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Preface

It is a great honor to serve as editor for this historic volume on electroactive
ionic polymers and in particular ionic polymer metal composites or
IPMCs as smart multi-functional polymeric actuators, sensors and energy
harvesters, among others. I can proudly proclaim that I have brought toge-
ther in this volume the leading researchers in the world on various aspects of
this amazing biomimetic robotic electronic material that play quite a role in
the future of electroactive polymers and smart multi-functional materials.

IPMC is a class of electroactive polymers that can be both actuator and
sensor. By applying voltage it exhibits large deformation, which is why it is
known as artificial muscle and, on the other hand, it acts as a smart material
that can sense mechanical bending by creating proportional voltage. While
other strain sensors require a power source to work, the IPMC sensors not
only do not require power, but also they can create voltage and power that
makes them a potential candidate for battery-less sensors. Conversely, an
applied small voltage or electric field can induce an array of spectacularly
large deformation or actuation behaviors in IPMCs, such as bending,
twisting, rolling, twirling, steering and undulating.

My vision of the future of IPMC artificial muscles may be summarized
below in terms of both medical and industrial applications. Note that IPMCs
are excellent sensors that generate huge outputs in terms of millivolts, which
can be employed for the sensing, transduction and harvesting of energy from
wind or ocean waves. These unique materials work perfectly well in a wet
environment and thus they are excellent candidates for medical appli-
cations. These might range from endovascular steerers and stirrers to enable
navigation within the human vasculature; use as deep brain stimulators or
employed in flat diaphragm micropumps for precision drug delivery, glau-
coma and hydrocephalus; artificial muscles for the surgical correction of
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ptosis (drooping eyelid syndrome); ophthalmological and vision improve-
ment applications; artificial muscles to assist a failing heart; correction of
facial paralysis, facioscapulohumeral and other applications in muscular
dystrophy; to mediate the control of drainage or flow within the human
body; and myriad additional purposes. On the industrial side, due to the fact
that the IPMCs are excellent sensors and low-voltage actuators, they can be
used for both sensing and simultaneous actuation in many engineering
applications. In the sensing mode they have a very good bandwidth to sense
low as well as high frequencies, in contrast to piezoelectric materials such as
PZT (Lead Zirconate Titanate) or lithium niobate, which are only suitable for
high-frequency sensing. Two emerging visions of the future are to see IPMCs
heavily utilized in atomic force microscopes as novel and dynamic probes in
scanning probe microscopy, as well as robotic surgery to facilitate the con-
veyance of specific haptic, force, tactile and impedance feedback to sur-
geons. IPMCs as active substrate and micro-pillars may be used to monitor
nano-bio and cellular dynamics in real time.

These two volumes on IPMCs provide a broad coverage of the state of the
art and recent advances in the field with detailed information on the char-
acteristics and applications of these materials by some of the world’s leading
experts on various characterizations and modeling of IPMCs. This volume
contains 27 chapters to present a thorough coverage of all properties and
characteristics of IPMCs. Chapter 1 covers the fundamentals of IPMCs,
Chapter 2 covers optimal manufacturing of IPMCs, Chapter 3 discusses
graphene-based IPMCs, Chapter 4 describes what happens to IPMC elec-
trode interfaces and their effects on actuation and sensing, Chapter 5 pre-
sents step-by-step modeling of IPMCs using the multiphysics package of
Comsol, Chapter 6 describes IPMCs with electrochemical electrodes, Chap-
ter 7 presents electromechanical distributed modeling of IPMCs while
Chapter 8 discusses modeling for engineering design of IPMC devices and
Chapter 9 covers electric energy storage using flexible IPMC capacitors,
Chapter 10 models the environmental dependency of IPMCs’ actuation and
sensing dynamics, Chapter 11 discusses the precision feedback/feedforward
control of IPMC dynamics while Chapter 12 covers the design, testing and
micromanipulation of IPMC microgrippers, Chapter 13 discusses the phe-
nomenon of spatially growing waves of snake-like robots and natural gen-
eration of biomimetic swimming motions. Volume 1 of the two volumes on
IPMCs ends here with Chapter 13 and Volume 2 starts with Chapter 14.
Chapter 14 covers underwater sensing of impulsive loading of IPMCs,
Chapter 15 presents a design of a micropump for drug delivery employing
IPMCs, Chapter 16 presents the modeling and characterization of IPMC
transducers, Chapter 17 discusses IPMCs as postsilicon transducers for the
realization of smart systems and Chapter 18 covers micromachined IPMC
actuators for biomedical applications, Chapter 19 presents recent advances
in IPMC self-sensing while Chapter 20 describes the continuum multi-
physics theory for IPMCs, Chapter 21 covers multiphysics modeling of non-
linear plates made with IPMCs, Chapter 22 describes the applications of
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IPMCs to dexterous manipulation and haptic feedback/tactile sensors for
minimally invasive robotic surgery, Chapter 23 covers IPMCs as soft bio-
mimetic robotic artificial muscles, Chapter 24 describes a family of ionic
electroactive actuators with giant electromechanical responses while Chap-
ter 25 describes the multiphysics modeling and simulation of dynamics
sensing in IPMCs with applications to soft robotics, and finally Chapter 26
presents a comprehensive review on electroactive paper actuators.

I am hoping that the collection of these chapters by the leading authorities
on IPMCs will appeal to readers from chemistry, materials science, engin-
eering, physics and medical communities interested in both IPMC-related
materials and their applications.

Mohsen Shahinpoor
Orono, Maine, USA
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CHAPTER 14

Energy Exchange between
Coherent Fluid Structures and
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Composites, toward Flow
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14.1 Introduction
The growing integration of small-scale electronics into modern life, ranging
from consumer to research-grade devices, provides continuous impetus for
the investigation of smart material-based energy harvesting to extend battery
lifetime and enhance functionalities.1–5 Beyond well-studied structural
vibrations, energy sources that have been considered in the design of mini-
ature energy harvesting systems include human and animal locomotion,6–8

jaw movements,9 and heartbeats,10 to name a few. While these studies widely

RSC Smart Materials No. 18
Ionic Polymer Metal Composites (IPMCs): Smart Multi-Functional Materials and
Artificial Muscles, Volume 2
Edited by Mohsen Shahinpoor
r The Royal Society of Chemistry 2016
Published by the Royal Society of Chemistry, www.rsc.org

1



differ in their target applications, they are all based upon energy extraction
from mechanical deformation of a solid body with which they interact. Re-
cently, research efforts have been focused on expanding the range of energy
harvesting sources to encompass fluid flows.

The majority of these studies have employed piezoelectric transducers to
convert small-scale fluid energy into a usable electrical form. The first in-
stance of energy conversion from a fluid flow is the so-called harvesting
eel,11,12 which utilizes the Kármán vortex street shed from a cylinder in a cross
flow to deform a piezoelectric element. Building on this concept, higher
Reynolds numbers and different geometric configurations have been explored
over subsequent years.13–16 Fluid–structure interactions associated with flutter
instabilities from a mean flow and vibrations from a moving base have also
been considered.17–20 In addition, hydraulic fluctuations and hydroelastic
impacts have been demonstrated to be viable means for energy extraction.21,22

To afford large structural deformations and lower the operation frequency,
recent studies have proposed the integration of ionic polymer metal composites
(IPMC)23–28 into fluid energy harvesting. Upon mechanical deformation, a
complex cascade of chemo-electro-mechanical processes takes place within the
ionomer core and especially at the ionomer–electrode interfaces, resulting in
an electric potential sensed across the electrodes.29–33 By shunting the IPMC
electrodes with an external resistor, a small fraction of the mechanical energy
is converted into electrical form and then dissipated as heat.19,34–36 Thus,
IPMCs have been used to harvest energy from the flutter instability of a heavy
flag,37 hydroelastic impact,38 fluid-induced buckling,39 hydroelastic inter-
actions in arrays of flexible structures,40 fluid–structure interactions from a
compliant miniature turbine,41 and the beating of an artificial fish tail.8

Coherent fluid structures are persistent, organized collections of rotational
fluid parcels that are ubiquitous in nature, examples of which include vortex
rings,42,43 Kármán vortex streets,44 and hairpin vortices.45 These fluid struc-
tures arise from such diverse sources as an undulating fish tail,46 the pro-
pulsion of some invertebrate marine animals,47 the shear layer of a jet,48 the
oscillation of a sharp-edged structure in a quiescent fluid,49 the wake of a bluff
body,44 and in turbulent boundary layers.45,50 The energy associated with
these coherent structures is regulated by salient geometric features and local
flow circulation.42,43,51 As an example, the energy of a vortex ring is a function
of the vortex core structure, ring radius, and circulation.42,43

The advection and diffusion of coherent fluid structures are influenced by
interactions with neighboring vortices and solid boundaries, comprising
confining walls and nearby compliant bodies.52 For example, in the absence
of viscosity, potential flow can be used to predict the kinematics of a pair of
vortices approaching a rigid wall of infinite extent,53 including deformation
of the core.54 The role of viscosity on impact dynamics has been
subsequently elucidated through computational fluid dynamics (CFD).55

The inclusion of viscosity results in complex vortex dynamics due to the
generation of secondary and tertiary structures on no-slip or porous
boundaries.56–58 Scaling laws for the generation of vorticity on no-slip
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boundaries have been determined, along with the role of the angle of
impact.59–61 The three-dimensional (3D) impact of a vortex ring with a wall
has been addressed both numerically and experimentally.62,63

Here, we summarize recent work exploring the energy exchange between
coherent fluid structures and IPMCs during impact events.64–68 We specif-
ically focus on impulsive loading of compliant IPMC strips and annuli
from self-propagating vortex rings. Beyond experimental evidence in favor
of the potential of sensing and energy extraction during short-duration
fluid–structure interactions, we propose potential flow and CFD solutions to
offer insight into the physics of the impact.

14.2 Experiments
We present two experimental demonstrations of IPMC-based energy
harvesting from coherent fluid structures. Specifically, we first review bending
deformation of a cantilevered IPMC strip,65 followed by axisymmetric bending
of an IPMC annulus, due to the impact of a vortex ring.64 Particle image
velocimetry (PIV) is utilized in both studies to resolve the attendant flow field.
The IPMCs are fabricated in-house from Nafion-117 membranes plated with
platinum electrodes,23 which are held short-circuited to offer evidence for the
possibility of energy conversion.

14.2.1 Impulsive Loading of a Cantilever Strip

The vortex is generated by a piston plunged through a cylinder submersed in
the water, as shown in Figure 14.1. The vortex ring has circulation G, velocity
Vvr, and diameter a. The vortex ring is launched so that it impacts the IPMC
of length L orthogonally, with its center at the tip. A Cartesian coordinate
system is introduced, with the x-axis along the IPMC and the y-axis aligned
with the direction of the vortex propagation (see Figure 14.1). The circulation

Figure 14.1 Experimental configuration with overlaid coordinate system and vari-
able definitions.
Reproduced from Peterson and Porfiri.65
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G is computed from the line integral of the velocity around each of the two
vortices in the 2D slice captured by PIV.

As the piston plunges into the cylinder, water is ejected, forming a vortex
ring. At the end of the plunger stroke, the vortex ring pinches off and advects
towards the IPMC at a nearly constant speed. Once the vortex ring is
approximately within 1.5 L of the IPMC, the IPMC bends away from it with
negligible influence on the flow physics. Upon impact, the vortex ring breaks
down and the IPMC suddenly deflects as energy is transferred from the ring
to the structure.

The IPMC tip deflection d as a function of time t superimposed with the
short-circuit current is presented in Figure 14.2 for a representative instance
of impact. The maximum deflection of the IPMC is as large as 0.6 L and is
attained after vortex ring breakup. Specifically, when the vortex ring reaches
the initial position of the IPMC, the deflection is on the order of 0.2 L, after
which the IPMC tip speed increases rapidly, implying that breakdown of the
vortex ring is a determinant of energy exchange. Such an exchange is
revealed by the concomitant increase in the short-circuit current, which
closely follows IPMC deformation. An estimate of the energy conversion is
obtained from the strain and electrical energy in the IPMC, which amounts
to roughly 0.001%.

14.2.2 Impulsive Loading of an Annulus

The problem of a vortex ring advecting through a placid fluid and orth-
ogonally impacting a co-axial IPMC annulus is explored. The experimental
setup consists of a custom vortex ring facility comprising a mechanically
actuated piston/cylinder vortex generator immersed in a water tank (see
Figure 14.3a). Rings of varying circulation are formed by controlling the
piston stroke. The IPMC annulus is clamped along its outer radius through a
custom fixture with embedded electrodes (see Figure 14.3b).
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Figure 14.2 Scaled IPMC tip deflection (dashed line) as a function of the non-
dimensional time tVvr/L and short-circuit current (solid line) through
the IPMC.
Reproduced from Peterson and Porfiri.65
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The velocity and vorticity fields of the advecting vortex ring pre- and post-
impact are presented in Figure 14.4 for a representative experiment. The gray
region in each frame represents the clamped IPMC. The vortex ring core is

Outer Radius: 28.6 mm

Inner Radius: 8 mm

Clamp

IPMC

Electrodes

(a)

(b)

Figure 14.3 (a) Image of the experimental setup for the axisymmetric study, and
(b) close-up of the annular IPMC harvester.
Reproduced from Hu et al.64
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(a)

(b)

(c)

Figure 14.4 Velocity and vorticity fields (a,b) pre- and (c) post-impact. Velocity is
presented as vectors with vorticity contours overlaid. The gray blocks
indicate the location of the IPMC clamp, which is not optically clear.
Reproduced from Hu et al.64
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evident in the contours of vorticity, appearing as regions of red and blue,
indicting opposite signs of vorticity. As in the previous study, the vortex ring
advects towards the IPMC through self-induction.

Trailing vorticity is found behind the vortex ring as a result of the for-
mation process.51 As seen in Figure 14.4c, a vortex ring exists post-impact,
suggesting that the fluid passing through the annulus rolls up into another
coherent structure of lower circulation.

The time traces of the displacement and current follow those presented in
the previous study,65 whereby just after impact the IPMC attains its max-
imum deflection, which is accompanied by a substantial increase in the
short-circuit current. Likely due to the different impact geometries, we ob-
serve a modest deflection of the IPMC towards the approaching ring prior to
impact. This was not observed in the previous study due to the relatively high
stagnation pressure at the tip of the IPMC strip. A further difference between
the response of the annulus and the strip is the drastically reduced de-
formation levels experienced by the annular structure, due to the increased
stiffness associated with the 2D axisymmetric bending. Despite the differ-
ences in deformation, the energy conversion is within the same order of
magnitude.

14.3 Insights from Modeling and Simulation
Here, we employ analytical modeling techniques and CFD to obtain further
insights into the physics of the impact and associated energy transfer.
Specifically, we report on a fully coupled potential flow-based fluid–structure
interaction model for energy harvesting design66 and a discussion of its
associated limitations. To address some of these drawbacks, we develop a
CFD framework for refined analysis of the vortex dynamics.67,68

14.3.1 Potential Flow Modeling

To gain insight into the impact dynamics of a vortex ring with a deformable
structure, we develop a modeling framework in 2D in which the vortex ring is
represented as a pair of point vortices and the IPMC strip is modeled as a
Kirchhoff–Love plate undergoing cylindrical bending in an ideal fluid. As
such, the circulation of the vortices remains constant during the impact, and
no new coherent fluid structures are shed from the strip. Using the potential
flow model, the plate is assimilated to a vortex sheet with zero net circu-
lation, and the pressure field is expressed in terms of the configuration of
the impacting vortices and the distributed vorticity of the sheet. The pres-
sure field is in turn utilized to compute the impulsive hydrodynamic loading
on the strip, which determines the strip deformation. As the structure de-
forms, the boundary condition on the fluid changes, thus influencing the
flow physics, namely the propagation of the free vortices and the vorticity
distribution on the strip.
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The coupled partial differential equations are solved by projecting the
strip deflection onto a basis of Chebyshev polynomials, which is afforded
through the introduction of Lagrange multipliers to enforce kinematic
boundary conditions on the strip. A similar basis is used to project the
vorticity distribution on the strip and ultimately transform the problem into
a set of coupled ordinary differential equations in the complex domain.

Snapshots of the interaction between the strip and the vortex pair are de-
tailed in Figure 14.5. In this figure, the left column depicts the vortex positions
(dots) and the configuration of the strip (black line). The center column dis-
plays a magnified view of the strip shape, while the right column shows the
hydrodynamic loading on the strip, which is computed from the pressure
jump across the two faces. Similarly to our experimental findings,65 the
stagnation pressure induced by the approaching vortices results in deflection
of the strip away from the vortices. When the pair is in close proximity to the
strip, the magnitude of the hydrodynamic loading dramatically increases. The
model not only anticipates the drastic temporal variation in the loading prior
to impact, but also predicts a distinct spatial pressure localization. Specific-
ally, the hydrodynamic loading can alternate sign along the strip, with the
strip being pushed away from the vortices in the region between the pair and
being sucked towards them in the vicinity of their cores. Unlike the experi-
mental observations, where vorticity can be generated along the IPMC and
thus influence the vortex dynamics, resulting in the vortex ring breakdown,
the vortex pair in the potential flow model simply passes around the plate and
continues to advect away indefinitely, albeit possibly at a different speed.

The maximum tip deflection is shown in Figure 14.6a versus circulation of
the vortices. The amplitude of vibration increases monotonically with
circulation due to the larger induced pressure field associated with higher
circulation vortices. For lower circulation strengths, the strip vibration is pri-
marily along the fundamental mode shape of the cantilever, though higher
modes are excited at higher circulation values. The strip energy, including
kinetic and strain energies, is presented in dimensionless form in Figure 14.6b
for various values of vortex circulation as a function of time. As the vortices
approach, the energy of the strip increases due to the transfer of energy
through the hydrodynamic loading, and as such an increase is modulated by
the vortex circulation. As the vortex circulation increases, the strip undergoes
larger deflection, which results in more energy transfer. After the interaction,
the strip continues to vibrate in the fluid, maintaining a constant mean energy
level, due to the absence of fluid viscosity and structural damping.

We note that in comparison with experiments,65 the potential flow
model matches well in the early stages of the impact, where interaction
between the advecting vortices and the vortex sheet co-located with the strip
is relatively weak. However, viscous effects become important when the
vortices are near the plate, and thus the potential flow model assumptions
lose accuracy.

A similar framework has been proposed to model the experimental study
of the interaction between a vortex ring and an annulus.64 However, due to
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the additional complexity of the coherent fluid structure and the minute
deflection of the annulus observed in the experiments, the bi-directional
coupling between the fluid flow and the annulus deformation has been
neglected. Thus, vortex propagation is studied assuming a rigid annulus and
the resulting hydrodynamic loading is independently imposed to predict the
short-circuit current through the IPMC electrodes.

14.3.2 CFD

In an effort to overcome the limitations of the potential flow solution in
resolving vortex dynamics during and after impact, we develop a CFD
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Figure 14.6 (a) Maximum non-dimensional strip deflection and (b) non-dimen-
sional strip energy for various values of vortex strength.
Reproduced from Peterson and Porfiri.66
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modeling framework.67,68 While the point vortex model is amenable to
analytical treatment through the potential flow solution, it contains a sin-
gularity in the velocity field at the vortex core, hampering CFD. As such, we
replace the vortex pair with a Lamb dipole69 for numerical analysis. Simu-
lations are performed using the icoFoam incompressible flow solver in the
open-source CFD package OpenFOAM, which solves the 3D Navier–Stokes
equations using the finite volume method. Structural deformations of the
plate are modeled by discretizing Kirchhoff–Love plate equations using a
central finite difference approximation.

The vortex dynamics of a dipole impacting the tip of a rigid semi-infinite
plate are presented in Figure 14.7 for a dipole Reynolds number of
Re¼ 1500, where the Reynolds number is based upon the initial dipole
convection speed and radius. Initially, all of the vorticity in the domain is
contained within the dipole. Prior to impact, positive vorticity is observed at
the plate tip, while negative vorticity is generated in the thin boundary layer
on the plate face. This induced vorticity is a viscous effect not captured in the
potential flow model. The importance of this induced vorticity is evident
during the impact, in which the top half of the initial dipole pairs with the
induced vorticity along the wall, resulting in the formation of a secondary
dipole. Similarly, the lower half of the initial dipole pairs with the vorticity
shed from the tip, forming another secondary dipole. These secondary di-
poles follow circular trajectories that result in subsequent impacts with the
wall. Viscous dissipation slowly diffuses the vorticity within the domain, in
contrast with the potential flow model in which vortices advect away from
the plate, maintaining their circulation.

To elucidate the hydrodynamic loading on the wall, we compute the time-
dependent tip load by integrating the pressure jump in a region that extends
from the free end to one dipole initial radius. This resultant force is pre-
sented in Figure 14.8 for three dipole Reynolds numbers. Initially, as the
dipole approaches the wall, the force increases slowly, which is in agreement
with the potential flow model. Upon impact with the wall, the resultant force
rapidly increases, attaining a maximum value when the dipole center
reaches the wall. During this primary impact, we observe that the force is
relatively insensitive to the dipole Reynolds number. Subsequent deviations
of the resultant force for varying Reynolds numbers after primary impact are
a result of the complex vortex dynamics shown in Figure 14.7.

This vortex dipole/rigid wall impact study is extended to fully coupled
fluid–structure interaction simulations by replacing the semi-infinite wall
with a finite length Kirchhoff–Love plate undergoing cylindrical bending.68

As the dipole approaches the plate, it deflects slowly, followed by a rapid
deflection upon impact, which corresponds to a rapid increase in the strain
energy. Similar to the rigid wall case, the impact results in the formation of
two secondary dipoles, which return for subsequent interactions with the
plate. These secondary impacts result in additional peaks in the deflection
and strain energy. In comparison with the rigid wall case, the vorticity in-
duced along the plate during impact is reduced due to the plate compliance.
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(a)
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Figure 14.7 Vortex dipole evolution during impact with the tip of a semi-infinite
rigid plate. Red and blue contours show positive and negative vorticity,
respectively. Time is increasing from (a) to (h).
Reproduced from Peterson and Porfiri.67
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Consequently, the secondary dipoles remain much closer to the plate and
have a stronger influence on the hydrodynamic loading. The primary impact
is largely independent of the Reynolds number, as found in the rigid wall case;
however, the interaction with the secondary dipoles and the associated plate
dynamics and strain energy are highly dependent on the Reynolds number.

14.4 Summary and Conclusions
In this chapter, we have examined the impulsive loading of IPMCs by co-
herent fluid structures for the design of small-scale fluid energy harvesters.
Dedicated experimental setups for simultaneous mechanical, fluid, and
electrical measurements have been integrated with analytical and numerical
schemes to elucidate the physics of the energy exchange.

We have demonstrated the feasibility of extracting energy from self-
propagating vortex rings in aqueous environments through impact with
IPMC strips and annuli. PIV measurements indicate that most of the energy
exchange takes place as the vortex ring reaches the IPMC, which results in a
sudden deflection of the IPMC and simultaneous vortex breakdown. For the
annular geometry, the IPMC deflections tend to be modest due to the nature
of the mechanical deformation and fluid passing through the hole in the
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Energy Exchange between Coherent Fluid Structures and IPMCs 15



IPMC rolling up into a second vortex ring of lower circulation that propa-
gates away. For the strip geometry, large deflections are observed, along with
complex vortex dynamics in the vicinity of the tip. The short-circuit current
through the IPMCs is found to consistently follow the rapid deformation,
occurring over a few milliseconds.

The fully coupled potential flow solution accurately predicts the early stage
of the fluid–structure interaction, where the coupling between the impacting
coherent fluid structure and induced vorticity on the IPMC is negligible. The
model describes the impulsive hydrodynamic loading on the IPMC as
a function of the locations of the vortices and the IPMC vibration. We
predict the energy stored in the IPMC as the vortex pair advects away post-
interaction and dissect the role of the vortex pair strength. CFD allows for
resolving the vortex dynamics during the impact, which leads to the for-
mation of secondary and tertiary coherent fluid structures that significantly
contribute to the hydrodynamic loading experienced by the IPMC.

While we acknowledge that there is a significant gap between the power
requirements of existing miniature electronic devices and the energy
transduction capacity of IPMCs, our results offer compelling evidence for the
feasibility of IPMC use in highly unsteady flow sensing applications, along
with an experimental and theoretical framework to inform the design of
energy harvesters.
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15.1 Introduction
Over the last few decades, the fast development in micro-technologies has
led to the growing importance of microfluidics. Miniature pumps are the key
components in microfluidic systems. They are widely used in many appli-
cations such as lab-on-a-chip, micro-total analysis systems and microdosage
systems. The first miniature pump was fabricated in the 1980s.1 Since then,
a number of miniature pumps have been presented and many are still under
development. The most important part for miniature pumps is the actuating
mechanism because it is directly related to factors such as flow rate, effi-
ciency, driving source and cost. Currently, the most common driving
mechanisms of miniature pumps are piezoelectric, electromagnetic, thermo-
pneumatic, electrostatic and so on. They all have their own advantages and
disadvantages. However, the majority of pumps are relatively expensive; the
fabrication processes are generally quite complicated.2 To obtain a cost-
effective and fabrication-optimized design, a simple valveless pump driven
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by ionic polymer metal composites (IPMCs) and controlled with the iterative
feedback tuning (IFT) technique will be presented in this chapter.

15.2 IPMC Fundamentals
IPMCs, also known as ionic conducting polymer gel films, are a type of
electroactive polymer (EAP) that are lightweight, soft, flexible and known as
‘‘artificial muscles’’ because EAPs convert electric energy into mechanical
energy.3 With low excitation voltages (typically less than 5 V), IPMC strips
can produce relatively large displacements but with limited force outputs
and slow reactions. Its properties make it a promising candidate for building
artificial devices such as biologically inspired robots.4 IPMC actuators are
best suited for reciprocating motion because they can apply force in one
direction for only a short period. There are also many other issues con-
cerning the use of IMPC actuators in real-world applications, which need to
be taken into account. Some of their properties may restrict their perform-
ance in one application but might be feasible for another. In order to utilize
IPMC actuators, one has to find a way to benefit from their unique shape and
behaviour.4

An IPMC is typically a thin elastic strip made from either Nafions or
Flemions, which has both sides coated with highly conducting metal
(normally platinum or gold). These metals act as the contacts or, more
precisely, electrodes. Currently, the two main suppliers for Nafions and
Flemions are DuPont, USA, and Asahi Glass, Japan, respectively.5 Taking
Nafions as an example, it is a perfluorinated polymer containing hydrogen
(or metal) sulfonate functional groups.6 It is commonly used as a polymer
matrix in IPMC applications. A short operation time and a low generative
blocking force are regarded as the major drawbacks of conventional Nafion-
based IPMCs. The short operation time of IPMCs in dry condition is due to
the loss of the inner water through natural evaporation, leakage due to
surface expansion and continuous electrolysis during operation. Various
attempts have been made to improve the performance of IPMCs in terms of
durability as well as blocking force.7 When electric voltage is applied to the
both sides of the IPMC, the strip bends toward the anode (þ). This is due to
the expansion along one side and contraction along the other the side of the
polymer membrane. By applying an electric field across the hydrated
membrane, mobile cations are attracted to the cathode, which in turn at-
tracts water molecules trapped within the membrane. The accumulation of
water on one side of the polymer causes expansion, therefore producing the
bending stress towards the anode.3,5,6

15.3 Advantages of IPMCs and Current Applications
In general, EAPs are novel actuation and sensing materials, which have
promising applications in robotics and biomedical systems.9 IPMC materials
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have a number of unique properties that make them more favourable than
traditional actuators, as well as other EAPs:1

� Lightweight and small size. A typical IPMC is a thin film between 0.2 and
2 mm thick. Its small size and good scalability are perfect in miniature
and micro-applications.

� Low actuation voltages. These are typically between 1 and 5 V, which is
much lower than conventional actuators that are commonly used in
biological applications.

� Large displacements. A bending angle greater than 3601 is achievable
with sufficient length.

� Biocompatibility. This is an important feature for IPMCs and makes it
possible for human implants, biomimetics and other similar products.

� Flexible and soft. Since the structural material is a polymer gel, it has the
basic properties of a polymer.

� Environmentally friendly. Operation is possible in water, at low tem-
peratures and in vacuum.

� Noiseless. Unlike electric motors or pneumatics, silent actuation makes
IPMCs very useful in many applications in which quiet operation is
required.

� Direct energy conversion. No components other than a pair of electrodes
are required to convert electrical energy into mechanical motion.

� Bi-directional operation. By changing the polarity of the applied voltage,
the deflection can be controlled in both directions.

With these useful properties of IPMCs, much research has been done to
utilize them in real-world applications such as biomedical devices, flapping
robots, scout robots, grippers and micromanipulators, dust wipers, vibration
dampers and linear actuators.4

15.4 IPMC Control Techniques
Although there is currently no general model to define IPMC actuators, the
knowledge of electrochemical mechanical behaviour allows the control of
their tip force and displacement. However, the material properties of IPMCs
are highly dependent on factors such as hydration level, manufacture, ac-
tuation time and clamping status. This means that the controller must be
robust and self-adaptive.8 A number of techniques have been put into
practice to control the output displacement of an IPMC actuator. Open-loop
(OL) controllers have been implemented based on the models for the quasi-
static response of the materials.9 The performance was improved by using
the inverse Preisach operator to model quasi-static hysteresis separately
from the linear dynamics.9 However, due to the highly nonlinear behaviour
of IPMC properties described above, performance under OL control is still
very unstable and thus not desirable for most applications. Closed-loop
control is considered to be the best method to control IPMCs.

Miniature Pump with Ionic Polymer Metal Composite Actuator for Drug Delivery 21



Some classical proportional, proportional-integral (PI) or proportional-
integral-derivative (PID) controllers have been successfully implemented
using linear approximate models of the actuator10–13 or linear quadratic
regulator theory with more optimized results.13 An H-infinity controller that
seemed to be better than PI control was also developed using a model op-
timized for control purposes.14 In addition, force control was achieved using
hybrid or impedance controllers.10–12 With the feedback from a laser sensor
or precision force sensor, these controllers were capable of controlling
the tip displacement of an IPMC strip for both step and periodic inputs.
However, because of the time-varying characteristics of IMPCs, these con-
trollers are still not good enough for long operation applications as they do
not continuously tune themselves.

15.4.1 Development of Miniature Pump Technology

Microelectromechanical systems (MEMS) technologies have brought to the
world various types of sensors and actuators by allowing nonelectrical
components onto microchips. In the early years of MEMS development,
fluidic devices were the first components that were realized in microscale
using silicon technology.1 Microfluidics consists of the design and devel-
opment of miniature devices, which manipulate small amounts of fluids
(10�9–10�18 litres) using small channels. By miniaturizing the size, the
channels can be scaled down to just a few micrometres, which facilitates
controlling and transferring tiny volumes of fluids.15 Although studies on
microfluidic devices, fabricated with MEMS technology, has its origin almost
40 years ago, it is still a very actively research topic.16 Over the last decades,
the fast development of genomics, proteomics, life sciences and the dis-
covery of new drugs led to the growing importance of microfludic sys-
tems.1,17 For example, micro-total analysis systems (mTAS) in chemical and
biological analysis and detection, implantable drug delivery systems for
high-precision flow control, microchips integrated in computers to circulate
coolant for cooling, micro-pumping systems in portable fuel cells, as well as
impeller systems for blood flow regulation all need a fluid delivery unit to
transfer the fluid from a reservoir to the target place with accuracy and re-
liability.15 Numerous microdevices were developed such as filters, mixers,
reactors and separators.1 Different functions of microfluidic operations,
such as pumping and mixing, have to be integrated into a single lab-on-a-
chip.17 New effects such as electrokinetic effects, acoustic streaming,
magneto-hydrodynamic effects, electrochemical effects and more, which
previously were neglected in macroscopic applications, now gain their im-
portance at the microscale.1,15

The most common components in microfluidic devices are flow sensors,
microvalves and miniature pumps. According to the definition of ‘‘MEMS’’,
miniaturized pumping devices fabricated by micromachining technologies
are called ‘‘miniature pumps’’.18 As it was said that the miniature pump is
the beating heart of microfluidics, miniature pumps serve as the actuation
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source and have been the subject of a number of research projects since the
early years of MEMS development.15 One of the very first miniaturized
pumps was patented back in 1975 and was fabricated using conventional
techniques, and it was not until 1984 that a miniature pump based on sil-
icon microfabrication technologies was patented by Smits10 and published
later in 1990.10 The miniature pump designed by Smits was a peristaltic
pump consisting of three active valves actuated by piezoelectric discs. The
device was primarily developed for use in controlled insulin delivery
systems.18

In contrast to other MEMS devices, miniature pumps are components with
a large variety of operating principles. Similar to other MEMS applications,
the first approach made by researchers was to move away from the well-
known principles in the macroscale by micromachining.2 Generally,
miniature pumps can be classified into two categories—mechanical and
non-mechanical—which is based on whether the pump converts external
mechanical energy or non-mechanical energy directly into kinetic
energy.2,15,18 Electrical, magnetic, thermal, optical and acoustic energies
have been used for transfer into mechanical energy in miniature pump ap-
plications.15 Mechanical pumps usually contain moving parts such as check
valves, oscillating membranes or turbines for delivering a certain amount of
fluid in each pump cycle, while non-mechanical pumps achieve pumping by
adding momentum to the fluid, which is done by converting another energy
form into the kinetic energy.1 Under this system, mechanical pumps can be
further divided into displacement pumps (also known as ‘‘reciprocating
miniature pumps’’)2 and dynamic pumps according to whether the mech-
anical energy is added intermittently to increase pressure to move the fluid
or constantly to increase the velocity of the fluid.15

Displacement pumps are the most common type of mechanical miniature
pump that consist of a pump chamber closed with a flexible diaphragm.
A schematic illustration of diaphragm type mechanical miniature pump is
shown in Figure 15.1.

Fluid flow is achieved by the oscillatory movement of the actuator dia-
phragm, which creates under- and over-pressure transients (Dp) in the pump
chamber. During the so-called ‘‘supply phase’’, under-pressure in the pump
chamber causes fluid to flow into the pump chamber through the inlet valve.
During the following ‘‘pump phase’’, over-pressure in the pump chamber
transfers the fluid out of the pump chamber through the outlet valve.2,18 The
valves at the inlet and outlet are in place to prevent reverse flow in the re-
spective pump phases. The medium (i.e. liquid or gas) is obviously delivered
in a series of discrete amount. The amount depends on the actuator stroke
volume DV (i.e. its net volumetric displacement during one cycle).2

Based on the understanding of new fluid motion phenomena, other non-
mechanical miniature pumps have also been developed. However, their
operation and performance are dependent on the properties of the pumping
fluids and surface material. In most cases, non-mechanical miniature
pumps cannot generate high flow rates, driving pressures and fast response
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times, but they are very suitable for small regulation and precise control in
the mTAS.15 In terms of inlet/outlet mechanisms, categories of miniature
pumps are also divided into with-valve miniature pumps and without-valve
(or valveless) miniature pumps.19 Early development of miniature pumps
always involved check valves. The leak rate of these check valves must be
small compared to the pump flow rate (which means in the nl/min range).
However, long-standing problems related to sedimentation or wear should
also be considered.16 On the other hand, valveless miniature pumps, using
nozzle/diffuser elements, are easily created in small sizes and can avoid the
wear and fatigue of moving parts.19 Figure 15.2 shows a miniature pump
with conical nozzle/diffuser elements. This is similar to other membrane
pumps with a pump chamber in which a certain pressure and volume stroke
can be generated. The check valves, however, are replaced by diffuser/nozzle
elements having no movable parts, but yet showing fluid rectification.16 As
shown in Figure 15.2, the diaphragm bends upward in the pump mode, and
downward in the supply mode. In the pump mode, the large and small solid
arrows represent outlet and inlet flows, respectively, while in the supply
mode, the large and small dotted arrows illustrate flows through the inlet
and outlet parts, respectively.19

Miniature pumps are very attractive devices since they can be used for
dispensing therapeutic agents, cooling microelectronic systems, develop-
ment of mTAS, propelling microspacecraft, etc. For such a variety of appli-
cations, many types of miniature pumps have been developed. At the same
time, drawbacks of the various miniature pump concepts have been re-
vealed. The overall commercialization process is still in its infancy. Low cost
and simple fabrication designs and good performance reproducibility are
definitely the next goals to be achieved. There is still much to learn about the
fundamentals of miniature pumps and other microfluidic components and
systems.2,19

Figure 15.1 Schematic illustration of a diaphragm type miniature pump.
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15.4.2 Overview and Discussion of Miniature Pump
Actuation Mechanisms

Ideally, actuators are easy to construct and can provide large force, have large
strokes, have fast response times, consume little power and have low thermal
losses. The choice of whether to use an integrated or an external actuator
depends on the specific requirements of the application. For example, to
achieve large strokes for higher flow rates, the large force and displacement
of external actuators is desirable. However, the trade-off of using an external
actuator is the large physical size. During the last decade, in attempting to
meet these various requirements, such as working liquid, maximum
pumping rate or back pressure and power consumption limitations, a
number of miniature pumps have been designed and implemented.15

Piezoelectric actuation was the first and by far the most popular mech-
anism for miniature pump applications.2,20 It is a very attractive concept, as
it provides a simple structure, a comparatively high actuation force and a
fast mechanical response. Moreover, commercial PZT (lead zirconate tita-
nate) material is readily available. However, the fabrication process of inte-
grating PZT materials with silicon is complicated. The high actuation voltage
and small stroke are also regarded as the major drawbacks.2,15,19 The
other actuation mechanisms seem to be less popular in miniature pump
applications due to disadvantages such as the long response time in shape
memory alloys, the large size of the electromagnetic and pneumatic
actuations, the high temperatures and high power consumption in thermos-
pneumatic actuations and the low output force and small stroke in
electrostatic actuations,20,21 whereas some others effects, like bimetallic,
magnetostrictive effects or optical effects, are rarely found.2

The excellent properties of EAP materials have drawn much attention from
researchers when developing miniature pumps. IPMCs are one of the most

Figure 15.2 A schematic diagram of a membrane miniature pump with nozzle/
diffuser elements.

Miniature Pump with Ionic Polymer Metal Composite Actuator for Drug Delivery 25



popular polymer composites. When applied to miniature pumps, they have
advantages such as a low driving voltage, reasonable responses and bio-
compatibility. In addition, they can work in aqueous environments. Much
work has been done recently to develop IPMC miniature pumps in the
known literature. Guo et al. designed an IPMC miniature pump with active
valves made of IPMCs.22 A maximum flow rate of 37.8 ml/min was recorded.
However, the IPMC valves of this miniature pump are considered to be very
complicated in terms of fabrication and control. The sealing of the IPMC
valves might be another problem due to their rough surfaces and the hys-
teresis behaviour of IPMC material. Pak et al. presented a valveless IPMC
miniature pump, which reached a maximum flow rate of 9.97 ml/min.23

They also reported drawbacks such as durability and sealing of the IPMC
diaphragm. In 2006, Lee et al.19 proposed a design and flow rate estimation
of a valveless IPMC miniature pump. The IPMC diaphragm of this mini-
ature pump was designed to be made from Nafions. Later, Nguyen et al.21

reported a flap valve miniature pump with a multilayered IPMC as the
actuator. Experiments showed a flow rate of up to 760 ml/min at a 3 V
actuation voltage. The miniature pump was tested and found to be suitable
for running for longer than 1 hour at an applied voltage of 1.5 V. Unlike
Lee et al., this study used an IPMC diaphragm fixed by a flexible poly-
dimethylsiloxane (PDMS) polymer instead of Nafions. This design was
aimed at increasing the degrees of freedom of movement of the diaphragm
while covered entirely with electrode. With Nguyen et al.’s design, the IPMC
material was integrated into the PDMS layer, thus restricting the total
diaphragm stroke.

More recently, Santos et al.24 introduced a new concept of IPMC dia-
phragms in a miniature pump design. The electrodes were covered at the
centre of the diaphragm. A maximum flow rate of 481.2 ml/min was
measured. However, this design obviously decreased the durability of the
IPMC material, as most of the diaphragm was covered by the electrodes.
The size of the miniature pump was also as large as 80 mm. Overall, these
designs of IPMC-driven miniature pumps require the IPMC to be an ac-
tuator as well as a diaphragm that is fixed or attached to the chamber. At
least one side of the actuator is not in contact with liquid. This can cause
water loss from the IPMC and therefore decrease its durability, rendering it
incapable of running continuously over an extended period. Moreover,
fabrication of IPMC membrane actuators is quite complex and relatively
expensive.15,18,20

15.4.3 Advantages of IPMCs for Drug Delivery Miniature
Pumps

Miniature pumps for drug delivery applications must meet basic require-
ments, which are biocompatibility, actuation safety, desired and controllable
flow rate, small chip size and low power consumption. The biocompatibility
of MEMS-based miniature pumps is becoming increasingly important and is
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regarded as a key requirement for drug delivery systems. Biocompatibility is
defined as ‘‘the ability of a material to perform with an appropriate host
response in a specific application’’. As miniature pumps in drug delivery
systems can be implanted inside the human body, therefore the materials
used for fabrication must strictly meet biocompatibility and bio-stability
requirements.18

Recently, IPMCs have attracted considerable attention due to their large
deformation at low applied voltages, low power consumption and relatively
short response time characteristics. Their small size and biocompatibility
make them capable of human implantation. Even though IPMCs can operate
well in dry environments when fabricated as self-contained encapsulated
actuators, they can perform extremely well in a humid environment. Thus,
IPMCs are considered to be promising candidates for miniature pump ap-
plications, particularly for use in a humid environment such as inside a drug
delivery miniature pump.20

15.4.4 Design and Fabrication of Miniature Pumps

The fabrication processes of current miniature pumps are relatively com-
plex, requiring special equipment and techniques, hence increasing the cost
of these devices. For these reasons, a low-cost miniature pump was designed
and prototyped based on a simple fabrication technique structure. The
ultimate aim is to produce a miniature pump using a simple fabrication
technique with an IPMC actuator that can be reliably controlled.

The most widely used miniature pump actuator is piezoelectric based. It
usually produces high actuation forces and fast mechanical responses, but
they generate relatively small stroke volumes and need very high actuation
voltages,25 which is energy consuming and not safe for some applications,
such as a human wearable devices. Thermo-pneumatically actuated dia-
phragms requires low input voltages while generating higher pump rates;
however, high power consumption and long thermal time constants are the
restrictions to their wide application. Electrostatically actuated diaphragms
have good performance in terms of response times, MEMS compatibility and
low power consumption, but they also have drawbacks of small stroke vol-
umes, performance degradation and high input voltages. Electromagnetic-
ally actuated diaphragms come with fast response times, but they have
disadvantages of bad MEMS compatibility and high power consumption.25

IPMC-driven diaphragms have merits of low input voltages, large stroke
volumes and low power consumption, which make them promising candi-
dates for miniature pump application.

In most pumps, mechanical check valves were usually used for the inlet
and outlet ports, either with membranes or flaps. The process of designing
and fabricating this type of valve is very complex. The pump itself may suffer
from problems such as high pressure drop across the valves.26 Some crucial
properties like backward flow and switching speed have to be controlled
precisely in order to achieve a working miniature pump. Moreover, wear and
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fatigue can be critical issues, especially in polymer-fabricated devices.2 This
may result in reduced lifetimes and reliabilities.26 There is also the risk of
valve blocking by even small particles, which instantly degrade the pumping
performance or cause damage to sensitive fluids. This limits the application
range of most valve-based miniature pumps to filtered media.2 Therefore,
there was a need for miniature pumps with no movable parts.

15.4.5 Valveless Miniature Pumps

The ‘‘valveless’’ miniature pump can eliminate these problems. The device
was first introduced by Stemme and Stemme.26 It uses ‘‘diffuser/nozzle’’
elements with flow-rectifying properties to provide similar function to a
check valve. According to,26 a maximum achievable forward–backward flow
ratio of 2.23 was calculated for this type of ‘‘valve’’, which is sufficient for a
pump. The working principle of this valveless miniature pump was shown
earlier in Figure 15.2. A diffuser is a diverging duct and a nozzle is a con-
verging duct. These ducts can be geometrically designed to have a lower
pressure loss in the diffuser direction than in the nozzle direction for the
same flow velocity.26 When chamber volume increases (the supply mode),
the inlet element acts as a diffuser with a lower flow restriction than the
outlet element, which acts as a nozzle. Therefore, a larger volume is trans-
ported through the inlet into the chamber than through the outlet. On the
other hand, during decreasing chamber volume (the pump mode), the outlet
element acts as a diffuser with a lower flow restriction than the inlet elem-
ent, which acts as a nozzle. This means that a larger volume is transported
through the outlet out of the chamber than through the input. As a result, a
net volume is transported (i.e. pumped) from the inlet side to the outlet side.
Therefore, a complete pump cycle is achieved, despite the fact that the fluid
travelled in both directions of the diffuse/nozzle element.

15.4.6 Miniature Pump Design

Figure 15.3 shows the final design for the valveless miniature pump. It
consists of four Perspex layers (each 2 mm thick) and a latex diaphragm. The
top layer is the cover. It also has a micro-channel inlet, which can be con-
nected to an external reservoir. The second layer is the most critical part that
contains the pump’s micro-channel outlet and two nozzles/diffusers for the
inlet and outlet. It requires precision machining to ensure the diffuser and
nozzle dimensions are correct for proper operation. The pump chamber
third is located in the Perspex layer. A latex film is directly attached (glued) to
the third layer to cover the pump chamber at the bottom. A small piece of
strong double-sided tape (1 mm�1 mm) of about 1 mm thickness is placed
underneath the latex film at the centre. The IPMC tip is now attached to the
latex diaphragm.

The contact area of the diaphragm to the IPMC is small, amplifying the
exerting pressure, since the IPMC is only capable of providing limited force,
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typically up to 10 gf. To overcome the dehydration problem, the IPMCs
should always be kept in a liquid. A bottom layer with a cavity to hold water
is added. This layer is thicker than the other layers (4 mm instead of 2 mm)
so that the cavity is sufficient to hold water while providing enough space for
the IPMC strip to deflect. With this bottom layer, the clamping part is also
submerged in water; thus continuous operation is now possible. In this
prototype, the bottom layer is slightly larger than the rest of the pump so that
the IPMC clamped section can also be completely submerged in water.
A picture of the assembled pump prototype is shown in Figure 15.4.

Since this is a prototype only, the pump was not made to be very small.
The overall size is 30� 40� 10 mm (length�width�height). The pump
chamber is an 11� 11 mm square of 2 mm in depth. The actuator used in
this prototype is a Nafions-based IPMC strip 18 mm long and 10 mm wide,
with an average thickness of 0.22 mm. A pair of copper plates as electrodes
was used to clamp the two sides of the IPMC strip, providing the stimulus
electrical signal to the IPMC. The clamping length is 5 mm. The conical
nozzle/diffuser dimensions are shown in Figure 15.5 and it has an area ratio
of 64 and, with a length of 2 mm, equates to a half angle, y, of 101.

15.4.7 Simulation of the Pump

Figure 15.6 shows the fluid model of the valveless miniature pump created
for ANSYSs CFX, which includes a pump chamber, two nozzle/diffuser

Figure 15.3 Exploded view of a miniature pump designed for dispensing drugs.37
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elements and partial inlet and outlet channels. Because the inlet and
outlet allow the fluid to move in both directions through them, the boundary
conditions at both the inlet and the outlet were set to be ‘‘opening’’ with zero
static pressure. A ‘‘no-slip wall’’ boundary condition was imposed on the
solid wall boundary of the fluid model. Since there would be motions along
the solid–fluid interface, a moving mesh boundary condition was imposed
along it, with an arbitrary formulation. The flow was assumed to be laminar,
and the fluid material was set to be water at 25 1C and 1 atmospheric pres-
sure. These properties were assumed to have no dependence on the tem-
perature change.

When a sinusoidal input voltage signal is applied to the IPMC actuator,
the IMPC strip starts to oscillate and cause the latex film to move up and

Figure 15.4 An assembled pump prototype.37

Figure 15.5 The dimensions of the nozzle/diffuser used in the miniature pump.

30 Chapter 15



down. This action can be regarded as a pressure signal being applied to the
diaphragm. It was assumed that the pressure imposed had the following
form of a sine function:

f(x)¼ P sin (ot)

where P is the amplitude of the pressure on the diaphragm and o is the
driven frequency of applied voltage on the IPMC. Different values of P and o
were simulated to analyse their effects.

Figure 15.7 shows the simulation results for a complete pumping cycle
with the conditions of P¼ 1200 Pa and o¼ 0.2 Hz. The period for one
pumping cycle is 5 s, thus making 50 time steps.

At t¼ 0.01 s in Figure 15.7(a), the fluid starts to flow out from the outlet,
but little fluid is flowing out through the inlet channel. This is correct be-
cause the diaphragm is being pushed upwards. It is similar to the ‘‘pump
mode’’ of the nozzle/diffuser elements. At t¼ 0.625 s, as the pressure ap-
proaches the maximum value, more fluid is flowing out from the outlet
channel. At the same time, some fluid is also flowing out through the inlet,
but at a much lower amount. Turbulences are also built up at the inlet nozzle
position, as shown in Figure 15.7(b). The miniature pump is still under
pump mode. At t¼ 1.25 s, the pressure has reached its maximum and the
diaphragm is at its upmost position. The miniature pump is now changing
from pump mode to supply mode. Fluids are now flowing through both the
inlet and outlet. However, turbulences start to build up inside the pump
chamber at the outlet channel, which resists fluid flow in from the outlet
channel (Figure 15.7(c)). Then, at t¼ 1.875 s, as shown in Figure 15.7(d), as
the diaphragm is moving downwards, more fluid flows from the inlet
channel to the pump chamber than the outlet channel. The miniature pump
has now entered supply mode. The diaphragm reaches the middle point at
t¼ 2.5 s in Figure 15.7(e), which is half of the period. The miniature pump is
now in the equilibrium position. However, it is still in supply mode so that

Figure 15.6 Fluid domain model of the valveless miniature pump.
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Figure 15.7 Simulation of a complete pumping cycle at different time steps (a) 0.01 s,
(b) 0.625 s, (c) 1.25 s, (d) 1.875 s, (e) 2.5 s, (f) 3.125 s, (g) 3.75 s and
(h) 4.375 s. The wide arrows indicate the diaphragm direction of motion
using ANSYSs CFX.
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fluids are flowing into the chamber. At t¼ 3.125 s, the diaphragm has passed
the middle point and continues to move downwards. As shown in
Figure 15.7(f), more fluid tends to flow into the pump chamber from the
inlet channel. The diaphragm reaches the lowest position at t¼ 3.75 s, as
shown in Figure 15.7(g). The miniature pump is now at the transition from
supply mode to pump mode. Equal flows are observed through the inlet and
the outlet. Figure 15.7(h) shows the diaphragm moving upwards again in the
pump mode. More fluid flows out of the outlet, while hardly any fluid flows
out through the inlet channel. Once it passes the middle point again, the
pumping cycle is complete. This simulation clearly shows that fluid is being
pumped from the inlet to the outlet.

15.5 Control of IPMC Actuators
Because there is no appropriately accurate model available for IPMC actu-
ators, it is essential to develop an adaptive control method that does not rely
heavily on the availability and accuracy of the plant model. One of the most
suitable solutions for solving this kind of control problem is a tuning
method called IFT, which was proposed in 1998 by Hjalmarsson et al.27 It is a
tuning method that iteratively identifies and updates the controller to obtain
optimized results. In this case, it uses an iterative gradient descent algo-
rithm and the objective is to minimize the cost function or gradient of a
controller design criterion directly from an unknown system; in this case, a
least-squares fit of the tracking error. The method does not require a system
model to get an unbiased estimate of the gradient; instead, it uses the error
data gathered from the normal operation of the system with the current
controller. Then, a special experiment, fed with the output signal of the
system operating in normal conditions as the reference input to the control
system, is performed to obtain additional data. By using the information of
the time domain response obtained from this additional test, controller
parameters can be updated in the negative gradient direction at the start of
each iteration. This means that the controller parameter updates are only
based on the experimental data from the actual system. Knowledge of the
system’s model is therefore not required. Although the assumptions for this
method are that the system is linear and time-invariant, it has been shown
that IFT can improve the performance of such a system.27

There have already been a number of existing IFT applications in both
research fields and industry fields. The implementation of IFT has shown
good results in applications such as profile cutting machine control sys-
tems,28 speed and position control of servo drives,29 temperature regulation
in a distillation column26 and photo-resistant film thickness control.30 The
traditional approach of tuning the system with the IFT method is ‘‘offline’’,
or prior to the standard operation. This is due to the fact that a ‘‘special’’
gradient experiment is required to calculate the updated parameters; how-
ever, its trajectory may diverge far from the trajectory of the normal experi-
ment. In this research, the IFT algorithm used has a modification from the
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standard version, which can keep the trajectory close to the normal reference
in the gradient experiment. It will be a truly ‘‘online’’ tuning method, where
the PID controller is continuously updated at a predetermined time. Below is
an overview of the key theory of IFT and an explanation to the modification
of the standard IFT algorithm to implement an ‘‘online’’ IFT.

15.5.1 IFT Algorithm

The miniature pump system with a PID controller shown in Figure 15.8 will
be tuned using an IFT algorithm so that the IPMC actuator can be accurately
controlled over a continuous operating period. IFT is a time domain ap-
proach whose objective is to obtain an optimized system performance by
minimizing the cost function or design criterion based on the controller
performance. Various design criteria based on tracking error and control
effort can be considered. Weight filters can also be incorporated to the
control effort depending on the application requirements. For example, to
ensure more emphasis is placed on the transient or steady state, a time
domain weighting filter could be added, or the system performance can be
more flexible by placing a frequency-weighted filter.

For this proposed IPMC-driven miniature pump, the design criterion J(r)
consists of a quadratic function based on a least squares fit of the tracking
error, ~yt, as shown below in eqn (15.1).

J rð Þ¼ 1
2N

XN

t¼ 1

~y rð Þ2 (15:1)

where r is a vector of the controller parameters to be tuned, N is the total
number of samples for a given experiment, t is the discrete time step index
and ~ytðrÞ¼ ytðrÞ � r represents the desired output minus the system output
produced by the currently tuned controller (i.e. the system error) at time step
t. The objective of the IFT tuning scheme is to make the gradient equal to 0
in order to find a minimum for the design criterion, J; in this case, finding
the minimum tracking error over the entire experiment. To obtain the gra-
dient, eqn (15.1) needs to be differentiated. By making it equal to 0, as shown
in eqn (15.2), and finding the solution to it, the minimum of the criterion
can be found.

@JðrÞ
@r

¼ 1
N

XN

t¼ 1

~ytðrÞ
@ytðrÞ
@r

� �
¼ 0 (15:2)

Figure 15.8 A PID control system.37
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Applying the iterative algorithm in eqn (15.3), eqn (15.1) and (15.2) can
be solved to update the controller gains for the next iteration. The solution
for r can be found to obtain the minimum error for the system. This is a
gradient search algorithm.

riþ1¼ ri � gR�1
i
@JðriÞ
@r

(15:3)

g is a positive real scalar that decides the step size. Ri is an appropriate positive
definite matrix that controls the search direction for the optimization. i rep-
resents the iteration number. Appling the identity matrix to Ri gives a negative
gradient direction. Many researchers have suggested that the controller
performance can be improved by using the Gauss–Newton approximation of
the Hessian of J(r) for Ri.

27,28,31 This becomes more important when the time
step size is small. The Hessian is given below in eqn (15.4).

Ri¼
1
N

XN

t¼ 1

@ytðriÞ
@r

@ytðriÞ
@r

� �T
 !

(15:4)

In order to get the updated controller gains, two signals, ~ytðrÞ and
@ytðrÞ
@r , are required to be solved in eqn (15.2). These two signals must be

unbiased from each other, thus they needed to be solved independently.31 In
the standard IFT algorithm, these two signals are found over two consecutive
experiments that are independent of each other, as follows:

1) In the first experiment, the input reference signal r is applied to the
control system under normal operating conditions and the output y is
recorded. ~ytðrÞ can then be found from ~yt¼ ytðrÞ � r.

2) Then, a second ‘‘special’’ experiment is performed. This is the same as
the first experiment, except that this time the input signal r is the error
~ytðrÞ from the first experiment. From this operation, the gradient
@ytðrÞ
@r can be found.

After these two experiments, ~ytðrÞ can be obtained directly from the first

experiment, while @ytðrÞ
@r is calculated by the following process.

For the PID controlled system (Figure 15.8) used to control the IPMC ac-
tuator, the closed-loop output is defined as:

yðriÞ¼
GcðriÞGIPMC

1þ GcðriÞGIPMC
r (15:5)

Then, by differentiating the output, @ytðrÞ
@r can be found as:

@yðriÞ
@r

¼ 1
GcðriÞ

@GcðriÞ
@r

GcðriÞGIPMC

1þ GcðriÞGIPMC
ðr � yiðriÞÞ

� �
(15:6)
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From eqn (15.5) and (15.6), we can see that the term in the square brackets
in eqn (15.6) is the result of injecting the error from the first experiment
through the closed-loop system. Thus, the output collected in the second test
gives the term in the square brackets in eqn (15.6). By differentiating the

controller itself, the two terms
1

GcðriÞ
@GcðriÞ
@r

can be easily found. The gra-

dient
@yðriÞ
@r

can now be established. By putting this result back into eqn

(15.4), the Hessian can be calculated and
@JðrÞ
@r

can be found as well. By now,

the new updated controller parameters ri11 are available, which will give an
improved controller for the system. Depending on the application require-
ment, this procedure is repeated for the desired number of iterations, or
until the desired system performance is achieved.

15.5.2 Online IFT Tuning

As discussed in the last section, tuning a one degree-of-freedom PID con-
troller with the standard IFT algorithm requires two independent experi-
ments. This means that with this procedure, the system is tuning for half
the time during operation; as a result, the target input, which is the error
signal, will vary far from the normal or desired trajectory. This also means
that the gradient experiment differs far from the normal experiment, which
in practice is not acceptable for online tuning. However, it is possible to
improve performance by using a different second experiment to calculate
the gradient, and more detail of this is available in.31 This reference
proposes an IFT algorithm that offers a solution for dealing with the
production waste caused by the second gradient experiment. The reference
used for the gradient experiment is ‘‘switched’’ to yt(r) from the first ex-

periment (instead of (r �yt(r)), then eqn (15.6) for calculating
@yðriÞ
@r

can be

modified to:

@yðriÞ
@r

¼ 1
Gc rið Þ

@Gc rið Þ
@r

ðy1 � y2Þ½ � (15:7)

This modification is acceptable because when the system is tracking the
trajectory at a reasonable accuracy, then the reference for the gradient ex-
periment, yt(r), should be equal to r for the normal experiment, with some
small tracking error. However, this substitution also brings another problem

that is ~ytðrÞ, which will be used for calculating @JðrÞ
@r as in eqn (15.2), is based

on @yðriÞ
@r . This is because the first and second experiments are used to

calculate @yðriÞ
@r directly, and the second experiment is dependent on the first
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experiment. To overcome this problem, a third experiment must be con-
ducted using the same conditions as in the first experiment.

Figure 15.9 is a block diagram for the modified ‘‘online’’ IFT-tuned control
system. In this implementation, a switch S is added to switch the reference
input to the system during three experiments. In the first and third experi-
ment, the switch is set to (I), which is the reference signal r, and for the
second gradient experiment, the switch is set to (II), which feeds back the
output of the first experiment, as there is an N sample delay.

However, if the system is under-damped, there will be a problem because
the reference for the gradient experiment, yt(r), will contain the exact res-
onance frequencies of the system. This is not preferred for the gradient
experiment, which may cause the system to become heavily excited.31

Therefore, with the modified Ziegler–Nicholas model-based tuning method
stated previously, the damping should be large enough (over-damped or
critically damped) so that any unwanted oscillations can be eliminated.

For a stable initial control system, if the step size is small enough and the
data set is relatively large, the search algorithm of online IFT will always
be in the negative direction, which can ensure convergence to the local
minimum of the design criteria.27 Since the online tuning method has a
modified experiment every third period to calculate the error, it may cause
some deviation from the desired reference, so it is expected to have some
overshoots in every third cycle. To minimize this problem, the total number of
tuning experiments should be reduced during the entire system operation.

15.5.3 Experimental Results

It has been demonstrated that the IFT algorithm can work over a number of
different frequencies and target displacements and so now the IPMC and
pump are assembled for testing on the real system. The IPMC is attached to
the diaphragm and will push against the diaphragm to pump the fluid. The
laser sensor has been positioned so that it can measure the diaphragm
displacement. Figure 15.10 shows the comparison of the diaphragm’s dis-
placement with OL control, PID control and PID control with the online IFT
for a targeted diaphragm displacement of 25 mm at 0.1 Hz. From this it can
be seen that OL control cannot accurately track a desired displacement and
the displacement drifts over time, which will cause the fluid flow rate to be

Figure 15.9 Block diagram of the control system for the online IFT.37
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inconsistent. The standard PID control does maintain the overall mean
displacement and prevents the drift that is seen in the OL control. The PID
controller, however, is still not very accurate throughout the operation as the
controller parameters are not optimally tuned. The PID controller with the
new online IFT algorithm is able to control the diaphragm’s displacement
more consistently over time than a standard PID controller. It does over-
shoot at the start, similarly to the standard PID controller, but it can adjust

Figure 15.10 The displacement of the pump’s diaphragm with (a) OL control,
(b) PID control and (c) PID control with online IFT.32
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its gains over the period of operation to maintain a more accurate dis-
placement and hence flow rate.

To realize a continuous pumping rate, a sinusoid IPMC displacement is
required. The performance of the pump was tested with sine wave voltages of
varying amplitudes and frequencies were applied to the IPMC and the
average flow rate is plotted in Figure 15.11. The flow rate is higher at lower
frequencies (o1 Hz). This suggests that at lower frequencies a higher IPMC
displacement is achieved, causing a higher flow rate. As the IPMC is con-
tinually hydrated, it can be continuously operated at these higher voltages.
From the experiments it was found that a frequency of around 0.1 Hz gives
the highest pumping rate for this system. This is in line with,33 which shows
that a frequency of 0.1 Hz gives good pumping operation. In fact, low
pumping rates for general drug dispensing will be required. As such, the
frequencies of interest for the pump will be between 0.05 Hz and 0.1 Hz.

Similar conditions to the above experiment are use in the ANSYSs CFX
simulation. In this simulation (0.1 Hz with IPMC deflection at 2.5 V), the flux in
one cycle is 146 ml/min, which is close to the experimental result of 130 ml/min.
However, the simulated diffuser efficiency (Z) is only 1.38 and only occurs with
a Reynolds number (Re) of 24. The simulated outlet velocity (m s�1) versus time
(s) is shown in Figure 15.12. Note that the input is the pump diaphragm
pushing and pulling into the chamber according to the sinusoidal voltage
applied to the IPMC, which in turn varies the fluid velocity accordingly.

15.5.4 Performance Optimization of Valveless Pumps

The valveless pump needs to be further miniaturized and therefore there
needs to be a reduction in the area ratio (AR) of the diffuser/nozzle element
in actual application for drug delivery so that the pump can be wearable and

Figure 15.11 Average flow rate for varying amplitude voltage sinusoids at different
frequencies.37
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portable. Hence, it is important that the valveless pump is still efficient at a
smaller scale. Although many former researchers have investigated different
diffuser/nozzle structures, few of them were concerned about the flow
characteristics in low Re ranges (o100).34 Under the trend of minimization
and high-viscosity working fluid (especially in drug delivery), there comes
the need to understand the detailed performance of valveless miniature
pumps in this Re range.

In this study, the flow characteristics of diffuser/nozzle elements with AR
values of 4, 6.25 and 9 were studied numerically using the commercial
computational fluid dynamics (CFD) software package ANSYSs CFX.35 The
prototyped valveless pump has diffuser/nozzle diameters of 100 mm/800 mm
and AR¼ 64, and with smaller AR values of 4, 6.25 and 9, the diameters are
now 100 mm/200mm, 100 mm/250 mm and 100 mm/300 mm, respectively. The
schematic of a diffuser/nozzle element with a sudden contraction inlet con-
dition and a sudden expansion outlet condition is illustrated in Figure 15.13.
The diameter of the sections to which the diffuser/nozzle element is con-
nected to is set to ten times the diameter of the widest section of the diffuser/
nozzle element (D1/d2¼D2/d2¼ 10), while the lengths of these sections are
similar to that of the diffuser/nozzle element (l1El2El). This kind of structure
can eliminate the error caused by different sudden expansion or contraction
ratios and at the same time incorporate the entrance and exit pressure losses,
allowing it to be directly coupled into the full pump model.

Diffuser efficiency Z (defined as the ratio of the pressure loss coefficient
for the nozzle direction to that of the diffuser direction) is recognized as
the flow-directing ability of diffuser/nozzle element36 and is numerically
investigated and plotted in Figure 15.14 for different y and AR values.
There is a clear trend that the optimum y, where maximum Z occurs, de-
creases with Re, as the y determines the length of the diffuser/nozzle
element.

Figure 15.12 Outlet velocity vs. time.
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From these simulations, even with further miniaturization, the Z can be
optimized between B1.3 and 2.2 depending on the Re it is operating at.
Several representative points in Figure 15.14 are selected to fit an ‘‘optimum
half angle curve’’ shown in Figure 15.15. This conclusion can be regarded as
the design guideline for the drug delivery valveless miniature pump, which
works with low Re but still requires a certain amount of flux in limit
dimensions.

Since the diffuser/nozzle model in this study can be directly coupled into a
whole-pump model, Figure 15.15 can be used as a guideline, or as a design

Figure 15.13 Diffuser/nozzle element structure used for ANSYSs CFX simulation.

Figure 15.14 Diffuser efficiency of the diffuser/nozzle element.

Miniature Pump with Ionic Polymer Metal Composite Actuator for Drug Delivery 41



chart, in the selection of conical diffuser/nozzle elements for a valveless
miniature pump at different Re and hence achieving the maximum flow-
directing capability of the valveless pump. In general, the y for the diffuser/
nozzle needs to be increased as the Re decreases in order to achieve the
optimal flow directivity performance of the valveless pump.

15.6 Conclusion
This study presents a prototype valveless pump used for drug delivery.
Further numerical investigations of the flow characteristics of the diffuser/
nozzle elements in the low Re range (o100) have been carried out. The results
show that optimum half angle, y of the diffuser/nozzle element at which
maximum efficiency Z occurs, is found to vary with Re. The highlights from
these results could serve as a design guideline for diffuser/nozzle element
selection of valveless micropumps operating at low Re.
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16.1 Introduction
We are assisting in the deep interest in the development of intelligent sys-
tems intended to expand our action and sensing capabilities and, in such a
way, helping people in everyday life.

The envisaged intelligent systems need to be capable of solving increasingly
complex problems with little or no human intervention in strategic fields such
as bio-inspired robotics, underwater applications, hazardous environment
surveillance, aerospace, and medicine, to mention just a few.1 Generally
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speaking, a huge number of applications can be foreseen in all those fields
where human intervention may be either impossible or dangerous.

We are talking about, just to cite a few examples, bio-inspired robots that
will perform repetitive tasks, active prostheses that will help with the re-
habilitation of patients, smart textiles that can deliver drugs on the basis of
well-established protocols, or even artificial tissues and organs that will
eliminate the need to search for donors and the problem of rejection, in
such a way as to improve the quality of life of the transplanted patient.

The realisation of such smart applications will be possible mainly because
of new materials that are becoming available as a result of interdisciplinary
research, including materials science, engineering, mechanics, and biology.
These new materials are able to perceive external stimuli and react to them,
for example by changing their mechanical or electrical properties, so that
they are no longer passive objects or simple coating elements, instead co-
operating to fulfil a task.

Electroactive polymers (EAPs) will play a main role in the realisation of such
smart systems. Although the interest in EAPs has grown at an impressive rate
in recent decades, the history of EAPs is much older. As a matter of fact, the
first experiments on EAPs were performed by W. C. Röntgen, who in 1880
observed the mechanical reaction of natural rubber when it was activated
using electrical stimuli.2 A portrait of W. C. Röntgen is shown in Figure 16.1.

Figure 16.1 Portrait of Wilhelm Conrad Röntgen taken during the period he spent
at the University of Würzburg.
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The portrait is from the same period as when Röntgen discovered X-rays,
which earned him the Nobel Prize in Physics in 1901.

In that same year, experiments by the two brothers Jaques and Pierre Curie
highlighted the piezoelectric effect on quartz crystals3 that represents a
further case of materials capable of reversible electro-mechanical coupling,
although of course these are not polymeric materials.

Actually, the coincidence of the year when both phenomena were
discovered is partly obscured by the fact that, since that time, piezoelectric
non-polymeric materials have been investigated much more than EAPs.
Nonetheless, the first piezoelectric device was not proposed until World
War I, when underwater sonar for submarine detection was proposed by
P. Langevin.

As is widely known, the increase in interest regarding EAPs, including
ionic polymer metal composites (IPMCs), was more recent, beginning at the
end of the last century.2,4,5

I have been studying IPMCs since 2002 and this is a considerable time
interval for a relatively new technology, as is the case for IPMCs.

It is in any case a significant lapse of time for observing the changes over
the years that have characterised the approach of the scientific community
to the field. Of course, a corresponding evolution occurred in my research
activity. In fact, over more than 10 years, new results emerged and the re-
search focus shifted from one aspect to another.

Nevertheless, some constant aspects that I investigated since the begin-
ning of my interest on IPMC transducers have emerged over time.

The very first characteristic that tantalised researchers, including myself,
regarding IPMCs is that they are reversible materials, capable of working
both as deformation sensors and actuators. This property makes them
privileged candidates for realising some of the main functionalities required
for smart systems. In fact, electric generating capabilities allow the use of
IPMCs in both power generation and motion sensing, while the actuating
capabilities can be exploited to realise motion actuators. No less important
is their polymeric nature, since this allows their potential use in smart post-
silicon devices, along with plastic electronics, whose performances are rap-
idly improving. Looking back at the very beginning of my activity, one of my
first papers was on the realisation of a very simple prototype in which an
integrated motion actuator–sensor system was proposed.6 The system con-
sisted of a couple of IPMC strips working as a sensor and as an actuator,
respectively. It was meant to show the capability of IPMC transducers for
realising smart devices, through the realisation of one system in which both
of the working modes of IPMCs were exploited. More specifically, the
prototype consisted on a hydrated strip for the actuator and a dehydrated
strip for the sensor. Both strips were attached to a thin plastic sheet and
pinned at one end in a cantilever configuration as shown in Figure 16.2.

During the experiments, the plastic supporting sheet was mechanically
stimulated with impulsive inputs. The sensing IPMC was used to detect the
sheet oscillations and to generate a corresponding voltage output. The
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sensing voltage was inverted and amplified to obtain a corresponding output
voltage in the order of a few volts. This signal was used as the feedback to the
actuator strip in a closed-loop scheme.

Though the controlling policy was very simple, it was able to reduce the
disturbances induced on the sheet. This can be seen in Figure 16.3, where
the sheet oscillations, caused by a mechanical impulse, as recorded by the
IPMC sensor, are reported, both in open-loop and closed-loop conditions.
The duration of the system oscillations proved to be reduced by using the
IPMC-based actuator–sensor system.

A second aspect of my research activity on IPMCs is strictly linked to my
academic education and my teaching classes. My research activity focus is on
electronic measuring systems and I teach classes on this topic. For this
reason, I realised and I strong believe that the research activity on IPMC-
based transducers needs significant effort, both to improve the stability of
their performance and to give a quantitative assessment of their uncertainty.
Such knowledge, along with the corresponding models, is a mandatory
aspect to be solved and investigated ahead of IPMCs being fully exploited
in real-life applications and becoming more that laboratory-scale proof-of-
concept prototypes.

In a broader sense, some constant topics can be identified in the research
on IPMCs since they are considered mandatory investigation areas for the
full exploitation of this new class of smart materials, including corres-
ponding challenges that were and to some extent remain to be solved.

Figure 16.2 A picture of a simple IPMC-based actuator–sensor smart system.
r 2004 IEEEE. Reprinted, with permission, from C. Bonomo, L.
Fortuna, P. Giannone and S. Graziani, A sensor–actuator integrated
system based on IPMCs, Proc. of IEEE Sensors, 3rd Conf. on Sens. 2004,
489–492.
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Figure 16.3 Sensor output recorded when a mechanical pulse is applied to the
system shown in Figure 16.2. The open-loop response (a) and the closed
loop response (b) are shown.
r 2004 IEEE. Reprinted, with permission, from C. Bonomo, L. Fortuna,
P. Giannone and S. Graziani, A sensor-actuator integrated system
based on IPMCs, Proc. of IEEE Sensors, 3rd Conf. on Sens. 2004,
489–492.
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There is, in fact, a general consensus on the consideration that the main
research activities in IPMCs deal with production technology, modelling,
and application development and demonstration. Moreover, these research
topics cannot be considered as independent fields; as an example, new
production strategies, aimed at producing better materials, can be greatly
helped if models are available for predicting, in advance, the effects of
changes in the production protocols. Also, on the one hand, applications
need to be described by suitable models, while on the other hand, new
models can be experimentally verified by observing laboratory-scale proto-
types. It can be said that new findings in each of the three mentioned fields
influence the remaining two and that they evolve in a collaborative way.

In a similar way, it is not unusual for a researcher interested in IPMCs to
face problems referring to each one of the three mentioned topics, without a
sharp delineation between them. Nonetheless, for simplicity, it makes sense
to describe research activities on IPMCs by respecting the above-mentioned
taxonomy. In fact, this gives a clearer, although quite artificial, view of the
addressed topics.

16.2 Modelling
In this chapter, for simplicity, the focus will be on my research activity
in IPMC modelling, though the relative influences of the other aspects
mentioned above will clearly emerge.

