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Abstract

This paper describes a linear dynamic model of an elongated bending Electroactive Polymer (EAP) actuator applicable with deformations of any magnitude. The model formulates relation of a) voltage applied to the EAP sheet, b) current passing through the EAP sheet, c) force applied by the actuator and d) deformation of the actuator. In this model only the geometry of EAP piece and four empirical parameters of the EAP material: a) bending stiffness, b) electromechanical coupling term, c) electrical impedance and d) initial curvature are considered. The contribution of this paper is introducing a model that can be used to characterize the properties of different EAP materials and compare them. The advantage of the model is its simplicity and ability to provide insights in to the behavior of bending EAPs. Additionally, due to linearity of the model, the real-time control is feasible. Experiments, using Ionomeric Polymer-Metal Composite (IPMC) sheet from Environmental Robotics Inc., where carried out to verify the model. The experimental results confirm the model is valid. 
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1. INTRODUCTION

Bending Electroactive Polymers (EAP) are materials that are able to bend in response to electric stimulation and vice-versa [1]. Because of their unique shape, large deformation, and the simple construction, they offer new opportunities for designing devices [2-5]. There are many types of EAP materials with different properties. Different applications have different requirements. To compare EAP materials and choose the one best suited for given application we need a scalable model of an EAP sensor/actuator, where the behavior of different EAP materials with specific mechanical construction and actuation mechanism would be defined in the same terms.

The need of unified characterization and modeling techniques has been recognized before and some steps have been taken in that direction [6], [7]. However, no scalable general purpose model has been presented so far.

Several researchers have worked on finding dynamic scalable models for different specific EAP materials [8], [9]. However, these models do not consider large deformations. We consider deformation of EAP sheet large, if the deflection angle is greater than 90 degrees. A large deformation model is presented in [10], [11]. These models are static and nonlinear. To the best of our knowledge, no linear, dynamic, and large deformation model has been presented so far.

In this paper linear, dynamic, large deformation universal model of an EAP actuator is presented. The actuator consists of EAP sheet and a rigid elongation attached on top of it. The advantages of using elongation are listed in [11], [12]. The model considers initial curvature of EAP and enables concurrently varying load and position. We characterize a sample of IPMC and use the model to estimate the behavior of that sample.

2. The properties of EAP material

There are many different types of EAP actuators with different construction and actuation mechanisms [1]. In this section four empirical parameters are introduced, which can describe the behavior of EAP material. The parameters are independent from the geometry of the actuator.

2.1 Normalized bending stiffness

All EAP sheets bend in response to applied force moment. Lets denote change in curvature with 
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 and bending moment with 
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. A bending stiffness is defined as 
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. The bending moment is proportional to the width of the sheet 
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. In this paper, the bending stiffness is normalized with the width to describe the EAP material and is defined as
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In the case of homogeneous material with Young modulus 
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 and thickness 
[image: image7.wmf]d

, the normalized bending stiffness can be calculated from 
(2)

. An EAP actuator is usually made from a composite material. Even though, the material is not homogeneous it can still be treated using (2), where  GOTOBUTTON ZEqnNum120445  \* MERGEFORMAT  is the equivalent or effective Young modulus.
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EAP-s can also have viscoelastic properties. The viscoleastic properties of Conductive Polymers (CP) is addressed in [9], [13].The viscoelastic properties of IPMC-s have been studied in [14], [15]. To account with viscoelasticity normalized bending stiffness can be a function of frequency. 
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 and 
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 may be then looked at as phasors in complex form.
2.2 Normalized electromechanical coupling

Although the actuation mechanisms of different EAP materials has dispersed physico-chemical background, applied voltage generates a bending moment in the material. There are different models developed for CP-based actuators [16] and IPMC-s [8, 17] We consider electrically induced bending moment 
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 to be proportional to the input voltage 
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. It is reasonable to assume that 
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 is proportional to the width of the sheet 
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. The normalized electromechanical coupling 
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 is defined as
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Electrically induced bending moment my be frequency dependant [8], [9]. Therefore, normalized electromechanical coupling is a function of frequency.

