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Abstract
With the rapid development of internet of things and wearable electronics, how to conveniently power uncountable sensors 
remains a huge challenge. Energy harvesting strategy is suggested to collect and convert environmental energies into electrical 
energy. Thereinto, piezoelectric polymers are utilized as flexible harvesters to convert mechanical energy. The latter widely 
distributes in both our daily life and industrial environment. Intrinsic piezoelectric property further drives piezoelectric 
polymers to construct flexible self-powered strain sensors. However, relatively low piezoelectric performance restricts their 
application in detection and conversion of weak mechanical excitations. Herein, wave-shaped 3D piezoelectric device was 
fabricated by embossing electrospun polyvinylidene fluoride nanofibers. This 3D structured device presents better longitudi-
nal and transverse piezoelectric performance than usual flat-type one. This wave-shaped piezoelectric device was developed 
for acoustic detection and recognition with a frequency resolution better than 0.1 Hz. This wave-shaped device was capable 
of frequency spectrum analyses of various sound sources from human and animals and well presents its potential for future 
wearable acoustic sensors and transducers.
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Introduction

Due to the potential applications of flexible sensors in inter-
net of things and wearable electronics, the demand of highly 
integrated multifunctional self-powered sensing system is 
increasing over the past decades. Most of the flexible sensors 
perceive external stimulation through temperature, humid-
ity, gas, and pressure [1–5], among which pressure sensor 

is widely utilized. Pressure sensors are usually classified 
into piezoelectric [6, 7], piezoresistive [8, 9] and piezoca-
pacitive types [10–12], among which piezoelectric sensors 
have the advantages of self-power and energy harvesting 
from environment [13–17]. Usually inorganic piezoelectric 
materials such as lead zirconate titanate (PZT) ceramic and 
BaTiO3 present high piezoelectric coefficient and therefore 
high sensing and energy harvesting performance [18, 19]. 
However, inherent inflexibility, brittleness and environmen-
tal pollution (such as lead in PZT) hinder their application 
in wearable electronics [20, 21]. In contrast, piezoelectric 
polymers such as polyvinylidene fluoride (PVDF) and its 
copolymer poly(vinylidene fluoride-trifluoroethylene) 
P(VDF-TrFE) are especially suitable for flexible electronics 
due to advantages of ease of fabrication, flexibility, biocom-
patibility and chemical stability [22, 23].

PVDF is well known for its polymorphism [24]. Nonpolar 
α-phase is the most common and stable phase, while polar 
β-phase has the highest dipole density. The common meas-
ures to transform α-phase to electroactive β-phase include 
melting re‐crystallization [25, 26], mechanical stretching 
[27, 28], high electrical-field poling [29, 30] and doping 
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[31–34]. These measures usually require several process-
ing steps to get polar piezoelectric films. Furthermore, 
their applicability at a specific circumstance is still to be 
evaluated. As comparison, electrospinning is an effective 
technique for one-step fabrication of self-polarized β-phase 
PVDF nanofiber membranes [35–39].

Flexibility of nanofiber membranes makes them suitable 
for patterning into desirable geometry according to specific 
requirement. A dome-shaped piezoelectric polymer sen-
sor detected weak mechanical excitation as low as 25 mN 
[40]. Deposition of PVDF on wavy substrates effectively 
enhanced piezoelectric output [41, 42]. Pre-stretching meas-
ure was also conducted to prepare wave-shaped piezoelectric 
composite for wearable application [43]. A energy harvester 
by attaching PVDF films on an arc-shaped polyimide sub-
strate could light 476 LEDs [44].

As a kind of renewable and ubiquitous energy, acous-
tic wave widely distributes. However, acoustic energy con-
version and detection are not as common as other energy 
sources because sound pressure is too small to be effectively 
detected and collected [45]. Integration of a piezoelectric 
[46] or triboelectric [47] nanogenerator with a Helmholtz 
resonator could effectively enhance the collection of low-
frequency noise. Electrospun PVDF webs with sprayed 
single-walled carbon nanotubes also presented high acous-
tic energy conversion efficiency [48]. Selection of proper 
substrate materials [49] and design of electrode’s geometry 
[14] also improved device’s performance.

