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Poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE), PT) is a promising piezoelectric polymer for flexible

electronics, but its output remains insufficient for reliable health monitoring of subtle motions and vital

signs. Conventional strategies employ high-permittivity (high-k) nanofillers to enhance piezoelectricity

via interfacial polarization, yet they inevitably increase leakage current and obscure the genuine

contribution of interface effects. Here, we challenge this paradigm by incorporating low-permittivity

(low-k) montmorillonite (MMT) nanosheets into PT. Despite theoretical expectations of reduced

permittivity, the large-aspect-ratio MMT creates extensive interfacial regions where permittivity

mismatch induces localized polarization, promoting a gauche to all-trans conformational transition in

polymer chains as verified by theoretical calculations and experimental characterization.

Electromechanical measurements reveal a concentration-dependent enhancement peaking at 4 wt%

MMT, achieving an eight-fold increase in voltage and three-fold increase in current compared to pristine

PT. The optimized composite is fabricated into flexible sensors that clearly resolve distinct patterns of

walking, jumping, squatting, and shoulder asymmetry. This work resolves the apparent paradox between

theoretical prediction and experimental performance, establishing low-k two-dimensional materials as

a viable and versatile platform for interfacial polarization engineering in high-performance flexible

piezoelectric composites.

Introduction

Advanced materials for electromechanical conversion are
central to the advancement of consumer electronics, exible
wearable devices, and intelligent sensors.1 Piezoelectric mate-
rials, as intrinsically electromechanically active materials, offer
high reliability and superior durability.2 Among them, poly(-
vinylidene uoride-triuoroethylene) (P(VDF-TrFE), PT) stands
out due to its excellent piezoelectric properties, lightweight
exibility, and biocompatibility.3,4 Yet its piezoelectric output,
while promising, falls short of the amplitude required for reli-
able health monitoring of subtle joint motions and vital signs,
leaving weak signals indistinguishable from environmental
noise.5–8

While chemical approaches (e.g., TrFE ratio tuning to mimic
a morphotropic phase boundary) can boost intrinsic activity,
physical blending is more practical and economically viable.9,10

Particularly when coupled with electrospinning, physical
blending is able to simultaneously induce electric eld polari-
zation and mechanical stretching to promote piezoelectric
phase formation.11–13 The incorporation of nanollers into this
framework has attracted growing interest,14–17 not merely for
mechanical reinforcement, but because recent studies have
revealed that even non-piezoelectric llers can enhance the
overall piezoelectric response, which is a counterintuitive effect
primarily attributed to interfacial polarization.18,19 Interfacial
polarization arises from the surface polarity of the ller and the
interfacial interactions with the matrix molecular chains. The
polarity induction drives conformational changes in the matrix
chains, promoting the formation and stabilization of polar
conformations. Two-dimensional (2D) materials—such as
MXene, graphene, and black phosphorus—are especially
attractive in this context, offering extensive interfacial area,
mechanical exibility, and surface tunability.20–26 Consequently,
interfacial polarization engineering has become a prominent
strategy for enhancing polymer piezoelectricity.27–30 However,
nearly all such composites rely on high-permittivity (high-k)
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llers to amplify interfacial polarization,31 following the
conventional wisdom that piezoelectric coefficient scales with
permittivity (d33f3r).32,33 This dependence creates a critical
dilemma: high-k llers inevitably raise the risk of increasing
leakage current,34 which hinders efficient poling of the
composite and obscures the genuine contribution of interfacial
polarization to piezoelectricity.35–37 In contrast, low-permittivity
(low-k) llers would eliminate leakage concerns and allow the
effect of interfacial polarization to be directly demonstrated. Yet
in theory they decrease the composite's overall permittivity,
would appear to diminish rather than enhance piezoelectricity.
This apparent contradiction has le the low-k pathway largely
unexplored.

