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ABSTRACT 

With the cross-integration of flexible electronics and artificial intelligence technologies, high-sensitivity wearable sensors have 
shown great potential in fields such as medical rehabilitation, human-computer interaction, and sports science. To meet the dual 
requirements of high sensitivity and flexibility for wearable applications, this study proposes a novel sandwich-structured P(VDF- 
TrFE)/BTO-OH/P(VDF- TrFE) piezoelectric sensor (SP-sensor) using a fused deposition modeling (FDM) process. This structure 
effectively combines the high piezoelectricity of BTO nanoparticles with the excellent flexibility of the P(VDF-TrFE) polymer, 
overcoming the limitations of traditional single-layer piezoelectric sensors. Experimental results demonstrate that the piezoelectric 
response voltage and current of the SP-sensor are enhanced by 51.1% and 546%, respectively, compared with those of single-layer 
P(VDF-TrFE) films. With improved piezoelectric performance, the SP-sensor achieves approximately 50% higher sensitivity than 
the traditional designs. It also exhibits quick response and recovery capabilities, with a response time of 8.1 ms and a recovery 
time of 64 ms. Additionally, it exhibits excellent fatigue resistance, with no noticeable voltage decay observed after 18,000 cycles of 
testing. An intelligent wrist motion recognition system, integrating a deep learning algorithm (CNN model), was developed based 
on this SP-sensor, enabling real-time classification of three types of wrist movement patterns with an identification accuracy 
of 97.85%. This study, through the innovation in material structure and the integration of AI algorithms, paves the way for the 
application of next-generation wearable devices in human-machine interaction and medical diagnosis. 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

In recent years, the deep convergence of flexible electronics
and artificial intelligence (AI) has catalyzed the rapid advance-
ment of next-generation high-sensitivity wearable sensors [ 1–4 ].
Such devices facilitate real-time monitoring of physiological
signals (e.g., heart rate, blood pressure, and electromyography),
biomechanical motions, and environmental parameters, thereby
demonstrating broad applicability in medical rehabilitation [ 5, 6 ],
human-computer interaction [ 7–9 ], and sports science [ 10 ]. The
core innovation of these sensors lies in their seamless integration
of flexibility, micron-level precision, and edge intelligence—
© 2026 Wiley-VCH GmbH 
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capabilities unattainable by conventional rigid sensing devices—
positioning them as sensory neural interfaces that bridge the
physical and digital worlds [ 11 ]. 

Current-generation wearable devices are often constrained by 
rigid circuit architectures and low-sensitivity sensing compo- 
nents, restricting their functionality to rudimentary applica- 
tions, such as heart rate monitoring and step counting. With
the advancement of flexible materials like polymer materi- 
als and hydrogels, sensors have achieved remarkable charac- 
teristics, including ultra-thinness, flexibility, and stretchability 
[ 12–14 ]. Organic piezoelectric polymers, such as polyvinylidene
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fluoride (PVDF) and its copolymer poly(vinylidene fluoride-
trifluoroethylene, P(VDF-TrFE)), have been widely utilized for
fabricating wearable flexible sensors due to their flexibility
and biocompatibility. However, their relatively low piezoelectric
coefficients ( d33 ) limit the massive production of highly sen-
sitive sensors, significantly reducing the potential applications
of PVDF-based sensors [ 15, 16 ]. Although various techniques—
such as melt spinning, solution spinning, and electrospinning
[ 17 ]—have been explored to enhance the piezoelectric properties
of PVDF, current advancements still fall short of meeting the
high sensitivity and flexibility required for wearable sensor
applications. 

Traditional inorganic piezoelectric materials, such as barium
titanate (BaTiO3 , BTO) and lead zirconate titanate (PZT), exhibit
excellent piezoelectric properties. However, the inherent brittle-
ness limits their applicability in wearable devices, especially in
dynamic deformation scenarios involving bending and stretch-
ing [ 18, 19 ]. To leverage the advantages of both organic and
inorganic materials, many researchers have been committed to
developing PVDF/ceramic composite piezoelectric films. One
common approach is blending inorganic piezoelectric materials
with PVDF-based polymers via multiphase composite fabrica-
tion. A notable example is the work by Chen et al. [ 20 ], who
successfully incorporated BTO nanoparticles into P(VDF-TrFE)
and synthesized a micro-pillar array of the nanocomposite. The
sensor fabricated from this high-performance composite material
demonstrated remarkable electrical outputs, with a maximum
piezoelectric response voltage of 13.2 V, a current of 0.33 µA,
and an impressive sensitivity of 257.9 mV/N. However, this
method cannot avoid issues such as the degradation of piezo-
electric and mechanical properties caused by the aggregation
of high-content ceramic particles in the polymer matrix. As a
result, some researchers have started exploring other advanced
preparation processes. For example, Ye et al. [ 21 ] prepared
P(VDF-TrFE)/boron nitride nanotubes (BNNTs) nanocomposite
micropillar arrays with enhanced performance and excellent neu-
tron radiation shielding by a reliable nanoimprint lithography.
The composite material exhibits excellent piezoelectric proper-
ties, with a voltage output reaching up to 22 V and a sensitivity of
275 mV/N. However, the relatively complex preparation process
and strict conditions for the nanowires severely limit their large-
scale industrial production. Therefore, there is a need to develop
wearable flexible sensors that feature both facile processing and
excellent performance. 

