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Abstract 

 

 

The study of electroactive polymers (EAPs) has garnered a lot of attention over the past 

two decades for their ability to generate large electromechanical actuation responses without the 

need for any moving parts, external motors or servos. These types of materials are lightweight, 

they can be formed into almost any shape, and they operate simply through the application of an 

external electric field. They have possible applications in robotics, prosthetics, microfluidics, etc., 

making them an exciting material that can be utilized in a broad range of applications. Ionic 

polymer metallic composite (IPMC) are EAPs that function based off of the motion of ions through 

a parent polymer matrix. The inherent size difference between the transiting ions generates 

localized volume changes between the two sides of the polymer film resulting in an observed 

bending response. Though, there has been a large amount of research focused on these actuators, 

there are still fundamental questions with respect to their operation that have yet to be answered. 

The following dissertation proposes new methodologies for tackling some of these questions. 

Research initiatives focused on the creation and synthesis of environmentally friendly and 

biodegradable green IPMCs, modeling the time-dependent electromechanical response for use 

with a variety of IPMCs, developing a remote sensing capability for monitoring IPMC actuation 

using changes in their dielectric properties, investigating whether IPMCs could be used as energy 

storage devices, and finally, identifying a new and unique two-phased IPMC bending response 

that could possibly pave the way for different and exciting areas of application and research.  

As such, a series of experiments were conducted to understand and model the 

electromechanical performance and dielectric response of EAPs made of biodegradable 

poly(ethylene oxide) with nanocrystalline cellulose used as a mechanical-stiffening filler, as well 

as with non-biodegradable polyvinylidene fluoride films. Through the investigation of the 

experimental results, the work herein will provide insight into the actuation and dielectric behavior 

of IPMC EAPs. Intrinsic research into the nature of the dielectric properties of materials will also 

be conducted. In all, and through vetting the results against others’ models and methods, a 

broadened understanding of these types of materials and their resulting characteristics is obtained. 
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Chapter 1: Introduction and Research Objectives 

 

1.1   Fundamentals of Electroactive Polymers (EAPs), their Background and Significance 

Electroactive polymers (EAPs), also named as artificial muscles, are a newly developed 

type of polymeric materials exhibiting giant electromechanical response.[1, 2] Electroactive 

polymers (EAPs) have gained a lot of attention over the past two decades for their ability to 

generate large electromechanical actuation without the need for any moving parts, external motors 

or servos.[2] These polymer systems are able to change their size or shape under an applied electric 

field. This biomimetic functionality enables these types of materials to have possible applications 

in robotics, biotechnology, mechatronics, prosthetics, micro-valves, and the like. They are also of 

interest due to their light weight, large actuation performance, fracture tolerance, and they can be 

made into almost any shape.[1] These characteristics open up a great number of possible 

applications. Early research into EAPs first emerged in 1880 where experiments were conducted 

with a rubber strip that was fixed at one end and had a weight attached to the free end. Under an 

applied electric field it was found to elongate and then return to its original form when the field 

was removed.[3] It was not until the turn of the millennium that the study of EAPs was popularized 

and in-depth research into EAPs began when Yoseph Bar-Cohen issued a challenge to the science 

community to create an EAP hand to compete against a human in an arm-wrestling contest.[4] 

Even after over a decade since this challenge, we are still expanding our fundamental knowledge 

of these types of materials and it is through the enhancement of our current understanding of how 

and why these types of materials act the way they do that will drive what future uses EAPs can be 

utilized for. This work strives to explain some of the mysteries that EAP research presents with 

the goal of furthering our knowledge of the inner workings of these systems. 

EAPs represent manmade actuators that can closely mimic the electrical and physical 

response of natural muscles and are thus termed “artificial muscles.”[5] Natural, biological 

muscles operate due to ionic flux within the muscle tissue which is caused by the brain sending 

nerve impulses (electric signals) to the synapses located on a specific muscle.[6] With a response 

time of about 1 ms, these signals provide enough of an electric potential to change the shape of the 

voltage-sensitive channels in the terminal cisternae of the sarcoplasmic reticulum (SR). This 

process causes the release of large numbers of calcium (Ca2+) ions. These ions then flow into the 

muscle tissue where there are parallel thick (myosin) and thin filaments (comprised of troponin, 

actin, and tropomyosin). The Ca2+ combines with the troponin along the thin filament, removing 
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the blocking action of the tropomyosin to the actin active sites. When this occurs, the actin active 

sites are free to interact with the myosin heads along the thick filament. The result of this cyclic 

process is that the thick filament pulls the thin filament across it resulting in an overall contraction 

of the target muscle. Expansion occurs when the brain no longer sends signals to the muscles and 

the Ca2+ ions return to the terminal cisterna of the SR. The development of EAPs also bridges the 

area of prosthetics and implants, making it possible for these “artificial muscles” to directly replace 

biological muscles.[5] 

It has been reported that the net energy density for biological muscle is 0.2 - 40 J/kg.[2] 

Thus, the goal of EAP research is to meet or exceed this reference point, especially in the case 

where they could be used for prosthetics. EAPs studied to date can be classified into two 

categories: electronic (e-EAP) and ionic (i-EAP), depending on the mechanism of the 

electromechanical response.[2]  

1.1.1 Electronic EAPs 

The actuation response of e-EAPs is based on the parent polymer system’s inherent 

piezoelectric, electrostrictive or other electrostatic response characteristics.[7] The 

electromechanical response observed in e-EAPs can originate from an electrostrictive effect,[8] 

the Maxwell-stress (i.e. electrostatic force) effect,[9, 10] and the re-orientation of dipoles.[11]  The 

e-EAPs are usually good electrical insulators that can stand with a high electric field. They exhibit 

a fast electromechanical response with a linear strain and a response time from s to ns and their 

strain response is well defined by the electric field applied on it. Therefore, the electromechanical 

response of an e-EAP is usually characterized by the relationship between the electric induced 

strain and the electric field applied on.[11, 12] However, e-EAPs require a very high driving 

electric field (> 100 MV/m).[11]  

Regarding the electromechanical response, there are two types of e-EAP actuation 

mechanisms: electrostriction and Maxwell stress. For e-EAPs based on the electrostriction, such 

as irradiated P(VDF-TrFE)[13] and polyvinylidene fluoride (PVDF)-based copolymers[12] and 

terpolymers,[14] a linear electromechanical strain response of about 5% to 10% has been observed 

with an elastic modulus of about 102 to 103 MPa.[11] For the e-EAPs based on the Maxwell stress 

effect, a linear electromechanical strain of more than 100% has been observed in dielectric 

elastomers with a very low Young’s modulus (i.e. a few to 20 MPa).[11] Although the e-EAPs 

exhibit a large linear strain, the displacement obtained from the linear strain is still too small to be 
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directly used in many applications. Therefore, various designs have been introduced to amplify the 

displacement generated by the linear strain.[15, 16]  

Table 1 showcases several examples of e-EAPs and their comparative parameters ranging 

from maximum strain, to applied electric field, to work/energy density, and dielectric properties. 

For most cases, a large electric field is required for actuation, which is also accompanied by a large 

strain response. One of the widely used approaches to amplify the displacement is the cantilever 

structure (i.e. unimorph), in which at least two layers are required to be bound together. Therefore, 

the linear strain along the length direction generated in one layer is converted into a bending 

actuation of the unimorph. When the e-EAPs are used to develop unimorphs, new issues related to 

binding layer arise.  

1.1.2 Ionic EAPs 

i-EAPs are the most popularly studied type of EAPs and are generally comprised of a 

polymeric membrane layer, doped with an ionic salt, and coated with a conducting surface 

electrode.[17] As such, this type of EAP will be the focus of the research presented in this 

dissertation. Regarding the actuation of i-EAPs, which include ionic polymer-metal composites 

(IPMCs),[17] conducting polymers,[18] hydrogels,[19] etc., when an electric field is applied on it, 

the ions in the polymer are forced to move so that the distribution of the ions changes with time,[1, 

2] which leads to the accumulation of cations and anions onto different electrodes.[2] That is, 

under an electric field, the charge carriers move in the polymer matrix, which results in a re-

distribution of the charge carriers, such as the accumulation of the charge carriers to the electrodes. 

Due to the difference in the size between different types of the charge carriers, the re-distribution 

or accumulation of the charge carriers and the resulting electrostatic pressure differential 

culminates in a bending actuation with a large displacement in a simple thin film.[1, 20] This is an 

advantage of i-EAPs over e-EAPs for the actuator applications.  

Figure 1 provides a general representation of how i-EAPs conduct their bending actuation. 

Typically, an ionic salt is dissolved into a polymer system providing both positive (cations – blue) 

and negative (anions – green) charge carriers. These ions are randomly distributed throughout the 

polymer matrix before any external electric field is applied (the hash-marked areas). Once an 

external voltage is applied to the sample via metalized surface electrodes, the ions migrate to their 

respective electrodes. The resulting pressure difference generated due to the size disparity between 

the ions creates a differential expansion within the matrix which results in the observed 
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macroscopic bending actuation. It is this ionic flux, which results in a bending actuation, that 

makes ionic EAPs more similar to the excitation response seen in natural muscles and the 

reasoning behind these films being called “artificial muscles.”  

Compared to e-EAPs, i-EAPs require a very low electric field (<1 MV/m) or a low driving 

voltage (100 to 101 V over a thickness from tens to hundreds of micrometers), but exhibit a slow 

electromechanical response with a response time from seconds to minutes.[2] As with the e-EAPs, 

Table 1 displays a series of examples for i-EAPs and their various properties relative to e-EAPs. 

Though their strain response is generally lower than e-EAPs, the required electric field needed for 

them to actuate is much less which leads to a wide variety of options for picking an EAP based off 

of the needs for a specific application. Additionally, Figure 2 illustrates a graphical comparison 

between the two types of EAPs. Plotting work density versus applied electric field was chosen 

because these two parameters encompass many of the properties shown in Table 1 and they 

provide a way of directly comparing the various examples of EAPs through their material 

properties (Young’s modulus), sample synthesis characteristics (sample thickness), actuation 

performance (strain), and the actuating environment (applied voltage). From the figure, it can be 

seen that e-EAPs require a large applied electric field, but exhibit a large volumetric work density 

while i-EAPs generally require a low applied electric field and show a comparatively low work 

density. Also, work density (J/m3) was chosen over energy density (J/kg) since this was more 

widely published in the literature and since film density was not readily available in all articles for 

converting from one parameter to another.  

 
Figure 1: i-EAP electromechanical response generated from ionic diffusion 

Various i-EAPs, such as ionic gels,[21] ionomeric polymer-metal composites 

(IPMCs),[17] conductive polymers,[22] and, graphite-polymer composites[23] have been 

studied/developed. The electromechanical performance of i-EAPs varies over a broad range. Some 
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i-EAPs have a high Young’s modulus, but exhibit a small electromechanical strain response, while 

others exhibit a large electromechanical strain, but have a very small Young’s modulus. For 

example, hydrogels have a very low Young’s modulus of about 101 kPa[21] with a strain of about 

4%;[24] composite of graphite oxide and P(VDF-CTFE) has a Young’s modulus of about 101 MPa 

with a strain that can be up to more than 50%.[23] On the other hand, i-EAPs made from plant 

cellulose, a natural and biodegradable polymer, has a Young’s modulus of about 9 GPa, but only 

exhibits an electromechanical strain of about 0.038%.[25]  

  
Figure 2: EAP comparison concerning the applied electric field and the corresponding work density measured for each 

specific type of actuator 
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Table 1: Electroactive Polymer Parameter Comparison 
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In summary, e-EAPs generally experience linear actuation, with a fast response time, and 

a high Young’s modulus, but have a limited displacement and require a large driving voltage. 

Meanwhile i-EAPs showcase a bending actuation, with very large displacements, and require only 

a small driving voltage, but have a relatively slow response time and a low Young’s modulus. As 

such, in an effort to improve i-EAP properties, such as: displacement, response time, and Young’s 

modulus, some focus of this dissertation will explore changes in ionic salt concentration, applied 

voltage, and filler content to these respective areas. 

The goal of this study was to fabricate EAPs that involved a simple synthesis process with 

a straightforward actuation mechanism with regards to the measuring/characterization process, 

therefore i-EAPs were selected over e-EAPs. In addition, since i-EAPs will be the main-focus of 

this dissertation, with minimal mention of e-EAPs hereafter, i-EAPs will be referred to as simply 

EAPs for the remainder of the report unless otherwise explicitly stated. 

1.1.3 General Overview of Research Initiative 

 As will explored in greater detail in the coming sections, there are a series of goals that 

were explored and will be presented in this dissertation. Special attention will be focused on i-

EAPs and one of the research focuses is to propose the creation of biodegradable, i-EAPs. Typical 

i-EAP synthesis utilizes caustic materials that can be hazardous to both humans and the 

environment, wherein the push to make EAPs, in general, to be faster, stronger, and better has 

placed an oversight onto the lifecycle impact these materials can have on their environment. This 

study will explore the use of alternative, green materials which can perform similar functionalities, 

but that pose a minimal environmental risk. Another drive of this report was also to characterize 

the actuation behavior of the i-EAPs created and to assert newly formed empirical relationships to 

describe their motion. As will be seen, many models have been proposed for describing i-EAP 

actuation, with accompanying advantages and disadvantages. In this dissertation, two models will 

be proposed which more accurately represent the time-dependent response of these materials, thus 

enabling a better understanding of how these materials operate while providing a compact fitting 

form for easy use in engineering design. Additionally, this dissertation will explore an indirect 

method of monitoring i-EAP actuation based on changes in their dielectric properties when they 

deform under an applied electric field. This methodology presents a new avenue for i-EAP 

monitoring that is based on the material response and is not reliant on traditional observation 

techniques like photographs, video or laser vibrometry. Finally, new areas of application for the i-
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EAPs developed in this study will be explored, such as energy storage devices where it was found 

that these films can have charging/discharging profiles that are similar to both batteries and 

capacitors, making for a unique material. Also, a unique, two-phased bending response will be 

explored wherein a traditional e-EAP can be made to experience both the characteristic bending 

response of i-EAPs followed by a linear extension response that is synonymous with e-EAP 

actuation. This dissertation presents novel solutions and explanations behind some of the questions 

regarding the i-EAP actuation phenomenon with the hope of furthering our understanding in this 

area and for creating new avenues of EAP research. 

1.1.4 Typical EAP Materials and Their Fabrication (Nafion and Flemion) 

The most commonly studied and commercially available EAP is called Nafion 

(perfluorinated sulfonic acid) and it is made by DuPont.[76-78] It can be purchased as a powder 

or as prefabricated sheets, which then can be cut into a desired shape. It has been used in 

applications such as proton conducting membranes for fuel cells, batteries, electrochemical energy 

storage systems, chlor-alkali cells, water electrolyzers, etc.[79] It is the predominant EAP due to 

its actuation performance, response time, and for being relatively inexpensive. It can achieve 

electromechanical strains upwards of 2% at ±3 V DC[80] with response times of under 4 s[81] and 

energy densities reaching 7 Wh/kg.[82] Nafion has been researched heavily as an EAP,[83-85] 

however, one of its drawbacks is that it is not biodegradable or recyclable.[86, 87]  

Nafion is made by copolymerizing perfluorinated vinyl ether with tetrafluoroethylene 

(TFE).[79] This is typically done by dissolving perfluorosulfonic acid (PFSA) dispersions with 

TFE copolymer into either dimethylacetamide (DMAc)[88] or dimethylformamide (DMF)[89] 

and stirring the solutions for 6 h at 80 oC. The solutions are then solution cast at temperatures 

between 80-120 oC for up to 12 h to create the final ionic membrane. Both DMAc and DMF are 

organic solvents and are carcinogenic. TFE, commonly known as Teflon, has also been found to 

be possibly carcinogenic, wherein tests conducted on rats found tumors at the site of application, 

but TFE is not currently classified as to its carcinogenicity to humans.[90] Both TFE and PFSA 

can pose a health hazard during the casting or hot pressing processes; “polymer fume fever” can 

occur where a temporary flu-like illness can occur for 24-48 h and is associated with the 

decomposition of fluoropolymers.[91] Again, Nafion is a readily available material that produces 

excellent EAP performance, but it is rather complicated to synthesize, it or its constituents are not 
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biodegradable, and the chemicals and materials associated with its synthesis pose possible health 

hazards and handling precautions are necessary.  

Flemion (perfluorinated carboxylic acid), made by Asahi Glass Co., is very similar in 

chemical makeup to Nafion and is also a popular ionic EAP.[78, 83, 92] Synthesis processing is 

also similar to that of Nafion in that Flemion is a copolymer of TFE and perfluorinated vinyl ether 

with a carboxylic acid group side chain. Flemion comonomers are created by conducting a 

pyrolysis process on oxidized compounds in oleum, which start from TFE and iodine and 

combining them with hexafluoropropylene oxide.[93] Oleum is a synonym for sulfuric acid and is 

extremely hazardous.[94] It can cause severe skin burns and eye damage and can be fatal if inhaled. 

Iodine is also a toxic chemical and can cause skin irritation, serious eye irritation, it may cause 

respiratory irritation, and can cause damage to the thyroid with prolonged exposure.[95] Iodine is 

very toxic to the environment and has acute aquatic toxicity. Polar solvents used with Flemion 

synthesis range from ethylene glycol, to crown ethers and various forms of 1-ethyl-3-

methylimidazolium tetrafluoroborate BMI-BF4.[78, 92] Ethylene glycol, commonly known as 

antifreeze, can cause kidney damage and death if swallowed.[96] BMI-BF4 is toxic to both humans 

and the environment with long lasting effects.[97] Flemion, like Nafion, is also a perfluorinated 

polymer and likewise is not recyclable nor biodegradable.  

For the development of other types of EAPs, such as the conducting polymer, polypyrrole 

(PPy), the polymer matrices themselves are nonhazardous. However, when combined with other 

chemicals to make functional smart materials, the additional chemicals tend to be hazardous or 

environmentally harmful. PPy actuators have been created using dodecylbenzensulfonate DBS as 

a dopant.[98] PPy itself is nontoxic,[99] but DBS is harmful is swallowed, can cause serious eye 

damage, and is acutely toxic to aquatic life. PPy can be dissolved in water, but PPy-based 

conducting polymers research also use solvents such as dimethyl sulphoxide (DMSO), DMF, and 

pyridine.[100] DMSO and Pyridine are both carcinogenic, are not biodegradable, are combustible, 

and can cause birth defects.[101, 102] As stated earlier, DMF is carcinogenic.  

Silicone is a common material used in the creation of dielectric elastomers (an electronic 

EAP).[103-105] Elastomers are created from a silicone elastomer dispersion in xylene. This 

solution is flammable, can affect the nervous system, cause skin and eye irritation, and can 

adversely affect the kidneys and liver.[106] Its synthesis spawns from a three-step process:[107] 

1) chlorosilane synthesis, 2) chlorosilane hydrolysis, and 3) polymerization and polycondensation. 
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As mentioned, the final solution for creating silicone elastomers is hazardous; likewise, the 

chlorosilane synthesis step involves the condensation of methanol with hydrochloric acid HCl. 

Methanol is highly flammable and can cause damage to organs while also being toxic to aquatic 

life.[108] HCl is corrosive to the skin, can cause serious eye damage, and is toxic to fish.[109]  

As a counter to the negative aspects of Nafion, Flemion, and other EAP-based materials, 

the development of the EAPs focused on for this study are biodegradable, environmentally 

friendly, and very simple to make. Essentially, the process utilized herein is that the polymer of 

choice, poly(ethylene oxide) (PEO), is dissolved in water along with a specified ionic salt, is 

magnetically stirred for a period of time, and then solution cast at low temperatures. Once the 

electrodes are sputtered to either side, the films can then be cut to the desired sample size for use. 

The green nature of and its applicability to EAP research will be discussed at length in the 

proceeding sections.  

1.1.5 Current Actuation Monitoring Methods 

1.1.5.1   Laser Vibrometry Analysis 

An optical analysis process or methodology, like taking still photographs or video is the 

predominant method for characterizing EAP actuation. The measurement of sample tip deflection 

using a laser vibrometer is another such optical-based monitoring process used to measure EAP 

actuations. Laser displacement measuring systems are typically used for recording EAP 

parameters that occur over small deflections or fast actuation frequencies and is used for 

monitoring both electronic and ionic EAPs.[110] In this setup, the laser vibrometer is mounted 

with the laser being reflected off of the sample electrode surface and back to the device photo 

detector.[111] Using this monitoring process, micro deflections of the samples can be measured 

from 0.1 Hz to 200 Hz or higher at sensitivities of less than 100 µm for recorded deflections.[80, 

112] This monitoring process, though very precise, has operating limitations, namely for bending 

actuators. Here, if the films were to actuate past the line of sight of the laser, then the film will 

have effectively disappeared and no more usable data can be obtained unless the sample returns to 

the laser’s viewing area. 

1.1.5.2   Optical Imagery Analysis 

The other traditional optical analysis method for EAPs is through the use of a digital camera 

or recording device. Generally, when this setup is chosen for bending actuators, the camera is 

mounted with its lens perpendicular to the thickness plane of the samples.[110, 113, 114] This 
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method enables the recording of the EAP bending throughout the entirety of the experiment, either 

through a continuous video recording or via photographs taken at set time intervals. From this 

technique, EAP properties, such as displacement, speed, frequency, etc. can be measured, with a 

sensitivity defined off of how fast the images or video can be taken and the resolution of and 

between images. Due to the small thicknesses of the EAP actuators, however, obtaining a sufficient 

focus on the samples during actuation can be challenging, so small perturbations and deflections 

can sometimes be difficult to discern. However, this method enables the monitoring of the sample 

bending for however long the external electric field is applied. As such, this was the method chosen 

during this study to observe the EAPs. 

1.1.5.3   Capacitive Sensing  

Another actuation monitoring technique is to measure changes in capacitance during 

actuation. This method is typically utilized for monitoring the actuation behavior of dielectric 

elastomers (DE).[115] These materials are, as mentioned, electronic EAPs and when a voltage is 

applied to them, they undergo a large volume change due to Maxwell stresses. A dielectric 

elastomer film is layered between two compliant electrodes and the film is then modeled as a 

simple parallel plate capacitor. Upon excitation, the elastomer film thickness contracts along the 

electric field direction and its electrode area expands. The operating principle behind this 

monitoring method is that when the DE’s thickness and area are both changing during actuation, 

there is an accompanying change in the measured capacitance, indicating that there is a one-to-one 

relationship between the changes in these two parameters. In the study cited, for between 0-3 kV 

of applied voltage, there was an approximate difference of 2-3 V measured for the output voltage, 

making it possible to measure actuator displacement through direct changes in capacitance. 

Capacitance for parallel plate capacitors is defined as Eq. (1.1): 

𝐶 = 𝜀0𝜀𝑟

𝐴

ℎ
 

(1.1) 

where, 𝜀0 is the permittivity of free space (which does not change with applied voltage), 𝜀𝑟, is the 

elastomer’s dielectric constant, A is the electrode area, and h is the sample thickness. Clearly, as 

the sample thickness decreases, a corresponding increase in capacitance will occur.  

To develop a ‘self-sensing’ monitoring process, wherein actuation could be monitored 

through changes in sample capacitance versus using additional monitoring equipment, the 

researchers placed an external resistor (R) between the DE actuator and the ground in the circuit, 

enabling the measurement of the changes. Capacitive reactance can be calculated using: 
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𝑋𝐶 =
1

𝜔𝐶
 

(1.2) 

where, ω is the angular frequency of an applied AC electric field. The recorded change in voltage 

(from the input to the output voltage) due to sample deformation can thus be calculated using: 

𝑉𝑜𝑢𝑡𝑝𝑢𝑡 =
𝑅

𝑅 + 𝑋𝐶
𝑉𝑖𝑛𝑝𝑢𝑡 

(1.3) 

To effectively utilize these equations to monitor changes in actuation displacement, two 

voltages were applied to the samples; an actuation voltage (2.2-3.0 kV DC) and a sensing voltage 

(300 𝑉𝑝𝑝 AC at 100 Hz). As the DE actuates, the amplitude of the measured output voltage was 

found to be proportional to the sample’s displacement. In addition, with increasing DC voltage, 

there is an increased phase shift for the measured output voltage, which, as mentioned, can be 

related back to the capacitance changes incurred due to the sample actuation. This method proved 

effective for measuring displacements due to changes in capacitance and was shown to be a better 

method for conducting such methods compared to a laser sensor setup that Jung et. al used to 

compare the results of their study. This method also eliminated the need for external measuring 

equipment, like lasers, which is a step forward as far as commercial applications are concerned. 

Similarly, ionic EAPs generally use an optical analysis system for monitoring actuation behavior, 

which can prove to be intrusive. However, as with the example cited in this section, the study 

presented in this report will explore the use of a capacitance measuring technique that utilizes AC 

dielectric readings and will relate the recorded data to the observed electromechanical 

performance. As with the self-sensing technique described for DEs, a novel approach for 

conducting self-sensing with ionic EAPs will be described herein with the goal of creating a new 

monitoring methodology for this type of EAP system. 

1.1.6 Current Electromechanical Actuation Models 

As new applications and uses for IPMCs arise, the importance for understanding and 

predicting how they actuate and their actuation mechanism has grown. IPMC actuation behavior 

is typically described in qualitative terms, stating that “…initially the moving rate was very slow 

and it became fast, and saturated with time.”[116] This general description of the three modes of 

actuation (slow, steady, and saturated) is then followed by a quantitative analysis on a specific 

area, like maximum strain or response time. The processes behind the three modes is intuitive and 

involves the separation of charge carriers within the polymer matrix due to ionic motion; actuation 

is slow just after initial excitation due to most of the ions being distributed randomly throughout 
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the polymer matrix with only a small amount contributing to actuation, then as time progresses the 

rate of ions accumulating at the polymer-electrode interface occurs at a steady rate and the 

actuation is linear, with respect to time, then finally, as the number of remaining ions within the 

matrix begins to be depleted, due to there only being a finite amount of mobile ions within the 

polymer matrix, the actuation reaches its maximum value and is saturated.  

As a result of the slow, steady, saturated response observed for IPMC materials, their 

actuation profile is highly nonlinear. For engineering design concerning these actuators, there has 

been a large focus in this area to learn more. The process for quantifying the time-dependent 

behavior, as a whole, has thus become a major area of interest with studying IPMC films and has 

generated many models. Models have fallen into three areas: 1) white box, where the underlying 

physical mechanisms, believed to account for the various physical and chemical processes going 

on within the EAP, are taken into consideration.[117, 118] Unfortunately, these processes are not 

very well understood and the resulting analysis has returned conflicting views of the root cause 

behind the bending.[117, 119]  Additionally, equations generated from these models are typically 

difficult to correlate to experimental data and become impractical;[120, 121] This method typically 

utilizes complex equations, like the Nernst-Planck model,[120] (as described with Eq. (1.4)) which 

provide a detailed description on how the flux of ions contribute to actuation, but contain 

parameters that may be difficult to obtain or require experimentally determined properties. 2) 

Black box models, where the opposite approach is taken and empirically derived models are 

formed based primarily off of experimental data with little consideration to the underlying 

mechanisms.[122, 123] Finally, 3) gray box models, which act to bridge the two types of models 

using some physical laws, but combined with empirically derived parameters when the 

mechanisms in question are too complicated or not understood well enough to be obtained through 

derivation.[124-126]  

This section will provide examples for the current state of research for modeling the time-

dependent nature of IPMC actuation. An analysis of the advantages and disadvantages of these 

models will be given. For the models that readily lend themselves for use, a brief comparative 

analysis will be done showcasing how these models fit a set of experimental data while also 

comparing these results with one of the models developed in this dissertation. 
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1.1.5.1   White Box Models 

 As stated, physics-based (or white-box) models strive to characterize the behavior of IPMC 

actuation by delving into the physical and chemical mechanisms taking place within the material. 

Early work concerning physical models was conducted by Tadokoro in 2000.[119] Here, he 

proposed that the accumulation of water molecules trapped within the matrix were dragged toward 

the negative electrode by mobile cations as they quickly migrated to the cathode under an applied 

electric field. This accumulation of water molecules within the matrix caused an expansion and 

contraction between the two electrodes resulting in the observed bending actuation. The model 

created consisted of a series of partial-differential equations that included parameters that were not 

well known or measurable. Tadokoro reported positive agreement between experimental and 

simulated tip displacement.  

 Nemat-Nasser and Li, in 2000, also proposed a physical model for IPMC actuation, but 

used a micromechanics approach.[117] This approach proposes that clusters form in the polymer 

matrix from the side chains of the polymers and can become saturated with water. As with the 

Tadokoro model, under an applied electric field, the mobile cations transit towards the cathode. 

However, bending actuation is generated due to stresses formed along the polymer backbone from 

localized charge imbalances within the matrix. These imbalances create electrostatic forces that 

induce a bending curvature within the polymer. Nemat-Nasser and Li determined it was these 

localized electrostatic forces that caused the bending and that the transportation of water within 

the matrix caused only a secondary effect. They tested this theory with an actuator in air and in 

water with their simulation also showing good results. This conclusion is interesting because 

Nemat-Nasser and Li’s physical interpretation to the cause of the IPMC actuation is in stark 

contrast to the Tadokoro model, yet both models agreed with experimental results. Consequently, 

the physics behind understanding and applying both models will need to be reinvestigated if either 

one proves to be correct.  

Another  example of a physical model is represented by the below relationship which 

describes the Nernst-Planck model, used for describing the diffusion and convection of charges 

and the migration of particles under an applied electric field.[127]   

𝛿𝐶

𝛿𝑡
+ 𝛻 (−𝐷𝛻𝐶 −

𝑧𝐷𝐹𝐶

𝑅𝑇
𝛻Ф) = −𝑢̅ ∙ 𝛻𝐶 

(1.4) 
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Here, C is the concentration of charged particles, D is the diffusion constant, z is the valence 

number, F is the Faraday constant, Ф is the electric potential, R is the universal gas constant, and 

u  is the ionic velocity. When a voltage is applied to the system, all free cations will start transiting 

to their attracting electrode. The combination of this relationship with Newton’s Second law and 

the Rayleigh damping model yields a complex model that was shown to fit experimental results 

for their Nafion films very well.[128] As such, parameters such as the concentration gradient, the 

diffusion coefficient and ionic velocities may be difficult to obtain without experimental 

parameters and thus making this a difficult model to use with experimental results. Additionally, 

the author’s did not explicitly detail their final actuation model in the study for accomplishing a 

comparative study. 

 The application of physical models to IPMC actuation is a challenging one. The underlying 

physical and chemical processes that are responsible for the IPMC actuation have not yet been 

fully realized or precisely identified, leaving somewhat of a gap in our present understanding. 

Additionally, the governing physical equations can be quite complex and values for the parameters 

within these equations can be difficult to measure, inhibiting their use.[121] 

1.1.5.2   Black-Box Models 

As mentioned, black-box models employ empirical methods for identifying the system 

behaves with minimal consideration to the underlying physical processes. Physical models do well 

with understanding the mechanisms behind IPMC actuation, but simpler black or gray-box models 

are very useful for utilizing the actuation phenomenon in engineering design. 

An attempt to characterize the tip displacement of IPMC actuators was first developed by 

Kanno et al. in 1994.[122, 129, 130] Here they developed a black box model, considering the 

IPMC as a bending cantilever beam with one fixed end. The model they developed is shown as 

Eq. (1.5). 

𝑌(𝑡) = 𝐴𝑒−𝛼𝑡 + 𝐵𝑒−𝛽𝑡 + 𝐶𝑒−𝛾𝑡 + 𝐷𝑒−𝜖𝑡 + 𝐸 (1.5) 

Here, A, B, C, D, E and 𝛼, 𝛽, 𝛾, 𝜖 are constants determined through observing the tip 

behavior of their actuator at various voltages and fitting the relationship to the tip displacement, in 

conjunction with a least squares algorithm to determine the values for the constants. As such, it 

was a cumbersome process for accurately determining the values for the nine separate fitting 

parameters. 
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A simple black-box model was developed by Montazami and is based on the normalized 

electromechanical strain of multilayer Nafion IPMCs.[131] It is the simplest of models, requiring 

only two fitting parameters. In their study on the strain, response time, and curvature of Nafion-

based IPMCs they put forth Eq. (1.6) to fit their normalized strain data. 

𝑠(𝑡) = 𝑠𝑚𝑎𝑥(1 − 𝑒−𝑡/𝜏) (1.6) 

Here, the time-dependent strain s is represented by the maximum strain 𝑠𝑚𝑎𝑥 and a time constant 

𝜏 relating to the bending moment of the film. Similarly to the Arrhenius-based model proposed in 

this study, the Montazami model only has two parameters to fit, making for an easy-to-use model. 

As stated, IPMC actuation follows a slow, steady, then saturated bending response due to the flux 

of ions within the matrix; the Montazami model does well with representing the steady and 

saturated portions of the actuation, but cannot be used to describe the initial-time dependent or 

slow response of the films (when 𝑡 → 0). The disparity between the Montazami model and the 

model proposed herein when fitted against a sample of experimental data will be discussed later 

in this section. 

In an effort to include more physical parameters to the black box model, Xiao and 

Bhattacharya incorporated the below first-order differential equation.[123]  

𝑑𝐾

𝑑𝑡
=

1

𝜏
(𝐾𝑣𝑉 − 𝐾) 

(1.7) 

This relationship was used to describe the induced curvature in the IPMC where K is the induced 

curvature, 𝐾𝑣 is the maximum induced curvature per unit applied voltage, V is the applied voltage, 

and 𝜏 is a time constant. Solving this equation yields Eq. (1.8) where C is a constant of integration.  

𝐾(𝑡) = 𝐾𝑣𝑉 + 𝐶𝑒−𝑡/𝜏 (1.8) 

This time-dependent representation of the Xiao-Bhattacharya model makes it possible to fit the 

experimental data. This model encompasses four fitting terms, making it somewhat more complex 

than the Montazami model, however, it is found that this model agrees with the experimental data 

better than the Montazami model, but as with the Montazami model, the Xiao-Bhattacharya model 

is somewhat lacking for the initial, slow actuation response. 

With the goal of incorporating beam theory into IPMC black models, Chen developed Eq. 

(1.15) for the out-of-plane deflection of the tip of the IPMC.[132] 

𝑤(𝑡) =
𝐿3𝐹(𝑡)

3𝑌𝐼
 

(1.9) 
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Here, L is the length of the IPMC, Y is the Young’s modulus, I is the moment of inertia of the beam 

(𝐼 = 𝑤ℎ3/12, where w is the width of the beam and h is half its thickness) estimated as a 

rectangular plate with an axis of rotation along the short end of the film, and F(t) is an external, 

time varying force applied at the end of the beam. Three film parameters are thus needed along 

with the F(t) profile acting on the film, which again, makes it more complex than the Montazami 

model and the compact model presented in this dissertation. In Chen’s report, there is no mention 

of how the external force changes with respect to time, nor does it describe how the excitation 

electric field is applied to the film, but it assumes that it happens at the non-fixed end of the IPMC. 

In this dissertation, the F(t) will be represented as both a linear and Arrhenius relationship to see 

how well, or how poorly, it can characterize a sampling of the recorded experimental data if the 

time-dependent external force profile is known. The application of this deflection model is 

somewhat unrealistic since IPMC actuation occurs due to the externally applied electric field (the 

electrostatic force) acting along the entirety of the surface of the actuator, not just at the tip.  

For engineering purposes, a large part of research going into modeling the actuation 

response of IPMCs uses finite-element analysis,[133] assuming that the IPMCs materials have a 

uniform composition. This methodology is more of a black or gray box method and utilizes mostly 

experimental data to characterize the IPMC response, but does not necessarily take into 

consideration the underlying physics involved. Since a close-packed form of these types of models 

is generally not available, a finite-element analysis model was not included in this analysis.   

In addition, most of the prescribed models were based off of Nafion films where the anion 

is fixed to the polymer matrix. This results in only the cation moving through the matrix. For 

polymer systems where both the cation and anion are mobile, these models will have to be adjusted 

due to the size disparity between ions accounting for varied accumulation times at their respective 

electrodes. 

1.1.5.3   Gray-Box Models 

 Gray-box models for IPMC actuation act as an alternative to the complex physical models 

and the more simplified black-box models. These models leverage well-established and easily-

modeled physical laws and combine them with empirical parameters to cover areas that may be 

overly complex or not well understood.  

 De Gennes considered the electromechanical response of IPMCs has also been considered 

from a thermodynamics perspective.[134] He proposed a linear, gray-box that utilized the Onsager 
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formulation where the motion of the cation and solvent were considered with the anion fixed within 

the matrix. The motion of the cations was described in terms of the current density, J, whereas the 

motion of the solvent was detailed using a term for flux, M. Under static conditions, these particles 

can be described using the below two equations:  

𝐽 = 𝜅𝐸 − 𝐿12∇𝑝 (1.10) 

𝑀 = 𝐿21𝐸 − 𝐾∇𝑝 (1.11) 

 Here, 𝜅 is the membrane conductance and K is the Darcy coefficient, E is the applied electric field, 

−∇𝑝 is a pressure gradient, and 𝐿12 = 𝐿21 = 𝐿 is a cross coefficient with units of (m/s)(V/m) 

represent the electromechanical transduction. De Gennes reasoned that the water molecules 

trapped within the polymer matrix were dragged by the mobile ions to the electrode-matrix 

interface and were the reason for the induced curvature. Though these equations are compact, they 

are only valid for static, steady-state conditions and those where the actuator only experiences 

small deflections. Additionally, the transport of water molecules described in the study has not 

been linked to the IPMC actuation and there was no published fitting with experimental data.  

 IPMCs have also been described through representing the motion of the charge carriers 

within the polymer matrix with an equivalent circuit model.[125] Here, since IPMCs are both 

inherently resistive and capacitive, the films could be modeled as a parallel capacitor and resistor 

in series with a second capacitor and resistor with a third resistor between the two pairings. The 

electrodes on either side of the IPMC are represented by the capacitor/resistor combo and the 

matrix material is the third resistor which signifies the ease of flow of ions through the matrix. 

Assuming that both electrodes were fabricated similarly, the capacitance and resistance in the 

pairings could be set equal to each other. This analysis results in an equation for how charge builds 

up at either of the two electrode-polymer interfaces with respect to time (Eq. (1.12)) and also an 

equation relating that charge with the electromechanical stresses incurred by the IPMCs due to the 

ionic flux (Eq. (1.13)), with an experimentally determined proportionality constant 𝑐1.   

𝑄(𝑡) = 𝑉
𝑅1𝐶1

2𝑅1 + 𝑅2
[1 − 𝑒

−(
2𝑅1+𝑅2
𝑅1𝐶1𝑅2

)𝑡
] 

(1.12) 

𝑄 ≅ 𝑐1𝜎 (1.13) 

This concept was utilized by Jain for Nafion-based IPMCs, wherein he considered the 

IPMC as a uniform cantilever beam subjected to an input voltage which imparts an overall bending 

moment in the film.[135] Using Kirchhoff’s laws for RC circuits, the IPMC was modeled as a 
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resistor in parallel with a second resistor and parallel plate capacitor. A circuit diagram describing 

how Jain modeled the IPMC is shown in Figure 3.a. Assuming that the individual resistor has a 

comparatively low resistance to the one in series with the capacitor, the charge distribution can be 

related both to the input voltage and to the induced bending moment generated in the film. 

Combining these two relationships yields a model for the tip-displacement angle of the IPMC as a 

function of time. In its compact form, the relationship is denoted by Eq. (1.14). 

𝜃(𝑡) =
𝐾

𝑏 − 𝑎
𝑒−𝑎𝑡 +

𝐾

𝑎 − 𝑏
𝑒−𝑏𝑡 

(1.14) 

Here, K relates to the gain and IPMC capacitance, and a and b are a function of a time constant, 

which characterizes the bending moment generation, and the RC time constant of the modeled, in-

series resistor and capacitance (K, a>0, and b>0). When applying this model to experimental data, 

it was found that for 𝑡 = 0,
𝐾

𝑏−𝑎
+

𝐾

𝑎−𝑏
= 0. 

  
Figure 3: Circuit model comparison for IPMC actuators utilizing the a) Jain and b) Shi models 

Shi extends the idea put forth by Jain a step further by considering the resistance of the two 

electrodes (𝑅𝑒) in contact with the bulk IPMC material (𝑅1, 𝑅2, and 𝐶), which was also 

Nafion.[136, 137] In this case two resistors on either side of the bulk circuit described by the Jain 

model were included. The relationship developed by Shi for tip displacement is, thus, similar to 

that proposed by Jain and is represented by Eq. (1.15). 