Herein, enhanced piezoelectric performance in PT is ach-
ieved through the incorporation of low-permittivity (low-k)
montmorillonite (MMT) nanosheets, challenging the conven-
tional reliance on high-k llers. The large-aspect-ratio MMT
creates extensive interfacial regions where permittivity
mismatch generates localized polarization. This interfacial
effect promotes a gauche to all-trans conformational transition
in the polymer chains, as corroborated by theoretical calcula-
tions and experimental characterization. Electromechanical
measurement reveals a concentration-dependent output that
peaks at 4 wt% MMT, an eight-fold voltage and three-fold
current enhancement. Finally, the optimized MMT/PT
composite is fabricated into exible sensors that resolve
distinct patterns of walking, jumping, squatting, and shoulder
asymmetry. These ndings resolve the apparent paradox
between theoretical prediction and experimental potential,
establishing interfacial polarization engineering with low-k 2D
materials as a viable and versatile strategy for advancing exible
piezoelectric composites.

Results and discussion
Conceptions and design of MMT/PT piezoelectric composite
for sensing

Wearable electronics require precise movement and force
application, where the piezoelectric sensor is an ideal candidate
for advanced activities monitoring. MMT/PT piezoelectric
composite mats were fabricated via electrospinning for elec-
tromechanical conversion and pressure sensing applications
(Fig. 1a). In contrast to conventional high-k nanomaterial-based
approaches, interfacial polarization was triggered herein by
incorporating low-k MMT nanosheets (Fig. S1). This strategy
simultaneously promotes the gauche to all-trans conformational
transition in PT molecular chains through interfacial polariza-
tion (Fig. 1b) while suppressing the high leakage current asso-
ciated with high-k llers. The morphology and elemental
distribution of the as-prepared mats were characterized by
scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS) (Fig. S2). The electrospun MMT/PT
bers exhibited uniform, bead-free morphologies with charac-
teristic nanoscale features conducive to enhanced electrome-
chanical conversion (Fig. S3). The EDS mapping conrmed the
homogeneous distribution of MMT nanosheets throughout the
polymer matrix, with elemental signals corresponding to Al and

Si from MMT colocalized with C and F from PT. This uniform
dispersion is essential for generating consistent interfacial
polarization across the composite. The freestanding mat
exhibited macroscopic exibility and mechanical integrity, as
shown in the digital photograph (Fig. 1c), withstanding various
deformations including bending, twisting, and stretching
without structural failure. To assess practical utility, MMT/PT
sensors were mounted on the human plantar surface for
monitoring pressure signals, enabling clear discrimination of
distinct motion patterns (Fig. 1d). Extending this application to
healthcare, the sensor successfully distinguished between
normal posture and shoulder asymmetry—a common postural
deviation with health implications—based on signicant
differences in plantar pressure signals (Fig. 1e), highlighting its
promise for intelligent medical sensing.

Characterization of interfacial polarized MMT/PT
piezoelectric composite

To elucidate the origin of interfacial polarization in MMT/PT
composites and its subsequent effects on the polymer matrix,
a combined computational and experimental approach was
employed. Density functional theory (DFT) simulations rst
probed the potential interactions between MMT nanosheets
and PT molecular chains. The results revealed that the inter-
action between PT and MMT is limited to weak van der Waals
forces, with no evidence of bond formation or strong interac-
tions such as hydrogen bonding (Fig. 2a). This absence of
signicant electronic coupling or charge transfer indicates that
interfacial polarization in this system cannot originate from
chemical interactions at the ller-matrix interface. An alterna-
tive mechanism for interfacial polarization arises from
permittivity mismatch between composite components. In
MMT/PT, the incorporated MMT nanosheets possess a lower
relative permittivity than the PT matrix. Under an applied
electric eld, this permittivity contrast induces spatial hetero-
geneity in the local eld distribution, particularly in the inter-
facial regions adjacent to the MMT nanosheets. Finite element
simulation conrmed this hypothesis: under an external bias,
a pronounced difference in electric eld intensity was observed
between the MMT domains and the surrounding PT matrix
(Fig. 2b). This eld discontinuity at the interfaces generates
localized polarization, establishing permittivity mismatch as
the physical origin of interfacial polarization in MMT/PT
composites. The DFT and simulation ndings were corrobo-
rated by X-ray photoelectron spectroscopy (XPS). As shown in
Fig. 2c, MMT nanosheets exhibited characteristic core-level
spectra—Si, Al, and O—with no detectable chemical shis or
additional bonding states (Fig. S4). The absence of spectral
perturbations conrms that the MMT surface lacks readily
available binding sites for strong interactions with PT, rein-
forcing the conclusion that interfacial polarization arises from
permittivity mismatch rather than chemical coupling.

