrier/buffer ZrO, prevented the
electrical charge diffusion from the piezoelectric layer;
the remaining upgrade layer is PZT piezoelectric mate-
rials, top interdigitate Pt/Ti electrode, respectively, as
shown in Figure 8(bottom). The result showed that more
than 1 uW power at 2.36 V DC was achieved [76]. A high
0, ~ 800 of PZT thick film microcantilever was designed
by Zhao et al. [77] using bulk silicon micromachining
technology, which is potentially used for the mass detec-
tion and dynamic scanning force microscopy application.

5.2. Nano-piezoelectric energy harvesting (NPEH)

As it is known, piezoelectric nanowires can be stimulated
by tiny physical movement and disturbance at the low fre-
quency. The concept of nano-piezoelectric generator first
addressed by Wang and Song [78] and expressed as the
piezoelectric energy harvesting (PEH) in nano-structure
often referred as nanogenerator (NG), which is the small-
est power generation facility in the world. Figure 9(left)

shows the structure of NG. It consists of piezoelectric
zinc oxide nanowire (NW) arrays and converted the na-
noscale mechanical energy to electric energy. The charge
formation in semiconductor NW is derived from the bend-
ing NW by contacting atomic force tip as Schottky barrier,
and then the output energy is transferred by conductive
atomic force microscopy (AFM). Since then, many NG
for selfpowered nanotechnology have sprung up [78].

In order to solve the problem of expensive equip-
ment and complex operation of AFM systems, a nano-
generator (NG) was developed by integrating a Pt-coat-
ed serrated electrode with vertically aligned ZnO NWs
to convert ultrasonic waves into electricity, as shown in
Figure 9(right) [81]. The Pt coating NG enhanced the elec-
trode conductivity and meanwhile created Schottky contact
at the interface with ZnO, which needed much more stress
to deform because of thickness of 1-3 mm. Maximum out-
put energy was induced both with special substrate and an
array of aligned ZnO/NWs.

As studied earlier, bulk-PEH mainly designed as
cymbeal or stacks is used under high stress and large power
environment, such as road PEH, bridge PEH, etc. MPEH
is always designed as cantilever structure due to its low
frequency for vibration energy harvesting, while NPEH
can be used for scavenging tiny and irregular vibration
energy such as human motion and muscle contraction,
which is potential for medical science with better biology
compatible. However, there still existed many problems
that should be overcome, such as naturally frequency, low
efficiency, etc. Especially, despite both of MPEH/NPEH
that realize the trends of miniaturization, however, there
are still some new challenges brought. For MPEH, high
working frequency and relatively low output power from
piezoelectric film materials leads to the researching trend
on the decrease of intrinsic frequency, integration of in-
termediate electrode, and performance of piezoelectric
film to enhance the vibration energy harvesting in envi-
ronment. For NPEH, it shows the disadvantages of high
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© 2021 Wang et al.; and Ref. [88] with permission, © 2016 American Chemical Society.

cost, complicated processing technology, poor stability of
quantity production, and difficult to control assembly that
hinders the practical application. Additionally, its limit-
ed output power introduces a new challenge to fabricate
NG groups. Although there are many challenges before
the practical application of NG, it is a valuable research
area which is potential in biomedical, wireless communi-
cation and sensing fields.

6. NANO-COMPOSITE PIEZOELECTRIC
MATERIALS

To avoid the relative brittleness of piezoelectric materi-
als, a novel type of piezoelectric NG based on nanow-
ire-polymer composite with relatively simpler fabrication
processing was developed. It is made by the piezoelec-
tric nanostructure embedded in polymer possessing both
of high piezoelectric properties and flexibility. Basically,
this device consists of four layers including top and bot-
tom electrodes, the flexible substrate, and nanowire-com-
posite layer, as shown in Figure 10(left) [83]. As BZT-
BCT piezoelectric materials shows high piezoelectric
constant, it has attracted much attention on NG area.

Wu et al. [84] synthesized lead-free BZT-BCT NWs
and BZT-BCT/PDMS nanocomposite by the electrospin-
ning method and applied it for high-performance flexi-
ble NG. It generated an output voltage, current, and power
density of 3.25V, 55 nA, and 338 mW/cm’, respectively,
which was larger enough to light commercial LCD. Due
to the complicated composition and symmetry structure of
BZT-BCT, it is difficult to synthesize BZT/BCT NWs via
the hydrothermal method.

Recently, the H,Zr,  Ti, ;O, NWs with high aspect ratio
acted as templates to converse a high-yield BZT-BCT NWs,
which was fabricated via two-step hydrothermal methods
by Sodano et al. [85]. The inverse piezoelectric constant
of 90 pm/V, open circuit voltage, and power density of
6.25V and 2.25 pW/cm® were obtained from BZT-BCT/

PDMS nanocomposite NWs. However, the flexible NG de-
vice made by single BZT-BCT nano-piezoelectric material
has relatively low output performance, which limits their use
for operating commercial electronic devices. Then, the bar-
ium calcium zirconate titanate (BCZT) nanoparticles and
Ag NWs were chosen as filler materials with PDMS ma-
trix to fabricate a flexible NG, which effectively generated
an output voltage peak of ~ 15V and a current signal of
~ 0.8 pA without time-dependent degradation [86].

Wang et al. [87] fabricated a metal-insulator-metal
structure NG composed of (K, Na,,)(Nb,,Sb5)O;-
Bi, s(Na, ¢,K, ¢) sZrO; nanofibers / PDMS nanocompos-
ite with the ultrahigh inverse piezoelectric constant of
338 pm/V, and then the maximum output power of 0.5 pW
and power density of 4.508 mW/cm’ were obtained.

Until now, the orientation effect of nanowires or
nanofibers from ferroelectric materials on piezoelectric
properties has seldom been reported. Jeong et al. [88]
manufactured a PDMS-based flexible nanocomposites
including BaTiO, nanofibers with different alignment
modes: aligned vertically, horizontally, or randomly in the
PDMS matrix, as shown in Figure 10(right). The vertical-
ly aligned BaTiO, nanofibers achieved the highest output
power of 0.1841 uW, maximum voltage of 2.67 V, and
current of 261.40 nA, which was attributed to the vertical
connection of nanofibers between electrodes compliant to
mechanical stress. Table 6 summarizes the properties of
piezoelectric NW materials applied in NG, mainly pre-
pared by vapor liquid solid process, chemical epitaxial
growth, and electrospinning technology. Compared with
the bulk PEH, the processing technology of piezoelectric
NW materials applied for NG is relatively complex and
high cost, accompanied with the low piezoelectric prop-
erties. Consequently, researchers always utilize the output
energy and output voltage for judging its performance,
and the output power is between mW and pW. Although
the output power from NG is relatively low, it can effec-
tively harvest the tiny vibration in the environment. Thus,

Reviews on Advanced Materials and Technologies, 2026, vol. 8, no. 1, pp. 30-64


https://creativecommons.org/licenses/by/4.0/

A. Jaberi, E.N. Dresvyanina: Architectural design strategies in ceramic—polymer hybrid piezoelectric... 46

Table 6. Properties of piezoelectric materials applied in NG.

