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Physics-based modeling of mechano-electric transduction of tube-shaped
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In this study, tube-shaped ionic polymer-metal composite (IPMC) mechanoelectrical transducers
have been examined through simulation and experimental investigation for use as multi-directional
sensor devices. It should be noted that cation migration simulations provide keen insight into the
differences in actuation and sensing phenomena in IPMC transducers. COMSOL Multiphysics 4.3b
is used to achieve 3D time-based finite element simulations, including all relevant physics. A
physics-based model is proposed to simulate mechanoelectrical transduction of 3D shaped IPMCs.
Configuration of interest is a tube-shaped IPMC with multi-directional transducer capabilities.
Also, the fabricated IPMCs have an outer diameter of 1 mm and a length of 20-25 mm. Multi-
directional sensing results are presented. The cation rise in a very small (roughly 10 micrometers)
sub-surface layer near the electrodes is several orders of magnitude larger in case of actuation than
in case of sensing. Furthermore, the signal produced from sensing is of opposite charge direction as
that provided as input for actuation to achieve the same displacement. However, cation rise is in
the same direction, indicating anion concentration change as the primary effect in sensing. The pro-
posed model is independent of general geometry and can be readily applied to IPMC sensors of

other complex 3D shapes. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4914034]

I. INTRODUCTION

ITonic polymer-metal composites (IPMCs), a type of elec-
troactive polymer (EAP), have been a focus of study for
actuation and sensory applications since the late 20th cen-
tury.' Such studied applications have included implement-
ing IPMCs for use in robotic actuators and sensors, energy
harvesting devices, underwater robotics applications, and
medical applications, such as active catheters.*”'' IPMCs are
sought after in many applications due to their ability to induce
large deformation in case of an applied low-voltage input,
referred to as electromechanical transduction, and produce an
electric potential for an applied deformation, called mechano-
electric transduction.>'? This enables IPMC devices to be
used in both actuation and sensory applications.'**° The abil-
ity to simulate IPMC actuation and sensor transduction phe-
nomena through physics-based modeling is desirable to better
develop IPMC fabrication specifications and enable advanced
IPMC device design.'? The focus of the current study is to
fabricate and experimentally study tube-shaped IPMC sensors
and simulate their transduction phenomena through physics-
based modeling. This paper is organized as follows. A brief
background into IPMC sensors will be provided. Then the
physics-based mathematical model will be explained. Then
fabrication and experimental setup will be presented. Finally,
experimental and simulated results are presented followed by
a summary of the research and findings.

YAuthor to whom correspondence should be addressed. Electronic mail:
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A. Background

The polymer membrane of an IPMC consists of anions
fixed to the polymer backbone and freely positioned positive
ions or cations. In a hydrated state, micro-channels in the poly-
mer expand to allow free transport of cations and attracted
water molecules through the membrane. When a voltage is
applied to IPMC electrodes, the cations migrate away from the
anode, dragging the attracted water molecules with them. This
causes osmotic pressure change with localized swelling near
the cathode interface and contraction near the anode, which
results in an overall deformation of the IPMC. A basic sche-
matic of an IPMC polymer structure and electromechanical
transduction phenomenon is shown in Fig. 1.

B. Motivation

IPMC actuators and sensors can be made in a variety of
shapes, granted they have two or more separated electrodes
to apply or measure electric potential. Much research has
been done for rectangular [IPMC actuators and sensors, which
provide 1D transduction. Rectangular bar, cylindrical, or
tube-shaped IPMCs are capable of producing 2D transduction
and have been gaining considerable research attention.”!
IPMC geometry of interest for this study is tube-shaped,
which is capable of multi-directional actuation and sensing.
Additionally, tube-shaped IPMCs can allow transportation of
fluids, tools, or other materials through the center of the actu-
ator, which is desirable for medical applications, such as cath-
eters. The focus of this research is to lay out the fundamental
theory of transduction for tube-shaped IPMCs to facilitate

© 2015 AIP Publishing LLC
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FIG. 1. Top: schematic of the IPMC polymer structure and hydrated cation
migration within the polymer network for electromechanical transduction.
Bottom: a florescence image of an IPMC which was prepared as an actuator
to allow the image of the cation migration during the electromechanical
transduction. The sample image was taken with EtBR treatment. When volt-
age is applied to the IPMC, the florescence image shows that the hydrated
cations migrate to cathode area in the direction as indicated by the white
arrows. The IPMC sample size is 1 mm thickness.

development and fabrication of advanced functional devices
of this kind.

