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Abstract
Piezoelectret films prepared by irradiated cross-linked polypropylene (IXPP) not only feature a large
figure of merit (ds3 - g33, FOM) and a nearly flat response of the sensitivity as a microphone
(4mV Pa') in the audio range, but also exhibit a good impedance match to air. Therefore, this
material is appropriate for air-coupled sonic and ultrasonic applications. In this work, we report
acoustic energy harvesting using IXPP piezoelectret films without mass loading both in ultrasonic
and low-frequency ranges. Under an input sound pressure level (SPL) of 100 dB (or 2 Pa) and a
resonance frequency of 53 kHz, a maximum output power of 7.2 nW is obtained for an IXPP film
harvester. Despite its high resonance frequency, the large FoM of IXPP piezoelectret films suggests
itself to be a promising candidate also for low-frequency acoustic energy harvesting with the help of
Helmholtz resonators. An output power of 10.3nW is achieved for a harvester with a 16 cm? large
IXPP film within a Helmholtz resonator, which features a resonance frequency of 900 Hz, with an
optimized load resistance of 962 k{2 under an input SPL of 100 dB. In comparison to acoustic
energy harvesters based on ferroelectric polymer polyvinylidene fluoride cantilever beams, our
devices have much higher output power density under the same conditions and much broader
bandwidth. Theoretical analysis and numerical simulations are performed to confirm the
experimental results. Moreover, the output power of the IXPP acoustic energy harvesters can be
further improved by increasing the active area of the piezoelectret films.
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1. Introduction

Original content from this work may be used under the terms the past decades, energy harvesting from environmental
BY of the Creative Commons Attribution 3.0 licence. Any ’ . .
further distribution of this work must maintain attribution to the author(s) and ~ SOUICES, such as sunlight, heat, and mechanical energies, has

the title of the work, journal citation and DOL raised great research interests [1-9]. As regards the mechanical
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Figure 1. Schematic views of (a) the preparation process of IXPP piezoelectret films, (b) the working principle of IXPP piezoelectret devices,

and (c) the photographs of IXPP piezoelectret films.

energy, researchers usually focus on scavenging the low-fre-
quency kinetic and/or vibration energy. However, there are
several other environmental energy sources that have been less
investigated. One example of these neglected energies is acoustic
energy, a clean, ubiquitous, and sustainable source in both
domestic and industrial environments.

In recent years, a few efforts have been expended on har-
vesting acoustic energy available in our daily life. Different
transduction mechanisms for acoustic energy harvesting have

been proposed and acoustic energy harvesters based on artificial
materials and structures have been reported [9-22]. As for
piezoelectric acoustic energy harvesting, Horowitz et al [11]
firstly introduced an electromechanical Helmholtz resonator with
piezoelectric diaphragm as an acoustic energy harvesting device.
Liu et al [12] developed a Helmholtz resonator which converted
the acoustic energy to electrical one by bending a piezoelectric
back plate in the cavity. After that, Li er al [13] proposed a
quarter wavelength tube resonator to harvest low-frequency
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Table 1. The properties of IXPP piezoelectret films.

Material properties IXPP

Quasi-static ds3 coefficient 500 pCN"!
Relative permittivity £33 1.8

FoM (d33 - g33) 19 GPa™!
Young’s modulus Y3 1.2 MPa
Density p 550 kg m >
Electromechanical coupling coefficient k, [29]  0.08

acoustic energy. Apart from these devices, polyvinylidene
fluoride (PVDF) [14, 15], phononic crystal [15, 16], acoustic
metamaterials or metasurface [17-19], and broadband gradient-
index lens [20] were also applied in acoustic energy harvesting.

