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Vertically oriented BiFeO3-BaTiO3 microcone arrays are constructed in P(VDF-TrFE) films to induce interfacial stress
concentration and enhance piezoelectric output. The resulting flexible piezoelectric sensors enable highly sensitive and
durable monitoring of human physiological and mechanical motions.
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ABSTRACT: Flexible piezoelectric composites hold great promise for self-powered sensors and wearable electronics, but their
performance is often limited by the low piezoelectricity of polymers, uneven dispersion of inorganic fillers, and poor interfacial
stress transfer. To overcome these challenges, we fabricated a vertically oriented pyramidal BiFeO3-BaTiO3 (BFO-BTO)
microcone array on P(VDF-TrFE) films using an AAO template-assisted method. The conical geometry induces localized stress
concentration at the interface, thereby amplifying the local strain and enhancing the electromechanical response. Systematic
studies reveal that microcone height critically influences the polarization behavior, piezoelectric coefficients, and overall device
output. The resulting flexible devices, fabricated from the 1.5 μm BFO-BTO microcone/P(VDF-TrFE) composite piezoelectric
films, achieve an open-circuit voltage of 5.12 V, a force sensitivity of 6.28 V·N-1 (linearity R2 = 0.98), while maintaining stable
performance over 3000 mechanical cycles at 5 Hz under 0.66 N, demonstrating excellent durability. Moreover, the sensors
enable high-precision, real-time monitoring of physiological and motion signals, including finger tapping, fist impacts, and foot
stepping, highlighting their potential in intelligent health monitoring, human-machine interaction, and mechanical energy
harvesting. This work elucidates how microcone structure design governs the electromechanical properties of flexible
piezoelectric composites and offers practical design guidelines for flexible sensing and energy-harvesting applications.
KEYWORDS: flexible, piezoelectric composites, microcone arrays, energy harvesting

INTRODUCTION
Against the backdrop of the accelerating depletion of fossil

fuel resources and the continuous increase in carbon
emissions, it has become increasingly recognized that the
development of renewable clean energy sources, such as
wind, solar, and tidal energy, is of great significance for
replacing traditional fossil fuels and promoting the
advancement of clean and sustainable energy technologies,
which is essential for supporting the development of future
smart societies.[1-3] Although renewable energy sources are
abundant, their large-scale utilization remains limited by
various practical constraints.[4,5] In contrast, ubiquitous
low-frequency mechanical energy in the environment, such
as human motion and daily vibrations, provides another
highly promising pathway for energy harvesting.[6-8]
Meanwhile, the rapid development of flexible wearable
electronic devices in fields such as health monitoring,
human-machine interaction, and artificial intelligence has
created an urgent demand for lightweight, flexible, and self-

powered sensing and energy-supply units.[9-17] Driven by
these dual trends, piezoelectric materials, with their ability
to directly convert environmental mechanical energy into
electrical energy, have demonstrated unique advantages.[18-
22] Such weak yet continuous mechanical excitations can be
directly converted into electrical energy without an external
power source. Moreover, the simple device architecture
facilitates miniaturization and flexible integration, making
piezoelectric devices particularly suitable for emerging
applications such as wearable electronics, self-powered
sensing, and Internet of Things (IoT) terminals.[18,23]
Among various piezoelectric materials, inorganic

piezoelectric ceramics such as lead zirconate titanate
(Pb(Zr,Ti)O3, PZT),[24,25] barium titanate (BaTiO3,
BTO),[26,27] and bismuth ferrite (BiFeO3, BFO)[28,29]
exhibit excellent intrinsic piezoelectric properties. However,
the toxicity of lead in PZT has raised increasing
environmental and health concerns, motivating the
development of lead-free alternatives such as BFO- or BTO-
based systems.[30,31] Nevertheless, the inherent rigidity
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and brittleness of these inorganic ceramics limit their direct
application in flexible wearable devices.[32] In contrast,
organic piezoelectric materials, primarily polyvinylidene
fluoride (PVDF) and its copolymer P(VDF-TrFE), offer
excellent mechanical flexibility, easy processability, and good
biocompatibility,[33,34] making them ideal candidates for
large-area tactile sensors and energy harvesting from human
activities.[35] Nevertheless, their relatively low intrinsic
piezoelectricity results in piezoelectric devices based on
these polymers producing significantly lower output power
compared with conventional inorganic materials, making it
challenging to meet the energy demands of self-powered
electronic devices.[23,36] Consequently, the development of
high-performance organic-inorganic composite materials
has become a major research focus.[37,38] In particular,
inorganic fillers are often incorporated into organic matrices
to develop flexible composite materials that can combine the
superior piezoelectric properties of inorganic components
with the mechanical flexibility of polymers, making them
suitable for wearable devices.[39] Among various composite
materials, PVDF-based composites with functional fillers
have been widely explored for piezoelectric sensing and
energy harvesting, showing enhanced electrical output
performance.[40-42] PVDF not only serves as a structural
support but also contributes to the piezoelectric output of
the composite materials.[43] Piezoelectric fillers act as
nucleating agents to promote PVDF crystallization while
providing additional piezoelectric effects.[38] For example,
Tian et al. added PZT particles to the PVDF matrix to prepare
composite piezoelectric films.[44] However, random filler
dispersion in the polymer matrix presents several challenges:
fillers tend to aggregate in the polymer matrix, leading to an
increase in interface defects and local stress concentration,
which may even cause composite film fracture.[45] In
addition, aggregation reduces the ability of the fillers to
induce polymer crystallization, making it difficult to
significantly enhance the content of the piezoelectric β
phase.[46]
Beyond material modification, structural optimization

