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ABSTRACT

The paper presents the results of an investigation of a possibility for energy harvesting from a flexible
material such as an ionic polymer-metal composite (IPMC) placed in a steady flow of air characteristic of
conditions typical to a densely urbanized area. As electroactive devices require dynamic loading to produce
current, their response is usually evaluated in unsteady and turbulent flows, where an electroactive
polymer follows the movement of the medium surrounding the device. In our study, we examine the flow
conditions at which flutter sets the IPMC strip in motion. Although flutter is often perceived as an
unfavorable phenomenon for aerodynamic applications and civil structures, it may be beneficial for

harvesting wind energy. Of particular interest is that this phenomenon may occur in a steady flow, which
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potentially expands the range of favorable flow conditions for energy harvesting. In the paper, the air
speed at which flutter occurs and the speed range at which flutter is sustained are provided along with the

estimated amount of power produced in an IPMC sample of specified dimensions.
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1. INTRODUCTION

lonic polymer-metal composites (IPMCs) have been the subject of an increasing
amount of research recently due to their sensing and actuation capabilities. Early
contributions in their manufacturing, modeling, and associated industrial and medical
applications can be found in [1-4]. Many more specific modeling applications of IPMCs
(and other electroactive devices) are discussed in [5-11].

IPMCs consist of a thin semi-permeable polymer membrane sandwiched
between thin layers of metal which serve as electrodes. Cations are cross-linked to the
polymer chains and are immobile when dry. When hydrated, water molecules surround
the cations, rendering them mobile. When stimulated with electricity, the cations in a
hydrated polymer move toward the cathode, which causes the polymer to expand
toward the cathode. When subjected to mechanical deformation, a density differential
develops in the polymer as a result. The hydrated cations move from the higher density
to the lower density regions, creating an electric charge, which can then be conducted
away via the electrodes [12]. Further detail about the mechanoelectric properties of

IPMCs is found in Section 2.1 of the current paper.
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Of interest for the current study is the ability of an IPMC to act as a
mechanoelectric energy harvester, which converts ambient vibrational energy into
electricity. The IPMC capabilities for such an application were investigated in [13],
where it was found that the maximum power output of 3- 10™° W could be achieved
with the maximum IPMC strain of 0.3% at the vibrating frequency of 7.09 rad/s (1.13
Hz). Properties of IPMCs when used as a mechanoelectric energy harvester were also
reported by Tiwari and Kim [14], who showed that IPMCs could be used to harvest
energy from vibrational frequencies below 50 Hz. Power density determined in [14] was
~45 W/m’.

Numerous studies were conducted to evaluate a potential for energy harvesting
with IPMCs in various configurations. In [15], for example, energy exchange between a
vortex ring and an IPMC was investigated. A rate of conversion from strain energy to
electrical energy was found to be in the range of 0.0003% — 0.0012%. Aureli et al. [16]
studied energy harvesting from the base excitation of IPMC and observed the maximum
power generation of 1+ 107° W for the base excitation of 1073 m. Applying a
mathematical model for the chemo-mechano-electric response of an IPMC, they
experimentally verified that energy harvesting is optimized when shunting on the
energy harvesting circuit matches the internal resistance of IPMC. Effects of geometry
and physical properties on the IPMC capacitance were analyzed in [17]. Cellini et al. [18]
reported that power gleaned from fluid-induced buckling of IPMC was in the range of
10712 — 107° W with the flow speed varying from 0.23 to 0.54 m/s. In particular, power

up to a few nanowatts was harvested from a turbine composed partially of IPMCs
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immersed in a flow at 0.43 m/s [18,19]. Cha et al. [20] created a carangiform swimmer,
whose tail mimicked that of a thresher shark, with IPMCs incorporated into the tail.
They also found that the energy harvesting was maximized when the shunting
resistance of an energy harvesting circuit matched the internal resistance of IPMC.
Research efforts have also been devoted to construct efficient energy harvesting circuits
using IPMCs [21-24] that utilize the knowledge that the IPMC energy harvesting
capabilities are maximized when the shunting resistance of an energy harvesting circuit
matches the internal resistance of IPMC.

