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1-Introduction

IPMC material (Ionic Polymer Metal Composite) consists
of an ionic polymer with anionic groups that are in balance
with mobile cations dissolved in water (or other solvent).
Metal-ionic polymer composites (IPMCs) are a group of
electroactive polymers that, due to their special structure,
are a suitable option for use as sensors and soft actuators
with low excitation voltage. An IPMC tape consists of a
polymer layer covered with two metallic conductive
layers. IPMC is a material that converts mechanical
movement into electrical signals (in sensing mode) and
electrical signals into physical deformation (in operating
mode). The behavior of matter is mainly explained by two
phenomena of electromechanical and mechanoelectric
transfer. In electromechanical transmission, electrical
energy is converted into mechanical energy, and in
mechanoelectric transmission, mechanical energy is
converted into electrical energy.

2- Experimental

2-1- Polymer structure

IPMC electroactive polymers consist of a perfluorinated
ion exchange membrane, chemically combined with noble
metals such as gold, palladium, platinum, and silver.
Nafion is the first polymer of synthetic polymers with ionic
properties, which are called ionomers. The unique ionic
properties of Nafion are the result of the combination of
perfluorovinyl ether groups that end in sulfonate groups on
a tetrafluoroethylene (PTFE) skeleton. Nafion has
attracted much attention in proton exchange membranes
due to its excellent thermal and mechanical stability.

2-2- lonic current

In the operating mode, the migration of hydrated cations in
the polymer structure, which is caused by the application
of an electrical signal, causes the mechanical movement of
IPMC. In other words, IPMC consists of a polymer branch
that is attached to anionic groups and a solvent with mobile
cations. The perceptual model is shown in figure (1). When

a voltage is applied to the IPMC electrodes, the flow of
cations (or ion current) will occur due to the generated
electric field. In the case of IPMCs with a water solvent,
the migration of cations also moves water molecules (due
to the change in osmotic pressure and the swelling of the
polymer near the cathode and its compression near the
anode) along with it; which in turn leads to bending of the
material towards the anode.
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Figl. Perceptual model of IPMC water

2-3- Electric effect of electrodes

The conducted studies indicate that the current of the
electrodes has an effect on the behavior of the
electromechanical transfer, and the electrodes significantly
affect the load dynamics and the operating performance of
the IPMC. To consider the electrode in the model, the ionic
current in the polymer is coupled to the electric current in
the electrodes. Contrary to the previous physical models,
the electrodes are not ideal but have electrical conductivity
with a limited transfer coefficient. Although the electrode
effect is better understood in the case of electromechanical
(current resistive) transmission, the basic physics is the
same for both types of transmission. The equation
describes the ion flow in the polymer part of IPMC. In the
case of electrodes, the differential form of Ohm's law for
current density is equation:
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Where ¢ is the electrical conductivity of the electrodes,
V and j is the electrical potential and current density in
the electrodes, respectively.

3- Back relxation in IPMCs

The phenomenon of back relaxation observed in IPMC
beams stimulated by applying DC voltage is due to the
presence of non-hydrated molecules in the polymer
network. Therefore, since the hydrated cations move from
the anode electrode to the cathode electrode, they
simultaneously transfer some free water molecules to the
cathode as additional mass. Now, it is decided that first, to
understand the bending behavior of these materials, we
modeled an IPMC strip and by getting some details from
solving the physical equations related to each area, we
were able to extend the model to three-dimensional space.

4- Methodology

4-1- Physico-chemical equations

As aresult of the deformation, the voltage between the two
electrodes is induced throughout the polymer. The main
cause of both mechanoelectric and electromechanical
phenomena (although they are the opposite) is the induced
ion current and as a result the generation of non-zero
charges in the vicinity of the electrodes. The ion current in
the polymer is calculated from the Nernst-Planck equation:

dC/dt+ V.(DVC — zuFCV¢ — nCAVAP) = 0 )
where C is cation concentration, ucation mobility, D
diffusion constant, F Faraday constant, Z charge
number, AV molar volume (which is a measure to quantify
the hydropbhilicity of cations), P is the solvent pressure and
electric potential in the polymer. It should be noted that the
electric potential ¢ inside the polymer and the electric
potential V in the electrodes are two different variables.
The dynamic coefficient can be expressed as equation (3):
u=D/RT 3)
In this relationship, R is the gas constant and T is the
absolute temperature. Equation (2) is the main relationship

that governs the explanation of the transfer phenomenon in
IPMC material. In addition to time, this relationship is also
affected by field gradients such as electric potential
gradient, concentration gradient and solvent pressure
gradient. These gradients exist in both types of transitions.
The potential gradient is explained by the Poisson equation
(relation (3)).

~v2¢p =P/ )
p=F({C—Co) ®)

The cation concentration is obtained from equation (6),
while the anion concentration depends on the local volume
tension.

5- IPMC 3D modeling and results

The model for the involved beam is prepared. The
geometry of the created model has been designed and
implemented in dimensions of 28.5 mm, 0.45 mm and 5
mm. The dimensions of the beam are considered with the
aim of validating the results of 3D simulation with
practical test data, similar to the sample of Naqvi and her
colleagues. In this geometry, 2.5 mm of the length is
considered to apply voltage in a fixed clamp.

