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Abstract
Multiphysics modeling of ionic polymer–metal composite (IPMC) actuator is an expansive field
of research. New models that consider more detailed physics and interaction phenomena are
continually being developed and tested. While the development of more robust models is
important, there is not as much focus on the utility of full multiphysics models and their
applications to soft-robotic systems. Here, a new reduced dimensional mapping (RDM) approach
is applied to IPMC actuators. The RDM approach is first described and demonstrated as a
suitable alternative for more traditional modeling of IPMC actuators, while providing increases
in computational efficiency. Then, the RDM approach is used to demonstrate the use of
multiphysics IPMC models in the design and development of IPMC based soft-robotic systems.
The RDM approach is shown to provide increases in computational efficiency and allows for
complex soft-robotic designs to be modeled with a full accounting of the complicated physics
involved in IPMC actuators.

Keywords: IPMC, multiphysics modeling, reduced dimensional mapping

(Some figures may appear in colour only in the online journal)

Introduction

The modeling and simulation of IPMC actuators is a rich and
diverse research field. A general overview of the electro-
chemistry and electromechanical transduction of IPMCs can
be found in [1–7], while a few of the many modeling tech-
niques and approaches are seen in [7–15]. Physics-based
models typically utilize continuum mechanics equations to
describe the electrochemical interactions within the polymer.
The actuation of the IPMC is typically related to the charge or
charge density within the polymer through an electro-
mechanical coupling equation, as in [15, 16]. Much of the
focus in modeling IPMC actuators is on the development of
robust, highly accurate accounting of all the complex physics
that occur within the device. Here, the focus is shifted towards
the utility of modeling complete soft-robotic systems and the

efficient use of time within the research environment. A new
approach to modeling IPMC actuators is described, wherein
the use of a lower dimensional model is leveraged to increase
computational efficiency and its application to modeling
complete robotic systems is demonstrated.

Physics-based modeling

To construct a physics-based model of the IPMC electro-
chemistry, the Poisson–Nernst–Planck (PNP) system, as
described in [15] and seen throughout literature [3, 4, 6, 7,
17–24], is used. The PNP equations can be used to describe
an IPMC’s cation concentration and electric potential as two
scalar fields in space and time. Actuation is achieved by
coupling the PNP equations with continuum equations
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describing the polymer deformation through an electro-
mechanical coupling equation. Below, a derivation of the
governing equations is given, and these equations will be
used to model an IPMC actuator in COMSOL Multiphysics
similar to what is described in [25].

Governing partial differential equations

Following the procedure of [6, 18, 22, 26], the electric
potential distribution within the ionic polymer may be cal-
culated by the Gauss Law

D 1e cr =


· ( )

where De


and cr are the electric displacement and charge

density within the polymer, respectively. The electric dis-
placement can be related to the electric field strength, E,


as

D E 2e e=
 

( )

for a material with an absolute dielectric constant of .e
Combining equations (1) and (2), the electric potential within
the polymer is found to be governed by the Poisson equation
for electrostatics
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where ,f F, c, c ,0 ,0e and re are the electric potential, Fara-
day’s constant, mobile cation concentration, fixed anion
concentration, dielectric constant in vacuum, and relative di-
electric permittivity, respectively.

The electro-chemical model is completed by writing the
mass balance equation for the mobile cation species in terms
of the ion concentration time evolution and the cation flux
within the polymer. This mass balance equation is written as

c

t
J 4

¶
¶

= -


· ( )

for an ion flux within the polymer of J .


Considering only
migrative and diffusive flux components, the ion flux is
related to the concentration and electric potential within the
polymer through

J D c z Fc 5m f= -  + 


( ) ( )

where D, z, and m are diffusivity, charge number, and
mobility of the ions, respectively. This is an extension of
Fick’s law that accounts for the migration of ions in an
electric field. Flux associated with mechanical deformation of
the polymer is neglected because it has been shown that
during electromechanical transduction it is of much lower
order than the migrative and diffusive components [25].
Substituting equation (5) into equation (4) we obtain the
Nernst-Planck equation

c

t
D c z Fc 6m f

¶
¶

=   + · ( ) ( )

which frequently arises throughout literature to determine the
migration and diffusion of the free cations in IPMC.

Under an externally applied voltage, the free cations
migrate towards the cathode while the anions remain fixed,
which is defined via equation (6). As the cations collect near

the ion-blocking electrode, a non-zero net charge is formed
which results in an electric field that opposes the applied one
[20], governed by equation (3). These two equations define a
set of coupled partial differential equations known as the
Poisson-Nernst-Planck system, and fully govern the electro-
chemical nature of the IPMC actuator.

