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The era of the Internet of Things has created an increasing demand for self-powered, flexible sensors.
Among various intelligent materials, poly(vinylidene fluoride) (PVDF) has emerged as a promising candi-
date due to its flexibility, processability, biocompatibility, and unique electroactive properties. PVDF's dis-
tinctive piezoelectric, pyroelectric and triboelectric characteristics make it particularly suitable for self-
powered flexible sensing applications. While research has primarily focused on enhancing the electroac-
tive p phase, PVDF-based sensors still face limitations in their piezoelectric and pyroelectric performance.
External strategies such as electrode design, stress/heat transfer improvements, microstructure optimiz-
ation, and multifunctional synergy show great potential for improving sensing performance. Although
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numerous reviews address PVDF's polar phase enhancement, there is limited literature overviewing exter-
nal strategies for performance optimization. This review focuses on external strategies for enhancing the
sensing performance of PVDF-based sensors and their emerging applications. It also addresses practical

rsc.li/nanoscale challenges and future directions in PVDF-based sensor development.

This has led to growing interest in the development of flexible
devices that incorporate piezoelectric, pyroelectric, and tribo-

1. Introduction
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The Internet of Things has brought significant improvements
to our lives, particularly through advancements in information
collection, analysis, transmission, and storage."> These devel-
opments are poised to revolutionize various areas such as
health monitoring, robotic interfaces, and artificial
intelligence.>* Among these innovations, flexible multifunc-
tional sensing devices have emerged as a promising
technology.>® However, despite the progress made, most
sensing systems still rely on batteries, which pose limitations
due to their need for frequent recharging or replacement.® As
a solution, self-powered sensory systems capable of harvesting
energy from their environment to power sensors and directly
detect external stimuli are receiving increasing attention.”®
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electric materials, which can function for both sensing and
energy harvesting.” ™

Ferroelectric polymers such as poly(vinylidene fluoride)
(PVDF) are characterized by mechanical flexibility and possess
the best piezoelectric, pyroelectric, and ferroelectric properties
among synthetic polymers."*™'® PVDF is a semicrystalline
polymer with five distinct crystalline phases, namely a, B, v, §,
and e. Among these, the f, y, and & phases are polar, endowing
PVDF with piezoelectric, pyroelectric, and ferroelectric
properties.'*'¢"'® PVDF also exhibits triboelectric behavior due
to its high fluorine content and large electronegativity."” PVDF
finds extensive application in wearable sensors on account
of its distinctive electroactive characteristics, flexibility, low-
temperature  processability, chemical stability, and
biocompatibility."**>* The sensing performance of PVDF is
directly associated with its piezoelectric and pyroelectric coeffi-
cients, which are influenced by the proportion of the polar
phases. Nevertheless, its piezoelectric and pyroelectric capa-
bilities remain inferior to those of inorganic ferroelectric
materials. Substantial endeavors have been exerted to enhance
the polar phase of PVDF, leading to remarkable advancements
in high-performance PVDF-based sensors. Despite this pro-
gress, their piezoelectric and pyroelectric performance
remains limited and persists as an issue that demands resolu-
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tion. For instance, the theoretical piezoelectric constant of
PVDF is estimated to be 186.3 pC N™* (|ds3|).>* The piezoelec-
tric response of a pure polymer can hardly reach 60 pC N~ in
actual experiments.”"**> Consequently, greater endeavors could
be directed towards the extrinsic contributions of the sensor
structure with the aim of enhancing the sensor’s performance.

The sensor’s electrode, which collects charges and deter-
mines its output properties, plays a critical role in enhancing
performance. Key factors such as the contact area and inte-
gration of the electrode are crucial for improving sensing capa-
bilities.>® Additionally, the presence of microstructures can
lead to unique electrical properties and cause large defor-
mations under small stresses, which influence the sensor’s
overall performance.”” Moreover, with its naturally low elas-
ticity and heat conductivity, PVDF, requires efficient stress and
heat transfer from the surface to the inner material or fillers to
enhance the response of internal dipoles to external
stimuli.***®*7° In addition to its piezoelectric and pyroelectric
properties, PVDF exhibits triboelectric behavior due to its high
fluorine content and substantial electronegativity.'® The syner-
gistic effects of piezoelectric, pyroelectric, and triboelectric
properties can further enhance the sensing performance of
PVDF-based materials.>* These strategies focus not only on the
internal polar phase of PVDF but also on external factors that
influence sensor output. Although numerous reviews discuss
improvements to PVDF’s polar phase,'>**7* there remains a
gap in the literature concerning external strategies to enhance
its sensing performance.

