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Abstract 

 

Electroactive polymers (EAPs) are materials whose physical dimensions can be changed under 
electric stimulation. They have received huge interests because they can be used as soft, 
lightweight and silently operating polymer actuators. One significant group of EAPs is 
conducting polymers. They are driven by the volume variations of the conducting polymers, 
which are caused by the ion diffusion into/out of the conducting polymer matrix during an 
electrochemical redox process in the presence of an electrolyte. Over other actuation 
mechanisms, there are many attractive properties for conducting polymers as actuating materials 
such as being electrically driven at a low voltage, large generated motion and high stress, and 
being biocompatible. To miniaturize or fabricate microarrays of these electrochemical actuators 
that can operate in open air, micropatterns and microstructures of polymer gel electrolyte are 
desired. In this thesis, we develop photopatternable polymer gel electrolytes based on different 
routes of polymerization network formation and present their application in conducting polymer 
(micro)actuators. 

First, photopatternable electrolyte patterns were developed through free radical 
photopolymerization of methacrylate monomers as conductive photoresist by a conventional 
photolithographic process. By immobilizing those electrolyte micropatterns on two 
electroactive polypyrrole electrodes, a solid-state microactuator was fabricated although a 
reduced motion was observed as compared to microactuators operating in liquid electrolytes. 
The result shows a reliable and scalable microfabrication method for conducting polymer based 
microactuators operating without dipping in a liquid electrolyte using standard 
photolithography to broaden the microfabrication toolbox. It also shows that advanced solid-
state microsystems such as micromanipulators and microrobotics are possible to construct using 
these on-chip conducting polymer microactuators.  

Second, a soft and flexible ionogel combining good photopatternability and reactive surface was 
developed using free radical mixed mode photopolymerization between thiol and acrylate 
precursors. The prepared ionogels are well suited to be applied as an ion conducting negative 
photoresist in traditional photolithography. Micropatterns and advanced microstructures of 
ionogels are directly fabricated using traditional photolithographic techniques to demonstrate 
their lithographic capabilities. Its photopatternability has also been successfully proved in a soft 
lithography process to obtain ionogel film with patterned surface. This new type of ionogel has 
been demonstrated in the application of electrochromic micropatterns and twisting actuators. A 
Double Diaphragm Active Polymer Actuator (DDAPA) is also prepared using this novel ionogel 
to demonstrate its application for active microfluidic components.  

Finally, a novel platform to prepare photopatternable ionogels combining active surface and 
excellent mechanical properties was established with the thiol acrylate Michael addition 
chemistry. Reaction kinetic of thiol acrylate in ionic liquid was investigated and the results 
showed that the ionic liquid is also a co-catalyst accelerating the polymerization process, besides 
acting as the ion source in the in-situ formed ionogel. Three different methods including off-
stoichiometry, methacrylate addition, and dithiol chain extender addition, were used to develop 
ionogels with active surface and enhanced mechanical properties. Ion conducting 3-dimensional 
structures were created by assembling the flexible and surface active ionogel together with the 
ionogel precursor mixtures as a bonding adhesive. In addition, the photopatternability of the 
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prepared ionogels was demonstrated by two micropatterning techniques, photolithography and 
soft lithography. Two 3-dimensional devices were easily fabricated from a flat ionogel film, a 
tube actuator with two embedded actuator pairs and a box with two conducting polymer 
electrodes as a taxel, to show the potential of the reactive surfaces. These interesting results 
demonstrate that thiol acrylate Michael addition reaction offers a building platform to present 
various forms of ionogels (flexible and stretchable films, micropatterns, 3-dimensional 
structures, and bonding adhesive) for different applications in the future electrochemical devices. 
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Populärvetenskaplig Sammanfattning 
 