The dynamics of mechanical deformation of the actuator
can be described using Newton’s second law

u
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where u ,


,mr s and Fb


are the displacement field, material

density, stress tensor, and body forces, respectively. The
stress strain relationship for the material can be written as

C: 8el els e= ( )

where ,els C, and ele are the elastic stress tensor, stiffness
tensor, and elastic strain tensor, respectively. The fourth order
stiffness tensor retains the various material constants that
describe the deformation behavior of the material. Here,
isotropy is used which reduces the material constants to two
elastic moduli, the Young’s modulus and Poisson’s ratio.
Furthermore, to construct a simple model an assumption of
infinitesimal strain is made resulting in the following strain
displacement relation

u u
1

2
9el

Te =  + 
 ( ( ) ) ( )

These equations dictate the mechanical deformation of the
polymer when viewed as a continuum. During an electro-
mechanical transduction, an additional equation is needed to
couple the electrochemical behavior to the mechanical
deformation of the IPMC actuator. From [15, 18] the internal
stress of the polymer as a function of the ionic charge density
is written as

I 10ion c c
2s ar br= +( ) ( )

where a and b are electromechanical coupling coefficients.
The ionic stress is modeled as hydrostatic, with the coupling
coefficients and charge density terms being multiplied by the
identity tensor. Due to the nature of IPMC actuation, wherein
the hydrated mobile cations induce the bending behavior,
these coefficients can be seen as hydrophilicity coefficients of
the ions [24, 27, 28] as they directly correlate to the amount of
water that travels with the free moving cations under the
electrical input. The linear term is typically fitted to a small
voltage step response, where the charge density is more
symmetric and thus quadratic effects are not as prominent.
The quadratic term is then used to correct the linear model at
larger voltage inputs [18]. This ionic stress is balanced by the
elastic stress of the polymer to provide the necessary elec-
tromechanical coupling that governs the IPMC actuation [7].
Upon substitution of (8) and (10) into (7), and with no body
load applied, one obtains
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Reduced dimensional mapping in COMSOL

Due to the highly nonlinear nature of the PNP system, as well
as the equations of elasticity, many scholars commonly
employ the finite element method [4, 15, 17, 19–22,
24, 25, 29, 30]. Here, COMSOL Multiphysics 5.2a is used to
solve the described equations on an Intel Core i5-4460S with
a 2.90 Ghz processor and 16 GB of RAM.

When attempting to solve the PNP system analytically it
is common to see the equations be reduced to a single spatial
dimension to obtain a solution more easily
[6, 10, 11, 19, 31, 32]. This is normally justified by noting
that the cation migration within the polymer generates a
charge density and electric potential that is virtually constant
in the length and width directions, so the equations are solved
along the thickness of the IPMC only. The approach is similar
to what has been recently seen in [14]. Here, a new approach,
namely the Reduced Dimensional Mapping (RDM), is taken
in which the PNP system is solved on this lower dimensional
domain, then mapped into higher dimensions to calculate the
mechanical deformation of an IPMC actuator. When model-
ing larger electromechanical systems, such as soft robots, the
computational cost may be staggering when a full 3D repre-
sentation is desired. Even in cases where the multiphysics
nature of the IPMC are reduced to their most simple forms,
the singular nature of the PNP system [6] governing IPMCs
requires high mesh densities near the polymer-electrode
interfaces. With the RDM approach, the computational cost of
modeling 3D IPMC actuators is dramatically reduced,
allowing for complex robotics to be model at comparable
accuracy to its full dimensional counterparts.

In COMSOL, the Multiphysics module of Transport of
Diluted Species with migration in electric field is used to
model the Nernst–Planck equation, Electric Currents is used
to solve for the electric potential in the electrodes, and a
general form PDE module calculates the Poisson equation for
the electrostatics within the ionic polymer. Here, the elec-
trodes are modeled as ideal conductors and are completely
ion-blocking, thus enforcing a zero ion-flux boundary con-
dition around the polymer membrane. As with many models,
a cantilever configuration is used; a schematic of which is
shown in figure 1 below. Within the electrodes, the built in
Electric Currents COMSOL module is used to model the
current transport. Since the electrodes are modeled as ideal,
there is no potential drop across the electrode thickness or

length. The equations being solved are given as

t
V Q 12conds e- +

¶
¶

 =⎜ ⎟
⎛
⎝⎜
⎛
⎝

⎞
⎠

⎞
⎠⎟· ( )

where conds is the electrical conductivity, e is the permittivity,
V is the electric potential, and Q is the current. These physics
are necessary for capturing the coupling between electronic
and ionic currents in 2D and 3D models [25, 33]. In cases
where the electronic and ionic current coupling is critical to
the performance of a soft-robot, the RDM approach may be
used to map a 2D model into a 3D domain for a more com-
plete analysis.