𝛿(𝑡) = 𝐵 (
𝑎0 − 𝑎

𝑎2
𝑒−𝑎𝑡 +

𝑎0

𝑎
𝑡 +

𝑎 − 𝑎0

𝑎2
) 

(1.15) 

Here, a and 𝑎0 were determined to be 𝑎 =
1

𝑅2𝐶
 and 𝑎0 =

1

𝑅1𝐶
 and B was a constant of integration 

found during taking the inverse Laplace of the relationship developed for the input voltage and the 

tip deflection. The improved upon circuit diagram for how Shi incorporated the electrodes into his 

model versus Jain is shown in Figure 3.b. When applying this model to experimental data, it was 

found that for 𝑡 = 0,
𝑎0−𝑎

𝑎2 +
𝑎−𝑎0

𝑎2 = 0. 
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 Both the Jain and Shi models will be compared later in this study to showcase their 

applicability to accurately describe the IPMC bending phenomenon and how well they do it versus 

models presented in this study. For both models, when 𝑡 → 0, both 𝜃(𝑡) and 𝛿(𝑡) → 0; they reach 

similar saturation values when compared against experimental data. Also, the two models have 

only three fitting parameters, making them simple and compact for use. However, both models do 

not accurately address the slow portion of the actuation process (Figure 4) and therefore, they do 

not fully fit/represent the experimental data.  
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Figure 4: Application of various tip-displacement models to the a) nonlinear and b) linear experimental data for PEO 

with 5.0 wt.% LP 

A comparison of how well the Montazami, Jain, Shi, Xiao-Bhattacharya, and Chen models, 

along with the Arrhenius-based model (Bass) presented herein, with how well they fit a sampling 

of experimental data generated in this study is shown in Figure 4. Figure 4 showcases a set of 

experimental data for a PEO-based IPMC with 5.0 wt.% LP. Through inspection of Figure 4.a it 

can be seen that the majority of the models fit the experimental data fairly well from times greater 

than roughly 10 s. However, as can be seen from Figure 4.b, when the natural log of the 

experimental data is plotted against 1/t, for smaller time increments only the Arrhenius-based 

model presented here and the Chen model that uses an Arrhenius function for F(t) fit the data the 

closest. The Xiao-Bhattacharya model also does a good job with matching the experimental data 

for most of the fitting curve. The slow section of the slow, steady, saturated actuation progression 

for IPMCs appears to be difficult to match for the majority of the displayed models. A note of 

mention again for the Chen model is that Chen did not mention how the applied force in his model 

changed with time, just that it was applied at the end of the IPMC film. As such, the Chen model 

was employed with a linear and Arrhenius force representation. It is quite evident that when the 
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linear representation of the applied force is used that the fitting is very poor, while when the 

Arrhenius-based force representation is used, that the model fits very well. In reality, an applied 

tip force with either of these force profiles is unlikely, but that the intended force profile alluded 

to by Chen is likely somewhere in between. Taking this into consideration leads to the conclusion 

that the Arrhenius-based model developed in this study most closely resembles that of the 

measured experimental data. This model will further be shown to accurately fit not just the PEO-

based and PVDF-based IPMCs developed for this study, but also can be used with describing the 

actuation of IPMCs including Nafion, Flemion, and the conducting polymer polypyrrole, making 

it a possible universal model, as well as one that can be easily interpreted when the data is plotted 

in its linear representation shown in Figure 4. Comparisons of how well these models fit IPMC 

actuation data from externally published articles will be presented in Chapter 3. As such, it will be 

shown that the model presented in this dissertation more closely resemble the experimental data 

and thus, the IPMCs themselves. 

The complexity and/or lack of direct correlation to the gathered experimental data for the 

other models presented in this section preclude their inclusion in that analysis. However, their 

significance in adding depth to our knowledge of how and why IPMC actuators behave the way 

they due demand their acknowledgement in this report. 

1.2   Motivation 

The study of EAPs, including characterizing their performance and studying their behavior, 

is an exciting field of research. The goal of this report was to further our fundamental 

understanding of these types of materials and to extend our knowledge of the types of materials 

that can be used as EAPs. One research aim was to create biodegradable EAPs, as an alternative 

to the commercially available Nafion and Flemion, which did not harm the environment once they 

were no longer needed and their lifecycle was complete. Once the synthesis of this ‘green’ polymer 

system was developed and refined, a systematic investigation of their bending performance was 

conducted to develop a model that could predict the actuators response and provide insight into 

physical properties of these actuators that would not otherwise be possible to obtain. Once this 

electromechanical model was developed, it was of interest to find a way that the actuation 

performance of the EAPs could be monitored without the need of a bulky optical system with the 

goal of creating a remote monitoring capability. A fundamental investigation of the time-

dependent changes in dielectric properties of the EAP films was therefore conducted as they 
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underwent their bending. Through linking the changing dielectric signature and the dynamic 

mechanical responses, the first steps of finding a way to remotely monitor the EAP performance 

were taken. Additionally, changes in the films’ dielectric properties translated to changes in 

capacitance, therefore it became of interest to study the synthesized EAPs as possible energy-

storage devices. Finally, as more and more dielectric data was compiled for these films, the 

opportunity arose to do a fundamental analysis on this data and to investigate possible links 

between the EAP’s conductivity and its permittivity.  

The proposed contribution of this dissertation is five-fold; first to introduce the 

development of environmentally friendly composite EAPs that can act as alternatives to the 

current, non-recyclable EAP technologies; second, to create a new way to both predict and analyze 

the synthesized EAP’s electromechanical actuation; third, to develop a more physics based 

approach to describe the electromechanical actuation; fourth, to link this electromechanical model 

with the material’s dielectric properties for the development of a novel monitoring method that 

can reduce or eliminate the actuation monitoring hardware, thus increasing possible applications 

for these EAPs while providing a fundamental analysis on the direct relationship between a 

material’s real permittivity and its conductivity which could pave the way for new scientific 

research and understanding; fifth, to create new materials for energy storage devices. Each of these 

research objectives aims at increasing our knowledge and understanding of the underlying physical 

processes that make the function of EAP materials possible, while also furthering current EAP 

research by creating EAPs from new materials.  

1.2.1 Research Objectives  

1.2.1.1   Objective I – Development and Analysis of Biodegradable/Green EAP 

The initial objective in this study was to not only create a smart material with excellent 

performance characteristics, but was also, a material whose principal components were 

biodegradable and environmentally friendly. With the field of EAP study beginning to mature, 

commercial IPMC EAPs, such as Nafion (sold by DuPont) and Flemion (a carboxylate version of 

Nafion,[138] sold by Asahi Glass), are now widely available. As previously mentioned, these 

products have excellent actuating performance characteristics. Granted, these are exemplary 

materials for EAP research and application, but, from a lifecycle perspective, what is to come of 

these actuators once their use is no longer wanted/required? As previously mentioned, neither 

Nafion nor Flemion are biodegradable or recyclable, so when they are discarded, they will 
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invariably have a negative impact on the environment. Thus, the first objective, in part, was to 

choose a green EAP matrix material for study as a possible IPMC alternative to these products. 

Polymer system selection involved a literature review, resulting in the use of two parent polymer 

matrix materials: plant cellulose and poly(ethylene oxide) (PEO). Each of these materials have had 

some initial EAP studies conducted, enabling a viable starting point for their evaluation. 

1.2.1.1.1   Material Selection 

 The first option explored for an EAP material for use in this research was electroactive 

paper. Cellulose is the most abundant natural polymer on Earth and is used in a wide variety of 

applications, ranging from paper, pharmaceuticals, foods, and textiles.[25] The cellulose molecule 

is comprised of repeating glucose molecules that form in alternating crystalline and amorphous 

regions along the cellulose fiber.[139] Hydrogen bonding between cellulose molecules creates a 

monoclinic crystalline structure.[140] The use of cellulose as smart materials first gained traction 

in 2002.[141] Here, several paper samples (hardwood, softwood, bacterial cellulose, etc.) using 

different types of doping chemicals (ethylene glycol, glycerin, and DL-Threitol) were tested to 

study their performance characteristics. The paper used was inherently environmentally friendly, 

biodegradable, and ultra-lightweight, so their potential use in this study was clear. Silver and gold 

were used as electrodes and tip displacements around 0.1 mm at 5 Hz were recorded. Research 

continued with this type of EAP and later, cellophane films made from cotton cellulose and 

saturated with sodium hydroxide.[25] These materials had recorded tip displacements of 4.0 mm 

at 4 Hz with a resulting energy density calculated to be 0.84 J/kg.[25] This value was based off of 

the tip displacement and the sample’s Young’s modulus, which was measured as being between 

4.3-7.1 GPa. The high Young’s modulus of the cellulose chains made this an interesting candidate 

for this study, but its low actuation performance hindered it from being selected as the primary-

polymer matrix. 

Poly(ethylene oxide) (PEO), a well-known solid-polymer electrolyte,[142, 143] is a lesser-

known biodegradable EAP. PEO is a semi-crystalline polymer[144] and its lamella structure is 

responsible for creating its large degree of crystallinity as spherulites.[144] It is a polar polymer, 

arising from the atomic oxygen along the polymer backbone, which enables it to readily dissolve 

ionic salts into its matrix.[145] This characteristic enables PEO to facilitate the migration of both 

cations and anions through its matrix.[146, 147] Ionic mobility through the polymer matrix is 

related to the ability of the PEO chains to move and be rearranged in conjunction with how strong 
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the interaction is between the mobile cation and the oxygen atoms along the PEO backbone.[148] 

PEO has also been approved by FDA to be used in drug delivery systems.[149-151] PEO has also 

had longtime use with human applications such as: ointments due to its ability to wash off with 

water; suppositories where the softness of the device is controlled by the molecular weight of the 

PEO; formulating pharmaceuticals and drug coatings for controlled release of medication; in 

cosmetics like creams, lotions, and powders and styling gel like CARBOWAX®.[152]  With the 

ability of PEO to dissolve ionic salts, its biodegradability, and with it being relatively inexpensive, 

PEO makes for an excellent candidate for further EAP research. 

In most of the current EAP research utilizing PEO, it is typically added to other polymer 

matrices to enhance ionic mobility within the composite structure, due to its electrolyte properties. 

That is, PEO has been mixed with different polymers, such as poly(ethylene glycol) (PEG),[153] 

cotton cellulose,[116, 154] and conducting polymers like poly(3,4 ethylene-dioxythiophene)[22, 

155] for increased actuation performance. When PEO was used as the primary matrix polymer for 

EAPs, PEO was doped with lithium perchlorate (LP), which results in a lowered Young’s modulus 

for the PEO based EAP.[153] Bending strains of greater than 1% with tip displacements of 

approximately 13 mm were recorded as a result of this approach. 

With PEO being capable of diffusing both anions and cations through its matrix, and with 

it being capable of large bending displacements, it was decided that this would be the parent-

polymer matrix for this EAP research. Also, with cellulose having such excellent mechanical 

properties, it was further decided that the cellulose would be used as a filler material to create 

PEO-NCC composites that could combine the excellent characteristics of both materials. When 

ionic salts are added to the PEO matrix, its crystallinity decreases and it becomes softer and more 

difficult to handle.[156] To counteract this softening, a special kind of cellulose was added to 

increase the composite stiffness. The cellulose can be reduced to nano size, through an acid 

hydrolysis process, wherein the amorphous regions within the cellulose fiber strands are 

eliminated. This results in nanocrystalline rods that can be dispersed in the PEO solution. As will 

be discussed, these rods have excellent mechanical characteristics and when combined with the 

PEO to form a composite, they form films that are stronger than the parent PEO matrix and, in 

some cases, their inclusion can improve actuation performance. For these reasons, the combination 

of PEO and NCC to make EAPs was chosen, instead of studying one over the other. 
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 In this study, composites of PEO with nanocrystalline cellulose (NCC) were developed as 

a biodegradable EAP. NCC is a biomass derivative comprised of the crystalline regions of plant 

cellulose fibers, making it a green, renewable material. A sulfuric acid hydrolysis process was used 

to eliminate the amorphous regions of the parent cellulose fiber, leaving crystalline rods with 

exceptional mechanical properties.[157] The crystalline regions of the cellulose films can have 

one of two crystalline structures; Iα has a 𝑃1 triclinic structure and Iβ has a 𝑃21 monoclinic 

structure.[158] Iα is typically found in algae, whereas Iβ is dominant in most other plant materials. 

The Iα structure can be irreversibly changed to an Iβ structure. These rods have a Young’s modulus 

of 110-220 GPa for NCC rods that were a few hundred nanometers in length and a few tens of 

nanometers in diameter.[159, 160] Therefore, it is expected that adding NCC, the Young’s 

modulus can be enhanced, which is confirmed by the proceeding experimental results. More 

interestingly, it is experimentally found that the electromechanical strain response of PEO can be 

enhanced by adding NCC. The NCC molecule is shown in Figure 5.a. It can be seen that there are 

three hydroxyl groups surrounding a 5-carbon, 1-oxygen member ring. A small fraction of these 

hydroxyl groups are replaced by sulfate groups during the hydrolysis process. The structure of a 

cellulose chain is shown in Figure 5.b, where there is a clear delineation between the crystalline 

and amorphous regions. During the acid hydrolysis process, the amorphous regions are eliminated 

at a faster rate compared to the crystalline regions. The strong hydrogen bonding between the 

cellulose molecules in the crystalline region makes them more resistant to enzymatic 

hydrolysis,[161] and it is this lowered rate of elimination for the crystalline regions that is 

responsible for the creation of the NCC rods. The resulting crystalline rods are shown in Figure 

5.c. As will be discussed later in this study, it is believed that the combination of the stiffness of 

the NCC chains and the contribution of the sulfate ions to the actuation are responsible for the 

enhanced actuation performance. 

 



26 

 

 
Figure 5: a) Cellulose molecule, b) representation of cellulose fiber, c) resulting nanocrystalline rods after sulfuric acid 

hydrolysis process 

1.2.1.1.1 Time-Dependent Electromechanical Actuation Modeling 

The actuation phenomenon showcased by ionic polymer-metallic composites was found to 

follow a three-phase actuation process: slow, steady, and saturated. Under an applied electric field, 

there is an initial slow actuation performance. As time increases, there is a ramp up in the bending 

and the actuators have a constant deflection. With further increases in time, the actuation begins 

to slow and saturate to a near-maximum value. This process is illustrated in Figure 6. Since ionic 

EAPs actuate based on the flux of ions through their host polymer matrix, this process can be 

described based on this ionic motion. When the external 4 V DC is first applied, the ions are 

accelerated from their initial, randomly distributed locations and begin transiting towards their 

attracting electrode. Here, the number of ions reaching their respective electrode is low with their 

effect on actuation being minimal. As the ions begin to accumulate at the electrodes, there is a 

period of constant actuation as a continual flux of ions reaches the electrode surface. Finally, when 

the ions moving within the matrix begins to be depleted, the electromechanical actuation reaches 

saturation point as the majority of the ions are now at the electrode interface. The generalized strain 

response (or tip displacement) associated with this bending process is illustrated in Figure 7 where 
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the differing actuation processes are separated into their described areas [i) slow, lag response, ii) 

steady, constant actuation, and iii) saturated performance]. 

 
Figure 6: Typical PEO EAP electromechanical actuation response 

 

 
Figure 7: Generalized Arrhenius behavior for the EAP strain and tip displacement response 

 

The slow, steady, saturated electromechanical response for IPMCs, was found for both the 

PEO and PVDF-based composites studied in this report. Furthermore, upon further inspection, 

they were found to follow an Arrhenius-like response with respect to time. The second objective 

of this report, therefore, introduces the development of a simple and intuitive black-box method 

for quickly characterizing actuator bending performance, while also providing a mechanism 

wherein the nonlinear IPMC actuation response can be presented as a linear regression. The 

applicability of this model was found to extend across multiple IPMC response characteristics, 

namely: tip-displacement angle, strain, and radius of curvature for the bending films. 
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The discovery of this Arrhenius behavior for this type of EAP provides insight into not 

only monitoring the strain behavior of the samples but it provides a way to characterize the material 

properties of the films that may not have been possible otherwise. The simple model proposed 

herein both fits the empirically derived data for the electromechanical performance and can be 

coupled with the Stokes Einstein model, thus providing the potential for this relationship to become 

a powerful gray-box model. The Stokes Einstein model is used to describe the motion of charged 

particles in a viscous medium that are subjected to an external electric field. This novel approach 

makes it possible to calculate the EAP’s apparent viscosity, apparent ionic diffusion coefficient, 

and ionic velocity. In this study, two polymer systems with various ionic salts were used. PEO was 

used for its environmentally friendly characteristics and for its well established use as a solid-

polymer electrolyte capable of readily dissolving ionic salts for use as mobile charge carriers. 

PVDF EAP films were also synthesized and were created to compare experimental results with 

the PEO composites to validate the introduced electromechanical model, which was empirically 

derived from the PEO actuation response. As will be discussed further in the next section and then 

in far more detail later on, the development of this model can be linked to the time-dependent 

changes in dielectric properties of the sample. It is this link that enables an indirect method of 

actuation monitoring.  

1.2.1.2   Objective II – Development of Charge-Distribution Actuation Model 

As will be further explored in subsequent chapters, the creation of the Arrhenius-based 

actuation model utilizes a simple function form and results in a fitting curve that only requires two 

fitting parameters. The possible far-reaching use of the Arrhenius-based model spurned interest in 

the underlying physical processes causing actuation for IPMCs. A second, gray-box model, was 

developed in parallel, and focused on the motion of ions through the solid-polymer electrolyte 

matrix. Assuming the ions moved at a constant drift velocity through the solid-polymer electrolyte 

matrix resulted[162] in a model that closely corroborated both the experimental data as well as the 

initially proposed actuation model. Specifically, this charge-distribution model was focused on 

how the accumulation of both the cations and anions at their respective electrode-matrix interfaces 

effected the strain on either side of the matrix, which resulted in the observed bending actuation. 

Current understanding of IPMC actuation focuses primarily on the cation motion within the matrix 

and assumes that the anion is stationary.[1, 163, 164] These models consider a rigidly fixed anion 

with a mobile cation. The mobile cation thus causes an expansion within the matrix as it 
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accumulates at the anode. It has been introduced that there is motion occurring for both the anion 

and cation in Nafion-based IPMCs containing 1-ethyl-3-methylimidazolium (EMI+) and 

tetrafluorborate (BF4
−).[165] Wherein actuation is the combination of the accumulation of the 

cations at the anode and then for the anions at the cathode. This report indicated that the faster 

moving cations, due to their size difference compared to the anions, reached their respective 

electrode faster. This led to the actuator initially bending towards the anode side of the film. As 

time went on, the larger anions would then begin to accumulate at the cathode surface leading to 

a transition of the bending of the IPMC from the anode to the cathode surface.  A subsequent 

contraction would then occur at the cathode side of the sample. The researchers in the Nafion study 

looked at the actuation response of the anions independently as a black-box circuit model.  

The model to be presented in this thesis takes this idea a step further and looks at how the 

overall time-dependent response of IPMC is affected by the distribution of anions and cations 

within the matrix and their redistribution as they accumulate at the electrode surface. It is assumed 

that both sides of the film experience expansion, instead of having one side expand while the other 

contracts. This idea behind EAP actuation is similar to the way that bimetallic systems bend for a 

given temperature gradient due to dissimilar coefficients of thermal expansion for the two metals. 

Bending occurs due to one metal expanding further than the other with changes in temperature.   

The success gained between this charge-distribution model as well as the Arrhenius-based model 

along with their applicability across multiple polymer systems lends credence for the use of the 

simple Arrhenius model to be used for quick analysis of IPMC EAPs, with the follow-on use of 

the second model for a more detailed analysis. 

1.2.1.3   Objective III – Development of a Dielectric Monitoring Model 

As mentioned, the traditional analysis method for monitoring EAP actuation has dealt with 

optical imagery or laser range finding. Both of these methods have their advantages, but come with 

an inherent disadvantage in that their monitoring requires a bulky monitoring system. This type of 

system may be acceptable for laboratory research, but in real world applications, this added 

equipment becomes a limiting factor. These optical analysis techniques directly monitor the 

samples actuation and, as described in the previous section, can be used to indirectly determine 

the underlying physical properties of the EAP system. The fourth objective in this study is to 

introduce a new methodology that takes an opposite approach to the traditional methods, in that, 

the process for this method is to directly monitor the changes in the samples material properties 
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which then leads to indirectly being able to monitor the sample’s bending actuation. The proposed 

method involves applying a small AC field on top of the much larger DC electric field. The AC 

field is small enough wherein it does not impede the actuation due to the larger DC field, but it 

enables the monitoring of the frequency-dependent dielectric properties of the samples and how 

they change the longer the DC field is applied. Ionic EAPs operate based off of ionic flux within 

the polymer matrix and it is the time-dependent nature of this flux as they move through the matrix 

and reach their attracting electrode that provides a dielectric signature that can be broken up into 

the constituent parts for the transiting anion and cation.  

Through using the well-established Cole-Cole model, which is used to describe the 

frequency-dependent response of non-interacting dipoles under the influence of an applied AC 

electric field, the ionic relaxation time can be determined. In this study, the non-interacting dipoles 

were defined to be the moving anion and cation arising from the dopant ionic salt used. This 

relaxation time correlates to the time it would take for the oscillating ions to return to a randomly 

oriented state once the applied electric field has been removed. For the tested EAPs, this value was 

found to not be a constant. It changed as a result of the applied DC electric field being administered 

to the samples for an extended period of time. The longer the DC field is applied, the longer the 

relaxation time (i.e., the longer it took for the ions to return to a randomly oriented state). When 

the value for this parameter was traced for the entirety of the experiment, it was found to follow a 

similar Arrhenius behavior to that of the electromechanical response.  

It was the discovery of this Arrhenius response that shaped the third objective of this study. 

Along with developing and vetting two new actuation-based electromechanical actuation models, 

a dielectric response model is presented which tracks the changes in the ionic relaxation times in 

order to provide an indirect method of observing the films actuation. With this proposed method, 

the film’s changing dielectric signature provides a way to monitor the film’s physical actuation 

response without the need for a camera or a laser system. Through linking these two behaviors, it 

can be possible to remotely monitor the films actuation by solely reading its dielectric 

measurements. 

1.2.1.4   Objective IV: Development of Ionic Conductive Material as an Energy Storage 

Device 

The final objective of this report aims at looking into IPMC electroactive polymers as 

artificial muscles. As discussed previously, IPMCs operate based on the flux of ions through the 
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polymer matrix and actuation due to the accumulation of these ions at their respective matrix-

electrode interface. The structure of IPMCs is similar to that of capacitors wherein a dielectric 

material is encapsulated between two conducting surfaces. The building up of charge carriers, in 

this case ions, at the electrode surfaces under an applied electric field acts to charge the capacitor 

with a total charge being proportional to the applied electric potential and capacitance of the 

device. Turning off the external power to the capacitor enables it to discharge and provide energy 

for a given application.  

Capacitors are typically charged under constant voltage and the increase in charge 

generally follows Eq. (1.16). The current through a capacitor/resistor circuit decreases during 

charging and follows Eq. (1.17). During the discharging of the capacitor, the charge in the 

capacitor follows Eq. (1.18) and the current follows Eq. (1.19).   

𝑞(𝑡) = 𝐶∆𝑉(1 − 𝑒−𝑡/𝑅𝐶) = 𝑄𝑚𝑎𝑥(1 − 𝑒−𝑡/𝑅𝐶) (1.16) 

𝐼 =
𝑑𝑞

𝑑𝑡
=

∆𝑉

𝑅
𝑒−𝑡/𝑅𝐶 

(1.17) 

𝑞(𝑡) = 𝐶∆𝑉(1 − 𝑒−𝑡/𝑅𝐶) = 𝑞𝑖𝑒
−𝑡/𝑅𝐶 (1.18) 

𝐼 =
𝑑𝑞

𝑑𝑡
= −

𝑄𝑖

𝑅𝐶
𝑒−𝑡/𝑅𝐶 

(1.19) 

Here, 𝑞 is charge, 𝐶 is capacitance, ∆𝑉 is voltage, 𝑅 is resistance, and 𝐼 is current. 

Batteries, on the other hand, are typically charged in three stages.[166, 167]  First a constant 

current is applied until the battery reaches a set voltage limit; this is called bulk charging. Under a 

constant current, the potential difference across the battery tends to increase linearly with time, 

according to Ohm’s law, as the internal resistance increases. This stage will typically charge a 

battery to 80-90% of its total charge. When the target voltage is obtained, the second stage, or 

absorption charge, begins and the current begins to drop as the battery reaches its saturation 

voltage. The current will decrease, as internal resistance again rises, until the battery is fully 

charged. The second stage will charge the battery up to roughly 95% total charge. The third stage 

of battery charging involves dropping the applied voltage to a lower level to charge the battery to 

100% and to maintain the state-of-charge condition. The discharging of batteries will have a 

somewhat linear drop in cell voltage vs. time. 

For the PEO-based IPMCs studied in this report, it was found that they had characteristics 

of both capacitors and batteries when it came to charge and discharging cycles. Therefore, this 

topic looks to shed light on the possible applications of PEO-based IPMCs as energy storage 
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devices. This capacitor/battery functionality would offer a new type of material application in this 

arena. 5.0 wt.% LP PEO-based IPMCs were studied and the results on their charging and 

discharging cycles are compared and analyzed.  

1.2.1.5   Objective V: Discovery of a Completely New Electromechanical Coupling Effect 

In addition to the PEO films, which will be extensively studied in this report, PVDF-based 

EAPs were also produced for comparison and study. Interestingly, it was found through this study 

that ferroelectric PVDF films can be forced to generate both the linear and nonlinear, bending 

actuation responses, resulting in a new area of EAP response and research. The behavior for 

materials like PVDF used in ferroelectric, electronic EAPs generates a linear actuation response 

due to conformal changes along the polymer backbone, wherein a predominantly cis-trans polymer 

chain reorients into a predominantly trans-trans chain as a response to an applied electric field.[7, 

11] The electric dipole polarization of this polymer is reversible and can be changed under an 

applied electric field. The performance for PVDF films is a linear piezoelectric response. As 

described, ionic EAPs operate due to the flux of ions within their matrix. PVDF films developed 

here were infused with the ionic salt cobalt perchlorate so as to perform a bending actuation like 

ionic EAPs. However, after saturation bending actuation of the films, it was found that the films 

began bending in the opposite direction. This counter actuation is believed to be the result of large, 

localized electric fields within the PVDF matrix that cause the conformal changing along the 

PVDF backbone. This in turn creates a secondary, linear actuation phase of the films. The 

discovery of this type of actuation response opens the door for very interesting applications of 

these EAP films wherein complex material deformation can occur within a single uniform film. 

An introductory assessment of this phenomenon will be conducted for this objective and leave 

open the door for future research and study. 
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Chapter 2: Experimental Setup and Procedure 

 

2.0   Research Methodology and Measurement Process 

For achieving the proposed research objectives, the details of the research approach and 

methodology used are presented here. Through conducting the proposed study, a broader 

understanding of the actuation mechanisms concerning EAP behavior, from both the 

electromechanical and dielectric perspectives will be accomplished. Upon selection of PEO as the 

primary polymer matrix for this study, due to its biodegradability and environmental friendliness, 

the effect of ionic salt and NCC concentration on actuation performance was conducted for the 

PEO films. The amount of each constituent and the effect it had on performance was systematically 

studied and analyzed. For a comparative analysis, PVDF EAP films were also synthesized with 

the ionic salt, CoPH, added to its matrix. NCC was not added to these samples due to compatibility 

issues that arose when mixing the NCC suspension to the PVDF solution.   

For all EAP samples, an optical and dielectric analysis was conducted, enabling near-real 

time observations and characterization of these smart materials. Additionally, surface morphology 

was studied using scanning electron microscopy and crystallinity determinations were conducted 

using differential scanning calorimetry. 

For each specified ionic salt and NCC concentration, for a given polymer matrix, solutions 

were cast onto glass slides. The final films were cut into rectangular samples with equal 

dimensions. Where possible, for electromechanical actuation testing, three samples from each film 

were actuated twice, resulting in a total of approximately nine tests for a given sample set. 

Dielectric measurements were also recorded during each actuation run at 10 s intervals to be 

averaged across all tests. For the PEO samples, results indicated that the actuation testing was 

repeatable, reproducible, and reversible. However, for the PVDF samples, testing indicated that 

under voltage, the gold electrodes appeared to diffuse into the PVDF matrix during actuation. 

Therefore, successive testing of individual PVDF samples was limited. 

2.1   Material Preparation 

PEO powder (𝑀𝑉~100,00), lithium perchlorate (LP), and cobalt perchlorate (CoPH) were 

obtained from Sigma-Aldrich. Polyvinylidene Fluoride (PVDF) powder was obtained from 

Solvay. The perchlorate salts provided the mobile (ex: Li+) cations and ClO4
− anions for diffusion 

in the polymer matrix.  
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2.1.1   Poly(ethylene oxide) Sample Preparation 

PEO-based solutions were created using 0.3 g of total mass (PEO and ionic salt) which was 

dissolved into 12.5 mL of deionized (DI) water. The ionic salt was added at concentrations of 0.0, 

1.0, 2.5, and 5.0 wt.%; the samples became softer with increasing salt concentration and increases 

past 5.0 wt.% yielded samples that were difficult to handle. For the PEO, only composites with LP 

were created. Attempts to add CoPH to PEO-based films resulted in samples that tended to rapidly 

deteriorate under ambient conditions. It was found that the ratio of 0.3 g of PEO to 12.5 ml DI 

water was just enough to create a clear, homogeneous solution. Solutions were magnetically stirred 

12 hours and then sonicated in a Cole-Parmer 8891 ultrasonic cleaner for 90 minutes to remove 

any PEO clusters that had formed during the mixing process. Cluster formations in PEO solutions 

have been well studied[1-3] and are caused from interactions of the end groups (OH or OCH3) that 

are attached to either side of the PEO backbone.[1] The OH groups show a larger tendency for 

dissolving in water compared to the OCH3 groups. Upon agitation through the stirring process, the 

OCH3 group can become attracted to and stick to the oxygen atoms in neighboring PEO chains, 

forming clusters. Ultrasonic vibrations were used[3] to break this weak bonding and enable the 

OCH3 end group to tentatively dissolve in the water, creating the final solution.  

For solution casting the PEO-based films, 2.54x7.62 cm glass slides were placed into a 65 

oC preheated oven where 5mL of solution was cast onto the slides using a Fisherbrand 100-1000μL 

Finnpipette. This temperature was chosen due to it being the designated melting temperature of 

the PEO by Sigma-Aldrich. The solutions were kept in the oven for approximately 90 minutes. 

Once dry, the films were immediately removed from the oven and rapidly cooled on a freezer pack 

for 5 minutes. After cooling, they were peeled from the glass, covered with a second glass slide, 

and then annealed at 55 oC for 4-6 h to alleviate any residual stresses that were imposed on the 

films during the peeling process. The films tended to curl upon peeling and this annealing step was 

conducted to flatten the samples back out. Approximately 20 nm of gold was then sputtered onto 

both sides of the films, using a Pelco SC-6 sputter coater, for use as electrodes. Free-standing film 

thickness measurements were obtained by using a Mitutoyo 543-252 Absolute Digimatic Indicator 

with a 1 µm resolution. Five measurements were taken along individual sample lengths and then 

averaged with a calculated value of 54.5 ± 5.0 µm across the majority of the prepared composites. 

The composite films were cut into a rectangle shape (19.1×6.35 mm), which was used as the 

actuator.  
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A portion of the testing in this study looked at testing PEO-based films with varying 

thicknesses. To create thinner films, samples were prepared with 3 and 4 ml of solution cast onto 

glass slides instead of the usual 5 ml. This resulted in film thicknesses of 32 ± 2.0 µm and 45 ± 3.0 

µm, respectively. For preparing thicker films, a 12.5 ml solution was evaporated down to 6.25 ml, 

resulting in films with thicknesses of 103 ± 5.0 µm. 

2.1.2   Polyvinylidene Fluoride Sample Preparation 

PVDF sample preparation was similar to making the PEO composites. 0.3g of total mass 

(or PVDF powder and ionic salt) were added to 10 mL of the organic solvent dimethylformamide 

(DMF) and magnetically stirred for 12 hours. Samples tested contained CoPH; attempts at creating 

samples with LP resulted in films with poor uniformity with the LP not readily dispersing in the 

final, dried film. Salt concentrations were added at 0.0, 1.0, 2.5, 5.0, 7.5, 10, 12.5, and 15.0 wt.% 

and magnetically stirred for 12 hours, yielding a light pink solution. The PVDF matrix was able to 

absorb a larger amount of ionic salt without becoming noticeably softer compared to similar salt 

increases with the PEO samples. 2.54x7.62 cm glass slides were placed into a preheated oven at 

50 oC where 3 ml of the PVDF-salt solution was cast and left to dry for approximately 2 hours. 

There was minimal curling in the films after peeling, so the annealing step was disregarded. 

Approximately 20 nm of gold was similarly sputtered onto both surfaces of the films, to act as 

electrodes. Samples were cut into 19.1x6.35 mm rectangles. Thickness measurements yielded 

average thicknesses across all PVDF samples of 31.5 ± 3.7 µm. NCC was not added to the PVDF 

samples due to the PVDF samples being synthesized to validate the fitting models developed from 

the PEO composite analysis. The resulting salt-matrix structures for both the PEO-NCC 

composites and the PVDF films were similar to that shown in Figure 1. 

2.1.3 Nanocrystalline Cellulose Preparation/Incorporation into PEO Composites 

The NCC used in the PEO composites was obtained from the Forest Products Lab and 

Center for Bioenergy and Bioproducts at Auburn University. It originally began as a 

microcrystalline cellulose material (Avicel PH-101) purchased from Sigma Aldrich. The Avicel 

initially comes from wood chips that were ground and pretreated to remove hemicellulose, lignin 

and other matrix materials from the structure, leaving only purified cellulose fibers. From here, the 

crystalline portions of the cellulose were isolated through an acid hydrolysis process.[4] Sulfuric 

acid was added to a mixture of cellulose and deionized water and left to react with the cellulose in 

the solution for a set amount of time. The use of sulfuric acid has a two-fold result where it not 
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only removes the amorphous regions from the cellulose fibers, but it also leaves a negative surface 

charge (SO3
− attaches to some of the NCC hydroxyl groups) on the NCC rod which makes it more 

stable and better dispersed in the water suspension.[5] The solution is then diluted with large 

amounts of deionized water to stop the reaction, and centrifuged to remove any remaining sulfuric 

acid and particles from the solution. The remaining suspension contains a given concentration of 

NCC with a controlled length, depending on the amount of time the sulfuric acid is left to react. 

NCC rods in this study were found to be cylindrical in shape with dimensions ranging from a few 

hundred nm in length and 20-50 nm in diameter. Figure 8.a. shows an example of a typical NCC 

rod found in the synthesized NCC suspension. Of note, however, is that if the sulfuric acid were 

left to react with the cellulose, the molecule would be completely destroyed. This indicates that 

through this process, the properties of the NCC can be controlled. For this study, a repeated process 

was conducted wherein the same general sized NCC rods were synthesized. 

 

 
Figure 8: Scanning electron micrograph of: a) individual NCC rods and b) patterned surface of PEO matrix with 7.5 

vol.% NCC added 

The experiments presented in this thesis used a 35 mg/mL NCC suspension concentration 

with a 0.8 wt.% S content (roughly 2.0 wt.% SO3
− concentration). NCC was added to the PEO-salt 

solution in concentrations of 0.0, 0.5, 1.0, 1.5, 2.5, 5.0, and 7.5 vol.% before being magnetically 

stirred. The previously mentioned sonication step for placing solutions in an ultrasonic bath for 90 

minutes is also used to more readily disperse the NCC into the solution. The effect of the NCC 

addition can be seen in Figure 8.b., where 7.5 vol.% NCC was added to the PEO-salt matrix. The 

patterned surface shows that there is clear interplay between the NCC rods and the polymer matrix. 

The NCC rods are chains of cellulose molecules bundled together in specific crystalline structures 

and held together via the hydrogen bonding of their hydroxyl groups to the oxygen atoms in the 



46 

 

adjoining cellulose molecules.[6] In the NCC-PEO EAP composites, the hydroxyl groups on the 

outer surface of the NCC rods undergo hydrogen bonding with the oxygen atoms along the PEO 

chain,[7] generating the structures seen in the figure. As will be discussed, this influence of the 

NCC on the PEO structure plays a role in the composite stiffness and overall ionic mobility within 

the polymer matrix, and thus the level of electromechanical bending actuation. 

2.2 Characterization and Measurement 

This section outlines the general testing procedures for both the PEO and PVDF-based 

films. References will be made to the testing equipment utilized, their settings along with the 

parameters with which the individual experiments were conducted. Further details on the 

experiments and procedures may be found in following chapter breakouts.  

2.2.1 Actuation Excitation Overview and Procedure 

During bending actuation experiments, EAP samples were generally tested under an 

applied 4 V DC. PEO-based samples were held under this applied field for approximately 2.5 min 

under ambient conditions, while for PVDF films, due to their faster performance, the applied 

voltage was held for 30-60 s at a time. As mentioned, three to six separate samples from each 

salt/NCC concentration were tested twice with their electromechanical actuation results being 

averaged. Initial testing, with non-NCC PEO-based EAPs, ranged applied voltages from 3-10 V 

DC. They were left at this voltage for some time until the EAPs reached their saturation actuation. 

It was found that at 4 V DC, the samples could reach similar saturated bending actuation as with 

them being tested at 10 V DC (~360o tip displacement angle rotation, as shown in Figure 9.b.). 

This indicated that the maximum strain is independent of applied voltage, but that it is a function 

of the amount of available charge carriers in the matrix (shown via increase in actuation from 

Figure 9.a. to Figure 9.b.). Expectedly, the 10 V DC trials reached their maximum 

electromechanical actuation faster than at 4 V DC. Though the higher voltage resulted in a faster 

response time, the lower voltage enabled a closer study of the samples during the experiments with 

results found that may have been missed under faster actuation. It was also established that the 

samples would reach near their maximum bending actuation in roughly 2.5 min. Therefore, this 

time and 4 V DC were chosen for use in much of the remainder of this report for both the PEO and 

PVDF samples.  
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Figure 9: Saturation actuation for PEO EAPs at various voltages with: a) 2.5 wt.% LP with 0.0 vol.% NCC and b) 5.0 

wt.% LP with 0.0 vol.% NCC 

2.2.2 Characterization of Sample Dielectric Properties 

Along with supplying the driving electric field for actuation testing, capacitance and 

impedance data were obtained from an Agilent 4294A Impedance Analyzer with the samples being 

secured for testing via an Agilent 16334A Test Fixture for initial testing and later with an in-house 

constructed sample holder. As stated, samples were generally held under 4 V DC, provided by the 

impedance analyzer, for 30 s to 2.5 min. (Figure 10 shows the experimental setup).  

To measure frequency-dependent dielectric properties of the samples, a small AC electric 

field was administered by the impedance analyzer at an oscillating level of 100 mV with a testing 

frequency range of 100 Hz to 1 MHz. Measurements were taken in Cp~D mode where the films 

were treated as a capacitor and the parallel-plate capacitance (Cp) was measured simultaneously 

with the sample loss (D).  

Dielectric measurements were also taken in real-time during actuation excitation where the 

impedance analyzer imparted the 4 V DC bias onto the samples go generate the macroscopic 

bending actuation. The same, low, 100 mV AC field was also applied enabling a continuous 

reading of how the dielectric properties of the films varied with time under external excitation. 

The AC field is much smaller than the applied DC voltage, and hence wise, does not interfere with 

the bending actuation. Each frequency sweep took approximately 10 s to transit the targeted 

frequency range. A modified Excel macro was used to pull data continuously from the impedance 

analyzer during testing. Samples were returned to their starting orientation between timed tests 

using -4V DC. For each type of sample, three to six samples were chosen and their mechanical 

and electrical responses were measured twice per sample and then averaged.  
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Figure 10: Experimental equipment setup diagram 

Similar low-frequency dielectric testing was conducted using a Solartron SI 1260 

Impedance/Gain-Phase Analyzer. Impedance measurements were taken for frequencies ranging 

from 0.1 Hz to 1 MHz and compared to the previously discussed impedance data. Here, a single 

sample from each sample set was tested, with the measurements covering similar frequencies being 

directly comparable to the dielectric readings taken with the Agilent 4294A Impedance Analyzer.  

For sample testing that required varying temperatures, a temperature profile similar to that 

of Figure 11 was used. Target temperatures were maintained for a minimum of ten minutes before 

dielectric or actuation measurements were taken. This enabled the system, oven chamber, and 

samples to reach the given temperature. Additionally, if multiple measurements were taken at a 

given temperature (i.e., multiple actuations were conducted at a single temperature), five minutes 

were waited between successive tests to ensure that any internal heating that occurred within the 

samples had dissipated. Temperature-dependent dielectric measurements were taken from -60 oC 

to 60 oC at 10 oC increments. Temperature-dependent actuation testing was conducted for 

temperatures ranging from 0 oC to 50 oC. 
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Figure 11: Sample temperature profile 

Additionally, humidity was controlled during testing using an AC-9901 air pump. Air was 

pushed through a saturated magnesium-chloride salt solution and then into the testing chamber. 

