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Abstract

Ionic polymer transducers exhibit coupling between
the electrical, chemical, and mechanical domains, al-
lowing their use as both sensors and actuators. Be-
cause of their compliance, light weight, and low volt-
age operation, ionic polymers have received consid-
erable attention, although their fundamental mecha-
nisms are still open for debate. While most of the
existing models provide linear, dynamic approxima-
tions of the response, nonlinear characteristics have
been observed in the laboratory. Recent experimental
results have shown that the solvent plays a significant
role in the dynamic response of these actuators in the
cantilever configuration. Given a single-frequency in-
put voltage, the major difference from changing sol-
vents was concluded to be a varying distortion, seen
in both the actuation current and tip velocity mea-
surements. This research looks to further explore this
nonlinear distortion by incorporating a larger set of
candidate solvent materials and investigating the im-
pact of how changing properties affect the overall re-
sponse. System identification techniques using the
Volterra series are employed to aid in the character-
ization of the harmonic distortion. The knowledge
gained in this study will provide useful information
about the nature of the nonlinearity and some of the
factors that affect its relative influence, which will
assist physical model development.

Introduction

Ionic polymers are a class of smart materials capable
of producing large strain (>1%) under the applica-
tion of an electric field. The actuation phenomenon of
this material and its sensing capability were indepen-
dently discovered just over a decade ago.1, 2 Several
models have been proposed, but because the trans-
duction properties were only recently discovered, a
universally accepted model that fully accounts for all
the dynamics does not yet exist. Part of the rea-
son for this is that models developed from different
principles are able to match simulation results to ex-
perimental data. One of the leading discrepancies
comes about over the dominant mechanisms involved
in the actuation response. A micromechanical model
has been derived to conclude that electrostatic inter-
action dominates the step response,3 while a model
developed using irreversible thermodynamics states
that hydration and solvent motion are most domi-

nant.4 However, a common theme among these pro-
posed models is the existence of thin activation lay-
ers near the electrodes, where the dominant mecha-
nisms occur. In addition to the aforementioned mod-
els, other researchers have also arrived at this conclu-
sion.5—8

While the development of a comprehensive model
is still ongoing, there are some aspects that have re-
ceived less attention. These include the dynamic re-
sponse and nonlinearities. Nearly all of the proposed
models focus on the quasi-static case of the step re-
sponse, and either restrict or simplify their deriva-
tions to linear approximations. However, nonlineari-
ties have been observed in the step response, includ-
ing the introduction of permanent strain9 or remnant
deformation10 in the polymer and effects from mate-
rial dehydration.11 Harmonic generation in the tip
displacement and nonlinearities between charge and
input voltage have also been observed experimentally.
That being said, there have been a couple instances
where nonlinear models of ionic polymmers were de-
veloped. Nonlinear identification using a Hammer-
stein model has led to successful model development
with ionic polymer materials in application to walk-
ing robots,12 and work has also been conducted
showing that the Volterra series offers an effective
means to model the distortion in the response of ionic
polymer actuators to harmonic inputs.13

The goal of this work is to experimentally charac-
terize the nonlinearity seen in the actuation response
of cantilever ionic polymer benders. Gaining more
understanding of the mechanisms involved in the ac-
tuation response will aid in making ionic polymers
viable transducer materials for use with flexible struc-
tures. Ionic polymers employing different solvents
will be used for comparison. The first sample will
contain water, which has been the most widely used
solvent, despite the fact that it is volatile in air, mak-
ing the material prone to dehydration. Ionic liquids
will be used for the second and third samples. Ionic
liquids are novel solvents that are gaining ground
in electroactive polymer research because they of-
fer a broadened electrochemical stability window and
do not suffer from dehydration in open-air environ-
ments.14—16 It is expected that using solvents with
such different properties will highlight differences in
the nonlinear distortion. In particular, the viscosity
of the three solvents spans two orders of magnitude.
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The general analysis methodology will be detailed in
the next section, followed by results from a prelimi-
nary study to be used as motivation. Experimental
results of the nonlinear characterization will then be
given, and the paper will end with a summary and
conclusions.

