A distributed model of IPMC

1. Abstract

2. Introduction.
2.1. A brief overview of IPMC.
Although this is not vital, the common understanding of ionic polymer-metal composites (IPMC) is that they are a kind of electroactive polymers that bend in an electric field. A typical IPMC is an ion exchange polymer membrane covered with metal layer on both sides. The metal layers serve as electric contacts. Voltage applied between the conductive electrodes causes migration of the ions in the solvent inside the polymer matrix. That in turn leads to non-uniform distribution of the ions inside the polymer. As a result, the material deforms – bends. There also exists a reverse effect that makes it possible to exploit an IPMC as a mechanical position sensor: during bending caused by an external force, voltage is generated between the two faces of the membrane. Both electromechanical effects are caused by electrochemical effects - the movement of charged particles inside the membrane. [viiteid]
IPMC is also called in the literature as ICPF (Ionic Conducting Polymer gel Film), SPM (Solid Polymer Electrolyte Membrane), IPT (Ionic Polymer Transducer) [Farinholt 2007], IMPC (Ionic Metal Polymer Composite, ICPF (Ionic Conducting Polymer Film. 
2.2. Actuation of IPMC

In 1992, Oguro described the actuation function of the IPMC’s by bending them under applied voltages [Oguro 1992]. Almost the same time Sadeghipour et al introduced their ’smart’-material based accelerometer [Sadeghipour 1992]. Although the effect of actuation of IPMC is known about fifteen years already, the discussion about the mechanism of the actuation is not accomplished yet. [ Gennes_Electromechanical.pdf, Nasser Mechanoelectrical, Tadokoro]. However, all theories assume, that the deformation of IPMC is caused by the moving particles inside the solvent-swollen backbone of the polymer.
Märkus: Allpool kirjutame kõik juhul kui ionomeer on NIIPIDI_IONOMEER.

The backbone of IPMC is a hydrophobic fluorocarbon polymer sheet with fixed, hydrophilic anion groups. The backbone is highly swollen with a solvent – water or ionic liquid. During the fabrication of the material the proton connected to the terminal group (the chemical unit at the end of a side chain of ther polymer), is replaced with a cation. These cations dissociate in water and form an excess of free cations in the hydrated polymer. The remaining polymer chains will have negative charge. There exist two distinct theories (school (koolkonda)) of the importance of the solvent in the course of actuation of IPMC:

1. The originated free cations hydratize – the molecules of the solvent connect to the cations, as shown in Fig. 1. When an electric field is applied between the faces of the IPMC, the positive hydrated cations move in the fixed network of negative ions of the polymer towards the negative charged surface, causing expansion of  the polymer at one face and shrinkage at the opposite face. Figuratively, while one face of IPMC withers and shrinks, the opposite face becomes swollen with water and ions. As the result, the polymer network bends towards the shrinking face as shown in Fig. 2. A theory taking into account the hydratization of cations is proposed in 2000 by DeGennes et al [Gennes_Electromechanical.pdf] and Asaka [AsakaBending2.pdf].
It must be pointed out, that the described model is valid in the case of NIIPIDI_IONOMEER, for instance nafion. If the ionomer used is VASTUPIDI_IONOMEER, for instance flemion, the percolating ions are anions, the fixed network is charged positive and the bending performs to the opposite polarity.
2. The main cause of the deformation of the material are the electrostatical forces of displaced ions. The water is a passive component influencing the stiffness of the polymer network only. A thorough electrostatical model of IPMC is proposed by Nemat-Nasser [Nasser Mechanoelectrical.pdf]
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Fig.1. IPMC with no voltage applied
It is possible, that both mechanisms act concurrently and their relative importance depends on the solvent and ions used in the particular case. However we strongly believe that the fast response of the membranes to step voltage is due to electro-osmosis, the water quickly moving along with the mobile cations.

[image: image2]
Fig. 2. IPMC bends, when DC voltage is applied.

The ionic polymer actuator bends in the opposite direction  if the voltage is reversed. It is possible to gain electrically controllable deformation changes by altering the voltage between the faces of the actuator.

The amplitudes of the voltages capable to force IPMC to bend are usually some volts. 

2.3. Sensorial properties of IPMC

Sensing properties of IPMC were discovered by Sadeghipour et al in 1992[Sadeghipour 1992]. They demonstrated that the voltage produced by a small cantilever constructed from NafionTM was proportional to the acceleration.The initial sensing use was as a vibration sensor.

By mechanically bending the material, the solvent carrying the free ions is forced towards the region with the lower pressure. The distribution of the charges with respect to the neutral axis of the membrane is inflected. An excess of positive charges will result on the expanded side and a deficit of positive charges will occur in the contracted side of  the fixed network of negative charged polymer backbone. This phenomenon produces a voltage signal that can be detected at the metal electrodes. [Mingi Bonomo, ....] 
The amplitude of the voltage is reported up to some tens of millivolts [Ref]. According to the experiments carried out by the author of the current work, the output voltages of IPMC actuators were some millivolts, see Appendixes 1 and 2.

The dynamic response was observed to be highly repeatable with a bandwidth of over 100 Hz.
The sensing effect can be used for energy harvesting from ambient vibrations. [Viidet!]
2.4. Electromechanical models of IPMC

Although the actuating and sensing properties of IPMC are known over a decade, the state-of-the-art of the IPMC sensor and actuator technology is not thoroughly understood. This makes it difficult to predict the behavior of this material and therefore limits the potential applications areas. Several models are proposed so far to model the behavior of IPMC sensors and actuators.
The models of IPMC are derived from first principles and comprise the modeling of underlying electrochemical phenomena coupled to the mechanical bending of the sheet.
Generally the models represent an IPMC actuator in a cantilever configuration – one end fixed between a clamp serving as the input contacts. The input parameters of the models of the actuators are usually the input voltage or current, the output parameters are the displacement of the free tip of the actuator and/or the force generated by the tip. All authors have proved their models experimentally.
The nomenclature of the models presented here is not complete. The purpose of this short overview is only to demonstrate the variety of possibilities of modelling the electromechanical properties of the material.
Empirical models.

