
Chapter 9
Energy Harvesting from Fluids Using Ionic
Polymer Metal Composites

Maurizio Porfiri and Sean D. Peterson

Abstract In this chapter, we discuss energy harvesting from steady, oscillatory,
and unsteady water flows using ionic polymer metal composites (IPMCs). After a
brief description of this new class of active materials and their ability to transduce
strain energy into electrical form, we present three case studies spanning this range
of flow environments. First, we examine energy harvesting from a heavy flapping
flag hosting IPMCs in a steady flow water channel; second, we consider base
excitation of a cantilevered IPMC to simulate the effect of an oscillatory flow;
and finally, we investigate the impact of a vortex ring with an IPMC. Analytical
insight on the mechanics of the coupled fluid–structure problem is used to interpret
experimental results and provide design guidelines for energy harvesters based on
active compliant materials in fluids.

9.1 Introduction

Recent progress in lightweight smart materials has opened the door to scientific and
technological advancements in the area of energy harvesting [30]. Energy extracted
from the surroundings can be potentially used to power low consumption electronic
devices [20, 35, 39, 40, 47, 66, 82]. The main advantages over traditional batteries
of powering devices via energy harvesting are extended device lifetime, limited
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maintenance, and reduced onboard weight. Comprehensive overviews of energy
harvesting methods and implementations can be found in [49, 51, 68, 87].

Mechanical vibration has received particular attention as a simple and viable
source for energy harvesting using active materials. In this context, piezoelectrics
have seen considerable research efforts in the conversion of mechanical energy into
electrical energy via deformation (see the reviews in [7, 75]). Energy harvesting
from the base excitation of cantilevered piezoelectric beams is analytically studied
and experimentally validated in [28, 29]. The feasibility of enhancing the energy
harvesting capabilities of piezoelectrics through shunting and nonlinear circuit
elements is presented in [38] and strategies for optimization of design parameters
are discussed in [43, 67]. Methods for expanding the frequency range and storing
electric energy from piezoelectric harvesters are discussed in [46, 76, 77].

The momentum carried by research on piezoelectric energy harvesting of
mechanical vibration has sparked into emerging interest for exploring alternative
uses of piezoelectrics for energy scavenging. Specifically, a few implementations of
piezoelectrics in fluidic energy harvesting, wherein the fluid is used as a source
of energy instead of a passive damper, have been recently presented. Drawing
inspiration from traditional windmills, the design of a small scale piezoelectric-
based windmill is presented in [53]. Energy harvesting from a piezoelectric strip
placed in the wake of a cylinder in the direction of the cross flow is studied in
[6, 81]. Therein, the strip is subject to the time-varying pressure loading caused by
the Kármán vortex street shed from the cylinder. A similar configuration placed
in a turbulent boundary layer is considered in [2]. Structural instabilities induced
by the fluid coupling are explored in [21, 31, 78]. Specifically, fluttering structures
for energy harvesting are described in [21, 31] and flow-induced self-oscillations of
structures hosting piezoelectrics are considered in [78].

While piezoelectrics offer several advantages over other active materials in
terms of energy harvesting, including a good energy conversion rate and reliable
performance, their implementation in harvesting fluid energy as miniature devices
can be limited by their stiffness, brittleness, and challenges associated with working
in wet environments. Ionic polymer metal composites (IPMCs), sometimes referred
to as ionic polymer transducers, are a novel class of electro-active polymers that
are currently receiving considerable attention for their propitious attributes for
both sensing and actuation. An IPMC is a porous ionic polymer saturated with an
electrolytic solution and plated by noble metal electrodes (see for example [70]).
Mechanical deformation yields a voltage difference across the electrodes, and, sim-
ilarly, a voltage difference across the electrodes produces structural deformations.
The electrolytic solution comprises a mobile counterion species and an uncharged
solvent. Sensing and actuation are the result of interactions between the mobile
ions and the solvent, and between the solvent and the backbone polymer [56].
A comprehensive review of modeling, fabrication, and applications of IPMCs up
to the early part of this decade can be found in [44, 71–73]. Recent modeling
efforts include black-box linear and nonlinear models [16–18, 37] and physics-
based models that employ multiphase mixture theory and Poisson–Nernst–Planck
equations (see, e.g., [22, 23, 26, 41, 54, 55, 57, 61, 62, 84–86]). Advanced fabrication
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techniques are presented in [3, 4]. Recent applications span underwater propulsion
systems [1, 9, 42, 50, 60, 88], force and displacement sensors [15, 19, 34, 70], and
grippers and manipulation systems [27, 33, 45].

