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Abstract

An ionomeric polymer-metal composite (IPMC) material is a thin swollen polymer sheet covered with a metal layer from both sides. The sheet bends when voltage is applied to the metal surfaces.

This thesis investigates an IPMC actuator that consists of an IPMC sheet with a rigid elongation. It presents a novel nonlinear static mechanical model of an IPMC actuator. A situation where an IPMC sheet in a cantilever beam configuration pushes an object is modeled. The position of an object can vary along a circular trajectory. The IPMC sheet may also have a rigid extension or elongation, attached to the  top. The mechanical model of an IPMC actuator and its experimental verification are presented in Chapter 4 of this thesis.

Many electromechanical models have been presented in the literature. Their output parameter is  an electrically induced bending moment (EIBM) or the load-free curvature of the sheet. Our mechanical model can take the output of those models as an input and output the position-force relationship of the actuator. Position-force characteristic permits an accurate engineering of various IPMC devices. Many authors have measured this characteristic, but only in the linear region. I Enne oli meie aga nüüd on mina. Vali kumba sa kasutad ja kasuta seda lõpuni. measured and simulated the position-force relationship on a larger scale, where the relationship is nonlinear. As in other papers, the force is measured and modeled in a static equilibrium state. Measurement and modeling of dynamic output force remains a topic of a future study.

The model takes into account that the IPMC actuator may have an initial curvature and EIBM may vary along the sheet. The continuously changing curvature of the IPMC actuator can be computed using the model and algorithms presented in this thesis. When the IPMC actuator is pushing an object, the shape of the IPMC actuator tells us the direction of the force applied to the object. By comparing the shapes of the sheets at extreme opposite electric stimulations, we can learn how much the shape of the sheet can vary. It is harder to control the IPMC actuator which varies more. The properties of IPMC actuators with and without an elongation are discussed in section 4.2.

This thesis shows theoretically and experimentally that an elongation increases linearity and controllability of an IPMC actuator. A summary of  the advantages and disadvantages of an elongated actuators  are presented in conclusions in Section 6.1.

Finally, this thesis presents a design of a linked IPMC manipulator which is based on the findings of the theoretical and experimental work on IPMC modeling. It is shown that the design reduces the complexity of control and increases the precision and reaction speed of the device. The design of the linked manipulator and experiments with it are discussed in Chapter 5.
1 Introduction

This thesis presents a mechanical model of an IPMC (ionomeric polymer metal composite) actuator in a cantilever beam configuration. In the literature, IPMC (Ionic Polymer-Metal Composite or Ionomeric Polymer-Metal Composite) is also called ICPF (Ionic Conducting Polymer Film or Ionic Conducting Polymer gel Film).

IPMC is a type of an electroactive material that bends in electric field [
,
]. It consists of a thin (~200 µm) swollen polymer film with high ionic conductivity. One of the widely used materials is NafionTM, filled with water or ionic liquid. Both sides of the polymer film are plated with thin (~1µm) metal electrodes. Voltage applied between the surface electrodes causes a migration of ions inside the structure of the polymer. The ion migration causes the change of volume of surface layers of the polymer film. As a result of that effect the sheet bends.  (see Figure 1). The direction of bending depends on the polarity of the applied electric field. 
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Figure 1. IPMC with (a and c) and without (b) electrical stimulation.


Electroactive behavior of IPMC was discovered by Oguru, et al. [
] in 1992. From that  onward  scientists have been working on modeling IPMC actuators. The modeling of the IPMC actuator is a multi-physics task. It involves physical, chemical, electrical, electromechanical as also mechanical properties. Many electromechanical models have been proposed in the literature [VII,
,
,
,
,
,
,
]. They suggested that due to the applied voltage an electrically induced bending moment or change in free deflection curvature (in [10] it is called eigen-curvature) occurs. The mechanical model presented in this thesis can take electrically induced bending moment as an input. Outputs of our model are the force and shape of the sheet.

The IPMC material has also sensing properties [
,
,
]. It is possible that an IPMC sheet is at the same time both a sensor and an actuator [
].
An IPMC actuator is characterized by large displacement. It is able to bend to form a circle or even beyond it. . However, majority of models do not consider such large  deformations. Our model gives the most detailed description of the quasi-static mechanical behaviour of the actuator with a non-uniform bending at large deflections. We have also investigated a case where a part of the IPMC sheet is replaced with a rigid elongation. We will discuss the advantages of that particular design in the current thesis.
This thesis is organized as follows. Chapter 1 gives an overview of IPMC materials, state-of-the-art of their mechanical modeling and my research goals.

Chapter 2 describes the search for construction of the IPMC actuator which could be used to characterize the properties of the IPMC actuator and to validate the mechanical model that will be presented in Chapter 4.
Chapter 3 describes the role of the mechanical model in modeling the IPMC actuator.

Chapter 4 describes the mechanical model..

Chapter 5 describes an implication of the theoretical work described in this thesis. Namely, I describe a linked manipulator with IPMC joints.

1.1 Applications of IPMCs
Siin ees võiks nagu mingi paar lauset sissejuhatus olla või?
IPMC characteristics, which could be considered advantageous

1) Low driving voltage (less than 7V depending on the liquid used).
2) Relatively large deflection (bending radius as low as 5mm) vaselihastel on küll isegi vähem? Kust see 5mm võetud on?.
3) Relatively high response (more than 1Hz). Misasi on high response ja kuidas seda saab hertsides mõõta?
4) The material is soft (the equivalent elasticity modulus around 200MPa).
5) Small thickness (around 0.2mm) and thereby easy miniaturization. Lihtne miniatiruseeritavus on ta veel paljudel teistel põhjustel peale selle et ta õhuke on
6) Durability (best IPMC sheets can last about a million bending cycles).
7) Low concentration of poisonous materials. The base polymer (Nafion/Flemion) and electrodes (precious metals like platinum, gold …) are very stable and will not react with the surrounding environment.

8) IPMC is filled with liquid and thereby hard to compress miks see hea on?.
9) The construction of an IPMC actuator is very simple and thereby IPMC actuators are relatively reliable and insensitive to damage.

10) IPMC technology enables work in extremely harsh environments of low temperatures and vacuum conditions. Kust see väide ikkagi pärineb? Ma sügavalt kahtlen selles. Niipalju kui mina tean on madalatel temp IPMCsid katsetatud ainult ühes Kimi töös ja seda kuni -40 kraadini. Extremely harsh, näiteks kosmoses on 100 kraadi vähem. Kes on vaakumis IPMCsid katestanud? Arvestades et meie omad annavad alla pärast nädalast töötamist deioniseeritud vees, ma sügavalt kahtlen selles extremely harsh väites. 
IPMC characteristics, which are commonly considered disadvantageous:
1) Small force/electrically induced bending moment (a piece of IPMC with dimension 1cm×1cm can lift up one gram ),
2) IPMC is filled with a specific liquid. If that liquid gets contaminated, IPMC will stop working. No ja mis siis extremely harsh keskonnas see ei saastu või?
Ma arvan et kui räägitakse eelistest ja puudustest siis ikka millegi suhtes. Võrreldes millega on IPMCd paremad või halvemad? Teiste EAP materjalidega? Elektromootoritega? Üldse igasuguste aktuaatoritega? 
All the good properties listed above make IPMC actuators an interesting option for novel actuator design. IPMC materials are relatively new and researchers are still seeking a niche for them. Mostly only laboratory demonstrations of concepts are discussed here. According to my knowledge there exists only one commercial product – toy fishes – announced by EAMEX, Japan, at the SPIE's EAPAD 2003 Conference (see Figure 2). The video of the fish swimming can be downloaded from [
]. In  [
] an overview can be found on  how the materials are approaching  commercialization.
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Figure 2. A commercial product from Eamex Corporation, Japan. The tail of the fish is moved by IPMC.

Many applications of IPMC are discussed in [
,
]. There are in general 4 different fields where IPMC could be applied. Kust selline jaotus? Miks just 4? Igasugu muid rakendusi on ka IPMCdele välja mõeldud, e.g. targad kangad, haptilised seadmed jne. 
1.1.1 Space applications

As IPMC actuators can work in extremely harsh environments, they are considered suitable for space applications. Please refer to [
] for a study of applicability of IPMC in space applications, for example of dust wiper for camera window (see Figure 3). Kirjanduse loetelu on taga puudu aga tõenäoliselt viitad sa siin Bar-Coheni artiklile. Yosi pole seda klaasipuhastajat mitte kunagi kosmoses kasutanud ja üleüldse ei tea ma ühtegi korralikku uurimust selle kohta kas need kosmoses töötaks või mitte (vaakumis, antigravitatiooni tingimustes, väga külmas ja väga soojas või nende kiires vaheldusmises, tolmus jne. ) Seda väidet on vaja kas pikemalt põhjendada või välja jätta.
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Figure 3. IPMC dust wiper removing sawdust from a glass window.

