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Piezoelectric nanocomposites have been a rapidly growing field in energy harvesting, with applications in
wearable electronics, strain sensors, mechanical actuators, and electromechanical membranes. This
research initially reported the use of three-dimensional polymer photonic crystals with varying ratios.
PVDF is responsible for piezoelectric performance and is a promising polymeric organic material for
converting applied mechanical stress into electric voltage. In addition, TPU is widely used in the plastic
industry due to its superior elasticity. Our work investigates the piezoelectric response of different
blending ratios of PC + PVDF/TPU. it has been found that higher ratio of PC give higher output voltage
under different stress conditions and higher photosensitivity. Then, addition of TPU, owing to its superior
mechanical elasticity, can partially compensate for PVDF to enhance the piezoelectric response of the
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Introduction

Flexible piezoelectric films have enormous potential in appli-
cations ranging from biomimetics, sensors, memory, and
energy harvesting."® Poly(vinylidene fluoride) (PVDF) is an
organic polymer that can be solution-processed to form flexible
films that exhibit ferroelectric, piezoelectric, and pyroelectric
properties. PVDF offers many advantages in emerging applica-
tions as it does not contain metals or toxic elements and is
mechanically robust, flexible, lightweight, and even biocom-
patible.** It has five crystalline polymorphs (a-¢), resulting in
a high degree of diversity and customizability in material
properties and response via dedicated fabrication protocols.®®
The antiparallel packing of dipoles in the o and € PVDF phases
leads to non-polar, insulating films, while the B, v, and 3 phases
are polar and exhibit piezo, pyro, and ferroelectricity.*” The B-
phase is less thermodynamically favorable than the a-phase but
demonstrates the most robust piezoelectric response of all five
phases. Therefore, much effort has been dedicated to increasing
the B-phase yield in PVDF films and to potential applications of
piezoelectric B-phase PVDF.*'® A challenge for PVDF piezoelec-
tric applications is the lack of relevant fabrication protocols for
industrial-scale production. In research laboratories, PVDF is
commonly fabricated using drop-casting, spin-casting, electro-
spinning, or Langmuir-Blodgett, combined with mechanical or
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with PCs, making it a unique contribution in this research direction and valuable for future devices.

electrical stress in post-processing steps to improve the B-phase
yield."** Further, chemical derivatives of PVDF, such as PVDF-
TrFE, suppress the formation of the a-phase through the steric
hindrance of neighboring chains while supporting the forma-
tion of the B-phase, thereby reducing the need for post-
processing. Additive manufacturing (AM) has recently
emerged as an alternative fabrication route for low-cost proto-
typing and production of sophisticated structures beyond
planar thin films. AM processes use heat, light, and/or chemical
reactions to convert adhesives into tailored geometries.
Photonic crystals (PCs) have unique properties.'**®

Here, we demonstrate a proof-of-concept for the 3D printing
of piezoelectric PVDF-TPU + PC films. The photochemical
PVDF-TPU-PC-based liquid resin is converted into a piezoelec-
tric*”*®* 3D structured film within a single printing step. Elec-
trospinning also provides the ability to further enhance the
piezoelectric properties of the fabricated PVDF nanofibers, as it
enables the production of aligned fibers with hollow structures
or various additives for improved performance.* Such additives
include carbon nanotubes (CNTs), graphene, and ZnO.***
Furthermore, PVDF and its copolymers have been utilized for
pressure sensing applications, serving as healthcare monitoring
devices for respiration signals. Composites of PVDF and gra-
phene oxides have also been developed for multiple sensory
applications, exhibiting high sensitivity for monitoring simul-
taneous artery pulse pressures and temperatures.”* Due to their
excellent flexibility, PVDF nanofibers have also been explored
for blood pressure sensors.”**

Our work analyzes the detailed mechanical and piezoelectric
characteristics of different blending ratios of PVDF and TPU
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nanofiber combinations of PC mats synthesized by the elec-
trospinning process. Specifically, we investigate the optimum
blending ratios to generate the maximum voltage at varying
applied forces. In addition, we show the impact of the frequency
of the applied force on the piezo-response behavior of different
blended nanofiber mats. This work is helpful for wearable
electronics and energy harvesting units.