The full exploitation of a technology requires the capability to describe
the involved phenomena by using suitable mathematical models. The
investigation of such models is of interest in two different ways.

When a novel technology is discovered, hypotheses are introduced
regarding the phenomena that rule that technology. Models are therefore
proposed and compared with real observations on laboratory-scale proto-
types. The agreement of model-estimated behaviour with corresponding real
data gives evidence of the correctness of the hypothesised working model. In
this sense, models can be a tool to confirm or refute the correctness of the
introduced hypotheses and therefore to improve our level of knowledge
about the investigated technology. This is very much true when transduction
phenomena between different domains are considered and complex models
are required, and is of course the case with IPMC transducers.

Once models have been successfully verified and tuned, they can be
powerful tools for engineering applications, since they allow predicting, in
advance, the behaviour of the device under design. Mathematical models
can be used to describe the behaviour of the devices to be designed to a level
of accuracy necessary for the intended applications. Such models are
formidable tools for the user, since they allow predicting of the effects of any
choice during the design step.

A quite general trend in system modelling starts from models that, on the
basis of experimental investigations, try to fit the observed data to arrive at
models that provide a higher level of generality. The second class of models
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are then able to predict the behaviour of devices other than the investigated
ones, or used in working conditions different from those experimentally
observed.

The modelling of IPMCs has followed this trend. Moreover, a significant
improvement can be observed from the pioneering works to the latest
models, which are characterised by an ever-growing level of complexity and
accuracy.

Nowadays, tens of models of IPMC transduction phenomena are available
in the literature, which can be grouped in three main classes: black-box or
data-driven models; grey-box models; and first principle or white-box mod-
els. A good overview on the theory of system modelling can be found in
Ljung.7 Such a classification will be used in the remainder of the chapter to
describe IPMC models that have been investigated so far.

16.2.1 Black-box Modelling

Different strategies are suitable for modelling real systems, mainly
depending on the level of a priori knowledge of the involved phenomena.
Models can be obtained either on the basis black-box or grey-box identifi-
cation approaches or by using a white-box approach (also known as first
principles analysis or mechanistic models).

Of course, the very first models proposed to describe IPMC transducing
capabilities were black-box models. Moreover, since the most dramatic
phenomenon that can be observed for IPMCs transducers is their large
electrically induced deformation, this was the very first phenomenon to be
modelled.

Black-box models use some universal approximators to fit experimental
data and derive a macroscopic description of the device behaviours without
any attempt to model their microscopic origin. In the considered case, data
to be modelled represent the IPMC deformation, generally in a pinned beam
configuration, as a consequence of an applied electrical stimulus. Applied
stimuli were—and still generally are—either steps, if the time transience and
regime deformation were investigated, or sine waves of varying frequencies,
if the frequency dependence of the IPMC mechanical reaction was of
interest.

When I started my research activity, such models were already considered
as classic contributions that were widely referenced in the literature.
A black-box model of IPMC actuators was proposed back in 1994 by Kanno
and co-workers.8 The proposed model is routinely referenced in papers on
IPMCs9,10 as one of the first attempts to model IPMC electromechanical
transduction and, as a matter of fact, it was published no later than 2 years
after IPMC actuation capabilities were reported.11 It suffices here to say that
in the contribution by Kanno et al.,8 a pinned IPMC was considered and its
behaviours were investigated under the effects of both step and sinusoidal
signals. Eventually, a data-driven dynamic model of its deformation, under
the effects of various input voltage steps, was identified by using the usual
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least squares method. In more details, the tip displacement was modelled
with a number of exponential functions, whose free parameters were obtained
by fitting the model estimations to experimental data. A corresponding fourth-
order transfer function for the voltage-to-tip deflection was proposed. Though
a linear model was identified, the acquired deformation revealed the non-
linear nature of the electromechanical transduction, since both the maximum
displacement and the maximum absorbed current showed an exponential-like
dependence on the applied voltage value.

When an electromechanical actuator is of interest, attention must be paid
to its electrical behaviour, including the corresponding power consumption.
This aspect can, in fact, influence practical applications of actuators and is
particularly relevant when autonomous systems are of interest, as is the case
for a number of robotics applications envisaged for IPMCs. It is therefore of
great importance to study the relationship between applied voltages, ab-
sorbed currents, and produced mechanical reactions. This aspect was in-
vestigated by using a black-box approach in Bonomo et al.,12 with the aim of
modelling the nonlinearity of IPMC actuators’ voltage to current conversion.
This contribution is a good example of how good black-box models can be
for solving the problem of complex phenomena modelling provided that
‘‘good-quality’’ data are available. In fact, though at that stage the authors
were interested only in a quite general understanding of the involved phe-
nomena, it was possible to approximate quite accurately behaviours ob-
served under a number of different working conditions.

The model proposed in Bonomo et al.12 is a possible electric circuit real-
isation of IPMC membrane nonlinear electrical behaviour and it represents
an attempt to overtake the limitations imposed by linear models proposed in
the literature.13–16 The elements used in the different branches were intro-
duced to mimic, by using a small set of lumped components, the expected
behaviour of each current contribution, while the actual values of the
introduced components were obtained by fitting the model-simulated out-
put to the real absorbed current.

The total current through an IPMC actuator was considered to be the sum
of the ionic, electronic, and displacement current contributions. The sum
was modelled by combining two impedances and a nonlinear branch in
parallel, each one representing the relative conduction phenomenon.

The proposed model is a nonlinear circuit consisting of lumped elements,
whose scheme is shown in Figure 16.4. More specifically, the right-hand
branch represents the ionic current due to the ionic transport phenomenon.
The path on the left-hand side was introduced into the model to take into
account the threshold-like behaviour observed for the current absorbed by
IPMC actuators. In fact, the presence of the couple of diodes in anti-parallel
connection allows the current flow only when the voltage applied is greater
than a threshold value. The resistance RL was eventually introduced into the
model to take account of current leakage through the membrane. The cen-
tral path, through capacitor C1, was named as the displacement current and
used to model the capacitive-like behaviour of the IPMC actuator. Finally,
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the resistor R2 was introduced to model the usual IPMC surface resistance
due to the finite value of platinum electrode conductivity.

The values of the electrical components ruling the model were determined
by using data acquired from experimental observations. More specifically,
data were acquired on a Nafions 117 (DuPont)-based IPMC, with platinum
electrodes and Na1 counterions. The considered actuator sizes were
35 mm�4 mm�200mm (length�width�thickness) and a photograph of the
clamped device is reported in Figure 16.5.

This device was investigated under a number of experimental working
conditions. More specifically, a survey was performed to outline the
influence of the input level value on the voltage-to-current conversion. It was
observed that, at low values of the input voltage, no significant nonlinear
phenomena occurred, while by increasing the input voltage value, a sig-
nificant waveform distortion occurred. This was considered to be a justifi-
cation of the introduction of the left-hand side branch introduced in
Figure 16.4, and an example of obtained polar plots is shown in Figure 16.6.

A second set of experiments was performed to investigate the dynamic
nature of the device under test (DUT). To that aim, the most obvious survey
is represented by a set of sinusoidal inputs of varying frequency. Experi-
ments revealed that in the low-frequency range—from 10 mHz to 10.0 Hz in
the considered experiments—a strong nonlinear behaviour characterised
the voltage to current conversion. By increasing the input signal frequency—
over 10.0 Hz and up to 500.0 Hz—the most relevant behaviour resulted in a

Figure 16.4 Scheme of the electric circuit used to model the current versus voltage
behaviour of an IPMC. The right-hand path represents the ionic cur-
rent, the left-hand path, through R1, is the nonlinear contribution to
the current, and the central path, through C1, is the displacement
current. The dotted path through RL represents the leakage current.
r 2006 IEEE. Reprinted, with permission, from C. Bonomo, L. Fortuna, P.
Giannone and S. Graziani, A circuit to model the electrical behavior of an
ionic polymer-metal composite, IEEE Trans. Circuits Syst. I, 2006, 53(2),
338–350.
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Figure 16.5 A photograph of the clamped actuator used to determine the voltage-to-
current lumped component electrical realisation of the IPMC actuator.
r 2006 IEEE. Reprinted, with permission, from C. Bonomo, L. Fortuna,
P. Giannone and S. Graziani, A circuit to model the electrical behavior of
an ionic polymer-metal composite, IEEE Trans. Circuits Syst. I, 2006, 53(2),
338–350.

Figure 16.6 Experimental polar voltage-to-current plots of the IPMC-based actuator
obtained by applying a sinusoidal input voltage at 100 mHz and varying
the amplitude.
r 2006 IEEE. Reprinted, with permission, from C. Bonomo, L. Fortuna,
P. Giannone, S. Graziani, A circuit to model the electrical behavior of an
ionic polymer-metal composite, IEEE Trans. Circuits Syst. I, 2006, 53(2),
338–350.
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phase shift between the input voltage and the output current. Finally, by
further increasing the input frequency (over 500.0 Hz), the IPMC behaved
like a resistor.

Two examples of acquired waveforms in such working ranges are reported
in Figures 16.7 and 16.8, respectively.

Figure 16.7 Capacitive behaviour of the IPMC at intermediate frequency values. The
top image shows the sinusoidal input voltage signal at about 25 Hz and
at an amplitude of 2.5 V. The bottom image shows the current response.
The corresponding polar plot is also shown.
r 2006 IEEE. Reprinted, with permission, from C. Bonomo, L. Fortuna,
P. Giannone and S. Graziani, A circuit to model the electrical behavior
of an ionic polymer-metal composite, IEEE Trans. Circuits Syst. I, 2006,
53(2), 338–350.

Figure 16.8 Resistive behaviour of the IPMC at high frequency values. The top
image shows the sinusoidal input voltage signal at about 10.0 kHz and
at an amplitude of 2.5 V. The bottom image shows the current response.
The corresponding polar plot is also shown.
r 2006 IEEE. Reprinted, with permission, from C. Bonomo, L. Fortuna, P.
Giannone and S. Graziani, A circuit to model the electrical behavior of an
ionic polymer-metal composite, IEEE Trans. Circuits Syst. I, 2006, 53(2),
338–350.
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The lumped circuit introduced in Bonomo et al.,12 while simple, is capable
of modelling, for a suitable choice of component values, the complex
voltage to current dependence experimentally observed for IPMC
actuators and described so far, and this is why at that time we introduced
the model.

As a matter of fact, the proposed circuit realisation is a black-box model
and it needed to be tuned against real data. Experiments performed to this
end were based on the step response of the IPMC under investigation and
details are reported in the referred paper. Here it is worth noting that, after
the circuit parameter identification was accomplished, we were able to
simulate the voltage to current transduction for sinusoidal inputs and to
compare simulated waveforms with acquired ones.

An enlightening example of the simulations we were able to obtain is
reported in Figure 16.9(a) and (b), respectively. They show the effect of the
input voltage frequency on the relative importance of the nonlinear
and linear current contributions in the lumped circuit realisation. If a
low-frequency forcing voltage signal is considered (250 mHz, 2.5 V in the
reported case; see Figure 16.9(a)), the capacitance C1 is close to an open
circuit; in such conditions, a relevant part of the current flows through the
nonlinear branch and this reflects the nonlinearity of the total current. The
total current was measured by using a shunt resistor Ri and it is indicated in
Figure 16.9 as I(Ri). When a high-frequency voltage signal forces the circuit
(25 Hz, 2.5 V; see Figure 16.9(b)), the capacitance C1 is almost shorted and it
represents a preferential path for the current. This reduces the nonlinear
contribution to the total current.

It is worth remembering here that the realisation described so far
is strictly linked to data used for its identification and no generalisation
is possible of the circuit parameter values. This aspect is one of the
main weaknesses of black-box models and of course also affects the
described model. For this reason, research activity on IPMC models
was aimed at finding more general models, as will be described
below.

In any case, the proposed model has good estimation capabilities of the
IPMC actuators’ voltage to current transduction and its performance was
considered by Cha et al.17 to be comparable to other lumped models that
have been become available in the literature and to a model proposed by the
authors. An interesting table17 compares the performances of such models
though at low voltage levels, so that the nonlinearity introduced in Bonomo
et al.12 is not activated and the couple of diodes are reduced to open circuits.
More specifically, a simple resistance-capacitor (RC) network linear model—
consisting of a RC circuit and an additional resistor in parallel connection15

and two parallel RC networks in an interconnected series with further re-
sistance, respectively16—the nonlinear model proposed by Bonomo et al.,12

and the model containing a Warburg impedance proposed by the authors
were taken into account and compared via the R-square criterion. The re-
sults, reported in Cha et al.17 for the modelling of a specific IPMC, are given
in Table 16.1.
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Figure 16.9 The effect of the input voltage frequency on the voltage-to-current
conversion for IPMC actuators. (a) In the low-frequency range for the
forcing voltage signal (250 mHz, 2.5 V), the relevant part of the current
flows through the nonlinear branch and this reflects the nonlinearity of
the total current, indicated as I(Ri). (b) At higher-frequency voltage
inputs (25 Hz, 2.5 V), the nonlinear contribution to the total current is
negligible.
r 2006 IEEE. Reprinted, with permission, from C. Bonomo, L. Fortuna,
P. Giannone and S. Graziani, A circuit to model the electrical behavior
of an ionic polymer-metal composite, IEEE Trans. Circuits Syst. I, 2006,
53(2), 338–350.
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It is interesting to note here that, though 20 years separate the models
compared in Table 16.1, they share a quite common scheme and behave in a
roughly comparable way (not considering the case of the RC model that was,
in any case, simply used for comparison). This looks to me to be evidence
that, though our knowledge of the phenomena ruling IPMC electro-
mechanical transduction has become increasingly detailed, the black-box
models proposed during the ‘‘infancy’’ of the studies on IPMCs were suc-
cessful in capturing their macroscopic behaviour and modelling the voltage
to current conversion via lumped circuits.

The electrical realisation for modelling IPMC electrical behaviour by using
lumped circuits has been a shared idea and it enables the breaking down of
the global transduction phenomenon into a number of meaningful stages.
More specifically, for the case of IPMC motion actuators, models have been
introduced in time that transform the applied stimulus into charges, since
there is a general consensus about the fact that the electromechanical
transduction is produced because of charge accumulation in the proximity
of the IPMC electrodes. Models are then completed by introducing some
kind of electromechanical coupling term. The main differences between the
proposed models lie in the complexity of the proposed circuit and/or in the
nature of the circuit components.

The path described above has also been adopted for the case of black-
box models. In Kanno et al.,14 data were acquired on the voltage input
applied to an IPMC actuator in a pinned configuration. Data on both the
absorbed current and corresponding tip deflection were also recorded.

The experimental nonlinear electromechanical reactions of IPMC
actuators were therefore fitted by an approximated linear dynamic model,
consisting of an electrical lumped model that converts the applied voltage
into the absorbed current.

A linear stress-generation stage, which accounts for the transduction of
the absorbed current into an internal stress, and a mechanical stage, which
accounts for the generation of a corresponding volumetric strain and pro-
duces the IPMC mechanical bending reaction, were further proposed by the
same authors 1 year later.18 The three stages were considered to be in series
connection. Eventually, the authors suggested that the IPMC actuator

Table 16.1 Performances of models proposed
in the literature to describe IPMC
actuators’ impedance (adapted
from Cha et al.17).

Model R-square

RC model 0.5023
Bao et al.15 0.8166
Paquette et al.16 0.8166
Bonomo et al.12 0.9429
Cha et al.17 0.9868
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nonlinearity was limited to the electrical stage, while the current to dis-
placement transduction was modelled by a linear dynamic model.

In both Kanno et al.14 and Kanno et al.,18 the IPMC electrical model was
obtained by dividing the actuator into 15 sections, in an attempt to
approximate its distributed nature. All of the sections were 1 mm long, five
sections were blocked between the powering electrodes, and ten were free to
move under the effect of the applied voltage. The parameters in the model were
identified by using the IPMC step response and the model of the electrical stage
was tested against different waveforms, up to about 20 Hz. The parameters of
both the stress-generation stage and the mechanical model were identified by
fitting experimental data of the IPMC step input at a point close to the IPMC
tip. A view of the proposed electrical stage is reported in Figure 16.10.14

The structure proposed by Kanno et al. was reconsidered in successive
works by other authors who changed the basic assumptions in a number
of ways, though maintaining the black-box modelling approach. More
specifically, the black-box modelling approach was a powerful tool when
the modelling efforts focused on IPMC nonlinearity and/or non-integer
behaviour. In fact, though the voltage to current conversion of an IPMC can
be roughly described as a capacitive phenomenon, a more accurate in-
vestigation reveals minute details that give evidence of a much complex
system. It is generally observed that when a step input voltage is applied
to an IPMC, the corresponding absorbed current shows a sharp increase

Figure 16.10 The lumped electrical model proposed for IPMC actuators.
r 1995 IEEE. Reprinted, with permission, from R. Kanno, S.
Tadokoro, M. Hattori and K. Oguro, Modeling of ICPF (Ionic Con-
ductiong Polymer Film) Actuator – Modeling of Electrical Character-
istics, Proc. of the 1995 IEEE IECON 21st International Conference on
Industrial Electronics, Control, and Instrumentation, Orlando, FL,
1995, 913–918.
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followed by a drop that cannot be described by simple capacitance: a faster
decay of the time response is followed by slower and slower dynamics so
that it looks like the system is increasing its capacitance value. Such a
characteristic was observed by a number of different researchers, both for
Nafion- and Flemion-based IPMCs.15,19,20

An approximate solution could be the introduction of a lumped circuit
realisation of the IPMC consisting of a number of cells of RC series-
connected elements, characterised by different time constants. This solution
was proposed by Newbury and Leo,19,20 who proposed the use of four parallel
branches of RC groups connected in series in an attempt to model with
an acceptable level of accuracy both the fast and slow dynamics of experi-
mentally observed step responses for Nafion-based IPMCs.

In Bao et al.,15 the authors compared the performances of Nafion-
and Flemion-based IPMCs and then suggested that such behaviour is a
consequence of the nature of the electrode–polymer interface.

Generally speaking, the metal–polymer interface is where double-layer
capacitors are formed and mobile charges accumulate when external stimuli
are applied. A further resistance can be introduced to take into account the
effect of the electrolyte. Such models can be further completed by intro-
ducing a leakage resistance. Since the CRC branch can be simplified into an
RC series, the simplest IPMC model is an RC circuit in parallel connection
with the leakage resistance (i.e. a first-order system). Bao et al.15 used such a
tentative simple model to show its inadequacy for modelling the observed
dynamics of the IPMC absorbed current, then a totally different electric
circuit realisation was proposed.

It is widely known that electrodes of IPMCs are not just flat layers grown
above the bulk polymer;21 on the contrary, a complex structure can be ob-
served and scanning electron microscopy (SEM) images revealed a quite
complex structure. The authors modelled the real electrode structure ob-
served for Flemion-based IPMCs with gold electrodes as a tree-like fractal
structure in which each level has its own capacitance and is connected to the
next one by a suitable resistance. A SEM view of a Flemion-based IPMC
electrode is shown in Figure 16.11(a), while in Figure 16.11(b), the complex
distribution of the platinum electrode into a Nafion-based IPMC is shown.22

The double-layer capacitance of the fractal electrode is therefore modelled
by using a distributed RC line. The authors used such model to show that the
absorbed current needs to vary with time as:

i(t)pt�0,5 (16.1)

while they were able to accurately fit experimental data by using the
expression:

i(t)¼ aþ b(t� t0)�0,45 (16.2)

provided that experimental data were used to identify the parameters in
the model.

In the described model, the fractal nature of the transduction process is
limited to the electrical domain. After the current is predicted, a simple
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model is proposed for the mechanical reaction following a step application,
both in the presence of the relaxation phenomenon and for IPMCs that did
not show such behaviour. The proposed mechanical model can predict the
IPMC tip motion only in cases of step input signals.

Figure 16.11 Examples of electrode–polymer interfaces. (a) A SEM photograph of an
IPMC electrode revealing the fractal nature of the metal (gold in the
reported case)–Flemion interface and the corresponding tree-like
structure (adapted from ref. 15). Reprinted from X. Bao, Y. Bar-
Cohen and S.-S. Lih, Measurements and Macro Models of Ionomeric
Polymer-Metal Composites (IPMC), proc. SPIE EAPAD, San Diego, CA,
2002, 4695–4627. (b) Electrode structure for a gold–platinum electrode
of a Nafion-based IPMC. Reprinted from S. Nemat-Nasser, Microme-
chanics of actuation of ionic polymer-metal composites, J. Appl. Phys.,
2002, 92(5), 2899.
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Based on the evidence described above, we investigated, using the black-box
approach, the fractal nature of Nafion-based IPMC actuation performances.
Though we started from the results reported in the literature, we preferred to
investigate the frequency responses of actuators, as they are the tools that are
generally adopted for studying non-integer dynamics and are considered
helpful in the investigation and design of new applications. Of course, the
particular nature of the investigated phenomena did not allow the use of
the traditional tools adopted for frequency investigation of linear systems. On
the contrary, we modelled IPMC actuators as non-integer-order systems.23

Also, bearing in mind the importance of actuator power consumption,
especially for devices such as IPMC-based actuators, which have been
considered promising devices for use in autonomous robotic systems, we
focused on the non-integer modelling of both the electrical stage (i.e. the
voltage to current transduction) and then of the following strain-generation
stage (i.e. the current to deformation transduction).

Since we pursued a black-box modelling approach, experimental data were
required. IPMC actuators were obtained by using Nafions 117, plated with
platinum electrodes that were realised by using the usual electroless plating
procedure, and with sodium as the counterion. After the IPMC realisation,
strips of 25 mm�3 mm were cut, while the sample thickness was, as usual,
about 200 mm.

Measuring surveys were performed in air and an experimental setup was
realised to acquire data on the applied voltage, absorbed current and the
corresponding tip deflection. A view of the experimental setup is shown in
Figure 16.12.

More specifically, the system was forced by a swept voltage sinusoidal
signal with a peak-to-peak value equal to 6.0 V and with frequency values
varying in the range from 0.5 Hz to 50.0 Hz as the interval in which relevant
transduction capabilities of the IPMC were observed. The input signal
was produced by using an Agilent Technologies 33 220 A, 20 MHz signal
generator. The corresponding absorbed current was transduced into a
voltage signal by using a shunt resistor. The IPMC tip deflection was
measured by using a commercially available laser sensor (Baumer Electrics
OADM12U6430). Signals were acquired at a sampling frequency equal to
1000 samples s�1 by using a National Instruments DAQ 6052E acquisition
card trough a LabVIEW VI.

The system was approximated to a linear one and the corresponding
transfer functions were estimated by using the acquired data. Three transfer
functions were taken into account: the voltage to current, current to de-
flection and voltage to deflection transfer functions.

The corresponding transfer functions have been obtained by using the
Matlabs function ftestimate. As an example, Figure 16.13 shows the obtained
voltage to tip deflection Bode plots.

An inspection of reported Bode diagrams allows to conclude that the
system presents non-integer behaviour,24 since the module’s graphs present
a slope equal to m�20 dB per decade, and the corresponding phase
diagrams present a phase lag equal to m�(p/2), with m being a real number.
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Figure 16.12 A view of the IPMC in cantilever configuration and of the laser sensor
used to measure the IPMC tip deflection.
(Adapted from ref. 23). Reprinted from R. Caponetto, G. Dongola, L.
Fortuna, A. Gallo and S. Graziani, IPMC Actuators Non Integer Order
Models, New Trends in Nanotechnology and Fractional Calculus Appli-
cations, ed. D. Baleanu, Z. B. Guvenc and J. A. T. Machado, Springer,
2010, pp. 263–272.

Figure 16.13 Bode plots of the voltage to tip deflection transduction.
Reprinted from R. Caponetto, G. Dongola, L. Fortuna, A. Gallo and S.
Graziani, IPMC Actuators Non Integer Order Models, New Trends in
Nanotechnology and Fractional Calculus Applications, ed. D. Baleanu,
Z. B. Guvenc and J. A. T. Machado, Springer, 2010, pp. 263–272.
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The next step was the identification of the transfer functions that
approximate the reported Bode plots. It is worth noting that since both the
pole and zero values and corresponding exponents are searched for,
the identification problem is a nonlinear one and adequate minimisation
algorithms are required.

The non-integer-order transfer functions were identified by using the
Marquardt algorithm25 and the results are reported in the following:

IðsÞ
VðsÞ ¼ 0:5s0:09

s
0:01

þ 1
� �1:2

s
1:5
þ 1

� �1:2 (16:3)

DðsÞ
IðsÞ ¼

680

s0:876ðs2 þ 3:85sþ 5880Þ1:15

s
1:5
þ 1

� �1:2

s
0:01

þ 1
� �1:2 (16:4)

DðsÞ
VðsÞ ¼

340

s0:786ðs2 þ 3:85sþ 5880Þ1:15 (16:5)

where V(s), I(s), and D(s) are the Laplace representations of corresponding
time-domain applied voltage V(t), absorbed current I(t), and produced tip
deflection d(t). Once the transfer functions were identified, it was possible
to compare model estimations with the corresponding Bode diagrams
obtained from experimental data manipulation.

Finally, the identified model was verified in the time domain by
considering the swept sinusoidal input voltage and estimating the IPMC tip
deflection as predicted by eqn (16.5). A comparison between the observed tip
deflection and the corresponding estimation is given in Figure 16.14.

It is worth noting that the proposed model guaranteed an excellent esti-
mation capability of the IPMC tip deflection, at least for the considered signal.

The model described so far was identified by using experimental data and
a black-box approach. It is not surprising, therefore, that it cannot be applied
to devices that are different to the considered DUT. In an attempt to improve
the generality of the model, a further investigation was performed on a set of
devices with different sizes.26

Actually, that paper was aimed at finding a relationship between the IPMC
size and the structure of the non-integer transfer functions, in such a way as
to make the obtained models closer to grey-box models as useful com-
promises between the competing requirements of simplicity, accuracy, and
generality. In fact, we intended to demonstrate the possibility of fixing IPMC
actuator geometry in advance according to the desired system dynamics, as a
case of the role that models can have in the design stage of prototypes
realised by using a new technology.

The same experimental setup shown in Figure 16.12 was used to investi-
gate the DUTs, but a quite different value of the input signal was chosen.
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In fact, the investigated frequency range was 1.0–100.0 Hz. This choice was
justified by the need to investigate a wider range of frequencies, since it was
expected that the changes in the IPMC geometry would have a direct effect
on the actuator frequency response. Moreover, in order to have longer ac-
quisition intervals, the peak-to-peak value of the input signal was reduced to
3.0 V, to alleviate the adverse phenomenon of solvent (water) loss. Data were
further processed to estimate the frequency responses.

According with already published findings,23 frequency responses were
approximated by using the non-integer transfer function:

FðsÞ¼ DðsÞ
VðsÞ ¼

k0

sn s
p1
þ 1

� �m s
p2
þ 1

� �m (16:6)

with the usual meaning of adopted symbols. By fixing k¼ k0(a2þ b2), eqn
(16.6) can be rewritten as:

FðsÞ¼ DðsÞ
VðsÞ ¼

k

snðs2 þ 2asþ a2 þ b2Þm
: (16:7)

The parameters a and b are further linked to the pole system values by the
expressions:

p1¼ aþ jb (16.8)

p2¼ a� jb (16.9)

Figure 16.14 Acquired tip deflection for an IMPC stimulated by using a swept
sinusoidal signal and corresponding estimation obtained by using
the described non-integer transfer function.
Reprinted from R. Caponetto, G. Dongola, L. Fortuna, A. Gallo and
S. Graziani, IPMC Actuators Non Integer Order Models, New Trends in
Nanotechnology and Fractional Calculus Applications, ed. D. Baleanu, Z.
B. Guvenc and J. A. T. Machado, Springer, 2010, pp. 263–272.
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The investigation was carried out on six DUTs, characterised by different
lengths. Samples 15 mm, 18 mm, 20 mm, 25 mm, 27 mm, and 30 mm
long were considered, while all the samples were 3 mm wide and about
200 mm thick.

The values of n and m were not allowed to vary and were held constant,
according to the values reported above, while the values of k0, a, and b were
optimised by fitting the Bode plot of the model F̂(s) to the corresponding
frequency responses, obtained directly from the acquired data. More spe-
cifically, a Matlabs script was used to minimise a cost function of the form:

J¼ JMþ lJPH (16.10)

where:

JM¼
1
N

XN

i¼ 1

FðiÞj j2� F̂ðiÞ
�� ��2

� �
(16:11)

and:

JPH¼
1
N

XN

i¼ 1

ð-FðiÞ �-F̂ðiÞÞ2 (16:12)

The sums in eqn (16.11) and (16.12) considered all of the available data
and l was a weighting factor introduced to adequately take into account the
errors of both the transfer function modulus and phase.

The vectors of optimal a and b values were further interpolated by using
both a linear regression and a second-order polynomial regression with
respect to the transducer length. The obtained results are reported in
Figure 16.15(a) and (b), respectively.

Actually, measurements from samples that were 18 mm and 27 mm long
were not used in the model identification. They were instead used to validate
the proposed non-integer model.

In Figure 16.16, the estimation capabilities of the proposed model are
shown for the case of the IPMC actuator that was 27 mm long.

A number of works have outlined that IPMC transducers show quite evi-
dent nonlinearities. Though linear models have been accepted as useful
approximations,5,8 research efforts have been devoted to the explanation of
such behaviour and to its modelling.

Of course, black-box modelling is a powerful tool for modelling nonlinear
systems, especially when computing paradigms such as fuzzy logic and ar-
tificial neural networks are used. It fact, it is widely known that both artificial
neural networks and fuzzy algorithms are universal approximators for a
large class of functions and are particularly suited for multi-input models.
Moreover, optimisation algorithms have been proposed for years that
allow the fitting of both artificial neural networks and fuzzy algorithms to
experimental data,27,28 so that, after their optimisation, they can work as
excellent data-driven models.29,30 It is not surprising, therefore, that
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Figure 16.15 Interpolation of a and b values. (a) Linear regression; (b) second-order polynomial regression.
These figures were originally published in the Proceedings of the, IFAC 7th Vienna International Conference on Math-
ematical Modelling (MATHMOD 2012), Vienna, 2012, 593–596 IFAC-PapersOnLine r IFAC DOI: 2012 10.3182/20120215-3-
AT-3016.00105.
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Figure 16.16 Experimental frequency response of the IPMC actuator that was 27 mm long and the corresponding estimation obtained by
using the parameterised non-integer model.
This figure was originally published in the Proceedings of the, IFAC 7th Vienna International Conference on Mathematical
Modelling (MATHMOD 2012), Vienna, 2012, 593–596 IFAC-PapersOnLine r IFAC DOI: 2012 10.3182/20120215-3-AT-
3016.00105.
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researchers focused recently on such tools to model the IPMC transducer
behaviour.

Truong and Ahn31 used a set of feedforward multilayer perceptrons
trained by using experimental data acquired on an IPMC actuator in order to
identify the neural model that best estimates the IPMC tip deflection as a
function of the applied input voltage, the voltage signals measured at given
points along the IPMC electrode surface and a suitable number of past
samples of the IPMC tip deflection. According to the shown results,31 the
best neural model was a multilayer perceptron with one hidden layer and
eight hidden neurons. This was chosen from among structures with one
hidden layer and the number of hidden neurons spanning from 6 to 14. Also,
models with no feedback and one and two feedbacks, respectively, were
considered, and the best results were obtained by considering two delayed
output values.

While during the network training phase the network inputs were built by
considering data acquired from the real system, during the validation phase,
the IPMC tip estimation was directly fed back to the model, as shown in
Figure 16.17.

The training and testing phases of the investigated models were
performed by using a square wave with amplitude equal to 4.2 V. The
final validation phase was carried out by using both square waves of
different amplitudes, sinusoidal signals, and pseudo-random binary (PRB)
signals. An example of the estimation capabilities of the obtained neural
nonlinear model is reported in Figure 16.18 for the case of PRB symmetric
signals with a 3 V amplitude.

Annabestani and Naghavi32 proposed an adaptive neuro-fuzzy inference
system (i.e. a fuzzy algorithm whose structure has been implemented in such

Figure 16.17 Structure of the neural (general multi-layer perceptron neural network –
GMLPNN) dynamic nonlinear black-box model (NBBM) proposed in
ref. 31.
Reprinted from D. Q. Truong and K. K. Ahn, Design and verification of
a non-linear black-box model for ionic polymer metal composite
actuators, J. Intell. Mater. Syst. Struct., 2011, 22, 253–269.
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a way that it can be fitted to experimental data by using in sequence the least
square optimisation and the back propagation algorithms) to identify a
nonlinear autoregressive with exogenous (NARX) input dynamic model of an
IPMC actuator:7

yðk þ 1Þ¼ f ðRðkÞÞ

RðkÞ¼ ½ yðkÞ; . . . : ; yðk � ny þ 1Þ; uðkÞ; . . . ; uðk � nu þ 1Þ�T
(16:13)

More specifically, the authors show the results obtained with a first-order
NARX model of the IPMC tip motion in the transversal direction. In this
contribution, the proposed model estimates the current time discrete value
of the tip motion as a function of the first past samples of the tip deflection
itself and of the voltage input, respectively.

The authors concluded by showing the performances of the identified
adaptive neuro-fuzzy inference system-NARX (ANFIS-NARX) model for a
set of test signals, as reported in Figure 16.19.32 More specifically,
Figure 16.19(a)–(d) report testing cases obtained by using a sinusoidal, chirp,
square wave, and sampled Gaussian noise voltage, respectively.

Figure 16.18 An example of the estimation capabilities of the nonlinear neural
model proposed in ref. 31.
Reprinted from D. Q. Truong and K. K. Ahn, Design and verification of
a non-linear black-box model for ionic polymer metal composite
actuators, J. Intell. Mater. Syst. Struct., 2011, 22, 253–269.
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Figure 16.19 Performance of the IPMC ANFIS-NARX model for testing cases, obtained by using a sinusoidal (a), chirp (b), square wave (c),
and sampled Gaussian noise (d) voltage, respectively.
Reprinted from M. Annabestani and N. Naghavi, Nonlinear identification of IPMC actuators based on ANFIS-NARX
paradigm, Sens. Actuators, A, 2014, 209, 140–148.
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Eventually, a table was given that showed the superiority of the proposed
model with respect to neural network-based and polynomial NARX models.

A further nonlinear black-box model was identified by Nam and Ahn33

as an attempt to model both the nonlinearity and the hysteresis that
characterise the IPMC actuator electromechanical transduction mechanism.
The proposed model consists of the cascaded combination of a Preisach
operator to model the rate-independent hysteresis behaviour, and a fuzzy
NARX model to take into account the nonlinear dynamics of the IPMC. The
block scheme of the proposed nonlinear model is shown in Figure 16.20.

More specifically, the fuzzy NARX model was obtained by the fuzzy
manipulation of a number of linear time-invariant second-order ARX mod-
els, in the same way as already reported in eqn (16.13).

As usual for any black-box model, the authors realised an ad hoc test rig
and acquired data on quantities relevant for the searched model (i.e. the
voltage difference applied at one end of an IPMC strip and the corres-
ponding free tip deflection).

Data were used to determine both the hysteretic and then dynamic
parts of the model. The hysteresis is identified by forcing onto the IPMC the
so-called first-order reversal input signal and then minimising the error
between the hysteresis model and recorded IPMC output. The obtained re-
sults are reported in Figure 16.21.

After the Preisach operator was identified, the authors were also able to
identify the dynamic part of the model by using a particle swarm opti-
misation approach to the fuzzy NARX model as an alternative to the genetic
algorithm optimisation approach.

Finally, the validation of the proposed model was performed for a set of
signals, and for comparison, the estimations of the proposed Preisach fuzzy
NARX model were compared with the corresponding estimations obtained
by using an optimised fuzzy NARX model. An example of the significant
approximation capabilities obtained by using the proposed model can be
seen in Figure 16.22, where the case of a very-low-frequency sinusoidal input
(0.005 Hz) is considered as a type of signal capable of outlining the rate-
independent behaviour that characterises a hysteretic phenomenon.

Lantada et al.34 used artificial neural networks to model the time-
varying nature of IPMC actuators, using water as the solvent, when working
in dry environments (actually, experiments were run in a controlled
humidity chamber with nominal relative humidity equal to 10%). More

Figure 16.20 The cascaded structure proposed to model hysteresis and nonlinear
dynamics in IPMC actuators.
Reprinted from D. N. C. Nam and K. K. Ahn, Identification of an ionic
polymer metal composite actuator employing Preisach type fuzzy
NARX model and Particle Swarm Optimization, Sens. Actuators, A,
2012, 183, 105–114.
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specifically, the authors investigated the possibility of estimating a
suitable defined IPMC bending angle when a one-hidden-layer neural
network was inputted with the time passed by the transducer out of water
and the time since a square wave voltage signal was applied to the actuator.
The neural network was intended to take into account the observed decay
in the IPMC maximum deflection angle with time, as reported in
Figure 16.23.

After a number of trials, the authors found that the best-performing
neural network had ten hidden neurons, and such a neural structure was
used to validate the proposed neural model. An example of the obtained
results is shown in Figure 16.24.

Figure 16.21 The IPMC actuator hysteresis identification. (a) IPMC time response to
the first-order reversal input signal; (b) hysteresis curve.
Reprinted from D. N. C. Nam and K. K. Ahn, Identification of an ionic
polymer metal composite actuator employing Preisach type fuzzy
NARX model and Particle Swarm Optimization, Sens. Actuators, A,
2012, 183, 105–114.
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Figure 16.22 Estimation capabilities of the described Preisach fuzzy NARX model.
Reprinted from D. N. C. Nam and K. K. Ahn, Identification of an ionic
polymer metal composite actuator employing Preisach type fuzzy
NARX model and Particle Swarm Optimization, Sens. Actuators, A,
2012, 183, 105–114.
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Figure 16.23 The decay of the IPMC bending angle with time spent out of water
when a square wave input voltage is applied.
Reprinted from A. D. Lantada, P. L. Morgado, J. L. M. Sanz, J. M. M.
Guijosa and J. E. Otero, Neural network approach to modelling the
behaviour of ionic polymer-metal composites in dry environments,
J. Signal Information Process., 2012, 3, 137–145.

Figure 16.24 Neural model simulation of the IPMC deflection angle as a function of
time spent out of water and of time since the input signal was applied.
Reprinted from A. D. Lantada, P. L. Morgado, J. L. M. Sanz, J. M. M.
Guijosa and J. E. Otero, Neural network approach to modelling the
behaviour of ionic polymer-metal composites in dry environments,
J. Signal Information Process., 2012, 3, 137–145.
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Since my research activity has also dealt with neural networks for data
filtering and nonlinear dynamic system identification,35 I focused on the
black-box modelling of ionic polymeric transducer dynamic behaviour by
using neural networks.

We investigated the possibility of using nonlinear black-box models, in-
cluding artificial neural networks, to model the multi-input nature of poly-
meric transducers.36 More specifically, the multi-input black-box modelling
was pursued for a completely polymeric EAP: the ionic polymer–polymer
composites (IP2Cs).37–39 It should not be a surprise that, while dealing with
IPMC models, a novel class of EAPs is considered: on the one hand, research
activity in this field is a multidisciplinary task and competencies in material
sciences, physics, chemistry, and engineering interact to improve the state of
technology, knowledge, and applications available. On the other hand, new
findings in one of the mentioned fields represent a stimulus and raise new
questions for the remaining fields.

Of course, this also occurs during my activity and I am part of a multi-
disciplinary team in which we share the awareness that improvements in
the field of polymeric transducers requires continuous efforts in new ma-
terials synthesis, modelling, and meaningful applications. IP2Cs are the
result of such efforts and represent a novel class of polymeric transducers
that we have investigated for a while. More details about IP2C models we
developed will be given in next sections of this chapter, while here the
focus will be exclusively on their multi-input nonlinear black-box
modelling.

IP2Cs are direct descendants of IPMCs,38 with replacement of metal
electrodes by polymeric ones. While IPMCs combine the electromechanical
properties of ionic polymer membranes with the conductivity of surface
electrodes made of deposited noble metals (platinum or gold), IP2Cs are
manufactured through deposition of organic conductor electrodes directly
onto an ionic polymer membrane. The completely polymeric nature of IP2Cs
maintains the electromechanical coupling capability, low required voltage,
high compliance, lightness, and softness of IPMCs and requires simpler
production procedures, lower production costs, and are suitable for the in-
tegration in envisaged post-silicon all-polymeric smart systems.

The IP2Cs we used were manufactured through the direct polymerisation
of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) on
a Nafion membrane.38

As a matter of fact, we also proposed the modelling and characterisation of
IPMC actuators with respect to humidity, obtained by using a grey-box ap-
proach,40,41 and the obtained results will be described later in this chapter.
Here, the fulfilment of the same objective, obtained by using the black-box
approach with the aim of obtaining nonlinear neural models of IP2Cs, will
be described.36

Our interest in ionic polymeric transducer dependence on environmental
humidity is twofold, as with anyone involved in transducer synthesis and
characterisation. In fact, such an effect is generally considered to be an
undesired phenomenon if the realisation of a motion transducer is of
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interest. It introduces a dependence of the system performance on an en-
vironmental parameter that is the source of an uncertainty in the system
behaviour. In that case, the modelling of the undesired dependence is
mandatory in order to cancel out the humidity effect.

The dependence of polymeric actuator vibration characteristics on relative
humidity can represent, in any case, a possibility for using polymeric vi-
brating structures as humidity sensors. Ionic electroactive actuators in a
pinned configuration behave, in fact, as second-order underdamped systems
and the humidity values affect both the resonance frequency values and the
corresponding resonance peak values. Both of these parameters could be
used to estimate the environmental humidity value.

The IP2C was used as a vibrating electromechanical transducer, mounted
in the cantilever configuration: the IP2C strip was pinned at one end and it
bent when an electrical stimulus was applied across its thickness. The
relative humidity changed the natural resonant frequency of the beam and
the corresponding resonance peak. Actually, sensing devices based on res-
onant cantilevered beams are widely proposed in the literature to realise
MEMS based on piezoelectric materials.42 We were interested in the de-
scribed model as a proof of concept of the possibility to use IP2C for future
realisations of polymer MEMS.43,44

The IP2C actuator model was obtained by using neural networks. More
specifically, the referred work was focused on the investigation of IP2C dy-
namic behaviour in the frequency domain.

In order to develop a model for different values of humidity, a set of ex-
perimental data was acquired. Then three different neural network models
(i.e. feed-forward neural network [FFNN], radial-basis neural network
[RBNN], and recurrent neural network [RNN]) were developed. Eventually,
the models were compared in terms of their performance.

The IP2C was built by using the usual Nafions 117 of thickness 180 mm,
produced by DuPont, while the surface electrodes were made of PEDOT:PSS.

The measurement surveys were performed in a chamber realised ad hoc
with the aim of controlling the relative humidity and measuring the en-
vironmental temperature. The experimental setup is shown in Figure 16.25.
A swept sine-wave with a peak-to-peak amplitude of 4 V and a variable
frequency in the range of 1 Hz to 45 Hz (Vin) was generated by a signal
generator and fed into the IP2C device through a conditioning circuit by a
couple of copper contacts, which also allowed measuring of the absorbed
current (Iin) over time. The tip displacement d was measured using a dis-
tance laser sensor. The humidity range was 40–90%.

The estimated frequency responses as a function of the chamber relative
humidity are seen in Figure 16.26. Data acquired during the measurement
surveys were used to identify the model. More specifically, 70% of the data
were used for the training phase, while 30% of the data were used for model
validation. The frequency and the relative humidity were used as inputs to
the neural networks and the frequency response as the output.

FFNN, RBNN, and RNN structures were investigated by using the mean
square error (MSE) in the estimation of the frequency response as a
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performance index. The obtained results are summarised in Table 16.2,
showing that the best working neural network was the FFNN, both in terms
of the MSE and of the corresponding correlation coefficient between the
acquired data and the neural model estimations.
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Figure 16.26 Estimated frequency responses as a function of the environmental
relative humidity.

Table 16.2 Performance of the considered neural networks in the estimation of the
IP2C frequency response (adapted from De Luca et al.36).

MSE Nodes Epochs Correlation coefficient

FFNN 0.535�10�4 37 411 0.9978
RBNN 0.00395 100 248 0.8904
RNN 0.628�10�4 45 1000 0.9879

Figure 16.25 Experimental setup used for assessment of IP2C dependence on rela-
tive humidity.
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Finally, in Figure 16.27, the comparison between experimental and
simulated data obtained using the FFNN is reported.

The models described so far show both the pros and cons of the black-box
modelling approach. It can guarantee an excellent level of accuracy in the
prediction of electromechanical transducer behaviour, even for quite com-
plex soliciting signals (e.g. the described possibility of predicting either the
influence of the input voltage34 or even of the concurrent contribution of the
electrical stimulus and of environmental parameters, such as relative hu-
midity36). Such accuracy is an excellent tool when devices are used as
measuring systems or are required for the realisation of accurate positioning
systems (e.g. for the realisation of micro-robots or surgery aids).

Nevertheless, the proposed models do not give any explanation of the
microscopic phenomena that produce the system reaction; in this sense,
black-box models can improve only marginally our understanding of the
processes they describe. This is also true for ionic polymeric transducers and
is the reason why, with the exception of some niche topics, black-box models
of IPMCs, which flourished during the infancy of this class of transducers,
have been substituted over time with grey-box and white-box models, which
will be the topics of the next sections.

16.2.2 Grey-box Modelling

Since the very first years of my research activity on IPMCs, I had an appli-
cation-orientated approach to the field. There was a general consensus in the
literature of the need to find ‘‘a dynamic model that is useful for the design
of material systems that incorporate ionic polymer materials. . . a set of
expressions which can be used to design sensors, actuators, or material
systems that contain ionic polymer materials’’19 and that describes the
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Figure 16.27 Performance of the FFNN in the estiamation of the IP2C frequency
response.
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transduction capabilities of the ionic polymer materials in terms of some
material parameters and of the geometry of the transducer in such a way as
to guarantee the scalability of the model. I quoted the sentences reported
above because I believe that they are the real essence of what was asked of
IPMC models during the first decade of this century, and it is the approach I
followed in my research activity on IPMC modelling during the last decade.

The black-box models described so far fail to guarantee the capabilities
described above. This can be clearly understood if another contribution by
Leo and his coworkers is considered.45 In that paper, a black-box approach
was adopted to determine a dynamic linear model of an IPMC bender in a
cantilever configuration. Nevertheless, I refer to it for matter of comparison,
to outline the dramatic differences between this model and the grey-box or
semi-empirical models that the same authors proposed shortly after.19,20

The model proposed by Newbury and Leo45 is a coupled electromechanical
transduction model of an IPMC bender that can be used with both IPMC-
based sensors and actuators. More specifically, the IPMC transducer has
been modelled by using a two-port equivalent electrical system as repre-
sented in Figure 16.28, where both an IPMC transducer mounted in canti-
lever configuration and the corresponding scheme are reported.

In the proposed model, v and i are the electrical variables (i.e. voltage and
current at the IPMC electrodes), while f and u_ are the mechanical ones (i.e.
external force and velocity of the point of the external force application Ld).

The authors stated that the choice was motivated at that time by the lack
of adequate first-principle analysis models capable of describing the
microscopic phenomena involved in IPMC transduction and by the desire to
develop a model focused on the relationship that links variables relevant to
the transducer user.

The equivalent model is a linear one and the ruling equations were written
in the frequency domain by using a matrix of impedances:

vðoÞ
f ðoÞ

� �
¼ Z11 Z12

Z21 Z22

� �
iðoÞ
_uðoÞ

� �
(16:14)

Measurement surveys were executed to identify the equivalent circuit
impedances. More specifically, the model was identified by performing a
large number of static and dynamic measurements on a Nafion-based
17 mm�5 mm�0.2 mm IPMC bender with golden electrodes, Li1 as the

IPMC
bender

+

–

+

–
v

i u

f

.

Figure 16.28 An IPMC mounted in cantilever configuration and the two-port model
introduced by Newbury and Leo to model IPMC-based transducers.45
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counterion, and water as the solvent. The observed time data were processed
in order to identify the gains, zeros, and poles of the Zij in eqn (16.14).

After the impedances were identified, the authors validated the proposed
model against experimental data. As an example, the experimental absorbed
current in the blocked boundary condition, and the corresponding model
estimation when a step voltage was applied, are shown in Figure 16.29. This
experiment was used to confirm the relation:

i
v

� � _u

¼ 1
Z11

(16:15)

which can be easily derived by the model in eqn (16.14). Similar tests were
used to confirm the suitability of the proposed model and of the adopted Zij

structures.
Though the proposed model presented excellent fitting capabilities, in the

conclusion section, the authors state that since the parameters in the model
were determined empirically, it is not possible to scale them when trans-
ducers with different geometries are considered. This is one of the key
weaknesses of black-box models: they are valid only for the devices used
during model identification.

The grey-box modelling approach can alleviate such a drawback. Grey-box
models are obtained on the basis of some well-understood theories (e.g. the
beam theory and an adaptation of the piezoelectric theory for the case of
IPMC transducers) and are ruled by using parameters that can be estimated
with a set of experiments. More specifically, data of relevant quantities
are acquired and are processed by suitable optimisation algorithms that
minimise some kind of cost function in order to fit model estimations to the
observed data. The minimisation of the cost function allows estimating of
the optimal values of the unknown parameters.

The evolution of the model proposed by Newbury and Leo45 highlights the
differences between black-box and grey-box models.

The IPMCs were still modelled as linear dynamic systems, and the Z im-
pedance matrix of eqn (16.14) was reconsidered,19,20 but this time the form

Figure 16.29 Simulated and experimental absorbed current in the blocked condition.
Reprinted from K. M. Newbury, D. J. Leo, Electromechanical modeling
and characterization of ionic polymer benders, J. Intell. Mater. Syst.
Struct., 2002, 13, 51–60.
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of the Zij matrix entries depend only on the characteristics of the materials,
so that the two-port model can be scaled on the basis of the size of the
considered device.

More specifically, IPMCs were considered in a pinned configuration and the
mechanical vibrations were modelled in the framework of the Euler–Bernoulli
beam theory. Moreover, since IPMCs are viscoelastic materials (i.e. materials
with both solid-like and liquid-like features), their Young’s modulus cannot
be assumed as a constant value. A complex formulation of the Young’s
modulus is required in the Laplace domain, where the real part, known as the
storage modulus, models the linear elastic behaviour of the material, and the
imaginary part takes into account the dissipative behaviour.

This is of particular relevance when dynamic phenomena are of interest,
as for the case of IPMC deformations. The authors explicitly took into
account this aspect by using the Golla–Hughes–McTavish (GHM) method.

The electrical behaviour of the IPMCs was modelled by considering the
usual combination of resistive and capacitive elements, leading to the
introduction of an equivalent material permittivity.

The electromechanical transduction phenomenon was modelled by using
a suitable electromechanical coupling term, in a similar way as for the case
of piezoelectric materials, but unlike this latter class of materials, a fre-
quency-dependent coupling term was introduced and derived.

The transducer was represented by using an equivalent linear electric
circuit, as reported in Figure 16.30 (see Figure 16.28 for the meaning of the
external quantities).

The circuital elements were defined in accordance with the electrical,
mechanical, and electromechanical properties of the material, represented by
its dielectric permittivity, Z, the viscoelastic modulus, Y, and an effective strain
coupling term, d. The elements were scaled with the transducer geometry and
size. This choice guarantees the scalability of the proposed model.

The electrical part of the model (left-hand part in Figure 16.30) was
modelled considering that both at very low and very high frequencies, IPMCs
behave with high value and low value resistance, respectively, while at
intermediate frequencies, they behave like a capacitive load. Based on this

+ +
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u
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Zm1

Zm2

Rdc

N : 1

Figure 16.30 A scheme of the equivalent electrical circuit proposed for an IPMC
transducer bender in a pinned configuration.19
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consideration, the IPMC was modelled with a DC resistance, Rdc, and an
impedance, Zp, consisting of a number of RC groups in parallel connection,
which essentially model the capability of the system to store charges.

The mechanical behaviour of the bender was modelled in the right-hand
side of Figure 16.30. It consists of two mechanical impedances: Zm1, used to
model the system behaviour at very low frequencies; and Zm2, introduced to
model the bender behaviour at frequencies approaching the first mechanical
resonant frequency.

The electromechanical coupling term was represented by the ideal
transformer in the scheme of Figure 16.30 and assumes the form of a
complex function of the applied signal frequency. Its form was obtained by
adapting the piezoelectric equations that rule the well-known corresponding
phenomena to the case of IPMC transduction.

The equivalent circuit in Figure 16.30 was therefore solved and an explicit
form of eqn (16.14) was determined that describes the behaviour of a slender
polymeric electroactive beam.

More specifically, the solution of the circuit shown in Figure 16.30 is
represented by the following two linearly coupled equations:

v
f

� �
¼

RdcðN2Zm1 þ ZpÞ
Rdc þ N2Zm1 þ Zp

NRdcZm1

Rdc þ N2Zm1 þ Zp

NRdcZm1

Rdc þ N2Zm1 þ Zp

ðZm1 þ Zm2ÞðRdc þ ZpÞ þ N2Zm1Zm2

Rdc þ N2Zm1 þ Zp

2
66664

3
77775

i
_u

� �

(16:16)

where:
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Zp¼
1

sLtw
1
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1þ sEiri
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N¼ 3dL2
d

Pn

1¼ 1

ET
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1þ sET
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i

� �
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¼ 3dL2
d

ZT Ltwt
(16:20)

In the reported equations, Lt, Lfree, w, and t are the total length, the free
length, the width, and the thickness of the sample so that, unlike in eqn
(16.14), each coefficient proposed in eqn (16.16) is now determined in terms

84 Chapter 16



of a set of basic material parameters and is scaled by transducer dimensions
and geometry so that the model is scalable.

Moreover, the authors proposed19 and demonstrated20 that the reflected
mechanical impedance is negligible with respect to electrical impedance,
and this allowed for a simpler form of eqn (16.16). By applying suitable
boundary conditions to such a simplified form of eqn (16.16) and con-
sidering a rectangular cross-section, the circuit reported in Figure 16.30 was
solved, deriving equations useful for the description of typical IPMC trans-
ducer working conditions. More specifically, two relations relevant for the
actuation were obtained. By imposing _u¼ 0 (no motion is allowed), the
blocked force is obtained, while if the condition f¼ 0 (no force is applied) is
set, the free tip deflection is determined as a consequence of the applied
voltage. These expressions are, respectively:

f
v

� � _u

¼ 3dtwY E

4Ld
(16:21)

u
v

� �f
¼� 3dL2

d

12rmL4
f

G4Y E
s2 þ t2

(16:22)

When the sensing mode is considered, if v¼ 0 is supposed, the short-circuit
sensing current produced by the tip motion with a velocity _u can be derived,
which represents a commonly used sensor output working condition:

i
_u

� �v

¼� 3dtwY E

4Ld
(16:23)

Moreover, the same relation holds true when the accumulated charge with
respect to the applied deformation is of interest.

The proposed electric realisation is valid up to the first mechanical mode of
the system. Eventually, the model was identified and validated20 by performing
a number of experiments on both the actuating and sensing transduction.

Experiments were performed in air on an IPMC mounted in a cantilever
configuration. The DUT was Lt¼ 33 mm, w¼ 5 mm, and t¼ 0.2 mm. The free
length was Lfree¼ 25 mm, while the driving point was Ld¼ 20 mm away from
the clamped edge. The DUT was investigated to identify the mechanical,
electrical, and electromechanical coupling terms and such parameters were
used to estimate the IPMC impedances. As a good practice, experiments were
designed in such a way as to isolate the contribution of as small as possible a
subset of the searched parameters (eventually just one of them) in order to
make the inaccuracies of the correspondingly identified values smaller.

The three parameters relevant to the description of the IPMC transducing
behaviour (i.e. the equivalent permittivity, the strain coupling term, and the
viscoelastic modulus) were finally estimated.
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The model was validated against experimental data. The transducer used
for the model identification was also used for its validation. This was a
necessary choice because of the lack of reproducibility that plagues IPMCs;
nevertheless, working input–output relationships that were different from
those used for the model identification were taken into account.

Models were verified for the case of the actuator (up to about 50 Hz for the
case of the free deflection, and up to about 20 Hz for the blocked force) in the
frequency domain and by using step voltage input in the time domain. For
the case of the sensor, the charge-to-deflection transduction, in short-circuit
conditions, was investigated up to about 20 Hz.

Finally, the scaling properties of the proposed model were verified by
changing the length and the width of the transducer or the point of appli-
cation of the external force. As an example, in Figure 16.31, the scaling effect
on the blocked force and its dependence on the point of application of the
external force are reported. More specifically, the estimated IPMC frequency
response (Figure 16.31(a)) and the corresponding response after the scaling
effect of the IPMC width, as predicted by the proposed model,19 are can-
celled out (Figure 16.31(b)). The good matching of the frequency response
magnitude and phase was considered by the authors as evidence of the
correctness of the proposed linear model.

Figure 16.31 Validation of the scaling capabilities and the influence of the linear
model proposed for IPMC trasnducers. The scaling effect of the point
of application of the external applied force is verified.
Reprinted from K. M. Newbury and D. J. Leo, Linear electromechanical
model of ionic polymer transducers – Part II: experimental validation,
J. Intell. Mater. Syst. Struct., 2003, 14, 343–357.
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The model described so far was developed with the aim of providing a
useful tool for people interested in the design and realisation of IPMC-based
systems. Nevertheless, it was based on a number of simplifying assump-
tions, as recognised in Newbury and Leo,20 where, for example, the im-
possibility to adequately fit both the step voltage absorbed current, step
current-produced voltage, and the electrical impedance was considered as
evidence that the dynamics of the transducer response were level dependent.

The same inadequacy was outlined when the electromechanical trans-
duction was considered: for example, it was not possible to obtain, at the
same time, good accuracies in the estimation of the blocked force produced
by an applied voltage when both a step response and the frequency repre-
sentation were considered.

Our interest was in the development of a model that, though being
user orientated and scalable, was closer to the real behaviour of IPMC
actuators.40 More specifically, we exploited our previous experience in
modelling the nonlinear behaviour of the IPMC voltage-to-current trans-
duction12 to propose a lumped electrical model of the electrical behaviour
of an IPMC actuator. The model takes into account the finite resistance of the
IPMC electrodes and the nonlinear voltage-to-current transduction nature.

As a first step, the model allows predicting of the absorbed current by
using a nonlinear block (NLF). A fraction of this quantity is then used to
model the electromechanical transduction in the case of both free deflection
and blocked force, by using two further blocks indicated as LF, as reported in
Figure 16.32.

A large number of IPMC samples were taken into account to obtain a
comprehensive set of experimental data referring to different systems. More

Figure 16.32 A scheme of the model used to describe the nonlinear IPMC actuator
transduction.
Reprinted from C. Bonomo, L. Fortuna, P. Giannone, S. Graziani and
S. Strazzeri, A nonlinear model for ionic polymer metal composites as
actuators, IOP Smart Mater. Struct., 2007, 16(1), 1.
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specifically, the model was identified and verified for IPMC actuators real-
ised both by using Nafions 115 and Nafions 117, whose nominal thick-
nesses are 127 mm and 183 mm, respectively, and with both Li1 and Na1 as
the counterions. All experiments were performed in air, with the IPMC in a
cantilever bender configuration.

An example of a voltage-to-current cyclic voltammogram is seen in
Figure 16.33(a) for the case of a Nafion-based IPMC actuator using Li1 as
the counterion and water as the solvent. Figure 16.33(b) reports the
equivalent electric circuit proposed40 to model the IPMC nonlinear electric
behaviour. The model is in the form of an electrical realisation and includes
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Figure 16.33 An example of a voltammogram obtained for a Nafion-based IPMC
with Li1 as the counterion and water as the solvent (a) and the
nonlinear electric circuit realisation used to model IPMC actuator
nonlinear behavior (b) (adapted from ref. 40).
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the electrode resistance and the nonlinear elements, which were modelled
by using two diode-like elements in anti-parallel connection. The newly
introduced elements are outlined with the dashed boxes in Figure 16.33(b).

In Figure 16.33(b), Re takes into account the resistance of the electrodes. R1

is the equivalent bulk resistance of Nafion. Rn is the resistance associated with
observed nonlinear phenomena. It has been introduced along with the two
diodes D1 and D2 to model the nonlinearity observed in the absorbed current.
The R2C2 and R3C3 branches reflect the capacitive nature of IPMCs. The
electrical realisation is ruled by the following equations:

_VC2¼
VD

R2C2
þ Rn

R2C2
ID �

VC2

R2C2

_VC3¼
VD

R3C3
þ Rn

R3C3
ID �

VC3

R3C3

(16:24)

where VC2 and VC3 are the voltages across the capacitances C2 and C3, VD is
the voltage drop across the nonlinearity, and ID is the current flowing
through the nonlinearity.

The nonlinearity is modelled by using two diodes in anti-parallel con-
nection and each diode is described by adapting the Shockley ideal diode
equation:

ID1¼ Isnl e
�VD
g � 1

� �

ID2¼ Isnl e
VD
g � 1

� �

Inl¼ 2Isnl sinh
VD

g

� �

(16:25)

VD is the solution of the non-linear equation:
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Eqn (16.24) through (16.26) can be numerically solved and the current
absorbed by the membrane can be finally estimated as:

I¼
Vg�VD � Rn2Isnl sinh

VD

g

� �

2Re
(16:27)

where Vg is the value of the applied voltage.
Electrical components in Figure 16.33(b) can be scaled according to the

material properties and the device geometry, shown in Figure 16.34, where f
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is a force applied to (or developed by) the IPMC sample, d is the beam de-
flection, Lc is the length of the clamped part of the IPMC, Lt is the total free
length of the IPMC (without considering the length of the pinned part that
will not contribute to the electrode resistance value), Ls is the point where
the force is applied, and w and t are the dimensions of the IPMC cross-
section.

By using the symbols introduced above, the following scaling relations
were suggested for the circuit components in the static part of the electric
IPMC realisation.

Re¼
RsLt

w
(16:28)

where Rs is the resistance per unit length of the electrodes (for simplicity, the
same value was assumed for both the electrodes of the IPMCs).

The resistance R1, which was assumed to model the bulk resistance of the
Nafion in DC conditions, was scaled as:

R1¼
r1t

ðLt þ LclampÞw
(16:29)

In the same way, Rn, which is the equivalent bulk resistance of Nafion
against species that induce non-linear phenomena conduction, was scaled.
It was modelled as a function of both a Nafion resistivity rnl in the nonlinear
region and the geometrical dimensions of the samples:

Rn¼
rnlt

ðLt þ LclampÞw
(16:30)

Figure 16.34 Geometry of the pinned IPMC beam.
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Finally, according to the model of a diode, the current Isnl used in eqn
(16.25) was scaled as:

Isnl¼ Jsnl w(Ltþ Lclamp) (16.31)

Dynamics phenomena were modelled as usual for IPMC transducers by
using RC networks in parallel connection. The number of such branches is
directly linked to the number of the free parameters that are available to fit
model estimations to experimental data. In the proposed model,40 two
branches was considered to be a good compromise for modelling both the
‘‘slow’’ and ‘‘fast’’ dynamics observed for IPMC absorbed current.

An example reporting the experimentally observed current absorbed by a
Nafions 115-based IPMC in the case of a step voltage input, and the cor-
responding model estimation is reported in Figure 16.35(a). The contri-
butions of the two RC branches are further reported in Figure 16.35(b).

The components in the two capacitive branches in the proposed model
were also scaled as follows:

Ri¼
rit

ðLt þ LclampÞw

Ci¼
eiðLt þ LclampÞw

t

i¼f2; 3g (16:32)

According to the general consensus that the current flowing through the
IPMC and the corresponding charge accumulation are the causes of the
electromechanical transduction phenomenon,15,18,19 the current flowing
through the two capacitive branches in the circuital realisation proposed was
linked to the corresponding mechanical reaction. The transduction model
proposed by Newbury and Leo19 was adapted to the case of the nonlinear
circuit in Figure 16.33(b). The following relationships between the current
flowing through the capacitive branches and the free deflection or the
blocking force were obtained:
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3d L2
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IC2 þ IC3
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s
3 Y d t2

ZðLt þ LclampÞ4Ls
(16:34)

where the adopted symbols have the same meanings as for the case of the
corresponding equations given by Newbury and Leo.19

Since the model described so far is based on a grey-box modelling ap-
proach, the experimental measurement of some parameters and the esti-
mation of the remaining parameters that were not possible to measure were
required. More specifically, the identification of the parameters involved in
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the electrical circuit and in both the complex functions d and Y were per-
formed in different optimisation steps. As far as the value of r1 was con-
cerned, it was experimentally measured.

The parameters rnl, g, and Jsnl. were obtained considering the absorbed
current as the result of two different terms: a static nonlinear one (flowing
through R1 and the nonlinear branch) and a dynamic one, due to the pres-
ence of the two RC branches.

The nonlinear branch was identified in the first step by static experiments.
After the nonlinear term was identified, it was possible to proceed to the
identification of the other parameters in the circuit. This second step was
achieved by fitting the model-estimated current to the absorbed current
when an ad hoc input signal is used. This signal consisted of a sequence of
steps with different amplitudes and a sequence of samples of white noise
with uniform distribution. This choice proved to be the most adequate for
simulating a very wide range of the system dynamics.

At this point, it is worth noting that, as a constant aspect of research on
IPMCs, a number of experimental setups needed to be realised from the

Figure 16.35 The contributions of the reactive current to the current absorbed by an
IPMC for a step voltage input.
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beginning. These were, moreover, required to acquire data in conditions that
were largely different from those usually encountered for other electro-
mechanical transducers. As an example, think about the free deflection and
the most widely investigated class of electromechanical transducers (i.e.
piezoelectric transducers). It is quite obvious that even if a deformation is of
interest in both cases, the IPMC deformation is orders of magnitude greater
than that observed for the case of piezoelectric transducers. The opposite
occurs for the blocked force, since for the case of IPMCs, forces that are
much smaller than those produced by piezoelectric devices are developed.

It is then quite evident that an aspect relevant to the study of IPMC
transducers is the ad hoc realisation of measurement facilities.

This occurred to me from the beginning, and in time, a number of dif-
ferent setups have been realised, improved, or even totally redesigned as a
necessary and yet fascinating activity.

In Figure 16.36, the setup used is reported.40 More specifically, the setup
seen in Figure 16.36(a) was realised to measure the blocked force via a load
cell, while in Figure 16.36(b), the setup was used to measure the free
deflection, by using an infrared (IR) sensing system.

Examples of the signals involved in the identification of the electrical part
of the described model are given in Figures 16.37 and 16.38. More specif-
ically, in Figure 16.37, the experimental nonlinearity observed for an IPMC
realised by using Nafions 117 and Na1 as the counterion is shown.

In Figure 16.38, the signals of interest to the dynamic components in the
electrical model are reported, again for the case of an actuator based on
Nafions 117 with Na1 as the counterion.

The input voltage consisted of a sequence of steps of various amplitudes
followed by a sequence of samples of white noise with uniform amplitude.

Note that only a subset of the reported signals can be acquired, while
remaining ones are the results of model estimation.

Figure 16.36 The system used to measure the blocked force (a) and the free
deflection (b) produced by IPMC actuators in a cantilever configur-
ation.
Reprinted from C. Bonomo, L. Fortuna, P. Giannone, S. Graziani and
S. Strazzeri, A nonlinear model for ionic polymer metal composites as
actuators, IOP Smart Mater. Struct., 2007, 16(1), 1.
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The optimisation of the values of d and Y was performed considering both
the blocked force and the free deflection. Figure 16.39 shows the results
obtained by again using a membrane based on Nafions 117, with Na1 as
the counterion and of size Lclamp¼ 5 mm, w¼ 6 mm, and Lt¼ 20 mm. The
deflection was measured at a distance of Ls¼ 15 mm from the fixed end.

The model was then validated by using a number of different signals.
Moreover, a cross-validation between the time and frequency domains
confirmed the good performance of the proposed model. As an example,
Figure 16.40(a) shows the modulus of the quotient of the cross-power
spectral density (PSD) between the free deformation and the applied
voltage obtained by the elaboration of experimental data and by using
the proposed model, while in Figure 16.40(b), the corresponding phase
is reported. It is worth noting that though the model is a nonlinear
one and was able to estimate accurately the resonant-like behaviour of
the IPMC.

Finally, as widely indicated, the aim of the described model was to obtain
a tool that is useful for people working with IPMCs as candidate actuators
for real applications. The model was therefore required to be capable of
estimating the effects of IPMC scaling in different ways.

Figure 16.37 One of the identified nonlinearities. Reported graph refers to the case
of an IPMC realised by using Nafions 117 and Na1 as the counterion.
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Figure 16.38 The current absorbed by an IPMC actuator and the corresponding estimation (a). The signals estimated by the model for the
electric components in the model are also shown in (b) through (f).
Reprinted from C. Bonomo, L. Fortuna, P. Giannone, S. Graziani and S. Strazzeri, A nonlinear model for ionic polymer metal
composites as actuators, IOP Smart Mater. Struct., 2007, 16(1), 12.
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As an example, in Figure 16.41, the effects of length scaling on the res-
onance frequency are shown. More specifically, Figure 16.41 reports the
simulation of an IPMC when the length of the membrane was decreased
from 25 mm to 10 mm while the width was held constant at 6 mm. The
shown graph was obtained by using the parameters characterising the model
of a Nafions 117-based actuator with Li1 as the counterion.

The experimentally observed values of the resonance frequency are seen,
for the same sample, in Figure 16.42.

As is widely mentioned, IPMC applications are envisaged for use in a
number of fields where they can be used as actuating and sensing com-
ponents. Their response to modifying quantities is therefore of interest: any
undesired influence can, as a matter of fact, have a negative effect on device
reproducibility and therefore on performance. The lack of reproducibility of
course limits the possibility of using any transducer, since it introduces a
limit to its accuracy. For the case of IPMC transducers, this corresponds to a
limit on the actuator position or developed force for the case of the actuator,
or on the measured position (and derived quantities) for the case of IPMCs
used as motion sensors.

The lack of reproducibility, which has been widely reported in the
literature, can be considered the resulting effect of two contributions: the

Figure 16.39 Signals used to estimate the IPMC values of d and Y and corres-
ponding model estimates obtained after the parameter identification.
Reprinted from C. Bonomo, L. Fortuna, P. Giannone, S. Graziani and
S. Strazzeri, A nonlinear model for ionic polymer metal composites as
actuators, IOP Smart Mater. Struct., 2007, 16(1), 1.
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dispersion of the transducer response with equal operating conditions;
and the dependence of the transducer response on the influencing
quantities.

As an interesting example of a lack or reproducibility, consider the
case of the models proposed by Newbury and Leo19,20 and compare them
with the model described here.40 Both models used IPMCs in a bender
configuration and identified an effective electromechanical coupling term d.
Notwithstanding this analogy, Newbury and Leo reported a significant
presence of the phenomenon of the back-relaxation and this reflected in the
choice of a non-minimum phase structure for the frequency domain
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Figure 16.40 The modulus (a) and the phase (b) of the quotient of the cross-power
spectral density between the free deformation and the applied voltage
obtained by the elaboration of experimental data and by using the
proposed model.
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Figure 16.41 The effects of IPMC scaling on the resonant frequency value, as
estimated by the described model.
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Figure 16.42 The effects of IPMC scaling on the resonant frequency value of a
Nafions 117-based actuator, with Li1 as the counterion. The com-
parison of the model estimation end experimentally observed reson-
ance values is reported as a function of the device free length.
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representation of d. In experimental observations we obtained from tens of
IPMCs, we never observed such a phenomenon (e.g. see Figure 16.39), and
this of course reflected on the structure of d that we identified as the basis of
our experimental observations.

Such an unresolved problem could be minimised by properly designing
the base materials, but in any case, a residual lack of reproducibility cannot
be avoided and needs, at least, to be estimated. For this reason, our research
activity on IPMC modelling40 was complemented41 by a corresponding in-
vestigation of the characterisation of IPMC actuators.

Of course, there are infinite candidate modifying quantities for any
transducer. Nevertheless, according to the nature of the used materials,
some variables can dominate others.

More specifically, for the case of IPMC-based devices, it is reasonable to
argue that environmental humidity and temperature represent important
modifying parameters. In fact, humidity changes the behaviour of the
IPMC transducers working as both sensors and actuators, since it changes
the Young’s modulus of the device and hence its mechanical response. The
influence of temperature was suspected because of the general influence that
this quantity has on the characteristics of polymers. When we addressed this
problem, a complete characterisation of IPMC transducers as a function of
modifying quantities was not accomplished and few analyses were available in
the literature.46,47 More specifically, Nemat-Nasser and Li46 experimentally
investigated the effects of hydration on IPMC mechanical characteristics.
Moreover, water content and temperature were suggested as modifying
quantities for the case of bare Nafion.47

In our work, since the characterisation was intended for devices to be used
in biomedical applications, the ranges of 25.0–40.0 1C for temperature and
40.0–100% for relative humidity were investigated. In order to obtain the
characterisation of the IPMC actuator, the electromechanical transduction
model was identified for a set of working conditions in the ranges presented
above. The dispersion of device behaviour with respect to model predictions
was therefore estimated.

The investigation of IPMC reproducibility is an experimental task and
required both an adequate methodology and a suitable experimental setup
to be developed. It was in fact necessary to realise an apparatus that allowed
varying of the significant inputs (temperature and relative humidity in the
considered case) over the ranges fixed by the operating condition of the
envisaged applications.

The elaboration of experimentally observed DUTs allowed the develop-
ment of the desired input–output relations, along with the corresponding
uncertainty estimations.

The devices chosen for the experiments were four IPMCs with the char-
acteristics reported in Table 16.3.

