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[bookmark: _Toc386615141]Introduction
The rapidly growing field of soft robotics and flexible electronics has stimulated the interest on the development of compatible stimulus-responsive electroactive materials.1, 2 The shift from conventional ‘rigid’ robotics and semiconductor-based electronics, which primarily engage on electron transport and magnetic fields, towards soft devices also implies fundamental changes in the device configurations and their operating principles. The working mechanisms of soft systems often employ mechanisms commonly found in the nature – they involve ionic currents and rely on the counteraction between electronically and ionically conductive materials.3 The materials and device structures in soft robotics and flexible electronics are often multifunctional, i.e. they can perform simultaneously multiple tasks in a system. For example, the same member can act either as a sensor, an actuator, or an energy storage unit, being simultaneously also a part of the mechanical structure of the device.
The work at hand explores the properties of a soft thin symmetrical three-layered laminate, which consists of a microporous polymeric membrane in-between two microporous electrodes with a high specific surface area. The membrane and the electrodes are swollen by an appropriate electrolyte. Therefore, this laminate is referred to as ionic electroactive polymer (IEAP). The electrodes are both electronically and ionically conductive, whereas the membrane conducts only ions. 
A number of devices from rather distinct fields of application share similar device configuration to the definition given for IEAPs above. The application fields of particular interest for the IEAPs are:
· Flexible supercapacitors
· Electromechanical actuators 
· Motion sensors
· Energy harvesters
Similar materials can be used for construction of a device for any of the listed application. These devices are distinguished mainly by their particular geometric configuration and optimization of the materials. As an example, if a device is expected to be operable in ambient air, the electrolyte is often selected from the class of ionic liquids (ILs). Vice versa, a hermetically sealed device is typically built using solvent-based electrolytes. 
The electrode materials available can be roughly divided into two: Faradaic or non-Faradaic. The work at hand is focused on the IEAPs with non-Faradaic microporous carbon electrodes. Microporous carbon is one of the widely used electrode material for the IEAPs due to its electrochemical inertness and a wide diversity of available forms ranging from powders to fibers.4 
In all of the abovementioned applications for the IEAPs, the ion transport properties between the electrodes5 and the interaction between the ionic species and electronically conductive electrodes are of particular importance. A good match between the porosity distribution of the electrode material and the sizes of the ions must be made to achieve an optimized device. The properties of the IEAPs can be tuned by the proper choice of electrolyte and changing the precursors and synthesis process parameters of carbon electrodes.4, 6 In addition, the choice of polymeric separator and binder also influences its ionic conduction and in turn also its electroactive properties.5, 7
The investigation of the IEAPs has been to this day primarily distinguished by their expected sole or primary function in a mechatronic system – either as a supercapacitor, an actuator, or a sensor. The state-of-the-art of the research on IEAPs, classified by their projected primary use, is reviewed in the next chapter.
[bookmark: _Toc386615142]State-of-the-art applications for IEAPs
[bookmark: _Toc386615143]IEAP as a supercapacitor
In supercapacitors the electric double-layer formed on the surfaces of high surface-area electrodes is used for storage of electric energy. Supercapacitors are commonly characterized by their high current and power density. The electrochemical system composed out of high surface-area carbon electrodes and electrolyte in-between having notably high capacitance at low voltage was first constructed by Becker et al. from General Electric Co. in 19578 and commercialized first in 1978 by NEC.9 Conventional supercapacitors are sealed systems, which use volatile organic electrolytes; for example, such as acetonitrile or propylene carbonate containing   tetraethylammonium tetrafluoroborate salt. ILs are promising electrolytes for the supercapacitors especially due to their high electrochemical window (>4 V); however, only in water-free conditions.10 
Recently, there has been a growing interest in the development of flexible, creasable or stretchable supercapacitors with an aim of developing power storage elements for portable and wearable electronic devices.11-13 Unlike the conventional sealed supercapacitors, which serve only as monofunctional energy storage units, the flexible supercapacitors can also perform as structural components, therefore reducing the weight and volume of portable electronics.14-17 Flexible supercapacitors as well as bending actuators are often constructed as thin laminate sheets, while flexible supercapacitors in a weaveable fiber form have recently become increasingly popular.12, 18 
The state-of-the-art flexible supercapacitor prototypes are typically characterized and hence also expected to operate in a water-free environment. Consequently, complete sealing of these devices against water absorption is presumed by default in a real-world device. The complete exclusion of water absorption in a supercapacitor capable of strains exceeding 100%19 becomes increasingly difficult in a long term use. A large number of prospective fields of application for the flexible supercapacitors presume the ability for long-term operation in air, possibly directly exposed to air. ILs have also been considered as electrolytes for flexible supercapacitors also due to their nonvolatility.20, 21 However, the research on in-air operable supercapacitors has not yet found significant interest in the scientific literature.
The supercapacitors are attractive also for the use in micro-scale devices; therefore, methods for integrating supercapacitors with microelectronics and microelectromechanical systems (MEMS) fabrication process are sought for. Contrarily to the conventional supercapacitors, which are typically characterized by their gravimetric specific capacitance in respect to the mass of their electrode material, the most relevant criterion for the micro-supercapacitors is their areal energy and power densitiy, as the mass of their active electrode material is often negligibly small compared to their total weight. Another reason is that the capacitance of a single electrode does not always scale up with its thickness.22  
[bookmark: _Ref385845827][bookmark: _Toc386615144]IEAP as an actuator
In 1992, Oguro et al., Shahinpoor et al. and Sadeghipour et al. almost simultaneously constructed an electromechanical actuator based on fluoropolymer-copolymer membranes with covalently bonded anionic moieties. The ionic polymer was first coated with compliant electronically conductive noble metal electrodes; thus, the resulting IEAP material is often called an ionic polymer-metal composite (IPMC). The working principle of IPMCs is straightforward – the mobile cations in the ionic polymer membrane together with their water solvation shells are drawn towards negatively charged electrode by applying electric potential difference between the metal electrodes. The resulting pressure difference between the opposite sides of the ionic polymer membrane emerges volumetric effects and causes bending of the IPMC.23, 24 The large dependence on hydration level makes in-air use of the solvent-based IEAP complicated. 
Conjugated polymers – polymers with electronically conductive backbone due to π-conjugation – are perspective alternative electrode materials for ionic actuators, which have been developed since the early 1990s.25 Volumetric changes in the conductive polymer electrodes are obtained by entrance or expulsion of mobile counter-ions, driven by reversible electrochemical oxidation or reduction of the conjugated polymer.26
Carbon was conceived as the perspective electrode material one decade later. In 1999, Baughman et al. demonstrated electrically induced actuation of a three-layered laminate with single-walled carbon nanotube electrodes in an aqueous electrolyte.27 The bending phenomenon was explained by quantum chemical effects in the carbon, resulting in elongation of the single-walled nanotubes. In the beginning of the 2000s, IL was conceived as a promising electrolyte to construct electrochemical devices operable in air. IL was demonstrated as a suitable electrolyte for conductive polymer-based IEAP actuators in 2002 by Lu et al.28 The next breakthrough in the world of ionic EAPs was the discovery of ‘bucky gel’ – a highly viscous composite of carbon nanotubes and IL – by Fukushima et al. in 2003.29 Soon after that, ‘dry’ actuators with “bucky gel” electrodes was presented by Fukushima et al.30 The mechanical properties of the bucky gel electrodes enable even construction of electrodes without any additional polymer binder.31 Subsequently, the electrically induced volumetric effects were demonstrated on various forms of activated carbons such as carbide-derived carbon,32 carbon aerogel,33 and graphene.34 In 2013, electrically induced anisotropic linear strain as much as 56% was demonstrated on an IEAP with aligned nanoporous microwave-exfoliated graphite oxide electrodes.35
IEAP actuators with carbonaceous electrodes are characterized by considerably large capacitance. The gravimetric capacitance per carbon content of the IEAP actuator with IL electrolyte is in the same order with supercapacitors – up to 120 F/g.36, 37 As a comparison, commercial supercapacitors with activated carbon electrodes yield 100 F/g in organic, 200 F/g in aqueous,38 and 125 F/g in IL electrolytes.39 Generally, the IEAPs optimized for actuation have significantly lower cyclic energy-storage efficiency (84%37). 
The IEAP actuators are often constructed as cantilevers undergoing bending motion27, 30, but the linear length change of either individual electrodes35 or the whole laminate32 has also been employed.
The response speed of the IEAP actuators is limited by diffusion of ions and solvents within the IEAP laminate; therefore, the IEAP actuators reveal their unique capability especially at the lower end of the size scale. IEAP micro-actuators of lateral dimensions of as small as under 50 µm of length40 and 6 µm of thickness[XXXX] have been fabricated. Actuators in sub-centimeter size scale become increasingly difficult to fabricate using the conventional, electromagnetic induction-based actuators. Instead, the IEAP actuators can be prepared in small size scale using existing printing technologies.  
Simple control over bipolar actuation by only controlling electric potential or current applied between the electrodes, large displacement amplitudes in the cantilevered mode, low elastic modulus, metal-free construction, and, most importantly, drastically lower working voltages compared to piezoelectric or dielectric elastomer actuators has motivated an extensive interest toward development ionic electromechanical actuators.
[bookmark: _Ref380080508][bookmark: _Toc386615145]IEAP as a motion sensor
It is known that many types of energy conversion devices work in either direction. For example, a piezoelectric pressure sensor that generates voltage in response to mechanical input can be operated as well as an actuator by applying voltage from an external power source. There exists also a counter-effect in IEAP actuators – formation of electric potential difference or electric current between the electrodes as a result of mechanical stimulus. 
The shape of an IEAP in cantilever configuration changes when electric charge is injected to them from an external source, and they generate electric charge when the cantilever is bent with an external force. Mechanoelectrical transduction has been previously comprehensively studied in case of IEAPs with inert metal (therefore, this type of laminate is referred to as ionic polymer-metal composite – IPMC) electrodes41. Mechanoelectrical transduction of the IEAPs with carbonaceous electrodes has previously attracted only occasional interest. A variety of proposed IEAP motion sensor configurations as well as the current status of the research on motion-sensing parameters of different types of IEAPs is covered in the next sections.
a. Motion sensor configurations
The IEAP motion sensors often share construction and optimization principles with the actuators. In a number of possible applications for the IEAPs, both actuation and sensing property is required. It can be advantageous if the same IEAP laminate is operable intermittently or simultaneously as an actuator or/and a motion sensor, as currently required. From the perspective of manufacturing of the IEAP-based devices, it is definitely more convenient to fabricate the actuators and sensors in a single process. It has been demonstrated on different types of IEAPs that an IEAP optimized for actuation also functions well as a motion sensor.42, 43 
An actuator that can sense mechanical perturbations during actuation via the same wires the actuator is driven through, without any additional sensors, has been demonstrated on the IEAPs driven by Faradaic reactions.44 Self-sensing of the IEAPs with non-Faradaic, carbon-based electrodes is possible by measuring the impedance of the individual electrodes.45 Another approach is patterning of the electrodes of an IEAP laminate into separate parts that are responsible either for actuation or sensing.43, 46
b. [bookmark: _Ref385845718]IPMCs as motion sensors
Mechanoelectrical transduction of the IPMCs was conceived almost simultaneously with its actuation property.47 However, the mechanism governing the sensing phenomenon in case of IPMCs is still under debate, therefore considerably complicating its optimization.48, 49 The major competing fundamental explanations for the charge-generation phenomenon are: (a) pressure-driven flow of diluent in the ionic polymer membrane due to mechanical bending creates an effective dipole in the pressure gradient direction due to orientation of cations and anions in the ionic polymer clusters;50 (b) The pressure difference exerted by mechanical bending causes a flow of solvent together with mobile cations, therefore creating a net charge imbalance;51 (c) More recently, it has been suggested that the electric double-layer at the electrode-electrolyte boundary gets disrupted by a flow of electrolyte and solvent, giving a rise to streaming potential.48, 49, 52 
Two of the abovementioned theories – (a) and (b) – explain the charge-generation phenomenon with the specific morphology and ionic structure of the ionic polymer membrane, while the role of the electrodes is of secondary matter. These theories apply on an ionic system where one ionic species (SO3- anions in case of Nafion) is fixed to the polymeric backbone and the counter-ion (Li+, Na+, etc.) associates to the fixed ionic groups. Vice versa, the explanation (c) underlines the importance of the electrode material and predicts a stronger sensorial response from a laminate with higher specific surface area electrodes.
The charge-generation phenomenon is well-characterized for IPMCs with a single mobile ionic group. Simultaneously, ILs have been used as an alternative solvent and electrolyte for the IPMC sensors and actuators53, while the use of IL is primarily motivated by its stable in-air operation capability. In the case of an ionic polymer membrane that is swollen in an IL, both cations and anions are the mobile ionic species, in turn requesting the need of this to be reflected in the proposed working mechanism. Mechanoelectrical transduction of IPMCs with IL electrolyte has been investigated with the purpose of verification of the streaming potential hypothesis.49, 54 
It has been underlined that iEAPs are capable of sensing also deformations other than bending, such as shear or compression.48, 54 Streaming potential or current emerging in the electrodes has been proposed as one of the underlying physical mechanisms for sensorial response in a wide range of configurations. However, the mechanism(s) for sensorial response is currently still under debate. It can be however concluded that the choice of appropriate electrode material is of equal importance with the membrane in the construction of iEAP motion sensors. 
c. Conducting polymer-based IEAPs as motion sensors
In addition to the inert noble metal electrodes such as platinum, also faradaic conductive polymer42, 55-59 and likewise faradaic ruthenium dioxide49, 54 electrodes have been used in the construction of motion sensors. The earlier understanding of the generation of sensorial current was the narrowing of the bandgap of the conducting polymer due to stretching of the polymer main chains, in turn changing the density of states and inducing redox current.55 A more recent interpretation for the formation of the sensor signal is ‘deformation induced ion flux’ – mechanical strain induces the flux of mobile ions and causes a shift in the balance of ions between the polymer phase and the electrolyte.42 Additionally, changes in equivalent capacitance between conductive polymer and electrolyte may also contribute to the sensor signal.59
d. [bookmark: _Ref378761262]Carbonaceous IEAPs as motion sensors
The sensorial response of IEAPs with carbonaceous electrodes has previously been reported only in few papers. Baughman et al. predicted in 1999, without experimental verification at that time, mechanoelectrical effect in an IEAP with carbon nanotube electrodes.27 Kamamichi et al. have fabricated carbon nanotube-based IEAPs, which yield ‘up to 0.1 mV’ sensor voltage in response to motion, by printing the electrode material on a cast PVdF-IL membrane.60 Sensorial property of IEAPs with bucky-gel electrodes has also been mentioned, without experimental investigation, by Ghamsari et al. 61 Akle et al. stated in 2012 that IEAPs with high-surface area (such as activated carbon- or carbon nanotube-based) electrodes “do not operate properly as sensors” due to predicable complications in the signal-conditioning circuitry.54 Otsuki et al. have constructed a bending speed-independent deformation sensor based on a non-specified solid polymer membrane and non-specified carbon electrodes, yielding output voltages of up to 350 mV.62 
Carbon-based ionic sensors have also been constructed in other forms than laminates. Mirfakhrai, Baughman, et al. have used carbon nanotube yarns for measurement of tensile stresses.63 However, this sensor works by measuring electric current between a biased yarn and a reference electrode. The sensorial effect is explained by the increase of the surface area of the yarns due to a tensile force. Formally, this kind of sensor does not belong to the class of IEAPs, because no polymer is involved in its construction, but its supercapacitor-like structure suggests similarity to the IEAPs in its working principle.
[bookmark: _Toc380081075][bookmark: _Ref380081259][bookmark: _Ref380081460][bookmark: _Toc386615146]IEAPs as sensors for stimuli other than mechanical
There are only few attempts found in the literature on using IEAP technology for measuring stimuli other than mechanical pressure. In 2012, Bakhoum et al. proposed a miniature supercapacitor for measuring humidity inside electronic components or composite materials. The supercapacitor constructed from activated carbon electrodes and potassium hydroxide electrodes was claimed to have the highest sensitivity with respect to size among all known types of moisture sensors.64 However, this proposed humidity-sensing mechanism does not incorporate any generation of electric charge.
[bookmark: _Ref380081301][bookmark: _Toc386615147]IEAP as an energy harvester
Section 1.2.3 characterized IEAPs as mechanoelectrical sensors. As an IEAP is a passive type of sensor, i.e. it senses motion by formation of electric current, it is obvious that it could in principle be also used as an energy harvester unit to convert mechanical energy into electrical. From the viewpoint of IEAP composition, there is no fundamental difference between sensors and energy harvesters, as both devices are generally optimized for the largest mechanoelectrical effect.
From the class of IEAPs, energy-harvesting capability from mechanical vibrations has been most widely explored in case of IEAPs. IPMC is applicable as a mechanoelectrical energy harvester in the frequency range <50 Hz, has an efficiency of less than 2 per cent, and generates instantaneous power up to 45 µW/cm3.65 The IPMCs with water as a solvent are especially advantageous in underwater energy-harvesting from water flow and vibrations.66-68 This is due to intrinsic water-compatibility of the IPMCs. Although the IL-based IEAPs are operable in air,69 in-air energy harvesting using IEAPs has attracted incomparably lower interest. A solution for harvesting wind energy by fluttering motion of leaf-shaped cantilevers is realized using polymer piezoelectrics.70 This is generally due to roughly two times higher energy conversion efficiency of polymer piezoelectrics compared to the IPMCs.65
[bookmark: _Ref380081675][bookmark: _Toc386615148]Humidity-sensitivity of the IEAPs
A number of potential applications for the IEAPs, irrespective of the particular function of an IEAP in a device, assume their ability for operation in an environment with a variable relative humidity (RH) level. Ambient humidity is an important parameter that determines the performance of IPMC actuators in air.71 This is also expected, as its working mechanism is based on electro-osmosis of water-solvated ions. The use of IPMC motion sensors in air has been demonstrated; however, the sensing signal is dependent on the hydration level72. 
Space, which is one of the promising fields of use for the IEAPs,73 is an exceptional environment due to its inconsiderable ambient humidity content. On the contrary, a number of other potential fields of application for IEAP actuators such as haptic feedback devices presume reliable operation at the full range of RH levels. To date, the IEAPs as energy-storage elements are often characterized in an inert gas atmosphere, e.g. in a glovebox, which excludes the effects of ambient humidity, but makes it difficult to predict the behavior of IEAPs in a real application.  Encapsulation is one of the proposed solutions to overcome humidity-sensitivity; although, it does not offer protection in long-term.74, 75 The IEAP actuators and sensors are typically characterized in ambient air at a constant temperature, often without specifying the RH level. The knowledge on the behavior of IL-based electrochemical systems based on double layer-adsorption working in air at the full range of RH is of crucial importance for devices irrespective of the field of application – actuation, sensing, energy storage and harvesting.
The effect of ambient humidity on the performance of IEAP actuators or sensors with IL electrolyte is seldom discussed, as ILs are considered stable in ambient conditions. In a real electrochemical device working in air, IL cannot be considered as a solvent-free electrolyte. Recently, the investigation of physicochemical properties of water-IL mixtures has attracted much interest76-79. A change in RH level can cause a drift in the electromechanical parameters of the actuators and sensors, which in turn raises the need for considering the RH level as an important input parameter for control algorithms. Consequently, the characterization and modelling of the effect of RH level on the properties of the IEAPs is justified. 


