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Abstract

Piezoelectric polymers have emerged as promising materials for application in

pressure sensing devices in particular for wearable applications, where inor-

ganic piezoelectric materials can face limitations due to their brittleness. One

of the bottlenecks for the adaptation of piezoelectric polymers is their relatively

weak piezoelectric voltage coefficient. Hence there have been numerous efforts

to improve the performance of the comprising devices by making composites

of poly(vinylidene fluoride) (PVDF), or through making porous PVDF films, or

by nanostructuring. Here, we demonstrate the fabrication of porous nanofibers

with graphene/PVDF composites and investigate the suitability of the fiber for

motion sensing. The nanofibers are fabricated by electrospinning from the

solution phase. Guided by an experimentally validated phase diagram for

PVDF/solvent/non-solvent ternary system, porous graphene/PVDF nanofibers

with different porosities and pore morphologies have been produced through

solidifying the fibers in the binodal or spinodal regions of the phase diagram.

It is found that only by solidifying the composite fibers in the spinodal region,

graphene loading of 0.1 wt% promotes the formation of the electroactive phase

substantially, and the resulting fibers exhibit enhanced piezoelectric output. It

is further shown that the comprising sensors are biocompatible and show high

sensitivity to body motion.
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1 | INTRODUCTION

The development of wearable piezoelectric sensors for
motion monitoring has received a great deal of attention
over the last decade.1 Piezoelectric materials convert

mechanical vibrations into electrical signals,2–4 which
can be detected and processed by a peripheral circuit,
thereby enabling the development of motion sensors. The
important material parameter is the piezoelectric voltage
coefficient, g33, which is defined as g33 ¼ d33=ε33, where
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d33 is piezoelectric charge coefficient, and ε33 is the rela-
tive permittivity of the material. The electrical signal, or
open circuit voltage, VOC, that is generated by the piezo-
electric under mechanical action is obtained from the fol-
lowing relationship VOC ¼ g33:d:F=A, where d and A are
the thickness and area of the device, and F is the applied
mechanical force. Evidently, large VOC values would
enable the fabrication of sensitive sensors.

Ceramic-based piezoelectric materials such as
PdZrTiO3 (PZT) and BaTiO3 (BTO)

5–7 are inherently brit-
tle, which makes their application in wearable sensors
challenging because the sensors can go through extreme
bending or twisting cycles. Furthermore, PZT is subject
to health regulation as it contains lead.8

Poly(vinylidene fluoride) PVDF, and its copolymers
are highly attractive alternative materials for the fabrica-
tion of flexible and biocompatible piezoelectric sensors.
Despite a substantially lower d33 value of ~ �30 pV/m,
PVDF exhibits a g33 that is comparable to inorganic pie-
zoelectric materials. Interestingly, the g33 value can be
further enhanced through film engineering, and by mak-
ing porous PVDF films. One challenge; however, is to
create the electroactive phase in PVDF, because PVDF is
known to have five crystalline phases. Crystallization of
PVDF in its non-piezoelectric α-phase is usually favored,
which is the most thermodynamically stable one. Biaxial
stretching is usually required to convert the α-phase into
the piezoelectric β-phase. It has been shown that
electrospinning of PVDF alleviates the need for mechani-
cal stretching and produces PVDF nanofibers that are
readily crystallized in the β-phase.9–12

PVDF fibers are promising structures for various
applications such as sensors13,14 and fabrication of carbon
fibers, which are useful for energy storage devices.15

Electrospun PVDF fibers have been converted into car-
bon fiber using a low-temperature chemical stabilization
treatment and carbonization.15 Piezoelectric PVDF fibers-
based sensors have been employed in various applica-
tions to detect human motion,16,17 achieve ultra-sensitive
pressure sensors,18–20 or to localize impact with strain
sensor.21,22 Interestingly, devices fabricated from PVDF
nanofibers have shown higher instantaneous electrical
output signals in comparison with the pristine PVDF
film.9,10 Hence, there is an intensified research effort to
further enhance the electrical output signals from PVDF
nanofibers to improve the performance of the comprising
pressure sensors.23 An increase in piezo-response has
been reported for nanofibers made of PVDF composite
with a nanofiller such as cellulose nanocrystals (CNC),
carbon nanotubes (CNT), and nanoparticles of Ag, ZnO,
LiCl, NaNbO3, polyaniline, and hybrid fillers.24–27 It has
been shown that decorated multiwall CNT or core-shell

nanoparticles can increase the output voltage of PVDF
fibers.28,29 Among various materials, graphene-based
fillers have shown a promising prospect in enhancing the
voltage response of the composite fibers fabricated
thereof.18,30