1.1.2 Medical applications

IPMC actuators are considered as bio-compatible. For example, an active catheter system is proposed by Guo et al [
]. Yoon et al [
] propose IPMC as an actuator for a low-cost scanning fiber endoscope. Please refer to [
] for an overview of medical applications. Milleks on vaja eraldi 4 realist peatükki? Mis tähedab bio compatible? Jälle, kes ja kus on katsetanud. Mina ei tea ühestki kliinilisest katsest. 
1.1.3 Under-water vehicles

IPMC actuators can be suited for underwater technology because of low driving voltage, incompressibility, large deflection, insensitivity to damage. The risk of contamination is usually avoided by restricting the working conditions to de-ionized water. The sheet could also be coated with additional polymeric layers [
] to protect a material from contamination. Kõik need omadused on üldiselt head aga mitte millegi poolest spetsiifilised allveetehnoloogiatele. Mulle jääb ikkagi arusaamatuks miks IPMC on hea just vee all kasutamiseks. Tegelikult on igasuguste kalade ehitamisel hoopis teine põhjus. Et varasemad materjalid töötasid ainult vees, siis oli seal kõige mugavam kasutada. 
In addition to the commercial product mentioned above, many proof of concept designs have been proposed. In this short review only few are mentioned. Anton et al [IV] propose a ray-form swimming robot which uses pectoral fins to propel itself forward. This ray has 2 pairs of IPMC actuators. The design is described in more detail in section 2.1. Punning et al [VIII] present a similar robotic ray which utilizes 8 pairs of IPMC actuators (see Figure 4). Due to the use of IPMC actuators, the design is much simpler than for a ray that utilizes DC motors [
]. A snake-like swimming robot is introduced by Ogawa et al [
]. An autonomous controllable fish is demonstrated by Mbemmo et al [
]. An undulatory tadpole robot is demonstrated by Kim et al [
].
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Figure 4. The device which utilizes 8 pairs of IPMC actuators.

1.1.4 Soft and micro micromanipulation

Because of large deflections, softness and small thickness IPMC actuators are considered as strong candidate for soft and micro manipulation. Näiteks siin on hästi põhjendatud miks neid materjale peaks just sellises rakenduses kasutama aga eelmiste peatükkide puhul küll mitte. Lumia and Shahinpoor [
] describe  design of a micro-gripper. Chen et al [
] propose an application of IPMCs for micro-injection of living Drosophila embryos. Nakabo et al [
] describe a two-dimensional (2-D) multi-degree-of-freedom (DOF) robot manipulator made from IPMC (see Figure 5). 
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Figure 5. Application of multi-DOF micro-manipulator with artificial muscle and visual feedback control.
Tadokoro et al. [
] have proposed an elliptic friction drive element consisting of arch-shaped IPMC. As a follow-up to that work, Tadokoro et al. [
] fabricated a multi-DOF micromanipulator. It consists of two friction drive elements.

1.2 Proposed mechanical IPMC actuator models

Various mechanical models of IPMCs or other bending EAP-s have been developed by a number of authors, emphasizing different features [5,6,
,
,
,
,
,
,
,
,
]. Table 1 summarizes features relevant to modeling of IPMCs. Table 2 represents the comparison of previously described models of the IPMC and the work of the author [I] on the basis of whether they address the features in Table 1. Besides the features depicted in the table, the models can also differ by other details. In Table 3 main features are listed for each of the papers.

Table 1. Features relevant to the modeling of IPMCs
	
	Feature
	Description

	1
	Non uniform bending
	Only free bending curvature can  be considered to be approximately constant but even then only if EIBM is constant and the IPMC sheet moves slowly. As soon as the IPMC sheet is loaded, the curvature will vary along the sheet.

	2
	Initial Curvature
	IPMC sheets may be initially curved even when neither force nor electric current is applied (see Table 4). Alternately, the model may be suited to describe only nearly perfectly straight IPMC sheets.

	3
	Large deformations
	All deformations that result in deflection angles larger than 90 degrees should be considered large. Miks just 90 kraadi? Models that do not support large deformations have a gradually increasing modeling error as deflection angle approaches 90 degrees (see Figure 6).

	4
	Non uniform EIBM
	Several authors report that EIBM varies along the sheet [VI,
,
]. Alternately, in case of small pieces of an IPMC, small currents and good electrode layers the EIBM can be considered uniform.

	5
	Force output
	IPMC actuators can be used to apply force to an object (load cell). Alternately, only a free bending of the IPMC sheet may be modeled.

	6
	Varying Load position
	The IPMC actuator works while pushing an object along a trajectory. So the IPMC sheet applies force to the object in different positions. Alternately, the force may be determined only on the same plane with the contacts.

	7
	Elongation
	A rigid elongation may be attached to the top of the IPMC sheet. Advantages of elongation have been discussed by Campolo et al [
]. Some new advantages are presented in this thesis. For example, we will show that an elongation can be used to increase linearity and controllability of IPMC actuators.

	8
	Linearity
	Linear models can be defined by linear differential equations. Linearity is a very useful feature if one wants to control the IPMC sheet in real time.

	9
	Dynamic behavior
	The model should describe the movements of the whole IPMC sheet. Alternatively, the model may only describe the static equilibrium of the IPMC sheet. Ma ei saa siin sellest sõnakasutusest aru, mis see whole sheet on? Kas kui on kvaasistaatiline siis pole whole sheet v?Minu meelest sinu mudel kirjeldab ka terve “whole”lehe liikumist This kind of a model can be used to describe quasi-static movements of the sheet – movements that are so slow that inertial and drag forces can be neglected.


Table 2. Comparison of the author’s model with those from the literature on the basis of whether they address the features in Table 1 Vahpeal on sul mina, vahepeal meie ja vahepeal hoopis kolmas isik “author’s model”. Tee need asjad korda, et oleks läbi väitekirja üks ja sama stiil
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Table 3. Additional features of the models in the literature
	Paper
	Main features described in the paper

	Tamagawa et al [5]
	Reports time-dependant nominal Young moduli, which is in context of a certain sheet same as bending stiffness, and present a method to estimate it. Ma ei saa sellest lausest aru ja minu meelest on grammatiliselt vale ka in “context of a certain sheet same as…”

	Yagasaki and Tamagawa [6]
	The work improves the work by Tamagawa et al [5] by additionally considering viscoelastic properties of IPMC sheets and the time-dependent properties  of EIBM.

	Bao et al [33]
	Demonstrates that under applied voltage an electric-field EAP unimorph (made of stretched electron irradiated P(VDF-TrFE) copolymer) can bend to form a a circle. Ei saa sellest lausest aruThe work also present a model to describe such large deformations.

	Sangki et al [34]
	Proposes an equivalent bimorph beam model and an equivalent beam model. In case of an equivalent bimorph beam model the IPMC is assumed to have two virtual layers. Under applied voltage the upper layer and the lower layer of an IPMC expand or contract respectively, to produce the IPMCs bending motion. For the numerical analysis, a commercial finite element analysis program – MSC/NASTRAN – was used.

	Huynh et al [36]
	Proposes a construction of a robotic finger. They assemble two of the fingers to form a robotic gripping system. Experimental evaluation of the system is done, the  studied material  is polypyrrole (PPy).

	Yim et al [37]
	The IPMC sheet is devided into constant curvature segments. Each of the segments is individually controlled. State space equations are found, which connect applied voltage and curvature for each segment.  It is not possible to find a linear relationship between voltages and tip deflection with this approach.

	González and Llorca [38]
	As all the other studies focus on normal loads, this paper considers axial loads to curved beams. The studied material is polyethylene felt. It is a non-electroactive material, but the theory still applies.

	Pugal et al [39]
	Considers self-oscillating IPMCs. Self-oscillation is caused by electrochemical reactions on the platinum electrode of an IPMC sheet. The modeling technique  is Finite Element method (FEM).

	Chen and Tan [40]
	A two block model structure for IPMC actuator is proposed consisting of electromechanical and mechanical blocks. A linear static beam theory [
] is used in conjunction with a dedicated white box electromechanical model. The model enables controlling the design ????? while capturing fundamental physics. Mismoodi disaini kontrollitakse? An H-infinity controller is built and successfully tested.

	Newbury [35]
	The paper presents a complete model of an IPMC incorporating electrical, electromechanical and electrical terms. Also force-displacement relationship is studied. In case of small deformations, the force-displacement relationship was observed to be linear.

	Samaranayake et al [41]
	Classical linear beam theory is used to model the behavior of the IPMC sheet but its precision is improved by also taking into account the horizontal displacement.


As it can be seen from Table 2, linear models do not support large deformations. This is because  linear models make use of classical linear beam theory [45] but classical linear beam theory neglects the axial displacement of the beam. In Figure 6 one can see a comparison of beam shapes under different normal loads according to linear and nonlinear beam theory. One can see that the length of the beam, according to the linear theory, becomes longer as the deformation increases. For details of the simulation please refer to appendix A.
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Figure 6. Beam deformations under different concentrated normal loads according to linear and nonlinear beam theory.

1.3 Research goals and Contributions

As it can be seen from Table 2, to date no model has all the features listed in Table 1. Paper [I] written by the author and others has the most features hästi naljakalt kõlab…. It only lacks linearity and dynamic behavior.

Linearity has its limitations. Linear beam theory is not able to describe large deformations as delineated in Figure 7. Linear beam theory could be, with some considerable modeling error, be applied in configurations (1-3), but is unable to describe configurations (4-9). Please refer appendix A for details of the calculations.
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Figure 7. Deflections of the cantilever beam under different normal loads.

An IPMC actuator is a dynamic system. The shape and the output force are time-dependent. However, if all the parameters are held constant, the sheet would soon attain a static equilibrium state. In paper [I] and in this thesis we propose a mechanical model to describe the shape and the output force of the IPMC actuator in that state. The model can be used to describe quasi-static movements of an IPMC sheet – movements that are so slow that inertial and drag forces can be neglected.

