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Ionic polymer metal composites (IPMCs) are electroactive materials made of ionic polymer thin membranes with platinum
metallization on their surfaces. They are interesting materials due to not only their electromechanical applications as transducers
but also to their electrochemical features and the relationship between the ionic/solvent current and the potential field. Their
electrochemical properties thus suggest the possibility for exploiting them as compact fractional-order elements (FOEs) with a view
of defining fabrication processes and production strategies that assure the desired performances. In this paper, the experimental
electrical characterization of a brand new IPMC setup in a fixed sandwich configuration is proposed. Two IPMC devices with
different platinum absorption times (5h and 20 h) are characterized through experimental data: first, a preliminary linearity study
is performed for a fixed input voltage amplitude in order to determine the frequency region where IPMC can be approximated as
linear; then, a frequency analysis is carried out in order to identify a coherent fractional-order dynamics in the bode diagrams. Such
analyses take the first steps towards a simplified model of IPMC as a compact electronic FOE for which the fractional exponent

value depends on fabrication parameters as the absorption time.

1. Introduction

Ionic polymer-metal composites (IPMCs) as electroactive
polymers (EAPs) have the very interesting capabilities of
transforming electrical energy into mechanical energy, and
vice versa [l, 2], making them privileged candidates for
the realization of actuators or sensors with features as low
required voltage, high compliance, lightness, softness, and
so forth, thus, creating great interest in possible applications
in very different fields such as robotics, aerospace, and
biomedics [3-5].

They are composite materials made of ionic polymers
in presence of solvent with layers of noble metals on their
surfaces. Their structure and composition make their full
exploitation currently limited because of the incomplete
knowledge of their working principles and therefore a not
clearly defined design procedure.

Due to their electromechanical properties, they have been
traditionally characterized as transducers, both as sensors

and actuators, and three different strategies have been used
to describe the relationship between the electrical and the
mechanical behaviors [6]. The first one, referred to as black
box and behavioral model, provides a purely empirical model
of IPMCs obtained through a series of curve fits based on
experimental data [7]. The second approach, called gray
box, combines fundamental physical laws with empirically
derived parameters to describe IPMCs’ electromechanical
conversion [6, 8-10]. It provides simplified and reduced
models which are also suitable for parameterization. The
third level of model is called white box or physical model. It
relies on the underlying physical mechanisms of the IPMC to
develop a system of distributed equations that fully describe
the material response on a multiphysics domain and which
are solved though computational methods [11, 12]. In this
context, the authors’ previous works [13] highlighted the
possibility of modeling the IPMC actuators via the gray
box model based on fractional-order systems, paving the
way for a brand new approach to such materials seen as



fractional-order electronic elements (FOEs) and not only as
a electromechanical transducers.

This new idea is suggested by IPMC electrochemical and
structural properties, since the dendrites on the interfacial
landscape between the metal electrodes and the polymer layer
show fractal dimensions, and a fractional electrical behavior
might be due to the anomalous diffusion of ions and solvent
through metal/polymer surface [14].

Moreover, IPMCs fit perfectly in the research stream
working on FOE implementation processes which assesses
the interaction between ionic phenomena and fractal struc-
tures as possible bases for FOEs working principle and
realization. After early approaches to FOE implementation
by infinite ladder networks [15], research has thus moved
from such a bulky circuital solution with a limited range of
exponent values to the search for new technological solutions.
Dielectric materials as lithium hydrazinium sulfate were
studied as a fractional impedance [16], and the influence of
temperature on the order of fractional operator has been
investigated in [17]. Semiconductor fabrication of FOE was
realized via fractal structures on silicon [18] obtaining limited
range of exponent values. Other research lines have then
exploited composite materials for the implementation of
FOEs by developing ionic lithium ions on rough surface of
metal electrodes [19]. Also, electrolytic processes have been
used with the drawback of electrodes dimension and repro-
ducibility of specifics [20]. More recently, solutions based
on polymer-coated probe in polarizable medium have been
suggested [21-23]. The main technological points presented
in the literature are related to the sizes of the devices, in
terms of electrodes or packaging containing the polarizable
medium, and the issues in controlling fractional dynamics
specifics by fabrication process.

The main goal of this paper is therefore to show the IPMC
potential as FOE via experimental characterization.

After describing the IPMC working principles and the
manufacturing process, a brand new experimental setup will
be presented in Section 2. A brief background on fractional-
order systems and the mathematical tools to work with them
is given in Section 3. The main focus about the IPMC exper-
imental characterization as FOE will be then approached
in Section 4: first, a preliminary study on linearity is given
in order to identify the frequency band where the device
can be approximated as linear and therefore to motivate the
frequency domain approach. A frequency analysis of two dif-
ferent IPMC devices fabricated with different technological
parameters will be at the bases for searching experimental
evidence of the fractional-order dynamics of IPMC as FOEs
and the possibility of controlling the fractional exponent
value by fabrication processes.