[bookmark: _Toc386615149]From sensors to energy harvesters
Vibration, humidity and pressure, which are common byproducts of anthropogenic processes (such as thermal power station or motor traffic) or accompany with various natural phenomena, offer virtually unlimited source for harvestable energy. The energy harvested from the surrounding environment is considered as ‘green’ and ‘renewable’. Today, many of these power sources are often not widely utilized due to lack of efficient energy-harvesting materials. Due to high cost of the energy-harvesting materials and their comparably low power density, ambient environment is currently not considered as replacement for nuclear or thermal energy. However, the energy harvesters in micro-scale are of particular interest for portable devices.
[bookmark: _Toc386615150]Energy harvesting in micro-scale
Energy harvesting in micro-scale (below milliwatt-level per one device) offers increasing interest especially due to the following issues:
1. It is expected that trillions of wireless sensor network nodes with computational and memory capability are to be deployed in the environment around us and on our bodies in next five years.80 Although the energy consumption per one device is small, the large number of devices leads to significant power consumption. Luckily, the state-of-the-art electronic components have become more energy-efficient. Microprocessors with a power consumption of only 7 µW /MHz-1 have been developed for use in wireless sensor network nodes.81 A large number of wireless sensor network nodes operate in a low-duty cycle regime, which decreases the total power consumption even further;82 therefore, even low-grade sources previously considered unprofitable can be used to harvest energy..Theenergy. The low power-consumption level suggests that the required amount of energy could be drawn directly from the ambient environment.82
2. There are a number of different sources of energy in the environment; most of them are irregular in time. A more reliable and efficient energy harvesting can be achieved by collecting energy from all available sources, therefore increasing the total power and minimizing the time period with no harvestable energy available.
3. Implantable (or wearable) medical electronic devices, which are often combined with lab-on-chip technology, are expected to be capable of autonomous operation during several years. The ability of harvesting energy in vivo is a considerable improvement in the field of medical electronics. Previously, energy harvesting from the energy of a heartbeat using ZnO thin films has been demonstrated by Li et al.83
4. In terms of cost per unit power, the energy harvesting units are today, as a rule, not comparable to conventional (thermal) power stations. However, the advantages of energy harvesters emerge in small scale power generation units. For example, despite thermoelectric energy harvesting has intrinsically low efficiency (<10 %), it retains its efficiency even down at microwatt level, where the conventional generators are impractical.84
[bookmark: _Toc386615151]The current role of supercapacitors in energy-harvesting
The supercapacitors and IEAP actuators are charged from an external power source. An IEAP actuator can be brought towards its initial position by consuming the stored charge by short-circuiting the electrodes. A supercapacitor is discharged in a similar fashion, yet the stored electric charge is mostly consumed by some electronic device to perform useful work. Despite a large amount of the electric charge stored in an IEAP actuator is, in the current prototypes, not recycled and therefore wasted after every working cycle due to the lack of efficient electronics for this action, the supercapacitor-like actuator technology holds an advantage before, for example, actuators based on Joule heating – a large amount of the applied electric charge can in principle be recycled.
Previously, supercapacitor-like structures have been considered for use in energy harvesting applications essentially as intermediary or even main energy storage units.85 The transient electric energy output of energy-harvesting materials, especially piezoelectric materials, is of irregular nature. The high voltage output spikes of a piezoelectric material is first rectified by using semiconductor electronics and consequently stored in a supercapacitor. After the terminal voltage in the capacitor has exceeded a threshold value, it is available for consuming. The recent work by Sun et al86 is a representative example of the role of supercapacitor in piezoelectric energy harvesting systems today. 
The output of thermoelectric generators is changing slowly in time, compared to the irregular transient signal of the piezoelectrics, but the voltage level is extremely low (10s of mV) and the internal resistance is orders of magnitudes lower than that of piezoelectric crystals. In such case, an external charge pump is used to boost the voltage to a suitable level for charging supercapacitor as an intermediary storage. The state-of-the-art commercially available step-up converter, such as LTC3108 from Linear Technology, can boost voltages up from levels as low as 20 mV and therefore allow harvesting energy from thermal gradients as low as 1ºC;87; however, at a low (<50%) efficiency. 
[bookmark: _Toc380081082][bookmark: _Toc386615152]Ambient humidity as an energy source
Ambient humidity is rarely considered as a source of electric energy in engineering solutions. On the contrary, the reversible sorption of ambient water by a nonhomogeneous material is a common actuation mechanism in the nature.  For example, a pine cone opens as a result of dehydration of a layered structure with non-homogenous fiber orientation in different layers.88 Therefore, ambient humidity holds a significant energetic potential. 
 It is well-known that asymmetric and reversible absorption of water by hygroscopic materials can be used for producing mechanical work. In its simplest way, this effect can be observed as curling of a sheet of paper due to moistening of one of its sides.89 Recently, the research on soft biomimetic artificial structures using sorption of water for actuation has gained a rising interest with a perspective of developing shape-morphing structures for soft robotics applications.90-92 Inspired by the natural phenomena, water vapor has been recently successfully employed in energy harvesting by Ma et al.93 However, in the work by Ma et al., humidity gradient was not converted directly to electric energy, but a fast and reversible, hydrolysis- and hydrogen-bonding-based actuation of a polypyrrole–polyol-borate polymer composite was converted to electric energy through incorporation of a layer of piezoelectric PVdF polymer.93 Biological materials have also attracted attention as hygroelectrical energy harvesters. In 2014, Chen et al. have demonstrated fast and reversible mechanical response of Bacillus spores to water gradients.94 The cortex region of the bacillus spores undergoes strain of up to 50% as a result of hydration. The density of mechanical energy generated in the hydration process is extremely high – up to 60 MJ m−3. In the hygrovoltaic cell constructed by Chen et al., the water sorption energy is first converted into mechanical motion and subsequently transformed into electrical energy via an electromagnetic generator.
Electrokinetic energy harvesters, which use streaming current as a power source, are perspective for small-scale energy harvesting95, because in its simple implementation it does not require any special engineered materials and a working device can be fabricated simply as an integral part of microfluidic devices. The efficiency of a streaming current-based energy harvesting system is significantly increased (up to 3% have been measured) in case the electric double-layers on opposite walls overlap, which can be achieved at channel heights around 75 nm.96  However, fabrication of microchannels with nanoscale dimensions by lithographic methods is complicated. For that reason, microporous materials, such as ion-selective 50-nm nanopores have been suggested.97 All electrokinetic energy harvesters presume a pressure-driven water flow for operation. To date, only a very few solutions have been presented which use sorption or diffusion effects for flow generation. Water evaporation-driven energy harvester with construction inspired by the water transport in trees, but the mechanism of electric energy generation based on streaming current formed in a microfluidic channel with electrically charged walls has been investigated by Borno et al.98 In addition, a straightforward solution for turning sorption effects in a hygroscopic PEDOT:PSS film into mechanical rotary or linear motion has been  proposed by Okuzaki et al.99, 100
[bookmark: _Toc386615153]