Elektroaktiva polymerer (EAP) är material som kan ändra sin storlek eller form som svar på 
elektrisk stimulering. De är mycket intressanta för applikationer som mjuka och lätta 
polymeraktuator och är dessutom tysta. En viktig grupp inom EAP är ledande polymerer. Dessa 
aktuatorer drivs av volymförändringen hos de ledande polymererna, vilken är ett resultat av 
jondiffusionen in i och ut ur den ledande polymermatrisen under en elektrokemisk redoxprocess 
i närvaro av en elektrolyt. I jämförelse med andra aktuatorer har dessa aktuatorer av ledande 
polymerer många attraktiva egenskaper såsom att vara elektriskt styrd, ha en låg 
aktiveringsspänning på 1 V eller mindre, ge en stor genererad töjning och hög spänning samt god 
biokompatibilitet. För att miniatyrisera eller tillverka mikroarrayer av dessa aktuatorer i fast 
tillstånd behövs mikromönster och mikrostrukturer av en polymergelelektrolyt. I denna 
avhandling utvecklar vi fotomönsterbara polymergelelektrolyter baserade på olika syntesvägar 
för att bilda polymernätverk och presenterar deras tillämpning i ledande polymer (mikro-
)aktuatorer. 

Till att börja med utvecklades fotomönsterbara elektrolytmönster genom fri-
radikalfotopolymerisering av metakrylat monomerer som jonisk ledande fotoresist genom 
konventionell fotolitografisk process. Genom att immobilisera elektrolytmikromönster ovanpå 
det elektroaktiva polypyrrolskiktet uppnåddes fasta-tillstånd-mikroaktuatorer, dock på bekostnad 
av den möjliga rörelsen jämförd med mikroaktuatorer som rör sig i flytande elektrolyter. 
Resultatet visar en pålitlig och skalbar mikrofabriceringsmetod för mjuka polymerbaserade 
mikroaktuatorer med standardfotolitografi för att bredda mikrofabriceringsverktygslådan. Det 
visar också möjligheten att satsa på komplexa mikrosystem, såsom mikrorobotik och 
mikromanipulatorer baserat på dessa fasta-tillstånd-mikroaktuatorer. 

I den andra delen av arbetet användes en fotopolymerisering av en tiolakrylatblandning för att 
framställa en ny mjuk och flexibel jongel med en reaktiv yta och en hög jonledningsförmåga. De 
utvecklade jongelmaterialen är väl lämpade att användas med konventionell fotolitografi som en 
jonisk ledande negativ fotoresist. Litografiska egenskaper hos materialet möjliggör direkt 
tillverkning av jonledande mikromönster och 3D-mikrostrukturer med användning av 
konventionell fotolitografi. Det har också framgångsrikt utnyttjats i en högupplösande 
mjuklitografiprocess för att mönstra ytan av jongelfilmen. Tillämpning av denna nya typ av 
jongel har visats i elektrokroma mikromönster och böjbara mjuka aktuatorer. Denna nya jongel 
användes också för att konstruera en dubbel diafragma aktiv-polymer-aktuator (DDAPA) för att 
demonstrera dess tillämpning som ett mikroinjektionsverktyg, en flödesregulator och som en 
enkelriktad hybridpump för aktiva komponenter inom mikrofluidik. 

Slutligen etablerades en ny plattform för att utveckla mikromönsterbara jongeler med justerbara 
mekaniska och ytegenskaper med hjälp av en Michael additionsreaktion. 
Polymeriseringskinetiska studier visade att jonvätskan inte bara fungerar som jonkälla utan också 
som en katalysator i polymerisationen. Jongeler med skräddarsydda ytor och mekaniska 
egenskaper framställdes med tre metoder: ej stökiometrisk reaktion, metakrylattillsats och 
tillsättning av ditiolkedjeförlängning. Några 3-dimensionella jonledande strukturer 
konstruerades genom att binda den flexibla jongelfilmen tillsammans med jongel-lösningen som 
ett jonbindemedel. Dessutom erhölls mikromönster av jongelerna genom fotolitografi och så 
kallad mjuk avtryckslitografi. För att illustrera potentialen hos de reaktiva ytorna skapades två 
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tredimensionella anordningar från en platt struktur: en rörformig aktuator och en låda med en 
flexibel elektrod som bildar en ”taxel”. Dessa intressanta resultat visar att tiolakrylat-baserad 
Michael-kemi ger en plattform för att tillverka olika former (filmer, mikromönster, 
tredimensionella strukturer och lim) av jongeler för nästa generation av flexibla elektrokemiska 
anordningar. 
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Chapter 1 Introduction 
 