Effects of aeroelastic instabilities on the energy harvesting capabilities and
various geometries of electroactive materials were investigated in [25-30]. Sirohi and
Mahadik designed a piezoelectric wind energy harvester that generated more than
50- 1073 W at a wind speed of 5.19 m/s [31]. The design used galloping of a bar with
triangular cross section attached to a cantilever beam. Among the reasons their device
produced that amount of power are the device dimensions and the use of piezoelectric
sheets of PSI-5H4E, which has a higher energy density than IPMCs. Giacomello and
Porfiri used underwater flutter of a heavy flag hosting IPMCs to harvest energy [32].
They recorded the generated power to be ~ 1071% W in the range of the mean flow
velocities from 0.6 to 1.1 m/s. Hobeck and Inman used an array of piezoceramic wafers
excited by spring steel cantilevers made to resemble blades of grass to harvest up to
11073 W per sample. In another experiment they used a similar array of mylar-coated
piezopolymer cantilevers to harvest up to 1.4- 107® W per sample [33]. Fei and Wen

harvested up to 1.3- 10~3 W with a stretched thin polymer belt. Airflow perpendicular
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to the belt then induced flutter. The resulting vibrational energy was transferred to
magnets which induced current in a solenoid [34]. Perez et. al. used airflow to induce
flutter in a thin Teflon membrane confined between two parallel walls backed with
metal electrodes. The vibration of the membrane against the walls caused a variable
capacitance and a triboelectric effect resulting in an output of close to 2 W/m?[35].
Similarly, Ravichandran et. al. placed a thin film inside of an electrode-lined venturi
tube. The low pressure in the throat of the tube caused the film to flutter at high
frequencies. With a film made of polycarbonate (PC) and electrodes composed of
polytetrafluoroethylene (PTFE) and copper, the resultant triboelectric effect produced a
peak power of 4.5 - 1073 W [36]. Of interest for the current study is flutter, a physical
phenomenon that naturally occurs in fluid-structure interactions, and the possibility of
energy extraction directly from IPMCs interacting with air using this phenomenon. Here
it must be mentioned that the history of studies of aeroelastic flutter is quite long,
starting with the seminal 1930s work of Theodorsen [37], and for a large fraction of that
history, flutter was considered as the instability of a lifting surface (wing, wing with
aileron, turbine blade, etc.) in a moving flow, where a positive feedback loop may arise
between the deflection of the lifting surface and the aerodynamic force exerted by the
flow. While the original motivation for the studies of flutter was to prevent it (and keep
the lifting surfaces attached to the aircraft), flutter in its literal aeroelastic definition has
also recently attracted the attention of researchers as a mechanism suitable for energy

harvesting. A recent example is a flutter-driven oscillatory windmill proposed by
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Farthing [38]. Some of the other relevant studies on flutter of a rectangular plate are
[39-46].

The current paper presents results of an investigation of the wind energy
harvesting capabilities of a stand-alone rectangular IPMC strip undergoing flutter in a
wind tunnel. This simplistic design provides a useful baseline not only for how much
power a strip of IPMC can produce, but also an insight into what to expect from an array
of multiple IPMC strips for a greater power output is desired. The authors hope that
data presented also provide a helpful reference for fluid-structure simulations required
for a comprehensive analysis of the energy harvesting potential of flexible electroactive

devices. Energy harvesting circuit optimization is not a subject of the current research.