Historically, probably the first model of IPMC was developed by Kanno et al in 1994 - only two years after the discovery of the actuation phenomenon of IPMC.[Kanno 1994].  The model described the mechanical response of a cantilevered actuator to a step voltage input. The equation characterizing the movement of the tip of the actuator was a sum of exponentials:
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(1.1) 
The 9 parameters – constants A, B, C, D, E and time coefficients 
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were determined by curve-fitting the experimental results.

Newbury and Leo [Newb 1,2,3] propose a linear two-port model that can be used for both actuation and sensing for a cantilever actuator or sensor. The energy conversion between the electrical and mechanical domains can be represented using an ideal, linear transformer, where the electrical quantities are shown on one side of the transformer, and the mechanical quantities are on the other as shown in Fig. New.

[image: image5.emf]
Fig. New. The model of Newbury and Leo.

The electrical quantities are on one side of the transformer, and the mechanical quantities are on the other as shown in Fig. New. There are two mechanical terms in this model - mechanical impedance due to stiffness and an inertia of the cantilever beam -  and two electrical terms (DC resistance and charge storage). 
Lumped models

Several authors have proposed their models of IPMC in a form of a lumped electrical equivalent circuit where the input parameters - voltage, or current - are converted to the output parameters – tip displacement, force or power – using the rules of solving electrical circuits and associating the electrical parameters .
Jung et al investigate the response of a bulk of IPMC in a frequency domain and describe the results as a lumped high pass filter as shown in the Fig. Ju. [Jung]
[image: image6.emf]
Fig. Ju. Jungi model
The frequency response of such filter is described by the formula containing experimentally derived values of resistors and capacitors:
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Where the time constants 
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are functions of the resistors and capacitor. With the model the analysis of power consumption was performed for rectangular, sinusoidal and triangular input waveforms.

Bao et al have modelled IPMC taking into account the effect of relaxation of bending of IPMC noticed by many authors [viiteid!]. Under a step voltage, after a very quick bending towards anode, the strip shows a slow relaxation towards cathode. The model assumes that the positive ions bring more water to the cathode than the water they should be associated in equilibrium. There is a diffusion of the water back to the anode after initial moving to the cathode.
The model is a circuit, similar to the model of Jung, consisting of resistors and capacitors (Fig. Bao).[Bao 2002].

[image: image10.emf]
Fig. Bao

Under step input voltage the input current of the circuit is expressed as

[image: image11.emf]
The electromechanical response of the actuator is expressed as a function of current – the movement of the cations together with associated water molecules in the electrical field. 
[image: image12.emf],
where q is an electrical parameter – electric charge and k is a mechanical parameter of the actuator – curvature. K1, K2 and tau can be found by curve-fitting the experimental data. 

The model assumes that the model without relaxation is a special case of a model with relaxation, in the simplest case the curvature is proportional to the current:
[image: image13.emf], or dk/dt=K1*I(t)

Bonomo et al elaborate the model by adding to the circuit a pair of antiparallel diodes describing the nonlinearities of the input current absorbed by the actuator [Bonomo 2007]. The influence of the diodes appears when only the input voltage exceeds some critical value. The diodes in the model are described by adapting the Shockley ideal diode equation.

The mechanical response of the actuator is induced by the current terms flowing through the branches R2C2 and R3C3 reflecting the capacitive nature of IPMC. The coupling between the electrical parameters and deflection of the beam is realized similarily with the linear model of Newbury. This model takes into consideration the viscoelastic properties of IPMC.
[image: image14.emf]
Fig. Bon. Model of Bonomo.
About two years since their first model Kanno et al have proposed another, distributed model of IPMC. [Kannomudel]. 
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Fig. Kann. A distributed model of Kanno.

The actuator is divided into ten elements consisting of circuits similar to the models of Bao or Jung, described above (Fig. Bao, Fig. Ju). The model of the IPMC shown in Fig. Kann consists of a series of connected resistors Ra and Rb, indicating the surface electrodes along the IPMC. Between the resistors representing the two surfaces are single-unit cells consisted of resistors Rx representing the resistance of polymer gel layer as an electric conductor and a capacitor C in conjunction with resistor Rc representing  the characteristics of the exponential step response curve of the current. This combination forms a 2-dimensional linear approximate model of the IPMC.

The electromechanical coupling is divided into three stages: 

1) Electrical stage: the electrical input current is derived from the input voltage pulse;
2) stress generation stage: time derivative of the current generates internal stress for bending with a 2-nd order delay;
3) mechanical stage: expansion and contraction of the surfaces induces bending motion of the actuator;
As a result, the current, stress generation function and the mechanical response are expressed by the equation, similar to that of the piezoelectric element.