Herein, electrospun PVDF nanofibers were patterned by 
embossing templating to form wave-shaped 3D structure. 
This wave-shaped device has prominent longitudinal and 
transverse piezoelectric responses and was further used for 
audible sound detection and recognition. This kind of wave-
shaped piezoelectric nanofiber membrane device is a prom-
ising candidate for future wearable electronic applications 
and acoustic sensors.

Experimental Section

Electrospinning of PVDF Nanofibers

PVDF powder (Mw = 275,000), N,N-dimethylformamide 
(DMF) (≥ 99%) and acetone were purchased from Sigma 
Aldrich and used as received. PVDF solution was prepared 
by dissolving 1.5 g PVDF powder in 10 mL mixture of DMF 
and acetone (1/1, v/v), stirred at 50 °C for 5 h and then 
cooled down to room temperature to obtain a homogenous 
solution.

PVDF nanofibers were fabricated by electrospinning 
technique (schematic diagram in Fig. 1a). The as-pre-
pared PVDF solution was filled into a plastic syringe with 
a 27-gauge stainless steel needle. A syringe pump was 

used to control the flow rate at 500 µL/h. 20 kV voltage 
was applied to the syringe needle by a high voltage power 
supply (DW-P303, Tianjin Dongwen, China). An electri-
cally grounded metallic rotating drum (300 rpm rotating 
speed, 8 cm in diameter, 15 cm in length) covered with 
an Al foil was used to collect PVDF nanofibers. The dis-
tance between needle tip and the collector was 10 cm. An 
infrared lamp was used to maintain chamber temperature 
at 50 °C to accelerate evaporation of the organic solvent.

Fabrication of Wave‑Shaped Nanofiber Devices

Three kinds of metal templates with periodic and parallel 
groove structure were employed to fabricate wave-shaped 
PVDF nanofiber membrane. Typical Dimensions of three 
templates were listed in Table 1. Those devices obtained 
from these three templates were labeled as device 1, device 
2 and device 3, respectively.

Fabrication process of the wave-shaped PVDF 
nanofiber devices was schematically illustrated in Fig. 1e 
(steps I–V). Step I: As-electrospun PVDF membrane, a 
soft pad and a metal plate were put in sequence on a metal 
template. Here a soft pad was used to guarantee uniform 
external pressure. Step II: At room temperature, external 
pressure of 2 MPa was applied to the top slide to push the 
PVDF membrane into the template’s grooves. The pres-
sure lasted 30 min. Step III: The soft pad, metal plate and 
PVDF membrane were peeled off in sequence from the 
metal template, resulting in wave-shaped nanofiber mem-
brane. Step IV: 500 nm thick Al electrodes were vacuum 
thermally evaporated onto both sides of wave-shaped 
fibrous membrane. This configuration was used for acous-
tic sensing and recognition. Step V: As for those devices 
for piezoelectric performance characterization by using 
contact-mode mechanical excitation, elastic polydimethyl-
siloxane (PDMS) was filled onto the bottom grooves of the 
wave-shaped membrane to guarantee fast strain recovery 
after removal of the applied excitation.

As a control sample, the as-electrospun PVDF nanofiber 
membrane was pressed between two flat metal plates and 
then metal electrodes were vacuum deposited on both 
sides to form flat-type device.

Structural Characterizations

Morphology of PVDF nanofibers was characterized by 
scanning electron microscope (SEM, JSM-6701F, JEOL) 
and crystalline phases were determined by X-ray diffrac-
tion (XRD, D8, Bruker Inc).



370	 Advanced Fiber Materials (2021) 3:368–380

1 3

Piezoelectric Performance Characterization

Both direct longitudinal and transverse piezoelectric proper-
ties were determined by home-made measurement system. 
Here longitudinal piezoelectric property means that the 
applied strain and the recorded electrical response were both 
along the Z direction, while transverse piezoelectric property 
was that strain was applied in X and/or Y directions while 
electrical response was measured in Z direction.

Longitudinal piezoelectric measurement system was 
schematically shown in Figure S1. Sinusoidal voltage output 
from a signal generator was amplified by a power ampli-
fier and then applied to the vibrator to excite its vibration 
with specific frequency and amplitude. A commercial quartz 

force sensor and a nanofiber membrane device were both 
pressed onto a metal plate fixed on the vibrator. The applied 
mechanical force was determined according to the induced 
charges from the quartz sensor which was transformed to 
voltage signal by a charge amplifier and then recorded by 
an oscilloscope (Tektronix TBS 1104). The corresponding 
open-circuit voltage (Voc) and short-circuit current (Isc) out-
puts from PVDF device were recorded by a sourcemeter 
(B2902A, Keysight).