Research motivation
As IEAP laminates similar in construction are used for different applications, could an IEAP also be turned into a multifunctional device? In the emerging field of soft robotics, a perspective field of application for the IEAPs, multifunctional qualities is often required from its components. The fundamentally distinctive approach in soft robotics is the use of morphological computation – a soft robot is not composed of actuators and sensors, but the whole body is morphed and the robot must be conscious of its current shape at all times.101 The design principles employed in soft robotics are derived directly from the nature. The reliable gripping and grip releasing mechanism of the caterpillar legs regardless of shape and texture of the substrate is a perfect example of morphological computation in the nature.1 From the perspective of developing new materials for soft robotics, the materials having concurrently the qualities of an actuator and sensor are to be sought for. Today, the multifunctional properties of the IEAPs are currently only scarcely recognized.43, 44, 102 This work focuses on investigation of sensorial properties of the IEAP laminates operable as well as an actuator.
It is known from the prior art that the conjugated polymer laminates undergoing Faradaic reactions44 and the ionic polymer-based laminates with fractal-grown metal electrodes (that is, IPMC)41, 65 respond to external mechanical stimuli by formation or variation of voltage and current between the electrodes. However, the working principle of IPMC motion sensors is to date explained by more than one competing theory, as it is explained in Section 1.2.3 above. The previous research has been focused on modelling of the motion of ions and solvent in the ionic polymer cluster network. The significance of the surface area, porosity, and porosity distribution of the electrode material on the sensorial response has not been thoroughly investigated before. 
This research is focused on investigation of charge-generation properties of the IEAP laminates with non-Faradaic high-surface area activated carbon electrodes. In particular, IEAPs with carbon derived from metal carbides – that is, CDC – as an active electrode material are investigated. This is due to the high specific surface area and a tailored porosity distribution of CDCs. 
IEAPs both with and without use of ionic polymer as membrane and polymer binder are considered to identify sensorial response due to the use of high-surface area carbon electrodes. Hydrophilic IL is selected as an electrolyte. 
At first, the CDC-based IEAPs are considered as motion sensors capable of determining the magnitude of externally imposed curvature change. The mechanoelectrical measurements involved characterization of the IEAP response to different curvature changes and characterization of the frequency-response to a sinusoidal bending with constant change in curvature. 
As it is underlined in Sections 1.2.4 and 1.2.5, the IEAP technology has to date only occasionally used to sense other types of stimuli than mechanical. The high hygroscopicity of the IEAP, covered in Section 1.3 above, suggests that the IEAP laminates could have an electrically measurable response also to ambient humidity. Therefore, a hypothesis is proposed that sorption of ambient water vapor by an IEAP laminate can result in generation of a macroscopic electric charge. The charge-generation mechanism is expected to be similar in case of either mechanoelectrocal or hygroelectrical transduction.
The humidity-sensitivity of the IEAPs would considerably broaden their field of application towards new types of differential sensors. In addition, the knowledge on the humidity-sensitivity of the IEAPs also gives valuable information on the behavior of the IEAPs as actuators and also as in-air operable flexible supercapacitors. 
IEAP laminate is a passive sensor that produces electric current and voltage in response to external stimuli. This suggests its outlook also as an energy harvester. The humidity-responsive IEAPs would find use in humidity sensing and even micro-scale energy harvesting. In this work, for the first time, ambient humidity gradient is converted directly, without intermediary conversion into mechanical energy, into electric energy. Additionally, for the first time, storage of harvested energy into the same energy-harvesting material is demonstrated.

This work is organized as follows. Section 4 generalizes the IEAP’s charge-generation property from various external stimuli:. Iin addition to mechanical stress or strain, also ambient humidity is considered as an input stimulus. The design considerations for the IEAP sensor are discussed in section 4.1 and. tThe choice of materials for an the IEAP is discussed in section 4.2. 
Manufacturing of the IEAPs is not in the scope of this work; two different existing types of IEAPs were selected for investigation of sensorial properties. Section 4.3 gives the main characteristics for the chosen IEAPs. T and the manufacturing process for these IEAPs investigated in this work is explainedgiven separately in section 58.1.

The motion-sensing properties of the investigated IEAPs are discussed covered in section 56. The mechanoelectrical properties of carbonaceous IEAPs with carbide-derived carbon electrodes with tailored porosity distribution are investigated experimentally in sections 5.16.1- 5.36.4. The results are given in sections 5.46.5-5.56.6. Section 5.6 considers the IEAPs as mechanoelectrical energy harvesters. Construction of the custom-made bending rigs, which is not in the main scope of this thesis, is described in Section 8.2.
Before investigation of the humidity-induced charge-generation properties, it is necessary to characterize the changes in the electrical properties of the IEAPs in under different relative humidityRH levels. This is done in section 67. The sections 7.1-7.2 discuss the humidity-sensitivity of the IEAP constituents. The hHumidity-sensitivity of the used IEAP is investigated experimentally in sections 6.27.3-6.37.4. An equivalent circuit for the IEAP is constructed in section 6.4 and the change of the equivalent circuit parameters as a result of humidity absorption is analyzed by impedance spectroscopy in section 6.5. analyzed by impedance spectroscopy in section 7.5. 
The IEAPs response to humidity gradient is investigated experimentally in section 8s 7.1-7.3. The revealed extensive response of the IEAP to ambient humidity gradient suggested that the IEAP could be employed even in energy harvesting. Section 9 7.4 characterizes the IEAP as a hygroelectrical n energy harvester. 
[bookmark: _Ref378761144][bookmark: _Ref373842376]