[image: image16.emf]
Another similar distributed equivalent circuit is described by M. Shahinpoor [ShEacta]. In this approach the units are connected in a series of resistors representing surface resistance. There are four elements in each single unit: the resistance of the polymer; the capacitance representing the double layer at the surface-electrode/electrolyte interface and the electrode resistance Rss applied between the surface conductivity and other elements. The element Zw is described as an unknown intricate impedance caused by charge transfers near the surface electrodes
[image: image17.emf]
Fig. Sh. 
2.5. Fabrication of IPMC

Krt, kas tootmisest ongi mõtet sissejuhatuses ültse kirjutada, see läheb väga teemast välja, ma pole päris petsjalist ka. Isegi kui, siis üle ühe lehekülje ei tee.
The current state-of-the-art IPMC manufacturing technique incorporates two distinct preparation processes: initial compositing process and surface electroding process.  Due to different preparation processes, morphologies of precipitated platinum are significantly different. The initial compositing process requires an appropriate platinum salt such as Pt(NH3)4HCl for the chemical reduction processes.  The principle of the compositing process is to metalicize the inner surface of the material (usually, in a membrane shape, Pt nano-particles) using a chemical-reduction ingredient such as LiBH4 or NaBH4. The ion-exchange polymer is soaked in a salt solution to allow platinum-containing cations to diffuse via the ion-exchange process. After this process, a proper reducing agent such as LiBH4 or NaBH4 is introduced to platinize the materials by molecular plating. As can be seen in Figure 4, the metallic platinum particles are not homogeneously formed across the material but concentrate predominantly near the interface boundaries.  It has been experimentally observed that the platinum particulate layer is buried a few micron deep (typically 1-10 m) within the IPMC surface and is highly dispersed. The near boundary region of an IPMC strip on the penetrating edge of the IPMC shows a functional particle density gradient where the higher particle density is toward the surface electrode. The range of average particle sizes was found to be around 40-60 nm. The polymer-metal interface has critical influence on the IPMC performance; yet, the relationship is not well understood.
Deciding on the basis of the scientific articles published in the last few years, the most frequently used ionomers are NafionTM from DuPont and FlemionTM from Asahi Glass.

Impregnation

Lahusest

Casting [IPMC_casting.pdf]
Kuumpressimine

Li+, Na+, Cs+, and Ca2+, as well as the larger organic cations tetraethylammonium (TEA+) and tetrabutylammonium (TBA+).

2.6. Possible applications of IPMC

The high strains of IPMCs make them attractive as mechanical actuators for applications requiring large motion but little force. The low driving voltage and high current make them suitable for the applications where high voltages are contra-indicated.
There exist a rapidly increasing number of studies where one or another of these properties is exploited for a great variety of applications. For example, IPMC sensors are investigated as vibration sensors for active noise damping [XXX]. Even a larger amount of studies make use of the actuator properties of the IPMC materials. Their large actuation strain, displacement and flexibility make them suitable for artificial muscles in bio-inspired devices. During the last years many prototypes have been developed and reported. Some of these devices demonstrate that IPMC actuators are suitable for mimicking locomotion of aquatic animals [XXX]. Other applications using IPMC actuators include a bi-ped walking robot [X], pumps and grippers [X].

Siia veel pool lehekülge juttu võimalikest rakendustest, kaasa arvatud oma kalad.
2.7. Research Goals and Contributions

A dominating part of the models published in the scientific literature to date describe IPMC actuators as a single piece with lumped parameters. The commonly used input parameters are electrical: voltage or electrical current. The output parameters are the mechanical parameters of one particular point of the actuator, usually the tip – displacement of the tip or blocking force of the tip.
In the course of the experiments carried through, a new methodics of describing as well as the electrical parameters as the shape of IPMC were developed. By attaching to the conducting surface of an actuator or sensor additional contact terminals, it is possible to measure the distribution of voltage on separate regions of the device. By recording the bending movements of the device with a fast CCD camera and analysing the changing curvature of the device on each particular recorded image, the bending movement of the device can be characterized in detail. Immobilizing the device wholly or partly allows to separate the electrical signals caused by mechanical and electrical properties  The developed methodics with some examples is described in Chapter 3.
By combining the electrical parameters and using the results of the experiments carried out, a new electromechanical model of IPMC has been derived. The basis of the model is RC transmission line. The model assumes that the curvature and blocking force of IPMC-based actuator are usually not necessarily uniform. The output of the model is the variating distribution of the curvature of the actuator. The model and some simulations are introduced in Chapter 4.
Close inspections of the parameters of IPMC actuators revealed, that the resistance of the metal electrodes of IPMC is not unchangeable. The surface resistance depends on the shape of the particular piece in the particular area. The changing surface resistance affects significantly the behaviour of IPMC-based actuators and sensors. Description of the phenomenon of the altering surface resistance and the refined model is described in Chapter 5.
The effect of the variable reisistance of the electrodes of IPMC is exploited in the principle of a self-sensing IPMC actuator described in the Chapter 6.

The distributed electromechanical model of IPMC incorporates several electrical parameters. The possible methodology of identification of the parameters is presented in Chapter 7.

On the ground of the distributed model of IPMC with variable resistance of the electrodes the actuator may have more than a single pair of feeding contacts. A S-shape actuator is described in Chapter 8.

If not noted otherwise, all experiments and measurements described in the current work and appendixes, have been conducted using the IPMC material - Musclesheet™, provided by BioMimetics Inc. in 2004. Musclesheet™ consists of a 0.2…0.5 mm thick proprietary ionomer, similar to Nafion, covered with platinum electrodes. The ions introduced to the ionomer were Na+ or Li+. Musclesheet™ is a water-containing IPMC, intended to work in wet environment. If not noted otherwise, in the course of the experiments the pieces of Musclesheet™ have been completely submerged in a container of deionized water.
3. Electromechanical characterization of IPMC
3.1. Characterization of electrical parameters
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Fig. 3.1.1
The schematic of the setup of the measurements is shown in Fig. 3.1.1. The actuator is clamped in vertical cantilever position in a container filled with deionized water. The input voltage is conducted to the actuator via the fixed contact pair U2 and ground contact. At the free end of the actuator another pair of contacts is attached. These contacts together with their clamp should be as lightweight as possible in order to prevent any mechanical disturbance. Some examples of the clamps are presented in the Fig. 3.1.2.
[image: image19.jpg]



Fig. 3.1.2. Clamps.