The incorporation of this device enabled a fairly constant humidity within the testing chamber that 

ranged between 20-30%. PEO is a known material used for humidity sensors,[8] so it was 

important to maintain a consistent humidity throughout testing so as to mitigate unintended 

environmental influences on testing results. 

2.2.3 Optical Analysis Procedure 

Traditional methods of monitoring EAP actuation rely on external, optical monitoring 

equipment, characterizing actuation through imagery analysis using cameras, lasers, etc. This 

equipment can be bulky, making the process of monitoring the actuator inhibit possible 

applications that it can be used for. To combat this, a process for monitoring actuation through 

analyzing the changes in the EAP’s dielectric properties will be introduced in the next section. 

However, in order to link the dielectric behavior to the electromechanical response, a new way of 

analyzing the actuation data using the traditional optical monitoring process should be conducted.  

Due to the previously described limitations of the laser rangefinder setup, an optical 

analysis using a digital camera mounted with the thickness dimension facing the camera was 

chosen for this study. Using this method, it was possible to track sample actuation throughout its 

entire progression as the film went through its bending progression in response to an applied DC 

electric field which was held on the sample for a predetermined period of time. From here, the goal 

was to calculate the level of strain induced by the sample as it actuated and to model this strain 

response as a function of time. The samples were imaged edge-on to the camera, enabling accurate 
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capture of the actuation and to track the mechanical bending actuation for the entirety of the 

experiment. 

Bending actuation was captured with a digital camera with images/videos taken at set time 

intervals. The experimental setup is, again, showcased in Figure 10. The grid of points behind the 

sample was used to quantify the actuation process; each point is separated by 0.5 cm. Image and 

video analysis was conducted using a freeware software program called Tracker. The images were 

taken of the actuators at set time intervals to best capture the actuation and translate that into 

quantifiable results. Figure 6 shows a typical bending profile for a PEO EAP. During the first 15 

s, the actuation is relatively slow and therefore, more images are taken during this interval than in 

successive 15 s increments. As experimentation progressed, the capturing of still images during 

testing was replace with recording videos. A digital camera capable of taking images at 30 frames 

per second was used to capture the bending performance.  

2.2.4   Elastic Modulus and Elastic Strain Energy Density Determination 

Elastic modulus determination was carried out with a TA Instruments RSA3 Dynamic 

Mechanical Analysis device, with the results averaged across five samples per salt/NCC 

concentration. Samples were clamped at 20 cNm torque and loaded under a constant longitudinal 

extension of 0.05 mm/s until fracture. The elastic modulus was calculated from the slope of the 

resulting stress-strain curve (Figure 12). 
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Figure 12: Sample data set for elastic modulus determination (PEO with 5.0 wt.% LP and 0.0 vol.% NCC) 
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As described, the elastic modulus of the films was determined from the slope of the stress-

strain curve obtained while continually stretching the samples until they fractured. For actuation 

applications, an EAP is characterized by two critical parameters: maximum elastic energy density 

Wm and blocking force Fb. The Wm represents the maximum mechanical energy that can be 

generated by the EAP under an electric field, while the Fb reflects the maximum force/stress 

generated by the EAP. For a polymer with the linear elasticity, the Wm or the elastic potential 

energy per unit volume can be written as[9]:  

𝑊𝑚 =
1

2
𝑌 ∗ 𝑠𝑚

2  
(2.10) 

and the Fb can be written as: 

𝐹𝑏 ∝ 𝑌 ∗ 𝑠𝑚 (2.11) 

where, Y and sm are the elastic modulus (i.e. Young’s modulus) of the EAP and the maximum 

mechanical strain induced in the EAP by the electric field, respectively. Therefore, it is highly 

desirable to have a higher Y and a higher sm for an EAP (note: the units for 𝑊𝑚 are J/m3, which is 

the work density, as shown in Table 1; to convert to energy density, with units of J/kg, the work 

density needs to be divided by the sample’s density). Additionally, the maximum displacement 

observed in an actuator is also critical from the real application point of view. The maximum 

displacement is dependent on the maximum strain of the EAP and the device design. These two 

equations imply a balance between two forces within the polymer matrix: 1) the electrostatic force 

generated by the flux of the anions and cations stacking up at their respective electrodes and 2) the 

elasticity inherent to the polymer matrix itself. The electrostatic force is responsible for the 

observed actuation performance; the amount of strain produced in the sample, while the samples’ 

elasticity counteracts this force. At maximum strain, these two forces are balanced and equal and 

the sample’s overall elastic strain energy can be calculated. The Wm for a selection of the PEO-

NCC composites with LP are displayed in Chapter 3. These results will be refined and analyzed 

with respect to PEO-NCC composites with LP and various concentrations of NCC filler, and 

finally compared to PVDF films with added LP/CoPH salts. 

2.2.5   Scanning Electron Microscopy, Differential Scanning Calorimetry, and Energy 

Density Equipment 

Scanning electron microscopy (SEM) analysis was conducted using a JEOL JSM-7000F 

Field Emission Scanning Electron Microscope. Differential scanning calorimetry testing was 

conducted using a TA Instruments 2910 device. Here samples masses were measured between 8-
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10 mg and placed in an aluminum pan where they were heated over the desired temperature range 

at an increase of 10 oC/min. Energy storage testing was conducted using a constant current of 1 

mA generated from an Agilent E2612A DC power supply. 

2.3 Data Analysis Calculations 

This section provides an overview of the process that was conducted for obtaining some of 

the fundamental values used in the analysis of the PEO and PVDF-based EAPs throughout the 

duration of this study. These calculations are critical to the analysis conducted in this report so it 

is of importance to discuss their procedure and outcome here as their use and relevance will be 

ubiquitous in the coming chapters. 

2.3.1   Determination of Electromechanical Strain, Tip-Displacement Angle, and Radius of 

Curvature 

During actuation, the tip of the EAP was tracked relative to the grid points behind it, 

returning an (x,y) coordinate for each successive image (later in experimentation, the tip of the 

film was tracked automatically using the previously mentioned Tracker freeware). The bending 

actuation of the composite films under a constant DC electric field showed a near-perfect circular 

curve, as shown in Figure 13.a. Therefore, these actuators were modeled as a segment of constant 

arc length (a) located on a contracting circle. Figure 13.b-c show the completion of the 

characteristic circle for PEO EAPs with 5.0 wt.% LP/0.0 vol.% NCC and 5.0 wt.% LP/1.5 vol.% 

NCC, respectively.  
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Figure 13: EAP bending geometry for a) characteristic circle approximation, b) saturation actuation for 5.0 wt.% LP with 

0.0 vol.% NCC, and c) saturation actuation for 5.0 wt.% LP with 1.5 vol.% NCC composites 

A perfectly straight film would represent an infinite circle and as their bending progressed, 

the circle would contract with an ever decreasing radius of curvature (𝑅𝑐). The idealized 

progression of the IPMC throughout its actuation process is shown in Figure 14. Here, the 

idealized tip-displacement angle for an IPMC is illustrated as it reaches various 30o increments in 

its actuation. Again, the IPMC is treated as a segment of constant length on a contracting circle. 

This implies that a characteristic circle can be represented, with a varying radius of curvature, for 

the film as it actuates. The figure shows the characteristic circle segments for three angles: 30o, 

120o, and 330o. It is evident that the radius of curvature decreases with increasing tip-displacement 

angle. Also, as an example with 120o, the tip displacement angle can also be determined by 

applying a tangent line to the tip of the film. This leads to a manual measurement way to capture 

the IPMC tip-displacement angle. 

a 
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Figure 14: Progression of IPMC tip-displacement angle θ 

The assumption of the films being that of a segment of constant arc on a contracting circle 

results in only two pieces of information being available about the geometry of the film with 

respect to this assumption: the length of the film (which is the arc length (a)) and the chord. The 

tip coordinates, from the base of the film to its tip, provided the chord (c) value for the time-

dependent characteristic circle, defining the clamped location of the film as (0,0). From the 

geometry of the circle, the equations which can be used to calculate 𝑅𝑐 are shown below as Eq. 

(2.1) and Eq. (2.2), where θ is the angle subtended by the chord on the circle (the tip-deflection 

angle of the EAP relative to the origin). Unfortunately, there is no direct algebraic way to calculate 

𝑅𝑐 based solely on a and c, so to calculate this value with the eventual goal of determining the 

sample strain behavior, a numerical solution method is necessary. 

𝑎 = 𝑅𝑐𝜃 (2.1) 

𝑐 = 2𝑅𝑐 sin
𝜃

2
 

(2.2) 

Newton’s Method, which uses an iterative process to numerically solve for the roots of a 

given parent equation to arrive at a solution for the target variable,[10] was chosen to numerically 
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solve for θ. This could then be used to solve for 𝑅𝑐 using Eq. (2.1), and then ultimately to calculate 

strain. It takes the form: 

 
𝑥𝑛+1 = 𝑥𝑛 −

𝑓(𝑥𝑛)

𝑓′(𝑥𝑛)
 (2.3) 

where, 𝑥𝑛 represents an initial guess for the targeted value, 𝑥𝑛+1 is the next calculated 

approximation, 𝑓(𝑥𝑛) is the parent function, and 𝑓′(𝑥𝑛) is its derivative. To obtain the parent 

function, which in this case will target solving for the tip-deflection angle 𝜃, and its derivative Eq. 

(2.1) and Eq. (2.2) will be used as the starting point. They can be combined, yielding: 

 
𝑐 =

2𝑎

𝜃
sin

𝜃

2
 (2.4) 

which takes the form: 

 𝑐

𝑎
=

sin 𝑥

𝑥
 (2.5) 

where, x =
𝜃

2
. Rearranging this equation into the desired form for its roots yields: 

 sin 𝑥 −
𝑐

𝑎
𝑥 = 0 →  𝑓(𝑥𝑛) = sin 𝑥 −

𝑐

𝑎
𝑥 (2.6) 

taking the derivative returns: 

 𝑓′(𝑥𝑛) = 0 = cos 𝑥 −
𝑐

𝑎
 (2.7) 

Inserting Eq. (2.6) and Eq. (2.7) into Eq. (2.3) forms the numerical approach for finding the 

angle, 𝜃 from Eq. (2.1).  

 

𝑥𝑛+1 = 𝑥𝑛 −
sin 𝑥𝑛 −

𝑐
𝑎 𝑥𝑛

cos 𝑥𝑛 −
𝑐
𝑎

 (2.8) 

After an initial guess for the angle between 0 and 2π, iterating Eq. (2.8) converges towards the 

final angle approximation. Multiplying the result by 2 returns the entire angle subtended by the arc 

length and chord which when substituted into Eq. (2.3) returns the radius of curvature 𝑅𝑐. Strain 

can be calculated using Eq. (2.9), where s is the strain and h is the sample thickness.[11] It is clear 

that strain is inversely proportional to the radius of curvature, which intuitively makes sense, since 

the larger the curl, the smaller the radius of curvature, and thus greater expected strain. 

𝑠 =
ℎ

2𝑅𝑐
 

(2.9) 

This relationship is used in Figure 19.b, from Chapter 3, where the calculated tip-displacement 

angle profile for a sampling of films is provided and in Figure 19.a, where the corresponding 
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strain behavior is shown. As discussed previously and tied directly to the EAP actuation response, 

there is an evident lag, constant strain, and saturated behavior found that is showcased by the time-

dependent strain response. This phenomenon will be analyzed further in the proceeding sections. 

 

Figure 15: Newton's Method example using experimental data from a PEO film with 5.0 wt.% LP 

 A sample process for calculating the tip-displacement angle 𝜃 and the radius of curvature 

𝑅𝑐 is shown in Figure 15. Here, actual experimental data for the arc length (length of the actuating 

film) a and the chord (distance from the base to the tip of the sample) c are given. The film is 

represented by the solid segment of the circle shown and the characteristic circle for the actuator 

at this specific point in the actuation process is represented by the dashed circle. Again, for the 

images and videos taken, the only information known for the film is its length and chord, so the 

tip-displacement angle and radius of curvature must be determined. Since there are no algebraic 

relationships that can do this at hand, Newton’s Method was chosen to calculate these parameters. 

The equation manipulation described above is illustrated and the iterative solution process is 

shown after an initial guess (in this case, 1 rad) is provided (of note, is that after each iteration, the 

angle is given in radians; this has been converted to degrees here). After five iterations, the final 

angle value is arrived at with a 0.56% difference from the angle value obtained in the fourth 

iteration.  

2.3.1   Dielectric Calculations, Analysis and Cole-Cole Plots 

As described in Chapter 3, in addition to recording the bending actuation of the EAP films 

via an optical monitoring system, a new methodology will be proposed in this study to quantify 

this process. In this respect, frequency-dependent dielectric measurements across a set frequency 
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range were taken at predetermined intervals to track the time dependent changes in these readings. 

Again, the samples actuated due to the applied 4 V DC while the dielectric readings were taken 

through the addition of a small 100 mV AC field (Figure 10). A representative composite plot of 

the data recorded for a 2.5 minute test is shown in Figure 16. Figure 16.a. shows the changes in 

the real dielectric constant of the material, while Figure 16.b. displays how the loss response 

changes under the applied DC load. It is evident that the relaxation peak in Figure 16.b. shifts its 

frequency location as time goes on. This peak signifies the maximum applied AC field frequency 

that the oscillating ions within the PEO matrix can match;[12] above this frequency, the ions will 

still vibrate, but at a lower-than-applied frequency. Figure 16.b clearly illustrates that this peak 

shifts to lower frequencies, with respect to time, under the large driving DC voltage. Similar 

responses have been recorded for each of the salt and NCC concentrations and with multiple 

samples for each of these respective composite constituents. This indicates that there is a clear and 

repeatable response that can be readily measured for analysis. Chapter 5 will further discuss the 

analysis of this response in detail. 
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Figure 16: Time-dependent dielectric response for PEO-NCC composites with 5.0 wt.% LP and 1.5 vol.% NCC showing 

a) real dielectric constant and b) dielectric loss 

 

As mentioned, Figure 16.a-b shows how a 5.0 wt.% LP in PEO film’s frequency-

dependent dielectric properties changes with respect to time when subjected to an additional, larger 

DC field and will be further addressed later in the study. As for now, the focus will be on some of 

the basic calculations and fittings employed for interpreting the dielectric data to better understand 

the physical meaning behind the gathered experimental data. 

Under an alternating electric field, a materials complex permittivity can be described by 

Eq. (2.10). 
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𝜀∗ = 𝜀′ − 𝑖𝜀′′ (2.10) 

Here, 𝜀′and 𝜀′′represent the materials real and imaginary permittivity, respectively. The real 

portion of the permittivity indicates how much energy from an external electric field is stored in 

the material while the imaginary portion indicates how dissipative or lossy a material is. When 

using the impedance analyzer to measure a materials dielectric properties, it is set to Cp~D mode, 

where again, the films are modeled as a parallel-plate capacitor and thus, the real portion of the 

material’s capacitance and its’ loss are recorded. This enables the real permittivity 𝜀′ to be 

determined from converting the capacitance, using Eq. (1.1) along with the geometry of the film. 

Figure 17.a is the result of this calculation. 

𝐶 = 𝜀0𝜀′
𝐴

ℎ
 

(1.1) 

The material’s loss D is a composite of the material’s real and imaginary response and is 

described by Eq. (2.11). It represents the ratio of a material’s ability to dissipate versus store 

energy in response to the applied AC frequency.[13] Again, the time dependent changes of this 

property for a PEO-based IPMC are shown in Figure 17.b. 

𝐷 = tan 𝛿 =
𝜀′′

𝜀′
 

(2.11) 

The material’s imaginary permittivity response is a function of the material’s dielectric loss 

and conductivity, as described by Eq. (2.12). 

𝜀′′ = 𝜀𝑟𝑑
′′ +

𝜎𝐴𝐶

𝜔𝜀0
 

(2.12) 

Here, 𝜎𝐴𝐶is the frequency-dependent conductivity, 𝜔 is the angular frequency (𝜔 = 2𝜋𝑓), 

and 𝜀0is the permittivity of free space. 𝜀𝑟𝑑
′′  represents the dielectric loss of the material. A film’s 

AC conductivity can be calculated by solving this equation directly for 𝜎𝐴𝐶. If 𝜎𝐴𝐶is plotted versus 

frequency, then a film’s DC conductivity (𝑓 ≈ 0 𝐻𝑧) can be approximated if the generated curve 

does not vary much with respect to the applied frequency for the low frequency region. 

The dielectric data can be further explored by plotting the material’s imaginary permittivity 

versus its’ real permittivity. This is called the Cole-Cole plot. It can be used to calculate the static 

permittivity 𝜀0 for when the applied frequency is very low, the permittivity for a very high 

frequencies 𝜀∞, and the relaxation time 𝜏0.[14] For an ideal dielectric material, a plot of 𝜀′′versus 

𝜀′would yield a semicircle with the center of the circle located on the 𝜀′ axis. For a non-ideal 

dielectric material, deviations from the semicircle plot indicate losses within the material possibly 

due to ionic conductivity. As an example, the real and imaginary permittivity, loss, and Cole-Cole 



59 

 

plot are shone in Figure 17.a-d for a PEO film without any LP salt. The applied AC frequency 

ranges from 0.1 Hz to 1 MHz. The slope in Figure 17.c was found to be -0.816, indicating the 

predominance of DC conductance in this region[15]. A flatter slope would indicate lower losses 

within the dielectric material at low frequencies. 
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Figure 17: Example of dielectric calculations for a film of only PEO showcasing the  a) real permittivity, b) loss, c) 

imaginary permittivity, and d) Cole-Cole plot (note: dielectric measurements from both the SI 1260 and Agilent 4294A 

impedance analyzers are shown for comparison) 

The maximum of the semicircle for the Cole-Cole plot (Figure 17.d) indicates where the 

angular frequency ω and the relaxation time 𝝉 (the time it takes for the dipoles or charge carriers 

within a material to reorient under an alternating electric field) equal 1. This offers a graphical way 

to obtain these parameters. In this example, the PEO film is clearly not ideal, with a large tail 

extending from an initial arc which can be represented by the plotted semicircle. The permittivities 

𝜀0 and 𝜀∞ were found to be approximately 400k and 7.43, respectively, with a relaxation time of 
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27.1 s, and where n was approximated as 1, indicating a singular relaxation process within the 

material.  

The semicircle itself in Figure 17.d is a curve generated by the Cole-Cole relaxation 

model. A Cole-Cole relaxation process is a model that accounts for polar dielectric materials that 

have more than one relaxation time when submitted to an alternating electric field.[14] The 

empirical relationship created by Cole-Cole is shown in Eq. (2.13). 

𝜀∗(𝜔) = 𝜀∞ +
𝜀0 − 𝜀∞

1 + (𝑖𝜔𝜏0)1−𝛼
 

(2.13) 

Here, the 𝛼 term can be between 0 and 1 and refers to how broad the distribution of relaxation 

times is. A value of 0 indicates that there is only one relaxation time for the given dielectric 

material (Debye relaxation). This relationship can be manipulated into a form representing the 

equation of a circle,[14, 16] as shown by Eq. (2.14), where 𝑛 = 1 − 𝛼. 

(𝜀′ −
𝜀0 + 𝜀∞

2
)

2

+ [𝜀′′ +
𝜀0 − 𝜀∞

2
cot(𝑛𝜋/2)]

2

= [
𝜀0 − 𝜀∞

2
csc(𝑛𝜋/2)]

2

 
(2.14) 

The center of the circle is located at: 

(
𝜀0 + 𝜀∞

2
,
𝜀∞ − 𝜀0

2
cot(𝑛𝜋/2)) 

(2.15) 

In addition, the radius of the circle can be determined by: 

𝑟 =
𝜀0 − 𝜀∞

2
cot(𝑛𝜋/2) 

(2.16) 

The closer the 𝜀0 and 𝜀∞ permittivities are, the lower the loss within the dielectric and a lower 

dependence on applied frequency.[17] Therefore, a material with low loss and small frequency 

dependence would have the smallest semicircle possible.  

As mentioned, the employment of the dielectric relationships referenced in this section will 

be applied in the analysis of the experimentally recorded data. Since the analysis of the data later 

in the study will be of importance, it was vital to discuss how these calculations would take place 

in this section so as to focus the discussion on the idea at hand.  
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Chapter 3: Development and Analysis of a Biodegradable/Green EAPs 

 

3.0   Overview 

As stated in Chapter 1, a large drive for this study was to create a smart material that was 

environmentally friendly, biodegradable, and one that did not use harsh chemicals with its 

synthesis. PEO was thus chosen to be the primary polymer matrix of study for this report. The 

ionic salt of choice for this polymer was chosen to be lithium perchlorate, which is readily 

dissolved into the PEO matrix due to the atomic oxygen along the PEO backbone. Under 

excitation, the dissociated ions travel to their respective electrodes, which in turn generates the 

overall observed bending actuation response. Henceforth, biodegradable IPMC EAPs were 

synthesized and tested under various testing parameters. This section provides a characterization 

of the PEO films and an in-depth analysis of the actuation behavior of the films and how they 

compare with other similar IPMC EAPs. 

As stated in Chapter 2, films were synthesized with 1.0, 2.5, and 5.0 wt.% LP with final 

samples having dimensions of 1.9 cm x 0.62 cm with an average thickness of 54.5 ± 5 µm for 

PEO-based 5 ml of solution cast onto a glass substrate. As will be seen in the proceeding sections, 

the increase in salt concentration was accompanied by a decrease in stiffness, i.e. Young’s 

Modulus. To circumvent this decline, a biodegradable, green stiffening material was sought after. 

NCC, when added to the PEO matrix, was found to increase film stiffness while also increasing 

the electromechanical response. Concentrations of NCC added to the PEO films were 0.5, 1.0, 1.5, 

2.5, 5.0, and 7.5 vol.% NCC suspension. The increase in actuation performance was found to be 

due to the sulfate space charge which replaces some of the hydroxyl groups along the NCC 

backbone during the sulfuric acid hydrolysis process. This sulfate ion acts to more readily disperse 

the NCC chains in the water suspension. This space charge is also known to be labile in alkaline 

solutions and will readily dissolve in the presence of ionic salts. The performance between this 

type of NCC imbedded in the PEO and that of NCC without the sulfate space charge are compared.  

3.1   Young’s Modulus Determination 

The Young’s modulus for a given sample was determined through calculating the slope of 

the stress strain curve in the initial, linear region, as described in Chapter 2. This property will be 

used to calculate the film’s energy density, which provides a means for comparison with other 

EAP materials. For the PEO-NCC composites with LP as the ionic salt, the compiled results of 

this testing is shown in Figure 18. It can be seen that there is a generally linear decrease (-6.0 MPa 
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per wt.% LP) in the elastic region with increasing salt concentration. 5.0 wt.% LP was chosen as 

the primary salt concentration for this research, and at that concentration, there was found to be a 

linear increase in Young’s modulus with increasing NCC content at a rate of about 30 MPa per 

vol.% NCC. This relationship clearly illustrates the strong interaction between the PEO matrix and 

NCC filler. Of note is the 1.5 vol.% NCC concentration, where it was determined that the Young’s 

modulus was found to be approximately 133 MPa. The benefits of this concentration are explicitly 

described in other sections, so it is important to mark that this PEO-NCC composite had a 20% 

increase in stiffness compared to non-NCC films.  
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Figure 18: Elastic modulus trending for increasing LP concentrations (black curve) and increasing NCC vol.% (red 

curve) 

The Young’s Modulus and elastic energy densities data for all of the PEO-based films 

tested in this study are listed in Table 2. As can be seen from the table, the Young’s Modulus for 

the HCl-based NCC also increases with increasing NCC content. However, there is not the 

corresponding actuation boost as seen with the sulfuric-acid based NCC. Of note with the table, 

the energy densities are calculated with the fitted maximum strain for the bending actuation 

performance, which the fitting process will be detailed later in this chapter. A free standing film 

for the hydrochloric-acid based NCC was not obtainable, so its value is not included in this table. 
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Table 2: Young’s Modulus and energy density data for various IPMC composites 

 wt.% 

LP 

vol.% 

NCC 
𝑌𝑚 

(𝑀𝑃𝑎) 

𝑊 

(𝑘𝐽/𝑚3) 

𝑊 

(𝐽/𝑘𝑔) 

PEO 0.0 0.0 491 -- -- 

 1.0 0.0 311 1.49 1.31 

 2.5 0.0 248 3.23 2.83 

 5.0 0.0 92.9 4.36 3.83 

 7.5 0.0 20.1 -- -- 

NCC-H2SO4 5.0 1.0 135 5.54 4.87 

 5.0 1.5 112 12.1 10.6 

 5.0 2.5 154 8.64 7.59 

 5.0 5.0 231 2.08 1.82 

 5.0 7.5 316 0.198 0.174 

NCC-HCl 5.0 1.0 176 0.296 0.260 

 5.0 2.5 339 2.90 2.55 

 5.0 5.0 454 1.01 0.886 

 5.0 7.5 501 0.198 0.174 

PVDF 15.0 0.0 476 3.66 2.52 

NCC-H2SO4 -- -- 7760 -- -- 

 

3.2   Actuation Performance (Strain and Tip-Angle Displacement) 

 

The actuation performance of PEO-based EAP films will be discussed at great length in 

the proceeding sections and chapters. Therefore, this section will discuss a brief set of experimental 

data without any fitting parameters associated with it. The addition of ionic salt to the PEO matrix 

results in films with greater actuation performance. This is due to the availability of more mobile 

charge carriers to add to the electromechanical actuation. However, as discussed in the previous 

section, the increased performance comes at the cost of mechanical stiffness, which may influence 

possible applications for these films. Figure 19.a-b shows the time dependent strain response and 

the tip-displacement angle behavior for various PEO-based IPMCs with increasing LP and NCC 

content. It is clearly evident that with increasing LP concentrations, the actuation performance 

increases. In addition, it can be seen that with initial increase in NCC content, there is an increase 

in the electromechanical response. As will be discussed in further detail in the proceeding chapter, 

this is due to the sulfate space charge which adds to the mobile ions available to generate the 

actuation response. When adding 1.0 vol.% to the 5.0 wt.% LP PEO films, the response is fairly 

similar to the non-NCC films. However, with the small increase in NCC content to 1.5 vol.%, there 

is a large jump in strain and tip-displacement behavior. For comparison sake, the tip-displacement 

angle was chosen as the parameter of choice for the majority of the figures shown in this report, 
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this was done because the strains experienced by the films were low and due to the tip-

displacement angle being a more tangible parameter to follow and describe. Again, this concept 

will be discussed in greater detail later, but its recognition serves the purpose of providing an 

example of the electromechanical actuation performance that these biodegradable EAPs are 

capable of. The inserts in Figure 19.b relate what the observed actuator performance was in 

relation to the displayed data and is applicable for both the strain and tip-displacement angle 

figures. Also, a similar plot could be constructed featuring the time-dependent nature of the radius 

of curvature for these films, if treated as a segment of constant arc length on a contracting circle, 

where if the radius of curvature data was normalized with respect to the length of the films (i.e. 

the arc length), then that would return the tip-displacement angle. As can be seen, there are three 

modes to the data presented in this figure; slow, steady, and saturated. The modeling of this 

behavior will be the main focus of the following two chapters. The fitted parameters for this figure 

are also in the next chapter.  
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Figure 19: a) Strain and b) tip-displacement angle electromechanical actuation response of PEO-based IPMC composites 

3.3   Energy Density 

The calculations related to energy density are described in other sections in this report. 

Therefore, this section will primarily discuss the results of these calculations and compares the 

films developed in this study with other types of EAPs. Figure 2 from Chapter 1 displayed the 

energy density versus increasing applied electric field for a group of various EAPS, both ionic and 

electronic. Figure 20 updates this figure with the work done from this study. It now includes the 

behavior from the PEO IPMCs with LP, but no NCC, the PEO-NCC composites (both for the 

sulfuric acid based and HCl-based composites), as well as for PVDF-based films that were also 
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fabricated for this study for comparison sake and will be discussed later. It is clear that the PEO-

based films have a comparable performance to that of animal muscle, to varying degrees, but 

require a larger driving voltage. In this comparison, they are also comparable to Nafion in terms 

of energy density using the fitted maximum energy density. The response time for the Nafion films 

is upwards of two orders of magnitude higher (Table 1), but depending on the application, this 

could be good or bad. The data for Figure 20, from the PEO-based and PVDF IPMCs are located 

in Table 1.    

 
Figure 20: Updated performance comparison for ionic and electronic EAPs, including the results from this report 

3.4   Development of Arrhenius-Like Behavior Based Electromechanical Bending Model 

This section discusses the results of the Arrhenius-based electromechanical actuation 

model described in Chapter 1. Specific attention was focused on the PEO-based IPMCs and the 

majority of the reported results discuss the results of PEO films with varying concentrations of 

ionic salt and NCC content, as well as testing under various conditions like varying temperature, 

voltage, and thickness. The simplicity of this model allows for quick analytical results of sample 
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actuation. It can also be extended to multiple polymer systems. As such, results from synthesized 

PVDF-based films are also reported here, as well as published results from other researchers for 

varying EAP systems, such as: IPMCs (Nafion and Flemion) and conducting polymers 

(polypyrrole).  

Through additional inspection of the results shown in Figure 19, it was found that during 

actuation, the sample film response followed an Arrhenius-like behavior. The transitioning parts 

of the nonlinear actuation behavior of IPMC EAPs can be described as three modes: slow, steady, 

and saturated. As such, it is found that this response can be modeled as an Arrhenius-like behavior 

using Eq. (3.1), where time would take the place of Temperature in an ordinary Arrhenius 

relationship.  

𝑦 = 𝑦𝑚𝑎𝑥𝑒−𝐵/𝑡 (3.1) 

Here, B is a time constant and y can be any of the parameters typically utilized to describe actuator 

behavior, namely: strain 𝜀, tip-displacement angle 𝜃, and radius of curvature 𝑅. This relationship 

obeys the boundary conditions: as 𝑡 → 0, 𝑦 → 0 and as 𝑡 → ∞, 𝑦 → 𝑦𝑚𝑎𝑥. 𝜀 and 𝑅 are linked 

through the expression shown in Eq. (3.2).[1] 

𝜀 =
ℎ

2𝑅
 

(3.2) 

where, ℎ is the EAP thickness. 𝑅 and 𝜃 can be related if the sample is modeled as a section of 

constant arc length on a contracting circle, where an initial flat actuator would have an infinite 

radius of curvature. If described in this way, then their relation is 𝑠 = 𝑅𝜃, where 𝑠 is arc length. 

These relationships make Eq. (3.1) a very flexible modeling equation. 𝜃 was modeled here since 

it describes more of a physical representation of how the samples perform compared to displaying 

strain data. The geometry of the bending IPMCs was shown in Figure 13 where the tip-

displacement angle is the angle subtended by the radius of the time-dependent characteristic circle 

of the film and its length. The tip-displacement angle can also be represented by the angle of the 

tip of the actuator with respect to the initial orientation of the film. 

As mentioned, Figure 19 displays the tip-displacement behavior of the PEO-NCC 

composites under 4 V DC. Values for each sample were averaged from six tests where three films 

were actuated twice. The fitting function was applied to this experimental data and was found to 

closely follow the experimental data in all cases, as shown by the solid curve in Figure 21 (see 

next section). Of note is that with 1.5 vol.% NCC added to the composites, maximum actuation is 



68 

 

achieved, whereas increased NCC concentrations (7.5 vol.% NCC) provided a lowered 

performance. The increase in actuation is believed to be due to the addition of sulfate ions to the 

actuation and swelling process. These ions interact with the hydroxyl groups along the NCC chain 

during the hydrolysis process[2] and comprise roughly 2.0 wt.% of the final NCC suspension. It 

is widely known that the moiety of the sulfate groups attached at the NCC surface is rather labile 

and can readily be removed when submitted to mild alkali conditions,[3] thus their incorporation 

into the PEO matrix is likely responsible for the added performance. Samples with 5.0 wt.% LP 

had 30% lower stiffness than 1.0 wt.% samples, but with an increased displacement of  250%. The 

addition, for the 5.0 wt.% LP samples, composites with 1.5 vol.% yielded both a 20% increase in 

Young’s modulus and a 33% increase in displacement. Using the fitted maximum strain, energy 

densities were calculated to be 4.3 kJ/m3 and 12 kJ/m3 for the 5.0 wt.% samples without NCC and 

for the 1.5 vol.% NCC composites, using 𝑊 =
1

2
𝑌𝜀𝑚𝑎𝑥

2 , where 𝑌 is the sample’s Young’s 

Modulus.[4]  

 Rearranging Eq. (3.1) yields Eq. (3.3): 

ln 𝑦 = −𝐵 (
1

𝑡
) + ln 𝑦𝑚𝑎𝑥 

(3.3) 

This simple manipulation immediately turns a complex nonlinear curve fit into an easy-to-interpret 

linear regression, which can be seen in Figure 21. The trending of the slope (the time constant B) 

is easy to infer and understand; the slope generally increases with increasing LP concentration 

which makes sense, intuitively since the 5.0 wt.% samples actuate faster and further than the 1.0 

wt.% samples. Therefore, they should reach similar angles earlier in their response time with their 

maximum strain being their projected y-intercept (ln 𝑦𝑚𝑎𝑥). Interestingly, the 1.5 vol.% NCC 

samples, though saturating with a higher overall strain, started slower than their non-NCC 

counterparts. This may be due to some initial impedance caused by the stiff NCC rods. The time 

constant B increased with increasing LP concentration (16 to 28 s); with the NCC, the time constant 

spiked to 53 s for 1.0 vol.%, then decreased to 39 s for 1.5 vol.%, then finally 34 s for 7.5 vol.%.  

The Arrhenius-Based Model described herein, again describes the actuation response of 

the PEO-based actuators very well. The three-phased behavior of these EAPs (also illustrated in 

Figure 7) the slow, phase [Figure 7-i)], constant, steady bending phase [Figure 7-ii)], and finally 

a saturated bending or strain phase [Figure 7-iii)] can be attributed to the ionic flux in the matrix 

outlined in Chapter 1. The Arrhenius-Based Model suits these conditions well, and further study, 
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as will be discussed in the proceeding sections, will show that this simple model can be extended 

to PEO-based films under varying experimental testing conditions as well as multiple EAP 

systems. 

3.4.1 Performance of PEO Composites with Sulfuric-Acid Based NCC  

As described in Chapter 2, the curve of the sample bending actuation is assumed to follow 

that of a near-perfect circle, so the films were modeled as a segment of constant arc length on a 

contracting circle. The strain was found to be a function of the changing radius of curvature, 

assuming a constant sample thickness, with the strain response calculated using the Eq. (3.2).The 

tip displacement and strain for PEO-NCC composites are showcased in Figure 19 for various 

concentrations of ionic salt and NCC in the composite EAPs. From the figure, it is clear that for 

certain NCC concentrations, namely 1.5 vol.%, that there is a large increase in the actuation 

response (actuation increased initially with increasing NCC content, then decreased after peaking 

with 1.5 vol.% NCC). It is reasonable to imagine that further increases in NCC content would 

reduce the ionic mobility in the composite since NCC has a much more dense structure than PEO, 

so that the ions may not be able to move within NCC. However, compared with composites without 

NCC, a higher electromechanical strain is observed in the composites, as shown in Figure 19. This 

indicates that the NCC can have some positive influence on the actuation performance. Figure 21 

shows the nonlinear and linear fitting profiles for the tip-displacement angle data shown in Figure 

19. It is clear that the nonlinear fitting Eq. (3.1) and its linear form Eq. (3.3) match well both 

representations of the experimental data. 
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Figure 21: a) Nonlinear and b) linear Arrhenius-Based Model fitting for PEO-NCC composites with varying wt.% and 

vol.% of LP and NCC 
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It is well known that NCC interacts with the PEO matrix via hydrogen bonding between 

the hydroxyl groups present on the NCC surface and the atomic oxygen along the PEO 

backbone.[5, 6] However, during the sulfuric acid hydrolysis process used in NCC synthesis, the 

acid interacts with some of these surface hydroxyl groups wherein charged sulfate groups (SO3
−) 

are attached to the NCC chain for promoting better dispersion in aqueous solutions, as previously 

mentioned.[2] A sample of the NCC suspension was dried and it was determined that the sulfur 

concentration was 0.8 wt%, which translates to roughly 2.0 wt.% SO3
−. The suspension had been 

thoroughly dialyzed during the hydrolysis process to remove any free sulfuric acid, indicating that 

this concentration of sulfates was attached to the NCC chain. It is widely known that the moiety 

of the sulfate groups attached at the NCC surface is rather labile and can readily be removed when 

submitted to mild alkali conditions.[3] The increased strain is therefore theorized to be caused by 

this trait and that the lithium within the PEO matrix (i.e., a solid-polymer electrolyte) disassociates 

the sulfate groups from the NCC chains and that these freed sulfate ions also contribute to the ionic 

flux, moving towards the cathode with the perchlorate ions. With the perchlorate and sulfate ions 

being about the same size, with radii of 240 pm and 258 pm, respectively, the addition of the 

sulfate contributes approximately 1.31 µg of free, equally-mobile anions per sample (a 0.14% 

increase in ions for 1.5 vol.% NCC). At low NCC concentrations, the result of this contribution is 

an increase in strain; however, as the NCC concentration increases further, the added sample 

stiffness caused by the rigidity of the NCC structure outweighs the effect of the added amount of 

sulfate ions transiting in the matrix, thus decreasing the overall actuation. That is, there are two 

factors that determine the influence of NCC on the electromechanical response observed in the 

composites: one is positive due to the sulfate contribution of NCC and the other is negative due to 

the dense structure of NCC. Therefore, if the size of NCC can be further reduced, better 

electromechanical properties should be observed. Table 3 displays the fitting results for the PEO-

based composites with sulfuric-acid hydrolysis based NCC. As mentioned, the addition of small 

concentrations of NCC can increase actuator performance, but too much NCC will degrade the 

performance due to increases in film stiffness. 
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Table 3: Nonlinear and linear fitting parameters for PEO IPMCs with varying 

concentrations of LP and NCC 

PEO-NCC 

Composites 

 Eq. (3.1) 

(nonlinear fitting) 

Eq. (3.3) 

(linear fitting) 

x.x/y.y wt.% 

Salt/vol.% NCC 

V 

(𝐷𝐶) 

B 

 (𝑠) 

𝜃𝑚𝑎𝑥   
(°) 

𝑠𝑚𝑎𝑥 

(%) 

B 𝜃𝑚𝑎𝑥 

(°) 

𝑠𝑚𝑎𝑥 

(%) 

1.0/0.0 4.0 16 100 0.31 16 100 0.25 

2.5/0.0 4.0 19 170 0.51 17 160 0.40 

5.0/0.0 4.0 28 350 0.97 22 320 0.81 

5.0/1.0 4.0 52 360 0.91 46 330 0.83 

5.0/1.5 4.0 50 530 1.47 36 480 1.2 

5.0/7.5 4.0 35 45 0.11 40 40 0.1 

 

3.4.2 PEO with Hydrochloric Acid Hydrolysis-based NCC IPMC Composites 

As described, the PEO-NCC composites with the NCC created via a sulfuric acid 

hydrolysis process resulted in a few of the concentrations resulting in similar, if not better, actuation 

results, namely, for the 1.5 vol.% NCC samples. This increased actuation response was believed to 

be due to the addition of the sulfate space charge, a remaining sulfate group from the hydrolysis 

process, being weakly linked to the NCC chain. Upon excitation, this sulfate group added to the 

actuation response of the PEO-NCC composites and thus the addition of the NCC to the PEO matrix 

not only increased the film’s stiffness, but was responsible for the increased actuation response for 

low levels of NCC added.  

