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Abstract 

The continuing interest in Lab-on-a-Chip technologies and Point-

of-Care diagnostics systems is driving the development of supporting 

components for microfluidic regulation. Optimally the microfluidic 

regulation components would operate cyclically with a minimum input 

power, could be precisely controlled in specific locations, and wouldn’t 

require bulky external components. One potential microactuator that 

could satisfy these requirements is an electrically stimulated hydrogel 

microactuator to provide a swelling and deswelling response. A 

hydrogel’s temporal performance is also enhanced at reduced length 

scales, its fabrication is amenable to mass fabrication processes, and 

knowledge exists for macroscale cyclical bending. However, electrical 

stimulation at the microscale in a closed system would need to 

overcome electrolyte electrolysis effects and electrochemical 

reactions at electrodes. 

In this thesis, several aspects of an electrically stimulated 

hydrogel microactuator that undergoes cyclical swelling have been 

analyzed. Firstly, the chemical and electrical field dynamics were 

numerically investigated through application of a yet uninvestigated 

cycling polarity electrical field, which highlighted the need for 

increased applied electric fields, and reduced hydrogel dimensions 

and modulus. Secondly, the hydrogel’s dynamic mechanical 

properties were investigated to ascertain the straining frequency’s 



 
 

effect on the hydrogel’s viscoelastic state, and quantifiable moduli 

were identified with appropriate mechanical stiffness for 

microactuation. These two studies provided system design 

parameters to maximize performance. 

Thirdly, to overcome electrolysis and electrochemical reactions a 

dielectric layer was introduced over the electrodes. This system 

modification required the unprecedented use of AC frequencies for 

stimulation and necessitated an analysis, both analytically and 

experimentally, of the characteristic AC frequency needed to 

successfully demonstrate and maximize hydrogel microactuation. The 

system’s frequency-varying capacitance, impedance, and apparent 

power were also investigated.  

Lastly, the hydrogel microactuator’s operation under cyclical 

electrical stimulation, achieved through pulse width modification, was 

successfully demonstrated and investigated for up to three cycles of 

actuation. The system was subjected to increasing electric fields to 

demonstrate a maximum true strain of ~27% with response times <10 

seconds, and the electrically induced osmotic pressure throughout the 

analysis was analytically calculated. Furthermore, the system 

employing dielectric coated electrodes was compared to a stable 

system without dielectrics, highlighting the further performance 

enhancements available with continued optimization.  
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Chapter 1 
 

Introduction 

 

1.1 Motivation 

Presently and over the past decades, microfluidic chip systems have 

been the focus of research for the development of Lab-on-a-Chip (LOC) 

and portable Point-of-Care (POC) diagnostic tests; however, significant 

progress towards comprehensive systems has been hampered by the 

integration of microfluidic regulation components [1]. These LOC and POC 

technologies have demonstrated advantages over traditional laboratory 

tests, such as a shorter sample processing time, smaller reagent 

quantities are required, and their potential for portability, among others [2, 

3]. Specific microfluidic chip systems each have their own layout and 

function, but in general, systems can perform sample preparation, 

separation, and sensing or detection [4]. Throughout these systems the 

integration of microfluidic regulation components are necessary for fluidic 

movement and manipulation. Microfluidic regulation systems contain two 

main components: micropumps and microvalves. 

Various micropumping schemes have been proposed, such as 

passive capillary pumping, active non-mechanical electroosmotic 

pumping, or active mechanical pneumatic peristaltic pumping [4, 5]. 

Several microvalving configurations have also been proposed with 

differing actuation methods, such as: pneumatic [6], electrostatic [7], and 

electromagnetic [8], among others. Certain microactuation systems initially 

developed for microvalving have also been extended for sequential 

operation in peristaltic micropumping configurations or alternatively 
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micropumping actuators have been reconfigured for microvalving. It is 

unclear which micropumping scheme dominates LOC and POC 

applications, as a method’s applicability depends on the microchip 

configuration; however, it is clear that an easily controllable active on-off 

microvalve is needed for complex LOC and POC systems. Towards the 

fulfillment of this microvalving need, various microactuation systems are 

under development which are presently employed as microvalves or which 

can be extended to perform as microvalves.  

The development of microactuation methods for applications in 

microvalving has been ongoing for over two decades [9]; however, 

difficulties integrating microvalves within LOC and POC systems still 

remain. For example, the popular pneumatic air membrane-based 

microvalve first developed by Unger et al. [6] requires external and bulky 

vacuum/pressure pumps to provide the necessary pneumatic actuation, 

drawing high power and hindering portability. Another popular example 

are embedded electrostatic microvalves that use parallel plate electrodes 

above and below the microchannel [7]. While they are integrated without 

bulky external equipment they can also require 50-300 V for operation 

which hinders their utility in a POC system. Microvalving configurations 

avoiding these drawbacks, such as an electromagnetically actuated 

system, can also require complex expensive microfabrication processes 

and incorporate moving components susceptible to wear [8].  

The integration of microvalves that are easy to fabricate and do not 

require complex external control systems remains a critical challenge to 

the large scale integration of microvalving technologies within LOC and 

POC systems [4, 10, 11]. Furthermore, for POC diagnostics the 

microvalving power requirements must be at a minimum to facilitate long-

term battery operation [1].  
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1.2 Proposed Approach 

Electrically actuated hydrogels offer some interesting advantages 

over other microactuation methods, they: have relatively low power 

consumption when actuated, allow precise electrical control of the actuator 

response and the response location, are amenable to inexpensive mass 

fabrication processes, and their temporal performance is enhanced at 

reduced length scales. In the past decades electrically actuated hydrogels 

have been extensively studied [12-14], but in systems with macroscale 

geometries and configurations intended for artificial muscle applications 

[15, 16]. These macroscale works provided a knowledgebase for 

understanding actuation kinetics and rough performance capabilities, 

investigated the use of various materials, and studied many different 

systems configurations. However, few researchers have investigated 

microscale electrical swelling of hydrogel microactuators with intended 

applications in microfluidics, which is the primary goal of the current 

research. 

Work with microscale hydrogels has been largely catalyzed by 

Beebe et al.’s demonstration in the year 2000 of photopolymerizable 

microscale hydrogels, which were employed as pH responsive 

microvalves [17]. Bassetti et al. extended this work and was among the 

few examples of literature that have examined microscale electrically 

stimulated hydrogels, which demonstrated the swelling of a cylindrical 

microscale hydrogel under an applied electric field [18]. Their study 

showed an increased swelling response with increased applied electric 

potential, and that this response could be step-wise increased by 

modifying an applied duty cycle. However, their work did not examine the 

electrical deswelling of a hydrogel and thus did not perform cyclical 

stimulation of a hydrogel microactuator. Cyclical hydrogel swelling and 

deswelling, or cyclical stimulation/actuation, would be highly 

advantageous to produce a microvalve that can be actively turned on and 

off repeatedly. Examining the cycling of stimulation would be necessary to 
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understand potential opening and closing kinetic responses, and any 

behaviors associated with cyclical actuation. Two other microscale works 

by Kwon et al. demonstrated the electrically induced bending of a 

rectangular prismatic hydrogel, specifically for the applications of cell 

sorting [19] or micropumping [20]. The latter configuration for 

micropumping cyclically bent the hydrogel approximately 6 million times 

over 6 months, highlighting the repeatable nature of electrical actuation. 

However, hydrogel bending is difficult to apply to many configurations for 

microfluidic regulation. Swelling can be applied to regulation easier than 

bending, especially for out-of-plane microvalving configurations, but 

studies examining electrically induced hydrogel swelling are rare. Both the 

works of Bassetti et al. and Kwon et al. also suffered from the effects of 

electrolyte electrolysis and electrochemical reactions at the electrodes. 

Bassetti et al. needed to continuously flush the channel with electrolyte to 

wash away bubbles, which would significantly hinder the system’s utility 

within a complicated microfluidic chip. Kwon et al. was forced to apply 

electric potentials <1.2 V to avoid these crippling effects, which limited the 

system’s performance. In addition, neither of these systems examined the 

initial chemical or induced electrical osmotic pressure responsible for 

hydrogel actuation, as this would require knowledge of the hydrogel’s 

mechanical properties and state of swelling. Nor did they investigate the 

underlying electrical and chemical field dynamics responsible for inducing 

the hydrogel’s osmotic pressure.  

The current research adopts a cylindrical microscale hydrogel 

configuration to develop a cyclically operating microactuator, without the 

negative effects of electrolyte electrolysis and electrochemical reactions. 

The system incorporates dielectric coated electrodes to overcome these 

negative effects which allow examination of the primary research 

objective: to cyclically actuate a cylindrical hydrogel using pulse width 

modulation to study microactuation performance. Understanding the 

behavior and performance of a hydrogel microactuator would be 
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necessary to further employ this material in a microvalving configuration. 

This main objective is aided by an analytical and experimental 

examination of the characteristic AC frequency needed to overcome 

electrostatic shielding effects, initially caused by incorporating dielectric 

coated electrodes. To better understand the underlying electric and 

chemical field dynamics responsible for cyclical electrical actuation a 

preliminary system will be studied through the development of a numerical 

model. In addition, to understand the effects of cyclical actuation on the 

hydrogel’s elastic restoring force the dynamic mechanical properties will 

be investigated and quantified for a range of testing and fabrication 

parameters.  

1.3 Research Objectives 

The following are the overall research objectives of the current research, 

presented in the chronological order of investigation: 

1. Numerical Modeling. Investigation of the cyclic deformation 

behavior through numerical modeling of a hydrogel actuator 

macroscale system under a reversed polarity electric field. This 

numerical study also allows for an examination of the underlying 

electric field and chemical field dynamics under both chemical and 

electric stimulus, and their overall effect on displacement. This 

examination helps identify an appropriate range of mechanical 

properties and electric field magnitudes needed for further 

experimental studies.  

2. Prototype Microfabrication. Prototype a microfluidic chip that 

incorporates the necessary components for in-situ electrical 

stimulation of a hydrogel microactuator. This objective involves the 

development of a microfabrication process flow utilizing 

microfabrication techniques and resources available within the 

University of Alberta’s NanoFab and the MEMS/NEMS Advanced 

Design Laboratory (ADL). An evolution of prototypes will be needed 
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to systematically incorporate all necessary components, with the 

desired geometries and critical dimensions. The final prototyped 

chip will then be used to perform experimental studies which aim to 

mimic potential operational environments found in LOC systems.  

3. Mechanical Characterization. Perform a systematic determination 

of a photopolymerizable hydrogel’s dynamic mechanical properties 

under different electrolyte concentrations, cyclical testing 

frequencies, and various fabrication conditions. This 

characterization also studies the relationship between elastic and 

viscous contributions within the hydrogel during deformation. Once 

the dynamic mechanical properties are known, a specific set of 

fabrication conditions can be identified which will produce hydrogels 

that can satisfy the range needed for actuation. In addition, these 

quantitative values can be further incorporated into analytical 

expressions to calculate the initial chemical and electrically induced 

osmotic pressure in deforming hydrogels. 

4. Analytical Modeling. Develop a theoretical model for prediction of 

the characteristic AC frequency required to overcome all 

electrostatic shielding effects. This model will analyze the 

capacitances found within the hydrogel-electrolyte-dielectric 

system, focusing on capacitances over the electrodes. This model 

will then be compared to experimental measurements of 

capacitance. In parallel the system impedance will be 

experimentally measured to allow calculation of the apparent power 

consumption of the system. 

5. Frequency-based Microactuation. Experimentally actuate hydrogels 

electrically using AC frequencies both above and below the 

predicted characteristic frequency, and contrast the resulting 

deformation and response times achieved. This study performs the 

first electrical actuation of a hydrogel with AC frequencies and no 
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external pumping equipment, and verifies that maximum 

displacement occurs above the predicted frequency.  

6. Cyclical Microactuation. Explore the AC electrically induced cyclical 

actuation of hydrogels by implementing pulse width modification to 

control the applied electric field magnitude and hence the actuation 

response. This study also examines the effect of increasing electric 

field magnitudes on the induced deformation and response times, 

and the overall peak-to-trough deformation response. Furthermore, 

combining the previously determined mechanical properties with 

the observed deformation the hydrogel’s electrically induced 

osmotic pressure can be calculated. Lastly, this system can be 

compared to a similar system without dielectric coated electrodes, 

but needing external pumping, to examine the potential for future 

performance enhancements. 

1.4 Thesis Outline 

This thesis provides a detailed description of an electrically 

stimulated hydrogel microactuator’s development through numerical 

modeling, prototype microfabrication, hydrogel characterization, and 

experimental electrical microactuation. The thesis is divided into 8 

chapters, where the following paragraphs describe the areas covered in 

each of the chapters. 

Chapter 1 provided a brief introduction and overview of the 

investigated research and highlights the motivation behind the current 

research and the methodology for its study. Chapter 2 provides a review 

of the literature pertaining to microactuators in microfluidics, stimuli 

sensitive hydrogels, electrically actuated hydrogels, the theoretical 

equation systems for numerical modeling, and methods for 

characterization of a hydrogel’s mechanical properties. It briefly overviews 

systems that electrically bend hydrogel macroscale rectangular prisms, 
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and highlights the few studies that have investigated electrically actuated 

microscale hydrogels.  

Chapter 3 presents the coupled chemo-electro-mechanical transport-

based equations for numerical simulation of electrical hydrogel actuation. 

It then illustrates a system under a chemical equilibrium that is electrically 

deformed, which is cycled by reversing the electrical polarity to reverse the 

induced deformation. The numerical model also overviews the electric and 

chemical field dynamics that occur during cyclical hydrogel actuation.  

Chapter 4 examines the details of the microfabrication processes 

conducted to prototype two major hydrogel based systems: one with 

dielectric coated electrodes and one without dielectric coated electrodes. 

The latter system represents an earlier evolution of the former, and both 

systems are used to experimentally test hydrogel microactuation. The 

chapter also presents the testing system used to apply electrical signals 

and the methodology implemented to optically characterize hydrogel 

deformation.  

Chapter 5 presents an experimental study of a hydrogel’s dynamic 

mechanical properties as measured through dynamic mechanical 

analysis. The chapter quantifies the hydrogel’s storage and loss modulus 

at different electrolyte concentrations, cyclic testing frequencies, 

photopolymerization intensities and exposure times, and with varying 

crosslinker concentration. Through these parameters the effects of 

hydrogel swelling and polymer network structure on the relationship 

between storage modulus and loss modulus were studied. 

Chapter 6 presents an analytical capacitance model for prediction of 

the system’s characteristic AC frequency needed to overcome 

electrostatic shielding, and provides predicted frequencies for varying 

electrolyte concentrations and dielectric thicknesses. The analytical model 

was then compared to the experimental measurements of system 

capacitance. In addition, experimental measurements of impedance as a 

function of frequency and concentration are presented to calculate the 
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apparent power of the system at the maximum experimentally applied 

electric potential. The chapter also presents the first experimentally 

observed AC-frequency based electrical actuation of hydrogels, which 

examines actuation at increasing frequencies, two different electrolyte 

concentrations and increasing electric field magnitudes.  

Chapter 7 presents the first demonstration of experimental cyclical 

microactuation of electrically stimulated hydrogels by employing AC 

frequencies and pulse width modulation. The experiments examine the 

effect of an increased electric field on the deformation and temporal 

responses, while cycling the hydrogel through at least three swollen-

deswollen states. The experiments also compare systems with and 

without dielectric coated electrodes to contrast performance, and provide 

an outlook for potential system enhancements. Analytically the initial 

chemical and electrically induced osmotic pressures are calculated using 

the previously quantified dynamic mechanical properties to provide a 

measure of the maximum actuation pressure generated.  

Each chapter provides learning experiences to influence and 

improve the primary research objective. The four research chapters are 

intertwined, whereby knowledge gained from the earlier chapters impacted 

later chapters, as depicted in Figure 1.1. The outcomes from Chapter 3 

showed the need for improved actuator response through larger electric 

fields, a smaller scale hydrogel, and a lower elastic modulus hydrogel. In 

addition, it showed that a cylindrical hydrogel would be better for 

characterization, as it would have a singular point of maximum deflection 

and would not experience torsion the way an imbalanced square might. 

Chapter 5 provided quantification of the dynamic mechanical properties 

which would be used later in Chapter 7 for calculation of hydrogel osmotic 

pressure. It also provided crucial fabrication parameters needed for 

hydrogel fabrication within Chapter 4’s prototyping, and Chapter 6’s and 

7’s experimental research. Chapter 6 demonstrated prototyping success, 

proving the manufacturing process was complete and adequate for further 
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electrical actuation studies. In addition, it predicted the characteristic AC 

frequencies needed to overcome electrostatic shielding and confirmed a 

viable range of electric field magnitudes that would cause actuation. All 

the aforementioned experience culminated in Chapter 7 to demonstrate 

the cyclical electrically induced hydrogel microactuation, with a large strain 

response and response times on the order of seconds.  

 

              
Figure 1.1: Relationships between research chapters within this thesis, and how earlier 

chapters influenced the primary research objective investigated in Chapter 7. 
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Chapter 2 
 

Literature Review  

 

2.1 Introduction   

Relevant experimental, theoretical, and characterization literature is 

discussed. Electrically stimulated hydrogel microactuators fall within the 

realm of three major research areas: microactuators for microfluidics, 

electrically activated polymers, and stimuli-sensitive hydrogels, shown in 

Figure 2.1.  These three areas are briefly reviewed, focusing on stimuli-

sensitive hydrogels and the stimulation mechanisms which cause 

actuation. Within the realm of stimuli sensitive hydrogels the chronological 

investigation of macroscale and microscale electrically activated hydrogels 

is overviewed, highlighting examples related to the development of this 

work. Following this a description of equation systems for numerical 

modeling are reviewed, and evaluated for their applicability to model the 

system examined within this work. The closing section examines the 

techniques available to characterize a hydrogel’s mechanical properties, 

specifically the hydrogel’s tensile dynamic mechanical properties, and 

briefly overviews literature that have previously measured a hydrogel’s 

mechanical properties.   
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Figure 2.1: Electrically stimulated hydrogel actuators for microfluidic applications fall in 
the realm between microactuators for microfluidics, electrically actuated polymers, and 

stimuli-sensitive hydrogels. 

2.2 Microactuators in Microfluidic Systems 

The use of microactuators for microfluidic regulation has received 

significant attention from researchers. While passive microvalving [1] and 

micropumping [2] techniques do exist, the use of active microactuator-

based systems offers more control for the automation and integration of 

complex microfluidic systems. In microelectromechanical systems 

(MEMS) there are a wide array of applications for microactuators [3], but 

for microfluidic systems they are generally employed for either 

microvalving or micropumping, or both, as seen in Figure 2.2.  

Two- and three-dimensional microvalving designs cover a wide 

range of configurations [4, 5], with the final design depending on the 

intended application and components required for use. Microvalves have 

been shown to incorporate microactuators within a wide variety of 

stimulation methods, including: pneumatic [6], electrostatic [7, 8], magnetic 

[9], electromagnetic [10], bimetallic [11], electroactive polymers [12], and 

stimuli-sensitive hydrogels [13].  New developments evolve microactuators 

to decrease response times, reduce complex external components, hold 

higher pressures, enhance operational utility, and reduce the overall 

device size.  
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Micropumping systems have also been developed to incorporate 

microactuators, typically implementing a deformable membrane and one 

or two check valves. The integration of micropumping is required for more 

complex flow movement throughout a microfluidic chip, with thorough 

reviews previously published on MEMS-based systems [14, 15]. 

Micropumping has been shown to be actuated using: pneumatics [6], 

thermopnuematics [16], shape-memory alloys [17], piezoelectrics [18], 

magnetic materials [19], electroactive polymers [20], and stimuli-sensitive 

hydrogels [21].   

Electrically-stimulated hydrogel microactuators are well suited for 

microvalving and micropumping applications because their performance 

scales with reduced size, they do not require extensive external 

components, they can have a large actuating stroke, and can be operated 

under low power. In addition, the fabrication of hydrogels using 

photopolymerization techniques allows for large arrays of microactuators 

to be fabricated simultaneously without complicated and costly 

microfabrication processes. However, further research is required to 

understand the response kinetics and osmotic pressure performance of 

electric field sensitive hydrogels (EFSH) under varying and cyclical 

electrical stimulation.  

2.3 Electroactive polymers 

Electroactive polymers (EAP) are electrically responsive materials 

that undergo deformation when stimulated by a suitable electrical 

stimulus, and can have characteristics in common with natural muscles 

[22]. Compared to some of the competing actuating technologies outlined 

in Section 2.2, they can undergo large strains without failure, have 

improved temporal performance with reduced scale, can be structurally 

simple, and have a high power density [23].  
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Figure 2.2: Microactuators utilizing various mechanisms for microfluidic flow regulation 

through microvalving or micropumping applications. 
 

EAP can be classified into two main categories: electronic EAPs and 

ionic EAPs, as seen in Figure 2.3. Electronic EAPs are governed by 

electrostatic forces, while ionic EAPs are governed by the electrically 

induced migration of ionic species. Electronic EAPs can be divided into 

four main categories: piezoelectric polymers [24], electrostrictive polymers 

[25], dielectric elastomers [26, 27], and liquid crystal elastomers [12]. 

Generally electronic EAPs have large actuation strains and stresses, fast 

response times, and long lifetimes, but also require relatively large driving 

electric potentials (up to 1 kV) to provide these advantages.  

Ionic EAPs can be divided into four categories: polymer hydrogels 

[28, 29], ionic polymer-metal composites (IMPC) [30-33], conjugated 

polymers [34, 35], and carbon nanotubes [36, 37]. Their main advantage 

is signified by their responsiveness at relatively low electric potentials (1-

50 V); however, they can be limited by shorter lifetimes and higher relative 

response times. The shorter lifetimes can be caused by material and 

electrode degradation with repeated cycles, due to electrochemical effects 

at the electrodes. The longer response times are due to the 
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electrodiffusion of mobile ionic species, which can be enhanced by 

reducing the critical length scale to decrease diffusion pathways.  

To date, EAPs are generally employed for applications as artificial 

muscles [23, 27, 31, 34] or as actuators in a broader system [26]. They 

have also been employed in microfluidic applications as microactuators 

[29], microvalves [12], and micropumps [33]. These systems take 

advantage of the specific polymer’s ability to turn electrical energy into 

mechanical work.  Electric field sensitive polymer hydrogels, a type of 

ionic EAP, have the particular advantages of relatively low actuation 

voltages; they’re capable of mass fabrication at the microscale, and have 

the potential for repeated use without significant polymer degradation.  

 
Figure 2.3: Electroactive polymers, classified as fundamentally governed through either 

ionic or electronic processes. 

2.4 Stimuli Sensitive Hydrogels 

Stimuli sensitive hydrogels (SSH) are functional polymers that are 

fabricated as part of a system to produce a deformation, sense a 

compound or deliver a drug. They have also been referred to as intelligent 

polymers, stimuli responsive polymers, smart polymers, or polyelectrolyte 

hydrogels.  
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Hydrogels are cross-linked networks of hydrophobic and/or 

hydrophilic polymer chains that can be highly swollen with water or other 

appropriate solvents. They have been shown to respond to a wide variety 

of environmental stimulus, which can manipulate their volume, shape, 

pore size; and optical, mechanical, or electrical properties.  Many SSHs 

have shown a reversible response of these properties upon removal of 

stimulus, a characteristic required for repeated microactuator use. A 

number of review papers [38-46] have detailed SSH discussing their 

applications as microactuators, sensors, remote controlled biomaterials, 

and their operational fundamentals. 

Stimuli sensitive hydrogels have been shown to respond to biological 

stimuli (glucose [47, 48], antigens [49, 50], proteins [51], and enzymes 

[52]), chemical stimuli (pH [13, 53, 54] and/or electrolytes [54]), and 

physical stimuli (magnetic fields [55, 56], light [57-61], temperature [62-

68], and electric fields [29, 69-71]), as outlined in Figure 2.4. These 

hydrogels respond to stimulus with a volume transition and/or deformation. 

The exact mechanism behind their individual responses is unique, but 

some stimulation methods also share the same underlying mechanism 

behind actuation. Below their mechanisms will be discussed, except for 

chemical and electrical stimuli as they will be discussed in greater detail in 

the following sections.  

Various biological stimuli affect the hydrogel differently. Second 

generation glucose sensitive hydrogels become swollen by glucose, when 

glucose causes an increase in the charged boronic groups which induces 

an osmotic pressure [48]. Antigen responsive hydrogels have both an 

antibody and antigen graphed on the polymer network. Introduction of a 

free antigen causes competitive binding which breaks the non-covalent 

crosslinks and induces swelling in the hydrogel [49]. Protein responsive 

hydrogels have a network whereby the presence of the protein EGTA 

removes Ca2+ from functional groups bound to the polymer backbone, 

which induces an osmotic pressure and causes swelling [51]. An enzyme-
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responsive hydrogel’s amine groups are functionalized with neutral 

zwitterion peptide linkers. The target enzyme catalyzes hydrolysis of these 

linkers which charges the hydrogel’s backbone, and induces osmotic 

pressure based swelling [52].  Hydrogels responding to biological stimulus 

are typically employed in systems for sensing of the particular biological 

marker. Three of the four biological stimuli rely on an osmotic pressure to 

develop for swelling to occur, a process which will be discussed in detail 

later. 

A type of physically stimulated hydrogels are magnetic field sensitive 

hydrogels that can either be swollen by a ferrofluid [55] or the polymer 

network can be a nanocomposite with embedded magnetic nanoparticles 

[56]. In the first case the ferrofluid interacts with a nonuniform external 

magnetic field causing an extension, but not a volume transition [55]. In 

the second case, an alternating magnetic field causes an increase in the 

temperature of the iron oxide nanoparticles, which induces a subsequent 

increase in temperature and temperature-based deswelling of the 

hydrogel [56].  These nanocomposite magnetically sensitive hydrogels 

have been applied as actuators in microvalves, but suffer from response 

times on the order of minutes and need an external system to produce the 

magnetic field [56]. No magnetic system to date relies on an osmotic 

pressure to develop for actuation. 

Light sensitive hydrogels can be stimulated using three main 

methods, light induced: direct or indirect heating of the polymer network 

for temperature-based stimulation [57, 58], proton dissociation for pH-

based stimulation [59, 60], and proton pumping for pH-based stimulation 

[61]. Heating of the polymer networks was caused by either directly 

applying visible light to the gel [57] or heating a gold-colloid 

nanocomposite gel [58]. The gold-colloid nanocomposite gel was applied 

as a two-dimensional microvalve, which opened in 40 minutes time. Light 

induced proton dissociation was enabled by modifying the hydrogel with 

photoresponsive spirobenzopyran [59, 60], which was subsequently 
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applied for on-demand microvalves opening/closing in minutes [60]. A new 

design has seen an anionic hydrogel undergoing pH-based actuation 

when a separate sheet coated with photosensitive bacteriorhodopsin and 

porous anodic alumnia acted as a proton pump allowing diffusion towards 

the hydrogel [61]. Light sensitive hydrogels rely on either pH-induced 

osmotic pressure based actuation or temperature induced actuation, the 

two most common actuation mechanisms.  

Temperature sensitive hydrogels are a popular form of stimuli 

sensitive hydrogels. Their volume transition actuation mechanism has 

been previously discussed by many researchers [72-74]. As hydrogels are 

a three-dimensional polymer network composed of hydrophobic and 

hydrophilic side chains, it is the energy balance between these chains 

responsible for volume transition. The equilibrium state can be disturbed 

by the addition or removal of a thermal load on the system. Below the 

gel’s lower critical solution temperature (LCST) the gels is swollen, and 

the hydrophobic chains have water molecules hydrogen-bonded to them. 

At temperatures above the LCST two main mechanisms cause deswelling: 

a decrease in the bond strength between hydrophobic chains and water 

molecules, and a natural increase of hydrophobic interactions. The LCST 

has been demonstrated to be variable, depending on the ratio of 

hydrophobic to hydrophilic chains within the hydrogel structure. Generally 

hydrogels deswell with a thermal load, but compositions have been 

fabricated that swell at high temperatures [75]. In some cases hydrogels 

have been synthesized to be both temperature and pH sensitive [76], to 

allow for flexibility of stimulation. Temperature sensitive hydrogels have 

been applied in microfluidic systems as microvalves [64, 65], micropumps 

[63], and micromixers [66]. They have also been applied for drug delivery 

[75, 77], microlenses [78], reversible ‘smart’ surfaces [79], linear springs 

and coils [67], and high-resolution tactile displays [68].  

Each stimulation method can find niche uses within specific 

applications, providing a diverse portfolio of applications for SSHs. 
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However, some systems require complex and/or bulky external stimulation 

components to produce actuation. Response times can also vary 

drastically across stimulation methods, from under a second to hours. 

Furthermore, the magnitude of actuation can vary drastically as well, 

ranging from 1-2 % strain for some biological stimulation methods to >50 

% strain for some chemical and physical stimuli. Hydrogels subjected to 

the physical electric field stimuli show the most opportunity to minimize 

response time and maximize actuation strain, while keeping the required 

stimulation components to a minimum. Electrical stimulation does however 

require preliminary application of a chemical stimulus to initialize the 

system and ready it for further actuation, necessitating an understanding 

of pH and ionic sensitive hydrogels.  

 
Figure 2.4: Hydrogel stimulation methods through chemical processes, physical fields, or 

biological molecules. 

2.5 pH and Ionic Sensitive Hydrogels 

pH and ionic sensitive hydrogels are a broadly researched class of 

stimuli sensitive hydrogels. A thorough understanding of the underlying 

mechanisms for pH-based swelling and deswelling is a prerequisite for 

those looking to further examine electrical swelling. The final equilibrium 

state of pH/ionic hydrogel swelling becomes the initial condition for 

electrical swelling; it provides the baseline pressure and deformation prior 
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to further electrical stimulation. Moreover some historical demonstrations 

of electrically induced actuation are actually employing pH-based swelling 

or bending through generation of protons and hydroxide at the electrodes. 

pH sensitive hydrogels have a long history of research, and with the 

knowledge gained of their deformation mechanisms and kinetics they 

have been employed in a variety of applications.  

Early work on pH sensitive hydrogels by Kuhn et al. in the 1950s 

examined the cyclical dilation and contraction of macroscale hydrogel 

strips subjected to alkaline and acid solutions, respectively [53]. This 

demonstrated the reversible nature of hydrogels under pH cycling. By 

1994 this work had evolved into the bundling of an array of hydrogel fibers 

together with a fluid irrigation system to dispense acidic and basic 

solutions, towards the application of a linear actuator for artificial muscles 

[80]. Large actuation strains were achieved, but its applicability was 

questionable due to response times of minutes and the need for irrigation 

systems to apply the needed chemical stimulus. During this time it was 

also being shown experimentally that hydrogels respond differently to 

varying electrolyte concentrations, swelling to a greater extend in weaker 

acidic or basic solutions depending on the hydrogel type [81].  

Applications as actuators in microfluidics weren’t thoroughly 

developed until the year 2000 when Beebe et al. demonstrated the in-situ 

photopolymerization of pH-sensitive hydrogels within microchannels [13]. 

Hydrogel response times decrease with a decreased scale, thus the 

development of hydrogels at the microscale catalyzed an explosion in 

applications, which included: microvalves [82-87], micropumps [88], 

micromixers [89], micropistons [90], microlenses [91], sensors [40, 92-94], 

and drug delivery systems [95, 96], as shown in Figure 2.5. For these 

purposes they are generally fabricated as solid cylinders, spheres, or 

rectangular prisms; however, in some cases for sensing they have been 

fabricated as inverse opal structures [97, 98] or as a composite with a 

crystalline colloidal array [99]. 
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Figure 2.5: Applications of pH stimulated hydrogels in microscale systems 

 

This work focuses on a pH and electrically sensitive hydrogel that is 

composed of hydroxyethyl methacrylate (HEMA) copolymerized with 

acrylic acid (AA), which has functional carboxyl groups on the polymer 

backbone. This structural composition is visualized in Figure 2.6. Overall 

the hydrogel structure has three-dimensional randomly oriented polymer 

chains with covalently bound crosslinks. When hydrated in an alkaline 

electrolyte the carboxyl groups are deprotonated and negatively charged, 

and mobile cations and anions are found throughout the matrix together 

with water molecules.  

The pH stimulation mechanism relies on the presence of the bound 

carboxyl groups. Within acid solutions, at a pH below the carboxyl group’s 

dissociation constant, the carboxyl group is protonated and has a neutral 

charge. At this state any hydration is due to the mixing energy between 

solvent and the polymer network, which is minor for HEMA-AA and water 

due to low polymer-solvent interaction. When immersed in an alkaline 

electrolyte, above the carboxyl group dissociation constant, the carboxyl 

group deprotonates and becomes negatively charged.  
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RCOOH RCOO H    5.3pKa    (2-1) 

To preserve electroneutrality mobile cations from the surrounding 

electrolyte diffuse into the hydrogel, dragging water molecules with them 

and driving swelling of the hydrogel. In addition, the deprotonated protons 

also bond with mobile hydroxide ions generating added water to cause 

swelling. This process establishes an osmotic pressure between the 

hydrogel and surrounding electrolyte solution, with a magnitude equal to 

the concentration gradient at the hydrogel-electrolyte interface [100].  

0

1

( )
n

osmotic k k
k

P RT c c


 
   (2-2) 

where R is the universal gas constant, T is temperature, ck is the 

concentration of the kth ion inside the hydrogel, and ck
0 is the 

concentration of the kth ion outside the hydrogel. Calculation of the 

osmotic pressure is visualized in Figure 2.7, whereby the mobile anion 

and cations within and surrounding the hydrogel must be known. Final 

ionic magnitudes rely strongly on the concentration of the fixed ions on the 

hydrogel’s polymer backbone. In pH stimulation hydrogen diffusion and 

migration drives the mechanism, and when a buffered electrolyte is used 

an additional pathway for proton diffusion is added [54]. The hydrogen can 

diffuse into the hydrogel bonded with the buffer, and as it moves into a 

location of low hydrogen concentration it can dissociate to influence the 

electrochemical balance. 

The ionic stimulation mechanism relies on the presence of an 

established osmotic pressure, thus for hydrogels considered here the 

hydrogel must already be immersed in an alkaline solution. Upon the 

application of a weaker alkaline ionic concentration, the hydrogel will swell 

to a greater extent. This is due to a larger concentration gradient being 

generated between the hydrogel and electrolyte, as the concentration 

within the hydrogel remains relatively the same but the concentration 

outside is reduced.  
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Figure 2.6: Composition of pH-sensitive hydrogel with bound carboxyl groups and 

interstitial mobile ions, as swollen in an alkaline electrolyte. 

 

 
Figure 2.7: Chemically induced osmotic pressure, and the corresponding mobile ion 

concentrations responsible for osmotic pressures. For chemically induced swelling the 
deformation is symmetric around the hydrogel. 
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Significant effort has been made to understand the complex 

chemical, electrical, and structural interactions that govern hydrogel 

swelling and deswelling. A wide array of numerical modeling techniques 

have been employed to examine different aspects governing overall 

deformation [54, 101-104].  The hydration/dehydration that occurs with 

swelling/deswelling can have a significant impact on the hydrogel’s 

porosity, stiffness, fixed ion density, and interstitial diffusion rates. The 

outcomes and impacts of these models will be reviewed in a later section, 

when the coupled interaction between Poisson’s equation, Nernst-Planck 

equation, and the equations of motion are discussed.  

The response time for pH and ionic stimulation of hydrogels is 

governed by diffusion of molecules into the hydrogel, and equilibrium can 

be achieved within minutes to hours. As the hydrogel’s size scales to 

microscale dimensions the response times of hydrogels decrease, as 

diffusion pathways are reduced; however, the response times are still 

longer than desired for microactuator applications. In addition, the 

mechanisms causing volume transition requires external system 

components to pump alkaline or acid solutions into the system containing 

the hydrogels. This greatly reduces the hydrogels overall utility in complex 

microfluidic systems. To overcome these drawbacks researchers have 

looked towards electrically activated hydrogels. Electrically activated 

hydrogels swelling is governed by both diffusion and migration of ions, 

providing faster response times on the order of seconds. In addition, the 

only external equipment required to induce volume transformation are 

microelectrodes and electrical equipment. Electrically controlling hydrogels 

also enables high locational selectivity, which is advantageous when 

regulating a complex microfluidic system.  

2.6 Electric Field Sensitive Hydrogels 

Electric field sensitive hydrogels (EFSH) are the main focus of this 

work. They are advantageous over some other microactuators in 
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microfluidics and SSHs for several main reasons: they can convert 

electrical energy into mechanical energy, they allow precise locational and 

performance control through the applied electric field, they have a faster 

actuation response than thermal or pH stimulus, and they respond faster 

at smaller length scales.  

Research into electric field sensitive hydrogels began in the 1960s 

with Hamlen et al. who examined one cycle of contraction and expansion 

for a macroscale high aspect ratio rectangular prismatic hydrogel under 

electrical stimulus (both an electric potential and current was applied) 

[105]. This work was followed a decade later by Grodzinky and Shoenfeld 

who provided a theoretical explanation of the observed phenomena and 

further experimentally examined the tensile force of contraction [106]. 

Soon after, designs and further investigations for electrically activated 

artificial sphincters were reported [107]. However, it was the seminal 

experimental works of Tanaka et al. [108] and Shiga and Kurauchi [109] 

that systematically studied a macroscale hydrogel’s deswelling, swelling, 

and bending under an applied electric field. They found that a hydrogel’s 

position relative to the electrodes (middle/touching and 

parallel/perpendicular) and configuration of the hydrogel (low or high 

aspect rectangular prisms) determined the resultant volume transition 

mechanism and final deformed state. This work was also paralleled by 

Grimshaw et al. who was examining electrically actuated hydrogels for 

transport of solutes through their porous structure, and produced 

informative experimental [110] and theoretical [111] works. Through these 

works it was shown the hydrogels can be repeatedly and cyclically bent 

[109] or swollen [110] through controlled application of an electrical signal. 

This repeatable bending mechanism was quickly demonstrated in a 

hydrogel-based ratcheting mechanism mimicking a worm-like motion 

[112].  

The deformation mechanism behind EFSH bending, swelling, or 

deswelling stems from two main effects 1) electric field based 
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manipulation of the chemical equilibrium osmotic pressure 2) pH- and/or 

ionic-based manipulation of the hydrogel composition itself and/or 

chemical equilibrium osmotic pressure, respectively. The second pH-

based mechanism occurs due to electrochemical reactions on the anode 

and cathode generating protons and hydroxide, respectively, which diffuse 

towards the hydrogel. The half reaction that occurs at the anode is (where 

Eo is the oxidization or reduction potential): 

2 22 4 4H O O H e     1.23oE V   (2-3) 

The half reaction that occurs at the cathode is: 

2 22 2 2H O e H OH     0.83oE V   (2-4) 

Once in contact with the hydrogel the protons bond with the backbone 

carboxyl groups (or similar functional group) and neutralize its charge, 

causing drastic deswelling on the anode side of the hydrogel. Depending 

on the equilibrium concentration hydroxide ions can also cause swelling, 

further inducing bending, or a slight deswelling, countering bending: 

however, these ionic manipulations of the osmotic pressure are less 

dominant than proton-based deswelling. This is the same osmotic 

pressure mechanism outlined in Section 2.5, but protons and hydroxide 

ions come from electrochemical reactions at the electrodes. This pH/ionic 

mechanism was shown for many EFSH studies that used open well 

containers to vent bubbles from electrolysis [108, 109], but overall this 

mechanism does not afford precise control of actuation and has slower 

response kinetics than pure electric field manipulation. While early studies 

combined electric field and pH/ionic mechanisms, works eventually 

emerged that focused on pure electric field manipulation of hydrogels [29, 

70, 71]. The mechanism for electric field manipulation relies on the 

migration of mobile ions to rearrange the concentration gradient at the 

hydrogel-electrolyte interface, modifying the osmotic pressure, as shown 

in Figure 2.8. Mobile cations are attracted towards the anode and vice 
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versa for anions, thus mobile ions redistribute according to the electric 

potential gradient over the hydrogel and electrolyte domains.  

Over the next two decades the seminal works of Tanaka et al. [108] 

and Shiga and Kurauchi [109] catalyzed a large number of studies 

examining the stimulation of EFSH [29, 69, 70, 113-150], either in 

bending, swelling, or deswelling configurations. A summary of this large 

body of work can be seen in Table 1 and 2, which highlights the 

compositions studied, fabrication methods, type of hydrogel employed, 

number of electrical cycles performed, electric field or current applied, 

hydrogel configuration, and hydrogel critical dimension. Major trends 

within the field of EFSH can be distinguished from these tables.  

 The majority of hydrogels investigated are anionic, and of these 

anionic hydrogels carboxyl groups are the dominant functional group. 

 
Figure 2.8: Electrically induced osmotic pressure, and the corresponding mobile ion 

concentration distributions responsible for the induced osmotic pressure. For electrically 
induced swelling the deformation is asymmetric towards the anode. 
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Cationic and amphoteric hydrogel types have also been investigated, 

which allows the hydrogels to be electrically actuated in acidic electrolytes 

or both acidic and basic electrolytes, respectively.  Although no hydrogel 

monomer composition significantly dominates the investigations, typically 

the most chronologically recent compositions examined are those that can 

be photopolymerized at the microscale. Notably within the works shown in 

Tables 1 and 2, S. J. Kim and his colleagues produced 20 works 

examining different hydrogel compositions, and consistently showed the 

repeatable nature of macroscale EFSH cyclical actuation [118-125, 127-

133, 136, 139, 151-153]. However, the bulk of these investigations were 

focused on the bending of macroscale high aspect ratio rectangular 

prisms, and appeared to be motivated to prove that the composition could 

be electrically actuated rather than investigate deformation dynamics for a 

specific application. In addition, a significant number of interpenetrating 

network polymer compositions have been investigated, as seen in Table 

2, generally with motivations to increase the mechanical strength of gels, 

combine stimuli sensitive properties, or blend together synthetic and 

natural polymer complexes. The composition chosen for this work was the 

synthetic copolymer HEMA-AA, the same composition studied by Bassetti 

et al. [29] and within various pH-stimulation based systems [13, 54, 86]. 

This composition was chosen because it can be UV photopolymerized in-

situ, has functional carboxyl groups, and the monomer HEMA has been 

the focus of many research studies [81, 154-160]. A large existing body of 

work with HEMA and HEMA-AA provides a good background, and also 

allows the work performed here to add value to this body of knowledge.     

Bending was the dominant EFSH configuration tested, whereby a 

high aspect ratio rectangular prism was placed parallel to parallel-plate 

electrodes. These electrodes were spaced far enough apart to allow for 

bending of the hydrogel, and were generally immersed in an open-air 

container to allow bubbles from electrolysis to escape. Early work into 

EFSH tested systems was performed under extension and contraction, but 
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this configuration was largely replaced by bending configurations with little 

work into extension and contraction in recent years. Bending was widely 

examined due to the system’s intended application as artificial muscles; 

however, bubbles generated during electrolysis and the dominant pH-

induced bending hinder these systems direct application. Two works have 

been performed that overcome these drawbacks by bending hydrogels 

operating in air [161, 162]. One system employed PVA-PSA hydrogels, 

but required the hydrogel rod be coated with an electrolyte charged PVA 

film which makes manufacturing difficult [161]. The other system used a 

PVA hydrogel swollen with dimethylsulfoxide (DMSO), but needed a very 

high 470 kV/m to generate actuation which limits its operational utility 

[162]. Overall more research is needed to enhance the operational utility 

of bending hydrogels for artificial muscle applications, although other 

applications are possible for bending configurations as will be discussed 

later.  

Configurations of hydrogels that examined swelling and deswelling 

were scarce and when performed were focused on changes in the out-of-

plane thickness of the hydrogel. Only recently has in-plane swelling been 

gaining more attention for their applications as microactuators [29, 69, 

149]. In this work in-plane swelling and deswelling will be investigated to 

close a major gap examining the microscale cyclical swelling-deswelling of 

hydrogels. The in-plane swelling-deswelling configuration lends itself to 

thorough investigation, as it allows for simplified examination of the 

system’s characteristics which can then later be exploited for out-of-plane 

actuation.  

Hydrogel fabrication for microsystems requires the precise control of 

geometries and dimensions, thus UV photolithography is advantageous 

over alternative fabrication methods to polymerize hydrogels at the 

microscale. In-situ photopolymerization also means the hydrogels don’t 

have to be handled or cut after fabrication, which removes any handling-

induced errors. Traditional methods of fabrication macroscale hydrogels 
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include: thermal polymerization, free-radical polymerization, and freeze-

thawing. These techniques have been used to fabricate a wide array of 

hydrogel compositions. For interpenetrating networks fabrication 

techniques can be combined with each other to generate the desired 

network structure. Other non-standard fabrication techniques have also 

been employed, such as electro-wet-spinning of chitosan fibers which 

produced 10 µm diameter fibers that could be electrically stimulated [140]. 

Composite hydrogel structures have also been fabricated through grafting 

[143], doping [150], and rolling [161].   

Within the field of EFSH generally only 3-5 cycles of electrical 

actuation have been undertaken to demonstrate the cyclical deformation 

response. Some works only examine one cycle of actuation, just to ensure 

the deformation mechanism is initially reversible. A portion of works have 

gone beyond this standard of 3-5 cycles to investigate deformation 

degradation with repeated cycling. Notably Kwon et al. operated 10 

micropumps continuously for 6 months and the actuators underwent over 

6 million cycles of actuation, and they noted no significant degradation in 

actuation stroke [70]. To ensure that reversible cycling can be performed, 

this work will subject systems to 3-5 cycles of actuation and studies the 

system’s underlying dynamics of cycling in detail. The fundamental ability 

to cycle a system is highly advantageous for a variety of applications; 

micropumping would require continuous operation of the microactuator 

and microvalving would require active on/off capabilities to influence flow 

when needed.   

A fabricated hydrogel’s critical dimension strongly governs its 

temporal deformation dynamics. Its critical dimension is defined as the 

dimension that is perpendicular to the electrodes or parallel to the applied 

electric field. For all configurations mobile ion diffusion and migration must 

traverse this critical dimension to reach equilibrium, and smaller 

dimensions afford shorter pathways to traverse. For bending 

configurations this critical dimension in conjunction with the rectangular 
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prism’s length dictates the magnitude of bending and its kinetic response. 

For swelling-deswelling configurations this critical dimension dictates 

response times, but also controls the actuation stroke. For thicker swelling 

hydrogels the magnitude of deformation will be larger than thinner 

hydrogels (experiencing equal strain); however, response times will be 

slower. These opposing effects would have to be balanced according to 

the end-use application of the microactuator. Examining Table 1 and 

Table 2 the critical dimensions for hydrogel’s have varied from work to 

work, with anywhere between 6 µm to 5 mm being tested. Studies also do 

not have the same critical dimension, which makes performance 

comparison harder; however, their intended applications are different as 

well. Common among these works was that the critical dimension directly 

influenced or was the independent variable being measured to determine 

overall performance.  

 The pressure induced to cause deformation is proportional to the 

magnitude of the applied electric field. For the body of works examined in 

Tables 1 and 2 the magnitude of electric field varied significantly, from 62 

V/m [108] to 470 kV/m [162]. For works that use electrochemical reactions 

at electrodes to generate pH-gradients, lower electric fields are needed 

with electric potentials just large enough to generate sufficient protons and 

hydroxide ions. For works that use pure electric field based actuation the 

applied electric fields must be stronger to generate enough osmotic 

pressure to cause sufficient actuation. For bending configurations these 

electric fields are on the 500 V/m to 1kV/m range, as geometric aspect 

ratios allow for bending under moderate electric fields. For swelling and 

deswelling based actuation the electric fields applied must be larger, as 

they must generate significant osmotic pressure to cause sufficient 

actuation. The two previous systems examining swelling-based actuation 

used either electrodes spaced 200 µm together with a 1.25 kV/m field [69] 

or electrode spacing of 2 mm with a maximum 12.5 kV/m [29]. When 

bending in air was investigated that the maximum electric field of 470 
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kV/m was applied [162]. This work will examine swelling-deswelling based 

actuation, thus it will require electric fields on the order of 12.5 kV/m for 

sufficient actuation. Also, the applied electric potential across electrodes 

must be large enough to account for losses through any dielectric layer 

over the electrodes; therefore, the applied electric potentials will be larger 

than previous swelling-deswelling actuation work. 

 In addition to artificial muscle applications the electrical stimulation 

of hydrogels has been employed in a variety of systems, as seen in Figure 

2.9, such as drug delivery [163-166], electrochromism [167], biomimetic 

locomotion [168], cell sorting [71], microactuators [29], and micropumping 

[70]. Electroresponsive drug delivery results from the ejection of a drug 

from a hydrogel as it becomes swollen and more porous [163], or electric 

field degradation of a hydrogel for drug release [166]. Structural color 

changes under reflection spectroscopy were induced with 

electrochromatic inverse opal hydrogels that were electrically deswollen 

using electrostatic forces acting on the charged backbone molecules. This 

electrochromatic system employed a salt-free organic solvent with a wide 

electrochemical potential window to avoid electrolysis effects [167]. 

Biomimetic locomotion was achieved with microdevices that utilize the 

cyclical bending of EFSH beam to induce forward motion, either through 

‘swimming’ or ‘crawling’. However, it’s unclear in these systems how 

electrolysis and electrochemical reactions were avoided, if at all. Cell 

sorting was the first microfluidic device demonstrated that utilized EFSH 

beam bending, which was employed to switch cell flow from one channel 

to another [71]. Due to electrolysis and electrochemical effects Kwon et al. 

was forced to apply voltages below 1.2 V. Kwon et al. also employed this 

same EFSH beam-based system to generate a microfluidic pump, but was 

still limited to a maximum voltage of 1.2 V [70]. Development of a system 

that overcomes both electrolysis and electrochemical effects could provide 

research pathways for these EFSH applications to expand both their utility 

and performance.  
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Table 2.1: Copolymer hydrogel compositions that have been electrically stimulated either 

through bending, shrinking, or swelling. 
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Table 2.2: Interpenetrating network hydrogel compositions that have been electrically 

stimulated either through bending, shrinking, or swelling. 
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Figure 2.9: Electrically stimulated hydrogel applications for microactuation, 

micropumping, artificial muscles, drug delivery, and cell sorting. 

2.6.1 AC Electrical Actuation 

To overcome the negative effects of electrolysis and electrochemical 

reactions on EFSH system’s performance and operational utility, the 

system in this work utilized a dielectric thin film over electrodes. The 

incorporation of this dielectric layer complicated the system’s operation by 

inducing electrostatic shielding effects over the electrodes, which 

necessitated the use of AC-based electrical signals.  