Analysis Technique

This work looks to expand the idea of using the
Volterra series to identify the nonlinear distortion ob-
served in input-output measurements of ionic poly-
mers.13 The actuator system is assumed to have
the form of two single-input, single-output subsys-
tems connected in series. The first subsystem rep-
resents the electrochemical processes with voltage as
the input and current as the output, while the chemo-
mechanical processes are represented by the second
subsystem with current as the input and linear tip
velocity as the output. By isolating the electrical and
mechanical characteristics with this model structure,
it was believed that insight of where the nonlinearity
enters into the response could be determined. The
system could actually have been described by a vari-
ety of different input-output relationships, but recent
results conclude that the current (charge) is more cor-
related to the strain than the voltage,15, 17 making
this form reasonable.

The response of each system is analyzed indepen-
dently using the Volterra series to separate the linear
and nonlinear components in the signals, as shown
in Figure 1. The discrete-time form of the Volterra
series implemented here can be written as

y(k) = y0 +
m

i=0

h1(i)x(k − i)∆t

+
m

i=0

m

j=0

h2(i, j)x(k − i)x(k − j)∆t2 + . . .(1)

where y(k) is the output, x(k) is the input, hn(·) are
the volterra kernels of degree n, and m is the order,
or number of memory terms, used in the expansion.
An advantage to this formulation is that the system
response under consideration can be decomposed into
individual components of various degrees18

y(t) = ylinear(t) + yquadratic(t) + ycubic(t) + . . . (2)

where the output y(t) is composed of terms of dif-
ferent powers, or degrees, of the input; stated more
precisely, y(t) = f(x(t), x2(t), x3(t), . . . , xn(t)). This
concept of nonlinear component separation is used in

Figure 1. System structure used for nonlinear analysis.

the identification procedure, where all degrees of n =
2 and higher are lumped together, as in Figure 1.

The analysis methodology follows directly from
above, where the output of each subsystem is com-
posed of a linear and nonlinear portion

Ỹ = ỸL + ỸN . (3)

Here the tilde signifies data, the subscript L denotes
the linear portion, and the subscript N denotes the
nonlinear portion. When a single-tone sine wave is
the input to a linear system, the Volterra expansion
to represent the output has degree n = 1 and orderm
= 2. In relation to the polymer sample under consid-
eration here, these are the values used to parameter-
ize the linear model for analyzing the first subsystem
(voltage-to-current). However, the same could not
be used for the second subsystem because the input
(current) may have already been distorted in the first
subsystem. Treating this signal as the known input to
the current-to-velocity subsystem, the linear output
will have content at each of the frequencies contained
in the current signal. Therefore, the power spectrum
was used to determine the necessary order (twice the
number of frequencies) for the linear output.

Once the linear portion of the signals was known,
the nonlinear portion was calcuated as the difference
between the measured signal and the linear Volterra
model

ỸN = Ỹ − YL
= Ỹ − hnlml

(X̃), (4)

where the subscript l on the order and degree in-
dicates the expansion of the linear Volterra model.
This nonlinear error signal is then used in the calcu-
lation of several Volterra models of varying order and
degree to find the minimum-parameter model. The
models are parameterized with a prediction data set
and their quality is assessed by simulating their re-
sponse to different data that will be called the valida-
tion data set. In determining the best model for the
nonlinear component, both the prediction and vali-
dation data sets are checked. Different data is used
to determine the best model because the measure-
ment signals will likely contain some level of noise.
This noise can create problems when parameterizing

Kothera 2



a Volterra model as the order and degree increase.
The calculation of the model parameters will work to
actually fit the noise, requiring a high order and de-
gree to get the prediction error to converge to zero, or
near zero. If noise is in one or both measurements, the
error will converge to some nonzero value that is pro-
portional to the amount of noise in the signals. This
noise-fitting that occurs in the prediction model will
lead to poor validation results, assuming the noise is
random, by creating an overly sensitive model. Since
the model would match the noise in the prediction
data, if the noise in the validation data differed at all,
as it would, the validation error could be very large.
This is why the concept of finding the “minimum-
parameter” model comes up. A minimum-parameter
model will fit only the general trend of a signal, leav-
ing the error convergence value in the validation data
to reflect the noise level.