2. IPMC Devices

2.1 IPMC Structure and Working Principles. IPMCs are
based on a polymer containing ions (also called ionomers
or ionic polymers) that are weakly linked to the polymer
chain and metallized via a chemical process, on both sides,
with a noble metal, to realize the electrodes. There are a
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number of different types of ionic polymers available, but the
typical IPMC used in many investigations is composed of
a perfluorinated ion-exchange membrane, Nafion 117, which
is surface-composited by platinum via chemical process, see
Figure 1.

The platinum electrodes often consist of small, intercon-
nected metal particles which are made to penetrate into the
ionic polymer membrane. This results in the formation of
electrodes with dendritic structures [1, 14] which extend from
the surface into the membrane.

Working as an actuator, when an external voltage is
applied across the thickness of the IPMC, mobile cations (H, )
in the polymer will move toward the cathode. Moreover, if a
solvent is present in the sample, the cations will carry solvent
molecules with them. The cathode area will expand, while
the anode area will shrink. If the tip of the IPMC strip is
free the polymer will bend toward the anode; thus a force
will be delivered. On the other hand, when the IPMC works
as a sensor, it exploits the mechanical displacement of the
polymer for the generation of an ionic current inducing a
potential difference.

In general, the relationship between the applied potential
and absorbed current will be affected by the ionic current and
the solvent flow within the sample and by the interaction of
the ions and the solvent molecules with the polymer/metal
interface.

2.2. Manufacturing. Nafion 117 films (DuPont, Sigma-Ald-
rich Group) [24] with thickness fy,; = 180 um and sizes
4 cm x 4 cm were pretreated by successive boiling for 30 min
in HCLLN and deionized water. Ethylene glycol (EG) was
used as the solvents and platinum as the electrodes. Two
platinum metallizations were obtained by immersion of the
Nafion 117 membrane in a solution of [Pt(NH;),]Cl, (MW
= 334.12), and immersion time will be here referred to as
absorption time. The platinum solution was obtained by
dissolving 205 mg of the complex in 60 mL of deionized water
and adding 1mL of ammonium hydroxide at 5%. In order
to increase the performance of the device, a dispersing agent
(polyvinylpyrrolidone with molecular weight 10000-PVP10)
has been added. Moreover, a secondary metallization was
performed via deposition.

Then, the samples were boiled in 0.1M HCI for 1h. In
order to obtain the IPMC with EG as solvent, Nafion 117
membranes were soaked overnight in a beaker containing
pure EG and, finally, heated to 60°C for 1h. Obtained IPMC
was then cut into strips of size 1 cm x 1 cm and dried for one
week. Some IPMC samples are shown in Figure 2.

Two different IPMC membranes have been fabricated
with two different absorption times, 5h and 20 h, in order to
study the relationship between such a fabrication parameter
and the fractional-order dynamics of the IPMC device. The
two membranes will be here referred to respectively as
IPMCypr.51, and IPMC g1 0 1-

2.3. Geometry and Experimental Setup. The new IPMC
device here proposed as FOE consists of an IPMC strip
(1cm x 1 cm) mechanically fixed within a Plexiglas sandwich
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FIGURE 1: Structure and working principle of IPMC.

:

FIGURE 2: IPMC sample.

configuration in series with a resistor R = 46 () as shown in
the schematic in Figure 3.

The input voltage signal (V;,,) was driven by a waveform
generator (Agilent 33220A) through a conditioning circuit
made of an operational amplifies in buffer configuration (ST
TL082CP). The output voltage (V) was measured through
a pair of copper electrodes (1 cm x 1 cm and thickness 35 ym)
printed on a PBC board and in direct contact with the entire
platinum electrodes.

Both the input V,, and output V, signals were acquired
by using a National Instrument (NI USB-6251) board and
processed by the LabView software.

A schematic of the experimental setup is reported
in Figure 4(a), while details on the IPMC FOE are in
Figure 4(b).

3. Remarks on Fractional Order Systems

The subject of fractional-order calculus or noninteger-order
systems, that is, the calculus of integrals and derivatives of
any arbitrary real or complex order, has gained considerable
popularity and importance during the last three decades with
applications in numerous seemingly diverse and widespread
fields of science and engineering [25-27]. The advantages of

(FOE) fractional-order element
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F1GURE 3: IPMC FOE sandwich configuration schematic.

fractional derivatives became apparent in modeling mechan-
ical and electrical properties of real materials.

Fractional derivatives provide an excellent tool for the
description of memory and hereditary properties of various
materials and processes. This is the main advantage of
fractional derivatives in comparison with classical integer-
order models, in which such effects are in fact neglected.