1.1 Soft actuation in robotics 
 

The world is currently experiencing a significant demographic change towards a high level of 
aging population[1, 2]. In almost every country, the number of senior people aged 60 years or 
over is increasing rapidly and makes up a growing percentage of the total population. Globally, 
it is projected that the number of senior people is growing to 2.1 billion in 2050 according to 
the World Population Ageing report from the United Nations (2017). In the coming decades 
and beyond, the impact of population aging is enormous and multifaceted including shortage 
of labor supply, lack of adequate welfare care, possible decline in productivity and deterioration 
of economic growth. Besides designing appropriate policy from the governments, it is 
imperative to develop advanced technology to ease the negative impacts of ageing population 
on the human society and global economy. Introducing advanced robotics to human society on 
a wide scale could be one of the possible solutions. Robots that can be programmed to carry out 
dangerous and tedious tasks, are becoming increasingly popular in manufacturing facilities to 
boost the productivity. However, these robots are unsuitable for close interaction with humans 
especially for senior people because these rigid robots are usually made from hard, 
noncompliant, and heavy materials such as metal, and they are driven by conventional actuation 
technologies such as big and noisy motors. In contrast to these conventional robots, soft robots 
provide an excellent opportunity to interface with humans, and to help human beings in their 
daily life[3, 4]. The bodies of soft robots are made from intrinsically soft and compliant 
materials. This allows the robots to readily adapt to different objects for firm grasping and better 
mobility. They can be deformed easily and absorb much of the energy in case of a collision. 
Thus, the flexibility and adaptability of soft robots for accomplishing various tasks is greatly 
enhanced, as well as the interaction with human bodies. In addition, microscale soft robots are 
important to improve the life quality of human beings as they are needed, for example, to 
generate gentle stimulation to biological tissues or to perform microsurgery inside human 
bodies[5]. To achieve the great potential of soft robots, the key challenge is the development of 
soft actuation technologies that are compatible with the compliant materials used as the body 
of soft robots. One promising class of soft actuation technologies is the electroactive polymers 
(EAPs) that can emulate soft biological muscle-like actuation. 

Electroactive polymers are defined as intelligent materials whose dimensions or shape are 
capable to change when subjected to electrical stimulation[6-8]. They have received 
considerable interests because they can be used as soft, lightweight and silently operating 
polymer actuators. EAP actuators as an emerging technology can mimic the movement of 
natural muscles and are described as artificial muscles. The generated biomimetic motion 
benefits many fields such as soft robotics, tunable optics and acoustics, haptic devices, grippers, 
manipulators, tactile displays, and biomedical tools[9-11]. There are several types of 
electroactive polymers suitable for actuation purposes. They are normally categorized into two 
major groups, electronic EAPs and ionic EAPs, depending on the actuating mechanism. One 
significant class of ionic EAPs is conducting polymers. They are driven by the volume 
variations of the conducting polymers, which are determined by the ion diffusion into/out of 
the conducting polymer matrix during an electrochemical redox process in the presence of an 
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electrolyte[12]. Conducting polymer actuators with different configurations (freestanding 
films, bilayers, and trilayers) and actuation modes (bulk, linear, bending, buckling, and mixed) 
in different operating environments (in liquid electrolyte solution and open-air) have been 
developed over the past years. Conducting polymer actuators have unique and diverse 
properties such as mechanically soft and flexible, lightweight, able to operate at low potentials, 
large force and strain. Another exceptional feature of conducting polymer actuators is that they 
can easily be miniaturized with various microfabrication techniques like traditional 
photolithography, laser ablation and reactive ion etching[13, 14]. This feature makes them an 
excellent choice for applications in advanced microdevices such as micromanipulators of living 
cells and soft tissues, active components in microfluidic systems such as microvalves and 
micropumps, micromachined light reflector and modulators in optical instrumentation, drug 
delivery in biomedicine, actuating hinges for microrobotics, and more[15]. However, 
conducting polymer microactuators especially those open-air operating microactuators are still 
in a simple bending beam configuration. Complex solid-state microdevices such as microrobots 
would require multiple and individually controlled microactuators. Meanwhile, the electrical 
connections to the microactuators are not fully integrated, which still requires the use of 
macroscopic connectors. A mechanically robust and stable electrical connection that can be 
integrated in the microsystem and directly formed during its microfabrication process is needed. 
To develop individually addressable solid-state microactuators with fully integrated electrical 
connections, a photolithographic process for microactuators working in liquid electrolyte is 
modified to create solid-state microactuators consisting of two conducting polymer electrodes 
in a parallel configuration and solid-state electrolyte. The two conducting polymer electrodes 
are positioned in a parallel configuration on a substrate and ionically connected with a thin 
pattern of the gel electrolyte, rather than being stacked in a sandwiched configuration. To 
develop this new microfabrication process for solid-state microactuators, photopatternable 
solid-state electrolyte compatible with traditional photolithographic process is desired.  