serves as a complementary approach. As demonstrated in
previous studies, flat thin films exhibit limited deformation
capacity under out-of-plane compression, which often
restricts key performance metrics such as sensitivity and
effective detection range. In contrast, the introduction of
micro/nanostructures can enhance mechanical
deformability by exploiting structural size effects. For
example, Chen et al. demonstrated that introducing a
mesoporous architecture into PVDF films could enhance
compressibility and electromechanical coupling, leading to a
100% increase in piezoelectric output compared with dense
solid films.[47] Similarly, Lee et al. showed that
micropatterning P(VDF-TrFE) films into trigonal-line or
pyramid geometries markedly increased deformation under
vertical compression, yielding nearly fivefold higher
piezoelectric output than that of flat films.[48] More recently,
Yin et al. showed that hierarchical microstructures can
improve piezoelectric sensing performance by enhancing
stress concentration and mechanical deformation.[49] Our
previous work has shown that the vertically aligned BFO-
BTO micropillar structure can enhance the piezoelectric
response of P(VDF-TrFE), and that varying the micropillar
aspect ratio can regulate the strain distribution and
consequently influence the output performance.[50]
However, although structured inorganic/polymer
composites exhibit promising electromechanical properties,
the effects of key microstructural parameters on interfacial

interactions and the underlying physical mechanisms
governing polarization and piezoelectric response have yet
to be systematically clarified.
Natural cicada wings possess highly ordered protrusion

arrays that form localized contacts with bacterial cell
membranes, inducing membrane stretching and deformation
while generating large local strains that ultimately cause
membrane rupture. Inspired by this natural structure and
mechanism, we developed a microcone-array engineering
strategy to enhance piezoelectric performance.[51] To
implement this strategy, lead-free 0.7BFO–0.3BTO (BFO–
BTO) pyramidal microcone arrays of varying heights were
fabricated on P(VDF-TrFE) films via an AAO template-
assisted method. These microcones promote β-phase
transformation of P(VDF-TrFE) and enable efficient strain
transfer to the underlying polymer layer. Systematic studies
reveal that microcone height significantly influences
polarization behavior, piezoelectric coefficient, and electrical
output, with an optimal height of 1.5 μm that balances
enhanced piezopotential against structural collapse. The
resulting flexible device exhibits excellent sensing and
energy-harvesting performance with good operational
stability. This work provides rational design guidelines for
next-generation piezoelectric composite films in sensing,
energy harvesting, and wearable electronics.

Experimental
2.1 Preparation of BFO–BTO Microcone/P(VDF-TrFE)

Composite Films
The BFO-BTO microcone structures were fabricated using

a commercial tapered-pore anodic aluminum oxide (AAO)
template-assisted method. The bottom diameter of the
tapered pores in the selected AAO template was
approximately 450 nm, with a tip-to-tip spacing of around
450 nm. The pore depths were set at 0.4, 0.9, 1.5, 2.5, and 3
μm, respectively, to obtain microcone arrays of different
heights.
First, the precursor solution for 0.7BFO-0.3BTO was

prepared as described in our previous work,[50] and the as-
prepared BFO-BTO precursor sol was uniformly deposited
onto the surface of the AAO template by spin coating. The
spin-coating speed was set at 4000 rpm for 60 s to ensure
thorough infiltration of the sol into the template pores via
capillary action. Subsequently, the samples were subjected to
a short-term heat treatment at 300 °C for 5 min to accelerate
solvent evaporation and promote the sol-to-gel transition. To
further enhance pore filling density and structural integrity,
the spin-coating and preheating steps were repeated five
times. Finally, the samples were annealed in a tube furnace
at 550 °C for 5 h to achieve full crystallization of BFO-BTO
and optimize its piezoelectric performance.
After completing the inorganic microcone fabrication, the

P(VDF-TrFE) polymer functional layer was prepared by spin
coating. The copolymer, with a PVDF/TrFE molar ratio of
70:30, was dissolved in N,N-dimethylformamide (DMF) at a
concentration of 10 wt%. The solution was heated and
stirred at 60 °C for 3 h to ensure complete dissolution and
formation of a homogeneous and stable solution.
Subsequently, the solution was spin-coated onto the surface
of the AAO template filled with BFO-BTO microcones and
dried in a vacuum oven at 120 °C for 4 h, yielding a dense
and uniform composite film.
To obtain a self-supporting BFO-BTO microcone/P(VDF-

TrFE) composite membrane, the AAO template was
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completely removed. First, the aluminum substrate at the
bottom of the template was dissolved using a mixed etchant
composed of 20 wt% CuCl2 and 10 wt% HCl for 20 h,
ensuring complete removal of the aluminum. Subsequently,
the sample was immersed in 10 wt% NaOH solution for 8 h
to dissolve the AAO template and release the BFO-BTO
microcone/P(VDF-TrFE) composite structure. Finally, the
samples were thoroughly rinsed with deionized water
several times and dried at room temperature. After this

procedure, BFO-BTO/P(VDF-TrFE) composite films with
microcone heights of 0.4, 0.9, 1.5, 2.5, and 3 μm were
successfully prepared. The prepared composite piezoelectric
films are shown in Fig. S1. The as-prepared piezoelectric
films were subsequently encapsulated with
polydimethylsiloxane (PDMS). The encapsulated device was
subsequently immersed in silicone oil preheated to 120 °C
and poled under a DC electric field of 120 kV cm-1 for 1 h
using a high-voltage DC power supply (ET2673D-4).

Figure 1 (a) Optical image of a natural cicada and SEM image of its wing surface. (b) Schematic diagram of the microstructure
and SEM image of the V-shaped pore AAO template structure (SEM image of the AAO template courtesy of Shenzhen Topology

Fine Film Technology, used with permission). (c) Schematic illustration of the fabrication process of the BFO-BTO
microcone/P(VDF-TrFE) composite film.