Experimental work

Materials

ARKEMA Shanghai supplies polyvinylidene fluoride (PVDF)
(Kynar 716 A) and has an average M,, equal to 3 x 10° which
was purchased from Arkema Shanghai Distribution Co., Ltd.
Thermoplastic polyurethane (TPU) with a polydispersity index
(PDI) of 1.83 and a molecular weight of 107020 g mol " is
provided by BASF Co., Ltd, Berlin, Germany. Polymer concen-
trations have been dispersed in dimethylformamide (DMF 98%,
Sigma-Aldrich, Taufkirchen, Germany). Two solvents were
prepared with ace:DMF (volume ratio 3:2). One bottle was
heated to 80 °C, and TPU (15% wt) was added and stirred at
600 rpm until completely dissolved. The other bottle was heated
to 50 °C, and PMMA photonic crystals with different propor-
tions were added, dispersed evenly, and then PVDF (15% wit)
was added at 60 °C and 600 rpm until entirely soluble. The two
solutions were mixed 1:1.

Membrane fabrication

Different blending ratios of PVDF/TPU and PC solution with
a constant polymer concentration were prepared and processed
through the electrospinning setup. A comparative study of the
effect of PC addition on the piezoelectric and mechanical
properties of the PVDF mat was conducted. The electrospinning
process was performed by adding 10 mL of polymer solution
into a plastic syringe tipped with a stainless-steel needle. The
positive voltages were provided from a high voltage power
supply CZE1000R to the metallic needle with gauge 18, for
application of voltages around 25 kV with a constant feed rate of
1 mL h™" using a NE1000 syringe pump (New Era Pump
Systems, Suffolk County, NY, USA). The needle-to-collector
distance was adjusted to 10 cm. A random PVDF/TPU/PC
nanofiber composite was collected on a drum collector
covered with aluminum foil and connected to the ground.

Piezoelectric characterization

The synthesized PVDF/TPU nanofiber membranes underwent
evaluation under cyclic loading using a custom-designed exci-
tation device (refer to Fig. 1). This apparatus incorporates
a lightweight spring plunger mechanism that oscillates verti-
cally. The excitation frequency is modified by changing the
speed of the brushless DC motor that drives the plunger, with
the assistance of an electronic speed controller. The sample is
positioned between two foil sheets, which are connected
through shielded wires to a high-impedance oscilloscope
(Tektronix MDO3014), and is situated beneath the plunger. The
maximum load applied is controlled by adjusting the plunger’s
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Fig. 1 Schematic representation of the piezoelectric characterization
set-up and a picture of the accurate set-up.

height, which alters the spring's compression distance when it
interacts with the sample during the process.

Results and discussion
Morphological characterization

Fig. 1 shows the measurement of the strain sensing instrument
used to test the samples and the basic experimental setup. The
morphology of the nanofibers was observed using a scanning
electron microscope at an accelerated voltage of 20 kV. The film
is placed on a short aluminum column, fixed with conductive
carbon tape, and sprayed with gold to make it fully conductive.
SEM analysis was used to examine the morphology and size of
the nanofibers, and the images are shown in Fig. 2. With
photonic crystal particles attached to the surface, the adequate
particle size of the photonic crystals was approximately 240 nm.
Based on the SEM image analyses, the adhesion of photonic
crystals to the surface of PVDF/TPU nanofibers is confirmed. N.
Shehata et al. reported that mechanical elasticity supports the
piezoelectric response.’®* In our case, we enhanced the
performance with the help of a 3D photonic crystal.

Fig. 2 shows the SEM image distribution of the composite
nanofibers. Image] was used to calculate the average fiber
diameter of the nanofibers in all samples. The image indicates
that the photonic crystals are uniformly distributed in the
fibers. The histogram of the diameter distribution of the
photonic crystal composite fibers is shown in Fig. 2. The results
show that the average fiber diameter of the TPU/PVDF
composite fibers ranges from 500 to 1200 nm; it is observed
that the addition of photonic crystals has no significant effect
on the fiber diameter, ensuring the high compatibility and
uniformity of the mixed polymer solution. The photonic crystals
are well-arranged along the fiber.

Fig. 3 shows the SEM images of PVDF/TPU composite
nanofibers and PVDF/TPU/PC composite nanofibers. The
photos display homogeneous fiber distribution with minimal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bead formation. The average fiber diameter was calculated, and
a histogram of the fiber distribution is presented in Fig. 3. The
results indicate an average fiber diameter of 254 nm to 267 nm
for pure PVDF and blended composite mats. It was observed
that the addition of TPU didn't significantly affect the fiber
diameter, ensuring the high compatibility and homogeneity of
the mixed polymer solution.