 In this system electrostatic shielding occurred when a DC electric 

potential was applied between electrodes and mobile ions built up to form 

an electric double layer (EDL) on top of the electrodes, as seen in Figure 

2.10. This EDL effectively reduced or eliminated the applied electric 

potential over its thickness, as seen in Figure 2.10. The thickness of the 

Debye length (κ-1) layer is a function of concentration, shown in Eq. 2-5, 

and has a thickness that ranges from <1 nm to >10 nm. This EDL 

thickness was orders of magnitude smaller than the proposed critical 
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dimensions for the hydrogels in this work, thus any electrostatic shielding 

would effectively eliminate all applied electric potential across the hydrogel 

and thus any actuator displacement.  

1
22

r oRT

F c

  




    (2-5) 

where εr is the dielectric permittivity of electrolyte, εo is the dielectric 

permittivity of free space, R is the universal gas constant, T is 

temperature, F is Faraday’s constant, and c  is the bulk electrolyte 

concentration. 

 Electrostatic shielding can be prevented by driving the EFSH 

actuator using AC square waves with a sufficiently high frequency. Above 

a certain characteristic frequency the system’s mobile ions do not have 

enough time to accumulate over electrodes and form an electric double 

layer. Therefore, the applied electric field will be uniform and actuation will 

be undisturbed. Determining the system’s characteristic frequency 

requires analysis of the capacitive interactions primarily influenced by 

electrolyte concentration and dielectric film thickness.   

 The use of AC electrical signals to overcome electrostatic shielding 

has previously been implemented by those investigating: comb-drive 

actuators in conducting liquid media [169-172], parallel plate electrostatic 

actuators [172, 173], dielectrophoretic liquid actuation [174, 175], and 

electrowetting-on-dielectric [176-178]. Each of these systems had different 

dielectric layer thicknesses, electrolyte conductivities, electrode gap 

spacing, and required varying magnitudes of electric potential; however, 

each system was able to overcome electrostatic shielding. Characteristic 

frequencies for these systems range from 102 to 107 Hz, depending 

dominantly on the electrolyte concentrations and dielectric layer 

thicknesses. 

Previously EFSH systems in bending configurations were examined 

under the effect of an AC sinusoidally oscillating electric field [179, 180]. 
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However, these two systems applied electric potentials that were 

symmetric about 0V, with no DC offset. These systems also did not have 

dielectric coated electrodes and the research intention was more to 

investigate bending mode shapes. As the frequency increased above 5 Hz 

it was found that the hydrogel actuation tended towards zero. This was 

due to the lack of an effective applied electric field, and the electrically-

induced osmotic pressure tended towards zero as well.  

To induce EFSH actuation using AC frequencies, and still obtain 

actuation, an electrical signal with a DC offset must be employed, shown 

in Figure 2.11. The duty cycle of the square wave signal can be modified 

to control the average electric potential applied without modifying the 

maximum or minimum potentials. Using this duty cycle modulation could 

afford control of the hydrogel actuation and easy cycling between two 

actuation states.  

 
Figure 2.10: (A) Structure and (B) electric potential decay across the Debye length and 

diffuse layer, as dictated by mobile ions in electrolyte. Here ψs is the surface electric 
potential and ψd is the Stern plane electric potential. Adapted from [181]. 
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Figure 2.11: Square wave electrical signal applied to electric field sensitive hydrogels 

2.7  Modeling of Electrical Stimulation 

Numerical modeling of a hydrogel’s response under electrical 

stimulation is of great interest to researchers experimentally or 

theoretically investigating these systems. Modeling gives researchers the 

ability to decompose the complex physical system into a solvable set of 

governing and supplementary equations that can predict the EFSH 

system’s response. This can help researchers understand the underlying 

phenomenon that causes EFSH actuation, and further optimize their 

systems to maximize application specific performance. It’s important to 

remember throughout the evaluation of different governing equation 

systems that pH stimulation sets the initial condition for electrical 

stimulation, thus models should have a demonstrated capability to 

accurately predict actuation under both pH and electrical stimulation 

methods.   

 Three distinct governing equation systems have been developed to 

numerically model EFSH hydrogel actuation: thermodynamic models, 

multiphasic mixture theory, and transport models. In addition, molecular 

simulations have been developed but generally model hydrogel monomer 

strands at scales orders of magnitude smaller than of interest to this work. 

The desired numerical model would be one that can: both qualitatively and 

quantitatively predict EFSH actuation, model equilibrium and transiently 
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deforming systems, have the ability to model large deformations, and have 

been proven to work at the microscale. Each of the three main models has 

their own advantages, disadvantages, and similarities. The following will 

discuss these models briefly, while more comprehensive reviews are 

available for further reading [182-184].  

2.7.1 Thermodynamic Models 

 Thermodynamic models were the first equation system proposed to 

predict the swelling and deswelling response of ionic hydrogel polymers, 

although initially these models just targeted polymer-solvent systems and 

neglected any ionic contributions. Models are based on the total free 

energy of the polymer-solvent system, composed of: mixing, elastic, and 

ionic free energies. The theoretical basis, and its ongoing evolution, can 

be largely attributed to Flory [100, 185-187] who described the three 

contributions to total free energy in detail and their supplementary 

equations, such as the important polymer-solvent interaction parameter 

(which needs to be empirically determined for each different 

polymer/solvent system, e.g. [188]). The thermodynamic equation system 

has been previously implemented to model pH [81] and temperature [189] 

based hydrogel actuation, but no examples of EFSH systems have been 

found.  

Thermodynamic models employ relatively simple governing 

equations that provide good qualitative trends, but do not always show 

good quantitative agreement with experiments (although some 

experimental verification has been shown [190]). The parameters used 

within thermodynamic models are empirically determined, estimated, or 

taken as adjustable parameters to obtain agreement between models and 

experiments, which significantly limits their predictive capabilities. 

Moreover, the Gaussian chain model was employed to formulate the 

elastic free energy contribution [100], thus the models do not inherently 

have the capability to simulate large deformation actuation responses 

observed for hydrogels. The models also do not consider transient 
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analysis and focus solely on equilibrium responses, which significantly 

limit the information that can be synthesized from simulations. Therefore, 

thermodynamic models were considered a poor candidate for EFSH 

hydrogel modeling.  

2.7.2 Multiphasic Mixture Theory 

 Multiphasic mixture theory proposes that physical systems can be 

broken down into two or more phases, with separate governing equations 

for each phase. Initially biphasic mixture theory was developed to model 

articular cartilage [191], which did not include an ionic phase. Biphasic 

models examined a variety of system parameters [192, 193], but didn’t 

allow for changes in ionic concentration within the articular cartilage 

tissue. Thus, Lai et al. expanded upon biphasic models to develop 

triphasic models which incorporated contributions from an incompressible 

solid, an incompressible liquid, and an ionic phase (whether fixed and/or 

mobile cations/anions) [194, 195]. This expansion to a triphasic system 

was initially applied to articular cartilage; however, the triphasic system 

was an ideal candidate for modeling stimuli sensitive hydrogels and was 

further implemented for this purpose. This early triphasic model was built 

upon by Gu et al. [196, 197], Sun et al. [198], and Zhou et al. [199]. 

However, it was Li et al. who composed a comprehensive triphasic 

mixture theory incorporating all the individual contributions into one overall 

model [200].  

The governing equations are formulated by beginning with a 

saturation condition to account for the separate volume fractions of the 

three phases, and generally infinitesimal deformation is assumed to relate 

solid and liquid phases. The continuity and momentum equations are then 

applied to solid, liquid, and fixed ion phases. The liquid and ionic phases 

are further defined by the system’s osmotic pressure, any induced 

convection or migration through the diffusion equation, and the electric 

potential distribution through Poisson’s Equation. It is important to note 

that these equations are coupled, and overall deformation can change 
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significantly when one parameter is altered. Multiphasic models have been 

shown to provide both good qualitative and quantitative agreement with 

experiments, as shown through verification studies by Sun et al. [198] and 

Gu et al. [197]. For the purpose of EFSH triphasic models have been 

implemented to examine bending under an electric field at equilibrium 

[199]. 

The triphasic theory was augmented by Chen et al. in 2006 to 

account for large deformations when simulating articular cartilage [201]. A 

version of this theory was also implemented for biphasic modeling of 

thermosensitive hydrogels [74], but to date no pH or electric field sensitive 

hydrogel has been modeled to account for large material deformations. 

Tied together with large deformation models are variations in the 

properties of the hydrogel with changing hydration, which to date has also 

not been incorporated into the modeling theory. Lastly, no researchers to 

date have implemented triphasic models to examine microscale systems.  

2.7.3 Transport Models 

Transport models presume that actuation of an ionic hydrogel is 

driven by diffusion and migration of mobile ions into and out of the 

hydrogel. Early work towards developing a comprehensive transport 

model to simulate hydrogel systems was performed by Nussbaum and 

Grodzinsky [202], and Grimshaw et al. [110, 111] who were examining pH 

or electrical solute transport across swelling and deswelling membranes. 

This was later followed by Chu et al. who focused on the transient 

response kinetics of pH-based swelling and deswelling [81].  

After these works the ongoing development and application of 

these models can be segmented into three major groups of researchers. 

One group, composed of Wallmersperger et al. and Ballhause et al., 

examined a number of millimeter scale hydrogels responding to either pH 

[101, 104, 203] or electrical stimulus [204-206]. These works studied a 

variety of chemical bath conditions, hydrogel geometries, and electric field 

magnitudes. All works by this group implement numerical modeling using 
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finite element methods, and verified their models based on the 

experimental work by Gulch et al. [207] in a bending configuration. For 

EFSH simulations, one work did not examine any deformation at all [204], 

while another examined bending of a fiber [205] and the last work 

examined swelling of a square hydrogel [206]. This last work had a similar 

configuration to the numerical modeling performed within Chapter 3 [208]; 

however, in that work Wallmersperger et al. did not communicate transient 

electric or chemical field profiles, nor did he consider a rigid core for 

structural stability. Lastly, Wallmersperger considered a linearly increasing 

cyclical potential rather than a sharp transient reversal of the electric field, 

as Chapter 3 considers and which would be more relevant to 

microactuator applications.  

Another major body of work has been spearheaded by Li et al. and 

Luo et al. who modeled hydrogel stimulation from pH [103, 209-218] and 

electrical fields [214, 217, 218]. All works by this group were solved 

numerically by implementing a meshless Hermite-Cloud method, except 

one [212] which used a meshless point weighted least-squares method. 

The EFSH simulations were verified against the experiments by Sun et al. 

[219] and Kim et al. [153], which examined the bending of a hydrogel fiber. 

This research group also developed a hybrid transport-multiphasic model 

[220], which was initially based on a multiphasic system. It was employed 

to eliminate the use of the electroneutrality condition allowing for the direct 

simulation of electric potential distributions within the hydrogel using 

Poisson’s Equation and the Nernst-Plank Equation. The hybrid system 

has been implemented extensively by Li et al. and Lou et al. to simulate 

EFSH bending [220-228], and evolved to be primarily based on transport 

models. As the hybrid model evolved the continuity equation which was 

initially used to solve for fluidic pressure [222], was replaced by, the now 

traditional, equations for osmotic pressure [224]. The only other difference 

between the hybrid system and the transport system is the use of the 

fluidic and solid volume fraction for calculation of the hydration, and 
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subsequently the fixed ion concentration, instead of a strain-based 

hydration equation. It’s unclear which method is more accurate, as both 

equation sets agree with the experimental systems they simulate. A 

number of the hybrid systems have also incorporated large deformation 

equations based off the total Lagrangian description using the second 

Piola-Kirchhoff stress tensor [221, 223-228], which significantly enhances 

this equation sets ability to model nonlinear deforming EFSH systems. All 

the hybrid systems examined were solved using the meshless Hermit-

Cloud methods. They were experimentally verified against works by Kim 

et al. [153], Sun et al. [219], Ali et al. [229], and Shiga and Kurauchi [109], 

all examining bending configurations.   

The last major research group was composed of De et al. and 

Bassetti et al. who examined both pH [54, 102] and electrical stimulation 

[29]. The geometries and scale examined are directly applicable to the 

work performed here. However, simplification of this complicated equation 

system would be required for initial numerical modeling as they 

incorporate a significant amount of coupled supplementary equations. For 

both pH and electrical swelling the numerical systems were implemented 

using a meshless finite cloud method. For EFSH Bassetti et al. 

implemented linear elastic equations of motion, but accounted for large 

deformation effects by incorporating of analytical expressions for a 

nonlinear Young’s modulus [230] and shear modulus [231]. With these 

additions the model accurately predicted deformations for strains of ~20 

%, but this model could be expanded in the future to account for large 

deformations by incorporating the second Piola-Kirchhoff stress tensor 

similar to that used by the aforementioned hybrid systems. These models 

were successful in simulating the large deformation that occurs during pH-

based stimulation, and modeled the large concentration gradients that 

occur for EFSH stimulation. However, these models are unclear regarding 

how they calculated osmotic pressure, as the meshless method only 

considered the hydrogel domain and did not include electrolyte domains. 
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While not an extensive body of work, De et al. and Bassetti et al. produced 

the only numerical modeling of microscale hydrogels using transport 

equations and examined pH-based swelling and deswelling of cylindrical 

geometries which is directly applicable to this work. 

Transport models themselves are, at their core, composed of 

Poisson’s Equation (P) to model the electric field distribution, the Nernst-

Planck (NP) Equation to model the transient flux of mobile ion species, 

and the equations of motion to determine the structural displacement of 

the hydrogel polymer network. These equations are highly coupled, as the 

P-NP equations both contain mobile ion and electric field terms. The 

applied osmotic pressure is calculated from the mobile ion distribution, 

which then influences the hydrogel’s displacement through the equations 

of motion. Moreover, as the hydrogel undergoes large deformations the 

density of fixed ions changes which further affects the mobile ions’ 

distribution. In addition, a number of supplementary equations are 

required to fully define the equation system, which include: changes in 

relative permeability due to hydration [232], changes in the fixed ion 

distribution due to hydration or protons [233], changes in intermembrane 

diffusivity due to hydration [234], non-linear changes in Young’s Modulus 

due to hydration [230], and relating the ionic mobility to diffusivity [235]. 

Four of these crucial supplementary equations depend on the hydration 

state of the hydrogel, which is representative of the amount of deformation 

experienced by the hydrogel. Thus, for large deformations this system 

becomes highly coupled and non-linear, and appropriate initial conditions, 

time steps, and discretization is required to achieve solution convergence. 

The exact equations used for numerical modeling in Chapter 3 will be 

presented in more detail within that chapter.      

 None of the transport models examined a cyclically actuated 

hydrogel system. In theory the system would be fully reversible, but no 

modeling has been performed to examine how an EFSH system (bending 

or swelling) would respond to a step change in electric field polarity or 
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magnitude. As more hydrogel systems incorporate cyclical actuation into 

their operational mechanics there will be a strong need to transiently 

simulate system to optimize performance.  

2.8 Hydrogel Swelling 

Hydrogels swell upon exposure to environmental stimuli, and this 

observed swelling is dependent on the hydrogel’s geometry, composition, 

the surrounding system, and the strength of the stimulus. This is a 

complex and interconnected system, and as the previous section on 

numerical analysis outlines, can involve complicated modeling to fully 

define dynamics. However, more simplified experimental and numerical 

studies focused on examining hydrogel swelling have occurred. A portion 

of these studies have been tied with broader studies investigating 

hydrogel actuation [113, 127, 134, 148], whereby the weight degree of 

swelling is a measurement taken alongside actuation measurements. 

Other studies have directly investigated swelling, and those we will 

discuss further with specific focus on hydrogels responding to pH swelling.  

Before hydrogel electrical actuation, the hydrogel goes through a 

series of pH and ionic induced chemical equilibrium states. These states 

serve as the initial conditions to electrical actuation. In general, various 

configurations of hydrogel swelling exist, including: free swelling of any 

geometry [156, 236], free swelling of spherical or cylindrical gels with rigid 

cores of the same geometry [237, 238], a rectangular prism bonded to a 

rigid base [237, 239], or swelling with the gel constrained by a rigid base 

and top [239]. The hydrogel in this work was cylindrical with a rigid 

cylindrical core that had out-of-plane deformation constrained, allowing for 

only in-plane deformation. This system represents two cases of swelling; 

one with a rigid base and top representing a plane strain system and 

another case of cylindrical swelling with a rigid core.  

The incorporation of a rigid core inside the hydrogel created an 

inhomogeneous equilibrium state through the hydrogel. At the exterior of 
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the equilibrated gel the radial and circumferential stresses would be 

negligible [240]. However, assuming a perfectly bonded gel-core, the 

stresses in the immediate neighborhood of the core have been shown to 

be non-zero [240, 241]. When the ratio between the core’s and hydrogel’s 

radius remains small these stresses remain near the gel-core interface. 

However, when this ratio becomes larger these stresses become apparent 

throughout the hydrogel, with the threshold ratio a function of hydrogel 

stiffness [241]. Thus, the core to equilibrated hydrogel ratio should be 

minimized to reduce stresses within the hydrogel that could cause rupture.  

Perfect bonding between the hydrogel and core was assumed; 

however, the bonding state was not explicitly tested. Imperfect bonding, 

while not visually apparent, could have occurred and would result in lower 

stresses throughout the hydrogel. This would not significantly affect 

actuation; however, if delamination occurred actuation would be affected. 

The hydrogel-core bonding state could be tested by fabricating a high 

aspect ratio rectangular prism at a 45 degree angle to the microchannel 

and around a cylindrical core. Flowing liquid down the microchannel to 

apply a pressure to the fiber and observing either rigid body rotation or a 

bending of the hydrogel could be performed to investigate the bonding. 

The hydrogels considered within this work are depicted in Figure 

2.12, and have 4 distinct states before electrical actuation: as fabricated, 

deswollen in acidic electrolytes, swollen in strong basic electrolytes, and 

continual swelling in weaker and weaker basic electrolytes. There is some 

minimum basic electrolyte concentration after which continued swelling 

will not occur and deswelling will start to occur [239]; however, that was 

not experienced in this work as the minimum electrolyte concentration 

used here was 1 mM KOH. The deformation in all of these four cases is 

radially symmetric. It was observed in this work that the core and hydrogel 

always remained bonded together; however, numerical models have been 

developed to simulate constrained swelling when no bonding between the 

core-hydrogel occurs [242]. 
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When the hydrogels were fabricated they had a certain radius, 

modulus, and unbound fixed ions. In this as-fabricated state they also had 

no hydration, mobile ions, or osmotic pressure. Upon immersion in a 

strong basic environment (e.g. 500 mM KOH) the hydrogel experiences 

radial deformation and a change in system characteristics. The hydration, 

osmotic pressure, and mobile ions were all larger than the as-fabricated 

state; however, the modulus was decreased. Immersing the hydrogel in a 

dilute basic solution (e.g. 1 mM KOH) resulted in even more radial 

deformation, and increased hydration, mobile ions, and osmotic pressure. 

However, the modulus was further decreased when immersed in dilute 

basic solution. Throughout all the states within a basic electrolyte the fixed 

ions within the hydrogels remain constant, and can only be modified 

through immersion in an acidic environment. Upon electrical stimulation 

the swelling regions would experience increased hydration, mobile ions, 

and osmotic pressure; while experiencing a decreased modulus. If a 

hydrogel property needed to be modified to increase deformation or 

reduce response times during electrical actuation, it would have to be 

made by altering the as-fabricated state. Thus we will investigate how the 

fabrication parameters influence the hydrogel’s properties in Chapter 5. 

 
Figure 2.12: Swelling states of hydrogels from as-fabricated to electrically stimulated, 

overviewing the changes in deformation, material properties, and ionic species. 
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2.9 Mechanical Properties 

Hydrogels are porous polymer structures swollen with a solvent, and 

thus contain both a solid and liquid phase. A hydrogel responds to an 

external force like an elastic solid due to the polymer network, but can also 

transport matter due to the solvent’s mobility through the porous structure. 

A perfect elastic solid under an imposed load would undergo near 

instantaneous stress and strain; however, in perfect Newtonian liquids the 

strain-rate affects the stress distribution. These effects lead to two main 

phenomena that can describe a hydrogel’s mechanical properties: 

poroelasticity and viscoelasticity.  

 Poroelasticity describes the concurrent processes of polymer 

network deformation and transport of solvent through the porous structure 

due to this deformation [243]. Linear poroelasticity assumes a linear 

elastic polymer network with superimposed Newtonian liquid, and is 

generally characterized using uniaxial compression [244] and indentation 

[245, 246]. This characterization can yield material properties such as: 

modulus, Poisson’s ratio, and permittivity of the hydrogel.  They have 

been implemented to characterize various compositions, including poly(N-

isopropylacrylamide) [243], alginate [244], gelatin [245], and 

poly(acrylamide) [246]. The use of poroelastic techniques to characterize 

hydrogels has only been applied within the last decade, and to date no 

tension based experiments have performed. The poroelastic phenomena 

will be watched for; however, not explicitly measured, as the effects of 

viscoelasticity on the hydrogel dynamics are more dominant for the 

hydrogel composition examined in this work. 

Viscoelasticity is a measure of the elastic effects of the polymer 

network and the viscous effects of the interstitial solvent [247]. 

Viscoelasticity must be considered for systems that will undergo cyclical 

actuation, such as the electrically actuated system examined in this work. 

It can be measured by applying a sinusoidally oscillating deformation and 

measuring the resultant stress in the material, a process which will be 
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described later. But, these measurements do not yield the Poisson’s ratio 

of the material, which must be measured separately. 

Poisson’s ratio is one of the most important mechanical properties of 

a system, and is commonly measured for polymer gels by examining the 

transverse strain compared to the axial strain [54]. A newer technique 

employs an embedded rod, whereby upon application of an external force 

the rigid body motion of the rod is measured magnetically [248]. Poisson’s 

ratio has been measured for stimuli sensitive hydrogel compositions such 

as polyacrylamide [249, 250], poly(N-isopropylacylamide) [251], and 

hydroxyethyl methacrylate –co- acrylic acid [54]. This work focuses on the 

composition HEMA-AA, which has previously had its Poisson’s ratio 

characterized yielding a value of 0.43 [54]. For a swollen hydrogel this 

value for Poisson’s ratio has some error, ±0.06 at a pH of 9, but the results 

are consistent with values of other gel compositions, such as 0.457 for 

polyacrylamide [250]. Poisson’s ratio can be combined with the Young’s 

(or Storage) modulus of the hydrogel to fully define the material properties 

needed within the equations of motion (note that inertia effects are 

generally neglected, thus density is not required). 

Polymer gels that are capable of large deformations require non-

linear elastic theories to be extensively analyzed and fully defined, thus 

theories of finite elasticity can be employed. Two extensive reviews of 

finite elasticity with examples are given by M. F. Beatty [252] and R. W. 

Ogden [253]. However, linear elastic theories combined with 

supplementary equations have met with significant success in describing 

reasonably large deformations [29, 54, 102]. Thus any measurements of 

viscoelastic mechanical properties will be made in the linear regime, and 

analytically employed in equation systems using linear theories of 

elasticity, together with appropriate supplementary equations.  

While tensile viscoelastic properties remain the focus of this work, as 

hydrogels in this work always experience tensile strains, a range of 

methods are available to measure different moduli of a hydrogel.  Major 
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techniques are compression testing to determine the compressive 

modulus and shear modulus, and traditional tensile testing to determine 

the Young’s modulus. These techniques will be reviewed briefly below to 

illustrate the hydrogel compositions previously tested, the range of 

properties characterized, and related pieces of literature. 

2.9.1 Compression and Shear 

Swollen hydrogels have gained attention as a replacement material 

for articular cartilage as its material properties can be matched by 

engineering hydrogels [254]. The mechanical properties of interest for this 

application, or any other application requiring the hydrogel to bear a 

compressive load, are compressive modulus and shear modulus.  

Measurement of compressive modulus is performed by applying a 

uniaxial load on a hydrogel in confined compression. The resultant force 

caused by a prescribed deformation is measured, and the compressive 

modulus can be calculated given the area of the sample [255]. In addition, 

the shear modulus can be related back to the compressive modulus 

should the stress-strain isotherms fit an appropriate theory, as 

demonstrated by Horkay et al. for a Mooney-Rivlin relation [256].  

Using these techniques a variety of hydrogel compositions have 

been investigated, including: semi interpenetrating networks containing 

poly(acrylamide) [255], hydroxypropyl methacrylate–co-N,N-

dimethylaminoethyl methacrylate [256], poly(vinyl alcohol) [257], 

poly(ethylene glycol) dimethacrylate [258], poly(N-isopropylacrylamide) 

[259], and poly(hydroxyethyl methacrylate) [260]. Of note is the HEMA 

composition which had a measured compressive modulus between 310-

960 kPa [260], which shows that they are mechanically strong enough for 

the intended application but the range is quite large and depends 

significantly on the tested solvent composition.  

Dynamic measurements can also be performed to measure the 

complex compressive modulus or the complex shear modulus. The 

complex moduli are a combination of the storage modulus (elastic 
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components) and the loss modulus (viscous component). These 

measurements examine the viscoelasticity of the hydrogel in a 

compression configuration. These tests have been previously performed 

for HEMA-AA for compression [261] and shear behavior [254]. The 

compressive complex modulus ranged from 1-1.4 MPa [261] while the 

complex shear modulus ranged from 0.24-2.3 MPa [254]. It’s apparent 

from these quantities that elastic effects are not always dominant over 

viscous effects and depend significantly on the composition fabricated. 

2.9.2 Tensile Testing 

Stimuli sensitive hydrogels that swell upon stimulation require that 

their mechanical properties be measured in tension to mimic the actuation 

application. These hydrogels have found a variety of applications for their 

actuation capabilities, including: pH-sensitive microfluidic valves [54, 262], 

electrically activated artificial muscles [230, 263-265], and thermally 

stimulated bioprosthetic heart valve stents [266], among others. A 

repeatable and quantifiable measure of mechanical properties that 

balance this actuation is necessary to adequately design and optimize 

these applications. 

 The use of tensile testing for stimuli sensitive hydrogels traditionally 

applies a deformation of a known rate while the resultant opposing force is 

measured with a load cell. Measuring the cross-section of dumbbell 

shaped samples allows for the generation of a stress-strain curve. 

Applying linear Hooke’s Law, the Young’s modulus of the sample can then 

be determined from the slope of the stress-strain curve. Tensile testing 

can also be implemented to measure the ultimate tensile strength of 

hydrogels [262], the percent elongation of the gel at fracture [262], the 

transition from linear to nonlinear responses [160], and changes in the 

Young’s modulus as the SSH is being actuated (deswollen to swollen, or 

vice versa) [267].  

 Traditionally tensile testing uses an automated system that 

measures stress and applies strain. However, polymer gels do not always 
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lend themselves to this technique due to their low mechanical stiffness or 

a lack of available equipment. Thus alternative methods have been 

experimented with that apply loads and observe deformation through a 

CCD camera [263, 264, 268]. Deformation has been observed by placing 

graphite particles on the surface [264], ink markers on the surface [263], 

or incorporating glass beads or fluorescent seed particles inside the 

hydrogel [268]. These methods have apparent disadvantages though. The 

markers on the surface are prone to being dissolved in the solution 

surrounding the hydrogel samples, blurring the marker or washing it away 

entirely [263, 264]. The particles inside the hydrogel also hamper accuracy 

due the hydrogel’s fundamental swelling behavior. When fabricated the 

hydrogel-particle composite is in a deswollen state, and upon swelling the 

hydrogel to a testing state the particles have a non-uniform region formed 

around them [268]. This region has either decreased hydrogel mechanical 

strength or is a void, allowing the particles to move around which 

decreases the measurement accuracy. The more swollen the hydrogel is, 

the larger these inaccuracies become. More work needs to be performed 

to develop a technique that can consistently and accurately measure 

tensile properties, should the use of these non-traditional techniques 

continue.   

 Various stimuli sensitive compositions and property ranges have 

been tested and achieved through tensile testing methods. For electric 

field sensitive compositions; 2-acrylamido-2-methylpropane sulfonic acid 

sodium salt with moduli between 1-5 kPa [230], poly(acrylonitrile) with 

moduli between 7-24 kPa [264] or a maximum of 2.4 MPa [265], poly(vinyl 

alcohol)-poly(acrylic acid) with moduli between 240-300 kPa [263], and 

poly(vinyl alcohol) with moduli between 10-900 kPa [266]. A unique hybrid 

of poly(vinyl alcohol) and carbon nanotubes was also examined, with 

moduli between 320-570 kPa [269]. In addition, thermosensitive 

compositions of poly(N-isopropylacrylamide) [267], N-vinyl caprolactam 

[270], and hydroxypropylcellulose [270] have been tested with moduli 
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ranges of 2-60 kPa, 30-940 kPa, and 67-765 kPa, respectively. Both the 

electric field sensitive and thermally sensitive hydrogels have similar 

requirements for mechanical properties, and can have a very small 

minimum moduli. It’s clear that a wide range of mechanical properties can 

be achieved, depending on the composition employed, and the hydrogel’s 

environmental and fabrication conditions. 

 Of direct interest to this work are tensile tested compositions of 

either HEMA or HEMA-AA. The latter being a neutral hydrogel, generally 

employed for biomedical applications but provides the basis for later 

compositional variations. The former being a pH and electric field sensitive 

hydrogel, which is also the composition of choice for this work and can be 

photopolymerized in-situ. Early work examining the Young’s modulus of 

HEMA achieved moduli between 1-10 kPa, depending on the solvent 

employed [271]. This mechanical range was expanded considerably to 98-

588 kPa when researchers began photopolymerizing HEMA and 

experimented with different photoinitiators [272]. HEMA with photoinitiator 

Irgacure-651 produced hydrogels with the strongest tear strength, but also 

the weakest moduli. Since high tear strength promotes high fatigue 

resistance and/or rupture during actuation, alternative methods to increase 

moduli were employed. The most influential method was to vary the 

crosslinker percentage in the monomer solution. This was tested for 

HEMA as various crosslinkers were employed to achieve a broad range of 

moduli between 0.08-1.1 MPa (although this test did not employ 

photopolymerization) [273].  

 The most relevant body of work was produced by Johnson et al. 

[262, 268, 274] and De et al. [54], who examined the tensile properties of 

pH and electric field sensitive photopolymerized HEMA-AA. Initially they 

measured the Young’s modulus of the hydrogel at various pHs [54, 274], 

showing that there is a semi-plateau in modulus at either the expanded or 

contracted state (with constant degree of swelling), ranging from 230 kPa 

to 290 kPa, respectively.  Johnson et al. also provided a thorough analysis 
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of mechanical properties as affected by the solution pH (swollen and 

contracted states), percent weight crosslinker, and photopolymerization 

time [262]. A broad range of moduli were found from between 0.2-4 MPa, 

largely affected by the percent weight crosslinker included in the precursor 

mixture.  

These works provide an excellent basis for tensile testing of HEMA-

AA hydrogels. However, these works did not examine the influence of 

varying electrolyte concentration which can significantly alter the modulus 

of the hydrogel, only testing at one buffer concentration of 0.2 M. In 

addition, the effect of the photopolymerization intensity was not explored. 

Most critically for the application of cyclically actuated hydrogels, the 

dynamic mechanical properties were not explored to specifically examine 

the relationship between the elastic and viscous moduli of a deforming 

hydrogel.  

2.9.3 Dynamic Mechanical Analysis 

Dynamic mechanical analysis (DMA) is a powerful mechanical and 

thermal analysis technique, employed to detect a polymer’s fundamental 

viscoelastic mechanical properties and phase transition points, 

respectively [275]. For phase transitions DMA is employed to measure the 

glass transition temperature of a polymer by measuring internal damping 

as a function of increasing temperature or frequency [276]; however, this 

is not the focus here. The fundamental viscoelastic mechanical properties 

are of importance to this work, especially those measured in tension.  

Within a linear viscoelastic system the polymer phase can be 

considered a perfect elastic solid experiencing instantaneous stress and 

strain, while the solvent phase is a perfect Newtonian liquid that 

experiences stress dependent on the strain rate [275]. The two measured 

dynamic mechanical properties (DMP) are the storage modulus (elastic) 

and loss modulus (viscous), which can be combined to calculate the 

complex modulus and tangent delta (internal friction based damping).  
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Nonlinear viscoelastic systems are more complex, and require the 

investigation of stress induced creep or strain induced relaxation [277]. 

These two nonlinear effects are often coupled and a function of both 

material and geometric origins. These effects should be incorporated 

within an appropriate nonlinear model defining the constitutive behavior. 

However, this complex investigation is beyond the scope of this work, as 

linear elastic constitutive behavior has been shown previously to agree 

with experiments when used with appropriate supplementary equations 

[29, 54, 102].     

The technique of dynamic mechanical analysis can be employed to 

measure compressive, tensile or shear dynamic mechanical properties. 

Each measurement would generate a respective storage and loss moduli, 

e.g. for shear DMA a shear storage modulus and shear loss modulus. 

Shear-based DMA employs a parallel plate oscillatory shear rheometer, 

and has been employed for polymers of chitosan-xanthan [278], 

poly(vinyl alcohol)-hyaluonan [279], and hydroxyethylcellulose [280]. 

Compressive and tensile DMA is typically performed with the same 

equipment, but through application of forces in opposing directions. 

Compressive DMA has previously measured dextran methacrylate 

polymers, under both controlled force (applying stress) and multi-strain 

methods (applying displacement) [281].  

The hydrogel’s tensile dynamic mechanical properties are the main 

interest of this work. The elastic and viscous components can be 

decoupled by studying a specimen’s response to a sinusoidally oscillating 

strain (or stress), as depicted in Figure 2.13.  To obtain these properties a 

hydrated sample is mounted between two grips. A known sinusoidal 

strain is applied at a specific frequency, as in Eq. 2-6, and the resulting 

stress can be measured, as in Eq. 2-6. The stress response would also 

be sinusoidal in nature, and would be neither perfectly in phase (as a 

perfect elastic solid) nor 90o out of phase (for a perfect viscous fluid). 

Thus stress lags at a measurable phase angle. This phase angle in 
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combination with the known frequency, measured stress, and applied 

strain is used to determine the storage and loss modulus of the hydrogel, 

as calculated using Eq. 2-7. The storage and loss modulus can be 

combined to determine the complex modulus of the system, which is a 

combination of the real storage modulus and the imaginary loss modulus, 

shown in Eq. 2-8. 

sin( )Max t    sin( )Max t               (2-6) 

where ε is the sample strain, εo is the maximum applied strain, σ is the 

sample stress, σo is the maximum measured stress, ω is the angular 

testing frequency, and t is time. 
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where E’ is the storage modulus, E” is the loss modulus, and δ is the 

phase angle between storage and loss modulus.  

* ' "E E iE      (2-8) 

where E* is the complex modulus, and i  is the unit imaginary number.  

 

 
Figure 2.13: Dynamic mechanical analysis through the application of a sinusoidal strain 

to determine the dynamic mechanical properties of storage and loss modulus.  
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The measurement of tensile DMP has been employed for electric field 

sensitive polymers of poly(vinyl alcohol-vinyl acetate)-poly(acrylic acid) 

(PAA-PVAA) [282], gelatin [283], poly(vinyl alcohol) [283], and collagen-

poly(vinyl alcohol) [283]. These studies all measured the storage modulus 

and tangent delta as a function of increasing temperature, focusing on 

measuring the glass transition temperature. In addition, for PAA-PVAA all 

DMP were measured, with storage and loss modulus ranging from 2.7-25 

MPa and 2.3-14.5 MPa. These values were relatively large, and showed 

how elastic effects are not always dominant over viscous effects.  

Of particular interest to this work are HEMA and HEMA-AA 

composition. No literature has performed DMA with HEMA-AA, thus this 

composition’s viscoelastic properties remain unknown. However, previous 

work has investigated the DMP of HEMA. Early work by Nakamura and 

Nakagawa measured the DMP while varying the water content of 

hydrogels, but within a low frequency range of 0.006 to 0.6 Hz [284]. Over 

this frequency range the storage modulus varied from 398 kPa to 4 MPa, 

highlighting the effect of frequency on the system. But, investigation at 

higher frequencies in the range of 0.1 to 10 Hz would be necessary for 

hydrogels being cyclically actuated in the range of 10 to 0.1 s per cycle. 

Another work by Marco et al. examined HEMA over a larger frequency 

range from 0.3-30 Hz, but the focus was on changes in tensile storage 

modulus with varying temperature [285]. Over the temperature range of 

27oC to 175oC the storage modulus varied from 1.5 GPa to 5 MPa, 

respectively. The frequency regime and low temperature measurements 

are somewhat relevant to the system in this work; however, the hydrogel 

was order of magnitudes stiffer than applicable for hydrogel actuation.  

 As mentioned previously no literature has studied the DMP of a 

HEMA-AA composition. Thus, when applying a HEMA-AA composition in 

a cyclically actuating system, as performed in Chapter 5, the DMP must 

be thoroughly investigated to examine the relationship between storage 

modulus and loss modulus. In addition, tensile testing studies have shown 
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that the inclusion of AA into the polymeric structure can have a significant 

influence on the mechanical properties [159, 160], varying Young’s 

modulus from 0.4 to 1.8 MPa for AA weight percentages from 5 % to 25 

%, respectively [159]. To accurately compare and contrast developed 

experimental systems with those in literature the concentration of AA 

within the hydrogel will have to be kept constant, eliminating the potential 

for varying DMP. Fabrication parameters that can be examined would be 

the crosslinker weight percentage, polymerization intensity, and exposure 

time. Testing parameters that could be modified to better mimic the 

applied system would be the cyclical testing frequency and swelling state 

of the hydrogel, as governed by the electrolyte concentration. Performing 

these studies for tensile dynamic mechanical properties would provide a 

resource for those applying HEMA-AA within active systems, and begin 

the experimental examination of this compositions viscoelastic properties.  
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Chapter 3  

 

Parametric Chemo-Electro-Mechanical 

Modeling of Smart Hydrogels1 
 

3.1 Introduction   

Hydrogels are a special type of polymer, with three-dimensional 

cross-linked networks immersed in solvent that respond to external 

stimulus by swelling or deswelling their volume. Hydrogels can be 

stimulated by exposure to pH [1-3], electrical fields [4], magnetic fields [5-

7], light [8], temperature [9-12], enzymes [13], and antigens [14].  The 

large volume transition that accompanies this stimulation promotes the 

use of hydrogels for a variety of applications, such as synthetic muscles 

[15, 16], actuators for microfluidic components [17-19], and drug delivery 

[20-22]. In addition to experimental research on hydrogels, several 

numerical models have been formulated to simulate the volume transition 

of hydrogels. These include thermodynamic models [23, 24], multiphasic 

mixture theory [25, 26], transport models [2, 3], and molecular dynamics 

[27, 28]. These numerical models allow researchers to bypass some of the 

high fabrication costs of prototyping and design optimization.   

 The pH and electrical stimulation of a hydrogel caused the osmotic 

pressure based swelling and deswelling phenomena to develop. 

                                            

1 A version of this chapter has been published. Saunders,  Abu-Salih,  Moussa 
2008. Journal of Computational and Theoretical Nanoscience. 5(11): 1961-1975. 
Contributions from S. Abu-Salih towards that publication have been removed from this 
thesis chapter.  
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Chemically and electrically stimulated hydrogels can be either anionic [29], 

cationic [22], or polyampholyte [30], whereby they have fixed negative 

ions, positive ions, or a distribution of both attached to their polymer 

backbone, respectively. When the hydrogel is chemically stimulated the 

fixed charges deprotonate or protonate, altering the pH distribution across 

both the hydrogel and buffer domains. This developed pH distribution 

causes two mechanisms to occur, the further diffusion of mobile ions into 

the hydrogel from a surrounding solution and, more importantly, the 

establishment of ionic gradients between the hydrogel and surrounding 

solution. When these ionic gradients are established an osmotic pressure 

is developed at the exterior surface of the hydrogel, causing swelling or 

deswelling.  Electrical stimulation works very much the same; however, 

instead of diffusion in pH stimulation established ionic gradients, these 

ionic gradients are established through the electrically forced migration of 

mobile ions throughout the hydrogel and surrounding solution. 

 This work examines the fully nonlinear and coupled chemo-electro-

mechanical multiphysics of pH (chemical) and electrical stimulation of 

hydrogels using the transport model that will be detailed in following 

sections. pH and electrical stimulation methods have a large range of 

applications, as well the electrical stimulation methods have been shown 

to produce the fastest swelling and deswelling response times. Compared 

to other numerical models, the transport models that are the greatest 

validity for the scale examined. This work will expand on the previous 

numerical results of Wallmersperger et al. [31], adding displacement of the 

hydrogel to the published numerical model; in addition, the use of, or lack 

thereof, Donnan theory is discussed. This chemo-electro-mechanical 

numerical model is then examined under a varied hydrogel relative 

permittivity, increased applied electrical potential, and reversed electrical 

field.   
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3.2 Theory 

The swelling-deswelling phenomena exhibited by hydrogels was 

initially examined by Grimshaw et al. [32] to study the swelling of 

polymethacrylic acid (PMMA) membranes. Additional numerical models 

employing transport equations were implemented to study the chemical 

stimulation of hydrogels by Chu et al. [33], Li et al. [34-37], and De et al. 

[2, 3]. Numerical models used to study both chemical and electrical 

stimulation were employed by Bassetti et al. [4] and Wallmersperger et al. 

[31, 38]. 

 To accurately model the swelling phenomena of hydrogels 

subjected to an external chemical and/or electrical stimulus, a coupled 

multi-field numerical model was employed. This multiphysics model was 

composed of coupled electrical and chemical field equations, which were 

subsequently coupled with structural field equations. This combination 

gave a fully coupled chemo-electro-mechanical numerical model 

describing the transient swelling and deswelling phenomena of hydrogels. 

 The applied electrical field was governed by Poisson’s equation, 

accounting for contributions from mobile and fixed ions, given by 

 0
1

N

e k k f f
k

F c z c z  


       
 
                           (3-1) 

where 0  and e  are the dielectric constant of vacuum and the effective 

dielectric constant of the hydrogel, respectively.   is the intermembrane 

(interior of hydrogel) electrical potential, F is the Faraday constant, kc  is 

the intermembrane concentration of the kth ionic species, kz  is the 

valence of the kth ionic species, fc  is the intermembrane concentration of 

the fixed ions, and fz  is the valence of the fixed ions. The sign (¯) denotes 

a quantity within the hydrogel membrane. Note that Eq. 3-1 can also be 

implemented in regions exterior to the hydrogel; however, no fixed ions 

will be present and the variables represent the surrounding buffer domain. 
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 The chemical field, which determined the concentration of mobile 

ionic species in the hydrogel and buffer regions, was governed by the 

Nernst-Planck equation 

   k
k k k k k

c
D c z c

t
 


        


             (3-2) 

where t is time, kD  is the intermembrane diffusivity of the kth ionic species 

and k  is the intermembrane ionic mobility of the kth ionic species. Note 

that Eq. 3-2 can be implemented in regions other than the hydrogel, but 

the equation’s components would not have a (¯) denotation. From the 

ionic mobility in aqueous solution, the diffusivity can be calculated using 

the Einstein relationship: 

k
k

RT
D

F


                                           (3-3) 

where R is the universal gas constant and T is temperature.   

 To obtain the displacement of the hydrogel polymer network, the 

following structural field equations, or equations of motion were 

implemented 

2

2

u u
f b

t t
   

    
 

                               (3-4) 

where   is the density of the hydrogel, u  is the calculated displacement 

of the polymer network, f  is the viscous damping parameter between the 

polymer network and the solution,   is the stress tensor, and b  is the 

body forces acting on the hydrogel. For the cases considered within this 

work the body forces and frictional forces were neglected. In the chemo-

electro-mechanical response of hydrogels the flux of mobile ions occurs 

much slower than the mechanical displacement response. Therefore, the 

hydrogel’s inertial terms were neglected and the following quasi-static 

equilibrium mechanical equations are solved. 

0                                                (3-5) 

Isolating the x-component of a two-dimensional system gives 
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                                      (3-6) 

where xx  is the normal stress on the x-plane in the x-direction and xy  is 

the shear stress on the x-plane in the y-direction. The x-component of the 

normal stress for a plane strain condition can then be given by 

      1
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x y
  

 
 

        
              (3-7) 

where E is Young’s Modulus of the hydrogel, υ is Poisson’s ratio of the 

hydrogel, xu  and  yu  are the x-component y-component of the polymer 

network displacement, respectively. osmoticP  is the osmotic pressure. 

Isolating the shear stress term of Eq. 3-6, the x-component is given by 

yx
xy

uu
G

y x


 
    

                                      (3-8) 

where G is the shear modulus of the hydrogel. The following x-component 

of the mechanical field equations is obtained from substituting Eqs. 3-7 

and 3-8 into Eq. 3-6.  

 2 22 2
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  (3-9) 

Eq. 3-9 is analogous in the y-direction. The calculation of the osmotic 

pressure requires that the concentrations outside of the hydrogel and 

inside the hydrogel be known, and can be determined from the following 

 0

1

n

osmotic k k
k

P RT c c


                                 (3-10) 

where n is the number of mobile ionic species contributing to the osmotic 

pressure, kc  is the intermembrane concentration of the kth mobile ionic 

species, 0
kc  is the extramembrane concentration of the kth mobile ionic 

species.  

 Overall, the full coupling of the electrical field equations (Eq. 3-1)), 

the chemical field equations (Eqs. 3-2 and 3-3), and the structural field 
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equations (Eqs. 3-9 and 3-10) yields the transient displacement for a 

chemically or electrically stimulated hydrogel.  

3.3 Numerical Model 

The theoretical model overviewed in Section 3.2 was implemented 

using COMSOL Multiphysics 3.3 to numerically model the chemical and 

electrical stimulation of a hydrogel. The geometry analyzed was exactly 

the same for both chemical and electrical stimulation, shown in Figure 3.1. 

The solution domain was composed of a 15 mm square buffer domain 

with an inset 5 mm square hydrogel domain, which was centered in the 

buffer domain. All the equations reviewed in Section 3.2 were 

implemented in the hydrogel domain; however, the structural equations 

were not implemented in the buffer domain. Something to note was the 

implementation of a ‘virtual membrane’.  COMSOL requires that all 

solution variables be continuous across all domains, which required 

geometrically inserting a hydrogel ‘membrane’ layer 100 µm in thickness 

between the buffer and bulk hydrogel material. This region acts exactly as 

the hydrogel does, but it was within this region that the sharp gradients for 

ionic concentrations occur. All solution variables were found to be 

independent of membrane thickness for membranes smaller than 100 µm. 

For discretization purposes a 100 µm ‘virtual membrane’ was 

implemented. 

 For chemical stimulation the model boundary conditions imposed 

were as follows; electrical insulation on the exterior buffer boundary and 

continuity of electrical flux on the hydrogel-buffer interface, and chemical 

‘insulation’ on the exterior buffer boundary and continuity of chemical flux 

on the hydrogel-buffer interface. Structurally, the hydrogel was 

constrained by a 1 mm diameter cylinder at the center of the hydrogel, and 

the osmotic pressure was applied at the hydrogel-buffer interface. This 

constraining cylinder was only ‘visible’ to the structural model, as the 

electrical and chemical field equations treated it as part of the bulk 
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hydrogel material. For electrical stimulation the structural and chemical 

field boundary conditions were the same. However, for the electrical field 

the applied potential was applied (anode and cathode) at the left and right 

exterior buffer boundaries, the boundary at x = 0 (for all y) and x=15 mm 

(for all y), respectively. The upper and lower exterior boundaries of the 

buffer domain were considered electrically insulated. 

 The solution was discretized using COMSOL’s mesh generator, 

with a typical mesh distribution seen in Figure 3.2, consisting of 25,228 

elements.  The mesh was refined around the hydrogel-buffer interface, as 

accuracy around these boundaries was paramount.  In addition, 

COMSOL’s Arbitrary Langrangian-Eulerian (ALE) module was employed 

to enhance the accuracy of the solutions. 

15 mm Square

Buffer Domain

Hydrogel

Domain

Buffer-Hydrogel
Interface

5 mm
Square

(0,0)

(15,15)(0,15)

(15,0)

 
Figure 3.1: Geometry of hydrogel immersed in buffer solution for chemical and electrical 

stimulation. 

 
Figure 3.2: Discretized solution domains with a total 25,228 elements 

 



87 
 

Table 3.1:  Numerical parameters used within the chemo-electro-mechanical simulation 
of a chemically and electrically stimulated hydrogel [31]. 

Fixed ion concentration [mMol] 2 

Buffer solution concentration [mMol] 1 
Temperature [K] 293 

Diffusion coefficients [m2/s] 1.00E-07 

Hydrogel permittivity [unitless] 78 

Buffer Domain [mm] 15 x 15 

Hydrogel Domain [mm] 5 x 5 

 

3.4 Results and Discussion 

The theoretical and numerical model presented was employed to 

analyze the transient response of a hydrogel immersed in a buffer solution 

responding to chemical and electrical stimulation.  Baseline investigations 

were performed for chemical and electrical stimulation of a hydrogel in 

Sections 3.4.1 and 3.4.2, respectively.  Model results were validated in 

Section 3.4.3 against published literature.  The final sections investigated 

hydrogel swelling by varying critical parameters under electrical 

stimulation, such as relative permittivity, Section 3.4.4, increased electrical 

potential, Section 3.4.5, and reversed electrical field, Section 3.4.6. 

3.4.1 Chemical (pH) Stimulation 

This section presents the chemical stimulation of a hydrogel causing 

swelling. The mobile ions, sodium and chloride, within the hydrogel 

domain had initial (t = 0) concentrations of 3.25 mol/m3 and 1.25 mol/m3, 

respectively. The fixed ion’s initial concentration had a uniform distribution 

and constant for all time, concentration equal to 2 mol/m3. To simulate 

chemical stimulation the hydrogel it was placed within a buffer solution 

with 1 mol/m3 sodium and chloride concentrations. The equations of 

Section 3.2 were then applied to the hydrogel and buffer domains, and 

time was allowed to progress. The transient response (time = 0 to 800 s) 

of the electrical potential, mobile ion concentrations, and total 

displacement were solved for and are shown in Figure 3.3 for both the 

buffer and hydrogel domains (no displacement of buffer domain). Figure 
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3.3 displays a cross-section of the buffer and hydrogel domains across the 

x-position at a y-position of 7.5 mm. The stationary solution, i.e. 

equilibrium state, for all variables were obtained at a time of 800 s. The 

electrical potential, seen in Figure 3.3(b), within the hydrogel domain 

decreased with time from -15.2 mV to an equilibrium value of -22.3 mV. 

Little change in the electrical potential within the buffer domain was 

observed. The electrical potential within the hydrogel domain decreased 

due to the transient equilibrating of the mobile ions. The transient 

response of sodium and chloride can be observed in Figure 3.3(c)-(f) for 

the buffer and hydrogel domain. The arrows in the figure show the 

progression of that particular quantity with time. It can be seen in Figure 

3.3(c) and (e) that, while the concentrations of sodium and chloride within 

the hydrogel are decreasing, the concentrations in the buffer are 

increasing due to diffusion of the mobile ions out of the hydrogel domain. 