The wires connecting the contacts U3 and U4 and the measuring system should be thin (0,05 mm) to prevent them from disturbing the actuator. As the measured parameter is voltage, the electrical current in the wires is inconsiderable and there will be no voltage drop on the wires.

The electric input current is measured as a voltage drop over the resistor R. The value of the resistor should be chosen as low as possible, but still sufficiently high according to the value of the current and the sensitivity of the measuring equipment. In the course of the experiments described in the current work the value of the resistor R was 0,05…1 Ohms.
[image: image20.jpg]



Fig. 3.1.3. A cantilever IPMC actuator with a pair of additional contacts.

The measurements  were conducted with  National Instruments LabView7 control software. Due to the features of the equipment available the measuremets were performed using a “common ground” circuit, i.e. all voltages were measured with respect to the ground and one input contact of the IPMC sample was also connected to the ground. The driving voltage was generated by NI PCI-6703 DAQ board and amplified with NS LM675 power op-amp. Voltages on all contacts with  respect to the ground  were measured with National Instruments PCI-6034 DAQ board. This setup makes it possible to measure the response voltage drops along the surfaces of the device in a time domain. The voltage between the  contacts is calculated as a difference of the two signals.
Fig. 3.1.4 depictures typical recorded voltages. The voltages between the contacts at the free tip of the actuator U3 and U4 increases and decreases roughly exponentially while the voltage drop along the actuator is completely uneven.
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Fig. 3.1.4. Behaviour of voltages along an actuator and between the sides at the tip.
If the contact clamps are sufficiently lightweight and the actuator is strong enough, attaching more contact pairs to the device allows to monitor the behaviour of the voltages along the device in detail. The experiments given in the Appendix 4 are implemented using 3 pairs of contacts. A typical behaviour of the voltages in a time domain recorded with 3 pairs of contacts is depictured in the graph in Fig. 3.1.5. The graph describes the slow propagation of the input rectangular voltage pulse along an actuator. 
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Fig. 3.1.5. Distribution of propagating rectangular voltage pulse
The experiments exhibit, that the voltage along the surface is not uniform, but grows and propagates slowly alike charging and discharging capacitor. This is caused by the capacitive nature of IPMC and sufficient surface resistance. In case of rectangular input voltage pulse the voltage grows faster at the input contacts and more slowly at the free end of the actuator. After disengaging, the voltage decays faster at the input contacts and slower further from the contacts. As a result the actuator performs a sharp bending movement. The voltage between the sides of the tip equals with the input voltage only in the case of  sufficiently long-lasting input voltage. 

The voltage between the sides of the tip of the device depends on the conductance of the surface electrodes and the electrochemical pseudocapacitance of the particular piece of the material.
3.2. Characterization of shape.
As explained hereinabove, generally the models of IPMC do not characterize the shape of IPMC-based devices. Generally the models describe the movement of the tip or the blocking force of the tip of the device. The equipment used to characterize the parameters are for instance laser position sensor or force gauge [XXX].
In order to describe the mechanical movements of the actuator, a simple system of computer vision was developed. It consists of a fast CCD camera and PC with image processing software. The National Instruments Vision was used for both - frame grabbing and image acquisitioning.

The bending movements of the actuator are recorded with a camera. We used the high-speed firewire camera Dragonfly Express from Point Grey Research Inc. The camera is capable to record image at the speed of up to 200 frames per second. The direction of camera is set transverse to the actuator and the experiment is illuminated from the rear through a frosted glass. In perfect conditions the image of the actuator recorded in such way consists of a single curved contrast line as depictured in the Fig. 3.2.1. It is easy to use image processing software to process the shape of the actuator during each particular frame.

[image: image23.jpg]



Fig. 3.2.1. A frame imagining the shape of an actuator. The input contacts are above and the free moving tip with contacts is below.

We describe the movements of an actuator as follows. The image processing software divides the image of the actuator into vectors with equal lengths as shown at Error! Reference source not found..2.2. For each vector it’s angle against the direction of the previous vector ai is registered. The matrix of changing angles a1 ... an describes the bending movement of the actuator. This method of describing the shape of the actuator allows to represent it’s mechanical bending movement in a time domain as a series of 2D graphs, or more illustratively as a 3D surface. 
[image: image24.jpg]


   

Fig. 3.2.2 

Fig. 3.2.3. shows the resulting experimental data characterizing the changing curvature of the surface in time. It can be observed that the bending of the sheet is faster and stronger close to the input contacts, getting progressively weaker as well as delayed towards the free end of the sheet.
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Fig. 3.2.3 Mechanical response of an actuator to a step input voltage.

The actual number of vectors depends on the optical resolution of the camera. Using the lense OBJEKTIIVI_MARK we were able to divide the shape of IPMC into 5…12 vectors.

3.3. Combination of the electrical parameters and shape.

The CCD cameras are usually capable to record images only in some fixed relatively low frame rates.  The equipment of electrical measurements is capable to measure the voltages and record the results in a very fast speed. It is not necessary to attempt to synchronize the two processes. Scaling the two graphs to a common scale in time domain and positioning one above the other gives opportunity to compare the electrical and mechanical parameters. It turns out, that the two graphs - graph of spreading voltages and graph of bending angles are strikingly similar, as depictured in the Fig. 3.3.1.