The governing PDEs are solved along the y-axis seen in
figure 1, where the dashed line is an arbitrary representative
slice along this direction. This reduction in dimensionality
leads to a smaller computational domain in COMSOL where
only the through the thickness profiles for concentration and
electric potential are calculated. To verify the validity of this
approach, a comparable model to that found in [25] was
created. Both models utilize the same mesh density, 5000
elements, along the thickness of the membrane and simulate
an IPMC with the parameters found in table 1. In contrast to
equation (10), this model uses an electromechanical coupling
equation found in [25, 33] of the form

F n 13c c interfacea r=
  ( )

where the coupling is now between the charge density and an
external force normal to the polymer-electrode interface, and
only the linear term has been retained, as in [25]. The normal
vector in equation (13) is defined at each polymer-electrode
interface and is directed inward towards the polymer region.

Figure 1. Cantilever IPMC diagram for COMSOL multiphysics modeling. Thickness of both the polymer membrane and the metallic
electrodes have been exaggerated here for illustrative purposes. The cantilever configuration is commonly used throughout literature for
modeling IPMC actuators and serves as a good baseline model for verification.

Table 1. Model parameters for 2D versus 1D PNP Comparison.

Parameter Value

Width (mm) 9.94
Length (mm) 51.07
Thickness, Polymer (mm) 0.57
Thickness, Electrodes (mm) 0.08
Diffusion Coefficient (m^2/s) 7e-11
Permittivity (mF/m) 2
Anion Concentration (mol/m^3) 1200
Poisson Ratio (1) 0.49
Young’s Modulus (MPa) 249
Density (kg/m^3) 2000

ca (N/C) 2e-5
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Later the original form of equation (10) will be used, but for
consistency with [25] this equation has been chosen for now.

A 2D domain is then used to calculate the mechanical
deformation of the IPMC based on the results of the 1D PNP
simulation. The cation concentration, charge density, and
electric potential calculated on the 1D domain must be
mapped to the 2D domain to calculate the electromechanical
transduction. In this model, the coupling is one-way, and
mechanical deformation has no effect on the anion con-
centration and hence the charge density. This has been shown
to be acceptable for actuation type transduction [25]. To link
the 1D and 2D domains, a general extrusion operator is used
to map the 1D domain through a mathematical equation
defining the geometry of the 2D domain. For the simple case
of a cantilever IPMC, this can be written as

x t y 14i e- = ( )

where x ,i t ,e and y are the x-axis variable in the 1D domain,
thickness of the electrode, and y-axis variable in the 2D
domain, respectively. This equation maps all values obtained
in the 1D PNP to their respective location in the 2D geometry
along the thickness direction of the polymer membrane. The
subtraction of the electrode thickness is necessary to ensure
that the xi and y start at zero at the lower polymer-electrode
interface.

The 1D model was found to produce displacements that
matched those of the 2D model referenced from literature [25]
with a maximum percent error of only 0.31%. A comparison
of the displacements for these two models is provided in the
appendix. This was expected as both models utilized ideal
electrodes and show no gradients of cation concentration or
electric potential along the length of the IPMC. The important
metrics for evaluating the RDM approach are provided in
table 2, where the key result is the computation time. In using
a 1D approach for the PNP system, the time required to obtain
the results shown was reduced by a factor of ∼23, which is a
dramatic improvement. This can be further improved upon by
leveraging the fact that charge density and concentration and
potential gradients along the thickness direction are virtually
negligible except in regions close to the polymer-electrode
interface.