An alternative approach to increase the voltage
response in nanofibers is to create porous nanofibers.31

The increased voltage response, under the same mechani-
cal forces, is ascribed to the reduced effective permittivity
of the composite, which consequently leads to an
increase in the piezoelectric voltage constant of the
fibers.31–35 It has been shown that the pore structure, that
is, closed versus open pore, and the amount of porosity,
are the key parameters that affect the voltage response.36

Incorporating porosity35,37 and nanofillers, in particu-
lar graphene-based materials,10 have independently been
successful in increasing the voltage response of PVDF-
based systems. A question that arises is that whether
simultaneous incorporation of nanofillers and porosity in
PVDF nanofiber would yield a higher voltage response.
However, to the best of our knowledge, both techniques
have never been attempted at the same time. It is there-
fore not clear whether a synergistic interaction can be
created and a larger voltage response could be achieved.
Here, for the first time, it is shown that porous nanofibers
of graphene/PVDF composites can be readily obtained by
engineering the polymer solution and that through opti-
mizing the composition, a voltage response can be
obtained that is larger than the response of only
graphene/PVDF or porous nanofibers. The porosity is
created by introducing water as non-solvent. Control over
the porosity is achieved by establishing the thermody-
namics of the PVDF/solvent/non-solvent mixture38

through a careful choice of composition. Incorporation of
water in the polymer solution leads to liquid–liquid
phase separation of an otherwise homogeneous polymer
solution. The polymer solution separates into two
coexisting solvent-rich and PVDF-rich liquid phases,
where the solvent-rich phase turns into pores that are
randomly distributed through the volume of the fiber.
We show that the voltage response of the porous
graphene/PVDF nanofibers depends on whether the
solution is solidified in the binodal or spinodal parts of
the ternary phase diagram, with the former producing
fibers with a large voltage response. Furthermore, it is
shown that the resulting porous composite graphene/
PVDF nanofiber is biocompatible. Finally, the nanofibers
are employed in sensors that enable detection of body
movements such as walking, or gentle body movements,
such as wrist and elbow bending. These findings imply
that the porous graphene/PVDF sensors can be suited for
application in human motion monitoring devices.
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2 | EXPERIMENTAL

PVDF (Mw = 275,000 g/mole, Mn = 107,000 g/mole)
and N, N-dimethylformamide (DMF), poly(vinyl alcohol)
PVA were purchased from Sigma Aldrich. Graphene
nanoplatelets were supplied from XG Science Inc. All
materials were used as received.

To determine the cloud points, PVDF solutions in
DMF with various concentrations ranging from 1 to
20 wt% were prepared. Then, at a constant stirring tem-
perature of 20�C, water was added dropwise to the solu-
tion until the initially homogeneous and clear solution
turned turbid. The turbidity concentrations were
recorded as cloud points.

Porous and non-porous graphene/PVDF nanofibers
were prepared using the compositions presented in
Table 1. A reference sample (K0) without water and
graphene was also prepared. For the porous sample, two
series of samples were prepared, with different water con-
centrations of 2.5%wt (B-samples) and 4%wt (S-samples).
All the solutions were sonicated for 20 min followed by
stirring at 70�C overnight. To electrospun the fibers, volt-
age, working distance and feeding rate of 20 kV, 17 cm,
and 1 ml/h were used, respectively. The electrospinning
parameters were the same for all samples.

To analyze the morphology of the nanofibers, scan-
ning electron microscopy (SEM) (Zeiss Supra 55VP) was
used. The SEM images were analyzed using ImageJ to
obtain the mean diameter of the nanofibers. To reveal
the porous microstructure, nanofibers were immersed in
a 10 wt% PVA water solution overnight. After a drying
step in an oven at 75�C for 24 h, the nanofibers were bro-
ken in liquid nitrogen. The cross-section was imaged by
SEM after removal of PVA.

Fourier transfer infrared (FTIR) spectroscopy was
performed to analyze polymorphism and the crystalline
structure of the nanofibers, respectively. FTIR Bruker
70 spectra were recorded from 600 to 1600 cm�1 with a
resolution of 4 cm�1. Differential scanning calorimetry
(DSC [TA Instrument Q200]) was conducted by heating
the nanofibers from room temperature to 220�C with a
heating rate of 10�C/min.