[image: image26]
Fig. 3.3.1. Need võtan mõnest katsest, mul on publitseerimata mõõtmisi palju.
4. Distributed model of IPMC

The fact that as well as the voltage as the curvature are spreading along the actuator in a finite limited speed, and the described likeness between the two graphs motivated me to develop a distributed model of IPMC.

As a basis of the model is the distributed model of IPMC proposed by Kanno et al in 1996 described afore. [Kannomudel]. Originally Kanno divided a piece of IPMC into ten similar segments and modelled the relation between the input current and tip displacement. Dividing the same piece into an infinite number of infinitesimally short similar segments, results RC transmission line. In practice we often encounter RC networks - coaxial lines, waveguides, interconnections in an IC, channel regions of FET, DRC lines, thin-film capacitors, etc. Actually, the elaborated model of Kanno depictures IPMC as a leaky distributed thin-film capacitor with poor conductivity of the electrodes and considerable shunt losses. In fact, the circuit represents a lossy RC-transmission line.
In the current paragraph first a short overview of transmission lines is given and some problems solveable in a closed-form are described. Next - the model of IPMC as a transmission line is described in conjunction with the suggested electromechanical coupling. At last possible alternatives of simulation of the model with some examples of the simulations are given.
4.1. Overview of RC transmission lines.
In general, the DRCL model represents the transmission line as an infinite series of elementary components, each representing an infinitesimally short segment of the transmission line. 

· The distributed resistance R of the conductors is represented by a series resistors;
· The capacitance C between the two conductors is represented by a shunt capacitor C; 
· The conductance G of the dielectric material separating the two conductors is represented by a conductance G shunted between the signal wire and the return wire.
Although the model consists of an infinite series of the elements, the total values of the elements R, C and G are finite.
The theory of RC transmission lines is known for a long time already. The impedance and step response of transmission lines are well-known and thoroughly represented problems.
See õuvervjuu kipub kangesti pikaks minema, aga ilma ka ei saa, ma kirjeldan ära peaaegu ainult need valemid, mida ma oma mudeli juures edaspidi kasutan.
Uniform distributed RC lines.

If the values of the distributed resistance, capacitance and conductance of DRCL per unit length are considered constants, the DRCL is called uniform - UDRCL. 
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Fig. 4.1.1. The simple UDRCL. 
The pair of linear differential equations which describe the voltage and current on an electrical transmission line with distance and time are called as the telegrapher's equations (or just telegraph equations). The equations come from Oliver Heaviside who developed the transmission line model. The theory applies to high-frequency transmission lines (such as telegraph wires and radio frequency conductors) but is also important for designing energy transmission lines. The model demonstrates that the electrical current can be reflected on the wire, and that wave patterns can appear along the line.
The equations for a simple lossless transmission line are:
[image: image28.emf]
Substituting the first equation after derivation into the second equation results in
[image: image29.emf]
This shows that the time-dependent voltage along the line v(x,t) is determined by a homogeneous, constant-coefficient, second-order partial differential equation, with the first time derivative on one side and the second spatial derivative on the other side. This kind of equation is called a diffusion equation, as diffusion processes are described using such equations.
The general solution of voltage u along a simple infinite UDRCL presented in Fig. XD, consisting only of series resistance and shunt capacitance, is a function of distance x and time t: 
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 are arbitrary constants and r and c are the resistance and the capacitance of the line per unit length respectively.

The voltage along an infinite UDRCL excited by an unit-step excitation (which is 1 for t > 0 and 0 for t
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0) is solvable in a closed-form and is a function of time and distance:
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The voltage along an open-ended finite-length UDRCL under step-excitation (which is 0 for t < 0 and 1V for t > 0) is given by the following formula:
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[Rao, Szekely]. Here 
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 are the total resistance and capacitance of the finite UDRCL with the length 
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This equation converges fast and only some first terms are sufficient to get a good accuracy for short time intervals. The actual number of terms depends on the actual values of the parameters and should be calculated for each particular case. 
The electric current through an infinitesimally short segment 
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 of an open-ended finite UDRCL is defined by the capacitance of the segment 
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 and the derivative of the voltage with respect to time:
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Current through the line at the position x at time t is likewise solvable in a closed form:
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A comprehensive overview of lossless UDRCL in a time domain is presented by V. B. Rao [ Rao ].
Impedance of a lossless UDRCL is also derived from the telegrapher equations. The two-port impedance parameters and chain parameters of an RC line of length L can be given as follows:
[image: image51.emf]
where

[image: image52.emf] 

In some cases, the DRC structure also has shunt conductance, which means that it is lossy. The value of this conductance for the unit length is notated by g. In such a case, without giving the details of the calculation, the v(x, t) line voltage can be determined by the solution of the equation
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The following forms of the characteristic impedance and the propagation constant can be used now in the frequency domain:

[image: image54.emf]
A comprehensive derivation of the impedance of a lossy UDRCL is given in [Lucas], where the theory is implemented for distributed thin-film capacitors.
The step response of a lossy UDRCL is not solveable in a closed form.

If there is a additional resistor in series of the capacitor, as depictured in the Fig. 4.1.2, the lossy UDRCL similar to the model of Kanno is formed. The step response of the UDRCL is solveable in a closed form.
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Fig. 4.1.2
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The comprehensive derivation of the solution is given in Appendix 7

Nonuniform distributed RC lines.