 To prove that the sulfate space charge was likely responsible for the increased actuation 

response, a suspension of NCC created through a hydrochloric acid hydrolysis process, similar to 

the sulfuric acid hydrolysis process was conducted. The resulting NCC had no remaining space 

charges on its structure. Samples were created in a similar manner to the sulfuric-acid-based PEO-

NCC composites and tested under 4 V DC for 2.5 min. The resulting time-dependent, tip actuation 

angle response is shown in Figure 22. It is clear, that even with only 1.0 vol.% added suspension 

that there is a dramatic decrease in actuation response. Table 4 showcases the fitting parameter for 

each of the experimental trials. This result lends proof that it is the sulfate space charge present on 

the sulfuric-acid-based hydrolysis process that causes the increased actuation performance.  
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Figure 22: a) Nonlinear and b) linear actuation response for PEO-NCC composites utilizing hydrochloric-acid-hydrolysis 

based NCC 

Table 4: Fitting parameters for PEO-NCC composites utilizing hydrochloric-acid-

hydrolysis-based NCC 

PEO-NCC 

Composites 

 Eq. (3.1) 

(nonlinear fitting) 

Eq. (3.3) 

(linear fitting) 

x.x/y.y wt.% 

Salt/vol.% NCC 

V 

(𝐷𝐶) 

B 

 (𝑠) 

𝜃𝑚𝑎𝑥   
(°) 

𝑠𝑚𝑎𝑥 

(%) 

B 𝜃𝑚𝑎𝑥 

(°) 

𝑠𝑚𝑎𝑥 

(%) 

5.0/0.0 4.0 28.0 350 0.97 18.3 280 0.71 

5.0/1.0 4.0 90.7 335 0.84 60.9 224 0.56 

5.0/2.5 4.0 114 141 0.35 76.3 93.1 0.23 

5.0/5.0 4.0 143 71.9 0.18 94.1 41.1 0.10 

5.0/7.5 4.0 30.1 30.3 0.076 20.6 2.53 6.3E-5 

 

3.4.3 Variable-Voltage Testing of PEO-Based IPMCs 

The Arrhenius-Based Model was also tested for the PEO-based films under varying 

voltages. Figure 23.a-b shows the nonlinear and linear fitting of a single 5.0 wt.% sample (with 

no NCC) under 4, 8, and 10 V DC (the PVDF films tended to breakdown at voltages higher than 

4 V DC and therefore those results are not shown here). Films were actuated at the target voltage 

until impeded by the sample holder, then the polarity was reversed in order to straighten the film. 

The voltage was incremented to the next value and the process was repeated. It is clear that 

actuation occurs faster with increasing voltage, however, through analysis of Figure 23, even 

though the samples were actuated under differing voltages their maximum displacement was 

approximately the same. This is an intuitive conclusion since the samples tested were at the same 

LP concentration and should therefore have very similar final actuation performance. The time 
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constant was found to decrease with increasing voltage with approximately a 40 s B value for 4 V 

DC and 6.5 s at 10 V DC, indicating a slower response at lower voltages. A separate sample was 

used for the variable-voltage testing, resulting in fluctuations in the time constant value; this can 

be attributed to minor differences in the samples during the synthesis process. 
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Figure 23: a) Nonlinear and (b) linear regression modeling of PEO-based IPMCs with 5.0 wt.% LP under varying applied 

DC voltages 

 

In addition to the 5.0 wt.% LP results, samples with 1.0 and 2.5 wt.% LP were also tested under 

similar variable voltage conditions. Figure 24.a-b show the nonlinear and linear fitting results 

for PEO IPMCs with 2.5 wt.% LP while Figure 24.c-d show the fitting results for 1.0 wt.% LP. 

For these tests, a single IPMC film was actuated with 4 V DC for roughly 2.5 min, then -4 V DC 

was applied to return the film to its original shape. The external voltage was then increased and 

the process was repeated. Generally, for these actuators, the rate of actuation increased with 

increasing voltage. The increasing actuation response was showcased in each type of actuator 

with near-constant fitted maximum tip-displacement angle when fitted with both Eq. (3.1) and 

its linear counterpart, Eq. (3.3).  
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Figure 24: Results for varying voltage testing for 1.0 wt.% LP with (a) nonlinear and (b) fitting results and 2.5 wt.% LP 

with (c) nonlinear and (d) fitting results 

Table 5 shows the fitting results for each of the PEO EAPs tested in this study under varying 

voltages. 

 

Table 5: Fitting parameters for PEO IPMCs actuated under varying voltages 

PEO IPMCs  Eq. (3.1) 

(nonlinear fitting) 

Eq. (3.3) 

(linear fitting) 

x.x wt.% Salt V 

(𝐷𝐶) 

B 

 (𝑠) 

𝜃𝑚𝑎𝑥   
(°) 

𝑠𝑚𝑎𝑥 

(%) 

B 𝜃𝑚𝑎𝑥 

(°) 

𝑠𝑚𝑎𝑥 

(%) 

1.0 wt.% LP 4.0 15 54 0.17 15 57 0.16 

 8.0 10 66 0.21 8 62 0.20 

 10 8 68 0.22 7 64 0.21 

2.5 wt.% LP 4.0 55 300 0.81 45 260 0.88 

 8.0 21 250 0.66 16 240 0.62 

 10 20 270 0.70 13 240 0.63 

5.0 wt.% LP 4.0 54 410 1.5 46 380 1.3 

 8.0 17 350 1.2 12 300 1.0 

 10 6.5 340 1.2 5.4 310 1.0 
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3.4.4 Variable-Temperature Testing of PEO-Based IPMCs 

The Arrhenius-Based Model was also tested for the PEO films under varying temperatures. 

Figure 25.a-b show the nonlinear and linear regression behavior of three 2.5 wt.% LP samples 

(with no NCC), averaged across two runs each for temperatures of 0 oC, 10 oC, 20 oC, 30 oC, 40 

oC, and 50 oC under 4 V DC. Films were actuated at the target temperature for 2.5 min, then the 

polarity was reversed in order to straighten the film. 2.5 wt.% films were selected for this 

experiment due to their maximum actuation not exceeding ~200o and therefore there was no 

impedance of actuation by the sample holder and any changes in actuation due to temperature 

fluctuations would be easy to spot. A wait time of 2 min occurred between successive tests at a 

given temperature. The temperature was then incremented to the next value, the samples were held 

at that temperature for 10 min, and the process was repeated. Through analysis of Figure 25, it is 

clear that actuation occurs faster and further with increasing temperature. This is an intuitive 

conclusion as the matrix expands with increasing temperature and the ions become more readily 

mobile. The time constant was found to increase with increasing temperature, from 32 s at 0 oC to 

117 s at 20 oC, then it decreased as the temperature moved to 30 oC then on to 50 oC with time 

constants of 75 s and 25 s, respectively. However, the fitted maximum tip-displacement angle 

increased continuously with increasing temperature from 2.4o at 0 oC to 209o at 50 oC. This 

interplay between the peaking time constant and continually increasing tip-displacement angle 

could be a function of ionic mobility and there being some kind of transition point within the 

IPMC. Once the transition point occurs (between 20 and 30 oC), the ionic mobility increases and 

the time constant begins to drop causing translating to an increase in actuation performance. Table 

6 lists all of the fitting parameters for this set of experiments. 
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Figure 25: Actuation response for PEO-based IPMCs under various temperatures; (a) nonlinear and (b) linear fitting 

regressions 

Table 6: Fitting parameters for PEO IPMCs actuated under varying temperatures 

PEO w/ 2.5 

wt.% LP 

 Eq. (3.1) 

(nonlinear fitting) 

Eq. (3.3) 

(linear fitting) 

Temperature 

(oC) 

V 

(𝐷𝐶) 

B 

 (𝑠) 

𝜃𝑚𝑎𝑥   
(°) 

𝑠𝑚𝑎𝑥 

(%) 

B 𝜃𝑚𝑎𝑥 

(°) 

𝑠𝑚𝑎𝑥 

(%) 

0 4.0 32 2.4 6.0E-5 40 2.6 6.6E-5 

10 4.0 140 40 0.10 87 23 0.06 

20 4.0 120 63 0.16 82 43 0.11 

30 4.0 75 150 0.38 50 110 0.28 

40 4.0 36 160 0.40 36 160 0.40 

50 4.0 27 210 0.53 28 210 0.53 

 

3.4.5   Variable-Thickness Testing of PEO-Based IPMCs 

To understand the effect of thickness on the IPMC behavior, four sets of samples were 

prepared under the same conditions and at the same time to ensure as-close-as-possible synthesis 

procedures were undertaken. PEO EAPs with 2.5 wt.% LP were synthesized from 3 ml, 4 ml, 5 

ml, and concentrated 5 ml solutions. The concentrated solution was made by using 10 ml of an 

initial solution and evaporating 5 ml of the deionized water from it. For the 3 ml, 4 ml, 5 ml, and 

the concentrated solutions, the resulting film thicknesses from each solution was 31.8 µm, 44.8 

µm, 58.5 µm, and 103 µm, respectively. Figure 26.a-b show the nonlinear and linear fitting, 

respectively, using the Arrhenius-Based Model.  
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Figure 26: Actuation response for PEO-based IPMCs with various thicknesses; (a) nonlinear and (b) linear fitting 

regressions 

Through inspection of Table 7, it can be seen that the general trend for both fittings is 

that as the thickness increases, there is an increase in the time constant B. This would denote a 

longer response time for the thicker samples, which is consistent with experimental results. Also, 

though the maximum tip-displacement angle clearly occurs with the 31.8 µm samples, the 

maximum strain occurred with the 58.5 µm samples. The strain and tip angle sharply decreased 

with the 103 µm samples. Due to the trading of values between the 31.8 µm 58.5 µm samples’ 

performance, an optimal selection of thickness for these samples therefore becomes an 

application specific choice instead of an experimentally derived conclusion. 

 

Table 7: Fitting parameters for PEO IPMCs actuated for varying thicknesses 

PEO w/ 2.5 

wt.% LP 

 Eq. (3.1) 

(nonlinear fitting) 

Eq. (3.3) 

(linear fitting) 

Thickness 

(µm) 

V 

(𝐷𝐶) 

B 

 (𝑠) 

𝜃𝑚𝑎𝑥   
(°) 

𝑠𝑚𝑎𝑥 

(%) 

B 𝜃𝑚𝑎𝑥 

(°) 

𝑠𝑚𝑎𝑥 

(%) 

31.8 4.0 31.7 190 0.278 28.2 180 0.263 

44.8 4.0 53.6 160 0.329 43.7 140 0.288 

58.5 4.0 76.8 150 0.403 57.2 120 0.322 

103 4.0 63.8 70 0.331 61.3 65 0.307 

 

3.5   PVDF-based IPMC Performance and Analysis 

With successful fabrication, testing, and modeling of the PEO-NCC composites, it was of 

interest to compare these results with a separate EAP system to test the validity of the models 

obtained. Experimentation has begun with PVDF EAPs to characterize and compare their 

electromechanical actuation with the PEO-NCC EAPs. Successful actuation at 4 V DC have been 
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conducted with large actuations achieved, as shown in Figure 27.a, with over 180o of tip 

displacement observed, occurring with a response time of roughly 5-10 s. This fast response makes 

PVDF EAPs interesting, not just for adding more weight to the proposed electromechanical 

models, but for real-world application use as well.  
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Figure 27: PVDF EAP with 15 wt.% cobalt perchlorate; (a) actuation shown after 5 s under 4 V DC; (b) measured tip-

displacement angle data and fitting 

Current success for this polymer system was found with adding 15 wt.% CoPH (Figure 

27.b). Samples actuated with a response time of under 10 s, which is two orders of magnitude 

faster than the PEO-NCC composites. The nonlinear fitting again closely follows the observed 

actuation performance and the linear regression again shows how well the nonlinear performance 

can be translated. The time constant for this film was found to be approximately 2.0 s with an 

energy density of 3.46 kJ/m3. Table 8 contains these values for both fitting regimes. 

Table 8: PVDF Arrhenius-Based Model fitting parameters 

PVDF  Eq. (3.1) 

(nonlinear fitting) 

Eq. (3.3) 

(linear fitting) 

wt.% CoPH 

 

V 

(𝐷𝐶) 

B 

 (𝑠) 

𝜃𝑚𝑎𝑥   
(°) 

𝑠𝑚𝑎𝑥 

(%) 

B 𝜃𝑚𝑎𝑥 

(°) 

𝑠𝑚𝑎𝑥 

(%) 

10.0 4.0 2.61 16 0.0241 2.02 13 0.0196 

12.5 4.0 2.64 80 0.121 1.76 59 0.0889 

15.0 4.0 1.98 300 0.452 1.22 220 0.331 

Figure 28.a-b shows the nonlinear and linear fittings of PVDF samples with varied CoPH 

concentration. CoPH was added at 10.0 wt.%, 12.5 wt.%, and 15 wt. %. As anticipated, the films 

with the most ionic salt concentrations had the largest actuation performance and there is a sizeable 

increase in performance when moving from 12.5 wt.% to 15 wt.%. Of note is that the Arrhenius-

Based Model fits all three concentrations fairly well. Single samples were tested for each 

(a) 
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concentration and the films were synthesized during the approximate same timeframe. Table 8 

also contains the fitting parameters for both the nonlinear and linear fittings for the PVDF films 

with lowered CoPH concentrations. Generally, the time constant decreases with increasing wt.% 

CoPH while the maximum tip-displacement angle increases with increasing wt.%. This is more 

evident when examining the linear fitting parameters whereas the time constant decreases, both 

the maximum tip-displacement angle and maximum strain performance increase. 
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Figure 28: a) Nonlinear and b) linear fittings for PVDF IPMCs with varied CoPH concentrations 

3.6   Analysis and Fitting of Published Polymer Systems Electromechanical Performance 

With success of having the proposed fitting model accurately describe the motion of PEO 

and PVDF-based IPMCs, research was aimed at further validating this model by using it to 

describe the behavior of EAPs whose time-dependent actuation response had been published by 

other researchers. IPMCs tested include the heavily-studied Nafion and its other commercial-EAP 

counterpart, Flemion, as well as extending the applicability of this fitting model to non-IPMC 

EAPs, specifically the conducting polymer, polypyrrole (PPy). The successful incorporation of 

this model into the characterization of multiple polymer systems yields the potential of this model 

becoming a powerful, yet simple function which can readily describe the complex EAP behavior 

across various materials and testing conditions. 

The specifics of the synthesis process for the PEO and PVDF-based EAPs discussed herein 

was described previously and a basic description of their creation will be given here. PEO-based 

EAPs were developed as a biodegradable alternative to Nafion; samples were created through 

adding PEO and the ionic salt, lithium perchlorate (LP), into deionized water. The mixture was 
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then solution cast on glass slides, peeled, and gold was sputtered onto each side of the film to act 

as electrodes. Final dimensions were 19.1 x 6.35 x 0.0545 mm. PVDF films were similarly 

synthesized using cobalt perchlorate (CoPH) as the ionic salt and DMF as the solvent. The first set 

of Nafion data referenced herein did not provide mobile-ion information, but samples were 50 x 

10 x 0.28 mm, with Pt electrodes.[7] The researchers in the second set of Nafion data referenced 

in this report acquired the commercially available Nafion 211 from Ion Power, Inc.,[8] with a 

thickness of 25 µm and samples were cut into 1 x 6 mm strips and used trifluoromethanesulfonate 

(Tf -) as the mobile ion.[9] The referred to Flemion samples were donated to the researchers from 

Asahi Glass Co. Ltd and had thicknesses of approximately 150-180 µm for dry and wet samples, 

respectively, with dimensions of 3 x 30 mm and utilized tetrabutylammonium (TBA+) as the 

mobile cation.[10] The conducting-polymer, polypyrrole (PPy), EAPs were synthesized by 

growing 30 µm PPy layers on either side of a gold-coated, non-conducting, 110-µm thick PVDF 

layer that was infused with lithium triflouromethansulfonimide (Li+TFSI-).[11] Upon electric 

excitation, redox reactions occurred within the PPy and the TFSI- ions moved toward the 

positively-charged PPy layer and the Li+ ions moved toward the negatively-charged PPy layer, 

generating a bending actuation due to the volume expansion/contraction between the PPy layers, 

similar to how IPMCs actuate. Final PPy-EAP films had dimensions of 20 x 3 x 0.17 mm. 

It was also shown that Eq. (3.1) could be rewritten, enabling this model to transform the 

nonlinear actuation response into a linear regression fitting (Eq. (3.3)). This flexibility allowed for 

an intuitive analysis process, where the slope of the line is the B parameter, and the y-intercept is 

the targeted performance parameter. Figure 29.a shows the nonlinear fitting of PEO samples with 

increasing concentrations of LP overlaid with the linear regression fitting. From the nonlinear 

curves, it can be seen that films with more LP had a larger tip-displacement angle, likewise, from 

the linear curves, samples with more LP also had a larger slope, indicating that these EAPs actuated 

faster and further than the lower LP samples. These time constants (B) are shown in Table 9 along 

with their corresponding Tip-displacement angle and strain. The described trend for these actuators 

can be quantified with the displayed results. The results are similar, the disparity between the 

nonlinear and linear fitting parameters can be attributed to the level of complexity with fitting each 

curve. Likewise, the results for the PVDF films are also displayed in Table 9. 
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Figure 29: Time-dependent fitted actuation behavior of (a) PEO with varying concentrations of LP at 4.0 V DC, (b) 

Nafion redrawn from ref[7] at 1.5 V DC, (c) Nafion redrawn from[8, 9] at 4.0 V DC, (d) Flemion redrawn from ref[10] at 

3.0 V DC, (e) the nonlinear and (f) linear response of PPy films at various voltages, redrawn from ref[11]. 
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As can be seen, these curves fit the experimental data very well. Through using this model 

to fit data published by other researchers, it is possible to view this form as a more generalized 

model through which multiple polymer systems can be described. Two data sets were found 

publishing the time-dependent nature of Nafion films bending under different excitation 

conditions. Figure 29.b shows data that was extrapolated for this report from both their published 

experimental actuator position tracking and simulation results.[7] Their simulation results utilized 

a highly-involved finite-element, gray-box approach which characterized the actuator as 

undergoing nonlinear beam deformation. As can be seen, their simulation results, though very 

accurate, are not as closely aligned with their experimental results compared to the fitting proposed 

herein. B-values for the simulated and experimental results are shown in Table 9; in comparing 

them with the PEO samples, the shorter B-value indicates a faster response. 

 In Figure 29.c, the versatility of the proposed model is showcased. In this study, 

researchers published normalized strain data for their Nafion films,[9] represented by the black 

squares. Eq. (3.1) characterizes the time-dependence of this data very well, utilizing strain as the 

dependent variable. An issue arises when trying to fit the data using Eq. (3. 3) (the blue triangles). 

The model is accurate down to 1 s (blue line) and then there is a transition. This step can also be 

seen in the nonlinear data and may be due to inaccuracies with their test equipment for areas of 

small strain or some initial fast-action response, which can also be fitted by Eq. (3.3) (red line). 

The B-value for this sample for the nonlinear and linear blue curve is shown in Table 9; a B-value 

for the red curve was found to be 0.08 s.  

 Flemion, though not as commercially popular as Nafion, is also a widely-available 

commercial IPMC material, and is very similar to Nafion in its structure.[12] The tip-displacement 

angle data shown in Figure 29.d was extracted from a composite image of a Flemion film bending 

under 3 V DC for 210 s.[10] Again, Eq. (3.1) and Eq. (3.3) fit the experimental data very closely 

for both representations of the data. The B-value are shown in Table 9 and is comparable to the 

PEO films.  

 Finally, the adaptability of this model is displayed through the fitting results shown in 

Figure 29.e-f. As mentioned, in this study the conducting polymer, PPy, sandwiched an ion-

infused PVDF layer and the swelling of the PPy layers, when electrically stimulated, generated a 

bending actuation.[11] Conducting polymers are defined as a separate type of EAP and thus the 

ability of Eq. (3.1) to fit the prescribed data outlines the flexibility of this model to characterize 
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bending EAP actuators more generally. The fitted data was obtained from the researchers gray-

box simulation results where they tracked the motion of 16 points along the length of the PPy EAP 

and simulated this motion through a numerical, electro-mechanical optimization technique to 

measure the whole-body actuation process of the EAPs. The fitted results shown in Figure 29.e-f 

were for the tip of the actuator, but it was found that Eq. (3.1) and Eq. (3.3) could also fit the data 

represented by the other 15 points that were tracked. Time constants are shown in Table 9 and 

ranged from approximately 4 s for the 0.25 and 0.5 V tests, then 5 s for the 0.75 s test, and finally 

7 s for the 1.0 V test, which describes larger actuation responses for the samples with increasing 

applied voltage. 

Table 9: Fitted Parameters for Nonlinear and Linear Regressions 

   Eq. (3.1) 

(nonlinear fitting) 

Eq. (3.3) 

(linear fitting) 

 Salt V 

(𝐷𝐶) 

B  

 (𝑠) 

𝜃𝑚𝑎𝑥 

 (°) 

𝑠𝑚𝑎𝑥 

(%) 

B 

(𝑠) 

𝜃𝑚𝑎𝑥 

(°) 

𝑠𝑚𝑎𝑥 

(%) 

PEO 1.0 wt.% LP 4.0 16 102 0.31 16 105 0.31 

 2.5 wt.% LP 4.0 19 170 0.51 17 160 0.52 

 5.0 wt.% LP 4.0 28 350 0.97 18 280 0.91 

PVDF 15 wt.% CoPH 4.0 2.0 290 0.39 1.2 220 0.30 

Nafion †∗ Simulated 1.5 10 135 -- 10 136 -- 

 Experiment 1.5 8.4 122 -- 8.1 121 -- 

Nafion ∗ Tf − 4.0 0.98 -- 1.2‡ 0.98 -- 1.2‡ 

Flemion ∗ TBA+ 3.0 19 260 -- 12 220 -- 

PPy ∗ Li+TFSI− 0.25 4.3 31 -- 4.0 30 -- 

  0.5 3.9 66 -- 3.8 66 -- 

  0.75 4.9 110 -- 4.8 110 -- 

  1.0 7.0 190 -- 5.6 176 -- 

 †salt not listed, ‡normalized, fitted strain, ∗data provided was fitted from published 

actuation data referenced elsewhere in this study 

 

The generalization of a simple, easy to use fitting model for IPMC EAP actuators was 

conducted in this research. The usability of this model was extended from fitting two IPMCs to 

four IPMCs and also bridging the potential of the fitting form to other bending EAP actuators, 

namely the conducting polymer, polypyrrole. The ease through which this equation can be applied 

to EAP performance makes this a powerful black-box model. Future work is aimed at extending 

the model to more of a gray box model with comparing physical laws so as to characterize more 

of the actuators physical parameters, like viscosity, terminal velocity, and diffusion coefficient. 
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Taking into consideration the dimensions of the films (~54.5±5 µm for 5 ml solution-cast 

samples and ~32 µm for the 3 ml of solution used for the PVDF samples) and their 

electromechanical actuation performance, and based on their Young’s modulus their 

corresponding elastic energy density can be calculated using Eq. (2.10). For the composites 

without NCC this was calculated to be ~1.6 J/kg which is similar with other reports.[13] The 

composites with 1.5 vol.% NCC exhibit an energy density (~3.5 J/kg) more than two times higher 

than the composites without NCC. All of these are much higher than the elastic energy density 

obtained in cellulose-based actuators (0.84 J/kg)[14] and much higher than the energy density 

obtained in the EAPs made of hydrogels (~0.006 J/kg).[15] It was reported that the net energy 

density for biological muscle is 0.2 - 40 J/kg.[16] Thus, the energy density observed in the PEO-

NCC biodegradable composites is within the requirement for artificial muscle actuators. The 

calculated energy densities for the EAPs tested in this study are listed in Table 10.  

Table 1, discussed earlier, lists energy densities for various other EAPs, including values 

found here; Figure 20 also contains the performance data from Table 10 and illustrates the 

performance of the PEO-based and PVDF actuators created in this study in comparison to other 

EAPs. 

Table 10: Fitted and Calculated Properties for PEO-NCC Composites with Various 

Concentrations of LP and NCC 

 Salt/NCC Content V 

(𝐷𝐶) 

𝑌𝑚 

 (𝑀𝑃𝑎) 

𝑠𝑚𝑎𝑥 

(%) 

𝑊  
(𝑘𝐽/𝑚3) 

𝑊 

(~𝐽/𝑘𝑔) 

PEO 1.0 wt.% LP 4.0 312 0.31 1.31 1.15 

2.5 wt.% LP 4.0 248 0.51 2.36 2.07 

 5.0 wt.% LP 4.0 92.9 0.97 4.36 3.83 

PEO w/ 5.0 

wt.% LP 

1.0 vol.% NCC-H2SO4 4.0 125 0.91 5.54 4.87 

1.5 vol.% NCC-H2SO4 4.0 112 1.47 12.1 10.6 

2.5 vol.% NCC-H2SO4 4.0 154 1.06 8.60 7.61 

7.5 vol.% NCC-H2SO4 4.0 316 0.11 0.20 0.171 

1.0 vol.% NCC-HCl 4.0 176 0.84 4.72 4.15 

2.5 vol.% NCC-HCl 4.0 339 0.35 0.954 0.838 

5.0 vol.% NCC-HCl 4.0 454 0.18 0.372 0.327 

7.5 vol.% NCC-HCl 4.0 501 0.076 0.090 0.080 

PVDF 15 wt.% CoPH 4.0 476 0.39 3.66 2.52 
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3.7   Comparison of Arrhenius-Based Model with Other Published Models Concerning 

Previously Published EAP Data 

To further confirm the applicability of the Arrhenius-Based Model for general use with 

EAP actuation, this section will display the Arrhenius-Based Model along with the published 

models described in Chapter 1 to the previously-published actuation data displayed in the previous 

section. Again, a lot of models have been proposed to describe the time-dependent nature of ionic 

EAP bending actuation, but this section will show how the compact form of the model presented 

in this study, with only two fitting parameters, can accurately describe the three-phased slow, 

steady, and saturated response of the displayed EAPs better than the other presented models. 

Published fitting models utilized from Chapter 1 are: Xiao-Bhattacharya, Montazami, Jain, Shi, 

and an approximated Chen model with a prescribed Arrhenius fitting and linear fitting F(t) 

(described in Chapter 1). With the data fitted with the Chen model, is that the published report 

introducing it does not identify exactly the F(t) utilized at the tip of the film to generate the bending 

actuation within the film. Therefore, a linear and Arrhenius representation of this force was 

utilized. Thus, through inspection of the fitted results, it can be seen how well and how poorly this 

particular model is. 

Figure 30 displays a recreation of published Nafion actuation data.[8, 9] As can be seen 

from Figure 30.a, except for the linear form of the Chen model, This fitting was interesting, 

because the Xiao-Bhattacharya, Montazami, Jain, and Shi models fit the steady to saturation data 

very well, with a correlation very near to the Arrhenius-Based Model presented in this dissertation. 

However, there is an experimental discontinuity with the recorded experimental data published in 

the study. For data recorded under about 0.5 s, there is a step in the data that does not seem to flow 

smoothly with the rest of the data. In an attempt compare the fittings as accurately as possible with 

the majority of the experimental data, the strain response under 0.5 s was estimated (as shown by 

the blue circles in Figure 30). Upon examination of Figure 30.b, it can again be seen that the 

majority of the models fit the experimental data very well up until the discontinuity. However, 

with the estimation of the short-interval strain, it can be seen that the Arrhenius-Based Model fits 

the data the most closely (note: the Arrhenius-Based Model was only fitted against the 

experimental data; fitting against that and the estimated strain would only make the fitting that 

much closer). It can be concluded from this that the Arrhenius-Based Model fits the Nafion 

experimental data most closely. 
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Figure 30: Fitted Nafion EAP actuation data using multiple models 

Figure 31 displays a recreation of published Flemion actuation data.[10] Through 

inspection of Figure 31.a, it can be seen that the most of the models generally fit the experimental 

data very well. However, upon analysis of the linear representation of the actuation data, as shown 

in Figure 31.b, it is very clear that the Arrhenius-Based Model does a better job at portraying the 

slow, steady, and saturated response of the actuators. The apparent discrepancies between the other 

models and the slow response, is very clear in Figure 31.b. 
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Figure 31: Fitted Flemion EAP actuation data using multiple models 

Figure 32 displays a recreation of Polypyrrole actuation data. As with the previous two 

fittings of published data, the majority of the models fit the steady and saturated actuation response 

of the conducting-polymer EAP, as illustrated in Figure 32.a. However, upon linearizing the data, 

wherein the slow response is the focus (Figure 32.b), all but the Arrhenius-based model do well 

with describing the full time-dependence of the actuator response.  



87 

 

0 5 10 15 20 25 30 35

0

30

60

90

 Bass

 Xiao-Bhattacharya

 Montazani

 Jain

 Shi

 Chen (Arrhenius)

 Chen (Linear)

 

 

T
ip

 D
is

p
la

c
e

m
e

n
t 
A

n
g

le
 (

o
)

Time (s)

Polypyrrole tested at 0.75 V DC

a)

Bass model is under 

Chen (Arrhenius)

0.0 0.1 0.2 0.3 0.4 0.5
2.0

2.5

3.0

3.5

4.0

4.5

 Bass

 Xiao-Bhattacharya

 Montazani

 Jain

 Shi

 Chen (Arrhenius)

 Chen (Linear)

 

 

ln
(T

ip
 D

is
p

la
c
e

m
e

n
t 
A

n
g

le
)

1/t (s
-1
)

b)

Polypyrrole tested at 0.75 V DC

 
Figure 32: Fitted Polypyrrole EAP actuation data using multiple models 

As has been clearly illustrated in this section, the Arrhenius-Based Model presented in this 

dissertation, does a better job of characterizing the nonlinear: slow, steady, and saturated response 

of EAP bending actuators. In contrast, the other models presented here can only readily describe 

the steady and saturated response. This leads to the conclusion that the Arrhenius-Based Model is 

the better fitting model and it can also be used generally across multiple polymer systems. This, in 

addition, to the fitting only requiring two fitting parameters makes this a very flexible and versatile 

fitting form.  

3.7.1 Critical Comparative Analysis with Published Models 

Experimental results of the prepared PEO-based IPMCs (without NCC) are shown in 

Figure 33, where a voltage of 4 V DC was used for all the samples tested at room temperature. 

Clearly, the three actuation phases of slow, steady, and saturated are observed and labeled as I, II, 

and III, respectively, in the figure. However, the time period for each phase is different. These are 

consistent with the results reported for other i-EAPs.[17] The higher the LP concentration, the 

longer is the phase II process. The results shown in Figure 33 indicate that the response time 

increases with increasing LP content.  
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Figure 33: Time dependence of the tip-displacement angle () of PEO-LP actuators at room temperature under 4 V. The 

content of LP is indicated in figure. The time dependence of the tip-displacement angle shows three phase behavior. Three 

phases are labeled as I, II, and III. 

The experimental results shown in Figure 33 are fitted using Eqs. (1) – (3), denoting the 

use of the Montazami [Eq. (1.6)], Jain [Eq. (1.14)], and Shi [Eq. (1.15)] models, respectively, 

with the time dependence of the tip displacement angle described with a y for the IPMCs. It is 

found that all three models can fit the experimental results as shown in Figure 34.a, where the 

sample with 2.5 wt.% LP is presented as an example. However, it is found that all three models 

cannot fit the results well at the beginning (i.e. phase I process and earlier phase II process). 

Clearly, the fitting results for Eq. (4) are significantly better for the experimental data in this time. 

0 30 60 90 120 150
0

30

60

90

120

150

 Eq. (4)

 Eq. (1)

 Eq. (3)

 

 


 (

 o
 )

Time (s)

(a)

 Eq. (2)

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

ln
(

)

-1

0

1

2

3

4

5

1/t (s
-1
)

0 30 60 90 120 150
2.5

3.0

3.5

4.0

4.5

5.0

 

ln
(

m
a
x
 -

 
)

Time (s)

(b)

 

 Eq. (4)

 Eq. (1)

 Eq. (2)

 Eq. (3)

 

Figure 34: (a) Time dependence of the tip-displacement angle of PEO with 2.5 wt.% LP under 4 V at room temperature 

with the fitting curves using different equations and the plot of log(θ) vs. 1/t with the fitting curves. (b) The plot of 

ln(ymax –y)  vs. t. 
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To further analyze the results, the fitting constants for each equation are presented in Table 

11. By physics, it is expected that the change in the fitting constants should somehow reflect the 

change in the LP content and the sign of every fitting constant should be the same for all i-EAPs. 

In other words, as the LP content increases, a fitting constant should either decrease or increase, 

but would not change its sign. For Eq. (3), it is found that Q increased with LP content, while a 

and b both decreased. However, the sign of fitting constant b changes from positive for samples 

with 1.0 and 2.5 wt% LP to negative for sample with 5.0 wt.% LP, which is against the physics of 

i-EAPs. For Eq. (2), it is found that the value of b increases and, then, decreases with increasing 

LP content, which is against the physics of i-EAP. It is also found that the increase (~1.2 times) in 

the value of a from samples with 2.5 wt% LP to 5.0 wt % LP is three orders lower than that 

(~1.2x103 times) from samples with 1.0 wt.% LP to 2.5 wt.% LP, which is unreasonable 

considering the change in LP content. Additionally, the fitting results from Eq. (3) show some 

reduction in the actuation with time. That is, after 120 s, the fitting response decreases with time, 

which is against the experimental results and the physics of i-EAPs. Actually, both Eq. (2) and (3) 

show something contradictory to the physics of i-EAPs. For Eq. (2), one can get that the actuation 

initially increases from zero with time and, then, decreases with time and eventually reaches to 

zero, which is certainly against the experimental results and physics of i-EAPs. Equation (3) 

indicates that the actuation initially increases from zero with time and, then, decreases slightly 

with time and, finally, increases with time. The final stage from the linear term of Eq. (3) results 

in an infinite actuation, which is again unreasonable by the physics. Therefore, one may conclude 

that both Eq. (2) and (3) are invalid to characterize the time dependence of the actuation observed 

in i-EAPs.  

Table 11: Fitting constants used in Eqs. (1) – (4) to fit the results shown in Figure 33. 

LP 

content 

(wt.%) 

Eq. (4) Eq. (1) Eq. (2) Eq. (3) 

Ymax 

 
  

(s) 

Ymax 

 
  

(s) 

K  

(o/s) 

a  

(1/s) 

b  

(1/s) 

Q 

(o/s) 

a 

(1/s) 

b 

(x10-3) 

1.0 104o 14.8 92o 55.7 2.25 8.80x10-6 0.023 2.9 0.036 1.50  

2.5 169o 19.7 147o 68.5 4.75 1.09x10-5 0.032 4.5 0.031 0.16  

5.0 345o 22.8 339o 66.0 5.25 1.27x10-2 0.0017 5.0 0.011 -2.20  

Regarding Eq. (1), the fitting constant shows some irregular change. For example, when 

the LP content is changed from 1.0 to 2.5 wt.%, the time constant increases from 55.7 to 68.5 

seconds. However, when the LP content is changed from 2.5 to 5.0 wt.%, the time constant 

decreases from 68.5 to 66.0 seconds. That is, the fitting time constant shows some irregular change 
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with LP content, which is unreasonable by the physics. Therefore, a new relationship/model is 

needed to characterize the time dependence of the actuation observed in i-EAPs. Considering the 

fact that all current models cannot fit the actuation in the phase I process, a new relationship/model 

is introduced as:  

𝑦 = 𝑦𝑚𝑎𝑥𝑒−𝜏/𝑡 (4) 

where,  and ymax are the time constant and maximum actuation. Here the tip-displacement angle 

() is used as the measure of the actuation. [Eq. (4) was introduced in this dissertation as Eq. (3.1), 

but is labeled as Eq. (4) here for simplicity] From a physics point of view, Eq.(4) follows the 

expectation: 1) as the time approaches to zero, the actuation is zero; 2) the actuation monotonically 

increases with time; 3) as the time approaches very long, the actuation reaches its maximum (ymax); 

4) this relationship reflects the three phase behavior in the actuation.  Similar to Eq. (1), there are 

only two fitting constants.  

The results shown in Figure 33 are fitted using Eq. (4). The fitting constants are presented 

in Table 11 and the fitting curve is presented in Figure 34.a as an example. From Figure 34.a, 

one can find that the fitting results using Eq. (4) is better is than the other three. First of all, the 

fitting results of Eq. (4) reflect the actuation during in phase I process very well. Additionally, the 

fitting constants shown in Table 11 indicate that the fitting constants of Eq. (4) coordinately 

change with the LP content. For example, the time constant increases with the LP content, which 

is consistent with the results shown in Figure 33.  

To further show the advantage of Eq. (4) over others, the fitting results using both Eq. (4) 

and (1) are again compared. Equation (4) can be written as  

ln 𝑦 = ln 𝑦𝑚𝑎𝑥 − 𝜏 𝑡⁄  (5) 

That is, the new model would result in a linear relationship between the logarithm of actuation, 

lny, and the reciprocal of time, 1/t. The plot of lny vs. 1/t is shown in Figure 34.a.  Clearly, the 

experimental results show a very good linear relationship.  However, the tendency of Eq.(1) is 

completely different with the experimental results, especially at large 1/t (i.e. the phase-I process).   

Equation (1) can be written as: 

ln(𝑦𝑚𝑎𝑥 − 𝑦) = ln 𝑦𝑚𝑎𝑥 − 𝑡/𝜏 (6) 

That is, there would be a linear relationship between the ln(ymax – y) and the time. The experimental 

results shown in Figure 33 are plotted as ln(ymax – y) vs. t. As shown in Figure 34.b, the fitting 

results of Eq. (6) do not represent the tendency of the experimental results at all.   
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The results shown in Figure 34 and Table 11 clearly demonstrate the advantage and 

correctness of Eq. (4) over other models. To further confirm it, both Eqs. (1) and (4) are used to 

analyze the electromechanical response of the samples with 2.5 wt.% LP at different temperatures 

(10, 20, 30, 40, 50oC). Both equations can fit the results obtained at each temperature. However, 

the fitting using Eq. (1) cannot reflect the electromechanical response at the beginning (i.e. the 

phase I process and earlier phase II process), which is exactly what was observed above in Figure 

34. Regarding fitting constants using Eq. (4), it is concluded that the saturated actuation (ymax) 

increases with increasing temperature and that the time constant (𝝉) decreases with increasing 

temperature. A higher temperature means that the ions in i-EAPs have greater mobility, which 

would result in a fast response or a smaller time constant. For the polymer matrix, the higher is the 

temperature, the smaller is its elastic modulus. Therefore, for the same ion accumulation in the 

PEO, a larger actuation would be obtained at a higher temperature. In other words, the fitting 

results using Eq. (4) are consistent with the physics of i-EAPs.  

To further validate applicability and universality of Eq. (4), the experimental data reported 

for two other i-EAPs are analyzed: one is Flemion and the other is polypyrrole (PPy) actuator.[10, 

11] Flemion is a commercial IPMC and has a response time of 102 s.[10] PPy is a conducting 

polymer, representing a different type of i-EAPs, and has a much fast response (i.e. a shorter 

response time).[11]  

The results shown in Figure 35.a are the electromechanical response of a Flemion actuator 

under 3 V DC,[10] while the results shown in Figure 35.b are obtained from a PPy actuator under 

0.75 V DC.[11] The experimental data shown for the Flemion films was acquired from the still 

images published in their findings while the PPy data was acquired from a time-dependent figure 

that displayed changes in tip-displacement angle. Both Eq. (1) and (4) are used to fit the 

experimental results. Again both equations can fit the experimental results, but the fitting results 

using Eq. (1) do not reflect the actuation behavior at the beginning. Additionally, both Eq. (5) and 

(6) are also used to check the tendency of the electromechanical response. In Figure 35.a, the plot 

of ln(y) vs. 1/t is presented, while the plot of ln(ymax-y) vs. t is presented in Figure 35.b. Again the 

experimental results show that Eq. (5) can well describe the electromechanical response of i-EAPs. 

These results again show the advantage of Eq. (4) over Eq. (1).  
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Figure 35: (a) Time dependence of the tip-displacement angle of Flemion, tested at 3 V, with fitting curves using Eq. (1) 

and (4) and the plot of the log(θ) vs. 1/t. (b) Time dependence of the tip-displacement angle of polypyrrole, tested at 0.75 

V, with fitting curves using Eq. (1) and (4) and the plot of ln(ymax –y)  vs. t.  The experimental data in (a) is from Ref [10] 

and the data in (b) is from Ref [11]. 

It is experimentally found that the electromechanical response of an i-EAP under a constant 

voltage has three phases: phase-I process – slow; phase-II process – steady increase; phase-III 

process – saturation. Current models used to describe this electromechanical response are studied 

using the experimental results obtained in PEO doped with LP with different contents. The 

shortcomings of all existing models for fitting the experimental results are discussed. Some are 

physically incorrect. All cannot reflect the electromechanical response at the beginning (i.e. the 

phase-I and earlier phase-II process). Additionally, the fitting constants are inconsistent with the 

physics. A new and reasonable model, Eq. (4), is introduced to characterize the electromechanical 

response of i-EAPs. The new relationship also provide an easy way to fit the results: a linear 

relationship is obtained by plotting the logarithm of the actuation versus the reciprocal of time. 

The correctness and advantages of the new model are also confirmed using the electromechanical 

response of the PEO-LP actuators at different temperatures. The applicability and universality of 

the new model are validated using the reported results from other i-EAPs: one is Flemion and the 

other is PPy.  