With selection of the model parameters of the non-
linear component, this model can now be combined
with the linear component to give the total model
response

Y = hnlml
(X̃) + hnomo

(X̃), (5)

where the subscript o on the order and degree of
the nonlinear component refer to the minimum-
parameter model. Now that full model has been iden-
tified, the amount of nonlinearity is then determined
by comparing the model error of the full model to that
of the linear model. This shows how the addition of
nonlinear terms affects the error of the output pre-
dicted by the Volterra models. A preliminary study
showing the utility of this analysis methodology will
be discussed in the next section.

Preliminary Results

As a motivating example for studying the effect that
different solvents have on the actuation response
of ionic polymers, samples in two different forms
were studied. Each sample has Nafion r -117 as the
base ionomer, sodium as the cation, and platinum-
gold electrodes.19 The difference between the sam-
ples is that the first sample has water as the sol-
vent, while the second sample has been solvated with
the ionic liquid 1-ethyl-3-methylimidazolium trifluo-
romethanesulfonate (EMI-Tf). While differing in di-
mensions, they do maintain a 4:1 length-to-width ra-
tio (water: 8x2mm; EMI-Tf: 16x4mm). Sine wave
experiments measuring the applied voltage, actuation
current, and linear tip velocity were carried out and
are reported for the test condition of 1.5V and 5.0Hz.
Linear and nonlinear Volterra models were calculated
at this test setting and compared to determine how
much nonlinearity is contained in each response. A

Figure 2. Validation error plots at 1.5V and 5.0Hz: (a)
water sample; (b) EMI-Tf sample.

more detailed account of these voltage-controlled ex-
periments and their results can be found.20

Figure 2a shows the validation error plots for the
water sample and Figure 2b shows the same for the
ionic liquid sample. An interesting result is noticed
by comparing these figures. It can be seen in Fig-
ure 2a that the error of the degree 1 and 2 models
is consistently higher than that of the degree 3 and
4 models until higher order models become too sen-
sitive. This indicates that the nonlinearity here is
higher than second degree. When looking at Figure
2b, the same trend is not evident, possibly an indi-
cation that the response of the ionic liquid sample is
predominantly linear at these conditions. It should
also be noted that the minimum-parameter Volterra
models (hnm(·)) for this case is h32(·) for the water
sample and h34(·) for the ionic liquid sample.
In examining the time response for this test con-

dition, a similar conclusion can be drawn. Figure 3a
has the results for one cycle of the water sample and
Figure 3b shows the results for the ionic liquid. In
these plots, the left and right columns of plots re-
fer to prediction and validation results, respectively.
The top row of plots show the linear model fit to the
output data, the middle two plots show the nonlinear
component (linear model error) and the Volterra out-
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Figure 3. Time response plots at 1.5V and 5.0Hz: (a)
water sample; (b) EMI-Tf sample.

put for it, and the bottom plots show the combined
response along with the input. In this figure, the dot-
ted line is the input signal (voltage), the solid line is
the output signal (current), and the dashed line is the
noted Volterra model output. Comparing the linear
and nonlinear components to one another and to the
measured current signal in Figure 3a, it does appear
that the nonlinearity is a cubic mechanism since the
nonlinear component goes through three cycles in the
time it takes the linear component and input to go
through one. On the contrary, there seems to be no
discernible trend for the ionic liquid sample in Figure
3b. However, one thing to note with the ionic liquid
sample is that it draws much less current (approxi-
mately an order of magnitude lower) than the water
sample. This leads to higher noise levels in the cur-
rent measurement of this sample, as can be seen in
the plots of Figure 3b, but a more elaborate current
sensing system would be required to produce better
results.