 

1.2 Aim and outline of the thesis 
 

This thesis is aimed to design, prepare and characterize photolithographically micropatternable 
polymer gel electrolyte combining high ionic conductivity and good mechanical properties 
using novel polymerization techniques. These photopolymerizable electrolytes should be 
deposited and patterned as easily as a photoresist and integrated into the microfabrication 
process of conducting polymer solid-state microactuators. In addition, exploitation of these 
photopolymerizable electrolyte materials in macroscale electrochemical actuation and sensing 
devices is also aimed.  

This thesis includes six chapters, with chapter 1 and 2 focusing on some introductory 
information about conducting polymer actuators. Chapter 3 gives an overview of the thiol-ene 
chemistry used to prepare micropatternable solid polymer electrolytes. Chapter 4 is devoted to 
an overview of ionogels, a type of polymer gel electrolyte based on ionic liquid. Finally, a 
summary of the attached scientific papers and future perspectives are given in Chapters 5 and 
6, respectively. 
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Chapter 2 Conducting polymer actuators 
 

2.1 Electroactive polymer (EAP) actuator 
 

EAP actuators have exceptional properties in structure and functionalities that are derived from 
combining their electromechanical functionalities with the traditional properties of polymer 
materials[16]. Specifically, EAP actuators are mechanically soft, flexible and stretchable. Their 
simple layered structures allow great flexibility in their design and functional versatilities since 
they are capable to contract, expand, extend, bend, or morph when subjected to external 
electrical stimulation. They are prepared from simple material composition and can be easily 
processed and manufactured into different shapes such as films and fibers, and in many cases 
with low cost. They can achieve large active strains and force with high power density and low 
noise. Their intrinsic sensing capabilities provide an opportunity to engineer actuators that 
mimic muscle-like behavior[7]. Therefore, they have been investigated as artificial muscles in 
a wide range of emerging biomimetic applications, which are difficult to achieve with 
conventional actuators such as electric motors. EAPs include a large group of polymer materials 
and they are generally categorized into two main groups according to their actuating mechanism 
as shown in Figure 2.1[17].  

Electronic EAPs are actuating polymer materials whose dimensional variation is activated by 
electric fields or Coulomb forces. They include dielectric elastomer, electrostrictive graft 
elastomer, ferroelectric polymer, and liquid crystal elastomer. Taking dielectric elastomer 
actuators as an example, the actuation is caused by the dimensional changes of a soft dielectric 
elastomer under the electrostatic forces between two flexible conducting electrodes[18]. 
Dielectric elastomer actuators have high stress and strain with great energy density. They are 
fast and efficient and can operate in open air. However, a significant drawback is their need of 
kilovolts level activation voltage which is close to the electrical breakdown level and may be 
disadvantageous for many important applications[19].  

