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Abstract
Ionic polymer-metal composites (IPMCs) have intrinsic sensing and actuation properties.
Typical IPMC sensors are in the shape of beams and only respond to stimuli acting along beam-
bending directions. Rod or tube-shaped IPMCs have been explored as omnidirectional bending
actuators or sensors. In this paper, physics-based modeling is studied for a tubular IPMC sensor
under pure torsional stimulus. The Poisson–Nernst–Planck model is used to describe the
fundamental physics within the IPMC, where it is hypothesized that the anion concentration is
coupled to the sum of shear strains induced by the torsional stimulus. Finite element simulation
is conducted to solve for the torsional sensing response, where some of the key parameters are
identified based on experimental measurements using an artificial neural network. Additional
experimental results suggest that the proposed model is able to capture the torsional sensing
dynamics for different amplitudes and rates of the torsional stimulus.

Keywords: ionic polymer-metal composite, IPMC sensor, modeling, physics-based modeling,
tubular IPMC, torsional sensor

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

1. Introduction

Ionic polymer-metal composites (IPMCs) have built-in sen-
sing and actuation capabilities [1, 2]. In particular, they hold
strong promise for versatile applications because they require
low-actuation voltages to generate large bending deformation,
work in both air and water without stringent packaging
requirements, and exhibit direct electromechanical and
mechanoelectric transduction, which minimizes the structural
complexity in implementation as actuators and sensors [3, 4].

An IPMC typically consists of a thin ion-exchange
membrane (e.g., Nafion), chemically plated with a layer of
noble metal (e.g., platinum) as electrodes on both surfaces
[5, 6]. The traditional fabrication of IPMCs follows the

process of impregnation, reduction, and ion-exchange [5].
Inside the polymer, anions are covalently fixed to polymer
chains and balanced by cations that can move freely in the
membrane. A mechanical deformation on an IPMC sensor
breaks this charge balance, leading to the redistribution of the
cations and accompanying solvent molecules inside the
polymer, as well as the generation of a detectable sensing
signal across the electrodes, which can be the open-circuit
voltage or short-circuit current. Recent studies on character-
ization, modeling, and modeling of IPMC can be found in
[7–14]. Recent applications of IPMC sensing capability span
measurement of displacement [15], flow [16–20], shear
loading [21], curvature [22], structural health monitoring [10],
and energy harvesting [23–26]. They are also bio-compatible
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and amenable to fabrication [5, 27–31], including 3D-print-
ing [32, 33].

Reported IPMC sensors typically take the shape of beams
because thin Nafion films are often used as raw material in the
fabrication. Such IPMC sensors only respond to mechanical
stimuli acting perpendicular to the beam plane. There have
been reports on IPMC actuators or sensors of tubular [34],
cylindrical [35], and columnar [36] shapes, which can bend in
all directions. A tube-shaped IPMC transducer [37] with
patterned outer electrodes was examined by Kim’s group
through finite element simulations. Its sensing response was
experimentally investigated under bending excitation. The
buckling effect of IPMC pipes was analyzed by Shen et al
[38]. Our group previously presented a thin-wall tubular
IPMC sensor fabricated with Nafion tubing [39]. The sensor
had one common inner electrode and four patterned outer
electrodes, and its sensing response under tip-bending exci-
tation was captured with a physics-based model [40].

As discussed above, IPMC sensors, regardless of their
shapes, have been mostly studied under bending stimuli. We
first reported the effect of torsion sensing for a tubular IPMC
device and proposed a preliminary model for describing the
sensing behavior in [41], where the charge densities at the
inner and outer boundaries were assumed to be proportional
to the difference of shear stresses at the two boundaries.
While that model showed some agreement in magnitude
frequency response with empirical measurement, the match in
phase response was less than satisfactory. In particular, the
model’s phase response shows appreciable positive offset
(error) from the empirical data when the frequency is above
4Hz. Furthermore, since the charge density depends on the
densities of both anions and cations, and the (mobile) cation
density itself is a state variable that evolves with dynamics,
assuming a prescribed charge density at the boundary is
unnatural. In this paper, we present an alternative, physics-
based modeling approach for the torsional sensing response of
an IPMC tube. Compared with [41], this approach not only
adopts a more natural assumption, which prescribes the anion
concentration in terms of the local shear strain state induced
only by the torsion, but also is supported by extensive
experimental results that involve transient responses.