In parallel to the progress of harvester design, there is
always an interest in new flexible piezoelectric materials.
Such a new kind of piezoelectric polymer material, namely
piezoelectrets or ferroelectrets [23, 24], has been applied in
vibration energy harvesters recently [25-29]. Piezoelectrets
are piezoelectric polymer electret foams with oriented ‘macro-
dipoles’, which exhibit a strong piezoelectric effect. One of
the most promising piezoelectret materials is irradiated cross-
linked polypropylene (IXPP), a biocompatible and envir-
onmentally friendly plastic polymer [30]. Indeed the IXPP
piezoelectret films, as shown in our prior work, feature a
figure of merit (d33 - g33, FoM) of 11.2 GPa' [29], being
much larger than that of PVDF (0.003 GPa ' [31]), and a flat
response in the audio range [32], and thus, are appropriate for
broadband acoustic energy harvesting. The low acoustic
impedance of 0.03 MRayl [32] of IXPP films also suggests an
advantage on transferring acoustic energy in air without any
matching layers. Moreover, simple structure, flexibility and
low cost are also great strengths of IXPP piezoelectret films.

In this work, IXPP piezoelectret films were adopted as a
transduction material to convert the acoustic energy into
electrical energy in a simple circuit for the first time. A
Helmholtz resonator was employed to amplify the incident
sound pressure in a prototype device for low-frequency
acoustic energy harvesting.

The paper is organized as follows. A brief introduction to
the topic of the IXPP piezoelectret is given in the beginning,
which is followed by a theoretical analysis of output power of
the IXPP piezoelectret energy harvesters. After that, the IXPP
acoustic energy harvesters for ultrasonic and low-frequency
energy harvesting are reported. Finally, several approaches
are discussed to improve the output power of the IXPP pie-
zoelectret film based acoustic energy harvester.

2. IXPP piezoelectrets for acoustic energy
harvesting

2.1. Preparation process

Figure 1(a) shows a schematic view of the preparation process
of the IXPP piezoelectret films. There are three main steps in
this process. In the first step, i.e. the hot-pressing process [33],

IXPP foam sheets (provided by Shanghai Bozhi Material Co.,
Ltd) were sandwiched between two metal plates and then
pressed under 15 MPa at 100 °C for 20 min, so as to modify
the microstructure in the IXPP foam sheets. As a result,
Young’s modulus of these films in the thickness direction is
reduced and their charging capability is enhanced. The second
step is the polarization, in which the corona charging of the
IXPP films was performed with a needle voltage of —25kV
(without a grid) to render them piezoelectric. In the next step,
aluminum layers were evaporated on both sides of the sam-
ples with a thickness of about 100 nm. The final IXPP pie-
zoelectret device performs similarly as a common
piezoelectric disk, and its working principles are shown in
figure 1(b). Photographs of prepared IXPP piezoelectret films
are also presented in figure 1(c).

2.2. Material properties of IXPP piezoelectrets

For the purpose of analyzing and simulating the performance
of IXPP piezoelectret films, several electromechanical prop-
erties of such films are experimentally determined.

The quasi-static piezoelectric ds; coefficient of the IXPP
samples was measured via the direct piezoelectric effect
[34, 35]. In this measurement, a weight was manually
removed from the test piezoelectret and the charge generated
on the electrodes over 10s was recorded by using an elec-
trometer (Keithley 6514).

The capacitance C, Young’s modulus in the thickness
direction Y3, relative permittivity e33, and anti-resonance
frequency f, of the samples were determined from the di-
electric resonance spectra, which were measured by a high-
precision impedance analyzer (Agilent 4294 A) [29, 36]. The
area, thickness, and density of the IXPP films were obtained
by measuring and weighing the samples directly.

IXPP piezoelectret films prepared in this study feature an
active area of 16 cm” and a thickness of 140 ym. A summary of
the material properties of the IXPP piezoelectret films is listed in
table 1. Among these properties, the FoM of IXPP films has
been determined to be equal to 19 GPa ', being obviously
higher than its counterpart evaluated in former study [29],
because of the enlarged piezoelectric coefficient ds; of the IXPP
sample in this study; more importantly, the FoM here is dra-
matically (about 3 orders of magnitude) larger than the one of
PVDF piezoelectric polymer (0.003 GPa~' [31]), which pro-
vides great benefits for harvesting acoustic energy.