Ionic EAPs are actuating polymer materials caused by the migration of mobile ions and/or the 
accompanying solvents. They can be divided further into conducting polymer, ionic polymer-
metal composite (IPMC), ionic polymer gel and carbon nanotube. The main advantage of ionic 
EAPs is the low driving voltages (1-5V), which is in sharp contrast to the electronic EAPs. This 
chapter is focused on conducting polymer actuators, which is an important group of ionic EAPs.  
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Figure 2.1 Classification of electroactive polymers (EAPs) based on their actuation 
mechanism[17]. 

 

2.2 Conducting polymers  
 

Conducting polymers are organic conjugated polymers consisting of alternating single and 
double carbon-carbon bonds with distinguished electrically conductive properties[20, 21]. In 
their neutral form, conducting polymers are insulators or poorly conducting semiconductors 
since they do not have intrinsic charge carriers. To achieve conductivity, the polymeric 
backbone needs to be oxidized or reduced either electrochemically or chemically by 
incorporating a certain amount of anionic or cationic species. This process is called doping, 
which introduces charge carriers able to move along the polymeric backbones, resulting in 
drastic changes in the electrical conductivities of the polymers. The charges in the doped state 
are easily shared and delocalized along the backbone as a result of the π electron conjugation 
system. In analogy with silicon semiconductor, the conducting polymers can be n-doped or p-
doped[22, 23]. During p-doping, electrons are removed from the polymer chains. Therefore, 
negatively charged anions are inserted within the positively charged polymer matrix to keep the 
charge neutrality. During n-doping, electrons are added to the polymer chains and positively 
charged cations are inserted into the negatively charged polymer to neutralize the charges. The 
de-doping reactions in both cases correspond to a return to the neutral state of conducting 
polymers. The p-doped conducting polymer is most commonly used because it is more stable 
than n-doped conducting polymer. In contract to silicon semiconductor, the doping level of 
conducting polymer is very high and the doping process is reversible, which can be 
electrochemically controlled. For instance, the electrons can be reversibly added to reduce the 
charged conducting polymer and leave the polymer backbone neutral by applying a more 
negative potential. Depending on the doping state and level, the conductivity of the electrically 
conducting polymer varies considerably in a wide range of conductivities between the doped 
and undoped states as shown in Figure 2.3[24, 25]. Besides the conductivity variations, several 
other properties of conducting polymers are also affected by the dopant level, including volume 
changes, color, mechanical properties, optical absorption, permeability, hydrophobicity and 
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stored charges[26]. These properties enable their wide use in different applications such as 
supercapacitors, electrochromic devices, transistors, filters, and batteries. The capabilities of 
volume changes during the doping and dedoping process makes them particularly attractive for 
electrochemical actuator applications.  

 

 

 

Figure 2.3 The conductivity range of electrically conducting polymers[25]. Published by The 
Royal Society of Chemistry. 

 

2.3 Synthesis of conducting polymers 
 

The most widely studied conducting polymers for use in actuation are polyanilines (PANI), 
polypyrrole (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT)[27, 28]. The morphology, 
doping level, conductivity, molecular weight and volume variations are strongly influenced by 
the synthesis methods, which generally include the electropolymerization and chemical 
oxidation polymerization.  

