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Flexible and transparent piezoelectric loudspeaker
M. Shehzad 1,2, S. Wang1 and Y. Wang 1✉

The simple structure of flexible piezoelectric polymers implies promise innumerous applications, such as transparent loudspeakers.
In this study, we fabricated and characterized a prototype loudspeaker device. The loudspeaker was fabricated using a
straightforward method of sandwiching a film of copolymer blend between a pair of flexible ITO substrates, which served as top
and bottom electrodes. The dependence of acoustic properties of the devices was investigated in accordance with d33 and
piezoresponse force microscopy (PFM). In this study, we examine the sound pressure level (SPL) and sound intensity (SI) of devices
featuring 0.5 ≤ α ≤ 0.9 blends, with an active area of 6.5 cm × 5 cm at 100 Vpp applied voltage. Here we report SPL of 96 dB and SI of
3.98 mWm−2 for an α= 0.7 blend at 100 Vpp. Our results are helpful in developing flexible, transparent piezoelectric polymers and
in the development of lightweight, transparent loudspeaker devices.
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INTRODUCTION
Since the discovery of piezoelectric properties in PVDF-based
polymers, scientists and designers have been exploring pathways
to incorporate transparent piezoelectric devices in the fast-
growing smart-device culture of the modern age1. PVDF polymers
are lightweight, transparent, and can be processed using simple
techniques2–5. PVDF-based polymers contain good ferroelectric,
pyroelectric, and piezoelectric properties, making them ideal
candidates for transparent sensors and actuators. Researchers are
also trying to investigate the electroacoustic properties of such
polymers. One such use of that takes advantage of the reverse
piezoelectric effect of such materials is a transparent thin-film
loudspeaker. Unlike conventional magnetic loudspeakers that
exhibit high acoustic performance at low voltage, current thin-film
loudspeakers are mostly driven at high voltage. The higher
operational voltage of such piezoelectric materials restricts their
widespread application in many existing technologies. However,
there are some limitations of the conventional loudspeakers. The
conventional loudspeakers are heavy in weight and based on
electric coils.
Although conventional magnetic loudspeakers are ubiquitous

in audio applications, the form and composition of such devices
preclude their use in many of the emerging smart devices that
often require lightweight, portable, and transparent components.
Unlike their opaque and heavy piezoelectric ceramic counterparts,
polymeric piezoelectric loudspeakers are simple in structure and
easy to fabricate6–9. These loudspeakers are so thin that they can
be pasted on touch screens to produce acoustic vibrations
without sacrificing screen visibility, and without the need for
hazardous magnetic field emission10–12.
PVDF-based polymeric loudspeakers were introduced in 197513.

A multiresonance bimorph actuator developed on a polyester film
substrate for loudspeaker application was fabricated by Ohga
et al. in 198314. Later, a researcher in 2003 compared the acoustic
efficiency of PVDF-based loudspeakers using different electrode
materials15. Multilayer PVDF film-based bimorph loudspeakers
were fabricated by Bailo et al. in 200316.
The basic property of ferroelectric polymers that enables their

applications in functional materials is the presence of switchable

polarization and their domain boundary structures. Ferroelectric
and electroresistive memories, electrostriction, and transduction
properties are also associated with polarization switching beha-
vior17–21. The energy harvesting, electrostriction, and transduction
properties of PVDF-based ferroelectric polymers are very good
compared to other ferroelectric materials. Similarly, other smart
devices fabricated out of these polymers also have excellent
sensing properties22–26. The piezoelectric properties of PVDF-
based polymer blends mainly depend on the percentage of the
beta phase. Recent research has shown that ferroelectric blends
enable tuning of the structural properties of these materials, with
good results in increasing the beta phase percentage27. Gomes
et al. 2010 investigated the role of beta phase content and degree
of crystallinity on piezoelectric and ferroelectric properties of
PVDF-based polymers28. He concluded that the stretching ratio
and temperature deeply influence the transformation of the
nonpolar alpha phase to the polar beta phase. He also reported
the influence of beta phase content on the piezoelectric
coefficient (d33). Recently, Alexandre De. Neef et al. 2020 studied
the enhancement of beta phase crystallization of melt-processed
PVDF blends with PMMA copolymers, reporting a piezoelectric
coefficient (d33) up to 11 pCN−1 by just blending the PVDF with
PMMA. His report showed that blending PVDF with PMMA in a 3:2
ratio followed by a rapid quench resulted in an increased beta
phase29. Hence, by just blending and poling of PVDF blends we
can enhance the percentage of the beta phase, piezoelectric
properties, and electroacoustic properties.
In this research, we investigate the acoustic properties of P(VDF-