2. MATERIALS AND METHODS

2.1 Material Overview

IPMCs are a type of flexible electroactive polymer within the class of smart
materials. They consist of an electroactive ionic polymer, sandwiched between two
noble metal electrodes. The noble metal electrodes are formed in a two-step process:
the initial compositing process and the surface electroding process. The IPMC used in
the current study consists of a Nafion 117 ionic polymer and platinum surface
electrodes. The dimensions of the IPMC strip utilized in the experiments are 0.1 m x
8- 1073 m x 2- 10™* m (Fig. 1). Thickness of each platinum electrode is 13- 107 m as

reported by the manufacturer [47].
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As an electroactive material, IPMC can act as a sensor or as an actuator. If a
time-varying electric field is applied across the surface electrodes, the IPMC will deform.
Conversely, if the IPMC is subject to quasi-static or dynamic deformation, a charge
difference between its electrodes will occur. This differential charge can be measured
from differential voltage between the two electrodes. The magnitude of this differential
voltage is directly proportional to the mechanical deformation input [1].

The charge gradient formed in an ionic polymer is due to the ion transport and
the electrophoretic solvent transport [1]. In our study, deionized (DI) water was used as
an electrophoretic solvent. A defining property of ionic polymers is that ions with one
charge are fixed, and ions of the opposite charge are mobile. In Nafion 117, anions are
fixed to the polymeric structure in the whole volume; sodium cations are mobile. The
role of an electrophoretic solvent is to hydrate the sodium cations creating Na(H20)4+.
When a bending deformation is applied to IPMC, the hydrated cations are forced away
from the compressed side of the beam creating a net positive charge on the side of the
beam in tension. This charge accumulates on the platinum electrode at the IPMC
surfaces and can be measured by the difference in voltage between the two electrodes
as mentioned above. As with any capacitive system, the charge tends to disperse back
to an equilibrium state, and therefore, dynamic deformation of IPMC is required for
energy harvesting.

With such a thin beam made up mostly of the Nafion 117 membrane, the elastic
modulus of IPMC is low: between 30 - 60 MPa [12]. That is, very large deformations of

this material can be achieved in actuation with small voltages. (In general, IPMCs have
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larger actuation displacement and lower reaction speed than other smart material such
as shape memory alloys, for example.) The low elastic modulus also makes the material
sensitive to ambient vibrations, which is beneficial for harvesting energy from wind.

Moreover, IPMCs are resilient and elastic in terms of fracture toughness [4].

2.2 Experimental Setup and Procedure

In our experiments, the IPMC strip was tested in an ELD 401 open-circuit 0.35 HP
subsonic wind tunnel (Fig. 2a) located at the Department of Mechanical Engineering,
University of New Mexico. The strip was mounted at the top of the tunnel 6-inch square
test section, as shown in Fig. 2b. A custom insert was designed and fabricated in-house
to minimize roughness along the top of the test section. Each trial was carried out
immediately following complete hydration of IPMC in the DI water. This was done to
ensure that the IPMC strip retained electrical and mechanical properties throughout the
data collection period.

The IPMC strip was clamped between two copper electrodes. The clamp, shown
in Fig. 3, was constructed in-house, and the surfaces of the electrodes were sanded
periodically to ensure full contact with the IPMC surface.

The short-circuit current from the IPMC strip was delivered to a current-to-
voltage converter employing a TLO82 operational amplifier. The converter was
calibrated to a current-to-voltage gain of 1V/1mA following the converter designed in

[17]. A NI USB-5132 digitizer, with a sampling frequency range of 763 Hz to 50 MHz, was
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used to measure the resulting voltage. Measured voltages were then converted to
currents using the current-to-voltage gain measured above.

Experiments in the wind tunnel were conducted at air speeds from 5.41 m/s to
6.80 m/s. Flutter was neither observed visually nor manifested electrically at wind
speeds below 5.41 m/s. Above 6.80 m/s, the IPMC strip behavior became erratic and
less repeatable, which made it challenging for data collection and analysis.

The air speed values were obtained using the manufacturer calibration data and
appropriate frequency values for the variable frequency drive (VFD, inverter) driving the
electric motor powering the wind tunnel, with resulting uncertainty in air speed not
exceeding 2.5% of the value.

In experiments, the wind tunnel VFD frequency values were incremented by 0.5
Hz, which resulted in 11 air speeds in the range from 5.41 m/s to 6.80 m/s. Thirty
experiments (hereafter, trials) were conducted at each speed to obtain a statistically
meaningful dataset. During each trial, the current amplitude was measured as a
function of time.