The contribution of the thesis with respect to the previous work is the following:

· A simple ray shaped robotic fish is proposed. It utilizes 2 pairs of IPMC sheets. Using that prototype  the feasibility of IPMC actuators is demonstrated. The design  of the robotic fish and the experiments are discussed in section 2.1.
· A system for  testing the usability of IPMC actuators for precision control tasks – an inverted pendulum system is proposed. I also present a  simple empirical model that is able to hold the pendulum up to 10s. To my knowledge, this is the first attempt to control an inherently unstable system with IMPC actuators. This is the contents of section 2.2.

· A testbed for IPMC actuators is presented. It enables studing  the behavior and characterize the properties of IPMC actuators. It enables todetermining the bending stiffness and EIBM of an IPMC actuator. It also enables  measuring the position-force relationship, which is a key data to design many engineering devices of interest effectively. The system also enables studing the behavior of IPMC actuators consisting of an IPMC piece and a rigid elongation attached to it. The testbed is presented in section 2.3.
· A structure of the model of an IPMC actuator and an explanation of the role of the mechanical model on modeling IPMC actuators is proposed. A modular approach to IPMC actuator modeling is described in Chapter 3.

· A new mechanical model of an IPMC actuator is presented. It describes quasi-static movements of the IPMC actuator in cantilever configuration at large deformations. The model considers a possible asymmetry of the IPMC material. The IPMC actuator may have an initial curvature and EIBM may vary along the sheet. The  model described permits also the use of a rigid elongation attached to the  top of the IPMC sheet. This gives designers more options for  customizing the properties of the actuator. Using the model one can compute the force-deflection characteristic of any described IPMC actuator. The mechanical model and its experimental verification are presented in Chapter 4.

· An elongation as a tool for increasing controllability and linearity of IPMC actuators is introduced. The impact of elongation to IPMC actuator properties is  discussed in sections 2.2.4, 4.2, 4.3 and summarized in section 6.1.

· A design of a linked manipulator and its characterization are described. It was observed that this design increases not only the reachable workspace, but also precision and reaction time of the actuator. The design of the linked manipulator and experiments are presented in Chapter 5.

1.4 Technical note

The IPMC used in the experiments is a commercial product of BioMimetics Inc. called MuscleSheet™ with Pt surface electrodes and Na+ doping ions. MuscleSheet™ is about 0.2 mm thick. The thickness of Pt surface electrodes is approximately 0.01mm. Please see Figure 8 for cross section of a MuscleSheet™. Due to an imperfect fabrication procedure the material is asymmetrical. It has an initial curvature and different electrode thickness on different sides. The properties of the material vary from sample to sample.
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Figure 8. A scanning electron microscope image of the cross-section of MuscleSheet™. On the image the surface electrode is white and the base polymer is gray. Please note the unequal thickness of surface electrodes on different sides.

2 The Construction of AN IPMC actuator and the measurement methodology
This chapter describes our search for construction of the IPMC actuator which could be used to characterize the properties of the IPMC actuator and to validate the mechanical model that will be presented in Chapter 4.

As described in section 1.1., an IPMC actuator may have many applications and different designs. One of the possible applications are fins for a robotic fish. The second application is an inverted pendulum system for demo purposes. The third application is the manipulation of an object moving along a  circular trajectory. These possible applications are studied in the following sections.

2.1 Robotic fish

This section describes a feasibility study of IPMC actuators based on a simple robotic fish prototype.

One of the possible applications of IPMC actuators are fins for a robotic fish. This is a prime example of utilization of IPMC unique design and actuation???????????. A robotic fin as pictured in Figure 9 is very simple as there is no overhead equipment (like gears and lever mechanisms) – just the fin itself. If we apply electric voltage to the fins, it moves. If we apply voltage with predetermined phase shift between deferent fins, it generates thrust.
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Figure 9. A pectoral fin which utilizes IPMC actuators to move.

Many designs  for a robotic fish have been proposed in the literature [27,25,26]. The research in [IV] reports preliminary attempts to build a biomimetic fish-like EAP robot. The aim of the research is twofold. First, I aim at using the robot as a testbed for the development of IPMC control algorithms. The second aim is replication of the undulating motions of ray fins to discover effective ways of locomotion of  biomimetic underwater vehicles.
2.1.1 System setup

The experimental setup is presented in Figure 10. The robot consists of two pectoral fins on both sides of a 0.5 mm thick plastic frame. The size of the frame is 27 mm × 35 mm. The frame is used to attach the gold contacts tightly against the platinum coating of the muscle sheets. The body is made buoyant by fixing the frame under a piece of penoplast?foam vahu külge ta vast ikka pole kinnitatud?. The device lies in a tank filled with deionized water. The robot weighed 9,6g. Miks ta tangis lamab olevikus aga kaalub minevikus? The weight of the fins (wet muscles and the plastic foil) was 1,5g.
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Figure 10. The setup of experiments with robotic fish.
The experiments were recorded  with a digital video camera. A ruler was drawn  to the background to enable  measuring  the speed of the fish. 

2.1.2 The robot ray control algorithm
A program for controlling the motion of the fins was created in LabView 7.0. A pectoral  fin of the robotic ray as pictured in Figure 9 consists of two individually controllable IPMC sheets. The program computes and applies voltage to the two IPMC sheets in real time. It enables changing the frequency and phase shift of the IPMC sheets on the run. The same signal is applied to both pectoral  fins and they move synchronously.

The algorithm  applying voltage to the IPMC sheets is presented in the form of a dataflow diagram or Block Diagram (see Figure 11) as it is called in LabView. It contains a loop which iterates until stop button is pressed. In each iteration the value of controls (like stop button) inside the loop is checked?. The value of controls (like waveform) outside the loop is taken only at the beginning of the execution. Ei saa aru, misasjad on kontrollid väljaspool luupi? The values of controls can be defined on Front Panel (see Figure 12). In each iteration indices  are computed and corresponding voltages read from the waveform. The voltages are then applied to the IPMC sheets using a device interface provided by LabView.
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Figure 11. Block diagram of the algorithm.
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Figure 12. Front Panel with controls of the algorithm.

2.1.3 Experimental results and discussion

The main result of the experiments is that the fins are able to generate thrust and move the body forward. The speed of the robot varied in different experiments from approximately 3mm/s to 9 mm/s. Please refer to [
] for videos of experiments. It can be concluded that rajiform swimming can be effectively mimicked with the help of EAP muscles. In Figure 13 one can see a photo of that robot floating in the tank.
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Figure 13. Photo of the robot floating in the tank. A self-made ruler can be seen on the background.
One of the future studies is to make an autonomous fish. However, the peak current consumption of the IPMC sheets was found to be 2A. Please refer to [IV] for more details. To solve the problem of high power consumption an open-loop control method for IPMC muscles that reduces energy consumption is proposed in [IX]. Uutel materjalidel enam nii suurt voolutarvet pole. Miks peaks keegi oma future study põhjendama 5 aastat vanade materjalidega?
The mechanical design of the fins was found reliable but the largely varying properties of the EAP muscles made the robot unstable. Feedback control could help to move the fins as desired. However, the system setup did permit measuring the movements of fins easily. In the next section an application of IPMC actuators is proposed, which makes the performance of IPMC actuators easier to measure.
2.2 An inverted pendulum system

In [II] a test application of IPMC actuators – inverted pendulum system – is proposed, which is easier to monitor and characterize than fin of a ray-like robotic fish. Many possible applications of IPMC actuators, such as robotic arms, require great precision from actuators. The test application proposed enables one to examine IMPC actuators from the point of view of precision control.

[image: image16.png]Pendulum




Figure 14. Inverted pendulum system.
The inverted pendulum system is presented in Figure 14. It consists of a moving platform, pendulum and IPMC actuator, which pulls and pushes the platform. The goal is to maintain zero deflection angle of the pendulum and zero position of the platform. An inverted pendulum system is inherently unstable. The pendulum will not stay upright by itself. IPMC actuator has to work constantly to keep the pendulum up. Assessing whether the system has been successfully controlled is therefore a trivial question. If the pendulum is held up and deviations form initial position of the platform kept small, then control effort may be considered successful.

2.2.1 System setup

The setup of the system is presented in Figure 15. A clamp, with golden jaws holds the sheet in cantilever configuration and enables applying voltage to it. To keep the IPMC strip hydrated, the system is placed in a tank of deionized water. The IPMC strip is controlled by a PC running National Instruments LabView 7.0. To assure frictionless contact between the IPMC actuator and the platform, the platform holds the actuator between two rolls. A monochrome camera JAI-235 is used film the experiment with frame rate 25fps. The image from the camera is used to determine the position of the platform and the angle of the pendulum. Please refer to [II] for more details abut the system setup.
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Figure 15. The setup of the inverted pendulum system.
2.2.2 An algorithm for conducting experiments
A program was created to for conducting experiments with the setup described in the previous section. The program does the following:
1. It controls the hardware.
1.1. It acquires images from the camera using image acquisition card NI PCI 1411.

1.2. It writes the computed voltage response to the Input-Output card NI PCI 6034.
2. It computes the voltage to be applied to the IPMC sheet.