Physical characterization

The FT-IR spectra of nanofibrous composite membranes are
shown in the Figure. The FT-IR data are introduced to identify
the crystalline phases of PVDF. PVDF can be formed in five
crystalline polymorph phases (a, B, v, 8, and €). The a-phase is
considered the most common and stable non-polar phase of
PVDF, while the f-phase content is an essential prerequisite for
enhancing the piezoelectric properties. Through the electro-
spinning process, the high electric field induces the dipoles to
be aligned in the same direction normal to the chain axis. This
crystal form can, therefore, generate the most considerable
spontaneous polarization and exhibit a strong piezoelectric
effect. Thus, the B-phase is the most critical phase for piezo-
electric and pyroelectric applications.”**°

As shown in Fig. 4, the graph shows the leading character-
istic bands for PVDF at 840 cm™* for CH, rocking, C-C and CF,
stretching, and 1175 and 1400 cm ™' for C and C vibrations,
respectively. The characteristic bands of TPU appeared at 1533,
1735, 2971, and 3365 cm™ ", corresponding to the ~-CONH—
asymmetrical bond, C=O, C-H, and N-H stretching,
respectively.?'*?

Moreover, with the addition of photonic crystals, the posi-
tion of each absorption peak remains unchanged, but the
intensity and shape of the peak change. The B-phase absorption
pattern of PVDF/TPU nanofibers at 840 cm ™" is substantial and
increases with the increase in photonic crystal concentra-
tion,*»** which is consistent with the decrease in piezoelectric
response due to the addition of photonic crystals. The relative
amount of B phase has been quantified by considering the
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w L bbb

5d

ARV Aed

S N O AN N AR AR AN PN APRPR AR AR D
S N N L N\ O PO M PO PO PO PO AN} AN}
A D & QO @@\’CJQ\\\Q F S &SN

Transmittance %

Wavenumber (cm™)

Fig. 4 FT-IR curves for PVDF/TPU/PC composite nanofibers.
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Fig. 5 The B-phase of nanofibers with different PC concentrations.

relative absorption intensity of the B phase at 840 cm™" and the
o phase at 760 cm ™" according to the proposed equation by
Gregorio and Cestari:

Ap

0
KoK Ay T Ay x 100%

F(p) =
where F(B) is the relative fraction of the B-phase, Ag is the
absorbance at 840 cm™*, and A,, is the absorbance at 760 cm ™.
The K, and K represent the absorption coefficients at the cor-
responding wavenumbers, which are 6.1 x 104 cm® mol™ " and
7.1 x 104 cm”® mol ™", respectively.

The B-phase content F(B) of the nanofiber membranes can be
calculated.***® Fig. 5 quantitatively shows the B-phase content of
the four PVDF-based fiber membranes. The F(B) of the
untreated pure PVDF/TPU is 70.89%, and it keeps increasing
with the increase of the photonic crystal content. The F(B) of the
PVDF/TPU/5d PC membrane reaches 73.98%, that of the PVDF/
TPU/10d PC membrane reaches 76.44, and that of the PVDF/
TPU/15d PC membrane reaches 79.99%. The addition of 15d
PCs is 88.62% of the pure PVDF/TPU. This further proves that
a small amount of nano-fillers are widely used to stimulate
nucleation to promote the process of B-phase formation in
PVDF-based polymers. This is due to the fact that the positive
charge on the ~CF, group of the PVDF molecular chain attracts
the negative charge carried by the particles and the fillers form
a local electric field that is conducive to the transformation into
the B-phase.

Mechanical properties

To further investigate the impact of incorporating nanoparticles
on the tensile properties of membrane, the tensile properties.
Fig. 6 presents the mechanical properties of the four
membranes (stress-strain curve graph), among which the
elongation at break of the composite film containing photonic
crystals is higher than that of the PVDF/TPU film. During the
stretching stage, the elastic deformation curves of all samples

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Tensile strength—strain curves of four types of nanofibers with
different PC concentrations.

showed good linearity, indicating that the films have a stable
elastic deformation capacity. All curves exhibit the following
trend: ascending section (elastic/plastic deformation) — peak
(maximum tensile strength) — descending section (material
fracture).

In the ascending section, as the strain increases, the stress
gradually rises, which reflects the material's ability to resist
deformation. At the peak point, the highest point of the curve
corresponds to the material's maximum tensile strength (i.e.,
the maximum stress the material can withstand before frac-
ture), which is a key indicator of the material's mechanical
properties. In the descending section, the stress drops sharply,
indicating the material's failure due to fracture.