The ranges reported in Table 16.4 were investigated for the modifying inputs.
As described above, the identification of the IPMC actuator parameters

requires acquiring data on the applied voltage, the absorbed current, the

Modelling and Characterisation of IPMC Transducers 99



developed force, and the produced deflection. Moreover, since the IPMC
characterisation with respect to modifying quantities was of interest, such
quantities needed to be recorded for each combination of the values of
temperature and humidity reported in Table 16.4.

The characterisation of IPMC actuators was realised by using a measuring
system developed ad hoc for this task. More specifically, the measuring
system was required to:

� Impose the working value for the environmental temperature;
� Impose the working value for the environmental relative humidity;
� Impose the input (voltage) signal;
� Measure the absorbed current and the mechanical output reaction (i.e.

either the free deflection or the blocked force).

A scheme of the instrumentation devoted to the characterisation of the
actuator is seen in Figure 16.43.

The system was composed of:

� A chamber to perform the surveys. It was used to reproduce a controlled
environment in which both relative humidity and temperature were
varied in a controllable way.

� Control devices to impose the input voltage, the temperature, and the
humidity level in the ranges of interest.

� Sensors to acquire data on the actual values of the modifying quantities
(i.e. a temperature and a humidity sensor, respectively).

� A subsystem devoted to measuring the electrical quantities (i.e. the
applied voltage and the corresponding absorbed current).

� A subsystem devoted to the measurement of the mechanical IPMC
reaction.

More specifically, a load cell of GS0-10 Transducers Techniquess

was used for measuring the developed blocking force. A laser sensor

Table 16.4 The modifying inputs along with their variation
ranges (adapted from Brunetto et al.41).

Temperature (1C) {25, 30, 35, 40}

Humidity {40%, 60%, 80%, 100%}

Table 16.3 The characteristics of the actuators used for the
characterisation process (adapted from Brunetto
et al.41).

Nafion type Nafions 115
Counterion Na1

Free length 20 mm
Width 6 mm
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OADM 12U6460/S35A from Baumer was used for the measurement of
the IPMC displacement. A temperature sensor LM35 from National Semi-
conductor and a humidity sensor HIH 3610 from Honeywell were
chosen for the monitoring of both temperature and humidity inside the
characterisation chamber. The absorbed current was transduced into a
corresponding voltage by using a low-value shunt resistor, while the applied
voltage was acquired directly by using a data acquisition device DAQ PCI
6052E.

The setup was under the control of LabVIEW VI and the data of all con-
sidered quantities were acquired by using the acquisition card mentioned
above. A real view of the realised setup is shown in Figure 16.44.

In order to estimate the dispersion of the measured quantities, 20 meas-
urement surveys were executed for each working condition. The samples
were stored in deionised water and were casually picked up to be tested. All
of the experiments were started after the DUT was maintained inside the
chamber for 20 min, in such a way as to allow it to reach the equilibrium
conditions with the surrounding environment.

Figure 16.43 A scheme of the setup used to characterise the IPMC actuators.
r 2010 IEEE. Reprinted, with permission, from P. Brunetto, L.
Fortuna, P. Giannone, S. Graziani and S. Strazzeri, Static and dynamic
characterization of the temperature and humidity influence on IPMC
actuators, IEEE Trans. Instrum. Meas., 2010, 59(4), 893–908.
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A total number of 20�4�16 valid surveys were therefore considered. This
approach allowed both the obtaining of the model-relevant parameters as a
function of the working conditions and the estimating of the dispersion of
the measured data with respect to the model estimations.

The model identification was performed in three steps devoted respectively
to:

� Estimation of the voltage-to-current transduction nonlinearity;
� Estimation of the dynamic components of the voltage-to-current

transduction;
� Estimation of the parameters ruling the electromechanical transduction.

More specifically, the static nonlinearity was identified by using a low-
frequency triangular signal, with a peak-to-peak amplitude sufficient
to outline the system nonlinearity. An example of the applied voltage and of
the corresponding recorded currents is reported in Figure 16.45. Observe that
the system is nominally in constant working conditions and the dispersion
observed in the recorded curves gives evidence of the system non-repeatability.
More specifically, all of the following figures refer to a Nafions 115-based
IPMCs working at 30 1C and with relative humidity equal to 80%.

Once the parameters of the nonlinearity were determined, it was possible
to estimate the values of the parameters ruling the linear part of the

Laser sensorLoad cell

Conditioning and 
control circuits

Conditioning and 
measurement circuit

Figure 16.44 A picture of the setup used for the IPMC actuator characterisation.
r 2010 IEEE. Reprinted, with permission, from P. Brunetto, L. Fortuna,
P. Giannone, S. Graziani and S. Strazzeri, Static and dynamic character-
ization of the temperature and humidity influence on IPMC actuators,
IEEE Trans. Instrum. Meas., 2010, 59(4), 893–908.
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electrical realisation. To this purpose, a voltage signal consisting of a train of
square waves with alternating signs and of a noise signal with increasing
amplitude was forced onto the DUTs. The signal was designed to excite the
dynamics of the IPMCs and to investigate any dependence of the system
response on the input level. In Figure 16.46, the used input signal and a set
of recorded absorbed currents is shown.

Figure 16.45 The voltage input signal used to estimate the parameters ruling the
IPMC actuator nonlinearity and an example of the corresponding
absorbed currents.

Figure 16.46 The voltage input signal used to estimate the parameters ruling the
IPMC actuator linear dynamic components and an example of the
corresponding absorbed currents.
r 2010 IEEE. Reprinted, with permission, from P. Brunetto, L. Fortuna,
P. Giannone, S. Graziani and S. Strazzeri, Static and dynamic character-
ization of the temperature and humidity influence on IPMC Actuators,
IEEE Trans. Instrum. Meas., 2010, 59(4), 893–908.
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Finally, examples of signals used to estimate the electromechanical
coupling (i.e. the developed blocked force produced by a voltage step and the
free deflection when a swept sinusoidal signal is applied) are reported in
Figure 16.47(a) and (b), respectively.

The collected data were used to identify the parameters of the IPMC ac-
tuator model, along with the corresponding model uncertainty. More spe-
cifically, for each couple of values of the modifying inputs (temperature and
relative humidity), the model of the actuator was identified, along with the
uncertainty estimation.

The identified models were used for the estimation of the actuator output
according to the working conditions and the estimated values were com-
pared with the recorded values to obtain the model residuals.

A statistical analysis of the model residuals was performed to obtain an
estimation of the actuator uncertainty by using the experimental values of
the residual standard deviation.48 Once the standard deviation was esti-
mated, the coverage factor k¼ 3 was used to compute the 3s confidence level
as a function of the modifying inputs.

In the following the results obtained for the case study described so far
will be given. However, such an investigation was performed for all working
conditions indicated in Table 16.4. Such results could be of interest for re-
searchers involved with IPMCs because we obtained a systematic estimation
of IPMC repeatability.

As a first case, the absorbed current was compared with the estimation
obtained by using the IPMC actuator model. The results are reported in
Figure 16.48.

The same analysis was performed for both the free deflection and the
blocked force as quantities relevant to the description of IPMC actuators
performance, and the obtained results are shown in Figure 16.49(a) and (b),
respectively.

The activity described so far concluded with the investigation of the in-
fluence of environmental relative humidity and temperature on the reson-
ance-like behaviour of the IPMC in a cantilever bender configuration as a
parameters widely used by competing technologies to realise vibrating sen-
sors.49 Two examples of the obtained results are shown in Figure 16.50(a)
and (b), respectively. More specifically, in Figure 16.50(a), an example is
shown of the dependence of both the resonance frequency value and of the
corresponding resonant peak value on the relative humidity. Figure 16.50(b)
shows the effect produced by the environmental temperature.

The investigation of the reported results allowed confirmation that, at
least for the considered ranges of the influencing parameters, larger changes
were observed for the case of relative humidity with respect to the effect
produced by environmental humidity.

Interest has recently grown on the effects of modifying quantities as a result
of multiphysics modelling, as will be further described in a following section.

The sensing properties of IPMCs have been known of since their discovery.
The first paper proposing an application of IPMCs as sensors dates back to
1992,50 when it was shown that IPMCs can sense pressure, though no solvent
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Figure 16.47 The voltage input signals used to estimate the parameters ruling the
IPMC actuator electromechanical coupling and the corresponding
mechanical reaction. The blocked force (a) and free deflection (b)
were considered together in the model parameter estimation.
r 2010 IEEE. Reprinted, with permission, from P. Brunetto, L.
Fortuna, P. Giannone, S. Graziani and S. Strazzeri, Static and dynamic
characterization of the temperature and humidity influence on IPMC
actuators, IEEE Trans. Instrum. Meas., 2010, 59(4), 893–908.
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was used and the device was saturated with hydrogen. Nevertheless, the
literature has been biased towards the investigation of the actuation per-
formances of IPMCs for a while, with few exceptions,51,52 though appli-
cations have been proposed in fields recognised as typical for IPMCs, such as
robotic and biomedics,53,54 or general-purpose applications.55

In 2005, Paquette et al.56 wrote: ‘‘There is potential here for large motion
sensors or dampers applications, however, the transduction properties of
IPMCs have not been investigated nearly as much as the actuator phenom-
enon, hence progress has been limited’’. Such a delay is reflected in the fact
that even though surveys on IPMCs have been published almost since the
beginning of the studies on this novel technology, the first systematic review
of the mechanoelectrical transduction of IPMCs was published only in
2010.57

The model proposed by Newbury and Leo19 is an example of a grey-box
model that takes into account the mechanoelectrical transduction properties
of IPMCs. This was obtained by introducing a symmetrical model as a
consequence of the assumption that the same mechanism is responsible for

Figure 16.48 Comparison of the measured absorbed current versus the values
predicted by the IPMC model. The 3s values are also shown (red
lines).
r 2010 IEEE. Reprinted, with permission, from P. Brunetto, L. Fortuna,
P. Giannone, S. Graziani and S. Strazzeri, Static and dynamic character-
ization of the temperature and humidity influence on IPMC actuators,
IEEE Trans. Instrum. Meas., 2010, 59(4), 893–908.
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Figure 16.49 The dispersion of the free deflection estimation (a) and of the
blocked force (b). The corresponding 3s values are also shown (red
lines).
r 2010 IEEE. Reprinted, with permission, from P. Brunetto, L.
Fortuna, P. Giannone, S. Graziani and S. Strazzeri, Static and dynamic
characterization of the temperature and humidity influence on IPMC
actuators, IEEE Trans. Instrum. Meas., 2010, 59(4), 893–908.

Modelling and Characterisation of IPMC Transducers 107



Figure 16.50 Examples of the effect of relative humidity (a) and environmental
temperature (b) on the resonance characteristics for an IPMC actuator
in a bending configuration.
r 2010 IEEE. Reprinted, with permission, from P. Brunetto, L.
Fortuna, P. Giannone, S. Graziani and S. Strazzeri, Static and dynamic
characterization of the temperature and humidity influence on IPMC
actuators, IEEE Trans. Instrum. Meas., 2010, 59(4), 893–908.

108 Chapter 16



both the electromechanical and of the mechanoelectrical transduction
conversions, regardless of its direction. Nevertheless, operating conditions
can greatly influence the IPMC transduction behaviour, and a separate
investigation could make sense of the corresponding differences. We in-
vestigated58 the sensing behaviour of IPMCs, focusing on the differences in
the sensing of IPMC transduction with respect to the corresponding actu-
ating behaviour that was justified for a different model with respect to the
actuator.

One of the first differences between IPMC working modes as actuators and
sensors is that, in the latter case, the nonlinearity looked to us to be much
less evident, so that the use of a nonlinear model was not justified anymore.

In Figure 16.51, an example of a sinusoidal displacement applied to an
IPMC produced by using Nafions 117 and with Na1 as the counterion in a
cantilever configuration and of the corresponding produced short-circuit
current is shown. It is quite evident that the produced current does not
represent the significant nonlinearities that characterise the corresponding
actuator working mode.

Further evidence of the absence of any significant distortion is obtained if
the PSDs of the input and output signals are considered, as is seen in
Figure 16.52, referring to the same IPMC sensor described above. More
specifically, the PSDs reported in the figure refer to the case when the input

Figure 16.51 An example of the short-circuit current produced by an IPMC when a
sinusoidal bending motion is imposed to an IPMC membrane.
Reprinted from C. Bonomo, L. Fortuna, P. Giannone, S. Graziani and
S. Strazzeri, A model of ionic polymer metal composites as sensors,
IOP Smart Mater. Struct., 2006, 15(3), 749–758.
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frequency was 24.0 Hz. Nevertheless, similar results were obtained when the
IPMC was tested by using input sinusoidal signals with frequencies in the
range 0.5–100.0 Hz. This was considered a consequence of the low level of
electrical signals (voltage and/or current) produced by the IPMCs when they
are used as sensors. Another significant difference when an IPMC is used as
a sensor with respect to the corresponding working mode as an actuator is
the role of the solvent content (generally water).

In the literature, the role of the hydration level of IPMC membranes is
thoroughly described for actuators. On the other hand, very few investi-
gations had been reported for sensors when we were investigating the de-
scribed activity. As an example, Newbury and Leo19,20 limited their
investigations to the use of transducers in the same operative conditions and
care was paid to perform experiments on wet samples. This choice was used
as a justification to develop a reversible model. We, too, had to keep the
IPMC wet during the experiments devoted to the development and charac-
terisation of IPMC actuators.

We observed that the hydration conditions play quite a different role
for IPMC sensors. In fact, the sensing behaviour of IPMCs looks better when
the membrane is in equilibrium with the environment and the excess water
is lost. Figure 16.53 shows two frames of a long-lasting recording of the
short-circuit current produced by an IPMC when a sinusoidal deformation is
applied. More specifically, in Figure 16.53(a), the signal recorded a few

Figure 16.52 The normalised PSDs of the imposed IPMC motion and of the corres-
ponding short-circuit current collected at the IPMC electrodes.
Reprinted from C. Bonomo, L. Fortuna, P. Giannone, S. Graziani and
S. Strazzeri, A model of ionic polymer metal composites as sensors,
IOP Smart Mater. Struct., 2006, 15(3), 749–758.
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minutes after the experiment was started is seen, while Figure 16.53(b)
shows the signal recorded after about 1.0 h of continuous work.

It is quite evident that the produced signal is initially very noisy and
unstable. By contrast, the signal produced after the sensor reached an
equilibrium condition was revealed to be stable and much less noisy.
As a further example, Figure 16.54 shows two short recordings of the
sensor output signal after it was continuously working for about 24 h. The
two zoomed images in Figure 16.54 show windows lasting about 2 s of
the recorded output signal produced by a mechanical input of frequency
equal to 1.5 Hz. The two recordings are separated by more than 1000 full
cycles.

Based on the considerations reported above, the opportunity to investigate
the IPMC as a sensor in ‘‘dry’’ conditions seemed evident to us. Since the
characteristics of IPMCs greatly depend of the hydration level, we decided to
model the sensor in this condition. More specifically, the deflection to a
short current was rewritten as it follows:19

i
d
¼ s

3dtwY
4Ls

(16:35)

and the focus was on the estimation of the material parameters d and Y in
the novel working conditions.

Figure 16.53 Short-circuit current produced by an IPMC sensor when a sinusoidal
signal is applied soon after the IPMC is mounted (a) and after it has
reached an equilibrium condition with the external environment (b).
Reprinted from C. Bonomo, L. Fortuna, P. Giannone, S. Graziani and
S. Strazzeri, A model of ionic polymer metal composites as sensors,
IOP Smart Mater. Struct., 2006, 15(3), 749–758.
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The Young’s modulus was determined by using the relationship that links
the beam deformation to the applied force according to the Euler–Bernoulli
theory:

d¼ f
4L3

s

Ywt3 (16:36)

The adopted identification procedure was organised in two steps. The first
one was devoted to the estimation of the complex Young’s modulus Y by
using eqn (16.36). More specifically, this required the realisation of a
mechanical system able to apply both the force f and the corresponding
deformation d and to acquire data to be used during the optimisation step.
The following cost function JY was used:

JY ¼ 100 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i
ðdreal � destimatedÞ2i

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i
ðdrealÞ2i

r (16:37)

where dreal was the deformation experimentally obtained by the measure-
ment system and destimated was the deformation as predicted by eqn (16.36).

After Y had been determined, eqn (16.35) was used as the coordination
function to optimise the coupling term d. In this second step, the input
quantities for the optimisation algorithm were the applied deformation d

Figure 16.54 Two widows extracted from a long-lasting recording of the sensing
current produced by an IPMC sensor after 24 h of continuous working
(adapted from Bonomo et al.58).
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and the corresponding short current i. The following cost function Jd

was used:

Jd¼ 100 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i
ðireal � iestimatedÞ2i

r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i
ðirealÞ2i

r (16:38)

where ireal was the sensing current experimentally obtained by the meas-
urement system and iestimated was the corresponding sensing current as
predicted by eqn (16.35).

After a number of trials, we decided to use a composite signal consisting of
a sequence of a train of bipolar pulses, a sweep signal, and a noise signal. An
example of the recorded signals is given in Figure 16.55. More specifically,
the applied deformation, the blocking force, and the recorded short-circuit
sensing current are shown.

As broadly outlined previously, the modelling of IPMCs requires a con-
tinuous development of new experimental setups. A schematic of the system
developed for the described application and a real view of the realised sys-
tem are shown in Figure 16.56(a) and (b), respectively.

Figure 16.55 An example of the applied deformation (a), the blocking force (b), and
the recorded short-circuit sensing current (c) recorded during the
modelling of IPMC-based sensors.
Reprinted from C. Bonomo, L. Fortuna, P. Giannone, S. Graziani and
S. Strazzeri, A model of ionic polymer metal composites as sensors,
IOP Smart Mater. Struct., 2006, 15(3), 749–758.
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The deformation d was measured by using an IR-based system, while a
load cell (GS0-10 from Transducer Techniquess) was used to measure the
blocking force.

The most relevant results of the research activity described are the dif-
ferences in the structures that we determined for d and Y with respect to the
corresponding parameters that were identified for the case of the wet actu-
ators. As broadly outlined, this was a direct result of our choice to use and
model the IPMC sensors in air.

An example of the Young’s modulus of an IPMC strip realised by using
Nafions 117 and with Na1 as the counterion is shown in Figure 16.57. The
IPMC modulus was determined by the elaboration as explained before. For
comparison, the Young’s modulus for the IPMC sample when highly hy-
drated (reported in Figure 16.57(a)) is compared with the one estimated after
reaching equilibrium working conditions (reported in Figure 16.57(b)). In
both cases, the structure of the Young’s modulus was modelled according to
the GHM theory for viscoelastic materials.

Figure 16.57 shows that the hydration level changes the value of
the complex Young’s modulus. In particular, at the lowest values of the
investigated frequency range (10�2 Hz), the Young’s modulus of the sample
in dry conditions is about eight times larger than the corresponding value for
the wet sample. Eventually, the GHM model used for the sensor reduced to a
constant value in the considered frequency interval. For the dry IPMC, the
optimisation procedure gave the value Y¼ 2.03 GPa. The reported results are
in accordance with measurements of the IPMC complex Young’s modulus
that we obtained more recently and that will be introduced later in this
chapter when the topic of white-box modelling will be addressed.

The same comparison was performed for the case of the coupling term d.
Results obtained for the Nafions 117-based IPMC with Na1 as the coun-
terion are given in Figure 16.58(a) and (b) for the wet and dry working

Figure 16.56 A scheme of the system used to estimate the material values for IPMCs
working as sensors in air (a) and a real view of the realised setup (b).
Reprinted from C. Bonomo, L. Fortuna, P. Giannone, S. Graziani and
S. Strazzeri, A model of ionic polymer metal composites as sensors,
IOP Smart Mater. Struct., 2006, 15(3), 749–758.
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Figure 16.57 Young’s modulus estimates according to the GHM model for an IPMC
strip that was highly hydrated (a) and in equilibrium with the working
environent in air (b).
Reprinted from C. Bonomo, L. Fortuna, P. Giannone, S. Graziani and
S. Strazzeri, A model of ionic polymer metal composites as sensors,
IOP Smart Mater. Struct., 2006, 15(3), 749–758.
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Figure 16.58 Coupling term d estimates for an IPMC strip that was highly hydrated
(a) and in equilibrium with the working environent in air (b).
Reprinted from C. Bonomo, L. Fortuna, P. Giannone, S. Graziani and
S. Strazzeri, A model of ionic polymer metal composites as sensors,
IOP Smart Mater. Struct., 2006, 15(3), 749–758.
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conditions, respectively. Note that in this case a different structure was
adopted for the transfer function used to model the coupling term in wet
and in dry conditions.

The grey-box model proposed for IPMC sensors was further verified
against real data. More specifically, we investigated the performances of the
model in both the time and frequency domains.

An example of the performance obtained in the time domain is seen
in Figure 16.59(a), while in Figure 16.59(b), the performance of the model
in the frequency domain is shown. More specifically, Figure 16.59(a)
shows the capability of the model to estimate the short-circuit current
when the IPMC is inputted with a train of impulsive deformations, while
Figure 16.59(b) shows the model Bode diagram and the corresponding
estimations obtained from experimental data.

As with the case of the actuator model, the IPMC sensor model is
scalable as a function of the device’s geometry. This again was considered
a key advantage, since it provided the possibility of estimating the con-
sequences of changes in the device’s geometry. As an example, the
effects of changes in the IPMC sensor width are seen in Figure 16.60,
where the modulus of the Bode diagram as predicted by the model is
compared with the corresponding estimation obtained on the basis of
acquired data.

Also, for the case of IPMC sensors, we felt that it was necessary to proceed
to their characterisation with respect to the influence of the modifying in-
puts, and again we investigated the environmental temperature and relative
humidity as relevant modifying quantities for IPMCs.59 In a sense, the
sensor characterisation completes the analogous activity we performed on
IPMC actuators, and it was intended to give more confidence on the results
that can be achieved by using IPMCs both as actuators and sensors. The
obtained results should act as stimuli for the use of this technology in the
development of real applications.

In this case, the investigation was done in a range that was compatible
with biological applications, and again the relative humidity revealed a lar-
ger influence with respect to temperature.

The devices chosen for the experiments were IPMCs with the character-
istics reported in Table 16.5.

The ranges reported in Table 16.6 were investigated for the modifying
inputs.

In order to investigate the dispersion of the IPMC sensor behaviour,
20 acquisitions were collected for each combination of temperature
and environmental relative humidity values in Table 16.6. This resulted in
the acquisition of 20�20 valid surveys, with the first 20 being the number
of repeated observations and the second 20 being the number of com-
binations of the entries in Table 16.6. Moreover, for each of the investi-
gated working conditions, the applied deformation, the blocking force, and
the produced current were measured.
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Figure 16.59 The time (a) and frequency domain (b) performances of the model
developed for IPMC sensors working in air.
Reprinted from C. Bonomo, L. Fortuna, P. Giannone, S. Graziani and
S. Strazzeri, A model of ionic polymer metal composites as sensors,
IOP Smart Mater. Struct., 2006, 15(3), 749–758.
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The characterisation of the IPMC-based sensors was realised by using a
measuring system that was developed ad hoc for this task. More specifically,
the measuring system was able to:

� Impose the working value for the environmental temperature;
� Impose the working value for the environmental relative humidity;

Figure 16.60 Comparison of the scaling effect as predicted by the model and as
obtained from the experimental data. The influence of the IPMC
sensor width is shown.
Reprinted from C. Bonomo, L. Fortuna, P. Giannone, S. Graziani and
S. Strazzeri, A model of ionic polymer metal composites as sensors,
IOP Smart Mater. Struct., 2006, 15(3), 749–758.

Table 16.5 The characteristics of the sensors used for the
characterisation process (adapted from Brunetto
et al.59).

Nafion type Nafions 117
Counterion Na1

Free length 20 mm
Width 6 mm

Table 16.6 The modifying inputs, along with their variation
ranges (adapted from Brunetto et al.59).

Temperature (1C) {28, 30, 32, 34}

Humidity {40%, 60%, 80%, 90%, 95%}
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� Impose the desired input (displacement) signal;
� Measure the output reaction (i.e. the developed short-circuit current).

Actually, the developed system was much more complex, since it was used
both to acquire data for the estimation of the material parameters required
for the model identification and to acquire data for the IPMC character-
isation. A scheme of the setup devoted to the modelling and characterisation
of the IPMC sensors is shown in Figure 16.61.

The system was composed of:

1. A electromechanical shaker able to impose the desired deformations;
2. A chamber to perform the surveys, where both relative humidity and

temperature were varied in a controllable way;
3. A thermal element to control the temperature, a system to control the

humidity level, and measurement devices to sense the values of the
modifying inputs (i.e. one humidity and one temperature sensor,
respectively);

Figure 16.61 Scheme of the setup used to characterise the IPMC sensors.
r 2011 IEEE. Reprinted, with permission, from P. Brunetto, L. Fortuna,
P. Giannone, S. Graziani and S. Strazzeri, Characterization of
the temperature and humidity influence on ionic polymer-metal
composites as sensors, IEEE Trans. Instrum. Meas., 2011, 60(8), 2951–
2959.
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4. Conditioning circuitry;
5. A laser sensor and a load cell to reveal IPMC-imposed deformation and

force, respectively.

Data were acquired by means of a DAQ card PCI 6052E by using a dedi-
cated software tool developed with LabVIEW. A view of the real system is
seen in Figure 16.62.

Swept voltage signals were applied to the shaker and the corresponding
signals were acquired by using the experimental set up shown in
Figure 16.62.

Acquired data were used for the IPMC sensor model identification and for
the corresponding uncertainty estimation as a function of the modifying input
values. During the characterisation of the sensor, the model was used for the
estimation of the produced signal and therefore of the model residuals.

A statistical analysis of the model residual was performed to obtain an
estimation of the model uncertainty48 by using the experimental values of
the standard deviation of the residuals. Once the standard deviation was
estimated, the coverage factor k¼ 3 was used to compute the 3s confidence
level as a function of the modifying input values.

Since, for each couple of the modifying input (temperature and humidity)
values, the model of the sensor was identified and the uncertainty estima-
tion was performed, on the basis of the performed surveys, the uncertainty
estimation did not depend on the considered modifying inputs. It was the
effect of unconsidered and/or not modelled phenomena.

Figure 16.62 View of the setup used to characterise the IPMC sensors with respect
to environmental temperature and relative humidity.
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A typical example of the data used to characterise the IPMC sensors is
shown in Figure 16.63(a), while in Figure 16.63(b) and (c), two zoomed im-
ages of the signals seen in Figure 16.63(a) are shown to highlight the esti-
mation capabilities of the model at different values of the input signal
frequency. Reported signals refer to an IPMC sensor working with an en-
vironmental temperature equal to 30 1C and a relative humidity equal to
90%, while the deformation was applied 20 mm away from the fixed end.

Also, as a further investigation, the analysis of model residuals along with
the uncertainty estimation was performed. As an example, in Figure 16.64,
some statistical plots derived by the elaboration of the available data are

(a)

(b)

(c)
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Figure 16.63 An example of the deformation applied to the IPMC sensor and of the
corresponding absorbed current (a), and two zoomed images of the
estimated currents (b) and (c). Both the measured and predicted
current values are shown.
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Figure 16.64 The residual analysis of the sensing signal model estimation for a sensor working with a temperature equal to 30 1C and a
relative humidity equal to 70%.
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shown. More specifically, in the top-left graph in Figure 16.64, the real
sensing signal obtained from different measurements and the model esti-
mation along with the uncertainty are drawn on an X–Y graph, while in the
top-right graph in Figure 16.64, the real sensing signal obtained from dif-
ferent measurements and the corresponding residuals are drawn on an X–Y
graph. In the bottom-left graph in Figure 16.64, the distribution of the re-
siduals is shown. Finally, the bottom-right graph in Figure 16.64 represents
the normal probability plot. The data reported Figure 16.64 refer to an IPMC
sensor working with an environmental temperature equal to 30 1C and a
relative humidity equal to 70%, while the distance of the application point
from the fixed end was again 20 mm.

The frequency behaviour of the IPMC sensor was also investigated as a
type of information relevant to sensor users. An example of the dispersion of
the experimental frequency response estimated for the IPMC sensing current
is seen in Figure 16.65.

As an example of the performed investigation in the frequency domain, in
Figure 16.66, the effect of one modifying input while the other is maintained
constant is reported. The product d*Y was considered.

The analysis in the frequency domain was repeated for each of the working
conditions in Table 16.6. This analysis produced a set of surfaces, such as
the ones shown in Figure 16.66.

It was generally observed that, in the investigated frequency range, the
amplitude of the signals increased with the humidity level in the working
environment, while no relevant effect was observed for the influence of
temperature. Moreover, the noise of the sensing signal increased with the
humidity level.

The effects of temperature on IPMC sensing characteristics were investi-
gated by another group of researchers.60 This convergence on the same topic
at same time does not surprise me and it is a consequence of the growing
interest in this topic and in the direct influences that new results have on the
raising of new questions. Nevertheless, the scenario investigated by Ganley
et al.60 was quite different, since IPMC sensors in water were taken into
account and the range of investigated temperatures (23–65 1C) was wider
than in our analysis.59

Ganley et al.60 used a black-box approach to identify the experimental
IPMC short-circuit frequency response produced by the IPMC deformation.
An example of experimental frequency responses is shown in Figure 16.67.

The frequency response was described in terms of coefficients that depend
on the working bath temperature. Suitable polynomial functions were used
to describe the dependence of such parameters on the bath temperature and
this allowed for the estimating of the sensor behaviour for temperatures
different from those that were experimentally investigated.

It is worth noting that although the authors observed a significant de-
pendence of the IPMC sensing behaviour on the temperature value, such a
dependence in quite evident for the higher-frequency values in the con-
sidered range (compare the curves given in Figure 16.67 with surfaces shown
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Figure 16.65 Bode plots of the sensor transfer function estimated from the acquired time signals.
r 2011 IEEE. Reprinted, with permission, from P. Brunetto, L. Fortuna, P. Giannone, S. Graziani and S. Strazzeri,
Characterization of the temperature and humidity influence on ionic polymer-metal composites as sensors, IEEE Trans.
Instrum. Meas., 2011, 60(8), 2951–2959.
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Figure 16.66 Example of the investigation in the frequency domain of the effect of environmental temperature (a) and relative humidity (b).
r 2011 IEEE. Reprinted, with permission, from P. Brunetto, L. Fortuna, P. Giannone, S. Graziani and S. Strazzeri,
Characterization of the temperature and humidity influence on ionic polymer-metal composites as sensors, IEEE Trans.
Instrum. Meas., 2011, 60(8), 2951–2959.
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in Figure 16.66). By contrast, if intervals of frequency and temperature
comparable with the ones that we considered59 are taken into account, the
temperature dependence becomes much less evident, so that it could be
possible to conclude that the reported results are somewhat in agreement.

Finally, Ganley et al.60 completed their study of the IPMC-based sensor
with the estimation, by using the corresponding sensor short-circuit current,
of the sensor input (i.e. the deformation), which is the quantity we are
interested in when using a motion sensor.

Part of the IPMCs’ success is represented by their capacity to work in wet
environments or even immersed in water. This paved the way to underwater
applications of IPMCs,61,62 including autonomous underwater vehicles or
biomimetic robotic fish63–65 and sensors,66–68 which have been constantly
proposed in the literature. The importance of describing the behaviour of
IPMC transducers in water is therefore sound. We approached this prob-
lem69 by modelling an IPMC vibrating beam immersed in a viscous in-
compressible fluid by again using a grey-box model. More specifically, the
classical Euler–Bernoulli beam theory and the concept of hydrodynamic
function were exploited to model the interaction between the vibrating beam
and the surrounding fluid.70 Also, the coupling term d was used and it was
modelled again as a complex function of the frequency. The model was
developed referring to the usual pinned IPMC configuration. In the fol-
lowing, L will be the free length of the beam and A¼ bw its cross-section

Figure 16.67 Experimental frequency responses of the IPMC sensor in water ob-
tained in ref. 60.
r 2011 IEEE. Reprinted, with permission, from T. Ganley, D. L. S.
Hung, G. Zhu and X. Tan, Modeling and inverse compensation of
temperature-dependent ionic polymer-metal composite sensor dy-
namics, IEEE/ASME Transactions on Mechatronics, 2011, 16(1), 80–89.
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area. The beam deflection will be indicated with w(x) and the applied
mechanical moment with M(t).

As a first step, we used the Castigliano theorem to link the produced
moment to the applied voltage:

M¼ d h b Y
2

V (16:39)

Then, the beam was modelled by using the classical fourth-order differ-
ential equation, valid for the slender beam:

YI
@4wðx; tÞ
@x4 þ C

@wðx; tÞ
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þ rA
@2wðx; tÞ
@t2 ¼ f ðx; tÞ (16:40)

where I is the area moment of inertia with respect to the x-axis, r is the
specific density of the actuator, and C is a damping coefficient.

The general solution of the motion in eqn (16.40) was obtained by using
the classical mode summation method.

According to this method and using eqn (16.39), the deflection of an IPMC
produced by the applied voltage can be written as:
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where the summation is extended to infinitely many terms, fi is the i-th
mode, and oi and xi are the corresponding beam natural frequency and
damping factor, respectively.

The proposed model was based on an adaptation of eqn (16.41) to ex-
plicitly take into account the interaction between the active beam and the
surrounding viscous fluid. In fact, when an active IPMC oscillates in a vis-
cous fluid, this exerts forces on the moving beam. While for the case of the
air such an interaction can be neglected, this is not true when a viscous fluid
such as water surrounds the beam, and a further force g needs to be added to
the equation ruling the IPMC active beam. Such a force will result from two
contributions: an additive inertial term, linked to the fluid dragged by beam,
and a damping term.

An expression exists for such a force for the case of small oscillations. In
fact, for steady-state oscillations:

w¼w0 sin(ot) (16.42)
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this force assumes the form:71

g¼mdo2w0½ReðGÞ sinðotÞ þ ImðGÞ cosðotÞ�
md¼ rfðp = 4Þb2

(16:43)

where G(o) is the hydrodynamic function and rf is the fluid density.
Though an exact form exists for the case of a beam with a circular section,

no such solution has been so far proposed for the case of a beam with a
rectangular section, as is the case for the IPMC. Nevertheless, an approximate
expression has been proposed by Sader for the case of the rectangular section:
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where K0 and K1 are the modified Bessel functions of the third type, Re is the
Reynolds number, and O(Re) is the correction function to be applied to the
corresponding hydrodynamic function, valid for the circular cross-section.

For the range of frequencies relevant to IPMC vibrations, a simplified form
of the hydrodynamic function can be used:
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where G0 and G00 are the real and imaginary parts of the hydrodynamic
functions, respectively.

An example of the approximation capabilities of eqn (16.45) in the fre-
quency range of interest for the case of IPMCs can be seen in Figure 16.68.
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Figure 16.68 Real and imaginary parts of the hydrodynamic function for a beam of
width b¼ 2 mm.
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By using the simplified form of the hydrodynamic function, the motion
equation of the IPMC immersed in a fluid was rewritten as:

YI
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where:
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By using eqn (16.39) and the mode summation method to the solution of
eqn (16.46), the following expression was finally obtained:
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As usual, the proposed model was verified against experimental data. As
typical examples in Figures 16.69 and 16.70, it is possible to observe the
simulated and experimental frequency response of the IPMC cantilever in air
and immersed in deionised water. The experimental frequency responses
were obtained by imposing a swept voltage stimulus on the IPMC actuator
and recording the deformation produced. A Matlabs script was used to
estimate the modulus and phase of the frequency responses. Reported re-
sults refer to an IPMC of size 30 mm�4 mm�0.180 mm.

As part of our interest in the realisation of novel sensing systems, we
further investigated the changes induced in the frequency response of the
vibrating IPMC by the rheological characteristics of the fluid. An example of
the obtained results is shown in Figure 16.71, where the behaviour of IPMC
actuators immersed in air, a synthetic fluid, deionised water, sea water, and
human blood is shown, while the rheological characteristics of the con-
sidered fluids are given in Table 16.7. The figure shows the amplitude of the
frequency responses of the IPMC considered before, immersed in the five
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fluids mentioned above. It is possible to observe that the proposed model
allowed the prediction of the changes in the IPMC behaviour produced by
the fluid characteristics. The graphs shown in Figure 16.71 were considered
as a proof of concept of the possibility of using IPMCs as active vibrating
beams to realise the prototype of a viscometer that we proposed
subsequently.66,72

A number of authors have been interested in the interaction between
IPMC actuators and the surrounding fluid to realise IPMC-based underwater
robots. Part of this research was aimed at studying the thrust attainable by a
vibrating IPMC as relevant to the realisation of propulsion systems.

As an example, in Peterson et al.,73 the authors used the particle image
velocimetry (PIV) technique to analyse the flow field produced by a vibrating
IPMC. The estimation of the mean flow field was further used to estimate the
produced thrust. The authors concluded that the mean thrust grows with
the Reynolds number, while is marginally influenced by the relative tip
displacement. The same research group reconsidered the problem in

Figure 16.69 Tip vibration amplitude and phase for an IPMC in air.
Reprinted with permission from P. Brunetto, L. Fortuna, S. Graziani
and S. Strazzeri, A model of ionic polymer-meal composite actuators in
underwater operations, IOP Smart Mater. Struct., 2008, 17, 025029.
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Abdelnour et al.,74 where, by using the Navier–Stokes equations, both the
thrust and the lateral forces per unit actuator width were estimated.

The same framework was further used to estimate the moment resultant
of the forces exerted by the IPMC on the encompassing fluid and the de-
livered power. The authors validated their results against estimations ob-
tained by using a package for fluid dynamics simulation. The investigation
of the numerical results allowed the description of the system vorticity as the
cause of the thrust generation capability of the IPMC. Finally, the numerical
estimations were compared with experimental data obtained by the same
PIV described previously.73

The concept of hydrodynamic function as a tool for estimating the free
locomotion of underwater vehicles was later proposed in the literature.
Aureli et al.75 developed a modelling framework for the free locomotion of
underwater vehicles propelled by vibrating IPMCs in quiet water. More

Figure 16.70 Tip vibration amplitude and phase of an IPMC in deionised water.
Reprinted with permission from P. Brunetto, L. Fortuna, S. Graziani
and S. Strazzeri, A model of ionic polymer-meal composite actuators in
underwater operations, IOP Smart Mater. Struct., 2008, 17, 025029.
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specifically, the modelling restricted to the case of a vehicle’s planar motion
(3 degrees of freedom – 3 DOFs) and the hydrodynamic function was used to
determine fish-like propulsion along with the lift and the moment, which act
on the system as motion disturbances. The system’s tail consists of an active
IPMC and a trapezoidal-shaped passive fin and was used in an experimental
setup to validate the proposed model.

Figure 16.71 Frequency responses of IPMC actuators immersed in air, a synthetic
fluid, deionised water, sea water, and human blood.
Reprinted with permission from P. Brunetto, L. Fortuna, S. Graziani
and S. Strazzeri, A model of ionic polymer-meal composite actuators in
underwater operations, IOP Smart Mater. Struct., 2008, 17, 025029.

Table 16.7 Density and viscosity values of the fluids
analysed in Figure 16.71 (adapted from
Brunetto et al.69 ).

r (kg m�3) Z (Pa s)

Air 1 0.0001
Synthetic fluid 200 0.0002
Deionised water 997 0.0008
Sea water 1030 0.0018
Human blood 1125 0.004
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Almost contemporaneously, another group of researchers used the
Lighthill theory of the elongated body and the hydrodynamic function to
estimate the steady-state speed produced by a passive fin constituted by a
vibrating IPMC.64

More specifically, the authors used the elongated body hypothesis to link
the mean thrust and the mean speed of the robot. Then, by balancing the
mean thrust to the experienced drag force, the cruising speed was estimated,
showing that the speed depended on the lateral velocity and on the slope of
the trailing edge. The further step was then to use the Euler–Bernoulli beam
theory and the concept of the hydrodynamic function to model the de-
flection of an IPMC immersed in a viscous fluid. Finally, a form of the
transduction phenomenon proposed by Nemat-Nasser and Li46 was used to
model the bending moment produced by the applied voltage (details about
the required computations and formulae can be found in the referenced
work). Here, it suffices to say that the proposed model was experimentally
investigated by the authors. As a significant example of the model’s esti-
mations, in Figure 16.72, a comparison between the estimated cruising
velocity and the frequency of a square wave applied voltage is seen for
various forms of the attached passive fin.

Through using the hydrodynamic function concept, the proposed model
estimates the acting moment with a microscopic model, so that it is even
closer to the class of white-box models that are the topic of the next subsection.
This is evidence of the artificial nature of the classification and outlines the
flourishing activity in IPMCs, where researchers share a lot of new findings
and spontaneously import or propose new tools for the study of the IPMC
transduction, with a general tendency to move towards white-box models.

16.2.3 White-box Modelling

White-box models, also known as first-principle models, have been proposed
in the literature for a long time with regards to EAPs.10 As an example of
activities that are similar to those for IPMCs, back in 1990s, Shahinpoor
proposed a microscopic-scale model for large electrically induced deform-
ations in a number of ionic polymeric gels (i.e. for the case of cross-linked
polymer networks swollen in a liquid medium, but in the absence of any
electrode).76,77

White-box models describe the behaviour of IPMC transducers via the
comprehension of the physical and chemical phenomena involved in the
transduction process. The complexity of the proposed models has greatly
increased due to both the better understanding that the research community
has gained on this topic and the more powerful numerical simulation tools
that have become available and that allow for the simulation of very so-
phisticated models that generally come under the form of partial differential
equations (PDEs).

White-box models can play a fundamental role in the understanding of
the microscopic phenomena that cause the IPMC transduction capabilities,
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Figure 16.72 Dependence of the robotic fish cruising velocity as a function of the input frequency and of the passive tail shape.
r 2010 IEEE. Reprinted, with permission, from Z. Chen, S. Shatara and X. Tan, Modeling of biomimetic robotic fish
propelled by an ionic polymer-metal composite caudal fin, IEEE/ASME Transactions on Mechatronics, 2010, 15(3), 448–459.

M
odelling

and
C

haracterisation
of

IPM
C

T
ransducers

135



so they could allow for predicting the consequences of modifications in
IPMC production steps. This aspect could provide a formidable contribution
to the optimisation of IPMC macro-scale performances. This is very much
true since when the numerical solution of PDE systems becomes possible.
This makes possible the validation of the proposed models against experi-
mental observations.

From the year 2000, a number of white-box models have been proposed for
the IPMC actuation mechanism. A taxonomy of physics-based models, use-
ful for lending order to the large mass of produced contributions, has been
proposed by Zhu et al.,78 who classified models as thermodynamics of
irreversible process models, frictional models, and Nernst–Planck (NP)
equation models.

Following the classification introduced above, after a brief discussion of
the white-box models proposed in the literature, the discussion will focus on
the more recent contributions and on the activity we have taken in this field
of research.

In the first category, approached for the first time by de Gennes et al. in
2000,79 mass transport, which is a non-equilibrium thermodynamic process,
was modelled based on the assumption of local equilibrium. This model is
suitable for describing both the direct and inverse electroactive effect under
static fields. The authors proposed that the transduction is caused by the
mobile cations (Na1 in the described case) that drift under the effect of the
electric field. Eventually, the cations carry a certain number of solvent mol-
ecules. The molecules pile up near the cathode and create an overpressure that
deforms the membrane. A schematic view of the system is seen in Figure 16.73.

The transduction phenomenon was modelled by using two transport
equations, one for the charges and one for the solvent transport. The charge

E
P

+ + + +

__ _ _

Solvent

Figure 16.73 Scheme of the transduction phenomenon proposed in ref. 79.
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transport occurs because of a current density J normal to the polymer sur-
face, while the solvent transport is represented by the corresponding flux Q.
Relevant forces are the electric field E and pressure p. The quantities
introduced so far were linked by a set of two equations, derived from
thermodynamics as:

J¼ sE � L12rp

Q¼ L21E � Krp
(16:51)

where s is the membrane conductance, K is the Darcy permeability, and
L12¼ L21¼ L is a cross-coefficient.

The equations (16.51) were used to derive a direct effect for the case of the
actuator produced by the applied electric voltage, and an inverse effect for
the case of the sensor produced by the applied torque G.

This model has become very popular and accepted as a standard model for
IPMC transduction,80 to the point that it was used to estimate the IPMC
transducer’s behaviour as a function of the working conditions. As an ex-
ample, the model in eqn (16.51) was used to estimate the IPMC conductivity
as a function of the environmental temperature.56 More specifically, the
investigators used the model in an attempt to explain the phenomena that
allowed IPMC actuators to work at temperatures below 0 1C.

The model, even in modified forms, was used and further developed by
other authors. Asaka and Oguro81 used the direct part of the model (i.e. the
electromechanical transduction term) to model the bending of an IPMC. The
authors found that the curvature of an IPMC bender has first-order
dynamics. Also, the authors modelled a further action generated at the
polymer–electrode interface, which was found to be ruled by the acidity of
the water solution in which the IPMC was immersed.82 They demonstrated
that this second contribution, at least for IPMCs with platinum-based
electrodes, rules the IPMC bending after the contribution of the first-order
dynamics is over, which they called the electrokinetic effect.

A further, yet different, application of Onsager equations to the modelling
of IPMCs was proposed by McGee,83 who described the mass transport in-
side the IPMC as being governed by diffusion phenomena.

In the category of frictional models, the transport process is described
based on the hypothesis that, at steady state, the driving forces are balanced
by frictional forces.

As for the case of the thermodynamics of irreversible process models, the
first frictional model to describe IPMCs was introduced in 2000 by Tadokoro
et al.,84 who proposed the so-called Yamagami–Tadokoro model. They
considered the case of a Nafion-based IPMC with Na1 as the counterion. In the
proposed model, the cations, driven by the electrostatic force, move from the
anode to the cathode and carry with them some hydrating water molecules.

The charge motion is modelled in an ionic migration model that rules the
motion of both the sodium ions and of the water.

The electrostatic force acting on the sodium ions is balanced by the
frictional force linked to the ion velocity and the diffusion forces induced by
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the concentration gradients of both sodium and water. A similar model is
proposed for the motion of water molecules, though in this second case, the
equilibrium is imposed only between the diffusion and viscous forces.

Finally, a stress-generation model was proposed that takes into account both
the effect of swelling and contraction produced by water, the effect of elec-
trostatic forces produced by the fixed negative charges (sulphonic acid groups
in the considered polymer matrix), and the effect of moment conservation.

A number of simulations are shown that depict the concentration of the
involved species. Also, the authors show that by taking into account the
effects of both water migration and repulsive electrostatic forces produced
by the fixed charges, the model is capable of predicting the time dynamics
observed for IPMC benders.

The Yamagami–Tadokoro model was further developed 2 years later into
the Fukuhara–Tadokoro model85 by considering the rise of lateral strain
produced by the migration of sodium ions and consequently by the attractive
electrostatic forces acting between the fixed sulphonic groups and the
electrode. The authors proposed that the combined effect of water back-
diffusion and lateral strain can explain the back-diffusion phenomenon.

Toi and Kang86 adapted the Yamagami–Tadokoro model to the case of
two-dimensional IPMC beams and simulated the model by using a finite
element approach. Eventually, the authors linked the back-relaxation
phenomenon to the action of water diffusion towards the anode.

In 2006, Costa Branco and Dente proposed a further friction model,87 but
in their model, the mechanical action was produced by electrostatic forces
acting on the fixed negative charges, while the contribution of water was
considered negligible.

The NP equation-based approach to IMPC modelling is at the basis of our
contributions to the IPMC white-box modelling approach and will be dealt
with below. Actually, we took care to enrich IPMC physics-based modelling
with our interest in experimental validation and we used information
gathered from measurements to tune our NP white-box-based models.

NP models are based on the NP equations describing the ion transport in
an electrochemical system. Again, research on NP-based IPMC models
started in 2000, when Nemat-Nasser proposed a physical model describing
the rise of stress in Nafion because of fixed charge imbalance,46 while a
marginal role was given to the effect of water distribution. A further
contribution was published in 2002.22

The model proposed by Nemat-Nasser and Li is an example of a reversible
model. The authors compared experimental data with values estimated by
the model for the case of IPMC sensors. The model was capable of predicting
that the voltage induced by a sudden imposition of curvature (i.e. by using
the IPMC as a sensor) is two orders of magnitude less than the voltage
required to produce that curvature (i.e. by using the IPMC as an actuator).

In 2004, Farinholt and Leo88 used the model by Nemat-Nasser and Li to
develop a physics-based model of IPMCs working as sensors. In their model,
the imposed deformation produces charge accumulation at the electrode
surface, and then a sensing current. Based on these assumptions and on the
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hypothesis that a constant links the charge density to the mechanical stress,46

the authors derived equations for the charge density, the electric field, and the
electric potential when short-circuit boundary conditions are considered. By
considering a cantilevered beam, the current was estimated to be:

IðtÞ¼ �lwðLÞ Y
bCs

3
2

bh
L

cosh bh
sinh bh

� 1
bh

� �
e�lt (16:52)

The interested reader can find the full list of the used symbols in the
referenced paper. A further example of the use of NP equations to model
sensing behaviour of IPMCs can be found in Chen et al.89

NP equations have been used in a number of different forms. More spe-
cifically, various simplifications have been considered acceptable by John-
son and Amirouche,90 Pugal et al.,91 Nemat-Nasser and Zamani,92 Porfiri,93

Aureli and Porfiri,94 Wallmersperger et al.,95 Nardinocchi and Pezzulla,96

Galante et al.,97 and Zhang and Yang.98

Further examples of physics-based approaches exist in the literature. Del
Bufalo et al.99 exploited the mixture theory to model IPMCs as the super-
position of three species: a charged solid (the backbone polymer matrix), an
uncharged fluid (the solvent, e.g. water), and a charged gas (the mobile ionic
species). That model was improved by Porfiri in 2009,100 who proposed a
white-box model accounting for fundamental microscopic phenomena, such
as the electric dipole formation and electrostatic stress generation studied
from a micromechanics standpoint.

The efforts in IPMC white-box modelling have been devoted to the chemo-
electro-mechanical processes that result in multiphysics modelling of IPMC
transduction. The models are in the form of partial differential equations.
A new aspect of white-box modelling of IPMCs is the availability of powerful
tools that allow for approximating the relevant equations in the form of
finite differential equations.

Nardinocchi et al.101 modelled the IPMC actuator as a thin, three-
dimensional body resembling the characteristics of hydrated Nafion,
sandwiched between two metallic layers. The authors modelled the chemically
induced deformations in terms of a volumetric distortion field induced by the
redistribution of ions and solvent molecules, while the electric and chemical
physics were described through standard equations of the electrostatics
and mass conservation. Thermodynamic issues were finally used to derive
the stress T, the electric field e, and the chemical flux j. The commercially
available finite element code COMSOL Multiphysicss was used to perform
numerical simulations for the cases of both IPMC-based actuators and
sensors.

We proposed102 a multiphysics model of IPMC actuators implemented by
using COMSOL Multiphysicss. More specifically, a multiphysics model was
investigated with the aim of integrating the electric, mechanical, chemical,
and thermal phenomena involved in IPMC dynamics.

Moreover, some of the parameters of the model were estimated by fitting
the model simulations to experimental data of observable quantities. This
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required the inclusion of the COMSOL Multiphysicss-based model into a
minimisation procedure developed ad hoc by using the Matlabs environment.

Investigated IPMCs use ethylene glycol as the solvent, which, like water,
consists of polar molecules,103 thereby avoiding solvent evaporation and
allowing for larger values of the input voltage.

The analysis was carried out in the frequency domain. More specifically,
the frequency domain investigation was performed by using the experi-
mentally determined Young’s modulus of the device.

The geometry of the investigated IPMC actuator is shown in Figure 16.74.
The geometrical parameters were: copper electrode length Lc¼ 5 mm; total
IPMC strip length Lt¼ 26 mm; width w¼ 5 mm; and thickness of copper and
platinum electrodes and Nafion tCu¼ 10 mm, tPt¼ 10 mm, and tNaf¼ 180 mm,
respectively.

Three regions, characterised by different physical and chemical prop-
erties, can be identified in the structure:

� The central zone, consisting of an ionic polymer, Nafion;
� The surface electrodes, made of platinum;
� The metal contacts, made of copper, required for the IPMC to work.

In the literature, the roughness of the electrodes is considered
fundamental to the enhancement of the IPMC behaviour104 and a number
of approaches are followed to take into account such a characteristic.105–109

Nardinocchi and Pezzulla96 proposed a varying-along-the-thickness rela-
tive permittivity eR. More specifically, eR increases on the composite
boundaries with respect to the hydrated bulk. The parameters characterising
the spatial dependency were identified via experimental data.

Figure 16.74 Geometry of the IPMC actuator in the cantilever configuration.
Reprinted with permission from R. Caponetto, V. De Luca, S. Graziani
and F. Sapuppo, An optimized frequency-dependent multiphysics
model for an ionic polymer–metal composite actuator with
ethylene glycol as the solvent, IOP Smart Mater. Struct., 2013, 22(12),
125016.
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The effects of the electrode roughness can be approximated with a high
effective electric permittivity (eReff) that can be considered as the spatial
average of the space-dependent eR.

We fixed the electrical permittivity in the Nafion eR¼ eEG as the minimum
permittivity in the bulk. The identification process was chosen to introduce a
corrective effect on two electromechanical parameters kfeff and bfeff used in
the model.

The complex behaviour of the IPMC actuator was modelled as
described in the diagram in Figure 16.75. It includes four coupled physic
models:

� Electrical model to study the electric potential V;
� Chemical model to define the ionic current and to study the phenom-

enon linked to the transport of the solvent;
� Mechanical model to determine the deformation of the structure;
� Thermal model to model the temperature distribution on the membrane

and its impact on the ionic transport properties.
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Figure 16.75 The diagram of the multiphysics model proposed in ref. 102.
Reprinted with permission from R. Caponetto, V. De Luca, S.
Graziani and F. Sapuppo, An optimized frequency-dependent multi-
physics model for an ionic polymer–metal composite actuator with
ethylene glycol as the solvent, IOP Smart Mater. Struct., 2013, 22(12),
125016.
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The models were linked thanks to a number of coupling effects. More
specifically, in the proposed model, the H1 ionic current density (J) and the
electric potential (V) cause the interaction between the electrical and the
chemical model; the temperature field affects the ionic mobility (m) and
the solvent concentration Cs is the coupling quantity between the chemical
and the mechanical model.

The equations required to describe the IPMC electromechanic transduc-
tion were developed in the framework of the simplified NP equations. More
specifically, the plane electric current is:

�r � @ðe0errVðr; tÞÞ
@t

�r � ðsrVðr; tÞ � JÞ¼ 0 (16:53)

where e0 is the absolute dielectric constant, er is the relative dielectric constant,
s is the conductivity, and V(r,t) is the scalar voltage field. J is the cation current:

J¼ Fz1f1(r,t) (16.54)

where F is the Faraday constant, z1 is the charge number and f1(r,t) is
the total flux of H1 cations, which was modelled by using the NP
equations:22,78

@Cþðr; tÞ
@t

¼

r � FzþuþCþðr; tÞrVðr; tÞ þ DþrCþðr; tÞ þ uþCþMþ
Vþ
Mþ
þ VS

MS

� �
rp� Cþv

� �

(16:55)

where D1 is the cation diffusion coefficient and u1 is the corresponding
mobility, M1 and MS are the molar weights of the cations and of the solvent,
respectively, p is the pressure exerted by the polymer, and the convection
velocity v is described by Darcy’s law:

v¼KEGrp (16.56)

where KEG is the hydraulic permeability of solvent (ethylene glycol) in
Nafions 117.

By using suitable simplification,90–96,98 eqn (16.55) was rewritten as:

f1(r,t)¼�(Fz1u1C1(r,t)rV(r,t)þD1rC1(r,t)) (16.57)

The coefficient u1 was modelled as a function of the absolute
temperature T:

uþ ¼
Dþ
RT

(16:58)
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The solvent motion was modelled as:110

@Csðr; tÞ
@t

¼�r � ðnþfþðr; tÞ � DsrCsðr; tÞÞ (16:59)

where Cs is the solvent concentration and Ds is the solvent diffusion co-
efficient. A reduced two-dimensional model has been considered and the
variations of the solvent concentrations at the electrodes are:

CsupðtÞ¼ 1
Lt

ðxmax

0
ðCsðr; tÞ � Cs0Þdx for y¼ tNaf

2

CslowðtÞ¼ 1
Lt

ðxmax

0
ðCsðr; tÞ � Cs0Þdx for y¼� tNaf

2

(16:60)

The mechanical load F applied on the boundaries between the platinum and
the Nafion subdomains has been considered proportional to the variation of
the solvent concentration Cs with respect to the initial concentration Cs0 :111,112

�F¼ kf ðCs � Cs0Þx̂ (16:61)

where kf is a constant to be identified. The stress tensor was computed as:

�r � s¼ F (16.62)

The beam displacement was implemented by using the layer plane strain
with a Rayleigh damping model, characterised by the damping parameter af

set to zero in the considered case, and a stiffness damping parameter bf

that was the second parameter to be determined.
As mentioned above, we used the experimentally determined Young’s

modulus of the composite. The modulus was determined by using the dy-
namic mechanical analysis (DMA) at a fixed temperature equal to 25 1C.
More specifically, the storage and loss moduli were experimentally deter-
mined and results are reported in Figure 16.76.

Finally, the temperature distribution was computed according to the equation:

rCp
@T
@t
�r � ðkrTÞ¼Qþ htransðText � TÞ (16:63)

where r is the density, Cp is the specific heat capacity, k is the thermal co-
efficient, Text is the external temperature, and htrans is the convective heat
transfer coefficient. Q is the heat source and takes into account the currents,
according to the Joule effect.

After suitable boundary conditions were fixed for all subdomains in the
model, this was solved by using COMSOL Multiphysicss. Moreover, since
some of the parameters in the model were unknown and it was not possible
to measure them directly, they were identified by using experimental data.

To this aim, a suitable setup was realised to measure the IPMC applied
voltage (Vin) and the corresponding tip deflection (d). The time domain signals
were further elaborated to obtain the corresponding frequency representations.
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The optimisation of the multiphysics model produced the values of kf

and bf, respectively. Moreover, because of the simplified assumptions, we
indicated the estimations as kfeff and bfeff. Such parameters are strictly re-
lated to the technology and to the working conditions and they are not
available as material specifics.

The model was therefore used for a number of investigations. Some ex-
amples of the results obtained by using the multiphysics model are
reported in the following. In Figure 16.77, an example of the potential
field is reported. It is possible to observe the variation of the potential
in the Nafion section between the cathode and the anode. The variation in
the x-axis direction can also be noticed. The potential is higher in proximity
to the copper electrodes and decreases in the direction of the IPMC beam
tip as a result of the finite values of the copper and platinum
conductivities.
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Figure 16.76 Storage Young’s modulus (top image) and loss Young’s modulus
(bottom image) as a function of the frequency.
Reprinted with permission from R. Caponetto, V. De Luca, S. Graziani
and F. Sapuppo, An optimized frequency-dependent multiphysics
model for an ionic polymer–metal composite actuator with ethylene
glycol as the solvent, IOP Smart Mater. Struct., 2013, 22(12), 125016.
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A further interesting investigation was performed on the charge and solvent
concentrations for both a sinusoidal input and a transient signal. Figure 16.78
shows the solvent distribution when the system is subjected to a square voltage
input. The concentration is computed during both the application of the step
input (Figure 16.78(a)) and after it has been removed (Figure 16.78(b)).

The accumulation and depletion of the solvent molecules does not occur
instantaneously. Instead, it is worth noting that even after tens of seconds
following the input signal being removed, a significant charge accumulation
was estimated. This is in accordance with the real behaviour observed for
IPMC benders with ethylene glycol as the solvent.

With regards to the thermal simulations, an example of obtained results is
shown in Figure 16.79, in which one example of estimation along an IPMC
transversal section at simulation time t¼ 2.5 s is seen. The solution of the
thermal model highlights a higher temperature in the central region of the
device near the supply electrodes, and this is in accordance experimental
results reported in the literature.5,90

Finally, two examples of the performance of the proposed model for
estimating the IPMC tip deflection for sinusoidal inputs are seen in
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Figure 16.77 Electric potential along an IPMC transversal section at simulation
time t¼ 1.25 s (not to scale).
Reprinted with permission from R. Caponetto, V. De Luca, S. Graziani
and F. Sapuppo, An optimized frequency-dependent multiphysics
model for an ionic polymer–metal composite actuator with ethylene
glycol as the solvent, IOP Smart Mater. Struct., 2013, 22(12), 125016.
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Figure 16.78 Solvent concentration in Nafion in correspondence to a square voltage
during Ton (a) and the Toff (b).
Reprinted with permission from R. Caponetto, V. De Luca, S. Graziani
and F. Sapuppo, An optimized frequency-dependent multiphysics
model for an ionic polymer–metal composite actuator with ethylene
glycol as the solvent, IOP Smart Mater. Struct., 2013, 22(12), 125016.
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Figure 16.80. The reported examples refer to sinusoidal input signals with
frequencies equal to 10 Hz (Figure 16.80(a)) and 26 Hz (Figure 16.80(b)).

As I have already mentioned, research on IPMCs is a multidisciplinary task
that focuses on a number of interacting topics. Among these, the production of
new materials is linked to the necessity of finding new models. This occurred
in our research with IP2Cs38,39,113 and with their modelling. Actually, we pro-
posed different models of IP2Cs, including black-box models114 and grey-box
models.39,115,116 Then, we focused on frequency-dependent multiphysics white-
box models of IP2C actuators.117,118 The general structure of the model reflects
the multiphysics model proposed for the IPMC actuator; nonetheless, sig-
nificant differences exist between the two models. The schematic of the
modelled device is seen in Figure 16.81. The central zone consists of an ionic
polymer, Nafions 117; the surface electrodes are made by PEDOT:PSS, and the
metal contacts are made of copper. In this study, water was used as the solvent.

As with the case of the IPMC model, experimental measurements of the
Young’s modulus were used in this model. The storage and loss Young’s
moduli were determined by using DMA analysis and the results are seen in
Figure 16.82. Measurements were performed at 25 1C. Note that although the
DMA analysis was performed in the same laboratory conditions, the Young’s
moduli reported in Figure 16.82 look quite different from the corresponding
moduli seen in Figure 16.76. This should not be a surprise since the
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Figure 16.79 Electric potential along an IPMC transversal section at simulation
time t¼ 1.25 s (not to scale).
Reprinted with permission from R. Caponetto, V. De Luca, S. Graziani
and F. Sapuppo, An optimized frequency-dependent multiphysics model
for an ionic polymer–metal composite actuator with ethylene glycol as
the solvent, IOP Smart Mater. Struct., 2013, 22(12), 125016.
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Figure 16.80 Tip displacement simulation for a sinusoidal input signal with fre-
quency equal to 10 Hz (a) and 26 Hz (b).
Reprinted with permission from R. Caponetto, V. De Luca, S. Graziani
and F. Sapuppo, An optimized frequency-dependent multiphysics
model for an ionic polymer–metal composite actuator with ethylene
glycol as the solvent, IOP Smart Mater. Struct., 2013, 22(12), 125016.

Figure 16.81 A scheme of the modelled IP2C.
r 2014 IEEE. Reprinted, with permission, from R. Caponetto, V. De
Luca, G. Di Pasquale, S. Graziani, F. Sapuppo and E. Umana, A
multiphysics frequency-dependent model of an IP2C Actuator, IEEE
Trans. Instrum. Meas., 2014, 63(5), 1347–1355.
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investigated membranes differ both in the nature of the electrodes and in
the solvent used.

Also in this case, the parameters to be identified were the stiffness
damping parameter bf and the coupling term kf. Nonetheless, in this case, it
was not possible to obtain significant approximation capabilities by using
two constant terms. Instead, the model was able to fit experimental data
when a fractional-order transfer function of the form:

kf ðf Þ¼
kf 0

ðj2pf Þaðj2pf þ pÞb
(16:64)
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Figure 16.82 Storage (a) and loss (a) Young’s moduli as a function of the frequency.
r 2014 IEEE. Reprinted, with permission, from R. Caponetto, V. De
Luca, G. Di Pasquale, S. Graziani, F. Sapuppo and E. Umana, A
multiphysics frequency-dependent model of an IP2C Actuator, IEEE
Trans. Instrum. Meas., 2014, 63(5), 1347–1355.
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was supposed for kf, which was identified as:

kf ðf Þ¼
27:08

ðj2pf Þ0:62ðj2pf þ 53Þ0:15 (16:65)

The plots of the modulus and phase of kf in eqn (16.65) are shown in
Figure 16.83.

An example of the simulated potential field is shown Figure 16.84. The
variation in the x-axis direction can be noticed. The potential decreases in the
direction of the IP2C beam tip as a result of the organic conductor resistivity.
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Figure 16.83 Modulus (a) and phase (b) of the coupling term in eqn (16.65).
r 2014 IEEE. Reprinted, with permission, from R. Caponetto, V. De
Luca, G. Di Pasquale, S. Graziani, F. Sapuppo and E. Umana, A
multiphysics frequency-dependent model of an IP2C Actuator, IEEE
Trans. Instrum. Meas., 2014, 63(5), 1347–1355.
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An example of the estimation capabilities of the obtained model is re-
ported in Figure 16.85 for a sinusoidal input f¼ 0.2 Hz. The model estima-
tion error is seen in the same figure.

Figure 16.84 Voltage field on the Nafion transversal section.
r 2014 IEEE. Reprinted, with permission, from R. Caponetto, V. De
Luca, G. Di Pasquale, S. Graziani, F. Sapuppo and E. Umana, A
multiphysics frequency-dependent model of an IP2C Actuator, IEEE
Trans. Instrum. Meas., 2014, 63(5), 1347–1355.
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Figure 16.85 Estimation capabilities of the proposed IP2C white-box model.
r 2014 IEEE. Reprinted, with permission, from R. Caponetto, V. De
Luca, G. Di Pasquale, S. Graziani, F. Sapuppo and E. Umana, A
multiphysics frequency-dependent model of an IP2C Actuator, IEEE
Trans. Instrum. Meas., 2014, 63(5), 1347–1355.
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Finally, the modelling performances were investigated and the results are
reported in Figure 16.86, in which the modulus of the experimental fre-
quency response is compared with the results obtained by using both a
constant value of the coupling coefficient kf and the result reported from
eqn (16.65).
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CHAPTER 17

Ionic Polymer Metal
Composites as Post-silicon
Transducers for the Realisation
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17.1 Introduction
Stimulus-responsive materials are key elements for the realisation of smart
systems and, thanks to their contributions, applications that once belonged
to the science fiction domain are becoming available at an impressive rate. In
fact, the envisaged systems are the result of continuous advances in material
performances and functions, modelling, and technology. As a matter of
fact, new materials have become available that respond to a number of
stimuli such as heat (thermo-responsive materials), stress/pressure (mechano-
responsive materials), electric current/voltage (electro-responsive materials),
magnetic fields (magneto-responsive materials), pH change/solvents/moisture
(chemo-responsive materials), and light (photo-responsive materials).1

For the case of interest of this chapter, it suffices here to mention that
thanks to their peculiar characteristics, electroactive polymers (EAPs) have
greatly stimulated researchers to imagine applications in a large variety of
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fields. It is possible to envisage a trend towards the development of EAP-
based smart systems able to solve even the most complex problems with
little or no human intervention in strategic sectors such as bio-inspired
robotics, aerospace, and medicine, to name just a few.2

For example, we are talking about bio-inspired robots that will take care
of repetitive or dangerous tasks, active prostheses to help with the re-
habilitation of patients, smart textiles to distribute drugs on the basis of
well-established protocols, or even artificial organs and tissues that can both
eliminate the need for donors and solve the problem of rejection, with
a dramatic improvement in the quality of life of people undergoing
transplantation.

The number and the quality of the prototypes realised have clearly
increased with time, according to the improvements in the knowledge of
EAP behaviour and in the technologies for their fabrication.

In fact, on the one hand, new production technologies, along with models
capable of better describing transducer capabilities, are of chief importance
in the development of meaningful applications. On the other hand, newly
envisaged applications demand better materials and efficient yet accurate
models.3

A number of functions are relevant to the realisation of smart systems.
Such systems need, in fact, to be capable of power generation and storage,4

signal detection and processing, and actuation capabilities.5

Stimulus-responsive polymeric materials are a hot research topic since
they have been shown to have the functionalities mentioned above and
therefore will play a main role in the development of smart systems.6–8

Studies have been reported on the capability of this class of materials to
scavenge energy from the surrounding environment,9–12 to realise all organic
electronic devices,13 and to obtain reversible energy transduction.6,7

Of course, such capabilities can be obtained by using more traditional
inorganic materials. Nonetheless, these suffer for a number of shortcomings
that do not plague polymers: to give an example, energy scavenging can be
obtained by using piezoelectric ceramics, but they are very rigid and brittle,
or to give another example, signal processing can be obtained by using very
fast silicon-based integrated circuits, but these need to be mounted on rigid
cards, while flexible electronics are of great interest.14

A lot of scientific contributions have been published on ionic polymer
metal composite (IPMC)-based applications since their introduction in the
early 1990s. It is worth noting that the possibility of using IPMCs in en-
gineering applications that pose hard working conditions to competing
technologies or with performances that those technologies cannot fulfil (e.g.
think of the capacity of IPMCs to act in water without any needing to en-
capsulate them or to the large deformations that an IPMC can produce
under the effect of a quite small applied difference voltage) has been, in the
last two decades, a tantalising prospect that raised interest in this novel
technology. A perusal of the extensive literature on IPMC applications
published so far would reveal in fact that there has been a constant
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contribution to IPMC-based applications that, along with contributions to
IPMC production technology and modelling, represent three research fields
that influence each other.

Such an interest also characterised my research activity and attention that
was paid both to production processes, modelling, and applications. Also, it
is hard for me to define a clear border between these fields. New IPMC-based
applications (e.g. demanded for novel models10) and IPMCs with different
geometries were developed based on some desired characteristics.15

Though a complete review of all of the IPMC-based applications is quite
impossible and beyond the objective of the present chapter, I will describe,
in the following, our contribution to the topic of IPMC-based applications,
along with an overview of related applications proposed in the literature.
More specifically, some applications will be described that we developed
during our research activity, together with production improvement and
modelling, which were necessary to enabling IPMCs to become a mature
technology.

The focus will be on the capability of IPMCs to be used in applications as
components relevant to the realisation of smart devices. More specifically,
the capability of an IPMC membrane to work in a reversible way, both as an
actuator and as a sensor, has had the effect of producing two main directions
in the development of applications and it is possible to classify them ac-
cording to their exploitation of IPMC sensing capabilities or IPMCs used as
actuators. Finally, applications have been proposed in which IPMC trans-
ducers, used as both sensors and actuators, cooperate to realise smart
devices.16

A nice review of the state of IPMC applications was published in a paper by
Shahinpoor and Kim,17 which represents a good starting point for under-
standing the envisaged fields of applications relevant to IPMC technology.
More recently, tutorial contributions on IPMC applications have been pro-
posed by Bhandari et al.,18 De Luca et al.,16 or, finally, Pugal et al.,19 who
focused on the applications of IPMCs as mechanoelectrical transducers.

17.2 IPMC-based Actuators
It has been widely noted that the research activity on IPMC transducers has
been focused mainly on IPMCs as bending actuators and, as a consequence,
the main part of the available literature on IPMC applications deals with the
use of bending IPMCs. It is worth saying here that such a simple actuation
structure (i.e. an IPMC, pinned at one end, bending in a beam configuration)
has enough potential to allow for the introduction, in time, of even more
sophisticated structures, ranging from microgrippers, with both industrial
and bio-manipulation relevant applications,20 to bio-inspired worms,21

jellyfish,22 or swimming fish,23,24 as will be described in the following.
The realisation of grippers was one of the first proposed applications for

IPMCs: a three-finger gripper for robotic applications was described by
Shahinpoor et al. back in 1998.25 Nevertheless, even such a simple
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application requires a number of problems to be solved to improve the
performances of the realised prototypes. The micromanipulator proposed by
Lumia and Shahinpoor20 is a good example of the complex interplay between
production, modelling, and application development that rules the research
on IPMCs. The referred paper proposes the realisation of an IPMC-based
micromanipulator suitable for use in both dry and wet environments and
with relevant industrial and bio-applications, in which the manipulation of
micro-sized objects is required. The manipulator was realised as a micro-
gripper with two fingers. Though it is a typical applicative contribution, the
authors faced the modelling of the interaction between the fingers and the
manipulated objects and addressed the optimisation of the load carrying
capacity as a function of the finger dimensions and shape. An assembled
computer-aided design (CAD) view of the microgripper is seen in
Figure 17.1(a), while in Figure 17.1(b), the realised microgripper lifting a
flexible hydrogel object is shown.

We addressed the realisation of a three-finger gripper15 and, interestingly,
in our case the intended application also forced us to solve problems beyond
the pure prototype realisation.

One of the main drawbacks that affects IPMC applications as actuators is
the small value of the force that can be produced. It has been predicted that
the value of the blocked force increases with IPMC actuator thickness,26

such that it makes sense to try to realise thicker IPMC samples.

Figure 17.1 The CAD model of a microgripper proposed in ref. 20 (a), and the
realised microgripper lifting a flexible hydrogel object (b).
Reprinted with permission from R. Lumia and M. Shahinpoor, IPMC
Microgripper Research and Development, 4th World Congress on
Biomimetics, Artificial Muscles and Nano-Bio, J. Phys.: Conf. Ser., 2008,
127, 012002.
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Unfortunately, commercially available Nafions membranes, the ionic ex-
change polymer generally used to realise IPMCs, come in sheets and the
most widely used is only about 180 mm thick, and even thicker Nafions 1110
membranes are only about 250 mm thick.