To test biocompatibility of the nanofibers, mouse
embryonic fibroblasts (MEF) were cultured with DMEM
medium (1�), supplemented with 10% fetal bovine serum
(Gibco) and 1% penicillin–streptomycin solution in a
75 cm2 flask which was placed in a humidified atmo-
sphere with 5% CO2 at 37�C. The cultured cells were
seeded in a 96-well plate on the designed pressure sensor
after 3 days. Then, MEF cells viability was evaluated
using the MTT (3-[4,5-dimethyldiazol-2-yl]-2,5-diphenyl
tetrazolium bromide) assay. The analytical assay was per-
formed after 1, 2, and 3 days. Moreover, immunofluores-
cence staining was performed with graphene/PVDF
nanofibers. To that end, DAPI was used to stain the
nucleus of MEF cells. First, the sample was fixed with
paraformaldehyde 4% for 20 min and then rinsed three
times with prewarmed PBS (1�). At the final step, the
samples were incubated for 5 min at room temperature
with DAPI. An inversion fluorescence microscope was
employed to observe the morphology of the cells.

To characterize the voltage response of the sensors, a
mat of the nanofibers (20 � 20 � 0.05 mm3) was sand-
wiched between two aluminum electrodes. The sensors
were then impacted using a custom-built cyclic impacting
device at the frequency of 1 Hz with impact pressure of
0.2 MPa. Finally, a Tektronix oscilloscope was used to
record the voltage response, VOC, of the fibers.

TABLE 1 Composition of different

graphene/PVDF solutions
Sample code Water (~vol%) PVDF (~vol%) DMF (~vol%) Graphene (wt%)

K0(Ref) 0 10 89 0

G0.1 0 10 89 0.1

G1 0 10 89 1

G3 0 10 89 3

B0 3.4 10 89 0

B0.1 3.4 10 89 0.1

B1 3.4 10 89 1

B3 3.4 10 89 3

S0 5.4 10 89 0

S0.1 5.4 10 89 0.1

S1 5.4 10 89 1

S3 5.4 10 89 3

Abbreviations: DMF, dimethylformamide; PVDF, poly(vinylidene fluoride).
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3 | RESULTS AND DISCUSSION

To obtain porous structure within PVDF electrospun
fibers, it is essential to gain more insight into the thermo-
dynamic as well as the kinetics of phase separation of the
ternary PVDF/DMF/water phase diagram. Calculation of
the ternary phase diagram is conducted based on the
Flory-Huggins (FH) Gibbs free energy of mixing (ΔGM)

39

for the ternary system following Equation (1):

ΔGM

RT
¼ n1lnφ1þn2lnφ2þn3lnφ3þn1φ2g12 u2ð Þþn2φ3

þn1φ3χ13,

ð1Þ

where ni and ϕi are the number of moles and the volume
fraction of component i, respectively; R and T denote the
universal gas constant (8.314 J/mol.K) and the absolute
temperature (K), respectively. χ13 and χ23 are water/
PVDF and DMF/PVDF interaction parameters which are
assumed to be 2.09 and 0.43,40 respectively. Finally,
g12 u2ð Þ is water / DMF interaction parameter, which can
be calculated using:

g12 u2ð Þ¼ αþ β

1� γu2
, ð2Þ

where u2 ¼ϕ2= ϕ1þϕ2ð Þ is pseudo-binary mixture and α,
β, and γ are considered to be 0.322, 0.075, and 0.960,41

respectively. The binodal and spinodal curves have been
calculated following the method by Altena et al.42

The calculated binodal curve is verified using the
experimentally determined cloud points, as shown in
Figure 1. The fact that the calculated binodal curve fits
the experimental data very well reflects the suitability of

Flory-Huggins theory to describe the phase behavior of
the PVDF/DMF/water ternary mixture. There are two
pathways to create pores, that is, by driving the liquid–
liquid phase separation through the binodal or spinodal
regions of the phase diagram during the electrospinning
and drying stage of the nanofibers. Therefore, the compo-
sition of the spinning dopes is designed such that the
phase separation in the PVDF/DMF/water ternary mix-
ture is passed through the binodal (the B-series) or
spinodal (the S-series) regions of the phase diagram.35

For every series, various amounts of graphene fillers are
added.

