Commonly thin membranes that contain mobile ions are used to produce actuators based on the bending movement. Hereby we describe alternative type of actuators which consist  carbon material thin films and ionic liquid. The carbon material thin films, act as electrodes of actuator, were made from nanoporous TiC-derived carbon powder and polytetrafluoroethylene (PTFE) as a binder agent. The working mechanism of the actuators is based on the interactions between the high-surface carbide derived carbon (CDC) and the ions of the electrolyte. These actuators are able to generate linear actuation with remarkably high force under the voltage less than 3 V. 
The linear actuator was assembled from the pairs of carbon electrode discs (( 1.7cm), separated with an ion-permeable separator paper from Kodoshi Nippon (cf. Fig. 1). The actuator consisted of five electrode pairs with a total geometric surface area of 11.35 cm2. The electrode assembly was placed in the sealed aluminum container. The additional mechanical pressure (p=48 N cm-2) was applied by the spring through a special connecting rod. This rod was further used for measuring the linear movement of actuator by laser beam. 
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Fig. 1. The principal scheme of linear actuators.

The actuator cell was vacuumed at 120° C for 24 h before being impregnated with the electrolyte. The electrolyte used in this study was the ionic liquid 1-ethyl-3methyl-imidazolium trifluoromethane-sulfonate (EMITf, Fluka).

Before evaluation, the linear actuator cell was kept at +60 °C for 48 hours to saturate the compact nanoporous electrode body by the electrolyte. Thereafter continuous galvanostatic cycling between 2.7 V and 0.05 V with the current I = 100 mA was carried out, prior performing the further studies. The purpose of preliminary galvanostatic cycling is to distribute the electrolyte ions and to decompose the traces of H2O as well as to inactivate other possible impurities. Usually 5 cycles were needed to establish the stable actuation of the electrochemical system.

The measurements of the electrical and mechanical characteristics of the linear actuator was performed simultaneously by using National Instruments PCI-6034 DAQ card and LabView software. The electric current was measured as a voltage drop over the low ohmic resistance R. The extent of actuation of the actuator in time-domain was detected using a custom-made optical system. It consists of two fundamental parts – the electrochemical actuator and the optical detecting mechanism. The actuator is assembled in a sealed cell. The cell incorporates a spiral spring, compressing the actuator by the force of 100N. The optical system is mounted on the top of the cell. The mechanical coupling between the actuator and the optical system is implemented by a shifting vertical rod. The movement of the rod is transferred to the moving mirror using a steel eccentric and a lever. This mechanics magnifies the scale of movement of the actuator by 25 times. Further magnification of the scale is performed by a laser beam, reflecting from the mirror and targeted to a distant screen, as depicted in Fig. 2.

The described optical system is able to magnify the scale of movement of the linear actuator by thousands of times, depending solely on the distance of the screen. In the course of the experiments the distance to the screen was a few meters and the expansion of the actuator by 1 (m was detectable as a displacement of the spot of the laser beam on the screen by 1 cm. The displacement of the spot on the screen was recorded by a firewire camera and the motion was thereafter digitalized using LabView software.
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Fig. 2. Experimental setup.

In order to research the actuator in detail, the combined constant current and constant potential (CCCP) mode was used - after charging the actuator to certain voltage using constant current IC, a constant potential VC was applied for up to 5 minutes. This method helps to examine the dynamics and peak of the actuation of the actuators. During the period of the constant potential the current decreases substantially and the peak of actuation appears in few minutes. In the course of different experiments the amperage of the constant current was varied in the range of 50 to 1000 mA. 
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Fig. 3. CCCP measurement of EMI800 (IC = 1000 mA, VC = 3 V);
a) voltage and current; b) actuation and charge

It was observed that the actuation culminates and remains stable in about 120 seconds, while the voltage reaches its stable level already in 60 seconds. There exists a nonlinear correlation between the actuation and electric charge of the actuator. In the first stage of charging, almost no actuation is detected, since the voltage is low and the adsorption of ions is a diffusion-limited process in the porous electrodes. The current dies away slowly due to the internal resistance of the actuator. While discharging by a short-circuit, the adsorbed energy is wasted through the low ohmic discharge resistor.

The actuation process is almost reversible. The peak of actuation – 12 (m – is gained in the both cycles of Fig. 3. The average speed of actuation can be calculated from the data of actuation and is 0.2 (m/s. Due to the low desorption of ions of the ionic liquid from the porous carbon, the process of discharging is slow and the cell does not relax completely to its initial thickness between the simultaneous cycles. The actuators are able to gain their initial position after about 5 minutes shorting only. 
We presume the main effects leading to the detected dimensional changes are ion intercalation and quantum mechanic actuation process. The charging leads to a rearrangement of the electronic structure of the carbon nanoparticles and to Coulombic forces which both cause the dimensional changes.
The average nanopore size of TiC-800 is 9.7 Å - approximately close to the size of the cations of EMITf. A challenging idea would be to test the extreme actuation of systems containing larger ions of electrolyte. Testing the actuators containing the electrolytes of ions of different sizes is our future work.

