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Dimensional Effects of Polymer
Piezoelectric Films for Wind
Energy Harvesting
Arrays of flexible polymer piezoelectric film cantilevers that mimic grass or leaves is a
prospective idea for harvesting wind energy in urban areas, where the use of traditional
technologies is problematic due to low wind velocities. Conversion of this idea into an
economically attractive technology depends on various factors including the shape and
dimensions of individual films to maximize generated power and to minimize associated
costs of production, operation, and maintenance. The latter requirement can be satisfied
with rectangular films undergoing flutter in ambient air. Flexible piezoelectric films that
displace due to low forces and can convert mechanical energy into electrical energy are
ideal for this application. The goal of the presented study is to determine the key dimen-
sions of the piezoelectric film to enhance generated power within the wind range charac-
teristic for urban areas from 1.3 to 7.6m/s. For this purpose, experiments were
conducted in a wind tunnel using piezoelectric polymer films of polyvinylidine fluoride
with the length, width, and thickness varying in the ranges of 32–150, 16–22, and
40–64lm, respectively. Voltage and power outputs for individual samples were measured
at wind speeds ranging from 0.5 to 16.5m/s. Results demonstrated that a single film could
produce up to 0.74 nW and that the optimal film dimensions are 63mm� 22mm� 40lm
(from considered samples) for the wind energy harvesting in urban areas. Further
improvement in power production can be expected when using films with reduced thick-
ness, low elastic modulus, and increased length, and by assembling films in arrays.
[DOI: 10.1115/1.4053313]

1 Introduction

In recent decades, there has been an increase in the develop-
ment of renewable energy harvesters, on the scales of both a pub-
lic utility and a single dwelling. While on the single-dwelling
scale, photovoltaic cells constitute the standard for collecting solar
energy, no such standard yet exists for wind energy. On the utility
scale, large wind turbines are utilized. Their operation
requires high consistent wind speed (annual averages of greater
than 7.5m/s) [1]. For this reason, wind turbines are typically placed
80–100 m above ground and are located away from built-up areas
[2]. Urban cities have much lower wind speeds of the order of
2–5m/s range and up to 7.6m/s in extreme conditions [3], which
makes the use of wind turbines in an urban or suburban area imprac-
tical. Therefore, new energy harvesting technologies are required to
harvest urban wind. One possible means is using piezoelectric mate-
rials that rely on flutter to extract the wind energy by converting
mechanical displacement caused from the wind into usable electrical
energy. This is the area of interest for the current study.

Aeroelastic flutter is an instability in a flexible material excited
by the flow of a fluid in which the material is immersed. It was
first investigated with the aim of preventing violent oscillations
leading to catastrophic structural failures [4,5]. Recently, research
has been conducted with the purpose of intentionally initiating
flutter to harvest kinetic energy from a fluid flow using custom-
designed structures [6–23].

The two means of initiating flutter are extraneously induced
excitation (EIE) and movement-induced excitation (MIE). In EIE,
flutter is induced and sustained in the immersed structure by exter-
nally introduced irregularities in the flow, such as the shedding of
a von K�arm�an vortex using a bluff body [24]. One of the earliest
flutter-based energy harvesters consisted of a long strip of a

flexible piezoelectric polymer made to resemble an eel with a
downstream rectangular bluff body [25]. The EIE-based wind har-
vesting devices using flexible piezoelectrics have also been exten-
sively researched by altering the oscillation direction, tip shapes,
and methods of integrating the bluff body [7,11–13,22]. However,
the requirement of a bluff body limits the use of the EIE-based
devices for wind harvesting in urban areas as it requires a larger
footprint area, more complex setup for high density arrays, and
only functions with wind blowing in a single direction.

On the other hand, devices designed to undergo MIE are less
sensitive to wind direction and no bluff body is required. The pie-
zoelectric films can be manufactured with varying dimensions and
shapes and arranged in arrays to increase power generation.

