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ABSTRACT
Multilayered Poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) and 
lead magnesium niobate lead titanate Pb  (Mg1/3Nb2/3)  O3–PbTiO3 (PMN-35PT) 
composition-based piezoelectric nanogenerators (PNGs) were fabricated as series, 
parallel, and combined series-parallel connections using various layer-by-layer 
assembly techniques. Supporting the theoretical approaches with experimental 
results shows that the fabricated four-layered PNG with parallel connections 
(4L-P) reached an open-circuit voltage of 0.4 V  (VRMS) and a maximum electrical 
power of 0.3 µW  (PRMS) by drawing a current  (IRMS) of 1.46 µA under a resistive 
load of 140.2 KΩ. Increasing the capacitance and decreasing the impedance with 
the fabrication of the four-layer PNG by connecting the layers in parallel connec-
tion with the support of the impedance matching process led to an increase in 
electrical output. With the use of an impedance matching system, the piezoelectric 
performance tests revealed that the 4L-P-based PNG had a 6.7 times greater elec-
trical power efficiency (72.92 µW) at the vibrational frequency of 20 Hz compared 
to that of the single-layered PNG (10.82 µW). Furthermore, the multilayer PNG 
was successfully used as a wearable sensor for the monitoring of human body 
motions in real time on an IOT (Internet of Things) platform.

1 Introduction

In recent years, the use of waste electricity obtained 
from clean and inexhaustible energy sources such as 
wind, vibration, magnetic, solar, and heat has attracted 
significant interest when considering additional power 
supplies for a new generation of wearable and port-
able electronic devices [1–4]. Mechanical vibrational 

energy that exists in the environment can be harvested 
by sensors using the piezoelectric direct effect [5]. In 
particular, in order to fabricate piezoelectric nano-
generators used in electric energy harvesting from 
biological activities, such as finger tapping, fist beat-
ing, foot stamping, and arm and wrist bending, smart 
piezoelectric polymers and ceramic materials can be 
deployed [6].
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Among the smart piezoelectric polymers, polyvi-
nylidene fluoride (PVDF) and its derivatives like pol-
yvinylidene fluoride-trifluoroethylene (PVDF-TrFE) 
and polyvinylidene fluoride-hexafluoropropylene 
(PVDF-HFP) have α, β, γ, δ, and ε crystalline phases 
that are derived through different processing condi-
tions. The β and γ polar versions of these polymers 
are extensively used in some device fabrications, 
such as sensors, actuators, batteries, and energy 
harvesting systems [7]. Furthermore, the PVDF-
HFP has superior qualities such as higher solubility, 
good biocompatibility, large optical transparency, a 
wide response range, better mechanical strength, and 
a well-aligned form compared to the PVDF [8–12]. 
However, since the smart polymers have much 
lower piezoelectric coefficients compared to perovs-
kite ceramics [13], the new flexible composites were 
obtained by combining them with piezoelectric per-
ovskite ceramics  (BaTiO3, PZT (Pb  (ZrxTi (1−x))  O3), 
PMN-PT (Pb  (Mg1/3Nb2/3)  O3–PbTiO3), ZnO, etc.) 
which have higher piezoelectric values, mechanical 
properties, and minimum dielectric losses [14–17]. 
Moreover, the hybrid (polymer + ceramic)-based 
electrospun composites produced by electrospinning 
display both micro- and nano-characteristics owing 
to the fact that their fibers have been aligned in the 
same direction [18, 19].

The dielectric constant values of electrospun com-
posites based on the piezoelectric nanogenerators 
(PNGs) are distinctly lower than those of the solid 
PVDF polymers due to the high porosity of the elec-
trospun fibers which includes a large void. This is 
due to the fact that the fiber webs can be viewed as 
multiphase materials comprised of three phases: poly-
mer, ceramic particles, and an air fraction or a large 
void [20]. According to the literature, measurements 
of the changes in the effective output voltages asso-
ciated with the PNG (single layered) were observed 
at approximately 150–200 mV [21–23]. The low con-
ductivity of the polymer fibers obtained through the 
electrospinning method causes residual charges to 
accumulate on the fiber surfaces, and the PNGs pro-
duce low output voltages [24]. Consequently, due to 
a reduction in the adhesion between the fibers, elec-
trospun composites constitute a loose structure. This 
large-scale loose structure causes the formation of 
inferior electrospun resilience and low-density fib-
ers. Afterward, when this electrospun mat is exposed 
to external pressure, it faces a more general warping 

except for the fiber deformation, which determines the 
PNG’s voltage.

Recently, therefore, many researchers have focused 
on building multilayer piezoelectric electrospun mats 
for high-performance PNGs [25, 26]. Zhang et al. dem-
onstrated that the PZT ceramics with parallel connec-
tion possessed higher piezoelectric performance ver-
satility than the PZT ceramics with series connection 
[27]. Young Won Kim et al. aimed to improve a PNG’s 
output performance using multiplayer PVDF-TrFE 
electrospun mats and microbead-based electrodes 
together. They concluded that the microbead forma-
tion that was placed in the electrode could explain 
the boost in the output performances [28]. Ramisa 
Yahyapour and colleagues worked on a multilayered 
hybrid structure using electrospun nanofibers, and in 
order to improve the stress/strain distribution across 
the piezoelectric film, three different passive layer 
materials (aluminum, cellulose, and polyester) were 
used. This research concluded that the addition of 
aluminum, cellulose, and polyester could increase the 
electrical output by approximately 4.7, 3, and 4.2 times 
more, respectively, than the sample without a passive 
layer [29]. Xiangxin Du et al. focused on multilayered 
piezoelectric composites with a porous structure based 
on the PVDF/PZT obtained via a laminating method. 
They claimed that the PNG based on PVDF/10-wt.% 
PZT composite fibers, which has a 220 µm film thick-
ness, has the output voltage and power 3.4 and 6.5 
times greater than that of the PVDF/10-wt.% PZT cast-
ing film-based PNG [25].