In order to improve the IPMC actuating force, we decided to produce
three-dimensional IPMCs (3D-IPMCs).27–31 The concept of 3D-IPMCs was
not new at that time, and the most commonly used approach was to obtain
3D-IPMCs by dissolving received ion exchange membranes in appropriate
solvents and evaporating the solvents out of the solution,27–30 so that the ion
exchange membranes were obtained. This method had the problem of low
reproducibility; in fact, it was necessary to control accurately the process
variables (temperature, nature of solvent, concentration of solvent, etc.).
A further method for fabrication of 3D-IPMCs using Nafions 117 film was
proposed by Lee at al. in 2006.31 This uses a hot-pressing system to make
several thin Nafion films adhere together. We adopted this method because
of the better control of the thickness of the IPMC and its greater reprodu-
cibility. Moreover, to improve the performance of the membranes, IPMCs
were fabricated utilising additional post-processes. We produced IPMC
membranes by performing more cycles of platinum electroless-plating, as
widely suggested in the literature.32

The effects of dispersing agents were also investigated.7,33,34 More
specifically, polyvinylpirrolydone (PVP) and dodecyl sulphate sodium (DSS)
salt were investigated as additives. For the case of PVP, which was already
proposed in the literature as a dispersing agent,7,33,34 the effects of the
molecular weight of the utilised PVP were investigated. The surfactants35,36

were known to play an important role as size controllers. DSS salt gave good
results on controlling the dimensions of silver particles,37 so we decided to
study its effects on platinum particles. More specifically, the influences of
different concentrations of PVP and DSS salt were investigated.

To obtain the 3D-IPMCs with a hot-pressing technique, a laboratory press
(Graseby Specac P/N15800, equipped with spacer rings with nominal thick-
ness 500 mm) was used and samples of Nafions 117 films in groups of four
were stacked. The membranes were held (20 min) in the preheated press
(170 1C) without pressure and then were pressed (20 min) to make the films
adhere together (170 1C, 100 MPa).

The 3D-IPMCs were therefore fabricated by applying three cycles of
primary plating and using dispersing agents. The used additives and the
concentrations to be used were determined during a preliminary experi-
mental optimisation phase.

An experimental setup was realised to test the actuators in the bender
configuration. The system was designed to measure both the developed
blocked force and the free deflection. Moreover, the relationship between
the blocked force and the IPMC tip deflection was investigated. The system
was equipped with a laser sensor (OADM 12I6430/S35A from Baumer) for the
free deflection detection, while the force exerted by the polymer actuators
was measured using the load cell GS0 of Transducers Techniquess.
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To enable precise positioning of the load cell relative to the actuator, it was
mounted on a micro-positioning system, as shown in Figure 17.2.

An example of the force versus deflection curves is reported in Figure 17.3.
From the figure, it can be seen that the ability of the IPMC actuator to
generate force decreases linearly with the deflection. Also, the maximum
blocked force is of order of 20 mN, while for the corresponding thin IPMCs,
values one order of magnitude smaller were observed.

As mentioned above, the 3D-IPMC was used to produce the prototype of a
gripper, which is shown in Figure 17.4. It was able to sustain grip on objects
with weights of about 10 mN.

The reported example, along with the results reported by Lumia
and Shahinpoor,20 are typical examples of the multidisciplinary nature of

Figure 17.2 The experimental setup used to investigate the performance of the
3D-IPMCs.
Reprinted with permission from C. Bonomo, M. Bottino, P. Brunetto, G.
Di Pasquale, L. Fortuna, S. Graziani, and A. Pollicino, Tridimensional
ionic polymer metal composites: optimization of the manufacturing
techniques, IOP Smart Mater. Struct., 2010, 19, 055002.
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IPMC research: in both cases, problems other than the simple prototype
design and realisation needed to be solved. More specifically, the authors
had to develop a model of the prototype in order to control the system
design. In the case of our gripper, we had to face the problem of thick
IPMC production as a way of producing IPMCs capable of developing larger
forces.

A further example of the application of IPMCs in a pinned beam con-
figuration was described by McDaid et al.,38 who proposed a stepper motor
and realised it by using a couple of IPMC actuators, forced by using adequate
voltage signals. The proposed application has the main advantage of real-
ising a system that exploits the bending motion of IPMC actuators to obtain
a system capable of a continuous rotational motion. The CAD model of the
proposed motor and its rapid prototyping realisation are seen in
Figure 17.5(a) and (b), respectively.

We developed a different stepper motor in our laboratories, in which a
couple of IPMCs are mounted on the rotor. This allowed us to realise a

Figure 17.3 An example of the force versus deflection curves obtained for a 3D-
IPMC.
Reprinted with permission from C. Bonomo, M. Bottino, P. Brunetto,
G. Di Pasquale, L. Fortuna, S. Graziani, and A. Pollicino, Tridimensional
ionic polymer metal composites: optimization of the manufacturing
techniques, IOP Smart Mater. Struct., 2010, 19, 055002.
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Figure 17.4 A gripper realised by using a 3D-IPMC is used to grasp a foam object.
Reprinted with permission from C. Bonomo, M. Bottino, P. Brunetto, G. Di Pasquale, L. Fortuna, S. Graziani and A. Pollicino,
Tridimensional ionic polymer metal composites: optimization of the manufacturing techniques, IOP Smart Mater. Struct.,
2010, 19, 055002.
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system consisting only of a central shaft and two moving elements.
A schematic view of our stepper motor and two snapshots acquired during
the rotation of the device are seen in Figure 17.6.

IPMCs in pinned configurations have also been widely used in robotic
applications as in the contributions by Ryu et al.39 and Kim et al.,40 where a
ciliary-based eight-legged micro-robot was proposed, suitable for moving in

Figure 17.5 A CAD model of the stepper motor proposed in ref. 38 (a) and its rapid
prototype realisation (b).
Reprinted with permission from A. J. McDaid, K. C. Aw, K. Patel, S. Q.
Xie and E. Haemmerle, Development of an ionic polymer-metal com-
posite stepper motor using a novel actuator model, Int. J. Smart Nano
Mat., 2010, 1(4), 261–277.
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aqueous environments. The legs of the robot were realised by using thick-
cast Nafion as a solution for obtaining larger generative forces.

Nevertheless, significant applications have been proposed for IPMCs that
differ from the pinned configuration. The realisation of linear actuators
based on IPMCs has been widely reported in the literature,17,25 along with
possible robotic applications.41,42 A possible linear actuator was modelled
and optimised by Lee et al.,43 who addressed the difference between bio-
logical muscles, which are capable of linear actuation, and IPMCs, which
produce a bending deformation. An elementary rectangular structure com-
posed of adequately connected IPMC strips and bare Nafion was therefore
introduced.

A schematic view of the linear muscle-like actuator, composed of the
proposed rectangular elementary units, is seen in Figure 17.7. From the
analysis of the reported scheme, it emerges that by connecting a number of
elementary units in series, large linear deformations can be obtained, while
if the units are in a parallel connection, large forces can be produced. The
authors concluded that the proposed structure is capable of a 25% free
linear strain under an applied voltage of 2 V, comparable with the strain
observed for biological muscles, while somewhat smaller blocked forces
were measured.

In an effort to increase the diversity of IPMC-based actuator possibilities,
in a more recent contribution,44 a two degree of freedom (DOF) actuator,
obtained by the realisation of a cylindrical IPMC with four inter-digitate

Figure 17.6 A stepper motor designed and realised at our laboratories.
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electrodes, was introduced. The fabrication technique was described with
particular attention to the realisation of the electrodes. Experimental results,
recorded on a prototype that was 20 mm long and with a diameter of 1 mm,
showed the effectiveness of the actuator, being able to bend up to 501 in both
the vertical/horizontal and diagonal directions. A view of the tip deflections
recorded from the realised actuator is shown in Figure 17.8.

The same robotic structure of a biaxial bending actuator, but with a
different manufacture procedure and with a square cross-section, has been
also proposed.45 A prototype was demonstrated to be capable of circular
motion.

The applications reported so far are good examples of the efforts devoted
to mimicking biological muscles as relevant to bio-inspired robotics. Both
ground robots and underwater swimming vehicles have been proposed in
the literature. Starting with ground robots, a biped robot, actuated by the
linear IPMC described previously,41,42 has been realised and tested.46 A
suitable parallel combination of elementary IPMC cells was mounted on a
prototype robot and experiments were conducted showing the capability of
the robot to walk for a short time.

A number of bio-inspired robots use legged structures. A bio-inspired four-
legged micro-robot was presented by Tomita et al.47 Unlike the described
biped robot, the prototype of the quadruped robot was fully realised by IPMC
material with a suitable shape. The legs of the robot were further patterned
in such a way as to allow for their independent control. Both a lizard-like and
a turtle-like gait were attempted, but the system was able to move only in the
second case.

Figure 17.7 The linear muscle-like actuator, based on the elementary IPMC-based
rectangular unit.43

Reprinted with permission from S. Lee, K. J. Kim and I.-S. Park,
Modeling and experiment of a muscle-like linear actuator using an
ionic polymer metal composite and its actuation characteristics, Smart
Mater. Struct., 2007, 16(3), 583–588.
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A further example of bio-inspired legged robots has been proposed by Guo
et al.48 They introduced an eight-legged micro-robot designed to walk and
rotate when submerged in a fluid environment (water) as an attempt to
realise a micro-robot with multiple DOF, capable of efficient locomotion and
great maneuverability in limited spaces. Eventually, the robot ingeniously
used the electrolysis of the water surrounding the IPMC actuators to let the
micro-robot float. The number of IPMC actuators was increased to ten in an
inchworm-inspired robot proposed more recently.49 This increased number
was instrumental in obtaining the micro-robot multi-functionality. Four
IPMCs were used for the robot locomotion, while the remaining six were
introduced for object grasping. A picture of the prototype realised in shown
in Figure 17.9.

The concept of legged robots was exploited by Vahabi et al.,50 who pro-
posed a four-legged robot, with two legs mounted on each side of a ‘‘main
body’’, for in-pipe applications.

Figure 17.8 A top view of the tip deflections recorded for the cylindrical IPMC.
Reprinted with permission from S. J. Kim, D. Pugal, J. Wong, K. J. Kim
and W. Yim, A bio-inspired multi degree of freedom actuator based on a
novel cylindrical ionic polymer-metal composite material, Rob. Aut.
Syst., 2014, 62(1), 53–60.
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A number of bio-inspired robots actually mimic the motion capabilities of
un-legged creatures. A typical un-legged locomotion is the undulatory
mechanism.51 We proposed a prototype mimicking the undulatory loco-
motion of a worm,21 in which a fully IPMC-based structure, composed of a
chain of IPMC actuators, was presented. The use of IPMCs allowed for
realising an active structure with a beneficial effect on the system dimen-
sions when compared with bio-inspired robots based on traditional
actuators. The structure consisted of four connected segments and its total
length was 10.5 cm. Each segment was powered at its middle point, in such a
way as to obtain symmetrical bending. A schematic of the structure, along
with the segment sizes, is shown in Figure 17.10.

At that time, our interest was to complete the bio-inspired structure with
bio-inspired locomotion generation to make the resulting system closer to a
real biological system. The actuation and then the motion were obtained by
propagating a periodic signal from the tail to the head, imitating the
travelling waves observed in the real-world undulatory locomotion adopted
by some worms.52,53 More specifically, the locomotion mechanism was
implemented according to the case of transversal undulatory locomotion
adopted from polychaete worms. The activation signals were generated by a
cellular neural network (CNN) that generated autowaves, which can be
considered as the electrical transposition of neural waves observed during

Figure 17.9 The ten-legged prototype realised to obtain robot multi-functionality.
Reprinted with permission from S. Guo, L. Shi, N. Xiao and K. Asaka, A
biomimetic underwater microrobot with multifunctional locomotion,
Rob. Aut. Syst., 2012, 60(12), 1472–1483.

170 Chapter 17



the locomotion process in the nervous systems of animals. The produced
analogue autowaves propagated in the CNN and the signals could be directly
fed to the IPMC actuators. The control scheme was based on the central
pattern generator (CPG) to control the robot locomotion. In this control
scheme, each CNN cell is a nonlinear oscillator, producing cycle-limit os-
cillations, while the locomotion pattern depends on the connection between
the CPG cells. The CPG was eventually implemented by using a CNN-
reconfigurable digital architecture, in connection with a powering system
capable of converting the digital signals into the corresponding analogue
actions required by the IPMC segments.

In Figure 17.11(a) and (b), a schematic of the locomotion mechanism
(the configurations in time are indicated in Figure 17.11(a) as A to G) and a
view of the realised prototype are shown, respectively.

An example of the control signals used to actuate the four IPMC segments,
lasting for 20 s, is seen in Figure 17.12.

Interestingly, in the very same year, a further worm-like robot was pro-
posed,54 based on the polychaete locomotion strategy, and also in this case,
it consisted of four segments. This is the result of the common feeling that
undulatory locomotion schemes, mimicking un-legged animal locomotion
strategies, represent an efficient solution to realising robots capable of
exploring unstructured environments. In this case, IPMC strips were con-
nected by using suitable realised clamps. The clamps were moreover
designed in such a way as to realise parapodia-like structures, with the aim
to reduce the whole system complexity. The modules were activated by using
square waves, with a constant lag between one module and the
successive one.

As a further example, more recently in 2009, a similar but somewhat
smaller worm-like robot was described,55 again mimicking the undulatory
locomotion scheme of a worm, Caenorhabditis elegans. The proposed worm-
like robot consisted of five segments and was 25 mm long. The dimensions

Figure 17.10 A scheme of the IPMC-based worm.
r IEEE 2006. Reprinted, with permission, from P. Arena, C. Bonomo,
L. Fortuna, M. Frasca and S. Graziani, Design and control of an IPMC
wormlike robot, IEEE Trans. Syst., Man Cyb. B., 2006, 36(5), 1044–1052.
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of the wormbot were considered key issues for the authors. The robot was, in
fact, intended as a tool to complement experiments on the biological worm
and worm’s size greatly influences the nature of the interaction with the
fluid it is immersed in, because of the dependence of the Reynolds number
on both system size and oscillation frequency. The five segments were
separately actuated by sinusoidal signals and the wave propagation was
obtained by applying the sinusoidal waves to the segments with equal
phase lags.

While both of the robots proposed in our contribution21 and in the paper
by Pak et al.54 were tested in air, the worm-like robot proposed by Nguyen
et al.55 was tested in water. The possibility of realising robots capable of
autonomous motion with un-legged structures is even more relevant for the
case of underwater applications. As a matter of fact, the capability of IPMC
actuators to work in a fluid environment has stimulated a great number of
researchers to propose robotic underwater applications, with particular
attention devoted to fish-like mobile structures.

Some preliminary considerations on the possibility of using IPMC actu-
ators for robotic motion in fluid environments were presented by Paquette
and Kim.56 Then, a number of contributions were proposed that focused on
the interaction between moving objects (including artificial fins) and the
surrounding fluid, in order to estimate the thrust attainable by a vibrating
IPMC as part of the realisation of propulsion systems.

As an example, Peterson et al.57 used the particle image velocimetry (PIV)
technique to analyse the flow field produced by a vibrating IPMC. The es-
timation of the mean flow field was further used to estimate the produced
thrust. The same research group reconsidered the problem58 by using the

Figure 17.11 A schematic of the locomotion mechanism (a) and a view of the
realised prototype (b) of a bio-inspired worm moving from A to B.
r IEEE 2006. Reprinted, with permission, from P. Arena, C. Bonomo,
L. Fortuna, M. Frasca and S. Graziani, Design and control of an IPMC
wormlike robot, IEEE Trans. Syst., Man Cyb. B., 2006, 36(5), 1044–1052.
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Navier–Stokes equations to estimate both the thrust and the lateral forces
per unit actuator width. The same framework was further used to estimate
the moment resultant of the forces exerted by the IPMC on the en-
compassing fluid and the delivered power. The authors validated their results
against estimations obtained by using a package for fluid dynamics simu-
lation. The investigation of the numerical results enabled the description of
the system vorticity as the cause of the thrust generation capacity of the
vibrating IPMC. Finally, the numerical estimations were compared with
experimental data obtained by the same PIV described in Peterson et al.57

The concept of hydrodynamic function59 was adopted as a suitable
theoretical tool in a number of works to estimate the locomotion of
underwater vehicles. Aureli et al.60 developed a modelling framework for the
free locomotion of underwater vehicles propelled by vibrating IPMCs in
quiet water. More specifically, modelling restricted to the case of a vehicle’s
planar motion (three DOFs) and the hydrodynamic function was used to
determine a fish-like propulsion along with the lift and the moment, which
act on the system as motion disturbances. The system’s tail, consisting of
an active IPMC and a trapezoidal-shaped passive fin, was used in an
experimental setup to validate the proposed model.

Figure 17.12 An example of the signals generated by the CNN-based CPG used to
control the worm-like robot.
r IEEE 2006. Reprinted, with permission, from P. Arena, C. Bonomo,
L. Fortuna, M. Frasca and S. Graziani, Design and control of an IPMC
wormlike robot, IEEE Trans. Syst., Man Cyb. B., 2006, 36(5), 1044–1052.
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Almost contemporaneously, another group of researchers used the
Lighthill theory of the elongated body and the hydrodynamic function to es-
timate the steady-state speed produced by a passive fin acted on by a vibrating
IPMC.61 The authors used the elongated body hypothesis to link the mean
thrust to the mean speed of the robot. Then, by balancing the mean thrust to
the experienced drag force, the cruising speed was estimated, showing that
this depends on the lateral velocity and on the slope of the trailing edge.

The contributions described so far on the study of the thrust produced by
fin-like structures are part of a more general interest in the realisation of
fish-like swimming structures and in the need to provide such structures
with a propulsion system. In fact, a huge number of applications have been
proposed for bio-inspired fish-like robots capable of motion in fluid
environments.

A prototype realisation of a bio-inspired fish actuated by IPMCs has been
proposed by Guo et al.,62 who proposed a robot that was realised by using
two IPMC actuators to mimic the body of a fish, while the swimming speed
was regulated by changing the input voltage frequency. A more sophisticated
system was proposed by Lee et al.,63 who described a system capable
of undulatory underwater motion, obtained by using a segmented IPMC.
The systems consisted of three segments that were driven by using the
output of bio-inspired nonlinear neural oscillators. These were further
synchronised in such a way as to obtain the output lags required for wave
propagation.

In the same year,64 a centimetre-scale robotic fish was proposed that was
propelled by means of a polyvinyl chloride (PVC) caudal fin actuated by an
IPMC membrane, to mimic the caudal fin of a centimetre-scale goldfish.
Two out of three prototypes were tested to assess their maneuverability and
obstacle avoidance capabilities. A view of a refined version of the fish-like
robot65 is shown in Figure 17.13.

Though not a fish-like robot, it is worth mentioning here the case of a
tadpole-like robot proposed by Jung et al.66 and by Kim et al..67 The structure
had a caudal fin actuated by a thick-cast IPMC. The fin was realised by using
both a polymer film and a polyethylene terephthalate (PET) film in order to
obtain undulatory and oscillatory motion, respectively. A schematic view of
the tadpole-like robot and of the corresponding prototype are shown in
Figure 17.14(a) and (b), respectively.

The prototype was tested, verifying that the undulatory motion is more
effective than oscillating fin motion in propelling the tadpole robot.

Of course, there is an enormous number of living creatures that live in
fluid environments and that, as a result of evolution, are optimised to their
surrounding environment and can provide outstanding solutions to engin-
eering problems. As a result, underwater IPMC-based robots implementing
solutions that are different from fish-like robots have been proposed, taking
inspiration from the diversity observed in nature.

A snake-like swimming robot was investigated by Yamakita et al.68 The
robot consisted of three elements realised by using styrene foam, connected
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Figure 17.13 A view of the fish-like prototype mimicking a crucian fish.
r 2008 IEEE. Reprinted with permission, from X. Ye, Y. Su, S. Guo and
L. Wang, Design and realization of a remote control centimeter-scale
robotic fish, Proc. of 2008 IEEE/ASME Int. Conf. Adv. Int. Mech., Xian,
China, 2008, 25–30.

Figure 17.14 A scheme of the tadpole-like robot (a) and the corresponding proto-
type (b).
Reprinted with permission from B. Kim, D.-H.Kim, J. Jung, and J.-O.
Park, A biomimetic undulatory tadpole robot using ionic polymer
metal composite actuators, IOP Smart Mat. and Struct., 2005, 14(6),
1579–1585.

IPMCs as Post-silicon Transducers for the Realisation of Smart Systems 175



by using two IPMC actuators that were 20 mm long. The robot was 120 mm
long and its total mass was 0.6 g. Experimental results showed that the robot
was characterised by an undulatory motion and was capable of moving
forward. Interestingly, the influence of the counterion used in the IPMC
actuators on the robot’s performance was investigated, and the authors
showed that the counterion nature affects both the robot speed and the
corresponding consumed power.

As a further example of bio-inspired robots, the case of jellyfish structures
is worth mentioning. A micro-robot has been proposed69 consisting of a
main body mimicking the jellyfish body and four appendages. A shape
memory alloy (SMA) actuator is used both to extrude the water out of the
robot body in such a way as to produce its floating, and to let the water in
during the sinking phase of the robot. The IPMC-based legs are used to allow
the robot to walk.

A jellyfish-inspired robot was also proposed by Yeom and Oh.70 The robot is
still based on IPMC actuators, but with a different configuration. In this case,
thermally pre-shaped IPMCs were used to realise eight curved jellyfish legs.
These were further covered with cellophane paper to realise the bell-shaped
body of the jellyfish robot. The actuators were excited with a sequence of bio-
inspired fast pulses and slow recovery phases to generate the robot’s vertical
motion. An interesting comparison of the performances obtained by using a
pure sinusoidal actuation signal and the proposed bio-inspired one is given in
the paper. The authors show that the second signal greatly outperforms the
pure signal input. Real views of a jellyfish during swimming and of the
prototype realised are shown in Figure 17.15(a) and (b), respectively.

As further examples of the enormous range of animals that can provide
useful suggestions for bio-inspired robots, structures moving like a ray fish
were described71,72 to implement rajiform motion, in which pectoral fins are
used to produce undulatory locomotion. Each pectoral fin of the ray-like
robot proposed by Punning et al.71 was 110 mm long and realised by using
eight bottle-like IPMC strips that were 40 mm long. A latex foil connected the
actuators to the flexible fin structure. The authors were able to coordinate
the action of each actuator in the fins in such a way as to generate an un-
dulatory motion and propel the robot forward.

Takagi et al.72 proposed a further ray fish-like structure with each fin actu-
ated by using eight IPMCs. The IPMC actuators (each 5 mm�50 mm) were
connected by using a thin polyethylene film so that each fin was 45 mm tall by
75 mm long. The fins were mounted on the robot body realised by using a
polystyrene foam. The prototype of the robot is shown in Figure 17.16. The
authors concluded by experimentally investigating the performance of the fins.

More recently, a manta ray-inspired robot was proposed in 2012.73 The
bio-inspired manta ray robot used two artificial pectoral fins, realised by
using two large IPMC actuators, to generate undulatory flapping motions.
The IPMCs were mounted on the leading edges of the pectoral fins, while the
trailing edge was realised by using a passive polydimethylsiloxane (PDMS)
membrane. When the IPMC was actuated, the passive trailing edge followed
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Figure 17.15 Jellyfish during swimming (a) and components of the jellyfish robot that was realised (b).
Reprinted with permission from S.-W. Yeom and K. Oh, A biomimetic jellyfish robot based on ionic polymer metal
composite actuators, IOP Smart Mat. Struct., 2009, 18(8), 085002.

IPM
C

s
as

Post-silicon
T

ransducers
for

the
R

ealisation
of

Sm
art

System
s

177



the IPMC bending with the phase delay necessary to implement the undu-
latory fin motion. The robot was 11 cm long, 21 cm wide, and 2.5 cm thick,
with a total mass of 55 g. A photograph of the robot is shown in Figure 17.17.

In the applications described so far, especially for mini- and micro-
realisations, the powering of the system has been obtained either by
using batteries or by flexible wires. On the one hand, batteries represent
a significant payload, especially when compared with the mechanical
power that can be produced by using IPMCs. Also, the significant current
required by IPMCs during fast motion can greatly limit the autonomy of
the envisaged systems. On the other hand, flexible wires can only be
considered as a laboratory prototype solution for robotic systems, since they
greatly impair the robot’s mobility and can represent a challenge, especially
when complex and/or segmented robots are considered. The opportunity to
solve the problem of IPMC robotic application powering is therefore sound
and contributions have been proposed on this topic.

A first solution to this problem was given in 2012 by Lee et al.,74 who
suggested the possibility of realising a power link between the IPMC actuator
and its remote powering system. The envisaged powering system is based on
the realisation of microstrip patches on the IPMC actuator surface that act as
receivers. The receiver converts a microwave signal into DC power that is

Figure 17.16 The prototype of the ray fish-like robot.
r 2006 IEEE. Reprinted with permission from K. Takagi, M.
Yamamura, Z.-W.Luo, M. Onishi, S. Hirano, K. Asaka and Y.
Hayawaka, Development of a rajiform swimming robot using ionic
polymer artificial muscles, Proc. IEEE/JRS Int. Conf. Intell. Rob. Syst,
2006, 1861–1866.
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used to actuate the IPMCs. The receivers can eventually be selectively pow-
ered according to the used microwave frequency. The authors show that the
system is feasible at least for receivers realised by using standard rigid
supports, while poor results were obtained when the receivers were realised
directly on the IPMC surface.

The problem of wireless powering of IPMCs was addressed, again in
2012,75 with the aim of replicating hovering flight and swimming in bio-
logical systems. A conceptual scheme of the robotic microswimmer to be
powered is shown in Figure 17.18.

17.3 IPMC-based Sensors
Since the first sensing application of IPMCs was proposed in 1992
by Sadeghipur,76 the fields of application of IPMC-based sensor devices
have been the same as for IPMC-based actuators (i.e. those fields in which
their mechanical, chemical, and electrical characteristics guarantee them
a privileged role with performances that cannot be obtained by using
competing technologies). Also, most of the sensing applications use the
common cantilever configuration widely adopted for actuators. Nonetheless,
IPMC-based sensing systems share most of the corresponding actuator
limitations.

When we started our research activity on IPMC sensors, one of the re-
ported limitations was the impossibility of transducing constant time

Figure 17.17 A picture of the manta ray-like robot.
Reprinted with permission Z. Chen, T. I. Um and H. Bart-Smith, Bio-
inspired robotic manta ray powered by ionic polymer-metal composite
artificial muscles, Int. J. Smart and Nano Mat., 2012, 3(4), 296–308.
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mechanical inputs,77 and the corresponding investigations ranged down to
quasi-static inputs (sub-hertz frequencies).78 Moreover, IPMCs in canti-
levered configurations were investigated as near-DC accelerometers capable
of working down to 0.03 Hz.79 We were therefore interested in overcoming
such a limitation, expanding the possibility of measuring DC mechanical
loads. Eventually, due to the appealing possibility of downscaling IPMC
transducers, we were interested in measuring techniques suitable for poly-
mer microelectromechanical system (MEMS) realisation.80 Based on these
considerations, we developed a resonant force sensor capable of DC meas-
urement by using a vibrating cantilevered IPMC.81 As a matter of fact,
sensor-resonant cantilever beams were already widely proposed in the
literature to realise MEMS based on piezoelectric materials,82,83 and we
extended that technology to the case of IPMC benders. An IPMC mounted in
a cantilever configuration was activated while a force was applied to the
second end. This changed the natural resonant frequencies of the beam and
we showed that the value of the first resonance frequency of the beam could
be used to estimate the tensile force applied in the axial direction. A model
was developed for a vibrating IPMC with the applied force and an example of
the simulated first resonance mode deformation is reported in Figure 17.19
for an IPMC that was 45 mm long. It is possible to observe that the appli-
cation of the external force produces both the increment of the value of the
resonance frequency corresponding to the first mode and the decrease in the
maximum deformation.

The proposed model was experimentally validated by using an IPMC
bender, based on Nafions 117 with Li1 as the counterion, with a length of

Figure 17.18 A schematic of a robotic microswimmer.
r 2012 IEEE. Reprinted with permission from K. Abdelnour, A.
Stinchcombe, M. Porfiri, J. Zhang and S. Childress, Wireless powering
of ionic polymer metal composites toward hovering microswimmers,
IEEE/ASME Transactions on Mechatronics, 2012, 17(5), 924–935.
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L¼ 45.0 mm and width of b¼ 4.0 mm. The second end of the beam
was connected to a mass lying on a slanting plane, whose inclination was
varied to change the force applied to the IPMC. A sinusoidal swept voltage
with a peak-to-peak amplitude equal to 8.0 V and a frequency ranging from
20.0 Hz up to 60.0 Hz at a time interval of 40.0 s was used as input to
the IPMC.

Figure 17.19 An example of the changes in the first resonance mode frequency
(a) and in the corresponding amplitude (b).
Adapted from ref. 81.
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Input–output data were acquired by means of a PCI-6052E card from
National Instrumentst. Data were processed offline using a Matlabs code in
order to estimate information relevant for the characterisation process. An
example of the experimental IPMC frequency response obtained when a load
equal to 11.3 mN was applied is shown in Figure 17.20, where the typical
second-order system-like behaviour can be observed.

The system was further investigated by changing the applied load in a
suitable range to obtain a family of experimental values of the resonance
frequency as a function of the applied load. An image of the developed
experimental setup is shown in Figure 17.21.

The setup also consisted of a subsystem to read the IPMC deformation and
of an electronic circuit capable of supplying the IPMC actuator with a voltage
signal whose frequency followed the value of the beam resonance frequency as
it changed because of the applied axial external load.

A circuit able to lock the phase displacement between the applied voltage
and deformation was developed. The sharp phase change occurring near the
resonance frequency allowed for large selectivity with respect to the fre-
quency working conditions. More specifically, a phase-locked loop (PLL) was
used and an ad hoc designed circuitry was realised to adapt the PLL to the
described application. The voltage input into the PLL voltage controlled
oscillator (VCO) was used to estimate the axial load, while its output was
used to force the IPMC. The obtained results are shown in Figure 17.22.

Notwithstanding the huge number of proposed underwater applications
of IPMCs working as actuators, few contributions have been proposed for
IPMC sensors working in water or immersed in other fluids.

We again used a vibrating IPMC immersed in a fluid to realise a small-
scale viscometer.84 More specifically, a vibrating IPMC was immersed in a
still fluid while an infrared (IR) sensing system recorded its tip deflection.
The system was intended to determine the rheological properties of fluids.
A model of the system vibrating in a fluid was proposed based on the con-
cept of the hydrodynamic function for the case of an active IPMC beam with
a rectangular cross-section,59 adapted to the case of the range of frequencies
of interest for an IPMC.85 The model was used to describe both the resonant
frequency and the quality factor of the vibrating system. Since these par-
ameters depend both on the fluid density and viscosity, observations of the
system frequency response were used to estimate the fluid rheological
properties. The system adopted the well-known approximation of the
frequency response of a cantilever beam in the neighbourhood of each
resonant peak to a simple harmonic oscillator, provided that the quality
factor Q greatly exceeds unity. This means that the amplitude frequency
response can be approximated as:

wf
i ðoÞ¼

W0o2
rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

o2 � o2
r

� �2þo2o2
r

Q2

s (17:1)
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Figure 17.20 An example of the experimental frequency response of the vibrating IPMC.
Adapted from ref. 81.
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where W0 denotes the amplitude at the frequency o¼ 0 and Q is the quality
factor, defined as:

Q¼

4m
prb2 þ GrðorÞ

GiðorÞ
: (17:2)

o and or are the radial frequency and resonant frequency, respectively (the
interested reader can find the meaning of the other quantities in eqn (17.1)
and (17.2) in the referenced paper). Eqn (17.1) and (17.2) were both used for
the viscometer calibration and for the estimation of the rheological par-
ameters of the investigated fluids.

In order to validate the theoretical analysis, an IPMC vibrating system was
tested on sugar solutions, which are valuable test systems for such a device
because many biological liquids contain a remarkable amount of sugar. The
IPMC cantilever immersed in the fluids was actuated with a sinusoidal swept
input voltage. The frequency response was measured and estimations of the
viscosity and density of the fluid were derived. A photograph of the de-
veloped system is shown in Figure 17.23(a), while examples of the com-
parison between the obtained experimental frequency responses with the
corresponding estimations for two typical solutions, obtained by using the
model that describes the viscometer, are shown in Figure 17.23(b). A further
version of the vibrating sensor has been developed and will be described,
along with the obtained results, in Section 17.4.

Figure 17.21 The experimental setup used for the force sensor characterisation.

184 Chapter 17



Figure 17.22 The experimental dependence between the applied force and the VCO output voltage.
Adapted from ref. 81.
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A different approach for determining the rheological properties of fluids
has been proposed by Chen et al.,86 who used an IPMC membrane to sense
the rheological characteristics of non-aqueous fluids. In the paper, a multi-
segmented modelling approach was adopted as a tool to model the large
deformations of the system while maintaining low computational efforts.
A model describing the interaction of an IPMC vibrating beam with the
surrounding fluid was tuned and therefore proposed for estimating the fluid
rheological characteristics in the form of the product of the drag coefficient
by the fluid density. In this case, the IPMC works as a generating system

Figure 17.23 A photograph of the IPMC-based viscometer and an example of the
obtained curves as a function of the fluid rheological properties.
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under the effect of the mechanical action in the typical cantilever con-
figuration. The proposed system works provided that a pulsating flow is
produced, with relevant applications in automotive industry.

Biological systems have also been relevant sources of inspiration for the
case of IPMC-based actuators. Moreover, the possibility of using IPMC
devices in water or in fluids more generally has partially polarised the
research activity on bio-inspired IPMC-based sensing systems. This is the
case for the contributions by Abdulsadda and Tan,87–89 dealing with IPMCs
in cantilever configurations that vibrate under the effect of external
mechanical inputs.

More specifically, in the contributions by Abdulsadda and Tan,87,88 a
bio-inspired lateral line (an array of hair cell sensors), used by underwater
organisms to obtain information on flow conditions, obstacles, prey/
predators, and moving objects, was proposed, replacing the hair cells with
IPMC strips and using an artificial neural network for processing the sensor
signals. The developed sensor array was 8 cm long and the lateral line con-
sisted of five IPMC sensors that were 8 mm long, with a sensor-to-sensor
separation of 2 cm. The prototype and the experimental setup are shown in
Figure 17.24. Experimental results showed the prototype’s capability to
localise a dipole up to four to five body lengths away.

The same authors89 extended their research on the localisation of a dipole
vibrating in a fluid by using an IPMC-based artificial lateral line for the lo-
calisation a dipole moving in a plane. More specifically, the artificial lateral
line in this second case consisted of six IPMC sensors, with a sensor-to-
sensor distance equal to 2 cm, and the problem was solved when the dipole
moved in the same direction as the lateral line axis.

Biomedical applications have been a prosperous field of applications for
IPMC transducers, and IPMC-based sensing systems have been considered
in the literature because of a number of interesting properties that make
them suitable for medical applications, such as their required low voltage
levels, capability to work in wet environments, softness, and absence of any
biological activity, along with their further possibility of being coated with
compatible materials, to mention just a few.90,91

As a matter of fact, biomedical applications of IPMC sensors have been
proposed in the past.90,91 More specifically, Ferrara et al.90 proposed the
use of IPMCs to sense the pressure within the spine, as a technology
suitable for allowing the realisation of small sensors that can fit within the
facet joints in the spine, whose thickness is in the range of 1–3 mm. Such a
size is generally too small for traditional transducers. By contrast, the
authors proposed the use of IPMCs as pressure sensors, with the mech-
anical compressive load applied on the IPMC thickness (i.e. about 200 mm)
as usual. To prove the suitability of IPMCs as pressure sensors in the
envisaged application, the authors realised devices 2 cm�2 cm in size
and tested them against compressive loads of 200 N and 350 N on a surface
of 4 cm2. Experiments were performed by using loading and unloading
cycles.
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The authors recorded a maximum output voltage of 80 mV and 108 mV in
the two cases, along with a quite long relaxation phenomenon in the sensor
response, which they attributed to the IPMC viscoelastic nature.

Keshavarzi et al.91 proposed the use of IPMCs as systolic and diastolic
blood pressure, pulse rate, and rhythm sensors, which could eventually be
mounted on the inner surface of a cuff. The IPMC sensor was intended for
the realisation of portable blood pressure monitors. Also in this case, the
IPMC response to compressive loads was exploited and experiments were
performed on a prototype whose size was 1 cm�1 cm, with an active area
equal to 0.5 cm�0.5 cm. Experiments were performed with loads in the range

Figure 17.24 An IPMC-based lateral line prototype (a) and the tank for the experi-
mental investigation of the system (b).
r IEEE 2011. Reprinted with permission from A. T. Abdulsadda
and X. Tan, Underwater source localization using an IPMC-based
artificial lateral line, proc. of 2011 IEEE Int. Conf. Rob. Aut., 2011,
2719–2724.
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15–165 mm Hg, a range that is relevant to the envisaged application. The
corresponding observed maximum value of the sensor output was in the
range 5–240 mV. The authors concluded that the sensor showed a roughly
linear relationship between the applied load and the corresponding output,
though a kind of saturation occurs as the load approaches the upper limit of
the considered range. Also, though the system was capable of providing a
time-dependent output linked to the load variations, discrepancies were
observed between the sensor input and output, which the authors attributed,
again, to the IPMC viscoelastic nature.

We were also interested in the biomedical applications of IPMC sensor
capabilities and proposed92 a system consisting of a set of IPMC sensors,
used to mimic ciliate cells of the vestibular labyrinth. This is a biological
component of living beings, situated in the inner ear and devoted to the
perception of the angular acceleration to which the head is subjected.

Ferrofluids,93 which are biphasic systems made of small solid ferro-
magnetic particles melted in suitable, non-magnetic carrier liquids, were
used in this application to stimulate the IPMC sensors that produce a coded
signal used to detect system motion. Unlike the systems previously
described,90,91 we used the IPMC in the bending configuration and the
sensor output was produced by the sensor deflection. In the proposed sys-
tem, the motion of a ferrofluid sphere stimulates different IPMC membranes
working as sensors, placed along the sphere’s trajectory in a circular tube.
The position of the sphere can be therefore estimated as a function of the
IPMC array output signals. More specifically, the system was inspired by the
human equilibrium control system. This consists of:

a) Ciliate cells. These are able to detect variations in the inclination of the
body, in particular sensing the direction, intensity, and duration of the
stimulus, which work continuously and act as the sensorial receivers.

b) The vestibular system consisting of the utricle, the sacculus, and three
semicircular channels, which are placed on three roughly perpendicular
planes. Each channel expands near the common outlet (the utricle),
forming an ampulla. The ampulla is totally closed by the ampullary
crest, on which the sensorial cells are arranged, and the cupola, which is
a gelatinous mass in which the cilia are partially contained.

If the head is subjected to a rotational acceleration, the endolymph inside
the channels preserves its stationary position and this causes the bending
of both the cupola and the cilia of the sensorial cells inside it. The
semicircular channels therefore behave like a three-axes accelerometer. The
vestibular system is able to perceive extremely weak accelerations, even lower
than 11 s�2.

The proposed IPMC-based system was intended to reproduce the ves-
tibular labyrinth. More specifically, a semicircular channel has been realised
according to the scheme shown in Figure 17.25, in which the pipette sub-
stitutes for the bony structure of the channel, the endolymph is replaced by a
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sphere of ferrofluid immersed in deionised water, and the ciliate cell func-
tion is performed by the IPMC sensors.

It is worth noting that the proposed system actually works as an incre-
mental encoder capable of reading both the discrete position and its dir-
ection (as IPMC sensors change the sign of the produced output according to
their deflection direction). By contrast, the human ear circular channels are
angular accelerometers. Nonetheless, once the output signals are acquired
from the array of IPMCs, both the angular speed and the corresponding
acceleration can be estimated by using their discrete approximations.

A prototype of the proposed system was realised in order to validate the
bio-inspired circular channel. More specifically, a Petri dish with diameter
8�10�2 m was used. The dish was filled with deionised water, and a quantity
of ferrofluid capable of realising a sphere of diameter 5 mm was injected.
The ferrofluid was aggregated by using a permanent magnet. Once it reached
its spherical form, the magnet was removed while the ferrofluid maintained
its spherical form, without dissolving in the water. As a further difference
with respect to the scheme shown in Figure 17.25, in the actual prototype the
Petri dish was fixed, while a set of eight electromagnets, forced by using
suitable currents, were used to move the ferrofluid sphere. This allowed for
the production of relative motion of the ferrofluid with respect to the IPMC
array. Photographs of the realised prototype are shown in Figure 17.26.

In a first trial, one IPMC sensing element was immersed in water and the
signal was acquired, while the ferromagnetic sphere was forced to rotate in
the channel. The currents forcing the electromagnets were delayed with

Figure 17.25 A scheme of the human ear-inspired artificial circular channel.
Reprinted with permission from B. Andò, C. Bonomo, L. Fortuna,
P. Giannone, S. Graziani, L. Sparti and S. Strazzeri, A bio-inspired
device to detect equilibrium variations using IPMCs and ferrofluids,
Sens. Actuators A: Phys., 2008, 144, 242–250.
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respect to each other, in such a way that the sphere rotated in the channel
with a frequency equal to 178.5 mHz. The corresponding signal acquired by
the IPMC is shown in Figure 17.27. It is possible to observe that the sensor
output is characterised by a train of very large pulses, whose frequency
corresponds to the turning frequency of the ferrofluid sphere.

The produced signal was actually very rich and the interested reader can
look to the referenced paper for further details. Here, it suffices to say that a
set of eight IPMC sensing elements was mounted in the prototype and a
virtual instrument (VI) was realised by using LabVIEW. A view of the user
interface showing the coded position of the ferrofluid sphere is shown in
Figure 17.28. It shows the coding used, in which LEDs are turned on by the
impinging sphere.

Figure 17.26 A view of the prototype used to realise the artificial circular channel.
Reprinted with permission from B. Andò, C. Bonomo, L. Fortuna, P.
Giannone, S. Graziani, L. Sparti, L. and S. Strazzeri, A bio-inspired
device to detect equilibrium variations using IPMCs and ferrofluids,
Sens. Actuators, A: Phys., 2008, 144, 242–250.
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One of the functionalities enabling the realisation of autonomous robotic
systems is their efficient powering. Nonetheless, as mentioned above, a lot of
the realised laboratory-scale robots use either heavy, large batteries or are
directly wired to a kind of powering system. Though this can be considered a
suitable solution for a proof of concept, this system of powering could be a
weakness when systems capable of operation in real life are of interest. The
necessity of adopting adequate powering strategies for the envisaged smart
systems is therefore sound. A solution to the power needs of autonomous
systems is of course the harvesting of environmental energy, which could
improve the system’s performances in terms of augmented maneuverability
and lifetime and reduced maintenance, weight, and size.94 The mechano-
electric transduction property, already exploited for IPMC-based sensors,
suggests the possibility of also using them as power harvesters, capable of
scavenging energy from the wasted mechanical vibrations that characterise
many systems both in air and underwater. Suitable sources could, in fact, be
either human-produced processes, such as automobiles, ships, aircraft, or
bridges, or natural sources, such as wind or water waves.

Figure 17.27 An example of the signal acquired by using the IPMC sensor.
Reprinted with permission from B. Andò, C. Bonomo, L. Fortuna,
P. Giannone, S. Graziani, L. Sparti and S. Strazzeri, A bio-inspired
device to detect equilibrium variations using IPMCs and ferrofluids,
Sens. Actuators, A: Phys., 2008, 144, 242–250.
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Since the realisation of a power harvester by using IPMCs involves their
mechanoelectric transduction, a harvester can be considered as a case of a
sensor, and this is why IPMC harvesters are addressed in this section.
Nonetheless, it is worth considering here that for a power harvester, the
focus is on its capability to efficiently collect energy from the environment,
without too much attention paid to the information degradation, as is the
case for a sensor. Aspects such as load adaptation are relevant in power
harvesting and require the development of harvesting systems that deal with
such topics.95

The research on IPMC-based power harvesters started quite late with re-
spect to other IPMC applications. This topic has garnered rapidly growing
interest as a technology that is relevant to the powering of smart devices
required to work in the absence of traditional power sources, to the point
that it is now one of the most active fields of research. The first contribution
in fact only arose in 2005,96 when B.R. Martin addressed this aspect in his
Master’s thesis in mechanical engineering. Further contributions were
proposed in 20089,10 when the power harvesting capabilities of IPMCs in air
were investigated.

More specifically, we exploited the available knowledge on the IPMC grey-
box modelling26,97–99 to model the power generation capability of IPMC
transducers in air under the effect of base excitation vibrations.10 At that
time, we were interested in the investigation of the harvesting capabilities of
a novel technology in the low frequency range, where the competing tech-
nologies were not able to provide significant contributions, and we searched
for both the optimal working region and the optimal harvester dimensions
for maximum power generation. As a matter of fact, we showed that the
investigated system was able to reach its best performance when a vibrating

Figure 17.28 The user interface of the VI realised to encode the ferrofluid sphere
position in the artificial circular channel.
Reprinted with permission from B. Andò, C.Bonomo, L. Fortuna, P.
Giannone, S. Graziani, L. Sparti and S. Strazzeri, A bio-inspired device
to detect equilibrium variations using IPMCs and ferrofluids, Sens.
Actuators, A: Phys., 2008, 144, 242–250.
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frequency of 7.09 rad s�1 was imposed, though a power generation capability
of a few nanowatts was estimated.

As a first step, we modelled the IPMC in a bender configuration by using
an equivalent lumped circuit model, as shown in Figure 17.29 (for further
details about the meaning of the elements introduced in the model, the
interested reader can look to the referenced paper). Here, it suffices to say
that the left-hand side of the circuit represents the electrical domain, while
on the right-hand side, the mechanical domain is represented. The coupling
between both domains is modelled by means of a linear transformer.

The unknown parameters ruling the proposed model were therefore
experimentally determined by using a suitable setup, and the model was
validated under a number of working conditions.

The IPMC bender base was mechanically excited by using a shaker, ac-
cording to the scheme reported in Figure 17.30, and both the produced
short-circuit current and the open circuit voltage were measured in different
surveys.

The sample used for the measurements was based on a Nafions 117 Na1

membrane that was 32 mm long (where Lt¼ 25 mm was the free portion of
the membrane while Lc¼ 7 mm was the clamped part of the IPMC); the
width was w¼ 5 mm. The frequency range from 0.1 to 100.0 Hz was
investigated.

Assuming an electrical power storage circuit matched with the electrical
impedance of the IPMC sample, the short-circuit current and the open
circuit voltage can be used to estimate the maximum power that can be
extracted from the membrane. In Figure 17.31(a) and (b), the experimental
transfer functions of the short-circuit current and of the open-circuit voltage
with respect to the base deformation are shown, respectively.

The reported data show that, in the investigated frequency range, the
harvester behaves like a high pass filter with a resonance frequency equal to
24 Hz for both the short-circuit current and the open-circuit voltage. At this
frequency value, the current transfer function presents a maximum of about
�40 dB, corresponding to 0.01 A m�1 or 0.439 mA (m s–2)�1, while the voltage

Figure 17.29 Equivalent circuit for an IPMC membrane in a bender configuration.
Reprinted with permission from J. Brufau-Penella, M. Puig-Vidal, P.
Giannone, S. Graziani and S. Strazzeri, Characterization of the har-
vesting capabilities of an ionic polymer metal composite device, IOP
Smart Mater. Struct., 2008, 17(1), 015009.
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transfer function is about –12 dB, corresponding to 0.25 V m�1 or
10.99 V (m s�2)�1. Supposing that the system is working in matched load
conditions, at the resonant frequency, the maximum power that can be
generated can be computed by using the equation:100

Pav¼
VOC sð ÞISC sð Þj j

8
(17:3)

which, at the resonance frequency, gives an estimated value of
0.61 pW (m s�2)�2. It is worth observing that such a value corresponds to an
acceleration of 1.0 m s�2, while IPMCs can face much higher accelerations.
If, for example, the reasonable value 22 m s�2 is considered, the available
power rises to 0.29 nW.

A number of investigations were performed to estimate the effects of
the system design parameters on the available power, and a generation
capability in the order of a few nanowatts was estimated for a number of
configurations.

Also in 2008, Tiwari et al.9 proposed a power harvester based on IPMCs
that were soaked with ionic liquids. Moreover, various deformations (i.e.
bending, tension, and shear) were considered in order to evaluate the IPMC
power generation capabilities.

Of course, research activity on IPMCs as power harvesters has also been
carried out for the case of submerged systems, as in the contribution by
Aureli et al.,101 where the authors investigated the power harvesting cap-
abilities of an IPMC immersed in a fluid and connected to a suboptimal
resistive load because of mechanical base excitation. The mechanical vi-
bration of the IPMC was modelled trough the Kirchhoff–Love plate theory,
while its interaction with the encompassing fluid was described by using the
linearised solution of the Navier–Stokes equations and the concept of
hydrodynamic function. The corresponding chemo-electric response was
described by using the Poisson–Nernst–Planck model, widely used to

Figure 17.30 Mechanical configuration of the power harvester.
Reprinted with permission from J. Brufau-Penella, M. Puig-Vidal,
P. Giannone, S. Graziani and S. Strazzeri, Characterization of the
harvesting capabilities of an ionic polymer metal composite device,
IOP Smart Mater. Struct., 2008, 17(1), 015009.
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Figure 17.31 Experimental and simulated short-circuit current (a) and open-circuit
voltage (b) for the IPMC harvester.
Reprinted with permission from J. Brufau-Penella, M. Puig-Vidal,
P. Giannone S. Graziani and S. Strazzeri , Characterization of the
harvesting capabilities of an ionic polymer metal composite device,
IOP Smart Mater. Struct., 2008, 17(1), 015009.
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determine white-box models of IPMCs. Also in this case, a developed power
in the order of nanowatts was predicted.

The same research group has addressed a number of different configur-
ations for scavenging energy from a fluid by using IPMCs. Giacomello and
Porfiri102 investigated the possibility of harvesting power from the flutter
instability of a highly compliant system caused by fluid flow. The system
experiences flutter motion at moderately low flow speeds and an IPMC
transducer is mechanically mounted on a flag-shaped system. A schematic
view of the proposed system is shown in Figure 17.32.

Finally, the possibility of scavenging energy from the torsional deform-
ation of an IPMC beam was investigated103 and an experimental setup
was realised to confirm the suitability of the proposed approach. More
specifically, a patterned IPMC consisting of two sensors divided by a gap of
2 mm was considered, while the total dimensions of the IPMC were
64 mm�35 mm�200 mm. The authors proposed a model that takes into
account both of the interactions of the twisted device with the surrounding
fluid by using the hydrodynamic function concept, and of the electrical
reaction of the sensor to the twisting deformation by using a black-box
approach. Power harvesting densities in the order of a few picowatts per
millimetre cubed were obtained.

Though the power harvested by using IPMCs reported so far is very small
and does not allow for powering any real device, this field of research is quite
promising. It can be argued, in fact, that a significant improvement in the
collected power could be obtained, for example, by the connection of a huge
number of energy scavenging units that could be feasible thanks to the low

Figure 17.32 A schematic view of the flexible heavy flag and of the IPMC harvesting
element.
Reprinted with permission from A. Giacomello and M. Porfiri, Under-
water energy harvesting from a heavy flag hosting ionic polymer metal
composites, J. Appl. Phys, 2011, 109(8), 084903.
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cost of polymeric devices. Such a solution could also have the beneficial
effect of enlarging the usable bandwidth of the scavenging system, if the
units are purposefully chosen with unmatched mechanical characteristics.
IPMCs collect energy in the very low frequency range (from 1 to 10 Hz),
where a lot of environmental mechanical power is available.

17.4 Smart IPMC-based Devices
Smart systems need to adequately react to environmental stimuli, and as
such, they need to be capable of both sensing and acting. Applications have
been proposed in which such sensing and actuation functionalities both can
be fulfilled by using IPMC transducers. The cases in which IPMCs are used
in a combined action as sensors and as actuators are not rare, especially in
micro-scale or in bio-inspired realisations. In this section, such systems are
described as relevant contributions towards the realisation of post-silicon
smart systems.

We were attracted to this area from the very beginning of our research
activity on IPMCs due to this fascinating possibility of using one technol-
ogy to realise both sensing and acting functions. One of my first conference
contributions on IPMCs104 was, as a matter of fact, the realisation of a very
simple prototype in which an integrated motion sensor–actuator system
was proposed. The system consisted of a couple of IPMC strips working
respectively as a sensor and as an actuator and was meant to show
the capability of IPMC transducers to realise smart devices through the
realisation of a controlled system in which both of the working modes of
IPMCs were exploited. Though very simple, it can be considered a kind of
study, which has been addressed a few times in the literature,105,106 in
which actuator–sensor couples patterned on one IPMC strip were
proposed.

We developed a number of smart sensing systems based on the vibrating
beam approach. In Brunetto et al.,107 we reconsidered the realisation of an
IPMC-based viscometer. Though the working principle is the same as de-
scribed for the previously proposed version,84 a coupled actuator–sensor
IPMC-based system was used in this second version to measure the rheo-
logical properties of still fluids. The model of the vibrating system was used
again to estimate the rheological properties of the fluid surrounding the
vibrating beam. A schematic view of the viscometer realised in this second
case is shown in Figure 17.33.

Both the actuator and the sensor were realised by using Nafions 117 with
platinum electrodes. The sizes of the devices are given in Table 17.1 (adapted
from Brunetto et al.107).

It is worth noting that, in this case, the IPMC sensor output (short-circuit
current) needed to be inverted in order to determine the corresponding
deflection. Such a correction is shown in Figure 17.34. More specifically, in
Figure 17.34(a), the modulus of the system frequency response as sensed by
the IPMC sensor is shown, while in Figure 17.34(b), this modulus, after the
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correction of the sensor dynamics, is compared with its estimation obtained
by a laser sensor, used as a reference.

As a final result, in Figure 17.35, the magnitude of the theoretical system
frequency responses and the corresponding experimental data are reported
for the case of the vibrating viscometer immersed in deionised water and in
a 30% mass sucrose solution.

Also, a comparison between the real values of some rheological fluids and
the corresponding estimations, obtained by using the described system, are
reported in Table 17.2 (adapted from Brunetto et al.107).

Biomedical applications have been proposed based on IPMCs. Yoon
et al.108 proposed a scanning endoscope that used IPMC actuators to move
the distal end, while an optical sensor was proposed for image capturing. We
further exploited the use of IPMC actuator–sensor-coupled systems as useful
tools for realising smart sensing probes for biomedical applications. We
proposed the combined action of a coupled IPMC actuator and IPMC sensor
for designing a tactile system.109 In the system, both the actuator and the
sensor are mounted in a cantilever configuration. The actuator brings the
sensor into contact with the investigated material that deforms in accord-
ance with its stiffness. The sensor electrical reaction can be therefore used to
estimate the material stiffness.

The proposed smart system was intended for possible applications in
catheters, laparoscopy, and surgical resection of tumors, in which the
knowledge of the investigated tissue’s mechanical properties can be a dis-
criminating element. Such a system could eventually be used in assisted
navigation, where the tactile sensor can help with recognising the relative
position of the probe with respect to surrounding objects.

IPMC Actuator

IPMC Sensor

Figure 17.33 A scheme of the IPMC-based smart viscometer.

Table 17.1 Geometrical parameters of the IPMC actuator and sensor used in the
IPMC-based viscometer (adapted from Brunetto et al.107).

Length (mm) Width (mm) Thickness (mm)

Actuator 23 6.0 0.180
Sensor 22 1.5 0.180
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Figure 17.34 Modulus of the vibrating system frequency response (a) and the same modulus after the correction of the IPMC sensor
dynamics (b).
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Figure 17.35 Frequency response of the IPMC-based viscometer immersed in deionised water (a) and a 30% sucrose solution (b).
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A scheme of the proposed devise is shown in Figure 17.36(a), while a
photograph of the realised prototype is shown in Figure 17.36(b).

The sensing capabilities of the realised prototype were tested by using a
specific setup and performing a number of experiments. As an example, the
discrimination capabilities of the system, investigated by using samples of
materials with Young’s moduli equal to 100 Pa (sample 1) and 300 Pa
(sample 2), are reported in Figure 17.37 (a third, harder sample was also
investigated, but the system was not able to produce any output signal,
giving evidence that the upper threshold of its investigation range was
reached).

A further smart probe based on an IPMC actuator–sensor combination
was proposed,110 in which the transducers were arranged in a different way
with respect to the system previously proposed109 and it was forced to work
in resonant conditions.111 Such a working mode is reported to be capable of
improved accuracy with respect to the corresponding structures that in-
vestigate the mechanical characteristics of the material relying on the
amplitude of the deformation caused by the touching probe.

In the proposed measuring strategy, the changes in the resonance fre-
quencies measured in correspondence with the interaction with different
materials make it possible to distinguish the material itself from its mech-
anical characteristics.

Table 17.2 Experimental values and estimations of sucrose solution densities and
viscosities obtained by using the IPMC-based viscometer (adapted from
Brunetto et al.107).

Density rf (kg m�3) Viscosity Z (Pa s)
Experimental Theoretical Experimental Theoretical

Deionised water 895.76 998 0.00091 0.001
0.3 sucrose solution 1031.7 1028 0.0022 0.0019
0.6 sucrose solution 1151.4 1134 0.0033 0.0031
Saturated sucrose solution 1260.4 1282 0.0041 0.0044

Figure 17.36 Scheme of the biomedical tactile probe (a) and a photograph of the
realised prototype (b).
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After its modelling, a system was realised and its performances were
investigated against gels. More specifically, the CH1077 from Carlo Erba was
used. The investigated concentrations were 1%, 3%, 5%, and 7%.

In Figure 17.38, a scheme of the system (Figure 17.38(a)), the experimental
setup (Figure 17.38(b)), and the system behaviour for different materials
(Figure 17.38(c)) are shown.

Integrated actuator–sensor systems have also been proposed as bio-
inspired systems. An interesting smart system in this context is represented
by the contribution of Shahinpoor,112 in which a biomimetic robot Venus
flytrap, a carnivorous plant that uses antenna-like sensors to detect the
presences of prey and to trigger the rapid motion of a pair of jaw-like lobes
that capture the prey, was proposed. Moreover, the author suggested that the
acting and sensing mechanisms adopted by the Venus flytrap are similar to
our understanding of the actuation/sensing mechanisms that rule the
transduction phenomena in IPMCs. In the robot, the sensing elements are
realised by IPMC-based bristles, while two IPMC actuators with a common
middle electrode realise the robotic flytrap lobes. The hair-like sensor were
3 mm�0.5 mm�0.1 mm, while the lobes were 80 mm�40 mm�0.2 mm. The
prototype was capable of closing its jaw-like lobes in only 0.3 s.

Photographs of a Venus flytrap and of the corresponding robot are shown
in Figure 17.39(a) and (b), respectively.

A similar system was proposed by Shi et al.,113 who again suggested a bio-
inspired flytrap-like robot with three lobes. The robot was further improved
by mounting it on an eight-legged IPMC-based robot capable of translational

Figure 17.37 Amplitudes of the output of the IPMC sensing system (after signal
conditioning) for various materials.
r 2008 IEEE. Reprinted, with permission, from C. Bonomo, P.
Brunetto, L. Fortuna, P. Giannone, S. Graziani and S. Strazzeri, A tactile
sensor for biomedical applications based on IPMCs, IEEE Sens. J., 2008,
8(8), 1486–1493.
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Figure 17.38 Views of the system scheme (a), the experimental setup corresponding prototype (b), and the system behaviour for different
materials (c).
r 2010 IEEE. Reprinted, with permission, from P. Brunetto, L. Fortuna, P. Giannone, S. Graziani and F. Pagano, A resonant
vibrating tactile probe for biomedical applications based on IPMC, IEEE Trans. Inst. Meas., 2010, 59(5), 1453–1462.
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and rotational motion. Also, the bristles were realised by using a proximity
sensor. In such a way, a robot with functionalities similar to those of the
grasping mobile robot proposed by Guo et al.49 were improved, realising a
kind of a ‘‘centaur’’, with sensing capabilities. The authors proposed such a
solution to obtain a better working robot, yet this was less close to the ori-
ginal inspiring biological system.

The realisation of smart IPMC-based systems capable of complex
deformation or even of multi-functionality on the same substrate is of
interest since it allows for realising light and small structures, and
this is mandatory for the envisaged applications of IPMCs in fields such as
bio-inspired robotics or biomedical devices. A technological solution to
this goal can be fulfilled by using a kind of patterning,114 and as a matter
of fact, this has been proposed for realising both the sensing and
acting characteristics on the same membrane.106 Unfortunately, the at-
tempts to use IPMC-based actuators and sensors in such a way were not very
successful because of the interferences between the acting and sensing
elements.

Other solutions are possible for realising IPMC-based smart systems.
Electrodes can be a useful source of information: the sensing element is
realised by using the metallic electrodes that deform and change their re-
sistance as a consequence of actuator motion. It is worth considering that
the sensor is now a resistive element and that this requires different con-
ditioning circuitry. The dependence of the electrode resistance on the IPMC
actuator or sensor deformation was investigated and modelled, with the aim
of providing a more accurate description of the transduction phenom-
enon.115 More specifically, the authors proposed an improved version of the
Kanno et al. model116 in which varying resistances were introduced. The
values of such resistances depend on the IPMC curvature. The same authors
proposed the exploitation of such a change to obtain a self-sensing actuator
with the aim of realising feedback-controlled IPMC actuators, without
using bulky sensors.117 In the referenced paper, a description of how the

Figure 17.39 A Venus flytrap (a) and a view of the corresponding robot (b).
Reprinted with permission from M. Shahinpoor , Biomimetic robotic
Venus flytrap (Dionaea muscipula Ellis) made with ionic polymer metal
composites, IOP Bioinsp. Biomim., 2011, 6(4), 046004.
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self-sensing actuator works is given, though no mathematical model is
proposed for the sensing phenomenon.

The patterning approach was exploited again by Kruusamäe et al.118 to
realise the IPMC actuator and the resistive sensing element. More specific-
ally, it was proposed to measure the changes in conductivity of resistive
elements patterned on the surfaces of an IPMC in order to track the de-
formation of the actuator–sensor system. This patterning was realised with
the same geometry on both sides of the IPMC strip, allowing for a differ-
ential measurement scheme and, hence, filtering out the effects of common
mode noise.

The pattern proposed for the IPMC surface is shown in Figure 17.40. It
consists of three separate parts: a section for the actuator (in the inner part);
a C-shaped sensor (in the outer part); and a shielding electrode to reduce the
cross-talk (between the two previously mentioned elements). The resistance
of the two sensors is in correlation with their bending curvature.

The shielding electrodes were revealed to be unable to remove the cross-
talk completely. The sensing elements realised on both faces of the IPMC
strip were, therefore, connected in a Wheatstone bridge configuration. It was
assumed that the cross-talk was a common mode noise and that the bridge
configuration could remove such undesired components. Eventually, the
bridge configuration increased the sensitivity to the variation of resistance,
since the resistive sensors undergo opposite variations during IPMC system

Figure 17.40 The patterned IPMC smart actuator, with the resistive sensor.
Reprinted with permission from K. Kruusamäe, P. Brunetto, S.
Graziani, A. Punning, G. Di Pasquale and A. Aabloo, Self-sensing
ionic polymer-metal composite actuating device with patterned sur-
face electrodes, Polym. Int., 2010, 59(3), 300–304.
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bending. A scheme of the proposed system and of the conditioning circuitry
is shown in Figure 17.41.

The system was experimentally investigated and the results showed a good
correlation between the IPMC actuator motion and the sensory system
output. An example of the sensing signal produced by the Wheatstone
bridge, compared with IPMC deflection recorded by using a laser sensor, is
shown in Figure 17.42.

The described structure was further modelled119 after a further patterning
technique was adopted based on laser ablation.

In Leang et al.,120 the motion of IPMC actuators was sensed again by using
resistive elements. Those elements were not realised by patterning the IPMC
electrodes. Strain gages were used instead. Finally, Chen et al.121 proposed
an IPMC actuator equipped with a polyvinylidene fluoride (PVDF) based
sensing element to realise a smart acting/sensing system.

The applications described in this section are just a part of what can be
found in the literature: I have tried to give an ordered description of the
research activity at the University of Catania on IPMCs—of course, also in
collaboration with researchers working in other universities—and of the

Figure 17.41 A scheme of the IPMC-based self-sensing actuator along with the
conditioning circuitry.
Reprinted with permission from K. Kruusamäe, P. Brunetto, S.
Graziani, A. Punning, G. Di Pasquale and A. Aabloo, Self-sensing
ionic polymer-metal composite actuating device with patterned sur-
face electrodes, Polym. Int., 2010, 59(3), 300–304.
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influences I experienced from what became available over time in the sci-
entific community. Even if this was not intended to be an exhaustive report
of the applications proposed, the large number of referenced contributions
and the even larger number of papers that can be found in the literature give
an idea of the huge research activity and of the vivid interest in IPMC-based
applications.

Among the application fields investigated for IPMCs, continuous interest
has been devoted to robotic applications, and in particular, IPMC peculiar-
ities have been exploited to realise bio-inspired systems with locomotion
based on tails or fins (for underwater propulsion) and legs. Nonetheless,
biomedical applications have been constantly proposed because of the
tantalising possibility of realising systems that require low voltage levels, are
small, light, and flexible, and can work in wet environments. Last, but no
less important, a constant evolution towards systems with increased com-
plexity that grow closer and closer to the realisation of autonomous, multi-
functional smart systems can be observed.

Most of described applications are laboratory-scale prototypes and have
been developed as a proof of concept more than as systems ready for the
market. Of course, IPMC-based applications suffer for the drawbacks that
still affect IPMC production and modelling phases.

Real-life applications need more repeatable processes and these can be
obtained only if tighter control of the chemo-physical properties of obtained
IPMCs becomes available. Efforts are needed to better define the relation-
ships between production steps and their consequences on produced
transducers.

Figure 17.42 An example of the sensing signal produced by the Whetstone bridge
compared with IPMC deflection recorded by using a laser sensor.
Reprinted with permission from K. Kruusamäe, P. Brunetto, S.
Graziani, A. Punning, G. Di Pasquale and A. Aabloo, Self-sensing
ionic polymer-metal composite actuating device with patterned sur-
face electrodes, Polym. Int., 2010, 59(3), 300–304.
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Though sophisticated control strategies can greatly alleviate the effects of
unmodelled uncertainty and time variance, actions are needed to improve
material stability, mainly due to solvent loss.

Finally, in the experiments reported so far, some fatigue effects have been
observed for IPMC-based tranducers. Nevertheless, organised experimental
campaigns are required before the useful lifespan can be defined for IPMC
transducers.
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CHAPTER 18

Micromachined Ionic Polymer
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for Biomedical Applications

GUO-HUA FENG

Department of Mechanical Engineering, National Chung Cheng University,
168 University Road, Min-Hsiung, Chia-Yi 621, Taiwan
Email: imeghf@ccu.edu.tw

Although electroceramic materials that provide compact and effective actu-
ation have been applied in many commercial products, such as ultrasonic
motors and precision manipulators, electroactive polymers are now ap-
pearing as relatively new actuation materials with displacement abilities that
are difficult to match with strain-constrained and rigid ceramics. Whereas a
shape memory alloy can provide a larger deformation than an electroactive
polymer in actuation, its response time is normally much slower than those
of electroactive polymers.

Electroactive polymers applied to microdevices have shown great advan-
tages for fabricating sensor and actuator arrays, thus enabling com-
mercialization. For example, Braille displays that could improve blind
people’s lives have been developed using conducting polymers, dielectric
elastomers, polyvinylidene difluoride, and ionic polymer metal composites
(IPMC) in recent years.1 Manipulating or grasping targets of any size is al-
ways a demand in our daily lives, though this can be a big challenge when
the targets become very tiny, even down to the micron scale, and when the
targets are soft. For these applications, electroactive polymer actuators such
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as microgrippers, allowing proper manipulation of such small objects, show
great importance.

Employing electroactive polymers’ biomimetic flexibility and the cap-
ability to engineer their properties to meet the goals of micro-robotic ap-
plications has been a booming research issue.2 In addition, micromachining
technology has been successfully applied in many currently available com-
mercial products, such as microelectromechanical system inertial sensors
and biochips, providing the potential to handle electroactive polymer ma-
terials.3 Among the versatile electroactive polymers, studies have reported
that micromachining technology applied to IPMCs represents a practical
technology for fabricating micro-sized sensor and actuator microarrays and
disposable microbiosensors for various applications.4–7 For example, IPMC
actuator microarrays demonstrate applicability in micromirror-based pho-
tonic optical fiber switches. Furthermore, IPMC microgrippers can be op-
erated at a fast speed with relatively low voltages. Flexible IPMC devices also
demonstrate major advantages for biomedical applications. In this chapter,
the fabrication of IPMC actuators with micromachining techniques is pre-
sented and the operation characteristics and analysis of these low-density
and large-actuation devices is discussed. Finally, we will present some rep-
resentative micromachined IPMC actuators that are designed and fabricated
for biomedical applications.

18.1 Fabrication of Micromachined IPMC Actuators
Fabricating IPMC actuators using versatile micromachining technology has
unique advantages, and this section presents some representative micro-
machining methods for producing IPMC devices. These methods can be
divided into surface machining, bulk micromachining, and micromolding.
Surface micromachining indicates either IPMC devices integrated onto the
surface of a silicon wafer or a commercial Nafion membrane as a standalone
substrate to be processed. Micromachining schemes are applied on pat-
terned electrodes on selected surfaces of a Nafion membrane to shape the
designed IPMC actuators. With bulk micromachining, the IPMC actuators
are built by modifying Nafion, which normally uses water as its ionic me-
dium. This category also includes IPMC devices fabricated with micro-
machining techniques by shaping the planar Nafion film to be designed
structures. In addition, a promising technique using micromachining to
fabricate molds along with liquid Nafion to structure IPMC actuators has
been implemented, and versatile actuators have demonstrated potential
applications. The fabrication details are covered in the last subsection.

18.1.1 Fabrication by Surface Micromachining

Zhou and Li reported a surface micromachining technique for fabricating
IPMC actuators.8 They used the DuPont Nafion solution SE-5012 made to
fabricate the Nafion membrane as the IPMC active layer. Using the silicon
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wafer as a substrate, the fabrication process started with thermal oxidization
of a SiO2 layer on the silicon substrate, which is a typical process used in
complementary metal–oxide-semiconductor fabrication as an insulating
layer. The aluminium layer was deposited and patterned as a sacrificial layer,
and gold was selected for the metal electrode. Since the adhesion between
SiO2 and gold is relatively poor, chromium was deposited as a seed layer
before the gold deposition. Instead of using a chemical method to grow the
metal electrodes, the gold layer was coated on the processed silicon wafer
with a physical vapour deposition and patterned by a lift-off process.

This deposition was followed by spin coating the Nafion solution. To
form each Nafion layer, the coated Nafion solution was heated to the range
of 70–150 1C for several minutes to solidify it. The thickness can be con-
trolled by multiple spinning and baking, although residual thermal stress
could cause the Nafion film to crack as the number of Nafion layers in-
creases. Based on experimental results, a o1 mm thick Nafion membrane was
implemented and tested in Zhou and Li’s study. To make an Au/Nafion/Au
sandwiched structure for the IPMC transducer, a gold layer was then
sputtered and patterned by chemical etching to form the top electrode. The
patterned top electrode also served as a mask to protect the underlying
Nafion membrane as oxygen plasma etched away the remaining Nafion
membrane in the inactive region. At this point, the entire device was finished
but anchored on the silicon wafer, so a release process was implemented.

With this method, the releasing procedure plays a critical role in deter-
mining the flatness of the fabricated IPMC actuator. The pH value greatly
affects the curvature of the device. For removal, the entire silicon wafer is
immersed in undiluted phosphoric acid and heated to approximately 40 1C
for 2 h to remove the sacrificial aluminium layer and then taken from the
acid solution with a DI water rinse. At this point, the IPMC actuator displays
a flat cantilever shape. Nevertheless, if the releasing process is executed with
phosphoric acid diluted with DI water, curling of the IPMC beam actuator
was observed, and diluting the acid solution with more DI water makes the
IPMC beam curl even more. This could be due to the different volume of
expansion of Nafion membrane in the acid solution with a different pH level
or hydrogen ion concentration.

Chen and Tan presented a lithography-based monolithic fabrication
process for building a structure resembling a sunfish pectoral fin.9 In order
to achieve a multiple degree-of-freedom deformation for the designed
actuator, multiple electrode pairs were made on a Nafion film, and a plasma
etching method was applied to make the Nafion thinner at the passive
region. The major fabrication procedure is as follows.

Starting with a 225 mm thick Nafion membrane, two transparencies with
predetermined openings were used to cover front and back sides of the
Nafion membrane as shadow masks, although the scheme for patterning the
transparency was not clearly described. If conventional knife cutting is used,
creating micro-sized patterns might be difficult. Covering the membrane is
followed by e-beam aluminium deposition through the shadow masks onto
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both Nafion surfaces. The aluminium-coated region is used for protecting the
Nafion beneath during the subsequent plasma etching. According to the re-
port,9 with only oxygen-based chemical plasma etching, the etching rate is less
than that of oxygen–argon mixed plasma etching and the etching process over
2 h could damage the Nafion due to temperature rises. A Nafion removal
thickness of approximately 200 mm is feasible through this process. The
protected aluminium layer was removed with a hydrochloric acid solution.