 

2.3.1 Electropolymerization 
 

Electropolymerization is a technique to carry out polymerization reactions in the presence of 
electrodes that add or remove electrons[29]. The potential or current are usually applied using 
a potentiostat in a typical three-electrode electrochemical cell, which includes a working 
electrode (WE), a counter electrode (CE) and a reference electrode (RE). The 
electropolymerization takes place on the working electrode. The counter electrode is needed for 
completing the current circuit in the electrochemical cell. The reference electrode is used for 
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potential control and measurement as it has a stable and well-known electrode potential. The 
electropolymerization process is carried out in an electrolyte containing monomers by 
employing electrochemical techniques such as the galvanostatic or potentiostatic method or 
cyclic voltammetry. The electropolymerization of conducting polymers proceeds via a 
mechanism of monomer oxidation, dimerization, and the following growth of oligomers and 
polymers[30]. Anionic dopants as counterions are inserted during the electropolymerization 
process to neutralize the positive charges on the oxidized polymer chains. The insoluble 
conducting polymer chains precipitate out of electrolyte solution and are deposited on the 
working electrode surface where the oxidation of monomers starts. This synthesis method 
allows the control of some critical polymerization parameters, such as the type of counterions, 
the polymerization time and temperature, the applied potential or current, and the 
polymerization solvent[31]. These electropolymerization conditions strongly affect and allow 
to precisely tune the electrical conductivity, morphology, mechanical properties, doping level, 
crosslinking density, film thickness and uniformity, polymerization kinetics, and subsequent 
actuation properties of the resulting conducting polymer films. However, one drawback of 
electropolymerization is that conducting polymer film can only be obtained on electrically 
conductive electrodes such as metal surfaces.  

 

2.3.2 Chemical oxidation polymerization 
 

The chemical oxidation polymerization is an easy and convenient technique for conducting 
polymer synthesis[32]. With this method, conducting polymer film can be deposited on any 
surface including non-conductive substrates. This method is realized through oxidation of 
monomers with the help of an oxidant such as iron (III) chloride (FeCl3) or iron (III) tosylate 
(Fe(OTs)3)[33, 34]. An example of conducting polymers synthesized by chemical oxidation 
polymerization is the commercially available conducting polymer PEDOT:PSS (poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate), which is obtained through chemical oxidation 
polymerization of the hydrophobic EDOT monomer in the polystyrene sulfonic acid (PSS) 
aqueous solution. The resulting PEDOT:PSS polymers are dispersed in the aqueous mixture as 
colloidal gel particles in which hydrophobic and positively charged PEDOT core is surrounded 
by hydrophilic and negatively charged PSS shell. The PSS in the PEDOT:PSS complex serves 
as the counterions for the oxidized PEDOT backbones and stabilizes the insoluble PEDOT 
polymers in the aqueous solution. The hierarchical structures of PEDOT:PSS complex are 
shown in the Figure 2.4[35]. The aqueous colloidal dispersion of PEDOT:PSS has the 
advantage of facile processing for conducting polymer film or fiber structures through various 
techniques, such as dip coating, drop casting, spray coating, electro/wet-spinning, inkjet 
printing and spin coating, which are not possible with conducting polymers synthesized through 
electropolymerization method[36-38]. Another form of chemical oxidation polymerization is 
vapor phase polymerization (VPP). In this method, the monomer is introduced in the vapor 
phase to the oxidant covered substrate at reduced pressure[39].  
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Figure 2.4 Hierarchical structure of colloidal PEDOT:PSS dispersion. Reprinted with 
permission from[35]. Copyright © 2014 IOP Publishing Ltd. 

 

2.4 Actuating mechanism of conducting polymer actuators 
 

The dimensional variation of conducing polymers, which is a result of the electrochemical 
redox process, is the driving mechanism behind conducting polymer-based actuators[40, 41]. 
The electrochemical redox process adds or removes electrons to the polymer backbone. As a 
result, cations or anions from the electrolyte materials are incorporated into or expelled from 
the polymer matrix in order to maintain the charge neutrality. The mass flow of ions between 
the polymer matrix and the surrounding electrolyte causes swelling or contraction of the 
conducting polymer matrix, which thereby converts electrical energy into mechanical energy. 
Determined by the mobility of anions and cations, and the type of the electrolyte used, 
conducting polymer actuators can be driven by anions, cations or mixed ions. For the 
conducting polymer doped with large and immobile anions, the electrochemically generated 
charges on the conjugated polymeric backbone are compensated by the small mobile cations in 
the electrolyte[42, 43]. The cation-driven mechanism is shown in Equation 1 and 2 with most 
studied PPy(DBS) actuators in NaDBS electrolyte as an example[44, 45]. PPy+DBS- represents 
the doped/oxidized polypyrrole polymer and PPy0(NaDBS) the undoped/neutral state. DBS- 
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(dodecylbenzenesulfonate) indicates the inserted dopant ion during polypyrrole synthesis 
process and trapped within the polymer matrix and Na+ indicates the inserted sodium cation 
during reduction of PPy+DBS-.  