As time progresses the mobile ion concentrations in the buffer domain 

reach a maximum, and then return to their equilibrium value of 1.0 mol/m3, 

as seen in Figure 3.3(d) and (f). It is also shown in Figure 3.3(d) and (f) 

that the equilibrium values of sodium and chloride are 2.41 mol/m3 and 

0.41 mol/m3, respectively, with a constant concentration profile across the 

hydrogel domain. Electroneutrality within the hydrogel and buffer domains 

was maintained, as the mobile and fixed ions were balanced 

appropriately. The hydrogel’s displacement, shown in Figure 3.3(g), 

decreased from an initial maximum of 31.9 µm to an overall minimum of 

9.0 µm at a time of 10 s. The displacement decreased because the mobile 

ion gradients, between the buffer and hydrogel, were decreasing. At 10 s 

the ion gradients reach a minimum, and after 10 s these gradients 

increase slightly to reach their equilibrium state. This response can be 

seen in Figure 3.3(h) as the displacement increases from 10 to 800 s 

reaching a final magnitude of 10.2 µm. The hydrogel’s displacement 

behavior was governed by the applied osmotic pressure, which also 

displayed the same behavior of an initial global maximum, a global 
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minimum and an equilibrium local maximum, as displayed in Figure 3.4. 

The initial maximum osmotic pressure was 3.83 kPa progressing to a 

minimum pressure of 1.73 kPa, and an equilibrium pressure of 2.02 kPa. 

The osmotic pressure, a function of ionic gradients, displayed this 

behavior due to the transient diffusion of mobile ions between the hydrogel 

and buffer domains. The aforementioned osmotic pressure was studied at 

the positions y = 7.5 mm and x = 5 mm or 10 mm. Since the hydrogel 

domain was square the edges had slightly larger osmotic pressure and 

displacement. Had the hydrogel domain been a circle, displacements and 

osmotic pressures would have been constant around the circumference. 

The equilibrium state of chemical stimulation was used for the initial state 

of electrical stimulation. 

3.4.2 Electrical Stimulation (Applied Potential = ± 0.05 V) 

This section presents the numerical results for the electrical 

stimulation of a hydrogel causing swelling or deswelling. The initial 

conditions for electrical stimulation were assumed to be the equilibrium 

conditions of chemical stimulation. To electrically stimulate the hydrogel 

an electric potential of ±0.05 V was applied at the electrodes. The position 

x = 0 (for all y) was the cathode where a potential of -0.05 V was applied, 

and the position x = 15 mm (for all y) was the anode where a potential of 

+0.05 V was applied. The equations of Section 3.2 were then applied to 

the hydrogel and buffer domains, and time was allowed to progress. The 

transient responses (time = 0 to 800 s) of the electrical potential, mobile 

ion concentrations, and total displacement are shown in Figure 3.5, which 

displays a cross-section of the buffer and hydrogel domains across the x-

position at a y-position of 7.5 mm. The equilibrium state was achieved 800 

s after electrical stimulation was implemented. The electrical potential, 

shown in Figure 3.5(a) and (b), followed a linear profile between the 

cathode and anode. This linear profile had a potential well in the hydrogel 

domain caused by the chemical potential between ions in the buffer and 

hydrogel domains. The electrical potential was seen initially (t < 10 s)  
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Figure 3.3:  Chemical stimulation of a hydrogel results for electric potential, ionic 

concentration, and displacement versus x-position at the y-position = 0.0075 m. a) 
Numerical model domains;  b) Electric potential at t = 0, 0.1, 0.5, 1, 2, 5, 10, 20, 50, 100, 

200, 800 s;  c) Sodium concentration at t = 0, 0.1, 0.5, 1, 2, 5, 10 s;  d) Sodium 
concentration at t = 10, 20, 50, 100, 200, 800 s;  e) Chloride concentration at t = 0, 0.1, 
0.5, 1, 2, 5, 10 s;  f) Chloride concentration at t = 10, 20, 50, 100, 200, 800 s;  g) Total 

displacement at t = 0, 0.1, 0.5, 1, 2, 5, 10 s;  h) Total displacement at t = 10, 20, 50, 100, 
200, 800 s. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) 
(h) 
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Figure 3.4:  Transient response of the osmotic pressure generated due to chemical 

stimulation, corresponding to the positions y = 7.5 mm and x = 5 mm or 10 mm. 
 

increasing near the cathode side of the hydrogel and decreasing near the 

anode side of the hydrogel, adjusting to the migration of mobile ions. After 

10 s the electrical potential decreased throughout both domains. The 

transient ionic concentration profiles for sodium and chloride can be seen 

in Figure 3.5(c)-(f). In the hydrogel domain, sodium and chloride ion 

concentrations increased near the cathode side of the hydrogel, and 

decreased near the anode side of the hydrogel. Sodium and chloride ions 

in the buffer domain also increased near the cathode side of the hydrogel, 

and decreased near the anode side of the hydrogel. Electroneutrality was 

maintained as the ionic concentrations were balanced for all time. The 

electrically induced migration of mobile ions caused new ionic gradients to 

be established, and hence further displacement of the hydrogel was 

observed, as seen in Figure 3.5(g) and (h). The hydrogel’s displacement 

near the cathode decreased with time to a minimum of 6.3 µm, or 

deswelling of the hydrogel near the cathode occurred. The hydrogel’s 

displacement on the anode side increased to a maximum of 15.3 µm, or 

further swelling of the hydrogel occurred near the anode. The hydrogel’s 

swelling and deswelling was caused by a varying osmotic pressure, 

depicted in Figure 3.6. The osmotic pressure at both the cathode and 

anode was initially 2.02 kPa, and upon application of electrical stimulus  
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Figure 3.5:  Electrical stimulation (± 0.05 V) of a hydrogel results for electric potential, 
ionic concentration, and displacement versus x-position at the y-position = 0.0075 m.  

The anode is located at x-position = 0.015 m, and the cathode is located at x-position = 0 
m.  a) Electric potential at t = 0, 0.1, 0.5, 1, 2, 5, 10 s;  b) Electric potential at t = 10, 20, 
50, 100, 200, 800 s;  c) Sodium concentration at t = 0, 0.1, 0.5, 1, 2, 5, 10 s;  d) Sodium 
concentration at t = 10, 20, 50, 100, 200, 800 s;  e) Chloride concentration at t = 0, 0.1, 
0.5, 1, 2, 5, 10 s;  f)  Chloride concentration at t = 10, 20, 50, 100, 200, 800 s;  g) Total 

displacement at t = 0, 0.1, 0.5, 1, 2, 5, 10 s;  h) Total displacement at t = 10, 20, 50, 100, 
200, 800 s. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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Figure 3.6:  Osmotic pressure as a result of electrical stimulation (± 0.05 V) of a hydrogel, 

corresponding to the positions y = 7.5mm and x = 5mm (cathode side) and 10 mm 
(anode side). 

 

the mobile ions established new ionic gradients between the hydrogel and 

buffer. As such, the ionic gradients were quantitatively smaller near the 

cathode, and deswelling occurred, and larger near the anode where 

swelling occurred. The equilibrium state osmotic pressures near the 

cathode and anode were 1.72 kPa and 2.45 kPa, respectively. The 

aforementioned osmotic pressure was studied at the positions y = 7.5 mm 

and x = 5 mm or 10 mm.  

3.4.3 Verification of Chemical and Electrical Stimulation Numerical 

Models 

The chemical and electrical stimulation studies of Sections 3.4.1 and 

3.4.2, respectively, were expanded from the numerical simulations of 

Wallmersperger et al. [31]. Wallmersperger et al.’s work concentrated on 

the transient responses of the electrical potential and ionic concentrations, 

hence validation of this work will compare against those quantities. 

Comparing the results for chemical stimulation, as seen in Figure 3.7, 

shows excellent agreement for all time. Note that normalized osmotic 

pressure was compared, since this was a function of ionic concentrations.  

Comparing the results for electrical stimulation shows some minor 
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quantitative deviations between the two numerical models, illustrated in 

Figure 3.8(a). At a point (x = 6 mm, y = 7.5 mm) Wallmersperger et al.’s 

electrical potential had an equilibrium value of -31.2mV, compared against 

a value of -32.0 mV obtained in this work, a 2.56 % deviation. Also 

illustrated in Figure 3.8(b), the normalized osmotic pressure deviated from 

literature through a decrease and increase in pressure at the anode and 

cathode hydrogel-buffer interface, respectively. The compared equilibrium 

normalized osmotic pressure values deviated by 1.2 % and 1.8 % at the 

anode and cathode, respectively. The major cause of these 

aforementioned deviations stems from the implementation of Donnan 

theory, or lack thereof here. Within this work all solution variables were 

continuous across all domains, and hence did not require the 

implementation of discontinuous boundary conditions governing the 

electrical potential, such as Donnan theory used in Wallmersperger et al. 

A discussion comparing the differences between Donnan theory and the 

chemo-electro-mechanical model is performed in the published version of 

this chapter [39], and solidifies the validity of this model for all stimulation 

methods considered. 

 
Figure 3.7:  Comparison of chemo-electro-mechanical chemical stimulation with 

Wallmersperger et al. [31].  The electric potential was observed at the position x = 7.5 
mm and y = 7.5 mm.  The normalized osmotic pressure was observed at the position y = 

7.5 mm and x = 5 mm or 10 mm. 
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Figure 3.8:  Comparison of chemo-electro-mechanical electrical stimulation with 

Wallmersperger et al. [31].  The electric potential was observed at the position y = 7.5 
mm and x = 6 mm.  The normalized osmotic pressure was observed at the hydrogel-

buffer interface at the anode and cathode sides of the hydrogel. 

3.4.4 Examining the Effect of Relative Permittivity 

The Poisson equation depends on the dielectric permittivity of the 

hydrogel, and thus is interesting to examine the effect of this parameter on 

the electrical stimulation swelling process. The relative dielectric 

permittivity of the buffer solution (in our case sodium chloride (NaCl) 

solution) was taken to be to 78, equal to that of water.  The dielectric 

permittivity of the hydrogel has been changed from 78 (as examined in 

Section 3.4.2) to 7.8.  This gives a relative permittivity ratio between the 

hydrogel and buffer of 0.1.  In this thesis only the ratios 1 (Section 3.4.2) 

and 0.1 are examined, as ratios in between these two ratios display the 

same qualitative characteristics. 

 Figure 3.5 and Figure 3.9 show the chloride and sodium 

concentration distributions, electrical potential and the total displacement 

for two different dielectric permittivity ratios (hydrogel to buffer) of 1 and 

0.1, respectively. Figure 3.5(e,f) and Figure 3.9(a) show the chloride 

concentration distribution for dielectric permittivity ratio 1 and 0.1, 

respectively. As shown, in both cases the concentration distribution results 

are almost identical, except that the transition from the solution domain to 

the hydrogel domain was sharper for the dielectric permittivity ratio of 1. 

Figure 3.5(c,d) and Figure 3.9(b) show very similar results for the sodium 
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concentration distribution. The electrical potential in the solution and the 

hydrogel domains for dielectric permittivity ratios 1 and 0.1 are shown in 

Figure 3.5(a,b) and Figure 3.9(c), respectively. As shown the effect of the 

dielectric permittivity on the transient process of the swelling was very 

small and can be negligible. The total displacement in the hydrogel as a 

result of dielectric permittivity 0.1 was smaller than total displacement of 

the initial dielectric permittivity ratio, as shown in Figure 3.5(g,h) and 

Figure 3.9(d). This decrease could be attributed to the mathematical 

definition of the osmotic pressure that is developed at the hydrogel-buffer 

interface. This osmotic pressure directly depended on the transition of the 

concentration functions from the solution domain to the hydrogel domain.  

3.4.5 Electrical Stimulation (Applied Potential = ±0.25 V) 

This section examines the electrical stimulation of a hydrogel 

causing swelling or deswelling. The initial conditions for electrical 

stimulation were the equilibrium conditions of chemical stimulation, 

reviewed in Section 3.4.1. The electrical potential was applied in the same 

manner as in Section 3.4.2, but was increased from ±0.05 V to ±0.25 V. 

The transient responses (time = 0 to 800 s) of the electrical potential, 

mobile ion concentrations, and total displacement are shown in Figure 

3.10, using the now familiar cross-sectional format. Equilibrium state was 

achieved 800 s after electrical stimulation was implemented. The electrical 

potential was seen to initially (t < 10) display a linear profile for all regions 

considered, displayed in Figure 3.10(a); however, for larger time (t > 10) 

non-linear profiles are seen to develop in the buffer region near the 

hydrogel-buffer interface, displayed in Figure 3.10(b). These non-

linearities result from the much larger (versus Section 3.4.2) non-linear 

ionic concentrations within the buffer region near the hydrogel-buffer 

interface, illustrated in Figure 3.10(c)-(f). The linear electrical potential 

profile within the hydrogel was maintained, as the steady state ionic 

concentrations of both species within the hydrogel displays a linear 
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Figure 3.9:  Electrical stimulation (± 0.05 V, relative permittivity ratio = 0.1) of a hydrogel 
results for ionic concentration, electrical potential and displacement versus x-position at 

the y-position = 0.0075 m.  The anode is located at x-position = 0.015 m, and the cathode 
is located at x-position = 0 m.  a) Chloride concentration at t = 10, 20, 50, 100, 200, 800; 
b) Sodium concentration at t = 10, 20, 50, 100, 200, 800;  c) Electrical potential at t = 10, 

20, 50, 100, 200, 800;  d) Total displacement at t = 10, 20, 50, 100, 200, 800. 

 

profile as well, shown in Figure 3.10(d) and (f). Figure 3.10(c)-(f) also 

presents the transient ionic concentration responses, which shows both 

the sodium and chloride concentrations, for both solution domains, 

increasing near the cathode side and decreasing near the anode side of 

the hydrogel-buffer interface. Increasing the applied electrical potential, 

versus Section 3.4.2, caused larger ionic gradients to be established. 

Overall, these larger concentration gradients cause much larger total 

displacement of the hydrogel to occur, with transient displacement results 

given in Figure 3.10(g) and Figure 3.10(h). Figure 3.10(g) shows the total 

displacement near the cathode decreasing to near zero, but with time (t > 

(a) (b) 

(c) (d) 
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10) this side’s displacement increases to 4.1 µm, as seen in Figure 

3.10(h). The anode side of the hydrogel transiently increased to reach a 

maximum displacement of 38.1 µm, as seen in Figure 3.10(h), which was 

a 374 % increase versus the displacement results of Section 3.4.2. The 

increased hydrogel displacement was a result of larger osmotic pressure 

being established at the hydrogel-buffer interface near the anode, 

compared to Section 3.4.2, with the osmotic pressure within the hydrogel 

shown in Figure 3.11. The ionic gradients established as a result of the 

applied electrical potential of ±0.25 V caused higher osmotic pressure at 

the anode, and lower osmotic pressure at the cathode versus an applied 

electrical potential of ±0.05 (osmotic pressure shown in Figure 3.6).  The 

steady-state osmotic pressures at the anode and cathode sides of the 

hydrogel were 4.47 kPa and 1.25 kPa, respectively. 

3.4.6 Effect of Reversing the Electric Field (Applied Potential = ± 

0.25 V) 

This section investigates the effect of reversing the electrical 

potential on the swelling and deswelling of the hydrogel. This section’s 

initial conditions were the steady-state conditions achieved in Section 

3.4.5, with the same numerical methods applied as in previous sections. In 

this study the hydrogel was stimulated with an applied electrical potential 

of ±0.25 V; however, differing from previous situations examined, was that 

the anode and cathode positions were at x = 0 mm (for all y) and x = 15 

mm (for all y), respectively. The transient responses of the electrical 

potential, mobile ion concentrations and total displacement are shown in 

Figure 3.12, with steady state achieved 800 s after reversing the electrical 

potential. As seen in Figure 3.12(a) and (b), the electrical potential 

remained linear in the hydrogel for all time, and was initially linear (t < 20 

s) in the buffer domain at the anode side near the hydrogel-buffer 

interface, but became non-linear as time progressed. The mobile ions 

within the buffer and hydrogel reacted to the reversed electrical field by 

migrating in a direction opposite to that seen in Sections 3.4.2 and 3.4.5, 
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Figure 3.10:  Electrical stimulation (± 0.25 V) of a hydrogel results for electric potential, 
ionic concentration, and displacement versus x-position at the y-position = 0.0075 m.  

The anode is located at x-position = 0.015 m, and the cathode is located at x-position = 0 
m.  a) Electric potential at t = 0.1, 0.5, 1, 2, 5, 10 s;  b) Electric potential at t = 10, 20, 50, 

100, 200, 800 s;  c) Sodium concentration at t = 0.1, 0. 5, 1, 2, 5, 10 s;  d) Sodium 
concentration at t = 10, 20, 50, 100, 200, 800 s;  e) Chloride concentration at t = 0.1, 0.5, 

1, 2, 5, 10 s;  f)  Chloride concentration at t = 10, 20, 50, 100, 200, 800 s;  g) Total 
displacement at t = 0.1, 0.5, 1, 2, 5, 10 s;  h) Total displacement at t = 10, 20, 50, 100, 

200, 800 s. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 



100 
 

 
Figure 3.11:  Osmotic pressure as a result of electrical stimulation (± 0.25 V) of a 

hydrogel, corresponding to the positions y = 7.5 mm and x = 5 mm (cathode side) and x = 
10 mm (anode side). 

 

depicted in Figure 3.12(c)-(f). Sodium and chloride concentrations 

decreased in both domains near the anode side of the hydrogel-buffer 

interface, and increased in both domains near cathode side of the 

hydrogel-buffer interface. During this transition period some highly non-

linear profiles can be observed in Figure 3.12 for both mobile ions in both 

domains; however, steady-state profiles were linear for both mobile ions 

within the hydrogel, as seen previously in Sections 3.4.2 and 3.4.5. As 

these mobile ions migrate the ionic gradients they establish across the 

hydrogel-buffer interface dynamically change as well, influencing the 

displacement of the hydrogel accordingly. The total displacement of the 

hydrogel, depicted in Figure 3.12(g,h), followed this trend as the hydrogel 

near both the cathode and anode deswelled initially, then swelled 

according to the new ionic gradients established. The steady state 

displacements at the anode and cathode sides of the hydrogel were 38.1 

µm and 4.1 µm, respectively. These displacements had the same 

magnitude as in Section 3.4.5; however, were found on opposite sides of 

the hydrogel, as a result of the reversed electrical field. The transient 

nature of the osmotic pressure causing these reversed displacements can 

be seen in Figure 3.13. The osmotic pressure for the anode and cathode 

side of the hydrogel was seen to decrease and increase, respectively, 
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Figure 3.12:  Reversed electrical field stimulation (± 0.25 V) of a hydrogel results for 
electric potential, ionic concentration, and displacement versus x-position at the y-

position = 0.0075 m.   The cathode is located at x-position = 0.015 m, and the anode is 
located at x-position = 0 m.  a) Electric potential at t = 0, 0.1, 0.5, 1, 2, 5, 10 s;  b) Electric 
potential at t = 10, 20, 50, 100, 200, 800 s;  c) Sodium concentration at t = 0, 0.1, 0.5, 1, 

2, 5, 10 s;  d) Sodium concentration at t = 10, 20, 50, 100, 200, 800 s;  e) Chloride 
concentration at t = 0, 0.1, 0.5, 1, 2, 5, 10 s;  f) Chloride concentration at t = 10, 20, 50, 

100, 200, 800 s;  g) Total displacement at t = 0, 0.1, 0.5, 1, 2, 5, 10 s;  h) Total 
displacement at t = 10, 20, 50, 100, 200, 800 s. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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Figure 3.13:  Osmotic pressure as a result of the electrical stimulation (± 0.25 V) with 

reversed electrical field from initial condition, corresponding to the positions y = 7.5 mm 
and x = 5 mm (cathode side) and x = 10 mm (anode side). 

 
adjusting to the new ionic gradients being established at the hydrogel-

buffer interface. At the anode side of the hydrogel the osmotic pressure 

increased from a minimum of 1.25 kPa to a steady-state maximum of 4.47 

kPa. The cathode side of the hydrogel decreased from a maximum of 4.47 

kPa to a steady-state minimum of 1.25 kPa. At 13 s the osmotic pressure 

at both sides of the hydrogel was equal, with a magnitude of 2.0 kPa. The 

examined electrical potential, mobile ion concentrations, total 

displacements, and osmotic pressure had the same steady state 

magnitude as that of Section 3.4.5; however, the locations of these 

magnitudes were on opposite sides of the hydrogel reacting to the 

reversed electrical field. This section highlights the reversible nature of the 

hydrogel swelling phenomena responding to electrical stimulus. 

3.5  Conclusions 

  This work presents and examines a multiphysics coupled chemo-

electro-mechanical numerical model for the simulation of a stimulated 

hydrogel’s swelling and deswelling phenomena. The examined stimulation 

methods were chemical (pH) and electrical. Numerical results presented 

the transient response of the electrical and chemical fields for both the 

buffer and hydrogel domains. In addition, the displacement field of the 
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hydrogel was solved and presented, with the associated osmotic pressure.  

Numerical results were in good agreement with published literature. 

Furthermore, this work examined the effect of varied values of hydrogel 

relative permittivity, increased stimulating electrical potential, and of a 

reversed stimulating electrical field.  Lowering the hydrogel’s relative 

permittivity affected the applied electrical field, which induced small non-

linearities in the electrical potential and ionic concentrations near the 

hydrogel-buffer interface. The effect of the increased stimulating potential 

was the generation of much larger ionic gradients between the hydrogel 

and buffer solution, which subsequently caused a much larger 

displacement of the hydrogel. Reversing the applied electrical field 

effectively reversed the mobile ions migration, which caused these ions to 

establish ionic gradients on opposite sides of the hydrogel. These 

reversed ionic gradients caused the hydrogel to deswell where once 

swollen, and swell where once shrunken.  In addition, the magnitude of 

hydrogel displacement was the same as the previous equilibrium state, 

since the stimulating electrical field was of equal magnitude to the 

previous equilibrium state.  

 Hydrogels have excellent potential as actuators in various 

microfluidic components. Further work will be performed to simulate 

hydrogels at the microscale to accurately represent their integration with 

microfluidics. As simulations using transport models can give an accurate 

representation of swelling and deswelling, these will continue to be 

implemented for various geometric considerations and device 

optimization. 
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Chapter 4 

 

Microfabrication and Experimental 

Methods 
 

4.1 Introduction 

Detailed methodologies for the microfabrication of electrically 

stimulated hydrogel microactuator systems are described. The 

experimental methods implemented to test the hydrogel’s mechanical, the 

system’s electrical properties, and to characterize the hydrogel actuator’s 

response kinetics are also included within. A mature microfabrication 

process flow to prototype hydrogel microactuators is provided, with details 

relevant to each particular stage of development. Challenges encountered 

relevant to microfabrication processes critical to device operation are 

presented, and the solutions developed to overcome these challenges are 

briefly overviewed. Such challenges include in-situ photolithography and 

vapor deposition of Parylene. Techniques employed for electrical 

stimulation of hydrogel actuators and the subsequent characterization of 

transient in-plane deformation are presented.  

4.2 Microfabrication of Prototype Devices and Hydrogels 

Microfabrication was necessary to develop techniques enabling the 

testing, characterization, and integration of hydrogels within prototype 

microactuator devices. Techniques were employed to fabricate hydrogels 

for direct integration into devices. A mature microfabrication process flow 

was developed to ensure that hydrogels could be fabricated with the 

desired range of material properties and geometries useful to their 

application as microactuators.  
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An overview of the microfabrication process is presented first, which 

highlights the milestone stages through the fabrication process. Following 

an overview of these processes, each particular stage with specific details 

is discussed. To verify that the implemented techniques had been 

performed successfully, characterization of processes was performed 

where appropriate and available. The verification techniques employed 

were optical inspection, surface profilometry, and spectral reflectance 

measurements. Through continuous improvement of each particular 

process stage, the addition of certain stages, and complete removal of 

other process stages; a mature repeatable process flow was developed. 

Components of this mature process flow were also adapted to fabricate 

hydrogels for testing of their dynamic mechanical properties and 

subsequent examination of their morphology using electron microscopy. 

Furthermore, several manufacturing runs were performed during 

microactuator prototyping to create systems with different characteristics 

by modifying Parylene-N thicknesses, hydrogel diameters, and electrode 

materials.  

The main microfabrication process flow can be seen in Figure 4.1, 

which depicts two separate fabrication process flows combined together to 

create a third and final microfabrication process flow to complete the 

prototype. Process flow A begins with a 4” square 0211 glass wafer, which 

was Piranha cleaned and had positive photoresist spun upon it, shown in 

step A1. In step A2 UV photolithography was performed using a 

photomask to define the features for electrodes. Lithography was followed 

in step A3 by developing the positive photoresist, and sputtering metal 

electrodes over the entire surface of the wafer. Step A4 depicts a 

milestone stage after performing lift-off to define electrodes, wafer 

segmentation, polydimethylsiloxane (PDMS) window fabrication, and 

physical vapor deposition of Parylene-N. In parallel, process flow B starts 

with the computer aided design (CAD) and fabrication of a rapid prototype  
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Figure 4.1: Overview of the manufacturing process flow for prototyping of hydrogel 
microactuators, depicting milestone stages of microfabrication. Detailed descriptions of 

the steps are found in Sections 4.2.1 to 4.2.7. 

(RP) mold, shown in B1. Step B2 shows the salinization of the RP mold 

and soft lithography using thermoset PDMS. After curing, the 

microchannels were defined and delamination was performed, shown in 

milestone step B3. When finished the two milestone steps A4 and B3 were 
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combined together by PDMS sealing around the Parylene-N and oxygen 

plasma induced irreversible bonding of the PDMS to the glass substrate, 

shown in C1. This stage fully defines the microchannels that would house 

the hydrogel microactuator and the electrical stimulation system. Following 

bonding, step C2 UV photolithography was performed with a photomask to 

define a post for structural support of the active hydrogel structures, as 

seen in C2. The final microfabrication stage, step C3, employs UV 

photolithography together with another photomask to photopolymerize a 

hydrogel around the structural post. After completion of the prototype 

microactuator system the fabricated microchips were stored in deionized 

water until needed for testing, upon which time equalization of the 

hydrogel in electrolyte was performed.   

Two photomasks were used throughout the process to define the 

electrode, structural support, and hydrogel geometries. Any changes to 

the electrode geometries and configurations required a new set of 

photomasks to be developed; however, the photomask used for support 

posts and hydrogels was designed to include several geometries and 

configurations. During manufacturing, processes were varied to create 

different systems, which included metal electrode sputtering, physical 

vapor deposition of Parylene-N, and UV photolithography of hydrogels. 

For sputtering different metals were deposited to create electrode systems 

that could either withstand electrochemical corrosion or that were optimum 

for dielectric deposition. The Parylene-N thickness was minimized to 

reduce the electric field loss through its thickness and to lower the 

system’s characteristic actuation frequency. However, layers of Parylene-

N that were too thin were prone to dielectric breakdown upon testing. 

Altering the hydrogel’s fabrication parameters, such as exposure time or 

intensity, would change the hydrogel’s mechanical properties. Changes in 

mechanical properties would directly affect the hydrogel’s total actuation 

deformation and transient response.   
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The chemicals and materials used for microfabrication processes 

and experiments can be found in Appendix A-2, for those items purchased 

by the laboratory. All other materials were used within the University of 

Alberta NanoFab. All chemicals and materials should be used with the 

appropriate personal protective gear, and fume hoods be used when 

appropriate. Additionally all items should be stored and disposed of 

according to supplier and university protocols.  

4.2.1 Photomask Design and Generation 

Two photomask were outlined in the manufacturing process flow for 

prototyping of devices. These photomasks were 1:1 scale masks and 

were designed in accordance with the desired electrode and hydrogel 

geometries. Multiple hydrogel geometries were built into one photomask, 

but when new electrode geometries or configurations were implemented 

new photomasks were generated. Photomasks were designed using the 

CAD software L-Edit, and after completion the GDSII file was transferred 

to the University of Alberta NanoFab where mask fabrication occurred. 

Photomasks were patterned by the NanoFab on 5” square soda lime glass 

which was coated with ~70 nm chromium. The minimum resolution of 

these masks was ~2 µm, which was below the required minimum feature 

size of 100 µm.  Masks were fabricated using a high-resolution laser mask 

writer to exposure deposited photoresist, and subsequently the photoresist 

layer was developed allowing for chrome etching to define features. 

4.2.2 Surface Preparation & Photolithography 

Several substrates were available as base layers, glass, silicon, or 

silicon on insulator. A 4” square 0211 glass substrate was selected due to 

its optical transparency, making it suitable for optical inspection methods. 

Furthermore the durability of glass wafers was higher than silicon.  

To prepare the substrate for processing each glass wafer was 

immersed the cleaning agent piranha. This cleaning agent was a mixture 

of one part 30% hydrogen peroxide (H2O2), to three parts of 96% sulphuric 
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acid (H2SO4). Combining the two chemicals created an exothermic 

reaction that may reach over 120oC, and removed any organic material on 

the substrates.  In addition, piranha may also react with some plastics or 

metals, thus Teflon containers should also be used and substrates were 

preprocessed to remove any organic deposits. In the case of reprocessing 

wafers after use with PDMS, the substrates must have almost all residual 

material removed before immersion within piranha or the mixture will turn 

a dark brown and start to react aggressively. For less aggressive 

substrate cleaning, or general cleaning of materials, solvents such as 

acetone, isopropanol, or methanol could be used. These solvents were 

especially helpful when performing preprocessing, but the wafers should 

be rinsed with deionized water to remove any residues.  

After cleaning the substrates were ready for photolithography, which 

was the primary microfabrication method for substrate patterning. This 

process employs UV light to selectively expose a layer of positive 

photoresist to generate a two dimensional pattern. This photoresist 

material was sensitive to UV light and was spin-coated upon the wafer 

before exposure. When immersed in a developing solution the exposed 

areas of the positive photoresist dissolve, opening areas for further 

processing. Photoresist is commonly applied through spin-coating which 

achieves a uniform photoresist thickness, but the final thickness was 

dependent on the viscosity of the photoresist, spin speeds and spin times. 

This thickness must be tailored to the specific application, as finer 

photolithographic features require the deposition of thin layers of 

photoresist but further deep etching processes necessitate thicker 

photoresist layers.  The outlined manufacturing process flow requires 

neither fine features nor deep etching, thus standard spin coating 

procedures were implemented to coat the wafer with ~1 µm thick positive 

photoresist. After photoresist deposition the wafer was then soft-baked 

within a convection oven to harden and remove solvent from the 

photoresist. After soft-baking the photoresist was rehydrated for 10-15 
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minutes within ambient humidity to ensure proper development, as the 

soft-baking processes also drives out moisture from the photoresist.  

Contact photolithography was then performed with the aid of a mask 

aligner to expose the photoresist to UV light for a specific duration of time. 

The exposure energy required and subsequent development time were 

also dependent on the type and thickness of photoresist employed. 

Exposure energy, or the amount of light energy the photoresist was 

subjected to, depends on the duration of the exposure time and the 

intensity of the UV light. Surplus exposure energy will degrade the 

exposed features, while too little exposure energy will not allow for 

adequate removal of photoresist upon development leaving behind 

photoresist. For the implemented manufacturing process the photoresist 

was exposed for between 5-6 seconds using the first photomask to define 

the electrode geometries. Photoresist development then ensued to 

remove the exposed areas of the photoresist, through immersion in an 

agitated developer solution for 30-35 seconds. Development time was a 

function of the solvent concentration and the number of times the solution 

was reused for additional wafers. An increased solvent concentration or 

very long development times would also cause feature degradation, 

however low concentrations or short development times would not 

develop the desired features. After developing, areas of the glass 

substrate were exposed for metal electrode deposition; however, first the 

wafer must be hard-baked for sputtering. The hard-bake was used to drive 

out solvent to enable low vacuum pressures and harden the photoresist. 

4.2.3 Defining Metal Electrodes & Segmentation 

Metal electrode deposition was achieved through the technique of 

planar magnetron sputtering, which deposits uniform thin layers of metals 

onto a substrate. Sputtering was performed in a low-pressure chamber to 

reduce the amount of free atoms present that would collide with sputtered 

particles altering their energy and degrading film quality. To sputter, a 3” 

metal source was placed into a conductive holder, and the surface was 
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bombarded by high energy ions which were confined to the target surface 

by a system of magnets. The ions used here were argon, and were 

created by electron impact ionizations in the plasma discharge. The 

deposited flux was ejected from the target due to the momentum 

transferred to it by the bombarding electrons. These metallic flux ions then 

impact the substrate surface settling in place. As the substrate was coated 

with photoresist, significant deposition occurs on the vertical surfaces of 

the photoresist, especially because the open windows on the substrate 

have a very low aspect ratio. But, these sidewalls were removed during 

lift-off. For the sputtering system employed four substrates were loaded 

into the system, and before sputtering occurred the substrate-holder was 

set to rotate to ensure uniform film deposition across all wafers.  

Within this work five different metallic materials were sputtered; Cr, 

Au, Ti, Pt, and Al. The Cr/Au comprised the combination primarily 

implemented within the electrical stimulation experiments, where the Cr 

was used as an adhesion layer for the Au. Cr readily reduces the glass 

surface to produce a strong bond, whereas Au is a relatively inert noble 

metal and thus requires an adhesion layer. The Ti/Pt combination was 

employed for electrical stimulation of non-dielectric coated systems, as the 

metals could withstand electrochemical corrosion, and the Ti served as an 

adhesion layer for the Pt. Aluminum electrodes were attempted to take 

advantage of their self-healing oxidation process [1]; however, it was 

found that the etching of Al by the strong or weak KOH electrolyte 

overpowered the thin aluminum oxide layer degrading electrodes. Each 

one of the aforementioned metals had different deposition rates, and the 

total sputtering time needed was calculated based off these empirical 

rates to obtain the overall final desired thickness.  

After sputtering, the substrate must have the excess unexposed 

photoresist removed to define the electrode’s geometry, a process called 

lift-off. The wafers were placed in an acetone bath, which was used to 

dissolve any unexposed photoresist. The bath was subjected to sonication 
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to agitate the acetone solution, expediting the lift-off process and ensuring 

diffusion into tight areas. Sonication also ensured that the electrodes were 

defined with straight edges, as the agitation provided additional force to 

cleanly break any metals at the edges of the photoresist. The bulk 

resistance of the electrodes from contact pad to electrode tip was 

measured at 130.6±5.1 Ω, whereas electrodes with defects or 

discontinuities would measure resistances orders of magnitude larger.  

To conclude this phase of processing the substrate, now with defined 

electrodes, was diced to segment individual patterns from the overall 

wafer. A successful batch of wafers after metallization and segmentation 

can be seen in Figure 4.2, where inset A shows the photomask used and 

inset B the dicing saw employed. A successful batch produces a total of 

24 chips for further processing, and at this point any segmented chips with 

defects can be removed from the manufacturing flow. To verify the 

electrodes have been adequately fabricated, surface profilometry was 

performed to determine the final electrode thickness, shown in Figure 4.3. 

 

Figure 4.2: Metal electrode sputtering of Cr/Au, and segmentation of the wafer into six 
microchips. Inset (A) shows the photomask used in Section 4.2.2 for photolithography. 

Inset (B) depicts the diamond touch dicing saw. 

A B 
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Figure 4.3: Surface profilometry of Cr/Au electrodes sputtered on 0211 glass with an 

electrode height of ~220 nm and a width of ~95 µm. 

4.2.4 Selective Deposition of Parylene-N Dielectric 

Deposition of a dielectric layer to coat the electrode was necessary 

to achieve electrolysis- and electrochemical reaction-free electrical 

stimulation of hydrogel microactuators. Various potential dielectric 

materials exist and some have been previously evaluated for 

electrowetting on dielectric systems [2], which require similar dielectric 

properties. These evaluated dielectrics include; PDMS, polyimide, Teflons, 

and Parylene compositions. Polyimide has been shown to be an effective 

dielectric layer for dielectrophoretic nanodroplet formation [3], and as with 

PDMS, can be spin-coated on a substrate’s surface. However, both 

polyimide and PDMS are generally deposited with thicknesses between 1-

40 µm, which was larger than desired for this application. Some Teflon 

compositions can be spin-coated or dipped within the desired thickness 

range below 1 µm. However, all aforementioned dielectrics have an order 

of magnitude lower dielectric strength than vapor deposited Parylene 

compositions [2], which made Parylene the primary candidate as a 

dielectric material in this system. In addition, the vapor deposition of 

Parylene could be controlled to selectively deposit in particular areas and 

deposited coatings were highly conformal around electrodes. Parylene 
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was also optically transparent lending itself well to optical measurement 

methods.  

At least six compositions of Parylene exist, each with different end-

use applications and properties. The most commonly implemented 

Parylene compositions as dielectric materials are Parylene-C and 

Parylene-N. Previously Parylene-C has been shown to perform 

satisfactory as a dielectric barrier in electrostatic comb-drive actuators in 

conducting media [4]; however, some electrolysis still occurred at the 

edges of electrodes apparently due to adhesion failure. Initially Parylene-C 

was fabricated within this work’s primary electrical stimulation system; 

however, it was found that the deposited films were not of high quality and 

experienced breakdown at voltages less than 10 Vave. This shifted 

fabrication towards Parylene-N for selection as the primary dielectric 

material. Parylene-C had a higher dielectric constant of ~3.1 compared 

with Parylene-N’s 2.65, but Parylene-N’s dielectric constant remains 

constant up to 1 MHz whereas Parylene-C’s constant decreases with 

frequency [5]. Furthermore the dielectric strength of Parylene-N was 

slightly higher at 276 kV/mm compared with Parylene-C’s dielectric 

strength of 220 kV/mm, for films measured at a thickness of 25.4 µm [5]. 

For thinner films any surface defects or non-uniform film areas promote 

breakdown below these magnitudes, as evidenced by breakdown of 

Parylene-C experienced under 10 V for 1 micron thick films. For the same 

Parylene-C deposition pressure Parylene-N deposits, or polymerizes, 

slower on the substrate surface thus producing films of higher quality 

promoting resistance to dielectric breakdown. Furthermore, the 

manufacturing recipe implemented was enhanced by lowering the 

deposition pressure from 75 mTorr to 35 mTorr, which increased 

deposition times but also produced films of higher quality that could 

withstand breakdown for the range of voltages applied. Lower pressure 

was used, as this decreased the quantity of in-chamber Parylene-N, thus 

a slower deposition rate would produce a higher quality film. 
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To prepare substrates for Parylene-N deposition, each substrate had 

PDMS elastomer poured on top. The elastomer had been previously 

mixed in a base:curing agent ratio of 10:1 and degassed under a vacuum. 

After curing of the elastomer, a scalpel was used to cut out a window in 

the PDMS, which exposed an area where selective deposition occurred. 

To promote adhesion of Parylene-N to the surface the substrate was 

immersed in a silane based adhesion promotion solution. The solution 

was composed of equal parts of IPA and DI water with a 0.5 % volume A-

174 silane. Substrates were immersed in the solution for 30 minutes then 

allowed to air dry for 30 minutes, and afterwards were rinsed with IPA and 

DI water.  Adhesion was important to ensure the Parylene-N did not 

delaminate during operation, and deposited uniformly over all surfaces. 

Various methods exist to promote adhesion, including a surface oxygen 

plasma treatment, a silane A-174 treatment, annealing the Parylene after 

deposition or a combination of these treatments [6]. Hassler et al. found 

that silane A-174 treatment alone provides the highest adhesion forces at 

chamber pressures between 20 and 80 mTorr.  

The prepared substrates were then loaded into the chamber, in a 

configuration seen in Figure 4.4(A). Raw granular dimer was weighed and 

loaded into the system. The weight of initial dimer, the number of wafers 

loaded into the system, and the deposition pressure dictated the final 

thickness of the Parylene film. However, from run to run variations in 

Parylene-N thicknesses were still observed for similar manufacturing 

parameters. Parylene deposition began with the loaded dimer being 

heated until it sublimated in the vaporizer chamber. The vapor then moved 

into the pyrolysis chamber which further heated the gas and cleaved the 

Parylene into monomer form. The gaseous monomer then entered the 

deposition chamber where it simultaneously adsorbed and polymerized on 

the substrate’s surface. Because a gaseous phase entered the deposition 

chamber, the deposition itself was highly conformal on all surfaces 

present. The deposition process itself occurred at pressures of 75 mTorr 



119 
 

 
Figure 4.4: Selective deposition of Parylene-N (A) In-chamber chip arrangement (B) 

Silicon wafer used for spectral reflectance measurements of thickness (C) PDMS 
deposited on microchips for selective deposition of Parylene (D) As-deposited Parylene 

over the stimulating electrodes. 
 

to 35 mTorr and at room temperature. Further details of the polymerization 

process can be found elsewhere [5, 7]. 

To determine the final deposited thickness of Parylene-N a clean 

silicon wafer was also placed in the deposition chamber. This wafer had 

Parylene-N deposited on it as well, as seen in Figure 4.4(B), and 

underwent spectral reflectance measurements to determine the Parylene-

N thickness, as seen in Figure 4.5. Five measurements were taken using 

spectral reflectance and these measurements were averaged to provide 

the as-reported thickness. Additionally, thickness was also directly 

measured on the substrate surface itself using surface profilometry 

techniques to verify the range of spectral reflectance measurements, with 

a typical result shown in Figure 4.6. The roughness observed at the edge 

of the Parylene was indicative of the removal of the PDMS mask from the 

A B C

D
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wafer, with slight peeling. This was initially observed on the test electrode 

substrates, but was overcome by using a scalpel to gently cut the 

Parylene-N away from the PDMS mask. The thickness of the Parylene 

could have been measured in-chamber during deposition using a quartz 

crystal microbalance [8]; however, this equipment was not readily 

available.  

A substrate directly out of the deposition chamber can be seen in 

Figure 4.4(C), noting the window cut out of the PDMS masking layer. 

Furthermore, note the cloudy discoloration of the Parylene coated PDMS. 

This cloudy discoloration prevents the vapor deposition of Parylene inside 

an already bonded microchip, which is a technique currently used to 

prevent biological analyte absorption into PDMS [9, 10]. This cloudy 

discoloration would prevent consistent in-situ photolithography of hydrogel 

components and optical hydrogel deformation measurements. The final 

substrate with Parylene-N coated electrodes can be seen in Figure 4.4(D), 

with an as-deposited Parylene-N area larger than the intended 

microchannel to bond with to ensure no contact between the electrolyte 

and electrodes.   

The Parylene-N film was assessed to ensure the film was indeed 

closed and did not contain any major defects. To do so, a droplet of 

conductive electrolyte was place over each electrode and incubated for 15 

min to allow electrolyte diffusion into any cavities, a technique developed 

by Rapp et al. [11]. The conductivity between the electrolyte droplet and 

the contact pad of that particular electrode was measured, with extremely 

high resistance (>10 MOhms) being characteristic of a closed film. 

Electrodes that registered low resistance were marked and left unused, or 

the entire microchip was discarded.  
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Figure 4.5: Typical spectral reflectance measurement to determine the Parylene-N 

thickness, showing a thickness of 569 nm. Five measurements per test wafer were taken 
and averaged to determine the thickness over the surface. The inset shows the wafer 

being measured. 
 

 
Figure 4.6: Surface profilometry of a Parylene surface to verify thickness, showing a 
thickness of 576 nm. Some surface roughness can be observed in the Parylene-N. 

4.2.5 Soft Lithography of Microchannels 

Soft lithography represents a series of stages to repeatedly produce 

elastomeric molds, out of which microchannels can be formed in 

combination with suitable substrates. This process included the fabrication 

of a molding master, preprocessing of the master, mixing and pouring of 
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the elastomer over the master, and curing and releasing the elastomer 

[12].  

The molding master can be fabricated through various methods, 

most commonly available being negative photoresist processing [13], 

silicon wafer dry etching [14], or RP mold manufacturing. Both the 

negative photoresist mold, usually SU-8, and the silicon wafer require 

lithographic masks and processing. These two methods also require 

further developing or dry etching to fully define their features. Early in this 

work SU-8 molds were attempted, but the fabrication process was both 

immature and troubleshooting was very time consuming; thus, this 

molding technique was abandoned for alternative methods. RP mold 

manufacturing was employed, due to its ability to create the desired 

geometry in elastomer, robustness for repeated use, and both time- and 

cost-effectiveness. RP master molds were designed with the CAD 

software Pro/Engineer® and manufactured by the Mechanical Engineering 

Machine Shop. The master molds were manufactured with a glossy finish 

to reduce the feature’s surface roughness, as significant roughness 

hindered repeatable bonding to substrates causing fluid leakage. After 

manufacturing master molds were prepared for elastomer curing by 

cleaning the mold and depositing a self-assembled monolayer. The molds 

were cleaned by immersion into a 2% solution of sodium hydroxide for 1-2 

hours, and afterwards were thoroughly rinsed. This immersion process 

removed any acrylate residues left on the surface and also slightly 

improved surface finish. Four common master molds used within this work 

can be seen in Figure 4.7. The critical geometries of the master molds 

were verified through surface profilometry, with a typical cross section of 

the primary master mold shown in Figure 4.8. A self-assembled monolayer 

was deposited on the surface of the master molds through a process 

commonly known as silanization in a vacuum desiccator. This monolayer 

of silane helped to prevent curing between the elastomer and the master 

mold [15], making delamination easier and repeatable. This monolayer 
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also separated PDMS from the acrylic-based molds, as acrylates can 

inhibit the polymerization process. The compound used within this work 

was trichloro(1H,1H,2H,2H-perfluorooctyl)silane, but any similar 

compound that achieves the same goal would be acceptable.  

The elastomer selected for use in soft lithography was PDMS. 

Potential alternatives to this elastomer exist, such as PMMA [16], 

polycarbonate [16], cyclic olefin copolymer (COC) [17]. However, PDMS 

provides various advantages that outweighed its drawbacks, including; 

easy fabrication and patterning through soft lithography, being optically 

transparent down to 240 nm [18], amenable to parallel fabrication, 

economical, and has a broad range of literature examining its properties 

and integration in microdevices. General drawbacks to employing PDMS 

would be adsorption of molecules from solution [10] and its inherent 

hydrophobicity [15]. However, these drawbacks do not affect the operation 

of hydrogel microactuators in their current configuration. 

 
Figure 4.7: Rapid prototyped molds for soft lithography of PDMS for applications of (A) 

preliminary hydrogel photopolymerization (B) preliminary electrical stimulation (C) primary 

electrical stimulation (D) dynamic mechanical analysis. Scale bars represent 8mm.  

A 

C D

B
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To prepare PDMS for soft lithography a quantity of base agent was 

weighed and mixed with curing agent at a 10:1 weight ratio, respectively. 

This mixture was then degassed and poured over the master molds, 

ensuring uniform distribution of the elastomer over the molds. This was a 

common preparation procedure [12]. It’s also important not to reintroduce 

bubbles into the PDMS during pouring, as any bubbles would alter the 

pathways of light through the PDMS making in-situ photolithography 

inconsistent and hampering optical measurement methods. Curing of the 

PDMS was performed at 80oC for 2 hours in a vacuum oven. Without 

proper cleaning of the acrylic-based master mold the curing process would 

be impeded, due to an acrylates’ tendency to interrupt the cross-linking 

process. After curing, the elastomer was removed from the master mold, 

with four typical patterned elastomers shown in Figure 4.9. The mold 

primarily using within this work can be seen in Figure 4.9(C), which had a 

typical thickness above the microchannel of 1.29±0.23mm. This thickness 

varied due to the process of pouring PDMS over the mold, and its 

variation would slightly influence the exposure energy experienced by the 

precursor solution during photopolymerization. To retain a clean surface 

for further bonding processes, the elastomers were stored on a clean 

glass wafer.  

4.2.6 Oxygen Plasma Irreversible Bonding 

After manufacturing a patterned elastomer and performing Parylene-

N coating of the electrode substrate, it was necessary to irreversibly bond 

the two materials together to create complete microchannels. Irreversible 

bonding of PDMS to glass has been shown to be repeatable through a 

short duration oxygen plasma exposure [19]. The oxygen plasma 

introduced polar silanol groups (Si-OH) on the PDMS surface replacing 

methyl groups (Si-CH3) [19]. When these polar groups were brought into 

contact with a glass surface the reaction produced strong covalent Si-O-Si 

bonds. These covalent bonds created an irreversible bond which resulted 

in failure of the PDMS when attempting to break the seal.  
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Figure 4.8: Surface profilometry of a rapid prototyped master mold to verify its features 
showing a height of 253 microns. This particular profile relates to Figure 4.7(C), which 
was used for the primary microchannels implemented for electrical actuation testing. 

 

 
Figure 4.9: PDMS microchannel fabricated through soft lithography for (A) preliminary 

hydrogel photopolymerization (B) preliminary electrical stimulation (C) primary electrical 
stimulation (D) dynamic mechanical analysis.  Scale bars represent 8 mm. 

 

A B

C D
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Oxygen plasma has also been shown to be an effective technique for 

dry etching of both Parylene-C [20] and Parylene-N [21]. This technique 

could be employed to decrease the thickness of Parylene after vapor 

deposition to enhance actuator performance, as a thinner layer reduces 

the electric field loss and lowers the system’s critical AC actuation 

frequency. However, dielectric breakdown occurs first in the Parylene-N 

film’s thinnest regions, and it has been shown that exposure to oxygen 

plasma can increase surface roughness causing uneven film thickness 

[22]. This technique was attempted to evaluate its applicability, but a 

higher surface roughness and dielectric breakdown at lower voltages was 

observed. To overcome this challenge, the PDMS that was cut out of the 

window for selective Parylene deposition was then placed over the 

Parylene to mask any exposure to oxygen plasma. Furthermore, 

irreversible bonding between Parylene and PDMS did not occur when 

using oxygen plasma, thus bonding between PDMS and glass did not 

occur until the edge of the Parylene is reached. It has been shown that 

Parylene can be bonded to PDMS using a combination of oxygen, 

nitrogen and sulfur hexafluoride gases [23]; however, the reported optimal 

recipe was attempted without successful results. Bonding at the PDMS-

Parylene-Electrode interface was important because under electrical 

stimulation electrolysis and electrochemical reactions occurred at this 

interface. These electrochemical reactions created protons that diffused 

towards the hydrogel and caused drastic deswelling. Therefore, the 

interface of PDMS-Parylene-Electrodes was sealed with a thin layer of 

PDMS to inhibit these effects. The bulk PDMS microchannel would bond 

irreversibly to the thin layer of PDMS laid down over this interface, 

ensuring no electrolysis or electrochemical reactions occurred.  