Overall, the addition of the nonlinear model to the
water sample reduces the output error from 4.3% to
1.7%, while adding nonlinear terms to the model of
the ionic liquid sample gives no further reduction
from the initial 4.0% error with the linear model.

Figure 4. Actuation response of water sample at different
frequencies.

Since two subsystems are included in the actuator
system model, it should be noted that the current-to-
velocity subsystem results were similar to one another
for each of the samples, and it was the voltage-to-
current subsystem that highlighted the effects from
changing the solvent material. This gives evidence
that the electrical characteristics add more nonlin-
earity into the overall response of the system.

Another interesting finding was that when inves-
tigating the response at different frequencies for the
water sample, different levels of distortion were vi-
sually apparent. This is shown in Figure 4 for 1.5V
amplitude sine waves. On the left side are measure-
ments at 1.0Hz and results at 50Hz are shown on the
right. The figure shows that, in addition to solvent-
induced nonlinearity discussed above, the influence of
the nonlinearity also seems to have frequency depen-
dence. This will be explored further in the following
investigation.

Frequency-dependence Investigation of Nonlinearity

This section will focus in on the frequency depen-
dence of the nonlinearity that was shown in the pre-
liminary results. With the intent of producing more
directly comparable results, some modifications will
be made to the analysis procedure. As it was noted
before, the signal-to-noise ratio for the current sig-
nal of the ionic liquid sample was an order of mag-
nitude lower than that for the water sample, which
could affect the results. Due to limitations of the
current sensing circuit used for the preliminary re-
sults, a transconductance amplifier was constructed
and used for the results to follow. This amplifier takes
in a voltage waveform and produces a current sig-
nal of the same shape and proportional amplitude,
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Figure 5. Modified system decomposition.

allowing for a known current to be supplied to the
polymer and eliminating the poor sensor resolution
problem. The assumed structure of the model will
be modified with this adjustment. With current as
the new input to the polymer system, the electro-
chemical subsystem will be reversed from voltage-to-
current to current-to-velocity (I-V). Additionally, the
linear tip displacement of the cantilever samples will
be used as the system output because the displace-
ment measurements tend to be better than velocity at
low frequencies. This means that the second subsys-
tem has also been changed from current-to-velocity to
voltage-to-displacement (V-U). Figure 5 has been in-
cluded to show the new system. For this new system
description, subsystem 1 is the electrical impedance
and subsystem 2 is essentially the strain per unit volt.

Laboratory Setup

To conduct an experimental investigation using
the described analysis procedure, data from three
polymer samples was collected. Each sample uses
the commercially available Nafion r -117 as the base
ionomer and lithium as the cation. The first sample,
which will henceforth be referred to as Sample 1,
uses deionized water as the solvent and measures
(20x2x0.2)mm. The platinum portion of the elec-
trodes is chemically deposited with a thin gold layer
electro-plated over it. It was prepared using an
impregnation/reduction method.19 The second
sample (Sample 2) uses the ionic liquid 1-ethyl-
3-methylimidazolium trifluoromethanesulfonate
(EMI-Tf) as the solvent, and Sample 3 is solvated
with the ionic liquid 1-butyl-1-methyl-pyrrolidinium
tris(pentafluoroethyl)trifluorophosphate (BMPyr-
tris). The viscosity of EMI-Tf is 45cP and that
of BMPyr-tris is 224cP. Noting that water has a
viscosity of 1.0cP, this range spans two orders of
magnitude. Each ionic liquid sample also measures
(30x3x0.3)mm, which is different than Sample 1,
but since they maintain the 10:1 length-to-width
ratio, it is believed that they will not adversely affect
any conclusions. The electrodes of samples 2 and
3 have a layer of platinum applied as in Sample 1,
but the gold layer is hot pressed on. It should be
noted that the water sample will not tolerate the
hot pressing procedure, but since water samples
perpared as Sample 1 are the most common to date,
it was fabricated more as a baseline case. Table 1

Table 1. Summary of Actuator Compositions.