This paper is dedicated to presenting an overview of the
recent advancements in PVDF-based sensors, with a particular
emphasis on enhancing sensing performance through extrin-
sic strategies and their corresponding applications. From a
fundamental perspective, we discuss the principal factors
affecting the sensing capabilities of PVDF-based sensors.
Additionally, we highlight diverse external strategies including
electrode design, stress/heat transfer improvements, micro-
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Fig. 1 External strategies to enhance sensing performance of poly(viny-
lidene fluoride)-based sensors include electrode design, stress/heat
transfer improvements, microstructure optimization, and multifunctional
synergy. Reproduced with permission.®> Copyright 2014, Wiley-VCH.
Reproduced with permission.?® Copyright 2023, Springer Nature.

Reproduced with permission.®® Copyright 2020, Elsevier Ltd.
Reproduced with permission.?® Copyright 2023, Wiley-VCH.
Reproduced with permission.®” Copyright 2025, Wiley-VCH.

Reproduced with permission.3® Copyright 2019, Springer Nature.
Reproduced with permission.>® Copyright 2024, American Chemical
Society. Reproduced with permission.*® Copyright 2022, Wiley-VCH.

structure optimization, and multifunctional synergy (Fig. 1),
along with their applications in health monitoring, robotic
interfaces, and artificial intelligence. Finally, we also deliberate
on the challenges that PVDF-based sensors currently face and
provide valuable insights into the prospective directions for
their further development.

2. The principles of PVDF-based
sensors

The direct piezoelectric effect refers to the ability of certain
materials with asymmetric crystal structures to generate an
electrical potential when subjected to pressure or force. The
pyroelectric effect, on the other hand, involves a change in
spontaneous polarization in certain polar materials due to
temperature fluctuations. Mostly, the direct piezoelectric and
pyroelectric effects of PVDF are employed by the sensors. A
typical PVDF-based sensor consists of a PVDF layer sand-
wiched between two electrodes. When a mechanical stress (Ao)
or temperature fluctuation (AT) is applied to the sensor, the
open circuit voltage (V,.) and the short-circuit current (Is.) for
the PVDF-based sensor can be obtained*

Voe = @hAa or Voo = ﬁhAT (1)
€33 €33
Iy = ds3Ado/dt or I = pAdT/dt (2)

where ds3, €33, h, p, A, do/dt, dT/d¢t are the piezoelectric coeffi-
cient, permittivity, thickness of PVDF layer, pyroelectric coeffi-
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cient, effective area of the sensor, the rate of mechanical stress
change and the rate of temperature change, respectively.

Additionally, PVDF is widely used as a negative material in
triboelectric sensors. Its large dipole moment, high flexibility,
excellent formability, strong electronegativity, and outstanding
dielectric properties make PVDF and its copolymers highly
promising materials in this field.”*>**

The performance of a sensor can be evaluated using various
parameters, including sensitivity, durability, and response/
recovery kinetics. Among these, sensitivity is a key factor,
defined as the ratio of the sensor’s response to the corres-
ponding input. In some cases, sensitivity for force or tempera-
ture detection through piezoelectric or pyroelectric sensors

can be calculated using the following equation***
S =Vo/Acor S =Is/Ac (3)
S =Voe/AT or S = I /AT (4)

To maximize sensitivity, high values of ds;, p, do/d¢, and
d7/dt are essential. In addition to the intrinsic contributions
of the PVDF’s polar phase to d3; and p, extrinsic factors, such
as a large electrode area and a high rate of stress and tempera-
ture change, play a crucial role in enhancing the sensitivity.*
Therefore, strategies about the piezoelectric and pyroelectric
sensors structure used to enhance the charge accumulation
and polarization change rate are considerable. For triboelectric
sensors, the sensing performance depends not only on the
device geometry but also on the properties of the materials
used in pairing. Key factors include the dielectric properties,
surface charge density, effective frictional contact area, and
surface chemical characteristics of the materials.'®*¢*®

3. External strategies for enhanced
sensing performance

External strategies aimed at enhancing the charge accumu-
lation and polarization change rate are critical for achieving
high sensing performance in PVDF-based sensors. This
section summarizes external strategies for enhancing sensing
performance, including electrode design, stress/heat transfer
improvements, microstructure optimization, and multifunc-
tional synergy.

