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ABSTRACT

Limitations of conventional actuators and sensors in small-scaled and complex devices have diverted the researches’
attentions towards smart material transducers such as ionic polymer-metal composites (IPMCs). In addition
to actuation capabilities, IPMCs generate voltage when subjected to mechanical deformation. Utilization of
IPMCs as sensors has been studied much less than IPMC actuation, and direct comparison of sensing methods
is required for efficient implementation. This paper characterizes IPMC active sensing methods i.e. voltage,
current, and charge in terms of frequency responses, coherence, noise, and repeatability. IPMC is excited
mechanically between 0.08 Hz and 60 Hz under identical experimental conditions, while signal and displacement
are measured. The results provide an absolute comparison for IPMC active sensing dynamic methods, for a
typical IPMC (Nafion, Pt, Na+).

Keywords: IPMC, sensing, active, method, transducer, ionic polymer, electroactive polymer, smart material

1. INTRODUCTION

Future mechatronics will need to enable applications such as bio-medical instrumentation, micro-fluidic devices,
and bio-inspired robots that require increasingly complex and small-scaled designs with embedded sensors and
actuators.1 Therefore, we need suitable transducers both actuation and sensing.2 Ionic polymer-metal composites
(IPMCs) are are smart material transducers that can meet the needs of many of such applications. They are
miniaturisable, mechanically compliant, simple in structure, easy to scale, easy to shape, and easy to embed
into complex systems, as opposed to bulky and complex conventional transducers.3,4 IPMCs bend under low
voltage stimuli (actuation), and generate electric energy (and variations in impedances) when bent (sensing).5

The structure of an IPMC comprises ion conducting polymer such as Nafion, sandwiched between two metal
electrodes, most commonly platinum, palladium, gold, and silver.6 Typically it is cut into thin rectangular plate
shape.7

While IPMC actuation has been widely studied, IPMC sensing has received much less attention.8 Since
the discovery of IPMC sensing capabilities in 1992,9 sensing has been studied to either understand underlying
physical processes,10–12 investigate characteristics of particular sensing methods,5,13,14 or propose it for specific
application. For example, IPMC has been proposed for seismic,15 force,16 multi DOFs-position,17 vibration,18

bio-acoustic,19 pressure,20,21 flow,22 and tactile23 sensors. IPMC sensing methods can be categorized them
as: (1) Active methods base on uneven charge re-distribution across the polymer’s thickness, creating potential
differences between IPMC electrodes, as illustrated in Fig. 1;5,11,24–29 and (2) Passive methods rely on impedance
change of IPMC.13,30,31 This work focuses on active sensing methods.

IPMC active sensing methods measure either voltage,5,24–26,32 current,11,18,24,27,28,33 or charge20,24,34,35

between IPMC electrodes. Previous studies that report dynamic characteristics of these sensing methods vary
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Figure 1. Charge re-distribution within the IPMC polymer generating potential difference across its thickness when bent.

in terms of used materials, displacement stimuli, frequency ranges, and experiment conditions. Responses of
IPMC active sensing are well known to significantly depend on these parameters, and therefore absolute com-
parison between previously reported results is not useful. However, such comparison is required for efficient
implementation of IPMC sensors in practice.

This work aims to address these gaps by studying the dynamics of IPMC active sensing methods including
their repeatability behaviors. It provides an elaborated approach to our previously reported results36 by more
thoroughly investigating repeatability and noisiness of all active sensing methods. First, frequency responses
for all sensing methods are measured on the same IPMC sample under identical experiment conditions. This
includes same displacement stimulus, same tested frequencies, and same ambient conditions. We further extract
the Bode plots, coherences and signal-to-noise ratios (SNRs) for all methods. The results are then analyzed
and compared to each other, providing an accurate comparison of IPMC active sensing methods as well as their
individual dynamic behaviors. This is expected to be particularly useful in the future for efficiently implementing
IPMC for sensing.

2. EXPERIMENTAL SETUP

We construct a mechanical excitation system to provide sinusoidal excitation to IPMC (section 2.1), build signal
conditioning circuits to acquire respective signals (section 2.2), and further process them (section 2.3), in order
to identify their dynamic behaviors and compare their characteristics.

In all experiments, we use the same typical IPMC sample, i.e. of Nafion polymer coated with platinum
electrodes, ion-exchanged into sodium form and using water for solvent. The size of the sample is 7 mm by
30 mm with a thickness of ∼ 200 µm. It was manufactured in-house using chemical deposition of metal on
polymer.37

2.1 Mechanical Excitation System

The mechanical excitation system is built to provide sinusoidal excitations to the IPMC sensor. Its schematic
diagram is shown in Fig. 2 and the completed system is depicted in Fig. 3. IPMC excitations are provided by the
electromagnetic shaker B&K Type 4801 (D). The shaker is controlled by a PC with Matlab 2017a environment
via NI USB 6211 data acquisition board (A), which also acquires the sensing signals. Data acquisition board
output is first amplified and converted into current using a custom-made voltage amplifier (B) and further used
to drive the shaping amplifier TIRA Type BAA 120 (C). Two Opto NCDT 1420 laser triangulation sensors (G),
which are powered by a 24 V power supply (H), measure the displacements in both ends of the IPMC sample.
The difference between these displacements gives the IPMC tip displacement.