Actuator Sample 1 Sample 2 Sample 3
Component
Ionomer Nafion r Nafion r Nafion r

Cation Li+ Li+ Li+

Electrode Pt - Au Pt - Au Pt - Au
Solvent H2O EMI-Tf BMPyr-tris
Viscosity (cP) 1 45 224

summarizes the composition of each actuator, where
it is seen that the solvent is the only difference.

In these experiments, voltage, current, and dis-
placement were measured. For data acquisition, a
dSPACE DS2003 analog-to-digital converter and DS
2103 digital-to-analog converter were used. The A/D
converters had a 16-bit range and were set to ±5.0V
for Samples 1 and 2, and ±10.0V for Sample 3 be-
cause of higher impedance levels. A laser vibrometer
(Polytec OFV 3001 Controller and 303 Sensor Head)
was used to measure the tip velocity and displace-
ment of the cantilever ionic polymer actuators. The
sensitivity was adjusted from test to test depending
on the signal characteristics to ensure that the A/D
range was used as effectively as possible. The in-
put signal was generated by the dSPACE system and
passed through a transconductance amplifier to get
an input current. The voltage data collection oc-
curred at the output of the amplifier. Finally, to hold
the cantilever polymer and apply the electric field, a
test fixture with gold foil electrodes was used. Figure
6 has been included to show the necessary equipment,
along with the measured voltage (V), current (I), and
velocity/displacement (U) signals.

Two sets of experiments were run with these three
samples. The first are single-frequency sine wave
tests, scaled in frequency based on the mechanical
resonance of the first bending mode and occurring at
multiples of this resonance frequency of 1, 0.75, 0.5,
0.25, and 0.1. The amplitudes varied across the sam-
ples since the impedance plays a part in the voltage
measurement. The sample rate was also varied from
test to test, but was kept a constant multiple of the
actuation frequency over the frequency range, which
provided the same number of points per cycle in each
test. Setting this multiple to 200 allowed full use
of the sample rate range in the data acquisition sys-
tem. For the second set of tests, frequency response
functions where captured for each subsystem. The
input was a mean-zero Gaussian signal with various
root-mean-square (RMS) levels, depending on the im-
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Figure 6. Experimental setup for ionic polymer actuator
testing.

pedance of each sample, and band-limited based on
the mechanical resonance. For the ionic liquid sam-
ples, 15 data sequences were averaged, but only 5
were averaged for the water sample. This is because
the water sample dehydrates in an open-air environ-
ment and the testing time was kept below one minute
to avoid any potentially skewed results.

Single Frequency Results

Here the results from the single frequency sine waves
experiments will be discussed. Because plotted re-
sults were shown in the preliminary results section,
and because of the large number of results (15 test
conditions per sample), they will be omitted here. In-
stead the results for each of the test conditions will
be reported in tabular form for each sample. Tables
2, 3, and 4 show the Volterra modeling results for
samples 1, 2, and 3, respectively. In these tables the
amplitudes are ordered highest to lowest from top to
bottom and the frequencies appear lowest to highest
from left to right. Each cell of results displays the
average linear Volterra model error first and the av-
erage nonlinear Volterra model error last, separated
by the minimum-parameter nonlinear model form in
parentheses (hnm). To determine the effect of adding
nonlinear terms to each model, the linear error can
be compared to the nonlinear error. For instance,
in the first cell of Table 2 (8.0mA,1.68Hz), the lin-
ear model error of 6.6% is reduced to only 2.9% by
adding a nonlinear Volterra model of order m = 4
and degree n = 3. Looking at all the results, it can
be seen that some of the Sample 3 results for the V-U
subsystem appear to have unusually large errors. It

should be noted that this is caused by low signal lev-
els and drift in the displacement measurement, not
poor model construction.

