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Abstract
The development of self-powered vibration sensors using polymeric piezoelectric nanomaterials
has attracted great attention owing to their outstanding flexibility and energy harvesting
behaviours. In this study, ultra-long poly (vinylidene fluoride) (PVDF) nanofibres with optimised
β-phase content were synthesised through electrospinning method with different DC voltages.
The increase in the β-phase content of the PVDF nanofibres greatly enhanced their piezoelectric
response with nearly tripled output voltage and current under the same strain condition.
Moreover, the output voltage exhibited linear correlations with both the amplitude and frequency
of the strain. Under a fixed frequency of 1.54 Hz, the output voltage exhibited a linear correlation
to the strain amplitude with strain sensitivity up to 0.92 V rad−1 and 0.61 Vmm−1. The
frequency-dependent strain sensing behaviour also confirmed the necessity for frequency
calibration to the measured results of vibration. Accordingly, the sensor can be used for self-
powered monitoring of the vibration state of a metal foil and measuring the intrinsic resonance
frequency of the objects without any powering source.

S Online supplementary data available from stacks.iop.org/SMS/25/105010/mmedia
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1. Introduction

The detection of vibration is an important issue for monitor-
ing the structural deformation of high-rise buildings and the
working state of mechanical equipment [1]. However, tradi-
tional vibration sensors, such as piezoresistive film and
optical devices, still need to be powered by an external power
unit such as lion-batteries or power supply lines [2, 3]. These
complex and large power supply units seriously limit the
miniaturisation of sensor systems and the development of
wireless sensor networks [4, 5].

Currently, self-powered vibration sensors based on
piezoelectric nanowires have attracted great attention owing
to their electromechanical energy harvesting behaviour to
multiple kinds of mechanical energies, such as sound waves,
water/air flow and movement of human bodies [6–14]. For
instance, inorganic semiconductive (e.g. ZnO, InN and ZnS)
nanowires have been extensively investigated as energy har-
vesting materials, due to their simple fabrication and large-
scale integration technique [15]. Moreover, perovskite
piezoelectric materials such as Pb(Zr,Ti)O3, Pb(Mg,Nb)O3-
PbTiO3 and (K,Na)NbO3 that have outstanding piezoelectric
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properties, have also exhibited great potential for building
high-performance energy harvesters and self-powered vibra-
tion sensors [16–18]. However, these inorganic nanowires
have poor flexibility, which makes them too brittle to with-
stand high strain and decreases the durability of the devices.

In comparison to inorganic piezoelectric materials,
piezoelectric polymers such as poly(vinylidene fluoride)
(PVDF), poly(vinyl chloride), poly(vinyl fluoride) and odd
nylons possess higher flexibility, and thus, can tolerate larger
mechanical deformation [19–21]. Among these, PVDF has
exhibited relatively higher piezoelectric coefficients, as well
as better mechanical flexibility, chemical stability and bio-
compatibility [8, 22, 23]. Film-based PVDF transducers have
already been used for the self-powered monitoring of com-
posite structures [24, 25]. Compared with films, the electro-
spun nanofibres (NFs) were reported to have higher energy
conversion efficiency in power generation devices owing to
their better flexibility [19, 26]. The electrospinning process
also provides a one-step method to obtain piezoelectric PVDF
NFs because the phase transition from the non-polarised α-
phase to the polarised β-phase can be synchronously realised
under the applied high direct-current (DC) electrical field
[22, 27, 28]. For instance, both near-field and far-field elec-
trospinning method (FFES) have been used for fabricating the
PVDF NFs and the piezoelectric energy harvesters
[21, 23, 29]. The devices exhibited repeatable and consistent
piezoelectric voltage output, which is higher than that of the
PVDF thin films. However, the commonly used electrospin-
ning method could only result in the partially phase transition
to the polarised β-phase, which limited the piezoelectric
performance of the PVDF NFs as well as the energy con-
version efficiency of the energy harvesters. In addition, the
self-powered strain sensing performance of the PVDF NFs
under different vibration states still needs to be studied in
detail, although their performance as a piezoelectric nano-
generator have already been demonstrated.

