
1. Introduction
The development of renewable energy generation
technology is crucial from an economic and environ-
mental perspective [1, 2]. With the advent of global
warming and the energy crisis, energy harvesters
have significantly considered generating renewable
and green energy [3–9]. Harvesting energy from wast-
ed energy sources that include but are not limited to
solar, wind, vibration, and heat is an exciting re-
search topic [10–13]. Amongst these renewable en-
ergy sources, mechanical energy generated by me-
chanical deformation, vehicle movement, human

activity, and vibrations is ubiquitous and can be har-
vested and utilized for green energy generation [14–
18]. Therefore, designing and developing materials
that can harvest this energy is crucial. Recently, piezo-
electric energy harvesters that can harvest electrical
energy from vibration or mechanical loading have
gained interest as materials for powering electronic
devices in various application areas [19–23] because
of their simplicity and scalability [24].
Piezoelectric materials can convert mechanical en-
ergy to electrical energy, which plays a significant
role in self-powering electronic systems [25–28].
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These materials are categorized into inorganic single
crystals and ceramic semiconductors under one class
and polymers under another class. Even though in-
organic piezoelectric materials exhibit a large piezo-
electric coefficient, their brittleness and fragility
under continuous applied external force are the main
drawbacks that limit their practical application. In
contrast, piezoelectric polymers, such as poly(vinyli-
dene fluoride-co-trifluoroethylene) [29], PVDF) [30],
and poly(vinylidene fluoride co hexafluoropropy-
lene) [31] are flexible, durable, easy to process, tough,
and lightweight. These properties make them suit-
able for use in different areas of application, includ-
ing actuators, flexible detectors, sensors, wearable
electronics, and energy harvesting [32, 33].
PVDF is one of the most significant electroactive
polymer because of its distinctive ferroelectricity,
pyroelectricity, piezoelectricity, properties, and low
cost [34–36]. It has five crystalline phases: the
α-phase, which generally exists in the films of com-
mercial PVDF, is non-polar and most stable, whereas
the β-phase has the highest dipole density and high-
est piezo and pyroelectric activities [37, 38]. Thus,
it is crucial to converting the other crystal phases of
PVDF into the β-phase. Researchers have developed
various methods for converting the α phase of PVDF
to the β-phase, such as electrospinning, high voltage
polarization, mechanical stretching, and adding nano -
fillers [39, 40]. Different nanofillers such as carbon
nanotubes [41], graphene [42], graphene oxide [43],
silver nanoparticles [44], and gold nanoparticles [45]
have been incorporated into PVDF, and they exhib-
ited a rise in β-phase enhancement, which is crucial
for piezoelectric properties of PVDF. However, these
conductive nanofillers suffer from static charge dis-
sipation and can be added only in limited amounts.
Therefore, it is extremely important to select non-
conductive nanofillers such as ceramics, especially
piezoelectric ceramics, which can synergistically im-
prove the piezoelectric constant (d33). Various types
of ceramic nanofillers have been used to enhance the
piezoelectric and dielectric properties of PVDF [46].
From them, BaTiO3 and lead-containing perovskites,
especially lead zirconate titanate, are the most wide-
ly investigated [46, 47]. However, these nanofillers
are not eco-friendly and can also affect human health;
therefore, it is very important to replace them with
other nanofillers [48]. Recently, ZnO has received sig-
nificant attention as a ceramic nanofiller in the field
of piezoelectric energy harvesting.