With the polarization mechanism established, attention
turned to its inuence on the PT matrix—rst at the crystallo-
graphic level, then at the molecular level. X-ray diffraction
(XRD) patterns of pristine PT and MMT/PT were strikingly
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similar (Fig. 2d). Both exhibited the characteristic (110/200)
reection of the ferroelectric b-phase at 2q z 20.0°, with
nearly identical peak positions and widths. This morphological
congruence demonstrates that MMT incorporation does not
alter crystal phase or crystallite size—a nding reinforced by
differential scanning calorimetry (DSC). The Curie and crystal-
lization temperatures of the composite closely mirrored those of
the pristine polymer (Fig. 2e), with only a marginal increase in
crystallinity attributable to the nucleation effect of MMT
nanosheets (Fig. 2f). These modest crystallographic differences
cannot account for the substantial enhancement in piezoelec-
tric performance, pointing toward a more fundamental mech-
anism operating at the molecular scale. Fourier-transform
infrared (FTIR) spectroscopy revealed the molecular-level
transformation. While the overall spectral features of pristine
PT and MMT/PT were similar, distinct differences emerged at
conformation-sensitive absorption bands (Fig. 2g). The
composite exhibited diminished intensity at 840 cm−1 (char-
acteristic of the gauche conformation) and enhanced intensity at
1279 cm−1 (characteristic of the all-trans conformation)
(Fig. 2h). This spectral evolution indicates that interfacial
polarization, arising from permittivity mismatch at the MMT-
polymer interfaces, actively biases the polymer chains toward
the all-trans conformation. Raman spectroscopy provided
independent corroboration. The intensity ratio of the
1279 cm−1 band to the 840 cm−1 band (I1279/I840) serves as
a semi-quantitative indicator of relative all-trans content. As
shown in Fig. 2i, this ratio was notably higher for MMT/PT

compared to pristine PT—a trend consistent across both spec-
troscopic techniques. The convergence of FTIR and Raman
evidence demonstrates that interfacial polarization promotes
the gauche to all-trans conformational transition. These results
establish that MMT nanosheets enhance piezoelectric perfor-
mance through interfacial polarization-driven conformational
regulation.

Characterization of MMT/PT piezoelectric sensor

To evaluate the inuence of interfacial polarization on the
macroscopic piezoelectric response, MMT/PT composites were
fabricated into piezoelectric sensors using a conventional
sandwich structure, schematically illustrated in the exploded-
view diagram (Fig. 3a and S6). Electromechanical characteriza-
tion was performed on a custom-built testing platform to
ensure accurate and reliable measurement of the sensor output
(Fig. S7).