On the other hand, despite the extensive research 
into piezoelectric PVDF nanofiber membranes, 
inconclusive electrical voltage outputs have often 
been reported. In some papers, the reported voltages 
varied by tens of volts. Such a large inconsistency 
was due to different test methods and voltmeters 
having different internal resistance [30]. These test 
results confirm that the internal resistance of the 
voltmeter can have a profound effect on the meas-
ured value of the output voltage. As the internal 
resistance of the voltmeter increased, the peak also 
voltage increased [31]. For example, when the inter-
nal resistance of a voltmeter was increased from 1 
MΩ to 1 GΩ, the difference in the output voltage of 
the PNG was more than 130 times in constant contact 
mode (piezoelectric effect) and more than 90 times 
in contact separation mode (triboelectric effect) [30]. 
While an ideal voltmeter should have infinite resist-
ance when measuring the open-circuit voltage of 
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a PNG, in reality, commercial voltmeters have an 
internal resistance of between 1 MΩ and 10 MΩ. In 
order to be able to make comparative assessments of 
the experiments conducted in the scientific literature, 
the measurement results must be compatible with 
the actual measurement results obtained using com-
mercial voltmeters.

In this study, flexible electrospun based on the 
PVDF-HFP and the PVDF-HFP/%30vol.PMN-35PT 
was first prepared using the electrospinning method. 
In order to define the morphological and structural 
properties of the two samples, X-ray diffraction (XRD), 
Fourier transform infrared spectroscopy (FTIR), and 
scanning electron microscopy (SEM) analyses were 
performed. The thin PNG devices were then fabri-
cated by placing single and multilayered electrospun 
mats based on the PVDF-HFP/%30vol.PMN-35PT 
between two aluminum electrode sheets. In order to 
obtain the multilayered structures based on the PVDF-
HFP/%30vol.PMN-35PT using different layer-by-layer 
assembly techniques, such as series, parallel, and com-
bined series-parallel connections, these mats were lay-
ered and compressed together using a pressing pro-
cess. The main objective of this study is to evaluate 
the composite structures created by considering both 
the number of layers and the different layer connec-
tion shapes. Finally, the output performances such as 
voltage, current, and power of the multilayered PNG 
devices on the piezoelectric energy harvesting system 
were investigated and compared with a single-layered 
PNG.

2  Material and methods

2.1  Materials

The Poly (vinylidene fluoride-co-hexafluoropro-
pylene) (PVDF-HFP) (molecular weight: 400.000 g/
mol, Aldrich) was chosen as the host polymer, while 
N-dimethylformamide (DMF) (99.5%) and acetone 
(C3H6O, Merck) were used as solvents to disperse 
the PVDF-HFP. All of the chemicals used in the 
synthesis of the PMN-35PT powder were analyti-
cally pristine and were produced from the following 
sources:  (MgCO3)4-Mg (OH)2-5H2O (Sigma-Aldrich), 
 TiO2 (Evonik, Degussa P25),  Nb2O5 (Alfa Aesar), and 
 (PbCO3)2-Pb (OH)2 (Alfa Aesar).

2.2  Methods

2.2.1 �Synthesis�of�the�PMN‑35PT

The PMN-35PT-based powder was prepared by a con-
ventional solid-state reaction technique, including the 
two-stage columbite precursor method, as explained 
in detail in our previous study [32]. The particle size 
of the PMN-35PT powder employed for the prepara-
tion of the PVDF-HFP/PMN-35PT-based nanofiber 
mats was in the range of ≤ 1 µm. The values of the 
piezoelectric coefficient −  d33, the dielectric constant 
(− εr), and the loss tangent (tanδ) at 10 kHz for the 
ceramic PMN-35PT have been measured as 530 pC/N, 
3686, and 2.2%, respectively [32]. Being in the vicinity 
of the morphotropic pseudo-cubic phase boundary, 
these results agreed well with the PMN-35PT solid 
solutions [33–35].

2.2.2 �Creation�of�the�PVDF‑HFP/PMN‑35PT�electrospun�
mats

Figure 1 shows in detail the construction of the PVDF-
HFP/PMN-PT electrospun mat using the electrospin-
ning process. The electrospinning system presented 
in Fig. 1a includes the following equipment: the 
programmable syringe pump (flow rate 2.0 mL/h), a 
rotating drum collector (length: 16 cm and diameter: 
6 cm, and rotation speed: 2300 rpm), a plastic syringe 
(10 mL), a metal needle with a diameter of 0.4 mm, 
and a high-voltage DC (Direct Current) power supply.