Despite their considerable use as sensors and actuators, there are few demon-
strations of IPMC-based energy harvesting. Specifically, energy harvesting from
mechanical vibrations in air is demonstrated in [20, 35, 82]. In [82], IPMCs
consisting of two different electrode materials are tested and compared under cyclic
bending, tension, and shear. Analytical insight into base excitation of IPMCs in air
along with experimental results is reported in [20]. Longitudinal vibrations in air are
modeled, tested, and compared with results from piezoelectrics in [35].

In this book chapter, we report the implementation of IPMCs as fluid energy
harvesters in three different conditions exemplifying steady, oscillatory, and un-
steady flows. Specifically, we summarize the integration of IPMCs in flapping flags
underwater presented in [36], the base excitation of IPMC strips in water studied in
[13], and the interaction between IPMCs and coherent fluid structures described in
[58, 59].

9.2 IPMC Energy Conversion

As a first approximation, the IPMC sensing behavior can be described by using
a lumped circuit model comprising a linear impedance in series with a voltage
source that depends on the IPMC mechanical deformation. This model is derived
starting from a Poisson–Nernst–Planck model of the dynamics of the counterion
concentration and the electric potential within the ionomeric membrane following
[13]. In this model, IPMC deformation acts as a forcing term in Poisson’s equation,
wherein the free charge density is described by the concentration of the mobile
counterions and of the fixed charges, which varies as the IPMC deforms. The
modeling approach presented therein discards convective terms in the governing
equations and surface roughness of IPMC electrodes [10, 63] and focuses on small
deformations producing voltage levels smaller than the thermal voltage.

Within this lumped circuit model, the linear impedance is found to be the series
connection of a resistor R and a capacitor C . The resistor accounts for the ion
diffusion in the ionomeric membrane and it can practically be used to incorporate
the resistivity of the plating electrodes. The capacitor embodies bulk and double
layer effects [14] in the vicinity of the IPMC electrodes and is highly correlated
to the electrode surface roughness [10, 63]. The voltage source describes IPMC
sensing and is proportional to the rate of change in time t of the relative rotation
#.t/ between the IPMC ends through the constant B=C , that is,

VOC.t/ D B

C

d#.t/

dt
(9.1)
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Here, B represents an electromechanical gain, and subscript OC is used to
emphasize that this voltage is the IPMC output when its terminals are left open
circuited. For convenience, we refer to the rate of change of #.t/ as �.t/. We
further note that Eq. (9.1) implies that the overall voltage drop across the IPMC
depends only on the differences between the rotations at its ends that is a measure
of the average IPMC curvature. This is due to the fact that the original physics-based
model assumes that the electrodes are perfect conductors.

By considering oscillations at the radian frequency ! and using a superimposed
hat to identify phasors, the voltage OV .!/ across the IPMC is

OV .!/ D
OI .!/

Y.!/
� B

C
O�.!/ (9.2)

where the IPMC electrical admittance Y.!/ equals i!C =.1 C i!RC / and I.t/ is
the current through the IPMC. Thus, the IPMC response is described by using only
the parameters C ; R, and B that are experimentally identified from a discharge
experiment along with an open circuit, or short circuit, measurement by following
the procedure described in [13]. We further comment that if convective terms are
taken into consideration, the expression for VOC.t/ is modified to favor a dependence
on the relative rotation as compared to its time derivative [11]. Practically, given the
experimental identification of the electromechanical gain, the noise in experimental
data and the relatively narrow range of vibrations typically considered for energy
harvesting, both the approaches may be suitable.

