Parametrization of ionic EAP actuators

Duration of the project: 01.01.2009 - 31.12.2012

Estimated total cost of the project: 1400000 EEK

Background of the project.

In engineering, actuators are frequently used as mechanisms to introduce motion, or to clamp an object so as to prevent motion. In electronic engineering, actuators are a subdivision of transducers. They are devices which transform an input signal (mainly an electrical signal) into motion. Specific examples are electrical motors, pneumatic actuators, hydraulic pistons, relays, comb drives, piezoelectric actuators, thermal bimorphs, digital micromirror devices, etc.

Electroactive Polymers (EAP) are polymers whose shape is modified when a voltage is applied to them. They can be used as actuators or sensors. As actuators, they are characterized by the fact that they can undergo a large amount of deformation while sustaining large forces [1-2]. Due to the similarities with biological tissues in terms of achievable stress and force, they are often called artificial muscles, and have the potential for application in the field of robotics, where large linear movement is often needed.

Research objects of the current project are the bending EAP actuators. The generally known examples of such actuators are Ionic Polymer-Metal Composite (IPMC) actuators and the multilayer conducting polymer (CP) actuators [1-5]. Both actuators bend in a response of a low voltage applied to them. The electrical input parameters and mechanical output of these actuators are pretty similar, but the physical and chemical processes causing the bending are rather different. The characteristic output of those actuators is a bending and relatively low force. The amplitude and speed of bending is remarkable. The voltage applied is low usually a few volts.
IPMC and CP are lightweight, soft and easily treatable materials. They have a lot of advantages compared to the usual mechanical actuators. It is easy to miniaturize these actuators. The EAP actuators are silent. As a result of their low content of metal they do not produce electromagnetic field nor are affected by the electromagnetic fields [5-6]. Due to the lots of specific properties the range of application of the EAP actuators is beyond the limits of the classical actuators, for example in a wet environment or where weight or the dimensions of the actuator are of critical relevance [7].
The first papers on IPMC and CP were published in the 90-s [8, 9, 10]. In spite of the about 15 years of research, there is no universal model describing the relationship between the electrical excitation and the mechanical response of the EAP actuators. In general, there are two kinds of the models describing the behavior of the EAP actuators: a) physical-chemical models [11, 12]. These models describe the physical, chemical or electrochemical processes causing the behavior of the materials at the level of  the pure research, but have a low practical value, as the specific parameters of the models are local intangible physical-chemical parameters - the concentration of the ions, the level of hydratization of the ions, etc. b) Electromechanical models [13-21]. The input parameters of these models are the input voltage or input current of the actuators, the output parameter is usually the deflection of the tip of the actuator or the force produced by the tip of the actuator. Such models describe pretty good the behavior of the specific actuator, but the models are not scalable, i.e. the parameters of the model should be redefined for the actuators of different sizes or for the actuators made of different materials.
The main goal of the current project is to reach a uniform understanding of the factors describing all bending EAP actuators and to research the short-term and long-term variations of the factors. The expected result of the project is an unitary scalable nonlinear model describing all bending ionic EAP actuators. The model is described by the easily identifiable macroscopic electrical and mechanical parameters.
The groundwork of the model stands on the 5 years of the research of IPMC in TUIT IMS Lab (IMS) [22-24]. An automatic device capable to change the flexion of an IPMC strip and measure the resistance of IPMC electrodes was built by B.Sc. J. Ježov in 2006 [25]. A procedure to measure the electrical parameters of IPMC is described in the Ph.D. dissertation of A. Punning [26]. This procedure is implemented also for parameterization of other EAP materials. The simplified distributed model is described in [22, 26]. The technique of determination of the isometric force and the mechanics of IPMC is described in the Ph.D dissertation of M. Anton [27]. J. Citerin has been investigated the CP and IPN-CP actuators for years [28-30].
By now all members of the senior personnel of the project have been researched only some specific properties of some specific EAP material. The current project is an opportunity to aggregate their experience and know-how and to develop the unitary methodology and the physico-electro-mechanical model describing all the investigated materials.
Main goals and work hypothesis of the investigation.

