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Abstract

This paper investigates design considerations of an Ionomeric Polymer Metal Composite (IPMC) actuator in a cantilever beam configuration. We investigate a general case where the actuator is required to apply certain output force within a predefined working section. We show how to find the optimal width and length of the actuator given these constraints. Our approach also considers an actuator configuration where part of the IPMC actuator is replaced with a rigid elongation. One of the conclusions of this work is that the rigid elongation can be used as a construction element to improve the performance of the IPMC actuator.
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82.35.Lr (Physical properties of polymers)

1 Introduction

IPMC (Ionomeric polymer metal composite) is a type of an electroactive material that bends in electric field [1, 2]. It consists of a thin swollen polymer film, such as NafionTM, filled with water or ionic liquid. Both sides of the polymer film are plated with thin metal electrodes. Voltage applied between the surface electrodes causes migration of ions inside the structure of the polymer, which in turn causes the mechanical bending of the sheet as shown in 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.
This paper investigates the optimal design of the IPMC actuator in a cantilever beam configuration. It is based on a mechanical model developed in our previous work [3].
In this paper we show how the task requirements affect the optimal design of the IPMC actuator. We demonstrate how the requirements to the actuation length of the actuator and to the output force determine the optimal design. Furthermore, we demonstrate that the actuators with and without a rigid elongation have a different performance in case of different task requirements and that the actuator with a rigid elongation can be superior to the actuator without an elongation. We then continue showing what is the optimal length and width of the IPMC sheet with a rigid elongation when the actuator is optimized by the mechanical work per unit area of the IPMC sheet.
Optimal length of the actuator is discussed in [14], but in different context (IPMC sheet rests on human tissue and optimal electrode length for maximum deflection and pressure is found).
The current paper uses the described model to study the optimal design of the IPMC actuator. We use the parameters extracted in [3] to extend and compare the results of our previous work.

Similarly to the previously conducted experiments, our objective is to investigate how the rigid elongation changes the performance of the actuator and whether it can be used as a construction element to make the actuator more efficient.

Our objective is to study the use of IPMC actuators in dust wiper mechanism or alike. We use several unconventional approaches.

1) In our system IPMC sheet can have an absolutely rigid elongation attached to the tip.
2) The load (a brush for example) is ether attached neither to the IPMC sheet nor to the elongation, but can freely slide along it. On the other hand the object is constrained to move along a circular trajectory.

3) The focus of this paper is optimizing the construction of IPMC actuators. For that we do not need to consider transformation from voltage to EIBM. We can work directly width given EIBM.

4) The actuator is assumed to work on horizontal plane, so the gravity will have no effect.

5) For simplicities sake, we neglect inertia and viscose drag of the IPMC sheet. Only quasi-static movements of the mechanism are studied.

We start by modeling the system, finding the parameters to optimize and proceed width example optimization based on IPMC actuator properties given in [3].

2 The model
[image: image4.wmf]
Figure 2. The system.

The IPMC sheet in a cantilever configuration manipulates an object. In our case the object is constrained to move along fixed trajectory (see figure 2). The position of the object is throughout this paper denoted by 
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. There is an amount of force 
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 required to move the object. One can think of 
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 as frictional force. The IPMC sheet can be electrically stimulated and applies force 
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 to the object. Electrical stimulation is expressed through electrically induced bending moment (EIBM) 
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 - a function of position on the IPMC sheet denoted as 
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In a arbitrary fixed position 
[image: image11.wmf]p

, if 
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 the object can move, otherwise it can not. The rigidity of the IPMC sheet (expressed through beam stiffness 
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) limits the positions, where the object can be moved. A section, where the object is moved, is called working section. The working section can be defined width center of the section 
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 and length of the section 
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.
In this paper we consider circular trajectory width radius 
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 and center at the contacts.

In this paper IPMC sheets are rectangular in shape, where 
· 
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 is width of the sheet,

· 
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 is free length of the sheet and 
· 
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 is length of the fixed part of the IPMC sheet – part of the sheet in between contacts or attached to the elongation.
We can control all these parameters when we design the actuator. The thickness of the IPMC sheet can be considered as a fundamental material property. After manufacturing it is fixed – we can not control it. The thickness is not implicitly used in the model, but material properties 
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 and 
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 depend on it. We can not control initial curvature 
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Model introduced in [3] can be employed to calculate 
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. In that paper, the force 
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 did not have the argument 
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. Here we want to emphasize dependency on position of the object and hence the argument. All the subsequent functions used in this paper are defined through 
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. So we have to be able to calculate 
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. The input parameters for corresponding algorithm are presented in table 1.
Table 1. Data required for calculating 
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	Name
	Notation

	initial curvature
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	EIBM
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	bending stiffness
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	length of the freely bending IPMC part
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	radius of the trajectory
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	position of the object
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3 Optimal position of the working section
Let us arbitrary fix a working section 
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, 
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. If 
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 changes, the sheet bushes the object (a brush for example) along the working section back and forth. Voltage applied to the IPMC sheet is bounded and so is EIBM. We ask, what is the biggest amount of frictional force 
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 (does not depend on position of the object!) that could be overcome. Designing for a given frictional force 
[image: image39.wmf]G