3. Analysis of output power of IXPP energy harvester
The output power Py, of an IXPP film energy harvester at

angular frequency w and load resistance R; is given by
[37, 38]

2
(ms + %mf) d5a’Rw?

2 2 2 |
[w—z - 1] + 44@[3] [1 + (R Cw)]
wr wr

Rou = (1
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Figure 2. Experimental configuration of measurements for output power of IXPP acoustic energy harvesters. @ is for measurement of short-
circuit charge of the energy harvester, @ is for measurement of charge flowing through load resistance R;.
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Figure 3. Measured, calculated and simulated optimal output power of
an IXPP film harvester at an input SPL of 100 dB (2 Pa). The clamped
IXPP film harvester has a square shape with an active area of 16 cm?,
a quasi-static ds; coefficient of approximately 400 pCN~!, and a
capacitance of 185 pF.

where

2

Wf:

is the resonance angular frequency of the IXPP film sample, a
is the input acceleration, (,, is the damping ratio, m is the
seismic mass; % msand A represent the effective mass and area
of the piezoelectret film, respectively; and C is the sum of
sample and parasitic capacitances. The damping ratio (,
depends on a number of parameters and is determined from
the measurements of the charge sensitivity of piezoelectret
energy harvesters in general.

When no seismic mass is involved (m, = 0), for a har-
monic excitation, the input acceleration a is given by

_F _ pA
a——lm ——lm, 3)
3 3

where p indicates the actual sound pressure applied on the
IXPP film.

The maximum output power may be harvested at the
resonance frequency wy if a terminal load resistance of
R, = 1/w/C is chosen. In this case the maximum harvested
power P, is written as [37]

_ PRy @
"oo8dc
When the working frequency w is much smaller than the
resonance wy of the IXPP film sample itself (w < wy), and a
terminal load resistance R; = 1/wC is selected, the optimal
output P, of the IXPP harvester, given in equation (1), can
be simplified as

| 1
Py = —dpp*APRiw? = —d3pAlw. 5
opt = S d3P ! Yo Q)
Neglecting the parasitic capacitance, one has [34]
ds3 t
— — 6
C 833 A (6)

where ¢ is the total thickness of the IXPP piezoelectret film.
Thus, equations (4) and (5) can be written as

B pzAd33g33W§ct (7)
m 8@31
and
1 2
Ropt = 5‘13383317 Auwt. 3
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Figure 4. (a) Cross-sectional view and (b) optical image of a low-frequency IXPP piezoelectret film acoustic energy harvester. This harvester

is made of a Helmholtz resonator and an IXPP piezoelectret film.

These equations imply that the product ds3 - g33, which is
known as the FoM for piezoelectret transmit-receive systems,
is also the FoM for the piezoelectret energy harvester. This is
also the reason why the IXPP piezoelectret featuring a large
FoM serves as a suitable candidate for the energy harvester.

4. Acoustic energy harvesting with IXPP
piezoelectret films

4.1. Experimental setup

Figure 2 shows the experimental setup for acoustic energy
harvesting with IXPP films both in the audio and ultrasonic
ranges. A commercial loudspeaker was utilized for the audio
range test, and an IXPP piezoelectret film based speaker was
fabricated and used for the ultrasonic range experiment. In both
cases, the sound source was connected to a power amplifier
(DSPPA MP200P III/PINTEK HA-800) which magnified the
electrical signals sent from the personal computer. In return,
sound waves emitted from the speakers impinge normally on the
surface of IXPP acoustic energy harvesters located in the far
field, exciting the IXPP films into vibration. A charge amplifier
(B&K-2635) was employed to convert the generated charge into
voltage signal, whereas a multi-function virtual instrument
software (MI 3.7, Virtins Technology, type DSO-2820) was
implemented in the computer for signal generation, recording,
and analysis. The sound pressure of the incident acoustic waves
was measured by a calibrated microphone (B&K-4138). No
seismic mass was applied on the IXPP samples in this paper
since the IXPP samples have low acoustic impedance and the
application of a seismic mass would reflect most of the incident
acoustic energy.