ZnO is one of the most important environment-friend-
ly multifunctional semiconductors used for different
applications such as optoelectronics, energy harvest-
ing, gas sensor, and photocatalysis [49–52]. Recent-
ly, its’ application has been an active research area,
and it exhibited excellent performance in electronic,
electromechanical, and electrochemical devices,
high-performance nanosensors [53], and nanogener-
ators [54] because of its outstanding optical and elec-
trical properties as well as its ease of formation into
different morphological structures [51]. ZnO is a
promising candidate for commercial purposes be-
cause of its advantages such as low cost, abundance,
chemical stability in the air, high biocompatibility,
and a simple and wide range of crystal growth tech-
nologies. Recently, the exploitation of the piezoelec-
tric properties of ZnO-based nanogenerators has
gained significant attention. For instance, piezoelec-
tric nanogenerators developed from PVDF@ZnO
nanocomposite revealed an electrical output voltage
of 1.12 V using 140 Hz and 116 dB sound [55]. In
another study, PVDF@ZnO nanowire was fabricat-
ed, and it exhibited an electrical output voltage of
3.2 V [56]. PVDF@ZnO hybrid-based wearable
PENG was fabricated, and it exhibited an output cur-
rent density and voltage of 10 nA/cm2 and 0.1 V, re-
spectively [57]. All of these findings display the im-
portance of incorporating ZnO into a PVDF polymer,
which exhibited enhanced energy harvesting prop-
erties of the developed devices compared with pure
PVDF. However, there is no study on the effect of
the particle size of ZnO on the piezoelectric property
of PVDF-based PENG devices.
The effects of the particle size on the piezoelectric and
dielectric constant of different materials have been
studied. The effect of the lead zirconate titanate (PZT)
particle size on the piezoelectric and dielectric con-
stants was investigated [37, 58–61], and the findings
showed that the dielectric constant and piezoelectric
property depended on the particle size, and the PZT
with the largest particle size exhibited the highest
piezoelectric and dielectric constants. In contrast,
some studies have also shown that the dielectric and
piezoelectric properties of nanofillers with smaller
particles are better than those of nanofillers with larger
particles [62–64]. However, the effect of the particle
size on the dielectric constant and piezoelectric prop-
erty of PZT perovskite (4.9 and 83.5 µm) was also
evaluated, and the findings showed that the piezoelec-
tric and dielectric constants improved irrespective of
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the particle size [65]. This indicates that the effect of
the particle size on the piezoelectric and dielectric
constants is unknown. Therefore, this is an important
parameter that must be investigated and clarified.
In this study, an electrospun PVDF@ZnO-based
PENG device composed of large ZnO (L-ZnO) and
small ZnO particles (S-ZnO) was prepared by simple
solution electrospinning. The effect of the incorpo-
ration of ZnO and its particle size on the piezoelec-
tric properties of PVDF under compression, tension,
and bending was studied. The application of the de-
veloped PENG device for mechanical energy har-
vesting, and the utilization of the harvested energy
for applications such as LCD turn-on, LED energiz-
ing, and capacitor charging were also investigated.
The piezoelectric response of the developed PENG
device under different types of forces that exist in
human body motion has also been reported. The
practical applicability of the developed PENG de-
vice to harvest the mechanical energy wasted during
the usual operation of machines was also evaluated.

2. Materials and methods
2.1. Materials
Dimethylformamide (DMF, 99.8%, Acros, New Jer-
sey USA), poly(vinylidene fluoride) pellets (Kynar
720, Arkema Group, France), anhydrous ethanol
(99.9%, Echo Chemical Co. Ltd., Taiwan), thermo-
plastic polyester elastomer (TPEE, EM400, Taiwan
plastic and polymers Co. Ltd., Taipei Taiwan), ace-
tone (95%, Echo Chemical Co. Ltd., Taiwan), small-
(20–40 nm) and large- (200–500 nm) particle ZnO
(LIWEI Nano Tech Co. Ltd., Taiwan), copper film
(0.1 mm thickness), and Kapton tape were purchased
from KWO-YI Ltd. (Taipei, Taiwan). All the mate-
rials were used as received from the supplier without
further purification.

2.2. Preparation of PVDF@ZnO nanofiber
membranes

ZnO (10 wt%) was added to DMF (6 ml) and ultra-
sonicated for 20 min. Subsequently, 2.2 g of PVDF
pellet was added to it, and the mixture was stirred at
100 °C for 2 h to prepare the PVDF polymer solu-
tion. After cooling to 30 °C, 4 ml of acetone were
added to the polymer solution for electrospinning.
The electrospinning system consisted of an injection
spinneret powered by a syringe pump (KDS 101 Se-
ries, KD Scientific, USA) that was connected to a
Teflon tube attached to a stainless-steel needle

(0.23 mm diameter). An electrostatic controller (SM
4030 24NIR, You Shang Technical Corp., Taiwan)
connected to the spinneret and collector was ground-
ed. The nanocomposites were then directly electro-
spun. Detailed electrospinning conditions can be
found in our previous study [66].

2.3. Characterizations
The morphologies of the electrospun nanofiber mem-
branes were characterized by transmission electron
microscopy (JEOL JEM-2010, Tokyo, Japan) and
field-emission scanning electron microscopy (JSM
6500F, JEOL, Tokyo, Japan). Fourier infrared spec-
troscopy (FTIR, FTIR-4600, JASCO, Tokyo, Japan)
was used to quantify the differences in the crystal
phases of the synthesized samples. The crystal struc-
tures of the synthesized pure PVDF, PVDF@S-ZnO,
and PVDF@L-ZnO fiber membranes were studied
by X-ray diffraction analysis using a D2 Phaser X-ray
diffractometer (Bruker, Karlsruhe, Germany). The
tensile properties of the electrospun nanofiber mem-
branes were studied according to ASTM D882 using
a universal testing machine (QC-508M2, Cometech,
Taichung, Taiwan). A dumbbell specimen with a
gauge length of 33 mm and width of 6 mm was syn-
thesized for the tensile test, and a crosshead speed
of 50 mm/min was used. A wide-range D33 meter
(YE2730, APC International Ltd., Mackey Ville, PA,
USA) was used to analyze the piezoelectric coeffi-
cient of the poled electrospun nanofiber membrane.
The measured piezoelectric coefficient (d33) was
used to evaluate the relationship between piezoelec-
tricity and the degree of crystallization. This system
was used to directly evaluate the d33 values of the
piezoelectric samples. To characterize the piezoelec-
tric response of the prepared material, an SMU
(Keithley 2400, Tektronix Inc., Beaverton, OR, USA)
and Pico scope were used, and data were collected
using a computer.