2.2 Characterization
The crystal structure and phase composition of the

samples were first examined using an X-ray diffractometer
(XRD, Bruker D8). The polymer molecular conformation and
the formation of the piezoelectric-active β phase were
subsequently analyzed within the wavenumber range of
600-1500 cm-1 by Fourier transform infrared spectroscopy
(FTIR, Nicolet IS50). The surface morphology and
microstructural features of the films were observed using a
field emission scanning electron microscope (FESEM ZEISS
Gemini300). The P-E hysteresis loops of the samples were
measured using a ferroelectric tester (Trek Model 609B,
Trek), while the dielectric properties were characterized
using an impedance analyzer (HP4294A, Hewlett-Packard).
An atomic force microscope (AFM, Bruker Dimension Icon)
was used to investigate local domain patterns, with ±10 V
driving voltages applied at the tip. In addition, the stress
distribution and electric potential evolution within the
device were simulated numerically using the multiphysics
simulation software COMSOL. Finally, the output voltage
signals generated by the device under external mechanical
excitation were recorded in real time using a digital
oscilloscope (UTD2102CEX+, UNI-T).

Results and discussion
Inspired by the highly ordered surface microstructure of

cicada wings (Fig. 1(a)), we designed and fabricated an
ordered BFO-BTO microcone/P(VDF-TrFE) composite film.
As shown in Fig. 1(b), the AAO template features V-shaped
tapered pores with narrow tips pointing downward toward
the underlying Al substrate and wider openings at the top.

These tapered pores enable the formation of vertically
aligned BFO-BTO microcones with well-defined heights and
spacing, thereby translating the ordered surface architecture
observed in cicada wings into a controllable
inorganic/polymer composite structure. The top surface of
the template serves as the deposition interface for the BFO-
BTO precursor and guides the formation of well-aligned
microcones. Fig. 1(c) illustrates the fabrication process of the
BFO-BTO microcone/P(VDF-TrFE) composite film. As shown
in Fig. 1(c)(i-iii), the BFO-BTO precursor solution was
infiltrated into the pores of the AAO template through
capillary action, followed by annealing to ensure complete
crystallization, thereby forming BFO-BTO microcones.
Subsequently, the P(VDF-TrFE) solution was spin-coated
onto the AAO template filled with BFO-BTO microcones (Fig.
1(c-iv)) and after solvent evaporation, a continuous P(VDF-
TrFE) layer was formed on the template surface (Fig. 1(c-v)).
The AAO template was then removed by chemical etching,
yielding the BFO-BTO microcone/P(VDF-TrFE) composite
film (Fig. 1(c-vi)); the detailed procedure is provided in the
Experimental Section.
To observe the designed microstructure, the top surface of

the BFO-BTO microcone/P(VDF-TrFE) composite film was
examined by scanning electron microscopy (SEM), as shown
in Fig. 2(a–e). The top-view SEM images clearly demonstrate
that the BFO-BTO microcone structures were successfully
fabricated on the P(VDF-TrFE) matrix using the AAO
template-assisted method. For samples with designed
microcone heights of 0.4, 0.9, 1.5, 2.5, and 3 μm, distinct and
well-defined microcone features are clearly visible on the
composite film surface, indicating a high degree of structural
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regularity and uniformity. These results confirm the
successful fabrication of microstructured BFO-BTO/P(VDF-
TrFE) composite piezoelectric films with precisely tunable
microcone geometries. As shown in Fig. 2(c), the 1.5 μm
BFO-BTO microcone/P(VDF-TrFE) composite film exhibits
an ordered microcone array similar to that of the natural
cicada wing, with uniform diameters and well-defined tip
morphologies. No obvious agglomeration or collapse is
observed, which is conducive to achieving a uniform stress
distribution.
The cross-sectional SEM image and its enlarged view are

shown in Fig. 2(f) and Fig. 2(g), respectively. The actual
height of the microcones is confirmed to be 1.5 μm, while the
thickness of the underlying P(VDF-TrFE) film is
approximately 40 μm. The vertical orientation and self-
supporting characteristics of the microcones can also be

verified from these images. Moreover, no obvious pores or
interfacial delamination are observed in the cross-sectional
image, indicating that intimate physical contact is formed
between the BFO-BTO microcones and the P(VDF-TrFE)
matrix, which facilitates efficient transfer of externally
applied compressive stress throughout the composite film.
To further examine the composition and uniformity of the

microcones, energy-dispersive X-ray spectroscopy (EDS)
mapping was conducted (Fig. 2(h–l)). The elemental
distribution maps clearly reveal that the characteristic
elements, including Fe, Bi, Ba, Ti, and O, are homogeneously
distributed throughout the microcone regions, with no
discernible enrichment or segregation, confirming the
excellent compositional uniformity of the BFO-BTO
microcones.