TrFE) and P(VDF-TrFE-CTFE) blends in which we have already
achieved the beta phase by blending the definite proportion of
copolymer into terpolymer30. The nonpolar alpha phase gradually
and slowly converted to the polar beta phase. The copolymer is
blended with terpolymer in a proportion to enhance the beta
phase reflection by electric and thermal poling. The films are
fabricated by the lab-made applicator by using the electronics
assembly of a scanner and by pushing the scan button we
dispensed the thin films shown in Supplementary Fig. 1a. Our
process yields films with a thickness on average 12 μm, as also
shown in thickness profiles in Supplementary Fig. 1b.
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The 6.5 cm × 5 cm piezoelectric loudspeaker device is prepared
by sandwiching the polymer blends between a pair of ITO
electrodes, as shown schematically in Fig. 1. Unlike previous
studies, we have fabricated our loudspeakers without sandwiching
any paper between the ITO electrodes. While the addition of
paper to the laminate will reduce the chance of dielectric
breakdown, such layers reduce device transparency31. The
remnant polarization (Pr) and hysteresis loop were characterized
to visualize the beta phase enhancement. Furthermore, the sound
was recorded for moving the microphone towards the sound and
moving the microphone away from the sound. Furthermore, the
sound was also recorded with continuously poling at the different
electric fields, and SPL was measured with the help of sound
intensity (SI) and sound pressure (Pa). We have achieved higher
SPL for our devices than that reported in the literature (91 dB SPL)
while retaining a higher degree of transparency32.

RESULTS
Fourier transform infrared and UV-Vis spectroscopy
Fourier transform infrared spectroscopy (FTIR) shows the reflection
peaks of polymer blends carried out from 600 to 1800 cm−1 (Fig. 2).

The neat copolymer has some gamma phase while the neat
terpolymer contains mostly nonpolar alpha phase, as shown in
Fig. 2a. The beta phase in the FTIR spectra can be seen as the
resultant reaction of alpha and gamma peaks arising from the
blending of the two different polymers. The intensity of beta peaks
increases with increasing the copolymer content (α). Therefore, the
beta phase reflection peak of α= 0.5 to 0.9 blends is higher than the
rest of the polymer blends, as shown in Fig. 2b.
Figure 2c, d show the ultraviolet-visible (UV-Vis) transmission

and reflection spectra of polymer blends compositions. The α=
0.9 blend is more transparent than the rest of the polymer blends,
as seen by a higher transmission and lower absorption than the
other blend compositions. Figure 2e–j shows the 2D contour
graphs of percentage transmittance and percentage absorbance
for different polymer blends. Although the α= 0.9 has the highest
transparency, we choose to develop our loudspeaker device using
an α= 0.7 blend because of its high transduction properties over
the range of electric field excitation chosen.
Supplementary Fig. 1c shows the XRD curves of polymer blends

in which the nonpolar peaks at 2-ϴ= 18.4° and the polar beta
peaks at 20° are clearly visible. The trend of beta reflection
increasing with increasing terpolymer composition is similar in
both FTIR and XRD curves.

Fig. 1 Piezoelectric transducer. The schematic depiction of a flexible and transparent piezoelectric loudspeaker made by sandwiching
transparent polymers between two ITO electrodes. Also shown is the backbone beta chain structure of P(VDF-TrFE), synthesized as a result of
a reaction of alpha and gamma chains of two different polymers during blending.

Fig. 2 FTIR and UV-Vis Spectroscopy. a FTIR peaks. b Intensity of beta reflection peaks. c Percentage of transmittance. d Percentage of
absorption. e–j 2D contour graphs of percent transmittance and percent absorbance of transparent transducers made up of polymer blends.
Error bars= standard deviation (n= 6).
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Dielectric and polarization hysteresis loop comparison
Figure 3 shows the dielectric properties and PE hysteresis loop
graphs of polymer blends at various electric fields. The maximum
polarization (Pm) for P(VDF-TrFE) is higher than the P(VDF-TrFE-
CTFE) due to the inherent beta phase. The terpolymer is nonpolar
and therefore the Pm is slightly lower and the PE loop trend is
almost linear. The copolymer also has high Pr. The Pm to Pr ratio is
an important factor to describe the PE hysteresis loop behavior.
The terpolymer tends to have a lower Pr and therefore a higher
Pm to Pr ratio than the other polymer blends. As shown in the
impedance curves of Fig. 3a, the impedance of the copolymer is
higher than that of the relaxor terpolymers. However we have
observed a sharp increase due to the antiferroelectric properties
of polymer blends (see Supplementary Fig. 1d, e). The impedance
values of the 0.5 ≤ α ≤ 0.9 blends are slightly lower than the other
blend composition, with a notable minimum for the α= 0.7 blend.
Therefore, we can correlate the dependence of acoustic properties
of these blends with impedance values. The blend which may
have less impedance values can be fabricated as a primitive
piezoelectric loudspeaker at a higher electric field. Consequently,
from the above figures, the trend of α= 0.5 to 0.9 is showing the
prominent normal ferroelectric behavior which eventually leads to
the enhancement in piezoelectric coefficient with the increment
of its crystalline characteristics.The Cole-Cole graph shown in Fig.
3b shows a similar trend of lower impedance values for α= 0.7
blends.
The line graph of Pm vs electric field E (MVm−1) (Fig. 3c) shows