Transverse piezoelectric measurement (Figure S2) was 
performed by fixing both ends of a PVDF fiber membrane 
on the fixed end and the sliding end of a linear motor, respec-
tively. The reciprocating motion of the slider led to repeated 
bending of the piezoelectric device, whose electrical output 
was recorded by a sourcemeter.

Acoustoelectric Conversion Measurement

The wave-shaped PVDF membrane was used as an acousto-
electric conversion device to detect and recognize acoustic 
signals. A commercial PC loudspeaker (AIBUZ, YLD-714) 
was used as sound source and controlled by a computer. 
The piezoelectric membrane was suspended between two 
PTFE brackets with spacing of 2 cm (Fig. 6a). Acoustic 

Fig. 1   Fabrication of wave-shaped PVDF nanofiber membrane. a 
Schematic diagram of the electrospinning system. b Optical image 
of a piece of electrospun PVDF nanofiber membrane. c SEM and d 

XRD characterization of the as-electrospun PVDF fiber mat. e Sche-
matic diagram of fabrication process of wave-shaped PVDF nanofiber 
membrane

Table 1   Structures of three kinds of metal templates

Template no. Groove’s 
height 
(mm)

Groove’s 
width 
(mm)

Groove’s 
period 
(mm)

Correspond-
ing device 
no.

#1 0.25 0.5 0.75 Device 1
#2 0.5 1.0 1.25 Device 2
#3 0.75 1.5 2.0 Device 3
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wave was emitted toward the plane of the fiber membrane. 
The distance between the sensor and the speaker was fixed 
at 2 cm. Acoustic frequency and sound pressure level (SPL) 
were controlled by a computer. SPL was determined by a 
sound level meter (VICTOR, VC-824). A data acquisition 
card with a nominal input impedance of 0.5 GΩ (Smacq, 
USB-3231) was used to record the voltage output from the 
PVDF sensor.

Results and Discussion

Electrospinning is one convenient and efficient technique for 
fabrication of large-scale piezoelectric polymer fiber mem-
branes [50–52]. The whole electrospinning system (Fig. 1a) 
mainly includes a PVDF solution-filled syringe equipped 
with a metal nozzle, a syringe pump to control flow rate, a 
high voltage source to bias the nozzle, a rotating drum col-
lector bonded with an Al foil to collect the PVDF nanofiber 
and an infrared lamp to control environmental temperature. 
Electronic repulsion between the biased nozzle and the 
charged polymer solution results in the formation of the so-
called Taylor cone in front of the nozzle. Polymer solution 
jet occurs when electronic repulsion overcomes the viscoe-
lasticity and surface tension of the droplet. During the flight 
of the droplet toward the grounded Al foil, organic solvent 
quickly evaporates and PVDF solute gradually solidifies 
out. The latter is further mechanically stretched in chaotic 
phase inducing the formation of β-phase nanofibers [53, 
54]. According to previous reports, optimal electrospinning 
parameters are required to avoid the formation of beads. 
Otherwise, beads can greatly degrade piezoelectric prop-
erty [14, 55]. In Fig. 1b is shown an optical image of one 
piece of as-prepared PVDF nanofiber membrane with area 
as large as 360 cm2. The membrane consists of randomly 
orientated nanofibers with diameter of ~ 200 nm (Fig. 1c) 
and no unexpected beads occur. XRD spectrum analysis fur-
ther verifies the formation of electroactive β-phase in elec-
trospun nanofibers (Fig. 1d), whose characteristic diffrac-
tion peak occurs at 2θ = 24.42° [56]. As comparison, XRD 
spectrum from a spin-coated PVDF film present four peaks 
at 2θ = 17.83°, 18.4°, 20.02°, and 26.7° which are mainly 
attributed to the non-electroactive α-phase[57]. These results 
indicate that electrospinning technique can realize the fab-
rication of large-scale and electroactive PVDF nanofiber 
membrane.