When MIE occurs because of its interaction with an outside
body [24], for example, impact with a physically present stopper,
such a phenomenon is called coupled MIE [26,27]. A coupled
MIE-based device can harvest energy using piezoelectrics or tri-
boelectric effect [8]. No outside body is involved in uncoupled
MIE. An example of an uncoupled MIE-based device is a wind
energy harvester using a flutter induced flexible belt to excite a
magnetic resonator inside an air duct [28].

Most wind harvesting MIE-based devices have directly utilized
the electroactive properties of materials, such as piezoelectrics.
Piezoelectric energy harvesters operate by converting mechanical
strain caused from deformation of the film into usable electrical
energy. Apart from piezoelectrics, other electroactive materials
have been developed such as flexible ionic polymer metal com-
posite (IPMC) [19]. While the maximum power harvested from
the IPMC was 143 nW/mm3 for a single rectangular strip, these
materials operate best in liquid which is not suitable for wind har-
vesting. Flexible piezoelectric materials have been extensively
investigated as low frequency vibration energy harvesting devices
for numerous applications [29–31].

There are numerous piezoelectric materials that have been
investigated for energy harvesting devices from stiff ceramics like
AlN, ZnO, and PZT [30,32]. However, polyvinylidene fluoride
(PVDF) is a flexible polymer-based piezoelectric (elastic modulus
of 2–4GPa) that has been used in low frequency applications due
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to its decreased stiffness. The stiffer ceramic piezoelectric materi-
als typically have higher power densities, but they operate at
higher resonant frequency, which makes it difficult to implement
in low frequency wind applications without the use of large proof-
masses. On the other hand, PVDF has a lower elastic modulus
thus allowing it to be used in low frequency applications such as
MIE energy harvesters. New flexible polymer-based piezoelectric
materials with potentially higher power density than existing
PVDF are also under development and could be promising wind
harvesting materials in the future [33–35].

Previous attempts to increase power from PVDF-based wind
energy harvesting devices have focused on varying the material
properties and the shape of the cantilevers including the develop-
ment of a triangular “leaf” tip [15–17]. The cost, design, and effi-
ciency of such arrays is determined by the shape and dimensions
of individual harvesters within an array. Rectangular strips from
PVDF (and PZT) were studied in [20]. Other attempts have
involved creating curved or buckled beams, but this increases the
complexity of the manufacturing process [36,37].

This paper investigates the wind energy harvesting potential of
rectangular PVDF cantilevers undergoing the MIE flutter and the
effects of varying dimensions of the PVDF films. Simplicity of
this shape is attractive for manufacturing and maintenance, and
thus, will reduce the device cost and increase its reliability. The
considered cantilever dimensions and mechanical properties are
comparable to those of grass, as the energy harvester array could
mimic artificial grass which is capable of converting wind into
usable electrical energy. In the study, the length, width, and thick-
ness of the PVDF film varied with the purpose of selecting a sam-
ple capable of producing the highest power output within the
broadest range of wind speeds characteristic for urban environ-
ments. The paper also investigates the use of both uncoupled and
coupled MIE at various wind speeds. The information determined
from this study can be used to develop new flexible piezoelectric
materials with enhanced properties and integration of high-density
piezoelectric arrays.

2 Materials and Methods

2.1 Experimental Setup. For the experiments, the piezoelec-
tric samples were tested in an open-circuit 0.35 HP subsonic wind
tunnel (ELD Inc., model 401) (Fig. 1(a)). The samples were sus-
pended from the top of the 6-inch square test section of the wind
tunnel (Fig. 1(b)). The sample wire leads were attached to a Han-
tek DSO5000P digital storage oscilloscope set to measure voltage
at 200 samples per second. A custom-made 3D printed holder was
developed to securely fasten the samples to the top of the wind
tunnel to minimize wake, vortex, and roughness effects, as shown
in Fig. 1(c). An air-tight gasket between the clip and the top of the
chamber was achieved using an O-ring and rubber cement. The
holder and sample were then inserted into the chamber with the
aid of a thin layer of petroleum jelly. Each sample was tested at
air speeds ranging from 0.51 to 16.47 m/s at intervals of 0.05 m/s.
The air speed in the wind tunnel was controlled by a digital panel
that varied the fan frequency. In the experiments, the wind tunnel
was operated with a fan revolution frequency ranging from 3.0 to
60.0 Hz at intervals of 0.5 Hz.