Guided by the theory, various amounts of graphene
are now added to the solutions. Representative SEM
images of the K0, G0.1, B0.1, and S0 nanofibers and their
corresponding cross-sections and diameter distribution
are shown in Figure 2. The SEM images of all other
nanofibers are presented in the SI (Figures S1 and S2).
The insets in Figure 2 clearly show that all fibers have a
smooth surface. A solid non-porous core is achieved for
the K0 and G0.1 samples, while a porous cross-section is
observed for B0.1 and S0, following theoretical predic-
tions. The porous structure is formed because in these
samples the thermodynamically unstable polymer
solution is separated into two liquid phases, that is,
solvent-rich phase and polymer-rich phase,43,44 wherein
the interior porosity in the nanofibers is due to the evapo-
ration of the solvent-rich phase. Due to the small amount
of water inside the dopes only closed-shell pores are
obtained.

Figure S3 shows the change in diameter of the
nanofibers with graphene and water content. The diame-
ter of the pristine PVDF nanofibers amounts to 76
± 32 nm. The G and B samples show almost no change
in diameter upon the addition of graphene nanofillers
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whereas the “S-series” samples have a larger diameter. A
small rise in nanofiber diameter upon increasing the
graphene content is related to the enhanced viscosity of
the dopes.

In the next step, we have determined the crystallinity
of all PVDF nanofibers by DSC, FTIR, and XRD analyses.
The FTIR and XRD spectra as well as first heating DSC
thermograms of the samples are shown in Figures S4, S5,
and S6, respectively. The FTIR spectra, Figure S4 shows
that all nanofibers have characteristic peaks of both non-
piezoelectric α- and piezoelectric β-phases, which appear
at 763 and 840 cm�1, respectively.45 However, the spectra
clearly show the absence of the strong α characteristic
peak and demonstrate the dominance of the β-phase in
the nanofibers. It has been reported that the elongation
of the jet during the electrospinning promotes the con-
version of the non-piezoelectric α phase into the piezo-
electric β-phase.46,47 We note that all FTIR spectra are
normalized to the absorbance peak at 877 cm�1.48 The
fraction of the piezoelectric β-phase, F βð Þ, in every sam-
ples is quantified using Equation (3)

F βð Þ¼ Aα

1:26AαþAβ
, ð3Þ

where Aα and Aβ represent the absorption bands at
763 and 840 cm�1, respectively. The plot of F βð Þ versus
graphene weight fraction in the PVDF, nanofibers are
presented in Figure 3a. In K0 pristine PVDF nanofiber

(b) (c) (d)(a)

(f) (g) (h)(e)

(j) (k) (l)(i)

K0 B0.1 S0

0 100 200 300 400
0

10

20

30

40

50

60

)
%(

y
c

n
e

u
q

er
F

Diameter (nm)

0 100 200
0

10

20

30

40

50
)

%(
y

c
n

e
u

q
er

F

Diameter (nm)

0 100 200
0

10

20

30

40

50

)
%(

y
c

n
e

u
q

er
F

Diameter (nm)

G0.1

0 100 200 300
0

10

20

30

40

50

)
%(

y
c

n
e

u
q

er
F

Diameter (nm)

FIGURE 2 (a–d) Representative histograms of PVDF nanofiber diameter for K0, G0.1, B0.1, and S0, with their respective (e–h) cross-
sectional SEM images of the nanofibers. The respective random networks of the nanofibers are presented in ref. 10 with the insets showing

the surface of each nanofiber. The scale bars are 300 nm, 1 μm, and 100 nm for the cross-section, fibers and inset images, respectively.

PVDF, poly(vinylidene fluoride); SEM, scanning electron microscopy [Color figure can be viewed at wileyonlinelibrary.com]

0 1 2 3

Graphene (wt%)

30

40

50

)
%(

c
X

porous B-series

porous S-series 

non-porous G-series

K0

70

90

F
(β

) 
(%

)

80

b

0.1

FIGURE 3 (a) β-phase fraction, F(β), and (b) crystallinity,

XC versus graphene content for porous and non-porous PVDF/

graphene nanofibers. The green lines represent the K0 pristine

PVDF nanofiber sample. All lines are drawn as a guide to the eyes.

PVDF, poly(vinylidene fluoride) [Color figure can be viewed at

wileyonlinelibrary.com]

ABOLHASANI ET AL. 5 of 10

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


F βð Þ amounts to 77%. By the addition of 0.1 wt%
graphene in the G0.1 sample F βð Þ increases to 84%, but
adding more graphene lowers F βð Þ substantially. The
crystallization of β-phase can be related to specific inter-
action between PVDF chains and graphene.49 However,
the β-phase content decreases at higher filler contents
due to probable agglomeration of graphene, which leads
to decreased chain confinement.50 In case of porous
fibers, B0 and S0 samples have shown higher F βð Þ com-
pared to pristine PVDF fiber. It is speculated that porosity
increases the β-phase content which can be due to
trapped chains in the confined area between pores.51 In
the B samples, the addition of graphene does not change
F βð Þ, whereas for the S samples addition of graphene
reduces F βð Þ significantly.