Il. PHYSICS-BASED MODELING: DIFFERENCE
BETWEEN IPMC ELECTROMECHANICAL AND
MECHANOELECTRICAL TRANSDUCTION

The underlying cause of IPMC electromechanical and
mechanoelectrical transduction is induced ion migration and
resulting charge density in the vicinity of the electrodes.
Ionic current in the polymer for both cases can be described
by the Nernst-Planck equation.*” For a single species absent
of chemical reaction, the following species flux terms are of
significance to describe the transport of cations through the
IPMC polymer membrane:

jdlffusion = —DVC, (1)
jmigration inelectric field = _Z,UFCVQ{), (2)
jconvection = uC, (3)

where jgigsion 15 the cation diffusive flux, jigrasion in etectric fieid
is the cation flux due to migration in the electric field, j.,uvec-
rion 18 the cation convective flux, C is cation concentration, D
is the diffusion coefficient, F' is Faraday’s constant, z is the
charge number, and ¢ is the electric potential in the polymer.
The cation mobility, u, can be expressed as D/RT, where R
is the gas constant and T is the absolute temperature. The
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cation velocity, u, can be expressed in terms of the solvent
pressure gradient as

u=—uAVVP, 4)

where AV is the molar volume which quantifies the cation
hydrophilicity and VP is the solvent pressure gradient. The
change of cation concentration with time can be expressed by
performing a species flux balance over a given volume; that
is, the sum of the species flux gradients and time derivative of
species concentration must equal to zero. Thus, the time-
dependent transport of cations in the IPMC polymer mem-
brane can be described by the Nernst-Planck equation as

88—? + V- (=DVC — zuFCV ¢ — unCAVVP) = 0. (5)

An important difference between IPMC electromechani-
cal and mechanoelectrical transduction is the magnitude,
direction, and significance of individual terms in Eq. (5).
Besides the concentration time derivative, the terms of Eq.
(5) consist of three flux terms governed by the field gradients
of electric potential, concentration, and solvent pressure. In
case of actuation (i.e., electromechanical transduction), the
electric potential gradient term is significantly more preva-
lent than the solvent pressure flux, that is, zFV¢ > AVVP,
therefore the pressure flux term is often neglected in actua-
tion model implementation. However, in case of sensing
(i.e., mechanoelectric transduction), these terms are of simi-
lar significance to the diffusion flux term and neither should
be neglected.” It is also interesting to note the direction of
the electric potential gradient is opposite for sensing as com-
pared to actuation because the ionic current is governed by
an induced pressure gradient rather than an applied voltage.

The electric potential gradient term can be described by
Poisson’s equation

V==, (6)

where ¢ is the absolute dielectric permittivity and p is charge
density defined as

p:F(C_Ca)a (7)

where C, is local anion concentration.

While the cation concentration C is governed by the
Nernst-Planck equation (5), the anion concentration is
related to local volumetric strain. The volume changes in the
polymer matrix affect the local anion concentration because
anions are fixed to the polymer backbone. Hence, the anion
concentration C, is expressed as

aul (r)l/tz (r)l/tz
Co,=Co|l - | —+—+— 8
a 0[ <8x+8y+02 ) )
where uy, u,, and us are local displacements in the x, y, and z
directions, respectively, and C, 1is the initial ion
concentration.
Equations (5) and (6) comprise the Poisson-Nernst-

Planck (PNP) model for IPMCs and describe the fundamen-
tal physics within the polymer membrane.

8% :6T (LT 9202 |!idv L0
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The linear elastic material model has been used to describe
deformation of IPMCs. The constitutive relation of Hooke’s
Law was used to relate stress and strain in the polymer as

J11 2,[1 + A A A 0 0 O 11

022 A 2,[1 + A A 0 0 O €22

033 | A A 2,“ +4 0 0 O £33

on | 0 0 0 u 0 0|2

023 0 0 0 0 M 0 2823

g13 0 0 0 0 0 U 2813
(€))

where ¢;; is the normal strain in the i-direction for i=j and a
shear strain for i #j. Stress terms ¢; are defined similarly,
where ¢;; is normal stress in i-direction for i = and a shear
stress for i # .

The constants p and 4 are Lame’s constants, defined as

E vE
T R (R R

where E is Young’s Modulus and v is Poisson’s ratio.
The system is in equilibrium if Navier’s displacement
equations are satisfied, given by the relation

~V.-¢=F, (11)

where F is the body force vector per unit volume.
Newton’s second Law is used to describe time-
dependent deformation

L _V.¢=F, (12)

where u is the local displacement vector and p, is the poly-
mer density.