The strain at this point corresponds to the fracture strain
(i.e., the maximum deformation capacity of the material before
fracture). For the PVDF/TPU samples, their maximum tensile
strength is the lowest (approximately 2 MPa), and the fracture
strain is the smallest (approximately 1.1), indicating that the
mechanical properties of this base system are relatively weak.
The strength and strain of the PVDF/TPU/5d PC and PVDF/TPU/
10d PC systems are both higher than those of the base system,
and the performance of the PVDF/TPU/10d PC system is slightly
better than that of the PVDF/TPU/5d PC system. This indicates
that the addition of photonic crystals can enhance the
mechanical properties of the material, and there is a certain
optimization range. The PVDF/TPU/15d PC system has the
highest tensile strength (approximately 4 MPa) and the largest

(a) Oscilloscope
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Spring
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elongation at break (approximately 1.4), demonstrating the best
mechanical properties among the four systems. This indicates
that a higher PC addition amount (15d) has a significant effect
on enhancing the strength and toughness of the material.

Piezoelectric characterization

An electrospinning device was used to prepare the composite
nanofiber film, which was then cut into a 3 cm x 3 cm square.
Copper and silver electrodes were wrapped around the sample
to create a device with sensing performance, and the entire
assembly was completely encapsulated in a PI film. As sche-
matically shown in Fig. 7a, a series of output signals was
collected from the PENG using an independently built sensing
test platform, including mechanical supports, voice coil motors,
conversion circuits, and digital acquisition equipment. Fig. 7b
shows the composite fiber fabrication.?®***

It can be concluded that without the addition of photonic
crystals, the voltage fluctuates around 0, with a relatively small
amplitude, with peaks approximately at 4 V and troughs
approximately at —4 V, showing a relatively regular periodic
fluctuation. When five drops of photonic crystals are added, the
amplitude of voltage fluctuation significantly increases, with
peaks approximately at 7 V and troughs approximately at —7 V,
still showing periodic volatility but with a higher overall voltage
value. When 10 drops of photonic crystals are added, the
amplitude of voltage fluctuation further increases, with peaks
approximately at 17 V and troughs approximately at —17 V. The
periodic fluctuation still exists, with the voltage value higher
than that at five drops. When 15 drops of photonic crystals are
added, the amplitude of voltage fluctuation is the largest, with
peaks approximately at 27 V and troughs approximately at
—27 V. The periodic fluctuation pattern is similar, but the
voltage value reaches its highest. In summary, as the amount of
photonic crystals increases, the amplitude of voltage fluctuation
gradually increases, and both the peaks and troughs keep
rising, indicating that the piezoelectric performance of the
system changes significantly under different photonic crystal
content conditions.

Fig. 8 shows that the piezoelectric nanogenerator (PENG)
exhibits repeatable and stable voltage output performance.
Compared to the PVDF/TPU composite system, the PVDF/TPU/
PC PENG demonstrates significantly enhanced voltage output
capability. Notably, the output voltage of the PVDF/TPU/15d PC-
PENG reaches approximately 25 V, representing an increase of
~21 V (~525% or ~6.25 times) over the PVDF/TPU reference
sample (4 V). This confirms that the incorporation of photonic

(b)

Fig. 7 Schematic representation of the piezoelectric characterization set-up (a), and a picture of the accurate set-up (b).
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Fig. 8 Strain sensing measurements with different concentrations of photonic crystals, i.e., 0%, 5d, 10d, and 15d.

crystals (PCs) effectively enhances the piezoelectric perfor-
mance of the PENG.

Regarding dynamic response characteristics, the PVDF/TPU
exhibits response/recovery times of 6/5 ms. As the PC micro-
sphere content increases, the response/recovery times of the
PENG initially increase and then decrease, though the overall
variation range is limited. At lower PC content (e.g., PVDF/TPU/
5d PC-PENG), the response/recovery times extend to 8/10 ms.
This variation is attributed to the enhanced piezoelectric
synergistic effect between the PC microspheres and the -phase
PVDF matrix, leading to an increased total accumulated charge
and prolonged charge accumulation process. However, with
further increase in PC microsphere content (e.g., PVDF/TPU/15d
PC), the synergistic enhancement effect weakens, and the
response/recovery times shorten to 5/6 ms. It should be noted
that the recovery time of PENGs is typically longer than the
response time, while the introduction of PC microspheres
improves the surface elasticity, facilitating rapid recovery and
elimination of deformation.

Mechanistic studies reveal that the micro-nano structure of
the photonic crystal induces localized high strain in critical
regions of the piezoelectric material through stress/strain
concentration effects, thereby directly amplifying the piezo-
electric output signal. This mechanism, combined with the
aforementioned piezoelectric synergistic effect, collectively
contributes to the performance enhancement of the PENG.