Figure 2 Top-view SEM images of BFO-BTO microcone/P(VDF-TrFE) composite piezoelectric films: (a) 0.4 μm, (b) 0.9 μm, (c)
1.5 μm, (d) 2.5 μm, and (e) 3 μm. (f, g) Cross-sectional SEM image and corresponding enlarged view of the 1.5 μm BFO-BTO
microcone/P(VDF-TrFE) composite film. (h-l) Elemental distribution maps of the 1.5 μm BFO-BTO microcones: (h) Fe, (i) Bi, (j)
Ba, (k) Ti, and (l) O.
Fig. 3(a) and Fig. 3(b) present the X-ray diffraction (XRD)

patterns and Fourier transform infrared (FTIR) spectra,
respectively, of the composite films containing BFO-BTO
microcones with different heights. The XRD patterns reveal
that characteristic diffraction peaks corresponding to both
the BFO-BTO phase and the P(VDF-TrFE) polymer phase are
simultaneously present in the composite films, indicating the
successful formation of a composite structure while
preserving the crystalline integrity of both constituent
phases. For comparison, the XRD pattern of pure P(VDF-

TrFE) is provided in Fig. S2.
In the FTIR spectra, the absorption peaks observed at

approximately 846, 1290, and 1431 cm-1 are attributed to
the β phase of P(VDF-TrFE), confirming the effective
formation of this electroactive phase within the composite
films. The relative content of the β phase can be calculated
based on the Lambert–Beer law,[52] as shown in Eq. (1):
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F β =
Aβ

Kβ
Kα

Aα+Aβ
# 1

where Kα (6.1×104 cm2 mol-1) and Kβ (7.7×104 cm2 mol-1)
represent the absorption coefficients of the α and β phases,
respectively, while Aα and Aβ correspond to the absorption
peak intensities at 763 and 846 cm-1, respectively. The
corresponding results are presented in Fig. 3(c). Compared
to pure P(VDF-TrFE), the incorporation of BFO-BTO
microcones with lower heights leads to a slight increase in
the fraction of the β phase. This increase is attributed to the
interfacial interaction between BFO-BTO and P(VDF-TrFE),
which may favor the ordered arrangement of polymer chains
and thereby promote the formation of the electroactive β
phase, consistent with previous reports on inorganic
nanowire-induced β-phase formation and chain orientation
in P(VDF-TrFE).[52,53] However, when the height of the
BFO-BTO microcones increases to 2.5 and 3 μm, the β-phase
content decreases instead. This reduction may be attributed
to the higher aspect ratio, which can cause the microcones to
undergo structural deformation or even collapse, thereby
reducing the effective contact area between BFO-BTO and
P(VDF-TrFE), as demonstrated in Fig. S3.
Fig. 3(d) compares the piezoelectric coefficient d33 of the

pure P(VDF-TrFE) film and the BFO-BTO microcone/P(VDF-
TrFE) composite films with different microcone heights. The
d33 value does not increase monotonically with increasing
microcone height. Instead, it reaches a maximum value of
approximately 19 pC N−1 at a microcone height of 1.5 μm.
To understand this non-monotonic behavior, the

piezoelectric response can be considered a synergistic result
of the intrinsic piezoelectric activity of the constituent
materials and the efficiency of mechanical stress transfer
within the composite structure. According to the
piezoelectric constitutive relationship:[54]

� ൌ �݀� �݀�# �

where D represents the electric displacement, d is the
piezoelectric coefficient, T is the applied mechanical stress,
εT is the dielectric permittivity under constant stress, and E
is the electric field, the influence of microcone height � on
the apparent piezoelectric coefficient of the present system
can be understood from two aspects. At the mechanical level,
a stress gradient develops along the cone height under the
same applied force F, stress concentrates at the top while
being dispersed toward the bottom. Based on axial force
conservation, the effective axial stress can be approximated
as (see Supporting Note S1 for the detailed derivation)[55]:

݀ � ൌ
�

� �
� � � ൌ ��썀᜔�썀� �

�썀᜔�
��썀᜔

��# �

where T(z) is the axial stress at position z, A(z) is the
cross-sectional area at position z, Atop is the tip cross-
sectional area, rtop is the tip radius, and θ is the sidewall

inclination angle. Here, z is measured from the tip toward the
base. As z increases, A(z) gradually increases, resulting in a
decrease in the local axial stress T(z) and thus a stress
concentration near the tip. When the microcone height h is
relatively small, the resulting low aspect ratio (height-to-
diameter ratio) limits the geometric variation and stress
concentration, leading to insufficient stress transfer.
Increasing h increases the aspect ratio, thereby enhancing
stress concentration and interfacial stress transfer. However,
an excessively high aspect ratio compromises the structural
stability of the microcones, making them more susceptible to
bending, tilting, or partial collapse under external loading
and consequently reducing the effective stress transfer. At
the composite-structure level, the height directly determines
the ceramic volume fraction �� , which in turn affects d.
Increasing � linearly raises �� , which enhances the ceramic
contribution and thus gradually elevates d toward the pure
ceramic value. However, the polymer phase serves as the
flexible matrix. If h becomes too large, resulting in an
excessively high �� , the flexibility of the composite film
deteriorates, and interfacial defects become more prevalent,
ultimately causing a decline in d. Therefore, there exists an
optimal sample that maximizes stress transfer to the ceramic
phase while remaining within the mechanical strength limit
of the structure.
Fig. 3(e) shows the polarization–electric field (P–E)

hysteresis loops measured for pure P(VDF-TrFE) and BFO-
BTO/P(VDF-TrFE) composite films with microcone heights
of 0.4, 0.9, 1.5, 2.5, and 3 μm at 10 Hz. Clearly, the 1.5 μm
BFO-BTO/P(VDF-TrFE) composite film exhibits the highest
remanent polarization (Pr) of 13.3 μC cm−2 under an applied
electric field of 150 MV m−1. In comparison, the Pr values of
the 0.4, 0.9, 2.5, and 3 μm BFO-BTO/P(VDF-TrFE) composite
films and pure P(VDF-TrFE) under the same conditions are
8.9, 11.8, 6.3, 5.4, and 1.9 μC cm−2, respectively. These results
demonstrate that the incorporation of BFO-BTO microcones
significantly enhances the ferroelectric properties of the
composite films, with the enhancement depending strongly
on the microcone height.
Fig. 3(f) presents the corresponding maximum