The optimized output power P, of an IXPP energy
harvester at frequency w can be determined from either the
measurement of the charge QO through the optimized load
resistance Ry, = 1/wC, or from the short-circuit charge Qg
at the resonance frequency [39], as given by

1

Bt = Roptl2 = ROpthQg = %WQszcs ©)

with the relationship that Qi = Qg/~/2 for the optimized
resistance. In this paper, both methods were utilized to
determine the output power generated from IXPP acoustic
energy harvesters.

4.2. Acoustic energy harvesting with IXPP film harvester

As pointed out in section 3, the maximum output power of an
IXPP film harvester may be achieved at its resonance frequency.
Figure 3 illustrates the optimal output power of an IXPP film
acoustic energy harvester obtained from measurement (circle
markers), theoretical calculation with equation (1) (solid line), and
numerical simulation (dashed line), under an applied sound
pressure level (SPL) of 100 dB (or 2 Pa). Here, numerical simu-
lations are conducted with a commercial software, COMSOL
Multiphysics. Material properties of the IXPP films described in
section 2.2 are adopted for the simulations. The IXPP harvesters
used here have an active area of 16 cm?, a capacitance of 185 pF,
and a quasi-static ds; coefficient of 400 pC N, In addition, the
IXPP film is fixed on one side on a PMMA plate with double
sided adhesive tape during this experiment. Thus, only the other
side of the IXPP film is excited to vibrations by the sound waves.
This is different from piezoelectric ceramics. The PMMA plate is
also used to support the flexible IXPP films.

As shown in figure 3, the experimental output power of
this IXPP film harvester increases all the more below the
resonance frequency, corresponding well to the theoretical
results derived from equation (1) and the numerical simu-
lations. At its resonance frequency of around 53 kHz, a
maximum output power of around 7.2 nW (a power density
of 4.5 x 107 uWcm™?) is obtained for this IXPP film
harvester with an optimal load resistance of 16.3 k(2. Above
the resonance frequency, the output power decreases
dramatically, as expected. Due to the limit of the device
and the expected low power of electrical energy harvested
at low frequencies, the output power of this IXPP film
harvester is only experimentally measured in the ultrasonic
range.

The maximum output power of the IXPP film harvester
obtained from the calculation and the numerical simulation,
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using the above parameter values and a mechanical damping
ratio of 0.23 determined from experiment, are 9.4 and
11.6 nW, respectively, close to that from the measurement.
The quality factor for the resonant power peak is 2.5.
According to equation (2), a resonance frequency of 55 kHz is
achieved for these IXPP films with a Young’s modulus of
0.9 MPa, a thickness of 180 pm, an active area of 10 cmz, and
a total film mass of 0.2 g. This calculated resonance frequency
of the IXPP samples is close to the measured one and lower
than that mentioned in the literature [32]. This is due to the
fact that the resonance frequency for a clamped sample is half
that of a free-standing sample [40], which is about
120 kHz [32].
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Figure 7. Schematic view (inset) and generated output power of an
acoustic energy harvester consisting of a Helmholtz resonator with
five IXPP films at an input SPL of 100 dB (2 Pa). The IXPP films
have a square shape with total active area of 80 cm?, a quasi-static
ds coefficient of 550 pC N, and an optimal load resistance of
280 kS2.

4.3. Low-frequency acoustic energy harvesting

It is also of interest to develop IXPP film harvesters for
scavenging low-frequency acoustic energy at low frequencies
when considering that most of the sound sources available in
daily life contain predominantly low-frequency components.
These components are also less attenuated by air absorption in
comparison to high frequency sound [38]. Although the IXPP
film harvester achieves its maximum output at its resonance,
the large FoM of IXPP piezoelectret films also guarantees
these films to be promising candidates for low-frequency
acoustic energy harvesting.