2.4. Study of piezoelectric response under
dynamic compression

For the compression test, the prepared PVDF and
PVDF@ZnO nanocomposite samples were cut into
circular shapes with a diameter of 4 cm. Then, the
fiber membrane was sandwiched between copper
foils used as electrodes, in which two polypropylene
films as substrates were placed at the bottom and top
to make a PENG. The developed PENG was then
compressed between two stainless-steel cylinders
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using a material testing system. To investigate the
piezoelectric properties of the PENG devices, a com-
pressive force from 4 to 16 N was applied at a fre-
quency of 0.16 Hz. Subsequently, the piezoelectric
responses were evaluated using a source meter unit
(SMU, Keithley 2400).

2.5. Piezoelectric response under dynamic
tension

To evaluate the piezoelectric response under tension,
the as-synthesized fiber membrane was cut into a
square of 3×3 cm2 and was sandwiched between lay-
ers of Au-coated nonwoven-TPEE, which was used
as an electrode to maintain the flexibility of the sam-
ples. The developed PENG device was then stretched
using a universal tensile machine.

2.6. Piezoelectric response under dynamic
bending

To evaluate the piezoelectric response under dynam-
ic bending, the as-synthesized fiber membrane sam-
ple was cut into a 3×3 cm2 square, and the copper
tape was used as an electrode to maintain the flexi-
bility of the sample, while black Bristol paper was
utilized as an insulating layer. The PENG device was
fixed using double-sided tape between two acrylic
boards and bent at an angle of 10 to 180°. The electri-
cal output values generated at certain bending angles
were evaluated, and the average value was reported.

3. Results and discussion
3.1. Characterization of morphology and

crystallinity of electrospun fiber
membranes

The surface morphologies of the synthesized samples
were studied by using field emission scanning elec-
tron microscopy (FESEM), and the results were pre-
sented in Figure 1. The surface morphology of pure
PVDF fiber membrane shows successful preparation
fiber membrane with 165±50 nm average diameter
as presented in Figure 1a and the morphology of fiber
membrane was not significantly affected after incor-
poration of small ZnO (Figure 1b) and large ZnO
(Figure 1c). Furthermore, the existence of ZnO was
also evaluated using TEM and the result is displayed
in Figure 1d shows that ZnO nanoparticles of average
particle 20–40 nm aggregated on the PVDF fiber
membrane for PVDF@S-ZnO were observed. While
in the case of PVDF@L-ZnO, nanoparticles of aver-
age particle size 200–400 nm are aggregated on the

PVDF fibers (Figure 1e). Figure 1f presents the XRD
patterns of pure PVDF and PVDF@ZnO nanocom-
posites. For PVDF, all the diffraction patterns can be
ascribed to pure PVDF with JCPDS card numbers of
16–1638 [67], indicating successful preparation of
PVDF nanofiber. While the XRD diffraction patterns
of both small and large ZnO can be indexed to card
number (JCPDS 36-1451) [68]. The nanocomposite
with small and large ZnO displayed both character-
istics peaks of ZnO and PVDF. Besides, after incor-
porating ZnO in the PVDF, the relative diffraction in-
tensity peak at two theta angle 18.6° can be ascribed
to the reflection of the α phase at (020) decreased. In
contrast, that diffraction peak intensity at 2θ 20.6°
that can be indexed to β-phase reflection of PVDF at
((110)/(020)) increased [69, 70]. This result indicates
the improvement of β-phase formation of PVDF
which is very important for piezoelectric property en-
hancement in presence of ZnO in general and
PVDF@L-ZnO in particular.
Figure 2 shows the FTIR spectra of pure PVDF and
PVDF with small and large-particle ZnO. The peaks
at 975, 795, and 765 cm–1 were ascribed to the
α-phase, while the peaks at 1278 and 840 cm–1 were
attributed to the β-phase [66]. After the incorporation
of small and large-particle ZnO, the β-phase of
PVDF was enhanced, and PVDF@L-ZnO displayed
the highest amount of β-phase. The relative β-phase
fractions (F(β)) of the samples were calculated from
the FTIR spectra; the absorption is assumed to fol-
low the Beer-Lambert law [66], and F(β) is deter-
mined based on Equation (1) as:

