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Characterization of Electromechanically Active Polymers using Impedance Spectroscopy
Transducers composed of electromechanically active polymer composites can be essentially improved by electrical modelling of these materials using electrochemical impedance spectroscopy method. In this article, the concept of using ionic polymer composites as position sensors is presented using impedance spectra. Two different types of ionic polymers – Carbon-Polymer Composite (CPC) and Ionic Polymer-Metal Composite are considered.  Equivalent circuits of these two materials are specified. Additionally, a method for describing aging effects of the materials is discussed.
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INTRODUCTION

Electromechanically active polymer composites (EAP) are materials that exhibit changes in their size or shape when stimulated by an electric field. The most common applications of EAPs are actuators and sensors. Possible application fields for EAP transducers include biomedical applications, biomimetic robotic devices, space and military appliances [].  Siia on vaja veel paar lauset ja viidet! 

In the current paper we consider two types of ionic EAPs, which are rather similar in construction and operation, but are composed of different materials, and have substantial differences in operating mechanism. The materials considered are Ionic Polymer-Metal Composite (IPMC) and Carbon Polymer Composite (CPC). The common quality of the two materials is that they consist of polymer membrane, whose opposite planar surfaces are covered with layers of electrically conductive materials. The electric potential between the electrodes causes transverse movement of mobile ions inside the composite, forcing the actuator to bend. These actuators exhibit large actuation at the low applied voltage (usually less than 3V). 
These EAPs have also sensorial properties. Mechanical deformation induced by external forces causes transverse movement of ions inside the sheet; that in turn induces changes of electrical properties of different parts of the composite. These changes could be registered as short-circuit current between opposing electrodes or changes in impedance of different parts of composite. []

Ionic Polymer-Metal Composite (IPMC) is probably the best known type of ionic EAPs. The first publications about this material appeared in early 1990-s. IPMC consists of a thin ionic polymer membrane, covered by some inert metal electrodes at the opposite planar sides. Ionic polymer contains suitable mobile counter-ions to balance the charge of the anions fixed to the polymer backbone, and solvent – typically water or ionic liquid. Applied voltage causes the migration of cations inside polymer matrix, which in turn results with non-uniform distribution of the ions inside polymer. As a result, the polymer sheet bends towards an electrode with more negative potential. To avoid drying, the water-based IPMC actuators are used in aqueous or humid environment. A comprehensive review of the operating principles of IPMC can be found in [1], sensorial properties are thoroughly reviewed in [1-2]. The experiments described in the current paper were conducted with IPMC consisting of 0.25 mm thick Nafion® membrane plated with platinum electrodes. The introduced cations were Li+.
Carbon Polymer Composite (CPC; also PCC) has gained lot of interest and the research in a direction of finding the most perspective materials for this type of composite is of great significance. A CPC actuator is made of two layers of electrodes comprising carbon materials of high specific surface area. The electrodes are separated by a thin ion-permeable polymer film. The whole sandwich contains ionic liquid as electrolyte. The voltage applied between the carbon electrodes causes electro-osmotic effect in ionic liquid, which results in migration of the cations to one side of the material, and the anions to the opposite side. This results with different distribution of ions between the electrodes and – as usually cations are larger than anions – the whole material bends towards cathode. CPCs are operated in ambient conditions. [3,4] In this paper, we describe experiments using CPC materials composed of carbide-derived carbon (CDC), Polyvinylidene fluoride (PVDF) polymer and 1-ethyl-3-methlyimidazolium tetrafluroborate (EMIBF4) as the ionic liquid. 

Similar to supercapacitors, ionic EAPs are typically used at maximum possible working voltage (normally around 3V) to maximize strain and force characteristics. 
This article presents the impedance spectra of CPC and IPMC materials and their electrodes. The concept of using these two types of materials as position sensors is verified experimentally using impedance spectra. We also propose a methodology of describing the ageing effects of ionic EAPs with EIS methods.
IMPEDANCE BEHAVIOR OF EAP MATERIALS

Impedance of nanoporous systems and systems comprising ionic liquid and/or ionic conductance is extensively described in the literature. []

Carbon-derived carbon is a microporous material with controlled pore size distribution and very high electric double-layer capacitance. The pores in the CPC material can be described as a transmission line with distributed ionic resistance and capacitance. Transmission line behaviour can be observed both between opposing electrodes and between opposing ends of one electrode layer. 

In high frequency range, these types of materials behave as ideal resistors and in very low frequencies as ideal capacitors. 

