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IPMC: Electro-active polymers controlled using low voltage
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Nafion: As shown in figure below, clusters of diameter 4 nm are
formed due to the reorientation of a hydrophilic side chain and
hydrophobic backbone.
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Source: D. Vokoun, Q. He, L. Heller, M. Yu, Z. Dai. Modeling of
IPMC cantilever’s displacements and blocking forces. Journal of
Bionic Engineering 12 (2015) 142-151.

The model can work with Nafion with various thicknesses and
Young’s moduli.

The purpose of the model is simulation of IPMC’s tip movement
and simulation of blocking force.
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Poisson-Nernst-Planck (PNP) equation system

The PNP system is strongly non-linear. The key variables of the
PNP system are concentration of the mobile ions, ¢, and
electric potential, ¢.

Then, diffusion and electromigration of mobile ions in the
Nafion domain is described by flux J

J=—DVc— uFcV g,

where D, y, F are the diffusivity, the mobility of free ions, and
the Faraday constant, respectively.
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Then, the Nernst Plank equation has the following form:

- -

VI = V(DVe)-V(uFeV $)=0.
ot ot |

The Poisson equation has a form
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where p, € and cO are the charge density, the Nafion’s
electric permittivity and the constant concentration of

Nafion’s SO, anions, respectively.

In the domains of metal electrodes the Poisson’s
eguation transforms to V2@ = 0
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Boundary conditions of the 3D PNP system
we require the Neumann boundary condition dg/dn =0 (n
IS the normal vector to the boundary)

Furthermore, we require the Dirichlet boundary conditions ¢ =V
and ¢ = 0 on the respective outer surfaces of the electrodes.

In our work, potential V is periodic, varying in time as:

V =3-sin (0.21T-1).

As for concentration of free cations, c, we need to fulfil the
Neumann boundary condition dc/dn =0 on all the boundaries of
the Nafion domain. The initial condition for concentration c Is
c=cO at time t=0.
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Concentration-stress coupling

How stress relates to concentration and why?

As cations in the Nafion in an electric field are moving, they
take molecules of water with them.

Changes of pressure inside ->change of strain - bending

We can decompose the total stress tensor into deviatoric and
Isotropic parts
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The hydrostatic pressure of the solvent due to the
concentration change contributes to the isotropic part of the
total stress tensor
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where p. is the hydrostatic pressure 11
1

1 . . .
—oy =—(0y, + 0, +0;;) 1s the isotropic part
|

b

Pressure p. =0 in the electrode domains. For the Nafion
domain, we assume a linear relationship between the pressure
p. and concentration of free cations, c

p.=Py(c—¢) B is a constant coefficient

Structural mechanics

Connecting the Newton’s law of motion and the force balance,
the structural mechanics of cantilever is described as:

: co
v‘gla’.. _FT :H_}E

v

ot”
where o'°t Is the total stress tensor,

FV, is the force vector per volume area,
p; Is the mass density of respective material (I={N,E1,E2})

and U =(U,V,wWJ is the dlsplacement VecCTtor,

David Vokoun

?\lzike_
YL
> e
3l )~
)




Because of the slow actuation in our experimental setup, we
neglect the dynamic term of the right side of Eg.+neglecting
volume force

So Voot =0 .

We assume that Nafion and the electrodes are elastic isotropic
materials either one characterized by two elastic constants,
Young’s modulus and Poisson’s ratio denoted as E,, v, Eg, vg,
respectively. According to the Hooke’s law, we have:
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Boundary conditions for the equations of structural mechanics 13

We have to distinguish two cases: (i) the boundary conditions for
a free movement of the IPMC'’s tip.

(1) the boundary conditions for the constrained IPMC’s tip. In
this case we simulate the blocking forces.

Free tip case: we require u=v=w=0 at clamped part of IPMC
cantilever (Dirichlet boundary conditions).

Otherwise, we require MGy + 1,0, +130,; =0 fori=1, 2, 3
(the Neumann boundary conditions) at the other IPMC boundaries
where n=(ny, n,, ny) iIs the normal vector to the boundary.

blocking force measurements: We apply the conditions of the
free IPMC's tip, except the boundary condition at the place where
the force sensor is placed (the cantilever’s tip). In the area of
force measurement we require v=0 (the Dirichlet condition).
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Model parameters and input data

Variable/constant Value and vt
Daffusivity, D 110 m*s
Mobility at room temperature, u 29x10" m::-l-s.-kg_l
Faraday constant, F 96485.337 C-mol
Dielectric permuttivity of Nafion, £ 28 x10° Fm™
concentration of SOs- anions, &y 1000 mol-m™

Variable/constant

Value and umt

There are various values of

Young’s modulus of Nafion,

E\ (Young's modulus of Ex
Nafion) and t, (thickness of Potsson ratio of Nafion, W
. - Young's modulus of
Nafion layer) in Table Pt electrodes, ;
corresponding to the five Poisson atio of P
manufactured IPMC o
Length of the free part of
Sam p I es. the IPMC cantilever, L

Length of the fixed part
of the IPMC cantilever, Lg.

Thickness of the Nafion layer
i the IPMC cantilever, f;

Thickness of the Pt layer

i1 the IPMC cantilever. fz

DaV| d VO ko un Depth of the IPMC cantilever, wd

0.22 GPa, 0.63 GPa, 0.76 GPa,
0.82 GPa, 0.83 GPa

0.49

various values in the range
1 GPa—5GPa

0.38

25cm

5 mimn

022 mm. 032 mm_ 042 nun,
0.64 mm, 0.80 mm

10 um

5 mimn




About realization of the simulation:

We use FEM implemented in Comsol software and work with the
general form PDE modules of Comsol software.

A special care has to be taken when choosing and distributing a
mesh for finite elements. The finest mesh network has to be
formed In the places with the highest change of concentration c.
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The Scheme of the distributed

i Nafion
Layer

Pt layer

mesh employed with a dense
mesh distribution at the interface
Nafion-Electrode

The most efficient strateqy for the
computation:

solving the 1D (PNP) equation set first
followed by solving the 3D Structural
Mechanics (SM) using the 1D PNP
solution as an input for the 3D
problem.
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Blocking force, Fae(mMN)

Data comparison
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Conclusion

Not bad agreement between the simulated and measured
maximum displacement and blocking force
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