3.1. Electrode

Electrodes act as charge accumulators, collecting the sensor’s
charge changes during stimulation and directly generating an
electric signal.*>*° Traditionally, metal foil electrodes were
either physically placed or metal-coated thin film electrodes
were applied to the top and bottom surfaces of PVDF-based
layers.”® However, poor adhesion between metal electrodes
and the hydrophobic PVDF surface could cause electrode
detachment. To improve adhesion, ion beam and/or plasma
treatments were used to modify the surface energy,>® or
medium layers were added.”® While these methods signifi-
cantly enhanced interfacial adhesion, the brittleness of metal
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electrodes resulted in poor fatigue resistance, leading to elec-
trode failure. Mismatches in Young’s modulus and Poisson’s
ratio between the metal electrodes and PVDF-based layers
destabilized the structure due to interfacial shear stress.

To address the mechanical mismatch between electrodes
and PVDF-based materials, flexible fiber-structured metal elec-
trodes or organic conductive electrodes were explored.’*>> For
example, a micro-patterned polydimethylsiloxane (PDMS)-
carbon nanotube (CNT) composite was used as the top elec-
trode, while graphene nanosheets served as the bottom elec-
trode for P(VDF-TrFE) materials. The use of flexible electrodes
effectively resolved the mechanical mismatch between the elec-
trodes and PVDF-based materials, offering significantly
improved robustness and stability in sensor performance com-
pared to conventional metal electrodes.’® Furthermore, these
flexible electrodes deform in sync with the PVDF-based
materials, facilitating efficient electron collection during defor-
mation and thereby enhancing the output performance of the
piezoelectric sensor. To further improve the adhesion between
the electrodes and the matrix, Maity et al. employed vapor-
phase polymerization to deposit the organic conductive
polymer poly(3,4-ethylenedioxythiophene) (PEDOT) onto the
surfaces of PVDF nanofibers, creating a multilayer networked
structure that integrated compatible electrodes. This structure
demonstrated exceptional sensitivity to human movements,
such as foot strikes and walking. Notably, continuous fatigue
tests over six months underscored its potential as a durable
wearable mechanical energy harvester and sensor.>®

Moreover, Simaite and colleagues employed a combination
of chemical chain entanglement and mechanical interlocking
to achieve strong adhesion between poly(3,4-ethylenedioxythio-
phene) poly(styrenesulfonate) (PEDOT:PSS) and PVDF. They
utilized argon-plasma-induced surface polymerization of poly
(ethylene glycol) monomethyl ether methacrylate (PEGMA),
resulting in hydrophilic PVDF-graft-PEGMA outer surfaces and
a hydrophobic bulk core. Subsequently, a PEDOT:PSS aqueous
solution was used to fill the pores of the functionalized
portion of the membrane, creating a penetrated interlayer
between the PEDOT:PSS and PVDF (Fig. 2c). These structures
exhibited strains of 0.6% and showed no signs of delamination
after over 150 hours or 10* actuation cycles.’” The penetrated
electrode not only enhances adhesion but also expands the
area for charge collection. Researchers found that penetrated
electrodes, forming a nanoscale-conducting network on fiber
surfaces, improved interactions between electrodes and PVDF
nanofibers. This enlarged contact area and increased conduc-
tive pathways enhanced piezoelectric signals and energy con-
version efficiency, strengthening the overall sensitivity.>® Li
et al. improved charge collection in a poly(vinylidene fluoride-
co-trifluoroethylene) (P(VDF-TrFE)) thin film by cross-linking
it with a PEDOT:PSS layer (Fig. 2d). The resulting P(VDF-
TrFE)/PEDOT:PSS composite film exhibited an ultrasensitive
and linear mechanical/thermal response, with sensitivities of
2.2 V kPa™" in the pressure range of 0.025-100 kPa and 6.4 V
K™ in the temperature range of 0.05-10 K. The enhanced
charge collection, resulting from the interface network
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Fig. 2 Electrode designs for high-performance PVDF-based sensors.
(a) CNT/PDMS composite and graphene nanosheets used as top and
bottom electrodes for P(VDF-TrFE) material. Reproduced with per-
mission.>> Copyright 2014, Wiley-VCH. (b) Multilayer-assembled electro-
spun PVDF nanofiber mats with vapor-phase polymerized PEDOT-
coated PVDF nanofibers as electrodes. Reproduced with permission.®
Copyright 2018, American Chemical Society. (c) PEDOT:PSS/PVDF-
graft-PEGMA/PEDOT:PSS actuators with strong adhesion between elec-
trodes and PVDF. Reproduced with permission.>” Copyright 2015,
American Chemical Society. (d) Network interconnection interface of
P(VDF-TrFE)/PEDOT:PSS composite film. Reproduced with per-
mission.?® Copyright 2023, Springer Nature.