If in some regions some of the values of the distributed resistance, capacitance and conductance of DRCL per unit length are not constant, the DRCL is called nonuniform - NDRCL.

A comprehensive theory of NDRCL is given by E. Protonotarios et al in [Proto 1,2,3].

The only restriction to the theory of NDRCL is that the resistance r(x) and capacitance c(x) should be non-negative everywhere and integrable with respect to the length? Both variables may have discontinuities and contain sections of finite strength.

According to [Proto II] the response of NDRCL to an unit-step excitation is a totally positive density function that possesses only one maximum and has in general the form of the function shown in Fig. XX It behaves asymptotically for t->0+ and for t->∞.  The voltage impulse response at any interior point of NDRCL is also a positive one-sided density function for t>0.

siia kirjutan paar lauset et kuidas ta muutub x-pidi
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Fig. XX. The general form of the impulse response. [Proto II]

It must be pointed out, that the closed-form solutions for the time-domain impulse response of NDRCL are practically impossible and exact series expansions are possible only in rare circumstances. [Proto II, Szekely, Singh]. Some possible approximations to  the solution are described for example in [Singh, Popov, fem]. The simplest method is replacing the DRCL by a lumped RC ladder. The distributed line can be approximated by a lumped RC ladder very simply. The disadvantage is that for a fair approximation a larger number of lumped elements must be used. The approximation is valid only in the low frequency region as the order of the network is zero.

4.2. Electrical model of IPMC as a DRCL
As a Lossless DRCL

In the simplest case we assume that the current between the surface electrodes through the polymer matrix caused by electrochemical reactions on electrodes (for example electrolysis) is low. In this case the resistor Rx can be disregarded and the current passing through the polymer matrix is caused only by ionic conductivity through the pseudocapacitance C. The simplified model is presented in Fig. 4
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Fig. 4.2.1. The simplest distributed model of IPMC.
As a Lossy DRCL
The current terms that produce the mechanical reaction by the membrane are those flowing through the capacitances C of the circuit.
4.3. Electromechanical modeling
For purpose of linking the electrical and mechanical models we assume, that the amount of the expansion of one side of strip of IPMC and the contraction of the opposite side k(x,t) at a given point of the sample depends on the amount of moved electric charges q(x,t), possibly carrying water molecules at that point.
In simplest case we assume, that the dependency between the curvature and the amount of moved electric charges at that point is linear.
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where K is the coefficient for bending effect of the charge moving between the electrodes.
In that case the total curvature at the given point x at instant t can be calculated by appending all movements generated by all charges before the instant t:
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By calculating 
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 from (3) and (4), we can couple the UDRCL model of IPMC to the mechanical bending. By using (7) we can find the curvature of the sheet at any point 
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 and thus find the shape of the IPMC actuator for non-uniform bending.

In [XBao] a model of the electromechanical response of an IPMC actuator is described that couples the electric charges at any given point of the actuator with the bending curvature. The linear electromechanical model is based on the assumption that positive ions bring water (or ionic liquid) to the cathode, enforcing it to expand. The relaxation is caused by diffusion of the liquid back to the cathode and a leakage through the metal surface cathode.

The curvature of the IPMC actuator strip at a given point of the sample k(x,t) depends on the amount of moved electric charges q(x,t) at that point:
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where K is the coefficient for bending effect of the charge freshly moving to the electrode, K2 is the coefficient for bending effect of the charge in equilibrium state, and 
[image: image65.wmf]t

 is the relaxation time constant [XBao].

4.4. Distributed model of IPMC sensor

Panen mudelisse pisikesed pingegeneraatorid.
4.5. Simulation of the equivalent circuit

Analytically

Siia analüütilise mudeli järgi mõned graafikud
The simulations of a step response of the actuators of different lengths in similar scales. The simulations are calculated using the equations UU, II, KK. The graphs demonstrate, that the voltage increases rapidly close to the input contacts and more slowly further away from the input contacts. The electric current peaks sharply near the input contacts during the first few milliseconds of the input pulse, and then decreases rapidly to almost zero towards the free end of the sample. 

30 mm long actuator.
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60 mm long actuator.
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60 mm long actuator.
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Siia veel väheke juttu et mis piltidel näha on.
Spice

Spicet on kasutatud Appendix 1-s
Simulink

Simulinki mudel kuidagi arusaadavalt välja joonistada.
FEM

Et fem on tõenäoselt väga hea, aga las keegi teine teeb. Akle artikkle koos sakslasega, ja ofkoos davidi artikkel 2007...
5. Nonlinear distributed model
5.1. Characterization of surface resistance of IPMC

4-Probe methodics
Surface resistance of bent IPMC

The metal surface of the IPMC usually appears cracked, consisting of discrete particles[1, 2, 3]. Supposedly these cracks are caused by water swelling and electroactive bending. Regardless of fractionation surface conductivity is large enough, as conduction occurs via contact of individual metal islands at the surface of the membrane [X]
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Fig. SEM1. The surface of IPMC does not appear to be smooth.
During bending one face of IPMC shrinks, the opposite face stretches swollening with water and ions. The natural cracks of the metal of the metallized surfaces narrow and broaden causing changing of their resistances.

The measurements of the surface resistance revealed that when the surface of IPMC is compressed, it’s resistance decreases slightly with the decreasing bending radius. When the sample is stretched, the resistance increases several times when the bending radius decreases. It is typical that the actual values of the surface resistance and it’s change are  not equal on both sides. The change of the surface resistance of the stretching side is always larger than the change of the resistance of the compressing surface and we suggest that it depends on how the metal particles on the surface electrode are thorn apart or stretched out on the surface.