For each wind speed setting, the oscilloscope display was
observed until a steady pattern emerged (approximately 1 min).
Then, a 40 s sampling of voltage versus time was recorded. Tests
were conducted with five cohorts of rectangular PVDF samples,
purchased from TE connectivity. Each sample consisted of a
PVDF film with silver ink electrodes printed on each side, and a
thin outer protective urethane coating to protect the conducting
electrodes. The elastic modulus of the PVDF films was between 2
and 4 GPa, generating a low stiffness to allow the device to oper-
ate at low frequencies which is desired for low wind speeds. Wires
were attached to each electrode using a rivet bonding method to
ensure excessive heating was not applied to the PVDF. The

dimensions of each cohort are given in Table 1. In the table,
dimensional identifiers take the form of Lxx-Wxx-txx, where the
digits following the letters L, W, t for the lengths, width, and
thickness of the samples, respectively, in mm (length and width)
and lm (thickness). All samples of the first four cohorts in the
table have the same width. These samples were used to study
effects of the length and the thickness on the power outputs. Sam-
ples from the cohort identified as Lxx-W22-t40 were also used to
study the sample length effects with varying widths. The samples
were cut from a sheet of PVDF using a razor blade to ensure that
the top and bottom electrode did not short. The lengths of the
films were 150, 130, 120, 110, 95, 90, 80, 70, and 63 mm. When
samples from this group are mentioned as having been cut to a
specific length, the xx in its dimensional identifier will be replaced
with its effective length in mm.

Two sets of tests were conducted for the varying samples. The
first set of tests measured the open-circuit voltages produced by
samples from all cohorts. These tests had two purposes. One was
to gauge the behavior of all samples under consideration in order
to determine which would be the most likely candidates for opti-
mal power production experimentation. The second purpose was
to determine at which frequencies the peak voltages at each wind
speed occurred so that ideal capacitive impedances could be deter-
mined for the power measurement test as the load impedance
needs to match the device impedance for maximum power
efficiency.

The second set of experiments were used to determine power
conversion, which consisted of connecting a variable load resistor
in series with the PVDF energy harvester. The input impedance
was matched to the impedance of the film in order to maximize
power. Since peak voltage frequencies (and therefore sample
impedance) varied with wind speed, resistances were varied
accordingly over the course of each test. The variable parameters
of the experiment are summarized in Table 2.

2.2 Data Analysis. In order to identify the flutter type and
voltage magnitude from a given sample at a specified wind speed,
the data for each test were converted to the frequency domain
using a fast Fourier transform. The flutter type was also validated
by visual observation of the samples being tested. Specifically,
fixed-point stability was determined to have occurred when the
sample was observed to be static, swaying gently in the air flow,
or undergoing brief, unsustained periods of vibration. It was con-
cluded that limit-cycle oscillations (LCOs) occurred when most of
the data collected from a test were confined to a narrow range of
frequencies and the sample was observed to be vibrating in a
steady, orderly fashion. The presence of chaotic flapping was
deduced when the data were scattered across a broad range of fre-
quencies and the sample tip was observed to be moving in a seem-
ingly random, disorderly fashion. In cases where coupled MIE
took place, samples were observed to experience repeated impact
against the test chamber ceiling under extreme deformation of the
cantilever. Previous work has demonstrated that uncoupled MIE
occurring in LCO provides the maximum energy transfer from
fluid flow to a flexible object [38].