polarization (Pmax) values. At an electric field of 150 MV m−1,
the Pmax of the composite film with a microcone height of 1.5
μm reaches 24.3 μC cm−2, whereas the Pmax values of the 0.4,
0.9, 2.5, and 3 μm composite films and pure P(VDF-TrFE) are
16.1, 19.1, 11.92, 11.98, and 6.52 μC cm−2, respectively. These
results indicate that Pmax initially increases with increasing
microcone height and reaches a maximum at 1.5 μm,
followed by a decrease at higher microcone heights. The
enhancement of polarization is primarily attributed to the
interface polarization effect, which is amplified as the
microcone height increases. However, when the microcone
height exceeds 1.5 μm, the higher aspect ratio may induce
slight deformation or collapse of the microcones, thereby
compromising the effective interface and limiting the
polarization enhancement.
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Figure 3 Structural and ferroelectric/piezoelectric performance characterization of BFO-BTO microcone/P(VDF-TrFE)
composite films with different microcone heights (0.4, 0.9, 1.5, 2.5, and 3 μm). (a) X-ray diffraction (XRD) patterns of the
composite films. (b) Fourier transform infrared (FTIR) spectra. (c) Calculated relative β-phase content in P(VDF-TrFE) derived
from the FTIR spectra. (d) Comparison of the piezoelectric coefficient d33 of the composite films. (e) Polarization-electric field
(P-E) hysteresis loops of composite films with different microcone heights. (f) Statistical bar chart of the maximum
polarization (Pmax). (g) PFM phase and amplitude hysteresis loops of pure P(VDF-TrFE) (i) and BFO-BTO microcone/P(VDF-
TrFE) composite films with different microcone heights of (ii) 0.4, (iii) 0.9, (iv) 1.5, (v) 2.5, and (vi) 3 μm.

To further investigate the local piezoelectric responses of
the composite films, piezoresponse force microscopy (PFM)
measurements were performed. As shown in Fig. 3(g), the
pure P(VDF-TrFE) film exhibits a relatively weak amplitude
response, indicating a limited local electromechanical
response. After introducing the BFO-BTO microcone arrays,
all composite films exhibit enhanced phase contrast and
amplitude signals, confirming the improved local
piezoelectric response resulting from the incorporation of
the inorganic ceramic microstructures. Notably, the 1.5 μm

BFO-BTO microcone/P(VDF-TrFE) composite exhibits the
highest amplitude response among all samples, indicating
the strongest electromechanical response. This finding
corroborates the d33 test results.
To ensure firm adhesion and reliable electrical contact

between the electrodes and the piezoelectric film, copper
foils coated with conductive acrylic rubber were employed
as the top and bottom electrodes (Fig. 4(a-ii)). This electrode
configuration provides stable electrical contact while
maintaining good mechanical coupling with the piezoelectric
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layer. To provide reliable encapsulation and ensure the
biocompatibility of the device, PDMS, a nontoxic and
biocompatible polymer, was employed as the encapsulation
layer. The piezoelectric performance of the BFO-BTO
microcone/P(VDF-TrFE) composite films with different
microcone heights, together with that of the pure P(VDF-
TrFE) film, was evaluated using a piezoelectric signal
acquisition system. As shown in Fig. 4(b), under a constant
external force of 0.66 N at 5 Hz, the output voltage exhibits a

non-monotonic dependence on the BFO-BTO microcone
height, initially increasing and then decreasing. This
variation is consistent with the trend in the piezoelectric
coefficient, d33. Among all samples, the device with a
microcone height of 1.5 μm delivers the highest piezoelectric
output, with a maximum open-circuit voltage (VOC) of
approximately 5.12 V. Further increasing the microcone
height results in a gradual decrease in the output voltage.

Figure 4 Characterization of the piezoelectric output performance of 1.5 μm BFO-BTO microcone/P(VDF-TrFE) composite film.
(a) Schematic illustration of the fabrication process of the BFO-BTO microcone/P(VDF-TrFE) based piezoelectric device. (b)
Output voltage comparison between composite films with different microcone heights and the pure P(VDF-TrFE) film under
the same external force. (c) Output voltage of the 1.5 μm composite film under different applied forces. (d) Corresponding
force sensitivity of the output voltage. (e) Variation of output voltage with impact frequency. (f) Comparison of output voltage
under forward and reverse connection conditions. (g) Output voltage as a function of external load resistance and the
corresponding peak power. (h) Stability of open-circuit output voltage under long-term repetitive tapping.

As shown in Fig. 4(c), at a fixed excitation frequency of 5
Hz, the output voltage of the 1.5 μm BFO-BTO/P(VDF-TrFE)
device increases progressively with increasing applied force
in the range of 0.66–1.64 N. A clear linear relationship

between the peak output voltage and the applied force is
observed, as confirmed by linear fitting (Fig. 4(d)), yielding a
force sensitivity of 6.28 V·N-1 and a high linearity of R2 = 0.98.
Although its piezoelectric coefficient and output voltage are
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comparable to, rather than exceeding, those of several
reported composites (Table S1),[50,56-69] the BFO-
BTO/P(VDF-TrFE) microcone system exhibits the highest
sensitivity (6.28 V·N-1), surpassing even the PZT micropillar-
based composite (3.52 V·N-1).[56] Moreover, compared with
the micropillar structure of the same composition and height
in our previous work,[50] its piezoelectric coefficient, output
voltage, and sensitivity are further enhanced, mainly due to
the graded microcone geometry, which optimizes stress
distribution and enhances local stress concentration.
Fig. 4(e) further demonstrates that the output voltage