[bookmark: _Ref385844530][bookmark: _Toc386615154]Sensorial properties of IEAPs
[bookmark: _Toc386615155]Working principle
This work investigates the IEAP laminates as sensors for detecting either motion or ambient humidity. As explained in sections 1.2.3 and 1.3, an IEAP can be used in a variety of configurations to sense motion or humidity. This work explores the IEAP sensors in one specific configuration – a transducer converting bending motion (covered in section 6) or humidity absorption (covered in sections 8-97) directly into electric current and voltage. Conversion of both stimuli into electrical signal is explained in this work by a similar underlying physical process; therefore, the underlying mechanism for sensing both stimuli is covered jointly in this section. 
Voltage or electric current could not be registered if the whole, ideally symmetrical IEAP laminate undergoes the same transient course of pressure, temperature, moisture content, etc., as symmetric physical processes take place in both of the opposing electrodes. Nevertheless, charge-generation by applying equal mechanical strain on both electrodes of an apparently symmetrical IEAP has been reported in the literature.48, 54 There is a choice – to make the laminate asymmetric or expose identical electrodes to different conditions. The current work is concerned on the formation of electric potential difference and electric current between the opposite electrodes of a virtually symmetrical IEAP laminate. 
The carbonaceous electrodes of the IEAPs used in this work are assumed to be ideally polarizable, i.e. there is no charge transfer across the electrode-electrolyte interface. Whenever an electrode is brought into contact with an electrolyte, two accompanying phenomena occur: (a) Reorientation of electrolyte ions, which can also cause reorientation of solvent molecules; and (b) redistribution of electrons in the electrode surface for balancing of the charge.103 As a result, the charges accumulate on the boundary, forming a so-called electrochemical double-layer. 
[bookmark: _GoBack]It is important to identify the difference between charging an IEAP using an external power source, or internally in case of an IEAP as a sensor. In case an IEAP is used as a supercapacitor or an actuator, injection of electrons from an external power source causes a formation of an electrochemical double-layer on the electrode-electrolyte boundary. Electrons are injected to (an electrode with negative potential) or taken from (an electrode with positive potential) an electrode. The charge is balanced in the double-layer region by specific reorientation and dislocation of the electrolyte ions, as illustrated in Figure 1A. If an IEAP is used as a sensor, the electrolyte ions are dislocated and/or reoriented due to some adventitious phenomena. The originally symmetrical double-layers present on the opposite electrodes undergo unsymmetrical processes and are rearranged in an unequal fashion. Therefore, the difference in the charge distribution is also induced in the electrodes. In case of the electrodes that are not connected via an electronically conductive medium such as a workload, a current-measurement resistor, or an accidental short-circuited spot in the laminate, the total number of electrons in each electrode is not changed. Instead, the cause for generation of voltage and electric current is a shift in electron density within a single electrode. In other words, when the IEAP is charged as a result of mechanical stress or ambient humidity, an electrode with more electrons getting involved in the charge-balancing in the double-layer obtains positive relative potential difference with respect to the opposite electrode, and vice versa.  When the electrodes are connected into an electric circuit, electric current can be registered between the electrodes. An IEAP in sensor configuration is illustrated in Figure 1B.
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[bookmark: _Ref386370350]Figure 1. The distribution of electric charge in the electrodes, the motion of electrolyte ions, and the corresponding polarity of the device when an IEAP is charged using (A) an external current source in case of supercapacitors and actuators, or (B) by motion of electrolyte ions in case of motion or humidity sensor.
[bookmark: _Toc386615156]Mechanoelectrical transduction
Mechanical bending of an IEAP laminate induces compressive stress in the electrode at the concave side and tensile stress in the electrode at the convex side of the IEAP laminate; therefore, dissimilar conditions for the opposite electrodes are straightforwardly achieved. It is expected that bending induces an unidirectional pressure-driven flux of the electrolyte in a microporous electrode and a swollen polymer matrix. Formation of electric current or potential between the electrodes can be achieved when the mobility of differently-charged ions is unlike in the given porous structure. The different mobility can be caused by (a) matching the porosity distribution of the electrode with the sizes of the ions in the electrolyte; or (b) tailoring the interaction between the electrolyte ions by chemical modification of the electrode or swollen polymer matrix. In this work, the enhancement of mechanoelectric effect is expected by the use of a carbonaceous electrode with a specific porosity distribution, which causes unequal mobility of the electrolyte ions. 
[bookmark: _Toc386615157]Hygroelectrical transduction 
As a hypothesis, reorientation of the mobile ions, which is necessary for generation of electric charge, could also be achieved merely by hydration of the hygroscopic constituents of the laminate. Hygroscopic ions can collect water molecules into their solvation shell, therefore increasing the effective volume of the ions. The change in volume can in turn change the double-layer structure at the electrode-electrolyte interface. Therefore, high hygroscopicity of the constituents is the primary concern for the IEAP operated as a hygroelectrical transducer. 
For a hygroelectrical transducer, a particular match between the porosity distribution of the electrode material and the electrolyte is needed; therefore, the optimization criteria for the design of hygroelectrical transducer are in agreement with the ones for mechanoelectric transducer. It is therefore expected that an IEAP that has good mechanoelectrical properties and consists of hygroscopic materials also works well as a hygroelectric transducer.
An important qualitative difference in hygroelectric transduction compared to mechanical bending is the possibility for long-term conservation of perturbations in the double-layer. It is obvious that an IEAP laminate can be bent only up to its maximum possible final curvature at a time; therefore, the maximum amount of generated charge in one bending cycle is strictly limited. After a sufficient time of waiting, the perturbations in the double-layer have disappeared and the bent position now corresponds to a newly-achieved stable state. In contrast, a constant humidity gradient can be conserved during a virtually unlimited time. This suggests that the generated charge could be preserved for a longer time period. In addition, during a long-time conservation of a humidity gradient, also continuous diffusion of water and water-solvated ions through the IEAP can start to occur. In turn, a considerably higher amount of charge per one cycle can be generated by applying a humidity gradient rather than a strain gradient.
0. [bookmark: _Ref376955534][bookmark: _Toc386615158]Considerations for IEAP sensor design
In the selection of materials for the IEAP working solely as a supercapacitor, it is obvious that accessibility of the carbon surface area must be optimized for both anions and cations.38 For the IEAPs intended to be used as actuators, it is generally accepted that higher ionic conductivity of the polymeric membrane incorporated with an electrolyte increases the response speed, while the generated strain depends (a) on the interaction between the ionic moieties and (b) the specific surface area of the electrodes, which in turn determines the absolute amount of transported charge.7, 104-108 The actuation property is related to the difference in the sizes of the oppositely-charged ions.107
As a hypothesis, the sensorial response of IEAP can be enhanced by selecting a combination of IL and a porous matrix so that the mobility of cations and anions in this matrix is, contrarily to the optimization criteria for the supercapacitors, purposely dissimilar. Unequal mobility can be achieved by (a) tailoring the relation between the porosity distribution of the microporous electrode and the sizes of the IL ions, (b) tailoring the interaction between electrolyte ions and ionic polymer membrane and (c) by selective hydration of hydrophilic ionic groups. Such optimization criteria are expected to significantly decelerate the charge-transfer kinetics of an IEAP, therefore making it less favorable to be used as an energy-storage unit. 
It is known that IEAPs with strong response as sensors operate well also as actuators. Therefore, the investigation of the sensorial response of the IEAPs may lead to a conclusion that unequal mobility of the electrolyte ions in the IEAP can result in a higher strain-generation capability. As it was underlined in sections 1.2.2 and 1.2.3b, the actuation and sensing mechanism can be easily explained in a system with anions permanently fixed to the ionic polymer backbone. In the IEAPs used in this work, both ionic and non-ionic polymers are used as separator and binder. This enables to identify the role of electrodes on the sensorial response of the carbonaceous IEAPs. It is expected that the porosity distribution of the activated carbon electrodes has a strong influence on the sensorial properties. Therefore, special attention is paid on the choice of electrode material and congruence between the electrode material and the electrolyte.
[bookmark: _Ref373842411][bookmark: _Toc386615159]The choice of materials
[bookmark: _Toc386615160]CDC as an electrode material
CDC is obtained by chlorination of metal carbide (SiC, TiC, B4C, Mo2C, VC, etc.) precursors at high temperature (400…1200ºC) and in an oxygen-free atmosphere. 6, 109, 110 During the chlorination process, the metal atoms are selectively extracted from the crystalline precursors, while the original shape and volume are exactly preserved. The properties of the CDC are highly dependent on the chlorination temperature and the choice of precursor, as the distribution of carbon atoms in the carbide precursor lattice is different. Furthermore, the CDC is subject to post-synthesis annealing typically with H2 or NH3, which is necessary for the removal of chloride residues, but the surface area and structure of CDC can be also affected during the annealing process.111 The unique possibility of tuning the porosity in sub-ångstrom accuracy in the nanometer-range, its high specific surface area (1000-2000 m2 g-1), and chemical inertness makes CDC attractive for use as supercapacitor or lithium battery electrodes,112 in capacitive desalination,113 and even as gas storage medium.114 CDC is formed on the surface of the precursors and it is therefore possible to control the thickness of the resulting CDC layer; however, structural variations can arise in thickness direction.115 In fact, the CDC can contain a variety of different carbon nanostructures from planar graphite to carbon nanotubes, onion-like structures, and nanodiamonds.116 The particular composition of the CDC is dependent on its synthesis parameters. Bulk CDC is usually produced from fine carbide powder; therefore, the resulting CDC is also in powder form. Nevertheless, it has been demonstrated that CDC, unlike the majority of activated carbons, is fabricable by lithographic methods. 117, 118  This makes CDC distinctive in the field of high-surface area carbons, as it opens a possibility to produce electrochemical devices with CDC electrodes in micro- or nanoscale. 
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[bookmark: _Ref373928382]Figure 2. The porosity distributions of the CDCs used in this work in comparison with the lateral sizes of the IL ions used in this work.
CDCs can be considered as hydrophilic materials. The CDC synthesis method produces carbon material with low amount of carboxyl, carbonyl, or hydroxyl functional groups110. However, upon the first exposure to air or in the process of post-activation, the dangling carbon bonds formed in the synthesis procedure are quickly functionalized119. This determines the hydrophilicity of CDC.
As also mentioned in section 1.2.3d, the motion-sensing properties of IEAPs with carbonaceous electrodes have not been comprehensively characterized before in the literature. The advantages of CDC compared to other types of activated carbons, listed in the paragraph above, motivate the selection of CDC as an electrode material for the IEAP sensors. Two different CDCs, derived from boron carbide (with rhombohedral crystal structure) or titanium carbide (with cubic crystal structure), were used in this work. The resulting CDC is referred to as B4C-CDC or TiC-CDC accordingly to the precursor for the CDC synthesis. This nomenclature has been suggested by Presser at al.6 B4C-CDC was produced by Y-Carbon Inc. and TiC-CDC by Skeleton Technologies. The porosity distributions of the CDCs, given in Figure 2, were measured using nitrogen adsorption method at the boiling temperature of nitrogen. The size distribution of pores below 2 nm is rather similar between B4C-CDC and TiC-CDC, with the exception of a more pronounced peak at 0.54 nm in case of TiC-CDC. The peak at 0.54 nm pore size is clearly distinguished in case of both CDCs. The pore distribution of B4C-CDC is considerably wider – the amount of pores in the range of 2…8 nm is demonstrably higher than in case of TiC-CDC. A wider porosity distribution can be advantageous, as it enables faster ion transport between bulk electrolyte and the smaller range of micropores. It has been experimentally confirmed that both anions and cations of ethyl-3-methylimidazolium bis-((trifluoromethyl)sulfonyl)imide an (EMITFSI) IL enter and exit the pores of TiC-CDC during charging and discharging.120
[bookmark: _Toc386615161][bookmark: _Ref387831465]IL as an electrolyte
Negligible vapor pressure has attracted IL to be used as a favorable electrolyte for electrochemical devices that are operated in air.121 ILs are often classified as hydrophilic or hydrophobic.77 In this work, the IEAPs containing two hydrophilic ILs – EMITFS and EMIBF4 – are considered. for investigation of the mechanoelectrical effect. Long-term use of EMIBF4 is, however, not recommended for applications that require operation in high-humidity conditions due to hydrolysis of BF4 ions122therefore, EMITFS as one of the most hydrophilic ILs is been selected as an IL for investigation of humidity-related effects of IEAPs. 
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[bookmark: _Ref387500633]Figure 3 Comparison between the lateral sizes of the IL ions used in this work to the porosity distribution of the CDCs.
Water sorption changes almost all physicochemical parameters of ILs. As a rule of thumb, water content increases its conductivity and decreases its viscosity79, 123-125. The high affinity towards sorption of vapors and low vapor pressure enables the use of ILs as active elements in amperometric126 or quartz crystal microbalance-based127 sensors.
In case of majority of the ILs currently available, the cations are larger than the anions. The ILs used in this study – EMIBF4 and EMITFS – also followed this tendency. Both of the ILs have 1-ethyl-3-methylimidazolium cations, which are slightly oblong-shaped and have lateral Van der Waals dimensions between 0.53–0.95 nm based on quantum chemical calculations. The Van der Waals dimensions of spherical tetrafluoroborate and trifluoromethanesulphonate anions are 0.47 and 0.58 nm, respectively. Therefore, by comparing the effective sizes of the ions with the porosity distribution of the CDC in Figure 2Figure 3, it can be expected that the mobility of cations and anions of these ILs is unequal in the CDC.
It is not correct to assume that the ILs consist entirely of ions. For a reference, the effective ionic concentration of pure BMIBF4 and BMITFS ILs are 0.64 and 0.57 of their respective molar concentrations.128 Therefore, pure IL could be considered as a system, where some IL ion pairs act as a solvent. What is more, in a real electrochemical system operating in air, the absorbed water acts as an additional solvent.125 Increase in the molar fraction of water in the IL-water mixture increases its conductivity, in part due to increase in the effective ion concentration. The conductivity of pure EMIBF4 is 1.55 S /m-1 at 298 K, but it increases up to 9.2 S /m-1 (that is, nearly by an order of 6) at IL molar fraction of 0.12 in an IL-water mixture.129 Water-free EMITFS has a conductivity of 0.98 S m-1S/m at 298 K130 and the mixture with 5 moles water per a mole of EMITFS has a conductivity of 3.93 S m-1 S/m131 (the highest conductivity value and the corresponding IL:water molar fraction is not found in the literature).
The hydrophilicity of ILs is determined, as a rule, by its anions, especially if the anions have a high charge-per-volume ratio.79 The TFS- anion is highly hydrophilic due to its sulphonate group. The imidazolioum-based cations are considered hydrophobic; thereby the hydrophobicity increases with the length of its hydrocarbon chains. Therefore, EMI+ cation is the least hydrophobic cation from the group of imidazolium-based cations.76 In addition, the positive charge of the EMI+ cation is located specifically on the imidazolium ring, which makes the total charge distribution over the  EMI+ cation anisotropic and causes its specific adsorption orientation.132 Therefore, it can be assumed that (a) also the EMI+ cations can also bind water molecules and (b) the equilibrium orientation of EMI+ cations can be different at various sorption degrees. 
[bookmark: _Toc386615162]Polymeric separator and binder
The IL-incorporated polymeric membrane has a strong influence on the performance of the IEAPs, as the morphology and ionic moieties in the polymer determine the ion transport characteristics.3, 7, 133
Extensive swelling of ionic polymers in hydrophilic ILs69 and the resulting higher ionic conductivity134 has led to a wide use of IL-intergrated ionic polymer electrolytes as membranes in various electrochemical devices.5, 135 Nafion – a polymer with tetrafluoroethylene backbone with random inclusions of perfluorovinyl ether groups terminated with sulfonate groups – is widely employed as separator materials for IEAP actuators and sensors. 
The anionic sulphonic acid groups are highly hydrophilic – Nafion can absorb as much as 22 wt% of water.136 Each sulphonate group in Nafion can coordinate up to 23 water molecules.137 The hydration of Nafion changes both its physical and electrical properties. The performance of IPMC actuators in air is directly related to the water desorption kinetics74 – dehydration of Nafion decreases the performance of IPMCs at low RH due to decrease in ionic mobility. In turn, an IPMC-like electrochemical system has been applied as a humidity sensor, where the humidity value is extracted by measuring impedance between the electrodes138. There exist also other approaches for applying Nafion for humidity sensing – e.g. measuring the weight change by quartz crystal microbalance.139
Nafion also swells extensively in hydrophilic ILs – it can absorb EMITFS IL as much as 60% of the dry weight of the membrane.140 Incorporation of a large amount of water or hydrophilic IL creates a cluster channel network into Nafion, thus providing a path for the mobile ions to be dislocated. Nafion network highly swollen in an IL contains and conducts both cations and anions.141 As illustrated in Figure 3A, the cluster network in Nafion that is swollen only in an EMITFS IL consists of EMI+ cations that are bound with the sulphonic acid groups of Nafion, and free IL that is acting as a solvent. Addition of water (Figure 3B) causes hydration of strongly hydrophilic functional groups – sulphonic acid groups in Nafion, and TFS- anions. As a consequence, the IL ions become more mobile in the cluster channels in Nafion. The diffusion coefficient for the cations and anions of an IL in a hydrated ionic polymer matrix is a complex topic – it has been demonstrated that the conductivity of cations is higher in low water content due to formation of triple-ion complexes with two anions and one cation. Instead, the mobility of cations is constrained by the interactions with ionic moieties of ionic polymer at high water content.141
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[bookmark: _Ref378675923]Figure 43. (A) Cluster network in Nafion incorporated with IL. (B) Hydration of the ions. 
The choice of polymers is not limited with ionic polymers – ILs have been successfully incorporated into non-ionic polymers such as PVDFPVdF(-HFP).30, 31, 36 A more recent approach in the development of polymer electrolytes for IEAPs is the synthesis of self-assembled nanostructured sulphonated block copolymers with well-connected ionic channels, which allow fast and organized motion of IL.7 Another approach in obtaining solid (structural) electrolytes suitable for the IEAPs is the synthesis of polymerized ILs.142
[bookmark: _Ref387842659]The IEAPs investigated in this work
In this work, two different types of IEAPs with tailored properties were chosen for investigation of mechanoelectrical and hygroelectrical properties. These IEAPs, referred to as Type I and II, differ from each other in the selection of materials and manufacturing method. Their main characteristics, relevant to this work, are compared in Table 1.
[bookmark: _Ref387825659]Table 1. The comparison between the laminates Type I and II.
	Characteristic
	IEAP Type I
	IEAP Type II

	Electrode material
	TiC-CDC
	B4C-CDC

	Separator and binder polymer
	Nafion
	PVdF-HFP

	Electrolyte
	EMITFS
	EMIBF4

	Current collector
	130-nm Au
	-

	Electrode thickness (each)
	220 µm
	30 µm

	Separator layer thickness
	30 µm
	190 µm

	Relative thickness of the electrodes to the total thickness
	94 %
	24 %

	Electrode resistance
	<1 Ω square-1
	28 Ω square-1

	Cross-electrode impedance module at 1 Hz
	28 Ω cm2 (at 53% RH)
	66 Ω cm2



This work considers the IEAP’s response to both motion and RH. Long-term use of EMIBF4 is, however, not recommended for applications that require operation in high-humidity conditions due to hydrolysis of BF4 ions.122 Therefore, only the IEAP with EMITFS as one of the most hydrophilic ILs as the electrolyte is selected for investigation of humidity-related effects in this work. Table 2 explains the 
[bookmark: _Ref387832019]Table 2. The use of different types of IEAPs in this work
	Stimulus
	Sensorial properties
	Energy harvesting