between PEDOT:PSS and P(VDF-TrFE), led to a piezoelectric
coefficient of —86 pC N™' and a pyroelectric coefficient of
95 uC m~2 K™'. This demonstrates how electrode interface
engineering can boost the sensitivity of ferroelectric polymer
sensors.”®

In conclusion, electrodes play a vital role in charge collec-
tion, adhesion, and adaptability. An effective contact area sig-
nificantly improves the sensitivity and durability of PVDF
Sensors.

3.2. Stress/heat transfer

PVDF inherently exhibits low elasticity and thermal
conductivity.”>*® Therefore, efficient transfer of stress and heat
from the surface to the internal material or fillers is essential
for enhancing the response of internal dipoles to external
stress or thermal stimuli.**®'™®® Typically, fillers with high
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elasticity or thermal conductivity are incorporated into PVDF-
based materials to improve stress and heat transfer.

Shi et al. grafted a layer of high-modulus polymethyl meth-
acrylate (PMMA) onto the surface of BaTiO; (BTO) nanowires
via surface-initiated polymerization. The high elasticity coating
can improve the dispersion of the nanowires and enhancing
stress transfer at the interface. This resulted in improved
output performance in the fibrous nanocomposite piezoelec-
tric nanogenerators.”” Li et al. designed a polymer-nano-
particle-liquid ternary composite consisting of polydopamine-
modified barium titanate nanoparticles (PDA-BTO NPs), poly-
vinylidene fluoride (PVDF), and 1H,1H,2H,2H-perfluorodecyl-
triethoxysilane (PFOES) liquid nanodroplets. The PFOES nano-
droplets formed a 3D scaffold matrix within the composite.
Finite element analysis showed that the ternary composite had
significantly improved stress transfer capability due to the
highly deformable PFOES liquid nanodroplets, which
increased the net stress exerted on the PDA-BTO NPs and the
PVDF matrix (Fig. 3a). This composite exhibited enhanced
piezoelectric performance, achieving an output voltage of 102
V, a current of 10 pA, and a power density of 70 uW cm™2,
which were record-high values compared to binary composite-
based devices. Furthermore, the device showed great potential
as a highly sensitive tactile perception tool for shape reco-
gnition.®® In addition to the high elasticity of the fillers, their
alignment is crucial for effective stress transfer. A 3D printing
technique was employed to achieve in situ dipole alignment of
PVDF within PVDF-2D molybdenum disulfide (2D MoS,).
During the 3D printing process, shear stress-induced dipole
poling of PVDF and alignment of 2D MoS, are leveraged to
enhance piezoelectricity, eliminating the need for a post-
poling process. The strain transfer to the nanofillers was con-
firmed through microstructural analysis and finite element
simulations (Fig. 3b).*°