Synthesis method Output voltage (V) | Output energy (mW/cm”)

Vapor liquid solid process  0.8x10°° 10x10°° 2020 [79]
Chemical epitaxial growth 0.7 2.8 2009 [90]
Electrospinning 6 200 2012 [91]
Electrospinning 3.25 338 2013 [84]
Hydrothermol 6.25 2.25x107° 2016 [85]
Electrospinning 10 4.508 2016 [87]

1% casting

Fig. 11. Schematic diagram of preparation process of the novel composite by dice and fill method for manufacturing the 1-3 PZT/epoxy
piezoelectric composite. Reproduced from Ref. [93] under the terms of CC BY 4.0 license, © 2020 Sun et al.

it is worthy to enhance the output power for NG which
is potentially applied for biomedical and wireless sensor
networks.

7. FABRICATION TECHNIQUES AND
PROCESSING METHODS

7.1. Dice and fill method

Dice and fill fabrication remains the industrial benchmark
for producing high-performance 1-3 piezoelectric com-
posites. Originally introduced following the connectivity
principles established by R.E. Newnham and co-work-
ers [92], this subtractive approach enables the formation
of highly ordered arrays of vertically aligned ceramic pil-
lars embedded within a continuous polymer matrix. The
process involves precision dicing of a dense piezoelectric
ceramic plate—most commonly PZT—using a diamond
saw to create orthogonal kerfs, followed by polymer infil-
tration and curing. The resulting architecture significantly
reduces lateral clamping while preserving axial polar-
ization continuity, thereby enhancing electromechanical
coupling coefficients (k,, k;;) and improving acoustic im-
pedance matching (Figure 11) [93]. As extensively report-
ed in foundational works by W.A. Smith and subsequent

transducer studies [94], the ability to tailor pillar aspect ra-
tio, kerf spacing, and ceramic volume fraction allows sys-
tematic optimization of d,, and bandwidth performance,
which explains the continued dominance of this method in
medical ultrasound and sonar systems.

Despite its structural precision and reproducibility, the
dice-and-fill technique exhibits intrinsic scalability limita-
tions. Because the method relies on mechanical micro-ma-
chining of brittle ceramics, it is susceptible to microcrack
formation, edge chipping, and damage accumulation—
particularly at fine pillar pitches below ~ 100 pm. The
minimum achievable kerf width is constrained by blade
thickness, leading to material waste and limiting geomet-
ric miniaturization. Furthermore, processing time and fab-
rication cost increase substantially for large-area devices,
making the approach less economically favorable for dis-
tributed or flexible systems. As discussed in comprehen-
sive transducer references such as those by Ahmad Safari,
these constraints are acceptable in high-value precision
applications but become critical barriers when transition-
ing toward scalable energy harvesting platforms [95].

From a techno-economic and industrial translation per-
spective, dice and fill is therefore best suited for small-area,
high-performance devices requiring tight structural con-
trol and well-established reliability. However, emerging
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Fig. 12. Simplified overview of the elecrtospinning PENG process flow. Reproduced from Ref. [97] under the terms of CC BY 4.0

license, © 2025 Jalali et al.

applications such as wearable energy harvesters and con-
formal sensor networks demand fabrication routes com-
patible with large-area processing, geometric freedom,
and potentially roll-to-roll manufacturing. In this context,
architected approaches including freeze casting, additive
manufacturing, and electrospinning offer enhanced design
flexibility, albeit currently at lower manufacturing readi-
ness levels. Consequently, while dice-and-fill remains the
gold standard for structurally optimized 1-3 composites,
its long-term relevance in next-generation scalable piezo-
electric energy systems will depend on advances in pre-
cision micro-machining, kerfless structuring, or hybrid
subtractive—additive manufacturing strategies [5].

7.2. Electrospinning and solution-based approaches

Electrospinning has emerged as the preeminent technique
for fabricating piezoelectric composite nanofibers with
precise morphological control and exceptional scalabili-
ty [96]. This process utilizes electrostatic forces to draw
thin polymer fibers directly from solutions containing
dispersed ceramic nanoparticles, enabling continuous
production of ultrafine fibers with diameters ranging from
100 nm to several micrometers. The versatility of electro-
spinning permits systematic variation of crucial process-
ing parameters including applied voltage, tip-to-collector
distance, polymer concentration, solvent composition,
and flow rate, each of which profoundly influences the re-
sulting nanofiber diameter, crystallinity, and piezoelectric
properties (Figure 12) [98].

The electrospun PVDF nanofibers naturally tend to-
ward the electroactive B-phase due to the intense electric
fields during fiber formation, which directly align dipole
moments along the fiber axis. This inherent phase pref-
erence climinates the need for extensive post-fabrication
poling treatments, substantially reducing processing time

and equipment requirements. Studies quantifying the elec-
trospinning parameter effects demonstrate that optimal
conditions yield d,; coefficients of 51-65 pC/N for neat
PVDF nanofibers, compared to approximately 25 pC/N
for cast PVDF films [99].

Solution blow spinning represents an alternative
production method offering comparable morphological
control with enhanced scalability for high-throughput
manufacturing. This technique combines compressed air
injection with polymer solution atomization, enabling
continuous fiber production without the high voltage re-
quirements of electrospinning. The method shows particu-
lar promise for PVDF-based piezoelectric materials where
solution parameters and air pressure optimization can
achieve morphologies and performance characteristics ri-
valing those from conventional electrospinning [100].