A method to stiffen the Nafion membrane was presented by placing the
Nafion sample into a platinum salt solution for ion exchange, making a
subsequent photolithography process possible.9 In contrast to the normal
photoresist being directly spin-coated on a flat silicon wafer, the curved
Nafion membrane needs to be sandwiched between two metal frames due to
the non-rigid property of Nafion, even with ion exchanging stiffening. By
stretching the four edges of the membrane to provide the necessary tensile
stress to flatten it, the following spin-coating and patterning process could
be executed.

With selective regions protected by the photoresist a second ion exchange
process and chemical reduction by adding 5 wt% NaBH4 solution several
times was continued to plate the platinum electrodes on the unprotected
Nafion membrane. This study also sputtered 0.1 mm thick gold film on
the device to increase the electrical conductivity. The surface resistance
could be reduced by half, but the real resistance values were not described.
Finally, the researchers used hydrogen ions to replace the platinum complex
ions by boiling the processed device in a hydrochloric acid solution. This
made the inactive region of the IPMC device regain its flexibility because the
previously ion exchanged platinum complex ions did not precipitate on the
Nafion surface as electrodes. Then, the finished planar IPMC sheet with
patterned electrode patterns was cut to designed dimensions and placed
into an alkaline solution (e.g. sodium or lithium ions) to enhance the
actuation.

One important comment for this fabrication process is that even though
certain regions of the Nafion membrane were protected by the photoresist
the reducing agent may penetrate the boundary of the photoresist and cause
some platinum plating. This could be a critical issue when the protected
pattern of the photoresist has micro-sized features.

The process of making multiple electrodes on an electroactive polymer
such as a commercial Nafion membrane has been broadly studied since
motion could be manipulated through shape deformation of the actuator
surface. Several schemes have been investigated based on an electrodeless
chemical reduction with a masking technique. For example, applications of
masking tape, crepe paper, jigs, and silicon rubber can easily found in the
literature. However, these masking methods all have drawbacks. For one, the
patterned tapes—usually made of polymers—are relatively easily peeled off
from the intended protected Nafion membrane, especially when performing
a long period of electrode plating processes. In addition, wrinkling could be
an issue while utilizing a jig mask to pattern a Nafion membrane.
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Jeon et al. experimentally compared three different tapes as the masks for
fabricating patterned electrodes on the Nafion-117 film:10 (1) polyimide film
tape 5413; (2) plastic film tape 472; and (3) ultra-high molecular weight
polyethylene tape 3M 5423. With the first two tapes, adhesion problems and
softening due to sensitivity to temperature in chemical reduction caused
fundamental difficulties with further processing. Although 3M 5423 tape
could supply proper adhesion and possibly preserve the patterned shapes
during chemical reduction, two limitations should be noted according to the
researchers’ report. One is that the platinum particles infuse into the micro-
gaps between the Nafion membrane and the boundaries of the masking tape
when the chemical reduction time lasts for days. On the other hand,
shrinkage and expansion of the tape causes the edges of the patterned tape
to be insufficiently sharp, which induces rough edges due to platinum
penetration. This could result in unwanted platinum electrodes appearing
on the original inactive region.

18.1.2 Fabrication by Bulk Micromachining

Akle et al. indicated two major limitations of ionomeric polymers serving as
electromechanical actuators: unstable operation in air and solvent break-
down at lower voltages.11 In order to overcome these issues, they developed
an ionic liquid–ionomeric composite with a modified electrode composite
and pursued fabricated actuators with a high strain property. Therefore,
highly stable ionic liquids at room temperature were first utilized as solvents
for Nafion films, and then a metal powder painting technique was applied
for building the electrodes. This increased the capacitance of the processed
Nafion film so that maximum strain could be produced during operation.

There are three motivations for employing an ionic liquid as a solvent:
(1) the stability of the ionic liquid decreases the evaporation, so it is more
suitably manipulated in an air environment; (2) in general, ionic liquids
have higher electrochemical stability than water, so the range of the driving
voltage could be improved even more; and (3) ionic liquids are ionically
conductive and this would facilitate ion movement in the Nafion film.
To realize this work, a bar of Nafion film is treated with NaOH to acquire
sodium ions and then baked to a dry condition under vacuum. Then, the
processed Nafion film is immersed into 1-ethyl-3-methyimidazolium tri-
fluoromethanesulfonate ionic liquid for 4.5 h at 150 1C to absorb a proper
amount of ionic liquid. The presented metal powder plating method is
used to grow the electrodes, and a polymer/metal solution was prepared with
the recipe 47% of 5% Nafion solution, 47% glycerol, and 6% RuO2 metal
powder (with a particle size of 3–5 nm). The prepared solution was directly
applied on each side of the Nafion film treated by the ionic liquid, and
then heated to 130 1C under vacuum to remove the solvent. After the same
processing four times, two thin conductive gold foils were placed on the top
and bottom metal powder plated electrodes and bound to the electrodes
through a hot-pressing procedure. The experimental results show that the
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surface-to-volume ratio of the metal particulate is critical for increasing the
capacitance of the actuator. The increased capacitance produces a larger
strain output for the IPMC actuator at low driving frequencies. Furthermore,
a larger conductivity of the metal particulate can improve the response of the
IPMC actuator at an operation frequency greater than 10 Hz.

In addition, Feng and Zhan presented a micromachining technique to
construct a three-dimensional helical IPMC actuator by shaping the planar
Nafion film.12 Figure 18.1 shows the fabrication process flow, which started
with the treatment of the Nafion strip by a nickel sulfate hexahydrate
solution. Then, the outer electrode region of the spring was specified using a

Figure 18.1 Fabrication process flow of the novel room temperature-processed
parylene-patterned helical IPMC spring actuator.
Reprinted with permission from ref. 12.
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3M Scotch tape glued to the Nafion strip. Meanwhile, the other side of the
Nafion strip was fully covered with tape, followed by a 3 mm thick parylene-C
coating. The paylene-C film was deposited on the Nafion strip with a vapor
deposition polymerization process. The parylene coating layer had two
purposes: providing internal stress to shape the Nafion strip to the designed
helical shape; and utilization as a mask to selectively delineate the inactive
region to prevent the nickel electrode from plating on it.

After parylene deposition, a knife was used to mark parylene along the
edges of the tape so the tape could be easily peeled off from the Nafion. The
parylene-patterned Nafion strip was then coiled on a rod with the patterned
side outwards and its two ends secured to the rod with tape. LiBH4 reduction
agent was used to precipitate nickel on the non-parylene protected area.
After removing the processed Nafion strip from the rod, the nickel electrode
was formed in the central band of the outer surface of the Nafion strip, and
no metal was grown on the inner surface of the Nafion strip. In this method,
the plated and the coated parylene on the outer surface of the Nafion strip
supplied enough stiffness to maintain the helical shape. The second metal
plating process was executed by immersing the processed Nafion strip into a
reduction agent at room temperature. Finally, the Nafion strip with nickel
plated on both surfaces was immersed in a NaOH ion exchange solution
after peeling off the protected parylene from the Nafion strip, and the helical
IPMC actuator was complete.

18.1.3 Fabrication by Micromolding

Micropumps are a key element of microfluidic devices. Among the many
actuation schemes, one is to utilize the IPMC as an oscillating membrane to
drive the liquid. Pak et al. employed a bulk silicon micromachining method
along with a liquid Nafion casting method to create a silicon-based micro-
pump with the following method.13 Starting with a p-type (100) silicon wafer
that has thermal oxides grown on both faces, a standard photolithography
process was used to pattern two squares aligned on each side of the wafer.
This was followed by a wet etching process to remove the unprotected oxide
region so that the etching windows could be formed. Then, the penetrations
can be created using potassium hydroxide or tetramethylammonium hy-
droxide (TMAH) solution. At this point, the upper part of the micropump for
securing the IPMC membrane actuator is finished. The lower part of the
micropump has a similar fabrication process to the upper part up to the
removal of unprotected oxide, which is followed by silicon etching until a
thin silicon layer is left. This results in shallow cavities forming on both
sides of the micromachined silicon wafer. Next, the proper amount of liquid
Nafion is injected into the cavities on one side of the wafer to shape the
designed thickness. After the Nafion membrane has solidified, the sup-
ported silicon layer is etched away by TMAH. The finished lower part of the
micropump is aligned and bonded to the upper part of the micropump with
epoxy. Finally, the bonded wafers underwent chemical plating to grow the
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platinum on both sides of the Nafion film to be the IPMC actuator for
micropump usage.

Feng and Chen used silicon bulk machining to make a supporting
membrane on a silicon wafer and pattern the photoresist coating on the
membrane as micromolds for fabricating a Nafion device.14,15 Figure 18.2
shows the fabrication process flow. After etching the supported membrane,
the sidewall of the Nafion device can be secured by the sidewalls of the
photoresist. This prevents short-circuits during the chemical electrode
plating process, especially when constructing IPMC actuators with micro-
sized features. Basically, the low-stress SiN membranes or parylene can be
used as the supporting membrane for a whole silicon wafer. JSR photoresist
at 80 mm thick is patterned as the micromolds because JSR is a negative-type

Figure 18.2 Fabricating IPMC actuators with micro-features by micromolding
techniques.
Reprinted with permission from ref. 14.
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photoresist that is good for making microfeatured structures. In addition,
JSR Micro, Inc. photoresist can be dissolved in sodium hydroxide solution,
which is important for releasing the IPMC actuator micropump in the final
fabrication process. Then, liquid Nafion is sprayed over the whole wafer
through a parylene shadow mask and filled into the JSR micromolds. After
removing the parylene mask, the processed wafer is heated up so that the
solidified Nafion polymer is formed with its sidewalls adhered securely to
the sidewalls of the micromold. At this moment, the whole wafer with the
shaped IPMC elements is immersed into a small amount of DI water to help
prevent the IPMC films from cracking.

Subsequently, reactive ion etching is performed to remove the supporting
SiN layer, thereby exposing the top and bottom surfaces of the shaped polymer
to air. The initial compositing and surface electroding processes are followed
to plate platinum electrodes on both the top and bottom surfaces of the device.
Finally, sodium hydroxide solution is employed to remove the JSR micromolds
as well as execute ion exchange. The arbitrarily shaped micromachined
IPMC actuators with clear contours and sidewalls are then complete.

In addition, Feng and Chu reported an arc-shaped IPMC actuator with
curvature change and scanning motion characteristics based on a different
micromolding fabrication process as follows.16 The process began with the
patterning of the 2 mm thick negative photoresist SU8 to form predesigned
grooves on a glass substrate. The grooves included a structure region for
fabricating the IPMC actuator and a refill region to replenish the liquid
Nafion. A 3 mm thick parylene layer was then deposited over the grooves, to
prevent the succeeding polydimethylsiloxane (PDMS) mold fabrication from
sticking to the patterned SU8. After pouring the liquid PDMS (ratio¼ 10 : 1)
and solidification, the PDMS mold could be peeled off easily. Then, the
smooth surface of the PDMS mold was anchored to a glass plate. Parylene was
coated again onto the entire PDMS/glass unit to release the induced residual
stress during the succeeding Nafion solidification. Liquid Nafion was then
filled into the PDMS mold. During solvent evaporation, the liquid Nafion had
a concave surface in the grooves of the mold, so additional liquid Nafion
solution was added to fill these regions of the PDMS mold before the liquid
solidified. The surface of the structure became flat after repeating this re-
plenishment process. The solidified Nafion element was removed from the
flexible PDMS mold and the refilled region was trimmed to obtain the de-
signed shapes. To produce four electrodes on the Nafion device in a single
step, laser machining was applied to pattern a piece of tape as a shadow mask
for delineating inactive regions of the device. The patterned tape was glued to
the Nafion device and an AZ5214 photoresist was applied to protect the device.
The processed Nafion device was then immersed in 1 M NiSO4 solution for
12 h. After rinsing, the processed Nafion device was then immersed in the
LiBH4 reduction agent for plating nickel electrodes onto the designated re-
gions. Finally, the ion exchange process was performed by treating the IPMC
devices with a 1 M sodium hydroxide solution. This caused the sodium ions to
spread inside the IPMC actuator and removed the protected photoresist.
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18.2 Analysis and Characterization of
Micromachined IPMC Actuators

The actuation mechanism of IPMC actuators has been broadly studied
to understand their controllability and to achieve better performance.
Shahinpoor et al. presented several models for the micro-electro-mechanics
of IPMCs as electrically controllable devices.17 Nemat-Nasser and Li
developed a micromechanical model accounting for the coupled ion trans-
port, electric field, and elastic deformation to predict the responses of IPMC.18

Weiland and Leo used a computational micromechanics model to predict the
equilibrium state of a single cluster of solvated ionomeric polymer with the
Monte Carlo method.19 Akle and Leo used an electromechanical coupling
model, which relates strain to charge, to study IPMC actuation through
the thickness of its membrane.20 Porfiri employed the Poisson–Nernst–Planck
(P–N–P) equations to model the time evolution of the electric potential and
the concentrations of mobile counterions of IPMCs.21 Chen and Tan pre-
sented a dynamic model by solving the physics-governing partial differential
equation analytically in the Laplace domain.22

Further understanding of the dynamic behavior and electromechanical
characteristics of the IPMC actuators built with micromachining techniques
would help to more accurately manipulate the actuators and fabricate more
reliable devices with optimal performance. This section discusses the dy-
namic behaviour of micromachined IPMC actuators with molecular-scale
models and uses an electrical circuit model to characterize the micro-
machined IPMC actuator.

18.2.1 Investigation of the Dynamic Behavior of
Micromachined IPMC Actuators with Molecular-scale
Models

The micromachined IPMC actuators using molding technology and liquid
Nafion could have different performances than the common IPMC actuators,
which plate metal electrodes on a commercial Nafion film. Feng presented a
theoretical model to explain the micromachined IPMC devices.23

To model the behaviour of the micromachined IPMC actuator at a mo-
lecular scale, four conditions are considered: (1) the electrostatic forces
cause the cations (sodium ions) inside the Nafion layer to migrate from the
anode to the cathode; (2) the water molecules are bonded with the sodium
ions due to hydration, so the cations—together with bonded water
molecules—travel as particles inside the hydrated Nafion while the external
electric field is applied; (3) Stokes’ law explains the induced viscous force
when the particle is travelling, and the concentration of the moving sodium
ions in response to the exerted voltage is considered not necessarily equal
to the solution concentration used for Nafion membrane ion exchange; and
(4) the fabricated IPMC device is operated in an ambient environment, with
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the driving signals having different operating frequencies and amplitudes,
and with zero bias.

To explain the dynamic response of the micromachined IPMC device,
the governing equation can be derived as follows. Figure 18.3 illustrates
the mechanism of cat-particles (meaning a moving cation bonded with water
molecules as a particle) moving inside the hydrated Nafion film under an
external electric field. The backbone matrix of the hydrated Nafion film is
composed of the negatively charged long-chain molecules. It is assumed that
the long chain remains immobile while the external electric filed is applied,
and the degree of hydration of Nafion remains unchanged, so that both
cluster size and relative distance between clusters are maintained as in-
variable during the IPMC actuator operation. Partial cat-particles within the
hydrated Nafion are considered to be pushed from their static electrical
equilibrium location when there is sufficient external electrostatic force to
conquer the bonding force of the anions. The remaining cat-particles remain
in the cluster under the applied electric field.

Figure 18.3 Conceptual diagram of the microstructure of hydrated Nafion after the
ion exchange process used for modeling.
Reprinted with permission from ref. 23.
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cion(x, t) is defined as the equilibrium cation concentration of the hydrated
Nafion after the ion exchange process. The concentration of cations
that cannot escape the source bonding link is expressed as cfix(x, t). Thus,
cmov(x, t) can be written as the concentration of these moving cations at
position x and time t, cmov(x, t)¼ cion(x, t) � cfix(x, t), and cmov,0 (¼ cmov[x, 0])
is labeled as the initial concentration of these moving cations. For one-
dimensional analysis, each moving cat-particle is affected by three kinds of
forces: electrostatic force (Fes), viscous force (Fvis), and diffusion force (Fdif)
(Figure 18.4). According to Newton’s second law of motion, the resultant
force can be written as eqn (18.1):

Fesðx; tÞ � Fvisðx; tÞ � Fdifðx; tÞ¼mp
@vðx; tÞ
@t

(18:1)

in which mp and v(x, t) are the mass and velocity of the cat-particle,
respectively. The electrostatic force Fes(x, t)¼ eE(x, t), where e is the charge of
cation and E(x, t) is the entire electric field at location x and time t. The
viscous force is Fvis¼ 6pmRv(x, t), where m is the dynamic viscosity of the
hydrated Nafion and R is the equivalent radius of the moving cat-particle

Figure 18.4 The mechanism of cat-particles moving inside the micromachined
IPMC device under external electric field.
Reprinted with permission from ref. 23.
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and can be represented as R¼ (ri
3þ n � rw

3)1/3, in which ri and rw are the radii
of the cation and water molecule, respectively. In addition, n is the number
of water molecules bonded to a cation. The diffusion force can be derived as
eqn (18.2):

Fdif ¼ kTð1þ nÞ � 1
cmovðx; tÞ �

@ðcmovðx; tÞÞ
@x

(18:2)

along with the principle of mass conservation (continuity equation in eqn
(18.3)):

@ðcmovðx; tÞÞ
@t

þ @ðcmovðx; tÞ � vðx; tÞÞ
@x

¼ 0 (18:3)

The governing equation can be obtained as eqn (18.4):

6pmR
@qðx; tÞ
@t

¼ kTð1þ nÞ @
2qðx; tÞ
@x2

� e
VðtÞ

d
þ 2
ee � Sx

½qðx; tÞ � q0ðxÞ
�
@qðx; tÞ
@x

� (18:4)

with the initial condition q0(x)¼NeSxcmov,0 � x and the boundary conditions

q(0, t)¼ 0 and qðd; tÞ¼NeSx

ðd

0
cmovðl; tÞdl. q(x, t) in the governing equation

can then be solved.

18.2.2 Electrical Circuit Model used to Characterize the
Micromachined IPMC Actuator

Using the measured voltages and currents to establish a circuit model for
describing the behavior of the micromachined IPMC actuator was also
studied by Feng and Tsai.24 They started with the P–N–P equation,25 which
describes the charge movement contributed by drift in the electric field and
thermal diffusion as in eqn (18.5):

c�¼ � m � n�E � D
@n�
@x

(18:5)

where c is the ion flux density, m is the ion mobility, and n is the ion con-
centration (the subscript� indicates positive and negative charges, E is the
electric field, and D is the diffusion coefficient). Beunis et al. indicated that
the solutions of the P–N–P equation with perfect blocking electrode
boundary conditions can be characterized as four limiting cases using two
key parameters, as in eqn (18.6) and (18.7):26

~VA¼
VA

VT
(18:6)

~Qtot¼
Qtot
ee0

2d
VT

� � (18:7)
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where VA is the voltage across the electrodes. VT is the thermal
voltage defined as kT/q, in which k is Boltzmann’s constant, T is the
absolute temperature, and q is the charge of the cation. e is the relative
dielectric permittivity of Nafion, and e0 is the dielectric permittivity of
the vacuum. d is the Nafion thickness between the two applied electrodes.
Qtot is the total charge in the device per unit electrode surface, defined as
qnd, in which n is the initial concentration of cations in the Nafion
material.

Based on the experimental results,23 V~A was approximately 100–1000, and
the solution can be approximated as regions limited by geometry or space
charge, wherein the drift transport mechanism is dominant and the dif-
fusion term in the P–N–P equation is neglected. A geometry-limited region
specifies that the effects of diffusion and electric field screening are neg-
lected. A space charge-limited region suggests that the charge content is
sufficiently high to almost fully screen the electric field in the bulk region of
Nafion by the transient space charge regions.27 To find the solution in a
space charge-limited region, the current must diminish to zero following a
power law. However, according to the experimental data, the currents of the
operated IPMC actuator exhibited significant non-zero values when reaching
a near-steady state. This may be attributed to the reality of imperfect elec-
trodes in fabrication, which causes the Faradic reaction that results in cat-
ions due to the electrodes and lowers the concentrations of cations.
Therefore, the current solution for the geometry-limiting regime can be
applied as follows in eqn (18.8):

I¼ I0 1� t
ttr

� �
(18:8)

in which I0¼
2q�nmVA

d
. For the experimental results, ttr (approximately 30–120 s)

was larger than the driving time of interest t by at least ten times, derived
from the calculation, which implies that the current can be roughly assumed
to be proportional to I0. Because I0 was proportional to VA, the current caused
mainly by the geometric effect is defined as eqn (18.9):

IgðtÞ¼
VðtÞ � Vðt¼ 0Þ
VðtfÞ � Vðt¼ 0Þ IðtfÞ (18:9)

where V(t) represents the measured voltage across the electrodes (i.e.
VA(t)¼ V(t)) and tf represents the time required to reach the near-steady state.
Thus, considering that Ig was deducted from the measured current I, we
defined the space charge current Isc(t)¼ I(t)� Ig(t). Here, Isc(t) is mainly
caused by the space charge effect, and the contribution from the non-
dominant diffusion effect was also incorporated.

Hence, the electrical circuit model (Figure 18.5) can be constructed simply
as the series connected capacitor Csc and resistor Rsc, which are responsible
for the Isc(t) contribution, and parallel-connected to a resistance Rg, which is
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responsible for the Ig(t) contribution. Rg can be identified as follows to
ensure that its value can be exactly fitted with the measured voltage and
geometry current Ig as time varies, as in eqn (18.10):

Rg ¼
VðtfÞ � Vðt¼ 0Þ

IgðtfÞ
(18:10)

The values of capacitor Csc and resistor Rsc can be determined using the
following equations. As indicated by Kirchhoff’s voltage law, the voltage
across the electrode pair of the IPMC actuator can be expressed as eqn
(18.11):

V(t)¼ VC(t)þ Isc(t)Rsc (18.11)

where VC(t) stands for the voltage across the capacitor Csc. Based on
the principle that capacitor voltages are unable to change instantaneously
(which would require an infinite amount of power), the following
relation in eqn (18.12) exists (the moment for switching the input voltage
polarity is denoted as t¼ 0� and the next sampling moment denoted
as t¼ 01):

VC(t¼ 01)¼ VC(t¼ 0�) (18.12)

Thus, Rsc can be evaluated as eqn (18.13):

Rsc¼
Vðt¼ 0þÞ � Vðt¼ 0�Þ

Iscðt¼ 0þÞ (18:13)

The capacitance Csc(t) can be derived as eqn (18.14):

CscðtÞ¼

ðt

0
Iscðt0Þdt0

VCðtÞ � VCðt¼ 0Þ (18:14)

Figure 18.5 The electric circuit model to describe the dynamic current–voltage
relation of IPMC actuators.
Reprinted with permission from ref. 24.
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18.3 Micromachined IPMC Actuators for Biomedical
Applications

This section presents three representative IPMC actuators related to micro-
machining technology as mentioned in Section 18.1. Firstly, micromachined
grippers with the dimensions of several millimeters and feature sizes of
hundreds of microns for potential applications in endoscopic surgery are
reported. Next, using micromolding techniques to fabricate an optical fiber
enclosed by a four-electrode IPMC actuator with multidirectional control-
lability to manipulate the laser beam is presented. The fabricated device
allows emission of the laser light on a mimic eyeball, and moving the laser
spot to a specific position on the eyeball is demonstrated. Finally, helical
IPMC actuators with two different fabrication processes are described. The
helical IPMC actuator possesses mobility in the rotational and longitudinal
directions of the actuator, which can be promising for applications as active
stents.

18.3.1 Microgrippers for Endoscopic Surgery

Microgripping has many applications, such as micromanipulation of
bio-particles and assembly of micro-components to form a system.28 Usually,
bio-particles such as bacteria or cells are compliant and fragile, making
them easily damaged with a sharp tip during manipulation. Polymer-based
actuators exhibit outstanding potential to handle these micro-objects due
to their greater flexibility compared to common metal or glass devices.
Furthermore, the manipulation of most bio-molecules must be in a liquid
environment. These characteristics make IPMC microgrippers more at-
tractive for handling biological particles. Microgrippers can also be useful
for assembling microsystems, where integrating micron-sized feature
components is necessary to construct micromachines for diverse functions.
Especially at the prototype development stage, microgrippers are useful for
grasping tiny objects made from various materials, where improper force
control could cause assembly failure, and even broken components.29

Polymer grippers have a ‘‘damper’’ effect, which allows the polymer micro-
grippers to absorb excessive force through shape change during the inter-
action between the grippers and the targeted object.

Feng and Chen presented micromachined micro-IPMC actuators with
arbitrary shapes used as tiny mechanical gripping devices for minimally
invasive surgical applications.14 Minimally invasive surgery avoids large
open incisions and instead employs several small local incisions for an
endoscope and mechanical or robotic manipulative tools. The goal of de-
veloping this device is to replace the end-unit of a conventional laparoscopic
gripping device, as illustrated in Figure 18.6.

To improve the traditional IPMC fabrication process, which commonly
uses a knife or laser for cutting an IPMC sheet to create single devices,
in which ragged edges or short-circuits of the IPMC device could occur, a
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micromachining technology has been applied. The process starts with fab-
ricating the IPMC microgrippers onto a very thin membrane. Patterned
photoresist produces the designed shapes with the membrane as molds.
After the liquid Nafion has filled in the molds and solidified as ionic polymer
devices, the bottom supporting membrane is removed by dry etching. The
processed polymer can be anchored on the sidewalls of photoresist-made
molds due to the small size of the devices. Next, the whole wafer along with
the shaped ionic polymers is immersed into suitable chemical solutions
to perform the initial composing and surface electroding. Because the

Figure 18.6 Laparoscopic surgery: a surgical technique (left) in which long, narrow
instruments are inserted into the body through small incisions. Current
laparoscopic surgical tools (i.e. gripper in upper right) could be re-
placed by IPMC flexible grips (middle and lower right).
Reprinted with permission from ref. 12.
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chemicals do not attack the patterned photoresist and the interface between
the shaped polymers and photoresist molds, the sidewalls of the devices are
well protected by photoresist. The photoresist molds are then dissolved by
chemicals and the individual IPMC microgrippers are released. Fabrication
details are presented in the previous section. Figure 18.7 shows the finished
IPMC microgrippers with a featured size in the range of 100 mm and a
thickness of approximately 50 mm.

In order to verify the potential of the fabricated devices for applications in
laparoscopic surgery, the fabricated device is held in a clamp at one end and
the free end is operated to grip a flexible tube with a diameter of 800 mm,
which is similar to the size of some ducts in the human body. The maximum
displacement and instantaneous applied force of the fabricated IPMC
microgrippers are also evaluated. The experimental setup for measuring the
load-free displacement of the device involves directing a laser beam at the tip
of the transducer and recording the position of the reflected spot by a high-
speed camera. Results of the maximum displacement indicate that devices
driven with low frequencies have better performance than with high fre-
quencies for either sinusoidal or square waves. The maximum displacement
by measuring the point 1 mm away from the anchor achieved is 300 mm at
0.5 Hz for a 12 V (peak-to-peak) square wave of a given amplitude, which is

Figure 18.7 (Top) Individual micromachined IPMC grippers with different micro-
features. (Bottom-left) The IPMC actuator with platinum electrodes
simultaneously formed on top and bottom surfaces. (Bottom-right)
Cross-sectional view of the device with a clear edge in which no
short-circuits occur.
Reprinted with permission from ref. 14.
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approximately two-times larger than the displacement generated by a sine
wave of the same amplitude (peak-to-peak) and frequency, and around
six-times larger than the displacement achieved when driven by a same-
amplitude square wave of 10 Hz.

The measurement of instantaneous applied force is as follows. Initially,
without input voltage, one end of the device is held in an anchoring clamp
and the free end of the device remains on a plastic pillar that is fastened to
the surface of the measuring plate of a standard electronic balance. Then, a
bipolar signal (sinusoidal or square wave) with zero bias and constant fre-
quency is applied to the device. Because of the driving electric signal, the free
end of the device moves up and down, pushing down on the pillar during the
down cycle and allowing the force to be monitored quantitatively on the
balance. The maximum readout from the balance is recorded as instant-
aneous force output. The results show that the instantaneous maximum
force does not increase monotonically as the voltage increases for all tested
cases, and lower driving frequencies cause higher instantaneous force out-
put. The maximum value achieved is 5 mN for a 0.5 Hz square wave of
amplitude 12 V peak-to-peak.

18.3.2 Optical Fiber Enclosed by Four-electrode IPMC
Actuators for Directing Laser Beams

Feng and Tsai present a micro-fabrication process to make a column-
structured four-electrode IPMC actuator, which surrounds a portion of
optical fiber.30 The device allows electronic directional control of the
conducted laser light, which can be helpful in applications such as ocular
surgery (Figure 18.8).

Figure 18.8 Illustration of the micromachined optical fiber-enclosed four-electrode
IPMC actuator for biomedical applications such as microendoscopic
ocular surgery.
Reprinted with permission from ref. 30.
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A 7 mm� 2 mm� 1 mm four-electrode IPMC actuator with an enclosed
optical fiber is demonstrated. The process starts by making a thin-wall
parylene cuboid mold with one side open for the injection of Nafion solu-
tion. The two length-determining walls of the mold are punched with one
hole in the center of each wall so that an optical fiber can be inserted
through one hole and drawn out from the other hole. Slight tension is ap-
plied to the fiber while Nafion solution is put into the mold so that the
optical fiber remains straight during solidification of the Nafion. To gener-
ate four electrodes on the device in one process, photolithography is em-
ployed to delineate the inactive regions of the device. Chemical processing is
performed to plate platinum electrodes on the four long sides of the cuboid
device. The two fiber-containing ends are free of plating due to the photo-
resist protection. Finally, the processed IPMC actuator is treated with so-
dium hydroxide solution to complete both ion exchange processing and
photoresist removal.

Experimental data show that square wave actuation generated a larger
displacement than sinusoid wave actuation for the same given driving
frequency and amplitude. Maximum displacement at the free end of the
manufactured IPMC actuator (5 mm away from the anchor) can be 400 mm
and 270 mm for a 0.1 Hz driving signal applied to the top–bottom electrode
pair and side–side electrode pair, respectively. In general, lower operation
frequencies cause larger displacement. One significant characteristic of this
IPMC actuator is that it is driven by selected electrode pairs. By applying
actuation signals to the top–bottom electrode pair or side–side electrode
pair, the generated bending motion is perpendicular to the surface of the
top–bottom or side–side electrode pair. Imposing a driving voltage on the
top–right electrode pair is also studied. The maximum displacement at
the free end of the manufactured IPMC actuator (5 mm away from the
anchor) reaches 275 mm for a sinusoidal 0.1 Hz driving signal of 9 V peak-to-
peak. The moving direction maintains a near constant angle between the
surfaces of the top and bottom electrodes during actuation with different
voltage amplitudes and frequencies. These results verify that the selective
actuation of various combinations of the electrode pairs displays multi-
directional motion abilities.

Since the aim of this work is to demonstrate that the fabricated IPMC
actuator could facilitate ocular surgery, the experimental setup of a laser-
emitting system with a mimic eyeball is constructed. Figure 18.9 illustrates
the preliminary setup for this application, starting with a laser power
source that radiates a focused laser beam into the optical fiber through the
biconvex lens. The multi-electrode column-structured IPMC actuator
encloses a section of the fiber and is located close to the other end of
the optical fiber. A fixture with four electrically conductive pads made of
copper tapes is used for mechanically securing the IPMC actuator and
transmitting the actuation signals to control the motion of the IPMC
actuator. A white ball made of Styrofoam selectively painted black
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represents a human eyeball. A green laser beam is emitted onto the eyeball
while the laser power source is turned on. To manipulate the IPMC actuator
so that the laser spot can be controlled at a desired location of the eyeball,
two specified square wave signals are employed on the top–bottom elec-
trode pair and right–left electrode pair, respectively. The voltage
amplitudes for the top–bottom and right–left electrodes are 3.5 V and 7 V,
respectively. Initially (t¼ t0), polarities of the top and right electrodes
are both positive. Then, at t¼ t1, the polarity of the applied signal on the
top–bottom electrodes is switched, but the signal on the right–left
electrodes remains unchanged. Based on the given driving sequences, the
moving direction of the laser spot follows the order of top-right, bottom-
right, bottom-left, and top-left. This result demonstrates the promising
ability of the fabricated IPMC actuators to be used in ocular surgical
applications.

18.3.3 Helical IPMC Actuators with Rotational and
Longitudinal Motions for Active Stents

Stents are small, cylindrical devices placed in narrowed coronary arteries to
reopen the lumen and restore blood flow, but current stents have certain

Figure 18.9 Demonstration of the developed optical fiber-enclosed IMPC actuator
facilitating ocular surgery.
Reprinted with permission from ref. 30.
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shortcomings. For instance, stents attack the inner arterial wall because of
sudden expansion of the balloon while the stents are being placed. Fur-
thermore, stents could cause lumen restenosis due to the accumulation of
intimal hyperplasia after implantation. To minimize these drawbacks, Li
et al. presented a helical IPMC actuator to actively control the radius of
biomedical stents.31 The advantages of a radius-controllable stent include
lessening of the damage to the internal wall of the artery during stent in-
stallation and possibly removing the plaque around the stent while oper-
ating the actuator.

The fabrication process of the Nafion-based helical IPMC actuators starts
with the IPMC film that was obtained by an electroless plating method to
grow platinum layers on both surfaces of the Nafion membrane. Then, the
fabricated IPMC film is processed by soaking in lithium chloride solution
for cation exchange, after which the IPMC film is cut into strips of designed
length and width. Subsequently, the strips are helically coiled on glass rods
and dipped into distilled water at 90 1C for 1 h to fix the helical shape by
thermal treatment. Experimental results show that the diameter of the
fabricated helical IPMC actuator plays an important role in controlling the
radius of the stent.

In addition, Feng and Zhan present a similar helical IPMC actuator with
a selectable active region based on a micromachining fabrication pro-
cess.12 Instead of raising the temperature to shape the flat strip as a coil
spring and plating platinum metal as electrodes, as previously described,
the presented method uses room temperature fabrication for the entire
process. The advantage to this fabrication process is that the high pro-
cessing temperature of the polymer material might increase the Young’s
modulus and residual stress, leading to dissimilar internal structures of
Nafion compared to room temperature-processed devices for the structural
mechanism of ion transportation. Meanwhile, the parylene-patterned
method selectively deposits the metal electrode on the specific area that
allows the active region of the spring actuator to be designable. Thus the
process guarantees that the inner electrode never short-circuits with the
outer electrode. More detailed fabrication information has been described
in Section 18.3.

The motion of the fabricated helical actuator has been experimentally
tested (Figure 18.10), and the maximal displacement reaches 1 mm at the
endpoint of the spring under a 0.1 Hz, 6 V square wave actuation for the
developed actuator with a diameter of approximately 4 mm and a length of
1 cm. A microtensile experiment is executed to characterize the stress and
strain relation. The resulting Young’s moduli of the Nafion and fabricated
IPMC devices are 183 and 227 MPa, respectively. The produced moment,
force output, strain energy, and displacement of an arbitrarily point on the
fabricated helical actuator have been analyzed using Castigliano’s theorem.
The results show the moment, force, and strain energy of the operated
helical actuator are at the level of 1.5 mN m, 300 mN, and 20–100 mJ,
respectively.
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Figure 18.10 Images captured from the viewpoints of the front side (a) and bottom side (b) of the spring, with a time interval of 1 s between
each sub-image when the device is driven with a 0.1 Hz, 6 V square wave in air.
Reprinted with permission from ref. 12.
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18.4 Conclusion
IPMCs have attracted wide research attention because of their large dynamic
deformation driven by relatively low electric fields compared with other
smart materials such as piezoelectric ceramics, due to their larger dynamic
frequency response than shape memory alloys. Currently, IPMCs display
considerable potential as biomimetic and flexible actuators for soft robotic
or artificial muscle applications.

Micromachining technology can provide important advantages for fabri-
cating versatile IPMC actuators. Surface micromachining allows the micro-
sized IPMC actuator to be integrated onto a silicon wafer through a process of
spin-coating, photolithography, thin film metal deposition, and sacrificial
layer releasing. A commercial Nafion film with uniform thickness can be
etched by reactive ion etching on the selected surface to a desired thickness
through the shadow masking method. Bulk micromachining modifies the
ionic liquid used inside the Nafion film and allows metal electrode fabri-
cation with different metal power composition. To chemically plate metal
electrodes on a structured non-planar Nafion strip, parylene thin film de-
position can provide internal stress to shape the Nafion strip. It can also be
used as a mask to selectively delineate inactive regions to prevent the metal
electrode from plating there. Micromolding technology offers a scheme for
fabricating arbitrarily shaped micro-featured IPMC actuators with clear shape
edges, while avoiding laser or knife cutting issues. Moreover, a column-
structured IPMC actuator with surface electrodes on different planes can be
fabricated. This allows the structure of IPMC actuators to be more versatile
and have better actuation performance through fabrication improvement.

Due to the capabilities of constructing the device with precision and
miniaturization, yielding more complicated shapes and structures by micro-
machining technology, numerous micromachined IPMC actuators have been
successfully fabricated, demonstrating potential biomedical applications.
Microfabricated grippers intended for laparoscopic surgery have been dem-
onstrated to grasp a flexible tube with a diameter of 800 mm, which mimics
ducts of the human body. The optical fiber enclosed by a four-electrode IPMC
actuator made by micromolding technology has demonstrated its maneu-
verability to multi-directionally drive an IPMC actuator, and experimentally
demonstrated the ability to facilitate ocular surgery. Helical IPMC actuators
provide advantages as active stents for treating cardiac disease due to their
radial and longitudinal motion. Investigation of the dynamic behavior and
electromechanical characteristics of these various micromachined IPMC ac-
tuators could be helpful for more accurately manipulating the actuators and
fabricating more reliable devices. Thus, more advanced micromachined IPMC
actuators for clinical usage can be expected in the future.
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CHAPTER 19

Ionic Polymer Metal
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19.1 Introduction
An ionic polymer metal composite (IPMC) device converts electrical stimuli
into mechanical movement and vice versa, and thus they can be used as both
actuators and sensors.1–3 IPMCs are perfluorinated sulfonic ionic polymer
membranes sandwiched between two metallic electrodes and containing
mobile cations and fixed anions. In the equilibrium state, ions are distrib-
uted evenly in the IPMC strip, but an electrical potential causes ion
redistribution, followed by bending or general deformation of the strip as a
consequence of electrostatic, osmotic, and elastic interaction forces. IPMCs
have many advantages such as low activation voltages, large bending strains,
and biocompatibility, the ability to function in both wet and dry conditions,
and ease of miniaturization.4 The application of IPMCs as smart materials in
soft robotics is an emerging and cutting-edge technology with great potential
to benefit aerospace, medical, and automotive industries. However, a smart
system requires a self-sensing mechanism, which allows interaction with the
environment and responding correspondingly. Therefore, the self-sensing
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ability for IPMCs is a crucial aspect in order to widen their application and
for them to be classified as a smart material. The self-sensing abilities of
IPMCs can be grouped into five classes, each of which exploits different
properties of IPMCs. In the first class, when the IPMC is bent, an output
voltage proportional to the amplitude and direction of displacement5–10 is
produced. This output voltage can serve both for energy harvesting11 and
sensing abilities. As in this technique the mechanical energy is converted
into electrical energy, we call it mechanical-to-electrical transduction (MET).
The second sensing technique is based on measuring the surface resistance
(SR) of an IPMC during bending and deformation.12,13 In the SR technique,
the change of SR on each side of the IPMC is used to record the position of the
cantilever. In the third method, the resonant frequency of the IPMC strip is
used for the sensing ability.14 In the fourth technique, an external element
such as a strain gage is added to the IPMC actuator and used as the bending
sensor.15 However, strictly speaking, this method should not be considered to
be a self-sensing method. For the first time, we introduce the fifth technique,
which is a new technique and, instead of measuring the resistance of the
surface of the IPMC, the resistance across the sample is measured. IPMCs can
be considered to be a combination of resistances, capacitors, and diodes,
which dictates a frequency dependence of the voltage–current curve. In this
technique, which we call high-frequency resistance (HFR) sensing, the resist-
ance behavior of the IPMC in the range of kilo-Hertz is exploited for sensing.

In this chapter, we will discuss the basics and the recent advances of MET
and SR sensing methods, which are the most studied techniques, in addition
to HFR.

19.2 MET Sensor
This is a widely used technique that is sensitive to tip displacement, velocity,
force, and pressure.1,3,5–10 A typical IPMC sample is a thin ionic polymer
membrane consisting of free cations and fixed anions. Basically, mechanical
stimulation of an IPMC causes polarization of electric charges, which in turn
produce a measurable voltage on the electrodes (Figure 19.1). This is due to
the redistribution of ions across the thickness of the membrane upon
mechanical deformation. The sensing voltage is governed by electrostatic
interactions, ionic migration, ionic diffusion, ionic convection and SR.
Therefore, the sensing is related to the properties of the IPMC along the
thickness and the length directions. In the following, we briefly discuss each
of mentioned phenomena and their effects on sensing voltage.

In the absence of any mechanical or electrical stimuli and in the wet
membrane of the IPMC, three electrostatic forces are present.7 First is the
electrostatic interaction between the oxygen molecules of water and cations
such that each cation carries several water molecules. Second, the cations
decorate fixed anion groups of polymer to neutralize the solution. Third is
the dipole–dipole interaction, which leads to increasing the stretching of the
polymer membrane.
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Now suppose a mechanical stimulus is applied to the IPMC. This forces
the polymer to contract on one side and the opposite side to swell, which
leads to migration of water from the contracted part to the expanded part of
the membrane (Figure 19.1). As the water molecules are decorated with
cations in spite of the attractive force between the mobile cations and the
fixed anions, any water displacement results in displacement of cations.
Furthermore, the initial contraction/swelling process produces inertia, thus
causing extra cation migration to occur. The pressure gradient in the
membrane is responsible for the convection of ions, thus the fluid in the
membrane moves from high pressure to low pressure with a velocity that can
be calculated using Darcy’s law. Additionally, any imbalance in cation con-
centration leads to diffusion and redistribution of cations. It is shown that in

Figure 19.1 Side view illustration of an IPMC. The dark vertical and gray parallel
lines represent electrodes and polymers with fixed cations, respectively.
A: Before any mechanical deformation, anions are evenly distributed in
the membrane. B: Upon applying mechanical deformation, there is a
time delay between mechanical deformation and sensing of the voltage,
which is related to the thickness of the IPMC and the velocity of
deformation. This can produce a phase delay between deformation
and the sensing signal. C: During mechanical deformation, anions are
redistributed, causing increases in the sensing voltage. D: When the
mechanical deformation is stopped, the sensing voltage will decay
exponentially.
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order to predict the behavior of IPMCs and the produced voltage, one should
also include the change in SR due to bending.7

We know that while a mechanical stimulus is applied to an IPMC, a
detectable voltage on the electrodes is produced, but after stopping the
stimulus, the voltage drop exponentially (Figure 19.1). Now the question is
which phenomenon is responsible for increasing and decreasing the voltage
during and after bending stops. It is almost impossible to provide a strict
chronological order for each mentioned effect, but one can highlight the
dominate effects in each stage of mechanical stimulus. Upon applying
mechanical stress, in the first step, hydrate cations migrate toward the
stretched part of polymer, and the imbalanced cation concentration leads to
polarization, which eventually produces a voltage on the electrodes. In this
first step, the swelling/contraction and the initial inertia of ions mostly
define the strength of the measured voltage. However, due to changes in the
concentration of cations and the electrostatic force between mobile cations
and fixed anions, a back diffusion of cations occurs, which reduces the
voltage. The effect of SR and convection has been discussed elsewhere.

The generated voltage has a linear relationship with bending.
Bahramzadeh and Shahinpoor5 found that lower velocities generate a
smaller voltage with a lower increasing rate.5 This can be due to two facts:
one is due to low initial inertia, so the migration due to inertia is also lower;
and another is due to additional time for the back diffusion of cations.
The beauty of this technique is its versatility and sensitivity to pressure
and deformation. However, as this technique is sensitive to almost any
mechanical stimulus, it is thus difficult to distinguish between the voltage
that is produced due to pressure or displacement. Furthermore, after
stopping the external stimulus, the voltage decays to its original level,
so one can only measure the relative bending, not overall bending.7 This
necessitates using a recording device to track each step of the stimulus.
Generally, the voltage that is produced by this technique is one order of
magnitude smaller than the voltage that is needed for actuating. So far, it is
impossible to apply this technique for simultaneous sensing/actuating
ability. However, the way around this problem is using two cantilevers of the
IPMC strip in different formations, with one as a sensor and another one as
an actuator (Figure 19.2).16,17

19.3 SR Sensor
As we mentioned before, each side of an IPMC is coated with a thin metallic
layer. This metal layer is penetrated into the polymer membrane and con-
tains micro-cracks on the surface. The mechanical deformation causes one
side of the IPMC to swell and the surface cracks to widen, and on the other
side where the membrane contracts, the cracks are squeezed together
(Figure 19.3). It has been shown that if we model the surface as having
simple resistance, the resistance on the swollen side becomes bigger, while
on the contracted side of polymer it becomes smaller.12,13 Therefore, the
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change in SR can be the basis of self-sensing IPMCs. This technique can be
used while the actuator is on or off, so in theory it can measure the bending
simultaneously while the actuator is on.

So far, two types of resistance-measuring techniques have been suggested.
In the first technique,12 the IPMC has a long clamp with four contacting
points (two for each side) so a large portion of the IPMC is fixed between the
clamp (Figure 19.4). Additionally, there are two extra contact points (one for
each side) in the tip of the cantilever—these contacts can move freely. The
fixed part of IPMC is used as the reference signal for the sensor. The actu-
ating voltage is applied at point B, and then the voltages of four other points
are measured (VA1, VA2, VC1, and VC2). By measuring the change in VA1�VC1

Figure 19.3 Side view illustration of an IPMC. The dark vertical and gray parallel
lines in the electrode represent electrodes and cracks in the electrodes,
respectively. The zigzag line represents the SR. (Left) A relaxed IPMC in
which the crack distribution on both sides is the same, thus the
resistance is equal. (Right) After deformation, one side of the IPMC is
stretched and resistance becomes higher, while the other side is
squeezed out and resistance decrease.

Figure 19.2 MET type of sensor, which can be used for simultaneous sensing and
actuating abilities. (a) The sensor and actuator are stacked on top of
each other and isolated by an isolator. (b) Using patterning, an IPMC is
divided into two sections: sensor and actuator.
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and VA2�VC2, the bending of the IMPC cantilever can be measured. Apart
from simultaneous actuating and sensing capabilities, this technique has
one other advantage, which is measuring the curvature regardless of the
velocity of deformation. However, it has two disadvantages: one is the
complication of adding electrodes to the tip of IPMC cantilever without
compromising the actuating ability; the second is the existence of a fixed
portion of IPMC between the clamp, which reduces the actuating ability and
increases power consumption.

In the other method,13 which exploits SR as a sensing method, the surface
of the IPMC must be patterned in three different sections, which are the
actuator, shield, and sensor (Figure 19.5).

The sensor and actuator section must be separate and shielded from each
other. The shielding part is made to avoid cross-talk between the actuator
and sensor sections. However, even when using the shielding section, cross-
talk cannot be eliminated completely, so it is necessary to use additional
mechanisms to cancel the cross-talk. If we assume that the cross-talk in each
side is identical, one can remove it using a Wheatstone bridge.

Figure 19.4 The difference between the voltages of the upper contact and lower
contact on each side (VA1�VC1 and VA2�VC2) can be used as the sensor
signal.
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The disadvantages of this method are the complication of the sample
fabrication due to patterning the surface and the small actuator area, which
results in less bending. Additionally, the cross-talk between the actuator and
sensor (Figure 19.6) cannot be prevented entirely, thus for lower bending,
the sensor practically does not work.

19.4 HFR Sensor
IPMC cantilevers under a low-frequency driving voltage have a nonlinear
response that is due to the electronic and ion current. However, for

Figure 19.5 Patterned surface for self-sensing using SR. The ground part of the
sample is necessary to prevent cross-talk between the actuator and
sensors.

Figure 19.6 Wheatstone bridge for removing cross-talk between the actuator and
sensor of a patterned IPMC. The voltage of the Wheatstone bridge
(RAB and RCD) can be used as a motion detector. A, B, C and D are
contact points for measuring resistance.
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high frequencies (more than 1000 Hz), IPMCs behave with simple resist-
ance and Ohm’s law becomes valid. We exploit this key property of IPMCs
to design a self-sensing system that works simultaneously with an actuator.

To understand the behavior of IPMCs we used an equivalent circuit. The
two most common IPMC equivalent circuits are ‘‘RC’’ (resistor–capacitor)18

and ‘‘RCþdiode’’19 models. However, the RC model cannot predict the
nonlinearity of IPMCs and the frequency dependency of the voltage and
current. As the frequency response for the HFR sensing technique is an
important aspect of IPMCs, thus the basis of our equivalent circuit is the
‘‘RCþdiode’’ model. We used a modified ‘‘RCþdiode’’ circuit to simulate
the response of a HFR sensor while the actuating and sensing parameters
were changed (the results are not shown here). Our equivalent circuit is
illustrated in Figure 19.7.

Under the conditions of our experiments, this circuit responded more
realistically to the voltage and frequency. Figure 19.8 illustrates the voltage–
current curves for various frequencies. As one can see, IPMCs have a non-
linear behavior at low frequencies, but by increasing the frequency, the
nonlinearity decreases. At around 1 kHz, the IPMC shows a linear behavior
and follows Ohm’s law, so for high-frequency voltages, IPMC elements can
be substituted with simple resistance.

Figure 19.7 An equivalent circuit for an IPMC.
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By knowing the frequency dependency of IPMCs, one can design a
circuit to measure the change in the resistance across the IPMC. For
high frequencies, we can model the sensing principle as a simple
circuit that includes IPMC resistance and a small external resistance
(around 1 Ohm). In Figure 19.9, the total resistance can be written as the
following:

Rtot¼RIPMCþRex (19.1)

The current that passes through the sample is the same for both resist-
ances, so we can write eqn (19.1) as the following:

Vtot¼ VIPMCþ Vex (19.2)

Figure 19.8 The simulation of IPMC responses for various frequencies using the
equivalent circuit of Figure 19.7.
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Eqn (19.2) shows that increases in VIPMC lead to decreases in Vex and vice
versa; thus, by measuring Vex, the change in the resistance of the IPMC can
be evaluated.

19.4.1 Experiment

For simultaneous sensing and actuating abilities, two function generators
must be used: one for high frequencies (sensing voltage) and another for low
frequencies (actuating voltage). These function generators are in a parallel
configuration, which means that they will interfere with each other. In order
to avoid any interference between the function generators, we add two in-
ductors to the low-frequency function generator and two capacitors to the
high-frequency function generator. The inductors block the high-frequency
voltage, while the low-frequency voltage can pass easily, and capacitors block
the low-frequency voltage, while they act as simple resistance for the high-
frequency voltage. We can write the impedance of the inductors and cap-
acitors as the following:

ZL¼ ioL and ZC¼ 1/ioC (19.3)

where ZL, L, ZC, and C are inductor impedance, inductance, capacitor im-
pedance, and capacity, respectively. The total impedance is:

Ztotal¼ ZL þ ZC ¼ ioLþ 1
ioC
þ 1� LCo2

ioC
(19:4)

Figure 19.9 The basic circuit of the HFR sensing technique.
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To obtain perfect shielding, the total impedance for high (oH) and low (oL)
frequencies must be the same:

Ztotal;High

�� ��¼ 1� LCo2
H

ioH C

����

����¼
1� LCo2

L

ioLC

����

����¼ Ztotal;low

�� �� (19:5)

Finally, it can be written:

LC¼ 1
oLoC

(19:6)

Therefore, the final circuit contains 1 Ohm resistance, two voltage
generators in distinct frequency ranges, two capacitors and two inductors to
shield the function generators from each other, and finally a lock-in amp-
lifier to measure the sensor signal. A shematic circuit is shown in
Figure 19.10.

The resistance of the IPMC can be written using the following equation:

R¼ r
l
A

� �
(19:7)

where l, A, and r are the width, surafce area, and electrical resistivity across
thet IPMC, respectively. During bending, the resistivity of the sample

Figure 19.10 Schematic of a simultanous self-sensing and actuating circuit. Using
two very distinctive frequencies in combination with a lock-in ampli-
fier pervents any cross-talk between the sensor and actuator.
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changes, but at this stage, the sensitivity of HFR is not high enough to be
measured. In order to solve this problem, we designed an asymmetric
electrode instead of a symmetric one (Figure 19.11).

In this setup, the electrode on one side is always in contact with the IPMC,
but the other electrode changes its contact area while the cantilever is
bending. For this setup, we should rewrite eqn (19.1) as the following:

Rtot¼RIPMCþRelectrodeþRex (19.8)

One can model the electrode as n parallel electrodes with resistance of R;
thus, the electrode can be written as the following:

1
Relectrode

¼
Xn

i¼ 1

1
R
¼ n

R
(19:9)

From eqn (19.9), we can conclude that a bigger contact leads to a smaller
electrode resistance, which means that the voltage on the external resistance
(Rex) increases, and vice versa.

We used a Nafion-based IPMC with a platinum coating, which was made
for us in the laboratory of Prof. Shahinpoor at Maine University.

19.4.2 Results and Discussion

Figure 19.12 shows the HFR sensing voltage in comparison with the laser
sensor. The length of the bigger electrodes is around 5% and the width is
around 10% of the size of the cantilever, and the electrode was made of thin
copper. The thickness of the copper did not affect the signal except for in
thicker one, which was a bit more rigid, so the bending was slightly smaller
in one direction. Here, the sensor frequency and voltage for all tests were
10 kHz and 0.4 V, respectively. HFR sensor signals due to the actuating
voltage and additional mechanical deformation correspond to the laser
sensor (Figure 19.12), thus the HFR sensor is able to detect the position

Figure 19.11 Schematic illustration of the asymmetrical electrodes. Here, for the
sake of presentation, the sizes of the electrodes are exaggerated. In
principle, the size of the big electrode is less than 5% of the cantilever.
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while actuation is running. However, one can say that the change of the
sensing signal could be due to ion movement in the IPMC membrane, not
the bending. This means that if we block the IPMC cantilever as the voltage
is still running, the HFR sensor must show approximately the same signal.

To test whether the HFR sensor responds to the bending or actuating
voltage, we blocked the cantilever and compared it with the free cantilever.
The results of such a test are shown in Figure 19.13. We can see that the HFR
sensor signal for the blocked sample is several-fold smaller than for the free
cantilever. However, a careful check of the HFR sensor signal from the
blocked sample reveals a slight dependence on the voltage of the actuator.
This is because the cantilever is blocked at the tip, so there is still a tiny
movement that can be detected by the HFR technique. As is clear from
Figure 19.12, this technique measures the absolute position, not the relative
position, because when the time is B20 s or B50 s, the cantilever is moved
3 mm, and after stopping the deformation, the level of signal did not change
until the cantilever had returned to its original position. Therefore,
Figures 19.12 and 19.13 confirm that the HFR sensing technique can
measure the curvature of the IPMC.

For both MET (Section 19.2) and SR (Section 19.3), simultaneous sensing
and actuating was accompanied by diminished actuating ability due to
the decreasing size of the actuator caused by patterning. Nevertheless, in the
HFR technique, the actuating ability remains totally untouched by the

Figure 19.12 HFR signal and laser sensor while the actuator is running. There are
two mechanical deformations of 3 mm, one starting at around 20 s
and the other starting at around 50 s.
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sensor (Figure 19.14). Figure 19.14 shows the laser signal while the HFR
sensor was removed in comparison with a running HFR sensor. In principle,
here two things might affect the bending: the asymmetric electrode and
the high-frequency voltage. However, as we mentioned before, the longer
electrode is soft and its length is less than 5% of the total length of
the cantilever, so the bending is not blocked physically. Furthermore, the
high-frequency voltage does not affect on the ion transportation in the
membrane because cations cannot respond to such high frequencies,
and their motion is derived only by the low-frequency voltage, which is the
actuator voltage.

The bending of the cantilever is proportional to the actuator voltage; thus,
we examined the sensitivity of the HFR sensor to various amounts of
bending by changing the voltage of the actuator (Figure 19.15). As can be
seen from Figure 19.15, the HFR sensor shows very good agreement with the
laser sensor. We also examined the performance of the HFR sensors for
various frequencies and voltages (Figure 19.16).

We should note that the laser voltage is linearly proportional to the tip
displacement, and the HFR sensor voltage is also proportional to the laser
sensor voltage. Therefore, for the range of frequencies and voltages used for
the actuator, the HFR sensor shows an almost linear response to the
bending.

Figure 19.13 Comparison of the HFR sensor signal between blocked and non-
blocked cantilevers. As we can see, the free sample has a much bigger
signal than the blocked cantilever.
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Figure 19.14 Comparison between bending for when the HFR detector is operating
and when it is removed completely.

Figure 19.15 Sensitivity of the HFR sensor to different bending amplitudes.

254 Chapter 19



19.5 Conclusion
In this chapter, we reviewed the recent advances in MET and SR sensors.
Additionally, we present a proof of concept for a new technique of so-called
HFR sensors. In the MET technique, the mechanical stimulus is translated
into a measurable voltage. This technique is highly sensitive to acceleration,
thus it is a very promising method for measuring impulse and impact. In
spite of its ability to measure bending, it has some limitations for bending
with a slow and constant velocity. The SR method exploits the change in the
SR of the IPMC during bending; this technique is able to measure any
bending regardless of velocity and acceleration. This method does not suffer
from signal decay after stopping deformation as the MET sensor does, thus it
measures the complete deformation cycle and no recording device is ne-
cessary. For the HFR sensing technique, the change across the IPMC can-
tilever was used to calculate the deformation. We illustrated that the
deformation and sensing signals are proportional, and it is possible to
measure the bending while the actuator is running. Both MET and SR sen-
sors are able to perform simultaneous sensing and actuation, but realizing
simultaneous measurements experimentally requires some considerations,
such as of complicated fabrication processes and cross-talk between the
actuator and sensor. Additionally, MET and SR methods impair actuating by
decreasing the size of the actuating section and increasing the load on the

Figure 19.16 HFR sensing signal versus laser sensing signal.
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actuator. The HFR sensing technique does not change the actuating ability
and no additional procedures are needed for sample fabrication. However,
this technique must undergo more extensive testing for various mechanical
deformations in order to prove its ability as a reliable sensing method. In
general, each of mentioned techniques has limitations and benefits; thus,
depending on the type application, one should choose an appropriate
technique.
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20.1 Introduction
Progress in the manufacturing processes of various materials that are acti-
vated by excitation from multiple physical fields, such as electroactive
polymers (EAPs) and ionic polymer metal composites (IPMCs), mainly for
actuation applications such as for artificial muscles, has underlined the
general need for the rigorous modeling of their behavior from a continuum-
coupled multiphysics perspective.

On the one hand, the technological push for the multifunctional (i.e. ac-
tuation, sensing and energy harvesting), efficient and inexpensive design,
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prototyping and qualification of materials, devices and structures, and, on
the other hand, the scientific pull of computational and mechatronic op-
portunities are the drivers motivating our continuous multiphysics be-
havioral modeling efforts.

The present chapter presents an overview of the development of a mod-
eling effort that attempts not to ignore any coupled field and/or transport
effects nor make any geometry dimensional simplifications other than those
prescribed by the manufacturing process and the application specific con-
text. The operational regime of our formulation is that of the macro length
scale but is not limited to it. Consequently, the modeling effort can be
classified as belonging to continuum multiphysics and mechanics. This ef-
fort is meant to represent an initial step towards modeling generalization for
various length scales required for materials of this type.

Continuum systems under the influence of coupled multifield excitation
or loading can exhibit static and dynamic behavior that can be highly vari-
able in space and time across multiple scales, and that sometimes exhibits
intense nonlinear behavior. Ionic polymers and composite materials and
structural systems fall within this category of multiphysics systems
when exposed to multiple physical excitations. Specific electromechanical
modeling of such systems has already been attempted for simple low-
dimensional geometries like membranes1,2 and some one-dimensional
systems in the form of simple strips.3–10 In fact, a detailed exposition of the
most comprehensive description of electromechanical models for simple
strip configurations of IPMCs is given in Bar-Cohen8 and especially in the
chapter by Nemat-Nasser.11 However, none of these contributions have
considered the global continuous multiphysics perspective of more than two
simultaneously acting fields, nor do they have derived multifield equations
for arbitrarily shaped EAPs and IPMCs.

To address both of these issues, a multifield approach is required. Gen-
eralized approaches for deriving multiphysics theories have been developed
both from thermodynamics and electrodynamics perspectives in 4D space–
time.12–17 All of the approaches consider the simultaneous presence of
multiple fields but without the consideration of mass transport. To our
knowledge, the first attempt to combine mass and heat transport with the-
ories of deformable continua for the case of complex geometries was done
for the case of isotropic hygrothermoelasticity18 and the five-field theory of
electromagnetic hygrothermoelasticity.19

In the context of solving boundary value problems in continuum mech-
anics, it is customary to define as field equations the set of partial differ-
ential equations (PDEs) that can be produced to describe field spatial and
time evolution when all constitutive equations have been incorporated via
term substitution. A brief overview of the generalized methodologies for
achieving this goal has been presented more recently elsewhere.20 The
essence of the methodology for deriving such field evolution equations
is based on utilizing the conservation laws of thermodynamics and elec-
trodynamics that, when enabled with properly developed constitutive laws
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between the conjugate fields describing the behavior of multifield continua,
yield an algebraically closed system of PDEs that are the field equations of
the modeled system.

Furthermore, the problem to be addressed here lies in utilizing a field
theory for such materials with the minimum amount of simplifications
permitted by the feasibility of the computational implementation of solution
schemes for the corresponding PDEs that govern the evolution of the cor-
responding state variables. Here we will consider the simultaneous presence
of charge transport responsible for the ionic conductivity processes along
with heat and mass transport (due to water or electrolyte diffusion) coupled
with chemical reactions of the diffusing components in the material, all
coupled with mechanical deformation. We have presented our preliminary
formulation efforts for this problem from various perspectives else-
where,21–29 but in the present chapter, we are presenting a unifying overview
of these efforts.

After the motivational impetus and the problem statement presented in
this introduction, a brief description of the constitutive field theory (CFT)
development process will be given in Section 20.2. Section 20.3 presents an
application of this process for general anisotropic multicomponent hygro-
thermoelectroelasticity and derives the corresponding constitutive model.
Section 20.4 further specializes this model with a simplification that applies
to isotropic continua and produces field equations that maintain mechan-
ical linearity and electrodynamic nonlinearity. Finally, conclusions will be
given in the last section of this paper.

20.2 Overview of the Multifield and Constitutive
Theory Framework

20.2.1 The Abstract Derivation Process

Every deformable solid under conditions of generalized loading that may
include mass and heat fluxes, electric currents and mechanical loads or
constrains can be considered as a system that is describable in space and
time by the evolution of its state variables expressing the intensity of the
involved fields. Some of these variables can be thought of as dependent or
output parameters and some as independent or input parameters. Such a
system can be idealized from two separate perspectives. One is the per-
spective of the systemic abstraction view of such a medium, as presented in
Figure 20.1(a), and the other is its corresponding continuous multiphysics
system, as shown in Figure 20.1(b).

The systemic abstraction allows for the decomposition of the bulk ma-
terial state behavior and the structural state behavior, while the perspective
of continuum mechanics (which is more traditional) is not equipped to
make this differentiation, thus leading to confusion regarding what is ex-
ternally observed during a structural material test. Usually, when researchers
of material science refer to the term ‘‘material’’, they mostly mean a material
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within a structure assuming, most of the time, a homogeneous state of
strain. However, this is hardly ever possible because of the influence of the
structural geometry on the observable and measured quantities. Similarly,
when structural mechanics experts refer to the term ‘‘material’’, they think of
a set of numbers (referring to the instantiation of the relevant material
parameters) that influence how a structure behaves. However, constitutive
behavior refers to the bulk material state behavior (in the sense of the
behavior of the representative volume element behavior), while systemic
behavior is the composition of both the bulk material state behavior and
the structural behavior.

The discussion that follows applies to the bulk material state models,
while it indirectly incorporates the geometry of the structure through the fact
that we choose all thermodynamic quantities to be defined as densities per
unit volume that, in order to satisfy the conservation laws of physics,
eventually have to be integrated over the volume (or surface) where they are
specified in the form of some boundary condition.

The bulk behavior of such a system is usually described as a set of re-
lational restrictions among the state variables selected by the modeler as the
ones pertinent to the situation at hand, given by:

F(q,n,p)¼ 0 (20.1)

where q,n and p represent the input state variables, the internal state vari-
ables (if they exist) and the output state variables, respectively, all repre-
sented as components of the associated vectors (which is why italic bold
symbols are used in eqn (20.1) and throughout this chapter). Those cases in
which these relations can be solved with respect to the output variables are
usually called constitutive relations of the form:

q¼C(n,p) (20.2)

The vector r shown in Figure 20.1(b) does not participate in these ex-
pressions as they are only relevant to the description of the structural state
behavior (i.e. for a deformable continuum, they would correspond to ob-
servable displacements associated through some kinematic relations with P
that, in turn, would correspond to the strains associated with the consti-
tutive relations).

The functionals C in eqn (20.2) represent an a priori definable multi-

functional mapping of the form RdimðpÞ � RdimðnÞ �!C RdimðqÞ. In most path
history-independent state spaces, these functionals can be recovered by
differentiation of an also a priori definable potential function X(n,p), usually
definable as a thermodynamic potential, with respect to the internal (if
present) and input (independent) state variables. This practice has been
shown, followed by the early formulations of hyperelasticity,13,30 where this
potential was identified to be the strain energy density function. This
potential function has to be constructed as a function of the input and
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the internal state variables and, if necessary, any time derivatives of them.
This can be expressed by:

q¼rp X n;p;
@ip
@ti ;

@in

@ti

� �
(20:3)

This formalism imposes a conjugation between input and output state
variables in a way that allows us to form ‘‘cause–effect’’ pairs {q,p} and
component form {qi,pi} or conjugate variable pairs that have the property
that their product has unit dimensionality of energy density per unit of
volume or mass. Various researchers have introduced several choices for the
potential function required for the constitutive relations in the context of the
theory of continuous thermodynamics.31–34 Some of these choices are in-
ternal energy, enthalpy, Helmholtz free energy and Gibbs free energy.
However, these potentials are not independent from each other, as they are
associated with appropriate Legendre transformations.32

In the context of continuous multiphysics, system behavior in terms of
state evolution in most continuum systems is expressed in terms of solutions
of PDEs that govern a special topological form on the fields described by the
spatial and time distributions of the state variables and further restricts the
potential values these variables can take; i.e.:

@i(rnq,q,tm, . . .)¼ 0 (20.4)

The traditional sources of such equations are the so-called ‘‘conservation’’
or ‘‘balance’’ laws of physics. These are the thermomechanical laws of
conservation of mass, momentum, moment of momentum, energy, entropy
flaw and the electrodynamic laws of conservation of electric displacement
(Gauss–Faraday law), magnetic flux, electric charge, rotation of electric in-
tensity (Faraday’s law) and magnetic intensity (Ampere’s law). These are also
known as the axioms of continuous physics (ACP) that are not (formally)
provable (in their most general form), but rather they are a priori beliefs that
we accept to be true. Unfortunately, they are not always sufficient (algebra-
ically closed) to completely determine the state variable field evolution and
they are mostly used for ensuring that the corresponding CFTs maintain
particular properties. It is exactly for this reason that the constitutive func-
tionals are needed to obtain a complete set of useful algebraic equations.
Introducing the constitutive equations in eqn (20.2) or (20.3) into eqn (20.4)
and eliminating the independent variables or, more generally, half of the
conjugate variables leads to a set of algebraically closed PDEs that constitute
the so-called field equations of the system, and they have the form:

Yi(p,p,tm, . . .)¼ 0 (20.5)

where Yi are differential operators acting on state variables p,p,tm, . . .
Further simplifications and relational restrictions can be obtained by

applying some or all of the additional axiomatic and meta-axiomatic re-
strictions that are traditionally called the axioms of constitutive theory.15

The ACP have been historically expressed in either their global (integral) or
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the local (differential) forms, which are derived from the global form via the
applications of the divergence (Gauss–Ostrogratsky) theorem.15,34

The global form of the conservation law can be written as:

d
dt

ð

VO

FdV ¼ �
ð

@VO

F � d S�
ð

@VO

Fv � d Sþ
ð

VO

HdV (20:6)

where F is the conserved field within a volume V of domain O, F is the influx
of F through the surface dS and H is the amount of F produced in the body
(source term). The quantity Fv in the second term of the right-hand side
denotes the transport flux (quantity F per unit of time) that is moved by the
velocity v through a part of the boundary. The respective local form of this
equation is given as:

@U
@t
þr � ðF þUvÞ � H¼ 0 (20:7)

The general process of simulating the behavior of a continuum system
usually involves the solution of the PDEs describing its space and time
evolution via application of a discretization method over the domain of their
applicability and the subsequent solution of a set of ordinary differential and
eventually algebraic equations. However, recent advances in material pro-
cessing are suggesting that our ability to produce new material systems is
outpacing our ability to model them.

20.2.2 Multiplicity of Thermodynamics

As indicated in the introduction, the formulation of a specific multiphysics
theory capable of describing the interaction and the effects of the co-
existence of multiple fields acting on a continuum system has been the focus
of many approaches from various perspectives and driven by various appli-
cations needs. A brief historical overview of the various approaches is pre-
sented elsewhere.20

However, the two dominant approaches are rooted in the different rep-
resentations of thermodynamics in the theory formation process. As stated
eloquently by Maugin,34 some of these approaches are more ‘‘traditional’’
and others are more adventurous. Some are based on microscale consider-
ations while others discard any ‘‘molecular’’ or ‘‘atomic’’ length scale basis.
Some exploit the experience from thermostatics while some simply ignore it.
Some specify that their validity stands only for the case of being a little far-
from-equilibrium, while others claim general validity well outside equi-
librium. In the present chapter, we will focus on the two most prevalent
approaches: the most adventurous presentation, which is that of rational
thermodynamics (R.T.) and ignores altogether the acquired experience of
thermostatics and claims larger validity anywhere outside equilibrium; and
the most classical one, which is the theory of irreversible processes (T.I.P.),
which does not ignore the experience acquired from the thermostatics and
only operates in a region near equilibrium.
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The T.I.P. is the most standard approach and is most widely accepted by
physicists and physico-chemists. It is thoroughly described by various
authors.31–33 Relating to small deviations from equilibrium, it is supported
by microscopic analysis proposed by Onsager35,36 and Casimir.32 The most
important tenet of the T.I.P. is the axiom of local state that postulates that
each part O of a material system S can be approximately considered, at each
time t, as being in thermal equilibrium. Alternatively expressed, a thermo-
dynamic process close to equilibrium can be viewed as a sequence of ther-
mostatic equilibria. This allows us to endow entropy and temperature with
their usual thermostatic definitions.

R.T. is the theory of phenomenological thermodynamics developed by
Coleman, Noll, Truesdell, Eringen and co-workers in the 1960s.12,13,15,37 It is
based on the rational mechanics model of 18th and 19th century mathem-
aticians (i.e. Lagrange and Cauchy) and the simple thermomechanics of
Duhem (1911).38 It openly ignores or bypasses the experience of thermo-
statics while it attempts to formally axiomatize thermodynamics. According
to G. Maugin’s interpretation,34 its main postulates seem to be that those
notions that could be defined precisely only in equilibrium for thermostatics
exist a priori for any thermodynamic state, even largely outside equilibrium.
This entropy and temperature are still granted to any state, so that the
formal bases of R.T. are the a priori statements of the second law (entropy
inequality) and the first law (energy conservation).

Both T.I.P. and R.T. accept the validity of the conservation laws (mass,
momentum, moment of momentum and energy), as well as the entropy
inequality. However, T.I.P. furthermore accepts the existence of entropy
conservation, while R.T. does not require it nor uses it. To algebraically close
the equations produced from the conservation principles, T.I.P. builds the
constitutive equations between the conjugate variables expressing the fields
present by differentiation of a thermodynamic potential, while R.T. begins
from postulated forms of the constitutive functionals that are restricted to be
consistent with Duhem’s inequality.

In the present chapter, we will provide a derivation of a multiphysics
theory for multifield continua under the scope of the T.I.P. only. Essentially,
we will invoke the thermomechanics of electromagnetic continua, which is a
branch of energetics that deals with the unification of continuum mechanics
and electrodynamics of material media on top of the foundation provided by
the general thermodynamics of irreversible processes near thermodynamic
equilibrium.

20.3 Conservation Laws of Electrodynamics

20.3.1 Classic and Potential Formulations

The conservation laws of electrodynamics do not owe their existence to
thermodynamic arguments, but they have been given in numerous formal-
isms. To ensure the proper definitions and their association with the rest of
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our development, we present here a brief exposition as it relates to the de-
velopment of our theory.

From a macroscopic perspective, the conservation laws of electrodynamics
are represented by Maxwell’s system of four PDEs39 given by a specialization
of eqn (20.7), whereas the conserved quantities are the electric vector field E,
the magnetic flux density vector B (which sometimes is also called the
magnetic field) and their conjugate fields represented by the electric and
magnetic displacement vectors D and H, respectively. For a large subset of
the authors, H is also called the magnetic field (when B is called magnetic
flux density). The associated form of the Maxwell system as it will be used in
the present analysis is given by:

r �D¼ rq (20.8)

r �B¼ 0 (20.9)

@D
@t
�r�H¼�I (20:10)

@B
@t
þr�E¼ 0 (20:11)

These equations represent Gauss’s law, the law of conservation of mag-
netic flux, Ampere’s law and Faraday’s law, respectively.15 The quantities r, q
and I represent the mass density, the electrical charge density per unit mass
and the electric current density vector, respectively.