In this context, wearable sensors featuring sandwich structures
have emerged. These sensors exhibit excellent mechanical prop-
erties and piezoelectric performance due to the combination
of the flexibility of polymer materials and the high-voltage
properties of piezoelectric ceramics [ 22, 23 ]. Le et al. [ 24 ]
reported a sandwich-structured composite piezoelectric material,
constructed by depositing polydopamine (PDA)-modified BaTiO3 
nanoparticles on both sides of a P (VDF-TrFE) film via a two-
step adsorption-annealing method. The piezoelectric coefficient
of this composite material is 14.6 pC/N, the output voltage
reaches up to 6 V, and the pressure sensitivity is 288 mV/N.
Peng et al. [ 25 ] reported a composite material with a sand-
wich structure constructed by embedding a single-crystal BTO
thin film, prepared by etching a water-soluble sacrificial layer,
between two layers of PVDF-TrFE films. This composite exhibited
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improved ferroelectric and piezoelectric properties. However, 
most existing studies have only demonstrated that the sandwich
structure can generate distinct piezoelectric signals in response
to different motion patterns, demonstrating their potential as 
wearable human-body sensors. 

Notably, the advent of AI algorithms has further enhanced the
performance of these sensors [ 26, 27 ]. Deep learning models have
achieved real-time analysis of complex signals, such as abnormal
electrocardiograms and gait imbalances, by training on massive 
physiological datasets [ 28, 29 ]. Gu et al. [ 30 ] developed a human
gait recognition system that integrates a flexible piezoelectric 
sensor array and a convolutional neural network (CNN), achiev-
ing a recognition rate of up to 94.7% for various human gaits.
Sun et al. [ 31 ] developed an ultra-thin flexible sensor capable
of detecting subtle skin deformation induced by human pulses.
When integrated with a 2D CNN model, this sensor achieved
an identification accuracy of 93.75% for common cardiovascular 
diseases. 

This study proposes a sandwich-structured composite material 
based on hydroxyl-modified barium titanate nanoparticles (BTO- 
OH). Via a melt deposition process, the BTO-OH layer is
embedded between two layers of P (VDF-TrFE) films to form
a flexible piezoelectric composite system with the structure P
(VDF-TrFE)/BTO-OH/P (VDF-TrFE). The experimental results 
show that this structure increases the β-phase crystallinity of
the composite material to 93.6%. Through synergistic effects of
the piezoelectric properties and the interface, the output voltage,
current, and pressure sensitivity are significantly enhanced. 
Furthermore, the sandwich-structured piezoelectric sensor (SP- 
sensor) prepared can produce a voltage of 15 V, a current of
0.97 µA under an external force of 20 N. It exhibits a voltage
sensitivity of 396 mV/N and a current sensitivity of 33.6 nA/N,
with excellent durability, as the output remains stable after 18,000
cycles. When integrated with a convolutional neural network 
(CNN) model, the device can accurately recognize human wrist
movements with a recognition accuracy rate of 97.85%. This
provides a new material solution and technical path for the
intelligent applications of wearable devices in fields such as sports
posture correction and health monitoring. By synergistically opti- 
mizing nanoparticle surface modification and structural design, 
this study overcomes the traditional trade-off between the high
piezoelectric response and flexibility, offering new insights for 
the development of high-performance wearable flexible sensor 
devices. 

2 Experiments and Methods 

Inorganic fillers modified with hydroxyl groups ( ─OH) have
been proven to effectively enhance the interfacial bonding force
between two phases and promote the transformation of the poly-
mer’s polar crystalline phase due to their ability to form hydrogen
bonds with polymer chain segments [ 32, 33 ]. Inspired by this,
this study proposes a sandwich-structured composite material 
based on hydroxyl-modified barium titanate nanoparticles (BTO- 
OH). Using a melt deposition process, the BTO-OH nanoparticle
layer is embedded between two layers of P(VDF-TrFE) films to
construct a P(VDF-TrFE)/BTO-OH/P(VDF-TrFE) flexible piezo- 
electric composite. This innovative design is expected to improve
Advanced Materials Technologies, 2026
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the piezoelectric performance by maximizing the interfacial
interactions and crystalline phase transformation. 