All the electrospinning equipment is in a Plexiglass 
cabinet and the plastic syringe is positioned vertically 
on the pump. The plexiglass cabinet door is fitted with 
a safety switch to prevent the user from being exposed 
to high-voltage DC. Firstly, the PVDF-HFP mixture 
was processed by adding the 10% (w/v) PVDF-HFP 
powder to a DMF/acetone mixture (3:7) and stirring 
continuously for 2 h at 80 °C with a magnetic stirrer. 
The resulting solution was then obtained by inserting 
the calcined PMN-35PT ceramic powder at a concen-
tration of 30% by volume into the PVDF-HFP mixture 
and then the mixture was magnetically stirred at 50 °C 
for a further 2 h to get a homogeneous solution. After-
ward, the PVDF-HFP/%30vol.PMN-35PT solution was 
put into the plastic syringe, with the distance between 
the collector and the needle measuring approximately 
15 cm. During the electrospinning process, a Taylor 
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cone is created by directing the meniscus of the solu-
tion at the end of the needle when a high DC voltage 
of 15 kV is applied between the needle tip and the 
collector wrapped in aluminum foil. When the high 
electric field reaches a certain critical value, the electro-
static force acts in the opposite direction, overcoming 
the surface tension and ejecting the polymer solution 
from the Taylor cone toward the rotating drum collec-
tor toward the rotating drum collector. Throughout 
this transmission, the polymer solution adheres as 
charged fiber mat form by drying to the surface of the 
rotating drum collector. Furthermore, for the time of 
the process, the fluorine and hydrogen atoms in the 
chain structure of the PVDF-HFP were separated from 
each other by the effects of the high voltage and the 
stretching of the rotating drum collector. The electro-
spinning process contributes not only to the formation 
of the PVDF-HFP fiber mat with a beta phase but also 
to the formation of a dipole moment perpendicular to 
the polymer chain structure (Fig. 1b). As the result-
ing orientation exhibits a transition structure between 
α and β phases, a net polarization occurs which is 

responsible for the piezoelectric effect in the PVDF-
HFP [36]. Hence, it is expected that the highest elec-
trical output voltage will be obtained from the PNG 
device with the highest dipole moment. Afterward, the 
single-layered PNG (dimensions of 4 cm × 4 cm) device 
was fabricated by packing the PVDF-HFP/PMN-35PT 
electrospun mat that was placed between two conduc-
tive electrodes. Moreover, the electrical symbol of the 
PNG device was defined by considering the direction 
of the dipole moment that was formed on the electro-
spun mat (Fig. 1c).

2.3  Characterization

The crystalline structure and the phase of the pure 
PVDF-HFP and the PVDF-HFP/ PMN-35PT fiber 
mats were analyzed by an X-ray diffractometer (XRD, 
PANalytical Empyrean) with CuK radiation (1.5418 Å) 
at room temperature, while their surface morphol-
ogy and cross-sectional images were measured using 
scanning electron microscopy (SEM, SUPRA 40VP). 
The Fourier transform infrared spectroscopy (FTIR) 

Fig. 1  The schematic presentation of the PVDF-HFP/PMN-PT 
fiber mat obtained through electrospinning (a), abstract diagram 
of a polymer based on β-PVDF-HFP induced by stretching and 

DC high poling voltage (b), and electrical symbol of PNG with a 
single layered (c)
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spectra associated with all of the samples were exam-
ined using the Bruker FTIR-ATR system. The result-
ing values were in the range of 400–1600 range  cm−1 
at room temperature. The PNG devices’ capacitance 
and impedance properties were measured through 
an LCR meter (HIOKI-IM3536). In order to define the 
piezoelectric characterization of the PNGs, the piezo-
electric energy harvesting system was used. The out-
put voltages obtained from the PNG devices versus 
the periodic force were defined as  VPP (peak-to-peak) 
amplitude using a data logger (NI-6009), whereas their 
short-circuit currents were measured via a low-noise 
current amplifier (LMC-6001).

3  Results and discussion

3.1  Structural characterization

The crystal structure and the phase identification of 
both the pristine PVDF-HFP polymer and the PVDF-
HFP/PMN-35PT composite with a filler ratio of 30 
vol.% are indicated in Fig. 2.

The diffraction peak at 2θ of 20.18° is associated 
with the β-phase in the PVDF-HFP [37], whereas the 
diffraction peaks of the PMN-35PT particles at 22.05° 
(100), 31.38° (110), 38.78° (111), 45.19° (200), 50.99° 
(210), 56.07° (211), and 65.54° (220) are affiliated with 
the perovskite structure.

The mean crystallite size of the PMN-35PT nanopar-
ticles was calculated to be about 36 nm for the most 

intense peak of the (110) plane [38] using Scherrer’s 
Eq. (1).

where D is the mean crystalline size (nm), λ is the 
wavelength of Cu K (0.154 nm), β is the full width at 
half maximum intensity (FWHM) in radian and θ° is 
the Bragg angle (°) [38].

The degrees of crystallinity of the samples were 
also determined from the XRD patterns. The degree of 
crystallinity (χc) can be calculated through Eq. (2) [39].

where Ac is the area under the peaks representing the 
total crystalline region, while Aa is the area under the 
peaks representing the total amorphous region.

As the PMN-35PT has a fully crystallized perovskite 
structure, the XRD results demonstrate the presence 
of the β-phase both the PVDF-HFP and all the typical 
PMN-35PT peaks ( �

C
 : 53.55). As the size of the PMN-

35PT peaks increases, the β-phase of the PVDF-HFP 
diffraction peak at 20.18° seems to decrease. In reality, 
the presence of the β-phase PVDF-HFP is preserved 
( �

C
 : 40.14). This situation is also supported by the 

FTIR graph which shows an enrichment of the β-phase 
PVDF-HFP and PVDF-HFP/PMN-35PT [40].

