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INTRODUCTION
Electro-active polymers or EAPs are materials that change their shape and size when electrically stimulated. As both actuators and sensors they are considered attractive for various applications in e.g. biomedicine and robotics. The state of art of EAP devices is reached the level of the first commercial outputs of EAP actuators, e.g. the ViviTouch tactile feedback system taking the gaming experience of mobile devices to the next level and Optotune’s electrically tuneable lens. 
Although there are some commercial products of the EAPs, there is still much research to carry out. Whereas the bending motion of described actuators is easily attainable, it is rather complicated to estimate that bending motion and control the system precisely. Already some decent models have been developed describe the parameters such as the tip displacement or the blocking force. 
One possible approach to model the behaviour of an EAP is through the curvature and bending moments. 
Anton et al added an elongation to an IPMC actuator and constructed a mechanical model. One important conclusion of their experiment was that the distribution of an EIBM (Electrically Induced Bending Moment) is not constant along the length of the actuator i.e. the deflection of the actuator is larger near contacts and decreasing by moving away from contacts. 
Punning et al introduced the correspondence between IPMC actuators and a RC transmission lines. It appears that the voltage distribution along the IPMC actuator can be expressed similarly as RC lines. Although there was noticeable linear correlation between the charge and the curvature, it was validated in a short time frame, thus neglected the back-relaxation phenomena.
[bookmark: _GoBack]The objective of the work is to obtain the time-dependent correspondence between the transient input voltage and the shape of the actuator. Similarly to the model of Punning, we consider EIBM to be a linear function of charge along the actuator. Compared to most of the models developed so far, the distributed curvature analysis adds the possibility to estimate the shape of the actuator much more precisely. EIBM and therefore curvature along the actuator have been minimise the variation of EIBM is by reducing the surface resistance of the electrodesThis approach is especially useful for actuators with large electrode resistance and large capacitance such as carbon polymer composites.


Back-relaxation.
It is a widely reported fact that IPMC exhibits back-relaxation i.e. a slow large relaxation towards cathode after quick bending towards anode. 
The major difference in actuation due to the size of the cations has been also denoted by Bar Cohen. (Two time constants.)

This paper is concerned with description of bending behaviour of ionic EAPs by means of electrically induced bending moment as a function of time and coordinate along the actuator.








Model description
The key component of the model is time and coordinate dependent voltage U(s,t). This voltage is creating moments along the actuator which are the cause of bending motion. The model consists of two parts: an electrically induced quick bending that produces electrically induced bending moment (EIBM) followed by slow relaxation in opposite direction. The relaxation is described through back-relaxation bending moment (BRBM) – a bending moment opposite to EIBM that is increasing in time. For the sake of simplicity let us assume that the charge is producing EIBM linearly:
where  is the coefficient relating charge and moment.
The relaxation of the actuator can be also expressed in terms of time and coordinate dependent charge with an additional exponential term. This equation is very similar to the Kelvin-Voigt model which is often used to model creep of polymers. The difference lies on the parameter of the exponent which is replaced by an integral of charge. Notice that from the time the charge has reached its maximum value i.e. the charge is constant in time, the presented integral term is simply growing linearly in time as in Kelvin-Voigt model. In figure X.Y it is shown that in case t>600 the charge is nearly constant and relaxation component can be fitted with an exponent in the meaning of high accuracy. 

We have stated the relations between input voltage and corresponding bending moments. A famous Euler-Bernoulli beam theory is applied to describe the linkage from moment to curvature:

where  is the bending stiffness,  is the effective young modulus and  is the second moment of area. In our case the cross-section of the beam is a rectangle, thus  is represented as:

 and  are width and height of the cross-section of the beam respectively.

Substituting the Euler-Bernoulli theory into Z results the equation for curvature:


where is the initial curvature of the actuator.
After a few simplifications, the final solution for curvature is obtained.

The following equation holds to transform the curvature into Cartesian coordinates:

where  and  are the initial position of the curve and

where is initial angle at s=0.


Experimental setup
The actuation process of a carbon polymer composite (CPC) material was observed visually. The shape of the actuator was recorded by CCD camera (Pointgray) at 3.75 frames per second. Grabbed video was filtered after which the vector representation of the actuator was obtained. All tasks from controlling the voltage between the electrodes up to the post processing of the curvature changes were carried out with NI LabView software with Matlab scripts for numerical model evaluations. The four input parameters of the model were determined using the differential evolution optimisation algorithm minimising the differences between the measured and the modelled voltage. The optimised parameters are depicted in the table 1.
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Table 1. Measured parameters for CPC actuator.
The value of k/EI was set by assuming back-relaxation component to be zero near the beginning of the actuation. The a/EI was obtained by dividing the back-relaxation component by U(s,t) and fitting to exponential function.