 PPy (NaDBS) → PPy DBS + Na + e ,           Oxidation             (1) 

 

 PPy DBS + Na + e → PPy (NaDBS),           Reduction            (2)      

During oxidation, large DBS- anions are immobile inside the polymer matrix due to low 
diffusion rate while the small Na+ ions are easily expelled. Therefore, a volume contraction is 
generated. In the case of reduction, the immobile DBS- ions cannot leave, so small Na+ cations 
are inserted into the polymer matrix and a volume expansion can be observed.  

For conducting polymers doped with a small mobile anion, the volume of conducting polymers 
increases during oxidation and decreases during reduction[46, 47]. The anion driven process is 
described by using PPy(TFSI) as an example (Equation 3 and 4). PPy0 denotes the 
neutral/undoped conducting polymer. PPy+TFSI- indicates the doped/oxidized conducting 
polymer. 

PPy + TFSI → PPy TFSI + e ,                        Oxidation             (3) 

 

PPy TFSI + e → PPy + TFSI ,                        Reduction            (4) 

When an oxidative voltage is applied, the conducting polymers PPy0 lose electrons and become 
positively charged. Mobile anions TFSI- are incorporated into the polymer matrix to neutralize 
the electrical charge, leading to volume expansion. During reduction, positive charges on the 
conducting polymers are removed. Anions TFSI- are leaving from the conducting polymers and 
the volume of conducting polymers contracts.  

The volume changes of conducting polymers via these two different pathways are illustrated in 
Figure 2.5[48]. In general, conducting polymers undergo only one major ion flow pathway. 
However, when both cations and anions have similar size or mobility, the two ion flow 
mechanisms can occur simultaneously or consecutively[49]. This results in opposite volume 
variations and affects the final net volume changes. This is clearly unfavorable for actuator 
application, and a dominant ion species during the redox reaction is preferred.  

In addition to the ion flow, the electrolyte solvent also affects the volume changes of conducting 
polymer during electrochemical redox process. As the ions are solvated in the electrolyte, 
solvent molecules accompanying the ions are also inserted into or expelled from the polymer 
matrix and account for much, if not most, of the volume changes. Meanwhile, insertion of 
solvent molecules can take place independently of ion transport due to osmotic pressure effect, 
which also contributes to the total dimensional changes[50, 51]. 
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Figure 2.5 Actuation mechanism in conducting polymers via two different pathways: (b) anion 
driven and (d) cation driven[48]. 

 

2.5 Classification of conducting polymer actuators 
 

Conducting polymers with the capability of reversible dimensional change are then used as the 
active part to construct various electrochemical actuators with different configurations. These 
actuators can be categorized based on conducting polymer materials (polyanilines, polypyrrole, 
PEDOT), number of structural layers (freestanding, bilayers, trilayers), motion type (bulk 
expansion, linear, bending, buckling) and dimensions (microscale, macroscale). Based on the 
operating environment, conducting polymer actuators operate in open air or in a liquid 
environment. Figure 2.6 summarizes six types of conducting polymer actuators with different 
configurations[52]. 
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Figure 2.6 Illustration of various conducting polymer actuators with bulk volume change, linear 
extension, bilayer bending, bilayer buckling sheet, trilayer bending and solid-state trilayer 
bending (The five actuators to the left operate in the liquid electrolytes and the last one operates 
in open air). Reprinted with permission from[52]. Copyright © 2019 WILEY‐VCH Verlag 
GmbH & Co. KGaA, Weinheim. 