EXPERIMENTAL
There exists a plurality of possible configurations for connecting the terminals of impedance measurement equipment to the ionic EAP material. Figure 1 represents the three configurations employed in this article for measurement of different properties of the devices.
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Figure 1. Different setups for impedance measurements. A – Electrode impedance;  B – Cross electrode impedance; C – Sheet impedance.  
An impedance spectrometer Parstat 2273, manufactured by Princeton Applied Research was used in experiments at frequencies 5 mHz  – 10 kHz, and the Precision Impedance Analyzer  6500B manufactured by Wayne Kerr Electronics at frequencies 20 Hz  – 100 kHz. All measurements were performed with sinusoidal excitation at 10 mV RMS.

Electrode impedance was measured by placing voltage terminals made of gold to opposite edges of one electrode layer of an assembled composite actuator (Figure 1: A). The effect of a separator and the opposing electrode layer was considered to be small, because the resistance between opposite edges of an electrode is known to be much smaller than between opposing electrodes. IPMC material was measured in hydrated state.

Impedance between the electrodes (hereinafter referred as cross-electrode impedance) was measured by placing clamp-shaped voltage terminals on opposing sides of one edge of an actuator (Figure 1: B). Again, it is apparent that the effect of surface impedance also contributes to this value.

Both, electrode and cross-electrode impedance were registered first in free deflection mode. After that, the composite sheet was bent to opposing sides trying to retain equal bending curvatures.

Material degradation effects are important to know for practical applications and are so far not paid much attention to in the literature. In ageing experiments of IPMC material, impedances were registered by placing a polymer sheet completely between voltage terminals with larger surface area than the sheet, as depicted in Figure 1C. 
RESULTS

EIS measurements
Impedance plot of CPC electrode depicted in Figure 2 shows mainly resistive behaviour at high frequencies (>10 kHz) and more capacitive behaviour at lower frequencies. As expected, the impedance magnitude of an electrode in expanded state i.e. along the convex side of a bent actuator, is more than twice of the magnitude compared to an electrode in lank state. This can be interpreted with increase of distance between carbon particles next to each other. However, we can see that the electrode impedance magnitude also rises when the electrode is compressed i.e. along the concave side of an actuator. We would normally expect an increase in conductivity in a compressed electrode as it has been already indicated in the case of IPMC material [David?, PunnSurfResEx]. Further on, the impedance phase graph shows clearly that the phase on the expanded electrode increases, and on the compressed electrode decreases in almost equal extent. From this data, we can conclude that it is possible to estimate the deflection of CPC actuator by registering the phase behaviour.
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Figure 2. Bode plot of CPC electrode in case of free deflection, concave (compressed) or convex (expanded) shape.
The impedance plot of lank IPMC material is presented in Figure 3.
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Figure 3. Bode and Nyqvist plots of the lank IPMC electrode.
Cross-electrode impedance spectrum of CPC material shows a strong increase in magnitude when sheet is bent on either (arbitrary) side. Although the sheet was bent to opposite sides to an equal extent, we can notice that the magnitude changes are very different. Figure 4 shows the behaviour of one sample; the proportions are different on different samples. We believe this behaviour has close connection with the behaviour of surface resistance described earlier. From the phase plot we can see that the phase declines in equal extent when bent to opposite sides. The behavior of the cross-electrode impedance of IPMC material depicted in Figure 5 shows a strong but almost equal change in impedance magnitude and phase when bent to opposing sides. 
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Figure 4. Bode plot of CPC cross-electrode impedance. 
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Figure 5. Bode plot of IPMC cross-electrode impedance.
EQUIVALENT CIRCUITS
The introductory equivalent circuit of IPMC is comprehensively described in [5 (Punn 2009)]. It consists of infinite series of infinitesimally short single units. Each unit comprises of discrete elements representing the impedance of electrodes and the impedance across the separating polymer layer. This equivalent circuit is eventually comparable to a sophisticated RC transmission line.

According to the measurements described hereinabove, we extend the approach described in [5] and we present the elaborated equivalent circuits for both materials considered. The circuits depicted in figure 6 are as well composed of distributed elements representing the impedances of the electrodes and the separating polymer layer. The equivalent circuits between surface layers (electrode effects suppressed) of both materials is proved being as described in [5], i.e. as the capacitance of the double layer coupled with the ionic resistance and ohmic resistance of the electrolyte or solvent. 
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Figure 6. Equivalent circuits for cross-sections of CPC and IPMC materials. IL stands for ionic liquid.
	