2.3 Normalized electrical impedance

We simplify the model, so that the current 
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 through the material is proportional to the voltage 
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, where 
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 is complex frequency. It is reasonable to assume that 
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 is inverse proportional to the area 
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 of the sheet. The normalized electrical impedance is defined as
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The normalized electrical impedance is related to effective impeditivity 
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 of the material with thickness 
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 as follows:
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2.4 Initial curvature

An EAP sheet may have an initial curvature. This can be caused by non-symmetrical manufacturing or treatment. Ionic EAP-s may also have hysteresis because they contain one or more layers of porous materials [18]. The hysteresis in IPMCs is studied in [19], [20].
3. The Model

In this section we present a model to describe a bending EAP actuator.

3.1 The actuator

The actuator consists of a rectangular piece of EAP sheet in cantilever configuration. One end of the EAP sheet is clamped and a rigid elongation is attached to the other end (see Fig. 1). The rest of the EAP sheet can bend while a voltage is applied through clamps. No inertial nor friction forces are considered in our model.
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Fig. 1. Perspective view of the system.

3.2 Formulation of the task

Our model will formulate the relation of:

1) voltage applied to the EAP sheet,

2) current passing through the EAP sheet,

3) force applied by the actuator to resist the outer force acting on the actuator and

4) deformation of the actuator.

The model also considers the geometry of the actuator and properties of the EAP material as discussed in the previous section. Please refer to Table 1 for notations for the parameters.

We denote force applied by the actuator 
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 is applied to the actuator at a fixed distance from a point located in front of the contacts. The point is called “joint of the EAP sheet” and would be exactly in the middle of the free part of the EAP sheet in case of a straight sheet (See Fig. 2). The line segment between this point and the point where the force is applied to is called arm of the actuator. The length of the arm is denoted as 
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. The deformation of the actuator is defined by the angular deflection of the arm. The force applied by the actuator (force output) 
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 is always perpendicular to the arm.
Table 1. Notations of the model parameters.

	
	
	
	

	Type
	Meaning
	Notation
	Unit

	
	
	
	

	Dimensions

of the EAP

Actuator
	Length of free part of the EAP sheet
	
[image: image32.wmf]l


	
[image: image33.wmf]m



	
	Total length of the fixed part of the EAP sheet
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	Width of the EAP sheet
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	Arm length of the actuator
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	The parameters

of EAP material
	Normalized bending stiffness of EAP
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	Normalized electromechanical coupling of EAP
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	Normalized electrical impedance of EAP
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	Initial curvature of EAP
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	Signals

in frequency

Domain
	Angular deflection of the arm
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	Voltage applied to the EAP sheet
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	Force output of the actuator
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	Electric current passing through the EAP sheet
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Fig. 2. The geometric definition of parameters. This is the top view of the system. Please consider that the elongation is close to but not strictly parallel to the arm.

In our model, we assume that the bending moment generated by the outer force, curvature, and all four parameters of the free part of EAP sheet are uniform. In [21] it is shown, that IPMC actuator can be modeled as a hinge with joint in the middle. The error of such approximation is calculated. The results can be easily extended to other bending EAP materials. Based on that we may assume, that the radius of curvature of EAP sheet can be approximated as 
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3.3 Solution

In [11] it is shown that the mean bending moment caused by an external force is equal to the bending moment in the center of the bendable section. That bending moment is approximately 
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. This gives us the opportunity to utilize the theory in [11] for IPMC actuators with constant EIBM, which leads to the derivation of (6)

.
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From 
(4)

 and taking into account that area of the sheet is  GOTOBUTTON ZEqnNum484216  \* MERGEFORMAT  we get the electrical model of EAP actuator
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3.4 Inferences

From 
(6)

  GOTOBUTTON ZEqnNum621307  \* MERGEFORMAT  and 
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From 
(7)

  GOTOBUTTON ZEqnNum143634  \* MERGEFORMAT  and 
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4. The Experiments
In this section the system setup for the experiments is presented and details of implementation are discussed.