It is necessary to solve partial differential equations in
meshing software or to create a mesh design in material
geometry. It is very important to achieve logical and
correct results of mesh selection, as well as the non-
dependence of the results on the number of elements and
the type of meshing (in other words, reaching a model
independent of the mesh).

The single-ended beam simulated in this research has
been excited under the application of direct voltage with
an amplitude of 3.5 volts and for a duration of 140 seconds.
Figure 2 clearly shows the changes in the components of
the force acting on the boundary between the polymer and
the electrode.

According to the gradient color spectrum in Figure 3, it
can be seen that the highest stress is applied to the IPMC
beam in the red areas close to the clamp and the lowest
stress is applied to the blue areas (tip of the beam).
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Fig 2. IPMC beam body forces. Forces acting on the upper(arrow) and lower (cone) electrode boundaries with the
polymer.(By applying DC voltage with a range of 3.5 volts for a period of 140 seconds.)




Journal of Metallurgical and Materials Engineering, 34, 3, 2023.

Time=13 s am 4 Surface: von Mises stress (N/m®) a
o x10*
16
14
t{12
|
1
08
0.6
0 04
15
1 mm
2 ° 0.2
A :/' x
o

Fig 3. Stress distribution in IPMC. (By applying direct electrical stimulation with an amplitude of 3.5
volts for a period of 140 seconds.)
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Fig 4. Concentration gradient in the polymer regions of the IPMC composite (by applying direct electrical stimulation
with an amplitude of 3.5 V a period of 140 seconds)
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Fig 5. Comparison of IPMC tip displacement in Back-Relaxation state
with a similar sample modeled in Comsol multi-physics software
(by appliying of 3.5v DC excitation for 140s)
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Figure 4 shows the result of Nafion concentration
changes after IPMC stimulation. According to these
concentration changes, IPMC swelling occurs in the red
area of this figure. It should be noted that the concentration
gradient is exactly the opposite of the potential gradient in
polymer regions.

The most important result of this modeling is the
displacement analysis of IPMC beam tip. In Figure 8, the
data obtained the displacement of modeled and real
IPMC beam tip as a result of different applied physics

The conformity of the data obtained from the modeling
with the real sample under direct voltage of 3.5 V indicates
the success of the designed model. Based on the criteria
mentioned in relation (11), there is a 93% agreement
between the IPMC modeling data and the real sample.

In this regard, it represents the displacement resulting
from modeling,d displacement of the real sample, | time
step, and n the total number of recorded time steps.

Fitting(%) =100 — -
n 11)

Comparison of IPMC tip displacement in the post-
relaxation state (by applying DC voltage with an amplitude
of 3.5 V in a period of 140 seconds) with the same sample
modeled in Comsol multi-physics software.

6- Conclusion

The phenomenon back relaxation observed in Excited
IPMC strips by applying DC voltage is due to the presence
of non-hydrated molecules in the polymer network.
Therefore, as the hydrated cations move from the anode to
the cathode, they simultaneously transfer some free water
molecules to the cathode as additional mass, and if the
excitation voltage is DC, due to static equilibrium, It is
expected the IPMC remains at the end of the activity and
does not go back (i.e. the state before stimulation and
bending), but in fact the IPMC strip bends back and as a
result shows the phenomenon of Back Relaxation. The
purpose of this modeling was to predict the rate of return
of IPMC to Back Relaxation state. According to the
reported results, the model can be extended to other
geometries with different electrode dimensions and
polymer thickness. The described model is capable of
predicting all types of IPMCs by having the mechanical,
chemical and electrical properties of the polymer part in
addition to moving other components such as changes in
concentration, changes in potential, changes in boundary
forces, and the amount of stress on any point of the
geometry. Definitely, considering the costs of preparing an
IPMC strip, using this model will be very economical in
terms of time and cost, and it will prevent the wastage of
healthy samples as well as the preparation of accurate data
recording hardware from this material.
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3D Modeling of Fatigue Effect in lonic Metal Polymer Composites
Arezoo Kharaji Nadia Naghavi Hojat Zamyad

Abstract lonic Polymer Metal Composites (IPMC) are smart materials that consist of two parts, metal, and elastomer.
Functionally, IPMCs are a group of electroactive polymers that, due to their special structure, are a suitable option for
use as sensors and soft actuators with low excitation voltage. When used as an actuator, in addition to the excitation
voltage, IPMC bending is affected by intrinsic and environmental factors. One of the serious challenges in the practical
application of IPMC is the prediction of the "Back-Relaxation effect". The term back-relaxation effect is a term used for
the gradual reduction of IPMC bending and return to the cathode side under constant voltage excitation. In this
research, the effect of back-relaxation on the bending behavior of IPMC has been modeled in three dimensions with
Comsol software, for the first time. The comparison of the results with the practical test data indicates high accuracy of
93% of the modeling in predicting displacement, which also confirms other important performance information such as
concentration changes and stress distribution in the material. Using this model to predict IPMC behavior will be very

cost-effective in terms of time and cost compared to practical tests.

Key Words Smart Material, lonic Polymer Metal Composite (IPMC), Back-Relaxation effect, Comsol, Multiphysics
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