The cohorts and/or cohort variations that produced the most
voltage in each category (thickness, width, and length), particu-
larly at wind speeds under 8 m/s, were selected for the second set
of tests. The magnitude of the impedance of the films at various
wind speed were calculated from the capacitance of the film and
the frequency of the peak voltage. In cases, where multiple sam-
ples had been tested, f is the mean peak voltage frequency. For
samples that had not been cut prior to testing, the manufacturer
rated capacitance was used. For samples that had been cut, capaci-
tance was determined according to the following expression:

C ¼ Cr

A

A0

(1)
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where Cr is the manufacturer-rated capacitance, A0 is the area of
the uncut sample electrode, and A is the area of a cut sample
electrode.

Power, P, generated during the second set of tests was deter-
mined as

P ¼ V2
rms

R
(2)

where Vrms is the root-mean-square of the peak voltage generated
and R is the resistance added to the circuit to match the imped-
ance. A variable resistor was used to adjust the resistance to
within an error of 60.001 MX. A 60 Hz noise signal caused by the
mains electricity used to power the oscilloscope, was present in
the testing but had values of< 2 mV and thus became negligible
in tests where higher voltages were produced. This phenomenon
was mitigated in postprocessing by filtering the frequency range
of 59.9–60.1 Hz from all calculations.

3 Results and Discussion

3.1 Characterization of Flutter Stages. In the experiments
conducted, the samples underwent three distinct stages of excita-
tion as wind speed increased: fixed-point stability, uncoupled MIE
flutter, and coupled MIE flutter driven by percussive impact with
the test chamber ceiling surface.

Figure 2 provides an example of voltage variations with time
for a sample undergoing different flutter stages. The raw oscillo-
scope data shown in the figure were collected from Sample 1 of
Cohort L63-W16-t40, at wind speed intervals of approximately
1 m/s. The figure does not represent a single experimental run, but
rather 500 ms samplings from the experimental runs correspond-
ing to the wind speeds shown in the x-axis. Across the top of the
plot are labels indicating the type of flutter (or, in the case of the
Fixed-Point Stability here, lack thereof) associated with each
wind speed. The data were recorded at a resolution of 1 point
every 5 ms. Video is also provided in Supplemental Material to
help with visualization of the flutter stages.

During the fixed-point stability stage, voltages produced were
small, less than 1 mV and are thus nonsignificant in terms of har-
vesting energy. The voltage output of the samples of any given

cohort in this stage was the least uniform with sporadic, unsus-
tained oscillations within the samples.

The fixed-point stability regime was demonstrated for low wind
speed testing, where large peaks of 60 Hz noise dominated the
reading as shown in Fig. 3. Therefore, the amount of energy con-
verted is considered to be negligible.

In samples undergoing the uncoupled MIE stage, sustained vibra-
tions were observed as shown in Fig. 4. The voltage output was
increased by about 10x for all tested samples, with one distinct fre-
quency peak. Among samples which experienced this stage, some
were observed to undergo chaotic flapping, while others went
through LCO-type flutter, and some samples experienced both.
LCOs were identified by voltages produced at one narrow frequency,
which varied per sample but was of the order of 20 Hz (Fig. 4), and
chaotic flapping was characterized by voltages produced at multiple
broad frequency ranges (Fig. 5). LCOs occurred often at lower fre-
quencies than those at which chaotic flapping was observed.

The coupled MIE stage occurred when a sample underwent
repetitive percussive impact with the top of the test chamber,
which acted as a stopper, which created a nonlinear dynamic dis-
placement [18] in the film due to the impact. At lower velocities,
only the tip of the sample experienced impact, but as the velocity
increased, the length of the sample section striking the chamber
wall also increased. The voltage output of this stage was magni-
tudes greater than that of the uncoupled MIE stage as shown in
Fig. 6. The stage of coupled MIE is easy recognized on plots Volt-
age versus Wind Speed by the rapid growth of voltage of the order
of tens or hundreds of mV while uncoupled MIE output is typi-
cally between 1 and 10 mV. The large peak voltage was due to the
impact of the chamber thus causing large stress in the piezoelec-
tric film. The voltage output in this stage resulted in multiple nar-
row frequency peaks with decreasing voltage as frequency
increased. This was due to the higher frequency caused from the

Fig. 1 Experimental setup. Images: (a) wind tunnel, (b) test chamber, and (c) clip used to fasten a sample to the
test chamber and image of the device suspended from top of the wind tunnel.