It is beneficial to note that the mechanoelectrical IPMC
modelling framework presented herein can be readily applied
to IPMCs of arbitrary cross-sectional geometry; that is, it can
be directly used to simulate sensing response for any shape
IPMC by adjusting the model geometric domain and mesh. In
the present study, a tube-shaped IPMC geometry has been
selected.

A. Model implementation

Three-dimensional finite element simulations were per-
formed using COMSOL Multiphysics 4.3b software to cou-
ple mechanical deformation with ionic concentration,
diffusion, and migration physics. The mesh used for all
simulations was extra fine in the radial direction with a set
node distribution along the edges and sparsely swept along
the longitudinal direction. The mesh and IPMC tip geome-
try are shown in Fig. 2.

The simulation utilizes the Solid Mechanics, Transport
of Diluted Species, Electric Currents, and General Form
PDE COMSOL physics modules to achieve the desired gov-
erning equations. A linear elastic material model was imple-
mented for the solid mechanics physics, where the material
property values used are shown in Table I. The transport of
diluted species and general form PDE physics provide the

J. Appl. Phys. 117, 114903 (2015)

’
!

e
A

0
\

FIG. 2. IPMC tip geometry and mesh used in finite element simulations.

PNP differential equations, which have been used to describe
cation concentration and electric potential gradient during
IPMC deformation. The model is split into two studies: (1)
the deformation is calculated independently and (2) the PNP
differential equation model is applied to find ionic concentra-
tion and electric potential throughout the IPMC. In the case
of sensor simulation, study (1) is computed first followed by
study (2). It is the opposite for actuator simulation.

The model input is a prescribed tip displacement of a
rigid connecter on the IPMC tube’s free-end with the oppo-
site end held fixed, which is similar to the experimental
setup. The solid mechanics physics describe stress, strain,
and local displacement throughout the specimen for a pre-
scribed tip displacement. The solid mechanics model is pri-
marily coupled to the PNP model through the term,
UCAVVP, from Eq. (5), where the solvent pressure is related
to the polymer pressure by VP =—Vp, where p is the poly-
mer pressure found from the solid mechanics model as the
average normal stress at each location. Additionally, the
PNP model is coupled to the solid mechanics model through
anion migration, as indicated in Eq. (8). There are no empiri-
cal or experimentally determined coefficients apart from ma-
terial properties for the given sensor model. The accuracy of
the results will be discussed in Sec. II B 4.

B. Experimental investigation

1. Sample preparation

Nafion pellets are heated above glass transition tempera-
ture and are extruded in the cross-sectional shape shown in

TABLE I. Material properties used for solids mechanics model.

Material property Value
Young’s modulus, E (Ref. 23) 0.2 GPa
Poisson’s ratio, v (Ref. 23) 0.49

Polymer density, p, 874 kg/m®

8 16T (LT 9202 |14dv 20
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Cuvines [0

FIG. 3. Schematic of cross-section of the extruded Nafion tubes (not to
scale): Left: illustration. Right: a photograph of experimental sample.

Fig. 3. The polymer is tensioned after extrusion to facilitate
polymer chain realignment and to achieve the desired me-
chanical properties. After the polymer is cooled to room tem-
perature, it is cut into 20—25 mm segments for testing.

The extruded Nafion samples are activated by a hydroly-
sis reaction using a potassium hydroxide solution. After hy-
drolysis, the samples are cleaned and prepared for primary
plating. The Nafion samples are plated using a Platinum
impregnation-reduction reaction. Primary plating is repeated
to increase the surface conductivity of the sample. When the
surface conductivity reaches a desired amount, secondary
plating is performed.

Secondary plating increases the surface conductivity of
the samples by depositing platinum on the surface of the
sample via a chemical deposition. After secondary plating,
the surface conductivity of the samples is at an acceptable
level for good IPMC performance. An ion exchange can now
be conducted to achieve better transport of water molecules
through the membrane. Hydrogen ions within the membrane
are exchanged for lithium ions which give a better transport
of water molecules through the membrane. After the ion
exchange process, the samples are cleaned and stored in DI
water.

The flanges are removed with precision razor blades to
make separated electrodes. Separating the electrodes allow
for multiple degree-of-freedom sensing motion when a volt-
age is applied. A finished IPMC sensor is shown in Fig. 4.