In comparing the results for each of the actuator
samples, the most consistent trend that can be seen is
related to the electrical characteristics (subsystem 1).
That is, as the viscosity in the samples increases, the
linear Volterra model error between the input cur-
rent and output voltage decreases. This means that
with larger linear model error, the samples with lower
viscosity benefit more from nonlinear model terms in
more accurately predicting the measured voltage with
the given current signal. Figure 7 shows these results
for the three samples. The top plot shows the linear
error for Sample 1 (1.0cP), the middle plot shows the
error for Sample 2 (45cP), and the bottom plot shows
the results for the most viscous solvent, Sample 3, at
224cP. In this figure the vertical axis is the average
linear model error percentage and the horizontal axis
has the normalized frequencies. The frequencies were
normalized with respect to the mechanical resonance
for a more direct comparison, and the actual values
can be found in the tables.

Another indication of this nonlinear effect is appar-
ent when considering the degree of the Volterra mod-
els and the lack of an improved response prediction.
For example, several of the model degrees for the I-V
subsystem in Sample 3 achieved the best minimum-
parameter results with just another linear model (n
= 1), and the error is reduced very little with the ad-
dition of more terms to the model. When examining
the results for Samples 1 and 2, the nonlinear Volterra
models are nearly all of degree 3 for the electrical sub-
system, showing much improvement when comparing
the linear error to the nonlinear error. The fact that
so many of the minimum-parameter Volterra models
are third degree also provides more evidence that the
nonlinear mechanism could be cubic.

Looking more closely at these results, there is also
evidence that the nonlinearity could be amplitude de-
pendent. This is more clearly seen in the bottom two
plots of Figure 7, which correspond to the two ionic
liquid samples. It appears that the linear error in-
creases with the amplitude of the input current, im-
plying that the voltage response becomes more dis-
torted as the input level increases. Any trend relating
the linear error to the actuation frequency is less ap-
parent here, but the next set of results will show the
frequency response.

Frequency Response Results

To investigate any nonlinearity in the actuation re-
sponse of these materials over a larger number of
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Table 2. Volterra model errors for Sample 1 (values in percent, %).

Amplitude Sub- Frequency (Hz)
(mA-rms) system 1.68 4.19 8.37 12.56 16.75

8.0 I-V 6.6 (h34) 2.9 7.2 (h35) 3.9 7.1 (h36) 3.3 6.3 (h36) 2.3 7.5 (h34) 4.9
8.0 V-U 1.9 (h34) 1.2 2.8 (h35) 1.3 6.1 (h35) 1.4 1.4 (h36) 1.2 2.5 (h36) 1.3
4.0 I-V 6.2 (h35) 3.1 7.6 (h35) 6.3 7.4 (h35) 3.6 8.1 (h34) 7.1 4.3 (h36) 2.0
4.0 V-U 3.1 (h33) 2.1 2.9 (h36) 2.0 4.5 (h35) 3.2 1.6 (h32) 1.5 7.4 (h35) 3.9
2.0 I-V 8.1 (h34) 4.2 5.6 (h36) 1.8 9.1 (h26) 5.5 8.4 (h26) 4.4 7.9 (h35) 3.4
2.0 V-U 2.9 (h32) 2.0 4.4 (h24) 4.0 6.2 (h18) 6.1 4.1 (h14) 4.1 2.5 (h33) 1.6

Table 3. Volterra model errors for Sample 2 (values in percent, %).