FTIR spectra analyses are shown in Fig. 3 which 
were performed to investigate further the structure 
and crystalline properties of the pure PVDF-HFP and 
the composite based on the PVDF-HFP/PMN-35PT. 

(1)D =
0.9�

� cos �◦
,

(2)�
c
(%) =

A
c

A
c
+ A

c

× 100,

Fig. 2  XRD patterns of the 
neat PVDF-HFP and the 
PVDF-HFP/PMN-35PT 
electrospun with the PMN-
35PT loading concentration 
of 30vol.% (✦: β-phase, ▲: 
Perovskite structure)
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The β-phase fraction of the composites can be calcu-
lated according to the two different vibration bands 
(762  cm−1 for the α-phase and 840  cm−1 for the β-phase) 
via the following Eq. (3):

The Aα and Aβ absorption coefficients are expressed 
by Kα (6.1 ×  104  cm2/mol) and Kβ (7.7 ×  104  cm2/mol), 
respectively, at the particular wavenumber [41].

It is also determined via Eq. 3 that the PVDF-
HFP/30PMN-35PT electrospun composites had the 
maximum F(β)% with a value of 98.41% compared 
to the pristine PVDF-HFP’s F(β)% value of 90.04% 
(Fig. 3).

The peaks observed in Fig. 3 at bands 516 [42], 
836 [43], 877 [44], 1069 [45], 1166 [46], 1274 [47], and 
1398 [48]  cm−1 of the host PVDF-HFP and the PVDF-
HFP/30PMN-35PT electrospun fibers are associated 
with the crystalline β-phase, whereas the peak at band 
434 [49] of the samples is assigned to the crystalline 
γ-phase. Therefore, we can say that the mechanical 
stretching of the fibers by the rotating drum collector 
supports the formation of the crystal array on the fib-
ers during the electrospinning process [50].

3.2  Morphology analysis

The SEM graphs associated with the pure PVDF-HFP 
electrospun fiber and the PVDF-HFP/PMN-35PT 

(3)%F(�) =
A�

1.26A� + A�

× 100.

composite with a filler ratio of 30 vol% are indicated 
in Fig. 4.

Figure 4b shows the homogeneous distribution 
of the PMN-35PT perovskite powders in a regularly 
oriented polymer matrix. When the PMN-35PT pow-
der concentration was increased by 30% by volume, 
it was observed that the average fiber diameters of 
the PVDF-HFP/PMN-35PT fibers were reduced by 
309 nm compared to the pure PVDF-HFP fiber diam-
eters of around 324 nm (Fig. 4a). The decrease in the 
average fiber diameter of the composite based on 
the PVDF-HFP/PMN-35PT compared to the PVDF-
HFP is compatible with the increase in crystallinity 
caused by the PMN-35PT ceramic powder observed 
in the XRD analysis.

3.3  Layer‑by‑layer assembly of multilayered 
PNGs

In order to improve the electromechanical perfor-
mances of ceramic-based structures, multilayer 
fabrication studies have recently been emphasized 
[51–53]. Considering the fact that the output signal 
may be weak and unstable owing to the loose nature 
of the electrospun mat based on the PVDF-HFP/PMN-
35PT with a single layered, it was decided to fabri-
cate multilayered PNGs using a pressing process that 
compresses the electrospun fibers together. Figure 5, 
which includes the PNG’s overall components, shows 
the fabrication stages of the multilayer PNG.

Fig. 3  FTIR spectra of the 
pure PVDF-HFP and the 
PVDF-HFP/30vol.%PMN-
35PT composite
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In order to support the flow of electrons, aluminum 
sheets were employed on both the top and the bottom 
electrodes and also on electrodes between the fiber 
composite layers (Fig. 5a). The fiber mats were pre-
pared (dimensions: 4 cm × 4 cm) in various configu-
rations of 2, 4, and 6 layers, each of which was com-
pressed by the pressing process at room temperature 
under 15 MPa for 60 min (Fig. 5b, c). Then, the conduc-
tive wires were attached to the surfaces of the top and 
the bottom electrodes using a glue silver. Afterward, 
all samples were fully covered with thin Kapton tape 
to preserve the flexibility and stability of the multilay-
ered PNG in a sandwich structure. Finally, as a means 
to realize further smooth and uniform packaging 

structure, the structure protected by Kapton tape was 
laminated with the PVC (Poly (vinyl chloride) film 
thickness of 125 microns using a commercial lamina-
tor (Mapilam-LM153 Model Laminating Machine with 
Cylinder) at a temperature of 120 °C.

As seen in Figs. 6, 7, and 8, the multilayer fabri-
cations which include series, parallel, and combined 
series-parallel structures were tested to evaluate the 
open-circuit voltage and the short-circuit current 
alterations of the PNG by considering the directions 
of their dipole moments.