2.1 Preparation of BTO-OH 

The hydroxyl ( ─OH) modification of barium titanate (BaTiO3 ,
BTO) nanoparticles (with an average particle size of 50 nm and
a specific surface area of 25 m2 /g) was performed using the
chemical oxidation method. The process involved adding 1.5 g
of BTO nanoparticles into 30 mL of a 30% hydrogen peroxide
(H2 O2 ) solution. The mixed solution was then transferred to a
magnetic stirrer and continuously stirred at room temperature (25
± 2◦C) for 24 h. The strong oxidizing property of H2 O2 was used
to introduce hydroxyl functional groups onto the surface of the
BTO nanoparticles. Afterward, the BTO-OH nanoparticles were
washed and placed in a vacuum drying oven to be dried at 60◦C
for 12 h. The resulting surface-hydroxylated BTO nanoparticles
were then used to prepare composite materials. 

2.2 Preparation of Sandwich-Structured 

P(VDF-TrFE)/BTO-OH/P(VDF-TrFE) 

In this study, the melt deposition process is used to prepare the
flexible piezoelectric film with a P(VDF-TrFE)/BTO-OH/P(VDF-
rFE) sandwich structure. The detailed preparation process is as
follows: 

2.0 g of poly(vinylidene fluoride-trifluoroethylene) (P(VDF-
rFE)) powder, with a number-average molecular weight of
180,000 Da, was added to 20 mL of N, N-dimethylformamide
(DMF, analytical grade, boiling point 153◦C) solvent. The mixture
was then subjected to magnetic stirring at room temperature (25
± 2◦C) for 6 h at a rotation speed of 500 rpm, allowing the P(VDF-
rFE) to dissolve completely and form a uniform, transparent
solution. Subsequently, the solution was poured onto a clean glass
plate substrate and placed in a 10 cm ×10 cm silicone mold. The
substrate was calibrated using a spirit level to ensure horizontal
alignment. The substrate was then placed in a vacuum drying
oven at 90◦C for 12 h to allow sufficient volatilization of the
DMF solvent. Once the solvent was completely removed, the film
was transferred to a vacuum drying oven and annealed at 120◦C
for 2 h to eliminate any internal residual stress. Finally, a pure
P(VDF-TrFE) film with a thickness of approximately 100 µm was
obtained. 

1.5 g of hydroxyl-modified barium titanate nanoparticles (BTO-
OH) were dispersed in 30 mL of deionized water. The mixture was
stirred continuously using a magnetic stirrer at 300 rpm for 30
min to form a stable suspension. The suspension was then evenly
dropped onto the surface of the previously prepared P(VDF-TrFE)
film. The coated sample was placed in a vacuum drying oven at
50◦C for 12 h to remove water and fix the nanoparticles, forming
a BTO-OH nanoparticle layer. Following this, the sample was
heated on a hot plate at 180◦C for 2 h to promote interfacial fusion
between the nanoparticles and polymer matrix, resulting in a
P(VDF-TrFE)/BTO-OH double-layered structure. 

Another pure P(VDF-TrFE) film prepared in the same batch
was covered on top of the BTO-OH nanoparticle layer to ensure
Advanced Materials Technologies, 2026
complete adhesion. The composite structure was then heated in
a vacuum drying oven at 180◦C for 2 h. Via the thermal melting
process, a strong bond between the three layers was achieved.
After cooling back to room temperature, the glass plate substrate
was peeled off, resulting in a flexible piezoelectric film with
a P(VDF-TrFE)/BTO-OH/P(VDF-TrFE) sandwich structure. The 
total thickness of the film was approximately 200 µm. 

2.3 Preparation of Sandwich-Structured 

P(VDF-TrFE) 

To eliminate the influence of thickness variations on the perfor-
mance comparison and to ensure that the observed performance
enhancement arises solely from structural design innovation, the 
thickness of the pure P(VDF-TrFE) sensor was strictly controlled
to be approximately 200 µm, matching the total thickness of
the composite material. The specific preparation procedure is 
described as follows. 

4.0 g of poly(vinylidene fluoride-trifluoroethylene) (P(VDF- 
rFE)) powder, with a number-average molecular weight of 
180,000 Da, was dissolved into 20 mL of N, N-dimethylformamide
(DMF, analytical grade, boiling point 153◦C) solvent. The mixture
was then subjected to magnetic stirring at room temperature
(25 ± 2◦C) for 6 h at a rotation speed of 500 rpm, until the
P(VDF-TrFE) completely dissolved and formed a homogeneous, 
transparent solution. Subsequently, the solution was poured onto 
a clean glass plate substrate, placed in a 10 cm × 10 cm silicone
mold. The substrate was calibrated using a spirit level to ensure
horizontal alignment. The substrate was then placed in a vacuum
drying oven at 90◦C for 12 h to fully evaporate the DMF solvent,
followed by annealing at 120◦C for 2 h to relieve residual internal
stresses. Finally, a pure P(VDF-TrFE) film with a thickness of
about 200 µm was obtained. 