2.1. It analyses image acquired and determents the following:
2.1.1. The position of the platform.
2.1.2. The angle of the pendulum.
2.1.3. If the pendulum has been released and is free to fall.
2.2. It estimates the velocity of the platform and the angle of the pendulum.

2.3. Based on the state of the platform and pendulum it calculates the voltage to be applied to the IPMC sheet.
3. It saves the inputs and outputs to the hard drive.

3.1. It makes a LabView measurement file (*.lvm) about the parameters of the system and response of the controller.

3.2. It makes an unpacked video file (*.avi) containing the video of the experiment.

The program computes and applies voltage to the IPMC sheet in real time in fixed intervals after every 0.04s. At the beginning of the execution it is possible to calibrate and test the image acquisition hardware and image analysis software. Afterwards the program is fully autonomous, however it can be stopped at any time by pressing the stop button.

To determine the best voltage to be applied to the IPMC sheet we need to know the state of the platform and pendulum. The state of the platform and the pendulum is represented by four variables:

1. position of the platform,

2. angle (0 if vertical) of the pendulum,

3. velocity of the platform and

4. angular velocity of the pendulum.

Image analysis gives us only position and angle. Please see the following section 2.2.3 for more details. The velocities have to be calculated. This is challenging mostly because of the low sampling rate of the positions.

The velocity of the platform is calculated using a position reading from the previous interaction. It means that the algorithm has to remember the previous state. The velocity is approximated with average velocity between two positions.

It means that we assume zero acceleration. This assumption does actually not hold. The velocity can change considerably in 0.04s (duration of one iteration). However, as we do not know the actual acceleration, zero acceleration is our best bet. Acceleration can not be approximated using more former readings of the position, because also the acceleration changes considerably in 0.04s.

Because we are unable to estimate the acceleration of the platform, we are not able to estimate the force applied to the platform either.

As an attempt to reduce chaotic fluctuation of the velocity, a simple low-pass filter was applied to the velocity signal. The computation of velocity of the platform and angular velocity of the pendulum is done in the same way.

The task of calculating the voltage to be applied to the IPMC sheet can be divided in to two stages. In the first stage the force to be applied to the cart in order to balance the pendulum is found. Please see [II] for more details. In the second stage the electric voltage to be applied to the IMPC strip in order to achieve the desired force is found. Accordingly, the controller of the system consists of two parts (Figure 16).
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Figure 16. Block diagram of the controller

Many successful attempts to precisely control the output force of IPMC actuators are reported in the literature [7,40,
,
,
,
,
]. However, they all control IPMC actuator in air, in feedback manner and they control the free deflection or force in only one position. These constraints are not satisfied in our case. I used a very simple empirical model to control the output force of IPMC actuator. Please see [II] for more details.

2.2.3 Contact free measuring of the state of the system

Position of the platform and angle of the pendulum are determined form image of the monochrome camera. The resolution of the image was 320x240 pixels. The position of the objects is found by analyzing corresponding pixel rows on the image (see Figure 17).
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Figure 17. An image from the camera and the two pixel rows of interest. The positions of left wheel and pendulum, found by the image analysis software, are marked with white crosses. The location of the joint of the pendulum calculated based on the position of the left wheel is also marked with white cross.

Luminosity graph corresponding to the upper row is presented in Figure 18. One can see the raw luminosity signal and the filtered signal. The pendulum and the wheel are black and differ nicely from the white background. The minimum point of the filtered signal corresponds to the position of the pendulum on that particular row. Calculation of the pendulum angle is a question of simple trigonometry. To filter the raw luminosity signal a self made filter was used. It consisted of two moving averages subtracted from each other. Peak detection algorithm was provided by LabView.
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Figure 18. Luminosity graph of the upper pixel row in Figure 17.

The position of the platform is found similarly to the angle of the pendulum.

Also a fork which holds the pendulum can be seen on the image from the camera (see Figure 17). We want to start the experiment by pulling the fork up and releasing the pendulum. This can be detected by monitoring luminosity of a certain pixel on the topmost pixel row. A black rubber band is attached to the fork for that purpose. If the luminosity changes from black to gray, the fork has been removed. 
2.2.4 Experimental results and discussion

Video at [
] presents the preliminary experiments with IPMC control of the inverted pendulum system described above. Despite of the insufficient sampling rate of the camera, the pendulum could be balanced for up to 10 sec. I believe that the results of controlling the system can be improved by sampling the input data with higher frame rate. It would enable to obtain better estimates of velocity and force. For more details about the experiment please refer to [II]. Graph with the position of the platform and the angle of the pendulum is presented in Figure 19.
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Figure 19. Waveform chart of the position of the platform and the pendulum angle during the experiment.

Three snapshots of the experiment are presented in Figure 20. One can see a pump forming in the middle of the sheet. This is due to curving in multiple directions as presented in Figure 21. As explained in [10], no direction is by itself preferred when IPMC sheet curves. The direction of curving is determined by mechanical constraints like the clamp.
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Figure 20. Three frames from the video “experiment01.mpg”.
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Figure 21. Drawing of the shape of the sheet in Figure 20 (c).

I noticed that the sheet mainly curves near the contacts. This gave me the idea to replace the top part of the IPMC sheet with a plastic elongation (see Figure 22). Also elongation precludes curving in multiple directions.
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Figure 22. The elongation used to replace top part of the sheet.

Consecutive frames from experiments with elongated sheet are presented in Figure 23. At the moment suitable parameters for controlling the elongated sheet where not identified because of the complexity of the process. This problem originates from the nature of empirical models.
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a) input voltage −5V
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b) input voltage 0V
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c) input voltage +5V


Figure 23. Elongated sheet controlling the position of the platform. Please note that the shape of the sheet depends on driving voltage!

Empirical models are not geometrically scalable. If the length of the IPMC strip changes, one has to find new values for all the parameters. That means extensive experimentation, which in our case is very time-consuming. Solution would be the use of a physical model. One may notice in Figure 23 that in the same position the IPMC sheet may have different shapes. Physical model could explain that phenomenon.

As a first step in building the physical model I have identified that the IPMC actuator is a three port system. Not only does the output force depend on the applied voltage, but due to its stiffness it also depends on the position of the actuator. Corresponding schema of the actuator is presented in Figure 24.

[image: image30.wmf]
Figure 24. A schema of the IPMC actuator for predicting output force.

2.3 A testbed for IPMC actuators
In this section a testbed for IPMC actuators is presented. An IPMC sheet between contacts and possibly with rigid elongation applies force to the load cell. It is very similar to the inverted pendulum task, only the trajectory is now circular and the platform is replaced by a load cell to measure output force of the actuator. The aim is to measure the force along the circular trajectory to get force-displacement relationship of the actuator. Force-displacement relationship is key data to effectively design many engineering devices of interest. It is also used to identify the physical parameters of the actuator.

Force displacement relationship is also measured in [34,35]. However, in these papers IPMC actuator was not in permanent connection with the load cell. It could bend freely until it touched the load cell. This approach is not well suited for measuring the force in case of large deformations for the following reasons:
1. In case the distance to the load cell is long, IPMC actuator would gain momentum and tip the very sensitive load cell, causing noise.

2. IPMC actuator exhibits back relaxation [1]. In case the distance to the load cell is long, it will take time for the actuator to reach the load cell and the peak force is missed.

3. It may happen that load cell is to far away and IPMC actuator will not reach it. The solution would be to place the load cell on the other side of the IPMC actuator. Figuring out on which side to put the load cell would complicate the experiments.

A system setup, free from the problems listed above, is presented in chapter 2.3.1. The Methodology for measuring the shape of the sheet is discussed in chapter 2.3.2. The two different actuator configurations studied in this thesis are presented in chapter 2.3.3.

2.3.1 System Setup

The system setup is presented in Figure 25. An IPMC actuator in cantilever configuration applies force to a load cell. The tests were conducted in air, so the IPMC strip had to be moistened between experiments. The voltage applied to the actuator was controlled with a PC running LabView 7. The measured force and image of the system are processed by the same computer. The image from the camera is used to determine the shape of the sheet. Please refer to section 2.3.2 for details about image analysis.
[image: image31.wmf]
Figure 25. The setup of the testbed.

The force applied by the IPMC actuator was measured with the Transducer Techniques GSO-10 load cell. The load cell can be placed anywhere along a circular trajectory. In the experiments discussed in this paper the radius of the trajectory is 40mm and the force is measured in 7 positions as appointed in Figure 26. IPMC actuator bends horizontally, so gravitation will not affect its movement.
[image: image32.wmf]
Figure 26. Positions on trajectory, where force and shape of the sheet are measured.

Different from methodology in [34,35], the actuator was steadily connected to the load cell. This enabled measuring of the force even in those positions, which the IPMC strip would not reach (by their own force). To ensure frictionless contact, the tip of the actuator was held between two rolls.

Please refer to [I] for more details about the system setup.

2.3.2 Contact-free measurement of the shape of the sheet

The shape of the sheet can be determined from the image from the camera (see Figure 27). The resolution of the image is 640x480 pixels. Ten images are saved synchronously with force measurements. The mean of ten images is used for image analysis. This operation may cause motion blur as can be seen in Figure 27.
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Figure 27. A videoframe from the camera. Note that the IPMC sheet is vague in the middle because of the motion blur.
Many methods for characterization of the shape of IPMC actuator have been proposed by various authors.