When the IPMC electrodes are connected to an external resistive load Rl , its
average power output is

OP .!/ D 1

2

j OV .!/ j2
Rl

D 1

2

!2B2

.R C Rl/2!2C 2 C 1
Rl j O�.!/ j2 (9.3)

The resistance that maximizes the power transfer is found by setting @ OP .!/=@Rl D 0,
that is,

R
opt
l .!/ D 1

!C

p
1 C !2T 2 (9.4)

where the time constant of the equivalent IPMC circuit is defined as T D RC .

9.3 Energy Harvesting from Flapping Flags

Here, we report on an energy harvester based on a heavy and flexible flag flapping
in a uniform water flow hosting an IPMC, as designed in [36] and shown in Fig. 9.1.
The physics of the fluid–structure interaction and the resulting instability of the
fluttering flag can be elucidated by considering the propagation of waves in a fluid-
loaded elastic plate [25]. We consider the two-dimensional incompressible inviscid
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Fig. 9.1 Schematic of the
flexible heavy flag flapping in
a uniform water stream of
velocity U , comprising the
host structure and IPMC strip
(Reprinted with permission
from [36]. Copyright 2011,
American Institute of
Physics)

flow with free stream speed U and density � over a thin elastic plate of infinite
extension along the x direction. Following [74], we neglect the near field solutions
and the effect of the wake on the instability boundary [5, 80] to derive a simple
closed-form expression for the flutter boundary.

We model the structure as a homogenous Kirchhoff–Love plate of length Lflag,
width wflag, bending stiffness per unit width Bflag, and mass per unit length mflag

undergoing cylindrical bending [48]. The plate is subject to a pretension T due to
the fluid boundary layer and to the pressure of the surrounding fluid. The plate is
coupled to the fluid problem by following [5], where the flag boundary is modeled
as a bound vortex and the relative fluid velocity at the flag is set to zero. From
dimensional analysis, we find that the fundamental nondimensional groups are

R1 D mflag

�Lflagwflag
; R2 D Bflag

�U 2L3
flag

; ˇ D TL2
flag

Bflag
(9.5)

These parameters describe the mass ratio between the flag and the surrounding fluid,
the ratio between elastic and fluid forces, and the stiffening effect of the tension T

with respect to the flag’s inherent bending stiffness, respectively.
By analyzing the linear stability of a the fundamental propagating wave, that is, a

vibration with wavelength equal to Lflag, we obtain a closed-form expression for the
onset of flutter as a function of the three nondimensional parameters. The stability
is represented in Fig. 9.2 with the stable region in the upper left side of the plot. The
space .R1; R2; ˇ/ allows visual identification of the effect of flag mass, velocity, and
tension on the stability boundary. In particular, increasing values of the tension tend
to stabilize the system, while increasing values of the flag mass have the opposite
effect.

The host flag is constructed following [74]: a Mylar sheet of thickness 26 �m
constitutes the flexible membrane, and copper strips of dimension 102 � 6:7 �
0:4 mm3 are glued every 4:4 mm of bare Mylar on both sides to increase the mass
per unit length of the flag. The IPMC sample is integrated in the structure by
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Fig. 9.2 Linear stability plot as the tension to bending stiffness ratio ˇ is varied. The region above
the boundary identifies stable oscillations of the system. In the region below the boundary the
system is unstable. The dashed line represents the case T D 0 (Reprinted with permission from
[36]. Copyright 2011, American Institute of Physics)

clamping it within the copper strips. The mechanical parameters of the heavy flag,
that is, the mass per unit length and the bending stiffness, are estimated from its
periodic structure and the physical parameters of the constituent materials yielding
Bflag D 2 � 10�5N m and mflag D 0:45 kg=m. The tension in the flag is estimated
using the Blasius boundary layer solution for an infinite plate theory following
[24]. From Eq. (9.5) and Fig. 9.2, we estimate that the critical flow speed of flutter
instability is Uc D 0:23 m=s, as what occurs beyond this speed would likely be
bounded nonlinear limit-cycle oscillations.

The IPMC harvester is fabricated in-house from commercial Nafion membrane
foils N117 produced by DuPont de Nemours by following the procedure developed
by Oguro from Osaka National Research Institute, AIST, Japan (see also [10]). The
nominal dimensions of the sample are 33 � 11 � 0:2 mm3 and the resistance R and
capacitance C are 390 � and 4 �F, respectively.