3.8   Connection of the Arrhenius-Based Model with Stokes-Einstein Model 

This section provides a further analysis of the parameters derived from fitting experimental 

data with the Arrhenius-Based Model and correlating them to physical properties that are otherwise 

difficult to obtain. To obtain the physical parameters for the time constant B in Eq. (3.1), the 

motion of the ions through the polymer matrix was modeled using the Stokes-Einstein equation 
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which describes spherical, charged particles traveling through a viscous medium with low 

Reynolds number.[18] The PEO matrix was assumed to be this viscous medium. With the ClO4
− 

ion having a radius three times that of the Li+ (or Co2+), at 240 pm and 76 pm (or 79 pm for Co2+), 

respectively, it was assumed that the ClO4
− ion was the slower of the two ions traveling through the 

matrix. Therefore, the time it would take for this type of ion to traverse the matrix would determine 

when saturation actuation would occur for the EAP as a whole. Eq. (3.1) can be solved for the 

strain time t, as shown by Eq. (3.4); using the fitted B value and assuming a 90% actuation 

condition (𝑦/𝑦𝑚𝑎𝑥 = 0.90), the time to reach the saturated strain actuation was found to be 

approximately 5 min for the 5.0 wt.% LP with 0.0 vol.% NCC samples, which is in agreement 

with experimental results.  

𝑡 = 𝐵 ln
𝑦

𝑦𝑚𝑎𝑥
 (3.4) 

To explain this process, it was presumed that one of the last ClO4
− ions began its motion 

very close to the negative electrode, when the 4 V DC was initially applied. To contribute to the 

expansion process at the positive electrode it needed to travel through nearly the entire thickness 

of the polymer matrix, taking roughly 10 min. Assuming that the ion traveled at a steady-state 

velocity,[18] the terminal velocity of the ion can be found using Eq. (3.5). The electrostatic force 

applied to both the Li+ and ClO4
− ions due to the 4 V DC can be described with Eq. (3.6), where, 

z is the valence number, 𝑒0 is the electrical charge, and E is the applied electric field. From here, 

the effective dynamic viscosity (η) of the PEO matrix can be determined with Eq. (3.7), where, 

𝑟𝐶𝑙𝑂4− is the radius of the perchlorate ion. With the values obtained here, the Stokes-Einstein 

relation (Eq. (3.8)) for determining the apparent diffusion coefficient can be used. 

𝑣𝑡𝐶𝑙𝑂4− = 𝑡95ℎ (3.5) 

𝐹 = 𝑧𝑒0𝐸 (3.6) 

𝜂 =
𝐹

6𝜋𝑣𝑡𝑟𝐶𝑙𝑂4−
 

(3.7) 

𝐷 =
𝑘𝐵𝑇

6𝜋𝜂𝑟𝐶𝑙𝑂4−
 

(3.8) 

This new approach for modeling the strain response of the EAPs makes it possible to 

calculate physical parameters of the EAPs that previously was not possible. These properties can 

now be compared ( 

Table 12) across the various PEO and other polymer-based samples.  
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Figure 36: Comparison of apparent diffusion coefficient calculation to published data for PEO systems at varying 

molecular weights with lithium perchlorate salt added to the matrix 

The 90% actuation assumption was decided upon after reviewing the results showcased in 

Figure 36. As seen, solving Eq. (3.1) for time results in a natural log function (Eq. (3.4)). If Eq. 

(3.4) is solved for a 100% actuation condition, a nearly infinite saturation time will result, so a 

reasonable actuation performance percentage was chosen which correlated well with the observed 

experimental results. To find a reasonable actuation percentage, the apparent diffusion coefficients 

were calculated for the 1.0, 2.5, and 5.0 wt.% PEO films (without NCC) under 4 V DC for assumed 

actuations of 85%, 90%, and 95% saturation. This data was plotted as a function of viscosity-

average molecular weight (Mv) of the PEO samples used. The calculated data was plotted with 

respect to published data concerning the diffusion coefficient determination of lithium perchlorate 

in PEO films with Mv ranging from 600k Mv to 4M Mv.[19] The published diffusion coefficients 

were determined through an impedance analysis[20] and through utilizing Nernst’s relationship 

regarding the diffusion coefficient as a function of ionic mobility, where the ionic mobility was 

determined to be a function of the interstitial volume between the PEO chains in the matrix. The 

samples tested in this thesis were 100k Mv. It can be seen that the diffusion coefficient increases 

exponentially (when considering the log of the diffusion coefficient) with increasing molecular 

weight of the PEO polymer. The diffusion coefficients determined by the 90% actuation 

assumption fit reasonably well with the published data for the range of LP concentrations used in 

this study. Diffusion coefficients for saturation times of 85% and 95% were above and below, 
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respectively, those calculated for the 90% case. This made the 90% actuation case the selected 

condition for determining the apparent diffusion coefficients of the actuators. 
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Figure 37: Apparent diffusion coefficient as a function of saturation time for PEO composites with varying concentrations 

of LP and NCC 

While the determined value may not be the exact diffusion coefficient for the diffusing 

species, it does showcase the connection of the film’s mechanical actuation to the flux of ions 

through the PEO matrix, along with any accompanying additives in the matrix. For PEO films, 

analysis shows that with increasing LP concentration, that the Diffusion coefficient decreases 

while the viscosity increases. With increasing NCC concentration, this analysis is a little less 

straight forward, where the apparent diffusion coefficient fluctuates with increasing NCC content. 

Figure 37 shows the calculated apparent diffusion coefficient as a function of saturation time 

calculated under the 90% actuation condition. This is plotted for PEO composites with increasing 

LP concentration (without NCC) and for PEO composites with increasing NCC concentrations for 

both NCC created using a sulfuric-acid hydrolysis (NCC-H2SO4) process and NCC created using 

a hydrochloric-acid hydrolysis (NCC-HCl) process. The linear relationship between saturation 

time and the diffusion coefficient, for the log-log plot, is quite evident with the parameters related 

through a power-law fitting. Upon inspection of the data however, there are some peculiarities. As 

expected, with increasing LP concentration the diffusion coefficient for the PEO films goes down. 

This correlates to an increase in the viscosity of the polymer and henceforth a softer sample, which 

is corroborated through the sample synthesis process. However, the parameters seem to fluctuate 

along this line with increasing concentrations of both types of NCC. For the sulfuric-acid based 
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NCC there is a dip saturation time for the 1.5 vol.% and 7.5 vol.% samples. As described, the 1.5 

vol.% NCC concentration looks to be a sweet spot for NCC addition and resulted in an increased 

IPMC actuator performance. Whereas, the dip for the 7.5 vol.% concentration relates to the added 

stiffness of the samples from the addition of the NCC resulting in the samples reaching their 

maximum actuation at earlier times compared to other samples resulting in a relatively high 

apparent diffusion coefficient. As a reminder, this early saturation for the 7.5 vol.% samples has 

the comparatively lowest actuation results for this type of PEO-NCC composite. For the NCC-HCl 

composites, there is only a dip for the 7.5 vol.% samples, with the results being explained in the 

same manner as the sulfuric-acid based NCC composites previously mentioned. As such, it can be 

assumed that the fitting form from Eq. (3.1) and the Stoke’s Einstein model do not readily take 

into account the addition of fillers to the polymer matrix, so the accompanying results do not 

entirely follow the prescribed pattern of behavior as far as these parameters are concerned. 

Apparent diffusion coefficients were also calculated for the other EAPs referenced in this 

study for comparison, namely: Nafion, Flemion, and polypyrrole, as well as for the PVDF films 

also synthesized in this study.  

Table 12 shows the calculated apparent diffusion coefficient and dynamic viscosity, and 

their corresponding referenced diffusion coefficients. Comparing the PEO diffusion coefficients 

with those of the PEO films made from the higher Mv PEO polymer, the large increase in recorded 

diffusion coefficient for the higher Mv PEO samples may make the synthesis of IPMCs at the 

higher molecular weight be an area of interest. In some cases for polymers in  

Table 12, the referenced results used different mobile ions to calculate their results and for 

the calculated apparent diffusion coefficients, the size of the mobile ion was approximated for 

some of the polymer systems. That aside, the calculated results are very close to the published data 

for diffusion coefficients. This result lends weight to the 90% actuation performance assumption 

as well as to the use of the Stoke’s Einstein model for considering the IPMC polymer matrix as an 

electrolyte. Of note with the displayed values, it was found that the diffusion coefficient increased 

with increasing voltage (from 8.14E-14 m2/s at 4 V DC to 1.32E-13 m2/s at 10 V DC), which is to 

be expected due to the larger electrostatic driving force applied to the ions under the larger applied 

voltage. As a reference to the calculated dynamic viscosity values for the PEO-NCC composites, 

these values place the PEO-NCC films between that of chocolate syrup and ketchup, at around 10 

and 50 Pa∙s, respectively.[21] 
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Table 12: Diffusion coefficient comparison for various bending EAPs 

 Salt V 

(𝐷𝐶) 
 𝑡90 †  

(𝑠) 

𝐷 † 

(𝑚2/𝑠) 

𝜂 †  
(𝑃𝑎 ∙ 𝑠) 

PEO 

(Mv~100k) 

1.0 wt.% LP 4.0 153 1.37E-13 6.77 

2.5 wt.% LP 4.0 184 1.14E-13 8.15 

 5.0 wt.% LP 4.0 262 8.14E-14 11.4 

PEO w/ 5.0 

wt.% LP 

1.0 vol.% NCC-H2SO4 4.0 494 4.23E-14 21.9 

1.5 vol.% NCC-H2SO4 4.0 377 5.56E-14 16.7 

2.5 vol.% NCC-H2SO4 4.0 640 3.27E-14 28.3 

7.5 vol.% NCC-H2SO4 4.0 427 4.90E-14 18.9 

1.0 vol.% NCC-HCl 4.0 861 2.43E-14 38.1 

2.5 vol.% NCC-HCl 4.0 1080 1.93E-14 47.9 

5.0 vol.% NCC-HCl 4.0 1360 1.54E-14 60.1 

7.5 vol.% NCC-HCl 4.0 288 7.28E-14 12.7 

PEO[19] 

(Mv~600k) 

LP  -- -- 1.10E-12 ‡ -- 

PEO[19] 

(Mv~1M) 

LP -- -- 1.70E-11 ‡ -- 

PEO[19] 

(Mv~4M) 

LP -- -- 3.10e-6 ‡ -- 

PVDF 15 wt.% CoPH 4.0 19.1 3.85E-13 2.41 

PVDF[22] Li+ -- -- 8.06E-12 to 

2.12E-10 ‡ 

-- 

 F− -- -- 7.39E-12 to 

1.91E-10 ‡ 

-- 

Nafion ∗ ‖ Experiment 1.5 79.7 1.88E-11 0.049 

 Simulated 1.5 94.9 1.58E-11 0.057 

Nafion ∗ EMI+Tf − 4.0 9.30 7.90E-13 1.17 

Nafion[8] Tf − -- -- 3.86E-12 ‡ -- 

 EMI+ -- -- 2.73E-12 ‡ -- 

Flemion ∗ TBA+ 3.0 147 1.56E-12 0.592 

Flemion[23] Li+ -- -- 1.00E-9 to 

1.00E-11 ‡ 

-- 

PPy ∗ Li+TFSI− 0.25 40.8 2.53E-12 0.366 

  0.5 37.0 1.40E-12 0.664 

  0.75 46.5 7.41E-13 1.25 

  1.0 66.4 3.89E-13 2.38 

PPy[24] LP -- -- 4.00E-13 to 

1.75E-13 ‡ 

-- 

 †calculated value,  ‡reference value, ∗data provided was fitted from published 

actuation data referenced elsewhere in this study,  ‖no salt information provided 
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Chapter 4: Development of Charge-Distribution Based Actuation Model 

 

4 Overview 

In conjunction with the development of the simple Arrhenius-like model used to describe 

the nonlinear behavior of the IPMC films, a physics-based model is proposed which can 

characterize how the ionic flux within the EAP matrix translates into the observed bending 

behavior. This model was based off of the following major assumptions: 1) the electromechanical 

actuation (characterized by either strain, tip-displacement angle or radius of curvature) is linearly 

proportional to the charge distribution within the matrix; 2) both the cation and anion are mobile 

and initially randomly distributed within the IPMC and they will accumulate at their respective 

electrode upon electric excitation; 3) the drift velocity of the mobile ions is constant[1] and is 

proportional to valence number and ionic radius; 4) the accumulation of charge at both EAP 

electrodes causes volumetric expansion on both sides and the observed bending is due to the size 

disparity between the cation and anion causing one side of the film to have a larger expansion. 

IPMCs actuate due to the flux of ions within the polymer matrix and the overall accumulation of 

ions on either surface of the films, therefore, the time-dependent distribution of the charges within 

the film is directly related to the electromechanical actuation. The application of an electric field 

across the two electrodes creates an electrostatic force that attracts the mobile ions to their 

attracting electrodes. Also, IPMC systems consider the polymer matrix as a solid-polymer 

electrolyte[2, 3] and as such, upon excitation from an external electric field, it can be assumed that 

the ions traveling through the matrix travel at a steady-state velocity,[1] i.e. the ions travel at a 

constant drift velocity towards their respective electrodes. As mentioned previously, the Stokes-

Einstein model defines the diffusion coefficient of a charged particle traveling through an 

electrolyte as 𝐷 = 𝜇𝑘𝐵𝑇, where 𝜇 is the ionic mobility.[1] The ionic mobility can be written as 

𝜇 = 𝑣𝑑/𝐸, where 𝑣𝑑 is the ionic drift velocity and E is the applied electric field. This relationship 

further extends the third assumption to stating that both the drift velocity of the mobile ions and 

the ionic diffusion coefficients are constant for the charge carriers as they travel through the 

polymer matrix. The drift velocity, 𝑣𝑑, will be used heavily in the derivation of the ionic-flux-

based actuation model. 

Typically, IPMC actuation is characterized by stating that the size disparity between the 

anion and cation cause one side of the EAP to expand and contract, and it is through this process 
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that the observed bending occurs.[4-6] In this report, the assumption of expansion/contraction is 

adjusted, resulting in the novel approach where it is proposed that the accumulation of ions causes 

both sides of the EAP to expand. The inherent size differences between the anion and cation causes 

one side to have a larger expansion and therefore, bending occurs. This idea behind EAP actuation 

is similar to the way that bimetallic systems bend for a given temperature gradient due to dissimilar 

coefficients of thermal expansion for the two metals. Bending occurs due to one metal expanding 

further than the other with changes in temperature.   

These broad assumptions led to the initial development of the charge distribution of the 

ions within the matrix with the governing equations for this motion discussed presently. To reduce 

confusion with symbols, a 1 will be the suffix used for negative charges and a 2 will be used for 

positive charges. The equations were established on the consideration that the ionic radius 𝑟1 > 𝑟2 

(ex: 𝑟𝐶𝑙𝑂4− = 240 𝑝𝑚, 𝑟𝐿𝑖+ = 76 𝑝𝑚) which resulted in the drift velocities 𝑣2 > 𝑣1. As such, the 

saturation time for the negative charges was longer than that of the positive charges (𝑡1
𝑠𝑎𝑡 > 𝑡2

𝑠𝑎𝑡), 

due to the assumption that the larger negative charges traveled slower through the matrix than the 

positive ions (this further assumes a constant viscosity within the matrix). 

4.1   Development of Relationships for Time-Dependent Charge Distribution 

The accumulation of charge at the electrode-polymer interface was assumed to occur along 

a one-dimensional surface (Figure 38.a), therefore specific regions were noted for the 

accumulation region for each ion and the remaining thickness of the polymer matrix (in between 

the electrode interface and the dotted lines). The total charge within the matrix, for a given type of 

ion, can be denoted by Eq. (4.1), which describes the amount of charge in the bulk of the polymer 

and in the accumulation (delta 𝛿𝑖) zone. Once the polymer synthesis is completed, no more ions 

can be added to the IPMCs, therefore the number of charges present within the polymer remains 

constant throughout the actuation process regardless of where the charge is located, as described 

by Eq. (4.2), where the sample thickness ℎ = ℎ𝑡𝑜𝑡𝑎𝑙 − (𝛿1 + 𝛿2) and 𝑄𝑖 represents the total charge 

of the target ionic species. Finally, saturation time was defined as the time it would take for one 

ion to start its diffusion process at its repelling electrode and transit the entirety of the polymer 

matrix at a constant velocity. This is described by Eq. (4.3). 

𝑞1
𝑡𝑜𝑡 = 𝑞1

ℎ + 𝑞1
𝛿 (4.1) 

𝑞1
𝑡𝑜𝑡 =

𝑄1

ℎ
(ℎ − 𝑣1𝑡) + 𝑄1

𝑡

𝑡1
𝑠𝑎𝑡 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

(4.2) 



102 

 

𝑡1
𝑠𝑎𝑡 =

ℎ

𝑣1
, 𝑡2

𝑠𝑎𝑡 =
ℎ

𝑣2
 

(4.3) 

 Due to the larger, negative ions having a slower drift velocity, and therefore longer 

saturation time, it was assumed that the saturation time for the IPMC as a whole was driven by 

when all of the negative ions reached the positive electrode, since all of the faster moving positive 

ions would have already reached the negative electrode. Therefore, the boundary conditions for 

the charge distribution were based primarily off of the diffusion of the negative ion. In the 

following derivation, charge, charge-per-unit length, and effective-strain equations will be 

developed with regards to the negative ion; once derived, the positive-charge analog will be shown 

and any differences in form will be outlined. 

 

Figure 38: Idealized ionic flux under applied electric field and generalized effective strain profile for: (a) initial 

distribution of ions in polymer matrix, (b-f) constant flux of ions under an applied electric field 

 Figure 38 can be used as a visual representation of the processes going on within the IPMC 

as the charges diffuse through it under the application of an applied electric field. Through 
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inspection of Figure 38.a-c, since the ions are initially randomly distributed within the IPMC, 

there is overlap between the ions and a weighted cancelling of their contributions to actuator strain. 

The blue lines below each of the figures represent the generalized effective strain that the 

redistribution of charge would impose on the IPMC structure. As such, both sides of the film 

experience expansion wherein one side of the film will strain more, with respect to time, causing 

the observed bending actuation. Figure 38.c marks the point just before the overlap of charges and 

cancelling of strain behavior. This point is the second boundary condition (Eq. (4.5-6)) and the 

first set of equations relating to charge q and charge per unit length 𝜌 are shown below. (note: the 

free superscript notation denotes the non-overlapped charge). This overlap point is also showcased 

in Figure 38.a-b, where sample data was generated with 𝑣2 = 𝑣1 and 𝑣2 = 4𝑣1, respectively. The 

intersection of the two lines occurs at 
𝑡1

𝑠𝑎𝑡

𝑣2/𝑣1+1
. 

𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟏: 𝑎𝑡 𝑡 = 0, 𝑞1
𝑓𝑟𝑒𝑒

= 0 (4.4) 

𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟐: 0 ≤ 𝑡 ≤
𝑡1

𝑠𝑎𝑡

𝑣2/𝑣1 + 1
 

(4.5) 

𝑞1
𝑓𝑟𝑒𝑒

= 𝑞1
ℎ−𝑓𝑟𝑒𝑒

+ 𝑞1
𝛿 (4.6) 

 The amount of negative charge that becomes non-overlapped was found to be dependent 

on how fast the positively charged ion moved (and vice versa). It was assumed that there was no 

overlapping of charges when they reached the accumulation zone and reached a maximum value 

at 𝑡1
𝑠𝑎𝑡. Substituting this description into Eq. (4.7) yields: 

𝑞1
𝑓𝑟𝑒𝑒

=
𝑄1𝑣2𝑡

ℎ
+

𝑄1𝑡

𝑡1
𝑠𝑎𝑡  

=
𝑄1𝑣2𝑡

ℎ
+

𝑄1𝑣1𝑡

ℎ
 

(4.7) 

 Rearranging yields,  

𝑞1
𝑓𝑟𝑒𝑒

=
𝑄1

ℎ
(𝑣1𝑡 + 𝑣2𝑡) 

(4.8) 

 And finally, 

𝑞1
𝑓𝑟𝑒𝑒

=
𝑄1

ℎ
(𝐿1 + 𝐿2) = 𝜌1(𝐿1 + 𝐿2) 

(4.9) 

𝑞2
𝑓𝑟𝑒𝑒

=
𝑄2

ℎ
(𝐿1 + 𝐿2) = 𝜌2(𝐿1 + 𝐿2) 

(4.10) 

where, 

𝐿𝑖 = 𝑣𝑖𝑡 (4.11) 
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and represents the length of thickness that the furthest ion from its attracting electrode has traveled 

under electric excitation. 

The free charge-per-unit-length equations below extended the charge-based equations by 

considering the amount of charge located in either the bulk or accumulation zones of the matrix. 

𝜌1
𝑓𝑟𝑒𝑒

= 𝜌1
ℎ−𝑓𝑟𝑒𝑒

+ 𝜌1
𝛿 =

𝑞1
ℎ−𝑓𝑟𝑒𝑒

𝑣2𝑡
+

𝑞1
𝛿

𝛿1
 

(4.12) 

𝜌1
𝑓𝑟𝑒𝑒

=
𝑄1

ℎ
+

𝑄1

𝛿1

𝑡

𝑡1
𝑠𝑎𝑡 

(4.13) 

Manipulating Eq. (4.13), yields: 

𝜌1
𝑓𝑟𝑒𝑒

=
𝑄1

ℎ
(1 +

ℎ

𝛿1

𝑡

𝑡1
𝑠𝑎𝑡) = 𝜌1 (1 +

𝑣1𝑡

𝛿1
) 

(4.14) 

where, 𝑣1 = ℎ/𝑡1
𝑠𝑎𝑡. Finally, the charge per unit length for each ionic species, with respect to time, 

can be represented as (where 𝜌𝑖 = 𝑄𝑖/𝑙𝑒𝑛𝑔𝑡ℎ): 

𝜌1
𝑓𝑟𝑒𝑒

= 𝜌1 (1 +
𝐿1

𝛿1
) 

(4.15) 

𝜌2
𝑓𝑟𝑒𝑒

= 𝜌2 (1 +
𝐿2

𝛿2
) 

(4.16) 

From here, the behavior of the individual ionic species has to be described utilizing two 

separate boundary conditions, due to the assumption that they would travel through the matrix at 

different speeds, so therefore their particular saturation time needs to be taken into account. 

Starting with the negatively-charged ion, the next boundary condition is below (note: the setup for 

the non-overlapped charges is the same as before and since there is no overlap, the amount of free 

charge equals the total negative charge): 

𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟑: 
𝑡1

𝑠𝑎𝑡

𝑣2/𝑣1 + 1
≤ 𝑡 < 𝑡1

𝑠𝑎𝑡 
(4.17) 

𝑞1
𝑓𝑟𝑒𝑒

= 𝑞1
ℎ−𝑓𝑟𝑒𝑒

+ 𝑞1
𝛿 (4.18) 

𝑞1
𝑓𝑟𝑒𝑒

=
𝑄1

ℎ
(ℎ − 𝑣1𝑡) +

𝑄1𝑡

𝑡1
𝑠𝑎𝑡 

(4.19) 

𝑞1
𝑓𝑟𝑒𝑒

=
𝑄1

ℎ
[(ℎ − 𝑣1𝑡) + 𝑣1𝑡] 

(4.20) 

𝑞1
𝑓𝑟𝑒𝑒

= 𝑄1 (4.21) 
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 Similarly, a relationship concerning the charge per unit length can be developed showing 

the respective time-dependent charge distribution for the matrix and accumulation zone, resulting 

in Eq. (4.24). 

𝜌1
𝑓𝑟𝑒𝑒

= 𝜌1
ℎ−𝑓𝑟𝑒𝑒

+ 𝜌1
𝛿 =

𝑞1
ℎ−𝑓𝑟𝑒𝑒

(ℎ − 𝑣1𝑡)
+

𝑞1
𝛿

𝛿1
 

(4.22) 

𝜌1
𝑓𝑟𝑒𝑒

=
𝑄1

ℎ
+

𝑄1𝑡

𝛿1𝑡1
𝑠𝑎𝑡 =

𝑄1

ℎ
(1 +

ℎ𝑡

𝛿1𝑡1
𝑠𝑎𝑡) =

𝑄1

ℎ
(1 +

𝑣1𝑡

𝛿1
) 

(4.23) 

𝜌1
𝑓𝑟𝑒𝑒

= 𝜌1 (1 +
𝐿1

𝛿1
) 

(4.24) 

 The fourth boundary condition concerns the saturation of positive charge carriers. Due to 

their smaller size, compared to the negative ions, they travel faster through the polymer matrix and 

likewise, reach the negative electrode sooner than the negative ions reach the positive electrode. 

Therefore, the saturation time for the cations is shorter, yielding the following relationship for 

charge per unit length, which is the anion analog for Eq. (4.24). At 𝑡1
𝑠𝑎𝑡 (or 𝑡2

𝑠𝑎𝑡), since all charges 

are in their respective accumulation zone, 𝜌𝑖 = 𝑄𝑖/𝛿𝑖. 

𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟒: 
𝑡1

𝑠𝑎𝑡

𝑣2/𝑣1 + 1
≤ 𝑡 < 𝑡2

𝑠𝑎𝑡 
(4.25) 

𝜌2
𝑓𝑟𝑒𝑒

= 𝜌2 (1 +
𝐿2

𝛿2
) 

(4.26) 

 With regards to the charges ‘canceled out’ or overlapped charges towards the center of the 

polymer matrix, relationships governing the amount of charge in this area can also be created. 

These equations become important when concerning sample strain in the next section. Before 

excitation, it is assumed that all of the charges are in the bulk of the polymer and that an 

inconsequential amount of ions are in their respective accumulation zones. After excitation, but 

before the limit of the second boundary condition, a region of overlapped charges still exists and 

therefore, this region counters volumetric strains at the edges of the film (Figure 38.a-c). Finally, 

after the second boundary condition limit is met, there is no more overlap of charges and no more 

strain cancelling within the polymer matrix (Figure 38.d-f). Relationships for the center of the 

matrix for the second and third boundary conditions are listed below. 

𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟐: 0 ≤ 𝑡 ≤
𝑡1

𝑠𝑎𝑡

𝑣2/𝑣1 + 1
 

(4.27) 

𝑂𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑒𝑑 𝑅𝑒𝑔𝑖𝑜𝑛: 𝑞1
𝑐𝑎𝑛𝑐𝑒𝑙𝑙𝑒𝑑 = 𝑞2

𝑐𝑎𝑛𝑐𝑒𝑙𝑙𝑒𝑑 = 𝜌𝑖[ℎ − (𝐿1 + 𝐿2)] (4.28) 
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𝑂𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑒𝑑 𝑅𝑒𝑔𝑖𝑜𝑛: 𝜌1
𝑐𝑎𝑛𝑐𝑒𝑙𝑙𝑒𝑑 = 𝜌2

𝑐𝑎𝑛𝑐𝑒𝑙𝑙𝑒𝑑 =
𝑄𝑖

ℎ
= 𝜌𝑖 

(4.29) 

𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟑: 
𝑡1

𝑠𝑎𝑡

𝑣2/𝑣1 + 1
≤ 𝑡 < 𝑡𝑖

𝑠𝑎𝑡 
(4.30) 

𝑂𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑒𝑑 𝑅𝑒𝑔𝑖𝑜𝑛: 𝑞1
𝑐𝑎𝑛𝑐𝑒𝑙𝑙𝑒𝑑 = 𝑞2

𝑐𝑎𝑛𝑐𝑒𝑙𝑙𝑒𝑑 = 0 (4.31) 

𝑂𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑒𝑑 𝑅𝑒𝑔𝑖𝑜𝑛: 𝜌1
𝑐𝑎𝑛𝑐𝑒𝑙𝑙𝑒𝑑 = 𝜌2

𝑐𝑎𝑛𝑐𝑒𝑙𝑙𝑒𝑑 = 0 (4.32) 

4.2   Extending Charge Distribution Relationships to Actuator Performance 

 As mentioned, it is assumed that the strain incurred by the IPMCs resulting in the observed 

bending actuation of the films is linearly proportional to the distribution of charge within the 

polymer matrix. The relationships developed in the previous section will now be adjusted to render 

the equations unitless, resulting in functions that describe the effective strain s induced in the 

actuators by each type of charge carrier. When utilized to describe experimental strain results, a 

constant of proportionality will be used to deduce the actual strain within the EAP. 

 Another assumption laid out previously was that the IPMC bending actuation was a result 

of an, essentially, unbalanced expansion on either side of the film. This leads to there being an 

effective strain for both the negative and positive ions incurred within the matrix. The general 

process for this derivation is shown in Eqs. (4.33-34). 

𝑠1
𝑒𝑓𝑓

= 𝑠𝐿1
𝑒𝑓𝑓

+ 𝑠𝛿1
𝑒𝑓𝑓

− 𝑠1
𝑐𝑎𝑛𝑐𝑒𝑙𝑙𝑒𝑑 (4.33) 

𝑠2
𝑒𝑓𝑓

= 𝑠𝐿2
𝑒𝑓𝑓

+ 𝑠𝛿2
𝑒𝑓𝑓

− 𝑠1
𝑐𝑎𝑛𝑐𝑒𝑙𝑙𝑒𝑑 (4.34) 

The effective strain relationships were determined by taking the difference of the non-

overlapped charge in the matrix and accumulation zone with the charges in the overlapped region 

while also dividing each term by either the matrix or accumulation zone thickness, then finally 

multiplying the function by the ionic diameter over the ionic charge. Before excitation, there was 

no strain in the films, therefore:  

𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟏: 𝑡 = 0 (4.35) 

𝑠1
𝑒𝑓𝑓

= 𝑠2
𝑒𝑓𝑓

= 0 (4.36) 

 After electric excitation, combining Eq. (4.15) (or Eq. (4.16) and Eq. (4.28) with Eq. 

(4.33) as described, yields:   

𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟐: 0 ≤ 𝑡 ≤
𝑡1

𝑠𝑎𝑡

𝑣2/𝑣1 + 1
 

(4.37) 
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𝑠1
𝑒𝑓𝑓

=
𝑄1

ℎ

2𝑟1

𝑞
[
𝐿1

𝛿1
+

1

ℎ
(𝐿1 + 2𝐿2) − 1] 

(4.38) 

𝑠2
𝑒𝑓𝑓

=
𝑄2

ℎ

2𝑟2

𝑞
[
𝐿2

𝛿2
+

1

ℎ
(𝐿2 + 2𝐿1) − 1] 

(4.39) 

 Extending these results to the other boundary conditions, yields: 

𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟑: 
𝑡1

𝑠𝑎𝑡

𝑣2/𝑣1 + 1
≤ 𝑡 < 𝑡𝑖

𝑠𝑎𝑡 
(4.40) 

𝑠1
𝑒𝑓𝑓

=
𝑄1

ℎ

2𝑟1

𝑞
[1 + 𝐿1 (

1

𝛿1
−

1

ℎ
)] 

(4.41) 

𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟒: 
𝑡1

𝑠𝑎𝑡

𝑣2/𝑣1 + 1
≤ 𝑡 < 𝑡2

𝑠𝑎𝑡 
(4.42) 

𝑠2
𝑒𝑓𝑓

=
𝑄2

ℎ

2𝑟2

𝑞
[1 + 𝐿2 (

1

𝛿2
−

1

ℎ
)] 

(4.43) 

 Since 𝑡2
𝑠𝑎𝑡 < 𝑡1

𝑠𝑎𝑡, a final boundary condition needs to be introduced to reflect the period 

between the two saturation times. There are no more positive charges within the matrix to 

accumulate on the negative electrode, so the effective strain is constant. 

𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟓: 𝑡2
𝑠𝑎𝑡 ≤ 𝑡 ≤ 𝑡1

𝑠𝑎𝑡 (4.44) 

𝑠2
𝑒𝑓𝑓

=
𝑄2

𝛿2

2𝑟2

𝑞
 

(4.45) 

 The effective strain induced by the accumulation of both charges can be combined for 

calculating the tip-displacement angle of the actuator as the IPMC bends. Figure 39 describes the 

geometry for determining this angle. If the IPMC is modeled as a curved trapezoid with a constant 

thickness, then the area of the trapezoid can be calculated using Eq. (4.46). From there, the tip-

displacement angle can be calculated using Eq. (4.47). This relationship enables the translation of 

the charge distribution within the IPMC to the macro-scale bending actuation. 

𝐴 =
1

2
(𝑠1

𝑒𝑓𝑓
+ 𝑠2

𝑒𝑓𝑓
)ℎ𝑡𝑜𝑡 = 2𝜋ℎ𝑡𝑜𝑡𝑠1

𝑒𝑓𝑓
− ℎ𝑡𝑜𝑡

2𝜋𝜃 
(4.46) 

𝜃 =
(𝑠1

𝑒𝑓𝑓
𝛿1)(2𝜋 − 1/2) − (𝑠2

𝑒𝑓𝑓
𝛿2)/2

𝜋ℎ𝑡𝑜𝑡
 

(4.47) 
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Figure 39: Tip-displacement angle determination for ionic-flux model 

 To test the effective strain and tip-displacement angle equations, a set of simulation data 

was created and the values used are shown in Table 13. A size coefficient of three was used in the 

table to more accurately mirror experimental results for LP in PEO since 𝑟𝐶𝑙𝑂4− ≅ 3𝑟𝐿𝑖+. Figure 

40.a shows the time-dependent effective strain for the individual ionic species. Figure 40.b shows 

the nonlinear and linear fitting results using Eq. (3.1) and Eq. (3.3) for changes in the tip-

displacement angle. As can be seen, the fitting results follow the data fairly well, however, they 

do not describe the saturation mode observed with the IPMCs when all or most of the ions have 

accumulated at their electrodes. Therefore, the effective strain relationships developed need to be 

adjusted to account for this phenomena, as will be discussed in the proceeding section. 
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Table 13: Ionic Model Simulation Data 

Total Charge - 1 𝑄1 25 C 

Total Charge - 2 𝑄2 25 C 

Individual Charge q 1 C 

Drift Velocity - 1 𝑣1 = 𝑣1
𝑖𝑛𝑖 1 dia/s 

Drift Velocity - 2 𝑣2 = 𝑣2
𝑖𝑛𝑖 3 dia/s 

Film Thickness h 5 dia 

Edge Thickness - 1 𝛿1 1 dia 

Edge Thickness - 2 𝛿2 0.333 dia 

Ionic Radius - 1 𝑟1 0.5 dia 

Ionic Radius - 2 𝑟2 0.167 dia 

Saturation Time - 1 𝑡1
𝑠𝑎𝑡 5 s 

Saturation Time - 2 𝑡2
𝑠𝑎𝑡 1.67 s 

Scaling Coefficient size coef. 3 

Redistribution 

Velocity Parameter – 1 

𝑣1
𝑖𝑛𝑖

𝑣1
𝑟∆𝑡

 
0.580 s-1 

Redistribution 

Velocity Parameter - 2 

𝑣2
𝑖𝑛𝑖

𝑣2
𝑟∆𝑡

 
0.193 s-1 
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Figure 40: (a) Time-dependent effective strain for the distribution of the individual charges without saturation condition 

and (b) resulting calculated tip-displacement angle 
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4.3   Accounting for the Redistribution of Charges at the Polymer-Electrode Interface 

 To account for the saturation behavior observed in the IPMC bending, the interactions with 

the ions at the polymer-electrode interface was examined. This interaction was modeled as a 

change-in-momentum for the ions. Charges moving through the solid-polymer electrolyte and 

encountering the electrode would come to a halt; the time to go from the particles drift velocity to 

zero is assumed to be constant (shown in Eq. (4.48)) 

𝐹𝑑 =
∆𝑝

∆𝑡
=

𝑚(𝑣𝑖
𝑓𝑖𝑛

− 𝑣𝑖
𝑖𝑛𝑖)

∆𝑡
→ 𝐹𝑑 = −

𝑚𝑣𝑖
𝑖𝑛𝑖

∆𝑡
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 𝑤ℎ𝑒𝑟𝑒 𝑣𝑖

𝑖𝑛𝑖 = 𝑣𝑖 
(4.48) 

At the polymer-electrode interface, the charges are redistributed across the interface; the 

assumption is that the ions will have an initial velocity of zero and then reach some redistribution 

velocity 𝑣𝑖
𝑟, with the redistribution force required to do this decreasing as time goes on. Also, it is 

theorized that the ions have more mobility at the interface, resulting in higher velocities achieved 

during redistribution.  

𝐹𝑟 =
∆𝑝

∆𝑡
=

𝑚(𝑣𝑖
𝑟 − 𝑣𝑟

𝑖𝑛𝑖)

∆𝑡
→ 𝐹𝑟 =

𝑚𝑣𝑖
𝑟

𝑡
≠ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

(4.49) 

To maintain the saturation conditions as a unitless parameter and to remove the need to 

know the mass of the ion, a ratio of the described drift force to the redistribution force was 

conducted. This ratio was subtracted from the 𝑠𝑖
𝑒𝑓𝑓

 relationships. It was found that through taking 

the square of this ratio that the negative from the 𝐹𝑑 equation was nulled and that, while staying 

within the saturation time, the results of adding this parameter provided results that very closely 

resembled those seen by the actuators.  

𝑠𝑖
𝑒𝑓𝑓

= 𝑠𝑖
𝑒𝑓𝑓

− (
𝐹𝑑

𝐹𝑟
)

2

= 𝑠𝑖
𝑒𝑓𝑓

− (
−𝑣𝑖

𝑖𝑛𝑖𝑡

𝑣𝑖
𝑟∆𝑡

)

2

 
(4.50) 

Of note is that neither 𝑣𝑟
𝑓𝑖𝑛

 or the ∆𝑡 for determining the time it takes for the charges in the 

electrolyte to come to a halt at the electrode interface were assumed to be known. When 

incorporated into the test data, it was assumed that the product of these two parameters was some 

constant. Adjusting this product yields that 𝑣𝑟
𝑓𝑖𝑛

 is more than likely greater than 𝑣𝑖
𝑖𝑛𝑖, which could 

be explained through reasoning that the charges have a little more freedom to move near the 

electrode than in the polymer matrix. 
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𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟏: 𝑡 = 0 (4.51) 

𝑠1
𝑒𝑓𝑓

= 𝑠2
𝑒𝑓𝑓

= 0 (4.52) 

𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟐: 0 ≤ 𝑡 ≤
𝑡1

𝑠𝑎𝑡

𝑣2/𝑣1 + 1
 

(4.53) 

𝑠1
𝑒𝑓𝑓

=
𝑄1

ℎ

2𝑟1

𝑞
[
𝐿1

𝛿1
+

1

ℎ
(𝐿1 + 2𝐿2) − 1] − (

−𝑣1
𝑖𝑛𝑖𝑡

𝑣𝑟
𝑓𝑖𝑛

∆𝑡
)

2

 
(4.54) 

𝑠2
𝑒𝑓𝑓

= {
𝑄2

ℎ

2𝑟2

𝑞
[
𝐿2

𝛿2
+

1

ℎ
(𝐿2 + 2𝐿1) − 1] − (

−𝑣2
𝑖𝑛𝑖𝑡

𝑣𝑟
𝑓𝑖𝑛

∆𝑡
)

2

} ∗
𝑟2

𝑟1
 

(4.55) 

𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟑: 
𝑡1

𝑠𝑎𝑡

𝑣2/𝑣1 + 1
≤ 𝑡 < 𝑡𝑖

𝑠𝑎𝑡 
(4.56) 

𝑠1
𝑒𝑓𝑓

=
𝑄1

ℎ

2𝑟1

𝑞
[1 + 𝐿1 (

1

𝛿1
−

1

ℎ
)] − (

−𝑣1
𝑖𝑛𝑖𝑡

𝑣1
𝑟∆𝑡

)

2

 
(4.57) 

𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟒: 
𝑡1

𝑠𝑎𝑡

𝑣2/𝑣1 + 1
≤ 𝑡 < 𝑡2

𝑠𝑎𝑡 
(4.58) 

𝑠2
𝑒𝑓𝑓

= {
𝑄2

ℎ

2𝑟2

𝑞
[1 + 𝐿2 (

1

𝛿2
−

1

ℎ
)] − (

−𝑣2
𝑖𝑛𝑖𝑡

𝑣2
𝑟∆𝑡

)

2

} ∗
𝑟2

𝑟1
 

(4.59) 

𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑪𝒐𝒏𝒅𝒊𝒕𝒊𝒐𝒏 𝟓: 𝑡2
𝑠𝑎𝑡 ≤ 𝑡 ≤ 𝑡1

𝑠𝑎𝑡 (4.60) 

𝑠2
𝑒𝑓𝑓

= [
𝑄2

𝛿2

2𝑟2

𝑞
− (

−𝑣2
𝑖𝑛𝑖𝑡

𝑣2
𝑟∆𝑡

)

2

] ∗
𝑟2

𝑟1
 

(4.61) 

 

Eqs. (4.51-61) showcase the final effective strain relationships utilized for characterizing 

the charge distribution of ions within the polymer matrix and their contribution to the observed 

actuation response, with a scaling factor attributed to the 𝜀2
𝑒𝑓𝑓

 functions. Figure 41.a-b show the 

nonlinear and linear fitting results (using Eq. (3.1) and Eq. (3.3), respectively) using the simulation 

data provided in Table 13. With 𝑣𝑟
𝑓𝑖𝑛

 and ∆𝑡 unknown for the redistribution, it was determined 

that this would be an empirically derived term and is therefore lumped into the redistribution 

velocity parameter, as shown in the table. The ability for both the Arrhenius-based and the charge-

distribution models to marry one another with this simulated data lends credence to both models. 