Systematic parametric studies have been previously performed to 

determine operational parameters for irreversible bonding in plasma 

enhanced chemical vapor deposition or inductively couple plasma reactive 

ion etcher [24]. These parameters provided an operational window to 
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apply to the accessible reactive ion etcher. A qualitative study of bond 

strength was performed and the final parameters employed were 27 W RF 

power, 250 mTorr chamber pressure, 80 sccm oxygen flow, with a 25 s 

exposure time. Higher RF power and prolonged exposure to oxygen 

plasma was observed to decrease bond strength causing leakage, which 

has been explained due to the formation of a brittle silica layer on the 

surface [24]. Patterned elastomer pieces and glass substrates placed 

within the reactive ion etcher can be seen in Figure 4.10.  

Combining the substrates with the patterned elastomer pieces 

created complete microchannels of various configurations, as seen in 

Figure 4.11. The PDMS and glass surfaces should be brought into contact 

immediately or the surface radicals combine with ambient oxygen and the 

surface deactivates within hours. This surface activation can be prolonged 

by covering the surface with a polar solvent such as deionized water or 

isopropanol alcohol for quick alignment purposes, but IPA also swells 

PDMS thus it should be used sparingly. The microchannels shown in 

Figure 4.11 were used for (A) preliminary hydrogel fabrication to test 

fabrication conditions (B) preliminary electrical stimulation of hydrogels (C) 

primary electrical stimulation of hydrogel actuators with dielectric coated 

electrodes (D) secondary electrical stimulation of hydrogel actuators with 

bare Pt electrodes and under microchannel flow.  These microchips were 

designed to process multiple samples within a single chip, and chip design 

evolved to ensure minimal microbubble trapping within microchannels 

during experimentation.  
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Figure 4.10: The reactive ion etching equipment exposed the surface of the glass 

substrates and patterned elastomers to oxygen plasma (plasma not shown). This induced 
silanol groups on the surfaces to form irreversible bonds when contacted together. 

 

 
Figure 4.11: Final prototyped microfluidic chips for (A) preliminary hydrogel 

fabrication (B) preliminary electrical stimulation (C) final electrical stimulation with 
dielectric coated electrodes (D) secondary electrical stimulation without dielectric coated 

electrodes and microchannel flow. Scale bars represent 8 mm.  

A B

C D
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4.2.7 In-situ photolithography  

Fabrication of both hydrogel microstructures and support posts was 

performed in-situ or in-place, positioned between electrodes, by employing 

photolithographic methods. The use of photolithographic methods to 

fabricate this specific composition of hydrogel was first demonstrated by 

Beebe et al. in 2000, for the development of chemically sensitive hydrogel 

microactuators [25].  

Photolithography in-situ has several advantages, including: the 

potential for sequential fabrication of multiple structures, no handling of 

hydrogels post-fabrication was required, optical alignment of hydrogels 

between electrode components, altering lithography parameters to 

influence hydrogel material properties, and structures can be fabricated 

with varying geometries. This technique does have disadvantages though, 

which include; requirement for low aspect ratio features to ensure 

mechanical stability post-fabrication, slightly tapered cylindrical shapes are 

fabricated with positive side-walls observed, and for hydrogels the 

photopolymerization process must be performed in an oxygen free 

environment. To ensure mechanical stability, features were always 

fabricated with an aspect ratio less than 1 and hydrogels were fabricated 

as a jacket around support posts. To avoid oxygen inhibition during 

photopolymerization, the microchannel was entirely flushed with 

precursor. Because the length scale in small patterns is short, oxygen 

continually diffuses through the reaction zones and scavenges all formed 

radicals inhibiting polymerization processes [26]. This was effectively 

avoided in all samples by designing the inlet and outlet ports at least 2 mm 

from the polymerization locations.  

Photomasks were employed to fabricate support posts and 

hydrogels with specific two dimensional geometries, with a photomask 

shown in Figure 4.12. The photomask was brought into contact with the 

surface of the microchannel, with only the thickness of the PDMS above 

the microchannel separating the hydrogel and the mask. Shown in Figure 
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4.12 (A) is an overview of the various geometries that could be employed 

for fabrication, (B) shows specific hydrogel geometries of varying diameter 

employed to fabricate cylindrical hydrogels (C) displays the constant-

diameter support posts and (D) a test variation to encircle the hydrogel 

instead of employing a center post. It’s important to note that the 

photomask must cover the length of the microchannel, and only the 

intended feature should be exposed to UV light. Exposing other areas 

would polymerize unwanted hydrogel features in the microchannels, and 

would degrade the Parylene-N covering the electrodes as Parylene-N 

experiences photodegregation under UV light exposure [27]. 

To stabilize the hydrogel structures, support posts were first 

photopolymerized in-situ. The posts were fabricated by mixing together 

isobornyl acrylate (IBA) monomer with tetraethylene glycol dimethacrylate 

(TEGDMA) crosslinker in a 9:1 weight ratio, together with 3 % weight 

Irgacure 651 photoinitiator. Alignment of these support posts between the 

electrodes was crucial, as these posts later served as alignment guides for 

hydrogel fabrication. Photopolymerization occurred when exposed to 365 

nm UV light using the described photomask for 60 s at an intensity of 2.42 

mW/cm2. Cylindrical posts were always employed to ensure a uniform 

hydrogel jacket. These support posts also had an operational impact by 

reducing the volume of hydrogel material available for deformation and 

decreasing the maximum diffusion length scale required for steady state 

actuation.  

Hydrogels employed within this work are HEMA copolymerized with AA, 

mixed in a 4:1 molar ratio. The photopolymerization process was initiated 

by Irgacure 651 photoinitiator and the crosslinking was performed by a 2% 

weight ethylene glycol dimethacrylate (EGDMA). The initial chemical 

structure of the monomer components and crosslinker can be seen in 

Figure 4.13, which also displays the final polymer structure after 

photopolymerization. Final fabrication parameters were dependent on the 

desired hydrogel mechanical properties. Alignment of the hydrogel 
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between electrodes was performed with both alignment markers found on 

the glass substrates and by ensuring the support posts were in the center 

of the circular mask features. The side view of an as-fabricated hydrogel 

that was photopolymerized and removed from the microchannel can be 

seen in Figure 4.14.  

 
Figure 4.12: Photomask used for in-lab photolithography (A) overview of features 

available (B) various circular features for fabricating cylindrical hydrogels (C) multiple 
features for fabricating structural posts. (D) Alternative designs for structural posts. Scale 

bars represent 5 mm. 
 

 
Figure 4.13: Chemical structure of monomer and crosslinker components, with the final 
hydrogel structure after photopolymerization. Precursor components include HEMA and 

AA monomers with EGDMA crosslinker, employing an Irgacure 651 photoinitiator. 
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Figure 4.14: Side view of a slightly tapered hydrogel photopolymerized in-situ and 

exposed by removing the surrounding microchannel. The hydrogel shown was in its as-
fabricated state, before any swelling due to electrolyte or electric fields. 

4.2.8 Fabrication Defects affecting Performance 

During the manufacturing process several microfabrication 

challenges were encountered that hindered the completion of a full 

manufacturing cycle, or necessitated alternative fabrication techniques. 

This section outlines these challenges, and the steps that were taken to 

mitigate their impact on electrical hydrogel microactuator performance.  

Common microfabrication challenges experienced were: defects in 

the pattered electrodes, flaws in the deposited Parylene-N layer, 

inadequate sealing at the PDMS-Parylene-electrode interface, 

misalignment between the hydrogel and the structural support posts, and 

imperfections in the hydrogel jacket geometries. While other 

microfabrication challenges arose, the aforementioned challenges 

required continuous attention to enable a complete manufacturing cycle 

with hydrogels adequate for testing. 

Defects in the patterned electrodes were one of the first challenges 

experienced. Typical examples discontinuous electrodes or degraded 

contact pads can be seen in Figure 4.15. These defects would not allow 

application of the electric field, and were not apparent until after lift-off of 

the sputtered electrodes was performed. This occurred due to inadequate 
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exposure of the positive photoresist, which resulted in the photoresist not 

being evenly removed from the wafer during development. To rectify this, 

slightly longer exposure and development times were employed to ensure 

complete exposure and development, respectively, of the positive 

photoresist.    

 
Figure 4.15: Defects in the pattered electrodes showing (A) non-continuous 

electrodes (B) degraded contact pads. The electrode widths are 100 µm. 
 

Flaws in the vapor deposited Parylene-N dielectric film were also a 

major challenge that required considerable attention to rectify. Initially 

these flaws manifested through a non-uniformly deposited film, which can 

be seen in Figure 4.16(A), with different colors indicative of different film 

thicknesses. A uniform thickness dielectric layer over the electrodes was 

needed to both understand the operational principles of the system, and 

correlate thickness to system performance. This particular defect was a 

result of how the substrate was processed after immersion in the adhesion 

promotion solution. After soaking in adhesion promotion solution the 

substrate was immersed in isopropanol (IPA) and dried with a nitrogen 

gun, but sometimes a film of residues from the IPA remained on the 

surface which hindered the Parylene’s surface polymerization process. To 

remedy this, after IPA the wafer was immersed in deionized water for 10 

seconds and dried with a nitrogen gun. This was a deviation from the 

manufacturer’s process recommendations and published literature, but 

resulted in uniform film deposition. However, even with a uniform film, 

location specific defects in the film occurred which resulted in dielectric 

BA
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breakdown at voltages lower than desired for optimum operational 

performance. Four examples of these defects can be seen in Figure 

4.16(B1-B4), which shows scratching of the electrodes (B1) and spots on 

the electrode surface (B2-B4). Scratching came from substrate processing 

after immersion in the adhesion promotion solution, where cleanroom 

wipes were placed between substrates for transportation. While a 

relatively gentle scratch, as it didn’t scratch the electrodes themselves, it 

was still enough to alter the monolayer on the electrode’s surface and thus 

disturb Parylene deposition. It was determined that the spot-defects on the 

electrode’s surface were a result of two effects: fine particles being left on 

the surface after lift-off processing and outgassing of oils in the tape 

initially used for selective deposition of Parylene. The fine metal particles 

left after lift-off were removed by further sonication in a deionized water 

bath. The outgassing of oils was addressed by completely changing the 

masking material for selective deposition to PDMS (discussed earlier). 

PDMS does not outgas under vacuum, and could be removed without 

disturbing the deposited Parylene layer. An electrode that was free from 

surface defects can be seen in Figure 4.16(B5).  

Once electrical testing of hydrogels started to occur, it was observed 

that an additional flaw in the manufacturing process existed. This flaw 

focused on the PDMS-Parylene-electrode interface. Since PDMS does not 

irreversibly bond to Parylene, electrolyte could diffuse towards this 

interface in between the PDMS and Parylene-N. When the electrolyte 

contacted an electrode that was under an applied electric field two 

responses occurred at the electrodes, electrochemical reactions and 

electrolyte electrolysis. The effect of electrochemical reactions can be 

seen in Figure 4.17(A1-A2), where a hydrogel experiencing electrical 

actuation towards the anode (A1) was chemically deswollen due to 

protons generated at the anode diffusing towards the hydrogel (A2). The 

protons combine with carboxyl groups on the hydrogel’s backbone  



135 
 

 

Figure 4.16: Flaws in the vapor deposited Parylene-N film showing (A) cloudy 
Parylene (B1) scratches in the Parylene film (B2-B4) surface defects in the film over 

electrodes (B5) flawless Parylene film. Electrode widths are 100 µm. 
 

causing the hydrogel to become electrostatically neutral, thus mobile ions 

were expelled and the hydrogel was unable to response to electrical fields. 

Electrolysis was detrimental through two processes, shown in Figure 

4.17(B), direct bubble generation (B1) displacing electrolyte and blocking 

the applied electric field, and by gas diffusing under the Parylene layer 

over the electrodes (B2) causing an air gap which has a lower dielectric 

permittivity than the Parylene layer, and thus caused increased electric 

field loss. To solve these problems the PDMS-Parylene-electrode 

interface had to be sealed. Sealing was performed by applying a thin layer 

of uncured PDMS with a Q-tip around the edge of the Parylene layer, 

before irreversible bonding between the substrate and elastomer had 

occurred. The thin layer was cured in an oven at a temperature of 80oC, 

much lower than the Parylene-N melting temperature of 410oC thus it 

remained unaffected. Irreversible bonding was then performed with the 

original recipe; however, the new interface created was only between 

PDMS and Parylene, thus electrolyte could not contact electrodes.  

A B1
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Figure 4.17: Inadequate sealing of the Parylene-Electrode-PDMS causing (A1/A2) 

hydrogen generation and diffusion towards hydrogel inducing deswelling (B1) electrolysis 
triggering bubble generation through to the microchannel (B2/B3) diffusion of gaseous 

species under Parylene, degrading actuator performance. Scale bars represent 200 µm. 
 

Photolithographic patterning of hydrogels required alignment of the 

hydrogel around structural support posts. Periodically drastic 

misalignments would occur between the hydrogel and support posts, as 

seen in Figure 4.18. The misaligned hydrogels could be electrically 

stimulated to test manufacturing quality, but none of the samples could be 

rigorously investigated. Thus it was important to ensure adequate 

alignment, preferentially with posts in the center of the hydrogel or along 

the symmetry plane perpendicular to the electrodes. Alignment markers 

existed on the substrate deposited during electrode deposition; however, 

these markers were used as a guide to support post patterning and if the 

support post was initially misaligned the hydrogel would not benefit from 

these markers. Additionally, no alignment markers existed to align the 

microchannels with the substrate, thus hydrogels could be fabricated too 

close microchannel walls. To overcome these design limitations significant 

experience was obtained with photolithography system aligning hydrogels 
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with posts. Preliminary methods used just visual alignment, but more 

advanced alignment methods were introduced that employed an optical 

microscope to ensure the post was aligned in the center of the hydrogel 

mask feature prior to photolithography. This produced adequate alignment 

for testing, but could be further improved. The most significant alignment 

improvements would come from proper alignment between the substrate 

and microchannels during bonding. This would allow alignment markers to 

be employed for both x-y positioning of the posts, which would then 

transfer over to the hydrogels as well. Alignment would become more 

important as hydrogel size is deceased, and alignment tolerances become 

smaller.  

Perhaps the most important component of the system was the 

hydrogel itself, thus even with a fully functioning manufacturing process 

the hydrogel must be defect-free to be tested reliably. However, 

occasionally hydrogels were fabricated with defects in their structures, as 

seen in Figure 4.19(A). This could generally be controlled by ensuring the 

photolithography mask and surface of the PDMS was properly cleaned 

prior to lithography, and confirming no microbubbles were present in the 

microchannel of PDMS during polymerization. In addition, the fabricated 

hydrogel must be able to withstand the pressures that will be applied to it 

during chemical equilibrium and electrical actuation. Hydrogels with 

mechanical properties too low will rupture under the applied pressure, as 

seen in Figure 4.19(B). Thus it was important to have a reliable measure 

of how the fabrication parameters affected the hydrogel’s mechanical 

properties. The primary hydrogel composition employed within the 

electrical actuation characterization portion of this work was determined 

after assessing its ability to withstand the applied osmotic pressures. This 

was an important preliminary assessment, as hydrogels with mechanical 

stiffness too high would not deform significantly but with strength too low 

would rupture under the applied load.    
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Figure 4.18: Photolithographic misalignment between structural support posts and the 
hydrogels jackets around those posts. (A) significant misalignment (B) slightly misaligned 

hydrogel. Scale bars represent 400 µm. 

 

Figure 4.19: Hydrogel microfabrication defects showing (A) flaws in the structures (B) 
rupture due to inadequate mechanical stiffness. Scale bars represent 400 µm. 

4.2.9 Post-testing Hydrogel Storage 

Long-term storage of the hydrogel samples was undertaken to 

preserve their integrity after fabrication or for further testing. Hydrogels are 

a hydrated polymer, and thus leaving them exposed to air for any 

significant duration of time would allow solvent evaporation and 

dehydration. After hydrogel fabrication the microchannels were flushed 

with deionized water, and the microfluidic chip was placed in a mask 

holder full of deionized water, as seen in Figure 4.20. The container was 
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continually restocked with deionized water every couple of weeks to 

ensure water was always covering the microfluidic chips. Hydrogels have 

been tested up to a month after fabrication, with no apparent degradation 

in their performance. Before testing stored hydrogel samples, the 

microfluidic chips were flushed with the desired electrolyte to start the 

chemical equilibration process.  

 
Figure 4.20: Multiple containers used for long-term storage of microchips containing 
hydrogels within deionized water. Inset (A) shows six microchips in deionized water. 

4.2.10 Hydrogel’s for DMA & SEM Microscopy 

Macroscale hydrogels were fabricated for dynamic mechanical 

analysis (DMA) and subsequent structural morphology characterization 

under scanning electron microscopy (SEM). The fabrication procedure 

followed had aspects similar to that outlined in Section 4.2, such as using 

soft lithography for mold generation and photolithography to polymerize 

the hydrogel. The manufacturing was simplified by only needing these two 

major fabrication processes, which afforded a high throughput of samples.  

Rapid prototyped molds, seen in Figure 4.7(D), were fabricated for 

soft lithography which produced the PDMS mold see in Figure 4.9(D). 

These PDMS molds were reversibly bonded to a substrate, and provided 

a chamber for hydrogel photopolymerization. The substrate was a glass 

A 
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slide that had PDMS spin-coated and cured on top. It was found that the 

PDMS reversibly bonded to the PDMS better than glass, thus no 

precursor leakage occurred. The fabricated hydrogels would also 

delaminate easier from the PDMS than the glass. Using a glass substrate 

required forced delamination, which introduced cracks into the hydrogel 

and thus samples were not acceptable for testing. Hydrogel 

photopolymerization occurred with the same process as outlined in 

Section 4.2.7, through variations in the exposure time, light intensity, and 

hydrogel composition. 

After polymerization, the hydrogels were immersed in methanol for 1 

hour which removed any unpolymerized precursor mixture. The hydrogels 

were then immersed in 0.5 M KOH, and given a minimum 72 hours to 

reach equilibrium. After DMA testing at the first electrolyte concentration 

the hydrogels were then immersed in 0.05 M KOH, and given another 72 

hours minimum to reach equilibrium. The equilibrium sample container 

had a volume of 25 mL and the maximum hydrogel volume, based off 

measured samples, was 1.56 mL; thus ensuring a consistent 

concentration was present during equalization.  

The as-fabricated hydrogels have dimensions of 1 mm in height, a 

width of 8 mm, and a length of 20 mm. After equilibration the hydrogels 

would swell to some degree, depending on the electrolyte concentration 

and fabrication conditions. An example of a swollen hydrogel can be seen 

in Figure 4.21(A). The swollen hydrogels were too large for the DMA 

system, and had their width and length cut to an appropriate size. The 

width of the as-tested samples was between 7-8 mm, in order to ensure 

no grip effects were introduced into the measurement. An example of a 

hydrogel in the DMA can be seen in Figure 4.21(B). After dynamic 

mechanical measurements were performed, the samples were weighted 

to determine their weight degree of swelling.  

To examine the hydrogel’s morphology samples were observed 

using scanning electron microscopy. To prepare samples for the vacuum 
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system they were flash frozen in liquid nitrogen and then vacuum freeze-

dried to sublimate any moisture, in a process similar to that in reference 

[28]. Dry samples were measured for weight degree of swelling 

measurements before mounting them on SEM sample stages. Samples 

mounted on stages can be seen in Figure 4.22, which show the hydrogel 

cross-sections for observation sputtered with gold to ensure conductivity.  

 
Figure 4.21: (A) Hydrogels swollen in electrolyte solution for dynamic mechanical 

analysis, sample shown after equalization and before cutting to testing size. (B) Hydrogel 
placed within the dynamic mechanical analyzer, showing the grips holding the hydrogel 

and the movable shaft applying cyclical deformation. Scale bars represent 8 mm. 
 

 
Figure 4.22: Flash-frozen and freeze-dried hydrogel samples that were fractured to 

exposure their porous cross-sections. An ~10 nm thick layer of gold was sputtered on top 
to ensure conductivity. 

BA
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4.3 UV Lithography System Development 

A lithography system was developed to perform photopolymerization 

of polymers upon exposure to ultraviolet light. This system was developed 

as an alternative to systems at the University of Alberta NanoFab. Its 

implementation had two distinct advantages; variable intensity of the light 

source and continued accessibility. The variable intensity light source was 

important, because modifying the intensity of light also modified the 

mechanical properties of the hydrogels. It was necessary to characterize 

these properties to determine an intensity that was appropriate for the 

desired actuation application of the hydrogels. Furthermore, the ability to 

have constant access to a photolithography station allowed the research 

to progress continuously, without having other users book the station or 

generating large user fees at the NanoFab. To create a robust system 

several components had to be procured or manufactured. In addition, the 

intensity of the light had to be calibrated to ensure consistent 

photolithography, and this had to be measured at the location of the 

sample.  

4.3.1 UV Lithography System Set-up 

The developed photolithography system was a combination of 

purchased and manufactured components. For generation of the UV light 

an EXFO Acticure 4000 was procured that had the ability to generate up 

to 2.5 W/cm2 of light with exposure times from 0.2 to 999 seconds. Light 

was transferred from the source to the sample through a fiber-optic light-

guide that had its position fixed above a sample. To hold the photomask 

and perform microalignments of the photomask with the sample, a 

photomask aligner was manufactured with help from the Mechanical 

Engineering Machine Shop. This aligner incorporated three 

micropositioners to provide three axis movements for alignment and 

leveling of the aligner itself.  
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Alignment of the photomask with the sample underneath was 

performed through the aid of the optical microscope attached to the 

probing station. The optical microscope could swing on a boom-arm over 

the targeted feature, aiding in alignment together with the positioning of 

the stage. After alignment was achieved the probing station’s stage could 

be lowered to bring the photomask in contact with the surface of the 

sample. Then the optical microscope was swung away, and the light-guide 

was placed over the desired feature, as seen in Figure 4.23.  

 
Figure 4.23: UV Photolithography system including photomask aligner, light-guide, UV 

light source, radiometer, and x-y positioning stage. 

4.3.2 UV Intensity Calibration 

Calibration of the photolithography system was performed to provide 

consistent intensity of UV light, as measured at the sample. It was 

necessary to recalibrate the system for each light-bulb used within the 

system, as they burnt out due to use or defects.  

To begin calibration, the photolithography system was set-up to 

mimic the polymerization of hydrogel samples. Using a handheld 

radiometer the intensity of UV light at the tip of the light-guide was 

measured and recorded. This measurement would be used when 
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performing day-to-day photolithography. The ABM digital intensity meter 

was set to record the intensity at 365 nm wavelength, the wavelength that 

the hydrogel’s photoinitiator activates at. The meter was then placed in the 

center of the positioning stage, as seen in Figure 4.24(A). The light-guide 

was fixed above the meter, and it’s height above the meter was measured 

with a caliper, as seen in Figure 4.24(B).  Since the light intensity at the 

sample would vary depending on the height of the light-guide above, for 

day-to-day photolithography this distance was held constant at the 

calibrated distance. The UV light source was then turned on, and the 

location of minimum intensity was found by moving the meter fixed to the 

stage below, seen in Figure 4.24(C). This minimum intensity location was 

the center of the intensity profile, and set as the origin. The meter was 

then systematically moved to increase the intensity, and the resulting 

displacement of the stage was measured with a caliper, as seen in Figure 

4.24(D).  

The intensity profiles can be seen in Figure 4.25, for three difference 

calibrations performed. The first calibration series was used for preliminary 

hydrogel fabrications to test capabilities, and to fabricate hydrogel 

samples for dynamic mechanical analysis. The second calibration series 

was performed after the initial bulb burnt out, and was primarily used for 

preliminary electrical stimulation experiments; however, this bulb had a 

defect and was only used for ~40 hours. The third and final calibration 

series was used for the primary electrical actuation testing. It can be seen 

that the profiles show a distinct minimum plateau at a certain distance, 

then the intensity increases dramatically. Hydrogel’s fabricated for 

dynamic mechanical analysis were slightly larger than the plateau region 

when fabricated, introducing an anisotropy over the sample. However, 

their lengths and widths were cut before placing them within the DMA 

system effectively eliminating this anisotropy before any measurements 

were taken. Hydrogels fabricated for electrical actuation or 

characterization were a maximum 1 mm in diameter, and thus were 
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always in the plateaued intensity region. The second and third calibrations 

were performed to ensure at-sample intensities were consistent with the 

first calibration, thus the tip intensity had to be modified to achieve this. 

While in this work only one hydrogel sample was photopolymerized at a 

time, the plateau region was wide enough to facilitate fabrication of an 

array of hydrogels closely spaced together.  

 
Figure 4.24: Intensity calibration of the UV photolithography system (A) obtaining a 

baseline of intensity (B) measuring the tip to sample distance (C) determining the origin 
of the intensity profile (D) distance measurements from the origin. 
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Figure 4.25: Intensity profiles of UV light generated by light-guide for (A) Round 1 

used for dynamic mechanical measurements (B) Round 2 for preliminary electrical 
actuation testing (C) Round 3 for primary electrical actuation testing. 
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4.4 Hydrogel Electrical Testing  

4.4.1 Electrical Equipment and Methods  

Stimulation of electrical hydrogel microactuators required the 

procurement of a system of electrical equipment. The entire system can 

be seen in Figure 4.26(A), which included: a DC power supply, AC 

frequency generator, amplifier, oscilloscope, probes, syringe pump, and 

an optical microscope for measurements.  The DC power supply, AC 

power supply and amplifier were set-up such that an alternating square 

wave with a DC offset could be applied across a microchip’s electrodes, 

with an electrical circuit as outlined in Figure 4.27 incorporating an 

oscilloscope to monitor the electrical signal.   

The DC power supply had a range up to 60 VDC, while the AC 

frequency generator had a maximum 10 Vpk-pk with frequencies up to 10 

MHz. The amplifier had a 5x gain, with a maximum 100 kHz and output 

voltage of 42 V. Combining these elements together allowed a square 

wave to be applied with a specific duty cycle. The largest magnitude 

electrical signal implemented for testing was a 40 Vpk-pk square wave with 

a 20 VDC offset operating at 100 kHz and 80 % duty cycle. This was 

applied over electrodes spaced 2 mm for a peak electric field of 20 kV/m.  

Modification of the duty cycle allowed application of a varying electrical 

signal to the hydrogel, thus controlling the swelling-deswelling system. 

Examples of square waves implemented for electrical actuation at 20 % 

and 80 % duty cycle can be seen in Figure 4.26(B) and Figure 4.26(C), 

respectively. The square wave was not perfectly square at 100 kHz, 

displaying saw-tooth characteristics, but as frequency was decreased this 

effect was minimized. At 80 % duty cycle, this saw-tooth characteristic 

would decrease the signal residence time at 0V, necessary to completely 

overcome electrostatic shielding. This could slightly decrease the applied 

electric field; however, this effect would be minimized when the 

experimental system’s characteristic frequency was well below 100 kHz.  
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Figure 4.26: Electrical testing equipment for hydrogel actuation (A) Overview of the 

system (B) square wave with 20% duty cycle after amplification (C) square wave with 80 
% duty cycle after amplification (D) primary electrical testing configuration (E) electrical 

testing of hydrogel with porting for microchannel flow. 
 

Once an appropriate electrical signal was generated it was applied to 

the microchip’s electrodes using Pt probes, as seen in Figure 4.26(D). 

These probes would make contact with the contact pads, and could be 

moved using micropositioners to systematically test samples. For a select 

set of samples, flow was introduced through the microchannel. This flow 

was achieved using a syringe pump with a programmable flowrate, 

depending on the size of the syringe. This syringe pump was attached 

using interconnecting tubing to a microport which was placed over a port 

in the microchip, as seen in Figure 4.26(E). Micropositioners were used to 

apply pressure between the microport and the microchannel port to 

ensure a leak-free seal during testing. For prolonged testing the flowing 

electrolyte exited through the backend of the microchip and was 

subsequently removed with a cleanroom wipe.  
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Figure 4.27: Circuit diagram for the electrical testing equipment including the DC power 

supply, AC function generator, amplifier, microchip load, and oscilloscope for monitoring. 

4.4.2 Hydrogel Deformation Measurements 

Measurement of the hydrogel’s deformation at chemical equilibriums 

and under transient electrical stimulation was performed to characterize 

microactuator deformation and response times. The hydrogels had to be 

measured in-situ, in-place within the microchannel between two coplanar 

electrodes. To achieve the appropriate resolution necessary for accurate 

measurements the optical microscope imaging the hydrogel had to be 

paired with a CCD camera and the image capture software Axiovision. 

Hydrogels could be imaged because of the refractive index difference 

between the hydrogel and the surrounding electrolyte solution. This 

method of measuring a microscale cylindrical hydrogel’s deformation 

under stimulus had been previously employed, most notably by Beebe et 

al. [25], De et al. [28], and Bassetti et al. [29].  

Prior to its use for hydrogel measurement, the Axiovision software 

had to be calibrated for the correct scale at each particular optical 

magnification. To achieve this calibration a photomask was placed below 

the microscope, the same as that used for hydrogel fabrication as seen in 

Figure 4.12(B). The photomask fabrication process in the NanoFab has a 

resolution of ±300 nm and the minimum feature size used for scaling 

calibration was 100 microns. To begin scaling calibration, the minimum 



150 
 

magnification at 8x was calibrated by measuring the mask feature and 

then entering the known measurement. Subsequently each magnification 

in increments of 2x was calibrated to the maximum optical magnification of 

100x. The distance between the microscope and the photomask was also 

measured to ensure an accurate working distance for measurements 

performed after calibration. While a large amount of magnifications could 

be used during measurements, typically a 54x magnification was 

implemented as this provided a large field of view but did not capture the 

electrodes on the side. Taking images with the electrodes on either side of 

the hydrogels was avoided when possible, because the black or gold 

electrode color caused the image to auto-adjust its white balance. This 

would reduce the contrast between the hydrogel and surrounding 

electrolyte making imaging difficult. For 54x magnification the distance 

from the microscope to the sample was 7.4 cm, as seen in Figure 4.28, 

which allowed for coarse image focusing. Fine image focusing was 

achieved by focusing on an electrode on either side of the hydrogel. Once 

the electrode was in focus, a process similar to focusing on the photomask 

used for calibration, then the hydrogel was positioned in the field of view 

using the probing station stage. This procedure allowed for consistent 

measurement of the hydrogel dimensions prior to and during electrical 

actuation.  

Hydrogel measurements were taken using the CCD camera, which 

transferred images to the Axiovision software. Once calibrated using the 

aforementioned process, the software had multiple methods for measuring 

features in a micrograph. For characterization of hydrogels undergoing 

electrical actuation sequential measurements of the hydrogel’s 

deformation were necessary. First the as-fabricated hydrogel, as seen in 

Figure 4.29(A), had its as-fabricated diameter and the diameter of the 

support post measured, as seen in Figure 4.29(B). This provided baseline 

information about the initial state of the hydrogel as-fabricated. 
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Figure 4.28: Coarse focusing on hydrogels for deformation measurements by roughly 

measuring the distance from stage to microscope. Fine focusing for deformation 
measurements was achieved by first focusing on the patterned electrodes found at the 

bottom of the microchannels. 
 

The hydrogel would then be equilibrated in an electrolyte solution prior to 

electrical stimulation, and the diameter of the hydrogel was measured 

again. In addition, the digital caliper tool was used to measure the 

hydrogel jacket thickness, as seen in Figure 4.29(C), which was the 

distance from the support post to the hydrogel-electrolyte interface. These 

measurements provided a baseline jacket thickness prior to electrical 

stimulation, and the diameter measurement was combined with the as-

fabricated measurements to determine the hydration state of the hydrogel. 

If necessary, the image could be zoomed in on the hydrogel-electrolyte 

interface to more accurately distinguish the interface position, shown in 

Figure 4.29(D). When electrically actuating the hydrogel an image was 

captured every 1 s, which, for some experiments, provided over 300 

images for data analysis. Sequential measurements of the hydrogel jacket 

thickness from support post to hydrogel-electrolyte interface were taken as 

A

C

B
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the hydrogel was electrically actuated to swell and deswell. Data collection 

of this form was time consuming, but was necessary as no software could 

be found to perform the same function automatically.  

 The measurements performed in Figure 4.29 were typical of all 

actuation deformation measurements. The placements of the diameter 

measurements, as seen in Figure 4.29(B), were chosen around the 

sharpest boundary of the hydrogel and post. Imperfect placement could 

have occurred, and this would cause a measurement error in the 

hydrogel’s initial hydration and thickness measurements. Further 

measurements of the change in jacket thickness were always referenced 

to the diameter measurements, thus measurement error for jacket 

thickness from a stimulated hydrogel would come from imperfect 

measurements of the hydrogel-electrolyte interface. Within this work 

measurement error was quantified as the hydrogel-electrolyte interface’s 

visible thickness, thus at 1 mM, 5 mM, and 50 mM concentration the error 

was conservatively ±10 µm, and at 500 mM or as-fabricated the 

measurement error was ±5 µm. This was not the error from data point to 

data point, but rather the error across an entire set of data. 

Alternative methods to measure hydrogel deformation have been 

proposed, such as incorporating beads in the backbone of the polymer 

matrix [30]. Then images are taken and the bead motion could be tracked 

with software, which would calculate deformation kinetics. However, these 

beads themselves could alter the hydrogel’s mechanical properties and 

hence actuation properties. In addition, any mechanical characterization 

performed would have to be done with the beads incorporated in the 

structure as well. This work did not introduce any beads or particles into 

the system in attempts to avoid any effects which might alter the results. 

4.4.3 System Capacitance and Impedance Measurements 

The hydrogel system that was to be electrically actuated also had its 

capacitance and impedance properties measured, with both quantities 

being measured simultaneously.  
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Samples for capacitance and impedance measurements were 

fabricated with the same fabrication process as outlined in Section 4.2. 

The samples were fabricated with critical dimensions (e.g. Parylene 

thickness, hydrogel diameters) the same as those systems fabricated for 

electrical actuation. Samples for testing were equilibrated in the 

appropriate electrolyte concentration, thus they were swollen in a state  

 
Figure 4.29: Hydrogel deformation measurements using the calibrated Axiovision 

software showing (A) an as-fabricated hydrogel before measurements are taken (B) a 
measured as-fabricated hydrogel using the digital diameter and caliper tools. (C) a 

measured swollen hydrogel using the digital caliper tool to determine hydrogel jacket 
thickness. (D) a zoomed section of the swollen hydrogel at the hydrogel-electrolyte 

interface for increased measurement accuracy.  
 

A B

C D

10 µm

200 µm 
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Figure 4.30: Probing station used for capacitance and impedance measurements of the 

hydrogel microactuator system 

that would be the initial conditions for electrical actuation. Samples had 

their capacitance and impedance measured by subjecting the system to 

30 mV AC over electrodes 2 mm wide. The frequency was swept from 1 

kHz to 10 MHz, and the resulting data was measured. The capacitance 

and impedance response was also measured with larger magnitude peak-

to-peak voltages and by adding a DC offset; however, none of these 

testing modifications affected the measured capacitance and impedance.            

4.5 Conclusion 

A mature microfabrication process flow for the prototyping of 

electrically stimulated hydrogel microactuators was presented. In 

combination these processes fully define the procedures needed for 

experimentation, and overcome several impediments to prototype 

development. Furthermore, the equipment employed for testing and 

characterization of hydrogel microactuators was overviewed, focusing on 

the electrical stimulation equipment and deformation characterization 

system. Together these microfabrication processes and testing equipment 

encompass a full set of systems needed to develop the electrically 

stimulated hydrogel microactuator.  
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Chapter 5 
 

Dynamic Mechanical Properties and 

Swelling of UV-Photopolymerized 

Anionic Hydrogels1  

 

5.1 Introduction   

Hydrogels are crosslinked polymer chain networks with an interstitial 

fluid. They have been given research attention as active components in 

microfluidic systems, acting as actuators [1], valves [2], pumps [3], mixers 

[4], and lenses [5]. Their properties have also been investigated in other 

research areas, such as sensors design [6], drug delivery [7], and cell 

scaffolding [8]. Their structure in many ways is similar to some biological 

tissues, such as muscles [9], and articular cartilage or the eye’s corneal 

stroma [10, 11]. 

Stimuli responsive hydrogels undergo a swelling or deswelling 

volume transformation, and can be fabricated to respond to temperature 

[12], pH [2], or electric fields [13]. Different compositions of hydrogels 

cause different physical kinetics to occur within that particular type of 

stimuli responsive hydrogel. The degree of volume transformation and 

response timescales depend significantly on the mechanical properties of 

that particular hydrogel composition and the electrolyte within which the 

hydrogel is immersed.  
                                            

1 A version of this chapter has been published. Saunders and Moussa 2012, 
Journal of Polymer Science Part B: Polymer Physics, 50(16): 1198-1208. 
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Previously, hydrogels of various compositions have had their 

mechanical properties tested using tensile tests [14-16], compression 

tests [17-19], surface acoustic waves [20], membrane deflection [21, 22], 

and dynamic mechanical analysis [23-25]. The two most relevant tests for 

hydrogels being used as active components in microfluidic systems are 

tensile testing and dynamic mechanical analysis. Tensile testing provides 

a material’s fundamental tensile properties, but doesn’t explicitly take into 

account the viscous effects of deformation, and usually only one 

deformation rate and electrolyte concentration is investigated. Dynamic 

mechanical analysis provides the fundamental dynamic mechanical 

properties and can be performed at different cyclical deformation rates 

under various environmental conditions.  

This work examines an anionic gel composed of HEMA monomer 

and AA co-monomer. This composition is responsive to pH or electric field 

stimulation and is UV photopolymerized. Previously researchers have 

examined this composition using static tensile tests for mechanical 

properties [14, 15], and as an active material in microactuators [13, 26]; 

however, its tensile dynamic mechanical properties have never been 

reported over a range of fabrication parameters and environmental 

conditions.  

The HEMA-co-AA polymer backbone has been functionalized with 

carboxyl groups, which can reversibly protonate or deprotonate based on 

the pH conditions of the interstitial electrolyte. At high pH the polymer 

network becomes negatively charged. This charged polymer network 

causes a flux of positively charged mobile ions into the hydrogel network 

and an osmotic pressure develops, producing a reversible volume 

transformation [27, 28]. 

Two factors determine an ionic hydrogel’s osmotic pressure, the pH 

and concentration of the interstitial and surrounding electrolyte. Modifying 

an electrolyte’s pH can cause protonation or deprotonation of the fixed 

anionic charged groups, electrically neutralizing or charging the polymer 
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structure, respectively. The presence of these fixed charges causes an 

influx of mobile ions and a concentration gradient to develop at the 

hydrogel-electrolyte interface causing a change in osmotic pressure [14]. 

The second mechanism to modify osmotic pressure relies on the 

concentration of the electrolyte, and therefore the magnitude of the 

concentration gradient established. Electric field stimulation takes 

advantage of the second, concentration based mechanism, to modify the 

pressure across the surfaces of a fiber or cylinder to produce actuation 

[29, 13]. 

Cyclic actuation and faster deformation timescales can be achieved 

through electric field stimulation. Thus it is necessary to investigate a 

hydrogel’s tensile DMP under swollen states and under conditions 

mimicking the in-situ stimulation environment, similar to those being used 

for electric field stimulation [13]. Furthermore, the complex electro-

chemical-mechanical dynamics of hydrogel volume transformation has 

been the focus of many numerical modeling studies for both pH and 

electric field responsive hydrogels [30, 31]. It is essential to have accurate 

dynamic mechanical properties for hydrogels as inputs to these numerical 

systems for them to produce an accurate representation of the physical 

system modeled, especially with shorter actuation timescales and cyclical 

actuation. These dynamic mechanical properties describe the viscoelastic 

nature of a hydrogel, namely the elastic response (storage modulus) and 

the viscous response (loss modulus), and the measure of internal friction-

based damping (tan delta). Within a material’s linear viscoelastic region 

this measurement will be reproducible.  

In this work a hydrogel’s dynamic mechanical properties are 

investigated under the influence of varying percent weight crosslinker, UV 

photopolymerization exposure time, and UV photopolymerization intensity 

(or intensity of UV irradiation). The fabricated hydrogels are subjected to 

loading frequencies of 0.1, 1, or 10 Hz under electrolyte concentrations of 

0.5 M and 0.05 M potassium hydroxide (KOH). The resulting morphology 
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of the fabricated hydrogels was examined under a scanning electron 

microscope to show the morphologies influence on dynamic mechanical 

properties. The DMP were intended to give researchers more information 

fabricate, design, and model active hydrogel-based microfluidic 

components, with the potential for large-scale integration into microfluidic 

systems. 

5.2 Experimental 

5.2.1 Hydrogel Precursor and Electrolyte Composition 

The hydrogels investigated here had a precursor mixture composed 

of monomer HEMA (Fisher Scientific), co-monomer AA (Fisher Scientific), 

crosslinker ethylene-glycol-dimethacrylate acid crosslinker (EGDMA, 

Fisher Scientific), and photoinitiator 2,2-dimethoxy-2-phenylacetophenone 

(DMPA, Irgacure 651 CIBA). The precursor components were determined 

by weight in an analytical balance (Mettler Toledo Classic-Plus) and were 

mixed for 30 minutes. The mixture was stored in the refrigerator using an 

amber bottle to block exposure to ambient UV light. 

Experiments investigating the dynamic mechanical properties used 

varying photopolymerization fabrication conditions and precursor mixture 

compositions, which are outlined in Table 5.1. For all fabricated hydrogels 

the quantity of photoinitiator DMPA was held constant at 3 % weight. 

Throughout all fabricated hydrogels the quantity of AA was held constant 

at 12 % weight of the precursor composition, which translates into 1.8 M of 

fixed carboxyl groups attached to the polymer backbone of the hydrogel. It 

has been previously shown that the mechanical properties of a hydrogel 

depend on the concentration of fixed ionic groups [32]. It was shown that 

two opposing forces arise when examining the effects of fixed ion 

concentration; whereby, additional crosslinks are created by ion multiplet 

formation increasing the modulus, while the modulus is decreased due to 

the fixed ion electrostatic interaction effects modifying the elastic free 
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energy [32]. A constant fixed ion concentration neutralized these opposing 

effects within the current study.  

Hydrogels were tested under two electrolyte solution compositions, 

0.5 M (pH 13.7) and 0.05 M (pH 12.7) KOH. Throughout this study the 

focus was on the concentration of the electrolyte concentration, not 

specifically the pH. The two electrolyte concentrations of 0.5 M and 0.05 M 

KOH used are both larger than the dissociation constants of the fixed 

carboxyl groups of 10-5.1 [33], thus swelling differences among samples 

are dominated by electrolyte concentration considerations and not pH-

based swelling. Therefore, when presenting the experimental results the 

data is referenced to the electrolyte concentration.  

5.2.2 Hydrogel Sample Fabrication 

Hydrogels undergo UV photopolymerization within an oxygen free 

polymer mold. The final mold for hydrogel polymerization was composed 

of polydimethylsiloxane (PDMS) molded in the hydrogel’s as-fabricated 

dimensions, which was reversibly bonded to a PDMS coated glass slide. 

Reversible bonding of PDMS to PDMS requires clean surfaces, and can 

withstand pressures up to 5 psi [16]. A rapid prototyped (RP) 

Table 5.1: Fabrication parameters for hydrogels tested using DMA 

Experimental 
Set 

Photopolymerization 
Exposure Time 

Photopolymerization 
Intensity 

Weight Percent 
Crosslinker 

(seconds) (mW cm-2) (% weight) 

1 100, 130, 160, 190 1.21 4 

2 100 0.86, 1.21, 1.45, 1.74 4 

3 100 1.21 2, 4, 8 
 

mold was used to fabricate the PDMS mold. The RP mold was designed 

using the computer aided design commercial tool Pro/Engineer© and 

fabricated using a rapid prototyping machine (Objet’s Eden 350V). PDMS 

precursor (Dow Corning’s Slygard 184) was mixed in a 10:1 ratio by 

weight, degassed, poured over the RP mold, which had been silanized for 

2 hrs, and then was cured for 2 hrs at 80oC. The PDMS on the glass slide 
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was mixed in the same ratio and spin-coated for 2 min at 1500 rpm, and 

afterwards was cured for 2 hrs at 80oC.  

The UV photopolymerization process exposes the hydrogel 

precursor solution to 365 nm wavelength UV light at intensities on the 

order of 1 mW cm-2 (measured at the sample) with exposure times on the 

order of 10s-100s of seconds. An EXFO Acticure 4000 was used to 

generate the UV light, while a light-guide with a circular UV-profile was 

used to position the UV light. The system was calibrated to determine the 

UV intensity measured at the sample for various exposure intensities. An 

ABM 2-Channel Digital Intensity Meter (ABM) was used to determine the 

UV intensity at the height of the sample for 365 nm wavelength light.  

To perform photopolymerization the hydrogel precursor was injected 

into the rectangular PDMS mold and exposed to UV light. After 

photopolymerization, the PDMS mold was peeled back and the exposed 

sample was immersed in methanol for washing and then placed in 0.5 M 

KOH first. The samples were given a minimum 72 hours to reach 

equilibrium. After testing occurred at the stronger concentration, the 

samples were placed in 0.05 M KOH and given another minimum 72 

hours to reach equilibrium. This was performed so each sample was 

tested at two different concentrations. To ensure the consistent 

concentration during equalization, the samples after reaching equilibrium 

had a maximum volume, based off measured dimensions, of 1.56 ml while 

container within which the sample was equilibrated had a volume of 25 ml. 

In addition, the electrolyte was exchanged with fresh solution after 48 

hours and given another minimum 24 hours to equilibrate.  

The PDMS mold had a channel height of 1 mm, width of 8 mm, and 

a length of 20 mm. This mold size produced ‘as-fabricated’ hydrogels of 

the same size. The as-fabricated samples were swollen in electrolyte 

solution of 0.5 M and 0.05 M KOH; with each concentration and fabrication 

condition producing different equilibrated dimensions. Each swollen 

sample had its width and length cut with a scalpel to reduce their 
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dimensions to fit within the dynamic mechanical analyzer. The ‘as-tested’ 

samples varied between 7-8 mm in width and 1-1.7 mm thickness, with 

the difference in final dimensions being dependent on the fabrication 

conditions and the equilibrated electrolyte concentration. The distance 

between the grips (the as-tested length) was constant at 6.1 mm 

throughout the testing. 

A material anisotropy was avoided by encapsulating the hydrogel 

precursor in a PDMS mold during photopolymerization, as the presence of 

oxygen during the photopolymerization process inhibits the reaction rate 

[34]. Oxygen in the presence of UV light produces oxygen radicals due to 

the formation of ozone. These oxygen radicals can decrease the modulus 

of fabricated samples by breaking bonds during the photopolymerization 

process.  

5.2.3 Weight Degree of Swelling & SEM Microscopy 

The weight degree of swelling was calculated using the following 

relationships   

                                                  (5‐1) 

here ws is the weight of the swollen gel and wd is the weight of the dry gel. 

Test samples had dynamic mechanical measurements performed, and 

then the sample was dabbed dry with a cleanroom wipe and weighed on 

an analytical scale. This was performed after both tests in 0.5 M and 0.05 

M electrolyte concentrations. The samples were then flash-frozen in liquid 

nitrogen and freeze-dried (Savant SuperModulyo) for 6 hours at -50oC and 

7x10-2 Torr to remove any moisture in the sample. The dry samples were 

then measured with an analytical balance (Mettler Toledo Classic-Plus). 

Since these samples were flash-frozen, they retained their porous 

structure. Dry samples were cut with a scalpel through their cross-section 

and mounted on aluminum stubs. The samples then had gold sputtered on 

their surface (Denton Desk II) and were imaged in the SEM (LEO 1430). 

s d
m

d

w w
Q

w
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5.2.4 Dynamic Mechanical Analyzer Methods 

The equilibrated swollen hydrogel samples were prepared for 

measurement by cutting their width to testing dimensions, and measuring 

the length, width, and thickness with a vernier caliper. To improve 

accuracy two measurements were taken across the hydrogels dimensions 

and the averaged values were entered into the control software. The 

samples were then loaded into a dynamic mechanical analyzer 

(PerkenElmer DMA 8000), which applied a sinusoidally oscillating tensile 

strain, measured the resulting force waveform, and using the input 

geometrical parameters determined the resulting stress waveform. 

Samples were tested below 1 % tensile strain in the linear viscoelastic 

region, at frequencies of 0.1, 1, and 10 Hz under electrolyte 

concentrations of 0.5 M and 0.05 M KOH. These samples were tested for 

15 minutes under isothermal conditions of 23±1oC. 

5.3 Results 

For each experimental parameter of interest five samples were 

tested.  Each data point represents the average of these five values and 

the error bars represent the set’s standard deviation. To avoid grip effects 

the samples were cut from their swollen dimensions to fit in the dynamic 

mechanical analyzer (DMA), and when placing samples within the grips it 

was ensured that no sample wedging or pinching occurred. Throughout all 

of the experimental studies examining the DMP, samples were tested at 

KOH electrolyte concentrations of 0.5 M and 0.05 M and applied 

frequencies of 0.1, 1, and 10 Hz.  

5.3.1 Weight Degree of Swelling 

A study was performed to investigate the influence of percent weight 

crosslinker, photopolymerization time, and photopolymerization intensity 

on the weight degree swelling of a hydrogel swollen in KOH electrolyte 

concentrations of 0.5 M and 0.05 M. 
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Increasing the precursor solution’s percent weight crosslinker in 

fabricated samples showed a power-law decrease in the weight degree of 

swelling, as shown in Figure 5.1a. Decreasing the solution concentration 

also caused an increased weight degree of swelling, with both 

concentrations displaying a power-law decline. At 0.05 M the maximum 

weight degree of swelling was 14.27 at 1 % crosslinker, with a minimum of 

2.68 at 8 % crosslinker. At 0.5 M concentration the maximum and 

minimum weight degrees of swelling was 8.32 and 1.95 at 1 % and 8 % 

crosslinker, respectively.  

Increasing the fabrication photopolymerization exposure time caused 

a decrease in the weight degree of swelling, especially at and above 130 s 

exposure times. Between 130 s and 190 s of exposure a slight decline in 

weight degree of swelling was observed, but samples exhibited relatively 

the same weight degree of swelling. Decreasing the solution concentration 

caused samples to have a higher weight degree of swelling, as seen in 

Figure 5.1b. At 0.05 M the maximum weight degree of swelling was 5.55 

at 100 s exposure time, with a minimum of 2.72 at 190 s exposure time. At 

0.5 M the maximum and minimum weight degree of swelling was 3.65 and 

2.06 at 100 and 190 s exposure time, respectively.  

Increasing the fabrication photopolymerization intensity caused a 

linear decline in the weight degree of swelling, as shown in Figure 5.1c. 

The linear decline was steeper for samples swollen at lower concentration. 