 is considered in section [Optimality of other parameters]. To answer the question, we need the knowledge of maximum and minimum EIBMs denoted 
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, it will increase the force applied to the object (notation 
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 it will decrease 
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. The corresponding forces are denoted 
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The maximum frictional force that could be overcome is:
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where 
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 maximum force that can be applied in positive direction and 
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 is the maximum force that can be applied in negative direction. Minus proceeds 
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 to change the sign form minus to plus.
The maximum frictional force over all positions of the trajectory 
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So the working section should be positioned so, that 
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Observations
· If 
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· We call the IPMC sheet symmetrical, is initial curvature is zero - 
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 and electrically induced bending moment at opposite voltages is equal in size, but different in sign - 
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. If the IPMC sheet is symmetrical optimal position of the working section is in position zero - 
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To illustrate the above discussion, an optimal position of working section and maximum frictional force for two specific cases is found. For parameters see Table 2. The same parameters are used as those identified in [3].
Table 2. Properties of the actuators.

	Configuration
	Long IPMC sheet
	Short IPMC sheet with
the plastic elongation

	Side view of the sheet and the initial neutral curve (the red dashed line) with curvature - 
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	Maximum EIBM 
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 (the blue line)

and

minimum EIBM 
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 (the red line).
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	Bending stiffness - 
[image: image67.wmf]B


	
[image: image68.wmf]62

2.0310Nm

-

××


	
[image: image69.wmf]62

1.2110Nm

-

××



	Length of the freely bending IPMC part - 
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	50 mm
	4.5 mm

	Length of the part of the IPMC sheet that is fixed - 
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	1.5 mm
	3.5 mm

	Width of the IPMC sheet - 
[image: image72.wmf]w


	11 mm
	11 mm

	Radius of the trajectory - 
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	40 mm
	40 mm

	The length of the working section - 
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	20 mm
	20 mm


Table 2 gives us maximum and minimum EIBMs 
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. For the corresponding forces 
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 see figure 3.
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Figure 3. Forces corresponding to extreme EIBM of long sheet (a) and short sheet (b).

4 Optimal length of the working section

In this section we try to establish, what should be the optimal length of the working section. We start by investigating 
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 dependency on length of the working section. For convenience we add parameter 
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 to 
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. On figure 4 one can see 
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 for both of the real life cases introduced in previous section.
[image: image86.emf]
Figure 4. Frictional force - maximum that could be overcome and
also maximum over all locations for the working section.

It is clear, that 
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 is always the biggest. If the length of the working section is near zero, the actuator could move the biggest brush. But because length of the working section is so small, the area that is wiped is approximately zero. We should go after maximum wiped area/maximum amount of work. The work done width one sweep trough working section is
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Please see figure 3 for 
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 for both of the real life cases introduced in previous section.

The maximum work done width one sweep trough working section over all lengths of the working section 
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Table 3. Properties of the new symetrical actuators.

	Configuration
	New long IPMC sheet
	New short IPMC sheet with
the plastic elongation

	Initial curvature - 
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	Maximum EIBM - 
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	Minimum EIBM - 
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	Bending stiffness - 
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	Length of the freely bending IPMC part - 
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	50 mm
	4.5 mm

	Length of the part of the IPMC sheet that is fixed - 
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	3.5 mm
	3.5 mm

	Width of the IPMC sheet - 
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	11 mm
	11 mm

	Radius of the trajectory - 
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	40 mm
	40 mm
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Figure 5. Work done width one sweep trough working section for old ansymetrical and new symmetrical actuators.
On figure 5.a you can see 
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 for both of the real life cases introduced in previous section. Surprisingly the 
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 is almost equal for short sheet and long sheet despite that long sheet is more than 6 times bigger. The voltage applied to the sheets was also equal. This is because as 
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 increases the varying EIBM tends to converge to zero [3]. Also the long sheet is stiffer. This statement is verified by conducting comparative simulations.

Comparative simulation where conducted with to new actuators with constant EIBM and equal stiffness. For properties of the new actuators please refer to table 3. The sheets are symmetrical. EIBM is equal to the mean absolute value of constant EIBM for the short sheet (see table 4. in [3]). Long sheet has now the same stiffness as short one. On figure 5.b you can see 
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 for both of the new actuators. 
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 for the long sheet has increased about 5 times!
Please note, that the optimal length of the working section is longer for actuators width long IPMC sheet.
5 Optimal length of the free IPMC sheet
In previous section 
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 (maximum work done width one sweep trough working section) was calculated for two real life actuators with IPMC sheets of different length. 
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 was found to be equal for both cases, but as the long sheet is more than 6 times longer, the long sheet is thus more than 6 times worse. With respect to the usage of expensive IPMC material, that is.

Now let’s consider ideal case, when there is no notable voltage drop along the IPMC sheet and EIBM is approximately constant. This corresponds to the new symmetrical actuators also considered in previous section. 
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 for long sheet was found to be 5 times bigger than that of short sheet. But still long sheet is worse. With respect to the usage of expensive IPMC material and electrical power, that is.