As for the as-prepared PVDF nanofiber membranes, 
there exists a large number of open pores, which possess 
much lower elasticity than PVDF nanofibers. Therefore, the 
deformation of the nanofiber membrane to external mechan-
ical excitation mainly originates from the deformation of 
these non-electroactive air pores, which doesn’t contribute 
to piezoelectric response. Decrease of pore volume ratio 

is expected to improve piezoelectric response [58]. Fur-
thermore, a large number of research work has proved that 
design of 3D PVDF structure can effectively promote its 
mechanical and thereafter piezoelectric response to external 
excitation [41, 43, 44, 59]. Therefore, here the as-prepared 
electrospun nanofiber membrane is further manufactured by 
embossing method to form wave-shaped 3D structure. To 
avoid high temperature induced depolarization, embossing 
process operates in room temperature. The whole process 
includes five steps (Fig. 1e). details of fabrication process 
are described in Experimental part above.

Here three kinds of templates with various grooves’ 
dimensions (Table 1) are used to construct the wave-shaped 
nanofiber membranes. SEM images of three kinds of wave-
shaped PVDF membranes are presented in Fig. 2. Both 
cross-sectional (Fig. 2a–c) and surface (Fig. 2e–g) images 
obviously verify the formation of the wave-shaped structure. 
Dimensions of the embossed PVDF membranes well follow 
those of the cooper templates. From the magnified section 
image (Fig. 2d), embossing process results in compact and 
less porous membrane, though its surface is still covered 
with disorderly PVDF nanofibers (Fig. 2h).

Mechanical stretching analyses, i.e. tensile stress 
(σ)-strain (ε) curves, were conducted on both flat-type and 
wave-shaped membranes (Fig. 2i). The wave-shaped PVDF 
membrane shows break strength of 3.6 MPa and break elon-
gation of 38%, lower than both values of 10.2 MPa and 62% 
from the flat-type one. Degradation of both values should 
be attributed to the cold embossing process which, to some 
extent, results in mechanical damage. Promotion of emboss-
ing temperature is expected to decrease this damage. The 
resultant polarization loss can be compensated by post pol-
ing treatment. However, the wave-shaped membrane is much 
more deformable than the flat one. For example, at the same 
tensile stress of 1.5 MPa, tensile strain values of the 3D and 
the flat ones are 21.2% and 3.3%, respectively. Especially, 
at low strain region (ε < 15%), σ–ε curve from the wave-
shaped one is slowly ascending with low appearant elastic 
modulus. Usually large deformation under small stress tends 
to cause large change in dipole density and therefore induce 
large electrical response. This mechanical stretching analysis 
implies that this wave-shaped is especially suitable for detec-
tion of weak mechanical excitation.

Mechanical sensing mechanism of this PVDF nanofiber 
device can be explained according to Figure S3. Since 
nanofibers are polarized during electrospinning process, 
inductive charges with opposite polarity occurs on both 
electrodes (original state in Figure S3a). Compressive stress 
results in the increase of dipole density in PVDF nanofibers 
and therefore electrons flow from bottom to top electrodes 
(Figure S3b). With the increase of compressive stress, more 
electrons flow to the top electrode until maximum defor-
mation comes (Figure S3c). Then, compressive stress is 
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removed (Figure S2d) and nanofiber membrane tends to 
recover to its original state. Electrons flow in opposite direc-
tion, resulting in the decrease of inductive charge density on 
both electrodes.

Longitudinal piezoelectric property is characterized via 
home-designed measurement system (schematic diagram in 
Figure S1). In Figure S4a and S4b are shown both short-
circuit current Isc and open-circuit voltage Voc responses of 
three kinds of wave-shaped and one flat-type PVDF fiber 
membranes which are driven by mechanical load with ampli-
tude of 1 N and frequency varying from 1 to 5 Hz. In Fig. 3a, 
b are plotted the quantitative changes in peak Isc (Isc_peak) 
and peak Voc (Voc_peak) responses as a function of driving 
frequency. Obviously, for any PVDF device, its Isc response 
increases with the increase of driving frequency. This obser-
vation is well acceptable since current is the differential of 
the induced charges with respect to time. Interesting is that 
the difference in device structure results in difference in both 
Voc and Isc responses. All three wave-shaped devices present 
larger Isc and Voc outputs than the flat-type one. Furthermore, 
with the increase of characteristic dimensions (width and 
height of the grooves) in wave-shaped devices, Isc and Voc 
responses increase at any specific driving frequency. For 

example, at frequency of 5 Hz, Isc_peak response increases 
from 2.4, 6.13, 11.63 to 15.58 nA, while Voc_peak response 
increases from 0.12, 0.19, 0.43 to 0.56 V for the flat-type 
device and the wave-shaped devices 1 to 3, respectively.