As thermal conductivity is crucial for heat transfer, increas-
ing it in pyroelectric materials improves the rate of tempera-
ture change (d7/d¢). High thermal conductivity fillers, such as
diamond, beryllia, aluminum nitride, aluminum oxide,** and
liquid metals,”®”? are commonly incorporated into thermally
insulating matrices to create a conductive network that
enhances phonon transportation and heat transfer.*® Li et al.
improved the pyroelectric properties of P(VDF-TIFE) films by
incorporating inorganic P-type bismuth antimonide (P-Bi,Tes)
fillers. Composite films with 0.2 wt% P-Bi,Te; showed
improved pyroelectric response time and voltage due to
increased thermal diffusivity and enhanced p-phase content.
Proton irradiation further reduced the pyroelectric response
time from 22 to 0.5 s due to the ionization energy loss from
proton irradiation enhanced the conductivity of the composite
film (Fig. 3c).”® Additionally, an interpenetrating structure of
poly(vinylidene  fluoride-trifluoroethylene-chlorofluoroethyl-
ene) (P(VDF-TrFE-CFE)) polymer and ceramic materials with
highly conductive pathways was developed, achieving a 300%
increase in thermal conductivity (Fig. 3d). The continuous 3D
thermal conductive network facilitated rapid phonon conduc-
tion, addressing the challenge of slow heat dissipation in

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Stress/heat transfer improvements for high performance PVDF-
based sensor. (a) PFOES nanodroplets enable the formation of a three-
dimensional scaffold matrix in the PDA-BTO nanoparticle-doped PVDF
composite, enhancing stress transfer. Reproduced with permission.*®
Copyright 2020, Elsevier Ltd. (b) 3D printing PVDF-MoS, composite
with boosting piezoelectricity. Reproduced with permission.®® Copyright
2023, Wiley-VCH. (c) P-Bi,Tes/P(VDF-TrFE) composite films improve
thermal diffusivity. Reproduced with permission.?® Copyright 2023,
Wiley-VCH. (d) The continuous 3D thermally conductive networks of
ferroelectric polymer/ceramic composite. Reproduced with per-
mission.”® Copyright 2022, Springer Nature.

PVDF-based polymers and their contact interfaces with low
thermal conductivity.”?

Therefore, the utilization of high elasticity or thermal con-
ductivity fillers can significantly enhance the stress/heat trans-
fer capabilities of PVDF-based sensors. However, it is essential
to take into account the effective interface between the fillers
and PVDF. There is a demand for well-designed interfaces or
structures.

3.3. Microstructure

The microstructure plays a significant role in influencing the
electrical properties of PVDF-based sensors. This is due to the
increased specific surface area, which promotes a stronger

This journal is © The Royal Society of Chemistry 2025

View Article Online

Minireview

strain response, stress concentration, and enhanced stress
transfer. These factors collectively contribute to an improve-
ment in the triboelectric properties, thereby affecting the
sensing performance of the sensors.”” One widely used micro-
structure is the porous structure, which can be easily
fabricated.””””* PVDF-based layer with porous structures is
inclined to deformation and stress concentration due to the
presence of internal pores. Moreover, the porous structure,
owing to its larger specific surface area and strong strain
response, is beneficial for attaining a high electromechanical
coupling factor. Additionally, certain porous materials exhibit
a reduced Young’s modulus and enhanced stress transfer.
Collectively, these aspects enable PVDF-based porous sensors
to possess a greater piezoelectric output and enhanced
sensitivity.””””> Lee et al. demonstrated that electrospun
P(VDF-TIFE) fibers with higher surface porosity outperform
their smooth-surfaced counterparts in terms of output voltage
and power generation. Theoretical and numerical studies
support the benefit of structural porosity, linking it to local
stress concentration and a reduced dielectric constant due to
air in the pores (Fig. 4a).”® A porous structure was fabricated
using a novel optimized quenching method to create a PVDF
and PMMA porous blend (Fig. 4b). The triboelectric nanogen-
erators (TENGs) exhibit exceptional electrical output, featuring
a dielectric constant of 40 and an open-circuit voltage of
approximately 600 V. The porous matrix significantly enhances
durability, maintaining stable performance over 36 000 oper-
ational cycles without degradation.’”