Decreasing the solution concentration caused an increase in the weight 

degree of swelling. At 0.05 M the maximum weight degree of swelling was 

7.11 at 0.86 mW cm-2, with a minimum of 3.85 at 1.73 mW cm-2. At 0.5 M 

the maximum and minimum weight degree of swelling was 4.63 and 2.69 

at 0.86 mW cm-2 and 1.73 mW cm-2, respectively. 
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Figure 5.1: Hydrogel weight degree of swelling as effected by electrolyte concentration 
and (a) weight percent crosslinker (b) UV-photopolymerization exposure time, and (c) 

UV-photopolymerization intensity. 

(a) 

(b) 

(c) 
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5.3.2 DMP Dependence on Percent Weight Crosslinker 

Increasing the precursor solution’s percent weight crosslinker caused 

fabricated hydrogels to have an increased storage modulus and loss 

modulus, as shown in Figure 5.2a-b with corresponding error values in 

Table 5.2. Increasing the testing frequency, to a lesser extent, also caused 

an increase in the storage and loss modulus. An increased frequency had 

the largest effect on the storage modulus of samples fabricated with 8 % 

crosslinker. Samples equilibrated at 0.5 M were shown to have their 

dynamic mechanical properties largely dominated by elastic effects. 

Samples equilibrated at 0.05 M showed an increase in loss modulus and a 

decline in the storage modulus of samples, versus the samples 

equilibrated at 0.5 M.  

For samples tested at 1 Hz the maximum storage modulus was 1.67 

MPa at 8 % crosslinker and 0.5 M, with a minimum storage modulus of 

182 kPa at 0.5 M and 2 % crosslinker. These samples at 0.5 M had a 

maximum and minimum loss modulus of 214 kPa and 12 kPa at 8 % and 

2 % crosslinker, respectively. For samples tested at 1 Hz and 0.05 M 

concentration the maximum and minimum storage modulus was 1.0 MPa 

and 129 kPa at 8 % and 2 % crosslinker, respectively, while the maximum 

and minimum loss modulus was 279 kPa and 42 kPa at 8 % and 2 % 

crosslinker, respectively.  

Increasing the precursor solution’s percent weight crosslinker caused 

a decline in the tan delta of samples equilibrated in 0.05 M concentrations 

while samples equilibrated in 0.5 M solution showed an increase in 

damping, as shown in Figure 5.2c. Error in Figure 5.2c is shown for 

samples tested at 1 Hz, with other error values calculable using the 

presented data. For samples equilibrated at 0.5 M increasing the testing 

frequency caused a slight increase in the damping of samples. It was 

unclear how frequency affected samples equilibrated at a concentration of 

0.05 M. For samples tested at 1 Hz and 0.05 M, the maximum and 

minimum tan delta was 0.34 and 0.29 at 2 % and 8 % crosslinker,  
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Figure 5.2: The effect of weight percent crosslinker, electrolyte concentration, and cyclic 

strain frequency on (a) storage modulus, (b) loss modulus, and (c) tan δ. 

(a) 

(b) 

(c) 
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Table 5.2: Error in storage and loss modulus for percent weight crosslinker experimental 
set 

% Weight 
Crosslinker 
in Precursor 

Analysis 
Frequency 

Error in Storage 
Modulus  Error in Loss Modulus 

0.5 M 
KOH 

0.05 M 
KOH 

0.5 M 
KOH 

0.05 M 
KOH 

(% weight)  (Hertz)  (Pa*104)  (Pa*104)  (Pa*104)  (Pa*104) 

2 
0.1  ± 3.08  ± 1.47  ± 0.21  ±  0.57 

1  ± 3.21  ± 2.07  ± 0.22  ±  0.51 

10  ± 3.36  ± 2.27  ± 0.38  ±  0.52 

4 

0.1  ± 19.22  ± 16.25  ± 2.54  ±  2.66 

1  ± 12.90  ± 16.58  ± 2.56  ±  2.59 

10  ± 20.27  ± 19.78  ± 3.07  ±  3.37 

8 

0.1  ± 15.67  ± 26.41  ± 13.42  ±  4.47 

1  ± 16.95  ± 28.02  ± 12.69  ±  3.82 

10  ± 17.91  ± 28.82  ± 11.49  ±  4.91 
 

respectively. For samples tested at 1 Hz and 0.5 M, the maximum and 

minimum tan delta was 0.13 and 0.07 at 8 % and 2 % crosslinker. 

5.3.3 DMP Dependence on Photopolymerization Exposure Time 

Increasing the photopolymerization exposure time increased both the 

storage modulus and loss modulus of tested samples, as seen in Figure 

5.3a-b with corresponding error values in Table 5.3. Increasing the testing 

frequency also increased the storage modulus and loss modulus of 

samples, for all exposure times considered. The increase in frequency had 

a pronounced effect on the storage modulus of samples equilibrated in 

0.05 M KOH. Samples equilibrated at 0.5 M showed that elastic effects 

dominate the sample’s mechanical properties, as the storage modulus 

was always one order of magnitude larger than the loss modulus. 

Decreasing the solution concentration to 0.05 M causes a decrease in the 

storage modulus and an increase in the loss modulus of samples.  

For samples tested at 1 Hz the maximum storage modulus was 1.67 

MPa at 190 s and 0.5 M, with a minimum storage modulus of 577 kPa at 

100 s and 0.5 M. These samples at 0.5 M and 1 Hz had a maximum and 
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minimum loss modulus of 93 kPa and 45 kPa at 160 s and 100 s, 

respectively. For samples tested at 0.05 M and 1 Hz, the maximum and 

minimum storage modulus was 884 kPa and 265 kPa at 160 s and 100 s 

exposure times, respectively. These samples had a maximum and 

minimum loss modulus of 375 kPa and 67 kPa at 190 s and 100 s 

exposure time, respectively.  

Increasing the photopolymerization exposure time for tested at 0.5 M 

KOH had little effect on the tan delta, as shown in Figure 5.3c. Error in 

Figure 5.3c is shown for samples tested at 1 Hz, with the remaining error 

values calculable using the presented data. For samples equilibrated at 

0.05 M a slight increase in as exposure time was increased; however, the 

error in these samples better helps to define a domain for tan delta. 

Decreasing the electrolyte concentration also caused an increase in the 

tan delta of samples, which shows the effects of decreased storage 

modulus and increased loss modulus at 0.05 M. At 0.05M it was observed 

that increasing the testing frequency caused a marked decline tan delta, 

while samples at 0.5 M showed a slight increase of tan delta with 

increased testing frequency. For samples tested at 1 Hz and 0.05 M, the 

maximum and minimum tan delta was 0.43 and 0.30 at 190 s and 100 s 

exposure times, respectively. Samples tested at 0.5 M did not have a clear 

maximum and minimum. 

5.3.4 DMP Dependence on Photopolymerization Intensity 

Increasing the photopolymerization intensity increased the storage 

modulus and loss modulus of samples for all tested electrolyte 

concentrations, as shown in Figure 5.4a-b with corresponding error values 

in Table 5.4. Increasing the testing frequency also increased the storage 

modulus and loss modulus of samples, with frequency having a 

pronounced effect on the storage modulus of samples equilibrated in 0.05 

M solution concentrations. Samples tested at 0.5 M concentrations 

displayed largely elastic behavior, with increased photopolymerization 

intensity largely affecting the storage modulus of samples. Decreasing the 
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Figure 5.3: The effect of UV-photopolymerization exposure time, electrolyte 

concentration, and cyclic strain frequency on (a) storage modulus, (b) loss modulus, and  
(c) tan δ. 

(a) 

(b) 

(c) 
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Table 5.3: Error in storage and loss modulus for UV-photopolymerization exposure time 
exp erimental set 

Exposure 
Time  Analysis 

Frequency 

Error in Storage 
Modulus  Error in Loss Modulus 

0.5 M 
KOH 

0.05 M 
KOH 

0.5 M 
KOH 

0.05 M 
KOH 

(seconds)  (Hertz)  (Pa*104)  (Pa*104)  (Pa*104)  (Pa*104) 

100 

0.1  ± 19.22  ± 16.25  ± 2.54  ±  2.66 

1  ± 12.90  ± 16.57  ± 2.56  ±  2.59 

10  ± 20.27  ± 19.78  ± 3.07  ±  3.37 

130 

0.1  ± 11.58  ± 31.37  ± 0.74  ±  6.59 

1  ± 16.22  ± 24.91  ± 0.86  ±  8.20 

10  ± 11.68  ± 23.11  ± 0.84  ±  5.99 

160 

0.1  ± 17.77  ± 18.86  ± 4.66  ±  17.23 

1  ± 17.17  ± 21.52  ± 4.96  ±  9.93 

10  ± 14.45  ± 22.97  ± 4.68  ±  4.76 

190 

0.1  ± 17.17  ± 79.56  ± 2.31  ±  6.32 

1  ± 15.82  ± 11.05  ± 2.52  ±  4.20 

10  ± 13.67  ± 11.19  ± 2.01  ±  6.56 
 

solution concentration to 0.05 M decreased the storage modulus of 

samples and increased the loss modulus. The increase in loss modulus 

becomes more pronounced at intensities of 1.45 mW cm-2 and above.  

For samples tested at 1 Hz frequency the maximum storage modulus 

was 846 kPa at 1.74 mW cm-2 and 0.5 M, with a minimum storage 

modulus at 0.5 M of 139 kPa at 0.86 mW cm-2. These samples at 0.5 M 

concentration and 1Hz frequency had a maximum and minimum loss 

modulus of 61 kPa and 7 kPa at 1.74 mW cm-2 and 0.86 mW cm-2, 

respectively. For samples tested at 0.05 M and 1 Hz frequency, the 

maximum and minimum storage modulus was 588 kPa and 84 kPa at 1.74 

mW cm-2 and 0.86 mW cm-2, respectively. For these samples, the 

maximum and minimum loss modulus was 21 kPa and 3 kPa at 1.74 mW 

cm-2 and 0.86 mW cm-2, respectively. 

Increasing the photopolymerization intensity had inconsistent effects 

on the tan delta of samples, especially at 0.05 M concentrations, as seen 
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in Figure 5.4c. Error in Figure 5.4c is shown for samples tested at 1 Hz, 

with other error values calculable using presented data. It is clear that 

decreasing the electrolyte concentration to 0.05 M causes an increase in 

tan delta, but these tan delta results reflect the error in the measured 

storage modulus and loss modulus. At 0.5 M concentration increasing the 

testing frequency slightly increased the tan delta of samples. At 0.05 M the 

result of increased frequency are inconsistent; however, at 1.21 mW cm-2 

and 1.45 mW cm-2 intensities samples are seen to have a decreased tan 

delta with an increased testing frequency. Tan delta results for both 0.5 M 

and 0.05 M concentrations have no discernible maximum or minimum. 

5.4 Discussion 

5.4.1 Effect of Electrolyte Concentration 

As the concentration of electrolyte solution was decreased the weight 

degree of swelling increased, for all hydrogels fabricated. When the 

electrolyte concentration is decreased, the quantity of positively charged 

interstitial mobile ions increases relative to the surrounding mobile ions. 

Therefore, the gradient of interstitial to surrounding mobile ions is higher 

and a larger osmotic pressure is developed, and the hydrogel swells to a 

greater extent. This increased swelling will occur under the assumption 

that the fixed carboxyl groups are fully dissociated, as partial or fully 

associated fixed groups would negate the hydrogel’s electrical charge, 

decrease the osmotic pressure, and deswell the hydrogel structure [14]. At 

some critical counterion concentration threshold the swelling of the 

hydrogel will not increase but start to decrease towards a deswollen gel, 

as seen by Marcombe et al. when examining free swelling of low salt 

concentration gels over a range of pHs [35]. Extending this notion and 

based off the results seen here, this critical counterion concentration 

threshold would represent the minimum storage modulus of the gel and 

decreasing the concentration further would cause an increase in storage 

modulus.  
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Figure 5.4: The effect of UV-photopolymerization intensity, electrolyte concentration, and 

cyclic strain frequency on (a) storage modulus, (b) loss modulus, and (c) tan δ 

(a) 

(b) 

(c) 
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Table 5.4: Error in storage and loss modulus for UV-photopolymerization intensity 
experimental set 

Polymerization 
Intensity 

Analysis 
Frequency 

Error in Storage 
Modulus  Error in Loss Modulus

0.5 M 
KOH 

0.05 M 
KOH 

0.5 M 
KOH 

0.05 M 
KOH 

(mW cm‐2)  (Hertz)  (Pa*104)  (Pa*104)  (Pa*104)  (Pa*104) 

0.86 
0.1  ± 3.64  ± 0.72  ± 0.32  ±  0.59 
1  ± 3.83  ± 1.09  ± 0.34  ±  0.87 
10  ± 3.92  ± 1.72  ± 0.47  ±  1.45 

1.21 
0.1  ± 19.22  ± 16.25  ± 2.54  ±  2.66 
1  ± 12.90  ± 16.57  ± 2.56  ±  2.59 
10  ± 20.27  ± 19.78  ± 3.07  ±  3.37 

1.45 
0.1  ± 3.99  ± 4.94  ± 0.36  ±  5.47 
1  ± 4.04  ± 6.06  ± 0.27  ±  5.31 
10  ± 4.15  ± 7.43  ± 0.47  ±  6.08 

1.74 

0.1  ± 6.40  ± 12.59  ± 0.81  ±  4.97 

1  ± 6.41  ± 17.22  ± 0.69  ±  3.83 

10  ± 5.67  ± 24.92  ± 0.46  ±  4.46 
 

The difference in weight degree of swelling between the two 

electrolyte concentrations examined was always higher at the low end of 

the fabrication parameter range. Swelling is dependent on the mechanical 

properties of the hydrogels [14], and for all hydrogels examined the low 

end of the fabrication parameter range had lower storage moduli. 

Increased swelling due to decreased electrolyte concentrations also 

caused a decrease in storage and loss modulus, having a larger effect on 

the storage modulus. As the hydrogel swells the polymer network 

disentangles due to an influx of water molecules, reducing the stiffness of 

individual polymer chains and hence the storage modulus. As the 

fabrication variables were increased the polymer network density 

increased, thereby decreasing swelling but also decreasing the network’s 

porosity to mobile ions and water. This decreased porosity inhibits the 

motion of interstitial fluid inducing larger poroelastic effects, and thus a 

higher loss modulus was observed. Poroelasticity characteristics were not 

specifically examined in this study; however, poroelastic studies could 

supplement this work by examining explicitly how interstitial fluid can flow 
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through the hydrogel’s porous solid polymer network for both the range of 

concentrations and fabrication parameters [36]. Poroelasticity has been 

characterized previously using compression tests [37], indentation with an 

atomic force microscope [36], or through free swelling and constrained 

swelling experiments [38]. At lower concentrations more swelling is 

observed, thus more interstitial fluid is moved in hydrogel’s porous 

network during deformation explaining the increase in loss modulus at 

lower concentrations.  

The observed changes in weight degree of swelling, storage 

modulus, and loss modulus due to electrolyte concentration can be seen 

in Figure 5.5a and 5.5b, which show scanning electron micrographs of the 

porous hydrogel at 0.5 M and 0.05 M KOH, respectively. At higher 

concentration the pores are smaller and more tightly packed together, 

while at low concentration the pores become enlarged due to the influx of 

electrolyte, which correlates with the observed increase in weight degree 

of swelling and loss modulus. Figure 5.5 also shows that the per unit 

volume crosslinked polymer available to resist deformation decreases, 

hence the storage modulus decreases. 

5.4.2 Effect of Cyclical Testing Frequency 

For all experimental sets, increasing the testing frequency increased 

the storage modulus of samples, as more internal friction of the polymer 

network restricted deformation. For almost all experimental sets, 

increasing the testing frequency increased the loss modulus of samples, 

as poroelastic effects become more pronounced and the fluidic portion of 

the hydrogel resists tensile stress based deformation [36]. Frequency had 

a greater effect on the storage and loss modulus of samples tested at 

lower concentrations, as the difference between results at 0.1 Hz and 10 

Hz becomes greater. This effect became pronounced at the high range of 

fabrication parameters when the network density became larger, and it 

took more energy to cyclically deform the network. While increasing the 

frequency in this work in general increased the loss modulus, there exists  
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Figure 5.5: Scanning electron micrographs of hydrogel cross sections for samples 

photopolymerized at 1.74 mW/cm2 for 100 s with 4% weight crosslinker and immersed in 
(a) 0.5 M KOH and (b) 0.05 M KOH. 

 

a higher frequency at which glass transition occurs. At this critical 

frequency a peak in loss modulus would be observed, and further 

increasing the frequency would result in a decreased loss modulus back 

towards a dominant elastic response [39]. This would explain the loss 

modulus trends seen in Figure 5.3b; where for samples in 0.05 M KOH 

above 160 seconds exposure time, increasing the frequency decreased 

the observed loss modulus. The sample moving to and through glass 

transition with increased frequency occurs in much the same as lowering 

the temperature of the sample [39]. 

For traditional tensile testing a crosshead displacement rate of 5 mm 

min-1 (0.083 mm second-1) is generally used. Here, frequencies between 

0.1 Hz and 10 Hz altered the crosshead displacement rate within the 

range of 0.005 mm second-1 and 0.5 mm second-1, respectively. 

(a) 

(b) 
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Therefore, the traditional crosshead displacement was covered in this 

range, and the max/min frequencies examined allowed determination of 

mechanical properties outside traditional deformation zones. For 

researchers moving towards higher frequency actuation devices, these 

changes to storage and loss modulus must be considered in device 

design and numerical modeling. 

5.4.3 Effect of Fabrication Parameters 

Increasing the photopolymerization intensity and exposure time, 

increases both the storage modulus and loss modulus of a hydrogel. 

Previously, a neutral-charge HEMA composition was examined using 

Photo-DSC [40]. Their results showed that the photopolymerization 

reaction reaches saturation after a critical exposure time and conversion 

of monomer plateaus, with this critical time being dependent on the 

photopolymerization intensity. For the range of intensities tested here, 

monomer conversion becomes complete between 4-8 minutes, which is 

above the range of photopolymerization times tested here and thus no 

definitive plateau in dynamic mechanical properties was observed. 

Therefore, the testing range for exposure time could be increased further 

to examine the affect on dynamic mechanical properties. These Photo-

DSC experiments also showed that increasing the photopolymerization 

intensity increases the reaction rate, which leads to an increased 

conversion of monomer to polymer [40]. Thus, the polymer would have a 

higher storage modulus, and due to the increased cross-linking, higher 

loss modulus as is seen in Figure 5.3. A plateau in dynamic mechanical 

properties as affected by photopolymerization intensity was also not 

observed; therefore, the photopolymerization intensity range could be 

increased to examine the affects of higher intensities.  

Increasing the photopolymerization intensity also decreases the 

pores size of the hydrogel, as seen when comparing Figures 5.5a and 5.6, 

but had a lesser effect on pore size than changing the electrolyte 

concentration. This decreased pore size also directly correlates to an 
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increase in the number of crosslinks occurring within the hydrogel, and 

hence the storage modulus of the sample is increases as the 

photopolymerization intensity is increased.  

Increasing the percent weight crosslinker increases the hydrogel’s 

polymer network density thereby making the structure more resistant to 

deformation and inhibiting swelling [15, 41]. This is observed in Figure 

5.2a-b as both the storage and loss modulus increased for samples 

swollen at both concentrations. Examining the scanning electron 

micrographs of the hydrogel’s porous structure at 8% and 2% weight 

crosslinker, as seen in Figures 5.7a and 5.7b, respectively, shows the 

largest difference in porous structure among all samples. The sample with 

8% shows a very dense porous structure with a few macropores formed, 

while the 2% sample shows a very large pore size throughout the entire 

cross-section. These morphology deviations account for the very large 

differences in the maximum and minimum storage modulus and loss 

modulus observed over the parameter range examined.   

 
Figure 5.6: Scanning electron micrograph of hydrogel cross section for a sample 

photopolymerized at 0.86 mW/cm2 for 100 s with 4% weight crosslinker and immersed in 
0.5 M KOH. 
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Figure 5.7: Scanning electron micrographs of hydrogel cross sections for samples 

photopolymerized at 1.21 mW/cm2 for 100 s immersed in 0.5 M KOH with (a) 2% weight 
crosslinker and (b) 8% weight crosslinker. 

5.5 Conclusions 

The weight degree of swelling was influenced most significantly by a 

change in the percent weight crosslinker in precursor solution, and it was 

shown that increased electrolyte concentration also decreased weight 

degree of swelling for all fabrication parameters. The range of swelling 

observed was consistent with the photopolymerized hydroxyethyl starch-

co-HEMA and thermally polymerized double-network poly(ethylene glycol) 

methyl ether methacrylates-co-poly(acrylic acid) [42, 43]. However, the 

swelling observed was orders of magnitudes higher than thermally 

polymerized poly(vinyl alcohol-vinyl acetate)-co-poly(acrylic acid) and 

photopolymerized poly(HEMA) [44, 45], and a magnitude lower than 

photopolymerized void containing double network poly(2-acrylamido-2-

methylpropanesulfonic acid)-co-polyacrylamide [46].  

(a) 

(b) 
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The storage and loss modulus of hydrogels was also most 

significantly influenced by the percent weight crosslinker in precursor 

solution. An increased electrolyte concentration has opposite effects, 

decreasing the storage modulus and increasing the loss modulus of 

samples. For all cases increasing the cyclical testing frequency increased 

both the storage and loss modulus, with a greater effect on samples that 

had a high network density and that were at a lower concentration. The 

absolute maximum storage modulus was 1.83  0.18 MPa at 10 Hz, 0.5 

M, and 8 % weight crosslinker, while the absolute minimum storage 

modulus was 68.5  7.2 kPa at 0.1 Hz, 0.05 M, and 0.86 mW cm-2. This 

range of properties was lower than that typically used for stiffer (GPa 

range) biomedical materials [45, 47]. However, the reported range was 

within that previously reported desirable for active microfluidic components 

to deform under the osmotic pressure generated by pH and electric field 

stimulation [13, 30]. In addition, the ability to photopolymerize these 

anionic hydrogels within microchannels presents opportunities for large-

scale integration in microfluidic devices [48]. 

This work presented an analysis of an anionic hydrogel’s dynamic 

mechanical properties and weight degree of swelling, as a function of 

environmental conditions and fabrication parameters. It was of significant 

importance to researchers fabricating, designing, or modeling cyclically 

actuated hydrogel-based components. It also provided a platform for 

further mechanical property characterization, which could include; a 

reduced electrolyte concentration, higher cyclical testing frequencies, 

varied acrylic acid concentration, or increased strain to examine nonlinear 

viscoelastic behavior. 
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Chapter 6  
 

AC Frequency-based Electrical 

Stimulation of Hydrogel Microactuators 

Employing Parylene-N Coated 

Electrodes1  

 

6.1 Introduction  

Microscale fluidic regulation systems have presented an opportunity 

to industrialize processes previously confined to laboratory benches. 

However, fundamental technical issues remain hampering widespread 

proliferation of portable medical devices, which include issues such as the 

integration of pumps and valves that do not expose analytes to high 

electric charges or overheating [1]. Various microelectromechanical 

systems (MEMS) have been proposed for active valving [2] and pumping 

[3] solutions, but the challenge of complex peripherals required to activate 

devices and cost for disposable devices still remain [4]. 

One class of active material that has received attention as 

microfluidic regulation components are hydrogels, because of their ability 

to be photopatterned in-situ, having enhanced performance with reduced 

scale, and lack of complicated assembly [5]. Hydrogels are hydrated 

polymeric materials that have been widely employed in systems for drug 

                                            

1 A version of this chapter has been published. Saunders and Moussa 2013. 
Sensors and Actuators B: Chemical. Vol 182: 761-773. 
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delivery [6], biomechanical implants [7], and sensor designs [8], among 

others. Specifically, stimuli responsive hydrogel polymers can be 

fabricated to respond to temperature [9], acidic and basic electrolytes [10], 

and electric fields [11]. Electric field sensitive hydrogels have been of 

particular interest because of their quick response times and relatively 

easily integration as actuation components without the need for complex 

peripherals. They have also been examined as electric field responsive 

artificial muscles, bending in response to an applied electric field from 

parallel plate electrodes [12, 13].  

Application of an electric field across an anionic hydrogel and 

electrolyte system causes an electrochemical redistribution of mobile ions, 

which modifies the equilibrium osmotic pressure. This altered osmotic 

pressure causes hydrogel swelling towards the anode, and depending on 

the applied electric potential, deswelling near the cathode [11].  However, 

electric field responsive hydrogels require applied electric potentials >1.23 

V, which cause electrolysis of electrolyte and electrochemical reactions at 

electrodes. The resulting bubbles, hydrogen, and hydroxide produced 

disrupt the applied electric field distribution, and modify the established 

osmotic pressure or change the chemical structure of the hydrogel.   

Electrokinetic pumping systems have overcome bubble-related 

challenges through the application of a periodic, zero net charge current to 

generate a nonzero average potential between the electrodes [14]. 

Electrokinetic pumps have also employed selectively deposited dielectric 

layers to employ asymmetrically capacitance-modulated microelectrode 

arrays [15]. However, electrolysis aside hydrogel actuation still requires 

that absolutely no hydrogen or hydroxide is produced at the electrodes, as 

even small quantities can change the chemical structure of the hydrogel 

causing deswelling.  

The operation of comb-drives in conducting media [16] and 

dielectrophoretic liquid actuation [17, 18] has however employed 

electrodes fully coated with dielectric material, in conjunction with 
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frequency-dependent electrostatic actuation, to overcome bubble, 

hydrogen, and hydroxide generation. DC electric potentials typical for 

hydrogel electrical actuation [11] cannot be applied, because electrostatic 

shielding of the electric field across the induced electric double layer 

(EDL) must be overcome by employing AC frequency-based electric 

potentials. The comb-drive systems used parallel electrode configurations 

with gap sizes of 2-5 µm and electric potentials of 5 Vpk-pk, thus requiring 

actuation frequencies from 5 kHz to 10 MHz depending on the electrolyte 

concentration [16]. Dielectrophoretic actuation employed coplanar 

electrodes with ~100 µm gap size and electric potentials of 700 Vrms, thus 

requiring actuation frequencies over 20 kHz [17].  

In this work, we demonstrate for the first time that an AC electrical 

potential with a superimposed DC offset, combined with dielectric coated 

electrodes, can be used to prevent electrostatic shielding, bubble 

generation, and electrochemical reactions for the purpose of hydrogel 

electrical actuation. The dielectric layer halts any electrochemical 

reactions and electrolyte electrolysis; however, with pure DC electric 

potentials electrostatic shielding occurs thus AC signals must be applied. 

We present an analytical RC circuit model for predicting the characteristic 

actuation frequency where electrostatic shielding can be minimized, 

thereby allowing the applied electric field to actuate the hydrogel. This 

analytical model examined the main system parameters of dielectric 

thickness, electrolyte concentration, and electrode geometry. To evaluate 

the accuracy of the analytical model, capacitance measurements were 

undertaken to ascertain the effect of frequency and electrolyte 

concentration on the system. Moreover, the admittance of the system was 

measured to determine the impedance as a function of frequency and 

electrolyte concentration, and from the impedance the apparent power of 

the system was calculated for a typically applied electric potential. An 

experimental system was then fabricated based off an optimum 

operational range from the analytical system, and the hydrogel was 
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actuated employing the characteristic parameters chosen from the 

analytical model. The displacement of the hydrogel actuator was 

characterized, as a function of increasing AC frequency, decreasing 

Parylene-N dielectric thickness, and at two different electrolyte 

concentrations. It was shown that all current operational challenges 

associated with hydrogel electrical actuation could be overcome by 

applying the principles of frequency-dependent electrical signals 

employing dielectric coated electrodes. 

6.2 Theory and Capacitance Modeling 

The physics of electric field hydrogel electro-chemo-mechanical 

actuation can be described using a coupled combination of the Poisson’s 

equation, Nernst-Planck equation, and the Equations of Motion. In 

addition, supplementary equations account for the number of fixed ions on 

the polymer backbone in acidic or basic electrolyte, the hydration of the 

hydrogel, diffusion through the hydrogel’s porous structure, and the 

osmotic pressure generated. Saunders et al. performed a detailed review 

of this system, highlighting the ability of transport equations to accurately 

model Microscale hydrogel structures and capture the large-deformation 

effects of the hydrogel [19]. 

In a leaky dielectric electrolyte over which the electric field was 

applied, mobile ions accumulate in an EDL at the electrode-electrolyte 

interface, thus effectively eliminating any electric field applied to the 

hydrogel. Previously it was shown for comb-drives in electrolytes that even 

deionized water at actuation voltages of ~1V will effectively form an EDL 

to screen all applied electric field [20]. Thus, for DC actuated hydrogel 

systems with electrolyte concentrations ≥ 1 mM, electric field actuation 

employing dielectric coated electrodes was fundamentally not feasible. 

Electric double layer formation at the electrolyte-electrode interface can be 

prevented by utilizing an AC square wave at a frequency high enough, 

such that the mobile ions do not have time to accumulate on the dielectric-
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coated electrodes. This characteristic frequency transitions the system 

from an EDL-screened electric field to a uniform field between two 

coplanar electrodes. Above this characteristic frequency the mobile ions 

do not have enough time to migrate to the interface, and thus does not 

form an electric double layer causing electrostatic shielding.  

The required characteristic frequency (fc) is a function of various system 

parameters, such as the electrolyte concentration, dielectric film thickness, 

effective electrode width, microchannel height, and electrode gap. To 

study fc an analytical RC circuit model for the system’s capacitance has 

been developed. The schematic representation of the analytical and 

experimental system for electric field hydrogel actuation can be seen in 

Figure 6.1 and Figure 6.2. A pair of coplanar electrodes on a glass 

substrate was coated with a dielectric layer. Upon this glass substrate a 

polymer microchannel was bonded to create a cavity for hydrogel 

actuation. The hydrogel was surrounded by a working electrolyte, which 

was influenced by the imposed electric field to modify the hydrogel’s 

osmotic pressure causing actuation. A cross sectional view of the system 

is shown in Figure 6.2a-c, which shows the three cross-sectional 

capacitive pathways for the electric field generated and the individual 

components of these three pathways. Components where electric field 

lines are perpendicular to the surface can be solved using traditional 

capacitive equations, while the components where the electric field lines 

are bent through their capacitive element require the implementation of 

transformation techniques to solve them analytically. The analytical 

system was modeled after the experimental system, and thus had an 

electrode length of 3mm, electrode gap of 2mm, microchannel height of 

254 µm, and hydrogel width of 1 mm (square). It is necessary to determine 

the portion of the electrodes that are active in the actuation of the 

hydrogel, and the portion that is inactive through the top of the 

microchannel. This allows the convenient determination of capacitances 
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Figure 6.1: Schematic representation of the experimental and analytical system for 

electric field actuation and capacitance measurements (a) 3D cross section, (b) hydrogel 
jacket thickness, tJA, due to asymmetrical swelling, and (c) two major capacitive pathways 

through the hydrogel and media. 
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Figure 6.2: Electrical circuit representation of the system for Fig. 1’s cross section A-A, 
displaying (a) major material components and critical dimensions, (b) equivalent circuit 

paths and effective electrode widths for the analytical model, (c) the individual capacitive 
and resistive elements through three major cross sectional pathways. Note: the top-view 
pathways through the media, CTeq1, were similar but without the hydrogel components. 

 

and resistances within the system. The extent of the electrode width, weff, 

can be determined from 
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where hchan is the height of the microfluidic channel and EG is the electrode 

gap from electrode edge-to-edge. The ineffective width, wInEff, can be 

determined from subtracting the effective electrode width from the 

experimental electrode width. Hydrogel actuation requires room between 

the electrodes for a location to actuate into, thus the electrode gap must 

be large enough to accommodate the deformation. It is shown in Figure 
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6.3 that as the electrode gap was increased the effective electrode width 

decreased, thus the correct microchannel height must be chosen so that 

the hydrogel will be appropriately actuated. For the further modeling, the 

effective electrode width was determined from the experimental geometric 

system. The experimental electrode width was over 50 µm larger than 

needed, but was overdesigned to allow for future developments of the 

system.  

 
Figure 6.3: Effective electrode width of the coplanar electrodes used for electric field 

actuation of the hydrogel. The experimental system had a channel height of 254 µm and 
an electrode gap of 2 mm. 

 

To determine the total capacitance of the system two major top-view 

capacitive pathways from electrode to electrode must be determined, 

shown in Figure 6.1b, the pathway running through the hydrogel, CTeq1, 

and the pathway running through the electrolyte, CTeq2. Both of these 

pathways can be broken down into components that run through the base 

dielectric layer on top of the electrodes, that run through the hydrogel, and 

that run through the top of the microchannel, as seen in Figure 6.2b. 

These components can be further broken into capacitive elements running 

through the dielectric layer, electric double layer (Stern and Debye layers), 

media, hydrogel, hydrogel electric double layer, and top of the 

microchannel, as see in Figure 6.2c. Excluding the hydrogel from the 

capacitance system would yield electrical circuits similar to electrowetting 

on dielectric systems [17, 21]. 
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The elements where traditional capacitive equations can be applied 

are those elements where the electric field lines are approximately 

perpendicular to the dielectric layer. Taking a closer look at elements in 

Cxeq12; the dielectric layer, CD2, Stern layer, CS2, and Debye layer, CDL2, 

capacitances at the electrode interface can be determined using 

  
j o Eff
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           (6-2) 

where j=D2, S2, or DL2. In Eq. 6, εj and tj are the dielectric permittivity and 

thickness, respectively, of the dielectric layer, Stern layer, and Debye 

layer. The dielectric permittivity of the Parylene-N dielectric layer was 

assumed to be constant at 2.65. For other Parylene types, such as AF4, 

the permittivity displays frequency dependence [22]; however, Parylene-N 

has a frequency independent permittivity up to 60 GHz [23], hence it’s 

choice as the dielectric layer in the system. The effective area, AEff is 

calculated by combining the effective electrode width with the square 

width of the hydrogel, wH. The Debye layer thickness was primarily a 

function of the electrolyte concentration and the dielectric permittivity of 

the electrolyte. Eq. 6 can also be applied to calculate the dielectric layer, 

Stern layer, and Debye layer through CTeq2. Because of the geometries of 

the system, these values are the same through CTeq1 and CTeq2.  

The capacitances of the dielectric layer, Stern layer, Debye layer, 

and media for the pathway through the microchannel top, Cxeq13, can be 

determined from Eq. 6 as well, where j=D3, S3, DL3, and M3. This 

calculation also requires that AEff be substituted with AInEff, which can be 

determined from the ineffective electrode width, wInEff, and the hydrogel 

width, wH. The thicknesses of the dielectric layer, Stern layer, and Debye 

layer are the same for Cxeq13 as with Cxeq12, while the height of the 

microchannel is the thickness of the media. For the Stern and Debye layer 

capacitances surrounding the hydrogel Eq. 6 can be used as well; 

however, substituting AEff with the effective area of the hydrogel or 

wH*hchan. For the purposes of this work it is assumed that the thicknesses 
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of the Stern and Debye layer surrounding the hydrogel and on top of the 

electrodes are of the same thickness. 

To determine the media and hydrogel capacitances through Cxeq12, 

as seen in Figure 6.2b, and the media in Cxeq22, conformal mapping 

techniques were implemented [24], as the electric field lines are not 

perpendicular through the dielectric. This was an approximation of the 

capacitance, and for low ratios of electrode gap to electrode width Chen et 

al. showed that error can exceed 10% [24]. However, conformal mapping 

is a good replacement to determining the complete elliptical integral for the 

system, and has been successfully implemented for modeling the 

capacitive sensing of microdroplets[25]. The media capacitance in Cxeq12 

can be given by  
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Eq. 6-3 can also be used to determine the media capacitance through 

Cxeq22, which can be done by replacing (EG-wH)/2 with EG/2. The hydrogel 

capacitance can be determined in a similar manner, given by 
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since the hydrogel in this model is assumed to be square, the hydrogel 

width, wH, is in the capacitance equations. In Eq. 6-4 the effective 

hydrogel permittivity, εe, is given by 
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where εp and H are the dielectric permittivity of the polymer chains and the 

hydration of the hydrogel, with constant values of 5.6 and 2, respectively. 

In this work it was assumed that hydration was constant at its initial 
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hydration state; however, for all hydrogel actuation the hydration would 

change with deformation. Thus, as the hydration increased with increased 

deformation the effective hydrogel permittivity would increase. This 

assumption would not affect the characteristic frequency but would affect 

the total capacitance.  

Eq. 6-5 as well as almost all of the capacitance equations relies on 

the dielectric permittivity of the potassium hydroxide electrolyte media. In 

this work the permittivity was assumed to be constant for simplicity; 

however, in general electrolyte permittivity is frequency dependent 

following the Debye relaxation process [26]. Frequency dependency 

requires the determination of both real and imaginary electrolyte 

permittivities, which are a function of the angular frequency, admittance, 

electrolyte capacitance, and system capacitance in air. Increasing 

frequency effects reduce the real part of part of permittivity away from the 

real permittivity of water, and decrease the imaginary part of complex 

permittivity [26]. At microwave frequencies it was shown experimentally 

that increasing electrolyte concentration within this system of complex 

permittivity tends to increase the real part of complex impedance while 

decreasing the imaginary component [27], with similar trends assumed at 

lower frequencies. As this work deals with 1-10 mM solutions of KOH and 

frequencies below 10 MHz, the effects of the assumption of constant 

electrolyte permittivity would be minimized but should be included for 

future optimizations of the equation system.  

The three capacitances in series above the electrode form the 

electrode interface capacitance, which was used to determine the 

characteristic frequency for hydrogel actuation. Bazant et al. proposed the 

electrode-electrolyte system is governed by the dominant time constant of 

the entire circuit model [28]. In this case the dominant time constant of the 

system was a function of the electrode interface capacitance. This 

capacitance can be determined by 
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Combining all the capacitances in series affecting the hydrogel, 

Cxeq12 can be determined by 
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In the same way as Cxeq12, one can determine Cxeq13. In addition, Cxeq22 

can be calculated by combining the series capacitances of the dielectric 

layer, Stern layer, Debye layer, and media. The total capacitance of the 

system is determined by 1 22Total Teq TeqC C C  . 

The capacitances of elements within the pathway CTeq1, as 

calculated by the analytical model, can be seen in Figure 6.4a. The 

electrode interface capacitance, CEINT, linearly decreased as the dielectric 

layer’s thickness was increased from an initial thickness of 100 nm. The 

electrode interface capacitance was dominated by the dielectric layer’s 

component; and thus as the thickness was increased, the influence of the 

Stern and Debye layer decreased causing a further decrease in the 

electrode interface capacitance. The media and hydrogel capacitances 

were not influenced by a change in the dielectric layer’s thickness, and 

remained constant at 0.2 pF and 0.042 pF, respectively. The capacitance 

of Cxeq12 was initially 0.027 pF, and decreased with increased dielectric 

thickness as the electrode interface capacitances become smaller and 

influenced the system to a larger degree. The capacitance of Cxeq13 was 

not significantly influenced by dielectric thickness, and was always lower 

in magnitude than Cxeq12 at a value of ~0.01 pF.  

The total capacitance of the system, CTotal, and the major 

contributions to it are shown in Figure 6.4b. All of the capacitances 

examined decreased as the dielectric layer increased. Thus, the total 

capacitance started (at 100 nm) at a magnitude of 0.28 pF and decreased 

as the dielectric layer was increased, decreasing significantly with 
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thicknesses >2 µm. The total capacitance was a combination of CTeq1 and 

CTeq2, with starting magnitudes of 0.037 pF and 0.12 pF, respectively. The 

hydrogel decreases the capacitance of CTeq1, as its dielectric permittivity 

was lower than that of the surrounding electrolyte. Thus, for the system 

examined CTeq2 dominates the total capacitance of the system.  

 
Figure 6.4: Main capacitance elements through (a) the hydrogel’s cross section with the 

total capacitance through the hydrogel pathway (solid line), (b) the top view of the 
microchannel including paths through the hydrogel and media, and the total capacitance 

(solid line). 

 

The characteristic actuation frequency of the hydrogel was a function 

of both the capacitance of the electrode interface and the resistance of the 

electrolyte. Conformal mapping techniques are employed to calculate the 

electrolyte resistance
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where σM is the electrolyte conductivity. The hydrogel and electrolyte 

conductivity, σH and σH, respectively, are primarily a function of the 

electrolyte concentration but also the diffusivities of potassium and 

hydroxide, as the electrolyte solution is potassium hydroxide (KOH).  

The time constants of the electrode interface can be calculated from 

EINT=RM2CEINT. Using the time constants of the electrode interface, the 

characteristic frequency can be determined from fc=2/(2πCEINTRM2). Since 

CEINT was determined by three capacitances in series the lowest of these 

three values dominates, in this case CD2. The characteristic frequency for 

hydrogel electrical actuation can be seen in Figure’s 6.5a and 6.5b, as a 

function of electrolyte concentration and dielectric thickness, respectively. 

Characteristic frequency increased as both the electrolyte concentration 

and the dielectric thickness was increased. For the electrode interface the 

electrolyte concentration affects the characteristic frequency through the 

media resistance. Concentration also affects the double layer thickness 

and hence the double layer capacitance; however, this capacitance was 

dominated by the dielectric layer capacitance in series at the electrode 

interface. The dielectric layer thickness directly impacts the determination 

of the dielectric layer capacitance.  

For the thinnest dielectric layer considered (100 nm) and the lowest 

electrolyte concentration (1 mM KOH), the characteristic frequency was 10 

kHz. Increasing the electrolyte concentration by an order of magnitude, 

while holding the dielectric thickness constant, caused the characteristic 

frequency to increase by an order of magnitude. Alternatively, holding the 

electrolyte concentration constant and increasing the dielectric thickness 

by an order of magnitude caused the characteristic frequency to increase 

by an order of magnitude. Above the characteristic actuation frequency all 

electrostatic shielding of the applied electric field can be minimized, and 

the full applied electric field induces actuation of the hydrogel. 
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Figure 6.5: Analytical prediction of the characteristic frequency required for successful 

electrical actuation as affected by (a) an electrolyte concentration from 1 mM to 1 M KOH 
(b) a Parylene-N dielectric thickness from 100 nm to 10 µm. Subsequent characteristic 

frequencies span five orders of magnitude from 10 kHz to 1 GHz. 

 

Within the analytical model developed steric effects of increasing 

electrolyte concentration were not included to determine the characteristic 

frequency or the total capacitance. For the characteristic frequency, the 

electrode-electrolyte interface would develop a nonlinear double layer at 

applied electric potentials higher than kbT/e (25 mV at room temperature), 

as the number of ions attracted to this interface at higher voltages would 

lead to higher electrolyte concentrations; increasing electrostatic shielding. 

Kilic et al. developed a model to include the steric effect on the double 

layer capacitance [29]; but in this work the double layer was in series with 

the dielectric layer whose capacitance was at least an order of magnitude 

lower, dominating the interface’s capacitance. Thus a linear double layer 

was assumed in this work. The steric effects caused by increased applied 



201 
 

electric potentials would increase the total capacitance observed, but only 

slightly as this capacitance was dominated by the electrolyte media. 

Above the characteristic frequency some portion of the electric 

potential was applied across the electrolyte; however, a portion of the 

electric potential was also lost within the dielectric layer. Capacitive 

voltage division can be performed to determine the ratio of electric 

potential across the media to electric potential 
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where VM is the electric potential across the electrolyte media and Vapp is 

the electric potential applied at the electrodes. For a range of electric 

potentials between 10 V and 40 V the electric potential across the 

electrolyte media can be seen in Figure 6.6. As the dielectric thickness 

was increased, the voltage across the media decreased with significant 

reductions in voltage occurring for thicker films. The electrical system 

examined in Eq. 9 excluded the hydrogel. The voltage drop across the 

hydrogel varied with respect to the width, permittivity, and distribution of 

interior mobile ions. As these three quantities have been assumed 

constant within this work, it would provide little information to include the 

hydrogel in Eq. 9. More comprehensive finite element analyses have been 

previously performed to examine a hydrogel’s electro-chemical-

mechanical state under the influence of a DC electric field [30, 31]. 

Moreover, these numerical simulations rely on boundary conditions of 

applied electric potentials, which can be provided by the outcome of Eq. 6-

9 shown in Figure 6.6. Also, not included in Eq. 6-9 are the Stern and 

Debye layer capacitances, because the system was above the fc and it 

was assumed that their influence was negligible.  

From an operational standpoint it was desirable to keep the 

dielectric thickness as small as possible to lower the characteristic 

frequency; however, fabrication challenges prevented exceptionally thin 

layers from being fabricated. For a dielectric thickness of ~1 µm, dielectric 
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breakdown will not occur at the range of electric potentials examined in 

this work. Parylene-N used in the fabrication of the dielectric barrier has a 

breakdown threshold of 276 MV/m. The dielectric breakdown was 

examined for the system under consideration; however, for Parylene-N 

thicknesses above the 100 nm thickness considered in the model 

breakdown would not theoretically occur. However, breakdown was 

experimentally observed for Parylene-N thicknesses greater than 300 nm, 

as will be discussed later. 

 

 
Figure 6.6: Applied potential loss through the Parylene-N dielectric layer, as affected by 
varying dielectric thickness for an electrode gap of 2 mm. The potentials applied in the 
experimental actuation section range from 15 Vpk-pk to 40 Vpk-pk with an 80% duty cycle. 

6.3 Fabrication and Experimentation 

Fabricating microfluidic chips with dielectric-coated electrodes 

involve standard cleanroom and non-cleanroom processes. The overview 

schematic of after each milestone fabrication process can be seen in 

Figure 6.7, showing cross sections of the substrate. To begin a standard 

0211 wafer was Piranha cleaned, then spin-coated with positive 

photoresist, Figure 6.7-1, baked, exposed to UV-light under a photomask, 

Figure 6.7-2, and then the photoresist was developed. Afterwards, ~10 nm 

Cr and ~200 nm Au was deposited using a planar magnetron sputtering 

system. The electrodes were completed with lift-off in an acetone bath at 

35oC under ultrasonic agitation. The 0211 wafers with patterned 
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electrodes were diced into six sections. After dicing poly(dimethylsiloxane) 

(PDMS) was mixed by adding base and curing agent in a 10:1 ratio, 

degassed, and then spread over each chip. The PDMS was cured in an 

oven at 80oC for 2 hours, and prior to Parylene-N deposition, windows 

were cut out of the PDMS with a scalpel to allow for selective Parylene-N 

deposition. The chips were then immersed in A-174 silane based 

adhesion promotion solution. Immediately afterwards, Parylene-N was 

deposited at room temperature in a vapor deposition polymerization 

system (SCS PDS 2012) at base pressure of 35 vacuum units, seen in 

Figure 6.7-4. Parylene-N thickness was measured using both a surface 

topography profiler (Alpha Step IQ) and an optical transparent film 

mapping system (Filmetrics F20 SS-1). The thinner the dielectric coating 

the lower the characteristic actuation frequency and electric field loss 

through the dielectric layer; however, fabrication challenges creating a 

uniform film over the electrodes were apparent when electrical actuation 

was undertaken. 

A microchannel for in-situ hydrogel polymerization and subsequent 

actuation was fabricated using standard soft lithography techniques [32] 

and a rapid prototyped mold. To irreversibly bond the PDMS microchannel 

to Parylene-N coated electrodes, both were exposed to oxygen plasma at 

250 mTorr, 30 W for 25 s in a reactive ion etcher (Oxford Plasmalab 

uEtch), seen in Figure 6.7-5. The Parylene-N was masked from the RIE 

using a piece of PDMS, because if Parylene-N is exposed to RIE it etches 

at ~100 nm/min [33] and also roughens the surface.  Irreversible bonding 

occurs between the PDMS microchannel and the glass not covered with 

Parylene-N. Sealing at the edge of the Parylene-N layer’s interface with 

the glass was performed by applying a small film of PDMS using a Q-tip. 

After fabrication of the microchip structural support for the 

hydrogels was fabricated in-situ by flushing the microchannel with a 

precursor mixture of isobornyl acrylate (IBA) and tetraethylene glycol  
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Figure 6.7: Fabrication process flow for the experimental microchips with in-situ 

hydrogels photopolymerized between electrodes. Cross-sections of the substrate were 
shown at each milestone stage. 

 

dimethacrylate (TEGDMA) in a 9:1 weight ratio, and with 3% weight 

photoinitiator 2,2-dimethoxy-2-phenyl-acetophenone (DMPA). The 

precursor was exposed to 365 nm UV light (EXFO Acticure 4000) using a 

photomask for 60 seconds at 2.42 mW/cm2 (measured at the sample). 

The UV intensity at the sample was measured with a ABM Mask Aligner 

cure-site radiometer. The channel was flushed with methanol to remove all 
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unpolymerized material, flushed with DI water and air, than heated at 30oC 

to drive out any remaining water vapor.  

Active hydrogel structures are fabricated around the posts by 

flushing the channel with a precursor mixture composed of 2-hydroxyethyl 

methacrylate (HEMA) and Acrylic Acid (AA) in a 4:1 molar ratio, with 2% 

weight crosslinker ethylene glycol dimethacrylate (EGDMA) and 3% 

weight DMPA. To define the hydrogel structure the photomask was 

aligned to the posts and the precursor was exposed to 365 nm UV-light for 

100 seconds at 1.21 mW/cm2 (measured at the sample), as seen in Figure 

6.7-7. The microchannel was flushed with methanol to remove any 

unpolymerized precursor material, than flushed with DI water to equilibrate 

the hydrogels and allow them to be stored until testing.   

Two major testing sequences were undertaken; total capacitance 

and admittance measurements, and frequency-based electrical hydrogel 

actuation. Both testing sequences used microchips with in-situ that were 

fabricated with the same fabrication procedures, except with slightly 

different Parylene-N thicknesses. Electrical characterization of 

capacitance and admittance measurements was performed with a Keithley 

4200 SCS system with a Signatone probe station. The samples were 

equilibrated in an appropriate potassium hydroxide (KOH) concentration, 

subjected to a 30 mVpk-pk AC signal with varying frequency, and the 

subsequent capacitance and admittance was measured. Each microchip 

had six reservoirs for testing, and thus measurements were taken on six 

samples at a particular combination of electrolyte and Parylene-N 

thickness. Microfabrication defects did not always allow all six reservoirs 

to be tested; however, a minimum of four measurements were always 

taken. Parylene-N thicknesses of 2145±55 nm, 648±11 nm, and 565±7 nm 

were measured, and at each Parylene-N thickness electrolyte 

concentration of 1 mM, 5 mM, and 10 mM KOH were used to equilibrate 

the samples.  
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Hydrogel frequency-based actuation and observations of 

deformation were performed with a system of equipment, as shown in 

Figure 6.8. Actuation was performed with a function generator (Agilent 

33220A), a DC power source (Agilent E3647A), amplifier (Agilent 

33502A), oscilloscope (Agilent DSO 2004A), and platinum tipped high 

voltage probes (Micralyne’s Microfluidic Tool Kit) for contact with the chip’s 

contact pads. Actuation was observed through a CCD camera (Ziess 

AxioCam ICc1) attached to an optical microscope (Ziess Discovery.V12), 

which outputted video to AxioVision’s Labview where deformation 

measurements could be performed. Hydrogel’s that underwent frequency-

based actuation had Parylene-N thicknesses of 2166±77 nm, 648±11 nm, 

and 348±13 nm. These chips were equilibrated with KOH concentrations 

of 1 mM, 5 mM, and 10 mM prior to any actuation.  