(1)

where Aβ and Aα are the ratios of absorbed and inci-
dent light intensities at 840 and 765 cm–1, respective-
ly. Kβ and Kα are the absorption coefficients at the re-
spective wavenumbers, and Xβ and Xα are the degrees
of crystallinity of each phase. The values of Kβ and
Kα were 7.7×104 and 6.1×104 cm2/mol, respectively.
Therefore, the constant factor of 1.3 was calculated
using the absorption coefficient rate Kβ/Kα at the cor-
responding wavenumber. The results of F(β) of pure
PVDF and PVDF@ZnO nanocomposites listed in
Table 1 show that incorporating ZnO into the PVDF
can effectively increase the β-phase crystallinity of
the electrospun PVDF. In particular, ZnO with a large
particle size enhanced the relative β-phase fractions
from 81 to 91% for ZnO-free electrospun PVDF fiber
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membranes. This enhanced β-phase formation of
PVDF@L-ZnO nanocomposites is due to the induc-
tion of charge accumulation by the electrostatic field
during the electrospinning process used for sample
preparation in this study. The polarization effect
caused by the high electrostatic voltage [71] is very
pronounced in the larger size ZnO. The larger size
of ZnO also played an important role in inducing
the β-phase nucleation of PVDF [72]. In addition,
the electrical conductivity, which is an important

parameter of piezoelectric performance, also increas-
es with the increase of particle size [73, 74]. Besides,
the presence of ZnO can improve the induction of
charge accumulation between ZnO and PVDF, fur-
ther promoting the PVDF chain alignment in the
β-phase conformation [66]. In general, polymer crys-
tallization is affected by reinforcements in two differ-
ent ways: 1) the reinforcement can act as a nucleation
site, and 2) it can immobilize polymer chains; poly-
mer chain immobilization delays the crystallization
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Figure 1. FESEM images of (a) pure PVDF, (b) PVDF@S-ZnO, (c) PVDF@L-ZnO, (d) TEM images of PVDF@S-ZnO,
(e) PVDF@L-ZnO, (f) XRD pattern of pure PVDF and PVDF@S-ZnO, PVDF@L-ZnO.



process, while the reinforcement, which acts as a nu-
cleation site, enhances the crystallinity [44]. There-
fore, the incorporation of ZnO influenced the crys-
tallinity of the PVDF. The d33 values listed in Table 1
also indicate that the d33 value of PVDF was signif-
icantly enhanced by the incorporation of ZnO
nanoparticles, and the highest d33 value was obtained
by PVDF@L-ZnO. The value of d33 exhibited by
PVDF@L-ZnO (35.2 pC/N) was approximately
1.5 times that of the pure PVDF fiber membrane
(25.3 pC/N). Moreover, this high d33 value can be as-
cribed to the presence of high β-phase nucleation and
the combined synergic effect of β-phase crystalline
PVDF and piezoelectric ZnO nanoparticles [75].
These findings show that ZnO can: 1) effectively and
significantly induce the formation of the β-phase of
PVDF [56, 76] and 2) effectively increase d33 owing
to a piezoelectric property of ZnO that can directly
contribute to its d33.

3.2. Piezoelectric property of PVDF@ZnO
PENG device

3.2.1. Piezoelectric mechanism of PVDF@ZnO
PENG

The developed PVDF@ZnO fiber membrane with
an electrode was sandwiched between two copper

electrodes to efficiently transfer charges. Initially, be-
fore a mechanical force is applied to the PVDF@ZnO
PENG device, all charges are in their equilibrium
state. Thus, there are no potential differences be-
tween the copper foils, as shown in Figure 3a. When
an external force is applied, the bonds undergo
stretching, and a net charge appears owing to the po-
larization effect, and a fixed charge density exists on
the surface in contact with the copper electrodes
(Figure 3b). Polarization creates an electric field that
is used to convert mechanical energy into electrical
energy. Owing to the developed electric field, free
charges in the copper electrode move to the end
where the fixed charge density possesses an opposite
charge, and this flow of charges continues until neu-
tralization of the fixed charge, resulting in a positive
voltage, as shown in Figure 3b. When the external
stress is released, the polarization disappears, and the
free charges in the electrode flow along opposite di-
rections, which results in a negative voltage, as
shown in Figure 3c. Finally, the PENG device re-
turns to its original state, and the opposite electrical
charges in the copper wires neutralize until it pro-
duces zero output voltage, as depicted in Figure 3d.