As reported, the content of β-phase in PVDF NFs can be
slightly modified by adjusting the content of additives in the
electrospinning precursor solutions [30, 31]. In this study, an
obvious increase of the β-phase content in the well-aligned
PVDF NFs prepared by FFES method was realised by mod-
ifying the electrospinning voltage during the fabrication pro-
cess, which greatly enhanced the piezoelectric response of the
NFs with nearly tripled output voltage and current value.
Subsequently, a flexible vibration sensor was fabricated, of
which the detailed strain sensing performance was investigated.
The devices could be utilised to monitor the amplitude and
frequency of the vibration synchronously through the sponta-
neous output voltage up to 1.5 V. Moreover, the frequency
response characteristics of the sensor were also investigated.

2. Materials and methods

2.1. Electrospinning of the PVDF NFs

The PVDF powder (MW 534000) as raw material was pur-
chased from Sigma-Aldrich. Absolute acetone and N,N-

dimethylformamide (DMF) were purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Reagents were
analytical grade and used as received without further pur-
ification. PVDF solutions (12%wt) were prepared by adding
1.2 g PVDF powder to the DMF-acetone solvent mixture of
10 ml (3/7 v/v). The mixture was then stirred magnetically at
80 °C for 3 h to obtain the homogeneous PVDF precursor
solution. After that, the transparent PVDF precursor solution
was transferred into a Hamilton 5 ml syringe fixed onto a
syringe pump (LongerPump TJP-3A/W0109-1B). The inner
diameter of the needle was 0.41 mm. A DC voltage varying
from 11 to 17 kV (Betran DC high voltage power supply
system) was then applied between the syringe needle on the
sample collector to eject the precursors from the needle with
the injection speed of 50 μl min−1. The sample collector
consisted of two pieces of ground aluminium foil (with a gap
of 2.5 mm) on a flat Teflon board that was placed 15 cm away
from the needle. Finally, the collected NFs were placed in
front of a bath heater for 1 h to remove excess solvent.

2.2. Fabrication of the flexible vibration sensor

The PVDF NFs were collected by a silicon wafer and then
transferred to a flexible polydimethylsiloxane (PDMS) sub-
strate. After that, a layer of platinum interdigital electrodes
(IDEs) was deposited onto the NFs through magnetron
sputtering method by using a pre-patterned shadow mask. The
distance between the electrode stripes was 0.5 mm. After wire
leading with a pair of pins, the device was further packaged
using the PDMS. Finally, the completed device was immersed
in methyl silicone oil and electrically poled by applying a DC
voltage of 10 kV between the two electrodes for 30 min After
poling, the electrodes were shorted for over 12 h to eliminate
the stored charges.

2.3. Measurement and characterisation

The structure of the product was characterised by x-ray dif-
fraction (XRD, Bruker D8 Advance, CuKα,
λ=0.154 06 nm) and Fourier transform infra-red spectrosc-
opy (FTIR, Thermo Fisher Scientific, Nicolet iS10). The
surface morphology was characterised by field emission
scanning electron microscopy (FE-SEM, JEOL JSM7100F).
The vibration sensing test was performed using a vibration
generator (Shanghai Zhu Rui ATLC, JZ-1) with the signal
generated by a function arbitrary waveform generator (UNI-
T, UTG2000A) and a power amplifier (Shanghai Zhu Rui
ATLC, GF-10W). The device’s piezoelectric data was mea-
sured using a data acquisition card (National Instruments, NI
USB-6210).

