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Corrigendum

Corrigendum: A cylindrical ionic
polymer-metal composite-based robotic
catheter platform: modeling, design and
control (2015 Smart Mater. Struct. 24
015007)

Siul Ruiz, Benjamin Mead, Viljar Palmre, Kwang J Kim and Woosoon Yim

Department of Mechanical Engineering, University of Nevada-Las Vegas, Las Vegas, NV, USA

E-mail: kwang.kim@unlv.edu and woosoon.yim@unlv.edu

We noticed that the figure caption of Figure 1 on page 2 is
missing a copyright acknowledgment for reproduction of this
figure from our previous work. We could like to add a proper
copyright acknowledgment in the figure caption.

A corrected figure caption of figure 1 should read as:
Figure 1. Schematic of cylindrical IPMC with four sec-

tored electrodes and illustrated actuation. Reprinted from

Robotics and Autonomous Systems, Vol. 62, Kim S J, Pugal
D, Wong J, Kim K J and Yim W, A bio-inspired multi degree
of freedom actuator based on a novel cylindrical ionic poly-
mer–metal composite material, pp. 53–60, Copyright 2014,
with permission from Elsevier.
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Abstract
Ionic polymer metal composites (IPMCs) are soft electroactive polymers that have recently
gained considerable attention in biomedical engineering as actuators and sensors. This study
focuses on modeling, design and control of a cylindrical IPMC actuator with sectored electrodes.
The cylindrical IPMC allows for multi-degree of freedom motion and accurate control of the tip
location that can be utilized in biomedical active catheter devices. A three-dimensional finite
element model is constructed to describe the physics of cylindrical IPMC actuation. The model is
implemented to conduct optimization studies that provide conceptual designs that can maximize
deflection, force output, and twisting actuation. Also, a cylindrical tube-shaped IPMC is
designed and fabricated. This type of IPMC offers the ability to embed a specific tool and
accurately control the tool tip location, which is critical in catheter procedures. To effectively
utilize the tube-type IPMC, a closed-loop control system is created based on the
electromechanical model and tested in different actuation settings. To improve functionality and
the user interface the control system is designed to work on a laptop touchpad.

Keywords: IPMC, cylindrical, catheter

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

1. Introduction

Ionic polymer-metal composites (IPMCs) have received great
interest in the recent decade for their soft and flexible struc-
ture, light weight, low driving voltage (<4 V), and large
bending deflection [1–3]. Other notable advantages of IPMC
include their easy miniaturization to sub-millimeter scale and
ability to operate in wet environment. Due to these qualities,
IPMC materials have gained significant attention in the areas
of biomimetic robotics and biomedical engineering as artifi-
cial muscles, aquatic propulsors, robotic end-effectors, and
active catheters [2–9]. Active catheters, for example, can be
used to assist surgeons in improving safety of intravascular
procedures by providing more precise manipulation and
reliable approach with the force feedback compared to man-
ual techniques [10].

IPMCs generally consist of an ionic polymer (ionomer)
membrane such as Nafion or Flemion that is coated on both
surfaces with a layer of a highly conductive metal electrode,
typically platinum or gold [11, 20]. The membrane contains
anionic functional groups fixed to the polymer backbone and
mobile cations such as Li+ or Na+ in water solution. When a
potential is applied to the electrodes, the hydrated cations
migrate towards the cathode due to the imposed electric field.
This causes pressure changes that result in swelling near the
cathode and contraction near the anode that in turn leads to
the mechanical bending of IPMC [12–14]. Recent studies
show that it is possible to model the physics in depth through
directly modeling each physical phenomenon coupled toge-
ther [15, 16]. By coupling the electric field to the ionic
transport, the charge density can be used to simulate the body
force that bends the IPMC. This multi-physics approach also
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explicitly utilizes the full geometry of the IPMC within the
simulation, thus providing in great detail the spatial effects
and geometric parameters. This becomes of particular interest
when studying a cylindrical IPMC in three-dimensional
space.