SEM images associated with the single-layered and 
the multilayered electrospun fibers are indicated in 
Fig. 9. The mean layer thickness of the single-layered 

Fig. 4  SEM graphs of the pure PVDF-HFP (a) and the PVDF-HFP/30vol.%PMN-35PT (b)

Fig. 5  The fabrication stages of the multilayered PNG. The schematic structure of the PNG (a). Pressing process (b). Photograph of the 
pressed fiber mats (c)
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uncompressed PVDF-HFP/PMN-35PT was defined as 
about 164 µm from the cross-sectional view (Fig. 9a) 
and its compressed approximate thickness was meas-
ured as average 57 µm (Fig. 9b). The surface image of 
the four-layered PVDF/PMN-35PT composite reveals 

that the fibers on the surface layer have been squeezed 
together and the fiber density on the surface has been 
increased (Fig. 9c). Furthermore, within the volume 
of the PVDF-HFP nanofibers, the accumulation of the 
PMN-35PT ceramic particles (indicated as white dots 

Fig. 6  Configuration of multilayered PNGs (two, four, and six layered) with a series connection and their electrical circuit equivalents

Fig. 7  Configuration of multilayered PNGs (two, four, and six layered) with a parallel connection and their electrical circuit equivalents

Fig. 8  Configurations of multilayered PNGs (the six layered) with a combined series-parallel connection and their electrical circuit 
equivalents
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within yellow circles) was also observed (see Fig. 9c). 
As shown in Fig. 9d, the structure with the aluminum 
electrode placed between the two fiber composite 
layers was well pressed and its total thickness was 
approximately 114 µm.

3.4  Output performances of multilayered 
PNGs

In order to evaluate the output performance of 
the PNG, a two-port network system which can be 
simplified using advanced techniques such as the 
Thevenin’s, the Norton’s, and the maximum power 
transfer theorems was utilized. Figure 10 shows the 
Thevenin, Norton, and the maximum power transfer 
equivalent circuits associated with the PNG.

A PNG device is defined as the Thevenin equiva-
lent voltage  VTH (open-circuit voltage VOC) and the 
Thevenin equivalent resistance  RTH connected in a 
series with a VTH voltage source (Fig. 10a). According 

to Thevenin theorem, Thevenin’s voltage VTH is also 
the open-circuit voltage  VOC of the PNG measured 
at the network output (VTH = VOC and RTH = ∞). If 
the independent energy sources were turned off, 
Thevenin’s resistance  RTH would equal the resistance 
that is measured between the PNG’s output termi-
nals [54]. Furthermore, the same PNG device can also 
be shown by the Norton equivalent current  INT and 
the Norton equivalent resistance  RNT connected in 
parallel with an  INT current source (Fig. 10b). Con-
sidering the Norton theorem, Norton’s current  INT is 
also a short-circuit current  ISC when the PNG leads 
are shorted (red line) at the network output (INT = ISC, 
and RNT = 0). If the independent energy source-INT 
were turned off, Norton’s resistance RNT would 
equal the resistance that is measured between the 
PNG’s output terminals [54]. Therefore, we can say 
that Norton’s resistance is the same as Thevenin’s 
resistance (RTH = RNT). Considering the relationship 

Fig. 9  SEM graphs of the surface fibers and cross-section with 
single-layered and multilayered electrospun fibers. a A cross-
section of the uncompressed single-layered PVDF-HFP/PMN-
35PT, b a cross-section of the compressed single-layered PVDF-

HFP/PMN-35PT, c compressed surface SEM of the four-layered 
PVDF-HFP/PMN-35PT, and d a cross-section of the compressed 
two-layered PVDF-HFP/PMN-35PT
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between the Thevenin and the Norton theorems, we 
can deduce the following Eq. (4).

In order to get electrical power from a PNG, a load 
resistance  RL is connected in parallel to the nanogen-
erator leads as shown in Fig. 10c.

According to Fig. 10c, the electrical power on the 
load  RL can be expressed by the following Eq. (5).

As specified by the “Maximum Power Transfer” 
theorem, since the maximum power is transferred to 
the load when the load resistance RL is equal to the 
Thevenin resistance RTH, and Thevenin’s voltage VTH 
is also the open-circuit voltage VOC of the PNG, the 
maximum power can thus be calculated using the 
following Eq. (6).

Figure 11 shows the experimental setup of the 
piezoelectric harvesting system which used to deter-
mine the piezoelectric performance of the PVDF-
HFP/PMN-35PT-based PNG, which varies propor-
tionally with the mechanical sensing performance 
and shows all the photographs of the fabricated 
PNGs.

The piezoelectric energy harvesting system con-
sists of an aluminum cantilever beam and a magnetic 
shaker which vibrates this aluminum cantilever beam 

(4)R
TH

=
V
OC

I
SC

.

(5)P = i
2
.R

L
=

(

V
TH

R
TH

+ R
L

)

2

.R
L
.

(6)P
max

=

(

V
2

OC

4R
TH

)

.

at a suitable amplitude via a power amplifier and 
at the desired frequency by a frequency generator. 
Experimental data were displayed through the graphi-
cal user interface based on the NI LabView™ Software.

In the experimental setup, the first step was to 
measure the open-circuit voltages of the PNGs by 
computer-aided measurement using the NI-6009 
data acquisition unit which has an input impedance 
of > 1MΩ (S1 = ON, S2 = OFF, S3 = OFF, and S4 = OFF). 
In the next step, the PNGs with the best performance 
in terms of open-circuit measurement results were 
selected and then their short-circuit current per-
formances were defined using a low-noise current 
amplifier based on the LMC-6001 (S1 = OFF, S2 = ON, 
S3 = ON, and S4 = OFF).

The open-circuit voltages were calculated by 
V
RMS

=

√

1

T

.∫ T

0
Voc(t)2dt  , where VRMS = the effective 

voltage, VOC = the voltage measured when the elec-
trode leads are open circuited, and T = the periodic 
time. The short-circuit currents were defined as 
I
RMS

=

√

1

T

.∫ T

0
Isc(t)2dt  , where IRMS = the effective 

short-circuit current, ISC = the current measured when 
the electrode tips are shorted, and T = the periodic 
time.