3. Results and discussion

3.1. Preparation and characterisation of PVDF NFs

The PVDF NFs were synthesised using the FFES method
with a pair of parallel aluminium foils as the collector. As
shown in figures 1(a) and S1, the electrical field distribution
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between the positive needle and the negative Al collectors
make the ejected NFs swing between the parallel Al foils,
which could lead to the improvement of alignment of the NFs
[32]. Figure 1(b) shows the FE-SEM image of the as-syn-
thesised NFs with electrospinning voltage of 14 kV. Most of
the PVDF NFs are well aligned towards the vertical direction
and exhibited much better alignment than the NFs synthesised
by using a flat Al collector (shown in figure S2). Moreover,
the XRD results confirmed that the molecular structure of the
PVDF NFs was transformed from pure α-PVDF to a mixed
phase of both α- and β-PVDF with β-PVDF as the major
phase. As shown in figure 1(c), the XRD patterns of PVDF
NFs have a distinct peak located at 2θ=20.7°, which is the
characteristic peak of the (110) face of β-PVDF [33].
Meanwhile, the broad peak shoulder also suggests the exis-
tence of α-PVDF in the NFs with diffraction peaks at
2θ=18.4° (020), 19.9° (021), 27.8° (021) and 38.4° (002).
The phase transition of the NFs after the electrospinning
treatment is attributed to the stretching behaviour of the NFs
and the stimulation of the applied high electrical field.
Figure 1(d) shows a schematic diagram of the molecular chain
structure of both phase PVDFs. The β-PVDF exhibits
obvious molecular polarisation due to the ordered arrange-
ment of C–H and C–F bonds, which makes them suitable to
be applied as piezoelectric materials without further poling
treatment.

In order to study the impact of electrospinning voltage on
the piezoelectric performance of the PVDF NFs, various
samples were prepared with different DC voltages applied
between the needle and sample collector. Firstly, the FE-SEM
images shown in figure S3 confirm that the NFs can only be
obtained when the DC voltage is set in the range of
9∼17 kV. Changes in the DC voltage have a great impact on
the diameter of the NFs due to the changed driving force that
stretches the precursor to NFs. Moreover, the XRD and FTIR
results shown in figure 2 suggest that the content of β-PVDF
were changed when the DC voltage was increased. As shown
in figure 2(a), the intensity of the diffraction peaks at
2θ=20.7° first increased when the DC voltage was increased
from 11 to 15 kV, which could be attributed to the increased
stretching force and electrical field at this higher voltage
condition. However, the peak intensity decreased when the
voltage was increased further. The same conclusion was
obtained from the FTIR results. As shown in figure 2(b), the
FTIR bands at 613, 764 and 976 cm−1 are characteristic bands
of α-PVDF, while bands at 840 and 1284 cm−1 are ascribed
to β-PVDF [34]. Based on the FTIR results, the content of β-
PVDF in the NFs can be calculated as

b =
+

=
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b a a b
F

X

X X

A

K K A A
, 1( )

( )
( )

Figure 1. (a) Schematic diagram of the electrospinning process of PVDF NFs showing the finite element analysis results of the electrical field
distribution between the needle and the sample collector. The detailed simulation parameters were described in the supplementary
information. (b) FE-SEM image of the as-synthesised PVDF NFs. (c) XRD patterns of the as-synthesised PVDF NFs and the precursor
PVDF powder. (d) The molecule chain structure of α-phase and β-phase PVDFs.
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where Aα and Aβ are the absorbance at 764 and 840 cm−1,
respectively, and Kα and Kβ are the absorption coefficients,
which are 6.1×104 and 7.7×104 cm2 mol−1, respectively.
According to the calculation result shown in figure 2(c), the
NFs obtained at 15 kV contain the highest content (83.6%) of
β-PVDF. Increasing the DC voltage further leads to a
decrease in the content of β-PVDF, due to the corona
discharge and instability of the electric field force at ultra-high
voltage conditions during the electrospinning process [35].

3.2. Vibration sensing performance

Figures 3(a) and (b) show the fabrication process and a photo
image, respectively, of the flexible vibration sensor based on
the PVDF NFs. The PVDF NFs were transferred from the Si
substrate onto the flexible PDMS film though a simple lift-off
process. After the deposition of IDEs and wire leading by
conducting pins, the whole device was packaged by PDMS to
protect the NFs from physical damage and chemical con-
tamination. As shown in figure 3(b), the as-fabricated device
was approximately 2.0×1.0×0.3 cm3 in dimension and
exhibited high transparency to visible light. After poling
treatment, the flexible sensor was pasted on the root section of
a bronze foil with 0.2 mm thickness. As shown in figure 3(c),
the bronze foil was fixed at the root and stimulated to vibrate
by a vibration exciter to induce the bending motion of the
flexible sensor. Figures 4(a) and (b) show the open-circuit