In this work, we focus on the modeling, design and
control of cylindrical IPMC with multi-degree of freedom
(DOF) motion capability that can be used as a robotic catheter
platform. The multi-DOF functionality is achieved by
uniquely sectored electrodes on the surface of cylindrical
ionomer membrane as illustrated in figure 1. This design can
be advantageous in catheterization applications, particularly
in minimally invasive intravascular procedures. In addition, a
cylindrical tube-shaped IPMC is fabricated and studied. The
main advantage of this type of IPMC is the ability to embed
specific tool through a hollow IPMC cylinder, allowing an
accurate control of the tool tip in catheter procedures. The
cylindrical IPMC is 25 mm in length, has an outer diameter of
1.3 mm and inner diameter of 0.7 mm.

There are four primary objectives of this study. The first
is to develop a mathematical model sufficient to effectively
describe the physical phenomenon of cylindrical IPMC in
three dimensions. This is implemented by coupling the phy-
sics describing the electric field, transport phenomenon, and
the solid mechanics simultaneously. The equations are solved
with the finite element method. The second objective is to
apply the model for design optimizations to produce the
designs that can maximize the end-effector displacement and
output force of cylindrical IPMC. By treating the cylinder
diameter as a design parameter, optimizations can be con-
ducted to produce designs that maximize the actuator
deflection and the volumetric body force. The third objective
is to study small segments in the electrode pattern to design
the IPMC with the ability to twist about its length. The final
objective is to create a closed-loop control system based on
the electromechanical model and demonstrate its performance
on cylindrical tube-type IPMC.

2. Mathematical model and finite element
implementation

The following subsections define the equations explicitly used
to numerically solve the physical phenomenon of cylindrical
IPMC actuation.

2.1. Ionic transport model

The cation transport within the polymer is calculated with the
Nernst-Plank equation [15]

μ ϕ∂
∂

− ⋅ + =  
C

t
D C z FC( ) 0, (1)

where C is the cation concentration, D the diffusion coeffi-
cient, F the Faraday constant, z the charge number, μ the
cation mobility, and ϕ is the electric potential in the polymer.
The cation migration is driven by the potential gradient. Since
the anions are fixed to the polymer backbone, the equation
solves for strictly cation concentration. Because cations can-
not leave the polymer domain, the concentration begins to
converge near the polymer-electrode interface, increasing the
electric field that has opposite direction to the applied field.

Figure 1. Schematic of cylindrical IPMC with four sectored electrodes and illustrated actuation.

Table 1. Values of constant expressions used in simulations.

Constant Value Unit Description

F 96 485 C mol−1 Faraday constant
ε 2 × 10−2 F m−1 Absolute dielectric

permittivity
C0 1200 mol m−3 Anion concentration
D 0.7 × 10−11 m2 s−1 Diffusion constant
α 0.001 N ·m mol−1 Linear force coupling [15]
β 0.0055 N ·m4 mol−2 Quadratic force cou-

pling [15]
μ 2.9 × 10−15 mol · s kg−1 Mobility
E 41 MPa Young’s modulus [15]
ν 0.49 — Poisson’s ratio [15]
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The electric field in the material is described by the Poisson’s
equation

ϕ ρ
ε

− = , (2)2

where ρ is the charge density and ε is the absolute dielectric
permittivity. The dielectric permittivity is explicitly expressed
in the simulations as ε= ε0εr, where ε0 is the dielectric con-
stant in a vacuum. The charge density is defined as

ρ = −( )F C C , (3)0

where C0 is the anion concentration. The values for anion
concentration and dielectric permittivity along with other
constants are given in table 1.