The device is immersed in the test section of a water tunnel of nominal dimen-
sions 2500 � 150 � 150 mm3 filled with tap water and the onset and development
of the flutter instability is studied for increasing velocities. The water speed is
measured with laser Doppler velocimetry, the post-flutter vibrations are tracked by
means of image analysis and the time trace of the voltage across the load Rl is
recorded with a data acquisition (DAQ) board.

A qualitative analysis of the flow before and after the onset of flapping can
be garnered through flow visualization as illustrated in Fig. 9.3. In Fig. 9.3a,
representing a flow speed of U D 0:4 m=s, the vortex sheet aligns itself to the flow
direction. In Fig. 9.3b,c, the periodic release of vorticity having alternating signs is
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Fig. 9.3 Flow visualization of the vortex sheet originating on the boundary of the flag and released
in the wake. Images are captured (a) before and (b)–(c) after the onset of flutter, for free stream
speed values of 0:4, 0:6, and 0:8 m=s, respectively (Reprinted with permission from [36]. Copyright
2011, American Institute of Physics)

made evident by the dye lines. The free stream velocities are 0:4, 0:6 and 0:8 m=s,
respectively. The shedding frequency increases with the background flow speed as
can be deducted from the different numbers of folds in the wake sheets.

From the direct measurement of the IPMC voltage output for varying Rl , in
Fig. 9.4 we present an estimate of the scavenged power. The maximum power
conversion is obtained when the load resistance is Rl D 10 k�, in line with the
prediction of Eq. (9.4) for the considered range of vibration frequencies on the
order of a few Hertz. The harvested power in the optimal conditions lies in the range
10�12–10�10 W. This estimate is conservative since it neglects the energy content of
higher harmonics that can be exploited in real applications. The power harnessed
from the flow can be increased by enlarging the portion of flag surface area covered
with IPMC strips. In this prototype, the IPMC strip covers approximately 2% of the
area of the active flag and contributes to approximately 0:5% of its weight.



228 M. Porfiri and S.D. Peterson

2 3 4 5 6 7 8
10

−13

10
−12

10
−11

10
−10

10
−9

Frequency [Hz]

P
ow

er
 [
W

]

0.1 kΩ
1 kΩ
10 kΩ
100 kΩ

Fig. 9.4 Harvested power as a function of flapping frequency and load resistance. The estimate
is performed by including harmonic components within ˙0:3 Hz from the flapping frequency in
the computation of the voltage amplitude (Reprinted with permission from [36]. Copyright 2011,
American Institute of Physics)

9.4 Energy Harvesting from an Oscillating Fluid

Here, we consider energy harvesting from the base excitation of a cantilevered
IPMC to explore the mechanics of energy scavenging from oscillatory flows. Unlike
the problem considered above, in this case the IPMC is the sole structural element.
Specifically, we consider a cantilevered IPMC rectangular strip vibrating in a fluid
in response to harmonic base excitation of its clamped end.

The energy available for harvesting can be estimated from the analysis of a
simplified model of the coupled fluid–structure problem, wherein the IPMC is
modeled as a Kirchhoff–Love plate undergoing cylindrical bending and the effect of
the encompassing fluid is lumped into a hydrodynamic function [8, 12, 32, 69, 83].
Such function describes both added mass and viscous damping from the surrounding
fluid and can be derived by solving an auxiliary two-dimensional problem where
a rigid lamina, identifying a generic beam cross section, periodically oscillates
in the fluid. For small vibrations compared to the IPMC width, convective terms
in the Navier–Stokes equations can be discarded in favor of an unsteady Stokes
flow, which yields a hydrodynamic function that depends exclusively on the
oscillatory Reynolds number [69, 83]. If oscillations become more severe, vorticity
shedding and advection in the flow becomes dominant and the dependence of the
hydrodynamic function on the Keulegan–Carpenter number, related to the ratio
between the oscillation amplitude and the width, should be taken into consideration
to elucidate nonlinear damping [8, 12, 32].
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Fig. 9.5 Schematics of the experimental setup from [13]. The switch positions (a) and (b) allow
for voltage, current, and power measurements in open circuit, short circuit, and loaded conditions