2. Experimental setup

A collet is fabricated out of Nylon to clamp the IPMC
tube at each electrode. The electrode contact patches of the
collet are made out of copper foil. Individual wires are sol-
dered to each contact patch and are glued to each of the

FIG. 4. Photograph of a tube-shaped IPMC sample.

J. Appl. Phys. 117, 114903 (2015)

FIG. 5. Left: wire soldered to copper foil. Right: copper foil attached to ny-
lon collet. This is repeated for all four corners of the collet.

collet fingers as seen in Fig. 5. The collet is hand tightened
around each sample to securely fasten it. Previous clamping
systems that have been used are restricted to a set diameter.>*
The current design allows for testing of variable diameter
IPMCs.>

Once the IPMC is mounted inside the collet, the collet is
secured to a collet mount and can be lowered into the water
to the desired level using an adjustable plastic slide. The
other end of the IPMC is clasped between two pieces of
Plexiglas for the sensor setup. This end is attached to a
shaker to create the motion required to produce voltage
changes in the IPMC, as shown in Fig. 6 (top). An illustra-
tion of the mechanoelectrical IPMC experimental setup is
shown in Fig. 6 (bottom).

The signal data were recorded using LabVIEW with
National Instruments USB-6008. The displacement was
measured with a laser displacement sensor (optoNCDT-
1401, Micro-Epsilon) and was recorded in LabVIEW.

3. Experimental results

Tube-shaped IPMCs were fabricated and tested as sensor
devices with sinusoidal tip displacement inputs of half peak-
to-peak amplitudes 0.5mm and 1.5mm at a frequency of
1 Hz. The induced voltage amplitude increase with increasing
tip displacement is quite significant and is similar to that seen
when using rectangular shaped IPMCs. The induced voltage
amplitude, although low, is on similar scale to that seen with
much larger rectangular IPMC samples.?® Direct comparison
of the performance is difficult however, due to the different
sample dimensions and experimental conditions. These results
suggest that tube shaped IPMCs are capable of multi degree
of freedom displacement transduction; however, further
research needs to be done to better understand the polymer-
electrode interaction and improve the electrode plating pro-
cess. Sample experimental traces can be seen in Fig. 7.

4. Simulation results

Finite element simulations were performed of mechano-
electric transduction for a tube-shaped IPMC with 1 mm
outer diameter, 1/3mm inner diameter, and 20 mm length.
The electrodes were set to be 0.01 mm thick. Simulations
were performed using COMSOL following the steps outlined
in Sec. II. Modeling parameters are provided in Table II.
Diffusion coefficient and molar volume change were
adjusted to best fit the experimental results.

8 16T (LT 9202 |14dv 20
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cylindrical IPMC sensors. Top-right:
sensor experimental setup. Bottom:
illustration of the IPMC mechanoelec-
trical experimental setup (not to scale).

Data acquisition

Peak-to-peak amplitude

of sinusoidal input motion
i i

ksl IPMC
Water tank

Displacement arm

N
[ Mechanical shaker

Signal amplifier

It should be noted that the electrode-polymer interface
morphology consists of a diffusion layer (composed of dis-
persed metal particles that result in large electrode surface

experimental

1.0- 2
€
g
=
]
£
Q
(&)
Y
Q.
2
©
1.0 , ' 2
@ o 2 : °
time (sec)
1.0- experimental -2
——————— input tip displacement
0.5 " E
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€ 4l :
(@]
E
S .05- 8
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by i ‘ 6
(b) time (sec)

FIG. 7. Top: experimental results of tube-shaped IPMC sensors for sinusoi-
dal tip displacement input of 0.5 mm amplitude. Bottom: results for tip dis-
placement input of 1.5 mm amplitude. Frequency at 1 Hz.

areas) with a corresponding capacitive effect. To adequately
compensate for these effects, a large effective dielectric per-
mittivity value has been used in the governing model
physics.'”*

Comparison of experimental and simulation results for
sinusoidal tip displacement inputs of 0.5mm and 1.5 mm
amplitude at 1 Hz are shown in Fig. 8. These are seen to be
in good agreement in terms of both phase and amplitude,
indicating the given IPMC sensor model and selected param-
eters match the experimental results for the fabricated tube-
shaped IPMC:s for cases of simple input motion.