Punning et al [VI] proposed a very simple intuitive method for characterization of the shape of the IPMC sheet. The contour of the actuator on the image is divided into vectors with equal lengths as shown in Figure 28. For each vector angle ai between the current and the previous vector is registered. The vector of changing angles a1 ,..., an describes the bending movement of the actuator. However, this method does not allow us to estimate curvature very precisely.
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Figure 28. The shape of the sheet is represented through a vector of angles.

Bar-Cohen et al [
] proposed a method which assumes that the curvature of the IPMC sheet is constant. This assumption is not valid in our case.

Verdu et al [
] proposed an advanced method based on active contour models [
]. The idea of the method is to minimize certain energy function related to the curvature of the sheet and the image data. The algorithms for tracking the motion of the muscle incorporate physical models of actual mechanical dynamic systems. However, the work only considers tracking shape of isolated IPMC sheet. In our case the sheet is connected to a load cell.

In our study the shape of the sheet is interpolated with a minimum variation curvature curve [
]. First geometric constraints including points and angles are specified by hand. Then the minimum variation curvature curve was found using Quasi-Newton optimization technique. This method is robust and enables complete control over the outcome.

2.3.3 Two actuator configurations used in the experiments

Two different IPMC actuator configurations were used in the experiments (see Table 4). Both sheets had notable initial curvature. The fact that IPMC actuators can be unsymmetrical is well known [35]. The table lists only properties that could be directly measured. In section 4.3 also bending stiffness and EIBM for +2V and −2V of both sheets is presented.
Table 4. Two actuator configurations used in our experiments
	Parameter
	Long IPMC sheet
	Short IPMC sheet with an plastic elongation

	Top view of the actuator
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	Length of the freely bending IPMC part
	50 mm
	4.5 mm

	Length between contacts
	1.5 mm
	1.5 mm

	Length inside elongation
	0 mm
	2 mm

	Width of the IPMC sheet
	11 mm
	11 mm

	Thickness of the IPMC sheet
	0.21 mm
	0.21 mm

	Perspective view of the actuator and the load cell
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	Side view of the actuator. Initial neutral curve is denoted with doted line
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3 The structure of the model of IPMC actuator

Mechanical model is only one component needed to model IPMC actuators. In this chapter the role of a mechanical model and a modular approach to the modeling of IPMC actuators is discussed.

Physical model of IPMC actuator can be divided into three stages. In Figure 29 one can see three stages of the model of the actuator proposed by Kanno et al [
]. Newbury [35] divides model parameters correspondingly into three:

1. Electrical Terms,

2. Electromechanical Coupling Term,
3. Mechanical Terms.
Bonomo et al [
] proposed a similar scheme to Kanno et al [57] where stress generation stage and mechanical stages are merged. Chen and Tan [8] proposed a scheme where electrical and stress generation stages have been merged.
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Figure 29. Three stages of the model of the actuator proposed by Kanno et al.
Many authors in the literature [VII,4,5,6,7,8,9,10] have proposed an electromechanical model, including electrical and stress generation stages, of IPMC actuator. They suggest that due to applied voltage an electrically induced bending moment or change in free deflection curvature (in [10] it is called eigen-curvature) occurs. In this thesis it is assumed that change in bending moment is proportional to the change in curvature. Hence electrically induced bending moment and eigen-curvature are proportional. A sample of electromechanical model proposed in [VII] is presented in Figure 30. The mechanical model presented here can take electrically induced bending moment as an input and output the force and shape of the sheet.
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Figure 30. An electromechanical model in the form of an equivalent circuit. The charge of the capacitor is coupled with the free deflection curvature (or eigen-curvature) of the sheet.

In Figure 24, a general schema of IPMC actuator is presented. A more detailed schema, showing the role of the mechanical model is presented in Figure 31. Electromechanical model converts voltage at the contacts to distribution of electrically induced bending moments along the IPMC sheet. Also current may be an input to the electromechanical model. Then mechanical model converts distribution of EIBM to the shape of the sheet (curvature) and output force. The second input to the mechanical model is position of the actuator. That kind of a schema corresponds to predicting force output. A schema to predict position output would have force as an input and position as an output.

[image: image43.wmf]
Figure 31. A detailed schema of the IPMC actuator for predicting output force.

The curvature of the sheet is not needed in precision control tasks. However, it can be used for understanding the behavior of IPMC actuator and to draw the shape of the sheet. Mechanical model may be used to measure, how much the shape of the sheet varies. Variation of the sheet is bad for controllability of the actuator as it makes predicting the shape of the sheet in dynamic cases more difficult. Please refer to 4.3.1 for more information about shape variation.

The model presented in this thesis enables IPMC sheet with initial curvature. As reported by [
,
], the initial curvature may change during operation. Also this effect can be incorporated into the model.

4 Mechanical model of IPMC actuator

The main contribution of this thesis is the mechanical model of IPMC actuator. An example of the system that could be modeled is described in section 2.3. A diagram of the system is presented in Figure 32. An IPMC actuator in cantilever configuration (between contacts of the clamp) applies force to an object (load cell). The object can have different positions along a circular trajectory. At any given distribution of EIBM along the IPMC sheet, the model can be used to calculate position-force relationship of the actuator. Using the model based on experimentally found position-force relationship the parameters of the actuator can be identified.

[image: image44.wmf]
Figure 32. The diagram of the system.
This model is designed to describe elongated IPMC actuators – actuators that consist of an IPMC sheet and an absolutely rigid elongation attached on top of it. IPMC actuator without elongation can be modeled as an elongated actuator with the constraint that elongation may never be in contact with the object. Elongation is infinitely long to ensure that in theory actuator is able to reach any object regardless how far it is.

This model enables a static analysis of IPMC mechanics. It enables to compute a free bending curvature and a force applied to an object in a static equilibrium state. It can accurately describe the quasi-static movements of IPMC sheet – movements are considered so slow that inertial and drag forces can be neglected. In a dynamic case when inertial and drag forces cannot be neglected, the static model can still be used to calculate average bending curvature and output force.

4.1 The model

An IPMC sheet between stationary contacts can be locked at as a beam in cantilever configuration. However, this theory is not classical beam theory, because I do not assume that the beam is initially straight or deflections are small. IPMC sheet can have notable initial curvature and it may be bent into a spiral.

I assume that bending is the only deformation of the beam. There is no shearing. The sheet does not change its thickness. Compressing and extending forces are considered small and are neglected. In other words:

· There is a neutral surface inside the sheet that does neither contract nor elongate. Neutral surface is assumed to be cylindrical – unlike the sheet pictured in Figure 21. Neutral surface may not be in the middle of the sheet, but it has to be stationary inside the sheet.

· A lineal element crosswise with the neutral surface does not elongate or contract and remains always straight.

· In the width direction the sheet may be treated at as homogeneous.

This allows us to reduce the problem of 3D continuous mechanics to mechanics of a planar curve. The curve corresponds to the projection of cylindrical neutral surface. For the IPMC sheet I assume that change of a bending moment is proportional to the change in curvature. The elongation remains always straight. The curvature of the IPMC sheet is given by
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This is the main equation of the model. Please refer to Table 5 for an explanation of the nomenclature and to Figure 33 for geometric definitions of parameters. In Table 5 the parameters have been divided into groups depending on what changes if parameter changes. For example, if radius of the trajectory 
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 changes, then the task has been changed.
Table 5. Classification of the model parameters
	Group name
	Notation
	SI Unit
	Description

	Task parameter
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	Radius of the trajectory

	Actuator specific parameters
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	Length of the freely bending IPMC part
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	Initial curvature of IPMC sheet
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	Bending stiffness of IPMC sheet

	Input parameter
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	Electrically induced bending moment (EIBM)

	Situation specific parameters
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	Position of the object on trajectory
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	Force applied to the object
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	Curvature of IPMC sheet

	Supplementary notations needed to define relations between other parameters
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	Natural parameter of the curve
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	Position on the sheet where force is applied
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	Angular deflection in the position of the object
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	Angle between normal of the sheet and the tangent of the trajectory
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	Force applied to the sheet
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	Bending moment caused by force applied to the sheet
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Figure 33. Geometric definitions of parameters.
The model enables to describe full turns of the actuator. Different turns of the actuator can be distinguished by the value of 
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 (and also by angular deflection 
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). In Figure 34 one can see an actuator in two situations full turn apart. It illustrates that position 
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 mean different turns.
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Figure 34. Same point on the trajectory – different positions on the trajectory!

For realistic results it has to hold that 
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. In Figure 35 is an example of a non realistic situation, where 
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. One can see a state of static equilibrium which could never be attained during normal operation.
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Figure 35. An example of non realistic situation.

(If one doubles the width of the IPMC sheet, it is equivalent to two sheets working in parallel. The output force would double. The same holds for stiffness and EIBM.) Output force F, bending stiffness B and EIBM 
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 normalized to the width of the sheet characterize the properties of the IPMC material.

IPMC is a sandwich with cracked surface and several layers with different elastic modulus. The Young modulus of a homogeneous sheet with same dimensions and similar stiffness can be calculated using the equation
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where 
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 is thickness of the IPMC sheet. For a non-homogeneous material like IPMC this parameter is called effective Young modulus or equivalent Young modulus. It can be used to characterize the properties of the IPMC material. However, it is sensitive to thickness measurement errors. Thereby the use of B/w is encouraged to characterize the stiffness of the material.
For more details about the model please refer to [I].