3.2.2. Piezoelectric response under dynamic
compression

The electrical output performances of the developed
PENG devices versus the applied compressive force
were investigated, and the results are presented in
Figure 4. As observed from the result, the PVDF@L-
ZnO PENG device exhibited the highest output volt-
age of 5.6 V under an applied force of 16 N (12.7 kPa),
whereas the pure PVDF PENG device exhibited an
output voltage of only 4.5 V under the same condi-
tion as depicted in Figure 4a. This result shows that
the piezoelectric sensitivity of the PVDF can be en-
hanced by the incorporation of ZnO nanoparticles,
and its enhancement is also dependent on the size of
the ZnO nanoparticles, where large ZnO nanoparti-
cles lead to high enhancement. This enhancement in
the piezoelectric sensitivity is owing to an increase
in the d33 of PVDF [77]. The output electrical current
was also evaluated, and the result shown in Figure 4b
indicates that the PVDF@L-ZnO PENG device gen-
erated approximately 1308 nA. However, only 600 nA
was produced by PVDF PENG without ZnO nano -
particles. This result reveals that the incorporation
of L-ZnO into PVDF can improve the output elec-
trical current by approximately 116% compared to
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Figure 2. FTIR spectra of pure ES PVDF and PVDF@S-
ZnO, PVDF@L-ZnO.

Table 1. Piezoelectric coefficients and F(β)% of the synthe-
sized samples.

Sample name F(β)
[%]

d33
[pC/N]

S-ZnO – 4.5
L-ZnO – 8.3
ES PVDF 81 25.3
PVDF@S-ZnO 85 30.4
PVDF@L-ZnO 91 35.2



the PENG device composed of pure PVDF. The
PVDF@L-ZnO nanocomposite presented better
piezoelectric response due to its large d33, and re-
duced the contact surface between PVDF and ZnO
nanoparticles, resulting in higher piezoelectricity of
ZnO@PVDF nanocomposites [58]. The results can
be attributed to the smaller interfacial area and high-
er connectivity of L-ZnO@PVDF nanocomposites,
which would lead to higher polarization efficiency
than S-ZnO@PVDF nanocomposites. In addition,
the larger particle size has high electrical conductiv-
ity, which is also critical for piezoelectric perform-
ance [73, 74, 78]. These enhancements in the output
voltage/current sensitivity indicate the promising po-
tential application of the developed PENG device in
different sensor fields. As displayed in Figure 4c, the
output voltage increase with the increase in external
load resistance, while the output current showed in-
verse proportionality relationship. The output power
that can be generated by the developed PENG de-
vices was also calculated according to the formula
(P = I2R) [79] and the findings in Figure 4d show
that our PENG device produced a power density of
about 2160 µW/m2 at a loading resistance of 10 MΩ.
The enhancement of the output current, voltage, and

power density by the incorporation of ZnO showed
interesting properties of the fabricated PENG device
in the field of renewable and green energy harvest-
ing. Therefore, the developed PENG device possess-
es a promising potential for use as sensor and also
in energy harvesting applications. Moreover, the
cyclic stability of the developed PENG was also in-
vestigated, and the finding in Figure 4e shows that
it exhibited outstanding cyclic stability for 5400 cy-
cles with almost no change in output electric voltage.
This result indicates the promising candidacy of the
fabricated PVDF@L-ZnO PENG device in real ap-
plication.
Moreover, the electrical output performance of the
developed PENG device was compared with that of
previously reported PENG devices [54–58]. The re-
sults in Table 2 show that the fabricated PVDF@L-
ZnO PENG device exhibited better electrical output
performance than the previously reported materials.

3.2.3 Piezoelectric response under dynamic
tension

Figure 5 depicts the stress-strain curve result of pure
PVDF and PVDF@ZnO-based PENG devices in
which PVDF@L-ZnO presented the highest tensile
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Figure 3. Mechanism of PVDF@ZnO PENG (a) normal state of the device, (b) compression of the device due to the applied
force and flow of charge in the Cu foils owing to piezoelectric effect, (c) release of applied force and reverse flow
of charges, and (d) neutralized state, which is after recovering to the original condition of the device (inset figure
of piezo potential generated during this process).
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Figure 4. Electrical performance of the fabricated PENG device under compression (a) output voltage, and (b) output current
(c) load resistance of PVDF@L-ZnO, (d) power density of PVDF@L-ZnO at a compression force of 16 N, and
(e) cyclic stability of the developed device.

Table 2. Comparison of electrical output performances of different PVDF-based PENG devices with PVDF@L-ZnO PENG
device.

Piezoelectric
material

Sample size
[cm2]

Peak voltage
[V]

Peak current
[µA]

Force
[N]

Power density
[µW/cm2] References

PVDF/BaTiO3 2.60 9.30 0.80 12.00 0.12 [80]
PVDF/BiCl3 1.50 1.10 2.00 – 0.20 [81]
PVDF/Fe-ZnO – 1.10 – 2.50 0.20 [82]
PVDF/ZnO 1.00 0.06 0.03 1.50 0.03 [83]
PVDF@L-ZnO 4.00 5.60 1.31 16.00 0.22 This Work



strength that can be ascribed to strong affinity be-
tween ZnO and PVDF [48]. Moreover, the linear
part strain value was utilized to determine the test-
ing range since the material can exhibit elastic
bounds back properties in the linear range for cyclic
testing.