7.3. Three-dimensional printing and additive
manufacturing

Three-dimensional printing technologies have revolution-
ized composite design by enabling fabrication of complex
geometries, graded compositions, and precisely controlled
internal architectures impossible to achieve through con-
ventional manufacturing [101]. Material extrusion-based
approaches, including fused deposition modeling (FDM),
permit direct printing of highly-filled polymer-ceramic
suspensions, creating parts with tailored filler distribu-
tions and spatial control over composite properties [6].
The layer-by-layer deposition approach facilitates cre-
ation of precisely engineered multilayer structures where
each layer composition can be systematically varied to
achieve targeted property profiles (Figure 13).
Stereolithography and digital light processing (DLP)
enable photopolymerization-based fabrication of piezo-
electric composites with exceptional resolution and com-
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Fig. 13. Schematic of the in situ 3D printing and dipole alignment of PVDF and BTO filler. Reproduced with permission from
Ref. [102], © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 14. Sketches of neat PVDF and hybrid PVDF-nanoparticle deposition on conductive pretreated substrates by spin coating tech-
nique. Reproduced from Ref. [107] under the terms of CC BY 4.0 license, © 2022 Nong et al.

plex internal structures [103]. These technologies excel at
producing intricate lattice structures, hierarchical pores,
and multimaterial interfaces with feature sizes approach-
ing the micrometer scale. The photopolymerization pro-
cess permits incorporation of photosensitive nanoparticle
suspensions, enabling creation of composites with pre-
cisely positioned ceramic phases throughout the printed
volume.

Recent advances in melt electrowriting have demon-
strated the feasibility of printing mechanically enhanced
polycaprolactone composites reinforced with functional-
ized titanate nanofiller, delivering Young’s moduli exceed-
ing 1.67 GPa—more than seven times higher than unfilled
polymer controls [104]. The success of this approach
stemmed from surface functionalization strategies that
dramatically improved nanoparticle dispersion through-
out the polymer matrix, preventing aggregation-induced
mechanical weakness.

7.4. Nanoparticle dispersion and surface modification

Achieving uniform dispersion of ceramic nanoparticles
throughout polymer matrices remains a critical technical
challenge, as aggregated particles dramatically reduce
effective reinforcement and electrical coupling [105].
Surface functionalization strategies employing silane cou-
pling agents, surfactant coatings, and polymeric compat-
ibilizers have demonstrated substantial improvements in
nanoparticle-matrix interactions [106]. Trimethoxysilyl-
propyl methacrylate (TMSPM) functionalization signifi-
cantly enhances the chemical linkage between ceramic
nanoparticles and polymer chains, promoting effective lo-
cal dipole-dipole interactions and substantially elevating
the composite's remnant polarization (Figure 14) [108].
Comparative studies examining different function-
alization approaches reveal that fluorinated surfactants
establish more stable bonds with both polymer matrices
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Fig. 15. Schematic illustration of the fabrication sequence for 0-3 PZT—sacrificial layer composites, including tape casting, sheet stack-
ing and punching, concentric placement of the sacrificial layer, uniaxial lamination (100 MPa), binder burnout, steaming treatment,
cold sintering, post-annealing, and final dicing to expose the sacrificial layers. Reproduced from Ref. [114] under the terms of CC BY

4.0 license. © 2021 Gupta et al.

and ceramic surfaces compared to conventional silane
coupling agents [109]. The strategic selection of func-
tional group chemistry permits fine-tuning of nanoparti-
cle-matrix adhesion strength and interfacial polarization
effects, directly translating to enhanced piezoelectric per-
formance.

7.5. High and low-temperature processing

Fabrication techniques also differ in the temperature re-
gime used. Conventional methods for PZT ceramics in-
volve high-temperature sintering (e.g. 1100-1300 °C),
which is incompatible with most polymers due to their
thermal instability. To overcome this, researchers have de-
veloped low-temperature processing routes for piezoelec-
tric composites [110]. One such method is cold sintering,
where ceramics and composites are sintered at tempera-
tures below 200 °C under high pressure (200600 MPa).
Cold sintering uses a liquid-phase sintering mechanism,
often utilizing an additive that can form a transient liquid
phase at low temperature, enabling densification without
melting the polymer [111]. This technique has been ap-
plied to fabricate piezoelectric ceramic—polymer compos-
ites, including lead-free KNN and bismuth ferrite (BFO)
ceramics, with high density and good piezoelectric prop-
erties at much lower temperatures. Cold sintering not only
preserves the polymer matrix but also reduces energy con-
sumption and environmental impact compared to conven-
tional sintering [112]. Another low-temperature approach
is polymer infiltration and pyrolysis (PIP), where a poly-
mer is first infiltrated into a ceramic preform, followed
by heating to pyrolyze the polymer and leave a ceramic
structure. By controlling the polymer pyrolysis, one can

create hierarchical structures (e.g. a polymer-derived ce-
ramic with controlled porosity) that can then be used as
the piezoelectric component. This method has been used
to produce lead-free piezoelectric composites with a po-
rous ceramic skeleton, which were then infiltrated with
polymer to form the composite [113]. The hierarchical
structures obtained from polymer pyrolysis exhibited im-
proved flexibility and piezoelectric performance, as the
polymer-derived ceramic had a fine microstructure that
could be optimized for piezoelectricity (Figure 15).
Novel fabrication techniques and their impact on ce-
ramic—polymer piezoelectric composites compared in
Table 7. These methods enable greater control over com-
posite structure and properties, ultimately leading to im-
proved energy harvesting performance. Overall, the de-
velopment of advanced fabrication techniques represents
a central driver in the evolution of ceramic—polymer
hybrid composites. By integrating emerging manufac-
turing approaches with innovative processing strategies,
researchers can engineer precisely controlled micro- and
macro-architectures that systematically optimize electro-
mechanical coupling, mechanical compliance, and energy
conversion efficiency. These advances not only enhance
intrinsic material performance but also expand the design
space for next-generation piezoelectric energy harvesters
across biomedical, wearable, and structural monitoring
applications. Furthermore, the ability to manipulate phase
connectivity, interface quality, and porosity distribution
at multiple length scales enables a more predictive struc-
ture—property relationship framework. Such architectural
control facilitates the transition from empirical material
optimization toward rational, application-driven compos-
ite design, thereby accelerating the translation of high-per-

Reviews on Advanced Materials and Technologies, 2026, vol. 8, no. 1, pp. 30-64


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

A. Jaberi, E.N. Dresvyanina: Architectural design strategies in ceramic—polymer hybrid piezoelectric... 50

Table 7. Key fabrication innovations. The table below summarizes some of the novel fabrication techniques and their impact on

composite properties.

3D printing

hierarchical structures.

Freeze-casting

to form a porous scaffold.

Cold sintering

without melting the polymer.
Polymer infiltration &
pyrolysis

is infiltrated with polymer.

Surface
functionalization

AC poling

formance piezoelectric systems from laboratory-scale pro-
totypes to scalable technological platforms.

