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Abstract

IPMC (Ionic Polymer Metal Composite) is a class of electroactive polymers (EAP) that bend when electric field is applied to the material. From our theoretical studies of the material it appears that IPMC can be modelled as a lossy transmission line. From simulations it appears that IPMC reaction time depends on length of the strip used. Also the shorter the transmission line the less complex it is to model. We have also mechanically modeled an IPMC. It appears that the output force does not depend on length on IPMC but on width. Also the shape unpredictability is the larger the longer the strip is.  Based on these results the concept of a short IPMC with rigid extension was created. From simulations and experiments it was seen that there exists a certain length of IPMC at which output force and deflection angle remain close to those of a long IPMC while precision increases. Also, the material becomes easier to model and its short-term stability appears to be sufficient to be controlled. A manipulator was built to verify IPMC compatibility as links, tested for accuracy and compared with a long sheet of IPMC. The manipulator appeared to be 314% more accurate and twice as fast compared to the long strip of an IPMC and thus confirming the usability of the described design.
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1. INTRODUCTION

Ionic Polymer Metal Composite (IPMC) is a class of electroactive polymers (EAP)[1]. EAPs are materials that change their shape and size when electric field is applied to them. When voltage is applied to an IPMC, it bends. In figure 1 an IPMC strip is shown in a relaxed position and with voltages applied. 

[image: image1.emf]
Fig 1. IPMC in normal state with no voltage applied (left) and with voltage applied (right). Illustration of working mechanism in membrane

1.1 Construction of IPMC

IPMC materials consist of a thin ion-exchange membrane that is coated with electricity-conducting layers on both sides. In the membrane there are ions associated with water molecules. When voltage is applied on the electrodes of the IPMC it bends, see figure 2. Electric field forms within the material and ions are mobilized starting to move in the direction of electrostatic forces acting upon them. That causes the higher pressure within the material on the anode side and the lower pressure on the cathode side than in the normal state, resulting as an observable bending. For more detailed information on the working principle refer to [2]. IPMC materials are commercially available for purchase [3]. In our studies we used Musclesheet IPMC provided by Biomimetic Products Inc. The membrane is made of Nafion and surface electrodes are made of platinum. According to producer, Musclesheet works on voltages 0.1V – 7V at frequencies up to 100Hz. In case of optimal length the strip is capable of bending up to 90 degrees on both sides. Thickness of the Nafion membrane was in current materials approximately 0.2mm and the thickness of platinum electrodes was 5-10 μm. As the mobile cations, Li+ was used.
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Fig. 2. IPMC between clamps in rest (no voltage applied, B), with voltage applied (A) and with the same voltage applied at opposite polarity.

1.2 Material properties

The most advantageous IPMC properties are its light weight, softness, flexibility, noiselessness, easy shape formation, capability to sense its curvature. Musclesheets surface resistance (resistance of coating electrodes) varies in a large range when bending. This is most probably caused by the nature of cracked surfaces of metal electrodes to extend cracks when being extended comparing to normal state. Since one side is stretched and another compressed resistances vary as shown. This facility makes it possible to use IPMC as sensors. Also bending causes few millivolt voltage appearing between the electrodes. That also can be used to guess the shape when IPMC is used as a sensor [4,5]. In our previous work we have described self-sensing actuator that could be used as self-sensing IPMC joints[6].

Common drawbacks such as high energy consumption, changing properties, complicated controllability and lack of well-achieved control methods have caused the material not reaching into common use yet. Still there are proofs of material suitability for robotics applications such as tadpole robot [7], snakelike actuators [8], prototype walking robot [9] and raylike underwater robot [10].

1.3 IPMC manipulator

IPMC has very good properties for building a manipulator for soft- and micromanipulations. Still before the material can be put into practical use some issues such as long-term stability, efficiency and reliability have to be improved or overcome with appropriate control methods. Applicability mostly depends on solving issues of modeling and control. Large deflections have not been well modeled or controlled so far and no impressive results have been reported. 

In this paper we describe the built 2-link manipulator with rotating IPMC joints with axes coincide with links [11,12]. Closest related work is reported in [13] where a multi-DOF manipulator is modeled, but higher degrees of freedom are achieved with laser ablation of a single IPMC strip. Exact design is based on the principals derived from our work on IPMC modeling. It appears that using short IPMC strip reduces reaction time with no loss in output force. The rest of the IPMC can be replaced with a lightweight extension to achieve the same manipulation range (or even higher).