Interfacial polarization arises primarily at the interfaces
between MMT nanosheets and the PT matrix; its magnitude is
therefore intrinsically linked to the total interfacial area within
the composite. Given the 2D morphology of MMT, the interfa-
cial content is predominantly governed by the MMT loading
concentration. To establish this correlation, a series of
composites with varying MMT concentrations was fabricated,
and their electrical output was systematically characterized.
Fig. 3b, c and S8 present the output voltage and current of
sensors with different MMT loadings. A monotonic increase in
piezoelectric output was observed with increasing MMT

Fig. 1 Conceptions and design of MMT/PT piezoelectric composite for activity recognizing. (a) Schematic illustration of preparing MMT/PT
piezoelectric mat via electrospinning. (b) Schematic illustration of molecular conformation transforms through interfacial polarization. (c)
Photographic images presenting mechanical compliance of piezoelectric sensors. (d) Schematic illustration of activity monitoring through
plantar piezoelectric sensing. (e) Schematic illustration of diagnosing shoulder asymmetry through piezoelectric sensing.
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content, reaching a maximum at 4 wt%—with an output voltage
approaching 4 V, representing an approximately eight-fold
enhancement compared to the 1 wt% composite, while the
output current exhibited a more than three-fold increase. In
addition, the output power density of the sensor was calculated
and compared with that of previously reported piezoelectric
sensors (Table S1). This concentration-dependent enhancement
corroborates the pivotal role of interfacial polarization in
boosting the piezoelectric response.

However, a sharp decline in output was observed when the
MMT content reached 5 wt%. Such behavior is not rare in
composite systems and is indicative of a percolation phenom-
enon:9,10,38 when the ller concentration exceeds a critical
threshold—the percolation threshold—a dramatic transition in
material properties occurs (Fig. 3d). To investigate this
phenomenon, nite element simulations of dielectric break-
down were performed on model systems representing MMT/PT
and pristine PT (Fig. 3e). Comparative analysis of the simulated

current paths revealed that at excessive MMT loadings (above
the percolation threshold), the formation of connected ller
networks facilitates current propagation through the material,
increasing the susceptibility to dielectric breakdown and irre-
versible phase damage (Fig. S9). These results suggest that
beyond the optimal concentration, interconnected MMT
nanosheets provide pathways for charge transport and recom-
bination, leading to attenuation of the overall piezoelectric
performance.

Based on these ndings, the composite with 4 wt%MMTwas
selected for subsequent sensor fabrication and application
studies. As shown in Fig. 3f, the sensor exhibited a linear elec-
tromechanical response characteristic of piezoelectric devices,
with excellent response characteristics—a response time of 30
ms and a recovery time of 60 ms (Fig. 3g). Furthermore, the
sensor demonstrated operational stability, maintaining its
initial output and response characteristics aer more than 5000
consecutive operating cycles (Fig. 3h, i and S10). The results

Fig. 2 Characterization of MMT/PT piezoelectric composite. (a) DFT calculations of PVDF-TrFE chain on the surface of MMT nanosheets. (b)
Schematic illustration of permittivity mismatch inducing interfacial polarization. (c) XPS of MMT nanosheets. (d) XRD patterns of MMT/PT and PT.
(e) DSC thermogram of MMT-PT and PT. (f) Crystallinity of MMT/PT and PT calculated from (e). (g) FTIR spectra of MMT/PT and PT. (h) Local
comparison of FTIR for MMT/PT and PT. (i) Comparison of characteristic peak intensities between TTTT and TGTG0 for MMT/PT and PT.
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demonstrate that the sensor retains its output signal amplitude
without attenuation (Fig. 3h) and maintains a comparable
response speed (Fig. 3i) to external mechanical stimuli even
aer 5000 cycles. This robust performance establishes a solid
foundation for subsequent signal monitoring and recognition
applications.

Plantar signal monitoring for exploring potential applications

The rapid advancement of embodied intelligence and intelli-
gent healthcare has driven substantial interest in exible,
wearable smart sensors. Leveraging the favorable electrome-
chanical performance of the MMT/PT composite, its potential
for practical applications was further explored. Human physi-
ological characteristics—including body weight, postural
asymmetry, and injury—are oen reected in alterations of
daily motor activities. Hence, the monitoring and recognition of
such activities constitute a critical function for wearable
sensors. The brous architecture of the electrospun MMT/PT
mat imparts fabric-like properties, including favorable mois-
ture permeability and stretchability (Fig. S11 and S12),
rendering it well-suited for skin-attachable applications.