Fractional-order system description can be approached
applying either constant or variable/distributed fractional-
order models [28]. The aim of this paper is to find a constant-
order fractional model in order to define a simplified operator
that allows to link fabrication process with FOE parameters.

In this context, the most frequently used definition for the
general fractional differintegral is the Caputo one, (see [27]).

(1)

(t _ 1’1) " (t _ T)r—n+1

Dif (1) = -

for (n — 1 < r < n). The initial conditions for the fractional-
order differential equations with the Caputo derivatives are in
the same form as for the integer-order differential equations.
In the above definition, I'(m) is the factorial function,
defined for positive real m, by the following expression:

I'(m) = LOO e ‘U du. (2)

Also for fractional-order systems, it is possible to apply the
Laplace transformation. It assumes the following form:

L{dqf(t)} - s‘IL{f(t)}—niSk[m] Y

dtd = g1

And it allows to easily manage fractional differential equation
as noninteger order transfer function.

The fractional-order transfer function of incommensu-
rate real orders assumes the following form [25]:

bysPr 4+ -+ by sP ysP
a,5% + -+ a;sN + aps®

(4)

where g, (k = 0,...n), b (k = 0,...m) are constants and
o (k=0,...n), B (k=0,...m) are arbitrary real or rational
numbers, and, without loss of generality, they can be arranged
asa, >, > >apand B, > B> > P

Since in this case the values of fractional exponents need
to be estimated along with the corresponding transfer func-
tion coeflicients, the identification problem is nonconvex,
and an adequate optimization procedure needs to be used.
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FIGURE 4: (a) Experimental setup. (b) IPMC FOE setup.
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FIGURE 5: Lissajous curves on measured input (V) and output (V) voltages in the frequency range between 10 mHz and 700 mHz for the

device IPMCper.5h-

4. IPMC Fractional-Order
Element Characterization

A preliminary linearity analysis based on experimental data
hasbeen performed in order to determine the frequency band
where the IPMC device can be approximated as linear. Under
the linearity hypothesis, a frequency domain characterization
approach is proposed here. It has been based on the Bode
diagrams (modules and phase) of the transfer function

obtained by the ratio between the output (V) and the input
(V) voltages in the frequency domain:

Vout (S)

Vi ) ©)

Gipmc (5) =

4.1. Experimental Data. Measurements have been performed
on the two membranes IPMC 151, and IPMC uper20h- A set
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FIGURE 6: Lissajous curves on measured input (V) and output (V) voltages in the frequency range between 800 mHz and 50 Hz for the

device IPMCper.5h-

of sine voltages with amplitude of 4V ,, was applied as V;,,
and the output voltage V, was measured.

For each membrane, different measures were performer
varying V,, frequency in the range from 10 mHz to 10 kHz
with 10 Hz step. MATLAB tools were then used to estimate
the modulus and phase of the acquired signals.

4.2. Linearity Study. As the literature has shown how IPMC
membranes working as transducers present a nonlinear com-
ponent in the electromechanical model and show a hysteretic
behavior in the relationship between applied voltage and
absorbed current [8]; the hypothesis of linearity must be
verified in this work in order to consider the frequency
response as a coherent characterization for IPMC. Moreover,
being the system nonlinear, such characterization is valid
only for the given input voltage amplitude (4Vpp).

Lissajous curves have been therefore studied in order to
characterize the linearity of the IPMC as FOE. A Lissajous
curve was obtained at each frequency for the complete
experimental range for both IPMC o151, and IPMC sp,¢120 1+
Figures 5, 6, 7, and 8 show such curves for the device
IPMC p 1.5 Moreover, Figure 9 shows zoomed curves for

sample frequencies: f = 50mHz, f = 1Hz, f =9Hz, and f =
4kHz.

It is worth noticing that at low frequencies, the nonlinear
component dominates, and the Lissajous curves have a
nonelliptic shape. In particular, under the 1 Hz frequency, the
curves show nonlinearity, while 1 Hz is a frequency of tran-
sition from nonlinearity to linearity. For frequencies higher
than 1Hz, the Lissajous curves shapes can be considered
elliptic.

The IPMC pe1.201, Shows the same trend in the Lissajous
curves; therefore, the conclusion about IPMC (151, linearity
will be extended to it.

Such considerations are confirmed by the literature [8],
where the IPMC model, as transducer, is represented by
a nonlinear component connected to capacitive elements.
At low frequencies, the capacitances are considered open
circuits and the nonlinearity dominates the global behavior.
As the frequency increases, the linear capacitive effect of
IPMC becomes significant and dominant with respect to the
nonlinear component.