Transverse piezoelectric property of the wave-shaped 
PVDF nanofiber devices is further determined, since it 
is of increasing significance in piezoelectric sensing and 
mechanical energy harvesting applications with the flour-
ishing development of wearable electronics and internet of 
things, for example, 31-mode cantilever-configured energy 
harvester [60], recognition of a forefinger’s bending [61], 
and detection of eye fatigue [62]. Both moving velocity V 
(corresponding to bending frequency) and the maximum dis-
placement L (corresponding to the maximum strain εmax that 
the device suffers) of the sliding end are key factors affecting 
electrical output of piezoelectric film [60]. In Figure S5 are 
shown Isc and Voc responses of four PVDF fiber membrane 
devices when the slider repeatedly moves at different veloci-
ties from 7.5 to 30 mm/s while at fixed displacement L of 
7.5 mm. To make the results more straightforward, Isc_peak 
and Voc_peak outputs are extracted and further plotted as a 
function of bending velocity in Fig. 3c, d. Obviously, Isc_peak 
tends to increase with the increase of bending velocity, while 

Fig. 2   SEM and mechanical stretching analyses of both flat-type and 
wave-shaped membranes. SEM images of (a–d) cross-sectional and 
(e–h) surface morphologies of (a, e) device 1, (b, f) device 2 and (c, 

d, g, h) device 3. Insets in figure a–c are the cooper templates used to 
fabricate the wave-shaped structures. i Tensile stress–strain curves of 
both flat-type and wave-shaped (device 3) fibrous membranes
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Voc_peak is nearly independent of bending velocity. This is 
reasonable because open-circuit voltage is determined by the 
deformation, rather than deformation rate [63].

The influence of the maximum slider’s displacement, cor-
responding to the maximum strain εmax of the membrane, on 

piezoelectric response is shown in Figure S6 and Fig. 3e–f, 
where the slider’s velocity is fixed at 22.5 mm/s. Both Isc and 
Voc responses to repeatedly bending operation are presented 
in Figure S6. Isc_peak and Voc_peak values are extracted from 
these results and plotted in Fig. 3e–f. With the increase of 

Fig. 3   Quantitative analyses of (a, b) Longitudinal and (c–f) trans-
verse piezoelectric responses from four kinds of PVDF fiber struc-
tures. (a, c, e) Isc_peak and (b, d, f) Voc_peak outputs as a function of (a, 

b) exciting frequency, (c, d) slider’s moving velocity and (e, f) slid-
er’s maximum displacement. Data in figures a–b, c–d and e–f were 
extracted from Figure S4, S5 and S6, respectively
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maximum displacement, both Isc_peak and Voc_peak outputs 
from all four devices increases. Interestingly, Isc_peak and 
Voc_peak responses from wave-shaped devices are both larger 
than those from the flat-type device. Furthermore, Isc_peak 
and Voc_peak values increase with wave structure dimensions, 
which is consistent with the results from longitudinal piezo-
electric property measurement.

In fact, electromechanical enhancement of 3D structured 
piezoelectric devices has been reported in several publica-
tions. The curved structure weakens strain/stress localization 
and therefore distributes the applied force across the whole 
piezoelectric surface. In the study of wave-shaped P(VDF-
TrFE) devices [43], both theoretical and experimental results 
show that wave-shaped structure effectively enhanced elec-
tromechanical coupling, as is attributed to the synergistic 
piezoelectric effect of both d33 and d31 modes, as well as 
the pre-stretching in P(VDF-TrFE) films, which induced 
enhancement of effective piezoelectric coefficient. Here 
cold embossing process also causes pre-stretching in PVDF 
nanofibers. Therefore, synergistic effect and pre-stretching 
both contribute to enhanced electric response of our wave-
shaped devices. furthermore, in Fig. 3, the wave-shaped 
device with the largest characteristic dimensions presents 
the best electric response to external excitation. Similar phe-
nomenon is also found in near-field electrospun PVDF fib-
ers on sinusoidal surface, where large sinusoidal amplitude 
corresponded to large electromechanical response [41]. The 
influence of characteristic dimensions should be due to both 
large surface area and higher strain experienced during the 
repeated press/release cycles, which is further verified by 
finite-element simulation [41].