A modification is made to address this behavior of the
PNP solution in these problems. Specifically, the membrane

domain is partitioned into three subdomains, one located at
each of the polymer-electrode interfaces, and one in the
middle constituting the bulk of the membrane. The exterior
partitions, referred to as buffer regions, are meshed with a
higher mesh density than the bulk region. The high element
concentration near the polymer-electrode interfaces captures
the steep gradients in the field variables without the need for a
very large number of elements evenly distributed over the
entire polymer domain. This mesh modification effectively
captures the singular nature of the PNP system discussed in
[6]. Partitioning of the domain with a concentrated mesh in
the buffer regions allows for the overall element count to be
reduced, thus easing computational overhead without sacri-
ficing accuracy. Mesh reduction is conducted until the results
fall below a 0.1% change. This allows the 1D model to
capture the steep gradients located in the buffer regions more
easily, while not wasting computational resources in the bulk
of the polymer where gradients are small. A schematic
comparison of the two domains is given in figure 2.

With the newly refined domain, further reduction in
computational overhead is achieved without loss of accuracy.
A plot comparing the tip displacement for the two 1D models
is provided in the appendix. Again, metrics for comparison
are given in table 3. Of importance to note is the reduction in
computation time by another factor of 2, as well as the

Figure 2.Differences in 1D domain structures used in COMSOL. The refined domain uses insight into the nature of the PNP system, wherein
large concentration gradients arise near the polymer- electrode interface and within the bulk polymer the concentration is near constant. This
is most clearly demonstrated in [6].

Table 2. Metrics for 1D versus 2D PNP Comparison

Parameter 1D PNP 2D PNP

Time step (s) 0.1 0.1
Sim. Time (s) 6 6
DoF (1) 51 780 329 119
Comp. Time (s) 102 2308

Table 3. Metrics for 1D versus Refined 1D PNP Comparison.

Parameter 1D PNP Refined 1D PNP

Time step (s) 0.01 0.01
Sim. Time (s) 6 6
DoF (1) 51 780 30 180
Comp. Time (s) 174 90

4
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refinement in temporal accuracy from a timestep of 0.1 to
0.01 seconds. Displacement is accurate within 4% error
between the two results and is further reduced with increased
mesh density within the refined regions of the new domain.
This increase in the time resolution allows for more accurate
simulations in time while still requiring minimal computa-
tional efforts and demonstrates an advancement in the mod-
eling procedures for IPMC based system. This potentially
allows for more complex and dynamic soft robotics to be
modeled with full IPMC physics included.

Upon examination of the model presented, it is clear that
the use of a boundary load as in [25] will not work in all
circumstances. For instance, in the case of an unconstrained
IPMC, the boundary load would result in an unconstrained
force resulting in constant rigid body acceleration of the
IPMC, which is obviously unreasonable. To remedy this, the
external stress physics was added into the material model in
COMSOL. This allows for an electromechanical coupling
equation of the form in equation (10) to be used, and results in
no rigid body displacement when modeled as an uncon-
strained IPMC. This is illustrated in figure 3, where an IPMC
was given a step response in an unconstrained state and
deforms as one would intuitively expect.

Application of the RDM to soft-robotic systems

To demonstrate the utility of this modeling approach, three
conceptual soft-robotics applications are presented. Each of
these models leverages the increased efficiency of modeling
the complex IPMC electrochemical behavior on the reduced
dimensional domain and maps these results to a high
dimension for actuation. As will be demonstrated, the 1D-
Mapped IPMC model allows for much more complex mul-
tiphysics simulations to be conducted at a fraction of the time
that would otherwise be required. This allows for more rapid
design development and accelerates research endeavors for
discovering new, novel soft-robotic platforms and smart
actuator designs.

Model 1: dual IPMC micro-gripper

The first concept for a soft-robotic application is a dual IPMC
micro-gripper, shown in figure 4. This is another example in
which the boundary load actuation would be ill-suited due to
the internal facing boundaries of the IPMC being reserved for
the contact physics necessary for modeling the gripping
behavior of the actuator. Therefore, the actuation of the
IPMCs uses an externally applied stress of the same for as
equation (10), where only the linear term is retained.

Each IPMC arm of the gripper is modeled simultaneously
on a single 1D domain, with the results of each IPMC being
mapped to their respective arms using

x t s y 15i e n nd- = + ( )

where the index n 1, 2= denotes which IPMC, upper or
lower, is being mapped, s 1, 1n = - is a coefficient that
allows the IPMCs to be mirrored, and nd is a constant offset
determined by the thickness of the rigid block the IPMCs are
attached to. When meshed, the model consists of 34 100 DoF,
a staggering reduction when compared to the 329 119 DoF of
the original 2D IPMC actuator model. This model uses a
penalty factor method for the dynamic contact mechanics and
was run for a 6 second simulation with a resolution of 0.01 s.
Total computation time was 2 min and 43 seconds. Tip dis-
placement results are given in figure 5, where the IPMCs were
actuated under 1.75 V ramp inputs. The collision of the two
IPMC tips is clearly seen in the displacement plots. Con-
sidering the highly nonlinear nature of the model, in addition
to two IPMC actuators being used simultaneously, this result
shows a distinct advantage over using more traditional
approaches.