4.2 Algorithms for computing position-force relationship
Relationship between p and F (see Table 5) is key data to effectively design many engineering devices of interest. The relationship is also called position-force relationship. Analytical closed form solution for position-force relationship has not yet been found. This section describes two algorithms for solving the problem numerically. In course of finding force-position relationship, also the shape of the sheet can be found.
The mechanical model of IPMC actuator (please see [I] for formal description) defines one-to-one relationship between pairs (p,F) and (sF,Fsheet). Both of the algorithms described in this section make use of this postulate. They search for (sF,Fsheet) and use an algorithm presented in [33] to calculate the shape of the sheet. When we know the shape of the sheet finding (p,F) is a trivial task. Both of the algorithms can be used to find position-force relationship but the inputs and outputs of the algorithms differ. Please see Table 6 for summary of the inputs-outputs of the two algorithms.
Table 6. Inputs-Outputs of the two algorithms introduced in this section
	Method
	Nonlinear optimization
	Mapping

	Input
	R, l, k0(s), B, Me(s)
	R, l, k0(s), B, Me(s)

	Data-in to specify the portion of position-force relationship we want to find
	p (or F) and
initial guess of (sF,Fsheet)
	bounds for (sF,Fsheet)

	Output
	Maximum one pair (sF,Fsheet)
	A relationship between sF, and Fsheet within given bounds

	By-product
	pair (p,F) and the shape of the sheet
	A relationship between p and F


Both of the methods have their weaknesses – cases in which they fail. Counter examples are presented to illustrate the deficiencies of the methods. Examples are made as simple as possible. In our examples we have uniform EIBM along the IPMC sheet. Only l and Me may differ in different examples. The other parameters are the same for all examples and are defined as follows: R=0.04m, k0(s)=0 and 
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. Realistic values extracted from experiments of bending stiffness and EIBM are used.

4.2.1 Method 1: Nonlinear optimization

The most intuitive method for finding (sF,Fsheet) is by using unconstrained optimization method like downhill simplex method. In Figure 36 block diagram and in Figure 37 front panel of the algorithm for finding s and Fsheet using this method is presented.
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Figure 36. Block diagram of the algorithm for finding s and Fsheet.
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Figure 37. Front panel of the algorithm for finding s and Fsheet.

The task is to find (sF,Fsheet) such that the point on the sheet in position sF, would be as close to the trajectory as possible. The exact form of objective function depends on whether p or F is specified. In case p is specified, distance between the point on the trajectory in position p and point on the sheet in position sF is minimized. In case F is specified, square distance between the trajectory and the point on the sheet in position sF plus square difference in F is minimized.

The task my sometimes have more than one solution. This method however is able to find only one of them. Which one is found depends on the initial guess of (sF,Fsheet).

4.2.2 Multiple solutions

In this section counter examples for nonlinear optimization are presented. For a given position on the trajectory p there may be many forces F and pairs (sF,Fsheet) with satisfy the model. This case is described in section 4.2.2.1. Also for a force applied to the object F there may be many positions p and pairs (sF,Fsheet) with satisfy the model. This case is described in section 4.2.2.2. In both cases similar fluctuation in position-force relationship appears.
4.2.2.1 1 position – 3 forces

It may happen that in the same position different forces may be applied. Such a situation is pictured in Figure 38 and corresponding position-force relationship is given in Figure 39.

Such positions form a closed interval. There exist three different forces which satisfy the model if position is from inside the closed interval and only two, if position is at the endpoint of the interval.
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Figure 38. The shapes of the sheets, all in the same position of the trajectory.
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Figure 39. Position-force relationship with points corresponding to the shapes of the sheets in Figure 38.

4.2.2.2 1 force – 3 positions

It may happen that the same amount of force is applied to the object in different positions of the trajectory. Such a situation is pictured in Figure 40 and the corresponding position-force relationship is given in Figure 41.
Such forces form a closed interval. There exist three different positions of the trajectory if force is from inside the closed interval and only two, if force is at the endpoint of the interval.
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Figure 40. The shapes of the sheets, which all apply the same amount of force.
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Figure 41. Position-force relationship with points corresponding to the shapes of the sheets in Figure 40.
4.2.3 Method 2: Mapping

The second method for calculating position-force relationship is able to find all solutions in cases presented in the previous section. The output of the algorithm is not a single pair (sF,Fsheet), but a relationship between sF and Fsheet in given bounds. The relationship can be represented as a curve on sF-Fsheet plane like pictured in Figure 42. The curve corresponds to pairs (sF,Fsheet) in which case the point of the sheet in position sF lies on the trajectory. In this section the relationship is called a curve on sF-Fsheet plane and a pair (sF,Fsheet) is called a point on sF-Fsheet plane. 
The algorithm consists of following steps:

1. Rectangular area of sF-Fsheet plane is scanned and distance between the trajectory and the point of the sheet in position sF is recorded for each point. The distance is positive for points on one side and negative for the points on the other side of the curve on sF-Fsheet plane.
2. All such pairs of points (from now on we call this a segment), with are neighbors and have distances with different signs, are marked. Such segment intersects with the curve on sF-Fsheet plane. In Figure 42 one can see the marked segments.
3. Using false position method the intersection of the curve and the segment is found for each marked segment. In Figure 42 these are pictured as back dots on the curve.
4. A cubic-spline interpolant is found, which crosses all the intersections. The spine is also pictured in Figure 42. This curve represents the relationship between sF and Fsheet.
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Figure 42. A scan of a rectangular area, pairs of points, intersections and cubic-spline interpolant.
This method assumes G1 geometric continuity (smoothness) inside the rectangular area and G0 geometric continuity (continuity) at the border. As shown in the next section this assumption my not always be satisfied.
4.2.4 A non G1 continuous relationship
In this section a counter example for mapping method is presented.
In Figure 43 a relationship between sF and Fsheet as a planar curve is not G1 geometrically continuous. In Figure 44 the shapes of the sheets, corresponding to the discontinuity points are pictured. Please note that actuator crosses the trajectory in the tip of the IPMC sheet. In Figure 45 the corresponding position-force relationship is pictured. Position-force relationship has also discontinuities.
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Figure 43. A non G1 geometrically continuous curve on sF-Fsheet plane.
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Figure 44. The shapes of the sheets, corresponding to the discontinuity points seen in Figure 43.
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Figure 45. A discontinuous position-force relationship corresponding to the curve seen on Figure 43.
The mapping method is unable to find a non G1 continuous relationship, but can be used to find G1 continuous segments of the relationship.
4.3 Experimental results and discussion

To verify the proposed model and to study the behavior of two actuators described in 2.3.3, a number of experiments were conducted. The radius of the trajectory is constantly 40mm. The shape of the sheet and output force is measured in 7 different positions of the trajectory (see Figure 26) at −2V, 0V and +2V. Please refer to [I] for more details about the experiments. Please refer to [
] and [
] for the videos of the experiments of the long and the short sheet respectively in a position of the trajectory 
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It can be concluded that the model describes accurately the behaviour of both sheets. Position-force relationship at various voltages and free deflection at various voltages is discussed in section 4.2.1. The variation of the shape of the sheet and modeling error is discussed in section 4.2.2.

Readings of the long sheet taken in a position +30 mm of the trajectory are invalid because the sheet systematically got stuck between the rolls. Please refer to Appendix B for more information.

4.3.1 Position-force relationship
In Figure 46 real and simulated output forces at different electrical stimulations can be seen. Horizontal axis corresponds to parameter p and vertical axis to parameter F. The mean squared error for force prediction was 0.322mN for the long sheet and 0.422mN for the short sheet with elongation.
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(b)
Figure 46. Real and simulated position-force relationship of the long IPMC sheet (a) and the short IPMC sheet with the plastic elongation (b).

4.3.1.1 Performance measure

It can be noted that the mean absolute force in initial position is approximately 1.5 times bigger for the short sheet with elongation compared to the long sheet. Maximum mean absolute free deflection (position at zero force) on the other hand is approximately 1.5 times bigger for the long sheet. As free deflection and stall tip force are equally important I propose characterizing the IPMC actuator with the product of these quantities. The result has work units (joule) and I propose calling it productivity measure of IPMC actuator. The productivity measure is approximately equal for both actuator configurations.
4.3.1.2 Efficiency measure

As a second characteristic an efficiency measurement of IPMC sheet is proposed. It is defined as productivity measure divided by the area of the freely bending IPMC part. The length as well the area of the freely bending IPMC part of the long sheet is about 11 times larger than that of the short sheet. Thereby the conclusion is that the productivity measurement is approximately 11 times higher for the short sheet with elongation compared to the long sheet.

4.3.1.3 Linearity

In Figure 47 linear fits of position-force relationship of the two actuator configurations are presented. We define linearity of the actuator as average mean square of errors of linear fits. The short sheet is about 10 times more linear than the long sheet.
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Figure 47. Simulated position-force relationship and linear fit of the relationship of the long IPMC sheet (a) and the short IPMC sheet with the plastic elongation (b).
4.3.2 Shape variation

On the videos [61,62] and in Figure 48 one can see that with different voltages the static equilibrium state of the sheet differs. In case of a long sheet the difference is high. In case of a short sheet with an elongation the difference is barely notable.
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Figure 48. Neutral curves of long sheet (a) and short sheet (b).