To further evaluate the presence of crystal poly-
morphs in the samples, XRD analysis has been con-
ducted. Figure S5 reveal the presence of three
characteristic peaks at 2θ = 18.5�, 20.1�, and 27.0� for
PVDF-based fibers, which can be assigned to α (020), β
([200], [110]), and α (111) polymorphs, respec-
tively.11,48,52 Hence, the samples are composed of only α-
and β-phases.

DSC thermograms of the samples, Figure S6 illustrate
an endothermic peak around 170�C due to the melting of
PVDF.30 Following the determination of the β-phase frac-
tion, the crystallinity of the nanofibers is determined. To
that end, the degree of crystallinity, XC, for each sample
is determined using Equation (4):

XC ¼ ΔH
ΔHαF αð ÞþΔHβF βð Þ , ð4Þ

where ΔH is the melting enthalpy of the sample; ΔHα

(93.07 Jg�1) and ΔHβ (103.4 Jg�1) are the melting
enthalpies of a 100% crystalline sample in the α and
β-phase, respectively. The F αð Þ and F βð Þ are the α and
β-phase fractions.

The crystallinity of the G, B, and S nanofiber series
are plotted in Figure 3b. The crystalline fraction of the
reference PVDF fiber, K0, is 50%. For the G, B, and S
samples, crystallinity decreases upon the addition of
graphene. Previous studies have suggested that fillers act
as nucleating agents and retard the crystallization of
PVDF. A larger number of nucleation sites and the for-
mation of small crystals with many defects reduce the
crystallinity of both porous and non-porous graphene/
PVDF composite nanofibers.53 The only exception is the
S0 sample, wherein XC is larger than that of the pristine
K0 sample. This is in part due to substantially enhanced
F βð Þ fraction in this sample.

Samples with increased crystallinity and F βð Þ are
suited for sensing applications also for integration in

wearable devices. Hence, the fibers should be biocompat-
ible to allow integration of the pressure sensors on the
human body. To that end, a mat of fibers with a size of
6� 5 cm2 has been sandwiched in between two flexible
electrodes made of Kapton tapes coated with aluminum.
The biosafety of the device has been evaluated through
in vitro biocompatibility tests. The adherence, growth,
and viability of MEF cells on the designed sensors and
cell culture dish (the control) have been investigated by
both fluorescence microscopy and MTT assays. It is
observed, as presented in Figure 4a, that MEF cells
adhere to all samples with detectable cell nucleus. The
nuclei are round, complete, and not fractionated. Micros-
copy also reveals that in the nucleus study using DAPI
method, the nuclei are not apoptotic and dye has no
adverse effect on the MEFs nuclei. The results of the
MTT test also shows that 97% viability of the cells after
3 days of culture which proves good biocompatibility of
the designed pressure sensor (Figure 4b).

To characterize the voltage response of the sensor, a
small flat-head plastic hammer is used to exert a
mechanical impact (0.2 MPa) on the electrospun
nanofibers. The generated VOC (measured at optimum
load resistance of 1 MΩ) at an impact frequency of 1 Hz
is shown in Figure 5. The reference K0 sample shows a
VOC of 4.4 ± 0.6 V, which is shown as the red line. For
non-porous graphene/PVDF nanofibers, the VOC

increases to 8.2 ± 1.1 V for the G0.1 sample and then
drops to around 4 V for G1 and G3. Therefore, the opti-
mum amount of graphene content for a solid core
PVDF fiber is 0.1 wt%, which is in agreement with the
previous report.30

The introduction of porosity enhances the VOC value
to 10.4 ± 1.2 V and 22.6 ± 3.1 V for B0 and S0 samples,
respectively. Both porous fibers show larger VOC than the
K0 reference sample and the optimum non-porous
graphene/PVDF G0.1 sample. For the B-series, the addi-
tion of only 0.1 wt% graphene enhances the VOC further
to 14.8 ± 2.1 V. However, further addition of graphene
beyond 0.1 wt% reduces the VOC of the B-series samples.
In the case of the S-series samples, the porous fibers with-
out graphene show remarkably large voltages of 22.6
± 3.1 V. Adding graphene does not lead to further
improvement of the voltage response and only deterio-
rates the performance of the pressure sensors. Generally,
for non-porous or porous fibers (B-samples) fabricated in
the binodal region, graphene content of just 0.1 wt% is
the optimum value. Due to the conductive nature of
graphene, it can be assumed that filler content above
0.1 wt% is above the percolation threshold. Thus, forma-
tion of a conductive path reduces the voltage response
and is detrimental for the performance.30 In case of
S-samples, the percolation threshold is substantially
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lowered because of the increased porosity in the S-sam-
ples. Therefore, even 0.1 wt% of graphene in the
nanocomposite is beyond the percolation threshold and
decreases the response of the sensor.