To further refine microstructure design, PVDF-based
materials with micro-pyramids,”®”>”” micropillars,”*** hemi-
spherical,®® and biomimetic structures*®**#> have been devel-
oped. These microstructures exhibit large deformations under
small stress, and large stress concentration around the special
geometries, which causes significant changes in dipole
density, making them ideal for detecting weak mechanical
excitation. For example, P(VDF-TrFE) films with micro-
pyramid structures generate nearly five times more power
output than flat films, exhibiting an ultrasensitive response to
mechanical deformation.”” Hierarchical structures, which inte-
grate specific design elements to optimize overall perform-
ance, have also been explored.®® PVDF-based sensors with hier-
archical structures show greater potential for superior electri-
cal output, detection sensitivity, and durability due to the
complex mechanical and electrical coupling effects. Yang et al.
developed a 3D hierarchically interlocked PVDF/ZnO nano-
fiber-based piezoelectric sensor by epitaxially growing ZnO
nanorods on electrospun PVDF nanofiber. The ZnO nanorods’
hierarchical structure enabled significant deformation, result-
ing in a stronger piezoelectric potential. The sensor exhibited
a substantial increase in sensitivity—6 times greater in press-
ing mode and 41 times greater in bending mode compared to
pure PVDF nanofibers (Fig. 4c).*”

To address the limited stretchability of PVDF due to its
plastic nature, complex microstructures have been designed.”
A 3D buckled structure, composed of a serpentine PVDF
ribbon and a proof mass (Cu, 500 pm x 500 pm x 500 pm), gen-
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Fig. 4 Microstructure optimization for high performance PVDF-based
sensor. (a) The fabrication and structure of P(VDF-TrFE) fibers with
surface porosity. Reproduced with permission.”® Copyright 2022, Wiley-
VCH. (b) TENG fabricated by PVDF and PMMA porous blend.
Reproduced with permission.>” Copyright 2025, Wiley-VCH. (c)
Hierarchically structured PVDF/ZnO core-shell nanofibers. Reproduced
with permission.®” Copyright 2020, Elsevier Ltd. (d) 3D buckled structure
with a serpentine PVDF ribbon with ultralow stiffness. Reproduced with
permission.*® Copyright 2019, Springer Nature.

erates electrical power across frequencies from 5 Hz to 500 Hz
under out-of-plane vibrations with accelerations ranging from
4 g to 0. The 3D buckled serpentine structure shows ultralow-
stiffness and asymmetric designs, generates significantly
larger output voltage than a 2D serpentine across a broad fre-
quency range (Fig. 4d).*®

3.4. Multifunctional synergy

In addition to possessing piezoelectric and pyroelectric pro-
perties simultaneously, PVDF also exhibits triboelectric behav-
ior due to its high fluorine content and large electro-
negativity."> The combination of piezoelectric, pyroelectric,
and triboelectric effects enables to enhance the sensing per-
formance of PVDF-based materials.!3>26-39:88-91

Both piezoelectric and triboelectric processes can occur
under pressure. Consequently, the simultaneous occurrence of
both piezoelectric and triboelectric conversion may enhance
the electrical signal. Huang et al. demonstrated a monolayer
membrane created by co-electrospinning binary fiber nano-
composites, incorporating multiwalled carbon nanotubes
(CNTs) into PVDF and polyacrylonitrile (PAN). The resulting

6986 | Nanoscale, 2025, 17, 6981-6992

View Article Online

Nanoscale

PVDF/CNTx@PAN/CNTx membrane exhibited an outstanding
synergistic effect between piezoelectricity and triboelectricity,
along with high machine-to-electric conversion efficiency
(Fig. 5a). This piezoelectric nanogenerator delivered excellent
electrical output (187 V and 8.0 pA), which was 5.1 and 4.6
times higher than that of PAN or PVDF single-fiber mem-
branes, respectively. The sensor accurately detected human
movement, ranging from small to large motions, and demon-
strated potential applications in medical, firefighting, and
monitoring systems.’> The polarization direction of PVDF
influences its triboelectric properties, likely due to the induc-
tion driven by piezoelectric charges.' Sutka et al. demon-
strated a novel piezoelectric-electrostatic generator constructed
from inversely polarized PVDF films, which exhibits superior
performance compared to TENGs in converting mechanical
energy to electricity (Fig. 5b).%*