Based on these attributes, the sensor was attached to the
plantar surface to monitor and acquire electrical signals
generated during three typical daily activities: walking,
running, and jumping (Fig. 4a–c). Distinct signal patterns were
observed for each activity, characterized by unique amplitude,
frequency, and temporal proles. To enable automatic classi-
cation, a deep learning algorithm was constructed to learn
and discriminate the signal features associated with the three
activities (Fig. 4d). As shown in Fig. 4e and f, the model
exhibited excellent accuracy and robustness in signal classi-
cation, achieving an overall recognition accuracy of 96.7%.
These results conrm that the MMT/PT sensor fullls the
essential requirements for exible wearable devices and holds
considerable promise for practical deployment. Building on
this foundation, the sensor was further applied to the detec-
tion of shoulder asymmetry—a common postural abnor-
mality—to preliminarily explore its potential in intelligent
healthcare. Individuals with shoulder asymmetry are at
increased long-term risk for chronic and neurological disor-
ders. This postural deviation oen leads to uneven load
distribution between the le and right feet during locomotion

Fig. 3 Electrical characterization and mechanism of MMT/PT piezoelectric sensor. (a) Schematic illustration of piezoelectric sensor in explosive
view. (b) Output voltage and (c) corresponding current of the sensors as a function of MMT concentration. (d) Schematical illustration of the
percolation effect and its impact on piezoelectric properties. (e) Simulated dielectric breakdown current paths in MMT/PT versus PT (left); and
corresponding fraction of damaged tissue as a function of time (right). (f) Electric output of sensor as a function of force. (g) Response and
recover time of piezoelectric sensor. (h) Durability test results of sensor. (i) Evolution of sensor's response and recover time during durability
testing.
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(Fig. 4g), resulting in asymmetric plantar pressure signals. As
illustrated in Fig. 4h, the temporal output signals from sensors
placed on the le and right foot soles exhibited pronounced
asymmetry in individuals with shoulder asymmetry compared
with those with normal posture. Statistical analysis revealed
a signicant difference between the two signal groups (Fig. 4i
and S13). These preliminary observations suggest that the
sensor holds promise for detecting subtle postural abnormal-
ities and early diagnosis.

Conclusions

In summary, an MMT/PT composite piezoelectric mat was
designed to harness interfacial polarization for enhanced
piezoelectric performance and applications in activity moni-
toring and intelligent healthcare. Structural and computational
analyses conrmed that the interfacial polarization originates
primarily from permittivity mismatch between the MMT
nanosheets and the polymer matrix. Material characterization

further demonstrated that this interfacial polarization
promotes a gauche to all-trans conformational transition in the
PT molecular chains. Electrical measurements revealed
a concentration-dependent piezoelectric output, reaching
a maximum at 4 wt% MMT—an eight-fold enhancement in
voltage and a three-fold enhancement in current. The optimized
sensor exhibited rapid response (30 ms) and recovery (60 ms)
times, as well as operational stability over 5000 cycles under
different conditions. When applied to monitor walking,
running, and jumping, the sensor captured distinct motion
signals and, in conjunction with a deep learning algorithm,
achieved a classication accuracy of 96.7%. Moreover, by
detecting plantar pressure asymmetry in individuals with
shoulder asymmetry, the sensor demonstrated its potential for
intelligent healthcare monitoring. This work establishes
a valuable strategy for enhancing polymer piezoelectricity via
low-k ller induced interfacial polarization and offers a prom-
ising material design platform for next-generation exible
wearable sensors.