2.4 Preparation of SP-Sensor 

Two copper foil electrodes of identical dimensions were adhered
to both sides of the fabricated sandwich-structured compos- 
ite film. Wires were then connected to the extended copper
terminals to establish signal transmission pathways. There- 
fore, a piezoelectric sensor based on the sandwich-structured
composite film was successfully developed. The SP-sensor was 
then encapsulated with Polyimide (PI) tape to ensure mechan-
ical durability under cyclic stress loading and provide effec-
tive environmental shielding against moisture and chemical 
corrosion. 

2.5 Characterization and Measurement 

The cross-sectional morphology of the composites was examined 
using scanning electron microscopy (SEM) on a Sigma 300. X-
ray diffraction (XRD) patterns for all samples were obtained using
a Bruker D8 Advance diffractometer. Fourier-transform infrared 
(FTIR) spectra for chemical characterization were acquired using 
a micro-infrared spectroscopy instrument (IRTracer100). The 
electrical characteristics of the composites were measured by 
using a Keithley 6514 electrometer. 
3 of 12
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FIGURE 1 Preparation and Characterization of the SP-sensor. (a) Preparation process of the sandwich structure. (b) Schematic of the molecular 
structures of BTO and P(VDF-TrFE), and the bonding between the ─OH groups attached to BTO molecules and P(VDF-TrFE). (c) and (d) SEM images 
of the sandwich structure. (e) XRD patterns of the composite films. (f) FTIR spectra of the composite films. (g) β-phase content of the composite and the 
pure P(VDF-TrFE). 

 

 

 

 

 

 

 

 

 

 

T  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2365709x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202502063 by T
he H

ong K
ong U

niversity O
f Science &

 T
echnology, W

iley O
nline L

ibrary on [17/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reati
3 Results and Discussion 

3.1 SP-Sensor Development 

The fabrication of sensors with sandwich structures, using
polymer materials and piezoelectric ceramics, effectively com-
bines flexibility and high piezoelectricity. As a result, a flexible
and high-sensitivity SP-sensor was developed. The synthesis
schematic diagram of the flexible composite material with a
sandwich structure is shown in Figure 1a . In this study, the BTO-
OH nanoparticles were modified with hydroxyl groups ( ─OH),
and the composite material with a sandwich structure was then
prepared using the melt deposition method. When the BTO-OH
nanoparticle layer was uniformly deposited on top of the P(VDF-
rFE) film, the ─OH groups on the BTO nanoparticles interacted
with the fluorine groups ( ─F) on the P(VDF-TrFE) polymer,
forming hydrogen bonds. This interaction led to a preliminary
combination of the two materials, as shown in Figure 1b . This
binding force prevented the BTO-OH nanoparticles from easily
detaching from the P(VDF-TrFE) film, laying the foundation for a
4 of 12
more stable and secure bond in subsequent steps. Meanwhile, the
deposition area of the intermediate layer was controlled within
100 mm × 100 mm to guarantee the uniformity of its thickness.
Subsequently, the preliminarily prepared composite material was 
heated to 180◦C and treated for 2 h. The BTO-OH material
remained unaffected at this temperature, while the P(VDF-TrFE)
material reached its melting point. In this semi-molten state,
the P(VDF-TrFE) film allowed the BTO-OH nanoparticles to be
embedded within it. After cooling down, a composite material
with a strong bond between the BTO-OH and P(VDF-TrFE) layers
was formed. By repeating this process on the other side of the
P(VDF-TrFE) film, a sandwich-structured composite material 
was obtained. 

The cross-sectional morphology of the composite film with 
a sandwich structure was captured using SEM, as shown in
Figure 1c . The sandwich structure is clearly visible, with the
upper and lower layers consisting of P(VDF-TrFE) films, and
the middle containing a BTO-OH nanoparticle layer uniformly
dispersed throughout. The stacked structure of the BTO-OH 
Advanced Materials Technologies, 2026
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nanoparticle layer can be clearly observed in Figure 1d . The
thickness of the P(VDF-TrFE) film is about 100 µm. The BTO-
OH nanoparticles are approximately evenly distributed in the
P(VDF-TrFE) film and are regularly arranged. Thanks to the
thorough melt deposition and the presence of hydroxyl groups,
the bonding between BTO-OH and P(VDF-TrFE) is strong, with
no observable pores. The XRD patterns of P(VDF-TrFE) and
P(VDF-TrFE)/BTO-OH/P(VDF-TrFE), shown in Figure 1e , reveal
their crystallization characteristics. In both samples, two distinct
diffraction peaks corresponding to the β-phase of P(VDF-TrFE),
namely (110/200) and (111/201), were observed at 2 θ = 19.7◦ and
40.8◦, with no unique diffraction peaks associated with the α
phase. This indicates that the main crystalline component of
both composite materials is the β-phase. This is attributed to the
annealing treatment applied during the manufacturing process,
which promotes the transformation of the non-polar α-phase of
the P(VDF-TrFE) into the polar β-phase [ 34, 35 ]. However, a
notable difference in the peak values of the diffraction peaks of
the β- phase was observed between the two samples. The peak
value of the XRD pattern represents the crystallinity of the mate-
rial in a specific crystalline phase, indicating that the addition
of the BTO-OH nanoparticle layer has enhanced the β-phase
crystallinity of the P(VDF-TrFE) material. Further evidence of the
dominance of the β-phase is provided in the Fourier transform
infrared spectroscopy (FTIR) results shown in Figure 1f . Both
samples exhibit distinct β-phase peaks at 844, 1286, and 1431 cm− 1 ,
while weaker α-phase peaks are observed at 763 and 976 cm− 1 