In this work the Poisson–Nernst–Planck (PNP) model is
adopted to describe the fundamental physics within the
IPMC. In particular, the Nernst–Planck equation is used to
describe the ionic current inside the polymer, due to cation
diffusion, electric field-induced migration, and convection.
Poisson’s equation is used to describe the electric potential,
which affects the cation migration flux. The external torsional
stimulus is coupled to the PNP model through the cation
convective flux term, where the cation velocity is affected by
the solvent pressure, which is related to the polymer pressure
caused by the applied mechanical stimulus, as adopted in
[37]. A key innovation of the current work is that, we further
assume that the anion concentration is perturbed by the local
shear strain states induced by the torsion. This is inspired by
the assumption used in [37], which relates the volumetric
strain caused by the bending stimulus to the anion
concentration.

Based on the proposed model, time-dependent 3D finite
element simulation is conducted for a tubular IPMC sensor
under torsional excitation. Experiments are further conducted
to compare the sensor response under torsional load with the
simulation results, where a novel artificial neural network-
based method is used to estimate key parameters of the
physical model. The comparison shows that the proposed
model is able to capture the sensor behavior under stimuli of
different rates and magnitudes. In particular, the model is
demonstrated to correctly predict that the sensing current
polarity depends only on whether the twist on the sensor is
increased or decreased. In comparison, a model relating the
volumetric strain to the anion concentration would predict a
behavior qualitatively different from the experimental
observation.

The remainder of the paper is organized as follows. The
physics-based model is discussed in section 2. The fabrication
of the IPMC tubular sensor and experimental characterization
of its sensing behavior under torsion are presented in
section 3. Parameter identification and model validation are
presented in section 4. Finally, concluding remarks and future
work are provided in section 5.

2. Physics-based modeling of the tubular IPMC
sensor under torsion

The transport of cations within the IPMC under applied loads
is governed by the Nernst–Planck equation (NP) and the
electrical potential is related to the charge density via Pois-
son’s equation (P). These two equations, collectively known
as the PNP equations, along with appropriate coupling relat-
ing the mechanical stimulus to the charge density, provide a
physical model for the IPMC sensor. Much of our model
development and finite element modeling implementation
follows the approach in [37] for the case of an omnidirec-
tional bending sensor; however, there is a key difference in
terms of how the external mechanical stimulus (torsion versus
bending) is incorporated into the model.

2.1. PNP Model

For an IPMC sensor subjected to an external mechanical load,
the induced ion movement leads to the redistribution of the
charge density. The transport of cations is governed by the NP
equation [35]. The flux vector J of cations consists of terms
from diffusion, electromigration, and convection:

J D C zD
RT

FC D
RT

C V P
1 1

, 1
Diffusion

Electromigration Convection

f= -  -  - D + + +  
     

( )

where C+ is the cation concentration, z is the charge number
of the cation, D is the diffusion coefficient, R is the gas
constant, T is the absolute temperature, F denotes Faraday’s
constant, f is the electric potential, ΔV is the molar volu-
metric change, which represents how much the polymer
volume swells after taking water, and P is the solvent
pressure gradient. As treated in [37], the solvent pressure
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gradient is considered to be balanced by the gradient of the
polymer pressure, p ,

P p, 2 = - ( )

where p is the average normal stress of the polymer, resulting
from solid mechanics calculation subject to the external load.

From the continuity equation

C

t
J, 3¶

¶
= -

+
· ( )

where ‘·’ denotes the divergence, one gets the NP equation:
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The electric potential inside the polymer is related to the
charge density ρ

, 5
e

2f
r
k

 = - ( )

where ‘ 2 ’ denotes the Laplace operator, and κe is the
effective dielectric constant of the polymer. The charge den-
sity is related to the ionic concentrations as follows:

F C C , 6r = -+ -( ) ( )

where C− is the local anion concentration, which is con-
sidered to be related to the local shape change under the
applied torsional excitation, as discussed next.

2.2. Mechano-electrical coupling

The anion concentration C− can be related to the local
deformation induced by the mechanical stimulus. This was
first done in [37], where the authors relate C− to the local
volume change (approximated by the divergence of local
displacement u · ) under a bending stimulus

C C u1 , 70 = -- ( · ) ( )

where C0 represents the nominal anion concentration in the
absence of deformation, and u u u u, , T

1 2 3= ( ) represents the
displacement along x, y, and z directions, respectively. For a
tube under pure torsion, u 0 =· , thus there would be no
change in C− under (7). Since the displacement under torsion
is induced by shear, we propose instead

C C 1 , 80 g= -- ( ) ( )

where γ is the sum of the shear strains [42]:

. 9xy yz zx  g = + + ( )