increases monotonically with increasing impact frequency
from 1 to 15 Hz. This behavior can be attributed to the
increased number of mechanical deformation cycles per unit
time at higher excitation frequencies, which promotes faster
charge generation and transfer through the external circuit,
thereby resulting in an enhanced output voltage. Fig. 4(f)
shows the output voltage of the 1.5 μm BFO-BTO
microcone/P(VDF-TrFE) composite device under forward

and reverse electrical connections. The nearly identical
voltage responses under both connection directions confirm
consistent piezoelectric output, and, together with the
shielding-layer experiment in Fig. S4, establish that the
measured signal is predominantly piezoelectric in origin,
with negligible triboelectric contribution. In addition, as
shown in Fig. 4(g), the output voltage increases with
increasing external load resistance, while the output power
reaches a maximum value of approximately 1.45 μW at an
optimal load resistance of 8.9 MΩ. This relatively high-power
output highlights the potential of the device for powering or
supporting low-power electronic components. Furthermore,
as shown in Fig. 4(h), the device maintains a stable open-
circuit output voltage of approximately 5 V over 3000
tapping cycles. No obvious degradation in the output signal
is observed during repeated mechanical deformation,
demonstrating the excellent durability and operational
stability of the 1.5 μm BFO-BTO/P(VDF-TrFE) composite
piezoelectric device.

Figure 5 Energy harvesting and sensing performance of the 1.5 μm BFO-BTO/P(VDF-TrFE) composite piezoelectric device. (a)
Schematic illustration and photograph of a blue LED lit under fist impact. (b) Capacitor charging and powering a digital watch
through a rectifier circuit. (c) Schematic of the piezoelectric response under compression, with corresponding release states.
(d) (i) Output signals under different dropped masses from a height of 3 cm; (ii) output signals of a 50 g weight dropped from
different heights; (iii) comparison of the output voltage between the composite film and pure P(VDF-TrFE) film under ping-
pong ball impact. (e) (i) Wrist-bending response; (ii) dynamic responses to finger tapping, fist impact, and foot stepping; (iii)
finger-bending response. (f) (i) Water-droplet impact; (ii) ping-pong ball impact; (iii) finger touch. (g) Moisture-resistance
performance of the six devices: output voltage responses after 0, 6, 12, and 24 h of sweat exposure. (h) (i) Static water contact
angle of the PDMS encapsulation layer; (ii) Output voltage responses under relative humidities (RH) of 30%, 50%, and 70%.

The energy harvesting capability of the device was further
demonstrated through LED illumination and digital watch
powering experiments driven by fist impacts, as shown in
Fig. 5(a) and 5(b). The 1.5 μm BFO-BTO/P(VDF-TrFE)
composite piezoelectric device was placed on a flat surface
and directly connected in series with a blue LED. Upon
mechanical impact, the generated instantaneous voltage was
sufficient to illuminate the blue LED (operating voltage: 2–3
V) without the use of an additional energy storage unit (Fig.

5(a), Video S1). Furthermore, to demonstrate its capability
for sustained power delivery, the alternating-current output
was converted into direct current using a rectifier circuit and
subsequently stored in a capacitor. Once the capacitor was
sufficiently charged, the stored electrical energy was
released to power a digital watch for an extended period (Fig.
5(b), Video S2).
Fig. 5(c) schematically illustrates the working mechanism

of the piezoelectric device under compressive deformation.
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When an external mechanical force is applied, the resulting
strain induces a displacement of the dipoles within the
piezoelectric material, leading to a change in polarization
and the generation of a potential difference between the two
electrodes. Consequently, electrons flow through the external
circuit to compensate for the induced potential difference,
generating an electrical output signal. Upon removal of the

external force, the material returns toward its initial state,
resulting in a reverse change in polarization and an opposite
flow of electrons through the external circuit. This reversible
electromechanical conversion process enables the device to
continuously convert mechanical energy into electrical
energy under cyclic mechanical deformation.

Figure 6 COMSOL simulation results of BFO-BTO microcone/P(VDF-TrFE) composite films: (a) 0.4 μm, (b) 0.9 μm, (c) 1.5 μm,
(d) 2.5 μm, and (e) 3 μm microcones; (i) strain distribution, (ii) displacement distribution, (iii) piezoelectric potential
distribution, (iv) stress distribution.

Further investigations focused on the electrical signal
responses generated by vertically dropping weights with
different masses (10, 20, and 50 g) from a fixed height of 3
cm onto the BFO-BTO/P(VDF-TrFE) composite device (Fig.
5(d-i)). The results clearly show that the output voltage
amplitude increases with increasing weight mass. This
behavior can be attributed to the greater impact force and
kinetic energy associated with the heavier weights, which
induce larger mechanical deformation in the piezoelectric
layer. In addition, a 50 g weight was freely dropped from
different heights ranging from 2 to 4 cm. As shown in Fig.
5(d-ii), the output signal increases with increasing dropping
height, indicating the capability of the device to distinguish
impact stimuli with different intensities.
To further evaluate the capability of the device to detect

weak mechanical impacts, the free-fall impact of a ping-pong
ball was monitored. As shown in Fig. 5(d-iii), a ping-pong
ball with a diameter of 4 cm and a mass of 2.5 g was freely
dropped from a height of 30 cm onto the device. The output
voltage of the 1.5 μm composite film reaches approximately
4.6 V, compared with only approximately 1.22 V for the pure
P(VDF-TrFE) film. This significant enhancement
demonstrates that the incorporation of the BFO-BTO
microcone structure effectively improves the sensitivity of
the composite film to mechanical impacts.