These four equations (i.e. eqn (20.8) through (20.11)) are expressed in
terms of five vector field variables E, D, H, B and I (which form the conjugate
pairs {E, D} and {H, B}), and therefore they are not algebraically closed. Some
authors believe that the current conservation equation provides the required
fifth equation, but because this equation is derivable form algebraic re-
writing of eqn (20.8) through (20.11), it is not an independent equation.

In fact, if we take the divergence of both sides of Ampere’s law (i.e.
eqn (20.10)), and since the divergence of a curl of any vector is zero, we
obtain:

@ðr � DÞ
@t

¼�r � I (20:12)

Which, upon usage of Gauss’s law (eqn (20.8)), reduces to the current
continuity (or conservation) equation:

r
@q
@t
þr � I ¼ 0 (20:13)

Therefore, additional relations need to be developed. This can be achieved
by introducing the use of the electromagnetic constitutive relations. The
most common (but not always applicable) form of these equations involves
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the postulate that a linear relationship between the electric and magnetic
conjugate fields exists as follows:

D¼ e �E (20.14)

B¼ l �H (20.15)

In eqn (20.14) and (20.15), the quantities e and m represent the second-
order dielectric (or permittivity) and magnetic permeability tensors,
respectively, and they allow for the general case of describing an electro-
magnetically anisotropic medium. The bold upright font will be used for all
tensors from now on. The dot product in these relations represents the
multiplication of a second-order tensor with a first-order one (vector), and
therefore it returns a vector. For isotropic materials, these two tensors can be
expressed in terms of a scalar permittivity and permeability and the unit
diagonal tensor : (not to be confused with the symbol for the set union
operator), as follows:

e¼ e: (20.16)

l¼ m: (20.17)

For polarizable media, we need to introduce the electric and magnetic
polarizations that are also defined by relations:

P¼D�E (20.18)

M¼B�H (20.19)

It is important to note that combining eqn (20.18) and (20.19) with eqn
(20.14) and (20.15) reveals that the polarization vectors can be expressed as
linear functions of the electric and magnetic fields, respectively, according to:

P¼ (e�:) �E¼ j �E (20.20)

M¼ (l�:) �H¼ v �H (20.21)

where j and v are the electric and magnetic susceptibility second-order
tensors, respectively, which can be further simplified for isotropic materials
by utilizing eqn (20.16) and (20.17) for the case of materials with isotropic
electric and magnetic response.

In some cases and for many reasons of practicality, the electric field and
the magnetic flux density is also defined in terms of a scalar electric field f
and a vector magnetic potential A according to:

E¼�rj� @A
@t

(20:22)

B¼r� A (20.23)

Vector calculus suggests that these two equations are realizable due to the
validity of eqn (20.11) and (20.9), respectively. In fact, eqn (20.22) and (20.23)
can be considered the dual forms of eqn (20.11) and (20.9).
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By implication, inserting these two relations into eqn (20.8) and (20.10)
along with the help of eqn (20.12), and after some algebraic manipulations,
we can derive the following two relations:

r � �r � @A
@t
þ ðr � vÞ � r � A� r � rjþ Ie

� �
¼ 0 (20:24)

r � @A
@t
þr� l�1r� A

� �
� ðr � vÞ � r � Aþ r � rj¼ Ie (20:25)

which represent the scalar and vector potential forms of the laws of Gauss
and Ampere, respectively, and along with eqn (20.22) and (20.23) repre-
senting the potential formulations of electrodynamics. In these equations,
we have introduced the second-order conductivity tensor r and the external
current density Ie. These quantities are introduced from yet another linear
constitutive relationship that appears as follows:

I¼ r �Eþ Ie (20.26)

and expresses the generalized Ohm’s law.

20.3.2 Electric Conductivity through Charge Relaxation

In the potential formulation of electrodynamics and through eqn (20.24) and
(20.25), above we have introduced the second-order conductivity tensor r,
but this quantity was not a part of the original equations of Maxwell. To
reconcile this discrepancy between the original and the potential formalisms
of electrodynamics, we need to refer to the relaxation theory of conductivity
as it emerges from Gauss’s law and the current continuity equation.

By introducing eqn (20.14) into Gauss’s law given by eqn (20.8), we obtain:

r � (e �E)¼ rq (20.27)

and combining this with the current continuity in eqn (20.13) along with the
Ohm’s law expressed by eqn (20.26), we obtain the following differential
equation governing the electric charge density:

@q
@t
þ r : e�1q¼ 0 (20:28)

This equation has a solution of the form:

q(t)¼ q0e�t/t (20.29)

where:

t¼ e : r�1 (20.30)

is called the charge relaxation time. For a good conductor like copper, t is of
the order of 10�19 s, whereas for a good insulator like silica glass, it is of the
order of 103 s, and for a pure insulator it becomes infinite.
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When tct, the external time scale is short compared to the charge relax-
ation time and the charges do not have time to redistribute, and therefore the
medium operates under electrostatic conditions that essentially permit the
eliminating of all time derivatives form our electrodynamics. Alternatively,
when t{t, the external time scale is long compared to the charge relaxation
time and the stationary solution of the continuity equation has been reached.

All electrodynamic fields required for the follow-up analysis have now
been defined.

20.4 Transport of Multicomponent Mass, Heat and
Electric Current in Deformable Continua

20.4.1 Mass, Charge and Current Density Conservation

We consider a material infused with a mixture of n (charged and uncharged)
species that is placed in an electromagnetic field. The mass conservation law
for each species, provided the system is close to mechanical equilibrium
(dv=dt ’ 0) and also that the barycentric velocity itself is negligible (v ’ 0)
can be written again with the help of eqn (20.7) as follows:

r
@ck

@t
¼�r � Jk þ

Xr

j¼ 1

rkjJj; ðk¼ 1; 2; . . . ; nÞ (20:31)

where the second term of the right-hand side reflects the source term rep-
resenting the mass production rkj Jj of species k per unit volume in the jth
chemical reaction, with the coefficient rkj being (when divided by the mo-
lecular mass Mk) proportional to the stoichiometric coefficient with which k
appears in the chemical reaction j. In addition, coefficients ck represent the
mass fractions that are defined in terms of the species densities rk as:

ck¼
rk

r
;
Xn

j¼ 1

rk¼ r

 !
(20:32)

and where Jk are the ‘‘diffusion flow fluxes’’32 defined by:

Jk¼ rk(vk� v), (k¼ 1, 2,. . ., n) (20.33)

with vk being the velocity vector of species k and v being the velocity vector of
the center of mass of the species defined by:

v¼
Xn

k¼ 1

rkvk=r (20:34)

Assuming that the chemical reaction term can be neglected because there
are no reactions going on and summing eqn (20.31) over all substances k
yields the law of conservation of total mass:

@r
@t
¼�r � ðrvÞ (20:35)
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The total current density I can now be written in terms of the velocities of
the species components:

I ¼
Xn

k¼ 1

rkqkvk ¼ rqvþ
Xn

k¼ 1

qkJk (20:36)

where eqn (20.33) has been introduced to obtain the right-hand side of eqn
(20.36) and qk is the electric charge per unit mass of component k and the
total charge q per unit mass is defined as:

q¼ r�1
Xn

k¼ 1

rkqk ¼
Xn

k¼ 1

ckqk (20:37)

The second term of the right-hand side of eqn (20.36) is usually inter-
preted as the electric current density due to the relative motion of various
species components. Thus, by introducing the replacement:

Ic¼
Xn

k¼ 1

qkJk (20:38)

into eqn (20.36), we obtain:

I¼ Ivþ Ic (20.39)

where the term Iv¼ rqv represents the electric current due to convection and
Ic represents the conduction current.

If we assume that there are no chemical reactions, combining eqn (20.31)
and (20.37) yields the law of conservation of charge as follows:

r
@q
@t
¼�r � Ic (20:40)

It is interesting to note that although the law of charge conservation has
been derived here from the law of mass conservation of the species com-
ponents, it can also be derived from a combination of the Maxwell equations
as seen in Section 20.3.1, as is evident from eqn (20.13). Clearly, for the case
of conductors, where the electric charge density must obey electric neutrality

re¼ rq¼ r
Pn

j¼ 1
ckqk¼ 0, the conservation of charge equation in eqn (20.26)

reduces to the divergence-free condition for the current density as follows:

r � Ic¼ 0 (20.41)

20.4.2 Momentum Conservation

In classical Newtonian mechanics, momentum of a material system of mass
m that is moving with a velocity v is defined as p¼mv. The per unit volume
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conservation of momentum when the electromagnetic momentum pem¼E �
H is included can be written in terms of the mass density as:

@

@t
rvþ E �Hð Þ¼ �r � ðrvvþ sÞ þ FL þ Fbð Þ (20:42)

where rvv, s, FL and Fb are the convective part of the momentum flow tensor,
the Cauchy stress tensor, the Lorentz force density per unit volume and the
body force density per unit volume, respectively. The Lorentz force density is
defined in terms of the electric field, the velocity, the current density, the
magnetic flux density and the electric and the magnetic polarization as:

FL ¼ rq E þ v� Bð Þ þ I � BþðrEÞ � P þ ðrBÞ �M þ d
dt
ðP � BÞ � d

dt
ðM � EÞ

(20:43)

When this expression for the Lorentz force density is introduced into eqn
(20.42), it yields:

@

@t
rvð Þ¼�r � sþ rqE þ I � Bþ ðrEÞ � P þ ðrBÞ �Mþ d

dt
ðP � BÞ

� d
dt
ðM � EÞ þ Fb

(20:44)

This equation, in addition to representing the momentum conservation,
also represents the usual equations of motion known as force balance
equations (when the vectors are expanded to their component form).

20.4.3 Energy Conservation

The energy conservation equation can be obtained again by introducing the
relevant energy quantities in the generic conservation equation in eqn (20.7)
that takes the form:

@E
@t
¼�r � JE þ Q (20:45)

where E, JE and Q are the total internal energy density, the associated total
energy current and the energy generated in the body (source term), re-
spectively. The total energy can be written in terms of the internal energy
density U, the kinetic energy of matter and the stored electromagnetic energy
as follows:

E¼U þ 1
2

rv2 þ D � E þ B �H � P � E �M � B
� �

þ 2 E �Hð Þ (20:46)

The energy current can be defined as follows:

JE¼ Jq þ
1
2
rv2vþ Uvþ s � v� P � E þM � Bð Þvþ E �H

� �
(20:47)

where Jq represents the heat flux crossing the boundary.

270 Chapter 20



After multiplying eqn (20.44) by v, introducing eqn (20.46) and (20.47) into
eqn (20.36) and incorporating the electromagnetic energy balance expressed
by the Poynting theorem:

E � @D
@t
þH � @B

@t
¼�r � E �Hð Þ � I � E (20:48)

and after the well-known replacement rv¼ dc

dt
and some algebraic ma-

nipulations, we obtain the conservation of internal energy in the form:

@U
@t
¼�r � Jq � s :

dc

dt
þ I � E þ E � dP

dt
þ B � dM

dt
þ Q (20:49)

This equation represents the third conservation law that is referred to as
the energy conservation law and sometimes it is also referred to as the first
law of thermodynamics.

20.4.4 Entropy Conservation and the Second Law

A significant difference between T.I.P. and R.T. is the fact that in T.I.P. the
conservation principles extend beyond the mass, momentum and energy
conservation, and they include the conservation of entropy, while R.T. do not
require it. A requirement of T.I.P. for the derivation of the entropy conser-
vation equations is the choice for the definition of the Gibbs equation32 that
essentially collects all of the entropy producing and consuming sources in a
per unit time sense. By following the program described in de Groot and
Mazur32 for polarizable media without chemical reactions between the
species, we can adopt the form:

dS
dt
¼ 1

T
dU
dt
þ Q

T
þ s

T
:

dc

dt
� E

T
� dP

dt
� B

T
� dM

dt
�
Xn

i¼ 1

mi

T
dCi

dt
(20:50)

where S, c, mi and Ci are the entropy per unit volume, the strain tensor, the
chemical potential of component i in the system and the associated mass
concentration of the species component i, respectively. Introducing into eqn
(20.50) the expressions from the previous equations, we can finally obtain:

dS
dt
¼�r � 1

T
Jq �

Xn

k¼ 1

mk Jk

 !
� 1

T2 Jq � rT � 1
T

Xn

k¼ 1

Jk � Tr mk

T
� qkj

�1 � P
� �

�Q
T
� s

T
:

dc

dt
� 1

T
dP
dt
� j�1 � P � E
� �

� 1
T

dM
dt
� v�:ð Þ � v�1 �M � B
� �

(20:51)

The last two terms in this equation are expressing the electric and mag-
netic relaxation due to the respective polarizations, and when the medium is
not polarizable, they vanish due to the nullification of the differences inside
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the parentheses. For the special case when the material is a conductor (not
electric polarization) and it is not magnetic, eqn (20.51) reduces to:

dS
dt
¼�r � 1

T
Jq �

Xn

k¼ 1

mk Jk

 !
� 1

T2 Jq � rT � 1
T

Xn

k¼ 1

Jk � Tr mk

T
� qkE

� �

�Q
T
� s

T
:

dc

dt

(20:52)

which is the same as eqn (XIII.37) in de Groot and Mazur.32

It is easy to confirm that by introducing the entropy current flow in
the form:

JS¼
1
T

Jq �
Xn

k¼ 1

mk Jk

 !
(20:53)

and the entropy source term (or dissipation function):

c¼ 1
T2 Jq � rT � 1

T

Xn

k¼1

Jk � Trmk

T
� qkj

�1 � P
� �

�Q
T
� s

T
:

dc

dt
� 1

T
dP
dt
� j�1 � P� E
� �

� 1
T

dM
dt
� v�:ð Þ � v�1 �M � B
� �

(20:54)

eqn (20.51) takes the original form of the conservation law expressed by eqn
(20.7) as follows:

@S
@t
¼�r � JS þ c (20:55)

This equation represents the fourth equation of T.I.P., but in addition to
it, the second law of thermodynamics requires that the dissipation function
is always positive definite, i.e.:

c � 0 (20:56)

which, after eqn (20.53), can be expanded to:

1
T2 Jq � rT � 1

T

Xn

k¼ 1

Jk � Tr mk

T
� qkj

�1 � P
� �

� Q
T
� s

T
:

dc

dt

� 1
T

dP
dt
� j�1 � P � E
� �

� 1
T

dM
dt
� v�:ð Þ � v�1 �M � B
� �

� 0

(20:57)

In the T.I.P., both eqn (20.55) and (20.57) must hold simulateneously.32
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Because of eqn (20.20) and (20.36), eqn (20.57) can be written to include
the electric conduction current as follows:

1
T2 Jq � rT � 1

T

Xn

k¼ 1

Jk � rmk þ
1
T

I � E � Q
T
� s

T
:

dc

dt

� 1
T

dP
dt
� j�1 � P � E
� �

� 1
T

dM
dt
� v�:ð Þ � v�1 �M � B
� �

� 0

(20:58)

This expression is a more well-known expression of the second law of
thermodynamics.

20.5 Development of Constitutive Theory
While the conservation laws given by the nþ 3 equations in eqn (20.31),
(20.44), (20.49) and (20.54) are providing the necessary equational infra-
structure describing the evolution behavior of their associated fields, they
are not algebraically closed since we have more unknowns than equations.
Therefore, additional equations have to be generated to achieve the goal of
algebraic closure. For this purpose, specific constitutive equation coupling
the conjugate pair field variables must be generated.

To this end, and according to the T.I.P., the existence of a thermodynamic
potential is postulated. The choices for such a potential function are ex-
tended among all those that participate in the Legendre transformations
between the various combinations of thermodynamic potentials.32,33

Thus, in what follows, we introduce the free energy F and the enthalpy H
relative to the internal energy and entropy via the expressions:

F¼U� ST (20.59)

and:

H¼ F � E � P �H �M �
Xn

k¼ 1

mkCk (20:60)

where Ck represents the concentration of species k in units of mass per unit
volume and is defined as Ck¼ rck¼ rk.

Combining eqn (20.59) and (20.60) yields an expression of the internal
energy in terms of enthalpy as follows:

U ¼H þ ST þ E � P þH �M þ
Xn

k¼ 1

mkCk (20:61)

which in turn enables the rewriting of the energy equation in eqn (20.49) in
the form:

@H
@t
¼�r � Jq þ s :

dc

dt
� S � dT

dt
� T � dS

dt
þ I � E � E � dP

dt
�H � dM

dt

�
Xn

k¼ 1

mk
dCk

dt
þ Q

(20:62)
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By eliminating the heat source term
Q
T

from the inequality in eqn (20.58)
via eqn (20.62), we obtain the transformed inequality:

� dH
dt
þ dT

dt

� �
� 1

T
Jq � rT þ s :

dc

dt
�
Xn

k¼ 1

Jk � rmk þ I � E

� P � j�1 � dP
dt
� dE

dt

� �
�M � v�:ð Þ � v�1 � dM

dt
� dH

dt

� �
� 0

(20:63)

We now assume that the enthalpy function depends on the possible state
field variables as follows:

H¼H(c, E, H, T,rT, Ck) (20.64)

This allows us to write the time derivative of the enthalpy as follows:

@H
@t
¼ @H
@c

@c

@t
þ @H
@E

@E
@t
þ @H
@H

@H
@t
þ @H
@T

@T
@t
þ @H
@rT

@rT
@t
þ
Xn

k¼ 1

@H
@Ck

@Ck

@t
(20:65)

Combining eqn (20.65) and (20.63) produces:

� @H
@t
þ S

� �
dT
dt
� @H
@rT

rT � 1
T

Jq � rT �
Xn

k¼ 1

Jk � rmk

þ s� @H
@c

� �
:

dc

dt
�
Xn

k¼ 1

mk þ
@H
@Ck

� �
� P þ @H

@E

� �
� j�1 � dP

dt
� dE

dt

� �

� M þ @H
@M

� �
� v�:ð Þ � v�1 � dM

dt
� dH

dt

� �
� 0

(20:66)

This inequality should be satisfied for all variations of the variables in eqn
(20.63) and therefore the coefficients of each term must vanish simul-
taneously. This leads to the actualization of eqn (20.3), which can be written
in terms of the components of the tensor, associated vectors and scalars as
follows:

tij ¼
@H
@gij

; Pi¼�
@H
@Ei

; Mi¼�
@H
@Hi

; S¼� @H
@T

;
@H
@T;i
¼ 0; mk¼�

@H
@Ck

(20:67)

The last of the sub-equations in eqn (20.67) indicates that the H is in-
dependent of the temperature gradient. The equations in eqn (20.67) reduce
the inequality in eqn (20.77) to:

� 1
T

Jq � rT �
Xn

k¼ 1

Jk � rmk � 0 (20:68)

which can be satisfied when:
Jq¼�k � rT (20.69)

Jk¼�dk � rCk� qkCkdk � rf (20.70)
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Eqn (20.69) expresses the familiar Fourier’s law, where k is the second-
order heat conductivity tensor. The first term of eqn (20.70) expresses Fick’s
first law, where dk are the mass diffusivity second-order tensors for each
species k. The second term expresses the mass current due to electro-
migration of the species that are electrically charged and tend to move
towards the opposite polarity electrodes (if any exist). It should be noted here
that eqn (20.68) provides the thermodynamic justification for adopting
both Fourier’s and Fick’s laws as described by eqn (20.69) and (20.70),
respectively.

Expanding the enthalpy H into a Taylor series up to the second
order around the origin of the state space (i.e. H¼H0, tij¼ gij¼ 0, Ei¼Hi¼ 0,
T¼T0, Ck¼Ck0) yields:

H¼H0 þ
1
2

cijklgijgkl � ekijgijEk � hkijgijHk þ
1
2
eijEiEj þ

1
2
mijHiHj

� aijgijðT � T0Þ � piEiðT � T0Þ � qiHiðT � T0Þ �
rcp

2T0
ðT � T0Þ2

�
Xn

k¼ 1

bðkÞijgijðCk � Ck0Þ �
Xn

k¼ 1

rðkÞiEiðCk � Ck0Þ �
Xn

k¼ 1

sðkÞiHiðCk � Ck0Þ

�
Xn

k¼ 1

dk

2
ðCk � Ck0Þ2 �

Xn

k¼ 1

wkðT � T0ÞðCk � Ck0Þ (20:71)

Applying the equations in eqn (20.68) to eqn (20.71) yields the following
set of constitutive equations:

tij ¼ cijklgkl �ekijEk � hkijHk � aijðT � T0Þ �
Xn

k¼ 1

bðkÞijðCk � Ck0Þ (20:72a)

Pi¼�ekijgij þ eijEj � piðT � T0Þ �
Xn

k¼ 1

rðkÞiðCk � Ck0Þ (20:72b)

Mi¼�hkijgij þ mijHj � qiðT � T0Þ �
Xn

k¼ 1

sðkÞiðCk � Ck0Þ (20:72c)

S¼�aijgij � piEi � qiHi �
rcg
T0
ðT � T0Þ �

Xn

k¼ 1

wkðCk � Ck0Þ (20:72d)

mk¼�bðkÞijgij � rðkÞiEi � sðkÞiHi þ dkðCk � Ck0Þ þ wkðT � T0Þ; k¼ 1; . . . ; n

(20:72e)
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In all of the constitutive equations in eqn (20.71), the terms are written in
the Einstein notation for the components of the tensors and vectors, and
therefore they expand to the respective sums, and the indices range from 1 to
3, except for the species concentration terms, which are governed by the
summation symbol. The indices in parentheses vary with the summation
index that counts the species, and the parentheses are used to distinguish
them from the indices indicating vector or tensor components. The paren-
theses are not used when the species index is the only one.

20.6 General Field Evolution Equations
By introducing these constitutive equations into the PDEs expressing the
conservation laws given by eqn (20.31), (20.44), (20.55) and (20.61) with the
help of eqn (20.51), and after using Onsager’s reciprocity relations and
extensive algebraic manipulations, we can derive the following field evo-
lution equations:

@Ck

@t
¼
Xn

j¼ 1

r � gkj � rCk þ qkCkgkj � rj
� �

þr � k � rTð Þ þ zkr � bruð Þ; k¼ 1; 2; . . . ; n

(20:73)

r
@2u
@t2 ¼r � C : ruð Þ � r � arTð Þ �

Xn

k¼ 1

r � brCk þ �bCkrj
� �

þ rqE

þ I � Bþ ðrEÞ � P þ ðrBÞ �M þ d
dt
ðP � BÞ � d

dt
ðM � EÞ þ Fb

(20:74)

rCp
@T
@t
¼
Xn

j¼ 1

r � xgj � rCkþCk�gj � rj
� �

þr � k � rTð Þ þ zr � br @u
@t

� �
þ I � E;

(20:75)

@S
@t
¼�r~ � 1

T
k � rT �

Xn

k¼ 1

mk gk � rCk þ qkCkgk � rjð Þ
 !

� 1
T

Xn

k¼ 1

gk � rCk þ qkCkgk � rjð Þ � Tr mk

T

� �
þ 1

T
I � E � Q

T
� s

T
:

dc

dt

� 1
T

dP
dt
� j�1 � P � E
� �

� 1
T

dM
dt
� v�:ð Þ � v�1 �M � B
� �

(20:76)

Eqn (20.73) through (20.75) with eqn (20.8) through (20.11), along with
eqn (20.14), (20.15), (20.18) and (20.19) from electrodynamics, define a
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complete set of algebraically closed system of equations. Eqn (20.76) is not
necessary for the algebraic completion of the system but is given for the sake
of generality as entropy is one of the scalar fields characterizing the multi-
physics behavior of homogeneous and anisotropic continua under the in-
fluence of multicomponent species mass transport and heat transport along
with electrodynamic fields and mechanical loads.

20.7 Specific Field Evolution Equations
To address the case of a relevant reduction of the developed theory, for
the case of EAP/IPMC media, we consider absence of polarizations
and magnetic field, as well as absence of piezoelectric, piezomagnetic,
thermoelectric, thermomagnetic and hygromagnetic effects (i.e.
mij¼ ekij¼ hkij¼ pi¼ qi¼ s(k)i¼ 0) and also assume homogeneous isotropy of
all relevant constitutive behaviors. In addition, we consider mass transport
of an electroneutral multicomponent system of charged and uncharged
components. For this case, the entropy production source term can be
simplified as follows:

c¼� 1
T2 Jq � rT � 1

T

X1

k¼ 1

Jk � Tr mk

T

� �
þ 1

T
I � E � Q

T
� s

T
:

dc

dt
(20:77)

while the entropy flux term is still expressed by eqn (20.53) and consequently
the conservation of entropy equation reduces to an alternate from of eqn
(20.52) that contains the electric current density, as follows:

@S
@t
¼�r~ � 1

T
Jq �

X1

k¼ 1

mk Jk

 !
� 1

T2 Jq � rT � 1
T

X1

k¼ 1

Jk � Tr mk

T

� �

þ 1
T

I � E � Q
T
� s

T
:

dc

dt

(20:78)

On the account of the isotropic elastic medium, the components of the
fourth-order Hooke’s tensor reduce to those expressed on the two in-
dependent Lamé parameters l, m as follows:

cijkl ¼ lþ 2
3
m

� �
dijdkl þ m dikdjl þ dildjk �

2
3
dijdkl

� �
(20:79)

Introducing all of the above mentioned assumptions and this relation in
eqn (20.71) reduces the enthalpy to the simpler form:

H¼H0 þ mgijgij þ
l
2
gkkgnn þ agkkðT � T0Þ �

rcp

2T0
ðT � T0Þ2 �

Xn

j¼ 1

bjgkkðCj � Cj0Þ

�
Xn

k¼ 1

dk

2
ðCk � Ck0Þ2 �

Xn

k¼ 1

wkðT � T0ÞðCk � Ck0Þ (20:80)
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Through application of the equations in eqn (20.67)—which are still
valid—this last expression of the enthalpy function leads to the following
constitutive equations:

tij ¼ 2mgij þ lgkkdij � aðT � T0Þdij �
Xn

k¼ 1

bkðCk � Ck0Þdij (20:81a)

Pi¼ eijEj � piðT � T0Þ �
Xn

k¼ 1

rikðCk � Ck0Þ (20:81b)

S¼� agkk �
rcg
T0
ðT � T0Þ �

Xn

k¼ 1

wkðCk � Ck0Þ (20:81c)

mk¼�bkgkk � dkðCk � Ck0Þ � wkðT � T0Þ; k¼ 1; . . . ; n (20:81d)

The corresponding field equations are now being reduced to:

@Ck

@t
¼
Xn

j¼ 1

Zkj r2Ck þ qkCkr2j
� �

þ k0r2T þ zkbr � ruð Þ; k¼ 1; 2; . . . ; n

(20:82)

r
@2u
@t2 ¼ mr2u� ðlþ mÞr r~u

� �
� arT �

Xn

k¼ 1

bkrCkð Þ þ rqE þ Fb (20:83)

rCp
@T
@t
¼ k0r2T þ

Xn

k¼ 1

Zk r2Ck þ qkCkr2j
� �

� aT0

k0
r � @u

@t

� �
þ I � EþQ

(20:84)

where Zkj; k0; zk are the effective mass diffusivities, the effective heat con-
ductivity and the effective coefficient expressing the coupling between mass
transport and deformation displacement, respectively. The nþ 2 field
equations in eqn (20.82) through (20.84) have nþ 2þ 2 unknowns and
therefore we need two more equations to obtain an algebraically closed
system. For that purpose, we assume the quasi-static reduction of the
equations of electromagnetics that, by neglecting the magnetic fields and for
the case of a conducting medium, reduce to the current conservation
equation in eqn (20.41), which, after utilizing the generalized Ohm’s law:

I¼ sE (20.85)

with s being the electric conductivity, and introducing the electric consti-
tutive equation in eqn (20.22), itself reduces to the standard Laplace equa-
tion for the scalar potential, as follows:

�r~ � sEð Þ¼ �r~ � �srjð Þ¼ sr2j¼ 0 (20:86)
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Therefore, eqn (20.82) through (20.86) and eqn (20.22) govern the
n-species multicomponent behavior of an EAP/IPMC system, and although
they represent a specialization of the general equations described in Section
20.6, they can be further specialized by deciding what and how many species
one may want to involve.

20.8 Application to a Bi-component
Electrohygrothermoelastic Medium

For the case of modeling EAP/IPMC materials, we now focus on the context
of their application. We take the more general CFT developed up to now
and specialize it for this particular application. We have assumed a general
application context that fits the actuation utilization of EAP/IPMC ma-
terials. In this context, the presence of the following fields has been
considered:

� Mass transport driven from the diffusive processes of two liquid
substances, neutral water and an electrolyte (either polar water or
free components from the utilized perfluorinated hybrid polymer).
The state variables in the continuum that describe the distribution
of these substances in the material are the corresponding mass
concentrations C1 and C2 for neutral water and electrolyte,
respectively.

� There is a temperature field state variable y¼T�T0 expressing the
difference between the initial temperature of the system at any point
and the current temperature caused from both the heat influx in the
system and all of the contributing irreversible internal processes
(sources) including heat conduction, mass transport, charge transport
and strain gradients.

� There is an electric vector field state variable E with components Ei

corresponding to the applied macroscopic electric field. Alternatively,
the associated scalar potential f can be used because of the reduced
form of eqn (20.22), which is E¼�rf.

� There is a second-order strain tensor field distribution expressed by its
individual components gij.

The corresponding conjugate state variables are the chemical potentials
m1, m2, the entropy S, the electric field displacement Di and the stress tensor
components tij.

Replacing the Lamé coefficients with the traditional engineering constants
though the well-known transformations:40

m¼G¼ E

2 1þ np
� � ; l¼

Enp

1þ np
� �

1� 2np
� � (20:87)
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where E; np are the Young’s modulus and the Poisson’s ratio, respectively,
allows us to rewrite eqn (20.81a) for the case the bi-component medium in
the Duhamel–Neumann constitutive form:

tij ¼ 2G gij þ
np

1� 2np
gkkdij

� 	

� 2G
1þ np

1� 2np
aðT � T0Þþ

X2

k¼ 1

bk ðCk � Ck0Þ þ qkðCk � Ck0Þj½ ��dij

" )(

(20:88)

The inverse of this equation is:

gij¼
1

2G
tij �

np

1þ np
skkdij

� �
þ aðT � T0Þþ

X2

k¼1

bk ðCk �Ck0Þþ qkðCk �Ck0Þj½ �
" #

dij

(20:89)

In these last two equations, we have made the substitution bk-bk(1þ qkf)
to account for the electromigrative effects of mass transport in the consti-
tutive law by making the hygro-expansion coefficients bk depend on the
electric potential f when it is present.

Introducing the form of the stress and strain constitutive form into the
system of field eqn (20.82) through (20.84) and dropping the extra source
terms as no extra sources can be justified for EAP/IPMC applications enables
the expression of them in terms of the Cauchy stress tensor components as
follows:

@Cj

@t
¼
X2

i¼ 1

Zji r2Cj þ q jCjr2j
� �

þ k0r2yþ zjbjr2tkk; j¼ 1; 2 (20:90)

r
@2ui

@t2 ¼r � tij � ary�
X2

k¼ 1

bk rCk þ qkCkrjð Þ (20:91)

rCp
@y
@t
�
X2

j¼ 1

ZjT0
@Cj
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� aT0

@tkk

@t
� rqT0

@j
@t
¼ k0r2yþ

Xn

k¼ 1

Z0k r
2Ck þ qkCkr2j

� �

(20:92)

Twice differentiating the stress tensor components as expressed by eqn
(20.88) yields:

tij;ij ¼ 2G
1� np

1� 2np
r2gkk �

E
1� 2np

ar2yþ
X2

k¼ 1

bkðr2Ck þ qkCkr2jÞ
" #

(20:93)
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The equation of motion as expressed by eqn (20.91) can now be expressed
in terms of stresses via eqn (20.93) as follows:

1
uc2

1� np

1þ np

@2tkk

@t2 þ
6G
uc2

1� np

1� 2np
a
@2y
@t2 þ

X2

k¼ 1

bk
@2Ck

@t2

" #

¼
1� np

1þ np
r2tkk þ 4G ar2yþ

X2

k¼ 1

bk r2Ck þ qkCkr2j
� �

" # (20:94)

in which we have inserted uc2¼ {2G(1� vp)/[r(1� 2vp)]}1/2 to represent the
speed of the irrotational stress waves (also known as P-waves, dilatational
waves or longitudinal waves). However, for quasi-static processes where uc2 is
much larger than the speed of mechanical and electrical loading, as well the
speed of diffusion for heat and mass transport, the left-hand side of eqn
(20.94) can be neglected and thus it reduces to:

1� np

2E
r2tkk þ ar2yþ

X2

k¼ 1

bk r2Ck þ qkCkr2j
� �

¼ 0 (20:95)

A possible solution of this equation with respect to tkk can be constructed
to have the form:

tkk ¼�
2E

1� np
ayþ

X2

k¼ 1

bk ðCk � Ck0Þ þ qkCkj½ �
" #

þC (20:96)

with the new function C satisfying Laplace’s equation:

r2C¼ 0 (20.97)

By utilizing eqn (20.86) and (20.96), we can now rearrange eqn (20.90),
(20.92) and (20.95) into the following forms:

@C1

@t
¼Dm11 r2C1 þ q1C1r2j

� �
þ Dm12 r2C2 þ q2C2r2j

� �
þ l1Dhr2y;

(20:98)

@C2

@t
¼Dm21 r2C1 þ q1C1r2j

� �
þ Dm22 r2C2 þ q2C2r2j

� �
þ l2Dhr2y;

(20:99)

@y
@t
¼Dhr2yþ n1Dm1 r2C1 þ q1C1r2j

� �
þ n2Dm2 r2C2 þ q2C2r2j

� �
� Nc

@C
@t

(20:100)

It is worthwhile observing here that if we ignore the thermal effects, eqn
(20.98) and (20.99) can be reduced to the diffusion equation developed by
the simpler diffusion electromigration system developed elsewhere.9,10
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We can further simplify the system by introducing the substitution:

R¼ yþNcC (20.101)

in which we set:

C¼ tkk þ
2E

1� np
ayþ

X2

k¼ 1

bk ðCk � Ck0Þ þ qkCkj½ �
" #

(20:102)

in a manner that satisfies Laplace’s equation in eqn (20.97).
We can further rearrange eqn (20.98) through (20.100) by proper algebraic

manipulations as follows:

D1 r2C1 þ q1C1r2j
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¼ @C1

@t
þ k1

@C2

@t
� l1

@R
@t

(20:103)

D2 r2C2 þ q2C2r2j
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¼ @C2

@t
þ k2

@C1

@t
� l1

@R
@t

(20:104)

Dr2R¼ @R
@t
� n1

@C1

@t
� n2

@C2

@t
(20:105)

In all of these equations, the diffusion coefficients D1;D2;D of the left-
hand sides of these equations, as well as the weight coefficients
k1; k2; l1; l2; n1; n2 of the time derivative terms of the right-hand sides of the
same equations, are phenomenological quantities associated with Onsager’s
reciprocity relationship and the relevant Onsager coefficients. All these
coefficients can be considered properties of the material and therefore need
to be determined experimentally for each specific system.

Finally, it should be noted that eqn (20.103) through (20.105), along with
eqn (20.97) and eqn (20.86), represent the reduced system of field equations
for the bi-component electrohygrothermoelastic medium.

20.9 Conclusions
We initiated this chapter by introducing the general process of forming
multiphysics theories and their basis of the two major schools of thought
relative to thermodynamics (T.I.P. and R.T.).

We have subsequently presented a description of a general theoretical
framework for a continuum multiphysics theory describing the behavior of
deformable anisotropic continua under the influence of multicomponent
species mass transport, heat transport and electromagnetic fields. We first
presented the conservation principles of electrodynamics of continua and
then the conservation laws according to the T.I.P., as well as the process for
deriving the associated CFT required for the algebraic closure of the system
of PDEs that eventually lead to the field equations describing the multi-
physics behavior of the continuum system.
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We finally applied a specialization of the developed theory for the case of
the isotropic non-magnetic bi-component system that appears to be the
most suitable description for the case of EAPs or ICMP materials.
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Nonlinear Ionic Polymer Metal
Composite Plates

JOHN G. MICHOPOULOS,*a MOSHEN SHAHINPOORb AND
ATHANASIOS ILIOPOULOSc

a Naval Research Laboratory, Computational Multiphysics Systems Lab
Code 6394, Washington, DC 20374, USA; b University of Maine,
Department of Mechanical Engineering, Orono, ME 04469, USA; c George
Mason University, Computational Materials Science Center, Resident at
NRL Code 6394, USA

21.1 Introduction
As discussed in the previous chapter1 of this volume, the equation of
mechanical equilibrium in eqn (20.95) is a direct consequence of having
applied the law of conservation of momentum and having assumed that the
speed of the mechanical waves is much higher than the quasi-static dynamic
multiphysics loading that is usually relevant for the electromechanical
actuation needed for various artificial muscle applications. This equation
has also been further formulated under the premise that the infinitesimally
small strain assumption is justifiable, along with the small displacement
assumption. In fact, most electromechanical formulations of such structures
in the past have always been one-dimensional (but not necessarily justi-
fiably) and implicitly or explicitly assuming Kirchhoff’s small strain bending
theory.2–9 However, based on the fact that ionic polymer metal composite
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(IPMC) structures and devices are almost always characterized by very large
deformations (especially out of their initial plane), it is naturally desirable to
at least remove the assumption of the small displacements. To address
this issue, we have developed an analytical framework that contains the
derivation of the set of appropriate partial differential equations (PDEs) that
govern the large deflection of plates activated by multiphysics fields.10–14

Efforts to present numerical and analytical solutions of the derived system of
PDEs have also been presented by the authors.11,12,15–18 In the present
chapter, we provide an overview that summarizes the most important results
of our efforts and also present some new results as well.

In the next section, we present the derivation of the generalized von
Karman equations for the multiphysics case. The chapter that follows shows
some general results of applying the finite element method (FEM) for
numerically solving this system. In the subsequent section, we present a
data-driven inverse method that used experimental measurements of
deflections to identify an analytical solution to the system. The chapter
closes with a final section containing the conclusions.

21.2 Derivation of the Generalized von Karman
Equations

The operating specifications for a large-deflection multiphysics theory of
plates with large deformations can be defined as follows:

� The plate of thickness h is thin relative to its characteristic length di-
mension L (which is usually the largest dimension of the plate; i.e. h/L{1).

� The magnitude of the deflection is large and of the order of the plate
thickness or larger (i.e. 7w7ZO(h)).

� The magnitude of the deflection is much smaller than the largest plate
dimension L (i.e. 7w7ZL).

� The slope of the deflected surface is small (i.e. 7@w/@x7{1, 7@w/@y7{1).
� The tangential displacements u and v are infinitesimal; only the non-

linear terms that depend on @w/@x, @w/@y are retained. All the rest are
neglected.

� All strains are small and therefore linear constitutive laws are still valid
between strains and stresses.

� Kirchhoff’s hypotheses are still holding (i.e. the traction on surfaces
parallel to the mid-surface are small, strains vary linearly with z, the
distance from the mid-surface within the plate remains invariant and
the normal to the mid-surface remains normal during loading).

� The material remains mechanically isotropic during deformation,
though it can be graded from any other point of view.

At the outset, we need to involve the stress constitutive response for a
system of interest. For a multicomponent species mass transport system

286 Chapter 21



under simultaneous electrothermoelastic conditions, we can rewrite eqn
(20.88) of the previous chapter in this volume1 in the form:

tij ¼
E

1� n2
p

1� np
� �

gij

n

þ npgkk � 1þ np
� �

aðT � T0Þ �
Xn

k¼ 1

bkðCk � Ck0Þ 1þ qkjð Þ
" #" #

dij

) (21:1)

which can further be simplified as:

tij ¼
E

1� n2
p

1� np
� �

gij þ npgkk � 1þ np
� �X2nþ1

k¼ 1

XðkÞij

" #( )
(21:2)

where the following substitutions have been employed:

Xð1Þij ¼ aðT � T0Þdij;

XðkÞij ¼ bk�1ðCk�1 � C0Þdij; k¼ 2; . . . ; nþ 1

XðkÞij ¼ bk�n�1ðCk�n�1 � C0Þqk�n�1jdij; k¼ nþ 2; . . . ; 2nþ 1

(21:3)

The inverse form of eqn (21.2) represents the Duhamel–Neumann re-
lations for the strain components as follows:

gij ¼
1
E

1þ np
� �

tij � nptkkdij
� �

þ
X2nþ1

k¼ 1

XðkÞij (21:4)

We now follow the derivation process presented by Nowacki19 and intro-
duce the substitution:

X(k)ij¼ Ykdij (21.5)

and then introduce an additive decomposition of all fields in eqn (21.1) as
described by:

Yk(x, y, z)¼ Yk0(x, y)þ zYk1(x, y) (21.6)

such that the dependence through the thickness direction is given a linear
distribution of the thickness direction of the second component Yk1(x, y)
that, as with the first component Yk0(x, y), depend solely on the x and y
coordinates of the plane where the plate/membrane structure is defined. As
a consequence of this decomposition, eqn (21.4) can now be written as:

gij ¼
1
E

1þ np
� �

tij � nptkkdij
� �

þ
X2nþ1

k¼ 1

ðYk0 þ zYk1Þdij; i; j¼ 1; 2 (21:7)
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Similarly, the components of strain gij can be decomposed to two parts
gij

(1)(x, y) and gij
(2)(x, y, z) according to:

gijðx; y; zÞ¼ gð1Þij ðx; yÞ þ gð2Þij ðx; y; zÞ¼ gð1Þij ðx; yÞ � z
@2w
@xi@xj

(21:8)

where w is the deflection of the plate. Introducing this into eqn (21.7) and
solving the result with respect to the stress tensor components yields:

tij¼ tij
(1)þ tij

(2) (21.9)

With:

tð1Þij ¼
E

1� n2
p

1� np
� �

gð1Þij þ npg
ð1Þ
kk � 1þ np

� �X2nþ1

k¼ 1

Yk0dij

" #( )
(21:10)

tð2Þij ¼
Ez

1� n2
p

1� np
� �

w;ij þ npw;kk � 1þ np
� �X2nþ1

k¼ 1

Yk1dij

" #( )
(21:11)

To derive a set of mechanical equilibrium equations valid for these
conditions, we consider the specific equilibrium of a plate element of di-
mensions dx, dy, h along the axes x, y, z, respectively, as shown in
Figure 21.1. From Figure 21.1(a), which shows the force equilibrium
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Figure 21.1 Large deflection plate element equilibrium (a) and deformation (b).
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conditions of the infinitesimal plate element, we can derive the general
balance of moments equation:

@2Mx

@x2 þ 2
@2Mxy

@x@y
þ
@2My

@y2 ¼� q

� @

@x
Nx
@w
@x
þ Nxy

@w
@y

� �
� @

@y
Nxy

@w
@x
þ Ny

@w
@y

� � (21:12)

Under the substitution (x, y, z) - (x1, x2, x3) and the derivative notation

equivalence defined by a;i $
@a
@xi

, we can write eqn (21.12) in the

contracted form:

Mij,ijþNijw,ij¼�q (21.13)

where Mij, Nij, w, q are the bending and torsional moments, the longitudinal
forces, the plate deflection and the distributed transverse load on the plate,
respectively.

The in-plane forces can be evaluated by utilizing eqn (21.10) of the
previous chapter in this volume1 for the in-plane form of the stresses and
integrating them across the thickness of plate element to derive:

Nij ¼
ðh=2

�h=2
tð1Þij dx3¼D ð1� npÞgð1Þij þ npg

ð1Þ
kk dij � ð1þ npÞ

X2nþ1

k¼ 1

Yk0dij

" #( )
(21:14)

Similarly, the moments are given by:

Mij ¼
ðh=2

�h=2
tijx3dx3¼� N ð1� npÞw;ij þ npw;kk � ð1þ npÞ

X2nþ1

k¼ 1

Yk1

" #
dij

( )

(21:15)

with the flexural rigidities given by:

N¼ Eh3

12ð1� n2Þ ; D¼ Eh
1� n2 (21:16)

By expressing the forces Nij in terms of the Airy stress function, we
can write:

Nij¼ tijh¼ h(r2dij � @i@j)F (21.17)

where we have introduced the well-known equivalence notation @i $
@

@xi
.

By introducing eqn (21.14), (21.15) and (21.17) into eqn (21.13), we obtain:

r2r2wþ ð1þ nÞ
X2nþ1

k¼ 1

r2Yk1¼
h
N

q
h
þ F;22w;11 � 2F;12w;12 þ F;11w;22

� 	
(21:18)
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This equation is the first of two PDEs that appear to be generalizations of
the Foppl–von Karman system of PDEs for large-deflection plates.20,21

In deriving this multiphysics plate deflection equation in eqn (21.18),
we did not need to make an assumption about the geometric nonlinearity of
the problem due to the large deflection. However, the total extension (strain)
eii

(1) of a linear element in terms of a direction i when, at the same time,
there is a deflection w involved, as shown in Figure 21.1(b), is given by the
nonlinear expression:

eð1Þii ¼ ui;i þ
1
2
ðw;iÞ2 (21:19)

Also, the shear component is given by:

eð1Þij ¼
1
2
ðui;j þ uj;iÞ þ

1
2
ðw;iw;jÞ (21:20)

We now utilize the strain compatibility for a plate element in the x–y (or
x1–x2) plane, which can be expressed as:

eð1Þ11;22 þ eð1Þ22;11¼ 2eð1Þ12;12 (21:21)

and along with eqn (21.19) and (21.20) yields:

eð1Þ11;22 þ eð1Þ22;11 � 2eð1Þ12;12¼ðw;12Þ2 �
1
2

w;11w;22 (21:22)

Introducing eqn (21.4) into eqn (21.22) and expressing the in-plane
forces in terms of the Airy stress function as defined in eqn (21.17) yields
the form:

r2r2F þ E
X2nþ1

k¼ 1

r2Yk1¼ E½ðw;12Þ2 � w;11w;22� (21:23)

which represents the second PDE, which is a multiphysics generalization of
the Foppl–von Karman PDEs. This equation, too, is only different from the
classical second von Karman equation for large-deflection plates in that it
contains the second term in the left-hand side, representing the in-plane
contribution of the additional fields.

To achieve algebraic closure, the system of eqn (21.18) and (21.23) needs
to be supplemented from the PDEs governing the generalized scalar fields
Yk, which, through eqn (21.3) and (21.5), can be expressed as follows:

Y1¼ aðT � T0Þ;

Yk¼ bk�1ðCk�1 � C0Þ; k¼ 2; . . . ; nþ 1

Yk¼ bk�n�1ðCk�n�1 � C0Þqk�n�1j; k¼ nþ 2; . . . ; 2nþ 1

(21:24)
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while eqn (21.6) in conjunction with eqn (21.24) allows the definition of the
quantities:

Y11¼ aðT ð1Þ � T0Þ;

Yk1¼ bk�1ðC
ð1Þ
k�1 � Cð1Þ0 Þ; k¼ 2; . . . ; nþ 1

Yk1¼ bk�n�1ðC
ð1Þ
k�n�1 � Cð1Þ0 Þqk�n�1jð1Þ; k¼ nþ 2; . . . ; 2nþ 1

(21:25)

for which the definition introduced by eqn (21.6) has been extended to the
set of the respective scalar field variables as follows:

Tðx; y; zÞ¼T ð0Þðx; yÞ þ zT ð1Þðx; yÞ

Ckðx; y; zÞ¼Cð0Þk ðx; yÞ þ zCð1Þk ðx; yÞ k¼ 1; . . . ; n
(21:26)

Under this formalism, the bi-component system of heat and mass trans-
port equations in eqn (20.98), (20.99) and (20.100) that were introduced in
the previous chapter1 transforms to:

1
a
@Y11

@t
þ Nc

@C
@t
¼ Dh

a
r2Y11 þ n1Dm1

1
b1
r2Y21 þ

1
b1
r2Y41

� �

þ n2Dm2
1
b2
r2Y31 þ

1
b2
r2Y51

� � (21:27)

1
b1

@Y21

@t
¼Dm11

1
b1
r2Y21 þ

1
b1
r2Y41

� �

þ Dm12
1
b2
r2Y31 þ

1
b2
r2Y51

� �
þ l1Dh

a
r2Y11;

(21:28)

1
b2

@Y31

@t
¼Dm21

1
b1
r2Y21 þ

1
b1
r2Y41

� �

þ Dm22
1
b2
r2Y31 þ

1
b2
r2Y51

� �
þ l2Dh

a
r2Y11;

(21:29)

Since we have derived the generalized von Karman equations for time-

independent problems, we can eliminate the
@C
@t

term from eqn (21.27). In

addition, if we let the reciprocals of the hygro-expansion constants and the
thermal expansion constant be absorbed on redefined constants, then the
last three equations can be reformulated as:

@Y11

@t
¼Dhr2Y11 þ n1D0m1 r

2Y21 þr2Y41
� �

þ n2D0m2 r
2Y31 þr2Y51

� �
(21:30)
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@Y21

@t
¼ l1D0hr2Y11 þ Dm11 r2Y21 þr2Y41

� �
þ D0m12 r2Y31 þr2Y51

� �
(21:31)

@Y31

@t
¼ l2D00hr2Y11 þ D0m21 r2Y21 þr2Y41

� �
þ Dm22 r2Y31 þr2Y51

� �
(21:32)

with:

D0m1¼ aDm1 = b1;D0m2¼ aDm2 = b2;D0h¼ b1Dh;D0m12¼ b1Dm12 = b2;D00h¼ b2Dh

These three equations can be expressed compactly as follows:

@Yj1

@t
¼
X5

i¼ 1

Djir2Yi1; j¼ 1; 2; 3 (21:33)

The sixth and final equation comes by the electric potential equation that,
for the case of electroneutrality, can be written as:

r2Y41¼r2Y51¼ 0 (21.34)

Thus, the system of equations in eqn (21.18), (21.23), (21.30)–(21.32) and
(21.34) forms the complete system for the large-deflection IPMC plates under
bi-component mass transport, heat transport and electric field.

It is worth noting that the equations in eqn (21.33) are generalizable for
the case of n-component systems to:

@Yj1

@t
¼
X2nþ1

i¼ 1

Djir2Yi1; j¼ 1; :::; nþ 1 (21:35)

This system generates one PDE for the heat conduction and n equations,
one for each species of mass conservation.

21.3 Special Cases
For the case of a bi-component electrohygrothermoelastic system, the mass
transport equations in eqn (20.90) of the previous chapter in this volume
reduce to the form:

@Cð1Þj

@t
¼
X2

i¼ 1

Zji r2Cð1Þj þ qjC
ð1Þ
j r

2j
� 	

þ k0r2T ð1Þ; j¼ 1; 2 (21:36)

while the corresponding energy conservation equation in eqn (20.92)
reduces to:

rCp
@T ð1Þ

@t
¼ k0r2T ð1Þþ

X2

k¼ 1

Z0k r
2Cð1Þk þ qkCð1Þk r

2j
� 	

(21:37)
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and the electric potential equation is recovered by introducing E¼�rj into
eqn (20.27) of the previous chapter in this volume,1 along with the equation:

re¼ rq¼ r
Xn

j¼ 1

ckqk

r2j¼� r
e

X2

j¼ 1

ckqk (21:38)

or in the case of electroneutrality:

r2j¼ 0 (21.39)

The corresponding von Karman equations are reduced to:

r2r2wþð1þnÞ b1 r2Cð1Þ1 þ Cð1Þ1 q1r2j
� 	

þb2 r2Cð1Þ2 þCð1Þ2 q2r2j
� 	

þar2T
h i

¼ h
N

q
h
þ F;22w;11 � 2F;12w;12 þ F;11w;22

� 	
(21:40)

r2r2F þ E b1 r2Cð1Þ1 þ Cð1Þ1 q1r2j
� 	

þ b2 r2Cð1Þ2 þ Cð1Þ2 q2r2j
� 	

þ ar2T
h i

¼ E½ðw;12Þ2 � w;11w;22� (21:41)

Eqn (21.36)–(21.37) and (21.39)–(21.41) represent a system of six PDEs with
six unknowns and therefore it is algebraically closed.

On the other hand, the simplest case is that of a one-species or one-
component system. In this case, the heat conduction equation in eqn (21.37)
reduces to:

rCp
@T ð1Þ

@t
¼ k0r2T ð1ÞþZ01 r2Cð1Þ1 þ q1Cð1Þ1 r2j

� 	
(21:42)

The mass transport equation in eqn (21.36) reduces to:

@Cð1Þ1

@t
¼ k0r2T ð1Þ þ Zji r2Cð1Þ1 þ q1Cð1Þ1 r2j

� 	
(21:43)

The complete set of equations for one component in terms of the alternate
representation given by eqn (21.18), (21.23), (21.30)–(21.32) and (21.34)
reduces to the system:

r2r2wþ ð1þ nÞ r2Y11 þr
2Y21 þr

2Y41

� �

¼ h
N

q
h
þ F;22w;11 � 2F;12w;12 þ F;11w;22

� 	 (21:44)
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r2r2Fþ E(r2Y11þr2Y21þr2Y41)¼ E[(w,12)2 � w,11 w,22] (21.45)

@Y11

@t
¼Dhr2Y11 þ n1D0m1 r2Y21 þr2Y41

� �
(21:46)

@Y21

@t
¼ l1D0hr2Y11 þ Dm11 r2Y21 þr2Y41

� �
(21:47)

r2Y41¼ 0 (21.48)

Further simplifications can only be achieved by simplifying the physics.
For example, in the case when there is no heat transfer, this system further
reduces to:

r2r2wþ ð1þ nÞ r2Y21 þr2Y41

� �
¼ h

N
q
h
þ F;22w;11 � 2F;12w;12 þ F;11w;22

� 	

(21:49)

r2r2Fþ E(r2Y21þr2Y41)¼ E[(w,12)2 � w,11 w,22] (21.50)

@Y21

@t
¼Dm11ðr2Y21 þr2Y41Þ (21:51)

r2Y41¼ 0 (21.52)

Alternatively, if mass transport is neglected, then the same system
reduces to:

r2r2wþ ð1þ nÞðr2Y11Þ¼
h
N

q
h
þ F;22w;11 � 2F;12w;12 þ F;11w;22

� 	
(21:53)

r2r2Fþ E(r2Y11)¼ E[(w,12)2 � w,11 w,22] (21.54)

@Y11

@t
¼Dhr2Y11 (21:55)

In the case of just electromechanical coupling, the system reduces to:

r2r2wþ ð1þ nÞr2Y41¼
h
N

q
h
þ F;22w;11 � 2F;12w;12 þ F;11w;22

� 	
(21:56)

r2r2Fþ E(r2Y41)¼ E[(w,12)2 � w,11 w,22] (21.57)

r2Y41¼ 0 (21.58)
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Based on this analysis, it is apparent that the system of the generalized
von Karman equations in its simplest form still requires one extra PDE to
describe the evolution of the additional field, whether that is the heat
transport, the mass transport or the electric field presence.

21.4 Numerical Solution of a Special Case
There is no known closed-form solution of the generalized von Karman
equations, not even for the simpler original ones.20 The only option available
is an approximate solution based either on utilizing the sum of products of
orthogonal functions22 or numerical discretization via finite difference or
finite element analysis (FEA) or other numerical methods. Flexibility of
existing codes along with the astonishing progress of computational tech-
nologies during recent years has made FEA our choice for the present task.
Any code that implements a ‘‘discontinuous Galerkin’’ FEA approach such as
‘‘freeFEMþþ ’’,23 ‘‘flexPDE’’24 or ‘‘COMSOL Multiphysics’’25 can be used for
this task. Because of its adaptive mesh capability, efficient problem defin-
ition script language and excellent graphics capabilities, we selected flexPDE
to solve the appropriate system PDEs for the problem of an IPMC plate as
indicated in our earlier work.11–13,15,26 However, for the purpose of demon-
strating the feasibility of solving the IPMC plate problem in a variety of
computational environments, here we will present the results of solving the
system of relevant PDEs by using COMSOL Multiphysics.25

Without loss of generality, the specific problem selected to be solved
numerically involves the generalized von Karman equations with one extra
field. In particular, we present the solution of the heat transport case de-
scribed by eqn (21.53)–(21.55). However, since COSMOL Multiphysics (as
well as most codes) is not capable of accepting the definition of higher-than-
second-order PDEs, we introduce the quantities w0 ¼r2w and F0 ¼r2F that
permit the reduction of the system of the two fourth-order and one second-
order equations in eqn (21.53)–(21.55) to the system of five second-order
PDEs as follows:

r2w¼w0 (21.59)

r2w0 þ ð1þ nÞ r2Y11

� �
¼ h

N
q
h
þ F;22w;11 � 2F;12w;12 þ F;11w;22

� 	
(21:60)

r2F¼ F0 (21.61)

r2F0 þ E(r2Y11)¼ E[(w,12)2 � w,11 w,22] (21.62)

@Y11

@t
¼Dhr2Y11 (21:63)
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The computational domain will be considered to correspond to that of a
rectangular plate with the short dimension being 0.10 m and with a di-
mensional aspect ratio of 1.618 (as a first-order approximation of the golden
ratio), while the thickness was assigned to be 0.0015 m. The Young’s
modulus and Poisson’s ratio assigned to the problem were E¼ 270 MPa and
n¼ 0.3. In order to invoke the buckling behavior, we also set Y11¼T, which,
through eqn (21.25), essentially enforces a value of a¼ 1 K�1.

Here, we will only present the solution of a simply supported plate along
all the edges with lateral mechanical load q given by:

q¼ q0 sin(t) (21.64)

with q0¼ 1N/m2. We also consider Neumann boundary conditions
n � (rY11)¼ g� gY11 along all edges with:

g¼ g0[1þ sin(t)] (21.65)

and g0¼ 2. This choice was motivated by the goal of investigating the time
delays due to the diffusive processes and the verification of the reversible
action on the deflection field as a function of the applied stimulus. In
the first case, this field is applied along the entire boundary. Figure 21.2
represents the time evolution of both boundary conditions along with their
specific values for the four distinct times at which we will present repre-
sentative results.

The solution results for the three main fields of deflection, the Airy stress
function and the temperature for the case of Dh¼ 0.01 at the four time
instances of 1, 2, 3 and 4 s are shown in Figure 21.3.

Figure 21.2 Normalized transverse load q/q0 and heat flux g/g0 applied at the edges
of the plate.
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Figure 21.3 Snapshots of the evolution of the solution fields w, F and T for diffusivity Dh¼ 0.01 m2 s�1 for times t¼ 1, 2, 3 and 4 s. The
domain axes represent the spatial coordinates and the numbers reflect length in m.
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As anticipated, the deflection field follows the variation of the lateral load
distribution q and is in phase with it. Another noticeable result is that
the evolution of the temperature field seems not to present a noticeable
variation in space as the diffusivity is high enough to allow the heat flux to
generate an almost uniform field throughout the domain.

A completely different situation emerges for the case of Dh¼ 0.00001, as is
presented in Figure 21.4. The most striking difference here is that the
buckling behavior of the plate has been captured, and wrinkles appear at the
four corners. The extremum of the deflection is no longer at the mid-point of
the plate as in the previous case, but instead, multiple extrema appear near
the four corners that give rise to the wrinkles.

Another observable characteristic from Figure 21.4 is that the plate is not
deforming in a manner that is in phase with the lateral load pressure as in
the previous case (Figure 21.3), but rather its behavior is modulated by the
temperature conduction from the boundaries. In fact, observing the
evolution of the temperature field as a function of time (right column of
images in Figure 21.4) shows that the heat conduction is much slower, and a
higher temperature appears near the boundaries that slowly diffuses into the
rest of the domain while the maximum temperature decreases as a function
of increasing time, while most of the central area of the plate domain
remains at the initial temperature of 25 1C.

To underline the drastic difference between the unstable (buckled) and
stable behaviors of the plate, we present in Figure 21.5 an isometric 3D view
of the plate at t¼ 2 s for the case of Dh¼ 0.00001 in Figure 21.5(a) and
Dh¼ 0.01 in Figure 21.5(b).

To obtain a better idea of the transition from the stable to unstable
(buckling) behavior of the plate, we present in Figure 21.6 the evolution of
the deflection field for the same four time instances for values of Dh¼ 1e–6,
1e–5 and 1e–4, and in Figure 21.7, we present the evolution of the deflection
field for values of Dh¼ 1e–3, 1e–2 and 1e–1 at the same time increments.

These two figures clearly indicate that the transition from one extremum
to multiple extrema occurs in the region 1e–4 oDh o1e–2. In fact, if we plot
the time evolution of the mid-point of the plate for various values of the
diffusivity as shown in Figure 21.8, we also see both the out-of-phase
buckling behavior of the mid-point for values Dh¼ 1e–6, 1e–5 and 1e–4 in
Figure 21.8(a) and for Dh¼ 1e–3 in Figure 21.8(b), and the in-phase behavior
for Dh¼ 1e–3, 1e–2, 1e–1 and 1e–0.

According to the behavior of the mid-point of the plate, it appears that the
buckling instability appears for a value in the region 1e–3 oDh o1e–2.

The temperature evolution as a function of time for four distinct points of
the plate (the mid-point of the plate, the mid-points of the edges and the
corner point) and four distinct values of the diffusivity Dh¼ 1e–6, 1e–5, 1e–4
and 1e–3 is presented in Figure 21.9.

This figure clearly shows that, for all diffusivities, the temperature of the
corner point is the highest. For the case of Dh¼ 1e–6 and 1e–5, we see the
that the evolutions of the mid-point of the edges are identical as they fall on
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Figure 21.4 Snapshots of the evolution of the solution fields w, F and T for diffusivity Dh¼ 0.00001 m2 s�1 for times t¼ 1, 2, 3 and 4 s.
The domain axes represent the spatial coordinates and the numbers reflect length in m.
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top of each other, while at the same time the mid-point remains at the
initial constant temperature of 25 1C. As the diffusivity increases to
Dh¼ 1e–4 m2 s�1, the mid-points of the edges appear to exhibit different
histories after 1.9 s and the mid-points begin to increase their tempera-
tures at about the same time. Furthermore, as the diffusivity increases to
Dh¼ 1e–3 m2 s�1, these trends become more dominant and the differences
in the evolution of all temperatures become smaller and they all seem to
coalesce, especially as the diffusivity increases further.

21.5 Data-driven Construction of Analytical
Solutions

In order to explore obtaining a solution without solving numerically the
multiphysics PDEs describing the dynamics of the system altogether, we
demonstrate here a data-driven approach for constructing analytical solu-
tions. The proposed solution fields are approximated by sums of basis
functions borrowed from well-known single-physics approximations. The
identification of the unknown coefficients is achieved by casting the prob-
lem as an optimization problem where an objective function is constructed
that expresses the norm of the error vector between the experimental values
of the fields involved in the problem and their respective analytical
approximations constructed as previously described. First, we present the
experimental procedure and then the global optimization procedure for a
square IPMC plate.

21.5.1 Experimental Procedure for Data Collection

To acquire preliminary experimental data reflecting the electrically activated
bending of IPMC plates, an IPMC square specimen was cut with dimensions
40 mm�40 mm�0.3 mm.

Figure 21.10(a) presents a view of the IPMC plate mounted on a conductive
frame that was used to apply voltage boundary conditions along the entire
boundary. In Figure 21.10(b), the experimental setup is shown, including a
load cell used to determine the deflection at the mid-point of the plate

Figure 21.5 Isometric 3D view of the deflection field w in m for Dh ¼ 0.01 m2 s�1

(a) and for Dh ¼ 0.00001 m2 s�1 (b) at time t ¼ 2 s.
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Figure 21.6 Snapshots of the evolution of the solution field w for diffusivity values Dh¼ 0.000001, 0.00001 and 0.0001 m2 s�1 for times
t¼ 1, 2, 3 and 4 s. The domain axes represent the spatial coordinates and the numbers reflect length in m.
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Figure 21.7 Snapshots of the evolution of the solution field w for diffusivity values Dh¼ 0.001, 0.01 and 0. 1 m2 s�1 for times t¼ 1, 2, 3
and 4 s. The domain axes represent the spatial coordinates and the numbers reflect length in m.
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Figure 21.8 Evolution of the solution field w at the mid-point of the plate for
diffusivity values Dh¼ 0.000001, 0.00001 and 0.0001 m2 s�1 (a) and for
Dh¼ 0.001, 0.01, 0.1 and 1.0 m2 s�1 (b).
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Figure 21.9 Evolution of the solution field T at the center of the plate, the two midpoints of the edges and the corner of the plate for
diffusivity values Dh¼ 0.000001 m2 s�1 (a), for Dh¼ 0.00001 m2 s�1 (b), for Dh¼ 0.0001 m2 s�1 (c) and for Dh¼ 0.001 m2 s�1 (d).
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surface. The load cell was mounted on a precision screw-type platform
capable of applying measurable displacement towards and away from the
center of the plate. Consecutive turns of the screw were applied, all corres-
ponding to a displacement of about 1 micron. For each one of these turns,
when zero contact force was first observed (the load cell was not touching the
plate) the distance travelled by the load cell is considered to be equal to the
deflection of the plate.

Figure 21.11(a) shows the experimental results of applying a sinusoidally
varying voltage and the corresponding deflection at the middle of the plate as a
function of time. Figure 21.11(b) shows the voltage vs. the mid-point deflection
for the first 2 s. These are the data to be used in the process that follows.

21.5.2 Design Optimization for the Analytical Approximation
of Simulated Behavior

The inverse approach character of the proposed methodology is based on
minimizing—in the least-squares sense—the objective function:

f oðcijÞ¼
Xn

i¼ 1

½ws
i ðc1jÞ � we

i �
2 þ

Xn

i¼ 1

½Fs
i ðc2jÞ � Fe

i �
2 þ

Xn

i¼ 1

½V s
i ðc3jÞ � V e

i �
2

( )

(21:66)

where ws
i ðc1jÞ; Fs

i ðc2jÞ;V s
i ðc3jÞ are the unknown variables of the simulated

fields corresponding to the deflection, the Airy stress function and the
voltage distributions, respectively, and we

i ; Fe
i ;V e

i are the corresponding ex-
perimental values of the same variables, respectively. Here, the unknowns to
be determined by the minimization of the objective function defined by eqn
(21.66) are the free coefficients cij.

In our preliminary experimental implementation, the Airy stress function
and the voltage distribution over the domain of the space variables (x,y) were

Figure 21.10 Close-up view of a square IPMC plate mounted on a conductive frame
(a), and experimental setup of a loading frame with a loading cell in
place (b).
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not measured. Therefore, only the first term of eqn (21.66) (corresponding to
the deflections) was used in the actual numerical analysis, since it was the
only one for which we could obtain experimental measurements. This im-
plies that cij¼ c1j¼ cj.

We constructed the simulated deflection solution ws
i ðc1j ; xi; yiÞ indexed for

specific locations (xi, yi) as an additive composition of just three basis
functions tj with ( j¼ 1, 2, 3), which satisfy the boundary conditions of zero
deflection along the edges according to:

ws
i ðxi; yiÞ¼

4qequiva4

p5D
½c1t1ðxi; yiÞ þ c2t2ðxi; yiÞ þ c3t3ðxi; yiÞ� þ woffset

i (21:67)

where D is the flexural rigidity of the plate, qequiv is an equivalent lateral load
distribution per unit of area of a small-deflection plate that generates de-
flections identical to our multifield plate and woffset

i was added to capture the
possible existence of any initial deflection. The three free coefficients cj,
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Figure 21.11 Voltage and mid-point deflection vs. time (a) and voltage vs. mid-point
deflection (b).
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weighting the basis functions, are the unknowns (design variables) to be
determined.

Based on the analytical solutions in the form of infinite series constructed
for approximating a solution satisfying the bi-harmonic equation governing
the single physics of small-deflection bending of rectangular plates given in
the past, we chose one of them to construct our basis functions out of the
first three terms27 according to:

tmðxi; yiÞ¼ cos
mpxi

a
1� am tanh am þ 2

2 cosh am
cosh

mpyi

a

�

þ 1
2 cosh am

mpyi

a
sinh

mpyi

a

� (21:68)

with am¼mpb/2a and where a, b are the dimensions of the plate along the x
and y axes, respectively.

Since the experimental data for the deflection are collected only at the
mid-point of the plate, we used another solution of an equivalent single
physics-approximating solution of the bi-harmonic equation to generate
pseudo-experimental data for the rest of the points on the plate according to:

we
i ðxi; yiÞ¼

16qequiv

p6D

X100

m¼ 1

X100

n¼ 1

a4b4

mnðb2m2þa2n2Þ2
sin

mpð2xiþaÞ
2a

sin
mpð2yiþbÞ

2b

þ woffset
i þ wgaussian noise

i ; (21:69)

where wgaussian noise
i represents a term (injecting noise) for the purpose of

emulating the error due to the experimental data-acquisition methodology.
It is worth mentioning here that the reason we use only the first 100 terms of the
double series in the above relation is due to the fact that we are concerned with
capturing the deflection of the plate in an approximate manner. The injected
noise is expected and has been chosen to be of equal or higher magnitude than
the approximation error introduced from not considering more terms.

To eliminate the presence of the equivalent mechanical load distribution
from eqn (21.67) and (21.69), the voltage vs. mid-point (maximum) deflection
observed in Figure 21.10(b) has been approximated by the following second-
order polynomial:

wmax¼ 000000137903V 2
o þ 000000635696Vo þ 0000000234504 (21:70)

By equating this deflection with that provided by eqn (21.67) at the mid-
point and solving the resulting equation with respect to qequiv, we obtain the
following voltage-dependent solution:

qequiv¼ p5D
4a4

ð000000137903V 2
o þ 000000635696Vo þ 0000000234504 � woffset

i Þ
½c1t1ð0; 0Þ þ c2t2ð0; 0Þ þ c3t3ð0; 0Þ�

:

(21:71)
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Eqn (21.67) through (21.71) fully define the quantities participating in eqn
(21.66) and therefore determination of the unknown parameters cj can now
be achieved by using any optimization methodology for minimizing the
objective function defined by eqn (21.66). In the context of this work, the
implementation of the optimization procedure was formulated in Mathe-
matica28 via the algorithms available for global optimization by using the
Nelder–Mead method. The resulting solution is presented in Table 21.1 and
the three coefficients are compared with the known values of the first three
terms of the infinite series that approximates the bi-harmonic solution.

Now that the design variables ci have been estimated, the analytical form
of the deflection field as expressed by eqn (21.67) is fully determined. For
comparison purposes, Figure 21.12 shows the experimental (Figure 21.12(a))
and simulated (Figure 21.12(b)) distributions of the displacement field over
the square plate at the same arbitrary time increments.

Clearly, the computationally determined simulated solution tracks the
pseudo-experimental one very well. The jaggedness of the contours in the
pseudo- experimental deflection distributions shown in Figure 21.11(a) is
due to the noise introduced in eqn (21.69).

21.6 Conclusions
In the present chapter, we derived the generalized form of the von Karman
equations for multifield conditions and described various special cases of

Table 21.1 Computed solution coefficients Ci and their comparison with known
terms of the single-physics solution.

c1 c2 c3

Known values 1.00000 0.00411523 0.00032
Solution values 1.00000 0.00432335 0.000310941
Deviation 0% 5.1% 2.8%

Figure 21.12 Deflection field distributions for the pseudo-experimental case (a) and
the analytically computed case (b). The domain axes represent the
spatial coordinates and the numbers reflect length in m.
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them. A demonstration of how to solve a representative system of such
equations via the use of the FEA method was also presented for a rectangular
simply supported plate exposed to transverse mechanical load and to heat
fluxes at the supporting edges. Both mechanical and heat loads were defined
as functions of time. We presented representative results of the solution of
the system of the proper PDEs and demonstrated and identified both the
stable and unstable (buckling) regimes of the plates. As an alternative to the
FEA method, we also presented a data-driven method that uses a
design optimization approach for solving an inverse problem, by exploiting
partial experimental data, to determine the unknown coefficients of
the basis functions that form an analytical approximation of the solution
fields.
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CHAPTER 22

Ionic Polymer Metal
Composites as Dexterous
Manipulators and Haptic
Feedback/Tactile Sensors for
Minimally Invasive Robotic
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22.1 Introduction
Robotic surgery has already created a paradigm shift in medical surgical
procedures and will continue to expand to all surgical and microsurgical
procedures. There is no doubt that in doing so, robotic surgical systems such
as the da Vinci will become much more intelligent and sophisticated with
the integration, implementation and synergy of new intelligent material
systems that will make surgical tools and equipment more functional and
more intelligent in biomimetic sensing and actuation and kinesthetic
interaction with organs during robotic surgery.
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The current robotic surgical systems evolved from laparoscopic surgical
procedures and made it possible for surgeons to perform surgery away from
the patient with much more concentration and ease. However, what was lost
in this transition by the surgeons was the feeling sensation of tissues and
organs and kinesthetic force feedback during surgery. It is interesting to
note that even during laparoscopic surgery, the surgeons can still feel and
sense the tissues and organs they are handling and operating on with
laparoscopic/endoscopic tools during surgery and feel the kinesthetic forces
at work. However, the kinesthetic force feedback was replaced with visual
feedback during robotic surgery. It is to be noted that some of this
kinesthetic force feedback was lost in the transition from open to laparo-
scopic surgery due to trocar friction and varying lever arms. However, with
smart materials such as ionic polymer metal composites (IPMCs) and
appropriate calibration and tuning, one may be able to recover the
kinesthetic force feedback during surgery using IPMCs. While one cannot
possibly minimize the importance of visual feedback during robotic
surgery,1–4 this chapter focuses on smart and soft haptic/tactile feedback.
Specifically, the scope of the chapter is limited to realistic haptic/tactile
feedback (human-like manual surgical dexterity) to surgeons during robotic
surgery by means of specially configured arrays of IPMC actuators and
sensors integrated with surgical end-effectors for haptic feedback/tactile
sensing. IPMCs are great for such robotic force feedback applications
because they work perfectly well in the wet human body environment and
generate millivolt-level sensing signals for kinesthetic force feedback. We
believe that considering IPMCs for haptic and kinesthetic force feedback is
novel. This chapter discusses the applications of intelligent materials and
artificial muscles to robotic surgery in connection with haptic, tactile and
kinesthetic force feedback to surgeons during robotic surgery.