Here, in order to harvest low-frequency acoustic energy
more efficiently, a Helmholtz resonator made of 5 mm thick
PMMA was used. This widely used tool for sound augmen-
tation and noise attenuation was introduced here to amplify
the incident sound pressure so as to increase the output power
of the IXPP acoustic energy harvester. The low-frequency
IXPP acoustic energy harvesters were prepared in such a way
that the IXPP piezoelectret films were attached to the bottom
plate of the Helmholtz resonators with double sided adhesive
tape. The cross-sectional view and optical image of a low-
frequency IXPP harvester are presented in figure 4. In this
experiment, the IXPP films are fixed on a thick PMMA
bottom plate. Due to the flat frequency response of the IXPP
film at low frequencies, such a device has a maximum output
at a frequency close to that of the Helmholtz resonator. Also,
because of the hardness of the PMMA plate, this setup yields
the well-known buildup of sound pressure on its front and
thus an additional increase of the electrical output. As an
alternative, a thin flexible membrane could be used to mount
the IXPP films in the low-frequency acoustic energy har-
vesters [41]. This, however, makes the whole device a more
complicated coupled system, whose output depends on its
mounting and on the geometric dimensions, design, and
materials. Corresponding studies are under way and the
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performance of IXPP acoustic energy harvesters utilizing
such flexible membranes will be discussed in the future.

Figure 5 presents the measured sound pressure in the
cavity (black line) and the output power of the low-frequency
IXPP acoustic energy harvester (red line) obtained experi-
mentally under an input SPL of 100 dB. The output power of
the harvester features a peak value close to the resonance of
the used Helmholtz resonator (900 Hz), as expected.
According to this figure, a maximum output power of
10.3nW, a power density of 6.4 x 107* Wem 2, and a
quality factor of 17.9 are achieved for this harvester with
equation (9) at the frequency of 900 Hz with an optimized
load resistance of 962 k(2. The amplification of sound pres-
sure in the cavity for this device is only 17, being smaller than
those of Helmholtz resonators made of different materials, i.e.
steel and aluminum [14, 22, 42]. This is may be due to the
considerable damping effect of PMMA material. High quality
factor Helmholtz resonators made of alternative hard materi-
als for IXPP film acoustic energy harvesting will be discussed
in a future study.

The optimized output power of the IXPP energy har-
vester can also be calculated by using equation (5) or (8) from
the properties of the IXPP sample and the acoustic char-
acteristics of the Helmholtz resonator. The resulting opti-
mized output power derived from equation (5) is equal to
13 nW, being close to the measured value (10.3 nW). The
discrepancy between these two values is probably associated
with the dynamic ds3 of the IXPP piezoelectret, which is
smaller than the quasi-static counterpart but is applicable for
the measured value. Besides, the acoustic pressure sensitivity
of such an IXPP sample M, defined by M,, = V, /p, where Vg
is the generated open-circuit voltage, is evaluated as
4mV Pa~'. This is almost the same as the value 3.8 mV Pa '
reported in former study [32].

A comparison with an acoustic energy harvester using a
single-layer PVDF cantilever beam [14] with a maximum
output power of ~0.033 uW (7.3 x 107> uW cm2), descri-
bed in the literature, is of interest. The low-frequency IXPP
acoustic energy harvester under the same conditions, i.e. a
resonance of the Helmholtz resonator of 865 Hz and an actual
acoustic pressure of ~400 Pa in the cavity is expected to have
a power density of 0.1 W cm 2, more than 10 times that of
the above PVDF beam cantilever based acoustic energy
harvester. It is worth noting that the output of the PVDF
harvester has to match the resonance of the Helmholtz reso-
nator and the PVDF cantilever so as to achieve a high output
power, while the IXPP film based harvesters have a simpler
structure because of that IXPP piezoelectret films have a flat
response in the audio range, ensuring the compatibility with
different acoustic resonators.