To further demonstrate the sensing performance of the
device for human motion monitoring, the sensor was
attached to the wrist. As shown in Fig. 5(e-i), the output
voltage increases monotonically with increasing wrist
bending angle, demonstrating the flexibility of the composite
film and its capability to detect wrist movements.
Furthermore, to evaluate the ability of the device to
distinguish different mechanical stimuli associated with
human activities, the BFO-BTO/P(VDF-TrFE) composite film
was secured on a flat surface and subjected to periodic
impact excitation corresponding to different movements (Fig.
5(e-ii)). Different actions, including finger tapping, fist
impact, and foot stepping, generate distinct output signal
waveforms due to differences in the applied mechanical
stimuli. These characteristic signal profiles enable the
differentiation of different motion patterns, while the signal
amplitudes provide information about the relative intensity
of the applied stimuli. To further demonstrate the potential
of the composite film for monitoring finger motion, the
sensor was attached to the user's index finger to investigate
the relationship between the output voltage and finger
bending angle (Fig. 5(e-iii)). The output voltage exhibits a
linear dependence on the finger bending angle, further
demonstrating the capability of the device for detecting
dynamic finger movements. Fig. S5 presents enlarged output
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voltage profiles of the piezoelectric device recorded under
different applied pressures, providing a more detailed
evaluation of its transient response. The device responds
rapidly to each mechanical stimulus, with the peak voltage
increasing from approximately 4.5 to 9.6 V as the applied
pressure increases from 0.6 N to 1.3 N. Meanwhile, the
response time decreases from 15.5 to 13.7 ms, whereas the
recovery time increases from 19.4 to 26.3 ms. The faster
signal establishment under higher pressure can be related to
the increased deformation and more efficient stress transfer
within the device. In contrast, the extended recovery process
may be associated with enhanced viscoelastic relaxation of
the P(VDF-TrFE) matrix after unloading and subsequent
charge redistribution within the composite.[70]
Furthermore, the response of the device to mechanical

stimuli with different intensities was evaluated using water
droplets, ping-pong balls, and finger touching (Fig. 5(f)). The
output voltage amplitude increases progressively from the
relatively weak impact of a water droplet to the stronger
mechanical stimuli generated by a ping-pong ball and finger
touching. These results demonstrate the ability of the
composite device to respond to a broad range of mechanical
stimuli, from weak impacts to direct human contact,
highlighting its potential for versatile mechanical and
wearable sensing applications. In addition, the moisture
resistance of the encapsulated devices was further evaluated
under artificial sweat exposure and different ambient
humidities. As shown in Fig. 5(g), the output voltage
responses of the six devices were recorded after 6, 12, and
24 h of artificial sweat exposure. The devices exhibit
relatively stable output signals throughout the exposure
period, with no significant decrease in output voltage
observed even after 24 h, demonstrating good resistance to
sweat. Fig. 5(h-i) shows the static water contact angle of the
PDMS encapsulation layer, which was measured to be
117.04°. The relatively large contact angle indicates the
hydrophobic nature of the PDMS surface, which helps reduce
the penetration and accumulation of moisture on the device
surface. Fig. 5(h-ii) presents the output voltage responses of
the six devices under relative humidities of 30%, 50%, and
70%. Although the ambient humidity was increased over a
relatively wide range, the output voltages remained
comparatively stable without obvious fluctuations or
degradation. Taken together, these results demonstrate that
the PDMS-encapsulated devices possess good environmental
stability and can maintain reliable electrical performance
under both sweat exposure and varying humidity conditions,
supporting their potential for practical wearable sensing
applications.
To further correlate the simulated electromechanical

behavior with the theoretical model, the output
characteristics can be understood in terms of the
piezoelectric constitutive relation:[71]

� ൌ
���
��

����晦�

where the output voltage is governed by the coupled
contributions of material properties and mechanical
deformation. Within this framework, the finite element
simulation results can be directly linked to variations in the
strain (ε) and stress distribution within the composite
structure.
To further investigate the electromechanical behavior of

the BFO-BTO microcone/P(VDF-TrFE) composites, finite
element analysis was performed using COMSOL Multiphysics
to evaluate the strain, displacement, stress, and piezoelectric

potential distributions of composites with different
microcone heights. The simulation results show that the
strain, displacement, and piezoelectric potential generally
increase with increasing microcone height from 0.4 to 3 μm.
At a microcone height of 0.4 μm, the maximum strain
reaches 7.68 × 10-2 (Fig. 6(a-i)), which increases to 1.16 × 10-
1 at 3 μm (Fig. 6(e-i)). Meanwhile, the displacement also
increases progressively with increasing microcone height. At
3 μm, the simulated piezoelectric potential reaches 14.056 V
(Fig. 6(e-iii)), which is higher than those obtained for the
other microcone heights. Furthermore, the stress
distribution reveals that the stress is predominantly
concentrated near the apex of the microcones (Fig. 6(a-iv)–
(e-iv)), providing direct evidence for the localized stress-
concentration effect induced by the pyramidal microcone
geometry. This simulation result further supports the
proposed mechanism that the microcone structure promotes
localized stress concentration and facilitates stress transfer
within the piezoelectric composite, thereby contributing to
enhanced charge generation and electromechanical response.
From the perspective of the theoretical model, the

increase in strain (ε) directly contributes to the
enhancement of the output voltage according to the above
equation, while the increased deformation amplitude further
amplifies the electromechanical coupling efficiency. Notably,
the stress initially increases and then decreases with
increasing microcone height. Microcones with an
appropriate height are beneficial for enhancing the local
stress response at the contact interface between the cone
base and the P(VDF-TrFE) matrix, enabling the external load
to be transferred more effectively to the BFO-BTO microcone
structure. However, when the microcone height further
increases, the larger aspect ratio may reduce the mechanical
stability of the microcones, making them more prone to
bending, tilting, or local deformation under external force. As
a result, the stress transfer efficiency decreases, and part of
the applied load is dispersed by the surrounding polymer
matrix. Therefore, an excessive microcone height may
compromise both interfacial stress concentration and
efficient load transfer, leading to a decrease in the internal
stress of the composite films. In brief, as the microcone
height increases, the strain, displacement, and piezopotential
exhibit a clear positive correlation, which further validates
the effectiveness of introducing microcone arrays for
improving the piezoelectric performance of the composites.