In order to achieve consistent displacements over the entire experiment frequency range we identify frequency
response of mechanical excitation system in Fig. 5 and use its inverse model to cancel out amplitude differences
between frequencies. Before compensation the shaker system behaves like a high-pass filter, greatly affecting
the low frequencies. With compensation, we are able to consistently excite IPMC with 1.8 mm displacement
peak-to-peak amplitude at all frequencies.
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Figure 2. Schematic diagram of the experimental setup. ’F’ is metal shielding box, which is equipped with either voltage
amplifier (G = 5.6 · 104), current amplifier (G = 1.16 · 105) or charge amplifier (fc = 15Hz and Ghf = 1011).
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Figure 3. Experimental setup. In (i), ’A’ is data acquisition board, ’B’ is voltage amplifier, ’C’ is power amplifier, ’D’ is
shaker, ’E’ is IPMC clamp, ’F’ is metal box containing measurement circuit, ’G’ is laser triangulation sensors, and ’H’
and ’I’ are power supplies. (ii) Closed-up photo of the experimental setup ’E’.

In experimental setup we couple the IPMC sample with two stainless steel leaf springs (see Fig. 3 (ii)).
This increases the stiffness and thus first resonance frequency of the excitation system, avoiding resonances at
investigated frequencies. This condition further restricts the bending of IPMC to only first mode shape. Higher
shape modes are avoided, because they consist of reciprocal curvatures on IPMC that cancel out some of the
signal. The used leaf springs are 0.10 mm thick and 7 mm wide. The free length of IPMC sample and the
springs is 22 mm.

Lower clamp of the IPMC and leaf springs is constrained from moving horizontally using a low-friction pin-
in-a-slot joint (see Fig. 3 (ii)). The top clamp is only moved horizontally by the shaker, and therefore the IPMC
(and leaf springs) experience only bending with no stretching.

During experiments, IPMC sample is excited at 25 frequencies, logarithmically distributed between 0.08 Hz
and 60 Hz. In order to ensure sufficient data for identification, each frequency is applied for at least 5 cycles and
4s. We repeat each experiment five times. All experiments are conducted in open air, where the surrounding
temperature is ∼ 23 ◦C, and relative humidity is 45 %.

2.2 Signal Conditioning Circuits

In this work, we use three signal conditioning circuits in order to measure voltage, current, and charge of IPMC
in response to imposed bending. Principle of operation for these circuits are illustrated in Fig. 4. During the
experiments, required amplifier is placed in the a metal box ’F’ in Fig. 2 and 3 to shield the measured signals
from the external interferences.

The first method of IPMC active sensing is measuring voltage between IPMC electrodes. Very high input
impedance of the voltage amplifier (see Fig. 4 (i)) ensures no voltage drop due to the measurement.38 In our
work, we use a voltage amplifier with the gain of 56000 V/V .
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Figure 4. Principle circuit diagrams of the amplifier circuit for IPMC active sensing and their couplings to IPMC.

The second method measures current that’s required to maintain zero voltage between IPMC electrodes. The
measurement circuit has virtually zero input impedance. In circuit shown in Fig. 4 (ii), the operational amplifier
maintains the voltage on its input at zero, and therefore outputs voltage that is proportional to the required
current on feedback resistor. Therefore, the circuit converts the current into voltage, and amplifies it.38 Our
two-staged current amplifier has total gain of 116000 V/A.

The third method measures charge generated by the IPMC. For that, IPMC sample is connected to a very
low input impedance integrator circuit that operates similarly to current amplifier and converts charge input
into voltage output using the circuit shown in Fig. 4 (iii). Due to finite open-loop gain and input offset voltage,
a resistor is needed in parallel with the feedback capacitor, resulting in a high-pass filter behavior.39 We use a
two-staged charge amplifier, the resulting cut-off frequency is 15Hz and our gain is 1011 V/C.

Frequency responses are experimentally measured for all of these circuits and plotted in Fig. 5. They will be
further required to convert measurement results back into IPMC voltage, current and charge.
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Figure 5. Identified bode plots for parts of our experimental setup: mechanical excitation system, voltage, current, and
charge amplifiers.