2. Material modeling

2.1 Electromechanical model

For modeling of the IPMC material we have introduced a distributed model comparing the material with a lossy transmission line [14] shown in figure 3. In the equivalent circuit the resistors Ra and Rb represent the resistances of surface electrodes and are variable since these values vary when the actuator is bent. Resistors Rc, Rx and capacitance C represent properties of the ion-exchange membrane. In circuit theory the described model is well known as a lossy transmission line. This model explains why it is so difficult to achieve real-time control of the IPMC actuator. In a transmission line as well as in the IPMC the signals get delayed and distorted the more the longer the line is. The relation that describes voltage along the line U(x,t) is a time-depending homogeneous constant-coefficient second order partial differential equation 
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In this equation the variable t is time and x is the distance along the transmission line or an IPMC sheet. IPMC can be described as an open-ended transmission line. Step response of the actuator transmission line model can be derived from (1). Then voltage along the IPMC is described by
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where Ra and Rb are total resistances, C is total capacitance of the transmission line, L is final length and erfc() is complementary error function. Deformation of the actuator appears due to relocation of ions inside the ion-exchange membrane, which is equivalent to current through capacitors in the transmission line model. The relation between curvature k(x,t) and current through IPMC I(x,t) can be derived



[image: image4.wmf]ò

=

t

0

)

,

(

)

,

(

dt

t

x

I

K

t

x

k


(3)

[image: image5.png]Polymer Kation





Fig. 3. Distributed model of IPMC. Resistors Ra and Rb represent surface electrode resistances; Rc, Rx and C are properties of ion-exchange membrane

In (3) K is coupling coefficient. Due to signals getting distorted and progressively weaker it is difficult to describe current and curvature of IPMC. Numerical approximations can be made, but analytical solution exists in special cases only. This is not appropriate for real-time control. 

2.2 Simulations

Parameters of IPMC for distributed model were experimentally extracted for the kind of IPMC strips we later used to experimentally conform the model. The parameters were Ra=3Ω/m, Rb=0.45Ω/m, C=0.015F/m. The numbers are per meter because transmission line is one-dimensional. Putting these values into equations (2) and (3) the IPMC behavior can be estimated.

From the simulations it appears that until a certain short length the relation between voltage applied and deflection angle achieved is linear which makes it possible to describe this relation with a simpler formula appropriate also for real-time control. For demonstration the simulations with 3mm and 30mm long IPMC are shown in figure 4. 
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Fig. 4. Simulation of curvature and voltage of 30mm (left) and 3mm long IPMC

It can be seen that voltage spreads along 30mm IPMC about 0.5s. Voltage and current that causes deformation becomes suppressed and delayed towards the tip. The 3mm long IPMC strip reaches maximum deformation in 0.05s with curvature being linear in time and space. 

2.3 Mechanical modeling

Mechanical model of an IPMC actuator is shown in figure 5.The actuator is described as a subject to bending caused by external force and electrically induced momentum. Due to similarity to transmission line electrically induced momentum varies along IPMC. Analyzing the case of varying stiffness along IPMC made it possible to compare long IPMC and short one with a passive rigid elongation. From the experiments and theoretical analysis the following conclusions can be made: Output force is proportional to the width of sheet; For increasing work done by active actuator part per unit area it appears that instead of a long IPMC, a short IPMC with a passive rigid elongation should be used [15]; It is easier to estimate the shape of an IPMC with elongation than the shape of a long IPMC sheet; The input voltage-output force relation becomes closer to linearity.
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Fig. 5. Static equilibrium states for long IPMC (left) and IPMC with rigid extension (right)

3. manipulator

We conclude that a soft IPMC manipulator as it is described by various authors [4,16] can be replaced with a short IPMC with rigid extension. Precision multilink manipulator is a good challenge to test the applicability of the approach to elongated IPMCs in practice. Potential usage of such a device would be in fields needing manipulator with low output force and compact measures for soft-manipulations. IPMC can be easily cut into needed shape and it is very compact comparing to the electromechanical analogs. A short IPMC with an extension has improved actuation compared to a long strip and until a certain length the relation between the deflection angle and the input voltage is very close to linear making it easier to apply control methods. Since IPMC resembles a lossy transmission line the shorter the IPMC is the easier it is to model and to control. With experiments we wish to valuate the precision of the manipulator. The precision of the open-loop control is a good indicator of short-term stability and suggests the efficiency of the closed loop control. For this we built a manipulator with a construction shown in figure 6.

3.1 Task formulation

In our experiments the goals were to test the precision of the IPMC manipulator using open loop control to compare it to a long IPMC sheet. This gives a good overview about the material short-terms stability, repeatability of actuations and suitability for applications. Closed-loop control methods cannot improve actuation remarkably in case the material is very unstable. We wanted to compare theory to experiments in search for linear deflection angle-input voltage relation and see whether reaction time decreases in case of short IPMC. By that it can be evaluated whether short IPMC with rigid extension is more justified than a long one without.

3.2 Design

The constructed manipulator shown in figure 11 has the length of the active part of IPMC approximately 3mm and width 8mm. Rigid links are made of plastic with the same width as the IPMC joints and with a length of 30mm. The density of plastic used for links is chosen to be slightly lower than water density to assure the manipulator as a whole has similar density to water to ensure the manipulator would not sink in water environment in experiments and remains horizontal. To identify the position of manipulator surface, LEDs were mounted on the top of the manipulator. For supplying LEDs with current lightweight and soft copper strings were used so that the friction becomes negligible. 
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Fig. 6. IPMC manipulator construction

In the experiments the manipulator is placed into deionized water container horizontally. This cancels out the influence of gravity during the experiments. Measurements are conducted using a PC computer with LabVIEW 7.1 environment. For signal amplification LM675 operational amplifiers are used. Manipulator position is measured by high-speed IEEE1394b camera. The experimental setup is shown in figure 7. For more details on construction and measurements refer to [17].