The IPMC sample used in this study, purchased from Environmental Robots,
Inc., has nominal dimensions of 30 � 5:8 � 0:2 mm3. The mass per unit length of
the sample is 3:48 � 10�3 kg=m. The undamped in-vacuum fundamental natural
frequency is 12:5 Hz and the in-vacuum loss factor is 0:14, yielding an IPMC
bending stiffness per unit width of B D 1:2 � 10�4 N m. The IPMC sample is tested
in a 2 l pool of deionized water. The sample is arranged in a cantilever configuration
with a free vibration length of L D 25 mm and the clamped end rigidly attached
to a shaker to produce the base excitation. The shaker is driven with a sinusoidal
voltage signal with the actuation frequency varied from 2 to 50 Hz. The clamp is
electrically connected to a DAQ board to record the voltage output of the IPMC
(see Fig. 9.5). The actual motion of the clamped edge of the IPMC is constantly
monitored by using a laser displacement sensor. The IPMC lateral displacement
is recorded through a high-speed camera and then analyzed using a commercial
software.

Figure 9.6 displays experimental data on the IPMC frequency response defined
by taking the base excitation as the input and the tip deflection, that is, the difference
between the tip displacement and the rigid body motion, as the output. The
discrepancy between the theoretical predictions from the linear theory highlights the
importance of vorticity shedding in the mechanics of fluid–structure interactions. On
the other hand, the model in [8] is able to reasonably capture the magnitude and the
phase of the transfer function for low to moderately high frequencies. Discrepancies
in the high-frequency region of the phase diagram may be attributed to noise ampli-
fication due to the indirect nature of the relative tip displacement measurements. We
note that in the considered broad frequency interval, the magnitude of the transfer
function varies in a rather limited range. This hints that energy harvesting may be
possible in a variety of loading conditions that are typically present in underwater
systems, such as wave slamming [64] and structural vibrations [52].
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Fig. 9.6 Frequency response
of the IPMC tip deflection.
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Two different experiments are performed to establish the feasibility of the
vibrating IPMC as an energy harvester. In the first experiment, the IPMC is shunted
with a resistor Rl , while in the second experiment, the short circuit current through
the IPMC is measured. The electric parameters of the IPMC are R D 55:2 � and
C D 0:51 mF. The electromechanical coupling is B D 2:286 � 10�9 A s2=rad,
which is comparable to the one for the flapping flag described above 1:85 �
10�10 A s2=rad.

Further, we determine the power harvested from the IPMC underwater vibration
under loaded conditions by using Eq. (9.3) with the parameters discussed above. The
influence of the vibration frequency and the electrical load on the harvested power
is shown in Fig. 9.7, which is obtained by using the frequency response in Fig. 9.6.



9 Energy Harvesting from Fluids Using Ionic Polymer Metal Composites 231

10
0

10
1

10
2

10
−21

10
−19

10
−17

10
−15

10
−13

10
−11

10
−9

P
ow

er
 [
W

/m
m2 ]

Frequency [Hz]

1 Ω
5 Ω
10 Ω
50 Ω
100 Ω
1 kΩ
10 kΩ
100 kΩ
1 MΩ

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
−21

10
−19

10
−17

10
−15

10
−13

10
−11

10
−9

P
ow

er
 [
W

/m
m2 ]

Load Resistance [Ω]

5 Hz
10 Hz
15 Hz
30 Hz
40 Hz
50 Hz

a

b

Fig. 9.8 (a) Comparison between the theoretical and experimental (points) power harvesting
capability of the vibrating IPMC, from [13]. (b) Experimental data on power harvesting as a
function of the shunting resistance. The solid line represents theoretical predictions

Note that nonlinear damping due to vorticity shedding is here approximated as a sur-
plus of structural damping to simplify the parametric analysis. Figure 9.7 presents a
contour map identifying optimal regions of operation for the harvesting device. The
harvested power varies in the range 10�20–10�8 W=mm2 and significantly increases
with increasing actuation frequency. In particular, the maxima of the harvested
power occur when the actuation frequency matches the underwater resonance
frequencies of the vibrating IPMC. That is, a flow oscillating at the underwater
resonance frequency of the harvester will maximize the energy scavenged.

