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Abstract: Acoustic energy is an often overlooked but increasingly prevalent source of ambient energy
that could be scavenged to power a wide range of devices. Piezoelectric materials are often used, but
the tradeoff between acoustic impedance matching and the amount of ceramic piezoelectric material
as the active material has not previously been investigated. In this work, commercially available
1–3 dice and fill composites with various fill factors (25%, 45%, and 65% of Pb(Zr,Ti)O3) and different
acoustic impedance values were tested using an impedance tube and then modeled using a KLM
equivalent circuit model. As expected, a higher amount of ceramic material resulted in a higher
acoustic absorption coefficient. Experimentally, the highest fill factor with the highest piezoelectric
coefficient also resulted in larger output power at all dB levels, reaching a maximum of 115 nW
(84 nW/cm3) at 111 dBSPL for the 65% fill sample. In the model, the 25% fill factor with the best
acoustic impedance matching shows the highest expected output power instead, but this discrepancy
is most likely due to a lowered piezoelectric coefficient during testing due to the clamping conditions.

Keywords: energy harvesting; piezoelectric; composite

1. Introduction

With the proliferation of portable, smart, and wireless electronic devices as we move
towards the realization of the Internet of Things, an increased need for power has re-
sulted in an intensified interest in energy harvesting or scavenging from various external
stimuli. Compared to other sources of ambient power, there has been considerably less
focus on acoustic energy, even though this energy is prevalent and mostly wasted. Piezo-
electric materials are commonly used in acoustic energy harvesters (AEHs) due to their
innate ability to convert pressure into an electric field, as quantified by the piezoelectric
coefficient [1,2]. Due to this transduction, there is the potential to provide enhanced passive
noise cancelation, or these devices could be used for self-powered active noise cancelation
as well. Piezoelectric materials are already well known to provide noise and vibration
reduction when incorporated into passive or active structures [3–6], and it may be that the
piezoelectric phase itself imparts some additional noise attenuation.

Most current AEHs are Helmholtz resonators, acoustic tube resonators [7–13], or sonic
crystals [14,15], all of which can only efficiently convert energy in a narrow frequency
band around the resonance frequency. Recent efforts have also focused on membranes
such as PVDF [16] or other nanostructured energy harvesters generally based on the
triboelectric effect [17–19]. However, there are few reports of efficiency [9] or of how much
acoustic energy is reflected or dissipated into heat energy at the interface. Intuitively,
impedance matched materials would maximize the efficiency but would also modify the
sound absorption, reflection, and transmission coefficients, and materials with a higher
mismatch are therefore expected to dissipate more acoustic energy at the interface. The
balance between these factors, while well understood for transduction, has not been studied
for AEH systems.
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An equivalent circuit for the one-dimensional analysis of piezoelectric resonators was
first derived by Mason [20], allowing for an analytical solution that models the piezoelec-
tric with one electrical port coupled with two acoustic ports. Later, Krimholtz, Leedom,
and Matthae [21] published another equivalent circuit (now known as the KLM model)
similar to the Mason model but which did not feature a negative capacitance term at the
electrical port that was considered to be non-physical. The Mason and KLM models, while
more frequently used for the design of acoustic transducers [22–24], can also describe the
dynamics of piezoelectric energy harvesters by inputting the signal over one of the acous-
tic ports [25–27]. These models can be an important tool to study the effects of acoustic
impedance and the piezoelectric properties on the power that can be converted in AEHs.

In this work, to understand the sound absorption and the power harvested for samples
with different acoustic impedances, the absorption coefficient, acoustic impedance, and
power generated of 1–3 piezoelectric composites with varying PZT fill factors were char-
acterized in a low frequency range (below 2000 Hz) corresponding to typical background
noise. We also used the KLM model to simplify the piezoelectric materials into electric,
acoustic, and electromechanical components of an equivalent circuit. The simulated values
of voltage and power matched the experimental data well, validating the model.

2. Materials and Methods

A homebuilt 2′′ diameter acoustic impedance tube was used for measurements. Fur-
ther details of the design of the impedance tube including the materials and design param-
eters are included in the Supplementary Materials.

2.1. Absorption Coefficient Measurement

Two microphones were incorporated, and the transfer method was used to calculate
the sound absorption [28,29] through a custom Python script. Each microphone was
powered by a DC power supply (HP E3611A) with 3.3 V of DC current. Gain was adjusted
to the lowest setting. Signals from the microphone were collected with an HDO4052A
oscilloscope. A sine wave output was put through a 100–3000 Hz bandpass filter using the
SRS 570 current preamplifier and then connected to an ND65–8 speaker (Dayton Audio).