The first measurements were implemented by bending the samples of IPMC along the surface of roundish lab glassware with various diameters. A contact strip with 4 electrodes was fixed on the IPMC. In order to measure the expanding side of the IPMC strips they were attached to the outer surface of the glasses, to measure the compressed surface, they were attached to the inner surface.

Later an automatic device capable to change the curvature of IPMC strip and measure the resistance of IPMC electrodes was built  [Jaasi Baka]. The device uses two servos and one stepper to bend the sample of IPMC as an uniform arc of a circle. The resistances of both surfaces of the sample are measured using four-probe method. The results of the measurements are sent to a PC using USB interface.

A typical result of the measurements is depictured in the Fig. 3. The origin of the horizontal axis denotes a loose sample. Along the positive direction of the horizontal axis the surface is progressively expanded; along the negative direction the surface is progressively compressed.
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Fig. 3. The correlation between the surface resistance  and the bending curvature of a sample of IPMC

The results suggest that the densely packed particles on the surface cannot be compressed any more, but can easily be drawn apart from each other when the top layer of the film is stretched. The surface resistance thus seems to depend on the contact area of the particles.

5.2. Mechanoelectrical response of the model
Simulinki mudel kus on muutuv pinnatakistus sees.

Mõned simulatsioonid, kus pinnatakistus muutub ja kus ei muutu.
https://flint.physic.ut.ee/~punn/muscle/rcgliin/
As the result of the measurements, we suggest an improvement to the equivalent electric circuit of the IPMC, described in Fig. 7. The resistors indicating the surface resistance of the IPMC Ra and Rb should be potentiometers instead of resistors. The improved equivalent circuit is given in Fig. 4.
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Fig. 4. Improved equivalent electric circuit of IPMC.

The values of the potentiometers depend on the curvature of the IPMC strip at the given point. When the surface stretches, the resistances of the potentiometers increase, when the surface compresses, the resistances decrease. If the sample of the IPMC bends unevenly, the resistances change unequally.
Fig. 5. reperesents the equivalent circuit of a freely bending actuator and the voltages measured on it. The increased and decreased surface resistances are depictured as longer and shorter resistors respectively. The voltage at the tip of the actuator U12 increases during the rectangular pulse and decreases after the end of the pulse roughly exponentially. As the resistances of both surfaces change, the voltages measured along the surfaces U1 and U2, change unevenly.
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Fig. 5. Freely bending actuator and the measured voltages.

Fig. 6. represents the case, where the actuator is forced to be straight. The graph of the voltage at the tip of the actuator U12 is similar to the previous case, but the voltages U1 and U2 behave quite differently from the previous situation.

[image: image79.jpg]15

= —=-Uin
—e--ut

Time (s)

0.5

25

(n) sBelion
N
— D /

I I

~— - —
D

o~
o}




Fig. 6. Fixed straight actuator and the measured voltages.

5.3. Simulations of a nonlinear actuator
For simulations a of Matlab Simulink model using the SimPowerSystems toolbox was created. It consists of 10 similar slices epictured in the Fig. 5.3.1.
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Fig. 5.3.1 
6. Identification of the parameters of the model

6.1. Capacitance

See artikkel, mille järgi Holger katsetab aga pole veel päris valmis saanud
Due to the distributed character of IPMC and notable resistance of the electrodes it is impossible to measure it’s capacitance simply using a capacitance meter.
A possible simple procedure for experimentally determining the parameters R and C of distributed RC networks is described by Pierson and Bertnolli [Pierson]. The methodics consists of performing two measurements with different boundary conditions. The two distinct conditions are easily achievable by short-circuiting the termination of the line. Voltage response for RC line with different termination conditions are depictured in the Fig. 6.21.
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Fig. 6.2.1. Voltage response for RC line with different boundary conditions

To completely determine R and C two sets of measurements must be made:

1) The approximate open-circuit voltage response of a transmission line is:
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Using the least-squares approximation the term RC can be determined.

2) A short-circuit test with the same source should be performed. The approximate response of electrical current of the transmission line is
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The least-squares approximation will give an estimate of R2C

From the two measurements R and C may now be determined.

The methodics described makes possible to determine the capacitance of a slice IPMC and the sum of the resistances of it’s both sides. The methodics of determining the individual resistances of both surfaces is described above in the paragraph 5.1

6.2. Shunt conductivity

The values of the shunt conductivity resistors can be determined using impedance spectroscopy with variable-voltage step pulses.

The response of electrical current of IPMC to a long-lasting step voltage input is depictured in the Fig. 6.2.1. The current performs a sharp peak et the very first moment (instant A). After finally charging the whole pseudocapacitor, the current remains in a stable level (instant B). Similar effect is reported by many authors [VVV].
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Fig. 6.2.1. Current response of IPMC to a rectangular voltage pulse.
This behaviour of the current can be explained by analysing the equivalent circuit. At the very first moment, when the capacitor C (Fig. 6.2.2) is discharged , the current flows through both resistances G and Q (instant A). When the capacitance C is totally charged, the current flows through resistance G only (instant B).
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Fig. 6.2.2. 

A 2 x 10 mm piece of IPMC containing Li+ or Na+ ions was wholly fixed between gold electrodes. In this configuration the resistance of the electrodes does not influence the results.
Measuring the current at the instants A and B (Fig. 6.2.1) in the case of voltage pulses with different amplitudes gives a clear relation between the values of the resistors and the voltage applied - Fig. 6.2.3 and 6.2.4.
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Fig. 6.2.3. G(U)

Need väärtused on 2x10mm jaoks. 10x10 mm kohta on 5 korda väiksemad!
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Fig. 6.2.4. Q(U)

When the voltage is lower than required for the electrolysis of water, the value of the resistance G is so high, that it’s influence can be neglected and the resistance Q only slightly limits the charging current of the capacitance. Based on these measurements the simplification of the distributed model of IPMC described in the chapter 4.2 is justified - if electrolysis does not appear, the resistances Q and G can be omitted.