8. COMPARATIVE AND INTEGRATIVE
ANALYSIS

The performance of ceramic—polymer hybrid piezoelec-
tric composites cannot be fully understood through iso-
lated parameter evaluation. Instead, energy-harvesting
efficiency emerges from the coupled interaction between
material selection, filler optimization, processing route, ar-
chitectural configuration, and interfacial engineering. This
section presents a comparative integrative analysis that
systematically correlates these variables within a unified
structure—process—property—application framework. By ex-
amining their combined influence rather than independent
contributions, a hierarchical relationship among design
parameters becomes evident, enabling identification of the
dominant mechanisms governing electromechanical perfor-
mance enhancement. The statistical analyses presented in
Sections 8.1 and 8.2 were performed using a multivariate
comparative approach based on quantitative data extracted
from the reviewed literature. Data processing, correlation
analysis, and graphical modeling were carried out using
OriginPro” and MATLAB" to identify dominant trends and
optimize fabrication and design parameters.

8.1. Multiscale analysis of the effect of essential
parameters on piezoelectric properties

Figure 16 presents a comprehensive six-panel perfor-
mance analysis of ceramic—polymer hybrid piezoelectric

Freezing a ceramic—polymer slurry to create a
porous structure, followed by sublimation of ice

Low-temperature sintering (< 200 °C) under
high pressure, enabling densification of ceramics

Polymer is infiltrated into a ceramic preform and
then pyrolyzed to form a ceramic structure, which

Coating ceramic particles with polymer or cou-
pling agents to enhance interface bonding.

Applying an alternating electric field during pol-
ing to improve domain alignment in composites.

Fabrication technique Impact on composite properties -

Layer-by-layer fabrication of polymer and ceram- Precise control over architecture; integration of
ic components, enabling complex geometries and multiple components; potential for tailored piezo-

[115]

electric response.

Highly ordered porosity; improved mechanical [116]

toughness and piezoelectric performance through
strain accommodation.

Preserves polymer; produces high-density com-  [111]

posites with good piezoelectric properties at lower
energy cost.

Creates hierarchical porous ceramics; improves  [113]

flexibility and piezoelectric performance due to
optimized microstructure.

Reduces interfacial defects; improves dispersion  [7]
of ceramic; leads to more uniform strain transfer
and higher piezoelectric response.

Enhances effective piezoelectric coefficient d;, by [117]
~ 30% compared to DC poling; reduces domain
wall pinning and improves polarization efficiency.

composites, integrating material comparison, fabrication
scalability, filler-content optimization, architectural design
effects, interface engineering, and application-specific
performance metrics. This multi-dimensional evaluation
indicates that architectural design strategies—particular-
ly hierarchical structuring—serve as a dominant driver
for synergistic enhancement of energy-harvesting per-
formance when combined with optimized filler content,
advanced fabrication routes, and tailored interface engi-
neering.

The baseline material selection (Figure 16, top left)
establishes the fundamental advantage of the hybrid ap-
proach. Pure PZT ceramic exhibits an exceptionally high
piezoelectric coefficient (d;, = 380 pC/N) but negligi-
ble flexibility (score ~5/100). In contrast, neat PVDF
polymer offers outstanding flexibility (= 90/100) yet a
low d,; =25 pC/N. BaTiO, nanoparticles provide mod-
erate (dy; = 70 pC/N) with poor flexibility. The resulting
ceramic—polymer hybrid composite successfully merges
these properties, achieving d,; =55 pC/N while retain-
ing a flexibility score of =~ 85/100. This dual functionality
constitutes the essential platform upon which subsequent
architectural strategies are built; without it, even sophis-
ticated designs would remain constrained by intrinsic
trade-offs between piezoelectric response and mechanical
compliance.

Fabrication technique selection (Figure 16, top right)
further dictates the feasibility of implementing complex
architectures. Electrospinning and 3D printing achieve
the highest combined scores in scalability and process-
ability (= 0.85-0.90), outperforming solution casting,
hot pressing, and melt blending. These two techniques
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Fig. 16. Multi-parameter comparative statistical framework illustrating the coupled influence of material composition, fabrication
strategy, filler concentration, architectural design, and interface engineering on energy-harvesting performance Developed analytical
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uniquely enable precise alignment, controlled porosity,
and multilayer deposition required for oriented-fiber and
hierarchical architectures, thereby establishing a direct
process—structure—performance relationship.

Optimization of filler particle content (Figure 16, mid-
dle left) reveals a consistent peak at =20 wt.% across all
systems. PVDF-PZT reaches the highest d,; = 75 pC/N,
followed by PVDF-BaTiO, (=70 pC/N) and PVDF-
ZnO (= 65 pC/N). Beyond 20 wt.%, particle agglom-
eration, local stress concentration, and reduced poly-
mer-chain mobility collectively contribute to a decline in
piezoelectric response. This behavior suggests the pres-
ence of a percolation-assisted enhancement regime that is
mechanically limited beyond the optimal concentration,
identifying =~ 20 wt.% as the effective design threshold for
the architectures discussed below.

The core of the present study—architectural design
impact—is quantified in Figure 16-middle right. Five rep-
resentative architectures are compared in terms of energy

output (mW/m?) and mechanical stability (%). Random
dispersion yields the lowest energy output (= 4 mW/m®)
and moderate stability (= 60 %). Oriented fibers improve
performance to = 6 mW/m” and 70% stability through di-
pole alignment. Layered structures further increase out-
put to =9 mW/m’ and 80% stability. Core—shell nanofi-
bers achieve = 12 mW/m’” and 90% stability via enhanced
interfacial polarization. The hierarchical composite
architecture delivers the highest values: energy output
~ 15 mW/m® (3.75-fold improvement over random dis-
persion) and mechanical stability =~ 95%. These results
strongly indicate that hierarchical organization maxi-
mizes stress-transfer efficiency, dipole alignment, and
charge-collection pathways simultaneously, providing
the dominant contribution to enhanced energy-harvesting
performance.

Mechanistically, the superior behavior of hierarchical
architectures can be attributed to multi-scale structur-
al synergy. At the microscale, gradient filler distribution
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promotes more uniform stress redistribution and mitigates
local strain concentration. At the mesoscale, aligned path-
ways enhance dipole cooperativity and reduce dielectric
screening effects. At the macroscale, interconnected con-
ductive or semi-conductive networks shorten charge-col-
lection distances and decrease internal resistance. This
multi-level amplification of electromechanical coupling
explains the substantial gain in energy output beyond what
filler optimization alone can achieve.