Let us consider fast moving sheets and dynamic model of the IPMC actuator. The shape of the sheet is an input parameter for calculating the output force. The less the shape of the sheet varies, the easier it is to estimate the shape of the sheet. In case of a short sheet with elongation the shape of the sheet does not vary so much and can be easily estimated. In case of the long sheet estimation of the shape of the sheet is more difficult. We need a dynamic model of the IPMC actuator to calculate the output force based on the shape of the sheet. Static model presented here can be used to calculate the shape variation of the actuator.
I propose characterizing the shape variation of IPMC actuator with area between actuators at extreme opposite voltages as pictured in Figure 49. The shape of the long sheet varies on an average 0.976cm2 and the shape of the short sheet 0.086cm2. So the shape of the long sheet varies about 11 times more than the shape of the short sheet.
[image: image112.wmf]
Figure 49. Shape variation of long IPMC sheet in position zero at extreme opposite voltages.
4.4 Bending stiffness and EIBM of the two actuators

Using the model, bending stiffness and EIBM corresponding to −2V and +2V of the actuators presented in 2.3.3 could be identified. It is done based on the previously introduced experimental results. Please refer to [I] for the methodology. Table 7 summarizes the parameters extracted from the experiments.
Table 7. Parameters extracted from the experiments
	Parameter
	Long IPMC sheet
	Short IPMC sheet with the plastic elongation

	Length of the freely bending IPMC part
	50.0 mm
	4.50 mm

	Bending stiffness
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	Bending stiffness normalized to the width of the sheet
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	Equivalent Young modulus
	236 MPa
	147 MPa
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EIBM for short sheet can be considered constant!

	The mean absolute value of EIBM
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	The mean absolute value of EIBM normalized to the width of the sheet
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	9.470 mN


Also, in [I] simulations with long sheet assuming constant EIBM are reported. It was concluded that this assumption is not valid. Hence these results are neglected in this review. Also, in [I] simulations with short IPMC sheet with the plastic elongation letting the EIBM vary along the IPMC sheet are reported. It was concluded that letting the EIBM vary is unnecessary and hence is also not reflected here.

4.4.1 Comments

Following observations are made on the basis of Table 7:

1. The equivalent Young modulus proposed in this table is not much different from those proposed in [1,5,39]. The equivalent Young modulus is very sensitive to thickness measurement errors. That is one of the reasons, why my model uses bending stiffness quantity.
2. The long sheet appears to be stiffer than the short sheet (although the short IPMC sheet is cut from the first part of the long IPMC sheet). It can be explained by changes in the hydration level [1,35]. The short IPMC sheet is surrounded by water while the long sheet is not. Please refer to Table 4 for the side view of the short sheet. The short IPMC sheet is surrounded by water because elongation is close to the contacts and because of the surface tension of water.

3. As 
[image: image125.wmf]s

 increases, the varying EIBM tends to converge to zero. It can be explained by the fact that when moving toward the top of the sheet the potential between surfaces drops because of the surface resistance [VI,VII,42,43]. The smaller is the potential, the smaller is EIBM.

4. EIBM (both varying and constant) at voltages +2V and –2V do not have the same absolute value. This reflects the asymmetry of the material.

5. EIBM of the long IPMC sheet changes polarity or has peaks at some positions. This is caused by errors in curvature measurements.

5 A linked manipulator with IPMC joints

This Chapter describes a linked manipulator using IPMC joints as pictured in Figure 50. I argue that this design reduces the control complexity of an IPMC manipulator and increases the precision of the device. The design rationale stems from our theoretical work in material modeling.
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Figure 50. The design concept of the linked manipulator.
The closest related work is reported in [
] where also a multi-DOF manipulator is modeled, but the higher number of degrees is achieved with laser ablation of a single IPMC strip.
In this Chapter design considerations guided by the theoretical results in material modeling are presented. I designed a manipulator prototype based on these considerations and built an experimental setup. Then experiments where conducted to test whether design considerations where justified. Only a brief description is given here. For more details please refer to [III].

The experiments consist of the following phases:

1. First, a single IPMC joint with a rigid elongation is characterized to find the relationship between the driving voltage and deflection angle. 

2. The manipulator is built and tested. The previously gained voltage-deflection angle relationship is used to control the joints. The precision of the manipulator is measured and verified against a single IPMC strip with an equal length.

3. The reaction time to reach the maximal deflection angle is measure and compared in case of a linked manipulator and an IPMC strip.

5.1 Design considerations

The theoretical results in material modeling have guided the design considerations. The conclusions drawn from out theoretical work are the following:

1. An IPMC material can be described as a lossy RC-line. The longer is the actuator, the longer is the line. The longer is the line, the more the signals get distorted and delayed and the harder the actuator is to model and consequently, to control [4].

2. An IPMC cantilever actuator can be partially replaced with a passive elongation without the loss of actuation force (section 4.2.1).

3. The output force of the actuator does not depend on the length of the IPMC sheet but on the width. When more output force is required, the IPMC actuator should be wider, not longer (section 4.1).

4. If a long strip of an IPMC is replaced with a short IPMC and a passive elongation, the force-position relationship gets linear (section 4.2.1) and the shape of the actuator is more predictable (section 4.2.2).

5. For short IPMC sheets, the relationship between voltage and deflection angle of the actuator is approximately linear [4].

5.2 System setup

A manipulator prototype was designed based on the considerations listed above. The prototype device is depicted in Figure 51. The length of both links is 30mm. The suitable length for both IPMC joints was found to be 3mm. Please refer to [III] fore more details about finding suitable length of IPMC joint. Comparative experiments are conducted with 30mm long IPMC strip (such as in Figure 1). The width of joints and 30mm long strip is 14mm.

[image: image127.jpg]



Figure 51. Manipulator prototype.
In Figure 52 the experimental setup is presented. The experiments were conducted in deionised water to keep the environmental conditions constant. The motion of the actuator is recorded with an overview camera. For the single IPMC joint calibration the angle of the elongated strip is recorded against an illuminated white background. To measure the position of the manipulator, LEDs are mounted at manipulator joints. As it turned out, if the IPMC part is short with respect to the elongation, the manipulator can be described and analyzed as consisting of a passive rigid link and an active rotating joint. Please refer to [III] for more details.
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Figure 52. Experimental setup.
5.3 Experimental results and discussion

First the length of the IPMC joint was determined. The length had to be chosen so that linear fit to the voltage-angle relationship would be precise enough. In our case such length was 3mm (see Figure 53). The mean square error is 
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Figure 53. Calibration results of 3mm long IPMC joint, where the voltage-angle relationship is near linear and 5mm long joint, where it is non-linear.

In Figure 54 the errors of the linked manipulator and the 30mm long IPMC sheet are shown. They are measured in Euclidian distance between the desired and actual end points. The mean error of the linked manipulator is 1.14mm (standard deviation 0.92mm) and the 30mm long IPMC sheet is 3.59mm (standard deviation 2.20mm). Not only has the linked manipulator 2D workspace compared to the 1D work space of the 30mm long IPMC sheet, but the linked manipulator is also 314% more accurate than the long IPMC sheet.
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Figure 54. Cumulative error distribution of linked manipulator and 30mm long IPMC sheet.

Also reaction times of the linked manipulator and an IPMC strip where recorded. The two manipulators where controlled in the same way. The voltage was applied to both devices and the time required to obtain the maximal deflection was recorded. The results show that the reaction time of the 30mm long sheet is 0.5 sec longer than of the linked manipulator.
The parameters of IPMC material samples may vary considerably and therefore one should not expect the quantitative results to hold when the experiments are repeated with different IPMC materials. For example, if the surface resistance is lower, the suitable length would increase.
6 Conclusions and future work

6.1 Conclusions

I have shown that IPMC actuators are feasible as they are able to propel a robotic fish forward. I have also shown that IPMC actuators enable balancing an inverted pendulum system – an inherently unstable system – for 10s. It may be concluded that the inverted pendulum is a suitable testbed for testing IMPC actuators given the physical limitations of IPMC materials.

This thesis presents a mechanical model of an IPMC (ionomeric polymer metal composite) actuator in cantilever configuration. It gives the most detailed description of the quasi-static mechanical behaviour of the actuator with a non uniform bending at large deflections reported so far. It is able to accurately describe the behavior of IPMC actuator in cantilever configuration subjected to concentrated load (section 4.2). Input of the modeled system is distribution of EIBM (electrically induced bending moment). The model enables to calculate output force and the shape of the sheet in every position of the trajectory. 

I have presented a testbed for IPMC actuators, with enables characterization of the actuators. It was also used to experimentally validate the model.

Newbury [35] also studies force displacement relationship of long IPMC actuators. In case of small deformations, the force-displacement relationship was observed to be linear. In this thesis I have shown that it may also be nonlinear (see section 4.2.1).
In this thesis I have studied the impact of use of elongation to IPMC actuator performance. The use of elongation has the following advantages:
1. It avoids bending in wrong direction (Figure 21).
2. It helps to keep the IPMC sheet wet (observation 2 in section 4.3).

3. It makes linear approximation of position-force relationship more precise (section 4.2.1.3).

4. It makes the actuator more efficient (section 4.2.1.2).

5. The shape of the sheet varies less (section 4.2.2).

6. EIBM (and also voltage) can be considered constant along the IPMC sheet.
7. If the IPMC sheet is short enough, the voltage/maximum deflection relationship can be fitted with a linear function (see Figure 53).
8. If the IPMC part is very short with respect to the elongation, the manipulator can be described and analyzed as consisting of a passive rigid link and an active rotating joint.