The output voltage changes (depending on the 
time) for all PNGs are indicated in Figs. 12, 13, and 
14, respectively. Furthermore, Figs. 12, 13, and 14 
show 500 data per second for each vibration fre-
quency value such as 5, 10, 15, 20, and 25 Hz and a 
total of 2500 data per second for each nanogenerator. 
It can be seen in detail in Fig. 13 that the voltages 
obtained from the nanogenerator are changed in real 
time when the voltage changes in the narrow region 
are shown by expanding as 11,000 data on a single 
graph.

Fig. 10  Thevenin (a), Norton (b), and maximum power transfer (c) equivalent circuits of a PNG



J Mater Sci: Mater Electron (2024) 35:796 Page 11 of 20 796

The highest VRMS values of 119.41 mV at 20 Hz for 
the two-layered PNG with a series connection and 
408.07 mV at 20 Hz for the four-layered PNG with a 
parallel connection were measured as compared to 

the single-layered PVDF-HFP sample (1L). Further-
more, considering that the multilayered combined 
series-parallel connections, measured as the VRMS 
value of 69.59 mV at 15 Hz for 6L-3P-2S, was higher 
than that of the 6L-3S-2P, it was chosen.

As seen in Fig. 15, considering that the  IRMS 
changes associated with the single- and multilayered 
PNGs (1L, 2L-S, 4L-P, and 6L-3P-2S) were measured, 
while their electrode tips were shorted, the maxi-
mum  IRMS value of 2.91 µA was reached for the four-
layered PNG with a parallel connection.

The IRMS and the PMAX changes of the single- and 
multilayered PNGs are given in Fig. 16.

Assessing all of the measurement results, maxi-
mum electrical power of 0.3 µW was achieved by 
drawing a 1.46 µA current under a resistive load of 
140.2 KΩ from the four-layered PNG with a parallel 
connection.

Fig. 11  Experimental setup for the piezoelectric energy harvesting system and photographs of the fabricated PNG samples

Fig. 12  The VRMS and the VOC alternations of the single- and 
multilayered PNGs with a series connection (1L, 2L-S, 4L-S, and 
6L-S)
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3.5  Capacitance and impedance properties 
of multilayer PNGs

The output voltage dependent on the piezoelec-
tric charge coefficient-  d33 of the PNGs can also be 
expressed by Eq. (7).

where d33, N, F, and Q show the piezoelectric charge 
coefficient of a single-layer PEN, the number of layers, 
the force (F) applied to the multilayer PNG, and the 
accumulated charge on the PNG, respectively.

The capacitance of the multilayer PNG can be 
described by the following Eq. (8) [55].

(7)Q = N.d
33
.F,

where N, A, ε33, ε0, and t depict the number of lay-
ers, the electrode area, the dielectric constant, the free 
space’s dielectric constant (8.85 ×  10–12 F/m), and the 
thickness of a single layered, respectively.

Finally, the open-circuit voltage (VOC) of the mul-
tilayer PNG generated from its applied force can be 
written by Eq. (9).

(8)C =
(

N.A.�
33
.�
0

)

∕t,

(9)V
oc
=

Q

C

=
d
33
.t

A.�
33
.�
0

.F
2
.

Fig. 13  The VRMS and the VOC alternations of the single- and multilayered PNGs with a parallel connection (1L, 2L-P, 4L-P, and 6L-P)
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According to Eqs. 8 and 9, the energy stored (E) in 
the multilayer PNG (or capacitor) can be expressed by 
the following Eq. 10.

According to Eqs. 7 and 8, the capacitance of the 
multilayer PNG and Q-charge induced on it will be 
enhanced depending on the value of N.

Therefore, based on Eq. (9), notwithstanding the 
fact that the output voltage will remain unchanged 
depending on the number of layers, the measured 
voltage value slightly increases with the N. In this 
study, placing aluminum electrode sheets between 
the fiber composite layers can cause an increase in the 
polarization charges on the layer surfaces in three-
dimensional structures [56].

The capacitance-C and the impedance-Z changes of 
single-layer and multilayer PNGs are shown in Fig. 17.

According to Z = 1

2πfC
 (f: the measurement fre-

quency), the four-layer PNG with a parallel connec-
tion increased its capacitance value by decreasing its 
impedance value, while the two-layer PNG with a 
series connection decreased its capacitance value by 
increasing its impedance value, when compared with 
the single-layer PNG (1L) [57]. The highest capacitance 
value of 550 pF was reached for the four-layer PNG 
with a parallel connection (2.2 times compared with 
the single-layered PNG). Various combinations of 
series and parallel connections can be used to achieve 

(10)E =
1

2

.C.V
oc

2 =
N.d

2

33
.t

2A.�
33
.�
0

.F
2
.

Fig. 14  The VRMS and the VOC alternations of the single- and 
multilayered PNGs with a combined series-parallel connection 
(1L, 6L-3P-2S, and 6L-3S-2P)

Fig. 15  The IRMS and ISC changes of the single- and multilayered 
PNGs (1L, 2L-S, 4L-P, and 6L-3P-2S)

Fig. 16  The IRMS and the PMAX changes of the single- and multi-
layered PNGs (1L, 2L-S, 4L-P, and 6L-3P-2S)

Fig. 17  The capacitance and the impedance changes of the sin-
gle- and multilayered PNGs (1L, 2L-S, 4L-P, and 6L-3P-2S)
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the desired capacitance and impedance values in the 
composite structure.