Model 2: chained IPMC compound actuator

The next demonstration model shows two types chained
IPMC actuator designs. In each model, four curved IPMCs
are used, with two pairs of two IPMCs being chained together
to achieve a compound actuation of an end effector. Using
curved IPMCs demonstrates the flexibility of the 1D-mapped
modeling approach as only the mapping function must be
changed for a change in geometry of the IPMC. Here, the

Figure 3. Unconstrained IPMC deformation under external stress loading. With a boundary load applied to the IPMC model, an
unconstrained actuator would see an unbalanced force and experience rigid body motion. The alternative external stress electromechanical
coupling fixes these issues, as demonstrated in this figure. The indicated field contour is the total displacement from the reference
configuration.

Figure 4. Micro-gripper IPMC model. Two IPMCs are used in a micro-gripper actuator design. The IPMCs respective PNP systems are
solved, then mapped onto the above 2D domain for calculating the induced stress. Contact physics are enabled, making the problem highly
nonlinear once contact is achieved.
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mapping function used is defined as

x t x c y c R 16i e x
n

y
n

n
2 2- = - + - -( ) ( ) ( )

where c c,x
n

y
n( ) defines the x y,( ) location of the nth circular

IPMC and Rn defines the internal radius of the nth actuator.

Figure 5. Tip displacement for micro-gripper model. Results of the dual IPMC micro-gripper model. Tip displacement plots demonstrate the
collision between the two points after step voltage inputs are applied to the individual IPMC actuators.

Figure 6. Compound actuator for traveling wave type input. This compound actuator takes two sinusoidal waveform inputs that are offset by
a constant phase shift. Conceptually, if this chained actuator were further extended, a traveling wave type deformation is obtained by
continually phase-shifting the inputs to each pair of IPMCs.

Figure 7. Tip Displacement for first compound actuator model. Resulting tip displacement of the compound actuator demonstrates the
complex waveform of the tip location as a function of time. This is a result of the two phase-shifted inputs supplied to the IPMC pairs.
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This maps the linear 1D domain onto the through-the-thick-
ness direction of each curved IPMC.

The first model uses IPMCs of 30 mm length curved into
a semi-circular arc, as shown in figure 6. The IPMCs are
actuated with 5 V sinusoidal inputs at 0.1 Hz, with a phase-
shift of 2p/ rads between the pairs of IPMCs. The model has
a total of 63 312 DoF, and a 30 s simulation was made using a
0.01 s time step, which took only 2 m 27 s to complete. The
results of this model are shown in figure 7. The effect of the
phase-shift between the IPMC pairs is seen in the complex
waveform for the y-direction displacement.

The second chained actuator model uses IPMC pairs with
different radii between the actuators. The top most IPMC of
each pair has a total length of 30 mm while the lower actuator
has a length of 40 mm, seen in figure 8. Instead of a sinusoidal
input, the 4 V ramp inputs are used. The left most IPMC pair
has a delay of 3 s between its actuation and the actuation of
the right most pair. Again, a 30 s simulation was conducted
with a timestep of 0.01 s, and total computation time of 1 m
31 s, with the results shown in figure 9. The final deformed

configuration of the compound actuator is shown in figure 10
with the color grading indicating total displacement of the
material points, increasing from blue to red.

Model 3: multi-IPMC array

The third model is a 2×6 array of small IPMC actuators
(15×3×0.5 mm). In this model, each IPMC is modeled on
the same 1D domain and mapped to its respective 3D coun-
terpart using a function similar to equation (15). This model
consists of 106 248 DoF. Using figure 11 for reference, the
front row of IPMCs is labeled 1–6, while the back row is
7–12. In the first model, the IPMCs are actuated with a 4 V
sinusoidal input with each signal being phase-shifted by
3 16p/ rads with respect to the last, alternating between rows
(i.e. 1, 7, 2, 8, K). For an 8 s simulation with 0.01 s timestep,
the total computation time was 12 min 2 s. The dramatic
increase is due to the larger number of DoF for the 3D solid
mechanics component. The tip displacements for this model
are shown in figure 12.