voltage and short-circuit current generated by the sensor with
different β-PVDF content when the bronze foils were
vibrating with the same frequency and amplitude. All sensors
exhibited obvious piezoelectric energy harvesting behaviour.
The impulsive and alternative voltage signal generated by the
sensors are attributed to the continuous switching behaviour
of the PVDF NFs between the stretching and compressing
states during the vibration process. This then generates
reverse piezoelectric potential along the axial direction of the
NFs and forces the electrons in the external circuit to move
forwards and backwards between the electrodes [18]. The
results also confirm that the piezoelectric response of the
sensor can be greatly improved when the β-phase content is
increased. As shown in figure 4(c), the peak-to-peak voltage
(Vpp) of the sensor with the highest β-phase content (83.6%)
is ∼2.3 V, which is nearly three times higher than the Vpp

value of the sensor with β-phase content of 76.9% (∼0.8 V).
The same tendency could also be found for the peak-to-peak
value of current with the changing of β-phase content. These
performance enhancements are mainly attributed to the
increased piezoelectric constant of the PVDF NFs with higher
content of polarised β-phase. It is worth noting that the
piezoelectric response of PVDF NFs with optimised β-phase
content are comparable to reported values in the literature of
traditional perovskite oxide-based NFs such as Pb(Zr,Ti)O3

and (K,Na)NbO3 [18, 36].

Figure 2. The XRD patterns (a) and FTIR spectrums (b) of the PVDF NFs synthesised with different electrospinning voltages. (c) The β-
phase content as a function of the electrospinning voltage according to the FTIR results.

Figure 3.A schematic diagram of the fabrication process (a), the photo image (b) and a schematic diagram of the vibration generation method
(c) of the flexible vibration sensor based on PVDF NFs.
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Figure 5 shows the characterisation results of the vibra-
tion sensing performance for the flexible sensor with the
highest β-phase content. As shown by the inset picture in
figure 5(b), a rotating stiff stick was used to induce the
bending deformation on the sensor. The strain amplitude and
frequency of the sensor was controlled by adjusting the length
and rotating speed of the stick, respectively. The curve radian
and axial deformation of the sensor was calculated by
assuming that the sensor was uniformly bent during the

testing process. As shown in figures 5(a) and (b) and S4, the
average value of Vpp linearly increased from ∼0.23 to 1.46 V
under a frequency of ∼1.54 Hz when the curve radian and
axial deformation of the sensor were increased from 0.56 to
1.93 rad and 0.84 to 2.90 mm, respectively. Accordingly, the
sensitivity of the flexible vibration sensor was approximately
0.92 V rad−1 and 0.61 Vmm−1 according to the linear fitting
result. Moreover, the frequency-dependent output voltage was
also measured with the fixed curve radian. Owing to the

Figure 4. The energy harvesting performance of the flexible vibration sensor based on PVDF NFs with different β-phase content. (a) The
open-circuit voltage. (b) The short-circuit current. (c) The peak-to-peak voltage and current as a function of β-phase content.

Figure 5. The output voltage generated by the flexible PVDF vibration sensor under different conditions when the sensor was bent by a
rotating stiff stick. (a) The output voltage of the sensor with the curve radian (θ) varying from 0.56 to 1.93 rad, which represents the axial
strain of the nanofibres. (b) The peak value of output voltage as a function of curve radian. (c) The output voltage of the sensor with the strain
frequency varying from 0.13 to 2.60 Hz. (d) The peak value of output voltage as a function of strain frequency.
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switching behaviour of the output voltage shown in
figure 5(c), the frequency of strain can be directly calculated
as being between 0.13 and 2.60 Hz by counting the time-
interval between the adjacent voltage peaks. As shown in
figure 5(d), the average value of Vpp also linearly increased
with the strain frequency when the curve radian was fixed at
∼1.5 rad. Both the linearly increased output voltage with the
strain amplitude and frequency agreed with fundamental
piezoelectric theory, where the piezoelectric potential gener-
ated by the strain piezoelectric materials is linearly correlated
with the strain and strain rate [18]. Meanwhile, these results
also suggest that the self-powered vibration sensing result
obtained from the sensor should be calibrated according to the
calculated strain frequency to guarantee the accuracy of the
measurement results.