4.1 Experimental device

The experimental device consists of a rigid clamp with electrical contacts made of gold attached to an EAP test sample (See Fig. 3). A light-weight rigid elongation made of PC and carbon fiber is attached to the opposite end of sample. The free length of the sample can be freely adjusted by varying a length of EAP between the securing plates on the elongation. An isometric transducer MLT0202 from AD instruments is softly attached to the elongation at a desired distance. The strain is measured approximately perpendicular to the arm (and to the elongation) of the actuator. The actuator is oriented so that it bends at the horizontal plane, therefore gravity does not affect the measurements. In our system setup not the elongation but the clamp can be moved on a circular trajectory to achieve a desirable curvature of the test sample.

The angle of the clamp is controlled via rotary solenoid actuator type GDRX-035. The voltage is applied to EAP through 1Ω resistor, and EAP current is calculated from resistor voltage drop. Input voltages for EAP and solenoid are input signals of the system. The Strain, current, and solenoid position are outputs of the system. Input signals are generated and outputs are measured using NI PCI-6036 data acquisition device connected to NI SC-2345 connector block. Inputs are controlled and outputs read by NI LabVIEW [22] program.
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Fig. 3. The system setup. Diagram of the system setup (a) and close-up of the actuator (b).

A series of experiments can be generated in such a way that one or more parameters are variables. The system stabilizing and data acquisition minimum-time can also be specified. An average-cycle report is automatically generated after each test cycle.

4.2 The EAP material used in experiments

A type of ionic EAP called Ionomeric Polymer-Metal Composite (IPMC) was used in the experiments. The sample was purchased from Environmental Robots Inc.. Initially the sample was ionic-liquid based, but the solvent has been replaced by water. All experiments were performed with the same IPMC sheet, where the width of the IPMC sheet was 
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The IPMC sample is plated with a thick platinum coating to minimize the effect of surface resistance.
In order to keep the hydration level constant, while avoid immersing the test instrumentation into the water, a recirculation water pump (windscreen washer pump) system was used to wet the test sample (see Fig. 4).
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Fig. 4. Photo of the System setup. To keep the hydration level of IPMC constant water is pumped on it.

4.3 Measurement methodology

In this subsection the methodology used to identify the parameters of the material and the experiments to verify the model are discussed.

The parameters 
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 and 
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 were determined by exciting the system with sinusoidal voltage input and measuring the output force and current. The amplitude of voltage was 1.6 V. The frequency of the input signal ranged from 0.037 Hz to 25 Hz. The angle of the actuator arm was maintained at 0.

Our experiments are mostly done in 0–20 Hz range where the viscoelasticity is not significant [15]. Therefore,we may only consider the static bending stiffness. It means that in our case the normalized bending stiffness is just a real-valued constant 
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 were determined by measuring the output force of the actuator at two different deflection angles.
The experiments were carried out by varying free part and arm lengths. In case of each geometry also experiments at random voltages, angles, and frequency were performed. The total time consumed for the measurements in each geometry was about 40 minutes. All experiments were made at room temperature.

When the input signal starts, the system acquires a time to be stabilized. The stabilizing time on each 
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 and 
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 measurement was 4 seconds or 1 period minimum, and measuring time was 6 seconds or 6 periods minimum. The stabilizing time on each random experiment was 15 seconds or 1 period minimum,and measuring time was 8 seconds or 8 periods minimum. The stabilizing time on each 
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 and 
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 measurement was 10 seconds, and measuring time was 4 seconds.

5. Results

Experiments were performed to characterize the material described in section 4.2 and to verify the model presented in section 3. Please see Table 2 for details about the different dimensions of the actuators used in series of experiments. Note that the experiments with the first set of dimensions of the actuator are repeated at the end. In each series normalized electromechanical coupling 
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 and normalized electrical impedance 
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 were measured. Please see Fig. 5 for plots of measured average parameters 
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 and standard deviation. The measured
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 are coherent with the results presented in [8].

In Fig. 6 the filtered averaged cycles of signals from 4.series are presented. The electrical model of IPMC is known to be nonlinear [23]. Our results also show that there is a notable nonlinearity in the electrical response at low frequencies..