2.2. Power Generation Measurement

For voltage generation measurements, the signal used was a 100–5000 Hz frequency
sweep for 49 s and with a 10 Hz sample frequency. Rather than an oscilloscope for voltage
measurements, a lock-in amplifier and prewritten LabVIEW software were used for data
collection. During data collection, the recorded signal was monitored for clipping. If
this occurred, sensitivity was adjusted and recorded to properly scale the data during
data processing. For each material, the voltages generated during the signal sweep were
recorded across 0.510, 1, 1.5, 2, 4.7, and 10 kΩ resistors. The power across each resistor
versus frequency was calculated to examine the optimal conditions for maximum power
generation. Once the optimal conditions were determined, the materials’ power as a
function of the sound pressure level was found.

2.3. Sample Details

1–3 PbZr1–xTixO3 dice and fill composites were purchased from Smart Materials. To
examine the relationship between the voltage generated and the sound absorption for
varying amounts of PZT, samples with a 25%, 45%, and 65% PZT fill factor were selected.
All samples were coated with CuSn (copper-tin) electrodes and then poled. Wires were
then attached to each side of a material with conductive silver paste and copper tape.

2.4. Model Details/Equivalent Circuit Design

Figure 1b gives a schematic of the equivalent circuit used for the model. Across one of
the acoustic ports, a voltage would be added to represent the force of the acoustic wave
that impacts the PZT composite (VIN). On the other acoustic port, a resistor R1 is added so



Energies 2022, 15, 3734 3 of 9

we can tune the boundary conditions as the composite is clamped at the edge but free in
the middle. The electrical port is connected with a resistor R2, which represented the load
resistor across which we measured the voltage in our experimental data.
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Figure 1. (a) Schematic of the experimental setup including the impedance tube and the 1–3 dice and
fill composite. (b) KLM equivalent circuit for the present acoustic energy harvesting setup. ZTL and
ZTR are the impedance values for the left and right acoustic ports, respectively.

The experimental input parameters that were required for the model were capacitance
(C0), density of the PZT/polymer composite (ρcomposite), piezoelectric coefficient d33, area
A, and thickness t. The d33 values were measured in the laboratory using a Berlincourt
measurement system. C0, ρPZT, and ρpolymer were given by the materials’ specification
sheets from the manufacturer. Constants ρcopper, vPZT, vpolymer, and vcopper were given by
the NDT Resource Center [30]. To calculate the density and longitudinal sound velocity in
the piezoelectric composites, we used a weighted average for the different fill factors (e.g.,
for 25% fill factor, 0.25 ∗ ρPZT + 0.75 ∗ ρpolymer = ρcomposite).

3. Results
3.1. Absorption Coefficient of PZT Ceramics

Figure 2 shows the absorption coefficients using the two microphone measurements,
as calculated using the custom written data analysis software. The tube was validated prior
to study of the piezoelectric composite samples by comparing the absorption coefficients of
the empty tube to a polyurethane acoustic foam. Differences in the absorption coefficient
are mainly seen in the 0–750 Hz range for the PZT composites. The 25% sample is clearly
less absorptive when compared to the higher amounts of PZT in the sample. Due to the
higher amounts of polymer (which has an acoustic impedance closer to that of air), there is
a better impedance match between the material and air, resulting in better transmission
of the pressure wave through the material, which results in reflection off the rigid back
plate. The samples with 45% and 65% show very similar absorption coefficient spectrums,
with the 65% PZT being slightly lower. From 750 to 2000 Hz, all samples had similar
absorption coefficient values. Although the homebuilt tube may introduce noise into these
measurements, the relative values and trends for the different fill factors are not expected
to be affected.
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Figure 2. Plots of the absorption coefficients for the composite materials with different fill factors.

3.2. Power Generated

From the plots in Figure 3, the conditions for optimal power generation were found
by varying the load resistor and looking at the frequency spectrum in the range of interest.
These conditions are shown in Table 1. The frequency of the peak in the power values
is consistent for all samples and roughly correlates to the fundamental standing wave
frequency of the tube (L = 40 cm, giving f0 ~430 Hz).
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Table 1. Optimal power generation conditions for the composites.

PZT Fill Factor Piezoelectric Coefficient d33 (pC/N) Frequency
(Hz)

Load Resistance
(Ω)

25% 125 480 2000
45% 363 480 2000
65% 409 470 1500

Figure 4 shows the peak values of power generated by the PZT composites as a
function of sound pressure levels (SPL, in dB). A deviation from linear behavior is observed,
but when plotted on a log–log scale (not presented), a linear relationship between electric
and acoustic power is observed. Higher amounts of PZT clearly lead to significantly higher
amounts of power generation. At 111 dB, the power of the 65% fill sample is approximately
three times that of the 45% fill and six times that of the 25% fill. This also correlates to
an increase in the piezoelectric coefficient (d33), which was measured for the composite
samples. This indicates that a high piezoelectric coefficient (and therefore a higher amount
of piezo-active material) is more important than acoustic impedance matching in optimizing
the power harvested.
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pressure (dBSPL).