Figure 6a shows that an output voltage and a sensi-
tivity of 42 mV and 10.0 mV/%, respectively, were
obtained using a PVDF@L-ZnO PENG, whereas
only 9 mV output voltage and 5.5 mV/% sensitivity
were achieved using a pure PVDF PENG device.
This result shows that the incorporation of large ZnO
nanoparticles improves the voltage sensitivity of
PVDF by approximately two times. The electrical
output current result shown in Figure 6b also shows
that an output current of 82 nA was generated by
PVDF@ZnO PENG, while the pure PVDF PENG
device generated only 45 nA under the same exper-
imental conditions. Moreover, the sensitivity of the
developed PVDF@L-ZnO PENG device was about
1.8 times larger than that of pure PVDF PENG. In
addition, the linear relationship between the electri-
cal output performance and the percentage of tensile
strain demonstrated a linear dependence of the har-
vested energy on the load or displacement. Figure 6c
shows that the electrical output voltage of the
PVDF@L-ZnO PENG device increased with increas-
ing external load resistance, according to ohmic laws.
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Figure 5. Tensile load-displacement curves of electrospun
PVDF, PVDF@S-ZnO, and PVDF@L-ZnO.

Figure 6. (a) Output voltage, (b) output current of electrospun PVDF, PVDF@S-ZnO, and PVDF@L-ZnO under tensile
strains from 4 to 10%, (c) load resistance on PVDF@L-ZnO, (d) power density value of PVDF@L-ZnO.



Whereas the electrical output current decreased with
increasing external loading resistances. The output
power generated by the synthesized PVDF@L-ZnO
PENG was also determined, as discussed above, and
the result depicted in Figure 6d shows that the device
harvested a power density of 28 µW/m2 at an exter-
nal loading resistance of 20 MΩ.

3.2.4. Piezoelectric response under dynamic
bending

Figure 7 displays the piezoelectric output response
of the developed PENG devices under bending. The
piezoelectric performance of the fabricated PENG
was evaluated within the 0 to 180° bending angle
range, and the piezoelectric performance versus bend-
ing angle of 0 to 90° was provided because the result
between 90 to 180° is just the reflection of that at the
former one [66]. The developed PENG device ex-
hibited an output voltage of 2.8 V at a 90° bending
angle for the nanocomposite with large ZnO nano -
particles, as presented in Figure 7a whereas an output

voltage of only 0.8 V was obtained using a pure
PVDF PENG device under the same conditions. This
result shows that the output voltage produced by
PVDF@L-ZnO PENG was 3.5 times that of pure
PVDF. The output current of the fabricated PENG
devices was also studied and is displayed in Figure 7b.
As observed from the results, the output currents
generated by pure PVDF, PVDF@S-ZnO, and
PVDF@L-ZnO PENG devices at 90° bending an-
gles were 150, 244, and 323 nA, respectively, under
the similar test testing condition. The improvement
in output voltage/current indicates that the developed
PVDF@L-ZnO PENG device possessed excellent
sensitivity under bending conditions and may be uti-
lized as a sensor in flexible and wearable technology.
As depicted in Figure 7c, the output voltage increased
with an increase in external loading resistance, while
the output current displayed an inverse relationship.
The output power that can be generated by the de-
veloped PENG devices was also calculated, and the
result is shown in Figure 7d, in which an output
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Figure 7. Electrical performance of fabricated PNG device under different bending angles, (a) bending angle versus output
voltage (b) output current of the piezoelectric PVDF samples, (c) load resistance of PVDF@L-ZnO (d) power den-
sity of PVDF@L-ZnO under the bending.



power density of 320 µW/m2 can be produced under
a loading resistance of 20 MΩ. These properties
show that the developed PVDF@L-ZnO PENG de-
vice is capable of harvesting mechanical energy that
can be used as a power source [84].

3.3. Applications of the developed PENG
device

The fabricated PENG device was utilized to harvest
energy from body motion and can be used to charge
wearable devices to evaluate its applicability in the
wearable technology that is gaining attention, and
the result is depicted in Figure 8. Figure 8a shows a
schematic diagram of the PDVF@L-ZnO PENG de-
vice utilized under compression, tensile, and bending
conditions from the body movement of the exercis-
ing person. The result in Figure 8b shows that the
synthesized piezoelectric material harvested an out-
put voltage of approximately 10 V from the body mo-
tion (step on it) of a 52 kg person. Furthermore, the