Investigations on the output power of the IXPP film
harvesters using different load resistances R; were also carried
out in this study. Figure 6 shows the measured (circle mar-
kers), calculated (solid line) and simulated (dashed line)
output power of the IXPP acoustic energy harvester as a
function of load resistance R; under an applied sound pressure
of 34 Pa. The load resistances used in this measurement are
130 k2, 1 M(2, and 3 M2, respectively. The simulated output

power of the IXPP harvester is close to the one calculated
from equation (1); further, the experimental result is in good
agreement with the simulation and analytical results as well.
In addition, the maximum output power of this IXPP har-
vester is close to 10 nW with a load resistance of 1 MS2 at
900 Hz, almost the same as its counterpart of 10.3nW in
figure 5. This corresponds quite well to equation (9).

4.4. Enhancements for IXPP acoustic energy harvester

For the sake of improving the energy level of these IXPP
acoustic energy harvesters, several approaches are proposed
and implemented. Among these effective approaches, one of
them is to increase the active area of the IXPP films. For
example, for the low-frequency harvesters, the active area in
such an IXPP acoustic energy harvester prototype can be
multiplied by attaching more IXPP films to the inner walls of
the Helmholtz cavity. To this end, a low-frequency IXPP
harvester using a Helmholtz resonator with five IXPP film
samples attached on its five inner walls (except the top wall)
is prepared. Figure 7 shows the total output power of the
prepared harvester with all the five IXPP film samples in
electrical parallel but mechanical series, featuring a peak
power of 43nW at the resonance frequency of 900 Hz with
the optimized load resistance of 280 k(2. This is almost five
times the power compared to the device having just a single-
wall covered with IXPP, as used in figure 6 at the same
frequency.

Another way to enhance the efficiency of an IXPP
acoustic energy harvester consists in using a stacked or/and
folded structure of IXPP films. As compared with the single-
layer piezoelectret film, the stacked and folded piezoelectret
films have a larger ds;; response, and therefore a larger
receiving sensitivity in the application as microphones [43],
and a larger output power in vibration-based energy har-
vesters [37]. However, one has to consider the fact that the
resonance frequency of stacked and folded IXPP piezoelectret
films may be influenced by the number of layers and/or the
glue utilized between layers. Results on IXPP acoustic energy
harvesters using stacked and folded IXPP piezoelectret films
will be discussed in a future study.

5. Conclusions

We have demonstrated acoustic energy harvesters using IXPP
piezoelectret films with large FoOM. A maximum output power
of 7.2nW is obtained for an IXPP film acoustic energy har-
vester at its resonance frequency of 53 kHz, an optimal load
resistance of 16.3k() and an input SPL of 100 dB. The flat
response in the audio range and large FoM of IXPP films also
make the IXPP film suitable for harvesting low-frequency
acoustic energy. Helmholtz resonators were introduced to
improve the efficiency of IXPP acoustic energy harvesters.
An output power of 10.3nW is achieved for an IXPP har-
vester within a Helmholtz resonator at a frequency of 900 Hz
for an input SPL of 100 dB with an optimized load resistance
of 962k{2. Theoretical results as well as numerical
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simulations show good agreement with the experimental data.
When compared with acoustic energy harvesters using PVDF
cantilever beams, the IXPP acoustic energy harvesters pro-
duce a higher power density under the same conditions, yet
featuring a simpler structure. The output power of the IXPP
acoustic energy harvesters can be further improved by
increasing the active area of the IXPP piezoelectret films.
Moreover, the low cost, low acoustic impedance, flexibility,
biocompatibility and environmental friendliness are strengths
of IXPP piezoelectrets. Such films are thus expected to find
use in acoustic energy harvesting in the future.
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