Experimental results are compared with theoretical predictions of power har-
vested versus input frequency in Fig. 9.8a. The curves in Fig. 9.8a show the
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trends of the harvested power with respect to the base excitation frequency and
are parameterized with respect to the load resistance Rl . Figure 9.8b shows the
dependence of the output power on the load resistance along with the existence
of a maximum in correspondence to a shunting resistance in the range 10–100 �.
The harvested power is computed using Eq. (9.3). We note that power harvested
is expected to depend nonlinearly on the oscillation amplitude due to nonlinear
hydrodynamic damping [8].

9.5 Energy Harvesting from Coherent Fluid Structures

Here, we consider energy harvesting from coherent fluid structures, summarizing
results from [58,59]. Specifically, we study the mechanics of energy transfer from a
self-propagating vortex ring in an otherwise placid fluid to an IPMC via impact.
The IPMC harvester is fabricated in-house from commercial Nafion membrane
foils N117 as per the flapping flag experiment. It has a total length of 36:6 mm,
a nominal thickness of 200 �m, a width of w D 14:3 mm, its mass per unit length
is m D 5:63 g=m, and its bending stiffness per unit width is B D 2:83 � 10�4 N m.
The IPMC is fixed at one end by a custom clamping device with copper electrodes
adhered to each arm of the clamp and immersed in a tank of dimensions 415�236�
215 mm3 that is filled with tap water (see Fig. 9.10). The free vibration length is
L D 21:0 mm and corresponds to a vibrating mass of 118 mg. In this configuration,
the IPMC electrical capacitance is C D 37:8 �F.

The vortex ring is generated by a piston submerged in water plunged through
a cylinder with internal diameter of 19:1 mm. Experiments are conducted at
room temperature and the water density is taken at its reference value of � D
1; 000 kg=m3. The stroke length of the piston is 75:0 mm, and the cylinder has a
flat, sharp-edged exit plane. The piston is placed 165 mm below the free surface
of the tank and 115 mm from the IPMC. It is situated such that the center of the
vortex ring is approximately aligned with the tip of the IPMC and the direction of
propagation of the ring is orthogonal to its rest position. Figure 9.9 illustrates a flow
visualization experiment in which a high-speed video camera is used to record the
fluid motion and the IPMC vibration. As the piston plunges into the cylinder, water
is expelled and the resulting shear layer rolls up into a vortex ring. Once the plunger
stops, vorticity is no longer formed and the vortex ring propagates towards the IPMC
at a nearly constant speed due to self-induction. As the vortex ring approaches the
IPMC, the IPMC slowly bends away from the vortex ring, and as it reaches the rest
position of the IPMC, the energy transfer dramatically increases resulting in rapid
and severe structural deflections.

We use time-resolved particle image velocimetry (PIV) [65] to compute the
strength and trajectory of the vortex ring as it propagates towards and interacts
with the IPMC. In addition, the obtained images are analyzed to study the transient
vibration of the IPMC and explore its correlation with the vortex dynamics. A cross
section of the vortex ring, as acquired from PIV, is seen in Fig. 9.10 along with
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Fig. 9.9 Flow visualization images of a vortex ring impacting a cantilevered strip adapted
from [59]

Fig. 9.10 Image of the experimental configuration with overlaid coordinate system and variable
definitions (Reprinted with permission from [58]. Copyright 2011, American Institute of Physics)

pertinent nomenclature. The vortex ring circulation is denoted as � , its velocity is
Vvr, and the diameter is termed a.

The circulation of the vortex is estimated by computing the line integral of the
velocity field around each of the two vortices appearing in the two-dimensional slice
through the center of the ring. Each experiment time is shifted so that t equals zero
when the vortex ring is at y D �2:5 L. The tip displacement of the IPMC, referred
to as ı, is tracked in the sequence of images using a commercial software.

