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Abstract

Novel linear electromechanical actuators based on nanoporous TiC-derived carbons was prepared and studied. Traditionally, thin membranes containing mobile ions inside are used for bending actuators. We describe a linear actuator which consists from carbon material thin films and ionic liquid. The thin film is 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 of about 1% from their thickness under the voltage less than 3 V. The motion starts already at 0.8V and the magnitude of actuation is related to the electrical charge of the device. Two different types of electrolyte were used: 1) Ionic liquid (EMITf) and 2) Tetra-alcyl-ammonium salt in propylene carbonate (PC) solution. The actuators with ionic liquid have 70% higher movement. The parameters of the actuators were studied by cyclic voltammetry and electrochemical impedance spectroscopy.  
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1. INTRODUCTION

There is an increasing interest in using soft actuators in the field of biomimetic devices, since they mimic the behavior of biological muscles. The materials are attractive for creating artificial muscles used in biologically inspired robots
, not least underwater robotic applications
,
,
. In other hand, microapplications like MEMS
, microfluidics
 and engineered devices housing hydrogel valves, filters, and lenses
,
,
 as well as other soft material actuators that mimic natural movement in microfluidics
 There exists today an emerging scientific field, where several electroactive polymers[] are exploited for a great variety of applications. Mechanical actuators that simultaneously may provide high power densities and large force generation capacities are of great scientific and technological interest
. There are several electroactive materials well-known. We propose the material with linear actuation properties which consists from carbon material thin films and ionic liquid. The thin film is made from nanoporous TiC-derived carbon powder and polytetrafluoroethylene (PTFE) as a binder agent. 
Carbon produced by extraction of metals from metal carbides is called carbide derived carbon(CDC) . The described method
[] of carbon synthesis offers unique control over carbon microstructure and allows to fine-tune porosity at the nanoscale. Applications proposed for CDCs are fuel cells, hydrogen storage and different extraction/purification methods of noble gases based on the selective adsorption. However, main force of the development is focused to electrochemical storage devices, such are super- or ultracapacitors. 
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Fig. 1. A structure (a) and High Resolution Transmission Electron Microscope (HRTEM) picture (b) of amorphous microporous carbon.

Microporous amorphous carbons have non-uniform distribution of the curved graphene flakes as shown in Figure 1. []
. Carbon atoms have hybridization of sp2, but graphene forms 3D network. Advanced CDC materials have high electric double layer (EDL) capacitance (130 F g-1 in nonaq. electrolyte). 



Hahn et al. performed dilatometric studies on the porous and graphitic carbon electrodes and observed significant reversible volumetric effects in the electrodes during the charging-discharging, results confirmed the electroactive properties of porous carbon. The electroactive mechanism of carbon is based on the charging of electric double layer. The electric energy is stored by formation of double-layer at carbon/electrolyte interface, process is electrostatic and Faradaic reactions do not occur. Large capacity of porous carbon electrodes is provided by high specific surface area (typically 500 to 2000 m2g-1).
The expansion of the carbonaceous electrodes is generally undesired and crucial factor for the cycle ability of energy storage devices. 

2. Experimental Details
2.1 Preparation of material

2.2 Carbon
TiC-derived carbon powder, precursor of the actuator electrodes, was produced by Carbon Nanotech Ltd.  TiC derived carbon is synthesized from titanium carbide by chlorination at high temperature (400 - 900 °C) Reaction product is amorphous carbon powder with particle size 2-5 m and large quantity of very small nanopores with pore size 6-9 Å in those powder particles. 

The porous carbon electrodes were prepared from the mixture of 92% (wt.) TiC-derived carbon powder and 8% (wt) PTFE binder polymer (Aldrich, 60% suspension in water) and rolled into to the thin active material sheet with a final thickness of 100 ± 5 m After drying, the raw electrode sheets were plated from one side with thin aluminum layer ~ 3 m using Plasma Activated Physical Vapor Deposition. Importance of aluminum coating for reducing the contact resistance between carbon layer and current collector is studied and confirmed in [].
Carbon-polymer film
2.3 Assembling of the actuators
The linear actuators 1 – 4 (Table. 1) were assembled from the pairs of carbon electrode discs (Ø 1,7 cm), separated with an ion-permeable separator paper from Kodoshi Nippon (cf. Fig. 2). Each 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. 2. The principal scheme of a linear actuator.

The actuator cells were vacuumed at 120° C for 24 h before being impregnated with the electrolyte. The electrolytes used in this study were 1.0 M tetraethylammonium tetrafluoroborate in propylene carbonate (“Honeywell Digirena ®” TEABF4/PC, H2O < 0.003 %) and the ionic liquid 1-ethyl-3methyl-imidazolium trifluoromethane-sulfonate (EMITf, Fluka)

Table 1. The linear actuators tested in this study
	Actuator

#
	Notation of actuator
	Notation of CDC material
	Electrolyte

	1
	TEA600
	TiC-600
	1.0 M TEABF4/PC

	2
	TEA800
	TiC-800
	1.0 M TEABF4/PC

	3
	EMI600
	TiC-600
	EMITf

	4
	EMI800
	TiC-800
	EMITf


2.4 Electromechanical measurements

The test cell of the linear actuator is depicted in consisted 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. 3. 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. Simultaneously, the electrical parameters - voltage and electric current – were recorded using National Instruments PCI-6034 DAQ card and LabView software. The electric current was measured as a voltage drop over the low resistance R.

The extent of actuation of the actuators in time-domain was detected using a custom-made optical system. The measurements were performed in two modes: (i) a constant current charge-discharge process (CC mode). In CC mode we observed tendency of decreasing performance when actuators were charged relatively high current. To achieve maximum performance of actuators we combined constant current method with constant potential method (ii) (CCCP mode). Actuation is correlated and limited with the charge inserted in actuator.
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Fig. 3. Illustration of the experiment setup.
3. Results and Discussion
In this paper we demonstrated the actuator for short range actuation applications capable to develop pressure 50 N cm-2. Lifetime of the actuator is up to 106 cycles and energy efficiency 90 % due to device is evolved from material commonly used in supercapacitors. Improvements in energy efficiency may accelerate the development of electromechanical actuators as well as provide industrial and consumer applications.
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