Shin et al. reported the combination of triboelectric and
pyroelectric effects in inversely polarized P(VDF-TrFE) pairs.
They developed a self-powered multimodal pressure-tempera-
ture sensor utilizing a single P(VDF-TrFE) material, which
switches the triboelectric polarity through ferroelectric polariz-
ation (Fig. 5c). The inversely-polarized P(VDF-TIFE) device
showed ~106 times and ~12 times higher triboelectric and
pyroelectric currents, respectively, compared to non-polarized
devices. This device achieved a high-pressure sensitivity of 40
nA kPa™' and 1.4 V kPa™' over a broad pressure detection
range (98 Pa-98 kPa) and competitive temperature sensitivity
of 0.38 nA °C™" and 0.27 nA °C™" in cooling and heating
states. As a result, it can differentiate multiple stimuli, includ-
ing pressure and temperature, without signal interference.*®
Additionally, a self-powered flexible antibacterial tactile sensor
was developed, utilizing a triboelectric—piezoelectric-pyroelec-
tric multi-effect coupling mechanism. This mechanism ana-
lyzes the coupled bimodal voltage signal with response time
differences to differentiate external stimuli. This sensor allows
multifunctional sensing in a single pixel, reducing structural
complexity. The sensor showed pressure sensitivity of 0.092 V
kPa~! and temperature sensitivity of 0.11 V °C™.**

4. Applications

External strategies, combined with internal polar phase
enhancements, have contributed to the development of high-
performance sensors. For instance, the design of flexible and
penetrative electrodes improves the adhesion between the elec-
trode and matrix, making the sensor more suitable for
complex deformation applications. Furthermore, advance-
ments in stress and heat transfer mechanisms significantly
enhance output performance, particularly for high-sensitivity
applications. Microstructure optimization also increases the
sensor’s flexibility and sensitivity, while multifunctional syner-
gies further improve output performance, enabling simul-
taneous detection of multiple signals. As a result, PVDF-based
self-powered flexible sensors offer broad applications across
various fields, including health monitoring, robotic interfaces,

This journal is © The Royal Society of Chemistry 2025
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and artificial intelligence, with notable advantages such as
high sensitivity, durability, and rapid responsiveness.*®~%°
Wearable sensors enable non-invasive monitoring of
various human physical and physiological parameters, playing
an increasingly crucial role in the healthcare system, especially
with the rapid advancement and widespread application of
information technology.””*°® These sensors must be flexible
enough to conform to the complex contours of the body and
possess high sensitivity to detect subtle physiological
changes.'®" In health monitoring applications, hierarchically
structured PVDF/ZnO core-shell nanofibers, known for their
excellent flexibility and high sensitivity in both pressing and
bending modes, have been developed. Leveraging these pro-
perties, the sensor can accurately detect subtle physiological

This journal is © The Royal Society of Chemistry 2025

signals such as respiration, wrist pulse, and muscle activity.
Additionally, a highly sensitive gait recognition system was
successfully implemented using sensor arrays (Fig. 6a).®”
Human-machine interaction, the communication between
humans and machines via user interfaces, is garnering
increasing attention due to its wide range of applications in
fields such as robotic manipulation, smart prosthetics, and
entertainment.’*>'°®  Smart piezoelectric and pyroelectric
sensors are emerging as key components for human-machine
interaction, offering essential capabilities for information
interaction.'®”°® PVDF-based sensors perform exceptionally
well in critical areas like sensitivity, stretchability, resolution,
stability, biocompatibility, and miniaturization. A microstruc-
ture optimization 3D geometry PVDF design that increases the

Nanoscale, 2025, 17, 6981-6992 | 6987
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number of deformation degrees of freedom, creating new pos-
sibilities for robotic interface design. By encapsulating these
3D structures in soft silicone elastomers, the device is phys-
ically protected while maintaining its flexibility (Fig. 6b).
These advancements in mechanical sensing open up potential
pathways for the development of robotic prosthetic interfaces.
Additionally, integrating multiple devices over a large area in a
distributed manner allows for gesture recognition, spatiotem-
poral mapping of motions, and other applications®® (Fig. 6c).
In the field of artificial intelligence, piezoelectric sensors
are gaining attention for their use in flexible acoustic sensors

6988 | Nanoscale, 2025, 17, 6981-6992

for speech recognition and artificial synapses."'*"'?