Figure 8. Second compound actuator design. This compound actuator demonstrates the flexibility in choosing the size and shape of the
IPMCs used in the model, where different radii IPMCs are used for the top and bottom of each pair. The net result of this actuation from two
step inputs with a delay shows the level of complex behavior obtained from the actuator design.

Figure 9. Tip displacement for second compound actuator design. As evident from the plot, the delay in the step inputs to the IPMC pairs
results in complex tip displacement behavior.
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The second array model applies different sinusoidal
waveform inputs to the two rows of IPMC actuators. The first
row is given a 4 V 1 Hz input with an additive 6p/ rad phase-
shift between the IPMCs along the row, while the second row
uses a 2 V 0.5 Hz input with a phase-shift of 3p/ rads.
Similarly, an 8 s simulation with 0.01 s timestep was made,
with a computation time of 10 m 27 s, the results of which are
provided in figure 13.

Conclusions

IPMC modeling is a complex and diverse field of research.
Much of the focus in modeling is on the development of more
robust and accurate accounting of the complicated multi-
physics nature of the IPMC. Here, the use of a reduced
dimensional mapping approach has been shown to provide
accurate results at reduced computational time. This relieves
some of the burden in modeling such difficult multiphysics
problems and allows for more rapid advancement and
development of research ideas and soft-robotic designs. With

any design that utilizes multiple IPMCs, there is inherently
multiple, distinct, PNP systems to be solved. By solving them
on a single 1D domain there is a significant increase in
computational efficiency. While the number of DoF for the
problem increases, the number of elements stays constant and
is independent of how many IPMCs are being modeled. So
long as the mapping from the 1D to higher dimension is
properly taken care of, this approach allows for virtually any
IPMC geometry to be investigated so long as the assumption
that the cation redistribution is primarily along the through-
the-thickness direction of the actuator is valid. The RDM
approach takes a new perspective on the utility of IPMC
modeling, wherein the focus is not on the development of the
multiphysics equations being used but on the applications to
soft-robotics development and efficient use of research time.
Such an approach may be used to predict the behavior of
complex soft-robotic systems prior to development, to
benchmark prototype soft-robots, or even in control systems
where the RDM could be used to construct a feedforward
model of the robotic system. Here, the RDM was used to
project solutions to the PNP equations from a 1D domain into
both 2D and 3D spaces to model more complex soft robotic
systems. This demonstrated the usefulness of RDM in soft
robotics applications but is limited to the assumptions found
in 1D modeling, such as a one-way coupling between elec-
trochemistry and solid mechanics and no effects from elec-
tronic and ionic current coupling. When these effects are of
concern in a robotics application, the RDM method can easily
be applied to project 2D results into 3D to reduce the com-
putational cost as demonstrated here. RDM is a simple but has
a large impact in the world of computational modeling of
electrochemical systems and soft robotics.
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Figure 12. Tip displacements of IPMC array for phase-shifted inputs. Each IPMC received a constant phase-shift from the previous one while
alternating rows. The resulting displacement plots are split between rows for clarity.

Figure 13. Tip displacements of IPMC array for differing frequency and amplitude inputs. The tip displacements are again shown for
different inputs. The first row of IPMCs high a higher amplitude, higher frequency input while the second row has a lower amplitude and
lower frequency input.
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Appendix

In figure 14 is a comparison plot of tip displacements for the
1D RDM and 2D model from literature. This comparison is
intended to demonstrate that under the same assumptions on
the multiphysics nature of the IPMC, a 1D and 2D model
yield the same overall deformation. Inherent in this compar-
ison is no couple between electronic and ionic currents, no
influence on anion concentration due to mechanical defor-
mation, and negligible gradients along the length of
the IPMC.

Similarly, figure 15 compares the 1D RDM model using
a uniform global mesh, and the selectively refined mesh. The
refined mesh focuses the computational resources on

resolving the steep gradients near polymer-electrode interface
without wasting elements within the bulk region of the
polymer.

ORCID iDs

Zakai J Olsen https://orcid.org/0000-0002-4499-6677
Kwang J Kim https://orcid.org/0000-0003-2134-4964

Figure 14. Comparison of 1D and 2D PNP models. The comparison between 1D and 2D PNP solutions shown highlights the value in using a
reduced dimensionality domain for the computation of the complicated PDE system.

Figure 15. Comparison of 1D and refined 1D PNP models. Here the comparison between the refined mesh with buffer regions near the
polymer-electrode interface and the globally meshed domain is provided, again highlighting the accuracy obtained when using the more
efficient mesh and domain structure.
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