 
Figure 6.8: Experimental system for electric field actuation of hydrogels and subsequent 
characterization through video capture and image analysis software. The main electrical 
components include a function generator, DC power supply, amplifier, and oscilloscope. 

6.4 System Capacitance Measurements 

Measurements were performed to determine the total capacitance 

and admittance of hydrogel microchips on samples with varying Parylene-

N thickness and electrolyte concentration. Experimental capacitance 

measurements were compared to the analytical total capacitance results. 
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The capacitance and admittance measurements taken were used to 

calculate the apparent power of the system under a typical electrical load. 

 The results of capacitive testing can be seen in Figures 6.9a, 6.9b, 

and 6.9c, which correspond with Parylene-N thicknesses of 2166±77 nm, 

648±11 nm, and 565±7 nm, respectively. For samples with the thickest 

Parylene-N layer (2166±77 nm), seen in Figure 6.9a, after 10 kHz a higher 

electrolyte concentration within the chip caused a higher total capacitance. 

The larger amounts of mobile ions present in the system allow more 

charge to be accumulated within the system. The analytical model’s 

prediction of the total system capacitance was 0.21 pF. For 1 mM 

concentration, the experimental system trends towards a frequency-

independent capacitance of 0.22 pF at 3 MHz. Higher concentration of 5 

mM and 10 mM trend towards higher capacitances of 0.23 pF and 0.3 pF 

at 4 MHz and 9 MHz, respectively.  

For medium Parylene-N thickness samples (648±11 nm), as seen in 

Figure 6.9b, after ~10 kHz a higher electrolyte concentration within the 

chip caused a higher observed capacitance. The analytical model’s 

prediction of total system capacitance was 0.26 pF. For 1 mM 

concentration, the system trended towards a frequency-independent 

capacitance of 0.25 pF at 800 kHz. For 5 mM and 10 mM concentrations, 

the total capacitance trended towards 0.3 pF and 0.35 pF at 4 MHz and 8 

MHz, respectively.  

After 10 kHz the thinnest Parylene-N samples (565±7 nm), seen in 

Figure 6.9c, displayed the same trend of higher electrolyte concentration 

causing a higher observed capacitance. Previous to 10 kHz the 5 mM 

samples were exhibiting a higher system capacitance and larger 1/f noise 

than previously observed for other samples tested. This could be due to 

fabrication imperfections within that particular chip causing a thinner 

Parylene-N layer than measured on the sample silicon wafer, as the 

higher total capacitance below 10 kHz is consistent with an even thinner 

Parylene-N layer. For 1 mM and 10 mM the frequency-independent  
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Figure 6.9: Experimental capacitance measurements as a function of applied frequency, 
electrolyte concentration and Parylene-N thicknesses of a) 2145±55 nm b) 648±11 nm c) 

565±7 nm. Capacitance to be higher at lower frequencies and at higher frequencies 
plateau to magnitudes close to analytical model total capacitance predictions. 



209 
 

 

capacitance was 0.26 pF and 0.38 pF at 2 MHz and 4 MHz, respectively, 

compared to the analytical prediction of capacitance of 0.26 pF.  

In general decreases in the Parylene-N thickness increased the peak 

total capacitance of the system, ranging from ~4 pF for the thickest 

samples to 24 pF for the thinnest samples. This trend displays the 

increased impact of electrolyte on the system as the effects of capacitance 

from the dielectric are diminished slightly. For all systems 1/f noise was 

observed in the lower frequency regimes, with higher electrolyte 

concentrations causing more noise throughout the frequency spectra. 

The analytical model accurately predicted the frequency-independent 

capacitance of the systems when compared to experimental 

measurements. This model was more accurate for 1 mM samples, as with 

higher concentrations a higher capacitance was observed. At present the 

analytical model does not account for the impact of varying the electrolyte 

concentration, which would impact the dielectric properties of the media. 

In addition, the analytical model could be expanded to include the 

frequency-based effect of capacitance on the system. The most dominant 

portions of the model to the overall capacitance are the dielectric 

thickness and the electrolyte media, and including frequency-based 

effects in these two components could allow analytical prediction of 

frequency-based capacitance.  

In parallel to capacitance measurements the admittance (Gp) of the 

system was measured, and from this and the capacitance (C) 

measurements the impedance of the system can be determined. In 

addition, this impedance can be used with typically applied electric 

potentials to calculate a sample of the apparent power for actuation 

purposes. The impedance (Z) of the system can be calculated from 

Z=(sqrt(Gp
2+(jwC)2))-1, and the apparent power from P=(Vrms

2)/Z. The 

impedance and the apparent power of the three systems tested can be 

seen in Figures 6.10a, 6.10b, and 10c. The power was calculated from a 
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Vpk-pk=40 V with a duty cycle of 80 %, because it was the highest electric 

potential applied in the forthcoming electrical actuation observations.  

The thick Parylene-N samples, as seen in Figure 6.10a, had an initial 

impedance of 1.27 MΩ which increased to a peak of 13.2 MΩ at a 

frequency of 9 kHz, and decreased to 58.3 kΩ at 10 MHz. For both 

electrolyte concentrations 1 mM and 5 mM there was no discernible 

difference in impedance, except between ~200 kHz and ~2 MHz where 1 

mM displayed higher impedance. Examining the apparent power of the 

system displays a mirror trend, where a minimum apparent power of 77.4 

µVA occurred at 9 kHz and increased to 17.2 mVA at 10 MHz. Medium 

thickness Parylene-N samples, shown in Figure 6.10b, had observable 

impedance differences between 1 mM and 5 mM concentrations. The 1 

mM concentration had an initial impedance of 1.57 MΩ which increased to 

a peak of 5.65 MΩ at 5 kHz and then decreased at higher frequencies to a 

final value of 56.4 kΩ at 10 MHz. For 5 mM the initial impedance was 1.71 

MΩ which increased to a peak of 2.28 MΩ at 2 kHz and then decreased to 

a final value of 39.3 kΩ at 10 MHz. The apparent power displays a mirror 

trend, where at 1 mM the minimum apparent power of 181 µVA occurred 

at 5 kHz. The thinnest Parylene-N samples, shown in Figure 6.10c, also 

displayed distinct differences between 1 mM and 5 mM concentrations. 

However, not at initial, peak or final impedance values just throughout the 

frequency regime between the peak and final frequency. The initial 

impedance was 1.32 MΩ, the peak impedance was 4 MΩ at 2 kHz, and 

the final impedance was 45 kΩ at 10 MHz. The apparent power displays a 

mirror trend, where the minimum apparent power was 260 µVA at 2 kHz 

and the maximum was 27.2 mVA at 10 MHz.  

Overall decreasing the Parylene-N thickness caused lower 

impedance within the system, as there was less dielectric present 

between the electrodes and the electrolyte. In addition, for the two lowest 

Parylene-N thicknesses examined it was apparent that a lower electrolyte 
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Figure 6.10: Impedance of the system as a function of applied frequency, electrolyte 

concentration and Parylene-N thicknesses of a) 2145±55 nm b) 648±11 nm c) 565±7 nm. 
The power was also determined for the system for an applied potential of 40 Vpk-pk with 
an 80 % duty cycle, which represents the maximum potential applied during actuation. 
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concentration caused more system impedance, as there are less mobile 

ions present to interact with the electric field. All three systems examined 

displayed impedance peaks, which were shifted to lower frequencies as 

the Parylene-N thickness was decreased. These impedance peaks 

correspond to an apparent power trough or perhaps a location of desired 

frequency-based operation, as the required apparent power for operation 

would be significantly decreased. Should the systems examined be 

operable (significant actuation occurs) at these power troughs it would be 

suggested to actuate at these frequencies. The impedance spectra 

observed here with varying Parylene-N thickness and electrolyte 

concentration was similar in magnitude and frequency response to 

devices employing dielectric coated electrodes for impedance 

spectroscopy to determine fluidic composition [34]. 

6.5 Frequency Dependent Deformation 

Fundamental experiments were undertaken to measure hydrogel 

deformation under AC actuation, with specific focus on measuring the 

amount of strain induced and the actuation response time. The analytical 

model provided a prediction of the characteristic frequency where 

electrostatic shielding would be overcome. Two major systems were 

actuated with one above and one below the characteristic frequency, 

depending on the electrolyte concentration used. All systems were 

actuated with an AC square wave that had a DC offset equal to half the 

Vpk-pk magnitude and a duty cycle of 80 %. Three different Parylene-N 

thicknesses were used in conjunction with two electrolyte concentrations 

and varying electric potentials. Upon electrical actuation the hydrogel’s 

transient deformation was measured until final equilibrium deformation 

was reached, with the last data point in figures being the final equilibrium 

deformation position. Response times given in figures were the ten-to-
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ninety rise time or the speed of response between 10% and 90 % of the 

final equilibrium deformation.  

The first system examined was actuated at frequencies below the 

predicted characteristic frequency, with 5 mM KOH and Parylene-N 

thicknesses of 648±11 nm and 348±13 nm corresponding to characteristic 

frequencies of 302.7 kHz and 162.9 kHz, respectively. Actuation below the 

characteristic frequency still provided deformation, as seen in Figure 

6.11a, 6.11b, and 6.11c. The 648±11 nm sample was actuated at 40 Vpk-

pk, seen in Figure 6.11a, producing a maximum deformation of 26.6 µm or 

6.6 % true strain with a 14.9 second rise time at 100 kHz frequency. True 

strain was defined as δε=δtJA/tJAo or ε=ln(tJA/tJAo), where tJAo was the initial 

hydrogel jacket thickness before electrical actuation. A typical equilibrated 

hydrogel can be seen in Figure 6.12a prior to actuation, and upon 

actuation the hydrogel swells asymmetrically towards the anode shown in 

Figure 6.12b. The 348±13 nm samples were actuated at both 20 Vpk-pk and 

30 Vpk-pk to examine the effects of increased electric potential. At 20 Vpk-pk 

the maximum deformation was 16.9 µm or 5.0 % true strain with a rise 

time of 37 seconds at 100 kHz, as seen in Figure 6.11b. Increasing the 

electric potential to 30 Vpk-pk increased the maximum deformation to 21.7 

µm or 6.4 % true strain with a rise time of 30 seconds. A 50 % increase in 

the applied Vpk-pk only resulted in a 1.4 % increase in the observed true 

strain, representing a minimal increase in the electrically induced osmotic 

pressure. At both Parylene-N thicknesses deformation was observed at 

frequencies as low as 10 Hz, displaying that actuation can occur below the 

predicted characteristic frequency. For 348±13 nm Parylene-N layers 

electric potentials greater than 30 Vpk-pk were attempted; however, 

fabricated defects in the Parylene-N layer itself caused breakdown and 

consistent actuation was not achievable.  

The second system examined electrolyte concentrations of 1 mM 

KOH which had characteristic frequencies below the maximum applied 

frequency (fapp). Since fapp>fc electrostatic shield was minimized.  
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Figure 6.11: Hydrogel electrical actuation at 5 mM KOH as a function of applied 

frequencies between 10 Hz and 100 kHz with a A) Parylene-N thickness of 648±11 nm 
and 40 Vpk-pk applied potential B) Parylene-N thickness of 348±13 nm and 20 Vpk-pk 

applied potential C) Parylene-N thickness of 348±13 nm and 30 Vpk-pk applied electric 
potential. 
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Figure 6.12: Micrograph of a hydrogel between two electrodes that was A) equilibrated in 

1 mM KOH B) asymmetrically swollen towards the anode. This asymmetrical swelling 
comprises a change in the hydrogel jacket thickness, tJA, and was two-dimensional in 

nature due to confinement by a PDMS microchannel. 

 

This system was tested at Parylene-N thicknesses of 348±13 nm, 648±11 

nm, and 907±28 nm, corresponding to predicted characteristic frequencies 

of 32.6 kHz, 60.7 kHz, and 85.1 kHz, respectively. The 348±13 nm 

Parylene-N thickness was actuated at 20 Vpk-pk, as seen in Figure 6.13a. 

This actuation resulted in a maximum deformation of 95.4 µm or 17.6 % 

true strain with a rise time of 15 seconds. Even at 10 Hz there was a 

deformation of 35.1 µm or 6.8 % true strain, but with a significantly longer 

rise time of 48 seconds.  The 648±11 nm Parylene-N layer was actuated 

with 30 Vpk-pk, as seen in Figure 6.13b. At this electric potential the  
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Figure 6.13: Hydrogel electrical actuation at 1 mM KOH as a function of applied 

frequencies between 10 Hz and 100 kHz with a A) Parylene-N thickness of 348±13 nm 
and 20 Vpk applied potential B) Parylene-N thickness of 648±11 nm and 30 Vpk-pk applied 

potential C) Parylene-N thickness of 907±28 nm and 15-40 Vpk-pk potential. 
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maximum deformation was 144.5 µm or 29 % true strain with a rise time of 

11 seconds, and even at 10 Hz the deformation was 80.7 µm or 17 % true 

strain with a rise time of 12 seconds. The 907±28 nm Parylene-N layer 

was actuated from 15 to 40 Vpk-pk, as seen in Figure 6.13c, at a constant 

frequency of 100 kHz, above the fc of 85.1 kHz. At a maximum 40 Vpk-pk 

the deformation observed was 119.3 µm or 30 % true strain with a rise 

time of 4.7 seconds, while at 37.5% of the maximum Vpk-pk the deformation 

was 15.4 µm or 4 % true strain with a rise time of 37 seconds. An 

increased electric potential can significantly affect deformation and rise 

times. Increasing the applied electric potential by 167 % caused a 675 % 

increase and 703 % decrease in deformation and rise times, respectively. 

Comparing the work here to Bassett et al.’s [11], which employed similar 

geometry, shows similar deformation and rise times. At 20 V DC Bassetti 

et al. observed 120 µm deformations with a ~1 sec response time, which 

was deformation comparable to the applied 40 Vpk-pk seen in Figure 6.13c. 

This work required higher applied electric potential because of the losses 

through the dielectric layer coating the electrodes and the use of a 

frequency-based duty cycle. Bassetti et al.’s faster response time was a 

result of a stronger buffer concentration and flushing this buffer continually 

through the microchannel.  

In general, increasing the electric potential increased the magnitude 

of the osmotic pressure developed by increasing the concentration 

gradient between the hydrogel and electrolyte. This increased pressure 

directly results in both an increase in the maximum deformation and in 

most cases a decrease in the rise time responses. In addition, it was 

shown that increasing the frequency of actuation has a similar effect to 

increasing the electric potential, where deformation increased and rise 

times decreased. The effect of the actuation frequency was to disturb the 

EDL formed on the electrodes, allowing the electric potential to penetrate 
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through to the hydrogel. Thus, as the fapp was increased above fc more of 

the electric potential was able to actuate the hydrogel.  

The actuator system’s response kinetics of swelling can be 

examined through a comparison between the hydrogel’s observed 

response time and the calculated characteristic response time constants. 

These constants can be determined in response to purely chemical 

swelling with the diffusion-reaction time constant (DRT) [35], τdr, or 

combined chemo-electrical swelling with the electrodiffusion-reaction time 

constant (EDRT) [36, 37], τedr. These time constants for the mobile 

potassium ions were calculated using 
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where H is hydrogel hydration before actuation, DK
+ is the diffusion 

coefficient of potassium (1.96*10-9 m2/s), and E is the electric field 

experienced by mobile potassium ions. Examining a specific system, such 

as that in Figure 6.12B, shows an observed response time of 10.9 s for an 

applied electric field of 9.5 kV/m, with losses. The hydration of the system 

before actuation was 14.4. The calculated DRT was 12.4 s while the 

EDRT was 19 ms, a difference of three orders of magnitude. It’s clear the 

observed system kinetics can be described more accurately with the DRT, 

even though an electric field was applied. This counterintuitive result 

occurred due to the electric field value used within Eq. 11. While 9.5 kV/m 

was applied between electrodes, the bulk of the hydrogel experiences a 

lower electric field due to electroneutrality between the mobile and fixed 

ions within the hydrogel. The hydrogel-electrolyte membrane interface 

experiences higher electric fields, as mobile ions flux through this interface 
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and the equilibrium osmotic pressure is modified. Outside the interface 

region the system’s bulk kinetics are governed by diffusion of these mobile 

ions. Eq. 11 was derived assuming uniform electric fields throughout the 

hydrogel; however, that was not the case. The difference between the 

calculated DRT and observed response times could come as a result the 

inaccurate linearization assumption made during derivation of small 

changes in concentration and hydration, both experience large changes in 

this work. In addition, it’s generally assumed that the mechanical response 

of the systems occurs instantaneously compared to the chemical or 

electrochemical kinetics for gels in high pH regimes [38]; however, 

Grimshaw et al. [37] did note cases where the mechanical deformation 

lagged behind the driving chemical processes. Further experimental 

measurements of the longitudinal modulus (M) and hydraulic permeability 

(k) would be needed to determine the mechanical diffusivity, and hence 

the quantitative characteristic mechanical response time constant of 

τmech=tJA
2/(π2Mk) [36] in relation to the DRT and ERDT.  

Non-uniform fabrication of the Parylene-N coating resulted in areas 

on the electrode being thinner than the bulk coating and prone to 

breakdown, or even no coating occurring at all. When an electric potential 

was applied sufficient to breakdown the dielectric barrier electrochemical 

reactions occurred generating protons and hydroxide ions at the anode 

and cathode, respectively. An example of dielectric breakdown at 20 Vpk-pk 

can be seen in Figure 6.14, with electrochemically generated protons 

diffusing towards the hydrogel causing drastic deswelling. The protons 

combine with the negatively charged carboxyl groups attached to the 

hydrogel’s backbone, effectively neutralizing the local charge of the 

hydrogel. The neutral hydrogel then expels excess positive mobile ions 

previously maintaining electroneutrality, which effectively removes the 

osmotic pressure acting on the hydrogel. The example system was 

operated using 1 mM KOH, thus even small quantities of electrochemically 

generated protons can alter the system’s pH. In addition, any electrolysis 
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that occurs as a result of dielectric breakdown will generate bubbles within 

the microchannel, also seen in Figure 6.14. These bubbles can 

significantly alter the electric field applied to the hydrogel system, and in 

some cases cause actuation failure by entirely blocking the applied 

electric field. Deposition of a uniform Parylene-N dielectric layer thick 

enough to withstand breakdown under the applied electric potentials can 

consistently overcome the negative effects of electrochemical reactions 

and electrolysis. 

 
Figure 6.14: Chemical-based hydrogel deswelling due to dielectric breakdown of 

Parylene-N coating on planar electrodes. Hydrogen ions generated at the anode deswell 
the hydrogel by combining with the hydrogel’s carboxyl groups; while the hydroxide 
produced at the cathode was of high enough concentration to decrease the osmotic 

pressure, with both effects causing deswelling. Scale bar represents 400 µm. 

6.6 Conclusions 

Previously electrical actuation of hydrogels required the application 

of electric potentials that caused electrolysis of electrolyte, and thus 

generation of microbubbles, protons, and hydroxide ions which induced 

deswelling in hydrogel actuators and caused device failure. This work 

employs Parylene-N dielectric coated electrodes to overcome these 

operational challenges, and applies AC-frequency based electric fields to 

overcome the effects of electrostatic shielding associated with the 
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application of DC fields. To determine the appropriate characteristic 

frequency at which electrostatic shielding effects would be minimized an 

RC circuit model of the hydrogel system was developed. This circuit model 

was used to determine the time constant of the electrode-dielectric-

electrolyte interface, and thus the characteristic frequency of actuation 

which ranged from 10 kHz to 1 GHz for the range of electrolyte and 

dielectric thicknesses considered. The circuit model was verified by 

performing capacitance and impedance spectroscopy on the system, 

which showed agreement at high frequency. The total capacitance 

behavior of the system was both frequency and concentration dependent, 

effects which the current analytical model did not consider. The 

impedance of the system was also frequency dependent, dominated by 

the system’s admittance, and show impedance peaks at the lower range 

of frequencies tested.  

Using the characteristic frequency results, two major systems were 

fabricated for experimental electrical actuation. For a 1 mM KOH system, 

above its characteristic frequency, had true strains from 18 % to 30 % with 

response times from 14.7 seconds to 4.7 seconds, depending on the 

Parylene thickness and applied electric potential. The 1 mM system was 

also tested for its response to electric potential, demonstrating an 

increased actuation response as the electric potential was increased. The 

5 mM system, actuated below its characteristic frequency, had a 

maximum true strain of ~7 % and response time of 14.9 seconds. All 

systems actuated displayed deformation at all frequencies tested; thus 

even a minimal frequency can disturb electrostatic shielding, but above 

the characteristic frequency deformation and response times were 

optimum. In addition, the impedance peaks observed would correspond to 

troughs of minimal apparent power required for actuation, and depending 

on the desired actuation response could provide operational zones for 

ultra-low power applications such as portable devices. 
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Chapter 7  
 

Cyclical Electrical Stimulation of 

Hydrogel Microactuators Employing 

Parylene-N Coated Electrodes1 
 
 

7.1 Introduction 

Microfluidics research has received enormous attention in the past 

two decades, expanding our fundamental scientific understanding and 

developing devices for commercial applications. The aim was to scale 

down conventional life science methods and protocols using MEMS for 

improved accuracy, efficiency, automation, throughput, and portability [1, 

2]. Many actuating elements have been realized [3, 4]; however, they can 

have complex peripheral device requirements, high power, and high cost 

fabrication processes that hamper their widespread integration as 

microvalves and micropumps.  An alternative approach to microfluidic 

devices takes advantage of stimuli-responsive hydrogel (SRH) materials, 

which have been shown to actuate in response to pH changes [5-8], 

temperature gradients [9, 10], light [11], magnetics [12], and electric fields 

[13]. SRHs are also interesting because their response is controlled by 

diffusion (thermal or ionic) processes and thus scaling down hydrogels to 

the size necessary for MEMS integration improves their response times.  

EFSH are of particular interest because of their ease-of-integration 

with the overall systems electrical components, relatively low power 

consumption, and fast response times on the order of seconds. Previous 
                                            
1   A version of this chapter is in press. Saunders and Moussa 2013. 

Journal of Microelectromechanical Systems. DOI: 10.1109/JMEMS.2013.2268382 
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to their microactuator applications macroscale EFSH’s intrinsic expansion 

and contraction kinetics were investigated in relation to the applied electric 

field, hydrogel position with respect to the electrodes, and electrolyte 

composition [14-17]. EFSH were then investigated for their applicability as 

artificial muscles: examining a fiber’s cyclical bending response when 

subjected to an external electric field, their deformation kinetics, and 

various material compositions [18-20]. This body of research significantly 

increased knowledge of EFSH, and displayed the ability of these 

hydrogels to respond cyclically and reversibly upon modification of the 

applied electric field.  

EFSH as microactuators have previously been explored in a 

cylindrical configuration by Bassetti et al. [13], while Kwon et al. explored a 

fiber configuration for micropumping [21] and cell sorting [22]. However, 

EFSH’s operational utility has been critically hampered by electrolysis of 

electrolyte generating bubbles at applied voltages >1.23V, since these 

bubbles attenuate the applied electric field and thus restrain hydrogel 

deformation. In addition, any protons or hydroxide generated at the 

electrodes modifies the chemical structure of the hydrogel or the chemical 

osmotic pressure, respectively [13]. Recently, our group overcame these 

effects by coating coplanar electrodes with a Parylene-N dielectric layer, 

which nullified the aforementioned challenges but necessitated the 

application of AC electric fields to overcome electrostatic shielding effects 

[23]. That study examined an EFSH’s swelling response under increasing 

applied frequency and applied electric potential, displaying large 

deformation swelling and response times on the order of seconds with 

relatively low apparent power requirements. Dielectrophoretic liquid 

actuation [24] and electrostatic comb-drive actuators [25] systems have 

used similar methods of frequency-based actuation coupled with a 

dielectric barrier between the conductive media and electrodes.  

In this work, we employ AC electric fields and pulse width modulation 

to cyclically actuate electrical hydrogels on dielectrics (EHOD) to complete 
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the swelling-deswelling actuation cycle. When an anionic hydrogel was 

immersed in alkaline KOH electrolyte, a chemically induced osmotic 

pressure between the hydrogel and electrolyte was established [26]. 

Applying an electric field over this system redistributed mobile ions within 

the hydrogel and electrolyte, modifying the initial osmotic pressure and 

causing further swelling [16]. This work examined a cylindrical hydrogel 

configuration with coplanar electrodes and a constant polarity electric field, 

which caused asymmetrical hydrogel swelling towards the anode. Here 

AC frequencies were employed to overcome electrostatic shielding that 

occurred when DC electric potentials were applied. The EHOD systems 

were actuated at 100 kHz, which was above the system’s characteristic 

frequency (fc) of 85.1 kHz [23]. Above this fc electrostatic shielding would 

be minimized, and maximum electrically induced swelling would occur. A 

DC offset of half the peak-to-peak voltage was employed to ensure an 

electric field was established between electrodes. An offset larger than 

half Vpk-pk would not have allowed the Vmin to reach 0 V necessary to 

minimize electrostatic shielding, while an offset smaller than half would 

have induced reverse-polarity swelling-deswelling effects. In addition, to 

cycle the hydrogel between two swollen states a pulse width modulation 

method was employed. This method cycled between 80 % and 20 % duty 

cycle, which would cycle up and down, respectively, the Vrms being applied 

to the electrodes. As the Vrms was cycled the electrically induced osmotic 

pressure would cycle too, effectively cycling the swollen state of the 

hydrogel.  

This work examined the cycled deformation and actuation response 

times reacting to increased electric potential, for three cycles of actuation. 

For comparative purposes, cyclical actuation without dielectric coated 

electrodes was performed even though the aforementioned operating 

challenges existed. In addition, the hydration states of the hydrogels were 

measured to calculate the storage modulus and osmotic pressures of the 

hydrogels in each different system. Lastly, the conclusions section 
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examines how this work can be furthered; for three-dimensional cyclical 

actuation, by using new dielectric materials, or with alternative electrode 

configurations. 

7.2 Materials and Experimental Methods 

7.2.1 Microfluidic Chip & Hydrogel Fabrication 

Standard cleanroom and non-cleanroom processes were 

implemented to fabricate the microfluidic chips, with subsequent in-situ 

hydrogel fabrication. Coplanar electrodes were patterned starting with the 

Piranha cleaning of standard 0211 glass bare wafers, which were spin-

coated with positive photoresist, soft- and hard-baked, exposed to UV light 

under a photomask, after which the photoresist was developed. 

Metallization was performed using a planar magnetron sputtering system 

where ~10 nm Cr and ~200 nm Au was deposited. To complete the 

electrodes the wafers were placed in an acetone bath at 35oC with 

ultrasonic agitation. Six chips fit on each wafer, thus the patterned 

electrodes were diced into six sections after electrodes were developed.  

The electrodes had Parylene-N selectively deposited on them to 

serve as a dielectric barrier. To perform selective deposition, PDMS was 

mixed in a 10:1 base:curing agent ratio, degassed, poured over each chip, 

and cured at 80oC for 2 hours. Afterwards, windows were cut out of the 

PDMS with a scalpel to expose the electrodes for selective deposition of 

Parylene-N. The PDMS was peeled off and the chips were then immersed 

in A-174 silane based adhesion promotion solution, and afterwards the 

PDMS was replaced on top. Parylene-N was deposited at room 

temperature with a base pressure of 35 vacuum units using a vapor 

deposition polymerization system (SCS PDS 2012). After deposition a 

surface topography profiler (Alpha Step IQ) and an optical transparent film 

mapping system (Filmetrics F20 SS-1) were used to measure Parylene-N 

thickness.  
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Microchannels for in-situ hydrogel polymerization and electrical 

actuation were fabricated using a rapid prototyped mold and PDMS-based 

soft lithography techniques [27]. The PDMS microchannels were 

irreversibly bonded to the glass microchips using a reactive ion etcher 

(Oxford Plasmalab µEtch) at 250 mTorr, 30 W, with 80 % O2 for 25 s. 

Parylene-N etches at a rate of ~100 nm/min when exposed to oxygen 

plasma [28], thus Parylene-N coated electrodes were covered with a 

disposable piece of PDMS. Sealing at the PDMS/Glass/Parylene-N 

interface was achieved by applying a thin layer of PDMS around the edge 

of the Parylene-N with a Q-tip.  

Structural support for hydrogel actuation was achieved by in-situ 

polymerization of posts. A precursor mixture was prepared, composed of 

IBA and TEGDMA in a 9:1 weight ratio, with a 3 % weight photoinitiator of 

DMPA. The precursor was flushed down the microchannel and using a 

photomask was exposed to 365 nm UV light (EXFO Acticure 4000) for 60 

s with a wavelength specific intensity of 2.42 mW/cm2. Calibration of the 

UV intensity was performed with an ABM Mask Aligner cure-site 

radiometer, specifically measuring the 365 nm wavelength intensity. To 

remove all unpolymerized precursor mixture the microchannel was flushed 

with methanol, then with DI water, then with air, and subsequently heated 

at 30oC to drive out any remaining water vapor.  

Hydrogel precursor mixture was mixed with a composition of HEMA 

and AA in a 4:1 molar ratio, using EGDMA crosslinker at a 2 % weight, 

and 3 % weight DMPA. The microchannels were then flushed with 

precursor mixture, and using a photomask was exposed to 365 nm UV 

light at 1.21 mW/cm2 for 100 s. Unpolymerized precursor mixture was 

flushed out of the channel with methanol, and then the hydrogels were 

equilibrated with DI water for storage before testing. Hydrogels must be 

fabricated in the absence of oxygen during polymerization, otherwise 

material anisotropies are introduced due to oxygen radicals inhibiting the 

polymerization process [29]. Copolymerization with acrylic acid creates 
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bound carboxyl groups on the polymer backbone, which in a basic solution 

cause the hydrogel to be negatively charged and thus responsive to an 

applied electric field.  

The final microfluidic chip with an in-situ hydrogel can be seen in 

Figure 7.1. The width of the microchannel was 3 mm with a depth of 254 

µm. The microchannel restricts all out of plane hydrogel deformation, and 

thus the hydrogel’s volume was only a function of its in-plane dimensions. 

The cylindrical interior post and surrounding hydrogel jacket was 

fabricated with 400 µm and 600 µm mask feature sizes, respectively. The 

electrodes were 100 µm wide, and had a gap from electrode edge-to-edge 

of 2 mm. 

7.2.2 Hydrogel Hydration Testing 

The hydration state of hydrogel samples for four different potassium 

hydroxide electrolyte concentrations was tested. Hydrogels were 

fabricated within microfluidic chips, as outlined in the previous section. 

Twelve hydrogel samples were then equilibrated sequentially in 500 mM, 

50 mM, 5 mM, and 1 mM concentrations. Hydrogel samples were given 

four hours at each concentration state to ensure equilibrium was achieved. 

Hydrogel diameters were measured at their as-fabricated state, and 

each concentration specific state thereafter. Deformation was observed 

through an optical microscope (Ziess Discovery.V12) with an attached 

CCD camera (Ziess AxioCam ICc1), which used AxioVision’s Labview 

software to perform measurements. The measurement scale was 

calibrated at the measurement magnification using predefined lithography 

mask features.    

7.2.3 Cyclical Actuation Testing 

Microfluidic chips and hydrogel samples were fabricated as outlined 

previously. They were equilibrated in 1 mM, 5 mM or 50 mM potassium 

hydroxide concentrations, specific to the test being performed. They were  
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Figure 7.1: Schematic representation of the system for cyclical hydrogel electrical 

actuation (A) top view representation, highlighting the hydrogel jacket thickness observed 
during experiments (B) cross-section A-A side view, noting the Parylene-N dielectric layer 

enabling electrolysis-free actuation. 
 

given at least four hours to equilibrate, and were injected with new 

electrolyte hourly.  

Cyclical actuation of electrically stimulated hydrogels was performed 

with a system of electrical equipment, as seen in Figure 7.2. A square 

wave signal was generated with a function generator (Agilent 33220A) 
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supplied with a DC offset (Agilent E3647A) and amplified (Agilent 

33502A). Contact with the microchips contact pads was made with 

platinum tipped high voltage probes (Micralyne’s Microfluidic Tool Kit), and 

the signal was observed using an oscilloscope (Agilent DSO 2004A). 

Actuation was observed with the equipment discussed previously, which 

captured still photos at one second intervals. During cycling between 80% 

and 20% duty cycle the electric field was held constant for varied periods 

of time, which were long enough to establish that steady state actuation 

had been reached and that no change in deformation was experienced. 

The presented results contract the observed equilibrium region into one 

data point. 

7.2.4 Scanning Electron Microscopy 

To obtain micrographs of the dielectric Parylene-N layer, films were 

deposited using the techniques as previously outlined.  The microchips 

with deposited Parylene-N (but not with microchannel, etc.) were flash 

frozen in liquid nitrogen and cryo-fractured to obtain a cross-section. 

Samples were then mounted on aluminum stubs using two-sided 

conductive tape, and an ~10 nm layer of gold was sputtered on their 

surface (Denton Desk II). Imaging of samples was then performed using a 

scanning electron microscope (LEO 1400). 

7.3 Cyclical Hydrogel Actuation 

Electric field based cyclical hydrogel actuation was performed for two 

major systems: one employing dielectric coated electrodes and the other 

without dielectric coated electrodes. Hydrogel jacket thickness 

deformation was measured optically. To ascertain an approximation of the 

induced osmotic pressure, the storage modulus at the appropriate 

electrolyte concentration was determined. The sections below outline the 

experimental and analytical process to determine osmotic pressure, and 

detail the two cyclically actuated systems.  
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Figure 7.2: Testing system for cyclical hydrogel electrical actuation and subsequent 

characterization through image capture and analysis software. Main actuation 
components include: square wave generator, DC power supply, AC amplifier, and an 

oscilloscope. 

7.3.1 Hydration, Storage Modulus and Osmotic Pressure 

Cyclical electrical hydrogel actuation produced observable 

deformation; however, directly measuring the osmotic pressure generated 

by the microscale hydrogels posed significant challenges. But, combining 

the observed deformations with known hydrogel physics and dynamic 

mechanical properties from literature, an approximate calculation for 

osmotic pressure can be performed. Determining this pressure would be 

useful for comparative purposes between systems, and in designing future 

systems incorporating hydrogels for microfluidic regulation applications.  

Hydrogels under electrical stimulus undergo chemo-electro-

mechanical reaction kinetics. The electrolyte-hydrogel system’s electric 

field distribution was governed by Poisson’s Equation, which was coupled 

with the transient Nernst-Planck Equation governing mobile ion kinetics. 

These governing equations and supplementary equations are reviewed 
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elsewhere [30]. Here the mechanical response of the hydrogel and 

equations of motion are of interest.  

To begin, the hydration state of the hydrogels at decreasing 

electrolyte concentrations were experimentally measured, as outlined in 

Section 7.2.2. The static interior post diameters were also measured, and 

combining these measurements the hydration can be calculated using 

2 2

2 2
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d d
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where H is the hydrogel hydration, d is the hydrogel’s final diameter, do is 

the hydrogel’s initial diameter, and dp is the diameter of the interior post. 

The initial diameter represents the as-fabricated hydrogel diameter, and all 

hydration calculations were performed with respect to this diameter. With 

increasing electrolyte concentration, the hydrogel’s hydration was shown 

to decrease, as seen in Figure 7.3. The minimum hydration at 500 mM 

was 0.26±0.04, while the maximum hydration at 1 mM was 6.04±0.18. The 

decreased hydration results from a lower osmotic pressure, as the 

difference between mobile ions within the hydrogel and outside the 

hydrogel was lower.  

A higher hydrogel hydration also decreased the storage modulus of 

the hydrogel, as more fluidic electrolyte was present within the hydrogel. It 

was determined by Okay and Durmaz [31] that this hydration-modulus 

interaction can be analytically calculated using 
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where Eo’ is the storage modulus at an initial state, Ho is the hydration at 

an initial state, E’ is the storage modulus at the final state, and H is the 

hydration at the final state.  In this work, the initial state hydration and 

storage modulus were taken at 500 mM KOH reported from literature. All 

hydration values were taken directly from the observed measurements. 

Storage modulus values at 500 mM were taken from dynamic mechanical 

property measurements [32], performed at 0.1 Hz testing frequency as 
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that was most representative of the system being electrically actuated. It 

should be noted that all hydration measurements were made on a steady 

state system, thus the loss modulus of the hydrogel’s viscoelastic 

properties was not taken into account. The storage modulus values, both 

from literature and calculated using Eq. 7-2, seen in Figure 7.3, decreased 

as hydration increased. At 50 mM the calculated and literature storage 

modulus values were compared, and were found to differ by 11.6 %. This 

was a moderate deviation, but both averages were within each range of 

standard deviations. The slightly larger calculated storage modulus will 

result in the average calculated osmotic pressures being slightly larger. 

The maximum calculated storage modulus was 126±24 kPa at 50 mM 

while the minimum calculated storage modulus was 97±18 kPa at 1 mM 

KOH. Storage modulus instead of Young’s modulus was specifically 

targeted for Eq. 7-2 because of the cyclical nature of hydrogel electrical 

actuation in this work. While E’o within Eq. 7-2 represents linear 

viscoelastic properties, the use of Eq. 7-2 allows determination of storage 

modulus with systems experiencing non-linear strains. Eq. 7-2 has been 

previously implemented for both chemical [8] and electrical [13] non-linear 

deformation simulations, providing good agreement between experimental 

results and numerical models for cylindrical microscale hydrogels.   

Combining the analytically and experimentally determined storage 

modulus and hydration, respectively, an approximation for the hydrogel’s 

osmotic pressure can be calculated. Hydrogel swelling here represents a 

plain strain system, as no swelling occurred out-of-plane. A glass 

substrate and a relatively thick layer of PDMS over the hydrogel ensured 

plain strain deformation. In this work we only measured one-dimensional 

deformation, tJA, which was measured, as seen in Figure 7.1, at the cross-

section A-A of the hydrogel and represents the largest deformation. Thus, 

the osmotic pressure calculated will only represent the pressure at this 

point. The mechanical field governing hydrogel deformation was quasi-

static as the diffusion and migration of mobile ions were the rate limiting 
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Figure 7.3: The measured hydration of samples at four different potassium hydroxide 
concentrations. These hydration values were then combined with published storage 

modulus values to calculate the storage moduli of hydrogels immersed in weaker 
electrolyte concentrations of 50 mM, 5 mM and 1 mM KOH. 

 

physics of the electrolyte-hydrogel system. The friction factor between the 

hydrogel and substrate was neglected, and no body forces were present 

in this work. For one-dimensional quasi-static deformation the mechanical 

equilibrium, which describes the geometric non-linear deformation of the 

swollen hydrogels, can be shown as [33] 
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where σ is the Cauchy stress, Posmotic is osmotic pressure, E’ is storage 

modulus, υ is Poisson’s ratio, εx is hydrogel strain. The electrostatic 

stresses and mixing pressures were neglected here, as the system under 

consideration was dominated by osmotic pressures [13]. The hydrogel’s 

strain was represented by 
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where tJA and tJAo were the final and initial hydrogel jacket thickness after 

and before electrical actuation, respectively. True strain was implemented 
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in this work instead of engineering strain, as large deformations exist and 

this was a more accurate, and conservative, measure of deformation.  

The osmotic pressure shown in Eq. 7-3 develops at the hydrogel-

electrolyte interface. The osmotic pressure can be analytically or 

numerically determined by comparing the mobile ion concentrations within 

the hydrogel to the concentrations outside the hydrogel using [26]: 
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where R is the universal gas constant, T is temperature, ck is the 

concentration of the kth ion inside the hydrogel and ck
o is the 

concentration of the kth ion outside the hydrogel. Experimentally the ionic 

concentrations inside and outside the hydrogel cannot be easily 

determined with accuracy. Therefore, assuming the hydrogel undergoes 

no deformation at the post, and combining Eq. 7-3 and Eq. 7-4, the 

osmotic pressure at the hydrogel-electrolyte interface can be calculated 

using 
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where the initial state of the hydrogel was considered to be the as-

fabricated state, where no strains or osmotic pressure exist. At each state 

thereafter the hydrogel jacket thickness was measured.  

To determine the osmotic pressure using Eq. 7-6 from electrical 

stimulation, the osmotic pressure induced by the chemical equilibrium 

state before actuation must first be determined. Using the measurements 

from the hydration observations, the chemical osmotic pressure for 500 

mM, 50 mM, 5 mM, and 1 mM were 92.4±26.6 kPa, 361.4±78.5 kPa, 

588.6±120.3 kPa, and 635.9±128.8 kPa, respectively. These chemical 

osmotic pressures were the initial osmotic pressure before electrical 

actuation. All osmotic pressures noted within figure descriptions (Ppeak, 

Ptrough) describe electrically induced osmotic pressures above and beyond 

these chemical baselines. The strain induced by these chemical osmotic 
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pressures caused non-linear deformation. Therefore, these strains must 

be incorporated as initial pre-strain to the electrically induced strain when 

calculating the electrically induced osmotic pressure. Within this work, the 

Posmotic from Eq. 7-6 will be calculated for each system being cyclically 

actuated, at its maximum and minimum values during electrical actuation. 

7.3.2 Electric Hydrogel on Dielectrics 

Cyclical electrical actuation of hydrogels employing Parylene-N 

coated electrodes was performed at five different applied electric 

potentials, examining three cycles of actuation at each potential. To inhibit 

the generation of hydrogen and hydroxide at the electrodes and 

electrolysis of the electrolyte, the electrodes were coated with a 907±28 

nm thick Parylene-N dielectric layer. This dielectric layer necessitated the 

use of frequency-based actuation. The system’s characteristic frequency 

was 85.1 kHz and the dielectric caused an electric potential loss of ~27 % 

of the applied electric potential [23].   

Figure 7.4 displays actuation responses with applied electric 

potentials from 20 Vpk-pk to 40 Vpk-pk. As the electric field between 

electrodes was increased a larger osmotic pressure was established on 

the hydrogel-electrolyte interface, which caused a larger observed 

deformation and generally faster rise time constants. From 20 Vpk-pk to 40 

Vpk-pk the maximum true strain observed increased from 9.2 % to 29.1 %. 

The Posmotic,peak at 20 Vpk-pk was 60.6±11.6 kPa compared with 201.1±38.3 

kPa Posmotic,peak at 40 Vpk-pk. Thus doubling the applied electric potential 

had a significant impact on the osmotic pressure and deformation. Electric 

potentials larger than 40 Vpk-pk could not be implemented due to the 

electrical equipment available. However, enhanced responses above this 

potential would be expected, until osmotic pressures large enough to 

rupture the hydrogel were generated. Figure 7.5 displays the 

asymmetrically swelling towards the anode, as the cylindrical hydrogel 

was electrically actuated. This asymmetrical swelling toward the anode 

caused the hydrogel to become slightly elliptical, because swelling was  
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Figure 7.4: Electrical hydrogels on dielectrics cyclical actuation examining three cycles of 

actuation. The duty cycle was cycled between 80 % and 20 % for a total three cycles. 
The boxed numbers beside each curve represent the rise time constants for each 

transition. The Posmotic shown represent the maximum and minimum pressures over the 
entire three cycles. The electric potential were (a) 20 Vpk-pk with 10 Voff (b) 25 Vpk-pk with 

12.5 Voff (c) 30 Vpk-pk with 15 Voff (d) 35 Vpk-pk with 17.5 Voff (e) 40 Vpk-pk with 20 Voff. 
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Figure 7.5: Micrograph of a hydrogel between an anode and cathode (not shown) as (a) 

equilibrated in 1 KOH (b) asymmetrically swollen towards the anode. 
 

not uniform around the hydrogel. In addition, for the electric fields applied 

a slight deswelling was observed on the cathode side of the hydrogel. This 

deswelling was due to the electric field causing a slight decrease in the 

osmotic pressure on the hydrogels cathode side, similar to the behavior 

previously shown numerically [34]. Reversing the electric field polarity 

(switching the anode and cathode), would have caused the hydrogel to 

swell to the new-anode side and deswell on the old-anode side. This was 

also previously shown numerically by our group for a square hydrogel 

configuration with coplanar electrodes [34]. 

Please note that error bars are not shown in Figure 7.4 and other 

subsequent figures because the data represents one trial only. This was 

due to the highly labor-intensive process of extracting data from the still-

photo images. To examine the repeatability of the electrical actuation, an 

additional sample was actuated at 25 Vpk-pk, as seen in Figure 7.6. The 



241 
 

sample had a maximum true strain of 16.8 %, with rise and fall times 

between 16-20 s and 18-23 s, respectively. The peak and trough osmotic 

pressures were 113.9±216 kPa and 53.0±10.1 kPa, respectively. 

Comparatively the maximum true strain response between the two 

samples differed by ~0.6 %. The average rise times differed by 3.4 s, 

which could be attributed to the new samples larger initial jacket thickness 

causing longer diffusion pathways. In general the system response 

characteristics appeared to be repeatable provided the initial states of the 

hydrogel and fabricated dielectric thicknesses were close.  

 
Figure 7.6: Examining the repeatability of electrical hydrogels on dielectrics cyclical 

actuation.  The dashed (---) line represents data outlined in Figure 7.4(b), as compared to 
a new sample cyclically actuated with the same system characteristics. The inset 

parameters and true strain secondary y-axis refer to the new sample. 
 

While increased electric field increased the true strain response, it 

was observed that the peak-to-trough true strain response plateaued at 

higher applied voltages, as seen in Figure 7.7. In addition, the difference 

between the peak strains at each particular cycle increased as the electric 

potential was increased. Therefore, for peristaltic pumping applications, 

the cyclical actuation would be maximized and further electric field 

increases would have insignificant effect. This plateau region occurs as 
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the peak and trough deformations begin to increase at the same rate 

when electric potential was increased. In addition, the error in the peak-to-

trough true strain averaged over three cycles was largest at 40 Vpk-pk, thus 

cycle-to-cycle strain has the highest variability at the highest applied 

electric potential. It should be highlighted that the results of Figure 7.4 

were from one sample that was repeatedly tested at increasing electric 

potentials, thus displaying the robustness of the hydrogel actuator and the 

Parylene-N film. 

In general, increasing the applied electric potential decreased both 

the rise time and fall times of hydrogel swelling and deswelling, 

respectively, shown in Figure 7.8. Deswelling fall times were reduced from 

18.7±2.4 s to 9.3±1.5 s, as the electric potential was increased from 20 

Vpk-pk to 40 Vpk-pk. Swelling rise times were more complex, as initially rise 

times rose between 20 Vpk-pk and 25 Vpk-pk, but subsequently fell from 

14.5±5.8 s to 5.7±0.9 s between 25 Vpk-pk and 40 Vpk-pk. The initial increase 

in rise times could be explained by the increased swelling strain response 

requiring more time to reach equilibrium, as relatively the magnitude of 

strain was increased. Afterwards, the strain responses still increased but 

the induced osmotic pressure was large enough to compensate for the 

increased strain and rise times were decreased. For all electric potentials 

applied the deswelling fall times were slower than the swelling rise times. 

Slower fall times were expected because with an 80 % duty cycle, swelling 

was a result of applying an increased osmotic pressure, while at 20 % 

duty cycle this osmotic pressure was decreased significantly and elastic 

restoring forces from the hydrogel polymer network aided deswelling.  

The EHOD sample in Figure 7.4 was cycled 15 times in total, or 3 

cycles at each electric potential examined. At potentials ≥ 30 Vpk-pk a 

decrease in deformation in this sample was observed for successive 

cycles. Two major effects could have caused this: electrical breakdown of 

the dielectric at higher applied potential or fatigue of the hydrogel sample. 

At higher voltages the dielectric could be undergoing partial breakdown, 
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reducing its quality and subsequently decreasing the amount of electric 

field transmitted through it. The hydrogel could also be undergoing fatigue, 

since deformation occurs in the non-linear regime. Performing a fatigue 

analysis up to 100 cycles could be used to examine which factor was most 

dominant in deformation decline. Theoretically nothing limits the number of  

 
Figure 7.7: Electrical hydrogels on dielectrics peak to trough true strain response from an 

applied electric potential between 20 Vpk-pk to 40 Vpk-pk. Each point has an average and 
standard deviation based off the three peaks or troughs observed during electrical 

actuation. 

 
Figure 7.8: Electrical hydrogels on dielectrics rise times and fall times due to an 80 % or 

20 % duty cycle, respectively, for applied electric potentials from 20 Vpk-pk to 40 Vpk-pk. 
Each point has an average and standard deviation based off the three peaks or troughs 

observed during electrical actuation. 
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cycles a hydrogel can actuate; however, the fatigue of the system would 

need to be examined thoroughly to understand practical limits on cyclical 

actuation.  To the author’s knowledge, cyclical actuation of hydrogels, of 

any geometries or configurations, has only been demonstrated up to five 

cycles of actuation; therefore, further work is needed to examine many 

cycles of actuation to examine performance stability for applications such 

as micropumping or multiuse microvalves. 

The closest electrically activated hydrogel-based system for 

comparison was developed by Bassetti et al. [13]. This system had the 

same HEMA-AA hydrogel composition and very similar dimensions. For 

Bassetti et al.’s applied electric potential of 20 V DC the hydrogel 

deformed 120 µm in ~1 s. Factoring in losses through the Parylene-N 

layer and duty cycle manipulation; those results can be compared with this 

work’s 35 Vpk-pk deformation of 97.3 µm and 4 s rise time. The results are 

similar, with deviations in response time being attributed to Bassetti et al.’s 

use of a stronger 50 mM potassium buffer flowing through the 

microchannel at 0.5 ml/min, which would have enhanced mobile ion flux. 

The difference in deformations could be attributed to higher osmotic 

pressures established due to the stronger buffer solution or differences in 

the hydrogel’s mechanical properties.  

Comparing the electrically actuated system to other hydrogel-based 

systems highlights this system’s enhanced performance. Kim et al. 

performed pH-based cycling of a hydrogel rod with a critical dimension of 

2 mm, and found a typical cycle time of ~ 2 hours [6]. De et al. performed 

pH-based cycling of cylindrical 150 µm diameter hydrogels, and found a 

typical cycle time of ~28 minutes [8]. Richter et al. thermally cycled 

135±15 µm spherical particles, observing valve switching times from 35 to 

5 s depending on the ratio of particle volume to chamber volume [9]. The 

hydrogel’s within this work were ~1100 µm in diameter when swollen with 

a ~400 µm interior post, thus significant room exists to further scale down 

these hydrogels to optimize response time for a specific application.  
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Previously, macroscale large aspect ratio rectangular prisms or 

cylindrical rods were electrically actuated cyclically for applications as 

artificial muscles or fingers. However, these systems were open to 

atmosphere to ventilate bubbles generated by electrolysis. Some 

researchers observed irreproducible actuation with 3V applied where 

bending angle or contraction was irregular or systematically declined [18, 

19], while others achieved reproducible cyclical bending with 15 V applied 

and response times on the order of seconds [35]. The system described in 

this work had a reproducible response at applied voltages up to 40 Vpk-pk 

with response times on the order of seconds.  