22.2 Introduction to Smart Materials and Artificial
Muscles

In this chapter, we will introduce a number of smart materials and artificial
muscles that can be employed during robotic surgery to enhance the quality
of surgical operations with robotic structures and provide force, haptic and
kinesthetic feedback to surgeons during robotic surgery. Smart materials are
generally defined as multi-functional materials that can perform sensing,
energy harvesting and actuation, in addition to providing additional signals
pertaining to their environmental disturbances and changes. Due to the
requirement of biocompatibility, not all smart materials can be easily used
in robotic surgery. For example, piezoceramic materials, such as lead
zirconate titanate, are not recommended for use in a biomedical environ-
ment due to the presence of lead-related materials. However, piezopolymeric
materials, such as polyvinylidene fluoride, may be used. Here, biomimetic
IPMCs are described as electroactive polymers (EAPs) and artificial muscles
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for haptic feedback and tactile sensing during robot-assisted surgery.
However, other artificial muscles may also be suitable for such applications
pending biocompatibility, voltage and activation requirements. These will
include conductive and conjugated polymers as EAPs and artificial muscles,
metal hydride artificial muscles, chemoelectromechanical contractile arti-
ficial muscles such as polyacrylonitrile fibrous gels, biopolymeric artificial
muscles such as chitosan gels, magnetic gels, shape memory alloys and
shape memory polymers.

At this stage, it is appropriate to acknowledge the great work accom-
plished in developing tactile sensing and haptic feedback in recent years,
enabling a smooth transition to applications of IPMCs in tactile sensing and
haptic feedback.

22.3 Haptic/Tactile Feedback Technology Overview
Many technologies have been used to develop haptic and tactile feedback
systems for surgeons during robotic surgery. Each will be described, along
with their research and developments. Salisbury, Cutkosky and Okamura are
the pioneers of haptic/tactile feedback in robotic surgery and have contrib-
uted tremendously to this technology. Salisbury and his students at MIT
began developing innovative human–machine interfaces and haptics in the
early 1980s. Salisbury should be credited for the creation of the first dex-
terous three-fingered Salisbury hand5 and his pioneering efforts to make it
highly dexterous, as well as his revolutionary robotic surgery research and
development6 through haptic robotic dexterous hand designs. These designs
eventually led to the formation of Integrated Surgical Systems (now called
Intuitive Surgical Inc.), which created the da Vinci Surgical Systems,
classified as a master–slave surgical system. Jacobson et al.7 should also be
given credit for the creation of another dexterous four-fingered hand, the
‘‘Utah/MIT Dexterous Hand’’, in the early 1980s. Following these develop-
ments, haptic research progressed significantly, as can be seen from early
research by Okamura et al.,8 who presented an overview of dexterous
manipulation. Furthermore, Okamura and Cutkosky9 reported their work on
feature detection for haptic exploration with robotic fingers. Later, Okamura
et al.10 presented a very compelling paper on using a force-feedback joystick
to control dynamic systems. Barbagli and Salisbury studied the effects of
sensor/actuator asymmetries in haptic interfaces.11 Griffin et al.12 further
discussed feedback strategies for shared control in dexterous telemanipula-
tion. Prasad et al.13 further developed a modular two DOF (degree of freedom)
force-sensing instrument for laparoscopic surgery. Following that effort,
Salisbury et al.14 made advances towards haptic rendering in 2004. Okamura
then presented some methods for haptic feedback in teleoperated robot-
assisted surgery,15 and along with Bethea, Kitagawa, Fitton, Cattaneo and
Gott, presented a number of applications of haptic feedback in robotic sur-
gery.16 Kitagawa et al.17 made further advances towards understanding the
effects of sensory substitution on suture-manipulation forces for robotic
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surgical systems. Abbott et al.18 were able to develop a number of haptic
virtual fixtures for robot-assisted manipulation with applications to
minimally-invasive robotic surgery (MIRS). This was followed later by an
Okamura paper on haptic feedback in robot-assisted minimally invasive sur-
gery.19 Misra et al.20 further discussed the importance of organ geometry and
boundary constraints for the planning of medical interventions. Haptic and
tactile feedback in robotic surgery received additional boosts through the
original work of Okamura et al.,21 who further developed haptics for robot-
assisted minimally invasive surgery. Force feedback was recognized to be of
extreme importance in MIRS, and thus Okamura et al.22 presented the essence
of force feedback and sensory substitution for robot-assisted surgery. Some of
the recent work in connection with the advancement of haptic/tactile feedback
in MIRS can be traced in the publications of Okamura et al.,23 Yamamoto
et al.24 and Stanley et al.25 on haptic jamming and a recent patent disclosure
on advanced haptics by Guerin et al.26 The pioneering work of Dutson and his
research team at the UCLA Center for Advanced Surgical and Interventional
Technology (CASIT) should be briefly mentioned. They are developing a
pneumatic balloon-based tactile feedback system that measures forces at the
distal end of the robotic grasper via a force sensor array made with FlexiForces

sensors, and the forces from each sensor element are translated into pro-
portional pressures that are applied to the surgeon’s fingers via balloon ac-
tuator arrays. This system is currently under development for use with the da
Vinci robotic surgical system.27,28 FlexiForces sensors mounted at the distal
end of robotic grasper forceps proportionately translate pressures applied to
the surgeon’s fingers via balloon actuator arrays. Researchers have already
demonstrated a reduced grasping force using this system. Dargahi et al.29

have presented a new idea for the modeling and testing of an endoscopic
piezoelectric-based tactile sensor. Some other interesting and innovative re-
search on haptic/tactile feedback in robotic surgery is the advancement made
by Kuchenberger,30–32 whereby Kuchenbecker’s VerroTouch System, for ex-
ample, restores the sense of touch and vibration lost in robotic surgery, en-
abling the surgeon to feel the texture of rough surfaces or the start and end of
contact with tissue. Similarly, Tadano et al.,33 of the Precision and Intelligence
Laboratory, Tokyo Institute of Technology and Tokyo Medical and Dental
University, have developed a pneumatic robot with haptic feedback called IBIS
IV. Steinberg of Cambridge Research and Development in Nashua has intro-
duced a haptic interface that allows users to feel the touch and pressure ap-
plied by a robot while it works. The system uses a pneumatic air pressure-
measuring device attached to the back of the head and relays steady pressure
that the user can feel as a robot touches or grabs an object.34 A new surgical
robot with haptic feedback recently developed in Europe at the Technical
University of Eindhoven is called ‘‘Sofie’’, a haptic feedback robot designed
and developed by van Den Beden.35 One should also mention new haptic
devices such as the PHANTOM Omnis haptic joystick device from SensAble
technologies36 and the development of a new Tactile Capsule which restores
surgeons’ sense of touch during laparoscopy by a team of engineers from the
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Science and Technology of Robotics in Medicine (STORM) Laboratory at
Vanderbilt University.37 For a state-of-the-art paper on force and tactile sens-
ing for minimally invasive surgery, see Puangmali et al.38

Having fully explored and understood the state of the art in haptic/tactile
feedback sensing, we can now introduce the new smart biomimetic multi-
functional IPMCs into this critical field for MIRS. It must be mentioned
that IPMCs as sensors and haptic actuators are far more appropriate than
FlexiForces because they can also sense bending, twisting, rolling, tension-
ing, twirling and turning and they are biocompatible, while FlexiForces can
only measure the normal pressure in a flat configuration. It uses a piezo-
resistive material that can only sense the normal force. The harder you press,
the lower the sensor’s resistance. The sensor itself is thin and flexible, but
the resistance does not change while being flexed. In that sense, the intro-
duction of the versatile IPMCs to MIRS as a new family of haptic/tactile
feedback sensors is highly desirable and timely. The literature on employing
soft smart materials and IPMCs for haptic/tactile feedback sensing in
general robotics will be discussed later when IPMC actuation and sensing
phenomena are discussed.

In connection with some background on robotic surgery relevant to this
chapter, there exists a very rich body of literature on robotic surgery and, in
particular, there are recent books and patents that cover all aspects of ro-
botic surgery from basic design and kinematics to surgical work spaces and
clinical aspects. In particular, Gharagozloo and Najam39 wrote the first book
on robotic surgery from a clinical perspective in 2008. Dasgupta et al.40

presented clinical views of and practices in urologic robotic surgery. Rosen,
Hannaford and Satava41 wrote the first book on robotic surgery devoted to
systems applications and vision rather than a purely clinical approach.
Navaranjan et al.42 wrote a book on robotic surgery in 2012 with an emphasis
on general considerations for this emerging field. Sood and Leichtle43 wrote
a book on the essentials of robotic surgery in 2013. Shahinpoor and
Gheshmi44 recently published a book on robotic surgery focusing on using
smart materials, robotic structures and artificial muscles with additional
emphasis on the design, kinematics and work spaces of surgical robots.
Changqing45 also recently published a book on robotic cardiac surgery with
an emphasis on its clinical aspects and complications. Shahinpoor and
Gheshmi46,47 have also presented novel designs for ophthalmic robotic
microsurgery as well as robotic laparoscopic surgery.

22.4 IPMC Manufacturing and Biocompatibility
The prelude to manufacturing IPMCs was manufacturing electrically
controllable ionic gels or synthetic (artificial) muscles from polyelectrolytes
as reported by Adolf et al.48 and Shahinpoor.49 In order to integrate elec-
trodes with ionic gels, a number of manufacturing approaches based on an
oxidation/reduction (redox) chemical procedure that leads to an electroless
chemical plating of ionic membranes were developed as reported in Oguru
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et al.50 and Shahinpoor and Mojarrad,51 who present detailed original
manufacturing procedures for IPMCs. Kim and Shahinpoor52–54 also pre-
sented detailed manufacturing methodologies for IPMCs based on Taguchi’s
manufacturing optimization procedure. Shahinpoor and Kim,55 Segalman
et al.56 and Shahinpoor57 presented a number of plausible models for elec-
trically controllable soft biomimetic polymeric artificial muscles as early as
1992. One of the basic polyelectrolytes used in manufacturing IPMCs is
perfluorinated sulfonic membranes, a form of which is commercially known
as Nafiont and is manufactured by DuPont. These materials are basically
biocompatible, as reported by Kim et al.58 and Dickert et al.59 Thus, plating
these membranes with biocompatible metals such as platinum (Pt) or gold
will lead to biocompatible IPMCs as biomimetic muscle-like soft actuators
and sensors for biomedical applications and, in particular, ‘‘robotic
surgery’’. This will open an exciting area in robotic surgery for realistic
haptic/tactile feedback sensing by surgeons. These polymeric muscles are
manufactured by chemical processes51–55 in which a noble metal, such as Pt
or gold, is deposited near a boundary as embedded electrodes that penetrate
in a fractal and dendritic manner within the molecular network of the
base ionic polymer. IPMCs chemically plated with Pt form a sandwich of
Pt–Nafion–Pt, where the Pt is often only a few tens of microns thick (typically
10–20 microns for a 1 cm�4 cm�0.2 mm IPMC strip). IPMC artificial
muscles are capable of absorbing polar fluids such as water because of the
presence of Nafion. The absorbed water somewhat gels up on internal
cations as hydrated molecules. Thus, IPMCs are capable of operating in very
humid or wet environments, underwater, in blood and also in air. In this
context, they are quite suitable for surgical operations in a human body.

22.4.1 IPMC Biomimetic Robotic Actuation

IPMCs are active multifunctional smart materials (i.e., they deform signifi-
cantly when excited by a relatively low voltage and generate voltage when
deformed). Grodzinsky60 and Yannas and Grodzinsky61 were the first to
present a continuum model for the electrochemistry of the deformation of a
charged polyelectrolyte membrane. However, it was Shahinpoor et al.62 who
introduced IPMCs as smart multifunctional EAPs and artificial muscles in
1998, followed by four review articles on the state-of-the-art IPMCs by Kim
and Shahinpoor in recent years.63–66 The application of these active polymers
to artificial muscles can be traced to Shahinpoor et al.67 and Nemat-Nasser.68

Due to space limitations, the discussion on IPMC actuation will be very
limited. Interested readers are invited to read the review references.63–67

As will be explained in this and the following two sections, one can bond
(solder) a pair of electrodes with attached lead wires to the top and bottom of
the IPMC sheet and quickly observe that, upon application of a low voltage,
the sheet deforms accordingly. If the voltage is dynamic, say sinusoidal, the
bending becomes oscillatory. IPMCs have a very large bandwidth to kilo-
Hertz both in actuation and sensing. For a full theoretical description of the
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charge dynamics and electromechanics of IPMCs, see de Gennes et al.69 and
Porfiri.70–72 Once an electric field is imposed on an IPMC cantilever, the
conjugated and hydrated cations rearrange to accommodate the local elec-
tric field and thus the network deform or bend in a spectacular manner
under a small electric field such as tens of volts per millimeter. de Gennes
et al.69 have presented the standard Onsager formulation of the underlying
principle of IPMC actuation/sensing phenomena using linear irreversible
thermodynamics.

Charge dynamics modeling and Poisson–Nernst–Planck formulation can
also be applied, as discussed by Porfiri70–72 and Bahramzadeh.73

In order to assess the electrical properties of the IPMCs, the standard AC
impedance method that can reveal the equivalent electric circuit of IPMCs
has been adopted. Typical results are reported in Shahinpoor et al.,67

Bahramzadeh73 and Bonomo et al.74 Overall, it is interesting to note that
the IPMCs are nearly resistive (450 O) in the high-frequency range and fairly
capacitive (4100 mF) in the low-frequency range. IPMCs generally have a
surface resistance (RSS) of a few Ohms per centimeter, a near-boundary re-
sistance (RS) of a few tens of Ohms per centimeter and a cross-resistance (RP)
of a few hundreds of Ohms per millimeter, with a typical cross-capacitance
(Cg) of a few hundreds of microfarads per millimeter. This approach is based
upon the experimental observation of the considerable surface electrode
resistance based on an equivalent circuit model (see Shahinpoor et al.67).
Another important feature of the IPMCs is the molecular diffusion and
transfer of cations and their hydrated water molecules as they move between
the porous electrodes.

22.4.2 IPMC Versatile Sensing Feedback

IPMCs are excellent versatile sensors for complex deformations and
kinesthetics of internal organs and tissues. As reported above, they can co-
operatively actuate and sense during their operation inside the body, and
this makes them unique as haptic actuators and sensors for robotic surgery.
Upon application of an electric field (imposed voltage across the mem-
brane), the cations migrate towards the cathode and thus cause a stress
gradient that deforms IPMC in an actuator mode. On the other hand,
mechanically deforming the IPMC forces the cations to redistribute and
move across the thickness, and this produces an electric field between
the electrodes based on the Poisson–Nernst–Planck phenomena (see
Porfiri70–72). Shahinpoor75,76 and Mojarrad et al.77 had introduced the
physical phenomenon of the ‘‘flexogelectric’’ effect in connection with the
dynamic sensing of ionic polymeric gels, where manually bending or twist-
ing the IPMCs resulted in a measurable electric field. Sadeghipour et al.78

had reported earlier that Nafion in a hydrogen environment and sandwiched
between two flat electrodes could be used as a vibration energy damper.
Shahinpoor and Mojarrad79 introduced the ionic polymers as cooperative
sensors and actuators in 2002. Additional contributions on IPMC sensing
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followed with the work of Ferrara et al.80 on measuring the force and
pressure between vertebrates, Bonomo et al.81 on IPMC general sensing,
Henderson et al.82 on the near-DC sensing capabilities of IPMCs, Farinholt
et al.83 on the relationship between charge and deformation in IPMCs, Chen
et al.84 on IPMC sensing underwater and Bahramzadeh et al.85 on curvature
sensing by IPMCs. Bonomo et al.86 modeled IPMC sensors, finding good
correspondence between their model and experimental results. Recently,
Yamakita et al.87 used the position sensing capabilities of IPMCs to develop
a closed position controller using HN theory (see Zames88). Doping the IPMC
material with specific counter-ions affects the performance of the material,
emphasizing either the sensing or actuation properties.

22.4.3 IPMC-Based Haptic/Tactile Feedback Sensing
Technology

In order to initiate a transformative and translational haptic/tactile feedback
sensing technology in robotic surgery in comparison to generic haptic/tactile
feedback sensing technology, the IPMCs are introduced. The following
contributions are of importance to the proposed effort. As early as 2000,
Konyo et al.89 discussed artificial tactile feel displays using soft gel actuators.
Based on the concept of smart pads introduced by Mazzone et al.,90 Nakano
et al.91 introduced a novel soft patch array of IPMCs that can be used
simultaneously as an input and output device for designing, presenting or
recognizing objects in three-dimensional space. Shahinpoor further intro-
duced the soft organ and tissue compression by IPMCs92 by introducing
multi-fingered soft robotic hands as shown in Figure 22.1(a) and (b).

The idea of creating a dexterous five-fingered hand made entirely
with IPMCs and emulating the real five-fingered hand of a surgeon and
generating haptic feedback has been explored by the author, as shown
in Figures 22.2–22.4. Here, each finger basically consists of stacked up
IPMC strips wired directly for finger actuation. It is also possible to create
multi-fingered IPMC hands to be used as soft biomimetic biocompatible
catchers/grabbers of a thrombus (a blood clot formed in situ within the

Figure 22.1 Two examples (Pt [a] and gold [b]) of dexterous soft biomimetic five-
fingered IPMC hands with actuation and haptic feedback sensing
capabilities controlled by just a couple of electrodes.
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Figure 22.2 Concept drawing of an electrically powered biomimetic soft dexterous
hand emulating a surgeons’ hand by stacked IPMC fingers.

Figure 22.3 Fabricated biomimetic soft dexterous hand (a) and encapsulating it in a
latex glove (b) to emulate a surgeons’ hand by stacking IPMC fingers
and powering them by electrical wire connections.

Figure 22.4 Four-fingered IPMC grabber to be used as a soft biomimetic biocompat-
ible catcher/grabber of blood clots or other loose/lost items and parts
during endovascular robotic surgery: (a) approaching; (b) grabbing.
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vascular system of the body and impeding blood flow), blood clots or other
loose/lost items and parts during endovascular robotic surgery, as shown in
Figure 22.4.

Later, Citerin and Kheddar presented their research on EAP actuators for
tactile display.93 Konyo and Tadokoro later reported an IPMC-based tactile
display for pressure and texture presentation on a human finger.94 Recently,
Jain et al.95 further contributed to the design and control of an electro-
myography (EMG)-driven IPMC-based dexterous robotic finger and Aw
et al.96 presented their results on an IPMC actuated robotic surgery
end-effector. Chatterjee et al.97 introduced a miniaturized IPMC-based five-
fingered dexterous hand. Figures 22.1–22.5 depict examples of such dex-
terous soft biomimetic multi-fingered IPMC hands with haptic actuation
and sensing capabilities. However, we will focus on using various con-
figurations of IPMCs for haptic feedback and tactile sensing during robotic
surgery.

22.5 Applications of IPMCs for Robotic Surgery

22.5.1 Brief Introduction to IPMCs as Multifunctional
Materials

IPMCs or ionic polymer conductor nano-composites are chemically
plated ionic polymers manufactured by a redox operation with a noble
metal such as Pt or gold to keep them biocompatible. Refer to the seminal
publication by Shahinpoor, Kim and Mojarrad67 for comprehensive coverage
of the various properties and applications of such materials. The
basic material is commonly ionic Teflon with relatively few fixed ionic
groups. Once an electric field is imposed on such a network, the conjugated
and hydrated cations rearrange to accommodate the local electric field
and thus the network deforms, and in the simplest of cases, such as in
thin membrane sheets, spectacular bending is observed (Figure 22.5) under
small electric fields such as tens of volts per millimeter.

Typical experimental deflection curves are depicted in Figure 22.6. Once
an electric field is imposed on an IPMC cantilever, in the polymeric network
the hydrated cations migrate to accommodate the local electric field.

This creates a pressure gradient across the thickness of the beam and thus
the beam undergoes bending deformation (Figure 22.6) under small electric
fields such as tens of volts per millimeter. The variations in tip blocking forces
and deflections are depicted in Figure 22.7. IPMCs can generate electrical
power like an electromechanical battery if flexed, bent, twisted or squeezed.

Keshavarzi, Shahinpoor, Kim and Lantz98 applied the sensing capabilities
of IPMCs to measure blood pressure, pulse rate and rhythm during surgery.
Motivated by the idea of measuring pressure in the human spine,
Ferrara et al.80 applied pressure across the thickness of an IPMC strip while
measuring the output voltage. Typically, flexing of such material in a
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cantilever form sets them into a damped vibration mode that can generate a
similar damped signal in the form of electrical power (voltage or current), as
shown in Figure 22.8.

It will be shown in the next section that the output voltage of an IPMC
strip is a function of the curvature and its rate of change. While an output
voltage of 1–2 mV can be derived by dynamic sensing from a sample with
dimensions of 10 mm�30 mm�0.2 mm, the achievable voltage is smaller
in a quasi-static sensing case using the same sample. Small samples
(1 cm�4 cm�0.2 mm) of IPMCs generate signals in the range of a few
millivolts in the presence of a typical 901 bending deformation. IPMC

Figure 22.6 Typical frequency-dependent actuation of IPMCs in a cantilever
configuration.

Figure 22.5 Typical deformation of strips (10 mm�80 mm�0.34 mm) of IPMCs
under a step voltage of 4 V: pure bending (left); bending and twisting
(right).
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sensors have proven to be highly sensitive to applied deformation over a
large frequency range.

The experimental results showed that an almost linear relationship exists
between the voltage output and the imposed displacement of the tip of
the IPMNC (ionic polymer metal nano-composites) sensor. As far as force
generation is concerned, IPMNCs generally have a very high force density.
Figure 22.9 below displays the cantilever and load cell configuration for
measuring the tip blocking force of typical samples of IPMNCs.

22.6 Feasibility of Providing Kinesthetic Force
Feedback to Surgeons during Robotic Surgery by
EAP Sensors (IPMCs)

One can integrate IPMCs as EAP nano-sensors and nano-actuators with
robotic surgical end-effectors such as intuitive grasping forceps to provide
kinesthetic force/torque feedback to surgeons during robotic surgery. The
approach is to employ IPMCs as surgeons’ feel/haptic sensors for the
kinesthetics of internal organs in interaction with various surgical robotic
end-effectors. This aims to integrate the kinesthetic force feedback signals
with joysticks and foot pedals in order for surgeons to receive kinesthetic
force feedback in real time during robotic surgery. To achieve these

Figure 22.7 Variations in tip blocking forces and the associated deflections for a
1 cm �5 cm �0.3 mm IPMC Pt–Pd sample in a cantilever configuration.
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objectives, suitable IPMC strips and loops are attached to the end-effectors
and wired through the end-effectors to the electronics providing kinesthetic
force or torque feedback to surgeons. To provide the force or torque sen-
sation to the surgeons, the specific IPMC sensor, say a tip bender, will be
subjected to a bending force to create an output signal in millivolts. This
signal will then be amplified electronically and fed into a linear actuator or
servo motor to generate the same force or torque and affect the operational
forces/torques in the joysticks or foot pedals used by surgeons. If the tip of a
3 cm�1 cm�0.2 mm IPMC strip experiences a blocking force by contacting
an organ/tissue during surgery, it will develop a blocking kinesthetic force of
about 20 g. The same strip in a cantilever configuration, if moved by the

Figure 22.8 A typical voltage response of an IPMC strip (1 cm�4 cm�0.2 mm) under
oscillatory mechanical excitations (top) and damped oscillatory output
voltages (bottom).
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kinesthetics of internal organs and end-effectors during surgery, will
generate about 4 mV, which can be correlated to the kinesthetic forces of the
internal organ movement during robotic surgery. Our experimentally ob-
tained data indicate that IPMCs may provide dynamic feedback of
kinesthetic forces to surgeons during surgery and gradually train surgeons to
feel the kinesthetics and kinesthetic forces and torques applied to internal
organs and tissues during surgery.

The fact that IPMCs can work well in the wet human body environment
during robotic surgery will be an advantage for developing this technology.
IPMCs are basically biocompatible because they are Teflon-based plastics in
a nano-composite form with a noble metal such as Pt or gold. They are
electrically safe and self-powered and do not need any source of voltage or
current to provide kinesthetic force feedback in millivolts, and they are
autoclaveable and hardly wear out. IPMCs also work well in an electrocautery
environment because IPMCs are basically ionic Teflon with Pt electrodes
that can withstand the high temperature of cauterization without melting or
burning during surgery.

The current robotic surgical systems evolved from laparoscopic surgical
procedures and made it possible for surgeons to perform surgery away from
the patient with much greater concentration and ease. However, what was
lost in this transition by the surgeons was the feeling sensation of tissues
and organs and kinesthetic force feedback during surgery. It is interesting to
note that even during laparoscopic surgery, surgeons can still feel and sense
the tissues and organs they are handling and operating on with laparo-
scopic/endoscopic tools during surgery and feel the kinesthetic forces at
work. However, kinesthetic force feedback was replaced with visual feedback
during robotic surgery. It is to be noted that some of this kinesthetic force
feedback was lost in the transition from open to laparoscopic surgery due to
trocar friction and varying lever arms. However, with smart materials such as

Figure 22.9 Cantilever and load cell configuration for measuring the tip blocking
force of IPMNC samples.
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IPMCs and appropriate calibration and tuning, one may be able to recover the
kinesthetic force feedback during surgery. IPMCs are great for such robotic
force feedback applications because they work perfectly well in the wet human
body environment and generate millivolt-level sensing signal for kinesthetic
force feedback. Figure 22.10 depicts the typical sensing output of IPMC strips
in bending and how the bending force is measured by a load cell.

Note that the output voltage of an IPMC strip is a function of the
curvature and its rate of change. While an output voltage of 1–2 mV can
be derived by dynamic sensing from a sample with dimensions of
10 mm�30 mm�0.2 mm, the achievable voltage is smaller in a quasi-static
sensing case using the same sample. Figure 22.11 depicts the experimental
setup for measuring the bending curvature of IPMCs versus electrical par-
ameters such as voltage and transient current.

IPMCs generate signals in the range of a few millivolts in the presence of
deformation. IPMC sensors have been proven to be highly sensitive to
applied deformation over a large frequency range. Figure 22.12 shows the
general responses of IPMC sensors to fast excitations followed by slow
bending accompanied by high-frequency noise.

In order to obtain kinesthetic force feedback information from IPMCs, two
calibration procedures are required. To this end, the calibration of
deformation of IPMC sensors with respect to a generated signal and then
the bending force of IPMC actuators can be easily related to the observed
deformation. It should be emphasized that the results of using IPMCs for
kinesthetic force feedback to surgeon during robotic surgery are very
promising, in that kinesthetic force feedback to surgeons may be possible
using IPMCs in bending, twisting, loop or compression loading. In the next

Figure 22.10 Typical sensing response of IPMC strips in bending. The sensing
response in millivolts can be correlated to tip kinesthetic force.
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section, we will elaborate on some additional experimental data that may
help us to achieve our objectives.

22.7 Integration of IPMCs with Robotic End-effectors
for Kinesthetic Force Feedback to Surgeons
during Robotic Surgery by EAP Sensors (IPMCs)

Ionic polymeric composites (IPMCs) with distributed nano-sensing and
nano-actuation can be employed in robotic surgery in order to provide
kinesthetic force feedback to surgeons. Several apparatuses for the modeling

Figure 22.11 Experimental setup (a) for the measurement of the bending force of an
IPMC cantilever using a high-resolution load cell and impedance
analyzer (b).
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and testing of the various IPMC artificial muscles are described to show the
viability of the application of electroactive IPMCs for providing surgeons with
kinesthetic force feedback during robotic surgery. Here, we present some of
the data generated by placing small strips of IPMCs on the contact face of
grasping forceps as shown in Figure 22.13. One can also explore the bending
and loop configurations for IPMCs (Figure 22.14) to interact with bodily
organs and tissues during robotic surgery and provide us with kinesthetic
force signals due to the bending of the IPMC strips or deformation of the loop,
which provides a voltage signal that can be correlated to the force exerted.

Kinesthetic force feedback signals in the range of a few millivolt can be
generated by touching soft human body anatomical plastic organs and can
be correlated with the grasping forces of surgeons. Thus, one will be able
to correlate the signal generated by the IPMC sensor mounted on an end-
effector to the kinesthetic organ force experienced by the IPMC strip. In
order to translate the kinesthetic force feedback voltage signal from the
IPMC strips to kinesthetic force feedback to surgeons’ hands during surgery,
the voltage signal should be amplified electronically and applied to a servo
integrated with joysticks to simultaneously provide the surgeons with haptic/
tactile feedback during surgery. Figures 22.15–22.17 show some typical sensing
signals from IPMC strips attached to surgical robotic end-effectors in com-
pression, bending and loop configurations. By compression, we mean direct
compression of IPMCs with a normal load such as in grasping forceps
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Figure 22.12 General response of an IPMC sensor to fast excitations followed by
slow bending.
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(Figure 22.18). Note that the voltage output can be correlated with the
kinesthetic normal force applied to the strip electronically, as described below.

The relation between the bending moment M and the radius of the

curvature r of the neutral axis of the beam is as follows: M¼ EI
r

, where r is

the radius of the curvature and I¼ 1
12

b:h3. Note that based on the dimen-

sions given in Figure 22.16 (10 mm�30 mm�0.2 mm), I¼ 1
12
� 0:01�

0:00023¼ 6:67� 10�15 m4 and with E¼ 1200 MPa for IPMCs and con-
sidering pure bending, one can calculate the required force for bending:

F¼ M
L
¼ M

0:03
¼ 33:3 M. Thus, based on the curvatures measured in

Figure 22.10, one can calculate the corresponding M and calculate the
equivalent force experienced by bending the IPMC during surgery.
For example, for r¼ 100 mm, M¼ 81�10�6 Nm, and F¼ 2.74�10�3

N¼ 2.74 mN.
Thus, in order to make robotic surgery more intelligent and haptics-based,

one should equip surgical robotic end-effectors with smart nano-composites
such as IPMCs capable of force, haptic and impedance sensing that can be
fed back to the surgeon. Thus, one will be able to correlate the signal out of
the IPMC mounted on an end-effector to the kinesthetic force experienced by
the IPMC strip. In order to translate the kinesthetic force feedback voltage

Figure 22.13 IPMC strips mounted on the faces of grasping forceps and wired into
the electronics: normal view (top); expanded tip view (bottom).
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Figure 22.14 Kinesthetic force feedback IPMC loop (top) for haptic interaction with
bodily organs, with expanded tip view (bottom).

Figure 22.15 Typical strong sensing signal in millivolts from an IPMC strip in
compression mode (direct compression of IPMCs with a normal load).
The voltage output can be correlated with the kinesthetic normal force
applied to the strip by body organs during robotic surgery.
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signal from the IPMC strips into kinesthetic force feedback to surgeons’
hands during surgery, the voltage signal will be amplified electronically and
applied to a servo integrated with joysticks to simultaneously provide the
surgeons with kinesthetic force feedback during surgery. For other
kinesthetic configurations of IPMCs, such as bending kinesthetics or loop
kinesthetic, similar operations are applied. Figure 22.19(a) and (b) depict the
general experimental setup for correlating the sensing voltage signal coming

Figure 22.16 Typical force sensing signal in milli-Newtons of an IPMC strip (top:
10 mm�30 mm�0.2 mm; bottom: 10 mm�30 mm�0.4 mm) in bending/
twisting mode (bending or twisting of IPMCs due to kinesthetic inter-
action of da Vinci end-effectors and plastic body organs). The voltage
outputs were correlated with the kinesthetic force applied to the strip.
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from the bending or loop configurations of IPMCs in kinesthetic interaction
with end-effectors and organs with the actual kinesthetic forces at work in
Newtons.

The IPMC bending sensor is attached to a cantilever beam so that the IPMC
strip follows the imposed curvature of the beam shape. One end of the sample is
clamped to the fixed end of the beam. Both the curvature and rate of change of
the curvature are controlled using a servo motor that bends the tip of the beam.

An AX-12 Dynamixel servo motor with a step size of 0.291 was used to
control the tip bending of the cantilever beam. The servo was also controlled
through LabVIEW software. For voltage measurement, an NI-9219 A/D data
acquisition module was used and the data were processed in LabVIEW.

To reduce the signal noise, a band pass filter was used to filter low (less
than 0.01 Hz) and high (greater than 5 Hz) frequencies. The output voltage
was amplified by a factor of 10 for easier processing of the data. In order to
calibrate the sensor, different curvature inputs were applied to the cantilever
at different rates.

Incorporating haptic force feedback may also enable expansion of robotic
surgery to other surgical procedures, such as intraocular surgery or micro-
surgery, which are difficult to perform without a sense of touch or force
feedback integrated with surgical robotic end-effectors. These robotic

Figure 22.17 Typical sensing signal in millivolts from the IPMC loop configuration
(loop deformation of IPMCs due to kinesthetic interaction of robotic
end-effectors and plastic body organs).
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Figure 22.18 Some typical end-effectors (left) that can be integrated with various configurations of IPMCs for sensing the contact surfaces
and kinesthetic forces experienced by surgeons (right).
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Figure 22.19a Schematic of the experimental setup to measure the dynamic
kinesthetic output voltages of IPMC strips in bending and to elec-
tronically correlate these voltages to the forces generated via torque
measurements of the servo motors.
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Figure 22.19b Ramp responses of an IPMC sensor at four different curvature rates
of 10 s. 20 s, 40 s and 60 s. The IPMC strip was dynamically bent to
amount to 10 mm, which is equal to a 500 mm radius of curvature.
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end-effectors, such as needle holders, grasping forceps, dissecting forceps,
scissors, biopsy spoons, retractors, electrosurgical tips and retractors and
uterine manipulators, play a fundamental role in robotic surgery. The intent
of this chapter was to address more advanced surgical operations in which the
surgical robotic end-effectors are integrated with IPMCs. It is to be noted that
some of this kinesthetic force feedback was lost in the transition from open to
laparoscopic surgery due to trocar friction and varying lever arms. However,
with smart materials such as IPMCs and appropriate calibration and tuning,
one may be able to recover kinesthetic force feedback during surgery using
IPMCs. IPMCs are great for such robotic force feedback applications because
they work perfectly well in the wet human body environment and generate
millivolt-level sensing signals for kinesthetic force feedback.

22.8 IPMC-Based Haptic/Tactile Feedback
Technology

In order to initiate a transformative and translational haptic/tactile feedback
sensing technology in robotic surgery in comparison to the generic haptic/
tactile feedback sensing technology that was fully described in Section 22.1,
IPMCs are introduced. The following contributions are of importance to the
proposed effort. Figures 22.1–22.3 depict some examples of such dexterous,
soft, biomimetic, five-fingered IPMC hands with haptic actuation and sensing
capabilities. Here are developed various configurations of IPMCs for haptic/
tactile feedback sensing. These are shown in Figure 22.20 with various

Figure 22.20 Various two-dimensional geometries of IPMCs (Pt and gold plating).
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geometries of bendable, twistable, twirlable, squeezable, multi-fingered
dexterous hands plated with biocompatible electrodes of Pt and gold.

22.9 Configuration of IPMC Haptic Feedback/Tactile
Loop Sensing Elements with Robotic Surgical
End-effectors

IPMC-based haptic/feedback and tactile sensors can be integrated with
multi-fingered grippers and dexterous hand configurations and end-
effectors such as needle holders, suture holders, grasping forceps, dissecting
forceps, scissors, biopsy spoons, retractors, electrosurgical tips and re-
tractors, thermo-surgical tips and refractors and uterine manipulators
(Figure 22.21).
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CHAPTER 23

Ionic Polymer Metal
Composites as Soft Biomimetic
Robotic Artificial Muscles

MOHSEN SHAHINPOOR

Department of Mechanical Engineering, University of Maine, Orono,
Maine 04469, USA
Email: shah@maine.edu

23.1 Introduction
Biomimetic smart material systems and structures have become important
in recent years due to their potential engineering applications. Accordingly,
based on such materials, their structures and their integration with appro-
priate sensors and actuators, novel applications useful for a large number of
engineering applications have emerged. In that context, electroactive poly-
mers (EAPs) and, in particular, ionic polymer metal composites (IPMCs)
introduced in 1998 by Shahinpoor, Bar-Cohen, Harrison and Smith1 have
now become a family of powerful electronic smart materials with a variety
of actuation, sensing and energy harvesting possibilities for engineering,
industrial and medical applications.

The reader is referred to four review articles on these materials by
Shahinpoor and co-workers.2–5 Biomimetic robotic IPMC systems present
unique opportunities for a number of advanced applications. There have
been numerous attempts to dynamically model and analyze biomimetic
robotic IPMC systems as can be seen as early as in 1991 in the research works

RSC Smart Materials No. 18
Ionic Polymer Metal Composites (IPMCs): Smart Multi-Functional Materials and
Artificial Muscles, Volume 2
Edited by Mohsen Shahinpoor
r The Royal Society of Chemistry 2016
Published by the Royal Society of Chemistry, www.rsc.org
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of Shahinpoor6,7 on the conceptual design, kinematics and dynamics of
swimming robotic structures and ionic polymeric muscles, of Mojarrad and
Shahinpoor8,9 on noiseless propulsion for swimming robotic structures
using polyelectrolyte ion-exchange membranes and artificial muscles, of
Chamorro10 on swimming robotic structures equipped with IPMC artificial
muscles, of Mojarrad11,12 on ionic polymeric gels as smart materials and
artificial muscles for biomimetic swimming robotic applications, and of
Nakabo, Mukai and Asaka13 on biomimetic soft robots using IPMCs. For
botanical (plant-like) biomimetic robotic structures, the reader is referred to
Shahinpoor and Thompson’s14,15 work on the Venus flytrap (Dionaea mus-
cipula) and the waterwheel plant as smart carnivorous botanical structures
with built-in sensors and actuators, and Shahinpoor’s16–18 work on robotic
Venus flytraps made with IPMCs. Similar biomimetic robotic muscular
systems mimicking jellyfish, eels, rays, anemone and even dolphins and
sharks can be fabricated using IPMCs. The reader is referred to some general
presentations on these concepts by Kim, Tan, Choi and Pugal19 on biomi-
metic robotic artificial muscles and Shahinpoor20–24 on IPMC-based mus-
cular biomimetic nano-sensors and nano-actuators. Furthermore, Kottke,
Partridge and Shahinpoor25 discuss the potential neural activation of IPMCs
as artificial muscles for biomimetic robotic actuation.

There have also been numerous attempts to analyses the dynamic behavior
of IPMCs as biomimetic robotic artificial muscles as described by Toi and
Kang,26 Kothera,27 Shahinpoor,28,29 Porfiri30,31 and Bahramzadeh.32,33 Recent
progress on the processing and development of various multiphysics-activated
materials such as EAPs and IPMCs as distributed nano-sensors, nano-
actuators and artificial muscles and their applications has underlined the
general need for rigorous and complete modeling of their behaviors from a
continuum-coupled multiphysics perspective. This chapter presents the fun-
damentals of biomimetic robotic artificial muscles, including coupled fields
and/or transport effects. This chapter further summarizes the modeling of
biomimetic robots based on bio-inspired actual botanical or biological en-
tities’ designs as observed in carnivorous plants (Droseraceae family), such as
the Venus flytrap (Dionaea muscipula Ellis) or the waterwheel plant (Aldrovanda
vesiculosa), as well as swimming marine biostructures such as the jellyfish.

23.2 IPMC Manufacturing and Biocompatibility for
Biomimetic Robotic Applications

As described in Chapter 23 IPMCs are manufactured by a REDOX operation
which leads to electroless chemical plating. For detailed IPMC manu-
facturing procedures refer to Shahinpoor and Mojarrad,34 Adolf et al.35,
Oguru et al.36 and Shahinpoor37 and Kim and Shahinpoor.3,38–40 One of
the basic polyelectrolytes used in manufacturing IPMCs is perfluorinated
sulfonic membranes, a form of which is commercially known as Nafiont
and is manufactured by DuPont. These materials are basically biocompat-
ible, as reported by Kim et al.41 and Latif, et al.42 Thus, plating these
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membranes with biocompatible metals such as platinum (Pt) or gold (Au)
will lead to biocompatible IPMCs as biomimetic muscle-like soft actuators
and sensors for biomedical applications. These polymeric muscles are
manufactured by a REDOX technique in which the ionic polymer is first
oxidized by a metallic salt such as tetra ammine platinum chloride hydrate
(Pt(NH3)4Cl2 � xH2O) and is then reduced by sodium borohydride (NaBH4) in
a chemical process in which a noble metal, such as platinum or gold, is
deposited near a boundary as embedded electrodes that penetrate in a
fractal and dendritic manner (Figure 23.1) within the molecular network of
the base ionic polymer.

Segalman et al.43 and Shahinpoor44 had presented models for electrically
controllable soft biomimetic polymeric artificial muscles as early as 1992.
The basic polyelectrolyte used in manufacturing IPMCs have been per-
fluorinated sulfonic or carboxylic ion containing membranes, a sulfonic
form of which is commercially known as Nafiont and is manufactured by
DuPont. IPMCs chemically plated with Pt form a sandwich of Pt–Nafion–Pt,
where the Pt is often only a few tens of microns thick as shown in Figure 23.1
(typically 10–20 microns for a 1 cm�4 cm�0.2 mm IPMC strip).

23.3 IPMC Actuation as Biomimetic Robotic Artificial
Muscles

Shahinpoor et al.1 introduced IPMCs as smart multifunctional EAPs
and artificial muscles in 1998, followed by four review articles on the
state-of-the-art IPMCs by Kim and Shahinpoor in recent years.2–5 Shahinpoor

Figure 23.1 Dendritic/fractal penetration of the conductive phase into the ionic
molecular network of IPMCs.
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et al.45 and Nemat-Nasser46 have discussed the applications of these active
polymers as artificial muscles. Metal plated IPMCs strips deform spectacu-
larly, upon application of a low voltage, (Figure 23.2). IPMCs are active
multifunctional smart materials (i.e. they deform significantly when excited
by a relatively low voltage and generate voltage when deformed).

Figure 23.2 displays the typical deformations of strips of IPMCs under a
low voltage. Note that the bending is towards the anode electrode, and as
voltage is increased, the bending increases. If the voltage is dynamic, say
sinusoidal, the bending becomes oscillatory. IPMCs have a very large
bandwidth to kilo-Hertz both in actuation and sensing. For a full theoretical
description of the charge dynamics and electromechanics of IPMCs, see de
Gennes et al.47 and Porfiri.30,31,48 Once an electric field is imposed on an
IPMC cantilever, the conjugated and hydrated cations rearrange to accom-
modate the local electric field and thus the network deforms or bends in a
spectacular manner (Figure 23.2) under a small electric field such as tens of
volts per millimeter. de Gennes et al.47 have presented the standard Onsager
formulation on the underlining principles of IPMC actuation/sensing phe-
nomena using linear irreversible thermodynamics (LITD).

Charge dynamics modeling and PNP formulations can also be applied, as
discussed by Porfiri30,31,48 and Bahramzadeh.49

23.4 Some Electrical Properties of IPMCs as
Biomimetic Robotic Artificial Muscles

In order to assess the electrical properties of the IPMCs, the standard AC
impedance method that can reveal the equivalent electric circuits of IPMCs
has been adopted. Typical results are reported in Shahinpoor et al.,47

Bahramzadeh49 and Bonomo et al.50 Overall, it is interesting to note that
the IPMC is nearly resistive (450 O) in the high-frequency range and fairly

Figure 23.2 Bending deformation of a 1 cm �8 cm �0.2 mm IPMC strip under a low
voltage (4 V) with a symmetrically placed pair of Pt electrodes (left) and
a similar IPMC strip with an asymmetrically placed pair of gold
electrodes (right).
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capacitive (4100 mF) in the low-frequency range. IPMCs generally have a
surface resistance (RSS) of about a few Ohms per centimeter, a near-boundary
resistance (RS) of a few tens of Ohms per centimeter and a cross-resistance
(RP) of a few hundreds of Ohms per millimeter, with a typical cross-
capacitance (Cg) of a few hundreds of microfarads per millimeter. This
approach is based upon the experimental observation of the considerable
surface electrode resistance based on an equivalent circuit model (see
Shahinpoor et al.45). Figure 23.3 depicts a general material configuration
based on the performance requirements.

The next step is to place external electrodes (Figure 23.3) on the material
and apply an electric field to force the cations to migrate away from the
anodic internal electrodes from one region of the material toward the
cathodic regions of the polymer and thus cause a corresponding deform-
ation as depicted in Figure 23.2.

23.5 IPMCs as Versatile Sensors for Biomimetic
Robotic Sensing

IPMCs are excellent versatile sensors for complex deformations and
kinesthetics of internal organs and tissues. As reported above, they can co-
operatively actuate and sense during their operation inside the body and this

Figure 23.3 Cartoon of an IPMC structural configuration displaying the activation
electrodes (middle of the top and bottom), surface electrodes
(black; Pt), near-boundary electrodes (little circles) and internal capaci-
tive structure with impedance (molecular network).
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makes them unique as haptic actuators and sensors for robotic surgery.
Upon application of an electric field (imposed voltage across the mem-
brane), the cations migrate towards the cathode and thus cause a stress
gradient that deforms an IPMC in an actuator mode. On the other hand,
mechanically deforming the IPMC forces the cations to redistribute
and move across the thickness, and this produces an electric field between
the electrodes based on the PNP phenomena (see Porfiri30,31,48).
Shahinpoor2,51,52 and Mojarrad et al.53 had introduced the physical
phenomenon of the ‘‘flexogelectric’’ effect in connection with the dynamic
sensing of ionic polymeric gels, where manually bending or twisting the
IPMCs resulted in a measurable electric field. Sadeghipour et al.54 had
reported earlier that Nafion in a hydrogen environment and sandwiched
between two flat electrodes could be used as a vibration energy damper.
Shahinpoor and Mojarrad12 introduced the ionic polymers as cooperative
sensors and actuators in 2002. Additional contributions on IPMC sensing
followed with the work of Ferrara et al.55 on measuring the force and
pressure between vertebrates, Bonomo et al.56 on IPMC general sensing,
Henderson et al.57 on the near-DC sensing capabilities of IPMCs, Farinholt
et al.58 on the relationship between charge and deformation in IPMCs, Chen
et al.59 on IPMC sensing underwater and Bahramzadeh et al.32,33 on curva-
ture sensing by IPMCs. Bonomo et al.60 modeled IPMC sensors, finding good
correspondence between their model and experimental results. Recently,
Yamakita et al.61 used the position sensing capabilities of IPMCs to develop
a closed-position controller using HN theory (see Zames62). Doping the
IPMC material with specific counter-ions affects the performance of the
material, emphasizing either the sensing or actuation properties. Lei, Lim
and Tan63 have studied marine environmental sensing by biomimetic
robotic fish equipped with IPMCs. Figure 23.4 depicts the typical dynamic
sensing of IPMCs suitable for haptic/tactile feedback sensing.

23.6 Underlying Fundamentals of Biomimetic
Robotic Actuation and Sensing in IPMCs

As discussed before, another important feature of the IPMCs is the mo-
lecular diffusion and transfer of cations and their hydrated water molecules
between the cathode and the anode electrodes as they move between the
porous electrodes. Figure 23.5 depicts both actuation and self-powered
sensing mechanisms.

Note in Figure 23.5 that the hydrated cations migrate towards the cathode
electrode and cause the muscle to bend towards the anode. Thus, the cationic
migration under the influence of an imposed electric field causes the IPMCs
to bend and develop a dynamic curvature in their structures and thus mimic
the fin undulation of many marine creatures. Furthermore, the fact that
IPMCs can operate very well underwater makes it advantageous to use IPMCs
for fish fin dynamic undulation as a biomimetic robotic muscle.
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Figure 23.4 Dynamic sensing IPMCs: (a) sensing setup; (b) sensing signal (20 mm �
8 mm �0.2 mm); (c) sensing signal (25 mm �8 mm �0.15 mm).

Figure 23.5 Sensing and actuation mechanisms in IPMCs due to internal ionic
redistribution either due to mechanical deformation (sensing and
energy harvesting, from left to right) or an imposed electric field
(actuation, from right to left).
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Based on these mechanisms of biomimetic robotic actuation and sensing
in IPMCs, various kinds of biomimetic robotic fish fins (Figure 23.6), bio-
mimetic robotic jellyfish (Figures 23.7 and 23.8), biomimetic robotic Venus
flytraps (Figure 23.9), biomimetic robotic flying pairs of IPMC wings and
artificial bats (Figure 23.10) and other types of nastic plant motion can
be designed, fabricated and made operational for a variety of applications.
In particular, biomimetic robotic marine structures can be designed and

Figure 23.6 An assortment of IPMC biomimetic robotic fish caudal fins and their
associated fish.

Figure 23.7 General design of an IPMC-based jellyfish with initial bending of the
IPMC fins (a) and more bending of the IPMC fins (b).
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fabricated by IPMCs to operate underwater and monitor marine conditions
and schools of fish and other marine structures.

As discussed by Shahinpoor,16,18 the closing mechanism of the lobes of a
Venus flytrap is very similar to the electromechanical bending in IPMCs due
to cationic migration. In the case of Venus flytrap lobes, the migration of
Ca21 cations causes the lobes to quickly close and trap the pray, as shown in
Figure 23.9(a) and (b). Figure 23.11 displays the similar Ca21 migrations in
the lobes of a Venus flytrap, forcing them to close.

Inspired by these mechanisms, three-dimensional (3D) versions of bio-
mimetic robotic traps with multiple lobes may be designed and operated, as
shown in Figure 23.12.

Rapid muscular movements in carnivorous plants, such as the Venus
flytrap, which are triggered by antenna-like sensors (trigger hairs), present
an opportunity to study distributed biomolecular motors. Carnivorous
plants, such as the Venus flytrap, possess built-in intelligence (trigger hairs)
as a strategy to capture prey, which can be turned on in a controlled manner.
In the case of the Venus flytrap, the prey that is lured by the sweet nectar in
the Venus flytrap’s pair of jaw-like lobes has to flip and move the trigger
hairs, which are colorless, bristle-like and pointed. The dynamically moved
trigger hairs then electro-elastically send an electric signal to the internal
ions in the lobe to migrate outwardly for the jaw-like lobes, causing them to
close rapidly so as to capture the prey. The manner in which the Venus
flytrap lobes bend inward to capture the prey shows a remarkable similarity
to typical IPMC bending in an electric field. Furthermore, the mechan-
oelectrical sensing characteristics of IPMCs also show a remarkable resem-
blance to the mechanoelectrical trigger hairs on the lobes of the Venus
flytrap. Thus, one can integrate IPMC lobes with a common electrode in the
middle of one end of the lobes to act like a spine and use IPMC bristles as
trigger fingers to sense the intrusion of a fly or insect to send a sensing
signal to a solid state relay, which then triggers the actuation circuit of the
IPMC lobes to rapidly bend toward each other and close. The two lobes that
form the trap are attached to the midrib common electrode, which is con-
veniently termed the spine. The upper surface of each lobe is dished, and

Figure 23.8 A biomimetic robotic jelly fish swimming underwater (a) and a jellyfish-
like robot suspended in the air (b).
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Figure 23.9 Venus flytrap ((a) open lobes; (b) closed lobes) with trigger hairs and an actual biomimetic robotic Venus flytrap with sensing
whiskers made from IPMCs (c).

Figure 23.10 Biomimetic robotic flying pair of IPMC wings (a) and IPMC artificial bats (b, c) flying in air.
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spaced along the free margins of the lobes are some 15–20 prong-like teeth.
These are tough and pointed, and are inclined at an inward angle so that
when the trap is sprung shut, they will interlock. Figure 23.13 depicts the
final biomimetic robotic Venus flytrap (VFT) that was built and tested.

Figure 23.11 Basic Ca21 cation migration mechanism induced by trigger hairs:
(a) initial state, lobes open with trigger hairs; (b) final state after lobes
have closed.

Figure 23.12 Three-dimensional versions of biomimetic robotic traps with four
lobes (a) and eight lobes (b).

Figure 23.13 Final biomimetic robotic Venus flytrap: (left) trap open; (right) trap
closing.

Ionic Polymer Metal Composites as Soft Biomimetic Robotic Artificial Muscles 351



23.7 Modeling of Biomimetic Robotic Actuation and
Sensing in IPMCs

de Gennes, Okumura, Shahinpoor and Kim47 presented the first phe-
nomenological modeling of sensing and actuation in IPMCs based on
LITD and an equilibrium of forces and fluxes. Due to space limitations,
a brief discussion on the LITD theory follows. There are ionic fluxes
and forces at work within the IPMCs. Once an electric field is imposed on
such a network, the conjugated and hydrated cations rearrange to ac-
commodate the local electric field and thus the network deforms. In the
simplest of cases, such as in thin membrane sheets, spectacular bending
is observed under small electric fields, such as a few tens of kilovolts
per meter. The underlying principle of the IPMC’s actuation and sensing
capabilities can be described by the standard Onsager formulation
using LITD. When static conditions are imposed, a simple description of
mechanoelectric effect is possible based upon two forms of transport:
electron transport (with a current density J

~
) and ion transport (with a flux Q

~
).

The conjugate forces include the electric field E
~

and the pressure gradient
�r

~
p across the pairs of electrodes. The resulting equations have the

concise form of:

J
~

(x,y,z,t)¼ rE
~

(x,y,z,t) – L12=
~

p(x,y,z,t) (23.1)

Q
~

(x,y,z,t)¼ L21E
~

(x,y,z,t) – K =
~

p(x,y,z,t) (23.2)

where s and K are the material electric conductance and the Darcy
permeability, respectively. A cross-coefficient is usually L¼ L12¼ L21. The
simplicity of the above equations provides a compact view of the underlying
principles of actuation, transduction and sensing of the ionic polymer
nano-composites. When we measure the direct effect, we work (ideally) with
electrodes that are impermeable to ion species flux, and thus we have Q¼ 0.
This gives:

r
~

pðx; y; z; tÞ¼ L
K

E
~
ðx; y; z; tÞ (23:3)

This r
~

p(x,y,z,t) will, in turn, induce a curvature k
~

proportional
to r

~
p(x,y,z,t). The relationships between the curvature k

~
and

pressure gradient r
~

p(x, y, z, t) are fully derived and described in de Gennes
et al.49 From eqn (23.1) and (23.2), one imposes a finite cationic flux, Q.
This situation creates an intrinsic electric field, ~E, as given below in
eqn (23.4):

~E¼ L
s
rp¼

12 1� np
� �

ð1� 2npÞ
L

sh3

� �
G (23:4)

Note that the notations vp, h, and G are the Poisson ratio, the strip
thickness and an imposed torque at the built-in end produced by a
force F, applied to the free end and multiplied by the free length of the
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strip lg, respectively. Note that, in this case, the Onsager coefficient
L is indeed a function of the imposed electric field E

~
, as shown in

Figure 23.14.
The pressure gradient r

~
p(x,y,z,t) will, in turn, induce a curvature

k
~

proportional tor
~

p(x,y,z,t). The relationships between the curvature k
~

and
pressure gradient r

~
p(x,y,z,t) are well known. Let us just mention that

k
~
¼M(E

~
)/YI, where M(E

~
) is the local induced bending moment and is

a function of the imposed electric field E
~

, Y is the Young’s modulus
(elastic stiffness) of the strip, which is a function of the hydration of
the IPMC, and I is the moment of inertia of the strip. Note that, locally,
M(E

~
) is related to the pressure gradient such that in a simplified scalar

format:

rp(x,y,z,t) (M/I)¼Y k
~

(23.5)

where rp(x,y,z,t) is the pressure gradient or the difference between the
tensile and the compressive stresses in the uppermost remote surfaces of the
IPMC strip. From eqn (23.5), it is clear that the vector form of curvature k

~
E is

related to the imposed electric field E
~

by:

k
~

E ¼ (L(E
~

)/KY)E
~

(23.6)

Figure 23.14 Experimental determination of the Onsager coefficient L using three
different samples.
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Based on this simplified model, the tip bending deflection dmax of an
IPMC strip of length lg should be almost linearly related to the imposed
electric field due to the fact that:

k
~

ED 2d
~

max

�
l 2
g þ d

~

2
max

� �	 

D2d

~
max=l 2

g DðLðE
~
Þ=KYÞE

~
(23:7)

The pertinent parameters have been experimentally measured to be
K¼B10�18 m2 CP�1 and sB1A mV�1 or S m�1. The Onsager coefficient L
based on our experimental measurements is of the order of 10�8 m2 V-s�1.
The simplicity of the above equations provides a compact view of the
underlying principles of actuation, transduction and sensing of the IPMCs
and will guide the design methodologies of performing experiments to
further guide this theory. On the other front of theoretical modeling, Corry
et al.,64 Porfiri,30,31 Bahramzadeh et al.32,33,49 and Aureli et al.65 have pro-
posed the use of PNP theory to study charge dynamics and ion transport
within IPMCs. As an external voltage is applied at both sides of an IPMC
membrane, an electric field gradient across the membrane is induced. This
is in accordance with the Nernst–Planck equations such that:

J¼� D rCþ zF*
RT

C � rV
	 


(23:8)

where J is the flux of ionic species in mol (m2s)�1, C is the concentration of
ionic species in mol m�3, V is the electric potential field in volts, D is the
diffusion coefficient in m2 s�1, z is the valence of ionic species, F* is the
Faraday constant, R is the universal gas constant and T is the absolute tem-
perature in degrees Kelvin. The exact mechanism that causes ion diffusion due
to mechanical stimulation has been investigated by Porfiri30,31 by considering
the charge dynamics and micro-mechanics of ion diffusion in ion channels of
porous Nafion membrane. The most general governing equations for charge
kinetic of ionic polymers are the PNP equations. These equations are:

@C
@t
¼� Dr � rCþ zF*

RT
C � rV

	 

; (23:9)

r2V þ r
e
¼ 0; (23:10)

where r¼ F * (c1� c�). Generally, the thickness of polymer membrane is
significantly smaller than the other two dimensions, and it is a reasonable
assumption that the ion diffusion is dominant over the thickness of the
membrane with respect to two other dimensions, so the above equations can
be expressed as a function of x (thickness across the membrane).

23.8 Some Experimental Results
The experimental results for the mechanoelectrical voltage generation of
IPMCs in a flexing mode are shown in Figure 23.15. Figure 23.15 depicts the
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current and the power outputs for a sample of thin sheets of IPMCs. The
experimental results depicted in Figure 23.15 show that an almost linear
relationship exists between the voltage output and the imposed displace-
ment of the tip of the IMPC sensor (Figure 23.15).

Note that once an electric field is imposed on such a network, the con-
jugated and hydrated cations rearrange to accommodate the local electric
field and thus the network deforms, and in the simplest of cases, such as in
thin membrane sheets, spectacular bending is observed under small electric
fields such as tens of volts per millimeter. If the voltage signal or the electric
field applied to IPMC strips is an alternating voltage, the IPMC strip will
oscillate with the frequency imposed on it by the applied voltage. If the
frequency of the applied field matches the natural frequency of vibrations of
the strip in a cantilever form, the strip will become excited and will resonate.
Figures 23.16 and 23.17 depict typical force and deflection characteristics of
cantilever samples of IPMC composites.

As far as force generation is concerned, IPMCs generally have a very high
force density of about 40, as depicted in Figure 23.16. Figure 23.17 depicts
how robust the biomimetic sensing of IPMCs is in the sense of manually
flipping the IPMC a couple of times, like a trigger finger in the lobes of a
Venus flytrap, followed by one slow bending, in real time, to generate a
different output signal.

Figure 23.15 Typical voltage/current output of IPMC samples.
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Figure 23.16 Variation of tip blocking force and the associated deflection if allowed
to move versus the applied step voltage for a 1 cm� 5 cm� 0.3 mm
IPMC Pt–Pd sample weighing about 0.25 g in a cantilever configur-
ation generating up to 10 g of blocking force, giving rise to a force
density of about 40.

0 2 4 6 8 10
–1

–0.5

0

0.5

1

Time (s)

Vo
lta

ge
 (m

V)

Figure 23.17 Response of an IPMC trigger finger in the artificial Venus flytrap to
two fast excitations followed by one slow bending.
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Figure 23.18 depicts the deflection time responses of IPMC strips to si-
nusoidal voltages of various frequencies.

23.9 Multicomponent Theories of Biomimetic
Robotic Actuation and Sensing in IPMCs

For the case of three-dimensional general multicomponent hygro-thermo-
electro-elasticity modeling of IPMCs, we have to focus on the context of their
actuation and sensing applications. In this context, the presence of the
following fields has been considered:

� There is mass transport driven from the diffusive processes of two
liquid substances, neutral water and an electrolyte (either polar water or
free components from the utilized perfluorinated hybrid polymer). The
state variables in the continuum that describe the distribution of these
substances in the material are the corresponding mass concentrations
1c and 2c for neutral water and electrolyte, respectively.

� There is charge transport from the electric current diffusive processes
induced on the ionic species from the presence of the macroscopic
electric field. The state of charge transport evolution is described in
terms of the distinct distributions of anion n1, cation n� and undis-
sociated nu molecule populations that result from the reactive dissoci-
ation of the electrolyte.

� There is a temperature field state variable y expressing the difference
between the initial temperature of the system at any point and the
current temperature caused from both heat influx in the system and all

Figure 23.18 Non-dimensional deflection of IPMC cantilever strips (30 mm �5 mm
�0.2 mm) to a square-wave electric field of various frequencies.
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the contributing irreversible internal processes (sources), including
heat conduction, mass transport, charge transport and strain gradients.

� There is an electric vector field state variable ~E corresponding to the
macroscopic long-range electric field applied.

� There is a strain tensor field distribution expressed by its individual
components gij.

The corresponding conjugate state variables are the chemical potentials
1m and 2m, the currents I1, I� and Iu, the entropy S, the electric field
displacement ~D and the stress tensor components tij.

Applying the process described in the previous section for the case of
homogeneous mechanically isotropic systems, the following set of field
governing partial differential equations (PDEs) is obtained:

ic;t¼ dcir2ðicÞ þ dcir2yþ gcir2t0kk þ hcir2V ; i¼ 1; 2 ðmass conservationÞ
(23:11)

1� n
2E
r2t0kk þ a0r2yþ ib0r2ðicÞ þ p0r2V ¼ 0; i¼ 1; 2 ðequilibriumÞ

(23:12)

cTy; t� T0ðidÞic;t � T0a0t0kk;t � T0gjEj;t

¼ d0Tir2ðicÞ þ dTr2yþ d0cr2t0kk þ hTr2V � 1
T2

0
~q ~ry

� 1
T0

X2

k¼ 1

~Jkr~mk þ
1

T0

~I ~rV � 1
T
t0kkrg

0
kk i¼ 1; 2 ðheat conductionÞ

(23:13)

e0r2V þ pig0kk;i � giy;i � jhiðjc;iÞ

¼ qcðn� � nþ � nuÞ j¼ 1; 2 ðelectric displacementÞ
(23:14)

r~ �~I þ qc
@ðn� � nþ � nuÞ

@t
¼ 0;

r~ �~Iu¼� b;r~ �~Iþ ¼ � nþb; r~ �~I� ¼ � n�b; ðcurrent continuityÞ
(23:15)

This system of nine PDEs is complemented by the following constitutive
equations:

jm¼� jb0gkk � jhiEi �
cC

C0
ðjcÞ � 2dy; j¼ 1; 2 ðchemical potentialsÞ (23:16)
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t0ij ¼
E

1þ n gij þ
n

1� 2n
gkk þ

1þ n
n
ðpkEk � a0y� ib0ðicÞÞ

	 

dij

� �

þ tij i¼ 1; 2 ðstressesÞ

gij ¼
1þ n

E
t0ij �

nt0kk

1þ n dij

� �

� ½pkEk � a0y� ib0ðicÞ�dij i¼ 1; 2 ðstrainsÞ

(23:17)

S¼� a0gkk � giEi �
cT

T0
y� 1dð1cÞ � 2dð2cÞðentropyÞ (23:18)

Di¼ e0Ei þ pigkk � giy� 1hið1cÞ � 2hið2cÞðelectric displacementÞ (23:19)

Note that the nonlinear electrodynamic stress tensor components are
given by:

tij ¼
1
2
e0EiEidij þ ½pigkk � giy� 1hið1cÞ � 2hið2cÞ�Eidij

tkk ¼
1
2
e0EiEi þ ½pigkk � giy� 1hið1cÞ � 2hið2cÞ�Ei

(23:20)

and the phenomenological fluxes are given by:

qi¼� k0y;i � j l00ð
jm;iÞ � k00Ei � l00gkk;i;

Ji¼� k00y;i �
j l0ðjm;iÞ � k000Ei � l000gkk;i; j¼ 1; 2

Ii¼� k0000 y;i �
j l00ðjm;iÞ � k0Ei � l0000 gkk;i

(23:21)

It is important to realize here that all coefficients of the monomial forms
participating in these equations are material constants that are sometimes
related with each other,22 but they are nevertheless material constants to be
determined.

This concludes our modelling of biomimetic robotic IPMC artificial
muscles.

23.10 Conclusions
This chapter described the initial development of IPMC-based biomimetic
robotic smart materials and, in particular, caudal fins for robotic fish pro-
pulsion, followed by IPMC-based biomimetic robotic jellyfish and flying
bats, and then on to biomimetic robotic carnivorous plants, particularly
Venus flytraps. A phenomenological model of the underlying sensing and
actuation mechanisms in biomimetic robotics was then presented, which
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was based on LITD with two driving forces—an electric field and a solvent
pressure gradient—and two fluxes—electric current density and the ionic
solvent flux. Furthermore, a continuum model based on PNP equations was
described that dealt with the charge dynamics of cationic migration within
the molecular network of IPMCs to generate deformation due to an imposed
electric field or generated dynamic output voltage and transient current
upon experiencing mechanical deformation, force, torque, strain and stress.
The mechanoelectrical sensing characteristics of IPMCs also showed a re-
markable resemblance to mechanoelectrical trigger hairs on the lobes of the
Venus flytrap. Thus, IPMCs were fabricated in a configuration similar to the
lobes or traps of the Venus flytrap with a common electrode in the middle of
one end of the lobes to act like a spine, and IPMC bristles were used as
trigger fingers to sense the intrusion of a fly or insect and subsequently send
a sensing signal to a solid state relay, which then triggered the actuation
circuit of the IPMC lobes to rapidly bend toward each other and close. The
chapter ended with the irreversible thermodynamic, PNP and multi-
component modeling of IPMCs as biomimetic robotic artificial muscles and
materials with embedded sensing and actuation capabilities.
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24.1 Aligned Nanoporous Microwave-exfoliated
Graphite Oxide Actuators with Ultra-high
Strain and Elastic Energy Density Induced
under a Few Volts

24.1.1 Background

Materials that have the ability to produce large actuation forces are critical
for many different purposes such as artificial muscles, precise motion and
position control, and micro-electromechanical systems.1–9 These materials
are much more effective and useful if the large actuation force can be gen-
erated using little voltage potential, which then allows these actuator ma-
terials to be integrated in a wide range of complex micro-electronic devices.
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Large strain generation is not only critical in these actuators, but also ma-
terials that are able to generate large force are crucial. If large strain is
generated but the material is unable to generate enough force, the material
will be ineffective. For example, there are ionic polymer actuators such as
gels and soft polymers that are able to produce 450% strain; however,
the elastic modulus of these gel actuators is a very small (o1 MPa).10–12

Therefore, it is critical to select materials that are able to generate a useful
force magnitude for various applications.

Graphene is a single-sheet atomic layer conductor with good mechanical
properties and it is highly electrically conductive. This material offers good
qualities for use with ionic electrolytes in order to achieve large actuation
with a small applied potential. Furthermore, graphene can be activated to
produce nanomorphology that enhances the properties of graphene as an
actuator material. Activated ‘‘nanoporous’’ microwave-exfoliated graphene
oxide (A-aMEGO) actuators are developed in this section and large electro-
actuation strain (450%) under a few volts is observed as a result of using
activated graphene. High force exertion (B1.5 J cc�1) is also observed using
the A-aMEGO. Due to the high degree of alignment of the nanopores in the
graphene sheets, the strain is in the direction of the surface normal to the
graphene sheets, as shown in Figure 24.1a and b.

The principle mechanism for the A-aMEGO operation as shown in
Figure 24.1a and b is believed to be due the ingression and/or depletion of
mobile ions in the nanopores between the graphene sheets to compensate
for charge change when the electrodes are under an external electric po-
tential. The change in position of the mobile ions results in a change in the
inter-sheet spacing distance, and thus increased thickness or strain is pro-
duced (see Figure 24.1a and b). A large strain (450%) can be achieved if the
distance between the adjacent wall is similar to the change in the inter-sheet
spacing. The activation of MEGO with KOH has allowed for a Brunauer–
Emmett–Teller specific surface area of 3100 m2 g�1 due to the fact that
nanopores range between 1 and 4 nm in diameter. This activated material
was coined aMEGO.13 This graphene material can be aligned and assembled
to form an ionic actuator device that produces large strain induced under a
low voltage.

The graphene sheet expansion is mainly in the direction perpendicular to
the sheet surface. To generate large strain, sheets should be stacked on top
of one another to obtain a double-layer configuration (see Figure 24.1b). This
stacking formation can be realized by using a vacuum-assisted method to
stack the graphene sheets on top of one another.14–17 By using this techni-
que, A-aMEGO actuators with thicknesses of 50 mm were produced and the
electrical and mechanical properties were measured. The vacuum-assisted
assembly results show highly aligned nanomorphology and the desired
layering of the graphene sheets (see Figure 24.1c). The dried A-aMEGO
sheets have a density of 1.25 g cc�1, whereas graphite has a density of
2.2 g cc�1. This indicates that the pore volume fraction is 43% for the films
consisting of A-aMEGO sheets.
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Figure 24.1 (a) Illustration of the ingression of mobile ions between graphene sheets under an applied potential. The mobile ions
(cations) accumulate near the electron charges (e�) on the cathode (graphene sheets). (b) Illustration of highly arranged
aMEGO sheets without an applied voltage and with an applied voltage. Strain is observed in the z-direction or thickness
direction in this configuration. (c) Scanning electron microscope cross-section image of A-aMEGO sheets.
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Two polymer binders are investigated in this section. One of the binders
is poly(tetrafluoroethylene) (PTFE), which has a dielectric constant of 2.1,
and the other binder is a polar fluoropolymer poly(vinylidene fluoride/
chlorotrifluoroethylenen) (P[VDF-CTFE]) (91/9 mol% composition), which has
a dielectric constant of 12.18–20 It is suggested that higher-dielectric-constant
polymers may enhance the mobile ion concentration in the graphene
composite electrode due to the higher capacitance values in the system.19

Ionic liquid (IL) is critical for the A-aMEGO actuator, since it supplies the
mobile ions that are depicted in Figure 24.1. It is also known that a proper
mixture of an IL and a molecular liquid (ML) can improve the overall ion
conduction of the pure IL.22 The IL selected for the A-aMEGO actuator was
1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4]), which is an
imidazolium-based IL.21 Imidazolium-based ILs are typically chosen for
electroactive devices since this IL has a wide electrochemical window and
high ionic conductivity.4,7,22 BMIM1 is the cation and is slightly larger than
the BF4

� anion (see Figure 24.2). The ML mixed with the pure [BMIM][BF4] is
acetonitrile (AN) (2 M). This mixture will improve the ion conduction of the
pure electrolyte.

24.1.2 Experimental Preparation and Characterization

A vacuum-assisted assembly process was used to align the nanoporous
aMEGO sheets.14–17 The aMEGO (10 mg) sheets were dispersed in N,N-
dimethylformamide (DMF; 5 ml). This mixture was filtered through a porous
alumina membrane with an average pore size of 0.02 mm. The filtering of this
dispersed mixture allowed for the proper alignment of the aMEGO sheets.

To prepare PTFE as a 10 wt% binder for the 90 wt% A-aMEGO, the
A-aMEGO sheets were placed in a dish containing the 10 wt% PTFE dis-
persed in water and diluted with isopropyl alcohol, and enough time was
allowed for the PTFE chains to diffuse into the sample. Different immersion
times were evaluated to observe the uniformity of diffusion of the PTFE, and
it was determined that after 1 week, a homogenous dispersion of the PTFE
remained in the A-aMEGO layers. The amount of PTFE binder can be con-
trolled by varying the amount of PTFE in the sample.

The P(VDF-CTFE) nanocomposite was prepared in a one-step process.
A solution of P(VDF-CTFE) in DMF (0.2 wt%) along with a dispersion of
aMEGO (10 mg) in DMF (2 ml) was prepared. These solutions were mixed
together in a 1 : 1 ratio and sonicated to produce a homogeneous dispersion.

Figure 24.2 Chemical structure and dimensions (Å) of BMIM1 and BF4
� ions.
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The final solution allowed for a ratio of 90 wt% of aMEGO to 10 wt% of
P(VDF-CTFE). Again, the binder concentration can be adjusted by changing
the ratio of aMEGO to P(VDF-CTFE).

After filtration, two samples with dimensions of 2 mm�2 mm and thick-
nesses of 50 mm were immersed in the selected electrolyte. The electro-
actuation strain of the A-aMEGO actuators was tested using the pure IL along
with 2 M [BMIM][BF4]/AN, which resulted in a 60–62 wt% of the electrolyte in
the nanocomposite. After the samples were completely infiltrated by the
electrolyte, the electro-actuation strain testing and cyclic voltammetry (CV)
properties were characterized. The nanocomposite samples had a 25% in-
crease in thickness and less than 3% increases in the lateral dimensions
after being immersed in the electrolyte.