that the Pm of 0.5 ≤ α ≤ 0.9 blends is slightly higher than the rest
of the polymer blends. This is due to the dominance of the
antiferroelectric behavior of these blends. The α= 0.1 to 0.3 are
also antiferroelectric polymers but they show the double
hysteresis loop only in a lower electric field. The α= 0.5 to 0.9
blends show prominent antiferroelectric double hysteresis loops
over a wide range of electric fields. The Pr of α= 0.5 to 0.9 blend is
also low at the lower electric field but it shows a linear increase
after 50 MVm−1 (Fig. 3d).
The effect of thermal poling is shown in the PE hysteresis loops

at 25 and 100 °C, shown in Fig. 3e–k. Interestingly, the α= 0.5 to
0.9 blends show an increase in Pm after thermal poling at 100 °C,
but the effect of poling for lower blends (i.e., α= 0.1 and 0.3) is
negligible. We can correlate the change in polarization with
temperature and piezoelectric enhancement upon thermal poling
at 100 °C. We concluded that the enhancement in polarization

plays a vital role to increase the d33 by thermal poling. The
increment of polarization with thermal poling at 100 MVm−1 is
also shown in Supplementary Fig. 1f.

Piezoresponse force microscopy (PFM)
Piezoresponse force microscopy (PFM) was used to characterize
the polymer blends at room temperature (Fig. 4). The samples
were poled at an electric field of 100 MVm−1 prior to PFM
characterization. As shown in Fig. 4a, samples were probed for
response in phase with electric poling. The micrographs of Fig. 4b
show that the size of the ferroelectric domain gradually increases
and decreases from α= 0.1 to 0.9 blends. The PFM phase
hysteresis loop for extended and retracted states was measured
for α= 0.1 to 1.0 blends, as shown in the phase (degree) vs tip bias
(V) and amplitude vs tip bias (V) curves of Fig. 4c.
The PFM phase images show the contrast of domain boundaries

which are distinguished as domains with upward and downward
polarizations with respect to the cantilever direction. We observed
an enhancement in polarization switching behavior for α= 0.1 to
1.0 sample by locally poling the blends at negative and positive
biases. By decreasing the applied field from maximum to zero
polarization we observed the phase changes shown in the
comparison graph in Fig. 4d, e. In the hysteresis graphs, we
applied −10 to +10 V for the first loop, and another loop was
observed when applying electric field from +10 to −10 V. The
average domain and crystallite size is represented in Supplemen-
tary Fig. 1g which shows the increase and decrease in the
average domain size of polymer blends by increasing the
copolymer content (α). The refined domains of α= 0.5 to 0.9
blends help to perform a more efficient response to the input
audio signal (Vpp).

Sound pressure level (SPL) and d33 comparison
The SPL was measured for loudspeaker devices fabricated from
samples spanning all the polymer blends according to ISO 3382-
1:2009(E)33 standard, as illustrated in Fig. 5a. The sound emitted by
the devices was captured using Smaart V7™ software. The test
sample was mounted in a lab-based test bed that holds the
6.5 cm × 5 cm rectangular and transparent piezoelectric device in
a vertical position, as illustrated in Fig. 5a–c. The polymer blends
were held in a vertical position and a sensitive microphone was
placed at 1 m distance according to the ISO standard. A function
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Fig. 3 Dielectric properties and polarization electric field (P-E) hysteresis loop comparison. a Impedance graph. b Cole-Cole graph.
cMaximum polarization (Pm) vs electric field E (MVm−1) graph. d Remnant polarization (Pr) vs electric field E (MVm−1) graph. e–k PE comparison
graphs of α= 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0 blend respectively. Error bars: a, b, c, d= standard deviation (n= 6), e, f, g, h, i, j, k= standard
deviation (n= 7).
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Fig. 5 Transduction and piezoelectric properties. a Schematics of the test configuration for acoustic measurement of the transparent thin
films according to ISO standard. b Poling direction of the device. c Image of actual transducer laminate. d Piezoelectric coefficient of polymer
blends. e SPL comparison at 1m distance at 100 Vpp. f Sound intensity (Wm−2) graph at 1m distance at 100 Vpp. g SPL graph with respect to
distance. h The inverse law for attenuation of sound with respect to distance. i SPL with respect to the sampling frequency at 1 kHz. j Polar
graph of SPL of polymer blends at 1 kHz. Error bars= standard deviation (n= 6).