Interface engineering strategies (Figure 16, bottom
left) function as critical performance multipliers for the
selected architectures. The copolymer-linking method
achieves the highest interface strength index (= 90) and
electrical output (= 10 V), followed by nanoparticle bridg-
ing (= 85, 8 V), silane coupling (= 75, 5 V), and surfac-
tant coating (= 60, 4 V). No interface modification yields
only =45 and 2V, respectively. These findings indicate
that robust interfacial bonding is essential for translating
the theoretical advantages of hierarchical architecture into
practical devices; without optimized interfaces, even ad-
vanced architectures may realize only 60-70% of their
theoretical potential due to inefficient stress transfer and
interfacial charge loss.

Finally, the application performance matrix (Figure 16,
bottom righ) validates the practical relevance of the opti-
mized hierarchical composite. The highest performance
scores (> 90) are observed for wireless power and smart
textiles, followed by structural monitoring (= 88-92) and
wearable sensors (= 85-90). Biomedical implants main-
tain excellent biocompatibility (= 88—95) while achieving
durability scores above 85. These results highlight that the
combination of hierarchical architecture, 20 wt.% filler,
electrospinning/3D printing fabrication, and copolymer
interface engineering provides a versatile material plat-
form suitable for high-efficiency energy harvesting across
multiple demanding applications.

In summary, the six-panel analysis reveals a coherent
synergistic hierarchy: the ceramic—polymer hybrid foun-
dation supplies mechanical compliance and piezoelectric
functionality; advanced fabrication routes enable structur-
al precision; optimized filler content establishes the elec-
tromechanical baseline; hierarchical architecture delivers
the largest performance amplification (= 3.75% energy
output); and copolymer interface engineering maximizes
stress transfer and charge continuity. When integrated,
these elements increase energy output from 4 mW/m’ to
over 15 mW/m’ while preserving flexibility, biocompati-
bility, and mechanical stability.

Nevertheless, further investigation is required to as-
sess long-term electromechanical fatigue behavior, po-
larization stability under cyclic loading, and scalability of
hierarchical fabrication for large-area devices.

Overall, the findings strongly support architectural
design (particularly hierarchical structuring) as a pivot-

al strategy for next-generation flexible piezoelectric en-
ergy harvesters and provide a structured framework for
rational, multi-parameter material optimization in future
research.

8.2. Fabrication parameter and design optimization

To translate the connectivity architectural strategies es-
tablished in Section 3.1 into high-performance devices,
precise control of fabrication parameters and multilayer
stacking is essential. Figure 17 provides a systematic op-
timization roadmap that directly underpins the superior
energy-harvesting metrics of the ceramic—polymer hybrid
composites. Electrospinning voltage optimization (Fig-
ure 17, top left) reveals a clear trade-off between fiber
morphology and piezoelectric response. At 10 kV, coarse
fibers (~ 850 nm) yield a modest d,; of ~ 35 pC/N. In-
creasing the voltage to the optimal 18 kV produces the
thinnest fibers (~ 350 nm) and simultaneously maximizes
the piezoelectric coefficient at ~ 62 pC/N. Beyond 18 kV,
fiber diameter rebounds slightly and d,, declines, indicat-
ing that the 18 kV regime achieves ideal jet stretching,
uniform ceramic nanoparticle alignment within the PVDF
matrix, and maximal dipole orientation—conditions that
are prerequisites for subsequent hierarchical layering.

The multilayer architecture effect (Figure 17, top
right) quantifies the dramatic performance gains enabled
by controlled stacking. A single-layer film delivers only
~ 150 MPa mechanical strength and ~3.5 (V) electrical
output. Progressive addition of layers produces a near-lin-
ear improvement up to five layers, reaching peak values
of ~390 MPa mechanical strength and ~ 14.5 V output
voltage. Beyond five layers, marginal gains plateau and
slight degradation appears at seven layers, attributable to
cumulative interfacial defects and charge-trapping. These
results demonstrate that the multilayer configuration—it-
self a foundational element of the hierarchical composite
architecture—amplifies stress-transfer efficiency and in-
ter-layer polarization synergy, delivering a fourfold en-
hancement in electrical output while simultaneously rein-
forcing mechanical integrity.

Poling process optimization (Figure 17, bottom left)
highlights the critical temperature window for dipole
alignment. Remnant polarization is highest (~ 14 pC/cm®)
at 60 °C but accompanied by elevated dielectric loss. As
poling temperature rises, remnant polarization decreases
sharply, reaching a minimum (~2.2 pC/cm®) near 110 °C,
while dielectric loss increases monotonically. The optimal
compromise occurs at 100-110 °C, where remnant polar-
ization remains sufficient (~ 3.5-4 pC/cm®) and dielectric
loss is minimized (~ 4.5%), ensuring low leakage and sta-
ble long-term performance. This refined poling protocol is
particularly beneficial for multilayer and core—shell archi-
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tectures, where uniform field distribution across multiple
interfaces is essential.

Finally, the frequency response characteristics (Fig-
ure 17, bottom right) confirm the composite’s suitability
for real-world vibration energy harvesting. Both output
voltage and power density increase steadily with frequen-
cy, attaining 13.2 Vand 17.8 mW/m’ at 1 kHz—values that
represent more than sixfold improvement over low-fre-
quency (1 Hz) operation. The absence of resonance peaks
below 1 kHz and the broad-band response up to 10° Hz in-
dicate that the optimized hierarchical multilayer structure
efficiently couples mechanical stimuli across a wide fre-
quency spectrum, a direct consequence of the refined fiber
diameter, layer stacking, and poling conditions. Collec-
tively, the optimized parameters—18 kV electrospinning,
five-layer architecture, 100—110 °C poling, and operation
near 1 kHz—act synergistically with the hierarchical de-
sign strategy. This integrated optimization elevates the
baseline energy output from the random-dispersion ar-
chitecture (= 4 mW/m?) to > 15 mW/m* while preserving
mechanical flexibility and long-term stability. The data in
Figure 17 therefore provide not only process windows for
reproducible fabrication but also mechanistic validation
that architectural refinement, when coupled with precise

parameter control, is the decisive pathway to next-genera-
tion flexible piezoelectric energy harvesters.