	Motion
	IEAP Type I and II
	IEAP Type I and II

	Humidity
	IEAP Type I
	IEAP Type I





[bookmark: _Toc376969386][bookmark: _Toc376972895][bookmark: _Ref373152490][bookmark: _Ref374521217][bookmark: _Toc386615167]IEAPs as motion sensors
[bookmark: _Ref373841899][bookmark: _Toc386615168]Characterization of the iEAP motion sensors by homogenous bending 
The sensorial properties of the IEAPs are, by default, measured in cantilever configuration, because it also corresponds to their use and measurement configuration in actuation mode. In this way, a multifunctional device simultaneously having sensorial and actuation capability is achieved. 
An unloaded actuator in cantilever configuration can bend homogenously in response to the electrical charge input, on the premise that the electronic conductivity of the electrode is sufficiently high for fast electric signal propagation across an individual electrode, i.e. there is no significant voltage drop along the electrode. Such condition has been achieved, for example, in case of an IEAP with gold current collectors on top of the electrodes. In this work, IEAP Type I stands out for its low surface resistivity <1 Ω /square-1 (Table 1). Therefore, the whole free part (the part which can freely bend without obstructions, i.e. it is not clamped between the electric terminals) of the IEAP actuator always has a homogenous curvature. The characterization of the sensorial properties of the IEAPs is more complicated, as it is difficult to bend the IEAP homogenously and continuously in time. Homogenous bending of the IEAP is advisable for two reasons:
1) When the IEAP is bent homogenously, the measured data represents essentially the material properties, not the peculiarities of a particular device configuration. The mechanoelectrical parameters measured by homogenous bending can be afterwards used to predict the output of sensors in non-homogenous bending configurations.
2) This configuration corresponds to a potentially typical use of IEAP motion sensors in real applications; e.g. by coupling the motion-sensing IEAP to an IEAP acting as an actuator, it can give feedback corresponding to the actuation speed and magnitude to a controller.143, 144 
From a contrasting point of view, there are also a number of perspective biomimetic applications for the IEAP sensors in non-homogenous bending configurations – e.g. hair flow sensors145, 146 or tactile sensors144. Air flow has also been previously used to induce actuation in characterization of IPMC sensors.147
A large number of papers on the mechanoelectrical transduction apply external force on the free end of the cantilevered actuator in perpendicular to the initial position.42, 51, 58, 72, 148-150 In this way, the material under investigation can be bent in a virtually unlimited frequency range, but the maximum achievable bending deflection is limited. Biddiss et al.151 have used a measurement configuration, where one end of the cantilever was fixed to a rotating platform. By doing so, the deflection amplitude is increased at the cost of decreased frequency range, but the bending curvature is still nonhomogeneous at high bending angles. 
To date, several techniques have been developed for the measurement of sensors at constant curvatures. The most straightforward solution is fitting the IEAP sheet to the surfaces of cylindrical objects with different diameters152, 153 or sliding the IEAP on the surface of a test block between sections with different curvatures 62. However, continuous and smooth change in the curvature could not be achieved using these two methods.
[bookmark: _Toc386615174]Transient response of IEAP Type II
[bookmark: _Toc386615175]Experimental set-up
The transient response of the IEAP motion sensor to steep bending was characterized using Test rig A, which allows achievement of bending curvatures in the range of 20…60 m-1. 
The experiments were performed in the following order:
1. Holding the laminate in still position at curvature of 20 m-1 (radius R0 in Figure 14A) for at least 500 s for achievement of equilibrium conditions;
2. Steep bending of the laminate to a different curvature (radii R1-R3 in Figure 14A);
3. Holding the laminate at its new curvature for 500 s;
4. Returning the laminate steeply to its initial curvature;
5. Holding the laminate in still position for another 500 s.
During the whole experiment, electric current or voltage was registered. Open-circuit voltage was measured by connecting the measurement terminals to a National Instruments’ PCI-6036E analog input DAQ with an SCC-AI06 analog input module. Electric current was measured as a voltage drop over a 5 Ω resistor connected between the measurement terminals. The same DAQ set-up was used for the measurement of open-circuit voltage and electric current. Separate experiment sets were conducted for measurement of voltage and electric current.
[bookmark: _Ref371504640][bookmark: _Toc386615176]Results
Transient course of open-circuit voltage depicted in Figure 14F and short-circuit current depicted on Figure 14G are both characterized by formation of a sharp peak immediately after steep bending and by slow diminishing of the signal to zero in 100 s. The electrode that was stretched out during bending obtains positive potential with respect to the electrode that was compressed. After 100 s, the course of voltage with opposite polarity was registered. The sign of the potential, however, switches always at approximately 100 s after bending, independent of the bending amplitude. After approximately 500 s, the potential returns virtually to its initial value. The laminate generates open-circuit voltage with a peak value of 7.6 µV m1 and electric current with a peak value of 0.60 µA m1 cm-2.
Electric charge generated in each bending cycle was obtained by integrating the generated current in time, as depicted in Figure 14F. The laminate is able to generate 1.8 µC m1 cm-2 of electric charge.
The peak voltage and electric current are nearly proportional to the change in laminate curvature, as depicted in Figure 14BC. Peak current registered at 10 times slower bending speed yields 30% lower peak value, as depicted in Figure 14C. The electric charge generated in each bending cycle, depicted in Figure 14C, is independent of bending speed.
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[bookmark: _Ref371433280]Figure 514. (A) Set-up of voltage and current measurements. (B) Peak voltage value versus final curvature. (C) Peak current value at two bending velocities. (D) Calculated charge values of previous. Transient signals: (E) applied curvatures. (F) Corresponding open-circuit voltages. (G) Course of short-circuit current. (H) Calculated charge of previous
[bookmark: _Ref373854718][bookmark: _Toc386615177]Motion-sensing properties of IEAP Type I
[bookmark: _Ref386529261][bookmark: _Toc386615178]Experiment set-up
Dynamic motion-sensing properties of the IEAP Type I were investigated using the Test rig B, as it provides sinusoidal bending profile in time and a wider frequency range. The material was bent at the maximum bending amplitude – from -121 to 121 m-1.
The output of the laminate material under test is registered using the National Instruments’ PCI-6036E DAQ board. Burr-Brown INA 116 instrumentation amplifier was used as a preamplifier.
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[bookmark: _Ref386612123]Figure 615. Schematic of the experimental set-up
Electric current was measured as a voltage drop over shunt resistor R connected between the electrodes, as depicted in Figure 15. The value of the shunt resistor was chosen accordingly to the typical series resistance of the investigated piece of IEAP. If the value of current-measurement resistor matches the series resistance of the current source (that is, an IEAP), the energy dissipated on the current-measuring resistor is the highest and the measurements are don at the highest level of accuracy. (Please see Figure 21 in the section 6.7 below, which gives the output current and power at various load resistances for one particular piece of IEAP.) The actual value of the shunt resistor was 10 or 5 Ω accordingly to the investigated sample. The same amplifier set-up functions as an ammeter or voltmeter, depending on the state of the switch S connecting the shunt resistor.
The peak-to-peak values and phase shifts of voltage (Upp) and electric current (Ipp) are determined by fitting the measured signal with the sine parameters using a differential evolution algorithm implemented in National Instruments’ (NI) LabView enviroment.
A typical set of transient signals measured at 0.2 Hz bending frequency are shown in Figure 16. The input curvature follows a sinusoidal course. The transient profiles of open-circuit voltage and electric current are also sinusoidal, but their phases lag curvature by 30º at this specific bending frequency. The amount of generated electric charge is determined by integrating the measured electric current in time, as illustrated by the gray area in Figure 16.
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[bookmark: _Ref378159090]Figure 716 A typical course of transient voltage and electric current of IEAP Type II measured at 0.2 Hz bending frequency. Average generated charge and peak-to-peak values of voltage (Upp) and electric current (Ipp) are extracted fromthe signals.

The size-dependence of the IEAP motion sensor output was investigated by measuring the IEAPs of constant length (42 mm), but of different widths (3, 6, 9, 12 mm). In order to ensure the homogeneity of the parameters of the different samples, the same piece of laminate was cut narrower. The free part of the laminate (the distance between the fixing clamps) was 33 mm; therefore, 21% of the IEAP sheet was rigidly fixed and was not bent, while still being electrically connected and acting as a supercapacitor.
The experiments were performed at room temperature and at 30±5% RH.
[bookmark: _Toc386615179]Results 
The transient course of open-circuit voltage after steep bending of IEAP Type I is, in similar to the IEAP type II discussed in the paragraph 6.3.2, characterized by a sharp peak immediately after bending, as depicted in Figure 17A. The subsequent course of open-circuit voltage was notably different – the voltage decreased rapidly, but did not cross its initial (zero) value in the investigated time span.
The significant attenuation of the transient voltage is also expressed in the frequency-dependence of the peak-to-peak voltage value, as depicted in Figure 17B. One order-of-magnitude decrease in the bending frequency results in a roughly 12% decrease in the peak-to-peak voltage. 
More importantly, the peak-to-peak voltage shows a considerable and irregular dependence on the laminate surface area. This is especially pronounced in the case of the narrowest (3 mm in width) measured sample. This dependence is most likely caused by non-homogenous surface conductivity due to random discontinuities in the gold current collector. Figure 17C illustrates that a twice larger laminate sheet results in by an approximately 6.0% higher peak-to-peak voltage.
The phase angle between curvature and open-circuit voltage does not have a pronounced dependence on the laminate area. Open-circuit voltage leads curvature change by approximately 25º at 1 mHz and it decreases towards zero with increased frequency, as illustrated in Figure 17D.
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[bookmark: _Ref371506252]Figure 817 (A) Transient courses of voltage after a change of curvature from 121 to 121 m-1 in 0.5 and 5 s. (B) The peak-to-peak voltagefrequency response of the samples. (C) The peak-to-peak voltages as a function of sensor area. (D) The phase shift of voltage
The generated electric current is registered as a voltage drop over a 10-Ω resistor; therefore, the measured current does not fully correspond to the ‘real’ short-circuit condition. However, the value of the resistance is in the same order as the internal resistance of the laminate.
Similarly to the material Type I, the transient course of current in the case of the IEAP Type II is characterized by a decay to zero, as depicted in Figure 18A. The gold current collector on the IEAP Type II reduces the time needed to discharge the electric charge generated by bending by a factor of 10 – from 100 to 10 s.
Figure 18B demonstrates that the frequency response of peak-to-peak electric current is strongly dependent on frequency, as expected. Theoretically, all parts of the laminate undergoing homogenous bending motion should give a proportional increase to the total current. Figure 18C confirms that the peak-to-peak current is proportional to the laminate area especially at lower frequencies. 
At the frequency <10 mHz, the phase of electric current depicted in Figure 18D leads input curvature by nearly 90º, which corresponds to a capacitor-like behavior. The phase difference drops drastically at higher frequencies.
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[bookmark: _Ref371514055]Figure 918. (A) Transient courses of electric current after a change of curvature from 121 to 121 m-1 in 0.5 and 5 s. (B) The peak-to-peak voltage frequency response of the samples. (C) The peak-to-peak voltages as a function of sensor area. (D) The phase shift of electric current.
In the transient analysis provided in section 6.3.2, it was confirmed that the electric charge generated in each bending cycle is independent of the bending speed. In case of continuous cyclic bending, the electric charge generated in each cycle generally decreases with increased frequency, as illustrated in Figure 19A. At the same time, Figure 19B proves that more intensive bending (bending at a higher curvature change rate) generates more charge per time. At 3 Hz, the laminate can generate up to 12 µC s-1 cm-2, as demonstrated in Figure 19C.
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[bookmark: _Ref371518240]Figure 1019. (A) Generated charge per full bending cycle. (B) The generated time-averaged charge. (C) The values for charge at different frequencies as a function of the laminate area
[bookmark: _Ref376972705][bookmark: _Toc386615180][bookmark: _Ref373841913]Working principle of the IEAP motion sensor
Evolution of the measured open-circuit voltage (Figure 20A) is explained as follows. Initially (Figure 20B), the IEAP is in equilibrium condition, i.e. the double-layers on the opposite electrodes are equally charged and the voltage between the electrodes is correspondingly equal to zero. After steep formations of strain difference between the electrodes also hydraulic pressure gradient is formed – the electrolyte is pushed from the compressed electrode towards the stretched-out electrode. In this process, the electrolyte ions in the double-layer are quickly reoriented (Figure 20C). As a significant amount of anions are fixed in the CDC pores, negative potential is formed on the compressed electrode. During reorientation and dislocation of the ions, the double-layer is charged. After diminishing of the hydraulic pressure gradient, the ions in the double-layer reorientate again towards minimum energy. The subsequent behavior of open-circuit voltage is considerably different in case of investigated materials I and II. In case of material II, the voltage diminished to zero after 100 s (Figure 20D). This point corresponds to the state where the double-layer is the most disturbed from its initial structure. Subsequently, the relaxation becomes the prevalent process and hence a course of voltage with opposite polarity is registered (Figure 20E). In case of material I, the generated voltage decreased more slowly and did not cross the zero value. Finally (Figure 20F), the double-layers in the opposite electrodes have reached a new equilibrium state.
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[bookmark: _Ref376973059]Figure 1120 (A) The course of open-circuit voltage and (B-F) the schematic explaination for the formation of the measured voltage.
[bookmark: _Ref376972707][bookmark: _Toc386615181]Characteristics of carbon-based IEAP as motion sensor
In this work, IEAPs with carbide-derived carbon electrodes are found to operate successfully as motion sensors. Additionally, motion-sensing property has been successfully demonstrated in case of an IEAP with non-ionic polymer separator (that is, IEAP Type II). 
Transient course of voltage generated by the investigated IEAP laminates in response to steep bending motion is characterized by significant attenuation. The output voltage of the IEAP Type II drops 20% from the peak value in 10 s, while the voltage on laminate Type I drops as much as 41…48% from the peak value in the same time span. Attenuation of the output voltage is known also in the case of other carbon-based IEAP motion sensors. Otsuki et al.62 have observed a similar, but less attenuated (attenuation ca 15% of the peak value in 10 s) response in case of a laminate with IL impregnated polymer membrane and carbon electrodes.
The investigated IEAP sensors produce open-circuit voltages comparable with the values previously reported by Kamamichi et al.60 and Otsuki et al.62 Peak output voltage is found to be proportional to the bending magnitude (Figure 14B); therefore, it is possible to measure the magnitude of motion the IEAP is subjected to. On the other hand, large attenuation of the transient signal complicates the measurement of frequent consecutive deformations. Attenuation is also the cause for nonlinear frequency-response of the IEAP motion sensors at constant bending magnitude (Figure 17B). In addition, open-circuit voltage is sensitive to material inhomogeneity. In principle, all parts of the laminate undergoing same bending motion are expected to generate the same voltage. However, the smaller piece of IEAP generated voltage that is considerably smaller than generated by a larger piece, as demonstrated in Figure 17B. Despite of substantial differences in the construction method and the composition between the IEAPs of Type I and II, their normalized peak voltages were close in value: when the curvature of IEAP is changed in 5 s, the IEAP Type I generated 4.5 µV m1, while the IEAP Type II yielded 7.6 µV m1 of peak voltage.
Electric current and charge are shown to have considerable advantages in motion sensing. The peak value of electric current is proportional to the bending magnitude, as given in Figure 14C, but is dependent on bending speed, as expected. Every part of the material that is bent uniformly should contribute to the total current and charge in proportion to its area. A linear dependence of the peak current on the laminate area is verified in case of IEAP Type I, as shown in Figure 18C. As expected, the frequency-response of electric current is highly nonlinear. Figure 18B confirms that the current peak value rises with increased frequency up to the highest measured frequency – 3 Hz. At the same time, the phase difference between electric current and mechanical bending also decreases with increased frequency, as demonstrated in Figure 18D.
It is demonstrated that it is possible to measure the magnitude of bending by integrating the generated current, as depicted in Figure 14D. Calculation of the total generated charge is found to provide the most accurate feedback for bending motion. The exceptionally high sensitivity in charge-sensing mode has also been confirmed in the case of IPMC transducers154.
The value of generated electric charge obtained by this method does not depend on bending speed, which enables accurate measurement of the magnitude of motion. The magnitudes of generated charge were significantly different in case of different IEAPs – the IEAP of Type I yielded 1.7 mC m1 m-2 of charge, normalized against the change in curvature and the laminate area, while the IEAP of Type II generated as much as 20 mC m1 m-2 of charge. A large, 12-fold difference in the charge-generation capacity can be explained by different amount of active carbon material per laminate area – the thickness of the electrodes of the IEAP Type I was 30 µm, while the IEAP Type II had 220- µm electrodes. That is, the IEAP Type II has roughly 7.3 times more active carbon material for the same surface area, which obviously gives a rise to the increased charge-generation capacity. 
The generated charge provides accurate feedback only if the transient bending profile consists of short bending cycles followed by longer stationary positions. The estimation of magnitude of motion is more difficult in case of periodic bending. It is shown in Figure 19A that the amount of electric charge generated in each bending cycle decreases with increased frequency. This is caused by the time needed to collect the generated charge from the IEAP, which is approximately 10 s in case of the IEAP Type I, as given in Figure 18A. 
The transient courses of voltage and electric current after a steep bending develop as a result of two factors: a) the transient course of electric double-layer charging due to the applied pressure gradient through the IEAP; b) the time needed for discharging of the generated charge by a current-measurement device. When electric current is measured, the IEAP can be seen as a supercapacitor charged by a mechanical stimulus. The discharge circuit for such supercapacitor consists of a series of internal resistance of the IEAP supercapacitor, a distributed electrode resistance, and a current-measurement resistor.
The results also demonstrate large effect of distributed electrode resistance on the mechanoelectrical parameters of the IEAP motion sensors. In case of IEAP Type I, the electrode resistance is <1 Ω /square-1 due to the high conductivity of its gold current collector. The magnitude of electrical impedance of the electrode of IEAP Type II, which is substantially of resistive in nature,45 is 28 Ω /square-1 at 1 Hz. In case of the IEAP Type II, the transient courses of voltage and electric current were very similar, which refers to inefficient extraction of the generated charge. In case of IEAP Type I, a majority of the generated charge was removed in 10 s as depicted in Figure 18A, which indicates the advantage of using an IEAP with an extra current collector for sensing motion. 
[bookmark: _Ref386612066][bookmark: _Toc386615182]IEAP as a mechanoelectrical energy harvester
The IEAP laminates can convert mechanical energy into electrical; therefore also its energy-harvesting capability is a topic of interest. The highest transient electric power generated by mechanical bending has been found to be 0.4 nW cm-2 in case of an impedance-matched load, as depicted in Figure 21. This power level is evidently too low to be considered for energy harvesting. However, contrarily to e.g. piezoresistive sensors, the IEAP motion sensors are still advantageous, as they do not need any power from the measurement equipment. 
[image: ]
[bookmark: _Ref386531444]Figure 1221. The peak current and dissipated power of an IEAP Type II at various load resistances. Adapted from 155.