As such, their use with experimental data will prove to make for these being very powerful fitting 

forms. 
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Figure 41: (a) Time-dependent effective strain for the distribution of the individual charges with saturation condition and 

(b) resulting calculated tip-displacement angle 

4.4   Fitting Experimental Results 

With the demonstrated ability of the charge-distribution model to generate data that can 

effectively describe the nonlinear behavior observed by the bending IPMC actuators using an 

idealized set of simulation data, as with the Arrhenius-like model, effort was placed with 

translating the charge-distribution model into one that could also fit the gathered experimental 

data. In doing so, more validity will be added to the ability of the charge distribution model to 

describe the processes going on within the IPMC actuators that result in bending. Specifically, the 

fitting of experimental data validates the novel assumption that both sides of the film expand under 

electric excitation, which is counter to the accepted theory that one side expands while the other 

contracts, as stated earlier. This section will showcase the ability of the charge-distribution model 

to simulate the actuation performance of various polymer systems, including: PEO, PVDF, Nafion, 

Flemion, and Polypyrrole. Figure 42 illustrates the modeling of PEO-NCC composites with 5 

wt.% LP and 1.5 vol.% NCC. It can be seen that both the Arrhenius-based and charge-distribution 

model fit the experimental data very closely, both with the linear and nonlinear fitting. The figure 

also provides inserts of the actual composite and its time-dependent displacement at various time 

steps during actuation. The drift velocities utilized in the charge-distribution model were taken 

from the fitted Arrhenius-based model. Saturation time was calculated from that fitting and used, 

with the sample thickness, to estimate the ionic drift velocity for the larger anion. The amount of 
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charge within the polymer matrix was calculated from the wt.% ionic salt used per sample and the 

sample dimensions. 
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Figure 42: Experimental Results of PEO-NCC composite with 5.0 wt.% LP and 1.5 vol.% NCC, simulated with the 

charge-distribution model and fitted with Arrhenius-based model; inserts show observed IPMC performance during 

actuation 

4.4.1 PEO-Based IPMC Results 

 As described in previous sections, the Arrhenius-based model does well with fitting the 

nonlinear, time-dependent response of the IPMC EAPs. Here, the results of utilizing the charge-

distribution model is overlaid onto the experimental results for multiple PEO-based results. As 

will be seen, the fitting results for both models represent the experimental data very well. Figure 

43.a-c illustrate the fitting results for the non-NCC PEO film at various LP wt.%.    
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Figure 43: Fitting of both the Arrhenius-based model (solid line) and charge-distribution model (red points) for PEO with 

experimental data (black points): (a) 1.0 wt.% LP, (b) 2.5 wt.% LP, and (c) 5.0 wt.% LP 

Figure 44.a-b illustrate the results for utilizing both fitting models for PEO-NCC composites with 

5.0 wt.% LP and varying concentrations of LP. 
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Figure 44: Fitting results for PEO with vol.% NCC concentrations of (a) 1.5 and (b) 7.5 vol.% 

Figure 45.a-b illustrate the results for utilizing both fitting models for non-NCC PEO-based films 

which were subjected to testing under varying voltages.  
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Figure 45: Fitting results for non-NCC PEO films under varying applied voltages 

 As can be seen by all of the figures, the two developed actuation models represent the 

observed actuation phenomena very well and under various conditions. Figure 46 shows a 

compilation of PEO-based composites and their representative Arrhenius-Based Model and 

Charge-Distribution model fittings for samples with increasing wt.% LP and increasing vol.% 

NCC. The insets describe the actuation performance commensurate with the data points. It is clear 

that the Charge-Distribution model can accurately represent the experimental data as closely and 

precisely as the Arrhenius-Based Model. This result makes for both models being able to readily 

describe the time-dependent actuation performance of the PEO-based IPMCs. 
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Figure 46: Charge-Distribution and Arrhenius-Based Model fitting of experimental data for PEO-based IPMCs 

4.4.2 Results for Other Polymer-Based Systems 

Similar to the PEO-based IPMCs, the Arrhenius-based model does well with fitting the 

nonlinear, time-dependent response of other polymer systems; including both IPMC and 

conducting-polymer bending actuators. Here, the results of utilizing the charge-distribution model 

is overlaid onto the experimental results for multiple polymer systems. Experimental results were 

obtained for the PVDF films whereas information on Nafion, Flemion and the conducting polymer, 

PPy were obtained and redrawn from previously published worked, as mentioned. As will be seen, 

the fitting results for both models represent the experimental data very well. Figure 47 illustrates 

the fitting results for the PVDF with 15 wt.% CoPH. Of note is that the nonlinear simulation tracks 

the experimental data fairly well, but tends to lag behind the empirical results, which is more 

readily inferred from the linear regression. This could be due to the short timeframe through which 

actuation occurred or the fact that there were twice as many perchlorate ions to cobalt ions in the 

matrix (𝐶𝑜2+ versus 𝐶𝑙𝑂4
−).     
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Figure 47: Fitting results for PVDF IPMC with 15 wt.% CoPH 

 The remainder of the figures shown in this section deal with experimental data pulled from 

published literature and are redrawn here for the purpose of displaying the adaptability and 

functionality of the two fitting forms, specifically in this case the charge-distribution model. As 

such, the data pulled from the publications is not perfect due in part to the error involved with 

obtaining the data from the published figures and with those authors posting data that was 

concerning phenomenon specific to their research and not necessarily for the study of the time-

dependent nature of the film’s actuation behavior. Therefore, refinements in sample data that may 

have otherwise been examined or added as to how well it describes the actual observed EAP 

response may not have been conducted and thus the larger disparity between their results and the 

simulated fitting results. In addition, liberties were taken with estimating the number of charge 

carriers within the polymer matrix as no information on ionic concentration within the final films 

was mentioned. Accurately estimating the amount of free charge carriers for the given sample 

thickness was essential for utilizing the charge-distribution models for the following fitting results. 

 Figure 48 displays the recreated experimental data and fitting results for a study on Nafion 

films.[7, 8] The simulated charge-distribution model follows along the experimental data fairly 

well as with the fitted Arrhenius-model curve. Of note is for results shown for under about 0.75 s. 

Here there is a reported step in the data, of which was not explained in the report. This step is 

likely due to sensitivity issues with their actuation recording device and not actual sample data. 
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Figure 48: Fitting results for Nafion IPMCs; experimental data redrawn from ref[7, 8] 

 Figure 49 displays the fitting results for experimental data extracted from a study on 

Flemion EAPs utilizing TBA+ as the mobile ion.[9] Data was pulled from a set of images showing 

the time-dependent actuation response of the actuators across eight compiled images. Tip-

displacement angles were extracted from these angles and used for the fitting results. As can be 

seen, the charge distribution closely aligns with the experimental results, but undershoots them at 

small time intervals. 
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Figure 49: Fitting results from Flemion IPMCs; experimental data redrawn from ref[9] 

Figure 50 illustrates how both the Arrhenius-based model and the charge-distribution 

model can be extended from use with IPMC EAP bending actuators to other types of EAPs, 

namely the conducting polymers, polypyrrole. Here, experimental data from a study on 
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polypyrrole bending actuators was redrawn.[10] Data was extracted from time-dependent tip-

displacement curves for the actuators. The researchers tracked 16 points across the films and the 

data in the figure represents those at the tip of the figure, though the fitting was found to be valid 

for each of the 16 points along the actuator. As such, a very good fitting results for both the 

Arrhenius-based and charge distribution models.  
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Figure 50: Fitting results from the conducting polymer, PPy; experimental data redrawn from ref[10] 

4.5   Fitting Parameter Results 

Table 14 displays the fitting parameters used in applying the charge distribution model to 

the experimental data shown in the preceding set of figures. ℎ is the sample thickness, and 𝛿1 and 

𝛿2 are the respective accumulation zone thicknesses for the anion and cation, respectively. The 

𝑣𝑖
𝑖𝑛𝑖/𝑣𝑖

𝑟∆𝑡 parameter can be described as a redistribution parameter for the ions as they reach their 

respective electrode-matrix interface. And finally, it was mentioned as one of the assumptions of 

the charge distribution model that the actuation performance (i.e., the tip-displacement angle) was 

linearly proportional to the modeled ionic redistribution. Therefore, 𝑚𝑖 and 𝑏𝑖 represent the scaling 

factors for the effective strain response of the anion and cation, respectively, for the calculation of 

the tip-displacement angle. Of note is that 𝑏2, for the cation, was set to zero; in trying to determine 

a usable value for this parameter, from dataset to dataset, the results were always very small, so 

this parameter was assumed to be zero. 

Through inspection of the accumulation zone data, it can be seen this zone decreased with 

increasing wt.% LP for the PEO samples, but then nearly doubles with the addition of NCC. This 

may be the result of some of the transiting ions being impeded by the cellulose structure. The 
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accumulation zones were also seen to increase with increasing applied voltage. These results 

indicate that the actuation performance may also be inherent to the behavior of the PEO matrix 

itself in response to the increased electric field and not just solely on volumetric expansion 

generated by the accumulated ions at the matrix-electrode interface. A larger applied electric field 

would result in a faster moving ion, effecting a more widespread area in a shorter period of time, 

creating a larger effective accumulation zone and faster actuation response. The actuation response 

of IPMCs would thus be comprised of two responses; 1) volumetric expansion on either side of 

the IPMC due to the accumulation of ions and 2) a reactionary matrix response due to the incident 

ions on the polymer chains within the matrix. While 1) is an intuitive response, evidence of 2) can 

be seen by the relaxation response that can be seen in some IPMC actuators, like Nafion.[11] This 

relaxation was also evident in the PVDF films tested in this study. After the initial actuation 

response, which is the focus of their study in this report, the films can relax up to 50% of their 

initial performance while still under an applied voltage and can even recoil back to their original 

position in under 30 s when the external excitation is removed. The variation in the described 

accumulation zones therefore works as a way to begin to quantify this two pronged actuation 

response of IPMC actuators.   

Also of interest concerning the accumulation zone parameter is its temperature influence. 

For the 2.5 wt.% PEO IPMCs, there was an initial increase from 0 oC up to 30 oC and then a 

decrease in the parameter with increasing temperature thereafter, while when compared to Figure 

25, there is a constant increase in actuation performance. This could be due to an increased 

flexibility of the PEO chains to move with respect to one another. The other parameters in Table 

14 mirror the behavior of the accumulation zone parameter, but this specific parameter identifies 

more of the physical process at work within the IPMC and was therefore the focus. Results for 

PVDF samples and fitted results for external work is also included in the table and show the 

viability of the charge distribution model across a wide array of EAPs. 
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Table 14: Charge-Distribution Model fitted parameters 

 Salt/NCC 

Content 

V 

(𝐷𝐶) 

Ionic 

Radii 

Ratio 

ℎ 

(𝜇𝑚) 

𝛿1 

(𝜇𝑚) 

𝛿2 

(𝜇𝑚) 
𝑣1

𝑖𝑛𝑖

𝑣1
𝑟∆𝑡

 

(𝑠−1) 

𝑣2
𝑖𝑛𝑖

𝑣2
𝑟∆𝑡

 

(𝑠−1) 

𝑚1 𝑚2 𝑏1 𝑏2 

PEO w/ LP 1.0 wt.% 4.0 3.16 50.3 10.4 3.28 0.069 2.19E-2 1.80E-2 5.70E-3 0.82 0 

2.5 wt.% 4.0 3.16 56.4 6.00 1.90 0.110 3.48E-2 3.20E-2 1.01E-2 1.70 0 

5.0 wt.% 4.0 3.16 54.5 4.36 1.38 0.100 3.17E-2 6.80E-2 2.15E-2 4.50 0 

PEO w/ 5.0 

wt.% LP 

NCC-

H2SO4 

1.5 vol.% 

NCC 

 

4.0 3.16 56.5 9.81 3.11 0.040 1.27E-2 6.50E-2 2.06E-2 5.00 0 

7.5 vol.% 

NCC 

 

4.0 3.16 55.2 8.18 2.59 0.055 1.74E-2 6.50E-3 2.06E-3 0.50 0 

PEO w/ LP 

Variable 

Voltage 

2.5 wt.% 4.0 3.16 56.4 6.77 2.14 0.065 2.06E-2 5.60E-2 1.77E-2 2.50 0 

2.5 wt.% 8.0 3.16 56.4 9.02 2.86 0.090 2.85E-2 4.00E-2 1.27E-2 2.00 0 

2.5 wt.% 10 3.16 56.4 10.2 3.21 0.078 2.47E-2 3.50E-2 1.11E-2 1.60 0 

PEO w/ LP  

Variable 

Voltage 

5.0 wt.%  4.0 3.16 54.5 4.36 1.38 0.071 2.25E-2 1.00E-1 3.17E-2 6.50 0 

5.0 wt.%  8.0 3.16 54.5 5.18 1.64 0.170 5.38E-2 7.00E-2 2.22E-2 4.50 0 

5.0 wt.%  10 3.16 54.5 6.54 2.07 0.330 1.05E-1 5.50E-2 1.74E-2 4.00 0 

PEO w/ 2.5 

wt.% LP 

Variable 

Temp. 

0 oC 4.0 3.16 56.4 0.56 0.18 0.300 9.50E-2 1.00E-3 3.17E-4 0.00 0 

10 oC 4.0 3.16 56.4 1.69 0.54 0.055 1.74E-2 2.00E-2 6.33E-3 0.25 0 

20 oC 4.0 3.16 56.4 3.10 0.98 0.058 1.83E-2 2.80E-2 8.87E-3 1.00 0 

30 oC 4.0 3.16 56.4 3.38 1.07 0.095 3.01E-2 6.80E-2 2.15E-2 3.20 0 

40 oC 4.0 3.16 56.4 5.64 1.79 0.085 2.69E-2 3.80E-2 1.20E-2 2.00 0 

50 oC 4.0 3.16 56.4 7.9 2.50 0.080 2.53E-2 3.70E-2 1.17E-2 2.00 0 

PEO w/ 2.5 

wt.% LP – 

Variable 

Thickness 

2.5 wt.% 4.0 3.16 31.8 2.07 0.66 0.165 5.22E-2 2.80E-2 8.87E-3 1.00 0 

2.5 wt.% 4.0 3.16 44.8 2.82 0.89 0.095 3.00E-2 4.20E-2 1.33E-2 1.90 0 

2.5 wt.% 4.0 3.16 58.5 2.93 0.93 0.093 2.94E-2 6.50E-2 2.06E-2 1.90 0 

2.5 wt.% 4.0 3.16 103 0.82 0.26 0.240 7.60E-2 5.00E-3 1.58E-3 0.90 0 

PVDF 15 wt.% 

CoPH 

 

4.0 3.22 32.0 3.20 0.99 2.500 7.76E-1 1.80E-2 5.59E-3 3.50 0 

Nafion †‡ Tf − 4.0 3.16* 25.0 2.75 0.87 1.500 4.75E-1 3.80E-4 1.20E-4 0.03 0 

Flemion †‡ TBA+ 3.0 3.16* 160 17.6 5.57 0.085 2.69E-2 5.00E-2 1.58E-2 3.00 0 

PPy †‡ Li+TFSI− 1.0 3.16* 60.0 5.40 1.71 0.355 1.12E-1 5.20E-2 1.65E-2 2.50 0 

 †salt radii not listed – estimated as the same ratio as the LP samples, ‡ data provided was fitted from published 

actuation data referenced elsewhere in this study, *assumed ionic ratio 

 

Table 15 displays the resulting linear fit of the Arrhenius-Based Model (Eq. (3.3)) for the 

experimental data as well as for the data generated by the charge distribution model. Through 

inspection of the fitted maximum tip-displacement angle, it can be seen that the performance 

simulated through the charge-distribution model generally aligns with that of the experimental 

results, with an average percent difference of 6.4% across all of the fitted data with 76% of the 

results below that average. The accuracy between the fitted parameters for the experimental and 

simulated charge-distribution model data provide validity for the assumptions and equations 

utilized for this model. The table references results for the majority of the PEO samples, the PVDF 
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films, as well as an excerpt of data for the externally published data spanning all of the described 

EAP systems (Nafion, Flemion, and PPy). Similar comparisons can be made across the time 

constant, B, and % strain data shown with average percent differences being as low as 5.8% when 

comparing strain data, but rising to 11% for comparing time constants. As this table comprises 

linear fitting results as opposed to the nonlinear fitting form for the Arrhenius response model (Eq. 

(3.3)), which results in more closely aligned fitting curves to the experimental data due to different 

weighting of the fitted parameters, a time constant that is reasonably close should suffice for this 

percent difference when considered in conjunction with how well the other parameters compare.  

Table 15: Fitted parameters utilizing the Arrhenius-Based Model on the experimental data 

and the simulated data generated from the Charge-Distribution Model 

  𝐵𝑒𝑥𝑝 

(𝑠) 

𝐵𝑠𝑖𝑚 

(𝑠) 
𝜃 𝑚𝑎𝑥

𝑒𝑥𝑝
 

(°) 

𝜃 𝑚𝑎𝑥
𝑠𝑖𝑚  

(°) 

𝑠𝑚𝑎𝑥
𝑒𝑥𝑝

 

(%) 

𝑠𝑚𝑎𝑥
𝑠𝑖𝑚  

(%) 

𝑅𝑒𝑥𝑝
2  𝑅𝑠𝑖𝑚

2  

PEO w/ LP 1.0 wt.% 16.2 17.0 105 99 0.26 0.25 0.992 0.996 

2.5 wt.% 17.5 20.5 160 159 0.40 0.40 0.995 0.995 

5.0 wt.% 18.3 20.2 282 272 0.70 0.68 0.986 0.972 

PEO w/ 5.0 

wt.% LP 

(NCC-

H2SO4) 

1.5 vol.% 

NCC 39.7 37.3 530 499 1.32 1.24 1.000 0.983 

7.5 vol.% 

NCC 34.6 31.5 45 42 0.11 0.11 1.000 0.973 

PEO w/ 2.5 

wt.% LP 

4 V DC 39.5 48 234 304 0.60 0.78 0.983 0.991 

8 V DC 24.3 24 281 275 0.72 0.71 0.977 0.997 

10 V DC 27.1 28 260 274 0.67 0.71 0.966 0.993 

PEO w/ 5.0 

wt.% LP 

4 V DC 46.2 38.0 388 303 0.97 0.75 0.997 0.986 

8 V DC 12.3 13.8 300 310 0.75 0.77 0.981 0.982 

10 V DC 5.37 7.29 307 342 0.76 0.85 0.990 0.985 

PEO w/ 2.5 

wt.% LP – 

Variable 

Temp. 

0 oC 40.6 39 2.6 2.6 0.01 0.01 0.587 0.991 

10 oC 112 110 31 32 0.08 0.08 0.979 0.997 

20 oC 90.4 95 47 55 0.12 0.14 0.979 0.996 

30 oC 50.2 47 112 112 0.29 0.29 0.983 0.992 

40 oC 35.8 36 162 159 0.42 0.41 0.999 0.988 

50 oC 28.2 28 213 213 0.55 0.55 0.999 0.989 

PEO w/ 2.5 

wt.% LP – 

Variable 

Thickness 

31.8 µm 32.8 41.0 190 200 0.27 0.29 0.997 0.998 

44.8 µm 51.4 55.2 160 170 0.32 0.35 0.993 0.001 

58.5 µm 69.1 61.2 140 130 0.38 0.35 0.988 0.993 

103 µm 57.5 59.9 65.2 73.7 0.031 0.035 0.9871 0.997 

PVDF 15 wt.% 

CoPH 1.35 1.84 238 265 0.35 0.39 0.978 0.992 

Nafion †‡ Tf − 1.12 1.03 -- -- 125 120 0.994 0.996 

Flemion †‡ TBA+ 12.4 17.2 216 219 1.01 1.02 0.976 0.967 

PPy †‡ Li+TFSI− 5.61 6.88 176 180 0.46 0.47 0.978 0.970 

 †salt radii not listed – estimated as the same ratio as the LP samples, ‡ data provided 

was fitted from published actuation data referenced elsewhere in this study 
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 The end result of all of these fitting parameters is the emergence of a gray-box fitting model 

that can accurately describe the electromechanical actuation response across several different types 

of electroactive polymers, for both IPMCs and conducting polymers. In contrast to the Arrhenius-

Based Model, which had two fitting parameters, s for describing strain, tip-actuation angle or 

radius of curvature and B, the time constant, with one fitting form equation that was valid for the 

entirety of the actuation response; the more detailed Charge-Distribution Model utilizes four 

independent fitting parameters (the accumulation zone width 𝛿𝑖, the redistribution parameter 

𝑣𝑖
𝑖𝑛𝑖/𝑣𝑖

𝑟∆𝑡, the linearly related sizing coefficient m, and the linear related adjustment factor b) with 

the ionic velocities coming from the experimental fitting results utilizing the Arrhenius-Based 

Model. These parameters span five separate boundary conditions and describe how the distribution 

of ions in the polymer matrix affect the overall bending actuation response. The success of the 

Charge-Distribution Model with fitting the dielectric data validates the assumptions made with 

putting the series of relationships together. The result is two viable models, the Arrhenius-Based 

and Charge-Distribution model, that can be used for describing the highly nonlinear bending 

response of IPMC EAPs, with one being very compact (the Arrhenius-Based Model) and easy to 

use for quick analysis and the other providing an insight into the inner workings of the actuators 

(the Charge-Distribution Model).  
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Chapter 5: Dielectric Analysis and Development of Dielectric Monitoring Model 

 

5 Overview  

In this chapter, an analysis of the dielectric properties of PEO-based films will be 

conducted. Concentration will be focused on the frequency and temperature dependence with how 

these materials respond to an alternating electric field. In addition, this analysis will be extended, 

introducing a novel approach to monitoring the PEO-based IPMC actuation process wherein the 

time-dependent dielectric response was monitored under an applied 4 V DC. This new 

methodology opens up the opportunity to remotely monitor actuation performance through direct 

feedback from the films themselves without the need for an external optical monitoring system. 

The end result of this is that for applications where weight is concerned, that the electromechanical 

response of these actuators could be sensed using AC dielectric readings as the films are driven 

under a larger DC load to determine the near-real time performance of the film.  

5.1   General Dielectric Analysis 

This section describes the frequency-dependent dielectric characteristics and response of 

PEO-based IPMCs without any externally applied DC electric field. Essentially, in this section the 

electromechanical actuation response of PEO-based IPMCs will not be discussed and focus will 

be on the film’s dielectric properties. These films were analyzed using two types of impedance 

analyzers and AC frequencies were ranged from either 0.1 Hz to 1 MHz or from 100 Hz to 1 MHz, 

unless otherwise specified. Films with varying concentrations of LP and NCC were submitted to 

temperatures ranging from -40 oC to 60 oC.  

Figure 51.a shows the general dielectric response from 100 to 1 kHz of a PEO sample with 

no LP or NCC in its matrix (three samples tested and averaged). Concerning electromechanical 

performance, since no LP is present within the PEO matrix there was not actuation response from 

this sample, as expected. Though the PEO polymer is a well-studied material in its own right,[1] 

further analysis of this material will be conducted in the following sections with how it compares 

to PEO samples with varying concentrations of LP and NCC. By inspection of the figure, it looks 

as though the low frequency, DC, real permittivity could be estimated to be 50 while the high 

frequency value looks to flatten to around 5. The 1 kHz real permittivity value for this film is 18.1. 

As previously illustrated in Chapter 2, there is a rapid increase in the real permittivity value for the 

PEO film below 100 Hz. An in-depth analysis of this process will be conducted in the next section. 
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Figure 51.b shows the dielectric response for a free standing sulfuric-acid-based NCC film 

with a thickness of approximately 45 µm. It was made by air drying 10 ml of NCC suspension at 

35 mg/ml at room temperature in an aluminum pan. It can be seen that the loss for this material is 

relatively low and that the real dielectric constant has a weak frequency dependence and varies 

between 3 and 5 for the given frequency range. The 1 kHz real permittivity value for this film is 

3.82.  
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Figure 51: Dielectric behavior for a) a pure PEO film and b) sulfuric acid hydrolysis based NCC film 

5.1.1   Low-Frequency Dielectric Analysis 

Figure 52.a-d show the low-frequency (0.1 Hz to 1 MHz) real permittivity, imaginary 

permittivity, dielectric loss, and Cole-Cole plot, respectively, for films with LP concentrations of 

0.0, 1.0, 2.5, and 5.0 wt.% (one sample tested). It is clear that all of these parameters increase with 

increasing LP content. It is also evident that a loss peak is generated with the addition of LP to the 

matrix and that this peak shifts to higher frequencies with increasing LP content. This peak is a 

relaxation peak and represents the frequency where the mobile ions within the matrix can no longer 

oscillate at the applied AC frequency.[2] Table 16 lists the real permittivity, imaginary 

permittivity, dielectric loss, and conductivity at the low (~DC frequency) and high (~infinite 

frequency) frequencies, as well as the values for these parameters where the loss peak is present. 
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Figure 52: Low-frequency testing of PEO films with varying LP and NCC concentrations for a) real permittivity, b) 

dielectric loss, c) imaginary dielectric constant, and d) Cole-Cole plot 

As can be seen from the table, the general trend for the real permittivity at both 0.1 Hz (the 

approximated DC permittivity) and at 1 MHz (the approximated permittivity at an infinite applied 

AC frequency) is that there is an initial increase in permittivity with increasing wt.% LP. Once at 

5.0 wt.%, the permittivities continue to increase up to around 2.5 vol.% NCC, then decrease at 5.0 

wt.% NCC, then finally increase again at 7.5 wt.% NCC. The initial increase with increasing LP 

concentrations is due to the increased conductive filler content boosting the dielectric constant.[3] 

With increasing NCC concentrations, the initial increase is likely due to the increase of mobile 

space charges donated by the NCC chains; the decrease could be explained as a the rigid NCC 

fibers beginning to inhibit the vibration of the ions; the final increase is likely due to effects from 

the NCC. The loss at 0.1 Hz follows this same trend while the dielectric loss at 1 MHz behaves in 

the opposite way where it gets larger, then smaller with increasing NCC content.  
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Table 16: Low-frequency dielectric data for PEO-based IPMC EAPs 

  Approximate Values At Loss Peak Frequency 

wt.% 

LP 

vol.% 

NCC 
𝜀𝐷𝐶

′  

(.1 𝐻𝑧) 

D 

(.1 𝐻𝑧) 

𝜀∞
′  

(1 𝑀𝐻𝑧) 

D 

(1 𝑀𝐻𝑧) 

f 

(𝑘𝐻𝑧) 

ε' D ε" σ 

(S/cm) 

1.0 0.0 3.18E5 0.466 7.26 1.27 1.26 229 9.01 2070 1.43E-6 

2.5 0.0 7.62E5 0.519 9.65 1.96 4.64 169 12.5 2120 5.72e-6 

5.0 0.0 4.73E5 0.252 9.03 2.23 7.56 89.1 20.5 1820 5.82e-6 

5.0 1.0 1.11E6 0.187 7.91 3.03 10.5 41.5 47.5 1970 8.86e-6 

5.0 2.5 1.63E6 0.210 8.06 2.92 12.3 31.2 54.6 1700 7.37e-6 

5.0 5.0 4.89E5 0.204 2.66 3.48 14.5 11.0 48.3 530 4.35e-6 

5.0 7.5 7.88E5 0.374 7.91 1.58 7.56 22.2 36.0 1370 4.77e-6 

 

5.1.2   Variable-Temperature Dielectric Analysis 

Figure 53.a-e show the real permittivity, imaginary permittivity, dielectric loss, Cole-Cole 

plot, and conductivity, respectively, for films with LP concentrations of 1.0 wt.% LP for 

temperatures from -60 oC to 60 oC at 10 oC intervals from 100 Hz to 1 MHz (one sample tested). 

Similar figures can be constructed for 2.5 and 5.0 wt.% samples, so this series of plots acts as an 

example for the other films as well. Figure 54.a showcases the 1 kHz values for all of the films 

tested under varying temperatures while Figure 54.b displays the dielectric information for how 

the loss peak and frequency of the relaxation peak change with increasing temperature. For this 

particular set of figures, there is an increase in the real and imaginary permittivities with increasing 

temperature, but the real permittivity drops when the temperature increases above 30 oC. The 

melting temperature of PEO is ~65 oC[1] and this decrease in permittivity could be attributed to 

the polymer matrix beginning to break down. Compared to the 1.0 wt.% samples, the 2.5 wt.% 

films have a larger maximum real permittivity, a comparable imaginary permittivity, comparable 

conductivities, and comparable loss peak values. Compared to the other two concentrations of LP, 

the 5.0 wt.% samples have a larger maximum real permittivity and loss peak value, and a 

comparable imaginary permittivity and conductivity compared to the other two concentrations.
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Figure 53: Temperature-dependent response of PEO films with 1.0 wt.% LP for a) real permittivity, b) dielectric loss, c) 

imaginary permittivity, d) Cole-Cole plot, and e) conductivity 
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Again, Figure 54.a tracks the real permittivity and dielectric loss at 1 kHz for each of the 

wt.% with how they change with respect to temperature. Figure 54.b tracks the imaginary 

permittivity and conductivity at 1 kHz with respect to increasing temperature. As can be seen in 

figure a, the real permittivity increases with increasing temperature, then peaks at around 20-30 

oC, then decreases as the temperature approaches the melting temperature. The loss however, 

shows a low temperature dependence until about 20-30 oC, then increases sharply, making room 

temperature the optimal operating temperature for these films. Figure b shows how the imaginary 

permittivity and film conductivity mirror each other with respect to temperature; there is a low 

temperature dependence from -60 oC to -30 oC, followed by a sharp increase in value until around 

20 oC where again the temperature dependence drops for both of these parameters. As will be 

discussed in further detail in later chapters, based on how the conductivity is defined with relation 

to the imaginary dielectric response, it should mirror the imaginary permittivity. 
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Figure 54: Temperature dependent changes in dielectric response of PEO-LP IPMCs for a) the real permittivity and loss 

and b) the imaginary permittivity and conductivity 

Figure 55 shows how the dielectric loss varies with increasing temperature. From the 

figure, it can be seen that the loss values with increasing wt.% LP are very similar, indicating that 

this behavior is independent of salt concentration and directly related to temperature, and the data 

also displays a near linear behavior when considering the log of the loss versus linear time. The 

difference between the samples comes when considering the frequency with which the loss peak 

occurs from sample to sample. For the 1.0 wt.% sample, the loss peak appears to occur at a 

continually increasing temperature while both the 2.5 wt.% and 5.0 wt.% samples both have an 

initial increase in loss-peak frequency, then they have decreasing frequency locations of the loss 

peak. 
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Figure 55: Temperature dependence of loss peak and its frequency location for PEO IPMCs with LP 

5.2   In-Depth Frequency and Temperature Dielectric Analysis 

This section will further explore the dielectric properties of the PEO-based films presented 

in this study wherein an analysis of both the frequency and temperature dependence of these films 

will be conducted in conjunction to one another. An effort will be made to connect the resulting 

parameters to the processes described previously when these materials are used as IPMCs. 

Calculations outline in Chapter 2 will be utilized here for determination of parameters such as 

relaxation time and AC conductivity.  

5.2.1   Real and Imaginary Permittivity 

 Here, an in-depth analysis of the real and imaginary permittivity will be conducted. Of 

note, is that PEO-NCC composites, containing 5.0 wt.% LP, had a dielectric response similar to 

that of the PEO-based films with 5.0 wt.% LP, but with no NCC. Therefore, the raw data from 

those tests will not be presented here. However, the analysis of the effects that NCC has on these 

films will be included. 
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Figure 56: Temperature dependence of the real permittivity response of PEO-based films containing a) 0.0, b) 1.0, c) 2.5, 

and d) 5.0 wt.% LP 

Figure 56.a-d show the temperature-dependence of the real permittivity for PEO-based 

films with varying wt.% LP. In all cases, there is an initial, large permittivity response, followed 

by a drop in permittivity spanning approximately four orders of magnitude of increasing AC 

frequency, and then the permittivity begins to level out at high frequencies. It is clear that even 

with small additions of LP, that the drop in permittivity behavior is spread across higher frequency 

ranges, compared to the non-LP film. This is a direct result of the ionic mobility with the matrix 

influencing the applied electric field. Further inspection reveals that the real permittivity decreases 

with decreasing temperature across all frequencies and LP concentrations. This is due to the 

inability of the dipoles within the material to reorient under a rapidly changing AC electric field 

as the temperature drops and ionic mobility within the polymer matrix being constricted.[4] 

 



133 

 

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

a)

Pure PEO

 

 
'

'

Frequency (Hz)

 -40 
o
C

 -30 
o
C

 -20 
o
C

 -10 
o
C

 0 
o
C

 10 
o
C

 20 
o
C

 30 
o
C

 40 
o
C

 50 
o
C

 60 
o
C

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

b)

PEO w/ 2.5 wt.% LP

 

 

'
'

Frequency (Hz)

 -40 
o
C

 -30 
o
C

 -20 
o
C

 -10 
o
C

 0 
o
C

 10 
o
C

 20 
o
C

 30 
o
C

 40 
o
C

 50 
o
C

 60 
o
C

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

c)

PEO w/ 1.0 wt.% LP

 

 

'
'

Frequency (Hz)

 -40 
o
C

 -30 
o
C

 -20 
o
C

 -10 
o
C

 0 
o
C

 10 
o
C

 20 
o
C

 30 
o
C

 40 
o
C

 50 
o
C

 60 
o
C

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

 -40 
o
C  20 

o
C

 -30 
o
C  30 

o
C

 -20 
o
C  40 

o
C

 -10 
o
C  50 

o
C

 0 
o
C     60 

o
C

 10 
o
C d) PEO w/ 5.0 wt.% LP

 

 

'
'

Frequency (Hz)

low-f relaxation

Conductivity

 
Figure 57: Temperature dependence of the imaginary permittivity response for PEO-based films containing a) 0.0, b) 1.0, 

c) 2.5, and d) 5.0 wt.% LP 

 Figure 57.a-d show the temperature dependence of the imaginary permittivity for PEO-

based films with varying concentrations of LP. Here it can be seen that there is a low-frequency 

relaxation process occurring within the samples containing LP, as is represented by the peak. This 

peak shifts to higher frequencies with increasing temperatures for all polymers. This process 

corresponds to a structural rearrangement within the polymer matrix.[5] An example of the 

identification of the low-frequency relaxation and the conductivity dominant regions for these 

films is shown in Figure 57.d. An interpretation of the slopes of the conductive region is given 

below. 
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Figure 58: Temperature-dependent slope determination of the imaginary permittivity of PEO-based composites with 

increasing a) LP and b) NCC concentrations 

Figure 58.a-b display the slope of the imaginary permittivity for PEO-based films with 

and without NCC added to them. It can be seen that the slope of the films increases with increasing 

temperature. This means that as the temperature increases, the conductive response of the films 

increases.[6] Also of note, is that the higher wt.% LP films in Figure 58.a reach steeper slopes at 

lower temperatures. This result is intuitive, since there are a larger amount of LP ions within the 

PEO matrix, which translates to a larger conductive response. For Figure 58.b, the change in slope 

values follow generally the same pattern. By inspection, it can be seen that the higher vol.% NCC 

composites lag somewhat behind their lower NCC concentration counterparts. This result will be 

described further, shortly, and is likely due to the larger activation energy required for ionic 

conduction in these films.   

In analyzing the real permittivity from the Figure 52, Figure 56, Figure 57, and Table 16, 

the universal model for relaxation in ideal dielectric materials was considered.[7] There are three 

criteria for satisfying this model of which, two of the criteria can be easily analyzed with respect 

to the experimental data. The conditions, with respect to the angular frequency 𝜔 are listed as Eqs. 

(5.1-3) and are below along with their boundary conditions. The constants n and m concern the 

sudden hopping transition of a charge or dipole and the flip-flop transitions of an oscillating charge 

or dipole, respectively.  
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1.  𝜀′(𝜔) = 𝜀"(𝜔) tan(𝑛𝜋/2) ∝ 𝜔𝑛−1, where 0 < 𝑛 < 1 𝜁 ≫ 𝜔 ≫ 𝜔𝑝 (5.1) 

2  
𝜀(𝜔) ∝ (1 +

𝑖𝜔

𝜔𝑝
)

−1

, where 𝜔𝑝 is the loss peak frequency 
𝜔 ≅ 𝜔𝑝 (5.2) 

3  𝜀(0) − 𝜀′(𝜔) ∝ 𝜀"(𝜔) ∝ 𝜔𝑚, where 0 < 𝑚 < 1 𝜔 ≪ 𝜔𝑝 (5.3) 

Condition 1 essentially states that at very high frequencies (𝜁 ≅ 1012 𝐻𝑧), the real permitty 

resolves to some final permittivity and that can be readily described by manipulating and fitting 

the imaginary permittivity or angular frequency to the data. The agreement of this condition with 

the experimental results can be seen through the inspection of Figure 52 or Figure 56, where the 

real permittivity looks to converge at some value greater than 1 at high frequencies.   

Further application of this condition was conducted and an example of how Condition 1 

applies to the PEO dielectric data is shown in Figure 59.a. This figure displays a sample set of 

real permittivity data at 30 oC for a PEO sample with 5.0 wt.% LP. The high-frequency 

convergence of 𝜀′′ tan(𝑛𝜋/2) and 𝜔𝑛−1 can be seen for frequencies over 1 MHz. The close fitting 

of this condition, for both proportionalities, was found by using an n value of 0.2. The result of 

this is that for this case, the PEO films satisfy Jonscher’s universal law for relaxation in ideal 

dielectrics. An n value of 0 indicates that charges within the system are essentially free, with 

minimal impediments, while an n value of 1 indicates that the charges are immobile and unable to 

follow changes in the applied electric potential.[7] The low n value indicates that the ions traveling 

within the matrix are relatively free to vibrate in the presence of an AC electric field. Furthermore, 

through inspection on Figure 56, it can be seen that the high-frequency response of the PEO film 

appears roughly the same for temperatures above -20 oC, indicating that the n value for this 

material is independent of temperature. 

Condition 2 relates the behavior of the complex permittivity (real and imaginary) at around 

the frequency where the dielectric loss peak occurs. This parameter cannot be easily applied to the 

current dataset and is therefore not considered in this comparison. 

Condition 3 essentially means that as the frequency lowers to near the DC condition [𝜀(0)] 

that both the difference between it and the real permittivity approaches zero and likewise, for low 

frequencies, for an ideal dielectric the imaginary permittivity experience a peak and will also 

approach zero. Upon inspection of the imaginary permittivity plots (Figure 52.c), there is the 

shoulder of a peak at around 30 Hz and then the permittivity increases again. This is believed to 

be due to the conductive component for the films. Therefore, with the current measured data, the 
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imaginary permittivity does not approach zero with decreasing frequency. The universal law 

describes the behavior of near perfect dielectrics that have an imaginary permittivity peak and a 

low conductivity response. Therefore, initial examination of the PEO-based composites would 

conclude that they do not follow this condition due to their conductive properties. 
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Figure 59: Satisfying of universal dielectric relaxation model for experimental dielectric data from a PEO-based EAP 

with 5.0 wt.% LP; a) meeting of Condition 1 for high frequencies, b) meeting of Condition 3 for low frequencies 

A further examination of the imaginary permittivity, however, yields that the PEO-based 

films do adhere to the third condition of Jonscher’s universal law. Figure 59.b displays the 

imaginary permittivity data at 30 oC for the same PEO film. Here, it is clear that there is not a peak 

present, again due to the ionic conductivity of the sample. However, the satisfaction of the 

Jonscher’s third condition can be approximated by assuming that the low-frequency side of the 

imaginary permittivity peak is symmetrical with the high-frequency side (dotted line). By doing 

this, it was found that the 𝜔𝑚 proportionality, with an m value of 0.9, condition can be met (green 

line). Unfortunately, it was not possible to manipulate the 𝜀′(0) − 𝜀′(𝜔) proportionality to have it 

be in line with the imaginary low-frequency projection. This is most likely due to the conductive 

response of the film. The m value corresponds to the ‘flip-flop’ transitions of dipoles or charge 

carriers within a dielectric under an applied AC external field.[7] A value of 1 indicates that all of 

the dipoles within a material alternate at once as the electric field switches polarity, with total 

correlation, while a value of 0 translates to uncorrelated transitions. With a determined value of 

0.9 obtained for the PEO-based films, it can be concluded that the LP ions within the matrix show 

good correlation with the switching AC field. Additionally, since the 𝜔𝑚 proportionality 

accurately represents this curve, it can be assumed that the PEO films also satisfy this condition. 