9. APPLICATIONS IN ADVANCED ENERGY
HARVESTING AND SELF-POWERED
SYSTEMS

9.1. Wearable and biomedical applications

Ceramic—polymer piezoelectric composites are widely
implemented in wearable and implantable biomedical en-
ergy harvesters due to their flexibility and efficient electro-
mechanical conversion from biomechanical sources such
as gait, respiration, and arterial pulse [118]. For example,
BaTiO,/PVDF composites with high B-phase content and
dispersed multi-walled carbon nanotubes (MWCNT)
have been developed as flexible films for energy harvest-
ing and localization applications, achieving enhanced
mechanical sensitivity and electrical output under defor-
mation typical of human motion [119]. Such composites
enable continuous physiological sensing without exter-
nal power supplies. Electrospun membranes comprising
ZnO-based nanostructures embedded in PVDF demon-
strate breathability, conformability, and superior voltage
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Fig. 18. Flexible piezoelectric energy harvesters leveraging functionalized MOFs (UiO-66, MIL-53, ZIF-67) for self-powered wearable
sensing and mechanical-to-electrical conversion. Reproduced with permission from Ref. [121], © 2025 Wiley-VCH GmbH.

outputs (~ 20 V) under mechanical stress, making them
suitable for wearable health-monitoring patches [120].
Additionally, advanced PVDF nanofibrous mats with
metal-organic frameworks (MOFs) have been reported to
harvest arterial pulse energy while exhibiting high sensi-
tivity (~ 0.118 V/N), a promising approach for wearable
biomedical sensors like the modern type of self-powered
piezoelectric nanogenerator (PENG) (Figure 18) [122]. In
implantable scenarios, lead-free piezoelectric fillers such
as KNN or BiFeO, integrated with biocompatible poly-
mers are emerging to address toxicity issues associated
with traditional PZT ceramics.

9.2. Self-powered cardiac pacemakers

The possibility of harnessing the energy lost from a bio-
logical activity to provide energy for low-powered elec-
tronic devices has been also explored. Cardiac and lung
motions serve as inexhaustible sources of energy during
the lifespan. One of the first highlights in this area [123]
is related with the use of an implantable physiological
power supply using PVDF films. The prototype, that
used the energy expended for breathing, was implanted in
vivo on a mongrel dog and demonstrated a peak voltage
of 18 V, which corresponds to a power of about 17 mW.
Since then, there are several proposals for such devices
that translate heartbeat vibrations into electrical energy
using piezoelectric composites also for directly powering
a cardiac pacemaker by harvesting the kinetic energy of
heartbeat (Figure 19) [124]. Briefly, Pb(Mg,,Nb,.)O;-
(28%)-PbTiO, (PMN-PT) was employed as piezoelectric

layer and each side was sputtered with Cr/Au. A beryllium
bronze foil was used to provide uniform stress distribu-
tion to the piezoelectric layer and then a PDMS film was
deployed by spin-coating. To further improve the stability
of the device and avoid potential erosion in the in vivo en-
vironment, a parylene film was deposited onto the PDMS
film to form a compact and holefree coating layer. In vivo,
a commercial cardiac pacemaker was directly powered by
the implantable piezoelectric energy generator and mon-
itored its behavior. It was concluded that patients do not
need surgical replacement, or at least, the battery replace-
ment will be less frequent. Currently, one of the most im-
portant application of energy harvesters is powering im-
plantable biomedical devices [125].

9.3. Textile-based energy harvesting and smart
clothing

Integration of piezoelectric composite fibers into textiles
has created multifunctional platforms for wearable ener-
gy harvesting. Electrospun BaTiO,/PVDF nanofibers and
ZnO/PVDF composite yarns have been shown to generate
sustainable electrical output from routine human motion
(walking, running), providing power for embedded sen-
sors or low-power electronics. Flexible composite fabrics
incorporating ceramic fillers and polymer binders (e.g.,
PZT/PVDF-TrFE woven structures) demonstrate high
mechanical endurance, air permeability, and consistent
electrical output, supporting their use in smart garments
and adaptive sportswear. These textile-based piezoelectric
systems maintain comfort and wearability while harness-
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Fig. 19. (a) Schematic illustration of the fabrication process and biomedical application of the flexible PMN-PT piezoelectric energy
harvester on PET substrate: (i) PMN-PT thin film deposited as MIM structure (Au/PMN-PT/Au) on bulk Si wafer with epoxy and Ni
stressor layer; (ii) exfoliation/transfer of the MIM structure from the wafer using tensile stress; (iii) transferred flexible device (Au/
PMN-PT/Au on PET) generating electricity under tensile/bending strain, with stimulation electrodes connected for direct pacemaking
on a living heart; (iv) demonstration of self-powered direct cardiac pacemaking. (b) Piezoelectric generation mechanism in the flexible
PMN-PT/PET thin film: (i) aligned dipoles in the unbent state; (ii) charge separation and electric potential generation upon bending.
(c) Simulated piezoelectric potential distribution across the PMN-PT thin film under 0.36% tensile strain, showing maximum output up
to 45.6 V. Reproduced from Ref. [80] under the terms of CC BY 4.0 license. © 2021 Latif et al.
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Fig. 20. A flexible multilayer BaTiO,/PVDF-PDMS/Ecoflex hybrid nanogenerator textile attached to body joints harvests biome-
chanical energy during running and jumping, providing enhanced, stable output for self-powered motion sensing. Reproduced from
Ref. [126] with permission, © 2025 American Chemical Society.

ing mechanical strain energy dissipated during ordinary
activities, enabling decentralized self-powered sensing
and data collection in smart clothing applications [126].
Furthermore, advanced textile fabrication methods
such as multilayer weaving and conductive coatings im-
prove the mechanical durability and electrical stability
of piezoelectric fabrics under repeated deformation and

washing. Hierarchical and aligned fiber structures en-
hance stress transfer and electromechanical conversion
efficiency (Figure 20). In addition, hybrid textile systems
integrating piezoelectric fibers with flexible energy-stor-
age elements enable more stable and continuous power
supply for wearable electronics, supporting the develop-
ment of reliable self-powered smart garments [128].
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Fig. 21. (Left) (a) COMSOL® simulation model of a nanogenerator. The simulated piezoelectric potential distribution inside the com-
posite between top and bottom electrodes is indicated by color code. (b) Output voltage from nanogenerators with different FAPbBr,
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(Right) (a) X-ray diffraction pattern of pure FAPbBr, NCs, PLLA, and PeNCs—PLLA nanofibres; * indicates the peaks belonging to
FAPbBBEI;. (b) The cubic crystal structure of FAPbBr; NCs at room temperature [135]. Adapted from Ref. [134] with permission, © 2016
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; and from Ref. [135] under the terms of CC BY 4.0 license, © 2023 Tabassum et al.