[ 36, 37 ]. According to Gregorio’s assumption that infrared absorp-
tion follows the Lambert-Beer law [ 38 ], the relative content of the
β-phase in a sample containing both α-phase and β-phase can be
expressed as: 

𝐹 ( 𝛽) =
𝐴𝛽

(
𝐾𝛽∕𝐾𝛼

)
𝐴𝛼 + 𝐴𝛽

(1)

where Kα and Kβ represent the absorption coefficients of the
α-phase and the β- phase, respectively. The value of Kα is 6.1
× 104 cm2 mol− 1 , and the value of Kβ is 7.7 × 104 cm2 mol− 1 .
Aα and Aβ are the absorption intensities of the characteristic
peaks of the α-phase at 763 cm− 1 and the β-phase at 844
cm− 1 , respectively. Using the FTIR results and Equation ( 1 ),
we calculated that the relative contents of the β-phase in the
P(VDF-TrFE) and P(VDF-TrFE)/BTO-OH/P(VDF-TrFE) materi-
als are 92.2% and 93.6%, respectively, as shown in Figure 1g .
This slight increase of the β-phase content is likely due to the
polarization effect of the BTO-OH nanoparticle layer on top of the
P(VDF-TrFE), as well as the organic-inorganic heterointerfacial
interactions, which promote the crystallization of more β-phase
[ 39, 40 ]. In the XRD pattern, additional characteristic peaks
at 2 θ = 31.6◦, 38.9◦, 45.4◦and 56.3◦ correspond to the (110),
(111), (200), and (211) crystal planes of the BTO in the P(VDF-
rFE)/BTO-OH/P(VDF- TrFE) sample. These XRD and FTIR
results confirm that the BTO-OH nanoparticle layer has been
successfully combined with the P(VDF-TrFE) matrix, increasing
the β-phase content in the P(VDF-TrFE) material. These findings
indicate that, among the three samples, the P(VDF-TrFE)/BTO-
OH/P(VDF-TrFE) composite material has the best piezoelectric
performance. 
Advanced Materials Technologies, 2026
3.2 Performance of SP-Sensor 

To investigate the piezoelectric response characteristics of the 
SP-sensor, as shown in Figure 2a , we have constructed the
piezoelectric test system platform, as illustrated in Figure 2b . To
evaluate voltage and current outputs, a shaker table was used
to apply a stable external force ranging from 5 to 20 N to the
SP-sensor at a frequency of 10 Hz. The piezoelectric response
voltage and current of the P(VDF-TrFE) sensor are shown in
Figure 2c,d , while those of the SP sensor are shown in Figure 2e,f .
Under an external force of 20 N, the SP-sensor produced a
maximum piezoelectric response voltage of 15 V and a maximum
current of 0.97 µA, while the P(VDF-TrFE) sensor generated a
maximum voltage of 10.8 V and a current of 0.18 µA. It is evident
that adding the BTO-OH nanoparticle layer to the P(VDF-TrFE)
results in improved performance, with the open-circuit voltage 
and current increased by 51.5% and 546%, respectively, compared
to the pure P(VDF-TrFE), as shown in Figure 2g . This is due to
the introduction of the ceramic piezoelectric material BTO-OH, 
which has a higher piezoelectric coefficient. The piezoelectric 
coefficient characterizes the ability of a material to generate an
electric field when subjected to an external force. 