Results


The simulated points are clearly following the actual shape of the actuator. The shape of the actuator
T


Fig. 1 Measured and modelled shapes of the actuator at 2.5V.

Fig. 2. Measured and modelled shapes of the actuator at 2.5V


Conclusion and discussion
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Load function by gravity: 
Shear force:  
Moment:  
Euler-Bernoulli’s law:

where  is the bending stiffness,  is the effective young modulus and  is the second moment of area. If the cross-section of the beam is a rectangle,  is represented as:

 and  are width and height of the cross-section of the beam respectively.
Angle-curvature relationship:

Relationship between the angles along the actuator and the corresponding point in (x,y) plane:
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ρb [1/m]

t=0.00 s (measured)	0	-4.5005769999999998E-16	-9.0011539999999996E-16	-1.3501730000000001E-15	-1.8002309999999999E-15	-2.2502880000000001E-15	-2.7003460000000001E-15	-3.1504040000000001E-15	-3.6004619999999998E-15	0	-2.4500000000000002	-4.9000000000000004	-7.35	-9.8000000000000007	-12.25	-14.7	-17.149999999999999	-19.600000000000001	t=0.00 s (model)	0	-4.5005769999999998E-16	-2.996776E-3	-8.9903250000000004E-3	-1.7980639999999999E-2	-2.99677E-2	-4.4951489999999997E-2	-6.2931989999999993E-2	-8.390918E-2	0	-2.4500000000000002	-4.8999980000000001	-7.3499910000000002	-9.7999740000000006	-12.24995	-14.6999	-17.149830000000001	-19.599740000000001	t=1.67 s (measured)	0	-4.9291189999999999E-2	-0.20655119999999999	-0.4398165	-0.72035539999999998	-1.0269900000000001	-1.3530960000000001	-1.693174	-2.0395340000000002	0	-2.4495040000000001	-4.8944520000000002	-7.3333219999999999	-9.7672070000000009	-12.197939999999999	-14.626139999999999	-17.052430000000001	-19.477820000000001	t=1.67 s (model)	0	-4.9291189999999999E-2	-0.22418859999999999	-0.46755360000000001	-0.74335059999999997	-1.0319780000000001	-1.3242339999999999	-1.6194120000000001	-1.9175089999999999	0	-2.4495040000000001	-4.8932529999999996	-7.3311359999999999	-9.7655639999999995	-12.198499999999999	-14.63101	-17.06316	-19.494959999999999	t=5.67 s (measured)	0	-8.8554919999999995E-2	-0.35403220000000002	-0.76559619999999995	-1.278383	-1.869532	-2.523409	-3.230804	-3.9849389999999998	0	-2.4483990000000002	-4.8839730000000001	-7.2991580000000003	-9.6948930000000004	-12.072509999999999	-14.43364	-16.77929	-19.110340000000001	t=5.67 s (model)	0	-8.8554919999999995E-2	-0.36324410000000001	-0.7821188	-1.3096220000000001	-1.917713	-2.5863010000000002	-3.303299	-4.0645340000000001	0	-2.4483990000000002	-4.8829520000000004	-7.2968789999999997	-9.6894170000000006	-12.062749999999999	-14.41976	-16.762499999999999	-19.091239999999999	t=33.67 s (measured)	0	-0.1415613	-0.46847559999999999	-0.97736809999999996	-1.6458740000000001	-2.460191	-3.4195389999999999	-4.5199009999999999	-5.784402	0	-2.4459070000000001	-4.8739980000000003	-7.2705640000000002	-9.6275960000000005	-11.93831	-14.19267	-16.38167	-18.480129999999999	t=33.67 s (model)	0	-0.1415613	-0.47036990000000001	-0.97863100000000003	-1.6586890000000001	-2.5032190000000001	-3.5053390000000002	-4.6586489999999996	-5.9571969999999999	0	-2.4459070000000001	-4.873742	-7.2704420000000001	-9.6241669999999999	-11.924010000000001	-14.159689999999999	-16.321249999999999	-18.398820000000001	
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