Fig. 4 Piezoresponse force microscopic analysis. a Cantilever position and in-phase and out-of-phase schematic description during testing.
b Piezoresponse force microscopy (PFM). c Phase (degree) and amplitude vs tip bias (V) hysteresis. d, e Comparison between piezoresponse
force microscopy hysteresis loops and amplitude graphs of α= 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0 blends respectively. Error bars= standard
deviation (n= 6).
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generator drives the devices at 1 kHz and its output signal was
amplified at a high electric field (i.e., 100 Vpp).
The SPL is measured relative to a reference signal, Pref. SPL can

therefore be defined as

SPL ¼ 20 � Log10 PA=Prefð Þ (1)

Where PA is the root mean square (RMS) value of the sound
pressure and Pref= 20 μPa is the reference pressure for SPLs in the
air in Eq. 1, measured at a fixed distance from the source, as
prescribed in the ISO test standard.
Nominally, the SPL should follow an inverse square relation with

respect to distance. This relationship can be represented as Eq. 2

XSPL dBð Þ ¼ SPL� 20 � Log10 R2=R1ð Þ (2)

where XSPL (dB) is the theoretical SPL at X distance, SPL is sound
pressure level at a particular distance, R1 is the initial distance from
the source, and R2 is the final distance from the source.
Figure 5d shows the piezoelectric coefficient (d33) of blended

polymer with different copolymer contents with respect to the
applied voltage. The d33 of α= 0.1 to 1.0 blends are showing a
sharp increase and decrease with the addition of further
copolymer content. Hence the d33 of α= 0.5 and 0.7 blends show
the sharp increase in trend at a higher electric field. The SPL in Fig.
5e shows a general increase with respect to blend percent with a
notable peak for the α= 0.7 and decreases with more copolymer
content. As shown in Supplementary Fig. 1h, we obtained a d33
value of 15 pCN−1 for the α= 0.7 blend—the highest reported
value obtained to date for transparent piezoelectric polymer
blends. There is a strong correlation between the polarization (Pm,
Pr) and SI of these polymer blends. The Pm and Pr of α= 0.5 to 0.9
are higher than other blends (see Fig. 3) and these blends also
exhibit excellent crystalline properties (see Fig. 2). The sound
power is translated in the terms of SI (Wm−2). From Fig. 5f the
maximum SI was recorded by α= 0.7 blend while applying the
high output audio signal. The maximum SI is recorded as 3.98 m
Wm−2 for α= 0.7 blend.
The sharp increase in SPL for the α= 0.7 blend is due to an

enhancement in the beta phase after blending. Figure 5g shows
the damping of sound by moving the detector away from the
source. The maximum SPL for α= 0.7 and 0.9 is measured as 96
and 94 dB respectively when placing the detector at a 1 m
distance from the transducer. In order to confirm the intensity of
sound, we have also performed the thermography test that
indicates the loudness of sound emitted from the loudspeaker
screens shown in Supplementary Fig. 2. In addition to this, Fig.
5h–j shows the inverse law for attenuation of sound with respect
to distance, SPL, and polar graph of SPL with respect to the
sampling frequency at 1 kHz respectively.
After making the piezoelectric device for α= 0.1, 0.3, 0.5, 0.7,

0.9, and 1.0 blends, subsequently, after thermal poling at 100 °C
for 5 s, we found that the sound power of α= 0.7 and 0.9 is much
increased than the other blends. The acoustic performance of the
α= 0.7 blend is the highest of those measured, whereas its
polarization and dielectric properties are not superior. The 0.7
blend performs better acoustically because of its large electro-
mechanical coupling associated with antiferroelectric behavior.
Resultantly the increased polarization response due to its
antiferroelectric behavior may eventually lead to the enhanced
transduction properties. Furthermore, the 0.7 blend shows
significantly lower impedance.