results were also compared with previously devel-
oped PENG devices for wearable technology device
charging ability, and the results displayed in Table 3
show that the fabricated PVDF@L-ZnO PENG de-
vice presented outstanding energy harvesting prop-
erties compared to those reported in previous studies
[54, 60, 61]. This result shows that the PVDF@L-ZnO
PENG device can be successfully applied to wear-
able technology. Moreover, an electrical output volt-
age of approximately 0.8 V can also be harvested by
the PENG device under tensile stress when stretch-
ing is provided by leg movement (Figure 8c). More-
over, the real applicability of the fabricated PVDF@L-
ZnO PENG device was extended to harvest energy
under bending from body motion while doing regu-
lar exercise, and the finding in the Figure 8d depicts
that it can generate approximately 1.5 V of electrical
output voltage from body movement under bending
at 40–50° angles. These findings indicate the poten-
tial applicability of the developed PENG device to
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Figure 8. (a) The schematic diagram for application of PVDF@L-ZnO in harvesting energy from different body motions,
(b) output voltage obtained by walking (compression), (c) output voltage produced by leg stretching (tensile), and
(d) output voltage generated by hand bending while doing exercise.



scavenge energy from body motion under different
conditions, making it a favorable candidate in wear-
able energy harvesting devices, self-powered sen-
sors, and smart textiles.
The ability of the fabricated PENG device to harvest
mechanical energy and convert it to electrical energy
in practical applications was also investigated by
powering LEDs using hand tapping. The results pre-
sented in Figure 9a show that the device transferred
mechanical energy derived from hand tapping to elec-
trical energy, which turned on four green LEDs. Here-
in, we chose four green LEDs to demonstrate the

energy harvesting properties of the developed PENG
device under a given loading. The number of LEDs
and their brightness can increase with the load and
number of PENG devices. A constant DC signal is
also required to energize electronic devices with low
power. However, PENG devices can generate only AC
signals that cannot be used to directly draw electrical
signals from energy storage devices. Therefore, the
AC output electrical performance generated by the
PENG device was rectified utilizing a bridge rectifier
circuit to convert it into DC signals. The developed
PVDF@L-ZnO PENG was also used to charge ca-
pacitors through bridge rectifiers under hand tapping.
The capacitor charging result presented in Figure 9b
shows that the different capacitors were charged by
the developed PENG device, and a smaller capacitor
was charged to 1.8 V voltage within 51 s, while a
larger capacitor required more time; for example, a
22 µF capacitor was charged to the same voltage
within 108 s. The amount of energy harvested and
stored by the PENG device using the capacitor was
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Table 3. Comparison of piezoelectric electric properties of
different PENG devices in real application energy
harvesting from body movement (walking).

PENG device Device area
[cm2]

Output voltage
[V] References

PVDF/TiO2 67.50 2.0 [85]
PVDF/BaTiO3 5.98 1.0 [80]
PVDF/BNT-ST 35.00 0.7 [86]
PVDF/ZnO 4.00 10.0 This study

Figure 9. Applications of PVDF@L-ZnO PNG device, (a) photographic images of 4 green LEDs (b) capacitor charging volt-
age, (c) charging to turn on and discharging after turn on stability of a 10 μF capacitor under hand tapping, and
(d) images of LCD timer clock turned on through a bridge rectifier with 10 μF capacitor.



also calculated using the formula Ue = 1/2·CV2

where, Ue is the stored energy, C is the capacitor ca-
pacity, and V is the generated output voltage [87, 88].
The calculated result indicates that approximately
80 µJ of energy was harvested and stored using the
developed PENG device within 120 s using a 10 µF
capacitor. The amount of energy harvested and
stored by the fabricated PVDF@L-ZnO PENG de-
vice was also compared with piezoelectric devices
in the literature [55, 62, 66, 67], and the results listed
in Table 4 show that the developed PVDF@L-ZnO
PENG device exhibited better energy harvesting
properties than those reported with PENG devices.
Moreover, the application of the PENG device was
extended to an LCD by hand tapping. Figure 9c shows
that the fabricated PENG device exhibited outstand-
ing LCD cycle charging and discharging stability.
Figure 9d indicates that the developed device turned
on the LCD at 52 s (162 hand taps) and displayed for
1 s. These results reveal that the fabricated piezo-
electric device can be utilized in wearable devices
(smart textiles) [89], flexible electronics [90], and
stretchable and self-chargeable supercapacitors [91].

Furthermore, the electric output voltage harvested
by the developed PVDF@L-ZnO PENG device by
hand tapping was also displayed in Figure 10a, and
the result reveals that about 5 V output voltage can
be harvested by the device. Besides, the electrical
output current that can be generated by our current
by hand tapping was evaluated, and the result in
Figure 10b indicates that about 1 µA of output elec-
trical current can be produced by the synthesized de-
vice under hand tapping. These results reveal that the
fabricated piezoelectric device can be used in wear-
able devices (smart textiles) [89], flexible electronics
[90], and stretchable and self-chargeable supercapac-
itors [91].