In the experiments the manipulator inertia and water friction were not taken into consideration. When voltages were applied, the manipulator was expected to reach an equilibrium state. The time taking manipulator to reach to the local equilibrium at a current voltage is defined as reaction time of manipulator. 

Fig. 7. Experiment setup[image: image9.emf]
3.3 Experiments

In the series of experiments with the manipulator the following steps were taken:

1. The manipulator was calibrated. Voltages from -4V to 4V were applied to both joints and the bending angle to voltage relation was saved to a calibration file

2. Measurements were made. Random points were generated in the actuation range of the manipulator and then tried to be reached. To calculate driving voltages the calibration file was used. Data about the measurements was saved and from that the precisions were calculated. 

3. Deflection angle-input voltage relation for the long IPMC sheet is measured and points on the trajectory are tried to be reached. The errors were calculated from the actual and expected values.

From the experiments with short IPMC strip it could be seen that after reaching maximal deflection angle the angle started to reduce slowly though the input voltage was kept constant. For experiments with manipulator the time to reach the equilibrium state was 0.5 seconds. The delay from the beginning of voltage input till taking readings for both calibration and measurements were chosen to be 0.5s. For the long IPMC strip the same variable appeared to be 1s. Thus the difference between the long and the short IPMC reaction time in experiments was 0.5 and in theory 0.45s, which are very close. The reason why these numbers are not 0.05s and 0.5s is that by this time the current has spread across the actuator causing forces rise to maximum, but in these simulations inertia and water friction was not taken into consideration. 
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In calibration the whole voltage region was stepped through by 0.1V step. From the experiments with IPMC with elongation it appeared that there indeed exists a length of IPMC at which deflection angle-input voltage relation is linear. This length appeared to be 4 +-2mm, specific length was depending on the sample. This was taken into consideration when constructing the manipulator. In figure 8 there can be seen a calibration chart for two IPMC strips with different length. One of them is very close to linear; another one has sub optimal length when targeting linear relation. 

Fig. 8. Calibration graphs for 3mm and 5mm length
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In casual series of measuring IPMC manipulator precision 400 measurements were made after each calibration. Typical error distribution is shown in figure 9 along with error distribution of IPMC with rigid extension. The mean error was 1.14mm with standard deviation 0.92mm. This means the manipulator is in short term quite stable. With closed loop control the error can be reduced even more. The number of experiments was with some samples even up to 5, whish is to say that 2000 test points were reached.

Fig. 9. Experiment results. Error distributions for manipulator and long IPMC sheet

To compare the manipulator to a simple IPMC the additional experiments were made. Unfortunately the IPMC with the length equal to the length of the manipulator could not be used. Those with length of more than approximately 3cm tended to take helical shape making measurements impossible. Thus we had to use an IPMC with a length of 3cm at maximum with an extension for determining the angle and position of the tip. In figure 9 the manipulator and the long IPMC error distributions are compared. The long IPMC has the mean error of 3.59mm with the standard deviation of 2.2mm. Thus it is clearly visible that the manipulator and the short IPMC with a rigid extension are more precise. 

In figure 10 the working areas of the 30mm long IPMC and the IPMC manipulator is compared. The picture is calculated from the camera image using calibration files of compared items. Though one-dimensional and two-dimensional cases cannot be directly compared it is obvious that in case of a narrower manipulation area larger error means that the manipulator and the short IPMC with an extension is more successful design. Therefore using the short IPMC and the manipulator is justified. Using extensions with short strips instead of a long IPMC increases precision of the actuator without the loss in the reachable working area. Quantitatively, the manipulator is 314% more precise than the long IPMC strip.
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Fig. 10. Manipulator as seen by camera in measurements (left) and actuation area for manipulator (right, 70mm wide area) and long IPMC (33mm wide area)

Fig. 11. Photo of manipulator[image: image13.png]70mm

33mm




4. conclusion

The aim of this paper was not to just build a two-link manipulator trivial in robotics but to introduce a new material for manipulator arm design while providing an idea of IPMC with an extension to increase precision, simplicity of control and modelling and for further driving such a manipulator with closed loop algorithms since the material is in short term stable enough for such applications. In this paper an application of an IPMC was introduced as manipulator link material for type of joints with axis coinciding with links. The design idea bases on our theoretical work in material modeling. We have modelled IPMC as a lossy transmission line. From this it appears that there exists a length for an IPMC strip at which deflection angle-input voltage relation is linear and it also appears that shorter strips have shorter reaction time. From both mechanical modeling and transmission line model it appears that IPMC actuator can be replaced by a short one with a passive extension. There shall be no loss in actuation efficiency. These statements were verified with experiments. From the experiments it also appeared that the theoretically predicted length of linear actuation exists near the predicted value. It is approximately 4mm with exact value depending on the sample. From the long IPMC and the manipulator comparison it appeared that the workspace of the long sheet was less than expected compared to that of  manipulator’s. The manipulator actuation precision was 314% higher. Also, the actuation range of the manipulator is two-dimensional providing more than just higher precision. 
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