Table 2. The geometries used in different series of experiments.
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	1.
	6mm
	6.2mm
	19mm
	35mm

	2.
	6mm
	6.2mm
	19mm
	60mm

	3.
	8mm
	4.2mm
	19mm
	35mm

	4.
	8mm
	4.2mm
	19mm
	60mm

	5.
	6mm
	6.2mm
	19mm
	35mm
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Fig. 5. Plots of transfer functions a) normalized electromechanical coupling and b) normalized impedance.
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Fig. 6. Filtered averaged cycles of signals from 4. series.

In each series 24 experiments with random parameters were performed. The same set of randomly generated parameters was used each time to make results comparable. The limits of the parameters are given in Table 3. Before each experiment the parameters 
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 were measured – 24 times in each series. The normalized bending stiffness and the initial curvature measurements are presented in Fig. 7. Eventhough, the same IPMC piece was used for all the experiments in all series, 
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 vary notably.

The variation of the normalized bending moment can be explained by changes in the hydration process [24-27]. Using 
(2)

 from the mean normalized bending moment  GOTOBUTTON ZEqnNum120445  \* MERGEFORMAT  and thickness 
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 can be calculated. This is in the range of other equivalent Young modulus for IPMC reported in the literature.

In Fig. 7 (b) initial curvature measurements are compared with angle amplitude before the measurements. There is a strong correlation between changes in the angle and in the initial curvature. This can be explained by the hysteresis in IPMC material [19-20].
Table 3. Limits of the parameters in random experiments.

	
	
	

	Parameter
	Min
	Max

	Voltage – direct component
	-0.01V
	0.2V

	Voltage – alternating amplitude
	0V
	1.57V

	Deflection angle – direct component
	-15.1deg
	24.4deg

	Deflection angle – alternating amplitude
	0
	20.9deg

	Frequency
	0.0607Hz
	27.8Hz


The expected values for the random test outputs according to input signal parameters and previously measured material parameters were calculated on the basis of theoretical model and the result were compared to the measured output values. The difference of corresponding signals was expressed as relative deviation - root mean square deviation divided by mean root mean squares of signals. The relative deviation of the output force and current are presented in Fig. 8.
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Fig. 7. The normalized bending stiffness and initial curvature measurements. (a) normalized bending stiffness after experiments and (b) initial curvature after experiments.
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            (b)

Fig. 8. Relative deviation of (a) output force and (b) current.

6. Conclusions and discussion

Actuators with different geometries were made using the same IPMC piece. For each geometry, parameters of the IPMC material were measured. The variation in the normalized electromechanical coupling and normalized electrical impedance were small. The normalized bending stiffness varied notably, but that can be explained with changes in the hydration level. The noticeable variation in the initial curvature can be explained by hysteresis in IPMC. Experiments with randomly selected parameters were conducted and the results were compared with the model prediction. Only a small difference was found. We conclude that the model proposed in this paper is scalable and valid.

The electromechanical response of some IPMC actuators is known to be in nonlinear [28]. However no nonlinearity was observed in electromechanical response of given IPMC sheet in the given frequency range. At the same time electrical response was notably nonlinear.
Bending EAP actuators are know for large deformations and linear models for well established feedback control techniques. Yet to the best of our knowledge no linear model for any bending EAP actuator that would enable large deformations has been presented so far. In this paper such a model is presented and it is suitable for all bending EAP actuators. In addition the model considers dynamic behavior, initial curvature of EAP and enables concurrently varying load and position.
This model only holds when we consider all the parameters along the sheet to be approximately uniform. The bending moments generated along the sheet by outer force can be considered uniform only if 
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. Also in IPMC, the high resistance of the surface electrodes can cause the voltage distribution on the sheet to be non-uniform [8, 25, 29, 30]. The surface resistance also varies with curvature [31]. When the IPMC sheet is

1. sufficiently short,

2. surface conductivity is high enough, and

3. current is low enough,

electrically induced bending moment can be considered uniform along its length [11].

In the future for each type of EAP, the 4 empirical parameters should be modeled. At this stage, the normalized bending stiffness and initial curvature had to be measured before every experiment. It is also if the changes in  could modeled and estimated. For the future applications, if inertial forces need to be considered, corresponding terms should be added to model. Also electrical model should be improved to consider the nonlinearities. Many EAP actuators can be used as sensors. A similar model that was presented in this paper for EAP actuators should be derived for EAP sensors.
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