[bookmark: _Ref372720887][bookmark: _Ref380331281][bookmark: _Toc386615183]The influence of ambient humidity on the electrical parameters of IEAP
[bookmark: _Ref373841170][bookmark: _Toc386615184]Introduction
Section 1.3 underlined that ambient humidity can have a significant impact on the performance of the IEAP materials operable in ambient air. At the same time, the humidity-dependence of the IEAPs has not been investigated in detail. This paragraph investigates experimentally the humidity-dependence of an IEAP Type I using electrochemical impedance spectroscopy. The impedance data is fitted with a suitably-chosen equivalent electrical circuit and the shift of the equivalent circuit parameters is correlated with the changes in ambient relative humidity (RH). 
The reason for the impedance change at variable ambient humidity is drift in the material properties due to water vapor, which is reversibly absorbed by the IEAP material. The IEAPs used in this work are composed out of highly hygroscopic materials – Nafion, carbide-derived carbon, and a hydrophilic IL. As it was also mentioned in section 4.2, all constituents from this list have previously individually been proposed for humidity sensing.
The impedance measurement and electromechanical characterization results reveal a number of advantages, but also deficiencies of the increased water content of the laminate. 
[bookmark: _Toc386532438][bookmark: _Toc386532439][bookmark: _Ref373065405][bookmark: _Toc386615185]Experimental
The impact of ambient RH was investigated by placing the IEAP laminate of Type I in a container with a controlled RH value, as depicted on Figure 21. Electric impedance between the IEAP electrodes was measured using PARSTAT 2273 potentiostat in a two-electrode mode. The 3-cm2 piece of the IEAP laminate was fixed between the measurement terminals made of gold. 10 mV RMS signals were used in the measurements.
The IEAP laminate was held in an environment of constant humidity for at least three hours before the measurements for achievement of equilibrium water content. Air convection in the chamber was promoted using an air agitator. During the impedance measurements, the air agitator was turned off. A Rotronic HC2 temperature and humidity sensor was used as a reference for the RH value. All experiments were conducted at the room temperature (24±1 ºC).
Humidity chambers with five fixed humidity points were constructed. The lowest humidity (0±4% RH) was generated by using calcium chloride (CaCl2) as absorbent, and the highest humidity value (100±4% RH) settled over a bath of distilled water. The fixed RH values of 23±2, 53±2, and 75±2% RH were generated by using saturated solutions of potassium acetate (CH3CO2K), magnesium nitrate (Mg(NO3)2), and sodium chloride (NaCl), respectively.156 All chemicals used for stabilization of the RH level were of technical grade. 
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[bookmark: _Ref378519149]Figure 1321. The measurement set-up for impedance measurements.
[bookmark: _Ref380331379][bookmark: _Toc386615186]Electrical impedance of the IEAP at different relative humidities
The Nyquist plot of the measured impedance is given in Figure 22A and the Bode plots are given in Figure 22BC. The impedance of the IEAP changes drastically with a changed RH level. The most significant difference is the shift of the real part towards higher values when the RH level is decreased. The impedances measured at >53% RH change only a little, while the laminate is more sensitive to the variation in the RH value in the low (<53%) RH region. 
In a high-RH environment the Nyquist plot has a characteristic arc-shape at high frequencies (>100 Hz), while this is not clearly distinguishable at lower RH levels.
The phase between voltage and current is the largest at the lowest RH, indicating to the least constrained motion of the IL ions. This also corresponds to the most supercapacitor-like behavior.
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[bookmark: _Ref372135077]Figure 1422. (A) Nyquist and (B-C) Bode plots of the IEAP laminate’s electrical impedance
[bookmark: _Ref380331395][bookmark: _Toc386615187]Electrical equivalent circuit for the IEAP
Equivalent circuit analysis is needed to understand the registered changes in impedance. In this work, the equivalent circuit given in Figure 24A is selected for parameter fitting. A similar equivalent circuit has previously been used in the modelling of an IEAP actuator with bucky gel electrodes by Takeuchi et al.157
 The equivalent circuit given in Figure 23A consists of three blocks connected in series. Figure 23B gives the interpretation for the equivalent circuit elements. The resistance Rs represents charge-transfer resistance between the electrodes. This is determined by the ionic conductivity of the IL-containing polymer membrane.
Warburg element W with a mathematical form given by Equation (2) is a distributed element, which is used to describe an electrochemical system with anomalous diffusion. The pores in the CDC grains are described as finite transmission lines, as given in Figure 23B. The boundary between the CDC and the IL electrolyte, i.e the double-layer region, is modelled as non-ideal capacitors – constant phase elements. As the mobility of ions inside the pores is considerably constrained, i.e. it needs significantly more energy and time to charge the double-layer deep in the pores, a transmission line is formed. A Warburg impedance Zw is described by three parameters – a proportional parameter Wr; a frequency-dependent parameter Tw; and an exponent Wc, which is a measure for non-ideality.
	
	
	(2)


The last block, which consists of by a parallel connection of resistance Rp and a constant phase element CPEp, represents contact impedances between the CDC grains within each electrode and also the impedance between the electrode and the measurement terminals.
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[bookmark: _Ref386474604]Figure 1523. (A)The equivalent circuit for the IEAP and (B) its physical interpretation. 
The ionic diffusion constrained by the transmission line effect in the CDC micropores can be presented as a characteristic frequency wd given by Equation (3).
	
	
	[bookmark: _Ref378698743](3)


The impedance spectra given in Figure 22 were fitted with the equivalent circuit given in Figure 24A. The best-fit values for the 7 parameters describing the proposed equivalent circuit were extracted for different humidity values.
[bookmark: _Ref376956017][bookmark: _Toc386615188]Impedance analysis results and discussion
Figure 24A demonstrates that a good fit is achieved for all measured impedances. 	Comment by Punn: Fittimise headuse hindamiseks on mingid kriteeriumid
Figure 24B illustrates that the ionic conductivity of the IL-swollen polymeric membrane decreases drastically with increased humidity content. This is also expected, because the conductivity of IL-water mixtures increases with increased water content up to more than 10 times until a peak value. The maximum conductivity of the IL-water mixtures is achieved at a range of 3-10 moles of water per mole of IL.125 The conductivity of bulk water-free EMITFS is 0.398 S m-1 at 298 K130, while the conductivity of the EMITFS-water mixture increases from 1.345 to 3.927 Sm-1 at 298 K when the molar fraction of EMITFS is decreased from 0.8 to 0.2.131 In the current results, the resistance decreased as much as 13 times, from 41.1 to 3.17 Ω, with increasing RH level. 
The magnitude of the distributed resistance – Wr – was equal in the RH levels of 75 and 100%, while it increased 10-fold, from 1.90 to 21.2 Ω, in the dry environment, as given in Figure 24D. This emphasizes a significantly constrained ionic mobility in the dry environment.
The exponent of distributed CPE in the double-layer (equal to 2*Wp) given in Figure 24F was in the range of 0.91…0.95 in all of the RHs except in the most hydrated condition. Therefore, the carbon-electrolyte boundary is capacitive in nature, with a slight deviation from an ideal capacitor (where 2*Wp = 1). 
The contact impedance has effect only at high (>25 Hz) frequencies, as the CPE is shorted by a low-ohm (1-5 Ω according to Figure 24C) resistance at lower frequencies.  Also, the contact impedance is significant in dry environment, as the magnitude of CPEp-T drops 4.4 times with increased RH, according to Figure 24E. In addition, the CPEp-P is equal to 0.53 at the lowest RH (Figure 24F), which refers that in addition to electronic current, there is also a significant amount of ionic current between the different parts of a single electrode. 
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[bookmark: _Ref372135980]Figure 1624 (A) Nyquist plots of impedance with the fitted curves. (B-F) Best fit parameters of equivalent circuit at different RH levels. (G) Characteristic frequency ωt at different RH levels.
The impedance measurements results suggest that it is possible to measure the RH value over the laminate by registering impedance. In Figure 25, the possibility of measuring RH value by registering phase difference between applied voltage and measured current is demonstrated. The phase change is linear at RH values >23%. More importantly, the magnitude of phase change is large, which enables measurements of the RH value with high accuracy. The measurement of the RH value by registering the impedance of the same material is advantageous, because the signal directly corresponds to the momentary humidity content of the laminate, which can have a different transient course than the RH value measured using an additional humidity sensor based on a different active material with different sorption characteristics.
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[bookmark: _Ref372567620]Figure 1725. The extraction of the RH value by measuring the phase angle at 1 Hz.