The pressure generated by this system was also of a magnitude 

useful for 3D microfluidic regulation. Liu et al. developed a 3D pH-based 

microvalve that had a maximum 185 µm of deformation, which translated 

into ~56 kPa of pressure applied to a flexible membrane [7]. The 

maximum osmotic pressure developed in this work was 201.1±38.3 kPa at 

40 Vpk-pk with corresponding maximum deformation of 119 µm, which if 

harnessed appropriately could be applied in a configuration similar to Liu 

et al.   

There was ~27 % applied electric potential attenuated within the 

Parylene-N dielectric layer coating the electrodes [23], further optimization 

of this layer could significantly enhance actuation performance.  Figure 7.9 

shows a micrograph of Parylene-N deposited on the surface of a gold 

electrode, which displays non-uniformity over the surface. Areas of larger 

thickness would attenuate the electric field even more than analytically 

calculated, while areas of lower thickness would be more susceptible to 

electric breakdown. The film in Figure 7.9 was deposited at 35 vacuum 

units, while previous attempts were deposited at 75 vacuum units but the 

films were found to breakdown at larger applied electric potentials or with 

repeated testing. One method to further improve performance would be 

fabrication of ultrathin Parylene-N layers, which are uniformly closed and 

able to withstand breakdown. Rapp et al. [36] fabricated Parylene-C layers 
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which were closed down to 35 nm. Experiments would need to be 

undertaken to determine if Parylene-N could have the same closed 

structure at similar thicknesses. Parylene-C was previously attempted 

here too, but its dielectric breakdown threshold and sensitivity to 

frequency were inadequate compared to Parylene-N. Another method to 

improve actuation performance would be to substitute the Parylene-N 

layer with another dielectric material of similar or better dielectric 

properties, that can be fabricated thinner. Low voltage electrowetting-on-

dielectric researchers have been exploring this problem through the use of 

multilayer systems [37, 38]. Specifically, Lin et al. developed a system 

combining a 120 nm thick sputtered insulator of tantalum pentoxide 

(Ta2O5) with a 200 nm thick Parylene-C coating and a 70 nm hydrophobic 

coating CYTOP, which still had an acceptable breakdown voltage of 60 V 

[39]. Further optimization of the EHOD system would bring performance 

closer to electrical hydrogel actuation without dielectrics, as shown in the 

next section.  

The apparent power required for this system’s operation can be 

estimated based off a similar system, one that had a thinner 648±11 nm 

Parylene-N layer [23]. This system had the same geometries; however, for 

all cases in the work presented here the AC frequency was 100 kHz with a 

907±28 nm Parylene-N layer. Operating at 80 % duty cycle the apparent 

power of this system at 40 Vpk-pk and 20 Vpk-pk could be estimated at ~1.79 

mVA and ~0.45 mVA, respectively. The exact apparent power value would 

be slightly lower, due to the increased thickness from the literature’s work 

compared to the thickness implemented here. An increase in thickness 

was shown to increase the impedance of the system, and hence decrease 

apparent power. Operating at 20 % duty cycle would require ~12.5 % of 

the apparent power, as the Vrms would be reduced by half.  
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Figure 7.9: Parylene-N vapor deposited on a gold electrode, showing surface 

roughness that promote attenuation or the applied electric field. The measured thickness 
was 907±28nm, but observations show increased surface variations that could be larger 

than this measured error. 
 

Also, operating at lower frequencies was shown to significantly 

reduce power consumption, and still provided a measure of actuation even 

though electrostatic shielding effects were still present [23]. The system 

examined here could be cyclically actuated using lower frequencies, 

provided the specific application was achieved with less than optimal 

actuation pressures and deformations.      

As previously mentioned, the hydrogel jacket thickness was 

measured from post to hydrogel-electrolyte interface, which could have 

induced a measurement error into the data. Within this work, 

measurement error was quantified as the visible thickness of the hydrogel-

electrolyte interface itself, thus at 1 mM, 5 mM, and 50 mM, the 

measurement error was ±10 µm and at 500 mM or as-fabricated ±5 µm 

(due to a sharper boundary edge). This error was factored into the error in 

hydration, storage modulus, and osmotic pressure. An alternative 

technique for strain measurements could have been microscopic particle 

image velocimetry [40], but these particles must not influence 

polymerization or materials properties. Future work will examine out-of-
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plane deformation employing a laser doppler vibrometer to increase 

accuracy. 

7.3.3 Electric Hydrogel without Dielectrics 

For comparative purposes hydrogels were electrically actuated 

without dielectric coated electrodes, and instable and stable actuations 

were found to exist. The system required modifications to the previous 

experimental set-up: electrolyte was continually flowed down the 

microchannel to wash away generated bubbles, the anode was positioned 

downstream so no protons generated contacted the hydrogel, and 

electrolyte concentrations stronger than 1 mM were used to allow higher 

storage modulus hydrogels. In addition, platinum electrodes were used 

instead of chrome-gold electrode so that no electrochemical degradation 

of the electrodes occurred during actuation. 

Figure 7.10 shows the unstable cyclical actuation of hydrogels 

without dielectrics at applied electric potentials of 10 Vpk-pk and 25 Vpk-pk. 

The unstable deformation was a result of bubbles within the microchannel, 

both: decreasing the applied electric field influencing the hydrogel-

electrolyte system and inhibiting the generation of a larger osmotic 

pressure at the hydrogel-electrolyte interface. Figure 7.11 shows an 

electrically stimulated hydrogel with a microchannel full of bubbles as they 

were washed through the channel. In Figure 7.11 there was a minimum 

amount of bubbles stuck or surrounding the hydrogel, because of the 

channel flow. Contrary to the hydrogel shown in Figure 7.5 the EFSH in 

Figure 7.11 experienced swelling on both the anode and the cathode side 

of the hydrogel. This cathode side swelling occurred because the applied 

electric field was strong enough to cause an increase in the osmotic 

pressure, whereas in the EHOD case the hydrogel experienced a slight 

cathode-side deswelling.  
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Figure 7.10: Unstable cyclical actuation of electrical hydrogels without dielectrics. The 

applied electric potential was (a) 10 Vpk-pk with 5 Voff (b) 25 Vpk-pk with 12.5 Voff. 
 

Comparing the results of Figure 7.10(A) with Figure 7.4(B) highlights 

the significant increase in both the strain response and the osmotic 

pressures generated with no dielectric. At 25 Vpk-pk, not employing a 

dielectric layer increased the electrically induced osmotic pressure 

generated by ~396 % and subsequent true strain by ~370 %, even though 

the response was highly unstable. This contrast highlights how the system 

with dielectric coated electrodes could be improved, should the dielectric 

layer be optimized to maximize the transmission of the applied electric 

field. These two systems were also actuated in difference electrolyte 

concentrations. The stronger concentration, as in Figure 7.9(A), had a 

lower chemical equilibrium osmotic pressure of 361.4±78.5 kPa compared 

to the 1 mM osmotic pressure of 635.9±128.8 kPa. Hence an applied  
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Figure 7.11: Electrically stimulated hydrogel without dielectric coated electrodes (a) at 
equilibrium (b) actuated showing electrolyte flowing through the microchannel washing 

away the bubbles and bubbles surrounding the hydrogel. 
 

electric field would modify the lower pressure to a larger extent; however, 

this effect would be minimal compared to the extra electric field applied to 

the system by actuating without a dielectric layer. 

Two modifications were made to achieve stable electrical actuation 

without dielectrics: reduction of the electrolyte concentration to 5 mM as 

less electrolysis occurs at lower concentrations, and decreasing the rate of 

electrolysis that does occur by applying a maximum electric potential of 10 
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Vpk-pk. Stable cyclical actuation can be seen in Figure 7.12, with applied 

electric potentials of 5 Vpk-pk and 10 Vpk-pk. Applied electric potentials larger 

than 10 Vpk-pk were attempted but the osmotic pressures generated were 

large enough to cause rupture of the hydrogel, as reducing the electrolyte 

concentration from 50 mM to 5 mM decreased the storage modulus, seen 

in Figure 7.3.  

Figure 7.13 shows the rise times, fall times, and true strain results 

observed for stable cyclical hydrogel actuation without dielectric coated 

electrodes. True strain was moderately increased with increased electric 

potential, but more significant was the reduction in both the rise times and 

fall times during actuation.  The decreased rise times were a direct result 

of larger osmotic pressure being generated, while the decreased fall times 

were due to a larger elastic restoring force caused by the hydrogels higher 

relative strain.  

Cyclical actuation was performed for 4 and 5 cycles, seen in Figure 

7.12(A) and Figure 7.12(B), respectively, which was higher than the 3 

cycles for EHOD. This was to examine hydrogel fatigue after one or two 

more cycles. The samples did experience some decrease in deformation, 

but this was not significant even though the true strain response was over 

40 %. Therefore the decrease in deformation observed for EHOD samples 

could be due to the presence of more induced defects in the dielectric 

layer. However, a thorough fatigue analysis of the hydrogel and dielectric 

layer would be needed to quantify any performance degradation.  

Overall, cyclical actuation of hydrogels without the use of dielectric 

coated electrodes provided larger true strains and osmotic pressures than 

the system employing dielectric coated electrodes. However, these 

systems are highly unstable and required specific configurations for 

continued operation. Should an appropriate configuration be found for a 

microvalve or micropump application the system would still require an 

external syringe pump to flow electrolyte down the microchannel. This 

external component (and associated power requirements) significantly 
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Figure 7.12: Stable cyclical actuation of electric hydrogels without dielectrics. The applied 

electric potential was (a) 5 Vpk-pk with 2.5 Voff (b) 10 Vpk-pk with 5 Voff. 

 
Figure 7.13: Average rise times, fall times, and true strain for stable cyclical electrical 

hydrogel actuation without dielectric coated electrodes, due to an 80 % duty cycle 
induced swelling or 20 % duty cycle induced deswelling at 5 or 10 Vpk-pk. Each bar is an 

average of all cycles observed. 
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hampers the systems portability and thus the compatibility with a full lab-

on-a-chip device. Unless the intended application can support these 

external components, optimization of the system employing dielectric 

coated electrodes would move its performance closer to the performance 

specifications outlined in this section. 

7.4 Conclusions and Future Work 

The results presented within this work demonstrate the viability of 

cyclical microactuation of hydrogels employing dielectric coated electrodes 

at various applied electric potentials. The response time of the system was 

on the order of seconds, much faster than non-electrical hydrogel 

stimulation and comparable with other electrical stimulation. The main 

system described here does not suffer from electrolysis of electrolyte or 

require any external components for operation (other than an electrical 

power supply), thus it could be integrated directly into lab-on-a-chip 

systems for microfluidic regulation.  

Cycling the duty cycle between 80 % and 20 % was shown to be an 

effective method to control the hydrogel’s actuation response. Duty cycles 

between 99% and 1 %, and anything in between, could theoretically be 

employed to induce actuation. However, duty cycles should be large 

enough to ensure that an electric field strong enough be applied to actuate 

the hydrogel. The duty cycles chose here were the limits of the electrical 

equipment available.  

Comparing the systems with and without dielectric coated electrodes 

shows the difference in osmotic pressure and deformation developed. This 

comparison highlights the future performance potential of the EHOD 

system, provided the dielectric layer can be optimized to minimize any 

electric field attenuation.  

Actuation of the cylindrical hydrogel between coplanar electrodes 

would always generate asymmetrical actuation towards the anode. 

Symmetrical actuation could be induced by modifying the electrode 
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configuration to include a circular anode surrounding the hydrogel, with a 

small interior cathode aligned to the hydrogel center. Employing dielectric 

coated electrodes allows this enhancement, whereas before the hydroxide 

generated at the cathode would deswell the hydrogel.  

The pressures generated at the higher applied voltages were also 

comparable with pH-based 3D microvalve configurations. Thus, hydrogels 

in this system to be used for out-of-plane actuation by deforming a flexible 

membrane to inhibit fluid flow. Multiple single cells could also be aligned 

over a microchannel, and operated with a cascading electrical signal, to 

generate peristaltic pumping.   
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Chapter 8 
 

General Discussion and Conclusions 

 

 

8.1 Overview and Summary 

This thesis presents the successful development of an electrically 

stimulated hydrogel microactuator that can be cyclically actuated by 

employing AC frequencies and Parylene-N coated electrodes. During this 

development various interconnected novel achievements were 

demonstrated, which include:  

 The first effective cyclical microactuation of hydrogels through the 

application of pulse width modulation at increasing electric field 

magnitudes to generate a maximum true strain of ~27% with 

response times less than 10 seconds. This work was reviewed and 

disseminated in the Journal of Microelectromechanical Systems [1].  

 Analytical prediction of the previously unknown characteristic AC 

frequency to promote maximum electrical hydrogel actuation, and 

subsequent successful prototype demonstration of microactuation 

between frequencies of 10 Hz to 100 kHz. This work was reviewed 

and disseminated in Sensors and Actuators B: Chemical [2].   

 Characterization of the HEMA-AA hydrogel’s dynamic mechanical 

properties between cyclically straining frequencies of 0.1 to 10 Hz, 

and with a wide variety of fabrication parameters. This investigation 

quantified a large range of storage moduli from ~10 kPa to ~1.7 
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MPa. This work was reviewed and disseminated in the Journal of 

Polymer Science B: Polymer Physics [3].  

 The first numerical investigation of the hydrogel’s response to a 

reversed electric field polarity. The examination focused on the 

electrical and chemical field dynamics that occur during chemical or 

electrical stimulation, which underlie the normally observable 

deformation. This work was reviewed and disseminated in the 

Journal of Computational and Theoretical Nanoscience [4].  

 In parallel to the aforementioned major achievements the hydrogel 

microactuator had its electrically induced osmotic pressure 

analytically calculated [1], the microactuator system had its 

impedance and apparent power characterized [2], and the general 

morphology of the fabricated hydrogels was investigated [3].  

Demonstration of cyclical electrical hydrogel microactuation was 

performed by employing duty cycles of 20 % and 80 % at electric field 

magnitudes up to 20 kV/m [1]. These conditions generated a maximum 

true strain response of ~27 % with rise and fall response times under 10 

seconds. Upon further investigation a plateau in the peak-to-trough true 

strain response was also observed at higher applied electric fields, as the 

absolute maximum and minimum deformation began increasing together 

at the same rate. Comparing the system with Parylene-N coated 

electrodes to that without Parylene-N highlighted the differing 

performance, as the maximum true strain response peaked above 50 % at 

a fraction of the applied electric field.  

The characteristic AC actuation frequency was analytically predicted 

by modeling the entire hydrogel-electrolyte-dielectric system’s capacitance 

[2]. The overall capacitance was primarily a function of the electrolyte 

regions, hydrogel regions, and dielectric layers, while the characteristic 

frequency was dominated by the dielectric layer over the electrodes. The 

characteristic frequency was investigated at varying electrolyte 



260 
 

concentration and dielectric thicknesses, and operational regions were 

identified where experimental microactuation was possible. 

The swelling true strain and response time of the hydrogel 

microactuator, as a function of the applied AC frequency, was 

characterized for two systems, one below and one above the 

characteristic frequency [2]. It was demonstrated that operating above this 

frequency provided adequate performance for microactuation. In addition, 

it was observed that the hydrogel still underwent swelling at lower 

frequencies, displaying that even a minimal AC frequency will partially 

disturb the induced electric double layer and its electrostatic shielding 

effects. These less-optimum actuation states could be beneficial for ultra-

lower power operation, as it was found that apparent power has a 

minimum between 1 to 10 kHz.  

To examine the effect of cyclical deformation on the hydrogel’s 

dynamic mechanical properties the relationship between storage modulus 

and loss modulus was examined for a range of testing and fabrication 

conditions [3]. The degree of hydrogel swelling was shown to significantly 

affect this relationship, causing a higher loss modulus with increased 

swelling. However, the storage modulus of all hydrogels tested was 

dominant over loss modulus effects, generally by one order of magnitude. 

The tested hydrogel also had their morphology examined through 

scanning electron microscopy to observe the changes in the hydrogel’s 

morphology as a result of the various environment and fabrication 

conditions. 

The theoretical basis for cyclical electrical hydrogel actuation was 

also initially examined through numerical modeling of the chemo-electro-

mechanical response [4]. This numerical modeling investigated chemical 

swelling, electrical swelling, and reversed electric field polarity induced 

cyclical actuation. The response was shown to be theoretically fully 

reversible, with the deformation performance and response kinetics 

dominated by the magnitude of electric fields and hydrogel critical 
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dimensions, respectively. This modeling also provided insight into the 

transient chemical and electric field dynamics that were responsible for 

generating the osmotic pressure.  

To provide a knowledgebase background for the works above two 

reviews of research literature were collaboratively performed. One 

examined the equations systems available for numerical modeling of 

chemical and electrically stimulated microscale hydrogels-based systems 

[5], and is available in Appendix A-1. Another overviewed the different 

actuation mechanisms for stimuli sensitive hydrogels, their mechanical 

characterization, and the different prototype systems hydrogel’s have 

been incorporated within [6].  

8.2 Future Work 

The demonstrated successful electrical stimulation of hydrogel 

microactuators, without the negative effects of electrolyte electrolysis and 

electrochemical reactions, provides multiple new research pathways. 

These pathways can be developed to optimize the current system or apply 

the developed principles to new systems.  

I. Symmetric Swelling. Throughout this work the hydrogel 

underwent asymmetric swelling towards the anode. The 

configuration of the examined system could potentially be 

modified to promote symmetric radial swelling and deswelling. 

This could be performed by using a circular outer electrode 

surrounding a cylindrical hydrogel, combined together with a 

circular inner electrode positioned at the center of the hydrogel. 

This could potentially generate an osmotic pressure 

symmetrically around the hydrogel, and hence cause 

symmetric deformation. In addition, this electrode configuration 

would have a shorter electrode gap causing higher electric 

fields than generated in this work with the same electric 
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potential range. These higher electric fields would further 

promote a higher strain response and shorter response times.  

II. Dielectric Coatings. The dielectric layer implemented within the 

experimental studies was Parylene-N, which was deposited 

between 300 nm to 1 µm. Further optimization of this dielectric 

layer could significantly enhance performance, as contrasted 

by experiments in Chapter 7. A uniform and defect-free 

Parylene-N layer of 100 nm thickness would be preferential to 

reduce the characteristic actuation frequency and reduce 

electric field losses. This Parylene-N thickness has been 

previously fabricated in literature, but its microfabrication was 

not achievable in this work. Furthermore, it has been 

demonstrated for electrowetting on dielectric systems that 

alternative dielectric materials are available which uniformly 

cover electrodes at thicknesses of <100 nm. Incorporation of 

one of these alternative dielectrics within the system could 

potentially replace Parylene-N to provide lower characteristic 

frequencies and improve actuator performance. This reduction 

in the characteristic frequency would also extend the range of 

electrolyte concentrations that could be used within the system. 

III. New Hydrogel Materials. A significant number of electrically 

stimulated hydrogel compositions were previously tested. While 

the majority is not amenable to photopolymerization, those that 

are could provide alternative material compositions for 

substitution in the system examined here. A better hydrogel 

material would be one that can withstand larger induced 

osmotic pressures without rupture, operate in air at relatively 

low applied electric potentials, or perhaps be electrically active 

in both alkaline and acidic solutions. However, should a better 

alternative be found, it would also need to have its dynamic 
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mechanical properties characterized to further perform any 

analytical analysis or numerical modeling.  

IV. Out-of-plane Actuation. The system examined in this work was 

mechanically constrained to in-plane actuations. This system 

could be modified to produce out-of-plane actuations by 

replacing one constraining surface with a flexible membrane. 

Upon electrical stimulation the hydrogel experiences 

multidirectional osmotic pressure, which would then deform the 

flexible membrane. This technique was previously implemented 

for pH stimulated hydrogels for microvalving and for 

thermosensitive hydrogel for microvalving and micropumping. 

This configuration would require an appropriate balance 

between the membrane’s elastic restoring force and the 

applied pressure from the hydrogel to generate an adequate 

magnitude of actuation. This configuration could also build off 

the aforementioned future research pathways to produce a 

microactuator with highly competitive performance.  
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Appendix A-1 

 

Modeling Theories of Intelligent Hydrogel 

Polymers1 
 

A-1.1 Introduction   

Numerical modeling of the volume transition mechanism of the 

intelligent polyelectrolyte hydrogels has recently received a lot of interest 

from researchers.  The drive to reduce the cost associated with and time 

required for prototyping and optimization has caused this interest.  Multiple 

theoretical models are available for numerical simulations, with the 

predominant models for simulating hydrogels being presented here.  The 

papers is outlined as follows, a brief review of hydrogel composition, 

stimulation methods, swelling/deswelling mechanisms, and applications is 

given in Section A-1.1.  In Section A-1.2, the numerical models based on 

the theories of thermodynamics, multiphasic mixtures, transport, and 

molecular dynamics are discussed.  The review is then concluded in 

Section A-1.3. 

A-1.1.1 Hydrogel Composition 

Hydrogels are composed of a three dimensional cross-linked 

polymer network. The polymer chains are interconnected through 

crosslinks and are immersed in aqueous solution [1, 2].  The polymer 

                                            

1 A version of this chapter has been published. Saunders, Abu-Salih, Khaleque, 
Hanula, Moussa 2008. Journal of Computational and Theoretical Nanoscience. 5(11): 
1942-1960.  
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network may be hydrophilic and/or hydrophobic [3]. The hydrophilic 

components cause the hydrogel to swell, whereas the hydrophobic 

components control the swelling of the gel as well as the mechanical 

properties [4]. Temperature sensitive hydrogels are characterized by the 

presence of hydrophobic components, and the swelling/deswelling of 

temperature sensitive hydrogels can be varied by changing the ratio of 

hydrophobic and hydrophilic components [5, 6]. There are generally 

ionizable basic or acidic groups attached to these polymer chains, with 

some of these ionizable groups dissociating completely and others 

dissociating partially in solutions [1, 7]. Anionic hydrogels have negative 

ions which are bound to the polymer network, shown in Figure A-1.1, while 

cationic hydrogels have fixed positive ions, seen in Figure A-1.2, and 

neutral hydrogels contain the same amount of both positive and negative 

fixed ions.  It is generally assumed that neutral hydrogels have a nearly 

identical concentration distribution of fixed ions throughout the polymer 

matrix.  Hydrogels are considered super absorbent because they can 

absorb large amounts of surrounding water or solvent upon stimulation.  

The amount of water absorbed by the hydrogel depends on the balance 

between the stimuli induced osmotic pressure and the inherit elastic 

restoring force of the polymer network.  For large values of elastic 

restoring force the gel absorbs, comparatively, less water than for lower 

values. The composition of hydrogels varies with the polymerization 

monomer composition that are used to fabricate hydrogels [8]. The most 

general structure of a hydrogel consists of backbone monomer, 

crosslinking co-monomer, electrolyte co-monomer, and solvent [9]. Based 

on the types of bonding that exists between the polymer chains, hydrogels 

can be classified as physical gels or chemical gels. In physical gels the 

polymer chains are held together via polymer chain entanglement or non-

covalent bond with the attractive forces induced by the hydrogen bonding 

or hydrophobic forces. In chemical gels the polymer chains are bound to 

each other by covalent bonds [8].  
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Figure A-1.1:  Structure of an anionic hydrogel 

 

 

Figure A-1.2:  Structure of a cationic hydrogel 

A-1.1.2 Hydrogel Stimulation Methods 

Hydrogels react to a wide range of external stimuli, including but not 

limited to pH [10], temperature [11], solvent composition [12], enzymes 

[13], electric fields [14], and light [3].  A volume change, in the form of 

volume expansion or contraction, is usually accompanied by these stimuli 

methods.  The elapsed time for volume transition significantly depends on 

the stimulation methods, from milliseconds with electrical stimulation [15] 

to hours using visible light [3].  The stimulus is usually only mechanism 

that facilitates the volume transition of the hydrogel structure. In other 

words, an electric field will cause a pH gradient to be established, which 

will cause osmotic pressure to buildup on the hydrogel’s boundary 



268 
 

surfaces, leading to a volume transition.  Each specific stimulation method 

has a different mechanism leading to the hydrogel volume transition 

response, with the most common mechanisms being discussed in the 

following section. 

A-1.1.3 Hydrogel Swelling/Deswelling Mechanism 

Hydrogels react to a variety of external stimulus, with each stimulus 

invoking a different mechanism causing the phenomena of volume 

transition.  This section reviews the stimulation methods of pH, electric 

field, temperature, visible light, and grafted enzymes, and their associated 

mechanism for volume transition. 

 The swelling and deswelling of hydrogels due to a pH change is 

reversible and repeatable [10, 16-18]. pH sensitive hydrogels have either 

acidic and/or basic groups bound to their polymer chains, referred to 

herein as cationic and anionic hydrogels, respectively.  At high pH the 

acidic groups of anionic hydrogels deprotonate and at low pH the basic 

groups protonate [18, 19]. As the pH of the surrounding solvent changes, 

an ion concentration gradient is established between the inside and 

outside of the gel.  This gradient causes diffusion of mobile ions into and 

out of the hydrogel, and most importantly causes an osmotic pressure to 

be established on the surface of the hydrogel.  This osmotic pressure, 

expanding or compressing the hydrogel, causes the desired volume 

transition.  Anionic hydrogels swell at high pH, with the ionic composition 

depicted in Figure A-1.3, while cationic hydrogels swell at low pH [10, 20].  

Swelling of the hydrogel induces elastic restoring forces within the polymer 

network, which eventually balances the osmotic pressure, resulting in an 

equilibrium gel state. The degree of swelling/deswelling within a  hydrogel 

depends on the osmotic pressure generated, induced by the concentration 

gradient of mobile ions, and the elastic restoring force. This restoring 

elastic force plays a significant role for balancing the osmotic pressure in 

order to place the hydrogel in an equilibrium state [1, 7]. 
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Figure A-1.3:  Hydrogel swelling mechanism due to chemical (pH) stimulation. 

 

Hydrogels swell, shrink, and bend in response to electrical stimulus 

using a very similar mechanism as that described for pH stimulus.  The 

major difference, and advantage, between electrical and pH stimulations is 

that in the former one the electrical field migrate the mobile ions to set-up 

a ion concentration gradient through hydrogel and solution mediums [14, 

15, 21, 22].  This ionic migration diffusion is much faster than the unforced 

diffusion based processes that depend on the pH difference between the 

interior and exterior of the hydrogel structure.  The ionic gradients 

established can also be much larger than that provided by pH stimulation 

[23], which causes a larger osmotic pressure to be established resulting in 

faster response times [15].  In addition, reversing the polarity of the 

electric field reverses the concentration gradients, and subsequently 

causes the osmotic pressures previously established to act in the opposite 

direction.  This easy and fast switching of a hydrogels volume transition 

can be exploited for a variety of applications. 

 Temperature sensitive hydrogels contain both hydrophobic and 

hydrophilic groups bound to their network. They undergo volume changes 

(swelling/deswelling) either at lower critical solution temperature (LCST) or 

upper critical solution temperature (UCST) [6, 16, 24, 25]. Temperature 

sensitive hydrogels are classified as negatively temperature sensitive, 
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positively temperature sensitive and thermally reversible hydrogels [6, 16, 

25]. Negatively temperature sensitive hydrogels deswell as the 

temperature of their buffer increases above the LCST. On the other hand, 

positively temperature sensitive hydrogels deswell as the temperature 

decreases below the UCST [5, 6, 16, 25]. The degree of temperature 

sensitivity of hydrogels depends on the temperature dependency of the 

hydrogen bonding and hydrophobic interactions. In case of lower 

temperatures within negatively temperature sensitive hydrogels the 

hydrogen bonding of water molecules is strong near the hydrophobic 

polymer chains. This lowers the mixing free energy and increases the 

solubility of polymer chains in water, and as a result the hydrogel swells. 

But, at higher temperatures the hydrogen bond becomes weak and the 

hydrophobic interaction is dominant and the gel shrinks [10, 26, 27]. Also 

as the temperature increases the hydrophilic/hydrophobic balance of the 

polymer network is disturbed, leading to dehydration and the gel shrinks 

[5]. 

  Light sensitive hydrogels are classified as UV light sensitive and 

visible light sensitive hydrogels [3, 6].  Some UV light sensitive hydrogels 

contain a UV light ionizable molecule, leuco cyanide [3, 6, 28].  Upon 

irradiation of UV light the leuco cyanide ionizes and cyanide ions cause an 

increase in osmotic pressure and the gel swells.  Visible light sensitive 

hydrogels contain chromophore, and when exposed to visible light the 

chromophore absorbs light and then dissipates as heat.  As a result the 

temperature of the gel increases which results deswelling of the gel similar 

to the temperature sensitive hydrogels [3, 29, 30]. 

 Enzymes have also been grafted onto the hydrogel’s polymer 

backbone, which act to catalyze the breakdown of specific molecules.  

This breakdown changes the internal equilibrium inside the hydrogel 

causing stimulation. For example, the detection of a lethal 

organophosphorus (OP) pesticide using hydrogels bonded with 

organophosphorus hydrolase (OPH) enzyme has been studied [13]. The 
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OPH breaks down OP into ionic compounds and a pH change occurs after 

which the hydrogel undergoes measured phase transition with incredible 

sensitivity. 

A-1.1.4 Hydrogel Applications 

Hydrogels have been implemented in a diverse range of applications 

suitable to utilize their unique properties.  The ability of hydrogels to 

adsorb large volumes of surrounding solvent that is coupled with their 

response to the pH, electrical, or temperature stimulation, encouraged 

researchers to implement these hydrogel materials in microvalves and 

micropumps devices.  In addition, due to the large percentage of solvent 

retention surrounding an interior polymer matrix, degradable hydrogels are 

suitable hosts for the growth or regeneration of tissues.  These hydrogels 

can also encapsulate drugs for site specific delivery.  Moreover, the ability 

to fabricate hydrogels stimulated by biological or inorganic molecules 

allows them to sense a very wide range of materials with increasing 

sensitivity. 

Hydrogels have been found to act as chemo-electro-mechanical 

actuators, as they simulate the behavior of muscles [31, 32].  One of the 

first microvalve designs incorporating hydrogels was published by Beebe 

et al.. A three-dimensional pH sensitive hydrogel microvalve which was 

isolated from the regulated fluid, and an in-plane pH sensitive hydrogel 

microvalve was proposed for fluidic regulation [33].  An anatomic venous 

valve was mimicked, and contributed to a pH responsive bi-strip in-flow 

hydrogel microvalve [34].  A temperature sensitive and electronically 

controllable in-flow hydrogel microvalve was studied by Richter et al. [35] 

who later developed an automatic microvalve based on the original design 

[36].  Lee et al. designed a pH sensitive hydrogel used as a microvalve 

and pH feedback sensor, which allowed for fluidic based regulation of pH 

[37].  Optically sensitive hydrogels were fabricated and used as an in-flow 

T-valve composed of gold colloid/nanoshell particles which responded to 

specific wavelengths of light [38].  A microvalve incorporated into a 
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cassette for DNA detection and amplification [39] using a thermally-

activated in-plane hydrogel microvalve was designed by Wang et al. with a 

swollen hydrogel controlling fluidic movement [40].  There are many more 

different microvalves based on resistance based valves, hydrogel jacket 

valves, hybrid hydrogel membrane valves, electrically triggered valves, 

and biomimetic valves [41].  A pH and temperature sensitive hydrogel was 

used as a clutch mechanism for the control of a micromixer driven by an 

external rotating magnetic field, which was further engineered to act as a 

rotary micropump [42].  Moreover, pH and electrically stimulated hydrogel 

micropumps have also been developed for fluidic movement at the 

microscale.  One configuration was created by Eddington and Beebe 

incorporating an array of pH sensitive hydrogels.  These cylindrical 

hydrogels swell and deflect a thin membrane building up channel 

pressure, which is subsequently released through the deactivation of a pH 

sensitive hydrogel microvalve [43].  Two hydrogel check valves  used in 

conjunction with a pneumatic actuator have been completed by Kim et al. 

which acts like a micropump, and allows delicate biological material such 

as fibroblast cells to be pumped [44].  In addition to valves and pump, and 

due to the locomotive action of hydrogels, there are biologically inspired 

hydrogels which have path-controlled linear locomotion, which mimic 

snake like or snail like movements [45]. 

Hydrogels unique structure also lend themselves to drug delivery 

applications, regeneration and growth of tissues, and formation of unique 

bio-active hydrogel hybrids.  Hydrogels have aided in regeneration and 

repair of tissues through drug delivery to the eye [46], lungs [47], skin [48, 

49], neurons [50-52], bone [53], and cartilage [54].  Another drug delivery 

technique incorporates a hydrogel shell immunologically isolating donor 

islet cells, which then may be used as replacement therapy for Type I 

Diabetes [55, 56].  Biocompatible and biodegradable [53] hydrogels have 

also been engineered as scaffold material.  Through a synergy of drug 

delivery and cell adhesion markers [57], hydrogels imitate the real extra-
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cellular matrix of tissue [58].  Skeletal [53, 59], nerve [60], and cartilage 

tissue [61] have been regenerated successfully using various 3-D scaffold 

systems.  The evolution of computer aided 3-D organ printing [62] is now a 

first step for engineered tissues which could be used to replace or repair 

failing organs.  For a review of 3-D skeletal tissue organ printing 

incorporating hydrogels (see Fedorovich, N. E. et. al. 2007) [63].  Some 

interesting organs that have been grown are implantable bio-artificial livers 

[64] and cardiac muscle tissue [65].  Hydrogels have also been utilized as 

an antibacterial material through the fabrication of a hybrid hydrogel, 

which incorporated different sizes of silver nanoparticles [66].  A thorough 

review on composite aqueous microgels was written by Pich and Adler, 

and gives an overview of recent advances in synthesis, characterization 

and applications [67].  Many stimuli-sensitive microgels can self-assemble 

with custom tailored properties and synthetic and biological molecules,  a 

comprehensive  review has been written by Xu and Kopecek [68]. 

In addition to hydrogels uses as actuating components or as 

components for biological regeneration and repair, hydrogels have 

interested researchers as components within sensing systems.  Hydrogels 

are unique in that they react, through swelling or deswelling, to a range of 

external stimuli.  A hydrogel can be fabricated to respond to a wide variety 

of stimulus.  A reversibly antigen-responsive hydrogel [69], responds to 

various buffer solutions in response to a specific antigen and its 

corresponding antibody grafted to the polymer network.  Microcantilevers 

have also had their surfaces functionalized using hydrogels for high 

sensitivity pH measurements [70]. Humidity actuated sensors [71] have 

been fabricated, some in the microscale with reversible switching 

responses on the order of 60 ms [72].  A fluorescent thin-film hydrogel 

incorporating a two-component sensing system based on viologen boronic 

acid and a fluorescent dye, immobilized in a hydrogel, measure 

fluorescence via fiber optics in order to sense glucose concentration [73].  

Enzymatic breakdown of specific molecules allow for the detection of a 
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lethal organophosphorus (OP) pesticide.  Hydrogels bonded with 

organophosphorus hydrolase (OPH) enzyme break down OP into ionic 

compounds and a pH change occurs after which the hydrogel undergoes 

measured volume change which can be measured with incredible 

sensitivity [13].  There are many more applications for bioresponsive 

hydrogel that are reviewed thoroughly by Ulijn et al. [74]. 

A-1.2 Hydrogel Theory 

The four models reviewed for simulating the swelling/deswelling 

phenomena of polyelectrolyte hydrogels are thermodynamics, multiphasic 

mixture, transport, and molecular dynamics, which are discussed in the 

following sections 2.1, 2.2, 2.3, and 2.4, respectively. 

A-1.2.1 Thermodynamic Models 

During the last three decades many thermodynamic models were 

proposed to predict the swelling and deswelling response of ionic hydrogel 

polymers. In these models the total free energy of the polymer-solvent 

systems is mainly assumed to be the sum of: mixing, elastic and ionic free 

energies. Where, mixing free energy is due to the mixing process of the 

hydrogel network chains with the solvent molecules, the elastic free 

energy is a contribution due to the elastic response of the network chains, 

and the free ionic energy emanates from the attachment of charged ions 

to the network chains [11, 75-83]. Most of these thermodynamic models 

are based on the Flory’s work [75, 77] and are proposed with the following 

assumptions [75, 77, 84]:  

 The total free energy is assumed to be linear with the independent 

mixing, elastic and ionic free energies. 

 The network chains are weakly crosslinked and therefore the 

Gaussian model [75] can be implemented in the elastic free energy 

contribution. 
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 The elongation and contraction of a single chain is assumed to be 

proportional to the expansion and contraction of the overall 

hydrogel structure, the so called affine assumption.  

 The mobile and fixed ions confined in the hydrogel structure 

together affect and determine the ionic free energy of the system.  

 In most thermodynamic models the osmotic pressure is assumed to 

be dependent on the concentration difference of the ionic species 

inside and outside the hydrogel. 

The chemo-electro-mechanical responses (swelling and deswelling) 

of hydrogels is enforced and determined by the so called osmotic 

pressure, which is related to the change of the total free energy and is 

given by [75, 84] 

ionelamix
tot

tot V
 




                           (A-1.1) 

where V is the hydrogel volume. mix , ela  and ion are the osmotic 

pressures associated to the change in the mixing, elastic and ionic free 

energies, respectively. The osmotic pressure mix is given by the Flory-

Huggins polymer solution theory as [75]: 
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1

)1ln(  
V

RT
mix                           (A-1.2) 

where R, T, V1 and   are the universal gas constant, temperature, molar 

volume of the solvent, and the polymer-solvent interaction parameter, 

respectively.    is the volume fraction of the hydrogel and therefore 1  

is the volume fraction of the solvent.  The polymer is considered to be 

quite soluble when   is less than 0.5 and insoluble when   is greater 

than 0.5.   can be related to the solubility parameter difference between 

polymer and solvent and so can be estimated from tables [75] and used to 

design a gel with actuator properties in any solvent combination. The 

interaction hydrogel-solvent parameter   assumed to be dependent on 

the composition as well as on the temperature (at constant pressure) in 
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order to capture the volume transition of hydrogel [75, 77, 85]. For this end 

  is appropriately expressed empirically by [75, 77] 

 2
321                            (A-1.3) 

where the constants i  are function of temperature. In general, the third 

and higher order terms are neglected and the previous equation is 

reduced to the following linear relation [77] 

 21                                      (A-1.4) 

In order to satisfy the critical condition for neutral hydrogel volumes 

transition, i.e. swelling and deswelling, the two parameters 1  and 2  

should be equal to 1/2 and 1/3, respectively.  

The osmotic pressure related to the elastic free energy is given by 

[75, 77, 84] 
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where cN and 0 are the average number of segments in the network 

chain and the polymer volume fraction at the initial state, respectively. The 

elastic free energy that gives rise to the elastic part of the osmotic 

pressure is based on the Gaussian chain model that is derived from the 

rubber elasticity theory. The Gaussian model is a simple model and can 

be easily employed in thermodynamic models, but applicable only for 

hydrogels which are not highly crosslinked. In case of highly crosslinked 

hydrogels the non-Gaussian model should be used [86-88]. Several 

expressions for describing the volume transition of non-Gaussian polymer 

network have been proposed in the literature [81, 86, 89-91].  

The osmotic pressure that is derived from the contribution of the 

ionic groups to the change in the total free energy is given by [75, 84] 
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fRT
                                        (A-1.6) 

where f and rV  are the charge density of the hydrogel and the molar 

volume of the polymer monomer. The linear relation of the total osmotic 
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pressure expression with the ionic group term is valid when the number of 

ionic groups on each network chain is small [75, 77].  In the presence of 

salt buffer the osmotic pressure is modified to include the effect of non-

uniform distribution of the mobile ions. The osmotic pressure term which 

includes such effect is given by [92, 93] 

  saltelectrolet CVK 112                              (A-1.7) 

where saltC  is the concentration of the salt and K is the Donnan coefficient 

of the mobile ions inside and outside the hydrogel. This Donnan coefficient 

is calculated by 
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The total osmotic pressure is the sum of Eqs. A-1.2 to A-1.7 and is 

equal to zero at the equilibrium steady-state. 
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The volume fraction   at the equilibrium state is calculated using the 

previous equation.  The model of equilibrium swelling behavior of 

copolymer hydrogels containing monoprotic acid moieties was proposed 

by Caykara et al. [80, 94, 95]. 

 The equilibrium swelling model of Flory is based on the Flory-

Rehner equation and the osmotic pressure which is calculated from the 

difference of the concentration of mobile ions due to the ionic charges 

using the Donnan theory [75-77, 92, 96, 97]. However this model was 

criticized by Katchalsky and Michaeli [98], who claimed that the 

electrostatic interactions between charged ions have a significant 

contribution on the swelling behavior of ionic gel and should not be 

ignored. This electrostatic interaction term in the free energy was taken 

into account by Fomenko et al. [99, 100].  

 Although Flory’s theory was criticized by researchers such as Hasa 

and Ilavsky [101-104] many studies have proposed osmotic pressure in 
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which the electrostatic repulsive force was not considered [105]. The 

effect of the charge distribution on the swelling behavior of ionic gels was 

investigated by Ogawa et al. and they concluded that their results could 

not be explained in term of osmotic pressure [105]. However, Baek et al. 

proposed a model in which the osmotic pressures concept and the 

electrostatic interaction are replaced with a specific form of the free energy 

of the system. This specific term includes the free energy changes due to 

the change of the concentration of ionic species [96, 106]. The free energy 

of polyampholytic hydrogels that were considered by English E. Antony 

consist of four terms: mixing, elastic, translation and coulombic free 

energies [76]. However Kramarteno et al. added the free energy gained 

from ion pairing and the combinatorial entropy of distribution of 

counterions between three possible states [107]. In some other models 

the free energy of the system assumed to a probability distribution function 

of different states [108].  

 Despite of the simplicity of thermodynamic equilibrium models they 

still do not give good quantitative results [7]; however, they do allow 

qualitative insight into hydrogels behavior, as shown in Table A-1.1.  Most 

of these thermodynamic models rely on the assumption that different 

terms of free energies are independent.  This summation relation is 

questionable because all the energy terms depend on the configuration of 

mesh chain, and therefore, should be connected by the nature of the 

hydrogel structure.  In addition, many of the input parameters in the model 

are difficult to be determined experimentally and are often adjusted to fit 

the hydrogel equilibrium behavior.  Most of the thermodynamic models are 

formed to capture the equilibrium steady state; therefore, they are not 

employed to predict the transient chemo-electro-mechanical response of 

hydrogels.   Furthermore, the thermodynamic model does not inherently 

simulate very large deformations of hydrogels, due to the Gaussian chain 

model employed.  Researchers looking for microscale simulation of 
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hydrogel volume transition are suggested to review other numerical 

models. 

Table A-1.1:  Advantages and disadvantages of the thermodynamics model for simulating 
hydrogel volume transition. 

Qualitative 
Agreement 

Quantitative 
Agreement 

Min. Scale 
Modeled 

Transient 
Analysis 

Equilibrium 
Analysis 

Large 
Deformations 

Thermo-
dynamics Yes No Macroscale No Yes ?? 

 

A-1.2.2 Multiphasic Mixture Theory 

Multiphasic mixture models assume that the physical environment 

examined can be divided into two or more phases, each with its own 

specific governing equations.  These multiple phases include; an 

incompressible solid phase, an incompressible fluidic phase, and an ionic 

phase which consist of anions and cations.  To define the transient volume 

transition of polyelectrolyte hydrogels a triphasic mixture theory was 

formulated.  Triphasic mixture theory was derived from biphasic mixture 

theory [109-116].  Biphasic mixture theory was formulated to study the 

volume transition of articular cartilage, and does not include an ionic 

phase.  The base biphasic confined compression model [110] was 

systematically modified to include; non-linear permeability [109], non-

linear strain dependant permeability [111], unconfined compression [112], 

the effect of concentrations [113], and unconfined compression including 

the effects of concentration and creep [114].  The biphasic model was 

then examined using finite element analysis for linear confined 

compression [115] and then later for non-linear confined compression 

including strain-dependent permeability [116].  However, these biphasic 

models were not adequate for examining articular cartilage when the total 

solute concentration within the tissue was allowed to change.  Therefore, 

a third phase was introduced to include the contributions of miscible 

solutes (mobile cations and anions, and fixed anions or cations) within the 

solid and liquid phases [117], which became the basis for triphasic mixture 

theory. 
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 Triphasic mixture theory incorporates the contributions from an 

incompressible solid, an incompressible fluid, and miscible solutes (mobile 

and fixed anions and/or cations), and was first formulated by Lai et al. 

[117].  The first triphasic model examined equilibrium free and confined 

swelling where Donnan osmotic pressure and bulk chemical expansion 

contributed to swelling.  This initial model was then expanded to include 

transient swelling, with the capability of predicting all field variables within 

the articular cartilage when subjected to either a mechanical and/or a 

chemical load [118].  Lai et al.’s triphasic theory was implemented to 

examine; a 1-D steady permeation of hydrated tissue subjected to an 

applied mechanical pressure and/or osmotic pressure [119], 1-D ion-

induced deformation of soft charged tissue using a simplified version of 

Lai et al.’s equations [120], unconfined compression of an intervertebral 

disc using finite elements [121], the swelling of soft tissues modeled as 

poroelastic materials [122],  multivalent ionic phases [123], stress-

relaxation behavior of hydrated charged tissue in a 1-D confined 

compression state [124], 1-D confined compression of charged hydrated 

tissue using a simplified triphasic theory which expresses the ionic 

concentrations and chemical expansion stress as a function of the 

chemical energy and electrostatic energy [125], respectively, 1-D finite 

element confined compression and free swelling model using modified 

electrochemical/chemical potentials [126], the mechano-electrokinetic 

behavior of charged hydrated tissues with multi-electrolytes resulting from 

mechanochemical, electrochemical, and electrical forces [127], 1-D steady 

state and transient mechano-electrochemical behavior of charged 

hydrated soft tissue accounting for streaming and diffusion potential [128], 

three 2-D plain strain models using radial basis functions to solve the 

triphasic governing equations [129], 2-D steady state behavior of a 

hydrogel strip subjected to an external electric field [130], the effect of 

fixed charge density and tissue hydration on the permeability and creep 

behavior of cartilaginous tissues [131], an unconfined compression model 
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which explicitly incorporates the fixed charge density, diffusion potential 

and streaming potential [132], and dynamic unconfined compression of 

charged soft tissue containing uncharged solutes [133]. 

 Li et al. [134, 135] composed a comprehensive triphasic mixture 

theory based on the previous theories by Lai et al. [118, 128], Mow et al. 

[124], Hon et al. [125], Gu et al. [123, 127], Sun et al. [126], and Zhou et 

al. [130].  Li et al.’s triphasic mixture theory mathematically formulated the 

constitutive governing equations for charged hydrated tissues and 

hydrogels which included three distinct phases.  These three phases 

include: a solid phase, an interstitial liquid phase, and an ionic species 

phase denoted by s, w, and k (k = 1, 2, … , nf , where nf is the total 

number of mobile ionic species considered), respectively.  Li et al.’s model 

assumes that ions flow, osmosize, and redistribute within porous media 

that is subjected to an externally applied electric field.  The governing 

equations are derived starting with the saturation condition: 
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                                (A-1.10) 

where   (α = s, w, k) are the volume fractions of the solid polymer 

network, miscible liquid phase, and ionic species, respectively, and nf is 

the total number of mobile ionic species.  Since   and   are small in 

magnitude compared to s  and w  the saturation condition can be written 

as 1s w   .  In addition, assuming infinitesimal deformation [130] we 

obtain: 
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          (A-1.11) 

where 0
s  is the solid phase volume fraction at the reference configuration 

and E is the elastic strain vector of the solid phase.  

 The law of conservation of mass requires that the velocities of the 

solid, liquid, and ionic phases must satisfy the continuity equation: 
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             (A-1.12) 

where t is time,   is the apparent mass density of phase α, and υα is the 

velocity vector of phase α.  The apparent mass density    of the solid 

and liquid phases (α = s,w) are equal to T
   , where T

  is the true mass 

density of phase α.  The apparent mass density of the ionic species is 

given by k k k k w
T kc M     , where ck and Mk are the concentration and 

molar weight of the kth ionic species, respectively.  Eqn. A-1.12 can then 

be rewritten as follows: 
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   (A-1.13) 

Through the summation of Eqn. A-1.13, and by substituting in the 

saturation condition we obtain: 

 w s w s                   (A-1.14) 

The fixed charges on the polymer backbone must also satisfy the law of 

conservation of mass, given by: 
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where cf is given by: 
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where 0
fc  and 0

w  are the concentration of fixed charges and the water 

volume fraction at the reference configuration, respectively.  

 Now the momentum equations for the mixture, water, and ionic 

phases are given by Eqns. A-1.17, A-1.18, and A-1.19, respectively, as 

follows: 

0σ                 (A-1.17) 
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where σ  is the mixture stress vector,   is the chemical potential of 

phase α (w or k), f   is the frictional coefficient between   and   

phases.  The frictional coefficient f   is equal to f .  In addition, the 

frictional coefficients skf  and kjf  can be neglected in comparison with the 

frictional coefficients wsf  and wkf  [130].  Through the summation of Eqns. 

A-1.18 and A-1.19, we obtain 
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The constitutive equations for the mixture, water, and ionic phases 

are given by Eqns. A-1.21, A-1.22, and A-1.23, respectively, as follows: 

( ) 2σ I E I Es sp tr                (A-1.21) 
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where p is the osmotic pressure, 0
  is the chemical potential of phase   

at the reference configuration, R is the universal gas constant, T is the 

absolute temperature, wB  is the coupling coefficient, F is Faraday’s 

constant,   is the electric potential, k  is the osmotic coefficient of the 

kth ion, k  is the activity coefficient of ion k, and zk is the valence of the 

kth ion.  s  and s  are the Lame coefficients of the solid matrix. 
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 Now by substituting Eqns. A-1.22 and A-1.23 into Eqn. A-1.20, we 

obtain: 

   1 ( )Es s w k k k k
ws w

k k

f p RT c F z c B tr               
    (A-1.24) 

and by implementing Eqn. A-1.14, we can obtain the displacement of the 

solid phase, us, as follows: 
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The diffusion equation for ionic species k is given by: 
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where Jk is the flux of ionic species k, rk is the source term from the 

chemical reaction of molecules.  Typically the flux of an ionic species k 

can be expressed by: 

k k k k k
k k

F
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RT
                     (A-1.27) 

Substituting Eqn. A-1.27 into A-1.26, and neglecting the chemical 

reaction term, we obtain the convection-diffusion to determine the ionic 

concentration ck: 
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The convection-diffusion equation relies on the determination of the 

electric potential throughout the domains, which is given by the Poisson 

equation: 
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where r  and 0  represent the relative permittivity and permittivity of free 

space, respectively.   