Concluding, in this work, IPMC FOE will be approxi-
mated as linear in a frequency range from 1 Hz to 10 kHz.
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FIGURE 7: Lissajous curves on measured input (V) and output (V) voltages in the frequency range between 60 Hz and 3 kHz for the device

IPMC ppsrsh-

4.3. IPMC Frequency Analysis. The diagrams in terms of
module and phase of the ratio between V, and V signals at
each frequency have been obtained by using the experimental
data in the frequencies range between 10 mHz and 10 kHz for
both of the devices IPMC 1.5, and IPMC o505 @s shown
in Figures 10 and 11.

Given the conclusion on linearity assessed by the Lis-
sajous curves (Section 4.2), such curves can be considered as
the system’s frequency responses in terms of Bode diagrams
of the transfer function Gypy(s) in the linearity range from
1Hz to 10 kHz.

In such a range, it was observed that both IPMC devices
show a fractional-order behavior in a limited span of frequen-
cies where the module of the Bode diagrams presents a slope
equal to m * 20 db/decade, and the phase presents a lag equal
to m = 90°, and where m is a real number conceivable as the
fractional-order exponent.

4.3.1. IPMC sp5p.51,: IPMC Device with 5h of Absorption
Time. The IPMC with 5h of absorption time has shown an
average slope in the module diagram of 1dB per decade in

the frequency range between 1Hz to 100 Hz, determining
m = 0.05 as clear in Figure 10(a). The phase diagram in
Figure 10(b), showed an average phase of —4.5° in the same
frequency range being coherent with the fractional exponent
related to the modules —m * 90° = —4.5". In conclusion, the
IPMC 151, device has shown a fractional-order dynamics
in the frequency between 1Hz and 100 Hz with a fractional
exponent value of m = 0.05.

4.3.2. IPMC ppi1901: IPMC Device with 20 h of Absorption
Time. The IPMC with 20h of absorption time showed an
average slope in the module diagram of 6 dB per decade in the
frequency range between 1 Hz and 100 Hz, determining m =
0.3 as clear in Figure 11(a). The phase diagram in Figure 11(b)
showed an average phase of —27° in the frequency range
between 1Hz and 10 Hz showing, in that range, coherence
with the fractional exponent related to the modules -m =
90° = 27°. To conclude, the IPMC 4,501, device has shown
a fractional-order dynamics in the frequency between 1Hz
and 10 Hz with a fractional exponent value of m = 0.3.
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5. Discussion and Conclusion

This work represents a proof of concept demonstrating
the possibility of implementing a compact fractional-order
element (FOE) by using a ionic polymer metal composite
(IPMC) material.

Previous authors” works, modeling IPMC transducers
as fractional-order systems, and the literature evidence,
showing that the interaction between ionic phenomena and
fractal landscapes is at the bases for FOE working principle,
suggested the IPMC as a compact solution for FOEs imple-
mentation overcoming dimension issues and suitable for
controlling fractional-order exponent values and bandwidth
via fabrication processes.

A brand new setup of IPMC device in a fixed sandwich
configuration allows neglecting its electromechanical prop-
erties and allows focusing on the electrical behavior. Two dif-
ferent IPMCs with different platinum absorption times (5h
and 20 h) were realized in order to verify how the fabrication
parameters affect the electrical dynamics of IPMC. A series
of measurement in the frequency domain were therefore
performed in order to characterize the behavior of each
membrane for a fixed amplitude of the input voltage with the
objective of searching experimental evidence of fractional-
order dynamics.

A preliminary linearity study was carried out by ana-
lyzing the elliptic shape of the Lissajous curves. It allowed
identifying the frequency range between 1Hz and 10KHz
where both IPMC devices can be approximated as linear.

The Bode curves of the ratio between the output voltage and
the input voltage were considered in the linearity frequency
range. They allowed to determine the frequency band where
the module and the phase curves are coherent to a fractional-
order dynamics.

In particular, the IPMC with 5h of absorption time
showed a fractional-order dynamics in the frequency band
between 1Hz and 100 Hz with a fractional exponent value
of 0.05, while the IPMC device with 20 h of absorption time
showed fractional-order dynamics in the range between 1 Hz
and 10 Hz with a fractional exponent value of 0.3. It is worth
noticing that the FOE bandwidth decreases with the increase
of the absorption time, while the fractional-order exponent
value increases with it.

Such results allow us to take the first steps toward a
simplified model of IPMC as a compact electronic FOE
with a view of defining the relationship between fabrication
parameters, such as the absorption time, the fractional
exponent value, and the bandwidth. This concept opens the
way for investigation in IPMC FOE:s specifics control by other
fabrication parameters such as geometry, dispersive agent
concentration, solvent, and making it a flexible FOE device
suitable for control systems and electronic applications.
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FIGURE 11: (a) Module and (b) phase diagrams of the ratio V.
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