Furthermore, as described in the analysis of Figure 58.a, the slope of the imaginary permittivity 
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curve gets steeper with increasing temperature. A less steep slope would therefore necessitate a 

lower m value to fit the projected peak data. This indicates that for low temperatures, the ‘flip-

flop’ response of the dipoles within the matrix are less correlated and more randomized than when 

temperatures are higher. The satisfaction of Condition 3, in conjunction with Condition 1 being 

met, means that the dielectric response of the PEO-based films can be accurately fitted by 

Jonscher’s universal model of dielectric relaxation.    

5.2.2   Dielectric Loss 

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
-3

10
-2

10
-1

10
0

10
1

a)

Pure PEO

 

 

L
o

s
s
 (

D
)

Frequency (Hz)

 -40 
o
C

 -30 
o
C

 -20 
o
C

 -10 
o
C

 0 
o
C

 10 
o
C

 20 
o
C

 30 
o
C

 40 
o
C

 50 
o
C

 60 
o
C

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
-2

10
-1

10
0

10
1

b)

PEO w/ 1.0 wt.% LP

 

 

L
o

s
s
 (

D
)

Frequency (Hz)

 -40 
o
C

 -30 
o
C

 -20 
o
C

 -10 
o
C

 0 
o
C

 10 
o
C

 20 
o
C

 30 
o
C

 40 
o
C

 50 
o
C

 60 
o
C

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
-3

10
-2

10
-1

10
0

10
1

PEO w/ 2.5 wt.% LP

 

 

L
o

s
s
 (

D
)

Frequency (Hz)

 -40 
o
C

 -30 
o
C

 -20 
o
C

 -10 
o
C

 0 
o
C

 10 
o
C

 20 
o
C

 30 
o
C

 40 
o
C

 50 
o
C

 60 
o
C

c)

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
-2

10
-1

10
0

10
1

d)

 PEO w/ 5.0 wt.% LP

 

 

L
o

s
s
 (

D
)

Frequency (Hz)

 -40 
o
C

 -30 
o
C

 -20 
o
C

 -10 
o
C

 0 
o
C

 10 
o
C

 20 
o
C

 30 
o
C

 40 
o
C

 50 
o
C

 60 
o
C

 
Figure 60: Temperature dependence of dielectric loss peak location in PEO-based films containing a) 0.0, b) 1.0, c) 2.5, 

and d) 5.0 wt.% LP 

Figure 60.a-d show the temperature-dependence of the dielectric loss for PEO-based films 

with varying wt.% LP. The low frequency relaxation peak of the PEO film without any added LP 

is assumed to be attributed to any water remaining in the sample after solution casting. There is a 

sizeable jump in the frequency location of the loss peaks when LP is added to the PEO matrix, 

resulting in the conclusion that these loss peaks are due to the added LP in the system. It can be 
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readily seen in all figures, that the frequency location of the loss peak increases with increasing 

temperature. This is likely related to increased ionic mobility within the films enabling the LP ions 

to more easily vibrate at higher AC frequencies.  
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Figure 61: Temperature-dependence of maximum loss peak values for PEO-based composites with increasing a) LP and 

b) NCC concentrations 

Figure 61.a-b show the changes in relaxation peak values for PEO EAPs with varying 

concentrations of LP and NCC. In Figure 61.a, it is found that with increasing LP content, there 

is an increase in loss peak value. Likewise, in Figure 61.b, there is a steady increase in loss peak 

values with increasing concentrations of NCC. This infers, that the material becomes more lossy 

or energy dissipative with increasing salt and NCC content. 
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Figure 62: Fitting of temperature-dependent frequency locations of loss peaks for PEO-based films with increasing a) LP 

and ) NCC concentrations 
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Figure 62.a-b show the frequency location of the loss peaks for PEO-based films with 

varying concentrations of LP and NCC added to them. The temperature dependence of the peak 

location can be fitted by utilizing the Arrhenius relationship described by Eq. (5.4).[8, 9] 

𝑓 = 𝑓𝑚𝑎𝑥𝑒−𝑄/𝑘𝐵𝑇 (5.4) 

Here, 𝑓 is the frequency location of the loss peak, 𝑓𝑚𝑎𝑥 is the fitted location of the loss peak at 

very high temperatures, 𝑄 is the activation energy for ionic migration, and 𝑘𝐵 is the Boltzmann 

constant (1.38 ∙ 10−23𝐽/𝐾). This relationship can be represented in the linear form shown below 

and is what was used to fit the data in the figure. 

ln 𝑓 = (−𝑄/𝑘𝐵)
1

𝑇
+ ln 𝑓𝑚𝑎𝑥 

(5.5) 

The activation energy can be determined by multiplying the fitted 𝑄/𝑘𝐵 value by the 

Boltzmann constant and then converting the value into electron volts eV (1 𝐽 = 6.242 ∙ 1018 𝑒𝑉).  

The resulting activation energies are shown in Table 17. Their trend is shown in Figure 63 and is 

plotted against film LP wt.% and NCC vol.%, respectively. Interestingly, it was found that 

activation energy decreased linearly with increasing wt.% LP at a rate of 0.0598 eV per wt.% LP. 

Upon creating PEO-NCC composites, there is an initial drop in activation energy, followed by a 

linear increase in activation energy with increasing NCC content. This result makes sense, in that 

the increased rigidity within the sample for high concentrations of NCC would result in decreased 

ionic mobility, making them require more energy in order to move under an applied field. The rate 

of increase in activation energy for NCC-based composites was found to be 0.0114 eV per vol.% 

NCC. Additionally, this initial decrease in activation energy for PEO-NCC composites could be 

directly linked to the increased performance of PEO-NCC actuators, as shown and described in 

Chapter 3. Therefore, additional study of these composites could yield an optimized ratio of LP 

and NCC that would create the maximum EAP performance. Of note, for the pure PEO film, it is 

assumed that the dielectric loss peak is due to the vibration of water molecules remaining in the 

polymer matrix after the film was solution cast. As such, the corresponding activation energy is 

also included in Table 17 and in Figure 63. 
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Figure 63: Activation energy trending for PEO-based films with increasing a) LP and b) NCC concentrations 

 Solving Eq. (6.2) for when the fitting crosses the x-axis of Figure 58.a-b yields the 

glass-transition temperature 𝑇𝑔 of the films.[10] The values for the PEO-based films tested in this 

study are shown in Table 17. It can be seen that there is a rapid decrease in 𝑇𝑔 when LP is added 

to the films. This is likely due to the softening effect of LP to the PEO matrix, causing the shift 

to lower temperatures. Upon adding NCC to the PEO matrix, there is a calculated increase in 𝑇𝑔.    

Table 17: Activation energy determination for PEO-based films 

   Loss Peak Relaxation Time 

 wt.% 

LP 

vol.% 

NCC 
𝑄/𝑘𝐵 

(𝑘𝐾) 

𝑄 

(𝑒𝑉) 

𝑇𝑔  

(°𝐶) 

𝑄/𝑘𝐵 

(𝑘𝐾) 

𝑄 

(𝑒𝑉) 

PEO 0.0 0.0 5.89 0.508 -3.58 -- -- 

 1.0 0.0 10.30 0.888 -20.6 8.79 0.758 

 2.5 0.0 9.05 0.780 -31.3 8.55 0.736 

 5.0 0.0 7.49 0.646 -47.4 8.04 0.693 

PEO-

NCC 

5.0 1.0 6.89 0.594 -53.0 -- -- 

5.0 2.5 7.04 0.607 -48.9 -- -- 

 5.0 5.0 7.41 0.639 -41.3 -- -- 

 5.0 7.5 7.74 0.667 -46.1 -- -- 

 

5.2.3   Cole-Cole Plot Analysis 

 The real and imaginary dielectric data for PEO-based films with varying concentrations of 

LP are plotted against each other in the commonly used Cole-Cole plot, as shown in Figure 64.a-

d (analysis described in Chapter 2). Here, it can be seen, that for neat PEO films, there is relatively 
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no temperature dependence concerning the 𝜀∞ and 𝜀𝑠 behavior of the film, and thus there is no 

variation in the film’s relaxation time with changes in temperature. With no ionic charges present 

within the matrix, this conclusion makes sense. For Figure 64.b-d, there is a clear temperature 

dependence and corresponding lossy tail. Fitted semicircles, as described in Chapter 2, are fitted 

against all data.  
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Figure 64: Temperature dependence of the Cole-Cole plots for PEO-based films with a) 0.0, b) 1.0, c) 2.5, and d) 5.0 wt.% 

LP 

The resulting parameters of a Cole-Cole fitting of the Cole-Cole plots shown in Figure 

64.a-d are illustrated in Figure 65.a-b. Here, their temperature dependence can be clearly seen. It 

was found that the 𝛼 parameter in the Cole-Cole equation showed an initial increase in all LP 

concentrations for PEO samples, with all concentrations reaching a maximum 𝛼 parameter at 30 

oC, and followed by a decreasing 𝛼 value (Figure 65.a). This denotes a possible physical change 

occurring within the sample. In reviewing the Cole-Cole plots, it can be seen that the semi-circle 
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like features expand with temperature increasing up to 30 oC, then contracting with increasing 

temperatures. The relaxation time for these films can be calculated, as prescribed in Chapter 2. 

The results for PEO films with varying LP concentrations are shown in Figure 65.b. Here, it was 

found that relaxation time increased with increasing temperature. This is an intuitive conclusion, 

as increased temperatures result in increased ionic mobility, so they would logically experience a 

longer time to return to a randomized state if the applied electric field were removed. Further 

inspection of this figure resulted in fitting it with an Arrhenius relationship, similar to Eq. (6.2), 

but in this case relaxation time was used as the independent variable. This also yields a measure 

for calculating activation energy. The results utilizing this method track closely with those found 

using the changes in loss-peak frequency, as shown in Table 17. However, due to fluctuations in 

relaxation time found at high temperatures for 5.0 wt.% LP samples, the process of utilizing the 

loss peaks for determining activation energy was deemed the more appropriate analysis method 

for this EAP material.  
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Figure 65: Trending of Cole-Cole fitting parameters for PEO-based films with increasing LP concentration; a) α 

parameter b) relaxation time fitting 

 The fitted values for the Cole-Cole relationship are displayed in Table 18. Here, it was 

assumed that the high-frequency dielectric constant was roughly 5.7 for films. This value was 

taken from the low-temperature permittivity measurements. Low-frequency real permittivities 

were approximated during the fitting process so as to fit the experimental data as accurately as 

possible. However, this process was challenging, due to the high-loss tail or very-low frequency 

data for the films preventing or not being present so as to get a precise semicircle fitting. Due to 

this approximation process, activation energies shown in Figure 63.a-b were again drawn from 

the loss-peak transitions.    
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Table 18: Cole-Cole Fitting Parameters 

  1.0 wt.% 2.5 wt.% 5.0 wt.% 

Temp. 𝜀𝑠 
 

𝜀∞ 

(104) 

𝜏 

(𝑠) 

𝜀∞ 

(106) 

𝜏 

(𝑠) 

𝜀∞ 

(106) 

𝜏 

(𝑠) 

-10 5.7 5.50 3.18 0.790 1.59 0.900 0.398 

0 5.7 6.82 0.599 1.00 0.318 1.05 0.0796 

10 5.7 8.78 0.0100 1.20 0.0531 0.950 0.0265 

20 5.7 10.1 0.0521 1.23 0.0177 1.25 0.00884 

30 5.7 9.70 0.0199 1.23 0.0175 1.20 0.00454 

40 5.7 9.30 0.00936 1.20 0.00531 1.19 0.00318 

50 5.7 9.10 0.00531 1.10 0.00265 1.15 0.00408 

60 5.7 8.00 0.00199 0.950 0.00123 0.870 0.00123 

 

5.2.4   Conductivity 

Figure 66.a-d show the temperature dependence of the AC conductivity for PEO-based 

films with varying concentrations of LP. For all samples, there are three well-defined regions that 

can be identified through visual inspection of these plots which are dependent on both frequency 

and temperature. For low frequencies, the conductivity increases with increasing frequency and 

temperature, which follows a power-law fitting. This is followed by a plateaued region of the 

conductivity, where it is more-or-less independent of frequency, but increases with temperature. 

This denotes that this region is dominated by the DC conductivity. Finally, it can be just discerned 

with the lower-temperature tracks, that a high-frequency, power-law region exists. Evaluation of 

the conductive response can be conducted through use of Eq. (5.6).[11] 

𝜎(𝜔) = 𝜎𝐷𝐶 + 𝐴𝜔𝑘 (5.6) 

Here, 𝜎𝐷𝐶 is the DC conductivity, 𝐴 is a constant, and 𝑘 is a fractional exponent with a value 

between zero and one. The k parameter is used to better understand the conductive mechanisms 

within the film.[12] Of note, is that the frequency dependence of this function, with the k value, is 

defined for high-frequency conductivity response, but here, it will be used for the low-frequency 

power-law behavior, as represented in Figure 66.a-d. 
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Figure 66: Temperature dependence of the AC conductivity response for PEO-based films with a) 0.0, b) 1.0, c) 2.5, and 

d) 5.0 wt.% LP 

 Figure 67.a shows the DC conductivity for PEO-based samples with varying 

concentrations of LP and NCC. It can be seen that the conductivity increases for all samples with 

increasing temperature, resulting in an increased ionic mobility within the samples. Of note, is that 

the 2.5 wt.% samples have a higher high-temperature DC conductivity, but the 5.0 wt.% samples 

have a higher room-temperature conductivity. Figure 67.b shows the power-law fitting, k value 

and how it changes with time and PEO film composition. It is readily apparent that this value is 

higher than one, contrary to how the fitting parameter is defined. It is important to note that Eq. 

(6.3) is for high-frequency power-law fitting and that this fitting is done for the film’s low-

frequency conductivity response. Since fitting for this region is not currently defined, the values 

obtained can at least be relatively compared here. There is a considerable dip when moving from 

2.5 wt.% to 5.0 wt.% LP samples. However, comparative values are again reached for 5.0 wt.% 
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samples when NCC is added, indicating a conductivity contribution, likely due to the freed sulfate 

ions discussed in Chapter 3.  
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Figure 67: Temperature-dependent parameters for PEO-based films; a) DC conductivity, b) power-law k-value fitting 

5.2.5 Universal Dielectric Curve for PEO Films 

 Comparison of the dielectric data from all of the PEO-based films presented here leads to 

a striking result; that outside of frequency shifts due to temperature or minor increases or decreases 

with varying the wt.% LP, all of the dielectric measurements quite similar. Part of this conclusion 

is intuitvive, being that the polymer system does not change, however, the consistency of the 

results across the films, including those of the pure PEO matrix, is very interesting. The presented 

data spans an AC frequency application of 0.1 Hz to 1 MHz. The common nature of response 

across the films enables the creation of a universal set of dielectric curves across an even broader 

frequency range. Figure 68.a-d display these universal curves and their dielectric response from 

0.1 Hz to 10 GHz. These curves were generated based off of the 1.0 wt.% PEO samples. The bulk 

of the displayed data is from the 40 oC measurements, spanning from 0.1 Hz to 1 MHz. The high 

frequency data was copied from the -20 oC measurements across the 30 Hz to 1 MHz spectrum 

and shifted to blend with the 40 oC data. The result is the characteristic dielectric curves of PEO-

based films containing LP, as shown in Figure 68. These curves provide a way of extending and 

evaluating the PEO’s dielectric behavior even when the experimental equipment reaches its limits.  
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Figure 68: Universal dielectric curves for PEO films with LP ionic salt. Based off of 1.0 wt.% LP PEO samples. 

Frequency dependent dielectric response includes: a) real permittiivty and loss, b) imaginary permittivity and 

conductivity, c) Cole-Cole plot, and d) for a arbitrary low, middle, and high real permittivity value, the ratio of the 

corresponding frequency to a reference frequency  

 The arrows in Figure 68 depict how these curves would behave under different conditions. 

The real permittivity (black curve) and dielectric loss (red curve) are displayed in Figure 68.a. 

Concerning the real permittivity, with increasing temperatures, the response of the films is a 

general frequency shift of the recorded data from higher to lower frequencies while for changes in 

wt.% LP variations, the frequency shift is accompanied by an increase in the real permittivity 

readings with increases in LP. A similar response occurs with the loss. Of note is the loss data 

from 105 Hz to 107 Hz. This ‘hump’ signifies a secondary relaxation response within the film, 

likely due to the anion and cation found in the LP.  

Figure 68.b displays the universal imaginary permittivity and conductivity response of the 

films. The imaginary permittivity response is comparative real permittivity response in Figure 

68.a. The conductivity response is a little more interesting. As can be seen, the sample conductivity 
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increases linearly across the log log representation of the data. Then from approximately 300 Hz 

to 1 MHz there is a flat, frequency independent conductive response. The conductive response 

then again increases linearly for higher frequencies. The cause of this behavior may be either 

attributed to an ionic response and a polymer matrix response for the high and low frequency 

conductivity responses, accompanied by a balanced response between the two at middle 

frequencies. This ‘flat’ spot shifts to higher conductivities with increasing temperature and its 

frequency range expands with increasing salt concentration. This makes for a highly tunable 

conductive material. This trait lends to PEO’s study as an energy storage device, however, since 

the conductivity only reaches levels of 1E-5 S/cm when the films are heated to 40 oC or above, at 

this point they are not ready for electronics application which need roughly 1E-3 S/cm for 

operation.[13]  

For Figure 68.c displays the characteristic Cole-Cole plot for the PEO-based films. As can 

be seen, when reading the data as the low-frequency measurements starting at the right and moving 

left, the high-frequency response displays a semi-circular result commensurate with dielectric 

materials. However, there is the aforementioned conductivity response for the low-frequency 

measurements. Increases in wt.% LP act to increase the radius of the circle, while increases in 

temperature have an initial increase in radius from -20 oC to 40 oC where the radius begins to 

shrink. This shrinkage is likely due to the response of the PEO matrix itself since the temperature 

is approaching PEO’s melting temperature of 65 oC. 

Finally, Figure 68.d displays the temperature dependence of the frequency location for the 

real permittivity data taken at a specific temperature to the frequency location of the same real 

permittivity value at a reference temperature (40 oC). The frequency and permittivity data are taken 

from Figure 56.b. Figure 68.d is a normalized representation of how far the universal dielectric 

curve would have to be shifted in order to represent the material response for a given temperature. 

Plotted as log ftemp/fref. temp vs. 1/T yields the linear representation of the data, as shown. Fitting this 

data using an exponential relationship similar to that used in section 5.2.2, the activation energy 

of the films can be generated. After determining the frequency locations for an arbitrarily selected 

low, middle, and high permittivity value, the activation energy was calculated to be 0.927 eV, 

0.833 eV, and 0.714 eV, respectively. Taking the average of these value yields an activation energy 

for the 1.0 wt.% LP in PEO films of 0.825 eV. This value has a percent difference of 7.37% 

compared to the activation energy value calculated when tracking the loss peak locations in section 
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5.2.2. This result verifies the determined activation energy for this particular film and forms a solid 

baseline for using the universal curve for calculating the activation energy of the other wt.% LP 

films as well as representing the dielectric response of wt.% LP concentrations within and not 

reported in this dissertation. 

5.3   Time-Dependent Dielectric Analysis and Modeling 

As previously described, there is a clear time-dependent dielectric response of the EAP 

films as they progress through their actuation. The predictable nature of this dielectric response 

for these actuators, viewed in conjunction with the mechanical actuation, made its analysis the 

focus for finding a new method for monitoring actuation without optical devices. 

Electromechanical actuation occurs in these actuators via electrostatic pressure differences, 

generating volume changes on either side of the EAPs due to the size disparity of the mobile ions. 

For the LP samples, with its ionic radius being three times as large as the Li+, it was assumed that 

the ClO4
- ion dominated the actuation. This assumption was paralleled with the dielectric response, 

with the recorded AC dielectric readings being a combination of the responses from the Li+ and 

ClO4
- ions. By further inspection of Figure 16.a, there can be seen a definitive high and low 

frequency response from the film and, as can be inferred from the figure, as time goes on, the high 

frequency portion of the figure begins to extend and dominate response. It was assumed that this 

portion governs the dielectric response during EAP actuation, so the attention was centered here. 

Figure 16.b suggests that there are two relaxation processes occurring, with these individual 

responses becoming more evident with increased time, as shown by the disassociation of the 

primary relaxation peak into two, more broadened peaks. 
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Figure 69: a) Loss vs. frequency and b) the complex plane plot for PEO-NCC composites with 5.0 wt.% LP and 1.5 vol.% 

NCC 
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Unfortunately, this time-dependent response for the dielectric data can be difficult to 

interpret with regards to clearly separating the relaxation responses. Tracking the relaxation 

processes found in the loss data serves as a way to do so. Figure 69.a again displays the loss versus 

frequency to show the time dependence of how this particular dielectric parameter changes with 

respect to time as the film performs its electromechanical actuation. The insets show the film 

performance for a given dielectric reading. The 1.5 vol.%, 5.0 wt.% LP film was chosen due to it 

generating the largest actuation performance of the PEO IPMCs. Again, to more readily visualize 

the multiple relaxation processes, plotting a complex plane plot, which is the dielectric loss D 

versus the real dielectric constant (Figure 69.b), accentuates the two relaxation processes. A clear 

dissociation of the peaks becomes evident along with the connection between the peaks, as time 

progresses. The processes were labeled as A and B in the figure and their dielectric progression 

can be connected through the various readings, as denoted by the straight black lines in the figure.  

Through inspection it was determined that the peak locations between successive measured 

time intervals change as a function of time and could be connected, as shown by the straight lines 

in Figure 69.b. These were labeled A and B for the low and high frequency responses, respectively, 

since it was not possible to discern which relaxation response was attributed Li+ or ClO4- ions. 

The high-frequency response (A) is stable and its location is almost time-independent, with respect 

to the real dielectric constant, compared to the low-frequency (B) response. The location of these 

points and their progression with time is important for splitting the data into the responses 

associated with the high and low frequency regimes. The straight lines indicate that the relaxation 

peaks can be traced from the final data set to the beginning of the experiment, thus contributing 

the fact that there are two compiled relaxation responses. The trace of the frequency locations for 

these peaks can be applied to the dielectric response and it is possible to see how the two ionic 

responses contribute to the overall dielectric readings.  

As an aside, the dielectric analysis was confined to the 5.0 wt.% LP PEO-based samples. 

Efforts for conducting the same analysis on the 1.0 wt.% LP and 2.5 wt.% LP samples were not 

possible due to the relaxation peaks of the lower wt.% samples trending towards frequencies falling 

to frequencies below the range used for the experiment. In addition, the loss peaks did not readily 

dissociate into the two independent relaxation processes as with the 5.0 wt.% LP samples. 

Therefore, this dielectric analysis is confined to the 5.0 wt.% LP samples. Figure 70.a-e show the 

complex plane plots of the composites tested where the two relaxation processes were identified. 
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The films for each composite figure contained 5.0 wt.% LP and concentrations of sulfuric-acid 

based NCC of 0.0, 1.0, 2.5, and 7.5 vol.% NCC. As can been seen from the figures, each set of 

dielectric sweeps contains relaxation responses that dissociate into two separate peaks. 
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Figure 70: Complex plane plots for PEO-NCC composites with a) 0.0, b) 1.0, c) 1.5, d) 2.5, and d) 7.5 vol.% NCC 
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5.3.1   Application of the Cole-Cole Model 

To analyze the time-dependent dielectric processes of the PEO-based composites the well-

studied Cole-Cole model was used. This model was created to measure the dielectric response of 

a system of non-interacting dipoles subjected to an AC electric field.[14, 15] In this application, 

the Li+ and ClO4
- ions are substituted as the non-interacting dipoles. The equation for the model 

is: 

𝜀∗(𝜔) = 𝜀∞ +
𝜀0 − 𝜀∞

1 + (𝑖𝜔𝜏0)1−𝛼
 

(5.7) 

where, 𝜀(𝜔)∗ is the frequency-dependent complex permittivity, 𝜀∞ and 𝜀0 are the high and low-

frequency permittivities, respectively, 𝛼 is representative of the width of the relaxation peak, 𝜔 is 

the angular frequency, and 𝜏0 is the relaxation time (the time it takes the ions to reach a randomly 

oriented position once the applied electric field is removed). The complex permittivity can be split 

into its real and imaginary components with Eq. (5.8) describing the real permittivity, where 𝑛 =

1 − 𝛼. 

𝜀′ = 𝜀∞ + (𝜀0 − 𝜀∞)
cos(𝜃)

[1 + 2(𝜔𝜏0)𝑛 cos(𝜋𝑛/2) + (𝜔𝜏0)2𝑛]1/2
 

(5.8) 

where, 𝜃 = tan−1 {
(𝜔𝜏0)𝑛 sin(𝜋𝑛/2)

1 + (𝜔𝜏0)𝑛 cos(𝜋𝑛/2)
} 

(5.9) 

However, this model can only be used for a single relaxation response, and so it was necessary to 

develop a process for splitting the data between the two ionic responses and focusing on applying 

the model to the changing, high-frequency response. This was done through using the data 

obtained from Figure 16.a, where the real permittivity value for the relaxation peak location at 

each time step was recorded. The time-dependent shift of these two relaxation process can be seen 

in Figure 71.a-b where the separate processes are highlighted in green.  
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Figure 71: Tracking the time-dependent relaxation processes for the a) real permittivity and b) dielectric loss for PEO-

NCC composites with 5.0 wt.% LP and 1.5 vol.% NCC 

To split the data so that the high-frequency region could be fitted with the Cole-Cole model, 

the following assumptions were made: 

𝜀0 = 𝐴 − 𝐵 (5.10) 

𝜀∞ ≅ 𝜀∞𝑝𝑢𝑟𝑒 𝑃𝐸𝑂
 (5.11) 

𝑓𝑐𝑢𝑡 =
𝑓𝐴 − 𝑓𝐵

2
 

(5.12) 

where, 𝑓𝐴 − 𝑓𝐵 are the frequency locations of A and B for each time step and 𝑓𝑐𝑢𝑡 is the frequency 

where the low-frequency data is stripped away. These assumptions enabled the isolation of the 

high-frequency region without encompassing any of the overlap area between the two relaxation 

processes. As can be seen by Figure 72, for samples with 5.0 wt.% LP and 1.5 vol.% NCC, the 

Cole-Cole model fits the high-frequency real permittivity data with close correlation, validating 

the assumptions used (the open shapes are the experimental data and the dashed lines are the fitting 

data).  
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Figure 72: High-frequency (HF) dielectric fitting for a sample of the time-dependent dielectric response of PEO-NCC 

composites with 5.0 wt.% LP and 1.5 vol.% NCC 

Tracking the fitted relaxation time value for each time step returns the behavior shown in 

Figure 73. When plotted with log-scale time, the relaxation time has a similar Arrhenius behavior 

to that of the strain and can be explained by a similar physical process; the ions can return to 

randomly disbursed positions relatively quickly in the short time after their initial acceleration, but 

as they continue to move through the matrix this time steadily increases until the majority of the 

ions are at the electrode interface wherein, the relaxation time levels out. The fitting form for 

Figure 73 is Eq. (5.14) (described in the next section), where the relaxation response can be 

described as a function of the Arrhenius-Based Model utilized for the electromechanical response 

of the films. This fitting directly links the dielectric processes the observed bending actuation. 
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Figure 73: Sample of relaxation time tracking and Dielectric Model fitting for PEO-NCC composites with various NCC 

concentrations 

5.3.2   Dielectric Response Modeling and Linking to Electromechanical Behavior 

Plotting strain as a function of relaxation time yields a direct relationship between the two, 

as shown in Figure 74. It was found that this can be described using the below model: 

𝑠(𝜏) = 𝑠𝑚𝑎𝑥

ln(𝜏/𝜏0)

𝐶
 

(5.13) 

where, 𝜏/𝜏0 is the ratio of the relaxation time for a given time step to the starting relaxation time 

and C is a constant of integration, likely related to the sample’s conductivity, but whose physical 

components are, as of yet, undetermined. Likewise, Eq. (5.13) and Eq. (3.1) can be combined to 

describe the fitting curve of Figure 73 with the relation: 

𝑑𝜏

𝑑𝑡
=

𝑑𝜏

𝑑𝑠

𝑑𝑠

𝑑𝑡
→ 𝜏(𝑡) = 𝜏0𝑒𝐶𝑒−𝐵

𝑡  
(5.14) 

With this clear relationship between the mechanical strain response and the dielectric relaxation 

time, it is possible to predict and to monitor the bending actuation of the EAP without the need for 

external optical equipment, once the strain profile is known. This methodology extends the testing 

and evaluation process for these actuations to real-world applications where device actuation can 

be monitored through analyzing dielectric measurements. As mentioned earlier, EAP films with 

various ionic salt and NCC concentrations have been synthesized; currently, only PEO-based films 

with 5.0 wt.% LP have been found to exhibit the separation of dielectric relaxations, as identified 

in this chapter. Further research into this phenomenon with other polymer films may prove this to 

be a more universal model. As of now, it acts as a starting point for an exciting area of IPMC EAP 

researcher and one that can lead to many interesting applications.   
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Figure 74: Strain % as a function of relaxation time for PEO-NCC composites with various concentrations of NCC 

 Table 19 showcases the relaxation times and fitting parameters generated from this 

dielectric study. The fitted parameters include the Arrhenius-Based Model’s maximum mechanical 

strain 𝑠𝑚𝑎𝑥 and the time constant B. In addition are the linked Dielectric Model parameters, which 

are the relaxation time 𝜏0, and integration constant C. Surprisingly enough, both of these complex 

nonlinear behaviors can be linked and described utilizing only these four parameters; making for 

a very compact and easy to use set of models for IPMC performance. As was shown in Chapter 3, 

the electromechanical model was able to be fitted against multiple sets of actuation data for 

samples created in this study, as well as those published from other researchers. The direct fitting 

ability of the Arrhenius-Based Model to that data suggests that the Dielectric Model presented in 

this chapter should have a similar applicability. Through inspection of the table, it can be seen that 

the relaxation time decreases with increasing vol.% NCC while the integration constant peaks at 

2.5 vol.% NCC then drops with the 7.5 vol.% NCC. This peak behavior can also be seen with the 

maximum strain where maximum strain occurs in the range of 1.5-2.5 vol.% NCC, then dips 

dramatically when the vol.% increases to 7.5 vol.%.  

Table 19: Electromechanical and dielectric fitting parameters 

wt.% 

LP 

vol.% 

NCC 
𝑠𝑚𝑎𝑥 

(%) 

𝐵 

(𝑠) 

𝜏0 

(𝑠) 

C 

5.0 0.0 0.97 27.5 2.34E-6 5.92 

5.0 1.0 0.91 52.2 1.42E-6 6.90 

5.0 1.5 1.47 50.0 4.30E-7 7.78 

5.0 2.5 1.10 67.4 3.71E-7 8.88 

5.0 7.5 0.11 34.6 3.44E-7 5.94 
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5.4   Additional Thoughts: Conductivity’s Influence on Real Permittivity 

The equations describing and defining the dielectric properties of materials have been 

widely accepted, studied, and utilized. Dielectric materials are described as those that are electrical 

insulators which have the ability to be polarized under an applied electric field.[16] This 

polarization is due to the formation of an electronic dipole arising from the distortion and 

displacement of an electron cloud surrounding its positively charged nucleus in the direction of an 

external electric field. The ease with which these dipoles can be formed and manipulated generates 

varying levels of energy storage capacity, depending on the dielectric medium under investigation. 

Dielectric materials and are used for a wide variety of applications, such as capacitors, microwave 

communications, filters, and antennas.[17] Under an applied DC electric field, a materials’ 

permittivity (or dielectric constant) can be calculated by solving Eq. (1.1) for 𝜀𝑟 or relative 

permittivity. For a given material, there are generally three kinds of electric dipoles, wherein one 

side is negatively charged and the other is positively charged.[18] They can either be polar 

molecules that are oriented in such a way that there is an imbalance of charge. Water is a polar 

molecule where the covalent bonding between the oxygen and hydrogen atoms results in the two 

hydrogen atoms being grouped on one side of the molecule, creating a net positive charge, while 

the oxygen atom has a net negative charge on the other side. Cations and anions have inherently 

opposite charges and under an electric field, they will attempt to migrate to their attracting 

electrode. Dipoles can also be formed from materials that have filled electron shells. The negative 

charge of the electron cloud surrounding the positive nucleus shifts with respect to the applied 

field faster than the nucleus can creating a separation of positive and negative charges between the 

two. Each of these types of electric dipoles will try to orient themselves in the direction of the 

applied electric field. 

A material’s permittivity indicates an intrinsic measure of a material’s susceptibility to 

electronic polarization with how it affects and is affected by an applied external electric field.[16] 

Under an applied AC electric field, 𝜀𝑟 becomes a complex quantity where its behavior can be 

expressed by a real and imaginary part, as shown in Eq. (6.9). The result is that when the AC field 

is applied to the dielectric material, the dipoles within the structure rotate and orient themselves to 

the polarity of the field. When the polarity of the electric field switches, the dipole then rotates 

again to maintain alignment with the field. This rotation requires energy, which is lost to heat due 

to friction and to the acceleration and deceleration of the dipoles as they rotate. Losses are incurred 
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with respect to the level with which the rotating dipole is out of phase with the AC field. The larger 

the losses, the larger the imaginary portion of the dielectric constant, which increases with 

increasing frequency. The applied electric field can be described by 𝐸 = 𝐸0𝑒𝑖𝜔𝑡, where 𝜔 is the 

angular frequency of the field that the dielectric material oscillates with respect to. As such, the 

real portion can still be calculated using Eq. (1.1), while the imaginary portion of the dielectric 

constant is defined, through manipulations of the time-dependent Maxwell’s equations,[18] as 

shown in Eq. (5.16), where, σ is the conductivity and ω = 2πf is again the angular frequency and 

is directly proportional to the frequency f of the applied AC field. This definition of conductivity 

is independent of the real portion of the permittivity. Therefore, if the conductivity of a material 

were controlled through the addition of charge carriers (in this case, concentrations of LP for the 

PEO films and concentrations of CoPH for the PVDF films), then increases in conductivity should 

only effect the imaginary permittivity and not the real permittivity. Also, through measuring the 

dielectric loss D (the ratio between the imaginary and real permittivity, Eq. (5.17), which 

represents the level of heat lost by the material due to the dipole oscillations), it is possible to 

calculate the imaginary permittivity and thus the material’s frequency-dependent conductivity.  

𝜀𝑟
∗ = 𝜀′ − 𝑗𝜀" (5.15) 

𝜀" =
𝜎

𝜔𝜀0
 (5.16) 

𝐷 = tan 𝛿 =
𝜀"

𝜀′
=

𝜎

𝜔𝜀0𝜀′
→ 𝜎(𝜔) = 𝜔𝜀0𝜀′ tan 𝛿 

(5.17) 

In this report, EAPs were synthesized with various concentrations of ionic salts added to 

the polymer matrix. In doing this, it was found that there were upwards of 3-4 orders of magnitude 

increase in the low-frequency values found for the real permittivity compared to those measured 

from the polymer matrix without any ionic salts added. The addition of the ionic salts was found 

to have a direct influence on both the calculated real and imaginary permittivities and the 

conductivity for the EAPs, with larger salt concentrations correlating to larger conductivities. This 

also lent to increased actuation performance due to the larger number of charge carriers transiting 

through the polymer matrix. With the marked increase in real permittivity as the conductivity 

increased, the observed results beg the question with whether the two properties are linked in some 

way that is independent of calculations based off of contributions from the imaginary permittivity.  

To date, there are little to no publications breaching this topic, which could be due in part 

to the pervasiveness of the accepted models, arising from Eqs. (5.15-17). However, as will be 
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analyzed during the data-gathering process of this initiative, there is evidence of some relationship 

between the real portion of a material’s permittivity and its conductivity, which is independent of 

the imaginary permittivity. As such, the final objective in this report seeks to find, and possibly 

link, evidence of an underlying relationship between the real dielectric permittivity and the 

material’s conductivity. This research is being conducted as a fundamental study of the dielectric 

properties of materials independent of with whether or not the results can be linked to the study of 

EAPs. If a relationship can be established, then this process can open up new areas of dielectric 

research and provide a better understanding the laws governing a material’s dielectric response. 

This report aims to breach the topic possibly reinvestigating and reevaluating the structure of the 

Maxwell equations and the process through which the conductivity is defined for dielectric 

materials. 

As stated, traditional analysis of a material’s conductivity, as it is connected to the 

material’s permittivity, stems from the imaginary portion of the complex dielectric constant (as 

shown in Eqs. (5.15-17)). The derivation of those equations through the manipulation of the time-

harmonic Maxwell equations does not account for any dependence of the real portion of the 

dielectric constant and as such, is not annotated in illustrated in the aforementioned equations. A 

more detailed derivation of the imaginary permittivity from the Maxwell relationships is as 

follows.[18] The derivation begins with the time-harmonic Maxwell relationship, as shown in Eq. 

(5.18). Here, H is the magnetic field strength, J is the electric current density, ω is the angular AC 

frequency, and D is the electronic displacement.  

𝛻 × 𝐻̅ = 𝐽 ̅ + 𝑗𝜔𝐷̅ (5.18) 

The current density can be split into two parts where 𝐽𝑐̅represents the conduction part of the current 

density which describes the flow of electrons and 𝐽𝑖̅represents an excitation current density due to 

the application of an external electric field. This is represented by Eq. (5.19). 𝐽𝑐̅can be further 

defined by Eq. (5.20), where 𝜎𝑠is the conductivity of the material and 𝐸 ̅is the applied electric 

field. The electric displacement can also be defined in terms of the material’s complex permittivity 

and the applied electric field, as shown in Eq. (5.21). 

𝛻 × 𝐻̅ = 𝐽𝑖̅ + 𝐽𝑐̅ + 𝑗𝜔𝐷̅ (5.18) 

𝐽𝑐̅ = 𝜎𝑠𝐸 ̅ (5.19) 

𝐷̅ = 𝜀𝐸̅ (5.20) 
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Substituting the current density and dielectric displacement equations, along with the definition of 

the complex permittivity, 𝜀 = 𝜀′ − 𝑗𝜀′′, into Eq. (5.18) yields Eq. (5.21), below.  

𝛻 × 𝐻̅ = 𝐽𝑖̅ + 𝜎𝑠𝐸̅ + 𝑗𝜔(𝜀′ − 𝑗𝜀′′ )𝐸̅ (5.21) 

Grouping the imaginary and real portions of Eq. (5.21) yields Eq. (5.22), 

𝛻 × 𝐻̅ = 𝐽𝑖̅ + (𝜎𝑠 + 𝜔𝜀′′)𝐸̅ + 𝑗𝜔𝜀′𝐸̅ (5.22) 

The effective conductivity can be defined as Eq. (5.23) and thus, rearranging the terms yields the 

material’s conductivity solely defined in terms of the imaginary permittivity, as seen in both Eq. 

(5.24) (where, 𝜎 = 𝜎𝑒 − 𝜎𝑠) and Eq. (5.15). As will be seen from the experimental data, this 

definition for conductivity may be due to be updated. 

𝜎𝑒 = 𝜎𝑠 + 𝜔𝜀′′ (5.23) 

𝜀′′ =
𝜎𝑒 − 𝜎𝑠

𝜔
 (5.24) 

From the dielectric analysis of PEO-NCC composites and PVDF films, an investigation 

into a possible direct connection between the real permittivity and conductivity has been 

undertaken. Though concrete connections have yet to be made on this topic, the work presented 

here represents a fundamental analysis on the topic that, if anything, can act as a springboard to 

future scientists embarking on a similar journey. Figure 75 and Figure 76 show the real 

permittivity, imaginary permittivity, dielectric loss, and conductivity for PEO-NCC composites 

and PVDF films, respectively. Figure 75 displays the results for PEO-NCC composites with 

increasing LP salt wt. %. It is clearly evident that with increasing salt concentration, there is a 2-3 

orders of magnitude increase in the real and imaginary permittivities and the conductivity over the 

polymer matrix without any salt or filler. There is also a loss peak that emerges with increasing 

salt concentration, indicating that the response of the salt ions dominates over the matrix material. 