2.2. Mechanics model

In order to link the deflection of IPMC with the cation
transport, force coupling similar to that shown in reference
[15] was used. A linear elastic material model was imple-
mented to quantify the mechanical behavior of the IPMC. The
following equation describes the strain relationship with
respect to the deformation

ε = + ( )u u
1

2
, (4)T

where ε∈ℝ6×6 is the strain tensor, and u ∈ ℝ3 is the dis-
placement vector. It can be seen that this generalization of

strains implies that strain components are of the form

ε =
∂
∂

+
∂
∂

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟u

x

u

x

1

2
(5)ij

i

j

j

i

Thus, the strains in normal direction are of the form

ε = ∂
∂ii
u

x
i

i
. The stress-strain relationship is defined as

σ ε= E , (6)

where σ ∈ ℝ6×6 represents the general stress tensor for three
dimensional space and E ∈ ℝ6×6 is the elastic stiffness matrix.
By this formulation, the volumetric body force can be
described at equilibrium as

σ− ⋅ = F, (7)

where F ∈ ℝ3 represents the body force per unit volume. For
the transient case, the equation becomes of the form

ρ σ∂
∂

− ⋅ =
u

t
F, (8)m

2

2

where ρm is the material density, which is being multiplied by
the transient term in the mechanical equation. reference [15]
defines the body force in one direction as

αρ βρ= +( )F x̂ , (9)2

where α and β are empirical constants. In order to correct the
direction for three-dimensional implementation, the previous

Figure 2. IPMC geometry: (a) isometric view, (b) cross-section view.
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equation was augmented as follows

αρ βρ
=

+


( )

F
C

C
, (10)

2

where ∇C ∈ ℝ3 is the cation concentration gradient. This
method was used to direct the body force appropriately.

2.3. Finite element implementation

The described mathematical equations were solved by the finite
element method using COMSOL Multiphysics software pack-
age. The IPMC modeled in this study is a cylindrical Nafion
membrane that is coated with a layer of platinum, sectored into
four electrode domains (figure 2). The IPMC was modeled as a
concentric cylinder. The polymer domain was constructed with
an outer diameter of 1mm and the Pt electrode layer was
0.1 mm thick. The length of IPMC was designed to be 25mm.

It can be seen in figure 3 that there is a small partition
along the platinum domains near the base of IPMC which is
clamped to hold the sample and provide connection to a
power source. These clamp boundaries are used to simulate
the location where the source voltage is applied. The
boundaries to the left are the locations of the applied voltages,
and the boundaries to the right are the locations of the
grounded voltages. This is shown more explicitly in a cross
sectional view in figure 4.

The simulation would simultaneously solve
equations (1), (2) and (10). The following is a list of boundary
conditions used to run simulations. It is to be assumed that
with the exception of the potential boundaries that are applied
up to the clamp extension, all other boundary conditions
extrude throughout the length of IPMC.

• For equation (1) in the polymer domain:

μ ϕ− + = D C z FC( ) 0 (11)

This ensures that the cations cannot leave the polymer
domain.
• For equation (2), in the polymer domain
- Anode boundary

ϕ =Ω Ω∂ ∂ V (12)anode,1 2

- Cathode boundary

ϕ =Ω Ω∂ ∂ V (13)cathode,3 4

Figure 3. IPMC clamp boundaries: (a) experimental, (b) simulated.

Figure 4. Cross sectional description of the boundaries.
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- Other boundaries

ϕ⋅ =N 0 (14)

• For equation (3), in both domains
- Entire face boundary

=u 0 (15)

The model was initially meshed at the face using the
regular triangle mesh. This is necessitated by the circular
geometry of the cross section, thus triangular elements can
cover the boundary more effectively than a quad mesh. In
order to reduce the computing power necessary to run the

simulation, the triangular mesh that was constructed at the
face was swept back along the length of IPMC (figure 5). This
swept mesh creates a quad mesh along the length.

3. Experimental validation

An empirical study had to be conducted in order to confirm
the validity of the computational model. The following sub-
section briefly describes the fabrication of cylindrical IPMC
samples.

Figure 5. Finite element mesh: (a) triangular mesh, (b) swept mesh along the length of IPMC.