Absorbed water influences the electrical properties of the IEAP laminates and the RH level should therefore be considered in development of applications for the IEAPs as actuator and a supercapacitor. Additionally, the humidity-sensing capability broadens the field of application of IEAPs, as the IEAP performing any other function in a device can additionally sense RH. 
In addition to the electrical properties, it should be considered that also mechanical properties of the IEAP change considerably in variable RH. Investigation of the relation between the mechanical properties and the RH level is out of the scope of this work.

[bookmark: _Ref373345332][bookmark: _Ref373345335][bookmark: _Toc386615189][bookmark: _Ref387844667]IEAP as a humidity sensor and hygroelectric energy harvester
[bookmark: _Toc386615190][bookmark: _Ref387844550]Introduction
As demonstrated in section 7, electrical impedance of the IEAP laminate is highly dependent on the ambient RH value. It is possible to determine the RH value around the IEAP laminate by measuring its electrical impedance. This is an advantageous and unique additional feature for the IEAPs primarily engaged either as an actuator or a supercapacitor, but the use of such laminate primarily as an impedance-based humidity sensor is impractical due to relative complexity of the three-layered laminate and a wide choice of highly-developed competitive (e.g. resistive, capacitive, or quartz crystal microbalance-based) humidity sensor technologies.
In addition to the change in impedance, which is well-predictable concerning its highly hygroscopic constituents, the humidity-sensitivity of the IEAP laminate  is found to be expressed in one additional, unanticipated way. This newly-found sensing phenomenon reveals itself in the formation of voltage and electric current between the IEAP electrodes, when the opposite electrodes of an IEAP laminate are exposed to the environments with unequal RH levels. In other words, a humidity gradient across the IEAP results in the formation of a macroscopic electric charge. Concurrently, also volumetric effects arise; i.e. the side of laminate exposed to a higher RH expands and the cantilevered laminate bends towards the drier environment. The bipartite response of the IEAP laminate is demonstrated in Figure 26.
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[bookmark: _Ref372902912]Figure 1826. Demonstration of the humidity response of a cantilevered piece of IEAP Type I.


[bookmark: _Ref373842028][bookmark: _Toc386615191]Experimental
The water sorption-induced charge-generation properties were characterized by exposing the opposite sides of an IEAP Type I laminate to chambers with different fixed RH values. The IEAP laminate was fixed between epoxy plates with ‘windows’, as illustrated in Figure 27A. The ‘windows’ in the plates with an IEAP between them were exposed to the humidity chambers. Before the experiments, the humidity content in the IEAP was equilibrated by exposing the opposite sides to humidity chambers with equal RHs, as illustrated in Figure 27C. Subsequently, one humidity chamber was quickly (in 1 s) replaced with a humidity chamber with a different RH level, as depicted on Figure 27D, consequently establishing RH gradient across the IEAP. All humidity chambers were equipped with air agitators, which ensured the preservation of constant RH in the chambers and also accelerated the water sorption or desorption. The constant RH levels in the humidity chambers were established by the use of saturated saline solutions in similar to the experiments described in section 7.2.
Voltage and electric current were registered using a National Instruments PCI-6036E DAQ board. The bias current of the PCI-6036E DAQ board with its front-end analog input modules from the SCC-AI series was found to be too high for measurement of open-circuit potential on supercapacitor-like systems, as the supercapacitor under test was charged by the current originating from the measurement device in the long run. Therefore, a preamplifier with low input bias current is needed. Burr-Brown INA116 instrumentation amplifier with an extremely low input bias current (<3 fA) was selected as a preamplifier. 
Electric current was measured as a voltage drop over a low-ohm resistor, as depicted in Figure 27B. The same amplifier set-up was used as an ammeter or a voltmeter, depending on the state of the switch S connecting the shunt resistor. The actual value of the shunt resistor – 10 Ω – was equivalent to the value of series resistance Rs at medium RH level, as given in Figure 22 for a similar IEAP with a comparable size. Matching of the internal resistance Rs with the value of the shunt resistor Rc assured that the power dissipated on the shunt resistor Rc was the highest.
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[bookmark: _Ref372908788]Figure 1927. (A) Fixing of an IEAP between epoxy plates with ‘windows’. (B) The set-up for electrical measurements. (C-D) The experimental set-up for varying RH gradient between an IEAP.
[bookmark: _Ref373156256][bookmark: _Toc386615192]Transient response to humidity gradient
[bookmark: _Ref373156963][bookmark: _Toc386615193]Open-circuit voltage
The transient course of open-circuit voltage after a sudden formation of a RH gradient across the IEAP reveals two different processes with different time constants, as depicted in Figure 28. Immediately after formation of humidity gradient, the voltage rises steeply and gains its peak or ‘knee’ after 100-500 s. After this, the open-circuit voltage continues to increase further and achieves its final peak after as long as 2.2 h.
[image: ]
[bookmark: _Ref373070639]Figure 2028 Transient course of the open-circuit voltage after exposing an initially dry electrode to 50% RH.
The process with a shorter time constant corresponds to water sorption or desorption processes occurring in this particular electrode, above which the RH was changed. Concurrently, also water diffusion through the IEAP slowly starts to occur. After the time of a first peak or a ’knee’ value in 100-500 s, water diffusion across the IEAP becomes the primary mechanism for the increasing voltage.
Synchronously to the rise of open-circuit voltage across the IEAP laminate, also volumetric effects emerge. Figure 29 illustrates the course of open-circuit voltage in comparison with the deflection of a cantilevered IEAP as a response to a RH increase above one of the electrodes. In this experiment, the IEAP laminate was not fixed between the rigid plates. This enabled measurement of the bending motion using a laser displacement meter, but in turn complicated the estimation of the humidity gradient magnitude across the IEAP. It can be noticed that the open-circuit voltage is clearly more sensitive to the change (both to increase and decrease) in the RH above the laminate. The bending of the laminate reflects the strain in all parts of the laminate; therefore, it is obvious that the diffusion of absorbed water through the electrode needs a significant amount of time. On the contrary, sorption of water by even the topmost layer of a single electrode can be registered by measuring the voltage difference between the electrodes. This capacitive IEAP humidity sensor also has a ’memory’ – it is possible to determine the history of applied RH gradient by measuring voltage after the humidity gradient has disappeared.
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[bookmark: _Ref373071325]Figure 2129. Simultaneous deflection of the cantilevered IEAP laminate and formationof an open-circuit voltage between the electrodes after creation of a humiditydifference between the electrodes.
The transient course of voltage is characterized by a steep rise of voltage immediately after the formation of RH gradient, gaining its peak value in 100-500 s. As expected, the peak or ‘knee’ value is dependent on the RH gradient, as illustrated in Figure 30A. Figure 30B shows the peak values of open-circuit voltages measured in experiments with various combinations of initial equilibrium RH values and induced RH gradients. In case the peak value was not formed (as illustrated, for example, in Figure 30A for a combination of initial RH of 0% and ΔRH of 23%), the open-circuit value after 500 s is given. It can be observed that smaller RH gradients yield proportionally larger open-circuit voltages. In addition, the RH increase yields larger peak values, as absorption process is generally faster than desorption.
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[bookmark: _Ref373139188]Figure 2230 Fig. 5 (A) Transient course of the voltage after initially dry electrodes wereexposed to different levels of humidity. (B) Peak values of open-circuit voltage forall tested combinations of initial humidity and humidity gradients.
The transient course of electric current after the formation of RH gradient is characterized by a steep peak and a subsequent decay. Figure 31A shows that the level of electric current has dropped to the electrical noise level after 150 s. The peak value of electric current is roughly proportional to the change in RH level, as illustrated in Figure 31C, on the assumption of equal initial humidity. At the same time, the slope between peak value of current and change in RH is strongly dependent on the initial RH level. Interestingly, the generated values of electric charge, calculated in Figure 31B for transient courses given in Figure 31A, do not follow the same trend with peak current – the RH gradient of 100% yielded roughly the same amount of charge as gradient of 75%.
In the conducted experiments, the laminate was returned to initial, homogenous RH after 300 s. The repeated change in RH caused a second peak of electric current to be formed; only the direction of current was reversed this time. The peak values are given in Figure 31D for all investigated combinations of initial RHs and RH gradients. It can be noticed that the peak corresponding to the return to initial conditions does not follow the same pattern with initial disturbance of RH level – Figure 31A illustrates that the highest peak is formed when one side of the initially dry laminate is exposed to the highest RH, but the return to initial conditions yields the lowest peak value.
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[bookmark: _Ref373140888]Figure 2331 (A) Transient response of the electric current to humidity change.(B) Generated and stored charge as a function of time. (C) Peak values of theelectric current at various combinations of initial humidity and humiditygradients. (D) Peak values of the electric current upon returning the laminateto the initial humidity levels.
[bookmark: _Toc386615194]Cyclic stability
The electrical output of IEAP laminate in response to ambient humidity gradient has a high cyclic stability. In the cycling experiment, the laminate was placed between humidity chambers with 0 and 53% RH and the humidity gradient was reversed after every minute. After 1000 cycles, the course of open-circuit voltage was nearly indistinguishable from the initial value. The charge generated in each cycle, however, showed a small decrease – the 1000th cycle yielded 92% of the charge generated in the first cycle.
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Figure 2432. (A) Output current of the laminate during the cycling test. (B) Variation of the generated charge in consecutive cycles.
[bookmark: _Toc386615195][bookmark: _Ref387844340]IEAPs as cyclic hygroelectric energy harvesters
The voltage and electric current generation from ambient humidity gradient by the use of an IEAP material is discussed in the section 8.3. In the following paragraph, the feasibility and characteristics of an IEAP as hygroelectric energy harvester is discussed.
The highest current and therefore charge generation density takes place directly after the change of RH. In principle, the highest momentary charge output of 1500 C m-2 h-1 or 3300 C kg-1 h-1 was registered; although, at the lowest voltage (<1 mV), which is impractical to be used to power electronic devices. At this point, supercapacitor properties of the IEAP are turned into advantage in energy harvesting.  As described in paragraph 8.3.1, the open-circuit voltage on an IEAP increases when the laminate is held between environments with different RHs. The IEAP is able to produce small amounts of charge from water diffusion through the laminate. This amount of charge is too low to be collected by any external power conditioning circuitry. However, the IEAP is able to store a significant amount of generated energy in the very same material, where the energy was generated. The charging can take place at any rate, therefore enabling harvesting energy from sources previously considered as unavailable. 
The whole amount of energy collected into the IEAP during a long (hours to days) time span can be extracted on demand at very high rate. This energy-consumption profile matches with wireless sensor network nodes operating at low-duty-cycle mode. Figure 34 describes the use of IEAP as an energy harvester. The IEAP is held between humidity chambers with different RHs during more than 2 hours, until the open-circuit voltage achieved its peak value. Subsequently, the IEAP was discharged on a 10-Ω load Rc by connecting it between the IEAP electrodes via switch S. Only 30 s was needed to fully discharge the IEAP. More importantly, the peak current of 23 A m-2 was registered, which corresponds to a power density of 2.0 W m-2. This current level is as much as 31 times more than the highest peak current registered in continuous mode directly after the rapid change of RH gradient. The difference in power density is even more drastic – by the use of periodic charge-discharge cycle, the peak power density increased as much as three orders of magnitudes, from 2.1 mW m-2 to 2.0 W m-2.
The highest registered energy density of the hygroelectric energy harvester was 4.4 J m-2. As a comparison, the same IEAP working purely as a supercapacitor with a nominal voltage of 3 V and capacitance of 270 F m-2 can hold 810 C m-2 of charge and has an energy density of 1215 J m-2. Therefore, the laminate is able to collect up to 6% of the charge and 0.36% of the energy it is able to contain merely from ambient humidity. 
The simultaneous energy-storage capability is an unique property among energy-harvesting materials. For a comparison, a metallized 17 µm thick film of crystalline PVdF is able to collect 0.5 J m-2 of energy from human respiration in 20 minutes.86 At the same time, the energy-harvesting material itself as a parallel plate capacitor with a relative permittivity εr = 11 can hold only 7.3 mJ m-2 when charged to 10 V. The energy generated in each cycle has to be collected into external storage units for subsequent use. Therefore, our IEAP material can collect energy from merely a humidity gradient with a rate that is comparable to mechanical stimulus. Moreover, there is no need for external energy storage units, as the material itself can store a significant amount of energy.
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Figure 2534 (A) Energy-harvesting principle based on intermittent charging and discharging of the EDLC-like IEAP laminate.