Table 1 Dimensions of each cohort used in the experiment

Dimensional identifier Length (mm) Width (mm) Overall thickness (lm) Polyvinylidene fluoride thickness (lm)

L32-W16-t40 32 16 40 28
L32-W16-t64 32 16 64 52
L63-W16-t40 63 16 40 28
L63-W16-t64 63 16 64 52
Lxx-W22-t40 63–150 22 40 28

Table 2 Summary of the variable parameters in the experiment

Parameter Range of values

Wind speed 0.51–16.47 m/s
Sample length 32–150 mm
Sample width 16 mm, 22 mm
Sample thickness 40 lm, 64lm
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impact of the chamber. Therefore, the coupled MIE with piezo-
electric film impact was the preferred method of maximizing
energy harvesting. Finally, during coupled MIE, the frequencies
of each mode increased with wind speed in a linear relationship.
As an example, variations of the first and second mode frequen-
cies are shown in Fig. 7.

3.2 Effects of Film Thickness. To test the effects of thick-
ness, samples from two pairs of cohorts, all with a width of
16 mm, were compared. One pair included samples from cohorts
L32-W16-t40 and L32-W16-t64. The other pair consisted of
cohorts L63-W16-t40 and L63-W16-t64. These cohorts varied the
overall thickness from 40 to 64lm. Figures 8(a) and 8(b) show a
comparison of the mean peak voltages produced by cohorts L32-
W16-t40 and L32-W16-t64 with a length of 32 mm. While the
samples from L32-W16-t64 produced slightly more voltage than
those from the L32-W16-t40 cohort, neither produced a voltage
greater than 1 mV as they operated in the fixed-point stability
stage at all wind speeds.

Figures 8(c) and 8(d) investigated the effect of thickness with
films of 63 mm in length as these produced coupled MIE regime

Fig. 2 Voltage variations with time for Sample 1, Cohort L63-W16-t40 undergoing different flutter stages

Fig. 3 Voltage versus frequency obtained during the fixed-point stability stage in (a) Sample 5 from cohort
L63-W16-t40 at 1.77m/s (an example typical of gentle swaying) and (b) Sample 2 from cohort L63-W16-t40 at
3.45m/s (an example of unsustained oscillations)

Fig. 4 Voltage versus frequency obtained during the LCO
stage in Sample 1 from Cohort L63-W16-t40 at 8.63m/s. The
most prominent feature shows LCO flutter occurring at 19.4Hz
with a magnitude of 5.8mV.
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stages. These films demonstrated an increase of sample length had
a beneficial effect on the mean peak voltage. Among these sam-
ples, the thinner samples from cohort L63-W16-t40 (Fig. 8(c))
significantly outperformed those with greater thickness from
cohort L63-W16-t64 (Fig. 8(d)). In both cohorts, a sharp increase
in voltage occurred with the onset of coupled MIE, at 8.6560.41
m/s for L63-W16-t40, and at 14.376 0.75 m/s for L63-W16-t64.
At lower wind speeds, L63-W16-t40 exceeded 1 mV at speeds as
low as 3.3 m/s, as illustrated in Fig. 8(a), while no samples of
L63-W16-t64 exceeded 0.5 mV at speeds below 5.0 m/s. The
enhanced performance of the thinner samples was likely due to
the decrease in stiffness of the film. A stiffer/thicker film will
require greater acceleration to generate the same displacements
and stresses as compared to thinner films. This is shown in
Fig. 8(d) where the increase in voltage occurs at high wind speed,
it is believed that higher wind speeds would produce similar vol-
tages as the thinner films in Fig. 8(c). Thus, we can conclude that
thinner samples will be more efficient for lower wind speeds
whereas thicker films can be more efficient for high wind speed
conditions. As a result of the earlier onset of coupling, along with
better performance at lower wind speeds, the thinner of the two
cohorts, L63-W16-t40, was selected for further testing.