The hypothesis of our work is that

1. the behavior of the ionic EAP actuators can be described by an unitary (possibly nonlinear) model considering only the macroscopic tangible electrical and mechanical parameters;

2. parameters are not constant within the limits of the actuator;
3. parameters change during the single working cycle of the actuator.
The goal of the current project is to develop a distributed model of the bending ionic EAP actuators describing the relation between their shape and the electrical input parameters, taking into account the mentioned three conditions.
Research methodology
We presume that the whole resulting methodology is conducted with National Instruments LabView control software.
The tasks to fulfill the project are:

1. Development of the methodology and the necessary equipment for the measurements of the electrical parameters of the EAP materials. It must be possible to determine the momentary values of the parameters of the actuators as well as their possible alteration in the course of their working cycle. Since usually several parameters alter simultaneously, the original techniques and methods are required. For example it is not feasible to employ the widely used impedance spectroscopy, as some of the parameters alter substantially during the short working cycle of the actuators. The presumed electrical parameters of the materials are the impedance, the resistance of the electrodes, virtual capacitance and conductivity of the material, etc.
2. Development of the methodology and the necessary equipment for the measurements of the viscoelastic and mechanical parameters of the EAP actuators. The difficulty here is caused by the requirement that the actuator itself must be in its natural environment (air, water, some special solvent), the strain gauges must be generally in air. For that reason it is necessary to develop genuine appliances rather than to use the regular available equipment.The presumed viscoelastic and mechanical parameters are:

a. rigidity, Poisson coefficient, Young modulus, etc.

b. radius of bending, the speed of its alteration

c. dimensions;

d. distance from the initial state;

e. isometric force;

f. isotonic force;

g. the mechanical output power.

Using developed methodology, it must be able to determine the parameters as a function of the distance from the insertion/input contacts and of the bending angle.

3. Investigation of the relations between the mentioned parameters and the electrical input parameters (voltage, current, charge, power, etc.) of different EAP materials.
4. Investigation of the relations between the mentioned parameters of the actuators and their dimensions.
5. Framing of the model as a system of differential equations describing the behavior of the EAP actuators.

6. Formulation of the relationship between the resulting macroscopic model and the existing microscopic physical-chemical models or the microscopic models elaborated by ourselves.
7. Development of the analytical or numerical solutions to the differential equations forming the model.
8. Verification of the model using some well-known control task, for example inverted pendulum.

9. Investigation of the long-term variations of the factors, depending on their lifetime, number of performed working cycles, etc.

Objects of research

The EAP actuators are usually slight - with the dimensions from sub-millimeter to some centimeters. The mechanical force produced by EAP actuators is usually weak - some mN. Ionic EAP actuators are usually wet, i.e. contain water, some specific solvent or ionic liquid. Some EAP actuators are usable only in a specific environment - water or solvent. In that case the hydrodynamics of the environment should be taken into account. These terms dictate the complicacy of the methodology and equipment.
Some EAP actuators and materials are manufactured in TUIT IMS Lab (www.ims.ut.ee), some should be purchased from other universities or commercial companies.
Existing equipment

IMS Lab has two similar sets of equipment suitable for determining the parameters of small EAP actuators. The equipment consists of different National Instruments DAQ cards (analog and digital inputs and outputs) working at different sampling frequencies, preamplifiers, different transducers and a camera to record the bending movement of the actuators. The measurements are conducted with the National Instruents LabView control software. The equipment is capable to determine the electrical input parameters and the shape of the actuators. By attaching the additional contacts to the actuators, it is possible to determine the altering of the electrical properties of the actuators in the course of their working cycles. Fast (up to 400 frames per second) camera records the movement of the actuators synchronously with the measurements of the electrical parameters. It is possible to implement the camera in the control problems in order to obtain the signal for backfeed. The staff of the project has a long experience of programming in LabView.
The researchers and students of IMS Lab are capable to manufacture IPMC and CP materials. Postdoc J. Citerin can manufacture and test the CP and IPN-CP actuators.