In the context of flutter analysis, frequencies that get excited by the flow are of
particular interest. Therefore, the data collected at the previous step were then

converted into the frequency domain using the Fast Fourier Transform in MATLAB® [48].

2.3 Post-processing Scheme
Data output from the IPMC strip was sampled at a frequency of 200 kHz for a

period of 0.5 s per experimental trial. When data were collected for longer than 0.5 s
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periods of to time, a significant reduction in performance was observed, likely due to
the DI water evaporation.

All post-processing was performed using a MATLAB program tailored to
experimental conditions. A median filter and a moving average filter with a center
frequency of 180 Hz were applied to the raw data to eliminate high-frequency noise
produced by the IPMC. Zero offset correction was then performed.

The maximum (or peak) current amplitude in each trial was recorded, and the
Fast Fourier Transform was performed to convert the data from the time domain to the
frequency domain in order to determine the primary flutter frequency for each trial. The
primary flutter frequency averaged over 30 trials at each wind velocity was taken as the
primary flutter frequency at that air speed.

The data were further processed by isolating a single period of flutter defined by
the average of maximum and minimum primary flutter frequencies recorded in the
range of considered air speeds. Flutter characteristics will be discussed in more detail in
the following section.

The charge accumulated on the IPMC strip during one flutter period was then
found by integrating the short-circuit current vs. time curve using a trapezoidal
approximation. Finally, the amount of energy transduced by the IPMC strip during one
flutter period was estimated using the IPMC capacitance, which was measured directly
using a digital multimeter. Results and additional details of this postprocessing

procedure are presented in the following section.
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3. RESULTS AND DISCUSSION

Figure 4 shows the current amplitude as a function of frequency, |1(f)|, averaged
over 30 trials at three values of the air speed: 5.41, 6.10, and 6.80 (in m/s), as an
example. Note that peaks near 60 Hz can likely be attributed to the instrument noise, a
phenomenon supported by control testing. The plot only shows frequencies up to 70 Hz
because signals above this frequency were completely attenuated by the signal
processing scheme.

The figure demonstrates that at the lowest air speed of 5.41 m/s at which the
IPMC strip flutter was detected, the peak current amplitude is 1.29- 107°A at the
primary flutter frequency of 8.2 Hz. The peak current amplitude and the frequency at
which it is observed increase with the air speed growth: 2.35- 107 °A at 8.5 Hz at the air
speed of 6.10 m/s and 4.34 - 10~° A at 9.18 Hz at the air speed of 6.80 m/s.

Figure 5 and Table 1 provide data for the averaged primary flutter frequency
(solid circles) and the corresponding averaged current amplitude (open squares) for all
considered values of the air speed. Observed increase in the primary flutter frequency
from 8.2 to 9.18 Hz can be approximated as linear (dashed line in Fig. 5), whereas the
increase in the peak current amplitude is exponential (solid line in Fig. 5).

The charge accumulated on the IPMC strip was estimated by integrating the
short-circuit current vs. time curve over one period of flutter. Its value was assumed to
be constant for all considered air speeds in order to keep the total integration time
constant for comparison. The primary flutter frequency of 8.585 Hz — the average of

maximum and minimum primary flutter frequencies from Table 1 —was used to
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determine this flutter period. Integration was conducted using a trapezoidal
approximation in MATLAB® [48].

After the charge values for each trial were calculated, outliers in the data were
eliminated from each sample. A data point was defined as an outlier if it fell more than
three standard deviations outside of the sample mean at a specific wind velocity.
Finally, power transduced during the flutter period in each trial was estimated by

modeling the IPMC reactive behavior as a simple capacitor using the following relation:

2
QIPMC
2tCIPMC ’

(1)

Pipyc =

where Q;pyc is the charge ,C;ppc is the capacitance of the IPMC strip, and t is the time
duration of the flutter period [17].