3.3 Effects of Film Width. To understand the effects of
width, four samples from cohort L63-W22-t40 were tested to
compare with cohort L63-W16-t40. In Fig. 9, the average voltages
produced by the two cohorts are shown. At wind speeds below
8 m/s, voltages produced by both cohorts were comparable, rang-
ing from approximately 0.4 to 1.5 mV as the wind speed increased
(Figs. 9(a) and 9(b)). However, these operated in the fixed-point

stability followed by uncoupled LCO MIE stages. At their
coupled MIE onset wind speeds of 8.656 0.41 m/s and
12.446 1.20 m/s, respectively, samples from L63-W16-t40 and
L63-W22-t40 showed an increase of orders of magnitude in volt-
age output. While L63-W16-t40 (Fig. 9(c)) had a much lower
onset speed than L63-W22-t40 (Fig. 9(d)), L63-W22-t40 pro-
duced considerably higher voltage, up to 564.9 mV at 16.33 m/s.
The maximum voltage output of L63-W16-t40 was only
302.7 mV at 15.91 m/s. These extremes, while interesting,
occurred at wind speeds well beyond the range of primary interest
of urban wind speeds of 1.3–7.6 m/s. In summary, varying the
film width has negligible effects on the film performance at lower
wind speeds. This is because altering the width has little effect on
the film stiffness. However, the narrower samples experienced the
onset of MIE coupling at a lower wind speed than the wider ones
likely due to their reduced area and as a result, reduced drag
exerted by the airflow on the narrower samples. The wider sam-
ples, on the other hand, produced more voltage in the coupled
MIE regime at higher wind speeds, because they contain more
piezoelectric material. Owing to the similarity of performance
within the wind speed range of primary interest, L63-W22-t40
was chosen in addition to L63-W16-t40 for further testing.

3.4 Effects of Film Length. The effects of varied sample
length were ascertained by comparing the voltage production of
samples from cohort Lxx-W22-t40 at varied lengths. Three sam-
ples were repeatedly cut to increasingly shorter lengths. Sample 1
was tested at lengths 150, 120, 95, and 80 mm. Sample 2 was
tested at lengths 130, 110, and 90 mm. Sample 3 was tested once
at each length of 70 mm and 63 mm. Samples 2 and 3 were tested
with the purpose of increasing the number of tested lengths.
Figure 10 demonstrates the performance of the three samples at
different lengths in two wind speed ranges: 0.5–9.5 m/s
(Figs. 10(a) and 10(b)) and 5.0–16.5 m/s (Figs. 10(c) and 10(d)).
The sample with the length of 130 mm outperformed others in
both velocity intervals. Along with the 150 mm sample, the
130 mm sample experienced the coupled MIE onset at 4.85 m/s.
However, at wind speeds below that, the 130 mm sample experi-
enced more productive LCOs than the rest of the samples, its
voltage jumping from 0.24 to 0.40 mV between 3.3 and 3.7 m/s
(Fig. 10(a)). Additionally, at wind speeds within the range of pri-
mary interest (1.3–7.6 m/s), the 130 mm sample experienced two
voltage peaks of 23.15 and 44.52 mV at 6.7 and 7.6 m/s, respec-
tively, while the 150 mm sample experienced one peak of
12.93 mV at 5.8 m/s. The chamber length was 153 mm which is
believed to affect the 150 mm length film.

A possible explanation for this is that as the length of a sample
increases, its geometry renders it less stable against the excitation
of flutter. However, once a sample exceeds a certain length, in this

Fig. 5 Voltage versus frequency for (a) Sample 2 at 7.79m/s and (b) Sample 4 at 8.07m/s, both from cohort
L63-W16-t40. The dual-peaked broadband frequency response seen in both examples is typical of chaotic
flapping observed in this study.