The presence of the ionic salt is responsible for the increased response of the materials’ properties 

and is the driving force behind the increase in sample conductivity. It is clear that there is a definite 

link between the conductivity and the different permittivities that is to be explored in this analysis. 
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Figure 75: Dielectric response of PEO-NCC composites with various concentrations of LP 

Figure 76 shows the results for PVDF films with increasing CoPH salt wt.%. It is also 

clearly evident that the salt concentration has a large effect on the dielectric properties and the 

conductivity, with a much larger transformation with increasing salt concentration. This again 

lends credence to a link between the conductivity and the real permittivity. It is also more apparent 

as to the transformation that takes place from a more matrix dominated response, to the salt 

dominated response, with upwards of 6 orders of magnitude increase for the permittivity and 5 

orders of magnitude for the conductivity. This top-view of how the real permittivity can be affected 

by changes in conductivity provides evidence that these two properties are explicitly related and 

that new models should be developed which incorporate the conductivity into the definition of the 

real permittivity and not to have it be solely related to the imaginary permittivity.  
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Figure 76: Dielectric response of PVDF films with varying concentrations of CoPH 

 

Table 20 displays the real permittivity, imaginary permittivity, loss, and conductivity at 1 

kHz for both the PEO and PVDF data presented in this section. It can readily be seen that 

increasing the number of charge carriers, which increases the material’s conductivity, also has a 

strong influence on the film’s real permittivity where it also increases as the amount of ionic salt 

is increased. Of note with the PEO films is that when the NCC is added, there is an initial increase 

in conductivity, around 1.0 vol.%, then a decrease as NCC concentration increases further. This 

signifies a decreased mobility for the charge carriers in the film and also mirrors the observation 

of larger actuation performance for low-NCC content samples compared to that of films without 

any NCC. The correlation between increases in ionic salt (i.e., sample conductivity) and real 

permittivity confirms that there is a link between the two parameters. Henceforth, the need for 

further study into this area. 
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Table 20: Permittivity and conductivity data for PEO and PVDF-based composites at 1 

kHz 

Polymer wt.% 

LP 

vol.% 

NCC 

ε' D ε" σ 

(S/cm) 

PEO 0.0 0.0 18.3 2.39 43.7 2.43E-8 

 1.0 0.0 290 10.5 2550 1.42E-6 

 2.5 0.0 1110 10.1 9640 5.36E-6 

 5.0 0.0 1420 9.92 14100 7.86E-6 

 5.0 1.0 835 18.6 15600 8.65E-6 

 5.0 2.5 574 22.9 12900 7.16E-6 

 5.0 5.0 485 18.3 7480 4.16E-6 

 5.0 7.5 336 24.9 8350 4.64E-6 

PVDF 0.0 0.0 6.45 0.032 0.211 1.18E-10 

 1.0 0.0 6.49 0.112 0.736 4.10E-10 

 2.5 0.0 7.80 0.208 1.63 9.06E-10 

 5.0 0.0 23.5 0.770 18.1 1.01E-8 

 7.5 0.0 56.8 2.26 130 7.25E-8 

 10 0.0 821 2.68 2100 1.17E-6 

 12.5 0.0 6310 3.35 20300 1.27E-5 

 15 0.0 4440 1.64 67000 3.73E-5 
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Chapter 6: Development of Ionic Conductive Material as an Energy Storage Device 

 

6 Overview 

As has been described throughout this report, the composition of IPMCs is generally that 

of a parallel-plate capacitor, wherein a dielectric, polymeric matrix is metallized on either surface. 

The difference with capacitors being that there are mobile cations transiting through the matrix in 

addition to the dipole response from the polymer matrix in response to an applied external electric 

field. This chapter will examine PEO-based IPMCs as a candidate for an energy storage device. It 

will be shown that these materials exhibit properties of both a capacitor and a battery, making it a 

unique and interesting device.  

6.1   Use of PEO in Energy Storage Devices 

 

The use of PEO in energy storage devices is not new as PEO has been extensively studied 

for use as a lithium-ion conducting electrolyte.[1] This is due to PEO’s ability to dissolve ionic 

salts within its matrix, acting as a solid-polymer electrolyte (SPE), which was first introduced by 

Fenton et al, in 1973.[2] SPEs play an important role in the development of lithium-ion batteries; 

they can act as a physical separator between the anode and cathode in a battery system and thus 

reduce the likelihood of a short and they provide for the transportation of ionic charge during cell 

operations.[3] Ionic motion through the PEO matrix was found to occur mostly through the 

amorphous regions due to the segmental motion of the polymer chains with minimal amounts 

occurring in the crystalline region, where the polymer chains are stiffly bonded together.[4, 5] This 

segmental motion allows the mobile ions to transition from coordination site to coordination site 

in the matrix; the conductivity of the matrix is a function of ionic motion, and is a consequence of 

the rate with which new coordination sites or free space can be generated by the movement of the 

polymer chains. Therefore, research has been conducted to reduce the crystallinity of the PEO 

matrix to increase the material’s conductivity. PEO’s inherent crystallinity results in a poor room-

temperature conductivity (up to around 1E-4 S/cm when electronics/energy storage devices 

typically require at least 1E-3 S/cm)[1] and therefore needs additives, such as plasticizers like 

succinonitrile,[6] polysquarate[7] or other materials to increase the conductivity by reducing the 

crystallinity level within the matrix. Room temperature conductivities for PEO with lithium 

bis(trifluoromethanesulfonimidate) LiTFSI salt were found to range from ~5E-8 S/cm[8] to 1E-4 

S/cm,[9] depending on the concentration of LiTFSI. Reported room temperature conductivities for 

PEO with LP were found to range from ~5E-8 S/cm[5] to 5E-5 S/cm.[10] With the addition of a 
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plasticizer, the reported room temperature conductivities for PEO electrolytes was found to be 

from 1E-4 S/cm[11] (PEO with polysquarate) to 5E-3 S/cm[12] (PEO with poly(methyl 

methacrylate), making the latter a suitable prospect for room-temperature battery applications. 

Conductivity for the PEO electrolytes has been found to reach the desired levels at elevated 

temperatures, around 70 oC, but this is around the melting temperature for PEO and thus is not a 

conducive operating temperature for the films. Therefore, the focus with PEO being utilized in 

energy storage devices has been to increase its room temperature conductivity. As this is still a 

heavily researched topic, the push to PEO as a membrane material for lithium-ion batteries is an 

ongoing study.   

  The novelty with respect to this report for the use of PEO as an energy storage device is 

with its intended use and synthesis as an IPMC. This process has imparted properties of both a 

capacitor and battery in the material, which can open up new applications. These films are flexible, 

easily synthesized, and can be fabricated into almost any shape. They offer a large, fast capacitive 

discharge response followed by a long-lasting battery-like discharge. The one drawback found so 

far for these films is that they have been found to show a leakage current during their charging 

cycle. For commercial applications, this leakage current could be a negative characteristic if long-

term energy storage was critical. The leakage current is due to the PEO IPMCs not being perfect 

insulators; as such, even after maximum actuation is achieved, and the majority of the mobile ions 

have transited to their respective electrodes, there is still the diffusion of some ions within the 

matrix which enables a current to pass through the device. Though not specifically stated for PEO-

based lithium-ion batteries (as research is still being conducted on their room temperature 

conductivity), solutions for overcoming this leakage current would be to thicken the polymer 

matrix,[13] lower the salt concentration, increase the resistance of the membrane,[14] or place a 

non-conducting polymer layer between the PEO matrix and the electrode interface.[15] 

 Thickening the polymer matrix would allow for a larger possibility of a rogue diffusing ion 

to be inhibited and stopped by the polymer matrix itself and therefore not contribute to the current. 

The lowering of the salt concentration is a result found through this study. For the PEO films, 

based on the amount of LP added to the polymer matrix, there are around 2.12E18 LP molecules 

added for a 5.0 wt.% LP film, leading to a total possible charge for either the Li+ or ClO4
- ions of 

339 mC. However, Table 21 will show that the total calculated charge accumulated on the films, 

when evaluated as a parallel plate capacitor, and based on the low frequency dielectric constant 
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and applied voltage is 623 µC, which is a three order of magnitude difference from the ionic charge 

calculated for being in the matrix. Thus, reducing the LP concentration should reduce the leakage 

current. This however has an impact on the IPMC’s electromechanical performance and also the 

film’s conductivity, but a tradeoff is necessary. For the PVDF films, the results are similar; based 

on the film synthesis, there should be around 1.39E18 molecules of CoPH in each 15 wt.% sample 

for a total possible charge of 222 mC. The calculated charge based on the applied voltage and the 

low frequency dielectric constant yields a charge of 33.4 µC. Increasing the resistance of the 

polymer matrix falls in line with thickening the film; if the ions are inhibited to flow, then they 

will not add to the current. The addition of high concentrations of NCC could be a possible solution 

for this, again at the cost of electromechanical actuation performance. However, based on 

conductivity data shown in this report, there is a drop in conductivity (increase in resistivity) for 

films with high NCC content compared to the non-NCC composites. Finally, the addition of a non-

conductive polymer layer to either side of the PEO matrix should act to block the ions from 

traveling from the PEO to the electrode and generating a current. This, again may come at the cost 

of electromechanical actuation, if these films are still to be used as EAPs and the dielectric 

properties will change. However, this looks to be another possibility. In all, the increase in 

resistance of the PEO matrix should have a positive impact on the leakage current seen in the films. 

Increasing the molecular weight of the PEO could also increase the matrix resistance; ionic motion 

in the matrix is a result of the segmental motion of the polymer chains and increasing the molecular 

weight (or length) of the chains creates an environment where the chains are more likely to “knot 

up” and therefore restrict their movement in the creation of coordination sites.[16] If the chains 

cannot move, then they will not be able to enable the diffusion of the mobile ions at the same rate 

as they would if the chains were more mobile.  

6.1.1 Typical Capacitor and Battery Charge-Discharge Profiles 

The charging profile for batteries generally follows a three-phase process.[17] First a 

constant current is applied until the battery reaches a set voltage limit; this is called bulk charging. 

Under a constant current, the potential difference across the battery tends to increase linearly with 

time, according to Ohm’s law, as the internal resistance increases. This stage will typically charge 

a battery to 80-90% of its total charge. When the target voltage is obtained, the second stage, or 

absorption charge, begins and the current begins to drop as the battery reaches its saturation 

voltage. The current will decrease, as internal resistance again rises, until the battery is fully 
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charged. The second stage will charge the battery up to roughly 95% total charge. The third stage 

of battery charging involves dropping the applied voltage to a lower level to charge the battery to 

100% and to maintain the state-of-charge condition, “top off” charging. The discharging of 

batteries will have a somewhat linear drop in cell voltage vs. time. 

Figure 77.a shows the general first two stages of the battery charging profile (bulk 

charging and absorption charging) for a lithium-ion battery, which are the stages of interest for 

this report.[17] Here, there is an initial constant current to bring the cell voltage to the target value; 

once there, the current drops as the charge builds up within the battery. Figure 77.b shows the full, 

nonlinear charge profile for a series of Texas Instrument lithium ion batteries,[18] where the full 

ramp up of the cell voltage can be seen. The later stages of charging are shown wherein the battery 

can be “topped off” and obtain 100% charge. Figure 77.c displays the charging profile of a lithium-

iron-phosphate battery versus “state of charge”[19] (this term is synonymous with time and so is 

relevant here). Note, the flattened area where the voltage and current are constant for a significant 

amount of the charge time; this charging profile is similar to the charging profile of the PEO films 

in the next section.  
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Figure 77: a) General (courtesy of [17]) and b) more detailed charging profiles (courtesy of [18]) for lithium-ion batteries 

and c) charge profile for a LiFePO4 battery (courtesy of [19]) 

As for the discharging properties of lithium-ion batteries, their profiles are generally linear 

for a given amount of discharge and then drop off rapidly. Figure 78 shows the recreated discharge 

profile for various applied current draws of an Orbtronic-18650 2900 mAh lithium-ion battery,[20, 

21] which is used for flashlights. Note, for small applied current loads, the discharge voltage drops 

off linearly for a long period of time. For the higher applied current loads, at a certain level, the 

discharge voltage drops rapidly to zero. This general linear reduction will be used to designate the 

(a) 

(b) 

(c) 
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battery-like discharge profile of the PEO and PVDF samples in the proceeding sections compared 

to the rapid capacitive discharge response. 
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Figure 78: Discharge profile for an Orbtronic-18650 Li-Ion Battery (recreated from [20, 21]) 

 Capacitors, on the other hand, have a much more predictable charge/discharge response; 

both utilize an exponential response to the application/removal of an external voltage. The inset 

equations in Figure 79 are the charging/discharging functions developed for a capacitor in an RC 

circuit, where 𝜏0 = 𝑅𝐶. Both involve a quick charge and discharge response. 
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Figure 79: Capacitor charge/discharge profile 

 

6.1.2 Performance and Analysis for PEO-Based Films 

As alluded to in the introduction of this chapter and in Chapter 1, the PEO films tested in 

this experiment displayed properties of both capacitors and batteries for their charge/discharge 
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cycles. The information displayed in this section concerns the charge/discharge properties of PEO 

samples with 5.0 wt.% LP. Samples with lower concentrations of LP and those with NCC were 

not tested for this part of the study. This section serves as a fundamental thought and introduction 

to further study of PEO-based IPMCs as a potential energy storage material. 

The setup for the experiment is as follows: a PEO sample was placed in series with a 10 

kΩ resistor; an Agilent E2612A DC power supply, with a digital voltmeter, was connected. 

Additionally, a multimeter was connected across the resistor, as shown in Figure 80. 

 

Figure 80: Energy storage experimental setup 

Figure 81.a displays the voltage read by the power supply (V1) and the voltage read across 

the resistor (V2). The difference between the two is the potential difference across the PEO film. 

As can be seen, V1 has a profile that is similar to the battery charging profile in the previous 

section. V2 was used as a way to measure how the current traveling through the circuit changed 

with time. Figure 81.b shows the current in the system.  
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Figure 81: a) Circuit (V1) and resistor (V2) voltage and b) circuit current time-dependent profiles for a PEO film with 5.0 

wt.% LP 
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Figure 82 displays the charge/discharge profile of a single PEO sample with 5.0 wt.% LP. 

This figure displays the voltage drop across the film (V1-V2) as well as the current profile for the 

circuit, which is replicated from Figure 81.b. Four such samples were tested, with various amounts 

of time that the films were subjected to a constant voltage, but the profiles and discharge responses 

of all films were very similar. Therefore, the analysis will be focused on this singular sample. As 

stated, there are three parts of the battery charging profile; bulk, absorption, and “top off” charging. 

Here, two are presented, since analyzing long-term charge storage was not a concern during this 

test. As can be seen, there is a quick ramp up in voltage to about 4.5 V DC across the film. This 

voltage is maintained for an extended period of time. Of note, is that as this voltage is maintained, 

the film undergoes its electromechanical bending actuation process. Once this actuation process 

finishes, and it is assumed that the majority of the ions within the matrix have reached their 

intended electrode, the voltage begins to increase again as internal resistance begins to build within 

the film. For this data, the threshold voltage was set at 70 V DC; films had been tested before and 

allowed to reach their maximum value, around 93 V DC, but the films began to melt, so a lower 

maximum value was selected. At this constant voltage, it can be seen that the current drops to some 

minimum level. In an ideal battery or capacitor, the current would reach zero, but this sample has 

some electrical leakage and therefore there is a non-zero remnant current in the circuit.  
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Figure 82: Charge/discharge ΔV = V1-V2 profile across the PEO film with 5.0 wt.% LP along with the circuit current 

 Again, the charging profile of the PEO films is similar to that of batteries, however, it was 

found that the discharge profile of the films had a quick discharge portion, which is more in line 

with capacitors, and a longer duration voltage drop that is more commensurate with batteries. 
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Figure 83 displays the voltage drop across the film with respect to time. Represented in log-log 

scale, there are clearly two steps in the discharge process. It was found that the higher voltage step 

could be fitted with the general equation for discharging capacitors, as displayed by Eq. (6.1).  

𝑉 = 𝑉0𝑒−𝑡/𝜏0 (6.1) 

For the lower voltage step, the drop in voltage became linear, with respect to time, which is 

generally in line with the lithium-ion battery described in the previous section.  
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Figure 83: Two-step log-log scale discharge response for PEO film with 5.0 wt.% LP 

 

 Zooming in on the “flat” region of the discharge curve from Figure 82 yields Figure 84.a. 

Here, it can be seen that the voltage drops linearly with a linearly decreasing current. In the 

referenced lithium-ion battery test in the previous section, the draw on lithium ion batteries 

generates a linearly decreasing voltage discharge profile. In that case, there was an assumed 

constant current draw, which is different than in this case, but it still showcases the similarities 

between the two devices. The current in this figure is negative because it flows opposite the 

direction of the current released during the capacitor discharge region. To directly compare the 

capacitive current and the battery-like currents, the absolute battery-like discharge current was 

plotted with the capacitive current in the log-log scale as shown in Figure 84.b. As with the voltage 

behavior in Figure 83, there is a clear two step discharge current process; a fast current release 

during the high voltage drop and a slow release (in the opposite direction). This slow release can 

also be attributed to the redistribution of ions within the matrix. The insets in Figure 84.b show 

the bend of the PEO film at the end of the capacitive release portion of the discharge and at the 
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end of the battery-discharge time. The relaxation of the films is again likely due to the 

redistribution of the ions within the polymer matrix. 
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Figure 84: Current discharge profiles for a) battery region and b) both the capacitive region and the absolute value of the 

battery-like region 

 Table 21 displays the calculated capacitance values for the PEO film. This value was 

calculated from the low-frequency dielectric constant displayed in Table 16 and the dimensions 

of the film (19 mm x 6.1 mm x 54.5 µm). Of note is the time constant for the fitted voltage drop 

and its corresponding capacitance value. This value is two orders of magnitude higher than that of 

the calculated value. This indicates an effective capacitance for the films during the first few 

seconds of discharge and may be of interest for further study. The other fitting parameters for the 

PEO film are also shown in the table and in addition to the values for the PVDF samples described 

in the next section. The conclusion to this section is that PEO-based IPMCs offer a unique and 

interesting material for further study as an energy storage device since it has properties of both 

capacitors and batteries. 

 

Table 21: Discharge fitted parameters for PEO and PVDF-based films 

 10 𝑘𝛺 Series Resistor  Capacitor-Like Discharge Battery-Like Discharge 

 𝐼𝑎𝑝𝑝 

(𝑚𝐴) 

𝜀𝐷𝐶
′  

(105) 

𝐶𝑐𝑎𝑙𝑐 

(𝜇𝐹) 

𝑄𝑓𝑖𝑙𝑚 

(𝑚𝐶) 

𝐸𝑐𝑎𝑙𝑐 

(𝐽) 

𝑉0 

(𝑉) 

𝜏0 

(𝑠) 

𝐶𝑒𝑓𝑓 

(𝜇𝐹) 

𝑄𝑐𝑎𝑝 

(µ𝐶) 

𝐼0 

(𝜇𝐴) 

𝐵𝐼 

(𝑛𝐴/𝑠) 

𝑄𝑐𝑎𝑝 

(𝑚𝐴𝑠) 

PEO 1 4.73 8.91 340 21.8 m 74.4 4.58 458 623 2.13 -4.68 0.427 

PVDF 6 2.17 6.92 220 80.7 µ 53.7 1.16 116 33.4 2.94 -34.9 0.0573 

 4 2.17 6.92 220 61.6 µ 38.3 1.12 112 29.2 2.41 -20.9 0.0957 

 2 2.17 6.92 220 47.3 µ 23.7 1.10 110 25.6 2.41 -25.4 0.0787 

 1 2.17 6.92 220 41.1 µ 8.99 1.00 100 23.9 2.70 -28.3 0.0707 

 

  

(b) 
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6.1.3 Isolated Circuit Analysis for PEO-Based Films 

This section will briefly analyze how the PEO-based films respond when the DC Power 

supply is taken out of the film-resistor circuit during discharge. This process isolates the PEO 

film with the resistor, so when discharge occurs, there is no contribution from the power supply 

and all current passing across the resistor is from the film. A comparative study of four films was 

conducted, with results shown in Figure 85.a-d. All samples tested were 5.0 wt.% LP, charged 

with an initial constant current of roughly 1 mA, then held at a constant 70 V DC for the second 

phase of charging, as described in previous sections. These figures show the absolute value of 

the current produced during discharge. 
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Figure 85: Absolute value of the discharge currents generated for four PEO-based films 

 Through inspection of Figure 85, it can readily seen that there is a step response for the 

current passing across the resistor that is very similar to that seen for PEO films in the previous 

section (Figure 84.b). Therefore, it can be concluded that both the quick capacitive-like response 
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and the longer battery-like response are both generated from the PEO film. This result solidifies 

the proposal of there being a two-phased energy-storage response for these materials. The prospect 

of this conclusion opens up new doors for energy storage research. 

 Table 22 shows the calculated parameters of the capacitor-like and battery-like discharging 

for the four films tested. Comparing these results to Table 21, the 10 𝑘𝛺 section remains the same, 

due to the same charging parameters utilized for these films as with the samples tested in the 

previous section. Initial current was used in the capacitor-like discharge section due to the isolation 

of the circuit preventing voltage measurements across the film. However, it can be seen that the 

time constant, 𝜏0, in Table 22 is less than those in Table 21, indicating a faster discharge response 

without the DC power supply present. Likewise, the effective capacitance, 𝐶𝑒𝑓𝑓 , and initial charge, 

𝑄0, were also significantly reduced, indicating an influence on the films due to the DC power 

supply, even though it was effectively turned off during discharge.  Finally, in the battery-like 

discharge section, there is a larger initial current, 𝐼0, and steeper current drop off rate, 𝐵𝐼 , in Table 

22 versus Table 21, indicating that even though this section of the discharge is extended, compared 

to the capacitive discharge, the movement of charge when the film is isolated is much more rapid. 

Interestingly, even with the circuit being isolated for this test, the final charge capacity, 𝑄𝑐𝑎𝑝, 

shown for the PEO film displayed in Table 21 is comparable to those found in Table 22. It is 

higher than three of the tested films, but on par with film #1. This result shows that even though 

the circuit is somewhat different between tests, the long-duration discharge or battery-like results 

of the PEO-based films remains consistent.  

Table 22: Discharge fitted parameters for PEO-based films with 5.0 wt.% LP in an isolated 

circuit 
 10 𝑘𝛺 Series Resistor  Capacitor-Like Discharge Battery-Like Discharge 

Film 

# 
𝐼𝑎𝑝𝑝 

(𝑚𝐴) 

𝜀𝐷𝐶
′  

(105) 

𝐶𝑐𝑎𝑙𝑐 
(𝜇𝐹) 

𝑄𝑓𝑖𝑙𝑚 

(𝑚𝐶) 

𝐸𝑐𝑎𝑙𝑐 
(𝑚𝐽) 

𝐼0 

(𝜇𝐴) 

𝜏0 

(𝑠) 

𝐶𝑒𝑓𝑓 

(𝜇𝐹) 

𝑄0 

(𝑚𝐶) 

𝐼0 

(𝜇𝐴) 

𝐵𝐼 
(𝑛𝐴/𝑠) 

𝑄𝑐𝑎𝑝 

(𝑚𝐴𝑠) 

1 1 4.73 8.91 623 21.8 796 1.5 150 105 7.37 -61.9 0.438 

2 1 4.73 8.91 623 21.8 425 0.523 52.3 36.6 6.48 -59.1 0.339 

3 1 4.73 8.91 623 21.8 835 2.65 26.5 18.6 6.26 -47.4 0.326 

4 1 4.73 8.91 623 21.8 602 1.69 16.9 11.8 5.60 -46.8 0.297 

 

6.2   Comparative PVDF Energy-Storage Study 

With the multitude of PVDF samples with CoPH synthesized for this dissertation, a 

comparative energy storage study was conducted for PVDF films with 15.0 wt.% CoPH. 

Compared to the PEO films, the PVDF films did not display the characteristic battery-charging 
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profile and resembled more of capacitors for their charging profile. However, on discharge, they 

again had both a quick capacitive response and slow battery-like response with a current opposite 

that to the capacitive discharge. Since the PVDF films did not have the same charging profile as 

the PEO films, emphasis was focused on quick charging under varying currents and determining 

the effects on the films discharge performance. Constant currents of 6 mA, 4 mA, 2 mA, and 1 mA 

were applied to a single PVDF film and held for 30 s. At the 30 s point, the current was turned off 

and the discharge time was monitored. Figure 86.a shows the DC power supply voltage (V1) under 

the varying currents. Figure 86.b shows the resulting circuit current for each applied current. 

Again, since the PVDF samples did not charge in the same respect as the PEO films, the current 

profile thus mirrors the potential difference plot. It was found that the higher currents caused a 

higher circuit voltage and thus a larger potential difference across the PVDF films.  
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Figure 86: a) V1 and b) circuit current for PVDF films with 15.0 wt.% CoPH at varying applied constant charging 

currents 

Figure 87.a shows the potential difference across the films for the varying applied currents. 

Again, the larger the current, the larger the potential difference across the samples. The difference 

between the film potential is due to the small difference between the circuit and resistor potentials, 

as shown in Figure 87.b. 
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Figure 87: a) Film potential difference ΔV = V1-V2 and b) circuit and resistor potential differences for PVDF films with 

15.0 wt.% CoPH at varying applied constant charging currents 

 As stated, though the charging profile of the PVDF films more closely represents capacitors 

versus the battery profile seen with the PEO films, the discharge profile of the PVDF films mirrors 

the PEO films. There is the same quick voltage drop, signifying a large capacitive section, followed 

by a slow linear battery-like discharge with the current flowing in the opposite direction of the 

capacitive discharge, as with the PEO films. Figure 88.a displays the voltage drop across the films 

and as can be seen, there is a sharper drop in voltage for the films with the higher applied constant 

current. Both are fitted with the general formula for capacitor discharge. For the battery-discharge 

profile, as with the PEO films, since the battery-discharge current is in the opposite direction 

compared to the capacitive region, the absolute value for this portion of the discharge is shown in 

Figure 88.b. Interestingly enough, even though the films had different capacitive responses, their 

battery-discharge performance is very similar.  
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Figure 88: Discharge profiles concerning a) voltage drop across the film and b) the absolute value of the current drop 

across the circuit for PVDF films with 15.0 wt.% CoPH at varying constant-current charging currents 
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 Zooming in on the “flat” portion of the discharge portion of Figure 86.a yields Figure 89 

with the corresponding drop in output voltage for the PVDF films tested under varying applied 

constant charging currents. As can be seen, this battery portion of the discharge has a voltage drop 

and discharge current that are again similar across the board for the films, and also similar to the 

PEO battery-discharge profile (Figure 84.a). This result says that though the fast capacitive 

response is different for the films, due to the higher charging current enabling a larger charge build 

up on the films, that the battery-like behavior is more or less constant, owing to a more uniform 

ionic redistribution response for the CoPH within the sample. Table 21 shows the fitting results 

and confirms this conclusion. 
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Figure 89: Battery discharge profile for PVDF films with 15.0 wt.% CoPH 
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Chapter 7: Discovery of a Completely New Electromechanical Coupling Effect 

 

7.1   Overview 

As mentioned in the introduction of this report, electroactive polymers generally fall into 

two areas: electronic and ionic EAPs. The behavior for materials like PVDF used in ferroelectric, 

electronic EAPs generates a linear actuation response due to conformal changes along the polymer 

backbone, wherein a predominantly cis-trans polymer chain reorients into a predominantly trans-

trans chain as a response to an applied electric field like that shown in Figure 90.[1, 2] The electric 

dipole polarization of this polymer is reversible and can be changed under an applied electric field. 

The performance for PVDF films is a linear piezoelectric response. For PVDF, in real materials, 

the lattice parameter along the c-axis (the polymer backbone direction) for the crystalline structure 

of the α and β phases was found to be 4.62 Å and 5.12 Å, respectively,[3] for a four carbon-carbon 

bond lengths along the chain. This disparity between the two phases leads to a 11.1% linear 

increase in length along the polymer chain direction when the PVDF is excited from the α to β 

phases.  

For an idealized length of PVDF, this 11.1% linear extension between the phases can also 

be calculated. The distance between successive carbon atoms along the polymer backbone is 1.54 

Å.[4] For the cis-trans or α phase of PVDF (Figure 90.a), there is a 60o bend in the polymer 

chain[4, 5] when transitioning from cis- to trans- segments along the chain. In the trans-trans or β 

phase of PVDF (Figure 90.b), the angle made between three successive carbon atoms is 112o[4, 

5] (there are two other phases of PVDF with a conformation somewhere between α and β,[4] but 

the two pure cases mentioned are the ones of interest). Calculating the length of four carbon-carbon 

bond lengths along a single chain of PVDF for both the α and β phases yields a length of 4.62 Å 

and 5.12 Å, respectively. This disparity in lengths returns an increase in length of 11.1%, assuming 

a 100% conversion rate of α to β under an applied electric field. Electric fields needed to generate 

this linear response are approximately 13-150 MV/m.[6-8] The range of linear actuation for PVDF 

under an applied electric field presents many possible applications for this film.  
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Figure 90: PVDF structure for a) α and b) β phases 

On the other hand, as clearly represented throughout the rest of this report, ionic EAPs, 

specifically ionic-metallic polymer composites, generate a nonlinear, bending actuation response 

under an applied electric field due to the flux of both cations and anions within the parent polymer 

matrix and their accumulation at their respective electrodes. Applied fields on the order of 0.057-

0.133 MV/m can generate tip deflections of over 360o.   

This chapter will introduce and discuss how the electrostrictive, linear response of 

ferroelectric EAPs can be combined with the bending, nonlinear response of ionic EAPs to form a 

new area of EAP research and study. As a conceptual study this chapter will act to showcase a new 

material response and to introduce this new field of study for future research and examination. 

7.2   Two-Phase Actuation in PVDF EAPs 

In addition to the PEO films, which have been studied extensively in this report, PVDF-

based EAPs were also produced for comparison and study. Interestingly, it was found through this 

study that ferroelectric PVDF films can be forced to generate both the linear and nonlinear, bending 

actuation responses, resulting in a new area of EAP response and research. 4 V DC were applied 

to PVDF films containing 15 wt.% CoPH with a thickness of ~30 µm. 

To describe how this two-phased actuation phenomenon works, a hinged device was drawn 

to illustrate the varying actuation mechanisms. Figure 91.a-c exemplifies how a linear actuation 

response can occur utilizing an assembly of pinned hinges where successive expansion of the 
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hinges results in a linear extension. Figure 92.a-c shows how this same device can undergo a 

bending profile where the hinge expansion occurs on only one side, effectively creating a pivot 

point and resulting in a curl. Figure 93.a-c shows how the bending profile of Figure 92 can evolve 

into the linear actuation profile of Figure 91 as the curled device begins a linear expansion from 

the last set of hinges back to the base of the device. In reality, for each of these three sets of figures, 

the actuation process would be continuous instead of being shown with discrete steps, but 

representing the process in this manner enables a direct and quick intuitive understanding of how 

each mechanism occurs.  

 

Figure 91: Linear actuation of a hinged device from an a) initial and b) intermediate state to a c) final extended state 
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Figure 92: Nonlinear actuation of a hinged device from an a) initial and b) intermediate state to a c) final bended state 
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Figure 93: Secondary actuation process of a hinged device from an a) bent orientation actuation to an b) intermediate 

state, and finally to an c) extended linear actuation state 

It is this transition that has been observed in the PVDF actuators. As discussed in previous 

sections, it was found that PVDF films infused with cobalt perchlorate will perform a large bending 

actuation with a response time of roughly 5 s under 4 V DC. These results were readily fitted with 

both the Arrhenius-Based Model and the Charge-Distribution Model outlined. However, if the 4 

V DC were maintained and held on the PVDF films, it was observed that the films would begin to 

bend back towards their original state, indicating a secondary process occurring within the EAPs. 

It is surmised that the first stage of actuation, where bending occurs, is due to the electrostatic force 

within the matrix, created by the applied field, predominantly affecting the flux of cobalt 

perchlorate ions through the matrix. This generates the bending mechanism illustrated in Figure 

92 whereas the second phase of motion is driven by the same electrostatic force generating the 
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electrostrictive linear actuation phenomenon showcased in Figure 91. This two-phase response 

occurring within one continuous material and produced under a constant driving voltage is a new 

response observed in electroactive polymers and may lead to new potential applications.    

The behavior of the PVDF-based EAPs developed in this study were less predictable and 

repeatable in their performance compared to the heavily studied PEO-based films showcased for 

the majority of this report. Therefore, Figure 94.a-c display this two-phased response for three 

separate films, each with 15 wt.% CoPH and tested under 4 V DC. In each of the films, the initial 

curling actuation response of the film is due to the flux of the cobalt and perchlorate ions traversing 

the PVDF matrix and accumulating at the positive and negative electrodes. Once this process 

terminates, there is a recoil-like process that occurs wherein the films begin to bend back towards 

their original orientation. This secondary process again exemplifies the linear response in the films 

due to the realignment of the fluorine and hydrogen atoms along the PVDF backbone. The first 

film (Figure 94.a) had an initial bending actuation that covered roughly 210o, then recoiled 

approximately 90o for 43% linear extension recoil. The latter two films (Figure 94.b,c) had initial 

bending actuations that covered roughly 90o and 120o, respectively, followed by a respective 

secondary linear recoil response of 45o and 30o from their maximum actuated position. These 

measurements represent a 50% and 25% linear extension recoil response from the films. As seen, 

for the samples tested, the maximum recovery during the linear actuation response period was 

50%. Finally, upon release of the applied field, the films were seen to recover to almost their initial 

starting position arising from an elastic response within the films. Of note, is that the films 

generally have a flat bending response versus the curled response of the PEO films. This could 

signify a concentrated electric field at the base of the films. This concentrated field at either the 

base of the film or in other localized regions could yield electric fields high enough to cause the 

secondary linear response observed in the films. These results are very interesting and again 

represent a fundamental, preliminary investigation into this phenomenon. Further research may 

pave the way for a new area of study which should be followed up on and that could lend itself to 

future, more dynamic EAP applications. 
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Figure 94: Two-phase actuation phenomenon for PVDF EAPs with 15 wt.% CoPH with 4 V DC applied 

7.3   Examples of Two-Phased Motion in Nature and in Industry 

The two-phased process showcased with the PVDF films is not a unique process, but is 

one that has also evolved in nature and that has also been mimicked with industrial robots. 

However, as stated, it is the encompassment of this two-phased behavior in one continuous 

medium which makes it a unique material requiring further research. The best example of 

something having this dual aspect of motion in nature would be the trunk of an elephant.[9, 10] 

Elephant trunks are highly evolved, having roughly 150,000 muscles and making them capable to 

articulate in almost any direction. Figure 95 shows a cross section of an elephant’s trunk. They 

have longitudinal muscles on the top and bottom of their trunk which allows them to make back 

and forth motions; transverse muscles which enable them to move side to side, and radial muscles 

which allow them to expand and contract the enclosed nasal cavities. The refined nature of the 

elephant’s trunk enables it to hold/transport up to two gallons of water and it can pick up grass and 

other food. Elephants have even been trained to use their trunks to throw darts and to delicately 

hold and use a paint brush.[11] 

a) 

b) 

c) 
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Figure 95: An elephant and the cross-section of an elephant's tusk (copied from ref[9, 10]) 

The closest mimic to the functionality of the elephant trunk is the Bionic Handling 

Assistant (BHA), made by the German-based company, Festo.[12-14] The BHA is shown in 

Figure 96. The BHA operates by controlling the flow of compressed air throughout its structure. 

The construction of the BHA is broken down into four areas, including three segments that make 

up the ‘trunk’ and a gripper hand at the end, along with a chassis system enclosing the compressed-

air system and electronics. In each segment there are three tubes connected in a triangular structure, 

with ten air chambers for each tube, in each of the three segments. The amount of air in each 

chamber is controlled by piezoelectric valves and the BHA’s position determined by a series of 

potentiometers along the ‘trunk.’ The BHA is made mostly from polyamide, so it is flexible, which 

enables the arm to extend linearly, as well as nonlinear angular displacement with articulation 

across 11 degrees of freedom. The three-pronged gripper hand enables it to pick up objects 

similarly to how an elephant picks up grass. The operation of the BHA requires several systems 

working in conjunction to achieve its dynamic results. 
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Figure 96: Bionic Handling Assistant industrial robot (copied from ref [12]) 

Aside from the BHA device, more common industrial robots like the Kuka KR 60-3 

(Figure 97) have been developed with nearly the same degree of freedom for motion and 

articulation with the ability to achieve linear and nonlinear actuation performance. The mobility 

of these robots enable them to quickly and precisely perform operations specific to the automotive, 

welding, painting, and assembling industries. The Kuka KR 60-3 is a medium payload industrial 

robot capable of lifting 35 kg with six axes of freedom and operates via a hydraulic system.[15]  

 
Figure 97: Kuka KR 60-3 industrial robot (copied from ref[15]) 

Both the Kuka KR 60-3 and the BHA do an excellent job of articulating to extreme angles, 

however they are immobile and require a complex actuation system in order to operate. Though 
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not as robust as the industrial robots, the PVDF EAP films described in this chapter are capable of 

exhibiting both the linear and nonlinear behavior similar to that of robots and that of the elephant’s 

trunk. More work in this area is clearly necessary, but the introduction of this phenomenon paves 

the way for this new area of research. 
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Chapter 8: Conclusions Future Work, and Acknowledgements 

 

8 Conclusions 

The work included herein provided a parametric study on the characteristics and behavior 

of IPMC EAPs, namely, PEO-based composites. These composites were synthesized to be a 

biodegradable, green alternative to the commercially available IPMCs, like Nafion and Flemion, 

that are comprised of, or utilize caustic chemicals during their synthesis which are not 

biodegradable or recyclable. The PEO IPMCs were characterized based on changes in levels of 

ionic salt (LP) employed within its matrix and concentrations of NCC (the green additive and 

stiffening agent) during the synthesis process, and through testing the effects of sample thickness, 

temperature, and applied electric field levels during experimentation. Through monitoring of the 

bending actuation performed by the actuators under these conditions, several models were 

generated to describe the observed behavior of the EAPs. First, a simple Arrhenius-Based Model 

was developed that could quickly and easily fit the slow, steady, saturated actuation response 

observed within the films. This model utilizes only two fitting parameters, but is able to accurately 

describe the entirety of the sample’s electromechanical response. Spawning from this model was 

the Charge-Distribution Model, which aimed at better understanding the physics behind the IPMC 

bending response. It was assumed that both the anions and cations moved within the matrix at a 

constant drift velocity and from there it was proposed that IPMC actuation arises not from an 

expansion and contraction on either side of the film, but that both sides of the film expand as the 

charge carriers accumulate near the electrode-matrix interface. The observed electromechanical 

response is thus a result of one side of the film expanding faster than the other side, not unlike 

bimetallic alloys with different coefficients of expansion.  

Both the Arrhenius-Based and Charge-Distribution models require some type of optical 

monitoring equipment (i.e., photographs or video) to record the films actuation response. This 

requirement can be cumbersome and costly depending on the desired application; therefore a third 

model was detailed concerning the frequency and time dependence of the dielectric behavior of 

the PEO films. An impedance analyzer was used which added a small, sensing AC electric field 

to the larger driving DC electric field. Through sweeping the frequency through a set range it was 

found that the electromechanical actuation response, namely the sample’s strain, could be linked 

to changes in its dielectric relaxation time. This discovery creates the possibility of being able to 
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remotely monitor the samples actuation response without having to require any type of viewing 

equipment. This model could enable more of the intended lightweight applications for IPMCs. 

Finally, an introductory study of the PEO-based IPMCs as possible energy storage devices 

was conducted. PEO samples with 5.0 wt.% LP were concentrated on and it was found that the 

samples behaved both like a capacitor (with a fast discharge response) and like a battery (due to 

its charging profile). This novel study aims to view these materials as possible lightweight energy 

sources for low-power applications.  

In all, this project answered some questions regarding IPMC behavior and opened up new 

questions in the process. These are exciting materials and I found myself lucky to have had the 

chance to work with them. It has been a rewarding experience and this dissertation is the 

culmination of all of that hard work and it is something that I am greatly proud of. 

8.1   Future Work 

There is great potential for future work that can spawn from the research presented in this 

study. Further master’s and PhD-level-research would be easily warranted for any one or 

combination of topics discussed herein. IPMCs are amazing materials, but there are still many 

mysteries, even within the chapters laid out in this investigation, to uncover and solve for the 

behavior and characterization of IPMCs. The following will name a few areas of possible future 

focus from each of the chapters laid out in this dissertation: 1) To explore other biodegradable 

IPMCs such as poly(ε-caprolactone) and to build a portfolio of green alternatives for smart material 

research; 2) for the Arrhenius-Based Model, to test more polymer systems to encapsulate how 

general the applicability of this simple actuation model is; 3) conduct a more comprehensive study 

on the possible physics behind the time constant B within the model; 4) for the Charge-Distribution 

Model, to also test its applicability to more polymer systems; 5) hone in on the intricacies presented 

by the model for early time intervals for the possible development of an additional boundary 

condition to better encompass the physical behavior as the ions are accelerated from rest to 

inevitably reaching their drift velocity; 6) to investigate more into the idea behind accumulation 

zones for varying experimental conditions; 7) for the Dielectric-Monitoring Model, to again survey 

more polymer systems and to find systems that have loss peaks that dissociate similarly to the 5.0 

wt.% LP PEO-based IPMC composites within a usable frequency range; 8) to delve further into 

the possibility of using IPMCs as hybrid capacitor-battery energy storage devices. Exploring any 
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of these topics would greatly increase our understanding of IPMCS with how they function and 

for what types of applications they would best be suited. 
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