The capacitance value of 30.8 mF was measured using a digital multimeter. The
mean and standard deviation of these power values were computed for each 30-trial
sample and are provided in Table 1. The mean power data can be fitted by a second-
order polynomial curve obtained by using the least-squares based method in MATLAB®
[48]. Data for the power transduced in individual trials and the curve fit for the mean
power values are shown in Fig. 6 by symbols and the solid line, respectively.

Data obtained in the current study have uncertainties associated with them, with
some of them being unique for the IPMC strip used. In particular, fluttering makes the

material susceptible to residual stresses and fatigue with time, which affects
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measurements. Such information was not available to us during the project lifetime but
poses an interesting research question for future studies.

Another contributor in the data uncertainty is hydration of the IPMC strip.
Specifically, the IPMC level of hydration affects the IPMC bending stiffness, degree of
deformation, and as a result, the measured short-circuit current. In our study, all
experiments were performed immediately after the IPMC strip hydration. However,
random errors associated with the procedure are inevitable. Also, we could not find
information in literature about how quickly IPMCs dehydrate in airflow and how this
process may affect measurements.

The capacitance measurement may be a significant source of error in the power
data presented in Table 1 as the method by which the capacitance was measured in the
current study produced a value which was several orders of magnitude higher than the
approximate specification given by the manufacturer (in the microfarad range). Further
studies are required to clarify this issue.

Digital signal processing may also have introduced an error into the data due to
the nature of the filters used. The error due to signal processing is systematic as the
same filtering scheme was applied to all data, but signal processing could have caused
an underestimation of peak current and total power transduced per flutter period.

A random error may also be attributed to the clamping of the IPMC strip as this
was done manually for each experimental trial, and no device was instituted to make

sure that the IPMC strip was clamped exactly in the same fashion every time.
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Regarding the aforementioned sources of possible error, it is believed that the
experimental procedure of running 30 trials for each air speed tested produced a viable
field of data from which to produce reliable averaging. As such, reproduction of the
experiment presented herein should yield similar results.

Finally, follow-up experiments were conducted with the same strip one year
later after the experiments described above were completed, to determine the IPMC
ability to preserve its electroactive properties in time when kept in storage under local
atmospheric conditions. The testing demonstrated that the strip electroactive
properties completely deteriorated, which implies that this material has an overall finite
time period in which it can be utilized. Further studies are required to clarify this issue.

To summarize, the data provided in Table 1 have to be viewed as a proof of
concept that flexible electroactive devices can be utilized on their own (as stand-alone
devices) for energy harvesting using a naturally occurring phenomenon such as flutter.
The IPMC outputs can further be improved by optimizing manufacturing process of the
IPMC device with the focus on energy harvesting and by assembling arrays of such
devices. The small size of electroactive devices and the air speed range where flutter
occurs create a specific niche for the potential use of such devices, that is, in urban
residential areas in locations inaccessible for other renewable energy technologies.
Indeed, wind speeds in residential areas are typical of those shown in Table 1 [49].
These wind speeds are also not of great harvesting potential from the perspective of the

traditional wind turbine industry [50].
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4. CONCLUSION

In this paper, a possibility of utilizing a flexible electroactive polymer such as
IPMC for harvesting wind energy as a stand-alone device has been explored. Specifically,
the behavior of a thin rectangular strip of IPMC in a low-velocity air flow was studied.
Experiments were conducted in the open-circuit wind tunnel at the Department of
Mechanical Engineering, University of New Mexico. It has been detected that the IPMC
strip undergoes flutter in the range of air speed from 5.41 m/s to 6.80 m/s, and thus can
potentially be used as a wind harvesting device. The flutter frequency shows
insignificant increase with the growth of air speed, whereas the peak current amplitude
grows exponentially in the considered air speed range. From a practical perspective,
arrays of IPMC strips have more potential than stand-alone devices due to the small
power generated by a single strip. However, the small size of such devices and their high
responsiveness to low wind speeds make them a particularly good candidate for energy
harvesting in places inaccessible for other renewable energy technologies or in
combination with them in urban areas, for example, where wind speeds are typically
within the speed range where the IPMC strip experiences flutter. More studies are
required to fully comprehend how the device power output, durability, and longevity
can be enhanced, and the production cost reduced. Further studies will also be
necessary to maximize power output from this device and to increase its commercial
viability. A connection between the IPMC sample geometry and its viability in array

settings have also yet to be established.
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7. NOMENCLATURE