The piezoelectric responses of PVDF fibers in G and S
samples are proportional to β-phase content in PVDF
fibers. G0.1 and S0 samples have shown highest output
voltage and β-phase content among their related sample
groups. However, addition of graphene has resulted in a
decline in the piezoelectric response and β-phase content.
Nonetheless in B samples, the piezoelectric output of
PVDF fibers is not dependent on β-phase content. Non-
porous PVDF fibers containing various amounts of
graphene have shown the same amount of F βð Þ; how-
ever, the piezoelectric performance of sensor based on
B0.1 sample is high, then it decreases to lower values for
B1 and B3 samples. High-filler loadings might be above
the percolation threshold of graphene and thus a conduc-
tive bridge is formed which leads to short-circuit in elec-
trodes and a drop in piezoelectric output.30

Besides, the sensitivity parameter, S = V (open circuit
voltage)/P (applied mechanical pressure), of B0.1 and S0
samples which has been calculated under a pressure of
0.2 MPa caused by mechanical impacting, amounts to
values as high as 74 and 113 V/MPa, respectively.

Having established the optimal conditions for the
nanofibers, the optimal sensors, based on B0.1 or S0 have
been used for sensing the pressure of body movements.
To prepare the sensor (Figure 6a), the sample with a size
of 6 � 5 cm2 has been sandwiched between two elec-
trodes composed of Kapton tapes coated with aluminum
(150 μm). The output performances of the sensor for the
wrist and elbow bending are shown in Figure 6. The sen-
sor generates large voltages as high as 1.5 ± 0.3 V for the
wrist, and 2 ± 0.5 V for elbow movements. Furthermore,
Figure S7 presents that the output voltage generated by
the pressure sensor composed of B0.1 or S0 sample under
walking is 4.96 ± 0.4 V. Such voltages are large enough
that can be easily detected using simple wearable
electronic circuits, which is designed for the pickup of
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low-frequency signals.54 The output of pressure sensor
tested under cyclic pressure caused by finger tapping,
presented in Figure S8, also suggests that the generated
voltage by the sensor under cyclic pressing is constant at
0.47 ± 0.07 V, and does not change over time, guarantee-
ing stability and reproducibility of the sensor response.
The results reveal that the outputs of the sensor are large
enough that enable its application for pressure sensing of
various body movements ranging from walking to subtle
movements of arms and hands.

4 | CONCLUSION

In summary, a biocompatible and flexible piezoelectric
pressure sensor has been demonstrated for movement
monitoring. Four different nanofiber concepts, that is,
pristine PVDF, graphene/PVDF composite, porous
PVDF, and porous graphene/PVDF have been realized
through a careful study of the ternary phase diagram of
the PVDF/DMF (solvent)/water (non-solvent) system. It
is shown that synergistic interaction between porosity
and filler addition can only be achieved in nanofibers
that are solidified in the binodal region of the phase dia-
gram. The addition of just 0.1 wt% graphene is enough to
enhance the voltage response of the fiber to 14.8 ± 2.1 V,
which is a 3-fold increase in output voltage compared to
that based on pristine PVDF fibers.

Graphene is a non-piezoelectric conductive filler.
Hence, piezoelectric fillers can be suggested as a possible
route to enhance further the voltage response of fibers
that are solidified in the binary region of the phase dia-
gram. However, this route may not be applicable for
porous filler/PVDF nanofibers fabricated by driving the
phase separation to the spinodal region, because as we
demonstrated, the addition of graphene filler adversely
affected the voltage response of the sensors. Therefore, a
similar trend could be expected for other filler types.

The study of the PVDF/solvent/non-solvent phase
diagram combined with solidification study of the ternary
composite (PVDF/filler/pores) in the binodal or spinodal
regions of the phase diagram can provide a good insight
in optimizing and creating synergy between porosity and
fillers to improve piezoelectric voltage response further
for sensing applications.
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