The relatively high piezoelectric coefficient of the BTO-OH 

enables the composite material to generate stronger polarization 
when subjected to the same external force, significantly enhanc-
ing the piezoelectric response voltage and current. Meanwhile, 
the organic-inorganic heterointerfacial interaction between the 
BTO-OH and P(VDF-TrFE) layers induces an interfacial polar- 
ization effect. This effect reduces the activation energy required
for the β-phase nucleation and growth via interfacial charge
transfer and dipole coupling. The stability of the α-phase is
suppressed by space charge fields, while this effect also promotes
the transformation of molecular chains into the all-trans β-
phase [ 41 ]. Consequently, this process enhances the β-phase
content in the P(VDF-TrFE) film. The β-phase, a crystalline
phase with the highest electric dipole moment, is essential for
the piezoelectricity of the P(VDF-TrFE) material. This explains 
why the composite material with a sandwich structure exhibits
superior piezoelectric response performance. Furthermore, we 
also evaluated the effect of the excitation frequency on the
piezoelectric response performance of the sensor. The results
of the SP-sensor are shown in Figure 2h,i , while those of the
P(VDF-TrFE) sensor are shown in Figure 2j,k . Under a constant
external force of 5 N, increasing the excitation frequency does
not result in any noticeable change in the piezoelectric voltage or
current responses of the P(VDF-TrFE) sensor and the SP-sensor.
This indicates that, subjected to the same excitation amplitude,
the sensors produce a consistent amount of deformation, which
remains unaffected by frequency variations. 

To thoroughly investigate the performance of the SP-sensor under
various bending states and assess its suitability for bending-
related applications in wearable devices, we conducted tests on
its piezoelectric response in the bending mode, as shown in
Figure 3a,b . Using manual bending with the assistance of a
metronome, the P(VDF-TrFE) and SP-sensors were subjected to 
bending tests at angles of 30◦, 45◦, 60◦, and 90◦ at a frequency
of approximately 4 Hz. As the bending angle increased, the
5 of 12
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FIGURE 2 Piezoelectric performance of the SP-sensor. (a) Structure of the SP-sensor. (b) Piezoelectric test platform. (c) Voc and (d) Isc of SP-sensor 
under different applied forces (5 N–25 N) at 10 Hz. (e) Voc and (f) Isc of the P(VDF-TrFE) sensor under different applied forces (5 N–25 N) at 10 Hz. 
(g) Comparison of open-circuit voltages between the SP-sensor and P(VDF-TrFE) sensor. (h) Voc and (i) Isc of the SP-sensor under different excitation 
frequencies. (j) Voc and (k) Isc of the P(VDF-TrFE) sensor under different excitation frequencies. 
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FIGURE 3 Performance of the sensor. (a) Voc of the SP-sensor under bending at 4 Hz. (b) Voc of the P(VDF-TrFE) sensor under bending at 4 Hz. 
(c) Voltage sensitivity test curve of the SP-sensor. (d) Current sensitivity test curve of the SP-sensor. (e) Comparison of voltage sensitivity between this 
work and prior studies. (f) Response time of the SP-sensor. 
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piezoelectric responses of both sensors increased. When the bend-
ing angle reached 90◦, the maximum voltage of the SP-sensor was
1.39 V, while the maximum voltage of the P(VDF-TrFE) sensor
was 0.573 V. This firmly confirms that after adding the BTO-OH
nanoparticle layer to P(VDF-TrFE), its performance is improved,
as evidenced by a 142.6% increase in the voltage output compared
to pure P(VDF-TrFE). 

Sensitivity, response time, and fatigue characteristics are three
figures of merit that determine the performance and applicability
of sensors. The three indicators not only reflect the accuracy, real-
time performance, and reliability of a sensor, but also stand for
its practical value in scenarios such as medical care, industry,
and consumer electronics. To evaluate the performance of the SP-
sensor, we analyzed its force sensitivity, with the results shown
in Figure 3c,d . The findings of this study reveal a strong linear
relationship between the voltage response from the SP-sensor
and the applied force. This relationship can be mathematically
described by a function derived using linear fitting. The slope of
this line represents the correlation between the voltage output of
the SP-sensor and the applied force. It can be seen that its voltage
sensitivity is as high as Sv = 396 mV/N with a linearity of R2 =
0.99, and the current sensitivity is as high as SA = 33.6 nA/N
with a linearity of R2 = 0.996. As clearly illustrated in Figure 3e ,
a systematic comparative analysis is conducted between the
sandwich-structured composite film developed in this study and
similar types of materials in the literature. The results show that,
compared with most recently reported piezoelectric films [ 42–44 ],
our material exhibits superior sensitivity. Its favorable perfor-
Advanced Materials Technologies, 2026

iv
mance is primarily attributed to the incorporation of the BTO-OH
nanoparticle interlayer, where the high piezoelectric coefficient of 
the inorganic ceramic and the enhanced β-phase content of the
P(VDF-TrFE) matrix jointly contribute to the overall response.
Such a coupled effect leads to a pronounced enhancement in both
piezoelectric output and sensitivity of the sandwich-structured 
composite film. Furthermore, even when benchmarked against 
a limited number of materials with comparable sensitivity
[ 45, 46 ], the proposed scheme offers clear advantages in terms
of fabrication simplicity and reduced raw material costs. These
features render the composite film more compatible with prac-
tical applications and large-scale manufacturing. Response time 
determines perception speed. For example, in electronic skin
applications, the sensor’s response time is a critical parameter
to meet real-time neural feedback requirements. As shown in
Figure 3f , the SP-sensor exhibits a response time of 8.1 ms and
a recovery time of 67.9 ms. 