4726 | Nanoscale Adv.,, 2025, 7, 4721-4729

As shown in Fig. 9, the relationship between frequency and
output voltage is demonstrated, as well as the influence of
different frequencies on the output voltage under the same
force. As shown in Fig. 9a, all the curves present the rule that the
voltage increases with the increase of frequency, indicating that
under the test conditions, the higher the frequency, the
stronger the voltage signal generated by the material, reflecting
the positive correlation between frequency and voltage. When
only PVDF/TPU is used, its output voltage is the lowest. When
the frequency reaches the maximum, the output voltage reaches
5 V. With the increase of the addition amount of PCs, the output
voltages of different samples at the same frequency increase,
which indicates that the increase of PCs has a positive response
to the output voltage. When the addition amount is 15 drops of
PCs, its output voltage reaches a maximum of about 16 V, which
indicates that the increase of PCs enhances the piezoelectric
performance. As shown in Fig. 9b, it can be found that under
the action of a force of 10 N, the output voltage of the sample
varies between 3 and 20 v within the range of 1-11 Hz, and the
PENG has stable performance output at different frequencies.
As shown in Fig. 9¢, under the frequency of 5 Hz, within the
force range of 3-32 N, the output voltage of the sample is in the
range of 3-25 V. As the force increases, the output voltage shows
a slow and stable growth trend, with the voltage amplitude
stably output. This indicates that the PENG has a stable
performance output under different force applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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As shown in Fig. 10a, the relationship between force and
output voltage can be observed. It can be concluded that as the
force increases, the voltage generally shows an upward trend.
When the addition amount of PCs is 15 drops, the output
voltage increases more rapidly and the slope reaches the
maximum. Specifically, when the amount of photonic crystals
decreases to 5 drops, the voltage rises rapidly under a smaller

force and the growth rate gradually slows down. When the

25

N
=]

Voltage(V)
b

-
>

addition amount is 15 drops and 10 drops, under a larger force,
the voltage increases more quickly; significantly, when the force
exceeds 25 N, the voltage rises. In the absence of photonic
crystal addition, the growth is relatively gentle and the voltage
value is generally lower. In summary, by adding photonic crys-
tals, the output voltage is increased, demonstrating excellent
piezoelectric performance, as shown in Fig. 9a.
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Fig. 10 Relation between peak-to-peak voltage and applied forces.
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In Fig. 10b, the PENG's sensitivity to force is tested, and the
output voltages at different pressures are presented. The PENG
with PVDF/TPU/PC15d was selected for testing. The equidistant
points in the detection range were selected for fitting, and the
fitting equation and results are shown in Fig. 10b. The response
voltage was well fitted within the range of 0-40 kPa, and the
piecewise linear fitting had a good configuration. The pressure
variation was relatively stable. Within the range of 0-40 kPa, the
sensitivity reached 0.6845 V kPa~", and the sensitivity gradually
increased with the increase of the applied pressure. The sensi-
tivity curve can be divided into three stages: within the range of
0-11.11 kPa, it was 0.37 V kPa™'; within the range of 11.11-22.22
kPa, it was 0.53325 V kPa™'; and within the range of 22.22-36.67
kPa, it was 0.65418 V kPa~'. As the applied pressure increased,
the effective deformation became larger, and accordingly, the
sensitivity improved.

Conclusion

In this work, we investigated the unique characteristics of
piezoelectric elastic nanocomposite materials with three-
dimensional photonic crystals. The synthesized nanofiber
mats were composed of PVDF/TPU with PC. The piezoelectric
performance is better with the nanocomposite attachment of
PCs with TPU/PVDF, and the elasticity feature is related to the
blended TPU. Our synthesized mats have been used to generate
electric voltage under the effect of different mechanical excita-
tions, such as mechanical stresses with both controlled forces
and vibration frequencies, along with impulse loading via
falling masses. The optimum piezoelectric response is found at
a blending ratio of TPU between 5d and 15d of the PCs. And
based on the output voltage and piezo-sensitivity. The perfor-
mance of PVDF/TPU/PC15d is the best. For example, the
sensitivity reaches 0.6845 V kPa™", the output voltage reaches
25N, and its stability is also the best. Although the ratio of PVDF
is reduced, the mechanical elasticity of blended TPU with
photonic crystals causes an improvement in the piezoelectric
response of the nanocomposite. This conclusion has been
supported by different measurements of piezoelectric voltage at
various amplitudes and frequencies of vibrational forces. This
innovative elastic-piezo nanocomposite can be applied within
energy harvesting membranes and wearable electronics.
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