3.4. Practical applications of the fabricated
PENG for daily life energy-harvesting

Different types of machines are used in our daily life,
which produces mechanical energy such as vibration
energy during their usage. This type of energy is con-
sidered as waste energy and harvesting it is crucial.
Therefore, the developed PENG device in this study
was also applied for harvesting wasted vibration en-
ergy from different instruments such as freeze-dryer,
centrifuge machines, and air compressors used for
normal operation. Harvesting these types of avail-
able, wasted, green, and renewable energies is cru-
cial for the increasing energy demand of our world
from an economical and environment-friendly per-
spective. The result presented in Figure 11a shows
that the developed PENG device harvested waste
mechanical energy from a freeze-dryer being used
at a machine operation frequency of 60 Hz and har-
vested an electrical output voltage of 0.3 V. Figure 11b
shows that the PENG device placed on a centrifuge
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Figure 10. Electrical output performances of the developed PVDF@L-ZnO device by hand tapping (a) voltage and (b) cur-
rent.

Table 4. Comparison of the energy harvesting and storing
property of the PVDF@L-ZnO PNG device with
already reported PENG devices.

PENG device Device area
[cm2]

Calculated
stored energy

[µJ]
References

PVDF@BCl 2.25 4.9 [81]
BF-PNG 1.95 3.9 [87]
TOCN@MoS2 4.50 12.8 [92]
PDMS@BST:La 2.25 1.6 [93]
PVDF@L-ZnO 4.00 80.0 This study
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Figure 11. Real-time applications of PVDF@L-ZnO PENG device for harvesting waste vibrational mechanical energy.
(a) Photographs of freeze dryer and electrical voltage. (b) Photographs of the centrifuge and electrical voltage.
(c) Photographs of air compressor and electrical voltage, and (d) various commercial capacitor charging properties
of the PENG from waste vibration energy, and (e) LCD turning on after 77 s, and cyclic charging and discharging
stability of the PENG device, respectively.



machine being operated at 2400 rpm to harvest the
waste vibration energy, and the findings indicate that
an electrical output voltage of 1.3 V was harvested
using the developed PENG device. Similarly, the re-
sult depicted in Figure 11c illustrates that the devel-
oped PENG device produced an electrical output
voltage of 0.3 V using waste mechanical energy
from an air compressor machine used for its usual
application. The harvested-waste vibration energy
from the centrifuge was used to charge different ca-
pacitors and the results (Figure 11d) depict that ca-
pacitors of various capacitance were charged by the
fabricated PENG device; for instance, a capacitor of
10 µF capacitance was charged to 2.9 V within 120 s.
The amount of energy that was harvested by the
PENG device from waste vibration energy was also
calculated, and the obtained result shows that ap-
proximately 42 µJ of wasted vibration energy was
harvested within 120 s using the developed PENG
device with a 10 µF capacitor. The harvested and
stored energy is much higher than the minimal ex-
ternal electrical energy (1.1 µJ) required to trigger
the action potential of artificially contracted heart for
animals in biomedical applications [94, 95]. Thus, the
developed PVDF@L-ZnO device may be used for
the fabrication of biomedical sensors and interfacing
with human body organs. Among these capacitors, a
10-µF capacitor was chosen for turning on the LCD
using waste vibration energy harvested from the cen-
trifuge machine, and the result in Figure 11e (inset)
shows that the LCD was turned on at 77 for 1 s by
the energy harvested from waste vibration. These re-
sults indicate the promising applicability of the devel-
oped PENG device for harvesting wasted vibration
energy, which may enable users to charge their elec-
tronic devices while carrying out their normal daily
activities [96]. Therefore, we hope that the devel-
oped PENG device will play an important role in the
utilization of green and renewable energy sources.

4. Conclusions
In this work, electrospun PVDF@ZnO membranes
composed of ZnO of different particle sizes were
prepared by solution electrospinning, and the effect
of the particle size on the piezoelectric properties of
the PVDF PENG was systematically investigated.
The piezoelectric properties of the fabricated PENG
device were evaluated under different mechanical
conditions of tension, compression, and bending.

The results indicate that the incorporation of ZnO
nanoparticles enhanced the piezoelectric response of
PVDF under all the studied conditions. In particular,
the PVDF@L-ZnO PENG device generated an elec-
trical output voltage and current of 42 mV and 82 nA,
respectively, under tension, 2.8 V and 323 nA, respec-
tively, under bending, as well as 5.6 V and 1308 nA,
respectively, under compression. Moreover, it also
generated an electrical output voltage of 10 V using
the body motion (step on it) of a 52 kg person, 0.8 V
when a stretch was provided by leg movement, and
1.5 V under bending while exercising. In addition, the
developed PVDF@L-ZnO PENG device showed an
interesting waste vibration energy harvesting ability
by storing approximately 80 µJ within 120 s, which
makes it a promising candidate for practical appli-
cations. The developed PENG device also displayed
stable cyclic charging and discharging properties in
vibration energy harvesting and played a significant
role in the generation of green and renewable energy,
which is very important for our environment.
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