Fig. 6 Voltage versus frequency for cohort L63-W16-t40, Sam-
ple 5 at 12.69m/s
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case, 130 mm, damping due to mass begins to overcome such
instability. To confirm the performance of the single 130 mm sam-
ple, four additional samples of the same length were produced and
tested at wind speeds up to 10.03 m/s. The upper limit of 10.03 m/
s for wind speeds in this round of testing was chosen because it is
above the range of primary interest, 1.3–7.6 m/s, but below the
minimum speed of tip damage onset, 12.13 m/s, as discussed
below. This round of testing revealed that the overall voltage pro-
duction of the 130 mm samples (Fig. 11) at this wind speed range
(maximum: 122.8 mV at 10.03 m/s) was much greater than that of
the 63 mm samples (maximum: 4.61 mV at 9.75 m/s, Figs. 10(b)
and 10(d)) which were tested as part of the sample width

comparison, discussed earlier. It is particularly noteworthy that
voltage from the 130 mm samples increased by orders of magni-
tude at 6.496 0.21 m/s, a relatively low onset speed for coupled
MIE when compared to other samples in this study. Though it
should also be noted that at wind speeds below 3.5 m/s, the 63 mm
samples produced three to four times the voltage produced by the
130 mm samples (Figs. 10(b) and 10(d)). This is likely due to it
being easier to excite smaller amounts of material at low wind
speeds. To summarize, the voltage production performance of
samples from Lxx-W22-t40 improved as length increased, reach-
ing a maximum at 130 mm. This again is believed to be due to the
sample stiffness as stiffness decreases as the sample length

Fig. 7 Dependence of frequencies of (a) the first and (b) second modes on wind speed for cohort L63-W16-
t40 during the coupled MIE stage, with standard deviation error bars

Fig. 8 Comparison of the mean peak voltages of as a function of length and thickness for cohorts (a) L32-
W16-t40 and (b) L32-W16-t64, (c) L63-W16-t40, and (d) L63-W16-t64
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Fig. 9 Average voltages of cohorts (a,c) L63-W16-t40 and (b,d) L63-W22-t40 for wind speeds (a,b) below
8m/s and (c,d) above 8m/s

Fig. 10 Voltages produced during testing of multiple sample lengths of cohort Lxx-W22-t40 at different
wind speed ranges. Sample lengths tested were (a,c) 130mm (thick solid line), 95mm (solid line), 110mm
(dashed line), 120mm (dash-dotted line), 150mm (dotted line); and (b,d) 63mm (solid line), 70mm (dashed
line), 80mm (dash-dotted line), and 90mm (dotted line).
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increases thus allowing the films to oscillate at lower wind speeds.
Thus, samples with a length of 130 mm were selected to be tested
for power production.

One observation from conducting experiments described in this
section is that at certain high wind speeds, samples with lengths of
90 mm or greater, while experiencing coupled MIE, suffered dam-
age in the form of shredding at their tips, which is due to the
impact of film tip to the chamber top. However, since the lowest
recorded damage onset speed was 12.13 m/s, well above the range
of primary interest, no further consideration to this phenomenon
was given and no damage was observed in the experiments
described below. However, if coupled MIE is to be used in the
future, protective layers at the tip would be necessary for the long-
term use of films.