The physics of the interaction can be represented through three primary dimen-
sionless parameters under the following assumptions: the fluid dynamics is modeled
using potential flow theory, the vortex ring is assimilated to a vortex pair of equal
and opposite circulation, and the beam is described as a Kirchhoff–Love plate
undergoing cylindrical bending [59]. The mass ratio �1 D m=.�wL/ relates the
inertia of the beam to the inertia of the fluid and is equal to �1 D 0:019. The second
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Fig. 9.11 Scaled deflection at the IPMC tip as a function of the nondimensional time tVvr=L for
five different experiments along with a curve indicating the vortex ring y-position on the secondary
axis (Reprinted with permission from [58]. Copyright 2011, American Institute of Physics)

dimensionless parameter �2 D B=.��2L/ is the ratio of the restoring force in the
IPMC to the fluid loading. The final parameter is a geometric parameter relating the
vortex ring length scale a to the IPMC length scale L as �3 D a=L.

Figure 9.11 displays the tip deflection as a function of time for five experiments
under comparable flow conditions; the experiments are labeled as one through five
(Exp 1: �2 D 0:073, �3 D 1:3, and Vvr D 0:55 m=s; Exp 2: �2 D 0:06, �3 D 1:3,
and Vvr D 0:46 m=s; Exp 3: �2 D 0:03, �3 D 1:5, and Vvr D 0:73 m=s; Exp 4:
�2 D 0:04, �3 D 1:4, and Vvr D 0:78 m=s; and Exp 5: �2 D 0:05, �3 D 1:5,
and Vvr D 0:80 m=s). Included in the plot is the y-position of the vortex ring on
the secondary axis yvr. The maximum deflection experienced by the IPMC due to
the impact is in the range 0:5 � 0:6 L and the maximum deflection is reached after
the vortex ring breaks down. When the vortex ring reaches the rest position of the
IPMC, the deflection is typically not greater than 0:1 � 0:2 L and only afterwards
does the IPMC tip speed increase, suggesting that vortex breakdown plays a critical
role in the energy exchange. This phenomenon is indeed not observed in the absence
of viscosity, wherein secondary vortical structures are not generated [59]. After the
impact takes place, the IPMC vibrates in its fundamental mode shape in a highly
damped manner, ultimately returning to rest.

The energy transfer from the fluid to the solid is estimated from the energy
associated with the vortex ring core and kinetic energy and the maximum strain
energy in the IPMC. The former quantity is computed by using a thin core
approximation with hollow core of constant volume [79], which yields 7:6, 5:5, 17:2,
15:6, and 16:8 mJ for experiments one through five, respectively. The maximum
strain energy of the IPMC is estimated from the maximum tip deflection by using
the fundamental mode of vibration of a cantilever beam, which yields 89, 83, 88,
96, and 120 �J for experiments one through five, respectively. Therefore, the energy
transfer computed as the ratio between the input fluid energy and the elastic energy
ranges between 0.5 and 1.5%.
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In contrast with the steady flow and the oscillatory experiments, the electrical
response from the IPMC in this experiment is purely transient. In this case, the
potential for energy harvesting is measured by estimating the electrical energy
stored in the IPMC during the interaction in short circuit conditions. Thus, we find
that the energy transduced into electrical form is 0:56, 0:62, 0:23, 0:56, and 1:5 nJ
for experiments one through five. This indicates that the energy transfer from strain
energy into electrical is in line with previously observed conversion rates on the
order of 0.0003%–0.0012%.

9.6 Summary and Conclusions

In this chapter, we have presented a few implementations of IPMCs as energy
harvesting devices for underwater applications. Specifically, we have described
the potential use of such active materials in scavenging energy from steady and
oscillatory flows and from coherent fluid structures. In this context, IPMCs offer
several advantages over more commonly used active materials, including high
compliance, ability of working in wet environments, and good potential for energy
storage due to their large electrical capacitance. Another main advantage of these
materials is that their electromechanical behavior is largely dictated by surface
rather than volumetric properties, which hints at the potential for miniaturization.
Nevertheless, the energy conversion rate of this material is currently inferior to more
conventional active materials, such as piezoelectrics; yet, we foresee that the current
efforts on IPMC fabrication will continue to improve their performance. We also
note that the methodologies explored in this book chapter are not strictly confined
to IPMCs as the energy harvesters nor to water as the fluid medium. Moreover,
the fundamental knowledge developed in the analysis of fluid-structure interactions
through direct IPMC-based strain measurement is expected to aid complementary
studies on dynamic loading of marine structures.
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