DISCUSSION
The transparent piezoelectric loudspeaker films were prepared by
sandwiching transparent piezoelectric polymer blends between
flexible PET substrates with ITO electrodes. The SPL for blends was
measured. A direct correlation between SPL and the beta phase
was confirmed by FTIR. We conclude percent crystallinity increases

with increasing beta reflection at 1175 cm−1, correlating to an
enhanced piezoelectric coefficient (d33). We further conclude that
after thermal poling, the polarization is enhanced, as demon-
strated in an increase in beta reflection peaks. Although the Pm,
Pr, and beta phase are enhanced for 0.5 to 0.9 blends, the acoustic
response of the α= 0.7 blend is higher than the rest of the system
because of its higher d33 coefficient, enhanced Pm upon heating,
and lower impedance. The SI of α= 0.7 blend was also recorded as
3.98 mWm−2, resulting in the highest SPL and SI reported in the
literature. Due to their simple structure and extremely transparent
characteristics, these kinds of thin films are ideal candidates to
fabricate piezoelectric loudspeakers for use in smart applications.

METHODS
Material preparation
α= 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0 blends were created by dissolving α
grams of P(VDF-TrFE-CTFE) and 1-α grams of P(VDF-TrFE) in acetone and
stirring by a magnetic stirrer at 60 °C. Solutions were kept at room
temperature overnight to evaporate the residual acetone and then filtered
using a 1-μm pore-sized PTFE filter. Films were produced by dispensing the
polymeric solution onto glass substrates. The free-standing films were
fabricated using a homemade applicator device made by scanner
assembly in which the housing of scanner is used instead of an automatic
applicator to fabricate the thin films. The free-standing films were then
subjected to the heating furnace at 70 °C for 2 h followed by 100 °C for 1 h
to improve the crystallinity. The film cross-sections were cut in a 6.5 cm ×
5 cm rectangular shape to make the loudspeaker device.

Fourier transform infrared (FTIR) spectroscopy
The free-standing films were then subjected to Fourier transform
spectroscopy (Bruker Optics, Model Alpha) to find the correlation between
the beta phase reflections and the piezoelectric coefficient (d33).

PE loops and dielectric properties
The films were characterized for PE loops using a Sawyer Tower model
named Polarization Loop and Dielectric Breakdown System (Model No. PK-
CPE1901). The Trek 610 C amplifier is used to amplify the output signal up
to 5000 V. The samples were immersed in silicone oil to reduce the chance
of short-circuiting. Impedance properties from 10 Hz to 10 kHz were
measured using TA instruments.

UV-Vis spectroscopy
The percentage of transmittance and percentage of absorption of the
polymer blends from 20 to 800 nm were measured with a Jenway UV Vis
Spectrophotometer (Model No. 7315). The samples were held in a vertical
position to detect the transmittance and absorption of the ultraviolet and
visible light.

Piezoelectric coefficient (d33) and piezoresponse force
microscopy (PFM)
The piezoelectric coefficient (d33) was measured using a quasi-static d33
meter (Model No. ZJ-3AN). The electromechanical properties of the
piezoresponsive materials were characterized at the nanoscale using a
Bruker™ PFM. The first PFM hysteresis loop was measured by applying the
electric field from −10 to +10 V and another hysteresis loop was observed
when applying electric field from +10 to −10 V. The samples are poled at a
higher electric field (<100MVm−1) before getting the PFM response and
testing was done in poling direction to get a maximum response of
electromechanical properties.

Sound pressure level (SPL) and sound intensity (SI)
SPL and SI of the free-standing sandwiched films between ITO substrates
was measured with a lab-based audio detection device and captured using
Smaart V7™ software. The audio is recorded in a sensitive microphone
(Model No. Earldom ET-E34) placed at 1 m from the loudspeaker device. A
reference microphone was also installed to reduce the pink noise. The
acoustic measurements are taken in a dry environment and evaluated
using the integrated impulse response method according to ISO
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3382-1:2009(E) standard. The measurements were taken by applying audio
signals at 1 kHz at 100 Vpp by using the UNIT-UTG1005A Function
Generator. The amplification of the audio signal was done with the help of
ITC Audio 120 Watt Mixer Amplifier Model T-120AP. The microphone and
device setup were installed 1.5 m above the floor according to the
standard in order to minimize reverberation time. SI of the device as a
function of distance was measured by changing the distance between the
audio detector and the loudspeaker device.

DATA AVAILABILITY
All relevant data that support the findings of this study are available from the
corresponding author on request.
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