Figure 6. (a) Cross-section cut of as-extruded Nafion membrane, (b) side-view of fabricated cylindrical IPMC with sectored Pt electrodes, (c)
optical fiber embedded through the IPMC.
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3.1. Fabrication of cylindrical IPMC

IPMCs are conventionally fabricated using a flat ionic poly-
mer sheet, typically Nafion that is chemically plated on both
sides with noble metal electrodes such as platinum [13]. In
this work, an extrusion process was implemented to create
both rod- and tube-shaped cylindrical polymer membranes.
The cylindrical ionic polymer was prepared in house by
extrusion process at an elevated temperature using Nafion
precursor resins (DuPont). These perfluorinated precursor
resins in the sulfonyl fluoride (–SO2F) form are thermoplastic
and can be melt processed into desired shapes. Figure 6(a)
shows the cross-section cut of extruded tubular polymer
membrane. The four flanges on the outer surface are removed
using a blade tool after electroding process to obtain four
sectored electrodes. The rod-type polymer was extruded in the
same way, except without the center hole. After extrusion, the
polymer was activated through hydrolysis process in a solu-
tion of 7.5% KOH / 17.5% DMSO / 75% deionized water for
3 h at 65 °C to allow ion-exchange capability. Then, the
electroless plating was conducted to deposit Pt electrode layer

on the ionic polymer surface, after which the flanges were
removed to obtain a cylindrical IPMC as shown in
figures 6(b), (c). Finally, the prepared samples were ion-
exchanged to Li+-form by soaking in 1M LiCl solution for
overnight.

3.2. Model validation

During this study, a physical rod-type IPMC was actuated
with a constant voltage of 1 V dc The end-effector

Figure 7. Simulated IPMC displacement at constant voltage of 1 V after 30 s.

Figure 8. Experimental and simulated displacement response in time
for cylindrical rod-type IPMC.

Table 2. Initial values of parameter expressions.

Parameter Value Description

R 0.55 mm Outer radius
r 0.5 mm Inner radius
V_applied 1 V Applied voltage
i 4 Electrode index

Figure 9. Optimal radius for maximum tip displacement.
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displacement was measured using a microscope camera by
tracking the tip motion. A white marker was used on the tip in
order to allow the computer to distinguish the tip from the rest
of the IPMC. Using the same boundary conditions, a constant
voltage of 1 V was applied to the clamp domain of the IPMC
for 30 s (figure 7).

Figure 8 shows the calculated displacement response of
IPMC in comparison with the experimental data. As can be
seen, the results from the motion tracking are rather noisy.
The dynamic response of the end-effector displacement
initially starts lagged in comparison to the experimental
data; however the two act characteristically similar after
around 5 s. This could be due to exaggerated noise produ-
cing artifacts in the data that make the simulation seem
lagged. After 5 s, the empirical data match characteristically
with the finite element results. The overall magnitudes of the
displacements are within the tolerance of micron displace-
ments, therefore the finite element simulations are accurate
at determining the electromechanical displacements of the
cylindrical IPMC.

4. Finite element analysis: design optimization

4.1. Optimal radius for end-effector displacement

For the maximization of end-effector displacement, the initial
values of the parametric expressions are as tabulated in
table 2. The voltages were fixed and applied on the top two
electrodes at the clamp boundaries. The bottom two electrode
clamps were treated as grounds. The variable parameter used
in this study was the radial thickness of IPMC. The outer
radius was allowed to vary from a range of 0.11 to 1.1 mm.
This range was decided to be the extreme limits that an IPMC
thickness can be seen as how flat IPMCs have a thickness
around 180 μm [15]. Transient studies were conducted with
1 s intervals and displacements were measured from this. The

results of the end-effector optimization can be seen in
figure 9. The optimization solver reduced the radius of the
IPMC down to 0.11 mm, which is the minimum allowed
IPMC radius for the study. This would inherently reduce the
stiffness based on the spatial dimension, and allow the IPMC
to bend more effectively. For end-effector deflection, it
appears that the IPMC thickness can be arbitrarily small in
order to design an actuator with more effective bending
properties. The magnitude of the near instantaneous deflection
increased more than 10 times by reducing the thickness to a
fifth of its original size.