3.6  The output signal enhancement 
of the PNG

The PNG’s output impedance accommodates a com-
plex form that includes active-reactive components, 
such as a resistor, a capacitor, and an inductor. In 
order to obtain the maximum electrical voltage from 
a PNG device (i.e., minimize the output signal noise), 
firstly it is necessary to define its output impedance. 
Therefore, the  VRMS values on the PNGs were meas-
ured under the resistive loads from 200 KΩ to 4.5 MΩ 
using the piezoelectric energy harvesting system as 
shown in Fig. 11, sequentially (S1 = ON, S2 = OFF, 
S3 = OFF and S4 = ON).

Figure 18 depicts the output voltage changes of the 
single PNG and the four-layered PNG with a paral-
lel connection. These voltage changes were measured 
under load resistances from 200 KΩ to 4 MΩ at a 
vibrational frequency of 20 Hz.

According to Fig. 18, the output voltages for the 
single-layer and the four-layered PNGs decreased 
with a decreasing load resistance. For the PNG’s, the 
impedance matched the load resistance, as the highest 
output voltage was obtained. The maximum output 
voltage values under the 2.5-MΩ resistive load were 
measured at 287.52 mV for the four-layered PNG 

(parallel connection) and at 121.44 mV for the single-
layered PNG.

In order to power portable electronic devices, piezo-
electric energy harvesting systems, which harvest elec-
trical energy from various vibration sources, typically 
focus on low-level energy harvesting in the microwatt 
(µW) to milliwatt (mW) range [58]. The four-layered 
PNG with a parallel connection which has the high-
est electrical power of 300 nW (Fig. 16) and a maxi-
mum output voltage of 287.52 mV under the imped-
ance of 2.5 MΩ (Fig. 18) is not a suitable candidate 
to be used directly as an energy harvesting system at 
the microwatt-µW level. Hence, to maximize power 
transfer or minimize signal reflection (for the high-
est signal/noise ratio), it is necessary that the electrical 
voltages obtained from the PNG device with a high 
impedance can be transferred using the impedance 
matching systems (the voltage follower or impedance 
transformer) to the load with a low impedance [59]. In 
this study, the voltage follower based on AD620 which 
has high input and low output impedance proper-
ties was chosen to provide the impedance matching 
between the PNG device and the load. The connection 
diagram of a PNG to a buffer amplifier (voltage fol-
lower) is depicted in Fig. 19.

A buffer amplifier consists of a standard opera-
tional amplifier that is activated by a short circuit 
between the output line and the negative (inverting) 
input line. When the PNG device is connected to the 
buffer amplifier’s positive input lead, the  VRMS input 
voltage is transferred via the  VLRMS output voltage 
to the load resistance KΩ because of the feedback 
resistance Rf equals zero [59].

Figure 20 shows a comparison of the electrical 
performances, such as effective voltage  (VRMS) and 

Fig. 18  The VRMS changes of the single-layered PNG and the 
four-layered PNG with a parallel connection at a vibrational fre-
quency of 20 Hz without a resistive load, under various resistive 
loads

Fig. 19  The connection of the PNG to an impedance matching 
interface circuit
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electrical power  (PRMS), between the single-layered 
and the four-layered PNGs.

According to P
RMS

=
(VL

RMS
)2

RL

 , which takes into 
consideration the electrical behaviors of the nano-
generators both under 1-MΩ and 2.5-MΩ resistive 
loads, the electrical power of the four-layered (paral-
lel connection) PNG was 6.7 times higher than that 
of the single-layered PNG under a resistive load of 
1 MΩ/1 KΩ.

A comparison of performances between multilay-
ered nanogenerators in the present study and differ-
ent content multilayered nanogenerators in literature 
has been listed in Table 1 [25, 29, 60, 61].

Fig. 20  Electrical performances between the single- and the 
four-layered PNGs at a vibrational frequency of 20 Hz without a 
resistive load, 1 MΩ, and under a 2.5-MΩ resistive loads

Table 1  Comparison of performances between multilayered nanogenerator in the present study and different content multilayered nano-
generators in literature

Composite samples 
(year)

Fabrication 
method

F-β (%) The impact 
force

The number of 
layers

The electrical 
power

Improvement 
as compared to 
single layer

References

PVDF/20-
wt.%BaTiO3 
thickness: 120 µm 
dimensions: 
2.5 cm × 2.5 cm 
(2021)

Spin coating – – 4-layered 11.55 µW 
(5MΩ)

6.5 times [60]

PVDF/PZT thickness: 
220 µm dimensions: 
2 cm x 4 cm (2022)

Electrospinning 83.16 5N 4-layered 136.9 µW 
(10MΩ)

6.5 times [25]

PVDF/aluminum 
(separator) thick-
ness: 520 µm 
dimensions: 2 cm x 
2 cm (2022)

Electrospinning 87 2.65N 2-layered – 4.7 times [29]

PVDF/ZnO100% 
thickness: 
41 ± 10 µm dimen-
sions: 2 cm x 2 cm 
(2023)

Electrospinning 
electrospray

81.4 750 kPa 5 layered
(PVDF:3-L 

ZnO: 2-L)

− (50MΩ) 6.2 times [61]

PVDF/30vol.%PMN-
35PT aluminum 
(separator) Thick-
ness ~ 220 µm 
dimensions: 4 cm x 
4 cm (2024)

Electrospinning 98.41 1N 4-layered paral-
lel connec-
tions

72.93 µW 
(1MΩ)

6.7 times Present study
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3.7  Application explorations for generation 
output of the PNG

3.7.1 �The�charging�of�a�commercial�capacitor

In order to improve the PNG, as seen illustrated in 
Fig. 21a, a power management system was employed. 
The power management system consists of the imped-
ance matching circuit, the full-wave rectifier, the 
capacitor, and the loads.