Fig. 4 Application of the sensor for human activity monitoring and recognizing. (a) Schematic diagram and corresponding signals of (a) walk, (b)
run, and (c) jump. (d) Schematic diagram of constructed 1D-CNN model. (e) Confusion matrix for three kinds of activities. (f) Evaluation of
classification, train accuracy and loss function in 100 epochs for five finger flexion. (g) Photographs comparing a normal shoulder and an
asymmetric shoulder. (h) Piezoelectric signals recorded from the plantar surfaces of both feet in an individual with shoulder asymmetry. (i)
Significant differences in piezoelectric signals acquired from the left and right feet.
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Experimental section
Preparation of MMT/PT nanober mat

Preparation of MMT nanosheets. 0.5 g of montmorillonite
(MMT, Sigma-Aldrich) was dispersed in 50 mL of N,N-di-
methylacetamide (DMAc, Sigma-Aldrich) and subjected to
ultrasonication for 4 hours. The resulting MMT/DMAc nano-
sheet suspension was collected by removing the sediment via
centrifugation or sedimentation.

Preparation of MMT/PT nanober mat. 0.5 g PT80:20 (Piezo-
tech, Arkema) powder was added and dissolved in 5 mL N,N-
dimethylacetamide (DMAc, Sigma-Aldrich) by stirring for 1 hour
in a 40 °C water bath. The resultingMMT/DMAc suspension was
then mixed with the PT solution. The composite mixture was
loaded into a syringe for electrospinning, which was performed
at a ow rate of 0.03 mL min−1 and a collector rotation speed of
1500 rpm. A high voltage of 12 kV was applied, with a working
distance of 10 cm between the needle tip and the collecting
roller. During the process, the temperature and humidity were
maintained at 25 °C and 48%, respectively. The as-spun MMT/
PT nanober mat was collected on an aluminum foil-covered
collector and subsequently annealed at 60 °C for 2 hours.

Fabrication of piezoelectric sensors. The mats were cut into
square (16 mm in diameter) using a laser cutter. Silver elec-
trodes were then deposited onto both sides of the MMT/PT
composite mat via magnetron sputtering under an argon
atmosphere. The resulting piezoelectric sensor was subse-
quently encapsulated with polyurethane (PU) medical tape to
ensure robust packaging.

Characterization

Material characterization. The morphology and composition
of the materials were examined by eld-emission scanning
electron microscopy (FESEM; JSM 7800F, JEOL) and trans-
mission electron microscopy (TEM; JEM 2100F, JEOL). The
crystalline phase and structure were analyzed using X-ray
diffraction (XRD; Empyrean, PANalytical) and Fourier-
transform infrared spectroscopy (FTIR; Nicolet iS50, Thermo
Fisher). Thermal properties were investigated by differential
scanning calorimetry (DSC; DSC 2500, TA Instruments) over
a temperature range from room temperature to 200 °C at
a heating rate of 10 °Cmin−1. Mechanical properties of themats
were evaluated using a universal tensile tester (LDW-1, Songdu
Instrument) at a crosshead speed of 10 mm min−1. The
molecular orientation within the mats was assessed by small-
angle X-ray scattering (SAXS; Xeuss 2.0, Xenocs). Finite
element analysis (FEA) was conducted using COMSOL Multi-
physics soware.

Electric performance measurement. The electric perfor-
mance of piezoelectric mats was characterized by a program-
mable electrometer (Keithley 6517). The periodic pressure was
supplied by linear motor (LinMotH01-23 × 86/160) and was
monitored by a force gauge (IMADA model ZPS-DPU-50N).

Deep learning for motion signal. The one-dimensional
convolutional neural network (1D-CNN) was implemented
with three convolutional layers for feature extraction and

subsequent signal classication. For each type of input signal,
ten independent measurements were recorded, each containing
1000 data points. The resulting dataset was randomly parti-
tioned into training, validation, and test sets in an 8 : 1 : 1 ratio.
The network was trained for 100 epochs to perform signal
recognition, and the evolution of classication accuracy,
training accuracy, and training loss was monitored to evaluate
the deep learning performance.
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