When the amplitude of the voltage approaches to the voltage required for the electrolysis of water both resistances decreases fast, reaching finally very low values: Q~0,1 ohms/cm2 and G~1 ohms/cm2. The effect can be explained with electrochemical reactions on electrodes (for example electrolysis). In that case the wastage of electrical current and electrical power through the resistance G is remarkable, but the resistance Q limiting the charging current of capacitance practically disappears, and the performance of an actuator is higher
The correlation between the values of the resistors and the voltage applied can be characterized with the following equation:
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where 
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 is the low resistance in the case of electrolysis; 
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 are constants. For example G(U) depictured in the Fig. 6.2.3 can be approximately expressed as:
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7. Self-Sensing actuator

7.1. Working principle

See on kopi-paste REM2007 artiklist
In the previous sections we described, that the shape of the voltages U1 and U2 depends on the movement of the actuator. The measured complicated signals consist of a component depending on the electrical properties of the material and the component depending on the alteration of the shape of the particular piece. 

In order to distinguish the two components we fix one half of the strip of IPMC by a clamp as shown in the Fig. 7. In this model we assume that the properties of the material are uniform. For simplicity we assume, that the length of the fixed and moving part of the sheet are equal. The self-sensing actuator has contacts at both tips.

[image: image95]
Fig. 7. The working principle of the self-sensing actuator.

The idea of the self-sensing actuator is to compare the signals UM1 and UM2 of the moving part to the reference signals UF1 and UF2 of the fixed tip to determine the extent of bending with respect to the straight sheet. The values of UF1-UM1 and UF2-UM2 should thus reflect the direction and the extent of bending.

The self-sensing actuar can be used in two modes: a surface resistance position sensor and as a self-sensing actuator. In the sensor mode the shape of the strip can be enquired using short low voltage pulses at arbitrary moments. In the actuator mode the status of the actuator can be determined analysing the signals during actuation. The modes can be used alternately switching between them as needed.

The voltages UF1, UF2, UM1 and UM2 are measured on the contacts at the fixed and moving tips of the sheet while the input voltage Uin is applied between the intermediate contacts using the National Instruments DAQ Boards driven by LabView 7. The IPMC materials used in these experiments are fabricated for operation in wet environment. Therefore the self-sensing actuator is placed into de-ionized water to make sure that the environmental conditions do not change the performance of the actuator during the experiments.

Fig. 9 shows the self-sensing actuator in test configuration. We use a lever driven by an electromechanical actuator (EM) to apply controlled external force to the IPMC actuator. The EM actuator is controlled by the personal computer (PC).
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Fig. 8. The test configuration. 

Fig. 8 shows the self-sensing actuator in test configuration. We use a lever driven by an electromechanical actuator (EM) to apply controlled external force to the IPMC actuator. The EM actuator is controlled by the personal computer (PC).

The results of the experiments with the self-sensing actuator are described in the Appendix 2.

8. S-actuator

The idea of attaching more contact pairs to an IPMC actuator is not new. Several authors have described the constructions where from the conducting surface coating of a sheet of IPMC is laser-ablated or engraved nonconducting areas. As a result a composition of  separate actuators are formed within a single sheet of polymer. [Stoimenov, Asaka, Kes_veel]. Attaching input contacts to the separate areas and driving the separate actuators with different voltages allows to achieve different non-uniform movements of the actuator. Similar results can be attained  using proper shapes of the driving voltages within a indivisible sheet of IPMC. 
This observation that the bending of a relatively long IPMC actuator is faster and stronger close to the input contacts, getting progressively weaker as well as delayed towards the free end of the sheet, gave us an idea to add additional feeding contacts to the free end of the actuator.

We connected the tip of the actuator with contacts as shown in the drawing Fig. 8.1. The contact A at one end of the actuator is connected to the contact D at the opposite face at this other end. Similarly, the contacts B and C connect the opposite ends at opposite faces. When voltage is applied to the contacts, the ends of the actuator bend towards the opposite directions. Consequently, the whole strip bends like the letter “S”, as shown in the schematic in Fig 8.2  and on the photo in Fig. 8.3.
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fig. 8.2. Schematic of a S-shape actuator.
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Fig. 8.3 Photo of a S-shape actuator.

At the very first moment it may seem, that as the resistances of  the metal-coated surfaces of IPMC are low, the S-curved actuator should short-circuit the voltage source. However, this does not happen. The resistances of the surfaces of an unbent actuator are low. Therefore the driving voltage has to be increased gradually.As soon a as the actuator starts bending in some occasional region of the actuator, the surface resistance in this region  grows and there is no more threat for short-circuitry. From this moment the driving voltage can be increased shortly.  The total resistance of both surfaces is considerable and the amperage of the whole circuit is under control. It has to be noticed that the force, blocking the actuator, must be small: if the actuator cannot bend at all, the effect of surface resistance will not appear, and the actuator will still short-circuit the voltage source. It would be useful to implement feedback of electric current to prevent damage of the voltage source and the actuator.

The S-shape actuator is thoroughly described in the Appendix 6. 
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Pilt – sirge IPMC – SurfRes Fig1





Pilt – paindes IPMC SurfRes Fig2








3D pingete pilt





3D nurkade pilt
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