[bookmark: _Ref376955587][bookmark: _Toc386615163]Experimental details
[bookmark: _Ref387843899]Fabrication of IEAPs
[bookmark: _Toc386615164]IEAP prepared by ‘direct assembly process’ (Type I)
The ‘direct assembly process’ was first used to fabricate IEAPs by Akle et al. in 2007158 and it was further developed by Palmre et al.159 This type of laminate has a  good performance as an actuator -  it has a peak-to-peak strain of 2.3% at 2 V input signal and a 8-mm strip can exert 3.6 mN blocking force at a distance of 40 mm.159 This material is hereinafter referred to as Type I.
A Nafion 117 ionomer membrane purchased from FuelCellStore.com was first cleaned by boiling in 1 M hydrochloric acid, washed by boiling in deionized water, and then ion-exchanged by immersing in LiClO4 solution. At this phase, a majority of the anionic sulphonic acid groups in Nafion have Li+ cations as the counter-ions. After subsequent removal of solvents in vacuum, the membrane was immersed in 1-ethyl-3-methylimidazolium trifluoromethanesulphonate (EMITFS) IL (Fluka, ≥99.0 %). During the immersion, the Li+ cations are virtually completely substituted with EMI+ cations due to concentration gradient. 
The electrode material was prepared by dispersing TiC-CDC powder (Skeleton Technologies) with 15 wt% Nafion solution in ethanol and water (1:1) (LIQUION® LQ-1115 1100EW; Ion Power, Inc). An ultrasonic probe (UP200S, Hielscher) was used to promote homogenization. 
The dispersion was painted layer-by-layer directly on both sides of the previously IL-impregnated Nafion membrane using an airbrush. After application of electrode layers on both sides of the membrane, the volatile solvents were evaporated under an infrared lamp. Then the membrane was sandwiched between ~100 nm gold foils (Gold-Hammer) to for current collectors. Some extra Nafion solution was used to promote adhesion of the gold foil. Finally the laminate was fused together by hot-pressing under 3.5 MPa at 140 ºC for 5 s. 
The finished laminate is highly flexible – it can be easily bent to radii below 3 mm without delamination, cracking of the electrodes, or discontinuation of the gold current collector, as shown in Figure 4A. The material is, however, slightly viscous – the neutral position shifts after bending to high curvatures, as seen in Figure 4B.
[image: ]
[bookmark: _Ref376966202]Figure 264. Flexibility of the IEAP laminate Type I
The total thickness of the finished IEAP laminate was 250-280 µm and the thickness of each electrode was around 30 µm. The cross-section of the prepared IEAP is shown using an optical microscope in Figure 5A and using a scanning electron microscope in Figure 5B.
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[bookmark: _Ref386373592]Figure 275 (A) Optical micrograph of an IEAP Type I cut slantwise. (B) Scanning electron micrograph of the cross-section of the IEAP Type I. (1: electrode; 2: membrane; 3: gold current collector.)
[bookmark: _Ref371504556][bookmark: _Toc386615165]IEAP prepared by Layer-by-layer casting (Type II)
Layer-by-layer casting of ionic EAPs was developed by Fukushima et al. in 200530 and it is further developed by Torop et al.36, 160. This method involves complete dissolving of the polymer precursor in an appropriate solvent; therefore, the polymer precursors can be acquired in any form such as in pellets. Fabrication of an IEAP by this method is straightforward: The electrode and separator layers are prepared by casting on a flat surface. All three layers are subsequently incorporated into a three-layer composite by hot-pressing. This material is hereinafter referred to as Type II. 
This type of IEAP functions as an actuator – an actuator 7 mm in width can exert 79 mN force at 2.8 V.160 However, its time response is considerably slower than in case of IEAP Type I.
1-Ethyl-3-methylimidazolium tetrafluoroborate (EMImBF4), polyvinylidene fluoride-co-hexafluoropropylene (PVdF-HFP), 4-methyl-2-pentanone (MP) and propylene carbonate (PC) were purchased from Sigma-Aldrich Co. and dimethylacetamide (DMAc) from Fluka. B4C-derived CDC powder, precursor of the actuator electrodes, was produced by Y-Carbon Inc. All reagents were used as received and without any further purification.
The electrode suspension was prepared as follows. First, PVdF-HFP pellets were dissolved in DMAc. EMImBF4 and B4C-CDC powder were mixed in DMAc and treated in an ultrasonic bath for 30 min. After that, the polymer mixture was added to the CDC-IL suspension, stirred on a magnetic stirrer for 5 min, sonicated again for 20 min, and decanted into a polytetrafluoroethylene (PTFE) mold. The finished electrode contains B4C-CDC, EMImBF4, and PVF-HFP in the ratio of 50:26:24 wt.%, respectively. 
The separator was prepared from an EMImBF4 and PVdF-HFP solution (1/1 wt). The IL was added to the polymer solution, sonicated for 25 min, and then poured into a PTFE mold. MP and PC were used as solvents for the separator layer production. Finally, the electrode films and the separator film were assembled by hot-pressing at 75 °C and a pressure of 3.5 MPa for 10 s. The finished laminate is shown in Figure 6.
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[bookmark: _Ref386388902]Figure 286. Photograph of an IEAP laminate Type II.
In this method, an important aspect is that the microporous structure of the IL-incorporated polymeric separator is formed during the casting process; therefore, the choice of the ratio between IL and polymer is of great importance in determining the ionic conductivity of the polymeric membrane.
The carbon/polymer/IL ratio in the electrode is the most critical parameter influencing the properties of the finished laminate – it determines the conductance as well as the flexibility of the electrode material. 
Scanning electron micrograph given in Figure 7A shows that the finished laminate has 220-µm electrodes and a 30-µm membrane. Figure 7B gives a close-up to the electrode-membrane interface. The membrane has a directional structure, which is most likely caused by flowing under high temperature during hot-pressing. Figure 7D gives a more detailed close-up to the membrane. The electrode structure given in Figure 7C illustrates the individual 1-5-µm carbon grains connected by the polymer matrix.
[image: ]. 
[bookmark: _Ref376969425]Figure 297. Scanning electron micrographs of (A) the cross-section of the IEAP; (B) the electrode-membrane interface; (C) the morphology of the electrode; and (D) the morphology of the membrane. Adapted from 155. 
The laminate prepared by layer-by-layer casting is also highly flexible. The scanning electron micrographs given in Figure 8AB show the same spot on the laminate cross-section before and after bending to 103 m−1. (It must be underlined that such strain could not be achieved using intrinsic, electrically-induced actuation capability of this material.) A fractured spot on the IEAP given in Figure 8C illustrates the role of the separator – although the carbonaceous electrodes have been cracked, the thin polymeric separator still holds the two parts together despite that it has been significantly stretched out.

[image: ]
[bookmark: _Ref376969925]Figure 308. The flexibility of the IEAP Type II. An initially straight piece of IEAP (A) is bent to a curvature of 103 m−1 (B). (C): A fractured spot on an IEAP.
[bookmark: _Ref387845519]Design of measurement rigsrogs for homogenous bending of IEAPs
In this work, two versions of measurement rigs, referred to as Test rig A and B in this thesis, were constructed for the investigation of sensorial properties of the soft IEAP laminates. They were both characterized by the ability for achievement of homogenous and continuous bending profiles. 
Both of the rigs assume the homogeneity of the laminate under test in its lateral (length) direction, i.e. the bending stiffness must be constant in all parts of the laminate. Bending stiffness of a laminate is dependent on the total laminate thickness, the ratio between the thicknesses of different layers, and the elastic moduli of the different layers separately – therefore, these parameters are also expected to be constant. With this assumption, it is possible to achieve uniform bending curvatures simply by holding the opposing end points of the laminate in an appropriate position and pointing to an appropriate direction, as depicted in Figure 9A. 
Test rig A
The first test rig was constructed by fixing the laminate under test between two steel bands. The laminate with a length L was rigidly fixed to the steel bands only from its opposite ends, so that it is straight when the steel bands are also straight. The steel bands were then turned into a circle, as shown in Figure 9BC. The bending curvature of the steel bands can be continuously changed. The free part (Lf) of the IEAP laminate follows exactly the uniform curvature of the steel bands.
This test rig enables fast (full bending cycle in <5 s), stepless and well-defined change in IEAP curvature, but the achievable curvatures are limited between 20 and 60 m-1. Consequently, the laminate could be bent only in a single direction, while the straight position could also not be achieved.
[image: ]
Figure 319. (A) The measurement set-up. (BC) Test rig A at two positions with different curvatures.
Test rig B
The restrictions in the Test rig A were overcome with the construction of a second test rig with a novel bending geometry. The geometric model used in the construction was able to constrain a fixed-length (Lf) piece of IEAP to an arc shape of any radius larger than Lf/2π, i.e. up to a position where the end points of the laminate come together. The geometry involves two identical oval-like closed-curve patterns in contact with each other without slipping, as depicted in Figure 10. The contact point between the shapes at the bending angle (2α) is at the point (x(α),y(α)) according to the Equation (1).
	
	

	(1)


[image: ]
Figure 3210. Geometry for homogenous bending of constant-length samples.
The oval-shaped wheels were constructed in the form of noncircular gearwheels in order to assure the motion without slipping.
Although the bending geometry enables, in principle, the achievement of bending angles (2α) up to ±360º, such bending angles could not be achieved in a real system, because some of the laminate must be fixed between the measurement terminals. In the constructed device, bending angles (2α) up to ±228º were achieved. What is more, a sinusoidal transient course of the bending angle was achieved. 
The highest bending frequency of the device was 3 Hz. The usable frequency range for some types of IEAP motion sensors can reach over 33 Hz,161 although at very low bending deflections. In this work, the IEAP’s ability of measuring extremely high bending deflections at moderate frequency range was investigated. Such conditions correspond to the IEAPs applied in haptic feedback systems or as feedback sensors for the same material acting as an actuator.
[image: ]
Figure 3311. Photograph of the test rig B.
Validation of the homogeneity of the material
Homogeneity of the material under test was presumed in case of both of the constructed measurement rigs. The validity of this assumption was verified by photographing the rig with an IEAP attached at different positions and subsequently fitting the line corresponding to the IEAP cross-section with a circle. Figure 12 confirms that the free part of the IEAP has an uniform curvature and therefore it is also sufficiently homogenous in its length direction.
[image: ]
Figure 3412. Material homogeneity is proven by fitting a circle over the cross-section of an IEAP that is fixed to the test rig B.
’Snap-through’ motion
In the transition moment between the convex and concave shape of the laminate during bending, ’snap-through’ motion occurs in the case if the free length of the laminate is even slightly different from the distance between the fixing clamps in a straight position. A snap-through motion in IEAPs has also been previously used to construct bistable actuators162, in energy-harvesting67 and motion-sensing163 systems. Figure 13 depicts transient output voltage of the IEAP motion sensor (Type I) attached to the test rig B so that the free length is slightly longer than the distance between the fixing clamps. During the transition between convex and concave shape of the laminate, fast buckling motion occurs. The buckling motion can be easily observed in the transient voltage, which indicates to good sensitivity of the IEAP motion sensor at high frequencies.
[image: ]
Figure 3513. Snap-through motion occurring in case of an incorrectly attached sample.

[bookmark: _Toc386615196]Conclusions
The work at hand explores a distinctive characteristic of the IEAP laminates with high specific surface area activated carbon electrodes – the ability of responding to external stimuli by formation of electric charge between the electrodes.
In the first part of this work, response of the IEAP laminates to mechanical bending is investigated. IEAPs with IL electrolyte and both ionic and non-ionic polymer separator are considered. The transient response of the IEAPs to bending motion is characterized by formation of a sharp peak immediately after bending and slow diminishing of the generated voltage and electric current towards zero. The IEAP motion sensor has a strongly nonlinear frequency response. However, it is possible to determine the magnitude of bending motion by measuring electric current between the electrodes. 
In addition to motion sensing capability, the IEAP laminates are found to have remarkable sensitivity to ambient humidity. Impedance spectroscopy analysis revealed that the series resistance decreased as much as 13 times as a result of RH change above the laminate. This is caused by highly hygroscopic constituents of the investigated IEAPs. Measurement of ambient RH by measuring impedance of the IEAPs is demonstrated.
Humidity-sensitivity of the IEAP is revealed also in its charge-generation capability. It is discovered that the IEAP laminate responds to a RH gradient by formation of electric current and voltage between its electrodes. Charge is formed both as a result of RH change and an unidirectional humidity gradient. The magnitude of the generated charge is found to be more than an order of magnitude higher than as a result of mechanical bending. The high magnitude of generated charge suggests that the field of application for the IEAPs could be broadened towards hygroelectric energy harvesting. Therefore, the IEAP technology can bring ambient humidity gradient among practical sources for harvesting electrical energy. 
Formation of electric charge as a result of mechanical stimuli and water vapor absorption has a similar underlying mechanism. Charge formation can occur if the following conditions are met:
a) Unequal conditions are applied to the opposite electrodes of a single laminate. In case of mechanoelectric transduction, the opposite electrodes undergo different mechanical stress; and in case of hygroelectric transduction, the different conditions are achieved by sorption of water.
b) The mobility of cations and anions in the carbon and polymer matrix are unequal for achievement of a nonhomogeneous charge distribution. This is achieved by tailoring of the porosity parameters of the IEAP electrode and the morphology of the ionically conductive polymeric separator.
The IEAPs are multifunctional materials. In addition to their sensorial properties, virtually the same IEAP laminates can function also as electromechanical actuators and as supercapacitors for energy storage. Figure 35 gives a roadmap between the applications for the IEAPs. 
[image: ]
[bookmark: _Ref386531774]Figure 3635. The roadmap for the applications for IEAPs.
In hygroelectric energy harvesting, the supercapacitor-like properties of the IEAP are brought into use. An IEAP energy harvester can store the generated electric charge into itself, therefore serving concurrently as an energy harvester and a storage unit. This property enables collection of electric energy from the environment during a long time at a low rate, and to extract the collected energy at a high rate.
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