4.2. Optimal radius for force output

In order to maximize the force output, it is necessary to
maximize the volumetric body force that drives the IPMC.
Since the volumetric body force is defined by equation (10),
it suffices to optimize the charge density to maximize the
body force, and thus the output force. For maximizing the
output force, the initial values of the parametric expressions
are as listed in table 2. The voltages were fixed and applied
on the top two electrodes. The bottom two electrodes were
treated as grounds. The variable parameter used in this study
was the IPMC’s radial thickness. The outer radius was
allowed to vary from a range of 0.11 mm to 1.1 mm. The
results of the charge density optimization can be seen in
figure 10.

The maximum charge density is achieved with an outer
radius of 0.624 mm. The significance of this result is that
IPMCs cannot be made arbitrarily large in order to produce an
optimal force transmitter. There exist optimal values that
maximize the charge density, and since the force is a function
of the charge density, this means that there is an optimal force
value. This also means that small changes in the thickness can
produce large improvements in the force transmission. A

Figure 10. Optimal radius for maximum charge density. Figure 11. Schematic cross section view of cylindrical IPMC with 8
electrode domains.
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radial increase of 0.07 mm could potentially quadruple the
force output.

4.3. Optimal voltage configuration for twisting

Given the four electrode configuration of the rod-type IPMC,
it is difficult to control the rotation about the z-axis. Electric
potential sources result in fairly limited configurations as seen
in figure 1. Based on the results by Pugal and Kim, flat-type
IPMCs with uniquely sectored electrodes have the ability to
rotate (twist) about their longitudinal axis [15]. This concept
was applied to the rod-type IPMC in order to determine
optimal twisting about the longitudinal axis. By setting the
i= 8, the geometry is then altered in order to split the elec-
trodes. This produces a rod-type IPMC with 8 electrode
domains as seen in figure 11.

In principle, it should be conceivable for this design to
produce twisting about its longitudinal axis. Each electrode
clamp boundary was initiated at a source potential of 0.5 V.
The potentials were allowed to vary from 0–1 V. The radius
was fixed for this study. The objective function that was
chosen for analysis was the curl displacement about the Z-
axis. This probe was located at the base near the clamp
boundaries. The results of this can be seen in table 3. This
voltage configuration maximized the curl displacement for the
system. The optimization results can be seen in figure 12.

The twisting occurs through localized deformation near
the base of the IPMC. The overall magnitude of the deflection
of the IPMC does not exceed 0.1043 mm. This apparent
expansion and compression in the base of the IPMC is the
cause of the very small scale torsion that occurs within the
IPMC. This can be seen in figure 13. Although the twisting

produced by the IPMC is not very pronounced, increasing the
voltage magnitude could potentially allow the IPMC to get
larger twisting magnitudes. This study provides insight as to
the normalized configuration that voltages should be applied
in order to produce a desired output. The ability to twist and
bend allows IPMC to maneuver through obstacles; however,
this result is still very circumstantial seeing as how the
magnitude of the deflection is so slight.

Table 3. Final voltage values for maximum curl displacement.

Electrode domain V1 V2 V3 V4 V5 V6 V7 V8
Voltage (V) 0.87 0.73 0.69 0.49 0.25 0.27 1 0

Figure 12. Curl displacement optimization of cylindrical IPMC.

Figure 13. Compression and expansion near the base of IPMC
during twisting actuation.

Figure 14. Simulation curve fit to experimental IPMC deflection
at 1.5 V.

8

Smart Mater. Struct. 24 (2015) 015007 S Ruiz et al



5. Closed loop control system

In order to effectively utilize the cylindrical tube-type IPMC,
a closed-loop control system was developed. The electro-
mechanical response of an IPMC has been thoroughly studied
in rectangular flat-type IPMCs [12, 14, 17, 18]. This analysis
has been extended to biaxial bending [15]. Using a technique
discussed by Lee et al [19], the electrical response of the
IPMC was modeled by a system of clumped RC models.
These circuits can be described as

= −R
dq

dt
V

q

C
, (16)

where R is the resistance, q the charge, V the voltage, and C is
the capacitance. The mechanical response of the IPMC can
then be related to the change in the electric field by
equation (17) where k is the curvature, q the electric charge,
K1 is the coefficient for the bending effect of moving charges,
K2 is the coefficient for the bending effect of the charges in
steady state, and τ is the relaxation time constant [19].