Cation and anion concentration variation, electric
potential, and charge density within the polymer were
simulated for sinusoidal tip displacement inputs. Results
taken from a time at max displacement during sinusoidal
input are presented as surface plots showing these distribu-
tions at the fixed end of the IPMC. A line path was also
taken across this surface in the bending direction to better
display cation and anion concentration changes. These are
shown in Figs. 9 and 10.

As we would expect, the cation concentration rise in the
subsurface layer near the IPMC boundary is small in com-
parison to actuator simulations, which show increase in con-
centration as large as 1000mol/m> in this same small
subsurface area. This is likely due the high electrode charge
driving the strong migration of cations in the case of

TABLE II. Parameters used during simulations.

Material property Value
Diffusion coefficient, D 1 x 107" ' m%s
Faraday’s constant, F 96485 s A/mol

Charge number, z 1
Molar volume change, AU (Ref. 23) 1 x 107> m*/mol

Gas constant, R 8.31J/mol K
Absolute temperature, T 293K
Effective dielectric permittivity, & 0.1 F/m
Initial ionic concentration, Cy 1100 mol/m?

FIG. 6. Top-left: mounting system for

8 16T (LT 9202 |14dv 20
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electrode voltage (mV)
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----- simulated voltage

0.8
S
S
()
()]
S
fe)
>
()
©
o
©
Q
()]
0 1 2 3 4
time (sec)

(b)

FIG. 8. Left: simulation compared to experimental results of tube-shaped IPMC sensors for sinusoidal tip displacement input of 0.5 mm amplitude. Right: for

tip displacement input of 1.5 mm amplitude. Frequency of 1 Hz.

actuation. Whereas for sensing, the induced electric potential
is only due to rearrangement of ions from deformation,
which results in small values for both concentration change
and electric potentials as opposed to the case of actuation.

lll. DISCUSSION

Experimental results and simulations have been pre-
sented which provide a framework for further developing
tube-shaped IPMC sensors and other 3D IPMC models.
These results show that 3D transduction of the fabricated
IPMC devices is feasible and the given model can provide
accurate simulations for simple input motion. Because there
are no empirical relationships utilized in coupling the solid
mechanics physics to the PNP physics in the given model,

A 11226

7 N 1120
1115
1110
11105
11100
1095

1090
1085

1080

V¥ 1077.2

this model can readily be applied to other 3D complex
shaped IPMC sensor devices. To the best of the author’s
knowledge, this is the first work which presents a multi-
physics mechanoelectrical transduction model for 3D shaped
IPMCs.

The signal in case of complex motion sensor simulation
consists of both a position and ionic velocity component of
the deforming IPMC. As an example, a flower pedal shape
has been used as the prescribed displacement, as seen in Fig.
11. This type of tip displacement motion starts from the cen-
ter (zero location) and passes through the center halfway
through and at the end of each cycle. Simulations were car-
ried out for two cycles. The resulting electrode signal is
shown in Fig. 12. If the signal was comprised only of the
IPMC deformation at any instant of time, one would expect

A 11023
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1101

1100.5

1100

1099.5

1099
1098.5
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V¥ 1097.7

FIG. 9. Left: cation concentration near fixed end at max bending input. Right: anion concentration near fixed end at max bending input. Input is tip displace-

ment at 1.5 mm amplitude, 1 Hz. Concentration in units [mol/m3].
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FIG. 10. Ton concentrations across vertical center line of IPMC.

at times t=2 and t=4 s the signals of the electrodes would
all pass through OmV; however, this is not the case, and
hence there is a significant velocity component to the IPMC
sensor signal.

x-displacement
1.0 -----y-displacement
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input: tip displacement (mm)
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FIG. 11. Left: input tip displacement for complex sensor signal simulation
example. Right: x-y plane of the given tip displacement input. The arrow
indicates direction of increasing time.
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FIG. 12. Simulated signal of the top electrode with the bottom electrode
grounded for the input tip motion shown in Fig. 11 over two cycles.

IV. CONCLUSIONS

Mathematical modelling, fabrication, and experimental
performance studies of tube-shaped IPMC sensors have been
presented. The results suggest that IPMC transducers of this
design are functional and simulations using the provided
model are in good agreement with experimental results for
simple harmonic input motion. Further work needs to be
done to decouple the position and velocity components of
the sensor signal. Further work also includes revising the
solid mechanics model to include nonlinear material effects
and electrode deformation. Improvements to IPMC fabrica-
tion, electrode plating, and patterning are also being sought.
Finally, design of sized-down tube shaped IPMCs is being
studied to develop smaller actuator and sensor IPMC
devices.
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