 Overall, the triphasic mixture model composed by Li et al. consists 

of the momentum equation, Eqn. A-1.17, complemented by the 

constitutive equation, Eqn. A-1.21 to determine the solid matrix 

displacement, the continuity equation to calculate the osmotic pressure, 

Eqn. A-1.25, the convection diffusion equation for determination of the 

ionic concentrations Eqn. A-1.28, and the Poisson equation, Eqn. A-1.29, 

used to calculate the electric potential distribution. 

 The constitutive equation set derived by Li et al. have been; 

implemented to study 1-D swelling of a hydrogel strip subjected to an 

external electric field [136], reformulated to account for large deformations 

within a finite element model studying articular cartilage curling [137],  

extended to study 2-D steady-state swelling of a hydrogel subjected to an 

external electric field [138], and non-dimensionalized and expanded to 

simulate the 1-D transient swelling of a hydrogel strip within an electric 

field [139, 140]. 

 Multiphasic mixture models give good qualitative and quantitative 

agreement with experimental results, as highlighted in Table A-1.2, with 

some characteristic numerical verification experiments performed by Sun 

et al. [126] and Gu et al. [131].  In addition, mixture theory has 

successfully modeled macroscale hydrogels undergoing transient chemo-

electro-mechanical response to stimulus.  However, since infinitesimal 

deformation was assumed to formulate the model, the model is inherently 

limited in simulating the very large deformations that some hydrogels 

experience. 

 

 

 

 



286 
 

Table A-1.2:  Advantages and disadvantages of the thermodynamics and multiphasic 
models for simulating hydrogel volume transition. 

Qualitative 
Agreement 

Quantitative 
Agreement 

Min. Scale 
Modeled 

Transient 
Analysis 

Equilibrium 
Analysis 

Large 
Deformations 

Thermo-
dynamics Yes No Macroscale No Yes ?? 

Multiphasic 
Mixtures Yes Yes Macroscale Yes Yes One Model 

 

A-1.2.3 Transport Models 

Transport equations for numerically modeling chemically and 

electrically stimulated polyelectrolytes were first implemented by 

Grimshaw et al. [141] to study the swelling of polymethacrylic acid 

(PMMA) membranes.  Chu et al. used simple transport equations to model 

the behavior of pH stimulated hydrogels [7].  Wallmersperger et al. also 

used simple transport equations to model the transient behavior of 

electrical and ionic properties within a hydrogel [142], extending the model 

later to include the structural forces applied to the hydrogel membrane [9]. 

A coupled chemo-electro-mechanical (deemed MECpH) was composed 

by Li et al. [143-145] to simulate hydrogels swelling.  The MECpH model 

was later implemented using the Meshless Hermite-Cloud Method [146] 

by; Li et al. [147] to determine the influence of buffer concentration of the 

equilibrium swelling, Wang et al. [148] to model a cylindrical hydrogel 

within a microchannel, and Ng et al. [149] to investigate how the initial-

fixed charge density effects equilibrium swelling of a hydrogel.  The 

MECpH model was later reformulated by Lam et al. [150] to account for 

large deformations and electrical stimulus. 

 A comprehensive transport model for pH stimulated hydrogels was 

composed by De et al. [1, 19], and furthered for electrically stimulated 

hydrogels by Bassetti et al. [15], the composite of which is presented here.  

The models composed by De et al. and Bassetti et al. were based on the 

previous work of Nussbaum [151], Grimshaw [152], Grimshaw et al. [141], 

Chu et al. [7], Wang et al. [153], and Wallmersperger et al. [142]. 



287 
 

 Poisson’s equation governs the applied electric field, and ensures 

that contributions from mobile and fixed ions are accounted for 

 0
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e k k f f
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F c z c z  


       
 
       (A-1.30) 

where 0  and e  are the dielectric constant of vacuum and the effective 

dielectric constant of the hydrogel, respectively.    is the intermembrane 

electric potential, F is the Faraday constant, kc  is the intermembrane 

(hydrogel interior) concentration of the kth ionic species, kz  is the valence 

of the kth ionic species, fc  is the intermembrane concentration of the fixed 

ions, and fz  is the valence of the fixed ions.  The ͞  denotes a quantity 

within the hydrogel membrane.  The effective dielectric constant of the 

hydrogel can be determined using the following equation [154]: 
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where p  is the dielectric constant of the polymer, w  is the dielectric 

constant of water, and   is porosity of the hydrogel.  The concentration of 

the fixed ions is given by [155]: 
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where H is the hydration of the hydrogel, s
moc  is the initial concentration of 

the fixed ionic groups in the dry gel, and AK  is the dissociation constant of 

the fixed acidic groups.   

 The distribution of all the ionic species within the hydrogel and 

surrounding fluid can be determined with the following chemical field 

equations.  The continuity equation governs the flux of ionic species 

throughout the hydrogel membrane and surrounding solution, and is given 

for the hydrogel by: 
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where the flux, k , of the kth ionic species is given by: 

k k = -D k k k k kc z c c U                 (A-1.34) 

where kD  is the intermembrane diffusivity of the kth ionic species, k  is 

the intermembrane ionic mobility of the kth ionic species, and U  is the 

area-averaged fluid velocity through the hydrogel relative to the hydrogel’s 

polymer network.  The porosity of the hydrogel is given by [155]: 
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The intermembrane diffusivity can be determined from the diffusivity 

in aqueous solution using Eqn. A-1.36, as follows [155, 156]: 
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From the ionic mobility in aqueous solution the diffusivity can be 

calculated using the Einstein relationship [157], developed from Einstein’s 

work on Brownian motion : 
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where k  is the ionic mobility of the kth ionic species in aqueous solution, 

R is the universal gas constant, and T is temperature.  By combining 

Eqns. A-1.33 and A-1.34, the intermembrane flux of the kth ionic species 

can be evaluated by: 
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 The consideration of hydrogen ions requires some special 

modifications to Eqn. A-1.38, as hydrogen ions are also found bound to 
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the migrating buffer ions and bound to the acidic groups on the polymer 

chain backbone. The continuity equation for hydrogen ions is given below: 

     1
b

H H HB

H HB

Hc Hc Hc
H

t

  
     


    (A-1.39) 

where Hc  is the intermembrane concentration of hydrogen ions, b
Hc  is the 

intermembrane concentration of hydrogen ions bound to the fixed acidic 

group found on the polymer chain backbone, HBc  is the intermembrane 

concentration of hydrogen ions bound to the migrating buffer ions, and 

HB  is the flux of the intermembrane hydrogen ions bound to the buffer 

ions. The concentration of hydrogen ions bound to the fixed acidic groups 

can be evaluated using: 
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where Tc  is the total concentration of buffer ions found within the hydrogel, 

given by the total concentration of mobile buffer ions plus the buffer ions 

bound to the hydrogen ions ( T B HBc c c  ) , while BK  is the dissociation 

constant of buffer.  The intermembrane concentration of hydrogen ions 

bound to the fixed acidic groups can be determined by: 
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The intermembrane flux of the hydrogen ions bound to the buffer 

ions is proportional to the flux of the hydrogen ions, as governed by the 

following: 
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where HBD  is the intermembrane diffusivity of the hydrogen ions bound to 

the migrating buffer ions, and HB  is the flux of hydrogen ions bound to the 

migrating buffer ions.  Combining Eqns. A-1.39 and A-1.34 with Eqns. A-
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1.42, A-1.40, and A-1.41 yields the continuity equation for intermembrane 

hydrogen ions:  
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 The structural equations dictating the displacement of the hydrogel 

polymer network are obtained by starting with the equations of motion: 
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where   is the density of the hydrogel, u  is the calculated displacement 

of the polymer network, f  is the viscous damping parameter between the 

polymer network and the solution,   is the stress tensor, and b  is the 

body forces acting on the hydrogel.  Generally the body forces acting upon 

and the frictional forces within the hydrogel are neglected.  In addition, the 

displacement of the hydrogel occurs much quicker than the flux of the 

mobile ions; therefore, the inertial terms are not dominant and motion can 

be considered quasi-static, and the structural field can be given by: 

0      (A-1.45) 

Isolating the x-component of Eqn. A-1.45 yields: 
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where xx  is the normal stress on the x-plane in the x-direction and xy  is 

the shear stress on the x-plane in the y-direction.  For a plane strain 

condition, the x-component of the normal stress can be given by: 
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where E is Young’s Modulus of the hydrogel, υ is Poisson’s Ratio of the 

hydrogel, xu  is the x-component of the polymer network displacement, yu  

is the y-component of the polymer network displacement, osmoticP  is the 

osmotic pressure, electrostatic  is the electrostatic stress.  The shear stress of 

the x-component is given by: 
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where G is the shear modulus of the hydrogel.  Combining Eqns. A-1.46, 

A-1.47, and A-1.48 gives the x-component of the mechanical field 

equations as follows: 
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The osmotic pressure can be calculated using the calculated 

concentrations from the chemical field equations: 
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where n is the number of mobile ionic species contributing to the osmotic 

pressure, kc  is the intermembrane concentration of the kth mobile ionic 

species, 0
kc  is the extramembrane concentration of the kth mobile ionic 

species.  The electrostatic stress can be determined using the following 

[154]: 
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where 0k  is a material property dependent on the distribution of fixed 

charges within the polymer network and the network’s geometry.  The 

Young’s Modulus of the hydrogel polymer network also varies with 

changing hydration and shear modulus as follows [158]: 
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where Eo and Ho are the initial Young’s Modulus and hydration, 

respectively, of the hydrogel.  E  is the change in Young’s Modulus 

associated with a change in the shear modulus, and is calculated from the 

following: 
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where G  is the change in the Shear Modulus of the hydrogel due to a 

changing hydration or a varying electric field, and is given by the following: 
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where   is the Clausius-Mossotti function [159], which is a function of the 

relative dielectric constant of the polymer matrix and solvent.   The 

hydration of the hydrogel can be determined by the following equation: 
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where fV , sV , tV  are the volume of fluid, solid, and total volume, 

respectively, within the hydrogel polymer network.  x  and y  are the x- 

and y-components of strain within the hydrogel polymer network.  The 

density of the hydrogel can be determined from the following [160, 161]: 
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where so  and w  are the density of the undeformed solid gel and the 

density of water, respectively.   

 Overall, the transport equations composed of the work by De et al. 

and Bassetti et al. consist of; Poisson’s equation, Eqn. A-1.30, to 

determine the electric field distribution of the hydrogel and surrounding 

solute, the Nernst-Planck equation, Eqns. A-1.38 and A-1.43, to calculate 
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the ionic concentrations within the hydrogel and surrounding solute, and 

the equations of motion, Eqn. A-1.49, to evaluate the hydrogel’s 

displacements.  These three governing equations are directly coupled and 

are complemented by the appropriate supplementary equations. 

 Transport models have been found to accurately model the 

qualitative and quantitative behavior of hydrogels subjected to both 

chemical and electrical stimulation, as displayed in Table A-1.3.  A few 

characteristic experiments carried out on hydrogels were performed by 

Grimshaw et al. [141], De et al. [1, 19], and Bassetti et al. [15].  In addition, 

transport models have been validated [15], to accurately simulate the 

behavior of microscale hydrogels subjected to an external electrical field.  

This highlights the diversity of using transport theory, and allows 

researchers simulating hydrogels on the microscale to accurately design 

and optimize their devices.  Furthermore, both the transient and 

equilibrium responses of hydrogels can be simulated for hydrogels 

undergoing very large deformations.  Transport theory incorporates many 

material non-linearities that help account for large deformation of the 

hydrogel’s polymer network.  

Table A-1.3:  Advantages and disadvantages of the thermodynamics, multiphasic, and 
transport models for simulating hydrogel volume transition. 

Qualitative 
Agreement 

Quantitative 
Agreement 

Min. Scale 
Modeled 

Transient 
Analysis 

Equilibrium 
Analysis 

Large 
Deformations 

Thermo-
dynamics Yes No Macroscale No Yes ?? 

Multiphasic 
Mixtures Yes Yes Macroscale Yes Yes One Model 

Transport Yes Yes Microscale Yes Yes Yes 

 

A-1.2.4 Molecular Simulations 

Molecular simulations are an excellent complement to micro and 

macroscale simulations and experiments, giving atomistic insight into 

hydrogel swelling and deswelling.  Many variations of molecular models 

exist for simulating the interactions within a hydrogel.  Models pertaining to 
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the swelling and deswelling of hydrogels were examined and are outlined 

below.  

   A Gibbs-ensemble molecular dynamics (MD) simulation was 

executed to study the swelling of a model network in contact with three 

coarse-grained solvents (s1, s6, s12) within the high pressure regime at 

supercritical temperatures [162].  It was found that the swelling ratio of the 

model network is decreased when the chain length of the solvent 

increases. 

 A discontinuous MD model was combined with the MC simulation 

technique to study the swelling of athermal, continuous-space, near-

perfect, trifunctional polymer network immersed in an athermal hard-

sphere solvent [163].  This novel theory performed extremely well at 

predicting the gel packing fraction at swelling equilibrium, and fairly well at 

predicting the solvent fraction.  This model implemented a simple 

theoretical approach which captured the main features of gel swelling. 

 Nick and Suter combined Widom’s particle-insertion method with 

the thermodynamic-integration approach within MD simulations to 

determine the excess chemical potential of water in dense, amorphous 

polymer  BPA-PC and PVA microstructures [164].  This method was found 

to be applicable for calculation of the excess chemical potential in water 

for a variety of polymers, allowing for an estimate of the polymer’s water 

sorption behavior. 

 Lu and Hentschke performed a MD-Widom test particle simulation 

investigating swelling of a polymer network contacting a Lennard-Jones 

one-site solvent under subcritical and supercritical conditions, which 

simultaneously calculated the particle motion and solvent particle 

concentration [165].  Increasing temperature or pressure under subcritical 

conditions causes the polymer network to shrink; under intermediate 

supercritical conditions the swelling ratio obtains a maximum, which shifts 

to higher supercritical temperature and pressures with the increase of 
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temperature or pressure; under the highest supercritical conditions the 

network swells monotonically with increasing temperature and pressure.  

 Gilra et al. used Monte Carlo simulation incorporating the 3-D bond 

fluctuation model to examine the deformation of end-linked polymer 

networks where uniaxial expansion and contraction was induced by 

varying the wall-polymer potential [166].  At high volume fractions the 

network and athermal linear chain P-V behaviors were similar; in addition 

at large deformations the elastic chain dimensions were non-Gaussian 

and Gaussian in the direction of and perpendicular to, respectively, the 

direction of deformation. 

 A MD-particle-transfer method was employed to study the swelling 

of a model polymer network by a short chain solvent, which utilized 

Rosenbluth’s sampling method to determine the solvent chemical 

potentials [167].  The Flory-Huggins mean field model was implemented to 

extend the available model data, whose data can be implemented beyond 

or between simulation results; however, for the larger solvents studied 

model improvement could be required. 

 Lu et al. concluded a series of papers by examining the swelling of 

polymer networks with varying cross-link densities in contact with a one-

site or six-site solvent through the implementation of MD utilizing the 

Widom test particle and Rosenbluth sampling for calculating solvent 

chemical potential [168].  For all cross-link densities the one-site solvent 

was in excellent qualitative agreement with theory, while the chain-like 

solvent only had partial qualitative agreement. 

 Monte Carlo simulations were performed on a cross-linked 

polyelectrolyte gel composed of a charged defect-free network 

represented by explicit counterions and linked charged beads[169].  For 

the polyelectrolyte gel, non-ionic polymer gel, and several partially or fully 

degraded gels the pressure-density relationships were determined, and 

the polyelectrolyte gel showed a large swelling capacity. 
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 Cross-linked polyelectrolyte gels were investigated by means of MC 

simulations which incorporated charged defect-free 3-D polymer networks 

with diamond-like topology and explicit counterions [170].  An increase in 

the volume was observed by; increasing chain stiffness, decreasing cross-

linking density, and increasing charge density; while an equilibrium volume 

decrease was observed when monovalent counterions were exchanged 

for divalent ions.  The affine assumption was found to have only limited 

validity, while the Gaussian chain approximation was never fulfilled for 

polyelectrolyte gels. 

 Brownian-dynamics simulation methods were combined with 

different scaling arguments to determine the effect of an electric field on 

charged polyelectrolyte chains, which include the effects of counterion 

condensation and PE collapse [171].  Condensed counterions were 

dragged along the polyelectrolyte chains at low electric field strength, 

while at high field strength the condensed counterions started to glide 

along the chain contributing to the overall conduction. 

 A ‘two-box-particle-transfer’ 3-D MD simulation was performed to 

determine the swelling of a polyelectrolyte gel accounting for counterions 

and a Stockmayer solvent [172].  The simulation showed that the 

maximum swelling ratio was a function of charge of the network bead, due 

to the two opposing forces of electrostatic repulsion and network 

conformational entropy.  This observed effect could be reduced if the 

dipole moment of the Stockmayer fluid was increased. 

 A course-grained model of a polyelectrolyte network with annealed 

permanent tetrafunctional cross-linked sites was examined to determine 

the structure and properties using MC simulations [173].  A strong 

dependence on the strength of electrostatic interactions was exhibited in 

the pressure-density relationships, while a discontinuous volume change 

was observed when the electrostatic interactions are strong. 

 The distributions of counterions around a flexible polyelectrolyte 

chains was examined using Langevin dynamics to determine the effect of 
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vary salt concentration, polymer concentration, and counterion valence 

[174].  The radius of gyration and net polymer charge decreased with 

increasing salt concentration or polymer concentration.  The distributions 

of counterions surrounding the polymer chain are presented for both 

monovalent and divalent counterions. 

 A MD model with bead-spring chains and explicit counterions was 

used to simulate polyelectrolytes in near-Θ-solvent, for both fully and 

partially charged chains with varying monomer concentration covering the 

dilute and semidilute regimes [175].  Scaling theory agreed excellently 

with simulation results where the chain experienced the strongest 

stretching, in the middle of the chain.  Whereas, scaling theory didn’t 

agree with simulation results near the chain ends where fluctuations are 

important and the strong stretching approximation breaks down.      

 Molecular dynamics of multi-chain polyelectrolyte systems in salt-

free solutions with explicit counterion consideration was employed to 

determine the osmotic coefficient and counterion distribution functions 

[176].  The osmotic coefficient decreased non-monotonically with 

increasing polymer concentration in agreement with the two-zone model, 

for both flexible and rodlike polyelectrolytes.   

 Monte Carlo simulations were performed to determine the swelling 

behavior of polyelectrolyte gels at varying permittivities, and with or 

without short-range attraction [177].  Volume transitions occur at critical 

values of permittivity and short-range attraction, with the collapse being 

due to a change in the enthalpy-entropy balance and the attraction 

between beads of a network, respectively. 

 A coarse-grained MD model using scaling arguments was 

employed to investigate the equilibrium swelling behavior of a 

polyelectrolyte composed of a bead-spring defect-free diamond shaped 

network [178].  Network strands formed a straight linear sequence of 

blobs, from which a universal scaling relation was derived to determine the 

end-to-end distance of network chains. 
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 The swelling transition of charged hydrogels was examined when 

varying the solution salt concentration, hydrogel cross-link density, and 

with the addition of pendant PEG side chains [179].  The degree of 

swelling was found to be quite sensitive to the suspension pH, vary non-

monotonically with solution salt concentration, and increase with the 

addition of PEG chains.  The transition pH was found the be effected by 

decreasing the subchain length and/or salt concentration. 

 A MD-MC hybrid technique was implemented where the explicit 

solvent was subjected to the particle transfer step of Gibbs ensemble-

Monte Carlo, to analyze the swelling behavior of a tightly meshed polymer 

network with varying fluid composition, temperature, and pressure [180].  

Bulk results for the separation factor and swelling ration were insensitive 

to bulk solvent composition at the highest, but not lowest, temperature 

considered.  Higher concentrations of the smaller solvent species were 

found inside the network, but with increasing temperature this effect was 

diminished.   

 Large-scale MD simulations were performed on a polyelectrolyte 

defect-free network close to the transition point in good solvent and 

without an added salt [181].  The final hydrogel shape was determined by 

the maximum elongation of the network strands and the renormalized 

amount of charges on these strands. 

 A cooperative motion algorithm was employed to determine the 

configuration of a polyelectrolyte chain with counterions and added salt on 

a face-centered cubic lattice [182].  A sharp decrease in the mean radius 

of gyration and the mean end-to-end distance was observed at a relatively 

low concentration of monovalent salt, which was accompanied by a drop 

in the effective mean charge per monomer and the system’s inner energy. 

 A charged polyelectrolyte brush with added salt and under a 

moderate electrostatic coupling strength was examined using MD 

simulations [183].  As the salt concentration decreased so too did the 

brush thickness, obeying a weak power law.   
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 Discontinuous volume phase transitions of a highly-charged 

polyelectrolyte with defect-free tetrafunctional crosslinks was examined 

using molecular dynamic simulations [184].  The observed osmotic 

pressure depended significantly on the strength of the electrostatic 

interactions,  with strong interactions causing a volume transition to occur. 

 The effect of salt valence and a reduced temperature on a single 

polyelectrolyte chain was examined using a co-operative motion algorithm 

[185].  For a fixed salt cation concentration and temperature, the chain 

becomes more compact as salt valence increases, with condensation 

being dominated by multivalent ions with a charge opposite of the 

monomer.  

 Monte Carlo simulations were performed to model a salt-free 

polyelectrolyte system to determine the osmotic pressure [186].  In dilute 

and concentrated solutions the osmotic coefficient decreased and 

increased, respectively, with increasing concentration.  The model’s 

results are in qualitative agreement, but underestimate the osmotic 

pressure in dilute solutions. 

 Several peripherally substituted [6.3.1] helicenses were 

investigated to determine their viability as linear actuators utilizing MD 

calculations [187].  The potential for a reversible chemically driven 

molecular actuator was confirmed based on MD results.  

 A molecular dynamics model incorporating both the viscous and 

stochastic forces was utilized to obtain osmotic coefficients of neutral or 

non-neutral polyampholyte chains with varying segment size and charge 

sequences [188].  In addition, this work develops a molecular 

thermodynamics model by extending the chemical association theory of 

polyelectrolytes solutions to that of polyampholyte solutions.  The 

thermodynamic model’s predicted osmotic coefficients were in agreement 

with computed coefficients for neutral polyampholytes in weak or strong 

columbic coupled systems.  For higher monomer valence and non-neutral 

polyampholyte models MD and model osmotic coefficients had a slight 
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deviation, with further improvements for the thermodynamic model 

proposed. 

 Molecular dynamics simulations were performed to examine the 

structure and peculiar swelling behavior of a novel hydrogel prepared with 

scleroglucan and borax, a hydrogel suitable for drug delivery [189].  The 

most probable assembly of the polymer network was proposed, both in the 

presence and absence of the three model drugs tested; theophylline, 

Vitamin B12, and Myoglobin.  The peculiar swelling behavior was 

explained by the ability to preserve ordered configurations in aqueous 

media. 

 A coarse-grained MD simulation was performed to investigate the 

interactions of an anionic polyelectrolyte with monomeric and dimeric 

cationic surfactants [190].  The polyelectrolyte-surfactant mixture evolved 

with time into a micellar complex of increasing size, with the equilibrium 

complex size becoming larger with higher surfactant concentration.  The 

observed electrostatic and hydrophobic interaction played where dominant 

in the formation of a micellar complex. 

 A Brownian dynamics simulation, incorporating a course-grained 

bead-spring chain model with explicit counterions, was used to analyze 

the nonlinear shear rheology in relation to shear rate, Bjerrum length, and 

concentration of polyelectrolytes in dilute solutions [191].  It was observed 

that the ion cloud around the polyelectrolyte chain deforms under flow, 

causing a significant increase in viscosity as concentration increases.   

 The behavior of dilute polyelectrolyte solutions under elongational 

flow was examined using a bead-and-spring model and the Brownian 

dynamics simulation technique incorporating hydrodynamic interactions 

[192].  The relaxation time was found to be dependent on the ionic 

solution’s strength.  The Deborah number at which the coil-stretch 

transition occurred was determined; in addition, the power law relationship 

relating the critical elongation rate with the polyelectrolyte molecular 

weight was examined. 



301 
 

 The mechanical and transport properties of a double network PEO-

PAA hydrogel with 76 %wt water content was examined using atomistic 

MD simulations [193].  The salvation of the polymer network was 

enhanced for the DN in comparison with either component as a single 

network (SN), while the diffusion of solutes was decreased due to the 

smaller effective mesh size.  Above ~100% strain the stress of the DN was 

much higher than the sum of each component within a SN. 

 Molecular dynamic simulations very accurately depict the molecular 

interactions between the polymer chains, fixed bonds on these chains, 

and water or solvent molecules.  Some of these simulations results can be 

scaled up, but these results can also give researchers insight into their 

micro or macroscale simulations regarding the accuracy of using certain 

governing and supplementary equations.  However, mostly the scale of 

the structures analyzed are small compared to those being fabricated, 

making the results hard to utilize for prototype design and optimization.  In 

addition, large simulations are very computationally expensive, and most 

require access to cluster computing resources.  

 Various types of molecular models have been employed to 

accurately describe the qualitative and quantitative swelling and 

deswelling of polyelectrolyte hydrogels, with some characteristic 

advantages and disadvantages shown in Table A-1.4.  These molecular 

numerical models offer complementing insights to experiments performed 

on polyelectrolyte hydrogels.  Some molecular models are able to 

determine the transient hydrogel behavior, while others are only interested 

in the equilibrium behavior.  Generally, molecular models provide accurate 

insight at the atomistic scale; however, some numerical models employ 

scaling arguments to extend their solutions to the micro and macroscale, 

and in some cases the large deformation of a polyelectrolyte chain can be 

observed.  A major disadvantage of molecular models is the large 

computational facilities required for some of the simplest models, with 

larger models desiring cluster computer resources. 
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Table A-1.4:  Advantages and disadvantages of the thermodynamics, multiphasic, 
transport and molecular models for simulating hydrogel volume transition. 

Qualitative 
Agreement 

Quantitative 
Agreement 

Min. Scale 
Modeled 

Transient 
Analysis 

Equilibrium 
Analysis 

Large 
Deformations 

Thermo-
dynamics Yes No Macroscale No Yes ?? 

Multiphasic 
Mixtures Yes Yes Macroscale Yes Yes One Model 

Transport Yes Yes Microscale Yes Yes Yes 

Molecular Yes Yes Atomistic Some Yes No 

 

A-1.3 Conclusions 

Four numerical models for the simulation of the swelling and 

deswelling phenomena associated with polyelectrolyte hydrogels were 

reviewed.  The thermodynamic model provides good qualitative 

agreement with experimental results, but still required some adjusting of 

critical parameters to match data.  Multiphasic models provide both 

qualitative and quantitative agreement with experiments, and can examine 

both equilibrium and transient volume transition.  Multiphasic models do 

have the limitation of small deformations and neglects the transient 

behavior of some critical parameters.  Transport models are robust in their 

ability to accurately model the qualitative and quantitative behavior of both 

equilibrium and transient hydrogel volume transition.  The transport model 

does not have many limitations, and currently describes microscale 

hydrogels with high accuracy.  Molecular dynamic simulations accurately 

describe microscale and nanoscale hydrogel volume transition; however, 

are currently limited in their ability to model larger hydrogel structures.  

Numerical modeling of hydrogel phenomena can currently be performed 

with multiple various methods, providing a promising avenue for 

researchers wanting to bypass high prototyping and optimization costs. 
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Appendix A-3 
 

Matlab Code for Characteristic 

Frequency Analysis 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%                         Appendix A-2                       %%%%%% 
%%%%%     Characteristic AC Frequency for Electrical Actuation   %%%%%% 
%%%%%           Developed by: Joseph Ryan Charles Saunders       %%%%%% 
%%%%% Inputs: Electrolyte Concentration and Dielectric Thickness %%%%%% 
%%%%%     Outputs: Characteristic Frequency and Voltage Loss     %%%%%% 
%%%% This analytical coding was developed to evaluate the system  %%%%% 
%%%% characteristic frequency that would minimize electrostatic   %%%%% 
%%%% shielding. The results plotted below have been presented in  %%%%% 
%%%% chapter 6 of Saunders' PhD thesis and within a publication   %%%%% 
%%%% in Sensors and Actuators B: Chemical.                        %%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%% System Constants %%%% 
F=96485;                %[C/mol]      Faraday's Constant 
T=298;                  %[K]          Temperature 
R=8.314;                %[JK/mol]     Ideal Gas Constant 
e=1.602E-19;            %[C]          Elementary Charge 
kb=1.381E-23;           %[J/K]        Boltzmann Constant 
eo=8.854E-12;           %[C/Vm]       Permittivity of Free Space 
Na=6.022E23;            %[atoms/mol]  Avogadro’s Number 
diffH=9.31E-9;          %[m2/s]       Hydrogen : Diffusivity 
diffK=1.96E-9;          %[m2/s]       Potassium : Diffusivity 
diffOH=5.26E-9;         %[m2/s]       Hydroxide : Diffusivity 
eD=2.65;                %[unitless]   Parylene-N : Relative Permittivity  
eS=5;                   %[unitless]   Stern Layer : Relative Permittivity 
eM=78;                  %[unitless]   Water : Relative Permittivity 
eP=5.6;                 %[unitless]   Polymer : Relative Permittivity 
%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%% Channel Height %%%%% 
%%%%%%% (7,7) Matrix %%%%% 
%%%%%%%% [meter] %%%%%%%%% 
h_chan(1,1:7)=50E-6;     % 
h_chan(2,1:7)=150E-6;    % 
h_chan(3,1:7)=254E-6;    % 
h_chan(4,1:7)=350E-6;    % 
h_chan(5,1:7)=450E-6;    % 
h_chan(6,1:7)=550E-6;    % 
h_chan(7,1:7)=650E-6;    % 
%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%% Electrode Gap %%%%% 
%%%%%%% (7,7) Matrix %%%% 
%%%%%%%% [meter] %%%%%%%% 
EG(1:7,1)=100E-6;       % 
EG(1:7,2)=500E-6;       % 
EG(1:7,3)=1000E-6;      % 
EG(1:7,4)=1500E-6;      % 
EG(1:7,5)=2000E-6;      % 
EG(1:7,6)=2500E-6;      % 
EG(1:7,7)=3000E-6;      % 
%%%%%%%%%%%%%%%%%%%%%%%%% 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%% Geometric System Properties %%%% 
%%%%%%%%%%% [meter] %%%%%%%%%%%%%%%%% 
%%% Rows: Constant % Col: Constant %% 
%%%%%%%%% (7,7) Matrix %%%%%%%%%%%%%% 
tS(1:7,1:7)=5E-10;                  % Stern Layer : Thickness 
EW(1:7,1:7)=100E-6;                 % Electrode : Width 
EL(1:7,1:7)=1.05E-3;                % Electrode : Length 
WH(1:7,1:7)=1E-3;                   % Hydrogel : Width 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%% Effective Electrode Width %%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%% [meter^2] %%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
EW_Eff=(EG/2).*((1+(h_chan./(EG/2)).^2).^0.5-1);    % Effective Width 
EW_InEff=abs(EW-EW_Eff);                            % Ineffective Width 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%% Electrode Areas %%%%%%%%%%%% 
%%%%%%%% [meters squared] %%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
A_Eff=EW_Eff(3,4).*EL;              % Total Effective Area 
A_InEff=(EW(1,1)-EW_Eff(3,5)).*EL;  % Total Ineffective Area 
A_Eff_H=EW_Eff(3,5).*WH;            % Effective Area to Hydrogel 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%% Hydrogel Properties %%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%% [unitless] %%%%%%%%%%%%%%%%%% 
H=2;                                            % Hydration 
por=H/(1+H);                                    % Porosity 
eH=eP*(eP+eM-por*(eP-eM))/(eP+eM+por*(eP-eM));  % Relative Permittivity 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% Parylene-N Thickness [meter] %%%% 
% Rows: Constant; Columns: Variable %  
%%%%%%%%%%% (7,7) Matrix %%%%%%%%%%%% 
tD(1,1:7)=100E-9;                   % 
tD(2,1:7)=250E-9;                   % 
tD(3,1:7)=500E-9;                   % 
tD(4,1:7)=1E-6;                     % 
tD(5,1:7)=2E-6;                     % 
tD(6,1:7)=5E-6;                     % 
tD(7,1:7)=10E-6;                    % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%% Electrolyte Concentration %%%% 
%%%%%%%%%%%%%% [mol/L] %%%%%%%%%%%%%% 
conc(1:7,1)=1E-3;                   % 
conc(1:7,2)=5E-3;                   % 
conc(1:7,3)=1E-2;                   % 
conc(1:7,4)=5E-2;                   % 
conc(1:7,5)=1E-1;                   % 
conc(1:7,6)=5E-1;                   % 
conc(1:7,7)=1;                      % 
cK(1:7,1:7)=2;                      % Potassium Concentration in Hydrogel 
cOH(1:7,1:7)=0.2;                   % Hydroxide Concentration in Hydrogel 
cF(1:7,1:7)=1.8;                    % Hydrogel's Fixed Ion Concentration 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%% Conductivity & Debye Length %%%% 
ElecCond=(F^2/(R*T)).*(1000*diffK.*conc+1000*diffOH.*conc); % [S/m] Media 
ElecCond_H=(F^2/(R*T))*(1000*diffK.*cK+1000*diffOH.*cOH); % [S/m] Hydrogel 
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tDL=sqrt(eM*eo*kb*T./(2000*(e^2).*Na.*conc));   % [m] Debye Length  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%% System Capacitance %%%%%%%%%%% 
%%%%%%%%%%%%%%%%%% [F] %%%%%%%%%%%%%%%%%% 
%%%% Rows: Constant % Col: Variable  %%%% 
% For more information on capacitive   %% 
% pathways, see Figures in Chapter 6   %% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%% --- CTeq1 --- %%%%%%%%%%%%% 
%%%%%%%%%%%%% --- Cxeq11 --- %%%%%%%%%%%% 
C_D1=eD*eo*200E-9*EL./EG(1,5);          % Dielectric Layer 
C_xeq11=C_D1;                           % Pathway Total Capacitance 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%% --- Cxeq12 --- %%%%%%%%%%%% 
R_M2=(2*3.14156./WH)*(ElecCond.*reallog(1+2.*EW_Eff(3,5)./(EG(1,5)-
WH(1,1))+sqrt((1+2*EW_Eff(3,5)./(EG(1,5)-WH(1,1))).^2-1))).^-1; % [Ohms] Media 
Resistance 
R_H=(2*3.14156./WH)*(ElecCond_H.*reallog(1+2.*EW_Eff(3,5)./WH(1,1)+sqrt((1+2*EW_Ef
f(3,5)./WH(1,1)).^2-1))).^-1; % [Ohms] Hydrogel Resistance 
C_D2=eD*eo*A_Eff_H./tD;                 % Dielectric Layer  
C_S2=eS*eo*A_Eff_H./tS;                 % Media Stern Layer  
C_DL2=eM*eo*A_Eff_H./tDL;               % Media Debye Layer  
C_SH=eS*eo.*WH.*h_chan(3,1)./tS;        % Hydrogel Stern Layer  
C_DLH=eM*eo.*WH.*h_chan(3,1)./tDL;      % Hydrogel Debye Layer 
C_M2=(2/3.14159)*eM*eo.*WH.*reallog(1+2.*EW_Eff(3,5)./(EG(1,5)-
WH(1,1))+sqrt((1+2*EW_Eff(3,5)./(EG(1,5)-WH(1,1))).^2-1));   % Bulk Media 
C_H=(2/3.14159)*eH*eo.*WH.*reallog(1+2.*EW_Eff(3,5)./WH(1,1)+sqrt((1+2*EW_Eff(3,5)
./WH(1,1)).^2-1));                        % Hydrogel 
C_EINT=(1./C_DL2+1./C_S2+1./C_D2).^-1;  % Electrode Interface 
C_HINT=(1./C_SH+1./C_DLH).^-1;          % Hydrogel Interface 
C_HTOT=(2./C_HINT+1./C_H).^-1;          % Total Hydrogel 
C_xeq12=(2./C_D2+2./C_S2+2./C_DL2+2./C_DLH+2./C_SH+2./C_M2+1./C_H).^-1;     % 
Pathway Total Capacitance 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%% --- Cxeq13 --- %%%%%%%%%%%% 
R_M3=h_chan(3,1)./(ElecCond.*EL.*EW_InEff(3,4)); % [Ohms] Resistance Media 
C_D3=eD*eo*A_InEff./tD;                          % Dielectric Layer 
C_S3=eS*eo*A_InEff./tS;                          % Stern Layer 
C_DL3=eM*eo*A_InEff./tDL;                        % Debye Layer 
C_M3=eM*eo*A_InEff./h_chan(3,1);                 % Bulk Media 
C_TOP=(2/3.14159)*eP*eo.*EL.*reallog(1+2.*EW_InEff(3,4)./EG(1,5)+sqrt((1+2*EW_InEf
f(3,4)./EG(1,5)).^2-1));  % Top of Microchannel 
C_xeq13=(1./C_TOP+2./C_D3+2./C_S3+2./C_DL3+2./C_M3).^-1;                    % 
Total Pathway Capacitance 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
C_Teq1=C_xeq11+C_xeq12+C_xeq13;         % Total Pathway Capacitance 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%% --- CTeq2 --- %%%%%%%%%%%%% 
%%%%%%%%%%%%% --- Cxeq21 --- %%%%%%%%%%%% 
C_xeq21=C_D1;                           % Total Pathway Capacitance 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%% --- Cxeq22 --- %%%%%%%%%%%% 
R_M22=(2*3.14156./EL)*(ElecCond.*reallog(1+2.*EW_Eff(3,5)./EG(1,5)+sqrt((1+2*EW_Ef
f(3,5)./EG(1,5)).^2-1))).^-1; % [Ohms] Media Resistance 
C_D22=eD*eo*A_Eff./tD;                  % Dielectric Layer 
C_S22=eS*eo*A_Eff./tS;                  % Stern Layer 
C_DL22=eM*eo*A_Eff./tDL;                % Debye Layer 
C_M22=(2/3.14159)*eM*eo.*EL.*reallog(1+2.*EW_Eff(3,5)./EG(1,5)+sqrt((1+2*EW_Eff(3,
5)./EG(1,5)).^2-1));          % Bulk Media 
C_INT=(1./C_DL22+1./C_S22+1./C_D22).^-1;% Electrode Interface  
C_xeq22=(2./C_D22+2./C_S22+2./C_DL22+1./C_M22).^-1;       % Total Pathway 
Capacitance 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%% --- Cxeq23 --- %%%%%%%%%%%% 
C_xeq23=(2./C_D3+2./C_S3+2./C_DL3+2./C_M3+1./C_TOP).^-1;  % Total Pathway 
Capacitance 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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C_Teq2=C_xeq21+C_xeq22+C_xeq23;         % Total Pathway Capacitance 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%% Total Capacitance %%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
C_TOTAL=C_Teq1+2*C_Teq2;                % Total System Capacitance 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%% Time Constants %%%%%%%%%%%% 
%%%%%%%%%%%%%%% [seconds] %%%%%%%%%%%%%%% 
tc_EINT=R_M2.*C_EINT;                   % Electrode Interface     
tc_HINT=R_M2.*C_HINT;                   % Hydrogel Interface       
tc_M2=R_M2.*C_M2;                       % Bulk Media                    
tc_H=R_H*C_H;                           % Hydrogel 
tc_tot=(2./tc_EINT+2./tc_HINT+2./tc_M2+1./tc_H).^-1; % System Total  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%% Characteristic Frequencies %%%%%% 
%%%%%%%%%%%% [cycles/second] %%%%%%%%%%%% 
cf_EINT=2./(2*pi*tc_EINT);              % Electrode Interface   
cf_HINT=2./(2*pi*tc_HINT);              % Hydrogel Interface       
cf_M2=2./(2*pi*tc_M2);                  % Media               
cf_H=1./(2*pi*tc_H);                    % Hydrogel    
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%% Voltage Lost through Dielectric %%%% 
Vapp(1:7,1)=5;                          % 
Vapp(1:7,2)=10;                         % 
Vapp(1:7,3)=20;                         % 
Vapp(1:7,4)=30;                         % 
Vapp(1:7,5)=40;                         % 
Vapp(1:7,6)=50;                         % 
Vapp(1:7,7)=60;                         % 
V_Ratio=((C_D2/2)./(C_D2/2+C_M2));      % [Unitless] Voltage Ratio 
V_M=Vapp.*V_Ratio;                      % [V] Voltage across media 
V_D=(Vapp-V_M)./2;                      % [V] Voltage across Dielectric 
D=275590551;                            % [V/m] Dielectric Strength 
V_Break=D.*tD;                          % [V] Breakdown Threshold 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%  FIGURE PLOTTING   %%%%%%%%%%%% 
clear figure(1)                           % 
clear figure(2)                           % 
clear figure(3)                           % 
clear figure(4)                           % 
clear figure(5)                           % 
clear figure(6)                           % 
clear figure(7)                           % 
clear figure(8)                           % 
clear figure(9)                           % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%% Plot of the Effective Electrode Width %%%%%%%%%%%%%%%%%                                
figure(1)                                                               % 
grid off;                                                               % 
hold on;                                                                % 
figure(1)                                                               % 
plot(h_chan(:,1),EW_Eff(:,3),':k+','LineWidth',2.5,'MarkerSize',10);    % 
plot(h_chan(:,1),EW_Eff(:,4),'--ks','LineWidth',2.5,'MarkerSize',10);   % 
plot(h_chan(:,1),EW_Eff(:,5),'-ko','LineWidth',2.5,'MarkerSize',10);    % 
xlabel('Channel Height [µm]','FontSize',20);                            % 
ylabel('Effective Electrode Width [µm]','FontSize',20);                 % 
set(gca,'FontSize',16,...                                               % 
    'Yscale', 'linear', 'Xscale','linear',...                           % 
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    'XTick',50E-6:1E-4:6E-4,'XTickLabel',50:100:600,...                 % 
    'YTick',0:25E-6:350E-6,'YTickLabel',0:25:350,...                    % 
    'XLim',[50E-6 400E-6]);                                             % 
legend('1000 µm','1500 µm','2000 µm','location','best');                % 
hold off                                                                % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%% Plot of the System's Characteristic Frequencies%%%%%%%%%%%%%  
figure(2);                                                               % 
grid off;                                                                % 
hold on;                                                                 % 
plot(conc(1,:),cf_EINT(1,:),'-.k+','LineWidth',2.5,'MarkerSize',10);     % 
plot(conc(1,:),cf_EINT(4,:),'--ks','LineWidth',2.5,'MarkerSize',10);     % 
plot(conc(1,:),cf_EINT(7,:),'-ko','LineWidth',2.5,'MarkerSize',10);      %    
xlabel('Electrolyte Concentration [M]','FontSize',20);                   % 
ylabel('Characteristic Frequency [Hz]','FontSize',20);                   % 
set(gca,'FontSize',16,...                                                % 
    'Yscale', 'log', 'Xscale','log',...                                  % 
    'YLim',[1E3 1E9]);                                                   % 
legend('100 nm','1 µm','10 µm','location','best');                       % 
hold off                                                                 % 
                                                                         % 
figure(3)                                                                % 
grid off                                                                 % 
hold on                                                                  % 
plot(tD(:,1),cf_EINT(:,1),'-.k+','LineWidth',2.5,'MarkerSize',10);       % 
plot(tD(:,1),cf_EINT(:,3),'--ks','LineWidth',2.5,'MarkerSize',10);       % 
plot(tD(:,1),cf_EINT(:,4),':ko','LineWidth',2.5,'MarkerSize',10);        % 
plot(tD(:,1),cf_EINT(:,7),'-kd','LineWidth',2.5,'MarkerSize',10);        % 
xlabel('Dielectric Thickness [m]','FontSize',20);                        % 
ylabel('Characteristic Frequency [Hz]','FontSize',20);                   % 
set(gca,'FontSize',16,...                                                % 
    'Yscale', 'log', 'Xscale','log',...                                  % 
    'YLim',[1E3 1E9]);                                                   % 
legend('1 mM','10 mM','50 mM','1 M','location','best');                  % 
hold off                                                                 % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%% Plot of the System's Time Constants %%%%%%%%%%%%%%%%%%% 
figure(4);                                                               % 
grid off;                                                                % 
hold on;                                                                 % 
plot(conc(1,:),tc_HINT(4,:),'k:.','LineWidth',2.5,'MarkerSize',10);      % 
plot(conc(1,:),tc_EINT(4,:),'k:','LineWidth',2.5,'MarkerSize',10);       % 
plot(conc(1,:),tc_H(4,:),'k-.','LineWidth',2.5,'MarkerSize',10);         % 
plot(conc(1,:),tc_M2(4,:),'k--','LineWidth',2.5,'MarkerSize',10);        % 
plot(conc(1,:),tc_tot(4,:),'k-','LineWidth',2.5,'MarkerSize',10);        % 
xlabel('Electrolyte Concentration [M]','FontSize',20);                   % 
ylabel('Time Constant [s]','FontSize',20);                               % 
set(gca,'FontSize',16,...                                                % 
    'Yscale', 'log', 'Xscale','log');                                    % 
legend('Hydrogel Interface','Electrode 
Interface','Hydrogel','Media','Total','location','best'); % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%% Plot of the Voltage Through Dielectric, Media & Breakdown Voltage %%% 
figure (5)                                                               % 
grid off                                                                 % 
hold on                                                                  % 
plot(tD(:,1),V_Break(:,4),'-k+','LineWidth',2.5,'MarkerSize',10);        % 
plot(tD(:,1),V_D(:,2),':ks','LineWidth',2.5,'MarkerSize',10);            % 
plot(tD(:,1),V_D(:,3),'-.ko','LineWidth',2.5,'MarkerSize',10);           % 
plot(tD(:,1),V_D(:,4),'k:.','LineWidth',2.5,'MarkerSize',10);            % 
plot(tD(:,1),V_D(:,5),'--kx','LineWidth',2.5,'MarkerSize',10);           % 
xlabel('Dielectric Thickness [µm]','FontSize',20);                       % 
ylabel('Voltage Across Dielectric [V]','FontSize',20);                   % 
set(gca,'FontSize',16,...                                                % 
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    'Yscale', 'linear', 'Xscale','linear',...                            % 
    'XLim',[0 1E-5], 'YLim',[0 200]);                                    % 
legend('Breakdown Voltage','10V','20V','30V','40V','location','best');   % 
                                                                         % 
figure (6)                                                               % 
grid off                                                                 % 
hold on                                                                  % 
plot(tD(:,1),V_M(:,2),':k+','LineWidth',2.5,'MarkerSize',10);            % 
plot(tD(:,1),V_M(:,3),'-.ks','LineWidth',2.5,'MarkerSize',10);           % 
plot(tD(:,1),V_M(:,4),'--ko','LineWidth',2.5,'MarkerSize',10);           % 
plot(tD(:,1),V_M(:,5),'-kd','LineWidth',2.5,'MarkerSize',10);            % 
xlabel('Dielectric Thickness [µm]','FontSize',20);                       % 
ylabel('Voltage Across Media [V]','FontSize',20);                        % 
set(gca,'FontSize',16,...                                                % 
    'Yscale', 'linear', 'Xscale','linear',...                            % 
    'XTick',0:0.5E-6:3E-6,'XTickLabel',0:0.5:3,...                       % 
    'XLim',[0 3E-6], 'YLim',[0 40]);                                     % 
legend('10V','20V','30V','40V','location','best');                       % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%% Plot of the System's Capacitances  %%%%%%%%%%%%%%%%%%%%% 
figure(7)                                                                % 
grid off                                                                 % 
hold on                                                                  % 
plot(tD(:,1),C_EINT(:,1),':.k','LineWidth',2.5,'MarkerSize',10);         % 
plot(tD(:,1),C_HTOT(:,1),':ks','LineWidth',2.5,'MarkerSize',10);         % 
plot(tD(:,1),C_M2(:,1),'-.k+','LineWidth',2.5,'MarkerSize',10);          % 
plot(tD(:,1),C_xeq12(:,1),'-kd','LineWidth',2.5,'MarkerSize',10);        % 
plot(tD(:,1),C_xeq13(:,1),'--kx','LineWidth',2.5,'MarkerSize',10);       % 
xlabel('Dielectric Thickness [m]','FontSize',20);                        % 
ylabel('Capacitance [F]','FontSize',20);                                 % 
set(gca,'FontSize',16,...                                                % 
    'Yscale', 'log', 'Xscale','log',...                                  % 
    'YLim',[1E-15 2E-11]);                                               % 
legend('Electrode Interface','Total - 
Hydrogel','Media3','xeq12','xeq13','location','best'); % 
hold off                                                                 % 
                                                                         % 
figure(8)                                                                % 
grid off                                                                 % 
hold on                                                                  % 
plot(tD(:,1),C_xeq12(:,1),':k+','LineWidth',2.5,'MarkerSize',10);        % 
plot(tD(:,1),C_Teq2(:,1),'-.ks','LineWidth',2.5,'MarkerSize',10);        % 
plot(tD(:,1),C_Teq1(:,1),'--ko','LineWidth',2.5,'MarkerSize',10);        % 
plot(tD(:,1),C_TOTAL(:,1),'-kd','LineWidth',2.5,'MarkerSize',10);        % 
xlabel('Dielectric Thickness [m]','FontSize',20);                        % 
ylabel('Capacitance [F]','FontSize',20);                                 % 
set(gca,'FontSize',16,...                                                % 
    'Yscale', 'log', 'Xscale','log',...                                  % 
    'YLim',[1E-14 1E-12]);                                               % 
legend('xeq12','Teq2','Teq1','Total Capacitance','location','best');     % 
hold off                                                                 % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%% Plot of the Electric Conductivity %%%%%%%%%%%%%%%%%%%% 
figure(9)                                                                % 
grid off                                                                 % 
hold on                                                                  % 
[AX,H1,H2]=plotyy(conc(1,:),ElecCond(1,:),conc(1,:),tDL(1,:),'loglog');  % 
set(H1,'LineStyle','--','LineWidth',2.5,'Color','k');                    % 
set(H2,'LineStyle',':','LineWidth',2.5, 'Color','k');                    % 
set(get(AX(1),'Ylabel'),'String','Electric Conductivity [S/m]', 
'FontSize',20,'Color','k') % 
set(get(AX(2),'Ylabel'),'String','Debye Length [m]', 'FontSize',20,'Color','k') % 
xlabel('Electrolyte Concentration [M]','FontSize',20)                    % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
%%%%%%%%%%%%%%%%%% END OF FILE || Thank You, Good Night   %%%%%%%%%%%%%%%% 
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