	IPMC
	CPC

	Double layer capacitance
	10 mF*cm-2
	20 mF*cm-2

	Ionic resistance
	Ω*cm-2
	Ω*cm-2

	resistance of the electrolyte or solvent
	
	

	Electrode resistance
	Ω/square
	Ω/square

	Electrode capacitance
	?
	?


Table 1. Typical parameter values measured
Additionally, we have observed several capacitive components in the electrode layers of both materials. The capacitive component in the electrode layer of IPMC is reported in [Kruusamäe 2009] and in case of CPC in [Takagi?]. This component can be explained by knowing the physical structure of the electrodes. The compliant stretching and bending electrodes are not just a homogeneous thin film, but consist of small particles formed during the fabrication of the material. The ohmic conductivity is constituted by direct contact of the conductive particles touching each other. The capacitive component is presumably originating from electric double-layer formed between the conductive particles. 

In the electrode of CPC material, we have observed an extra capacitance, not connected in parallel with resistances. This indicates that some particles in the electrode have no direct linkage and they are charged through electric field.  
AGEING EFFECTS

Ageing effects were performed on IPMC material only. 

When an IPMC material undergoes a large number of working (bending) cycles, various effects can occur. The metal cations associated with ionic groups in the polymer side-chains can be replaced by protons, therefore increasing (electronic) conductivity and resulting in the loss of ionic conductivity and decrease of deflection extent. Also, the polymer and electrode layer can be mechanically damaged and the material can be contaminated. It is however possible to regenerate IPMC by boiling in HCl solution for removal of contamination and reintroducing desirable ions after this.

To
 investigate such effects, upun an unused IPMC actuator was applied sinusoidal excitation signals and impedance spectra were registered consecutively before and after cycling, after changing counter-ions to H+ and after regeneration process, as depicted on Figure 7. The actuator was first cycled 20 000 times at 1.8 V and consecutively 3 600 cycles at 2.8 V. Figure 7 shows that smaller number of cycles at higher voltage causes more changes in impedance spectra than 20000 cycles at 1.8 V. No changes in the extent of deflection amplitude were observed in the experiment. After the change of all cations contained in the composite to protons
, the electronic (parallel) conductance increases in the order of one magnitude. Also we can notice an increase in parallel conductance after large number of working cycles. 
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Figure 7. Ageing of IPMC. Consecutive experiment was performed with a single IPMC actuator. 
This experiment shows clearly that higher working voltages lead to faster degradation of this type of material. Electrolysis of water contributes more at higher potentials. The Figure 8 presents the voltage-current dependence of in semilogarithmic scale. At potential of about 2.3 V the slope of the graph starts to increase rapidly, giving an evidence of more dominant redox processes on electrodes. An electrochemical window of water is known to be at 1.23 V. The cause of increase of suitable working potential in case of IPMC material by 0.97 volts is the deficiency of hydrogen ions inside the ionic polymer membrane. 
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Figure 8. Voltage-current relationship of an IPMC actuator with water used as solvent.  Notice an increase in current at 2.3 V 

REGISTERING OF IMPEDANCES AT LOW FREQUENCY RANGES

The EAPs considered in the current paper can have huge capacitance (up to several dozen mF*cm-2)  and moderately high resistance of electrodes. It is obvious that the characteristic area of impedance spectra is located at very low frequency range, often falling behind millihertz range. The measurements at microhertz range are extremely time consuming and in some cases cannot be carried out, as it is probable that the properties of the system under test will change during the measurement. 

To overcome this problem, we propose a straightforward approach. A (preferably non-inductive) resistor  of appropriate resistance is to be added in parallel with system under test. This will shift the characteristic frequency range of the whole system towards the high frequencies. Later, the effect of the extra resistor is subtracted from the resulting data. A diversity of equivalent circuits can be parameterized by this method using equivalent impedance conversion formulas found in the literature [].

CONCLUSIONS

From the EIS measurements, possibility of using CPC and IPMC materials as position sensors has been demonstrated. External bending of considered EAP actuators causes changes in both electrode and cross-electrode impedances. Ageing experiments with IPMC material indicate good durability when cycled at voltages low enough. 
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FRAGMENTS:
increase of ionic resistance (or double layer capacitance), which is caused by changes  of ionic mobility under elevated mechanical stress conditions
On higher working voltages, Faradaic processes are more likely to contribute to volumetric changes.
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