2.3 Signal Processing

After the experiments, resulting data of each sensing method is further processed to identify their frequency
responses, coherences, and signal-to-noise ratios (SNRs). We use ’tfestimate’ function in Matlab to obtain all
frequency responses from the measurement data. For each frequency, the frequency response component is
calculated as follows:

TF (ω) =
Psx(ω)

Pxx(ω)
(1)

where Psx is the cross power spectral density of IPMC displacement and the sensing signal, and Pxx is the power
spectral density of IPMC displacement. Coherences are obtained using ’mscohere’ function in Matlab, which
calculates coherence for each frequency as:

C(ω) =
| Psx(ω) |2

Pxx(ω) · Pss(ω)
(2)
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where Pxx and Pss are the power spectral densities of the IPMC displacement and signal respectively. This
estimate indicates the linearity between the measured sensing signals and IPMC displacement. In order to
obtain SNRs, we first calculate the amplitudes, A(k) of all frequency components, k in the measured signal using
fast Fourier transform, calculated by ’fft’ function in Matlab:

A(k) =

N−1∑
n=0

s(n)e
−j2πkn

N (3)

where s(n) is n-th component of the measured signal, j =
√
−1, and N is number of frequency components in

the spectrum. SNR is calculated as the quotient between the squared amplitude of the excited signal frequency,
A2

signal and mean square amplitude of noise, A2
noise, both are acquired from Eq. 3. Thus, SNR is calculated as

follows:

SNR [dB] = 10 · log10
A2

signal

A2
noise

(4)

Therefore, SNR indicates the strength of the signal’s power with respect to the average power of the noise.

3. RESULTS AND DISCUSSION

This section presents and discusses the experimental results based on methodology in section 2. We identify the
dynamic characteristics of IPMC active methods i.e. voltage, current, and charge. Before processing, signals on
the IPMC electrodes are calculated from the measured signals by using the inverse models of the sensing circuits,
identified in Fig. 5. Both average values and standard deviations for all experimental data are calculated to
characterize their repeatability.

As shown in Fig. 6, the magnitude in IPMC voltage sensing ranges from several to tens of µV/mm and
is highly frequency dependent, increasing at +1 slope in logarithmic scale between 0.08 Hz and 1 Hz, at
approximately +0.5 slope between 1 Hz and 10 Hz, at approximately +0.25 slope between 10 Hz and 60 Hz.
Phase varies between 90◦ and 180◦ and roughly increases with frequency. It exhibits good coherence above
0.2 Hz, indicating that voltage relates very linearly to IPMC displacement. SNR in voltage sensing rises with
frequency, increasing from ∼ 5 dB to ∼ 40 dB. Best repeatability i.e. lowest standard deviations is achieved in
the middle of our investigated frequency range.
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Figure 6. Dynamic characteristics of IPMC voltage.

The results for IPMC current sensing are shown in Fig. 7. Similarly to voltage sensing, the magnitude of
IPMC current increases with frequency until approximately 10 Hz. Standard deviations in current sensing are
relatively large up to 10 Hz, which is reciprocal behavior to voltage sensing. Phase of current sensing decreases
with frequency, remaining between 0◦ and 90◦ in our experiments. This method achieves good coherence for
frequencies above 1 Hz. Its SNR increases with frequency between 0.08 Hz and ∼ 1 Hz to approximately 20 dB,
and starts decreasing after 10 Hz.
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Figure 7. Dynamic characteristics of IPMC current.

Fig. 8 shows results for IPMC charge sensing characterisation. Magnitude and phase of the sensing sig-
nal vary without a distinct trend throughout the entire frequency range, with their means remaining between
2 − 20 · 10−12 C/mm and −90◦ to 180◦ deg respectively. Coherence and SNR become acceptable at 2 Hz and
1 Hz respectively, meaning that this method is not suitable for quasi-static operation.
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Figure 8. Dynamic characteristics of IPMC charge.

Therefore, IPMC active sensing methods are not suitable for low frequency operation becoming all unusable
below 0.2 Hz due to very low coherence and SNR. IPMC voltage sensing is best suited for frequencies between
1 Hz and 10 Hz, and its magnitude standard deviation becomes significantly diverges at higher frequencies.
IPMC current sensing is best suited for frequencies above 1 Hz due to its consistently high coherence, acceptable
SNR and decreasing standard deviation in the magnitude. IPMC charge sensing is most usable between 2 Hz and
10 Hz. Lower frequencies are limited by poor SNR and cherence, and higher ones by large standard deviation
in magnitude reading.

4. CONCLUSION

This paper presents an experimental comparative study of IPMC active sensing methods i.e. measuring IPMC
voltage, current, and charge. We experimentally characterize their frequency responses, coherences and signal-
to-noise ratios (SNRs). The same IPMC sample is used in all experiments. In all experiments, the IPMC is
excited with consistent displacement of 1.8 mm (peak-to-peak) at identical conditions between 0.08 Hz and
60 Hz. IPMC sensing signals are measured using dedicated amplifier circuits, and further processed, analyzed,
and compared in frequency domain. The results show that all methods are unsuitable for quasi-static operation
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and useless below 0.2 Hz. IPMC voltage sensing is best suited for operation between 0.2 Hz and 10 Hz, IPMC
current sensing for frequencies above 1 Hz, and IPMC charge sensing for frequencies between 2 Hz and 10 Hz.
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