3.5 Power Generation. Based on the results of the previous
tests, three cohorts, L63-W16-t40, L63-W22-t40, and L130-W22-
t40, were chosen to test for power production. Four samples from
each cohort were used in the tests. Figure 12 compares the average
power produced by each cohort over the range of wind speeds,
0.5–10.0 m/s. The figure demonstrates that cohort L63-W22-t40
performs the most consistently, producing an average of 0.41 nW,
ranging between 0.11 and 0.74 nW (Fig. 12(b)). Note that
throughout this wind speed range, LCO flutter was observed in
this cohort. The other two cohorts only began to match this per-
formance at wind speeds greater than 8 m/s, after the onset of
coupled MIE (Figs. 12(a) and 12(c)). At wind speeds below
8.0 m/s, cohort L130-W22-t40 produced the least power among
the three cohorts while in the previous tests, this cohort produced

Fig. 11 Mean voltages produced by samples of cohort L130-W22-t40 at wind speeds (a) below and (b) above
5.3m/s

Fig. 12 Power versus wind speed for cohorts (a) L63-W16-t40, (b) L63-W22-t40, and (c) L130-W22-t40
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the greatest amount of open-circuit voltage. This is likely due to
the phenomenon of damping through resistive shunting [16],
wherein the kinetic energy of a piezoelectric element is dissipated
through joule heating via ohmic resistance, which has a damping
effect on sample vibrations. Indeed, over the course of power test-
ing, samples from cohort L130-W22-t40 were in a circuit with an
average resistance of 2.306 0.70 MX. On the other hand, cohorts
L63-W16-t40 and L63-W22-t40 were incorporated in circuits
with resistances of 1.936 0.81 MX and 1.626 0.34 MX, respec-
tively. As a result, the cohort that was wired with the most resist-
ance produced the least power, and vice versa. Higher power can
be harvested using higher wind speeds, which create coupled
MIE, and by combining arrays of films.

Here, we will compare results of the current study with those
presented previously [20], where two rectangular PVDF samples
with dimensions L41-W16-t20 and L171-W22-t20 (in the nota-
tions of the current paper) were tested at the wind speed between
3 and 10 m/s. Their shorter sample L41-W16-t20 generated power
output in nW (specific values are not provided), which was com-
parable to our results. However, the longer sample L171-W22-t20
produced much higher power, up to 93.6lW, than in our study.
Whereas the increase in the power production by a longer film
observed in [20] is consistent with the findings of this study
regarding benefits of using longer samples of the lower stiffness
material for the wind energy harvesting, differences in the experi-
mental setups may contribute to different power outputs obtained
as the previous studies used samples that were fixed parallel to the
flow as opposed to perpendicular to the flow as done in this study.
The previous study [20] also used a flow valve to create turbu-
lence. In the current study, the flow was laminarized prior to
entering the test chamber.

In summary, results shown in this section suggest the sample
length and width of 63 and 22 mm, respectively, to be optimal for
power production in the range of wind speeds characteristic for
urban areas.

4 Conclusions

In the current study, samples of PVDF films with varying
length, width, and thickness in the ranges of 32–150 mm,
16–22 mm, and 40–64lm, respectively were tested for their volt-
age and power production utilizing flutter at wind speeds in the
range 0.5–16.5 m/s. Three groups of films with dimensions
63 mm� 16 mm� 40 lm, 63 mm� 22 mm �40lm, and
130 mm� 22 mm� 40lm were found to generate the most volt-
age. Voltage of interest from practical perspective was created by
the excitation of flutter in the form of uncoupled LCO MIE and
coupled MIE. While LCOs consistently produced voltages rang-
ing from 1 to 10 mV, coupled MIE typically produced voltages in
the 100’s of mV range. However, coupled MIE typically occurs at
wind speeds outside the range of wind speeds in urban areas. To
enable coupled MIE at lower wind speeds, piezoelectric films
with reduced thickness, low elastic modulus, and increased length
are desired. Novel flexible polymers with lower elastic moduli
would be beneficial for this application.

Comparing the power production by these three groups of films,
films with dimensions 63 mm� 22 mm �40lm (cohort L63-
W22-t40), produced the most power, 0.416 0.32 nW, within the
wind speed range of primary interest, 1.3–7.6 m/s, throughout
which LCO flutter was observed. While power produced even by
the best single strip was low (maximum: 0.74 nW), the films are
expected to be assembled in arrays rather than to be utilized indi-
vidually. Results presented in the current paper for the individual
films are meant to facilitate the design of such arrays.
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