We define efficiency of the actuator as maximum work done width one sweep trough working section per area of the IPMC sheet. It can be calculated width 
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where 
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 is the area of the IPMC sheet. 
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 depends on length of the free IPMC sheet. For convenience parameter 
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 was added.
The maximum efficiency over all lengths of the free IPMC sheet 
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Kui [length of working section] “välja taandada”, siis saab selle graafiku, mis siin tegelikult olema peaks ;)
Figure 7. The efficiency of new symmetrical actuator.

The two new symmetrical actuators differ only by 
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 (length of the free IPMC sheet). On figure 7 on can see the efficiency of new symmetrical actuators width different lengths and also 
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When designing the actuator, the length of the free IPMC sheet 
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 should be chosen such, that 
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 may be chosen even smaller, if EIBM decays in direction of the top of the sheet but constant EIBM was assumed for calculations. So for real actuators introduced in section [Optimal position of the working section ] the optimal value for parameter 
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 is less than 19mm. The exact optimal length is a subject of future study. Decaying EIBM makes the efficiency of actuators width long IPMC sheets worse and therby effectively lessens the optimal 
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.
6 Impact of other parameters to actuator efficiency
In previous sections we have studied optimal values of 
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 and 
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 for maximum efficiency. In this section impact of other parameters to actuator efficiency is studied.
6.1 Initial curvature
Optima value for maximum efficiency is zero - 
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. However the impact to efficiency is small. Initial curvature should be simply small enough.
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6.2 Maximum and minimum EIBM
There is no optima value! Maximum and minimum EIBM strictly increase/decrease efficiency. 
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 should be as big/small respectively as possible.
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6.3 Bending stiffness
There is no optima value! Bending stiffness strictly decreases efficiency. According to the model indroduced in [3] for maximum efficiency bending stiffness should be as small as possible.
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Bending stiffness is related to the tensile strength of the material however. So if we make bending stiffness to small, it is also easy to break the IPMC sheet. This can be experienced on conductive polymer - another type of bending EAP. If we make the material to weak, it could break by it self as it tries to build up internal pressure on one side of the sheet (mida Urmas sellest arvab?).
6.4 Radius of the trajectory
There is no optima value! Radius strictly increases efficiency. For maximum efficiency it should be as big as possible. However the impact to efficiency is small. Radius should be simply big enough.
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6.5 Length of the part of the IPMC sheet that is fixed
Optima value for maximum efficiency is zero - 
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. However in realty this is not possible. There has to be some stalled part, to which clamp and elongation can hold on to. If 
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 is to small, also problems width electrical power supply could occur.
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6.6 Width of the IPMC sheet
There is no optima value! Width of the IPMC sheet does not affect efficiency! Width of the IPMC sheet is proportional width force, work. Using the width of the sheet we tune the force of the actuator - amount of frictional force 
[image: image148.wmf]G

 that could be overcome.
7 Design steps for efficient IPMC actuator
First relatively straight IPMC sheet, width as high maximum and minimum EIBM as possible should be produced or purchased. Bending stiffness of the material should be as low as possible, without making it so weak, that it would break.
Radius of the trajectory should be within reason as big as possible. It is pointless to make it to big, as increased construction effort is not compensated by tiny increase in efficiency.
For starters the width of the IPMC sheet can be fixed as 1. EIBM and beam stiffness normalized to the width of the sheet should be used.

Finding optimal values for 
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 can be found using classical optimization algorithm, like downhill simplex method. As an example, optimal values for 
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 and 
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 where found in case of new symmetrical actuators. This is a 3 dimensional optimization problem. In this paper optimal values where found one dimension at a time using combination of extensive scan and golden section search.
It is possible, that there are some constraints on 
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 and 
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. In that case sequential quadratic programming method could be used for finding the optimal values.
The length of the IPMC sheet can be chosen even small, considering:

a) force position relationship for short sheet is more linear (see [3]),

b) simplified mechanical model introduced in [3] could be used, if 
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 is small enough,

c) EIBM decays in direction of the top of the sheet.

After the optimal values for 
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 and 
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 have been found, we can calculate frictional force 
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 that can be overcome. 
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 is actually frictional force normalized to the width of the sheet. To get the width of the IPMC sheet, the actual frictional force that has to be overcome should be divided by frictional force normalized to the width of the sheet.

8 Conclusions
In this paper we have shown that the required output force determines the width of the sheet. The length of the free bendable IPMC part is determined by the required length of the working section.

We also present a method for finding an optimal design of an IPMC actuator. The actuator is in a cantilever beam configuration and can have a rigid elongation. We have optimised the actuator configuration by maximizing mechanical work per sheet area.
We conclude that a rigid elongation can be used to increase the performance of the IPMC sheet.

9 Future work
Only rectangular IPMC sheets are considered. What about triangular IPMC sheets?
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Figure 7. Forces corresponding to extreme EIBM of new long sheet (a) and new short sheet (b).

Appendix B.

Please note, that 
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 is nearly linear function on figure 4! You can not be always sure, that 
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 is linear enough (see figure 8). In general length and constant EIBM contribute to the curvature of 
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Figure 8. Frictional force of the new symetrical actuators.
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