9.4. Self-charging sport-activity electronics systems

Piezoelectric transduction is an approach that has re-
ceived attention in the area of elecromechanical energy
harvesting, i.e., the generation of electrical energy from
mechanical vibrations [129]. ZnO nanowires [78], lead
zirconate titanite (PZT) nanofibers [130], barium tita-
nate (BaTiO,) [131] and PVDF [132] are examples of
piezoelectric materials that have been used to construct
nanogenerators and to effectively power small electron-
ic devices, such as lighting up LEDs [133]. In this con-
text, formamidinium lead bromide (FAPbBr;) nanoparti-
cles (polycrystalline formamidinium lead bromide / cubic
perovskite structure) uniformly mixed with polydimethyl-
siloxane (PDMS) and then spin-coated onto an indium tin
oxide (ITO)-coated polyethylene terephthalate (PET) sub-
strate and integrated with Al, demonstrate a high perfor-
mance as energy harvesting devices. The FAPbBr,-PDMS
composite generates electric potential under an external
stress with output voltage and current density of 8.5 V and
3.8 nA/cm’, respectively, the nanoparticles serving as the
energy generation sources as shown in Figure 21. The gen-
erated energy can be used to charge a capacitor and light
up a LED through a bridge rectifier [134].

A primary motivation for self-charging structures is
to use them for powering small electronic components.
Piezoelectric shoes, electronic skin and other energy har-
vesting devices have been developed to take advantage of
the produced vibration from human body activities such
as: walking, running, breathing, and dancing to power-up
low power electronic devices (Figure 22). In addition,
large-scale human-motion energy harvesting concepts
have been proposed, such as piezoelectric or transparent

floor panels integrated into dance clubs, where the me-
chanical impacts generated by dancing participants are
converted into electrical energy. A representative exam-
ple is the human-powered generation system proposed by
Paulides et al. [136], in which electrical power is harvest-
ed from the motion of dancers, demonstrating the feasibil-
ity of utilizing collective human activity as a sustainable
energy source [136].

Overall, the integration of piezoelectric materials into
self-charging sport-activity electronic systems represents
a promising pathway toward sustainable and mainte-
nance-free power sources for wearable and portable de-
vices. Continued advancements in material engineering,
device architecture, and energy management circuits are
expected to further enhance power density, mechanical
durability, and conversion efficiency. In particular, the de-
velopment of flexible and hybrid piezoelectric composites
will play a critical role in enabling seamless integration
with human-centric applications, thereby accelerating the
transition toward autonomous, energy-self-sufficient elec-
tronic systems.

10.CURRENT CHALLENGES, FUTURE
PERSPECTIVES, AND RESEARCH
DIRECTIONS

Polymer—ceramic piezoelectric composites for energy
harvesting have shown significant potential; however,
several challenges remain for their widespread implemen-
tation. Key issues include achieving uniform dispersion
of ceramic fillers within polymer matrices, improving
interfacial compatibility, and enhancing long-term me-
chanical and electrical stability under cyclic loading. Fu-
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Fig. 22. (a) Flexible nanogenerator with piezoelectric layer/friction layer. (b) Environmentally friendly nanogenerator with PVDF/
BZT composite material. (c) Voltage signal test results of PVDF/BTO at different wearing positions. Reproduced from
Ref. [137] under the terms of CC BY 4.0 license. © 2024 Zhang et al.

ture research is expected to focus on optimizing compos-
ite architectures, developing scalable and cost-effective
fabrication techniques, and improving electromechanical
conversion efficiency. In addition, the integration of these
composites into flexible and miniaturized devices will
play an important role in advancing practical self-powered
energy-harvesting systems (Figure 23). In the following
discussion, we will further explore some of the most im-
portant challenges.

10.1. Performance degradation and long-term stability

Despite remarkable progress, piezoelectric composites
exhibit gradual performance degradation during extended
operation due to mechanical fatigue, moisture absorption,
and interfacial delamination [37]. The polymer matrix's
susceptibility to environmental moisture and thermal fluc-
tuations can compromise both mechanical and electrical
properties. Future research must develop enhanced envi-
ronmental protection strategies including improved en-
capsulation materials and hydrophobic surface treatments
that preserve functionality during prolonged exposure to
humid environments and body fluids.

10.2. Manufacturing scale-up and cost reduction

Current fabrication approaches such as electrospin-
ning, while producing exceptional material properties,
suffer from limited production throughput—typically
1-10 grams per hour—rendering large-scale commercial-
ization economically challenging [41]. Development of

roll-to-roll electrospinning systems and continuous solu-
tion blow spinning methods shows promise for achiev-
ing industrial production rates while maintaining quality
specifications [21]. Investment in automated 3D printing
systems specifically designed for piezoelectric composite
production may provide viable alternatives for localized
manufacturing and custom applications.

10.3.Integration and device miniaturization

The seamless integration of piezoelectric composites into
complete functional devices remains technologically and
economically challenging [42]. Contact resistance at elec-
trode interfaces, efficient electrical impedance matching
between composite elements and power management cir-
cuits, and thermal management in densely integrated sys-
tems all present unresolved technical challenges. Future
advancement requires development of integrated electrode
materials, improved electrical contacting strategies, and
sophisticated power conditioning electronics optimized
specifically for low-frequency, variable-amplitude me-
chanical inputs characteristic of wearable and biomedical
applications.

10.4. Materials sustainability and toxicity concerns

While significant progress has been made toward lead-free
ceramic fillers, comprehensive life-cycle assessments of
piezoelectric composite materials remain limited [2]. The
synthesis, processing, recycling, and end-of-life environ-
mental implications of complex ceramic-polymer systems
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Fig. 23. The changing course of current and future challenges for the optimal use of piezoelectric composites.

require thorough investigation to ensure genuine sustain-
ability advantages over conventional power sources. De-
velopment of bio-derived or biodegradable piezoelectric
polymers represents an emerging frontier that could sub-
stantially reduce environmental footprint while expanding
application domains into biomedical fields with strict bio-
compatibility requirements.

10.5. Fundamental understanding and multiscale
modeling

Despite decades of research, the fundamental mecha-
nisms governing piezoelectric response in nanostructured
ceramic-polymer composites remain incompletely under-
stood at the molecular and atomic scales [28]. Advanced
computational methods including density functional the-
ory, molecular dynamics simulations, and finite element
modeling must be integrated with experimental charac-
terization to develop predictive frameworks enabling
rational materials design. Such multiscale modeling
approaches would revolutionize the field by permitting
computational optimization of complex composite archi-
tectures before experimental synthesis, substantially ac-
celerating development timelines and reducing empirical
screening requirements.