3.3. KLM Model Results

The modeling results showing the peak power generated for the three different com-
posites versus the input acoustic pressure is plotted in Figure 5. There are quite a few
differences to note between the simulated data and the experimental data. The first is
that, by inputting the measured materials parameters, the power generated is an order of
magnitude lower than what we experimentally measured. We also observed the opposite
trend in how the fill factor of PZT affects the power. Experimentally, in Figure 4, we see
that more of the active material corresponded to more power (i.e., 65% fill factor had the
highest values for all dB levels). However, in the simulations, the 25% fill yielded the most
power, followed by the 65% fill and the 45% fill.
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Figure 5. Power generation as a function of the sound pressure level for (a) an open boundary
condition and (b) a shorted boundary condition.

To examine this further, the impact of adjusting the parameters within experimental
error was investigated. Firstly, for impedance matched conditions, there is a difference in
peak power of over 3× between open and short acoustic boundary conditions. The open
condition corresponds to the AEH being clamped (i.e., not free to resonate), whereas the
short condition corresponds to the AEH being mechanically unrestricted. The piezoelectric
composites were placed against a metal flange but were not completely restricted and
are likely somewhere in between the two. This can be adjusted through the addition of a
resistive term R1 in the series with the boundary and through tuning the output voltage and
power between the open and short conditions (not shown). However, this correction factor
should be the same for all three samples. Secondly, there is up to ±10% variability in the
fill factors, as quoted by the supplier. This would lead to a large difference in the acoustic
velocity of the material. We see in Figure 6 that the peak output power is systematically
lowered as the fill factor is increased. For the 25% fill factor sample, the maximum 10%
tolerance factor translates to a +100% or −50% change in the peak output power. This
variance is roughly the same for the 45% and 65% samples around their tolerance factor
as well. However, almost an order of magnitude of difference still exists between some
of the samples, so the acoustic velocity alone would still not be enough to account for the
discrepancy in the theoretical and experimental results.

Lastly, the piezoelectric coefficient d33 was varied, as shown for the 25% fill factor
sample in Figure 7. Other than the fill factor, this parameter was shown experimentally to
have the highest value of experimental error and is expected to dramatically alter the energy
produced for a given set of conditions. For higher values of the piezoelectric coefficient
(50 pC/N or higher), the output extinguishes with higher modes, as expected, but for
lower values of d33, the power output is lower at the first peak and then goes up and
reaches a maximum value at what is most likely a second or third harmonic before being
extinguished. In fact, the output for d33 = 20 pC/N most closely matches our experimental
results for the 25% fill sample, as this behavior with the maximum power at the secondary
peak is observed, as seen in Figure 3. This is despite the measured value of 165 pm/V,
which shows maximum power at the first peak that is inconsistent with the results. The
frequencies of the peaks in the power are also similar to the measured values (350 Hz and
460 Hz, respectively, for the 25% fill sample). This suggests that the piezoelectric coefficient
is most likely lower than that initially measured. Repeated testing after measurements did
not show a significant discrepancy in the values of d33, suggesting that the samples are
not depoling or otherwise affected by the measurements. Another alternative is that it is a
result of the partial clamping of the samples. The electrode area is higher for the 25% fill
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sample (6400 vs. 5625 mm2), making the possibility of clamping conditions having more of
an impact on this sample than the others highly likely.

Energies 2022, 15, x FOR PEER REVIEW 7 of 10 
 

 

 
Figure 6. The projected power versus frequency for variations in the fill factor of ±10% of the nom-
inal value, with other parameters held constant for the (a) 25%, (b) 45%, and (c) 65% samples. 

Lastly, the piezoelectric coefficient d33 was varied, as shown for the 25% fill factor 
sample in Figure 7. Other than the fill factor, this parameter was shown experimentally to 
have the highest value of experimental error and is expected to dramatically alter the en-
ergy produced for a given set of conditions. For higher values of the piezoelectric coeffi-
cient (50 pC/N or higher), the output extinguishes with higher modes, as expected, but for 
lower values of d33, the power output is lower at the first peak and then goes up and 
reaches a maximum value at what is most likely a second or third harmonic before being 
extinguished. In fact, the output for d33 = 20 pC/N most closely matches our experimental 
results for the 25% fill sample, as this behavior with the maximum power at the secondary 
peak is observed, as seen in Figure 3. This is despite the measured value of 165 pm/V, 
which shows maximum power at the first peak that is inconsistent with the results. The 
frequencies of the peaks in the power are also similar to the measured values (350 Hz and 
460 Hz, respectively, for the 25% fill sample). This suggests that the piezoelectric coeffi-
cient is most likely lower than that initially measured. Repeated testing after measure-
ments did not show a significant discrepancy in the values of d33, suggesting that the sam-
ples are not depoling or otherwise affected by the measurements. Another alternative is 
that it is a result of the partial clamping of the samples. The electrode area is higher for 
the 25% fill sample (6400 vs. 5625 mm2), making the possibility of clamping conditions 
having more of an impact on this sample than the others highly likely.  