Amplitude Sub- Frequency (Hz)
(mA-rms) system 1.10 2.75 5.50 8.25 11.0

5.0 I-V 5.0 (h37) 1.9 2.5 (h37) 0.6 2.4 (h36) 0.7 1.7 (h28) 0.7 2.8 (h34) 2.0
5.0 V-U 1.3 (h36) 0.5 1.8 (h42) 0.6 1.8 (h43) 0.5 6.5 (h28) 4.0 0.8 (h18) 0.5
3.5 I-V 2.3 (h34) 0.7 3.8 (h33) 1.9 2.9 (h37) 1.0 1.3 (h18) 0.6 2.7 (h37) 1.1
3.5 V-U 3.1 (h35) 1.2 5.8 (h33) 3.5 1.3 (h32) 0.7 4.7 (h34) 2.8 1.4 (h18) 0.6
2.0 I-V 5.2 (h37) 1.7 6.2 (h34) 4.6 4.9 (h35) 3.1 3.4 (h18) 2.2 3.3 (h35) 1.9
2.0 V-U 2.0 (h32) 0.7 3.9 (h37) 2.2 7.9 (h28) 4.3 8.7 (h33) 5.7 2.9 (h35) 1.9

Table 4. Volterra model errors for Sample 3 (values in percent, %).

Amplitude Sub- Frequency (Hz)
(mA-rms) system 1.2 3.0 6.0 9.0 12.0
1.25 I-V 2.0 (h34) 0.9 1.5 (h35) 0.8 1.2 (h18) 1.0 1.3 (h18) 1.1 1.2 (h23) 1.0
1.25 V-U 8.3 (h32) 7.6 6.4 (h18) 6.3 6.6 (h18) 5.7 9.8 (h14) 7.7 4.0 (h24) 3.3
1.00 I-V 1.9 (h28) 0.6 1.7 (h35) 1.1 1.6 (h18) 1.2 1.6 (h33) 1.4 1.3 (h33) 1.1
1.00 V-U 3.6 (h33) 3.5 13.1 (h34) 12.2 16.6 (h12) 16.6 10.7 (h18) 8.7 6.1 (h32) 5.8
0.75 I-V 3.5 (h35) 1.7 2.5 (h35) 1.5 2.3 (h14) 1.9 1.8 (h18) 1.4 1.4 (h23) 1.2
0.75 V-U 9.3 (h34) 8.6 16.6 (h33) 16.4 13.9 (h18) 8.3 20.0 (h28) 17.5 11.7 (h43) 11.5
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Figure 7. Linear Volterra model error of I-V subsystem.

frequencies, frequency response functions were mea-
sured. Figure 8a gives the subsystem 1 response,
which is the electrical impedance, and Figure 8b
shows the response of subsystem 2. In this plot the
displacement has been converted to strain according
to = ut/l2, where u is the displacement, t is the
thickness, and l is the length of the cantilever actu-
ator. This is an approximation assuming constant
curvature, which is reasonable up to, and including,
the first bending mode. Results from two different
input levels are shown. The lower is 0.5mA-rms (dot-
ted) and the higher is 2.5mA-rms (solid). Sample 1
is shown in light gray, Sample 2 is dark gray, and the
Sample 3 curves are black, so the darker the line, the
higher the viscosity of the solvent.

An indication of a nonlinear system is immediately
observed by the magnitude scaling seen in both plots.
Had the system been linear, an increase in the input
would correspond to the same increase in the output,
so the ratio would have remained constant. This is
not the case here, however. Instead there is a con-
sistent trend for all three samples that increasing the
input current produces less voltage, decreasing the
impedance, as seen in Figure 8a. This scaling ap-
pears to increase at low frequencies and vanish at high
frequencies, where the impedance levels off. It also
appears that actuators with higher viscosity solvents
have an increased scaling over the same change in in-
put RMS level. Figure 9a has been included to bring
out this viscosity-related trend more clearly. In this
figure the impedance magnitude ratios of low input
to high input are plotted for all three samples, where
it is seen that Sample 3 shows the least amount of
scaling and Sample 1 has the most.