3. Sensor fabrication and experimental
characterization

3.1. Fabrication of tubular IPMC Sensors

The fabrication of tubular IPMC sensors generally follows the
traditional impregnation, reduction, and ion-exchange process
[40]. The Nafion tubing (TT-110, Perma Pure LLC) was used
as the raw material, which had an inner diameter of 2.4 mm,
outer diameter of 2.93 mm, and wall thickness of 265 μm. It
was first rinsed with acetone then methanol to clean the
tubing and to ensure that the surfaces of the sensor were free
from impurities that might affect the fabrication process. Then
the Nafion tubing was boiled in dilute hydrochloric acid
(2 wt%) for 30 min to remove impurities, and then boiled in
deionized (DI) water for another 30 min to remove the acid
and swell the film. After these pre-treatment steps, the Nafion
tubing was immersed in a platinum complex solution
( Pt NH Cl3 4 2[ ( ) ] ) for more than 4 h (usually 4–8 h) to allow
platinum ions to diffuse into the Nafion polymer completely
through the ion-exchange process. After a rinse with DI
water, the tubing was immersed in a water bath at 40 ◦C for
30 min. After the temperature was raised to 60 ◦C, a sodium
borohydride solution (5 wt% NaBH4 aq) was added to the
water bath as a reducing agent at a rate of 2 ml every 30 min.
Once the platinum deposition was complete, those steps were
repeated, from acid treatment to water bath reduction, to
deposit the platinum for the second time. The tubing was then
boiled in DI water for one hour to release the internal stress.
After that, it was put into a sodium chloride solution to
exchange the residual platinum ions with sodium ions. The
tubing was then cut into segments of desired lengths. Finally,
a tubular IPMC sensor was formed by attaching two wire
connectors to the inner and outer surfaces of the IPMC,
respectively. Figure 1 shows the pictures of a fabricated
tubular IPMC sensor.

Figure 1. Fabricated tubular IPMC sensor.
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3.2. Experimental setup

To characterize the sensor behavior under torsional excitation,
we impose a pure torsional load at the tip of the tubular IPMC
sensor. The short-circuit current between the inner and outer
electrodes is taken as the sensor output. Figure 2(a) shows the
major elements of the setup, including the torsion assembly
that imposes a torsional load on the IPMC tubular sensor, the
conditioning circuit [43] that filters and amplifies the sensing
output, and the dSPACE system (RTI 1104) for data acqui-
sition. Figure 2(b) shows the details of the torsion assembly.
The tubular IPMC sensor is fixed with two drill chucks, one
on each end. The chucks securely hold the sensor and ensure
no slip when a torsional load is applied. The top end of the
IPMC sensor is fixed on a 3D-printed plate, which is rigidly
connected to a metal frame. The lower chuck is attached to a
stepper motor (SparkFun Electronics—ROB 10846) which is
used to generate a programmed angle of twist on the lower
end of the IPMC. The stepper motor is controlled via a
microcontroller (Arduino-uno).

3.3. Sensor characterization

The responses of the tubular IPMC sensor are characterized
with a sequence of torsional stimuli, to examine both its
transient and steady state behaviors. In particular, the angle of
the stepper motor first ramps up from 0◦ to an angle θ in the
clockwise direction, holds for 2s, and then ramps back down
to 0◦; it then holds for 2s, ramps up to θ in the counter-
clockwise direction, holds for 2s, and finally ramps back
down to 0◦. Figure 3 shows an example of the motor trajec-
tory, where θ is 10◦, and the speed of the motor when ramping

up and down is 360◦ s−1. We note that the chosen sequence of
the motor movement allows us to examine a number of sensor
behaviors, including both the dynamic behavior during tran-
sients and the steady state behavior (when the torsion angle is
held constant for 2 s), the polarity of the sensing current
during loading/unloading of the torsional stimulus, and the
polarity of the sensing output when the sensor is twisted in
one direction versus the other. Figure 3 also shows the short-
circuit current response from the sensor under the

Figure 2. (a) Experimental setup involving the torsion assembly, conditioning circuit for the sensing output, and dSPACE system for data
acquisition; (b) details of the torsion assembly.

Figure 3. The applied sequence of motor inputs in loading/
unloading the torsion, first in one direction and then in the other, and
the corresponding sensing signal. Here the motor speed in ramping
up/down is 360◦ s−1 and the twist angle magnitude is 10◦.
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corresponding motor input. It can be seen that, when the
torsion is loaded or unloaded, the sensor current produces a
spike, which then approaches zero at the steady state. Fur-
thermore, the polarities of the spikes during loading and
unloading are opposite, and the polarity is independent of the
loading orientation (clockwise or counterclockwise). These
rich behaviors offer good tests for the proposed model. In
addition, as will be discussed in section 4, the model will be
further tested by examining its ability to predict the sensor
responses under different loading/unloading speeds and
magnitudes.