IPMC

VFD

f vfd

11(f)]

fo

Qipvic

CIPMC

PIPMC

FE-19-1596

lonic Polymer-Metal Composite

wind velocity

Variable Frequency Drive

frequency setting on variable frequency drive

amplitude of current

primary flutter frequency

charge of IPMC strip

capacitance of IPMC strip

power transduced by IPMC strip
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Table Caption List

Table 1 Key quantities related to power transduction during IPMC flutter.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6
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Figure Captions List
lonic polymer-metal composite used in experiments.
Experimental setup: a) wind tunnel and b) the tunnel enlarged test
section b). Notations: (A) the IPMC strip, (B) the wind tunnel test
chamber, (C) the power supply, (D) the TLO2 operational amplifier for
current-to-voltage conversion, and (E) the electrode-plated clamp.
Clamp used to secure IPMC strip. On the left, the clamp is shown opened
to display the copper electrodes. The clamp is shown closed on the right,
holding the IPMC strip.
The averaged current amplitude (in pA) in the frequency domain
generated by the IPMC strip at three air speeds: a) 5.41 m/s, b) 6.10 m/s,
and c) 6.80 m/s.
The averaged peak current amplitude | (in pA) (open squares) and the
flutter frequency (in Hz) (solid circles) at different air speeds. Solid and
dashed lines are exponential and linear fitting lines for the data.
Energy harvested from the IPMC strip over one flutter period. The solid
line shows the second-order polynomial fit for the mean energy values.
Note that the wider distribution of data points at higher wind speeds is

due to the increased chaotic motion of the device.
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Table 1 Key quantities related to power transduction during IPMC flutter.

Air Speed (m/s) PFF;I:;:Zni;m;Er A érﬁziﬁ Tral:l/lsedaunc:(;) :)V:rr the | Standard Deviation

(Hz) mph(tll‘:; S0 | Flutter Period (uW) W)
541 8.20 1.29 1.20 0.90
5.55 7.99 1.50 1.68 1.24
5.69 8.21 1.26 1.20 0.82
5.83 8.09 2.13 2.50 1.88
5.96 8.32 1.63 2.16 1.34
6.10 8.50 2.35 4.40 2.10
6.24 8.73 2.56 3.98 1.68
6.38 8.69 3.55 14.96 5.98
6.52 8.70 3.54 14.52 5.82
6.66 8.76 4.04 17.76 2.10
6.80 9.18 4.34 22.94 1.68
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Fig. 1 lonic polymer-metal composite used in experiments.
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b)

Fig. 2 Experimental setup: a) wind tunnel and b) the tunnel enlarged test section b).
Notations: (A) the IPMC strip, (B) the wind tunnel test chamber, (C) the power supply,
(D) the TLO2 operational amplifier for current-to-voltage conversion, and (E) the

electrode-plated clamp.
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Fig. 3 Clamp used to secure IPMC strip. On the left, the clamp is shown opened to
display the copper electrodes. The clamp is shown closed on the right, holding the IPMC

strip.
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Fig. 4 The averaged current amplitude (in pA) in the frequency domain generated by the

IPMC strip at three air speeds: a) 5.41 m/s, b) 6.10 m/s, and c) 6.80 m/s.
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Fig. 5 The averaged peak current amplitude | (in pA) (open squares) and the flutter
frequency (in Hz) (solid circles) at different air speeds. Solid and dashed lines are

exponential and linear fitting lines for the data.
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Fig. 6 Energy harvested from the IPMC strip over one flutter period. The solid line shows
the second-order polynomial fit for the mean energy values. Note that the wider
distribution of data points at higher wind speeds is due to the increased chaotic motion

of the device.
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