11.CONCLUSION

Piezoelectric polymer composites represent an advanced
class of smart and multifunctional materials that unique-
ly combine the high piezoelectric response and dielectric
properties of ceramic fillers with the flexibility, low den-
sity, and mechanical robustness of polymer matrices. This
synergistic combination enables efficient electromechani-
cal transduction while maintaining structural adaptability
in the form of thin, lightweight, and large-area films.

A key advantage of these materials lies in their tunable
architecture: by carefully selecting filler type, morphol-
ogy, volume fraction, and spatial distribution within the
polymer matrix, it is possible to precisely tailor dielectric,
piezoelectric, thermal, and mechanical properties for spe-
cific applications. Such structural design flexibility allows
optimization for sensors, actuators, and energy harvesting
systems across diverse fields including consumer elec-
tronics, sport-instruments, automotive engineering, and
biomedicine.

Emerging research trends focus on the development
of multifunctional tricomposite systems incorporating
multiple functional fillers, the adoption of environmen-
tally friendly and lead-free materials, and the integration
of advanced fabrication strategies—particularly additive
manufacturing—to enable controlled microstructure de-
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sign and improved device integration. Through intelligent
structural engineering and materials selection, piezoelec-
tric polymer composites continue to evolve toward higher
performance, multifunctionality, and application-specific
optimization.
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Crparerun apxXuTeKTYPHOI0 NPOCKTUPOBAHUA KEPAMHKO—
MOJIMMEPHBIX THOPUAHBIX NbE303JIeKTPHYECKUX KOMIIO3UTOB
JJIS1 IOBbIMIECHUA 3(P(PeKTUBHOCTH IHEpProcdopa

A. Jl:xxabepmn, E.H. IpecBiHuHA

WuerutyT Texctms u Mojsl, Cankr-IletepOyprekuil rocynapcTBeHHBIH YHUBEPCUTET NPOMBIIUICHHBIX TEXHOJIOTHI U TU3aiiHa,
yi. Bonsmast Mopckas, 1. 18, Cankr-IlerepOypr, 191186, Poccust

AnHoTamms. KepaMuko-nioMMepHbIe Mbe30IEKTPHIECKHE KOMIO3UTHI OOBEIUHSIOT BBICOKYIO IThE302JICKTPUUECKYIO aKTHBHOCTH
CETHETOMNIEKTPUICCKUX KePaMHUK C MEXaHMYECKOW I'MOKOCTBIO U JOJITOBEYHOCTHIO HOIMMEPOB, GOPMHUPYSI KIIIOYEBYIO MaTepUaIOBE-
4ecKy'o mardopmy Juis CUCTEM 3HeprocOopa ClIeyOIIero NokojaeHus. B HacTosmeM 0030pe KpUTHYECKU aHAIIM3UPYIOTCS TI0CIISHIE
JOCTVDKEHHS B 00JIACTH THOPH/IHBIX KOMIIO3UTOB ISl IPeoOpa3oBaHKsl MEXaHMYECKOH SHEPTHH B DIICKTPHYECKYIO C aKI[EHTOM Ha CTpa-
TEr'nU apXUTEKTYPHOIO NIPOCKTUPOBAHYSL, OIPEICIISIONINE B3aUMOCBSA3U «CTPYKTYypa—CBOMCTBA—3KCILTyaTallUOHHBIC XapaKTEPUCTHKI.
Ocoboe BHUMaHue yzaessiercst Tiiam cBs3HocTd a3 (0-3, 1-3 u 3-3) u coBpeMeHHBIM MOJIX0IaM K HHXKEHEPUH CTPYKTYPBI, BKIIFOUAst
OpPHEHTHPOBAHHBIE KEPAMUUECKUE CETH, IIOPHUCTHIE KapKachl, CTPYKTYPBI «s1Ap0—000JI049Ka», IpaJUeHTHbIe KOHPUTypalii U QyHKIHO-
HaJIM3alMI0 MEK(a3HBIX TPaHUILL, KOTOPBIE MOBBIMIAIOT Y(Q(HEKTHBHOCTD Mepeaui MEXaHHIECKUX HAIPSDKSHHUH, 2JIEKTPOMEXaHHIECKOe
COIPSDKEHNE U INIOTHOCTH MOILIHOCTHU IIPY OJHOBPEMEHHOM CHIDKCHHUHU XPYNKOCTH U JUNICKTPUUECKUX MOTepb. OLIEHUBAIOTCS CUCTE-
MBI Ha OCHOBE CBHHelcoaepkamunx (Hanpumep, PZT) u 6eccBunioBbix (Hanpumep, BTO, KNN) kepamuk B coueTanun ¢ THOKMMHI
MOJIMMEPHBIMU MaTpuIiamMu, TakuMu kak PVDF u ero comonmmepsl, i1 NPUMEHEHHMS B YCJIOBHSAX HU3KOYACTOTHBIX BUOpALNi, HOCH-
MO 2JIEKTPOHUKE, MOHUTOPUHIE€ COCTOSHUSI KOHCTPYKLUHI U aBTOHOMHBIX CEHCOPHBIX cUcTeMax. PaccMarpuBaroTcess MacIuTabupyeMble
METO/IbI M3TOTOBJICHUSI (JIUTHE C HAIIPABICHHBIM 3aMOPKMBAHNEM, IIEKTPOCIMHHUHT U 3D-1euars), a Takke METO/(bl MHOTOIIOJIEBOTO
MOJICITMPOBAHMSI, HAPSAY C OCHOBHBIMH IIPOOJIEeMaMH: CTaOMIIBHOCTBIO TOJISIPU3AINHY, YCTAIOCTHOI POYHOCTBIO, MEK(Aa3HBIM PacCiIo-
SHUEM U JIOJTOBPEMEHHOH HaigKHOCThI0. O630p popMUpyeT eMHbIH TOAXO0 K apXUTEKTYPHOH ONTHMH3ALIMHU 1 OIIPEACIISET CTPaTeru-
YeCKHUEe HaIPAaBJICHUsI CO3/IaHUsI BBICOKOI(P(EKTUBHBIX, MPOYHBIX M SKOJIOTUUECKH YCTOHYHMBBIX CHCTEM dHeprocoopa.

Kniouesvle cnosa: KepaMHUKO—TIONUMEPHBIE MbE30IEKTPUUECKHE KOMIIO3UTBI; COOp HEPTHHU; apXUTEKTypa KOMIIO3UTOB; CBSI3HOCTh
(0-3, 1-3, 3-3); MOHUTOPHUHT COCTOSHUS KOHCTPYKIHI
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