4. Parameter identification and model validation

4.1. Parameter identification

Parameters for the model proposed in section 2 are deter-
mined and used in model validation. The sensor dimensions,
including the length, the inner and outer diameters, and the
thickness of the platinum electrode layers, are obtained
directly through measurement. In particular, the thickness of
the platinum layers is computed using the measured thickness
of the polymer tubing before fabrication and that of the fab-
ricated IPMC tube. For the tubular IPMC sensor used in
experiments, the dimensions are: length 15 mm, inner dia-
meter 2.31 mm, outer diameter 3.02 mm. The physical con-
stants in the model include the temperature (T), which is
measured directly using a thermometer, density (ρ), which is
obtained through measuring the sensor weight and volume,
the Faraday constant (F), and the gas constant (R). The value
of anion concentration C0 was taken from [40]. The electrical
conductivity of the electrode (σ) was determined with the
measured sensor surface resistance and the dimensions of the
electrode. Table 1 lists the aforementioned parameters and
constants.

The remaining parameters include the Young’s modulus
Y, diffusion coefficient D, and dielectric constant ò, all of
which are obtained through an artificial neural network-based
data fitting process. The Matlab toolbox (nnstart) is used to
prepare a neural network with three inputs, which represent
the parameters to be tuned, and one output, which represents
the model fitting error. We have used a multilayer perceptron
(MLP) network that contains one hidden layer with 10 nodes.
The number of hidden layers and nodes are chosen according
to [44]. Specifically, we use the imposed motor angle tra-
jectory and the corresponding sensing signal in the first two
seconds of the experiment shown in figure 3, for the purpose

of parameter identification, and these same parameters will be
used in other scenarios (different loading/unloading magni-
tudes and rates) of the experiments for model validation.
Since the proposed model for the torsion sensor does not have
an analytical input–output relationship expressed in terms of
the parameters, finite element simulation is used to obtain the
predicted sensing signal trajectory for the prescribed torsion
stimulus, for any given set of parameters.

The simulation of tubular IPMC sensor model under
torsional excitation, as described in section 2, is implemented
with COMSOL Multiphysics 5.1 finite element software
packages. Four physics packages are used to implement the
sensor model: solid mechanics, transport of diluted species,
general-form PDE to generate the electrical potential within
the nafion, and electrical current physics. The solid mechanics
module is used to describe the linear elastic material under
torsional excitation. The PNP model, which is used to
describe the electrical potential and the cation concentration
inside the Nafion during the deformation, is realized through
the transport of diluted species physics and the general-form
PDE physics. The implementation of the IPMC model under
torsional stimuli is achieved with two separate computations.
The deformation of the IPMC sensor is calculated first, fol-
lowed by the execution of the PNP model, which uses the
deformation data from the first study computation as input. A
short-circuit current is collected by imposing the electrodes
with zero potential and integrating the collected current
density throughout the electrode surface.

We follow a tutorial provided by Matlab Inc. [45] to
implement the neural network model, which offers a step-by-
step instruction on how to use the command (nnstart). The
neural network model requires a number of input–output data
sets to start the training. In addition, the neural network needs
to dedicate some of the input–output sets to test and validate
the network after the training is completed. The average error
between the predicted and measured sensing signals is treated
as the output of the neural network for the corresponding
input values (i.e., the parameters used in the simulation). A
total of 120 sets of parameters, chosen within feasible ranges
of these parameters, are used in conducting the simulation.
Ninety sets of the obtained input–output data are used to train
the neural network, 10 sets are used to test the neural network
(cross validation), while 20 sets are used to validate the
obtained neural network mode. An overall match of 98% is
achieved between the trained neural network model and the
experimental data. The 98% match is used as stopping cri-
terion to stop the training process which is the highest
matching we get in this process. The established neural net-
work model is then used to serve as a fitness function to the
optimization toolbox (optimtool) to find the optimal input
vector that minimizes the output, which produces the optimal
parameters (Y, D, ò) for the data fitting. The obtained values
for these parameters are also listed in table 1. Figure 4 shows
the comparison between measured signal and the model
prediction based on the identified parameters. It can be seen
that overall the model captures well the magnitude and tran-
sient behavior of the sensing response under the given
stimulus.