Based on the characterisation of the vibration sensing
performance, two typical applications of the self-powered
flexible sensor were carried out. Figure 6(a) shows the output
voltage generated by the flexible sensor pasted onto a
vibrating bronze foil, which was initially triggered at a certain
degree and then released to move under elastic restoring and
damping force. Firstly, the decrease of voltage amplitude
clearly demonstrates the dynamic damping motion of the
bronze foil. According to piezoelectric and vibration theory,
the output voltage can be attributed to a function as

w j= +b-V C A te cos , 2t
0 0 ( ) ( )

where C0 is the piezoelectric parameters of the PVDF NFs, A0

and j are the initial amplitude and phase angle determined by
the initial triggering condition, respectively, ω is the vibration
angular frequency of the bronze foil and β is the damping
factor [37]. By fitting the peak value of output voltage with
the exponential function of A0e

−βt, the damping factor was
calculated as 0.16. Figure 6(b) shows that the vibration
frequency of the bronze foil which was calculated by taking
the reciprocal of the adjacent peak time difference was
gradually decreased from 1.79 to 1.06 Hz from 86 to 96 s.
Furthermore, the Fourier transformation result of the voltage
signals shown in figure 6(c) confirmed the primary vibration
frequency and angular frequency of the bronze foil were
∼1.47 Hz and ∼9.24 rad s−1, which is agree with the
calculated result from figure 6(b). Therefore, the vibration
sensor can be used for monitoring both the amplitude and the
frequency of the vibrating object without any powering
sources.

Figure 7(a) shows the output voltage of the flexible
sensor when the bronze foil was stimulated by a vibration
exciter with frequencies sweeping from 5 to 30 Hz. As shown,
there is no obvious voltage output was found as the frequency
was increased from 5 to 15 Hz. After that, the output voltage
was increased to the maximum value and then decreased with
further increased frequency, which clear demonstrated the
resonance behaviour of the bronze foil. Figure 7(b) shows the
enlarged view of the figure 7(a) from 17.5 to 18.5 s. The
highest output voltage could be found at ∼17.88 s. By
counting the time interval between the adjacent voltage peak
(∼0.052 s), the vibration frequency of the bronze foil could be

calculated as ∼19.23 Hz. This value agrees with the frequency
of the vibration exciter (∼19.88 s) with a small deviation of
∼3%, which suggested that the sensor could be used for the
measuring of resonance behaviour of the objects. Further-
more, the variation of output voltage during the frequency
sweeping process could also be used for measuring the
vibration amplitude after further frequency-calibrations. The
highly flexible device with both flexible substrate and
piezoelectric NFs provides great potential in long-term
application as the strain sensors rather than the traditional
ZnO and perovskite oxide materials.

Figure 6. The vibration sensing performance of the flexible sensor
pasted onto a bronze foil 0.2 mm in thickness, which was fixed at
one end. (a) The output voltage of the sensor when the bronze foil
was bent to a certain degree and released for free vibrating. (b) The
vibration frequency calculated from the voltage curve. (c) Frequency
spectrogram calculated by Fourier transform.
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4. Conclusion

Well-aligned PVDF NFs with various β-phase content were
synthesised using the FFES method with different electro-
spinning voltages. A flexible piezoelectric self-powered
vibration sensor was fabricated by transferring the PVDF NFs
from silicon to PDMS substrate. The piezoelectric output
voltage generated by the sensor was increased by nearly two
times when the β-phase content of the PVDF NFs was
increased from 76.9% to 83.6%. The enhancement of the
piezoelectric response of PVDF NFs could greatly increase
the sensitivity of self-powered sensors. Moreover, output
voltage generated by the sensor with a β-phase content of
83.6% exhibited linear correlations with both the strain
amplitude and frequency. Its sensitivity to the bending strain
with frequency of ∼1.54 Hz was approximately 0.92 V rad−1

and 0.61 Vmm−1. This result confirmed the necessity for
frequency calibration of the sensing results. Based on the self-
powered vibration sensing behaviour, the flexible sensor
could be used for self-powered monitoring of the vibration
state of a metal foil and measuring the intrinsic resonance
frequency of objects without any powering source.
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