τ
= − −( )dk

dt
K

dq

dt
k K q

1
(17)1

2
2

Combining these equations and extending them to two
bending directions yields equations (18) and (19):

= + +− −( )X
L

A e B e C
2

(18)x
a t

x
b t

x

2
x x

= + +− −( )Y
L

A e B e C
2

, (19)y
a t

y
b t

y

2
y y

where X and Y are the deflection values, L the length and the
rest of the coefficients for these equations are found by curve
fitting the measured displacement data with the theoretical
model (figure 14).

Using these simulation results, a PI controller was
developed. The gain constants were calculated to provide
stability and then tested experimentally. The experimental
setup shown in figure 15 includes a Labview PXI 1042Q box
where an edge tracing algorithm is used to locate the IPMC tip
location. To get a more stable signal, a white marker was
placed on the tip of the IPMC and the background was blacked
out to provide the best contrast possible. This data is then fed
into the PI controller which produces two sets of control vol-
tages (for x- and y-directional actuation). The voltages are sent
through a pin box to two HA-151 Potentiostat/Galvanostats
connected to the IPMC. An image of the IPMC is then captured
by an STC-630 CCD camera and fed back into the LabviewVI.

Using this experimental setup the closed-loop control
system was implemented and the first test was conducted to
validate the control system (figure 16). For this test, the tip of
the IPMC is asked to follow a computer drawn circle. To
safeguard the IPMC, the potentiostats were limited to 1.5 V.
As can be seen, the controller is performing well, however the
IPMC has some trouble following the circle when the voltage
levels are close to their limits. Although this control system is
accurate, the method for control input is extremely restrictive.

In order to increase the overall functionality of the tube-
type IPMC, the control interface needs to be improved. As
with any new technology there is a desire to decrease the
learning time associated with the introduction of a new pro-
duct in addition to lowering the overall cost. As a result, the
system was implemented to allow the user to control the
IPMC tip location via a standard computer mouse. This sys-
tem allows for a flexibility of motion as well as an input
device that the majority of people are already familiar with.
The same input can be extended to laptop touchpads and
tablet touchscreens. Moreover, this choice of input device
allows the user the flexibility to make any pattern they wish.
Figure 17 demonstrates the mouse-controlled IPMC tip

Figure 15. Experimental closed-loop control sequence: (a) PXI box, (b) pin board, (c) potentiostat/galvanostats, (d) IPMC fixture, (e) CCD
camera, (f) Labview VI.
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actuation following a hand-drawn figure 8 path. It should be
noted that for some applications the CCD camera may not be
appropriate choice for the feedback control. In these cases, the
strain sensors based on ni-chrome wire can be attached to the
tube’s surface to measure the displacement and enable feed-
back control [9].

6. Conclusions

In this work, a three-dimensional finite element model was
developed that coupled ionic transport phenomena, electro-
statics, and solid mechanics to describe the electromechanical
actuation of cylindrical IPMC. The validity of the model was
demonstrated by comparing the simulated displacement
response of IPMC with experimental data. By applying this
model, it was possible to conduct optimization studies that
provide conceptual IPMC designs that could maximize
deflection, force output, and twisting actuation. These designs
become productive towards making devices which utilize
IPMC actuation in practical applications, such as robotic

catheter platforms. Furthermore, a cylindrical tube-shaped
IPMC was fabricated using in house extrusion process. This
design allows to embed specific tool through a hollow IPMC
cylinder and accurately control the tool tip location in catheter
procedures using the multi-degree of freedom deflection of
IPMC. Based on the electromechanical model, a closed-loop
control system of tube-shaped IPMC was created that
demonstrated accurate tip control in multi-DOF actuation
settings. The control system was designed to work on a laptop
touchpad, thereby improving greatly the functionality and
user interface.
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Figure 16. Closed-loop control verification: (a) IPMC tip following a circular path, (b) IPMC tip position in X and Y direction in time.

Figure 17. Closed-loop mouse control: (a) IPMC tip following a figure 8 path, (b) IPMC tip position in the X and Y direction in time.
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