The nanocomposite samples were bonded to a Teflon sample holder
that had two square-shaped dishes with side lengths of 3 mm separated
by a 1 mm wide channel. Each nanocomposite sample served as an elec-
trode while the 1 mm channel allowed for ion conduction between the
electrodes. Two stainless steel pins (1.5 mm diameter) were precisely
controlled with micromanipulators and positioned into light contact with
the nanocomposite samples. A lightweight aluminum reflector plate was
glued to one of the stainless steel pins in order to measure displacement
with a fiber optic sensor. The electro-actuation strains in the anode and
cathode were characterized using the MTI 2100 Fotonic fiber optic dis-
placement sensor, which has a resolution of 25 nm. The capacitance of
the ionic nanocomposite actuators was measured with the Verstat 4
potentiostat.

24.1.3 Electro-actuation Strain, Specific Capacitance, and
Elastic Energy Density

The electro-actuation strains of both the anode and cathode are presented
for the graphene actuators. The cyclic electro-actuation strain of the cathode
at a scan rate of 50 mV s�1 from 0 to 4 V for A-aMEGO/P(VDF-CTFE) with
[BMIM][BF4] electrolyte generated large strain (see Figure 24.3). The strain
value was calculated using eqn (24.1):

Strain¼ Final Thickness� Initial Thickness
Initial Thickness

� �
(24:1)

The maximum strain for the A-aMEGO/P(VDF-CTFE) nanocomposite was
56.6% at 4 V. The strain in the x-direction (see Figure 24.1b) was investigated
as well, and it showed strain values of less than 3%, which is significantly
smaller than the strain in the z-direction. This large strain anisotropy is
caused by the highly aligned nanocomposite morphology (see Figure 24.1c).
Strain induced in the perpendicular direction of the desired actuation can
adversely affect the performance of actuators in practical applications that
are based on strain along a single direction.23,24
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The strain results for the cathode showed larger strain than the anode,
which is due to the difference in cation and anion size. The peak strain
results for the cathode at a scan rate of 50 mV s�1 from 2 V to 4 V are
summarized (see Figure 24.4a). The best electro-actuation was observed with
the IL/ML electrolyte mixture. As was mentioned previously, the A-aMEGO/
P(VDF-CTFE) produced the best strain of 56.6% at 4 V, while the lowest
strain at 4 V was the pure IL at 36.2%. These results show that the IL/ML
mixture provides the best strain results, which indicates that the ionic mo-
bile conductivity is improved and better than for pure IL. This increased
mobility with the IL/ML leads to a greater amount of ions collected at each of
the A-aMEGO electrodes, and consequently, this causes larger strain.

Another factor to consider with actuators is the response time of the ac-
tuator. Scan rates at 50, 100, and 500 mV s�1 were tested under a potential
of 4 V (see Figure 24.4b). As is expected with ionic devices, the increased
operation frequency leads to decreased actuation response. The A-aMEGO/
P(VDF-CTFE) with the IL/ML electrolyte still produces a strain of 20.3% at
500 mV s�1. Furthermore, the strain response of these actuators can be
increased by reducing the length that the mobile ions need to travel. The
mobile ion movement occurs through drift, where the time constant is
proportional to distance, and also through diffusion, where the time

Figure 24.3 Cyclic actuation of the A-aMEGO/P(VDF-CTFE) nanocomposite cathode
(bottom) with a [BMIM][BF4]/AN electrolyte. A near-linear response is
seen with the applied voltage.
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constant is proportional to the square root of distance. By using an alter-
native electrode design, the drift and diffusion time of the ions can be im-
proved (see Section 24.3).

The potentiostat was used to measure the specific capacitance of the
A-aMEGO actuators. The ratio of electro-actuation strain on the cathode
over the specific capacitance was calculated for the scan rate at 50 mV s�1

(see Figure 24.5a). These data indicate that the A-aMEGO/polymer combin-
ation with higher specific capacitance allows for better electro-actuation.

Figure 24.4 (a) Electromechanical strain response of the A-aMEGO/polymer nano-
composite cathode at a 50 mV s�1 scan rate under different voltages.
(b) Electromechanical strain response of the nanocomposite cathode at
4 V for varied scan rates.
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Hence, this A-aMEGO system is affected differently depending on the
properties of the electrolytes and binder materials. The P(VDF-CTFE) poly-
mer has already demonstrated large strain, but further tailoring of
the polymer concentration and electrolyte may further enhance the electro-
actuation of the graphene actuator.

The ability of the device to generate strain is not the only important
parameter of the actuator. The elastic energy density is also another critical
parameter for evaluation. The elastic energy density is used to characterize
an actuator’s ability to generate strain and stress.1–3,25 The value of strain
generated is proportional to the elastic modulus according to Hooke’s law.

Figure 24.5 (a) Specific capacitances of the varied electrolyte and binder combin-
ations at a peak voltage of 4 V and a scan rate of 50 mV s�1. (b) Elastic
energy density of the different nanocomposite samples at a peak voltage
of 4 V and a scan rate of 50 mV s�1.
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To evaluate the generated stress characteristics, some force can be used
to generate the strain from the initial thickness, l0, to the final thickness, l.
This force can be described as:

F ¼ sA (24.2)

where s is the stress and A is the area occupied by the nanocomposite.
The area does not change with the applied voltage due to the high elastic
anisotropy of the A-aMEGO system. The mechanical work, W, in this system
can be calculated using:

W ¼
ðl

l0

Fdz0 (24:3)

For materials that generate large strain, the mechanical stress is the
elastic modulus multiplied by the actual strain. This leads to the equation
for the elastic energy density, Um, of eqn (24.4):2,26,27

Um¼
ðl

l0

YðxÞ lnðxÞdx (24:4)

The elastic modulus is denoted as Y. By using eqn (24.4), the elastic
energy density of the A-aMEGO/polymer nanocomposite actuators can be
calculated.

For simplification, an atomic force microscope (AFM) tapping mode
method was used to characterize the elastic modulus, Y, for the electrolyte
added to the nanocomposite actuators with no external field applied.26,28

Under an applied potential, the elastic modulus of the actuators was deter-
mined by measuring the reduction of the induced strain under a load applied
in the z-direction. For this measurement, the change in sample thickness
was measured while a load (fixed weight) was applied to the sample. The
strain and stress relation allows for Y to be determined via eqn (24.5):

S¼ S0 �
load

Y
(24:5)

S0 is the strain generated at 4 V with no load and Y is the elastic modulus at
strain S. Once the elastic modulus is determined, the elastic energy density
can be calculated.

In the absence of an external field, the elastic modulus was measured to
be 67.5 � 12.5 MPa, which closely resembles the elastic modulus measured
in other studies.7,29 The elastic modulus of samples under an external field
was measured by compressing the samples under loads of 0.025, 0.25, and
0.5 MPa. The elastic modulus of the A-aMEGO/P(VDF-CTFE) with the IL/
ML electrolyte under an external potential of 4 V (56.6% strain) was 9 MPa.
This elastic modulus leads to a high energy density value of 1.5 J cc�1. Thus,
a high elastic energy density is obtained since the high elastic modulus is
coupled with the high actuator strain.

Successful alignment of graphene sheets containing nanopores was dem-
onstrated in this section. A vacuum-assisted assembly method was utilized to
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stack the graphene sheets in a layered fashion that allows for large strain.
These highly aligned A-aMEGO/polymer nanocomposites exhibited greater
than 50% electro-actuation strain with an elastic energy density of 1.5 J cc�1.
The alignment of the nanopores in the graphene sheets allows for large an-
isotropy, which results in large strain. Many electro-actuation strain appli-
cations require this large anisotropy for unidirectional force and displacement.
The operation voltage of these IL-based actuators is relatively low, which offers
compatibility for direct integration of these devices into microelectronics.

24.2 Improving the Elastic Energy Density and
Electrochemical Conversion Efficiency by
Tailoring P(VDF-CTFE) Concentration

Section 24.1 discussed aligned A-aMEGO actuators and the large strain re-
sponse (450%) observed with the binders P(VDF-CTFE). The voltage, scan rate,
electrolyte type, polymer type, and concentration are several factors that affect
the overall electrochemical performance of the actuators. According to
Hooke’s law, the stress produced is proportional to the elastic modulus of the
actuator material. Consequently, the elastic modulus of these actuators should
be improved to further the force generation effectiveness of the devices.

In the last section, the elastic modulus of the A-aMEGO with 10 wt%
P(VDF-CTFE) was 67.5 MPa without an applied external field, whereas under
an applied potential of 4 V, the elastic modulus was reduced to 9 MPa at
56.6% strain. As a result, the actuators showed an electromechanical con-
version efficiency of about 1.5%, which is not as high as expected if the large
electro-actuation strain and relatively high elastic modulus of the nano-
composites in the non-active state are taken into consideration.

This section investigates the electro-actuation response of the actuators by
varying the polymer binder concentration in the A-aMEGO/polymer nano-
composites. The elastic modulus of the A-aMEGO/polymer composition can
be improved by increasing the polymer matrix, which reduces the number of
voids that were originally occupied by electrolyte in the micro-, meso-, and
macro-pores. While the total strain of the actuator will decrease, the elastic
energy density and electromechanical efficiency of the device can be effect-
ively increased. In this section, P(VDF-CTFE) concentrations of 10, 20, 35,
and 50 wt% were implemented as the binders in A-aMEGO sheets.
The electromechanical properties of these different weight compositions
were characterized. From these different weight ratios, it is determined
that there is an optimum actuator state at 35 wt% P(VDF-CTFE) with an
electrochemical conversion efficiency of more than 3.5%, which is high for
ionic electroactive polymer actuators.

24.2.1 Polymer Content Adjustment and Characterization

As in Section 24.1, the vacuum-assisted assembly process was used to align
the aMEGO sheets with the P(VDF-CTFE) binder.14–17 The P(VDF-CTFE) at
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10, 20, 35, and 50 wt% was added to the aMEGO dispersion in DMF, and the
dispersion was then filtered through a porous alumina membrane to align
the graphene sheets.

As in the previous section, the samples were cleaved as 2 mm�2 mm
square pieces and were about 50 mm thick. These samples were immersed in
a 2 M solution of [BMIM][BF4] in AN and were allowed to soak for 30 min.
These actuator samples were characterized using the same CV and electro-
actuation testing procedure from the last section. In this case, rather than
stainless steel probes, tungsten probes were used due to tungsten’s closely
matching electrochemical window with the electrolyte.

The Young’s moduli of the nanocomposites along the z-direction (see
Figure 24.1b) were measured without an applied voltage using the Bruker
Icon AFM. Next, the elastic moduli of the nanocomposite actuators under
different applied voltages were evaluated by applying various loads (0.025,
0.25, and 0.5 MPa) to the nanocomposite samples and measuring the change
in electro-actuation strain.

24.2.2 Strain, Elastic Energy Density, and Efficiency
Performance

In this configuration, only the electro-actuation strain of the cathode was
characterized using a 50 mV s�1 scan rate at different applied voltages.
The strain magnitude was calculated using eqn (24.1). The strain value in
the thickness direction increased almost linearly with the voltage and
reached the maximum value at 4 V (see Figure 24.6a). The strain per-
pendicular to the thickness direction was negligible and had an opposite sign
with respect to the thickness direction. The electro-actuation strain in the
cathode decreased as polymer content increased. At 10 wt% P(VDF-CTFE), the
strain was at a maximum at 56.6%. Under a 4 V potential, the value decreased
to 43.2% with 20 wt% P(VDF-CTFE), and the strain value further decreased to
a value of 20.3% with 50 wt% P(VDF-CTFE). This trend occurs since the elastic
modulus of the nanocomposite increases with an increase in polymer content.
By increasing the polymer content, voids originally filled with IL are now filled
with polymer, which results in a more robust nanocomposite. In this case, the
ion mobility was decreased due to the increase in polymer content, and in
turn, this caused a reduction in the mobile ion collection in the electrodes.
While the strain response was decreased in the actuators, the elastic modulus
was improved, and this allowed for increased force generation capability,
elastic energy density, and electromechanical conversion efficiency.

CV experiments at a maximum voltage of 4 V with a scan rate of 50 mV s�1

were used to observe the charge and discharge characteristics of the nano-
composites (see Figure 24.6b). The CV curves are nearly rectangular and
this indicates that the non-Faradaic charge transfer of the electrodes is
similar to the electrode samples in the previous section. This also indicates
that an increase in polymer concentration causes the specific capacitance
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to decrease. This arises from less mobile ions being stored in the nano-
composites when there is more polymer content present.

Using the method described in the previous section, the elastic moduli of
the nanocomposites were characterized. The strain at different fixed weights
was used to deduce the elastic moduli by using eqn (24.4). The elastic moduli
of the nanocomposites were measured without an applied potential and with
an applied potential of 4 V at 50 mV s�1 (see Figure 24.7a). The results show
that the elastic moduli of the nanocomposites decrease when actuated.

The elastic energy density and efficiency increase with the polymer content
up to 35 wt% P(VDF-CTFE) (see Figure 24.7b). At 35 wt%, the elastic energy

Figure 24.6 (a) Electro-actuation strain on the cathode for varied P(VDF-CTFE)
concentrations at a scan rate of 50 mV s�1 and applied voltages of 2,
3, and 4 V. (b) CV curves for varied P(VDF-CTFE) concentrations at a
50 mV s�1 scan rate.
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density reaches a maximum of greater than 5 J cc�1, while at 50 wt%, the
elastic energy density is reduced to 2.2 J cc�1, which is due to the reduced
strain value. The elastic energy density deduced is the total stored electric
energy density in the actuator device, and this is different from what the
actuator actually provides to an external load. Under a 0.5 MPa load, the
10 wt% polymer shows a strain of 50%, which represents a work density of

Figure 24.7 (a) Elastic moduli of varied polymer content nanocomposites
without an applied potential and with an applied potential of 4 V.
(b) Elastic energy density (diamonds) and the efficiency (squares) of
the A-aMEGO/P(VDF-CTFE) nanocomposites with varied polymer
concentrations.
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0.25 J cc�1. Hence, the work that is transferred to a load depends on the load
condition. The electromechanical conversion efficiency was calculated by
using the input electric energy density deduced from the CV curves and the
elastic energy density. The ratio of elastic energy density and input electric
energy density results in the conversion efficiency. The 35 wt% P(VDF-CTFE)
shows the highest efficiency at 3.7%.

As was mentioned, the elastic energy density reaches a maximum of
35 wt% P(VDF-CTFE) and it decreases after this point. This can be attributed
to the fact that energy density is dependent on both the strain and elastic
modulus. These parameters are typically inversely proportional, which re-
sults in the need to optimize these parameters to achieve the best energy
density. A similar trend is seen for the highest efficiency 35 wt% P(VDF-
CTFE) nanocomposite. This relates to the highest elastic energy density
exerted per unit value of the electrical energy consumed. The elastic energy
density and efficiency for the A-aMEGO/P(VDF-CTFE) actuators is among the
highest for ionic actuators that are performing with less than a 4 V potential.

This section optimized the polymer concentration in the A-aMEGO/P(VDF-
CTFE) composites to achieve the best elastic energy density and efficiency.
The 10 wt% P(VDF-CTFE) nanocomposites demonstrated the highest strain,
but had the lowest elastic modulus of 67.5 MPa under a 4 V potential. The
50 wt% P(VDF-CTFE) had the highest elastic modulus of 218.0 MPa. The
optimal nanocomposite sample was the 35 wt% polymer with an elastic
energy density of over 5 J cc�1. This nanocomposite concentration resulted
in a strain of around 40% with an elastic modulus of 170 MPa and an effi-
ciency of 3.7%. Thus, by fine tuning the polymer content, the energy density
of the nanocomposite was maximized.

24.3 Improving Mobile Ion Transport in the
A-aMEGO Actuator Electrodes

24.3.1 Background

This section demonstrates improved mobile ion transport in A-aMEGO/PTFE
nanocomposite actuators with graphene hierarchical structures that are
configured to form quick ion transport channels. Previously, it was
demonstrated that A-aMEGO/PTFE nanocomposite actuators with a
[BMIM][BF4]/AN electrolyte achieved a strain of 46.3% under a potential of
4 V. With this earlier experimental setup, long ion transport distances
(approximately millimeters) were present in the actuator charge and dis-
charge cycles. This led to slow actuator response times, and hence led to
reduced electro-actuation strain responses. The purpose here is to dem-
onstrate that ion transport distances can be reduced in these graphene-
based actuators by creating high-speed ion transport channels between
graphene hierarchical features in each of the electrodes. One investigation
has shown that shortening the ion path length led to an increase in actu-
ation speed.30 Using hierarchical nanoporous graphene composite features
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that uphold the high-density nanopores of the graphene and implement
micron-sized ion transport channels is one way of addressing this
challenge. By incorporating these ion channels, the travel distance of
mobile ions can be drastically reduced in the graphene nanocomposite
electrodes. Experiments have shown improvements in the ion transport
and rate performance of battery electrodes by reducing the ion transport
distance.31–33

The new experimental configuration still relies on the basic working
principle of the aMEGO actuators that is depicted in Figure 24.1. As was
mentioned earlier, the A-aMEGO sheets trap the mobile ions between layers,
and upon applying an electric potential, a change in the graphene sheet
spacing occurs. Ion transport through the nanopores of the aMEGO can be
slow, therefore resulting in slow electro-actuation responses if the ions need
to be transported over long distances. The cross-sectional views of the pre-
viously configured nanoporous graphene actuator versus the improved
hierarchical nanoporous graphene actuator are illustrated in Figure 24.8.
The implemented ion channels allow shorter transport distances for the
mobile ions, which results in quicker transport of the ions. Consequently,
the electro-actuation response is improved with the hierarchical graphene
structures. The width of the ion channels is denoted as wgap and the width of
the aMEGO features is denoted as wcomposite.

The proposed method for incorporating these ion channels within
hierarchical graphene structures is depicted in Figure 24.9. The challenge
associated with this project was patterning the relatively thick A-aMEGO
features. By successfully blocking nanopores on an alumina anodisc,
selective areas of that porous substrate can be patterned with A-aMEGO.
It is demonstrated that poly(methyl methacrylate) (PMMA) can be success-
fully used to create these ion channels. Thick layers of PMMA have
been patterned quickly (B10–20 min) using a light source with a
wavelength of 254 nm at doses greater than 216 J.34 Chain scissions in the
PMMA molecular structure occurs when the PMMA is subjected to deep
UV light. In turn, the areas of exposed PMMA become soluble in solvent-
based developers. If the deep UV light is controlled so that it only is
exposed to certain areas of the PMMA, the PMMA can be successfully pat-
terned. Once the PMMA is patterned, aMEGO/PTFE can be deposited

Figure 24.8 Cross-sectional views illustrating implemented ion channels. Non-
channeled electrode (left) versus channeled electrode (right).
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Figure 24.9 (a) Cross-sectional process flow plan for implementing hierarchical aMEGO structures. The ion channels for each electrode
are patterned on the porous substrate using a sacrificial poly(methyl methacrylate) (PMMA) layer. (b) Top view illustration of
A-aMEGO showing the PMMA pattern design (right) and the ion channel dimensions along with a separation of 500 mm
between the anode and cathode.
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between the PMMA features using the vacuum-assisted assembly process to
form the highly aligned nanoporous graphene structures (A-aMEGO). After
the graphene features are patterned, the PMMA can be removed using
acetone.

24.3.2 Experimental Modification

The PMMA (2 wt%) was solution cast on a glass slide using N-methyl-2-
pyrrolidone (NMP) as the dissolving solvent. The PMMA film was set in an
oven at 100 1C for 36 h to evaporate the NMP. The thickness of the PMMA
was around 20 mm once the NMP was removed. The PMMA was detached
from the surface of the glass by submerging it in water. The PMMA film was
then heated and attached to the porous alumina under vacuum at 180 1C.

To control the deep UV exposure, a quartz photomask was designed. The
dimensions of the actuator are shown in Figure 24.9. The graphene features
(areas on the mask where deep UV would pass through) were designed so
that wcomposite¼ 100 mm, and the ion channels (areas on the mask where the
deep UV would not pass through) were designed so that wgap¼ 75 mm. These
graphene hierarchical features along with the ion channels spanned a width
of 2 mm. These features were also designed as 2 mm in length. Each elec-
trode was symmetric to the other electrode with a gap of 500 mm between the
electrodes. The photomask was placed in contact with the PMMA layer, and
the PMMA was exposed to 363 J of deep UV light. Next, the sample was
submerged in methyl isobutyl ketone for 10 min to develop and remove
the exposed PMMA. The patterned sample thickness was measured with a
profilometer.

As in the previous sections, a vacuum-assisted process was used to align
the aMEGO sheets.14,16,17 Ethanol (20 ml) was used to disperse the nano-
porous graphene (2 mg) and the PTFE binder (10 wt% PTFE and 90 wt%
graphene). The vacuum-assisted assembly process was used to filter the
aMEGO dispersion through the patterned template. The patterned template
only allowed fluid flow through the developed regions, which allowed the
aMEGO/PTFE dispersion to be deposited between the PMMA features. After
aligning the A-aMEGO sheets, acetone was filtered through porous substrate
to remove the PMMA, and consequently, the ion channels were formed be-
tween the A-aMEGO hierarchical features. The thickness of the hierarchical
features was measured using a profilometer. The final nanocomposite
structure was annealed in a vacuum oven at 140 1C.

The A-aMEGO/polymer nanocomposite and the alumina substrate
were mounted onto a glass sample holder for electro-actuation testing.
The nanocomposites were immersed in [BMIM][BF4]/AN electrolyte for
about 30 min. Each of the A-aMEGO composite electrodes was placed
gently in contact with tungsten probes for electro-actuation strain testing.
The positioning of the tungsten probes was precisely controlled using mi-
crometer adjustments. Scan rates of 50, 100, 250, and 500 mV s�1 at 0–4 V
were applied to the graphene electrodes using a potentiostat. The strain
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response of the cathode was characterized by measuring the displacement
with the MTI 2100 Fotonic fiber optical sensor. It was observed previously
that the cathode has a much higher strain than the anode does with the
[BMIM][BF4]/AN electrolyte. The strain of the cathode was calculated using
eqn (24.1).

24.3.3 Improved Strain Results due to Ion Channels

Figure 24.10 shows the step-by-step process for the successful fabrication of
the A-aMEGO actuator with ion channels. Figure 24.10a presents successful
patterning of the PMMA film on the porous alumina substrate. The scanning
electron microscope image in Figure 24.10b shows the aMEGO stacked on
both sides of one PMMA feature. Figure 24.10c is an optical microscope
image showing the hierarchical graphene structures with ion channels re-
maining between the structures. A profilometer was used to measure the
thicknesses of the A-aMEGO hierarchical structures, which are shown in

Figure 24.10 (a) Optical microscope image of patterned PMMA on the porous
alumina substrate. (b) Cross-section image of a PMMA feature
between stacked A-aMEGO/PTFE composites. (c) Optical microscope
image of four A-aMEGO features (black regions) with PMMA
(white regions) removed. (d) Measured thicknesses of four nano-
composite structures with ion transport channels between each
structure.
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Figure 24.10d. The images demonstrate the successful process flow shown in
Figure 24.9.

Figure 24.11 compares the strain results of the previously synthesized
A-aMEGO composites without ion channels, which were described in Section
24.1, to the nanocomposites developed with ion transport channels.
A significant increase in strain is observed at the lower scan rates. At
50 mV s�1, the highest strain of 77.5% is observed. Furthermore, at
100 mV s�1, a net strain increase of over 40% is observed. These two scan
rates demonstrate the significance of ion transport in the nanoporous gra-
phene sheets. By implementing these ion channels, the mobile ions have
better ability to ingress between the graphene sheets. At 250 mV s�1, the
strain of the channeled electrodes was 28.7%, which is very comparable to
the non-channeled structures at 100 mV s�1. This demonstrates a scan rate
performance improvement of 2.5 times with the hierarchical structures.
At the higher scan rate of 500 mV s�1, the strain of the device still improved
by a few percent, which also indicates that the ILs are better suited for lower
scan rates. As was shown earlier, P(VDF-CTFE) was also used as a binder in
the previous actuators. This particular binder showed a maximum strain of
56.6% under a potential of 4 V. The implemented ion channels with just
PTFE as the binder outperform this previously recorded strain. This also
indicates that by incorporating this binder into the hierarchical structures,
further improvements in the electro-actuation strain characteristics may be
observed. These results demonstrate that improved ion transport results in
increased actuator performance. This decreased time for ion transport sig-
nificantly improves the nanoporous graphene actuator.

This section presented successful patterning of nanoporous graphene
and implemented ion channels within the electrodes of the actuator.

Figure 24.11 Investigation of the electro-actuation strain at 4 V for the previously
fabricated non-channeled nanocomposite actuators and the actuators
with implemented ion channels.
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The implemented ion channels in the electrodes allowed for improved ion
transport. Consequently, this allowed for the net transport time of the ions
into the graphene sheets to be decreased. In turn, the actuation speed of the
nanocomposites was increased, which resulted in better strain responses in
the A-aMEGO nanocomposite actuators. Therefore, ion transport distance
plays an important role in device characteristics, and specifically in this
work, significant improvement in actuation performance was seen with the
reduced ion travel distance.
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CHAPTER 25

Multiphysics Modeling and
Simulation of Dynamics
Sensing in Ionic Polymer Metal
Composites with Applications
to Soft Robotics
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25.1 Ionomers and Electrodes in Ionic Polymer Metal
Composites

The core part of ionic polymer actuators and sensors is an ion-exchange
membrane or ionomer. An ionomer is a polyelectrolyte that contains strong
ionic groups such as sulfonic or carboxylic acid attached to the backbone of
a stable polymer (with electrically neutral repeating units) such as Teflon.1 The
composition forms highly ionic clusters that selectively facilitate the transport
of the mobile ions across the backbone of the polymer. The mobile ions inside
the polymer can be transported and accumulated at one side of the polymer
by applying a small electric field, which results in ionic electroactivity
(Figure 25.1). To this end, the manufacturing of ionic polymeric actuators and
sensors starts with compositing an ionic polymeric membrane with two
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conductive thin electrodes on both sides to apply an electric field along the
membrane. Other than ionomers and electrodes, the diluent that facilitates
the transport of the mobile ions across the membrane is an important factor
in the ionic responses of ionic polymer metal composites (IPMCs).2

The major role of the ionic polymer is storing ions in the ionic sites and
maintaining the required mobility for counterions across the membrane. It
also provides the mechanical stress and force required for the actuator. Ionic
polymers are considered to be polyelectrolytes that consist of a certain
amount of hydrophilic ionic repeat units covalently bound to repeat units of
a hydrophobic nonionic polymer. The network of hydrophilic clusters and/or
channels provides porosity for charge transport when swollen in the pres-
ence of an added diluent. The proton exchange membrane (PEM) and anion
exchange membrane are two broad categories of ionic polymers that facili-
tate the transport of the cations and anions, respectively. Upon applying the
electric field to two sides of a PEM, the cationic counterions move toward the
cathode while the bound anionic species remain immobile. The acidity or
ion-exchange capacity (IEC) of the ionomer is an indication of its capacity for
storing the counterions in the ionic sites, and the ion conductivity of the
ionomer is an indication of ion mobility across the membrane.

Figure 25.1 Transduction mechanism in an IPMC-based actuator.
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IEC and ion conductivity are the two major characteristics of ionic poly-
mers that directly affect the deformation response and blocked force of
IPMCs, as well as their sensing properties. The IEC and ion conductivity of
the membrane depend directly on the structure of the membrane;3 however,
the ion conductivity depends on the size and charge of the counterions, as
well as the electrolyte type. In most reported PEMs, the proton conductivity
is strongly related to the amount of ionic groups (sulfonic or carboxylic acid
groups), and membranes with more acid groups typically have higher proton
conductivity. On the other hand, the tensile modulus typically scales in-
versely when ionic conductivity is increased by higher diluent uptake.
Clearly, for the device to work efficiently, direct electrical contact between
the anode and the cathode must be avoided. Regarding these mentioned
properties, the main efforts in this area are to synthesize ionomers with
higher ionic conductivity both in hydrated and dry conditions, to improve
chemical and thermal stability and to improve mechanical properties. While
a considerable number of potential polymer backbone and side-chain
combinations have been synthesized to meet these requirements, DuPont’s
Nafions continues to hold a place of prominence in the field because of its
high proton conductivity and good mechanical properties, and thus it pro-
vides a useful standard against which other ionic membranes are often
compared. Several other type of ionomers, such as Flemion from Asahi
Glass, Aciplex from Asahi Chemical, Aquivion (Hyflon) from Solvay and other
synthesized sulfonated aromatic ionomers, have been widely studied as
polyelectrolytes for IPMCs.4 The structures of the majority of these ionomers
consist of perfluorinated alkenes with short side chains terminated by ionic
groups (typically sulfonate or carboxylate [SO3

� or COO�]) for cation ex-
change or ammonium cations for anion exchange. The large polymer
backbones determine their mechanical strength. Short side chains provide
ionic groups that interact with water and enable the passage of
appropriate ions.

The actuation and sensing of IPMCs occur due to mobile ion transport, so
the transduction properties, such as deflection speeds, displacement and
degrees of relaxation, are directly affected by the properties of mobile ions
such as ion diameter, hydrated ion diameter, charge number and ion mobility.

Following the electroding process, the mobile cation in the membrane can
be exchanged for any suitable ion by immersing the membrane in a salt
solution of that ion. Alkali metal ions (Li1, Na1, K1, Rb1 and Cs1) may be
exchanged by soaking them in an appropriate salt solution such as chloride
salts (LiCl, NaCl and KCl) at moderate temperatures (30 1C) for 1–3 days.

It has been reported that, in terms of force generation with a given voltage
of 1.2 V, Li1 ions have superior properties:5 Li1cNa14(K1, Ca21, Mg21

and Ba21). These observations indicate that the hydrated volume of ions and
hydration phenomena play important roles in achieving the highest force.

Finally, the electroding process of the ionic polymers for forming a
conductor–ionomer composite is a key step in the fabrication of IPMCs and
has a significant role in the overall performance of the IPMCs. The electrode
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layers affect the performance of IPMCs in two major aspects: the electronic
conductivity of the electrodes and the electrode–polymer interlocking. The
conductor layer should provide a high electronic conductivity for all points
of the IPMC so that a consistent electric potential can reach the entire
membrane. On the other hand, the large interfacial area between metal
particles and the membrane directly enhances the adhesion and capacitance
of the IPMC, which leads to larger charge accumulation at the electrode layer
and consequently better actuation.

25.2 IPMC Curvature Sensor
IPMC sensing due to bending, twisting and general deformation has been
reported by Shahinpoor.6 The general characteristics of IPMCs as biomi-
metic sensors, actuators and artificial muscles were investigated by
Shahinpoor et al.7 The sensing of IPMCs with respect to different mechanical
stimuli, such as the bending deflection of a cantilever, sharp angular
bending and distributed pressure loading, have also been investigated in the
literature.8 The feasibility of IPMCs as bending sensors for providing feed-
back for hand prostheses has been studied by Biddiss et al.9 and it has been
shown that bending angles may be accurately measured with 4–5% error. It
has been demonstrated that there is a linear relationship between the
bending angle of an IPMC and the output voltage.

While several studies have been conducted on the actuation of IPMCs,
there are still phenomena in the sensing mode that need to be further in-
vestigated in order to characterize IPMC sensors for specific applications
such as curvature sensing. For instance, there is a rate dependency of sensor
output signals, as well a phase that must be considered for characterizing
the IPMC sensors. Figure 25.2 shows a general response of IPMCs to a high-
frequency vibration followed by low-speed excitation at the same amplitude.
It is observed that bending the IPMC to the same amplitude at different rates
generates signals with different amplitudes.

Calibrating the output electric potential signal of a sensor to the curvature
variation, rather than the sharp bending angle or tip bending deflection, is
of particular interest. It is also important to investigate the effects of
curvature variation rates, especially at low rates, both experimentally and
theoretically. In order to accomplish this, the experimental test setup should
provide accurate control over the curvature and curvature rate of change. The
periodic step response of an IPMC sensor is depicted in Figure 25.3. It is
observed that there is a fast response region followed by a recovery period in
which the sensor output undergoes a relaxation toward the initial static
voltage. This behavior of IPMC sensors is similar to that of piezo-resistive
materials. The mechanism of this phenomenon can be explained as part of
the ionic behavior of IPMC sensors, in that ions migrate across the thickness
of the membrane to reach a more stable level of energy. The recovery voltage
causes nonlinearity in the sensor behavior; however, it can be observed that
there is a nearly constant peak voltage of 2.5 mV in every period. The average
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deviation from 2.5 mV is less than 5%. The plots in Figure 25.3 shows the
high repeatability of the sensor during the periodic step deflection.

The influence of voltage recovery on the output of IPMC sensor voltage is
more significant at very slow rates. As illustrated in Figure 25.4, the canti-
lever beam experienced a 10 mm deflection of ramp function for the dur-
ations of 10, 20, 40 and 60 s.

It is observed that at high bending rates (10 and 20 s), the linear behavior of
the sensor is more significant. At lower rates, the sensor still shows linear
behavior, even though the ion drift results in more noisy behavior of the signal.

It is concluded that at the slow bending rates, the output of IPMC
sensors is coupled with the rate of bending, which implies that the sensor
calibration has to be performed in terms of the specific curvature rate.

25.3 IPMC Curvature Actuators as Soft Robots for
Biomedical Instrumentation

The unique properties of IPMCs, such as flexibility and large deflection
amplitudes, have opened the way for a multitude of new applications for
IPMCs, including in biomedical instrumentation. For instance, there are
numerous surgical procedures that require flexible soft actuators with a low
actuation voltage. In the area of minimally invasive procedures, advances in

Figure 25.2 General response of an IPMC sensor to high-frequency excitations
followed by slow bending accompanied by high-frequency noise.
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developing new minimally invasive methods rely on developing new ma-
terials that are biocompatible and meet biomedical requirements. Novel soft
and miniaturized actuators capable of operating in small cavities, such as
inside the arteries and veins, can extend the efficiency and development of
new methods in minimally invasive surgery methods.

The flexibility of an IPMC makes it possible for it to be applied in both
small- and large-deflection applications. Successive photographs of an IPMC
strip are shown in Figure 25.5 that demonstrates very large deformation in
the presence of low voltages.

The underlying principles of the IPMC actuation and sensing capabilities
can be described by the standard Onsager formula using linear irreversible

Figure 25.3 Voltage response of an IPMC sensor to a periodic step deflection (top).
The bottom plot corresponds to the applied displacements function at
the tip of IPMC sensor with respect to time.
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thermodynamics. When static conditions are imposed, a simple description
of the mechanoelectric effect is possible based upon two forms of
transport: ion transport (with a current density, J, normal to the material)
and solvent transport (with a flux, Q, which we can assume is water flux).

The conjugate forces include the electric field, E, and the pressure
gradient, rp. The resulting equation has the concise form of:11

J(x, y, z, t)¼ sE(x, y, z, t) – L12ep(x, y, z, t) (25.1)

Q(x, y, z, t)¼ L21E(x, y, z, t) – Kep(x, y, z, t) (25.2)

where s and K are the material electric conductance and the Darcy
permeability, respectively. A cross-coefficient is usually L¼ L12¼ L21.

Figure 25.4 Ramp response of an IPMC sensor at four different curvature rates of
10, 20, 40 and 60 s. The beam was bent by 10 mm, which is equivalent to
a 500 mm radius of curvature.

Figure 25.5 Successive photographs of an IPMC strip before actuation (left) and
after actuation (right).10
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The simplicity of the above equations provides a compact view of
the underlying principles of the actuation, transduction and sensing
of IPMCs.

Catheter insertion is a minimally invasive surgical process in which a
thin wire is inserted into the body through a small incision in the groin or
the arm to reach a femoral or brachial artery. The distal tip of a wire is
steered or stirred through blood vessels to reach the desired location.
IPMCs are capable of being steered or stirred for directional change within
the vasculature or for mixing purposes. Currently, various surgical oper-
ations apply catheter insertion techniques for different types of surgeries.
However, guidance of a catheter inside the complex channels of the blood
vessels or vasculature is a complicated task that is currently performed
manually in a trial-and-error process. Correct insertion depends on the
surgeon’s skill to a great extent. A catheter with one or two controllable
degrees of freedom for bending the distal tip will give surgeons more
dexterity in maneuvering the wire inside the body. Consider the tip of a
catheter that is equipped with an IPMC artificial muscle as a steerer/stirrer.
A schematic of an attached IPMC steerer/stirrer to the tip of a catheter is
depicted in Figure 25.6.12

Bi-directional bending of the catheter, along with the manual twisting
motion of the wire, enables 3D orientation control of the active catheter.
Successful actuation is achieved in a fluidic environment, as shown
in Figure 25.7. The tip of the actuator is easily bent by about 901, which is
sufficient to maneuver through the endovascular branches. By applying a
voltage of 0.2–3 V on an IPMC film, bending towards the anode occurs.

Figure 25.6 Schematic of an IPMC micro-catheter steerer/stirrer.
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An increase in voltage level (up to 6 or 7 V) causes larger bending
displacement, along with nonlinear saturation in displacement. IPMCs also
work very well in water or blood environments.

In addition, with a customized design, IPMC actuators maintain the
required dexterity for the 2D bending of a robotic distal tip. The overall
design of the robot could be considered to be a hybrid robot with the
combination of rigid robotic links and a flexible IPMC actuator with two
degrees of freedom.

Figure 25.8 demonstrates a design in which the tip is bent in two dir-
ections using a 2D IPMC actuator. The flexible distal tip is attached to the
rigid part of the instrument. The instrument is positioned by the manipu-
lator of a surgical robot, such that the system can be considered to be a
hybrid robot composed of a rigid robotic console and a flexible polymeric
distal tip. The ion-exchange pellets of Nafion can be cast to have a rect-
angular or circular cross-section and metalized with gold as a highly con-
ductive electrode around the surface. The electrodes at four sides must be
then separated so that four distinct electrodes are used to control the ion
transport.

In order to have larger actuation and a minimal moment of inertia, the
circular cross-section is the optimum choice for undulation. In Figure 25.9,
a schematic of the chemo-electro-mechanical bending of a 2D IPMC is
demonstrated. The tubular IPMC acts as a continuum robot at the tip of the
instrument and antagonist forces are applied by induced strain due to the

Figure 25.7 IPMC steerer/stirrer attached to the tip of a catheter and actuated in a
saline fluidic environment resembling blood.
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accumulation of ions at a desired side of the cross-section. The mechanism
of bending is the same as that of IPMC membranes, except that mobile
cations can transport in two dimensions.

By applying an electric potential to each pair of electrodes, rotation about
any axis can be achieved. The magnitude and direction of rotation depend

Figure 25.8 Schematic of a surgical instrument equipped with an IPMC actuator.

Figure 25.9 (Left) Schematic of 2D bending of an IPMC actuator. (Right) Cross-
section of a tubular IPMC. The pressure gradient induced by the
accumulation of cations at each side results in bending.
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on the direction and magnitude of the applied electric potential. The nature
of the actuation is comparable to the antagonistic muscles in which the
bending direction is controlled by the amount of applied strain at each side
of the cylindrical organ.

25.4 Multiphysics Modeling of Ionic Electroactivity
in IPMCs

In order to explore the dynamic ionic electroactivity of IPMCs, herein we
review a dynamic model for finding the dynamic response between the
applied mechanical bending stress and the generated electric potential.
Following the methods of Shahinpoor and Kim,13 Nemat-Nasser and
Li,14 Porfiri,15 Chen et al.16 and Bahramzadeh and Shahinpoor,17 the basic
governing equations for charge dynamics in ionic polymers are:18

1. The constitutive equation of Nernst–Planck;
2. The continuity equation of ions;
3. The equilibrium equation of Nernst–Planck;
4. Poisson’s equation.

The Poisson–Nernst–Planck equations for ion diffusion across the IPMC
membrane can be then written as:

dcþ

dt
¼D

d
dx

dcþ

dx
þ F

RT
cþ

dV
dx

� �
0oxoh (25:3)

r2V þ r
e
¼ 0 (25:4)

in which c1is the concentration of cations (mol m�3), r is the charge density
(Colomb m�3), V is the electric potential field (volts), D is the diffusion co-
efficient (m2 s�1), F is Faraday’s constant (96 487 C mol�1), R is the universal
gas constant (8.3143 J [mol K]�1), T is thetemperature (K) and x is in normal
direction to the IPMC thickness (m).

The relation between charge density and ion concentration is as
follows:

r¼ F(c1� c�) (25.5)

Placing the electric potential term from eqn (25.2) into eqn (25.1) and
using eqn (25.3), the modified Poisson–Nernst–Planck equations for kinetic
of charge density will be derived as:

dr
dt
¼D

@2r
@x2 � ar (25:6)

a¼ DF2

RTe
c� (25:7)
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Here, we made the following assumptions:

1. The diffusion coefficient D is constant over the thickness of the
membrane;

2. The ion diffusion is dominant over the thickness of the membrane;
3. The mobile ions contributing to diffusion are cations.

This partial differential equation in eqn (25.6) represents the kinetics of
charge density in terms of time and the thickness of the ionomer. The ionic
properties of the ionomer are explicitly represented in this equation by the
two constants of D and a.

25.5 Conclusion
In this chapter, first a review was given of the various types of ionic polymers,
electrodes and diluents that have been studied in the literature and of the
effects of IEC, the importance of electrodes and the different types of mobile
ions were discussed. Next,the characteristics of IPMC sensors for curvature
measurement of structures were investigated and it was shown that there is a
linear relationship between the curvature of an IPMC sensor strip and the
output voltage of the IPMC sensor. Curvature–voltage diagrams were con-
structed for a periodic step function and ramp function at different rates.
According to various conducted tests, it can be concluded that the IPMC
sensor maintains important characteristics of sensors, including linearity,
sensitivity and repeatability for the curvature sensing of structures. The
next part of the chapter was dedicated to the application of IPMC curvature
actuation in biomedical instrumentation. The design and actuation mech-
anisms of single degree of freedom (DOF) and two DOF bio-inspired ionic
actuators for bio-robotic applications were presented based on custom
fabrication of IPMCs. A multiphysics model based on Poisson–
Nernst–Planck equations was presented to explain the observed ionic elec-
troactivity and dynamic sensing/actuation of IPMCs.
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26.1 Introduction
Cellulose has a yearly estimated biomass production of 1.5 trillion tons and
is an almost inexhaustible raw polymer material with a fascinating structure
and properties.1 Since cellulose is biodegradable, renewable and bio-
compatible, its derivatives are used for many applications, including the
immobilization of proteins and antibodies, coatings, laminates, optical
films, pharmaceuticals, textiles and foodstuffs, as well as the formation of
cellulose composites with synthetic polymers and biopolymers. Natural
cellulose has two morphologies: nanocrystal and amorphous domains.
Figure 26.1 shows the hierarchical structure of cellulose from wood.2 Cell
walls of wood are made with macrofibers of cellulose, hemicellulose and
lignin, which form a cellulose fiber composite. The macrofibers are com-
posed of microfibrils, which are formed from nanofibrils of cellulose.
Interestingly, nanofibrils of cellulose have crystal parts and amorphous parts
in a row. The crystal part of cellulose cannot be broken due to the strong
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Figure 26.1 Hierarchical structure of cellulose. TC: terminal enzyme complexes.
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hydrogen bond of the hydroxyl groups in cellulose. Crystalline cellulose has
several polymorphs: cellulose I, II, III and IV. Cellulose I is the crystalline
cellulose that is naturally produced by a variety of organisms, which is
sometimes referred to as natural cellulose. Its structure is thermo-
dynamically metastable and can be converted to either cellulose II or III.
Cellulose II is the most stable crystalline structure and can be produced
by regeneration and mercerization. There are two kind of nanocellulose:
cellulose nanofiber (CNF) and cellulose nanocrystal (CNC). There are various
extraction methods for obtaining CNC or CNF from cellulose microfibrils,
which include pre-treatment, disintegration or deconstruction processes,
such as chemical pulping and bleaching, mechanical grinding, high-
pressure homogenization, acid hydrolysis, enzyme treatment and solvent
treatment, as mentioned earlier.3 Nanofibrillated cellulose, CNC and CNF
have unique properties, including a high Young’s modulus, dimensional
stability, a low thermal expansion coefficient, outstanding reinforcing
potential and transparency.2,3 They are very highly crystalline with a very
high Young’s modulus of B150 GPa, making them very strong. Figure 26.2
shows a comparison of the specific strengths and Young’s moduli of various
materials.

Dipolar orientation and trapped charge are two major phenomena that
contribute to the pyro-, piezo- and ferro-electricity of polymers. Shear
piezoelectricity in polymers of biological origin such as cellulose and colla-
gen was discovered in the 1950s.4,5 Piezoelectricity was observed in the
uniaxially oriented systems of crystallites of cellulose and elongated films of
optical synthetic polymers. In cellulose-based biopolymers such as wood,
ramie, chitin, amylase and starch, the shear piezoelectricity is very com-
parable to that of quartz crystal.6 The discovery of tensile piezoelectricity in
stretched polyvinylidene fluoride (PVDF) triggered research into PVDF and
its copolymers in later years.7 Shear piezoelectricity in wood depends largely
on the type of wood, orientation and environmental conditions. Despite
these early inroads, there had been very few investigations on the potential
of cellulose as a smart material until Kim discovered an interesting actuation
mechanism in cellulose paper. This smart cellulose was termed electroactive
paper (EAPap).8,9 Figure 26.3 shows the concept behind EAPap. When an
electric voltage was applied to the electrodes, EAPap produced bending
displacement depending on actuation voltage, frequency, host paper type
and adhesion. The working principle of cellulose EAPap is claimed to be
a combination of the piezoelectric effect and ionic migration effects,
associated with the dipole moment of the cellulose paper ingredients.
The electromechanical coupling and mechanical properties of cellulose
EAPap has been reported to be very similar to those of piezopolymer.10 This
extends its possibilities for strain sensors, self-powered vibration sensors
and energy scavenging transducers.11 Once cellulose EAPap acquires
the requirements of smart materials, various applications are possible,
including wirelessly controlled EAPap actuators, flexible speakers, flying
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Figure 26.2 Comparison of the specific strengths and Young’s moduli of various
materials. LS: low strength, HS: high strength, C fiber: carbon fiber,
CN: cellulose nanoparticle, MFC: microfiber cellulose, NFC: nanofiber
cellulose, CNC: cellulose nanocrystal, t-CNC: tunicate cellulose
nanocrystals.

Figure 26.3 Schematic of an EAPap actuator: (a) surface of cellulose fiber, (b)
ordered and disordered regions of cellulose, (c) cellulose EAPap.
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objects and micro electromechanical systems (MEMS)/nano electro-
mechanical systems (NEMS) devices.12–14 To overcome the drawbacks of
low output force and low actuation frequency, multi-walled CNTs (MWNTs)
were coated on the cellulose EAPap.15 When MWNTs were chemically
bonded to cellulose in order to maintain a uniform dispersion of MWNTs in
cellulose, its actuator performance exhibited a dramatic improvement in
terms of force and actuation frequency.16,17 This MWNT–cellulose hybrid
EAPap can be tuned in terms of its electric conductivity so as to make a paper
transistor.18,19

Cellulose also has an ionic effect. Since cellulose has a lot of hydroxyl
groups around its chains, they can easily interact with ions and water
molecules, which results in an ion migration effect. By maximizing the ion
migration effect in cellulose EAPap, largely deformable actuators can be
made. Many attempts have been made to achieve this. Conducting poly-
pyrrole (PPy) or polyaniline (PANI) were coated on the cellulose film, which
provided good results for bending actuators.20,21 The influence of the
addition of poly(ethylene oxide) –poly(ethylene glycol) (PEO–PEG) on the
actuation behavior of cellulose EAPap was investigated.22,23 The increased
displacement output and decreased electrical power consumption of the
actuator might be due to the improved polymer chain flexibility and ion
mobility. Cellulose and chitosan blended EAPap was introduced to solve the
issue of degradation with time and sensitivity to humidity that affects the
performance of EAPap actuators.24,25 This chitosan–cellulose composite can be
used for biomedical applications.26 Ionic liquids (ILs) were nanocoated onto
cellulose to improve the ionic effect of cellulose EAPap by incorporating a
conducting polymers (CPs).27–33 Bacterial cellulose (BC) composites are unique
and promising for medical implants and scaffolds in tissue engineering.34–39

Recently, BC was used for making bending actuators.40 Hybrid cellulose
nanocomposites with enhanced material properties have been studied
for biosensor, chemical disposable sensor, energy conversion and various
other applications.41–48 With the addition of metal oxide into a cellulose
matrix, the chemical stability, mechanical properties, conductivity and
photosensitivity can be enhanced for the use of cellulose in bioelectronics
applications.49

This chapter reviews recent advances in cellulose EAPap. The actuation
mechanism, physical properties and piezoelectric behavior of cellulose
EAPap are summarized and ionic EAPap is introduced, which incorporate
CPs, chitosan, PEO–PEG and ILs. To further improve the functionality
of EAPap, hybrid nanocomposites are introduced by hybridizing CNTs
and metal oxide with cellulose. The recent progress and development in
cellulose-based bending actuators, vibration sensors, biosensors and
chemical disposable sensors, as well as their applications in acoustic and
bioelectronics, are critically discussed. Finally, the potential of cellulose
EAPap and its hybrid composites, as well as challenges in this area, are
addressed.
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26.2 Cellulose EAPap

26.2.1 Fabrication of EAPap

Cellulose has a crystal part and an amorphous part. The crystal part of
cellulose cannot be broken due to the strong hydrogen bonds of the hydroxyl
groups in cellulose. Cellulose can be extracted from a variety of natural
resources (e.g., wood, plants, tunicates, algae and bacteria). The amorphous
part of cellulose can be easily broken by strong mechanical force or
special solvents, such as lithium chloride/dimethylacetamide (LiCl/DMAc).3

The CNF is fiber-like and is generally of microns in length with a 4–20 nm
cross-section. It has good flexibility and consists of amorphous and
crystalline regions. The CNC has a needle-shaped structure generally of
50–500 nm in length and B3–10 nm wide.2

To fabricate cellulose EAPap, cellulose pulp should be dissolved and
regenerated so as to align CNFs. Figure 26.4 shows the cellulose EAPap
fabrication process.50–52 To dissolve cellulose pulp, a LiCl/DMAc system has
been used. The following is a brief explanation of the regenerated cellulose
fabrication of cellulose EAPap. Cotton pulp is torn into small pieces and LiCl
is heated inside of the oven at 110 1C for 2 h. After LiCl is completely dis-
solved in the DMAc, dried small pieces of cotton cellulose pulp are mixed
with LiCl/DMAc solution in a ratio of 1.5 : 8.5 : 90. The mixture is heated at
150 1C and two steps of heating then cooling to room temperature occur.
The cellulose/LiCl/DMAc viscose solution is obtained. Generally, the
viscosity of the cellulose solution will be 30 000–40 000 cP. To prepare the
regenerated cellulose film, a certain amount of solution is cast on a
glass plate with a doctor blade. The cast film is immersed into deionized
water/isopropyl alcohol mixture to eliminate solvent from the film.53 Then,

Figure 26.4 Fabrication process of cellulose EAPap.
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a wet cellulose film can be obtained. The wet cellulose film is stretched by a
stretching machine under a near-infrared heater for 1 h to align cellulose
nanofibrils along the stretching direction. The dried and aligned cellulose
film with a 20 mm thickness is then obtained. Metal electrodes are coated
on both sides of the cellulose film by means of thermally evaporating
aluminum. The typical thickness of the metal electrode is in the range
of 100–150 nm. Since many hydroxyl groups appear on the surface of
the cellulose film, thermally evaporated aluminum is securely adhered onto it.

26.2.2 Actuation Principle

Considering the cellulose structure and processing of the cellulose EAPap, the
EAPap actuation principle is due to a combination of two mechanisms: ion
migration and the piezoelectric effect.9 Cellulose EAPap material is a sheet of
regenerated cellulose and, morphologically, regenerated cellulose has ordered
and disordered regions. The ordered domains are mostly crystalline and
disordered molecules retain a preferential direction parallel to the chains in
the microfibrils, and they form surface disorder on the microfibrils.
A conceptual configuration of cellulose EAPap is depicted in Figure 26.3a. The
concept of microfibrils is shown in Figure 26.3b. The EAPap material has large
regions of disordered cellulose chains, where water molecules and ions can
interact with the hydroxyl groups that appear on the cellulose chains
(Figure 26.3c). When an external electric field is applied, these ions can be
mobile and migrate to the anode. In addition, the molecular motion of free
water in disordered regions cannot be restricted by the cellulose molecules,
and the water molecules can interact with ions in the cellulose. In the pres-
ence of an electric field, the sodium ions surrounded by free water molecules
will move to the anode. Selective ionic and water transport across the polymer
under an electric field results in volumetric changes, which in turn lead to
bending. When a DC electric field is applied, the cellulose EAPap actuator is
bent to the positive electrode, which confirms the actuation mechanism.

On the other hand, cellulose EAPap material is composed of molecular chains
with a dipolar nature. In particular, the crystal structure of cellulose II is
monoclinic, which is non-centrosymmetric and exhibits piezoelectric and
pyroelectric properties. Generally, the polarizability of dielectric materials may
be separated into several parts. An electronic contribution arises from a dis-
placement of the electron shell relative to the nucleus and an ionic contribution
arises from the displacement of a charged ion with respect to other ions. In
cellulose material that possesses molecular groups that have permanent mo-
lecular dipole moments, such as water or the hydroxyl and carboxyl groups,
these groups will also make a contribution.54 At low frequency, all of these parts
contribute to the polarizability, as will any free ions (space charges) in the ma-
terial. As the frequency increases, the space charges and permanent dipoles relax
out. Space charges are usually the first to relax out, followed by the permanent
dipole groups. In the cellulose EAPap, the presence of disordered regions gives
rise to localized states associated with the hydrogen bonding of cellulose chains.
Since there are many localized states, the release or excitation of the carriers in
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these states may dominate the charge transfer process. Thus, disordered regions
mainly contribute to the dipolar orientation by stabilizing dipoles and leading to
a permanent polarization, resulting in piezoelectric behavior.

26.2.3 Physical Properties

For enhancing piezoelectric effects in EAPap, cellulose fiber alignment is
very important. The alignment of the cellulose fiber was investigated by
taking cross-sectional scanning electron microscope (SEM) and high-voltage
electron microscope (HVEM) images, as shown in Figure 26.5.50 Aligned
bundles of cellulose chains in the stretching direction were apparently ob-
served after stretching. In general, regenerated cellulose film consists of
crystalline and amorphous regions. Cellulose chains in amorphous regions
exist in a randomly oriented formation. However, in this study, the cellulose
chains could be aligned along the stretching direction by a stretching pro-
cess. From the cross-sectional image, it can be seen that the regenerated
cellulose exhibits a layered structure. After stretching, the nanofiber for-
mation was well observed in the layered cellulose structure. When the cross-
sectional morphology was observed by HVEM, the crystal parts of cellulose
could be clearly seen. The diameters of the nanofibers are in the range of 30–
150 nm and have a circular shape.

Figure 26.5 shows the XRD patterns of EAPap with different stretching
ratios: DR¼ 1.0, 1.1 and 1.5 and DR¼ 2.0.50 Originally, cellulose II has three
peaks at 12.11, 19.81 and 221 assigned to (110), (1�10) and (200), respectively.
However, the cellulose EAPap showed a more diffused XRD profile compared
with cellulose II. The diffused pattern indicates that the cellulose film has
considerably more amorphous regions due to slow coagulation. The cellu-
lose sample also shows a diffused XRD pattern; however, the (1�10) dir-
ectional peak intensity gradually increased as the drawing ratio increased
from 1.0 to 2.0 (Figure 26.6). Thus, it can be concluded that cellulose
EAPap has more ordered cellulose chains by mechanical stretching.

Figure 26.7 shows the strain–stress curves of cellulose films with different
stretching ratios.50 The Young’s modulus of cellulose film without stretching

Figure 26.5 SEM and TEM images of cellulose EAPap.50
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(DR¼ 1.0) was 5.3 GPa. When the drawing ratio increased, the Young’s
modulus also dramatically increased up to 14.1 GPa, which is 270% larger
than that of the non-stretched case. The mechanical properties of cellulose
film were improved due to the improved alignment of cellulose chains along
the stretching direction. However, since cellulose is hydrophilic, its

Figure 26.7 Stress–strain curves of cellulose EAPap with different stretching ratios.

Figure 26.6 XRD patterns of cellulose EAPap with different stretching ratios.50
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mechanical properties are sensitive to environmental humidity conditions.
It was found that the Young’s modulus of cellulose EAPap decreases as the
relative humidity (RH) increases.51

The dielectric constant of cellulose EAPap is important for determining its
actuation behavior as well as its power consumption. Figure 26.8 shows the
measured dielectric constant for cellulose EAPap as a function of frequency
at different temperature conditions.52 This reveals that the dielectric con-
stant of cellulose EAPap is strongly dependant on the temperature as well as
the frequency. The dielectric constant increases as the temperature in-
creases. At around 100 1C, near the boiling point of water, the dielectric
constant of cellulose EAPap shows its maximum value. However, at over
100 1C, the dielectric constant starts to decrease as the temperature
increases. The dielectric behavior at over 100 1C may be related to the
vaporized water molecules, which are under higher entropy conditions
compared to liquid water. Vaporized water molecules can easily escape from
the cellulose surface, resulting in the lower dielectric constant of cellulose
EAPap. Nevertheless, the range of the dielectric constant of cellulose EAPap
is higher than those of other polymers.

Figure 26.9 shows the optical transparency of cellulose EAPap. The UV-vis
value at 450 nm increases from 88 to 90 with the increase in the stretching ratio.

26.2.4 Piezoelectric Properties

The piezoelectric charge constants of different orientations of EAPap
samples under quasi-static direct piezoelectricity were measured.50–52 The
crystallinity and alignment of CNFs increase when increasing the stretching
ratio. Figure 26.10a shows the sample orientation along the stretching
direction and Figure 26.10b shows the induced charge of cellulose EAPap

Figure 26.8 Temperature-dependent dielectric behavior of cellulose EAPap from
room condition (20 1C) to 105 1C.52
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and PVDF film with strain. The measured piezoelectric charge constant of a
451 sample with a 2.0 stretching ratio is 28.2 pC/N, which is larger than other
01 and 901 samples.50 The measured piezoelectric charge constant of cellu-
lose EAPap is similar to that of PVDF.

Electrically aligned regenerated cellulose films showed higher in-plane
piezoelectric constants due to an increased crystallinity index.53 Heat treat-
ment of EAPap specimens also generates better piezoelectric effects as
compared to specimens with no heat treatment.54

Figure 26.9 UV-vis of cellulose EAPap.

Figure 26.10 (a) Orientation of cellulose EAPap along the stretching direction and
(b) induced charge curves of cellulose EAPap and PVDF.
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To understand the actuation phenomenon, thermally stimulated current
(TSC) measurements were performed.9,52 TSC was used to characterize cel-
lulose EAPap under different electric field and temperature conditions. TSC
analysis is a sensitive tool for detecting the relaxation phenomena of a
material composed molecular chains with a dipolar nature, such as cellu-
lose. From this analysis, the relaxation phenomena can be inferred, which
are associated with the orientation polarization of permanent or induced
dipoles and real charge injection. Before testing the TSC, the sample was
kept at 80 1C in a vacuum oven for 1 day to remove the free water from the
cellulose paper sample. The glass transition temperature of the cellulose
film was 203 1C. Figure 26.11a shows the depolarized current with tem-
perature under different poling electric fields and Figure 26.11b shows the
peak current values as a function of the poling electric field. The depolar-
ization current increases linearly as the poling electric field increases. This
behavior is usually indicative of dipole orientation.9

26.3 Ionic EAPap

26.3.1 CP-Coated EAPap

To improve the actuation performance of cellulose EAPap, PPy and PANI CPs
were coated onto cellulose EAPap and their performances were com-
pared.20,21,54 CP-coated EAPap (CP-EAPap) was made by electrochemically
coating CPs on cellulose EAPap. Two types of actuators were designed: a CP/
cellulose bilayer and a CP/cellulose/CP trilayer, as shown in Figure 26.12.
ClO4

� and BF4
� dopants were examined for improving the actuator per-

formance. The PPy-coated film with BF4
� dopant with a trilayer configur-

ation exhibited a maximum bending displacement of 10.5 mm. The
maximum displacement of the PANI-coated trilayer EAPap actuator with
BF4

� dopant was shown to be 10.1 mm. The trilayer devices show better
performance than the bilayer devices. The working principle of the actuator
is deeply related to the adsorption or desorption of water molecules and
structural changes under applied electrical fields.

26.3.2 PEO–PEG Blended EAPap22,23

To improve the actuation performance of cellulose EAPap, PEO–PEG was
blended with cellulose solution and cast to form a film. Figure 26.13 shows
the association of PEO–PEG with cellulose and its disruption under the ex-
citation of an electric field in high humidity conditions. Cellulose/PEO–PEG
blended films were fabricated with varying PEO : PEG ratios from 0.1 : 0.9 to
0.9 : 0.1 via traditional solution blending techniques. Although there is some
morphological change of cellulose due to the addition of PEO–PEG, both
XRD and FT-IR analysis revealed no substantial changes in its structure. The
actuator showed a maximum bending displacement of 5.0 mm with very low
electrical power consumption (7 mW mm�1) under ambient conditions. The
increased displacement output and decreased electrical power consumption
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of the actuator might be due to the improved polymer chain flexibility and
ion mobility. The ion migration effect might play a more important role in
the actuation principle.

26.3.3 Chitosan Blended EAPap24,25

To prepare cellulose EAPap actuators with high performance in ambient
humidity conditions, chitosan–cellulose laminated films were used as
EAPap actuators. Since the molecular structures of cellulose and chitosan
are very similar, there is expected to be high compatibility between cellulose

Figure 26.11 Measured TSC data. (a) Current–temperature plot of cellulose EAPap
under different external fields. (b) Maximum current versus the elec-
tric field.52
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and chitosan. Figure 26.14 shows a schematic diagram of a chitosan and
cellulose inter-penetrating polymer network. The chitosan and cellulose
blending ratio and humidity effects on actuator performance were investi-
gated. When cellulose–chitosan was blended at a 60 : 40 ratio, the maximum
bending displacement was obtained under 50% RH conditions. The actu-
ation principle of cellulose–chitosan blended EAPap actuators might be as-
sociated with an ion migration effect associated with Cl� mobile anions and
NH3

1 fixed cations. When the actuator was activated with an AC voltage
under 60% RH conditions, the bending displacement increased with the
voltage increase and a maximum bending displacement of 4.1 mm was

Figure 26.13 Schematic representation of the PEO–PEG association with cellulose
and its disruption under the excitation of an electric field in high
humidity conditions.

Figure 26.12 Bilayer and trilayer models of CP-EAPap and its activation schematic.
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achieved at 6 V and 4 Hz, which is almost the same as the cellulose EAPap
actuator at 90% RH. The cellulose–chitosan EAPap actuator is quite durable
under more than 9 h of actuation. The electrical power consumption was
17 mW cm�2. The SEM images and XRD patterns of this cellulose–chitosan
EAPap actuator did not show any significant damages of electrode surfaces
after 9 h of actuation.

26.3.4 IL Dispersed EAPap27–33

In spite of its excellent advantages over other electroactive polymers, there
are several material drawbacks to cellulose EAPap: the performance of
cellulose EAPap is sensitive to the surrounding humidity conditions and
there is performance degradation with time. Recently, nanocoating with
polyelectrolytes and CPs has been used to modify the surfaces and electrical
properties of materials used in the fields of science, engineering and
information technology, as well as medical supplies.55,56 The actuator per-
formance and durability of cellulose EAPap actuators was greatly improved
by PPy and IL nanocoating. ILs have interesting properties such as

Figure 26.14 Schematic representation of the synthesis of a cellulose–chitosan
inter-penetrating polymer network (IPN). GA: glutaraldehyde.
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non-volatility, high stability, suitable polarity, high ionic conductivity and
easy recyclability. Also, room temperature ILs consume little energy for nu-
merous electrochemical processes. Owing to their ideal properties, ILs are
receiving much attention as environmentally benign solvents for organic
chemical reactions, separations and for electrochemical applications.57,58 An
aqueous dispersion of IL was made to create an IL nanolayer on the cellulose
EAPap surface. To ensure uniform and stable IL nanocoating, nanoscaled
PPy intermediate layer was introduced onto the cellulose surface via a
polymerization-induced adsorption process. Figure 26.15 shows the fabri-
cation process of the cellulose–PPy–IL (CPIL) nanocomposites and its
transmission electron microscopy (TEM) image. During the wet impreg-
nation and polymerization process, PPy molecules could penetrate into the
bulk and be deposited onto cellulose nanofibrils. Furthermore, activating
wet PPy-adsorbed cellulose in IL solution results in the adsorption and
uniform deposition of IL over the cellulose–PPy surface by ionic interaction.
The thickness of the IL layer was found to be about 8 nm. Three ILs, namely
1-butyl-3-methylimidazolium chloride, 1-butyl-3-methylimidazolium tetra-
fluoroborate (BMIBF4) and 1-butyl-3-methylimidazolium hexafluorophos-
phate were tried for the CPIL fabrication, and it was found that BMIBF4

exhibited the best results.
The maximum bending displacement of CPIL actuators is 10 mm under

ambient temperature and humidity conditions at 5 V and 3.5 Hz. The power
consumption was 30 mW. The enhancement of actuation performance is
due to the greater mobility and high ion-transporting ability of IL. Table 26.1
provides a comparison of the actuator performance of CPIL with other re-
ported EAPap actuators. The CPIL actuator showed enhanced durability of
up to 6 h in ambient humidity and temperature conditions without any
significant performance degradation.

With durable CPIL actuators, a wirelessly driven CPIL actuator was dem-
onstrated.33 Figure 26.16 shows a photograph of this configuration. The
actuator system consists of a dipole rectenna array, a power control circuit
and two CPIL actuators. Once the rectenna array receives microwaves and
converts them into DC power, the control circuit distributes the power so as
to active the CPIL actuators wirelessly. This was the first demonstration of
wirelessly driven polymer actuators by using microwaves.

26.4 Hybrid EAPap

26.4.1 CNT Blended EAPap

Polymer–CNT composites have been researched for enhancing their prop-
erties and multi-functionality. Cellulose–CNT composites were made for
bending actuation with various conditions of CNT. MWNT-mixed cellulose
EAPap was fabricated by blending small amounts (0.1 wt%) of MWNTs into a
cellulose solution.17 The MWNT–cellulose EAPap actuator increased its
Young’s modulus by 76% and its resonance frequency by 35%. As a result,
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Figure 26.15 (a) Fabrication process of a CPIL nanocomposite and (b) its TEM image.
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the mechanical power output, which is a significant drawback of cellulose
EAPap, was enhanced by up to 65%, increasing its mechanical properties.
However, MWNTs were inhomogeneously dispersed in the cellulose solution
owing to them aggregating to each other by interaction forces. To overcome
this problem, the functionalized MWNT (f-MWNT) was suggested.59 The
well-dispersed f-MWNT is shown in Figure 26.17. By blending 0.15 wt% of
f-MWNT with cellulose, the f-MWNT blending improved the output force of
the actuator remarkably to over ten times that of the cellulose EAPap without
loss of its maximum bending displacement.21

26.4.2 TiO2-Coated EAPap60–62

Inorganic nanomaterials have a broad range of functionalities, which
are promising for sensors, actuators, electronics and energy devices. TiO2

Table 26.1 Comparison of the performance properties of CPIL actuators and other
reported EAPap actuators.

Maximum
displacement

Resonance
frequency

Output
force

Electrical power
consumption

Cellulose 3.5 mma 7.5 Hz 32 mN 55 mW
PPy-coated cellulose 6.7 mma 6 Hz 62 mN 68 mW
Single walled carbon

nanotube/
PANI-coated
cellulose

3.1 mma 5 Hz 3.0 mN 23.2 mW

CNT/cellulose 4.5 mmb 6 Hz 198.4 mN 28 mW
CPIL nanocomposite 10 mmc 3.5 Hz 3.0 mN 30 mW
a70% RH.
b90% RH.
c30% RH.

Figure 26.16 Microwave-driven CPIL actuator.
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has been used as a building block to develop new nanoarchitectures with
advanced properties for achieving high-performance sensing and improved
photocatalytic power. Since TiO2 is a nanoparticle, it is hard to make
flexible films with it. TiO2 can be blended with polymers to form films.
However, its functionalities are limited, since TiO2 can be aggregated in
polymer matrices. In particular, the cellulose matrix is difficult to bond
with TiO2 nanoparticles. Thus, MWNTs were used to coat TiO2 so as
to enable chemical bonding between MWNTs and cellulose. This in-
corporation of MWNTs can achieve good dispersion of TiO2 in a cellulose
matrix. TiO2 and MWNT nanocomposites was synthesized by a hydro-
thermal method, and a cellulose–TiO2–MWNT (CTM) hybrid nano-
composite was made by blending the TiO2/MWNT with cellulose. The CTM
hybrid nanocomposite was applied as an ammonia gas sensor at room
temperature. The hybrid nanocomposite of MWNT and TiO2 with cellulose
is flexible and environmentally friendly, without sacrificing the function-
ality of MWNTs and TiO2 for ammonia gas sensing at room temperature.
Figure 26.18 shows the bonding between cellulose, MWNTs and TiO2

nanoparticles, TEM images of TiO2–MWNT, the electrode deposition on
the CTM hybrid nanocomposite and ammonia gas sensing apparatus,
along with the sensitivity results.60 This ammonia gas sensor works
at room temperature, which has the advantage of not requiring heating,
as is required by conventional gas sensors. Glucose biosensor and
pH sensor properties were also demonstrated by the hybrid
nanocomposite.61,62

26.4.3 SnO2-Coated EAPap63–65

Synthesizing a very thin and uniform nanocrystalline metal oxide layer on a
cellulose film can be advantageous for applying this material to flexible
electronic devices, disposable sensors and biosensors. A flexible nano-
composite was developed by coating a regenerated cellulose film with a
thin layer of SnO2 by liquid-phase deposition. SnO2 is an electrical con-
ductor that is optically transparent in the visible spectrum with a wide
band gap of 3.6 eV at room temperature. SnO2 has been widely used in gas
sensors, optical devices and lithium batteries. SnO2 was crystallized in
solution and formed nanocrystal coatings on regenerated cellulose. The
nanocrystalline layers did not exfoliate from cellulose. TEM and energy
dispersive X-ray spectroscopy suggested that SnO2 was not only deposited
over the cellulose surface, but also nucleated and grew inside the cellulose
film.63 The cellulose–SnO2 hybrid nanocomposite was used for bio-
degradable and disposable glucose biosensors and pH sensors.
Figure 26.19 shows the fabrication process of this nanocomposite by
thermal hydrolysis, a photograph of the sample and the sensitivity curves
for urea and glucose biosensors.
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Figure 26.17 SEM cross-sectional images of: (a) cellulose film; (b) MWNT blended cellulose composite; and (c) f-MWNT blended cellulose
composite.
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Figure 26.18 Cellulose–TiO2–MWNT hybrid nanocomposite: (a) TiO2–MWNT bonding; (b) TEM of TiO2–MWNT and electrode for a gas
sensor; (c) CTO ammonia gas sensor; and (d) sensitivity of the ammonia gas sensor. CTO: cellulose tin oxide, MWCNT: multi
walled carbon nanotube, MFC: mass flow controller, GPIB: general purpose interface bus, LCR: inductance (L), capacitance
(C), resistance (R).
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Figure 26.19 Cellulose–SnO2 hybrid nanocomposite: (a) fabrication process; (b) photograph of the sample; (c) sensitivity of the urea
biosensor (I is the first linear region, II is the second linear region and III is saturation region); and (d) sensitivity of the
glucose biosensor.
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26.5 Conclusions
This chapter reviewed the fabrication and actuation principles of EAPap and
its three subareas—piezoelectric EAPap, ionic EAPap and hybrid EAPap—
along with their applications. Cellulose EAPap is made by dissolving cellu-
lose followed by casting and stretching so as to maximize the piezoelectricity
in the EAPap. The actuation principle is a combination of piezoelectric and
ion migration effects. Cellulose EAPap exhibits a high Young’s modulus and
high dielectric constant, which result in a high piezoelectric constant
(d31¼ 28.2 pC/N), which is similar to that of the PVDF piezoelectric polymer.

To enhance the ion migration effect in cellulose, PANI and PPy CP coating,
PEO–PEG blending, chitosan blending and IL dispersion approaches were
undertaken with cellulose. Aqueous dispersion of IL was done to create an IL
nanolayer on the cellulose EAPap surface, and a nanoscaled PPy inter-
mediate layer was introduced onto the cellulose surface via polymerization-
induced adsorption to ensure uniform and stable IL nanocoating. The
cellulose–PPy–IL nanocomposite exhibits three-fold greater displacement
output than cellulose EAPap under room temperature and humidity con-
ditions without any significant performance degradation over 6 h.

To further improve the functionality of cellulose, hybrid composites of
inorganic functional materials were introduced by incorporating CNTs, TiO2

and SnO2 with cellulose. The incorporation of CNTs showed improvements
in mechanical properties and force output. The blending/coating of TiO2 and
SnO2 with cellulose expanded the functionality and application areas to
biosensor and chemical sensor devices. Since cellulose is biocompatible,
sustainable, biodegradable, capable of broad chemical modification,
hydrophilic and has high mechanical strength and stiffness, various cellu-
lose-based devices are possible.
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