Figure 6. The projected power versus frequency for variations in the fill factor of±10% of the nominal
value, with other parameters held constant for the (a) 25%, (b) 45%, and (c) 65% samples.

Energies 2022, 15, x FOR PEER REVIEW 8 of 10 
 

 

 
Figure 7. The projected power versus frequency for the 25% fill factor sample with various piezoe-
lectric coefficients. 

4. Discussion 
The initial assumptions by the authors were that there may be a tradeoff in perfor-

mance due to the acoustic impedance mismatch with air, decreasing with higher amounts 
of active ceramic material. Rather, the experimental results indicate that the higher 
amount of piezoelectric material results in a higher power harvested from the acoustic 
energy, which also is a reasonable assumption. Although the results of the KLM model 
would suggest that a lower density and corresponding acoustic velocity is the primary 
factor that drives high power, this discrepancy is most likely due to the clamping of the 
samples impacting the effective piezoelectric coefficient. Working towards a more com-
prehensive study that varies the density and the piezoelectric response of composite ma-
terials is also planned based on these encouraging results, and this should help to more 
fully understand the impact of acoustic impedance and piezoelectric properties. Revising 
the model to add impedance matching layers, similar to the methods used in enhancing 
the radiated power of a transducer, could also provide additional insight. 

5. Conclusions 
In summary, 1–3 dice and fill piezoelectric-polymer composites were investigated 

both experimentally and through a KLM model as a passive sound cancellation layer and 
as potential acoustic energy harvesters. The absorption coefficient was higher as the 
amount of PZT ceramic material was increased, corresponding to an increased acoustic 
impedance. Experimentally, the power generated was increased with the higher amount 
of piezoelectric material as well. However, using the KLM 1D equivalent model, the 25% 
fill factor sample is predicted to show a higher output power for the same acoustic input 
power, but this is most likely due to discrepancies in the piezoelectric coefficient that 
would play an important role in the power output. With a maximum peak power of 115 
nW, these 1–3 composites are promising for acoustic energy harvesting applications. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: Tube Design Schematic, Figure S2: fully fabricated impedance 
tube, Table S1: Materials used for impedance tube fabrication, Table S2: Specifications of PZT com-
posite materials. References [31,32] are cited in the supplementary materials. 

  

Figure 7. The projected power versus frequency for the 25% fill factor sample with various
piezoelectric coefficients.



Energies 2022, 15, 3734 8 of 9

4. Discussion

The initial assumptions by the authors were that there may be a tradeoff in perfor-
mance due to the acoustic impedance mismatch with air, decreasing with higher amounts
of active ceramic material. Rather, the experimental results indicate that the higher amount
of piezoelectric material results in a higher power harvested from the acoustic energy,
which also is a reasonable assumption. Although the results of the KLM model would
suggest that a lower density and corresponding acoustic velocity is the primary factor
that drives high power, this discrepancy is most likely due to the clamping of the samples
impacting the effective piezoelectric coefficient. Working towards a more comprehensive
study that varies the density and the piezoelectric response of composite materials is also
planned based on these encouraging results, and this should help to more fully understand
the impact of acoustic impedance and piezoelectric properties. Revising the model to add
impedance matching layers, similar to the methods used in enhancing the radiated power
of a transducer, could also provide additional insight.

5. Conclusions

In summary, 1–3 dice and fill piezoelectric-polymer composites were investigated
both experimentally and through a KLM model as a passive sound cancellation layer
and as potential acoustic energy harvesters. The absorption coefficient was higher as the
amount of PZT ceramic material was increased, corresponding to an increased acoustic
impedance. Experimentally, the power generated was increased with the higher amount
of piezoelectric material as well. However, using the KLM 1D equivalent model, the 25%
fill factor sample is predicted to show a higher output power for the same acoustic input
power, but this is most likely due to discrepancies in the piezoelectric coefficient that would
play an important role in the power output. With a maximum peak power of 115 nW, these
1–3 composites are promising for acoustic energy harvesting applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en15103734/s1, Figure S1: Tube Design Schematic, Figure S2: fully
fabricated impedance tube, Table S1: Materials used for impedance tube fabrication, Table S2:
Specifications of PZT composite materials. References [31,32] are cited in the supplementary materials.
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