Interesting to note is that these frequency response
results show, contrary to the sine wave results, that

Figure 8. Frequency response functions for different lev-
els of input current: (a) current-to-voltage; (b) voltage-
to-strain.

the response of Sample 3 is nonlinear in the same
frequency range, although the magnitude scaling is
relatively small. Re-examining the numbers in Table
4, it can be seen by comparing the errors of the linear
and nonlinear models that the addition of nonlinear
terms has more impact on lowering the output error
as the frequency decreases, which is consistent with
the magnitude scaling trend seen in Figures 8a and
9a.

Turning attention now to the strain plot, Figure 8b,
a decrease in the resonance frequency is noticed with
increasing input amplitude, in addition to the mag-
nitude scaling. It also appears that a lower viscosity
solvent will give a larger shift for the same increase
in input current. Figure 9b examines this shift more
closely by plotting the strain ratio from low input to
high input current. It is seen that the strain increase
is higher in Sample 1 than Sample 2 (lower ratio),
and Sample 3 actually shifts in the opposite direc-
tion since its ratio is greater than one. When taking
into consideration the impedance results (more cur-
rent produces less voltage), this can be translated into
saying that lower voltages, which draw more current,
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Figure 9.Magnitude ratios of low current to high current
input: (a) current-to-voltage; (b) voltage-to-strain.

cause greater levels of strain in the range tested. See-
ing that both in the preliminary results and in the
single frequency results mentioned above there was
evidence of a cubic nonlinearity, this decreasing res-
onance frequency and low frequency magnitude scal-
ing could also add support to this nonlinear form.
This statement is made in relation to the response
of a single-degree-of-freedom system with a softening
spring that behaves similarly to the results shown.

This apparent nonlinearity between voltage and
strain could be slightly misleading when considering
the actuator system as a whole, however. Under the
assumed model structure with current as the input
and displacement as the output, the voltage is an in-
ternal link between the electrical response and the
mechanical response. The results in Figure8a show
that there is a nonlinear relationship between the cur-
rent and voltage, so the nonlinear relationship seen
between the voltage and strain could be, at least in
part, a byproduct of this electrical nonlinear char-
acteristic. When examining the single-input, single-
output frequency response function of the complete
actuator system (current-to-strain), Figure 10 shows
that the low frequency magnitude scaling is less ev-
ident, but the shifting resonance can still be seen.
Additionally, these results show that the magnitude
near resonance is now scaled differently than in Fig-
ure 8b, with less motion resulting from higher cur-
rent. This indicates a nonlinear relationship between
current and strain, as well.

Conclusions

Both single frequency sinusoids and frequency re-
sponse functions were used to experimentally char-
acterize the nonlinear response of cantilever ionic
polymer actuators in three different solvent forms.

Figure 10. Frequency response functions of overall sys-
tem for different levels of input current.

Nonlinear Volterra modeling of the harmonic exci-
tations to the assumed system form of two serially
connected single-input single-output subsystems was
carried out, and results provide evidence that the
electrical response for higher viscosity solvents, such
as BMPyr-tris, is predominantly linear, while lower
viscosity solvents, such as water and EMI-Tf, re-
quire nonlinear input-output relationships to assure
low model prediction error. Frequency response mea-
surements confirmed the nonlinearity between cur-
rent and voltage by showing that increased current
results in lower voltage, and that higher viscosity
solvents cause less impedance magnitude scaling at
low frequencies. Additionally, the nonlinearity in the
mechanical response showed that the resonance fre-
quency decreased as the input increased, much like a
softening (cubic) spring system, and that the strain
magnitude scaling reversed depending on whether
current or voltage was consdiered as input. Being
that each of the input-output relationships for the
two subsystems and the overall system contain non-
linearity, it can be concluded that a more effective
model may allow the current and the voltage to di-
rectly influence the bending response of these ionic
polymer actuators. As such, future work will explore
the validity of different system structures, including
parallel-interconnected subsystems that allow both
the current and the voltage to contribute to the me-
chanical deformation.
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