3.3 Motion Recognition Application 

To evaluate the flexibility of the SP-sensor fabricated from a
sandwich-structured composite material, we conducted torsion, 
folding, and curling tests. It is worth noting that the involved
human motion tests were conducted with the informed consent
of all volunteers. According to relevant regional regulations, the
tests involved non-clinical, non-invasive, and non-toxic wearable 
sensing, and therefore, formal institutional approval was not 
required. 
7 of 12
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FIGURE 4 Analysis of human movement signals based on the SP-sensor. (a) Flexibility demonstration of the SP-sensor. (Torsion (i), Folding 
(ii), and Curling (iii) deformation). (b) Durability test of the SP-sensor. (c) Piezoelectric response during finger bending. (d) Piezoelectric response 
during elbow bending. 
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In Figure 4a , the results show that the SP-sensor exhibits
exceptional flexibility, allowing for effortless bending and torsion.
The stability of a sensor under continuous operation is critical
in practical applications. Therefore, to assess the long-term
durability of the SP-sensor, a fatigue test was conducted. 

During the test, a stable external force of 17.5 N was applied
to the SP-sensor for 18,000 cycles, as shown in Figure 4b . The
results showed that the voltage of the SP-sensor remained stable
at around 12 V throughout the test, demonstrating outstanding
stability. Moreover, the randomly selected working segments
throughout the entire cycle exhibited highly consistent periodic-
ity. This outcome not only confirms the outstanding mechanical
durability and stability of the SP-sensor but also strongly suggests
its suitability for continuous long-term operation in daily appli-
cations. These excellent properties enable the wearable flexible
8 of 12
sensor based on sandwich-structured composite materials to 
monitor human movements. The SP-sensor was attached to 
the finger and elbow joints, as shown in Figure 4c,d . When
the fingers and elbows were bent to 90◦ and then restored to
their original positions, the SP-sensor generated corresponding 
piezoelectric outputs. Due to differences in motion amplitude 
and other characteristics of finger and elbow joints, piezoelectric
outputs can serve as a viable option for wearable, flexible sensors.
Additionally, it was observed that, regardless of whether the
SP-sensor was worn on the finger or the elbow, the current
signals displayed more detailed features than the voltage signals.
Therefore, the current signal was selected as the primary signal
characteristic of the SP-sensor. 

When athletes adopt incorrect sports postures, they not only
fail to achieve the desired benefits of physical exercise but
Advanced Materials Technologies, 2026
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FIGURE 5 Analysis and recognition of human movements during badminton training based on the signals from the SP-sensor. (a) Structure of 
the CNN model. (b) Real-time current signals were collected for three wrist movements (up, left, and down). (c) Training accuracy and loss of wrist 
movements recognition based on the CNN model. (d) Predictive confusion matrix of the CNN model. 
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also risk harming their bodies. Therefore, accurately identifying
movement postures with the aid of sensors and providing real-
time feedback is essential. In this study, we attached the SP-sensor
to the wrist of a badminton player to precisely capture different
current signals generated by various wrist movements. The
application tests were intentionally limited to segmented swing
motions of badminton players, including upward, downward,
and leftward swings, rather than continuous swing actions. This
design choice was guided by the specific objective of the work,
which is to support basic motion perception and correction for
novice badminton players. At the early stage of skill acquisition,
novices often struggle to reproduce standard movement patterns,
and improper motions can lead to inefficient training or even
sports-related injuries. By decomposing complex swing actions
Advanced Materials Technologies, 2026
into representative elementary motions, the proposed sensor 
enables clearer signal discrimination and more intuitive feedback 
for motion learning and correction. Therefore, continuous swing 
tests were not included at this stage. Wearable sensors are
exposed to a variety of interference factors during practical
operation, and we have fully considered the potential impacts
caused by environmental factors such as skin temperature and
sweat. The corresponding mitigation strategies are elaborated as 
follows: 

The core material, P(VDF-TrFE), possesses both piezoelectric and 
pyroelectric properties; therefore, variations in skin temperature 
can potentially interfere with the sensor output. However, the
pyroelectric effect requires both a temperature difference and a
9 of 12
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non-zero temperature change rate. Accordingly, prior to formal
testing, the sensor was maintained in close contact with the
skin until thermal equilibrium was reached, thereby effectively
eliminating interference caused by the pyroelectric effect. 