Piezoelectric acoustic sensors, with their excellent inherent
properties, are promising candidates to enhance sensitivity
and improve speech recognition accuracy. As shown in Fig. éc,
a speech recognition system typically consists of two essential
components: (i) acoustic hardware sensors, and (ii) speech
recognition software. The acoustic sensors detect the sound
pressure of human speech and convert it into analog electrical
signals. These sensors capture the vibrations caused by
speech, providing vast amounts of data for preprocessing and
model training."*? A key challenge for PVDF-based sensors in

This journal is © The Royal Society of Chemistry 2025
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artificial intelligence applications remains their relatively low
sensitivity. However, ongoing improvements to these PVDF-
based sensors through external strategies hold significant
promise for enhancing their performance and expanding their
potential use in artificial intelligence.

PVDF-based flexible sensors have emerged as versatile and
highly sensitive devices with applications in health monitor-
ing, robotic interfaces, and artificial intelligence. These
sensors possess the capacity to foster the establishment of
more personalized and continuous monitoring systems, as
well as more seamless and intuitive interactions between
humans and machines. Thereby, they contribute to the earlier
disease detection and more effective treatment, to the augmen-
tation of the functional capabilities of prosthetics and open up
new frontiers in intelligent sensing and interaction
technologies.

5. Summary and outlook

Over the past decade, PVDF-based sensors have been exten-
sively explored, developed, and applied in various fields. In
this review, recent advances in PVDF-based sensors aimed at
improving sensing performance through external strategies
and their applications are summarized and discussed. These
advances include the main factors affecting the sensing per-
formance of PVDF-based sensors and highlight diverse strat-
egies, including electrode design, stress/heat transfer optimiz-
ation, microstructural modifications, and multifunctional
synergy, as well as their applications in health monitoring,
robotic interfaces, and artificial intelligence. Despite the pro-
gress made through external strategies to improve PVDF-based
sensors, many challenges and opportunities remain that need
to be addressed in order to realize practical applications in the
era of the Internet of Things.

While significant efforts have been made to improve the
sensing performance of PVDF-based sensors, further advance-
ments are still required to enhance their piezoelectric, pyro-
electric, and triboelectric responses. In terms of electrode
design, flexible and penetrative electrodes have notably
improved adhesion and contact area with PVDF. However,
methods that can simultaneously achieve high polar phase
alignment and effective electrode penetration remain scarce.
The use of porous structures or nanofibers, which are condu-
cive to surface functionalization and electrode penetration,
often fails to achieve high polar phase alignment along the
z-direction. Consequently, the development of more effective
preparation techniques is essential. Regarding stress and heat
transfer improvements, the primary challenge lies in the inter-
face between the filler and PVDF. To achieve significant
changes in elastic or thermal conductivity, a large amount of
filler material is required, which can lead to agglomeration
that deteriorates both electrical and mechanical properties.
Thus, resolving the issue of interfacial compatibility is crucial.
Microstructure optimization, particularly through the inte-
gration of electrode design and stress/heat transfer improve-

This journal is © The Royal Society of Chemistry 2025
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ments, holds promise for further enhancing the sensing per-
formance of PVDF-based sensors. In terms of multifunctional
synergy, there is a need for piezoelectric enhancement of the
triboelectric effect. Additionally, the issue of crosstalk between
output signals, especially those from the piezoelectric and tri-
boelectric effects, needs to be addressed. Decoupling these
output signals to enable accurate detection of each stimulus is
of paramount importance.

Both external and internal strategies to enhance the polar
phase of PVDF can work synergistically to boost sensor per-
formance. Moreover, achieving a balance between the mechan-
ical and electrical properties of PVDF is still a significant chal-
lenge.?® For instance, the addition of fillers to enhance electri-
cal properties may compromise the material’s flexibility, which
is critical for applications requiring adaptation to curved sur-
faces. Furthermore, the durability and fatigue resistance of
PVDF-based sensors directly influence signal integrity and
determine their lifespan in real-world applications. Strategies
that optimize the mechanical compatibility, affinity, and con-
ductivity of electrodes offer promising solutions to enhance
the durability and practical applicability of these sensors.
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