In this section, a commercially available AD620 
instrumentation amplifier card, which has a high 
input impedance (Shenzhen Zhinuo Xinda Technol-
ogy Co., Ltd.), was selected as a signal conditioner for 
the impedance matching between the PNG and the 
load, also for the amplification of the small AC signals 
produced from the PNG. The Schottky diode (PMEG-
2020AEA) was used as a full-wave rectifier (bridge 
type) circuit which converts AC form signals to DC 
form signals.

Under a vibration frequency of 10 Hz and an impact 
force value of 1N for 300 s, the measured voltage 
curves of a 4.7 µF capacitor charged by the single-, 
two-layered, and four-layered PNGs are indicated in 
Fig. 21b. Figure 21c depicts 6 commercial LEDs (light-
emitting diodes) lit up by electrical energy generated 
by a four-layered PNG with a parallel connection. In 
addition, supercapacitors may be preferable for appli-
cations with rapid charge/discharge cycles, rather than 
lengthy energy storage.

3.7.2 �An�IOT�application�and�wearable�human–machine�
interaction�(HMI)�system

In recent years, the developments on IOT (Internet 
of Things)-based applications of wireless sensors are 
not only limited to buildings, machines, or vehicles 
but are also extended to other areas. Especially, with 
the development of wearable and portable devices 
that can be integrated into our bodies, our health 

Fig. 21  Block diagram of the power management system (a). 
Time-dependent charging curves of the single-layered, two-lay-
ered, and four-layered PNGs for the capacitor value of 4.7 μF (b). 

Photograph of 6 red LEDs brightened by electrical energy gener-
ated by a four-layered PNG (c)
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activities, such as movement, blood pressure, breath-
ing rate, body temperature, and heart rate, can be 
monitored, recorded, and analyzed in detail [62–64].

In this study, a Human–Machine Interaction 
(HMI) system is developed to collect data from a 
person using electrical signals captured from various 
body movements via PNG and to transmit this col-
lected data to a computer through a wireless-based 
communication module. The HIM system covers 
some equipment, such as the instrumentation ampli-
fier (AD620), the microcontroller (STM32F103), and 
the wireless module with serial communication (HC-
06). The microcontroller unit was designed to con-
vert analog signals into digital signals at sufficient 
rates to provide reliable synchronized data acqui-
sition. When the wireless module is paired with a 
computer, all data received through the serial input 
of the wireless module is immediately transmitted 
over the air and can be monitored on the computer 
screen. A wireless monitoring system is depicted in 
Fig. 22.

The HMI system was programmed through the 
Keil µvision development tools at the Arduino IDE 
platform, while the interface program, which works 

compatible with Windows operating systems, was 
developed using the C# programming language.

The output voltage changes of the four-layered 
PNG with a parallel connection according to vari-
ous human body movements, such as finger tapping, 
wrist bending, arm bending, and foot stamping, are 
presented in Fig. 23.

These results provide evidence that fabricated 
PNGs can not only be used in piezoelectric energy har-
vesting (mechanical vibrational energy which exists in 
the environment) but can also be applied the biome-
chanical energy harvesting (sensing various human 
motions).

4  Conclusions

The multilayered PVDF-HFP/PMN-35PT piezoelec-
tric electrospun composites were successfully fabri-
cated as a series, a parallel, and combined series-par-
allel configurations via the pressing process. With the 
evaluation of the fabricated PNGs with the Thevenin, 
Norton, and maximum power theorems, the four-
layered PNG with a parallel connection, which has 

Fig. 22  A wireless monitoring system
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the highest open-circuit voltage of 0.4 V  (VRMS) com-
pared to the others, was found to reach a maximum 
power capacity of 300 nW under a resistive load of 
140.2 KΩ. At the same time, the four-layered PNG 
connected in a parallel connection achieved a capaci-
tance value that was 2.2 times higher than that of 
the single-layer PNG. Increasing on the capacitance 
value and decreasing on the impedance value of the 
four-layered PNG (connected in parallel) supports 
an increase in its electrical performance. In evalua-
tions made by connecting the PNG to a voltage fol-
lower, which is used to provide impedance matching 
between the PNG and the resistive loads, the elec-
trical power capacity of the four-layered (parallel 
connection)-based PNG possessed a better electrical 
power efficiency rate of 570% at a vibrational fre-
quency of 20 Hz compared to that of the PNG with 
a single layered, under a resistive load of 1 MΩ. 
All the results emphasize that the electrical perfor-
mance of the multilayer PNG device depends not 
only on the number of layers but also on the series, 
parallel, and combined series-parallel connections 
formed according to the dipole moment direction of 
their fiber mats. In addition, the PNGs which have 
the required voltage and current capacities can also 
be fabricated using various combinations of series 
and parallel connection types. The next study will 
be focused on the triboelectric effects obtained from 

contact gaps in multilayered piezoelectric fibers with 
large contacting surfaces.
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