From those analyses above, the wave-shaped device 3 
possesses the best electrical response to external excitation. 
Therefore, it is further developed as a sensor for acoustic 
detection and recognition. In Fig. 4a is shown the setup 
for acoustic detection. Details on system configuration is 
described in Experimental Section. In Fig. 4b is plotted Voc 
response to acoustic excitation with frequency of 100 Hz 
and SPL of 110 dB. Voc value changes between ± 2.8 mV 
and well follows the acoustic excitation. Both acoustic fre-
quency and SPL influence Voc response of this piezoelec-
tric nanofiber device. In Fig. 4c are shown a series of Voc 
responses to acoustic excitation at fixed SPL of 110 dB but 
frequency varying from 40 to 280 Hz. We also submitted a 
supplementary movie to show how the wave-shaped device 
works when 70 Hz sound is applied. As comparison, Voc 
responses to the same excitation from the flat-type device are 
also plotted in Fig. 4c. To make the results clearer, quantita-
tive peak-to-peak Voc (Voc_pp) values are collected and drawn 
as a function of sound frequency in Fig. 4d. There are two 
characteristics. One is that, for a specific sound frequency, 
Voc_pp response from the wave-shaped device is always larger 
than that from the flat-type one. For example, at 100 Hz, 

Voc_pp output from device 3 is 5.51 mV, much larger than that 
of 3.25 mV from the flat-type device. This observation fur-
ther verifies the high sensitivity of this 3D structured sensor. 
The other is that, for both devices, Voc_pp response sharply 
degrades once sound frequency is higher than 200 Hz. This 
result should be attributed to the suspended device struc-
ture, which induces mechanical resonance under lower fre-
quency range. Besides, both acoustic sensors are sensitive 
to low and medium frequency sound waves. It is known that 
frequency range of human hearing is about 20–20,000 Hz 
[64, 65]. In industrial and public transport areas, sound fre-
quency is usually between 40 and 200 Hz [14]. Therefore, 
this wave-shaped acoustic sensor presents potential in these 
areas. However, it is necessary to emphasize that, though 
the device presents high response at low sound frequency 
range, it still responds to sound waves at higher frequency.

SPL is another important parameter that greatly influ-
ence electrical response of both kinds of devices. Typical 
SPL dependence of Voc_pp response is plotted in Fig. 4e. 
During measurement, sound frequency is maintained at 
100 Hz. Voc_pp response from both devices increases with 
SPL. Again, at any specific SPL value, Voc_pp response 
from device 3 is still higher than that from the flat-type one. 
With the increase of SPL from 80 to 120 dB, Voc_pp value 
increases from 0.7 to 5.57 mV for the device 3, while it 
increases from 0.27 to 3.28 mV for the flat-type one.

Frequency spectrum analysis is one basic function of 
acoustic sensors, which requires good frequency recogni-
tion ability, i.e. the capability to distinguish tiny difference 
between two close acoustic frequencies. To confirm this 
capacity of our wave-shaped device, a mixing sound wave 
with two determinate frequencies was generated by the 
computer and then emitted by the loudspeaker. Typical 
Voc responses of this 3D structured device are presented 
in Fig. 5a, b, and their corresponding FFT (fast Fourier 
transformation) spectrum analyses are plotted in Fig. 5c. 
Note that here FFT spectra are obtained by offline, rather 
than real-time, FFT analysis via a professional software 
(OriginPro here). The waveform of Voc response changes 
with the difference of the sound frequency, as implies its 
capacity to track acoustic signals. FFT frequency spec-
tra in Fig. 5c further emphasizes its excellent ability to 
recognize different sounds with tiny frequency difference. 
In our measurement, a frequency difference as small as 
0.1 Hz can be precisely distinguished (the FFT spectrum 
of the mixture of 100 Hz and 100.1 Hz sound waves). Two 
peaks in this FFT spectrum correspond exactly to 100 Hz 
and 100.1 Hz, well consistent with the nominal sound 
frequencies. With the further decrease of the frequency 
difference to 0.01 Hz (the result from 100 and 100.01 Hz 
sound mixture), FFT spectrum still presents two peaks 
of 99.96 Hz and 100.01 Hz. The divergence between the 
nominal 100 Hz and the recorded 99.96 Hz may be due to 
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Fig. 4   Acoustic detection by both flat-type and wave-shaped sensors. 
a Schematic diagram of the acoustic detection system. b Voc response 
of one wave-shaped device 3 to acoustic excitation with frequency of 