The estimated results and importance of the project

This project represents an outline of applied research and focuses on practical applications supported by theoretical findings. The estimated result of the research is the description of the methodology and the necessary equipment capable to determine the parameters of EAP materials in situ. The methodology makes it possible to investigate the dependencies between the physical properties of the EAP materials and the manufacturing processes or chemical properties. It can be exploited in the process of development of new materials or mass production. The distributed model of bending EAP actuators describes can be implemented in the control problems.
The dependencies between the properties can be used e.g. for the ETF grant #7673 (Modelling ion and proton conducting polymer materials) and the resulting models can be used e.g. for the ETF grant #6765 (Electroactive polymer devices and their control).
Senior personnel of the project
· Andres Punning has got his Ph.D. in 2007 from Tartu University of Technology in applied physics and is currently a researcher in Tartu University Institute of Technology.

· Mart Anton is currently a Ph.D student and presumably will get his degree in summer, 2008. His Ph.D. work is titled “Mechanical modeling of IPMC actuators at large deformations”.
· Johann Citerin got his Ph.D. degree in 2007 in Evry University, France in the field of IPN-CP actuators. He is postdoc in Tartu University in 2008-2010.

Postgraduate students involved in the project

· K. Kruusamäe will presumably get his M.Sc degree in 2008 in the field of IPMC sensors and will become a Ph.D. student in TUIT beginning from autumn 2008.

· J. Ježov will presumably get his M.Sc degree in 2008 in Tartu University and will become a Ph.D. student in TUIT beginning from autumn 2008.
Other students involved in the project

· Must - Material technology M. Sc.

· Hunt - Applied Physics M. Sc.

More graduate and postgraduate students will be invited to join during the project.

International collaboration in the framework of the project

One of the senior staff of the project, J. Citerin got his Ph.D. degree in 2007 in Evry University, France. He is a postdoc in Tartu University in 2008-2010. Expectable he can arrange collaboration between Tartu and Evry Universities as the project lasts longer than he is in Tartu University. M. Anton will work during on year in Michigan University, USA. The Michigan University is expected to be the most significant partner of collaboration during this project due to the common subjects of research. Different EAP materials should be purchased from other universities using the personal contacts.
The estimated timetable of the project

The activities to accomplish the research goals are already started. Currently we have the methodology of determining the transient shape of the freely bending EAP actuators [22, 26] and of measuring the isometric force of actuators in the air environment in the case of different electrical input signals. The initial simplified version of the distributed model of IPMC is presented in [26].
Year 2009.

Development of the methodology to  determine the viscoelastic parameters (rigidity, Young modulus, Poisson coefficient, etc.) of the EAP materials and designing of the necessary appliances. We plan to determine the parameters independently from the electrical input exciting or from the bending movement of the actuators.

Development of the appliances of measuring the isometric and isotonic force produced by the actuators in the conditions where the environment of the actuator is wet, the force transducers are in air.
Development of the methodology to find outthe presumably changing electrical parameters of the bending actuators. This task requires the combining the modelling of the electrical equivalent circuits and the digital signal processing.

Concurrently to the development of the methodology the research of the properties of different EAP materials is provided in the basis of the materials manufactured in IMS Lab.
Autumn, 2009 1-2 graduate students are invited to join the project.

Year 2010.

The equipment and techniques of determining simultaneously several electrical and mechanical parameters of the EAP actuators depending on their electrical input signals. Advancing development of the universal distributed model. Development of the 2-dimensional distributed model. Testing of the model on the basis of the inverted pendulum is provided.

The active research of the dependencies between the properties and parameters of the different EAP materials is conducted in the basis of the EAP materials manufactured in IMS Lab as well as in the other labs.

Some additional students and one Ph.D. student are involved to the project. Possibly we can involve one student of applied mathematics.

Year 2011.

At the end of this year the universal methodology and the prototypes of the equipment of determining all necessary parameters of the EAP materials should be ready. The methodology is hopefully used by all the researchers and students of IMS Lab. Depending on their feedback the improvement of the methodology is performed.
The comparison of the results is performed with the EAP materials manufactured in other universities. We investigate the possibility to use combinations of different actuators. At the same time we also develop more sophisticated actuators with higher degree of freedom and model their behavior in order to verify our model.
Year 2012.
Expectable two Ph.D. students have got their degree in this year.

The experiments on the long-term stability of the EAP materials and actuators are performed. Development of the analytical or numerical solutions to the differential equations forming the unitary model. Analysis of the results for the definition of future activities is performed.
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