Table 1. Model parameters.

F R T z σ

(C mol 1- ) (J mol K1 1- - ) (K) (S m 1- )

96 487 8.3143 290 1 7000.1
D C0 ò ρ E
(m s2 1- ) (mol m 3- ) (F m 1- ) (kg m 3- ) (Pa)
3.2 10 11´ - 1056 5×10−3 2130 3.4×108
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4.2. Model validation

The identified parameters are then used in the simulation of
the sensor responses under torsional stimuli of different
magnitudes (10◦, 15◦, 20◦) and loading/unloading rates. In
particular, two loading/unloading speeds, 360◦ s−1 and
180◦ s−1, are adopted; figure 5 illustrates the profiles of the
two speeds.

Figures 6(a)–(f) show the comparison between the mea-
sured sensor outputs and the model-predicted sensor outputs
under different stimuli. Overall, all figures show good
agreement between the measurement and model prediction.
Given that three of the key model parameters are identified
using only part of the data under a particular torsional

stimulus, the reasonable match across all cases provides
strong support for the validity of the model. Specifically, the
model is able to capture the magnitude, transients, and
polarity of the sensor response. For example, the polarity of
the sensing signal is determined only by the loading or
unloading trend of the stimulus, instead of the orientation of
the torsional stimulus. The model also predicts correctly that
the sensor response converges to zero at the steady state (for a
constant torsion input). For the same loading rate, the results
show that the sensing output magnitude increases with the
stimulus magnitude (for example, see figures 6(a), (c), and
(e)). For the same stimulus magnitude, a higher loading/
unloading rate results in higher sensing response (for exam-
ple, see figures 6(a) and (b)).

Despite the general good agreement, there are some
modest discrepancies between the experimental data and the
simulation results, which we attribute mainly to the imper-
fection in the fabrication of the tubular IPMC sensor and in
the experimental setup. This can be seen, for example, in the
experimental curve in figure 6(c). The two positive signal
spikes, ideally, should be identical; however, the transient
speed of the second spike is appreciably slower than the first
one, which can be seen from the increased offset between the
simulated curve and the experimental curve for the second
peak. A similar observation can be made for the two negative
signal spikes. The latter could be caused by the rotation
asymmetry between clockwise and counterclockwise direc-
tions. If one focuses on the first half of each subfigure, the
agreement between the experimental data and model predic-
tion is much more consistent.

Finally, to demonstrate the unique utility of the proposed
model, we simulate the sensor response using the model in
[37] for a torsional stimulus of magnitude 10◦ and rate
360◦ s−1. Recall that the key difference between the proposed
model and the model in [37] is that the latter relates the
volumetric strain to the local anion concentration. From
figure 7, it can be seen that the model in [37], which was
shown to work well for a bending sensor, cannot capture the
qualitative behavior of the tubular IPMC sensor under torsion.
In particular, it fails to correctly capture the polarity of the
sensing response as observed in experiments. It also predicts
asymmetric positive and negative responses, which are not
observed in experiments.

5. Conclusions

In this paper we reported a new physics-based model for a
tubular IPMC sensor subjected to a torsional load. The model
was built upon the PNP equations for capturing the movement
of cations. A key innovation of this work was the proposal of
relating the shear strains to the local anion concentration. An
experimental setup was created for applying twist at one end
of the IPMC tube while keeping the other end fixed.
Experiments involving stimuli of different magnitudes,
loading orientations, and loading/unloading speeds were
conducted, and the proposed model was shown to be able to
capture the trends observed experimentally.

Figure 4. Testing results: a comparison between the experimental
measurement and the simulation model after applying 10° twisting
angle.

Figure 5. Input trajectory: two different stepper motor speeds to
reach a specific angle.
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For future work, we will explore the use of the tubular
IPMC sensor in practical applications, such as measuring
torque and angular acceleration and providing feedback for
control. For those applications, it will be of interest to reduce

the proposed physics-based model to a low-dimensional
model that is amenable to signal processing (for example,
decoding the stimulus based on the sensor output) and feed-
back control design.

Figure 6. Comparison between the experimental measurement and model prediction of the sensor response under different torsional stimuli:
(a) torsion magnitude 10◦, speed 360◦ s−1; (b) torsion magnitude 10◦, speed 180◦ s−1; (c) torsion magnitude 15◦, speed 360◦ s−1; (d) torsion
magnitude 15◦, speed 180◦ s−1; (e) torsion magnitude 20◦, speed 360◦ s−1; (f) torsion magnitude 20◦, speed 180◦ s−1.
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