With respect to the influence of perspiration, the sensor design
was optimized from two aspects: encapsulation and fixation.
Firstly, BTO exhibits extremely high chemical stability, and no
toxicity-related reports have been reported in the existing litera-
ture. Therefore, it will not irritate human skin under regular con-
tact scenarios. Furthermore, the sealing performance has been
enhanced during the sensor packaging process to prevent sweat
from contacting the internal sensitive components. Secondly,
polyurethane (PU) tape was employed as the adhesive layer. PU
tape is widely used in medical applications [ 47 ], such as the
fixation of indwelling needles, and has excellent biocompatibility
and adhesion even under humid conditions. This design not only
effectively isolates sweat-related interference but also ensures
stable attachment of the sensor during wearing. As a result, the
impacts of skin temperature variations and perspiration on signal
stability and CNN-based recognition accuracy can be effectively
mitigated. These rich and accurate motion-induced sensor data
provide a robust and diverse training set for the subsequent
deep learning model based on Convolutional Neural Network
(CNN). Due to its powerful feature extraction capabilities for
handling image and sequence data [ 30, 48 ], the CNN model can
effectively analyze and classify motion information. The training
schematic diagram of the CNN model is shown in Figure 5a .
To optimize the CNN model for more accurate recognition, the
number of convolutional layers, the number of filters, and the
width of the fully connected layers were appropriately adjusted.
This model consists of two convolutional layers, with the first
layer having 64 filters and the second having 128 filters. A
pooling layer with a kernel size and stride of 2 × 2 is added
after each convolutional layer to reduce the spatial dimension
[ 49, 50 ]. Finally, two fully connected layers are added, with
128 and 256 units, respectively. By using the collected motion
information, as shown in Figure 5b , as the input to the CNN-
based deep learning model, real-time differentiation among the
three wrist movements—wrist depression, wrist dorsiflexion, and
wrist movement to the left—is achieved. To guarantee sufficient
training data and reliable assessment of model performance, data
collected from multiple independent experimental trials were
randomly partitioned into training, validation, and test sets at a
ratio of 7:1.5:1.5. Such a partitioning strategy, based on repeated
experiments, enhances the generalization capability of the model
and mitigates potential bias associated with single-session data
collection [ 51 ]. The training dataset consists of 560 samples, while
both the testing dataset and the validation dataset each contain
120 samples. As the number of epochs increases, the training
loss of the CNN model steadily decreases, and the training
accuracy gradually improves until it finally converges, as shown
in Figure 5c . 

After nearly 100 epochs, the CNN model achieves a posture
recognition accuracy of 100% on the training set. The prediction
confusion matrix obtained using the CNN model is shown in
Figure 5d , which indicates that the recognition accuracy of the
CNN model for these three postures reaches 97.85%. Overall,
the CNN recognition model developed in this study effectively
aligned with the motion signals captured by the SP-sensor,
10 of 12
showcasing the feasibility of the deep learning framework in
recognizing and analyzing specific movements in badminton 
training. This outcome also validates the application of flex-
ible wearable sensors in sports training, providing valuable 
technical insights and guidance for future research in similar
fields. 

4 Conclusion 

In this study, a new sandwich-structured composite material, 
P(VDF-TrFE)/BTO-OH/P(VDF-TrFE), was developed by intro- 
ducing hydroxyl-modified barium titanate (BTO-OH) nanopar- 
ticles into P(VDF-TrFE) matrix through the melt deposition 
method. This composite material successfully combines the 
flexibility of P(VDF-TrFE) with the high piezoelectricity of 
BTO-OH, overcoming the limitations of traditional single-layer 
piezoelectric sensors. The experimental results show that the SP-
sensor fabricated from this novel composite material exhibits a
maximum piezoelectric response of 15 V (voltage) and 0.97 µA
(current) under an external force of 20 N. These values correspond
to a 51.5% increase in voltage and a 546% increase in current
relative to the pure P(VDF-TrFE) sensor. The SP-sensor exhibited
high sensitivity (396 mV/N for voltage sensitivity and 33.6 nA/N
for current sensitivity), excellent durability (no noticeable voltage 
decay after 18,000 cycles), and fast response and recovery times
(8.1 ms for loading and 67.9 ms for recovery). Additionally, the SP-
sensor was integrated with a deep learning-based Convolutional 
Neural Network (CNN) model to achieve real-time identification 
and classification of human wrist movements, with a recognition
accuracy of 97.85%. This work demonstrates the feasibility of
using flexible, high-performance piezoelectric sensors for real- 
time motion monitoring in wearable devices and establishes a
foundation for future applications in human-machine interac- 
tion, sports training, and medical diagnostics. By integrating 
AI algorithms with innovative material structures, this study 
paves the way for the next generation of intelligent wearable
sensors. It is worth noting that further optimization of deposition
parameters or development of roll-to-roll compatible strategies 
may be explored in future work, aiming to facilitate large-scale
fabrication while enhancing the uniformity of the composite 
material. 
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