Conclusion
In this study, a series of BFO-BTO microcone/P(VDF-TrFE)

composite flexible piezoelectric films were successfully
fabricated using an AAO template-assisted method. By
systematically varying the microcone height, the structure–
stress–polarization–performance relationship in microcone-
array-based inorganic/polymer piezoelectric composites
was elucidated. Experimental results showed that the
piezoelectric performance strongly depended on the
microcone height, with the 1.5 μm microcone array
exhibiting the highest output voltage (~5.12 V) and force
sensitivity (6.28 V·N-1). Finite element simulations further
revealed the underlying mechanism: increasing the
microcone height markedly enhanced the strain
concentration and vertical displacement and consequently
increased the piezoelectric potential, highlighting the critical
role of microcone geometry in regulating interfacial stress
transfer and electromechanical coupling. Based on this
optimized architecture, the composite film was employed as
a flexible self-powered sensor, showing stable operation over
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3000 mechanical cycles, reliable detection of weak external
stimuli such as ping-pong ball impacts and finger tapping,
and a linear voltage response to finger bending angle. Overall,
this work reveals how microcone geometry governs
interfacial stress and polarization, boosting the piezoelectric
and sensing performance of flexible piezoelectric composites.
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Supporting Note S1. Derivation of Stress Distribution in the Microcone Structure
The BFO-BTO microcone is approximated as an ideal truncated cone, and the axial coordinate z is defined from the

cone tip (z = 0) to the cone base (z = h), where h is the microcone height and θ is the sidewall inclination angle. The local
radius at position z can therefore be expressed as:

� � ൌ ��썀᜔ � � �썀᜔�# S썀

where rtop is the radius at the cone tip. Consequently, the local cross-sectional area is given by:

� � ൌ � � � � ൌ ����썀᜔ � � �썀᜔��� ൌ ��썀᜔ 썀 � �
�썀᜔�
��썀᜔

�

# S�

where Atop=πrtop2 is the tip cross-sectional area.
According to the force equilibrium condition, the axial stress distribution can be approximated as:

݀ � ൌ
�

� �
# S�

indicating that the stress decreases progressively from the cone tip toward the cone base due to the increasing cross-
sectional area. Ju
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Fig. S1. Photographs of the BFO-BTOmicrocone/P(VDF-TrFE) composite films, where panels (a-e)
correspond to microcone heights of 0.4, 0.9, 1.5, 2.5, and 3 μm, respectively.

Fig. S2. X-ray diffraction (XRD) pattern of pure P(VDF-TrFE)Ju
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Fig. S3. Cross-sectional SEM image of the 3 μm BFO-BTOmicrocone/P(VDF-TrFE) composite film.

Fig. S4. (a) Working picture of composite material with shielding layer. (b) Output voltage with and without
shielding layer. (c) Voc achieved by the composite piezoelectric device with a conductive shielding layer in

both forward and reverse connection modes.

Fig. S5. (a-c) Dynamic response time of the 1.5 μm BFO-BTO/P(VDF-TrFE) composite
piezoelectric device under applied forces of 0.6, 1, and 1.3 N, respectively.
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Table S1 Comparison of the piezoelectric and sensing performance of representative flexible piezoelectric composites.
Materials Piezoelectric coefficient Output performance Sensitivity Ref.

PVDF/ZnO nanoparticles 6.38 pC·N−1 ∼3 V,254 nA 0.37 mV·kPa−1 [1]
PVDF/ZnO nanorods −1.17 pC·N−1 1.81 V,0.57 mA N/A [2]

P(VDF-TrFE)/BaTiO3 nanoparticles 20 pC·N−1 6 V,2 mA·cm−2 N/A [3]
MXene/P(VDF-TrFE) N/A 1.58 V 2.51 mV/ (μm N) [4]

PAN/PVDF N/A 1.3 V 1.3 V·N−1 [5]
PVDF/CNTs N/A ∼6.8 V 1.28 V·N−1 [6]

PVDF/PDA-BaTiO3nanoparticles 22.56 pC·N−1 ∼14 V, ∼0.53 mA 3.95 V·N−1 [7]
P(VDF-TrFE)/KNN 72.62 pm·V−1 ∼5 V, ∼1 mA N/A [8]
PVDF nanofiber N/A 10.1 V 2.7 V·N−1 [9]

PVDF N/A 0.24 V 0.24 V·N−1 [10]
PZT/PVDF N/A 0.184 V 0.08658 V·N−1 [11]

PZT thick film N/A 1.83 V 2.56 V·N−1 [12]
PZTmicropillar/P(VDF-TrFE) N/A 7.36 V 3.52 V·N−1 [13]

BFO-BTOmicropillar /P(VDF-TrFE) 24 pC·N−1 3.54 V 4.69 V·N−1 [14]
BFO-BTOmicrocone /P(VDF-

TrFE) 19 pC·N−1 5.12 V 6.28 V·N−1 This work

Description of the supporting videos.

Video S1. The process of lighting up a blue commercial LED lamp through continuous mechanical tapping of
the sensor.
Video S2. The process of charging the capacitor through the rectified output under continuous mechanical
tapping and subsequently discharging it to power the digital watch for an extended period.
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