The use of elongation has also a few disadvantages

1. It makes the construction of the actuator more complex,

2. It reduces the free deflection (section 4.2.1.1)

As an advancement to elongated sheet – a linked manipulator with IPMC joints – is presented in this thesis. It consists of two IPMC joints and two rigid links. It is shown that this design reduces the control complexity of an IPMC manipulator and increases the precision and reaction speed of the device.
6.2 Future Work

The mechanical model presented in this paper considers only quasi-static movements of IPMC actuator. The next logical step would be the development of a dynamic mechanical model which would also consider inertial and drag forces.

The model could be modified to support straight trajectories like in case of inverted pendulum system described in section 2.2, varying bending stiffness and two or more concentrated loads.

The previously listed advantages of the use of elongation have many implications to IPMC actuator design and modeling.
In case of the short sheet voltage and also EIBM can be considered constant along the IPMC sheet. This enables simplification of electromechanical models by removing surface resistance. The equations get simpler, as variable for the position on the sheet drops out.
As elongation makes linear approximation of position-force relationship more precise, a simplified linear model for elongated sheets can be developed. The model can work in cooperation with the previously described simplified electromechanical model.

I have proposed a classical inverted pendulum control problem as a testbed. I suggest that if the pendulum can be balanced, then the usability of IPMC actuators for precise control tasks is proven. This could be achieved with faster camera and the use of elongation and simplified linear dynamic model.

The work on linked manipulator only addresses the open-loop control of the manipulator. However, closed loop control could improve the speed and precision of the actuator. A self-sensing actuator [14] could be used in the joints of a linked manipulator.

The design of the linked manipulator can be improved or modified. For example, more links could be added to increase the workspace even more. Also the orientation of the joints could be changed to make the manipulator work in 3D instead of 2D.
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Summary in Estonian
IPMC täiturite
mehaanika modelleerimine
suurte painete korral

Doktoritöö on rakendusliku suunitlusega. Uuritud on elektrivoolu toimel painduvate materjalide modelleerimist ja juhtimist. Kasutati materjali, mida inglise keeles nimetatakse Ionomeric Polymer-Metal Composite (edaspidi IPMC). Välimuselt meenutab IPMC mõlemalt poolt õhukese metallikihiga kaetud kilet. Metallikihtide vahel elektripinge rakendamisel (näiteks 2V) kile paindub. IPMC ehitust ja tööpõhimõtet on täpsemalt kirjeldatud väitekirja 1. osa alguses.

IPMC materjalist valmistatud täituritel on mitmeid häid omadusi, nagu madal tööpinge ja suur paine. IPMC täiturid rikastaks oluliselt masinaehituseks kasutatavate täiturite valikut, luues uusi konstruktsioonivõimalusi ja muutes paljud seadmed konstruktsiooni poolest lihtsamaks. Potentsiaalne kasutusvaldkond ulatub mänguasjadest kosmosetehnikani. Alaosas 1.1. on toodud põhjalik ülevaade IPMC materjali omadustest ja kasutusvaldkonnast.

Väitekirja 2. osas uuritakse IPMC täituri erinevaid konfiguratsioone ja tehakse järeldusi täituri oleku ja rakendatava jõu mõõdetavuse kohta nendes konfiguratsioonides. Alaosas 2.1. on vaatluse all robotkala. Katsetest selgus, et IPMC täiturid suudavad sellist kala edasi viia, aga täiturite täpne liikumine polnud kahjuks mõõdetav. Järgmisena vaadeldud inverteeritud pendli süsteemis on täituri positsioon juba mõõdetav, aga mõõdetav pole täituri poolt rakendatud jõud. Katseid inverteeritud pendliga kirjeldatakse täpsemalt väitekirja alaosas 2.2. Eelpool mainitud puudused õnnestus likvideerida kolmandal katsel. Alaosas 2.3. kirjeldatakse süsteemi, kus IPMC täituri asend on ette antav ja rakendatud jõud kergesti mõõdetav. Seda süsteemi kasutatakse IPMC omaduste kindakstegemisel ja väitekirjas kirjeldatud IPMC täituri mudeli valideerimisel.

Seniajani on valdav enamus IPMC rakendusi laboratoorsete katsetuste tasemel. IPMC täiturid avastati alles 1992. aastal ja pole veel jõutud selgeks teha, kuidas seda materjali täpselt modelleerima ja juhtima peaks. IPMC täituri mudelit võib käsitleda kaheosalisena: a) elektromehaaniline osa ja b) mehaaniline osa. Elektromehaaniline mudel kirjeldab, kuidas rakendatud elektripinge toimel tekib materjalis paindemoment. Sealjuures võivad voolu poolt tekitatud paindemomendid riba erinevates punktides erineda. Mehaaniline mudel kirjeldab riba käitumist etteantud voolu poolt põhjustatud paindemomentide jaotuse korral pikki riba. IPMC täituri mudeli struktuuri kirjeldus on esitatud 3. osas. Väitekirjas keskendustakse peaasjalikult IPMC täituri mehaanika uurimisele.

IPMC täituri mehaanika matemaatiline kirjeldamine on üldiselt kolmemõõtmelise pideva mehaanika ülesanne. Teatud eeldustel võib aga ülesande taandada IPMC riba kuju esitava tasandilise kõvera liikumise uurimisele. Väitekirja 4. osas tutvustataksegi just sellist mudelit. Tegemist on seniloodutest kõige täielikuma IPMC täituri mehaanilise mudeliga. See kirjeldab IPMC täituri kuju ja rakendatavat jõudu suurtel painetel ja voolu poolt põhjustatud ebaühtlaselt jaotunud paindemomendi korral. IPMC täitur koosneb lihtsamal juhul IPMC ribast, aga IPMC täitur võib koosneda ka IPMC tükist ja selle külge kinnitatud jäigast pikendusest. Tutvustatud mudeliga on võimalik kirjeldada mõlemat juhtu. Mudeli korrektsuse testimiseks sooritati alaosas 2.3. kirjeldatud süsteemiga seeria eksperimente ning võrreldi eksperimentide tulemusi simulatsioonidega. Saadud tulemusest tehti järeldus, et mudel on korrektne.

Pikenduse kasutamise idee edasiarendusena esitatakse 5. osas lülimanipulaatori konstruktsioon. See koosneb kahest jäigast lülist ja kahest IPMC materjalist liigendist. Sisuliselt on kaks pikendusega IPMC täiturit kokku ühendatud. Nii saavutatakse suurem tööpiirkond kui ühe täituriga. Katseliselt tõestatakse, et lülimanipulaator võib olla täpsem ja kiirem kui traditsiooniline IPMC riba kujul täitur.

Kuigi pikenduse idee on lihtne ja varem tuntud, pole seinajani selle kasutamist IPMC täiturite ehitamisel põhjalikumalt uuritud. Väitekirjas on toodud mitmeid argumenteeritud väiteid pikenduse heade ja halbade omaduste kohta. Katsete ja simulatsioonide põhjal võib näiteks järeldada, et pikenduse kasutamine muudab positsiooni-jõu suhtele lineaarse lähenduse täpsemaks. Täielik ülevaade pikenduse kasutamise headest ja halbadest omadustest on toodud väitekirja kokkuvõtvas alaosas 6.1.

Väitekirjas esitatud mehaaniline mudel on staatiline ja sobib seega ainult IPMC täituri aeglase liikumise kirjeldamiseks. Kiiremate liigutuste tarvis oleks vaja koostada dünaamiline mudel. Sellest täpsemalt ja lisaks muudest edasistest  uurimistöö võimalustest on kirjutatud alaosas 6.2.
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Appendix A.

To compare classical linear beam theory and mechanical model of IPMC beam presented in [I], beam deformations under different concentrated normal loads were calculated. For results, please refer to Figure 6. To calculate the shape of the beam with the model in [I], algorithm described in section 4.2. was used. The shape of the beam, using classical linear beam theory, was calculated as follows.
Let 
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 be denote bending stiffness, 
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 length of a beam and 
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 concentrated normal load at the end of the beam. When the tip of the beam is loaded, the beam bends and points of neutral curve of the beam relocate. In classical linear beam theory, axial displacement of points is neglected. We denote normal displacement of points as 
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By integrating and considering that tangential angle at the contacts is zero 
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By integrating and considering that the beam starts from point zero 
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This simple equation gives us the shape of the beam according to the classical linear beam theory. Nonlinear beam theory, like the one introduced in [I], does not give us such simple analytical equation. On the other hand, nonlinear beam theory is more precise in case of large deformations (see Figure 6).

Appendix B.

In this section a problem with long IPMC sheet is discussed. In the outermost position +30 mm of the trajectory (Figure 55) the sheet systematically got stuck.
To ensure frictionless contact between IPMC actuator and load cell, the actuator is held between the rolls (see Figure 25). The gap between the rolls is bigger than thickness of the material, to enable 
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 values different than zero. Please refer to Table 5 and Figure 33 (b) for the definitions of 
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. The mechanical construction has to consider different values of 
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. However, the gap may not be too large or the connection would allow for backlash. So starting at a certain 
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 value the sheet will not be able to move freely between the rolls.
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Figure 55. The sheet does not fit to move freely between the rolls of the load cell.
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