100 Hz and SPL of 110 dB. c Voc response of both devices to acous-
tic excitation with SPL of 110 dB and varied frequency. d Sound fre-
quency and e SPL dependence of Voc_pp responses from both devices
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(1) original sound frequency error from the computer and 
the loudspeaker or (2) relatively low sampling rate of the 
data acquisition card used here. Currently we cannot judge 
which factor contributes most to this divergence. Anyway, 
this wave-shaped device presents good frequency resolu-
tion and is comparable to the reported PVDF nanofiber 
sensor with through hole structure [14].

This high-performance acoustic sensor can be used for 
sound detection and recognition. In Fig. 6a, b are shown the 
Voc responses and the corresponding FFT frequency spec-
tra of a male volunteer’s voice when he pronounced num-
bers in order from ‘one’ to ‘ten’. Every pronunciation has 
its own frequency spectrum characteristic between 100 and 
1200 Hz. Additionally, since everyone's voice has his unique 
frequency spectrum characteristic, this wave-shaped acous-
tic sensor is expected to be used for human identification 
according to characteristic acoustic frequency spectrum. In 
Fig. 6c, d are shown the Voc responses and the corresponding 
FFT frequency spectra when a male volunteer pronounced 
seven musical notes (Do, Re, Mi, Fa, Sol, La, Xi). As com-
parison, in Fig. 6e, f are Voc responses and the correspond-
ing FFT spectra when a female volunteer pronounced these 
notes. The difference in Voc amplitude reflects the difference 
of acoustic strength between male and female. Furthermore, 
the male volunteer’s frequency spectra are more complicated 
and most of peaks lie in low frequency range between 80 
and 800 Hz. However, acoustic frequency from a female 
volunteer mainly occurs between 400 and 1300 Hz. This 

observation is well acceptable since a female’s voice usually 
includes more high frequency information.

Since this wave-shaped nanofiber sensor is capable of 
acoustic detection with high fidelity, it also shows potential 
in environmental protection and biometrics. In Fig. 7a, b 
are shown the detection and recognition of seven kinds of 
animal sounds (tiger, dog, wolf, cock, cat, duck, and eagle). 
Animal sound sources were collected through the internet 
and emitted via the loudspeaker. Each animal has its own 
characteristic frequency spectrum. Frequency spectra of 
some animals are well consistent with those collected by an 
in-situ polarized P(VDF-TrFE) film [66]. This result implies 
that this ‘sound fingerprint’ is one promising measure for 
animal recognition.

Conclusions

In summary, here we reported a wave-shaped piezoelec-
tric nanofiber device for acoustic detection and recogni-
tion. Electrospun PVDF nanofiber membrane was further 
patterned by embossing method to realize this kind of 
3D wave-shaped structure. The wave-shaped nanofiber 
device presented better longitudinal and transverse piezo-
electric performance than the usual flat-type piezoelectric 
nanofiber device. This 3D device could effectively distin-
guish acoustic frequency difference of at least 0.1 Hz and 
realize frequency spectrum analyses of various acoustic 

Fig. 5   Sound frequency recognition of device 3. a Voc response to 
acoustic excitation whose frequency spectrum is a mixture of two 
frequencies. Both frequency values are labeled on top right corner of 

each sub-image. b Local magnification of Voc responses in a. c FFT 
analyses of those recorded Voc response curves in a. During these 
measurements, SPL was maintained at 100 dB
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sources from human and animals. These results prove that 
this kind of wave-shaped piezoelectric nanofiber device is 
a promising candidate for future wearable acoustic sensors 
and transducers.
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Fig. 6   Frequency spectrum analyses of volunteers’ voice by the wave-
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a volunteer’s sound when he pronounces from ‘one’ to ‘ten’ in order. 

c–f Voc responses to c a male volunteer’s and e a female volunteer’s 
pronunciation of seven musical notes (Do, Re, Mi, Fa, Sol, La, Xi) 
and d, f their corresponding FFT analyses

Fig. 7   Frequency spectrum analyses of animals’ sounds
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