 

2.5.1 Actuators working in liquid electrolytes 
 

Since the actuation mechanism of the conducting polymer actuators is activated by an 
electrochemical redox reaction, a three-electrode electrochemical cell with an aqueous or 
organic electrolyte is generally required to operate the actuators[53, 54].  The conducting 
polymer acts as the working electrode where a well-defined electrical stimulation is applied. 
Inert materials such as platinum, gold, glassy carbon and stainless steel are usually utilized as 
the counter electrode. A reference electrode is required for regulating the potential of the system 
and the liquid electrolyte acts as an ion source and provides the required ionic pathways for 
completing electrical circuits. When potential or current is applied, the electrochemical redox 
reaction of the working electrode results in reversible volume expansion/contraction of the 
conducting polymers as discussed previously. 

The fundamental form of conducting polymer actuators is the freestanding conducting 
polymers. These actuators are made by clamping conducting polymer films, strips or fibers at 
either end. The resulting deformation is a linear actuation of the conducting polymers in liquid 
electrolyte solution. Direct linear actuation is a simple but important motion mode as complex 
transmission system is not needed for conversion[52]. These conducting polymer actuators can 
also offer a direct measurement of actuation metrics such as the expansion and contraction ratio, 
the generated strain and force, and the response time. Thus, they are particularly useful for 
understanding the basic performances of conducting polymer actuators. Efforts to improve the 
performance have been made by optimizing conducting polymer synthesis conditions such as 
temperatures, applied potentials or choosing a suitable supporting electrolyte solution[55, 56]. 
However, these linear actuators usually demonstrate considerable electrochemical creep after 
repeated actuations under stress[57]. The electrochemical creep can be defined as the 
continuous and irreversible length increase during the actuation process since conducting 
polymer is also a type of viscoelastic material, while the electrochemical strain is the dynamic 
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length variation of the conducting polymer actuator as a result of reversible electrochemical 
redox process. The electrochemical creep needs to be reduced as it is detrimental for accurate 
positioning of conducting polymer actuator in the practical use[57]. Another limitation of 
freestanding conducting polymer actuator is the notable strain gradient especially for long 
conducting polymer strips when only one end is connected to the electrical source. The applied 
voltage attenuates longitudinally due to electronic resistance, resulting in the bottom part 
generating smaller strain and slower speed than its upper section[44, 58].  

To provide a uniform current density to the active conducting polymer layer or to strengthen 
the mechanical properties of the conducting polymer actuators, actuators with bilayer 
configurations have been designed even though a bending motion is generated[44]. Bilayer 
actuators usually consist of an active conducting polymer layer and an electromechanically inert 
layer[59, 60]. The relative volume change of the conducting polymer layer with reference to 
the inert layer results in a bending movement. The inert layers can be a thin metal layer, paper, 
plastic, or adhesive tape. A bilayer actuator is obtained by the electrodeposition of conducting 
polymer film directly on a flexible metal substrate or bonding two separately prefabricated 
layers together.  

When two conducting polymer layers are deposited on two sides of a electromechanical inert 
layer, a trilayer actuator with a typical sandwiched structure is formed[61]. In this case, the 
working electrode of the potentiostat is connected to one conducting polymer layer and the 
counter and reference electrodes are connected to the other conducting polymer layer. Opposite 
electrochemical reactions occur in the two conducting polymer electrodes, with one being 
oxidized while the other one simultaneously reduced. Consequently, conducting polymer layer 
on one side expands while the other layer shrinks, generating a bending movement of the 
trilayer actuator. By reversing the polarity of applied potential, actuators bend in opposite 
direction. In contrast to other conducting polymer actuators operating in liquid electrolytes, the 
trilayer actuators are easily controlled with two electrodes since a reference electrode in liquid 
environment is not required. This trilayer configuration also generates higher output forces than 
the bilayer configuration due to the presence of two active layers and is more energy efficient 
as no energy is wasted on the counter electrode. Linear deformation is also achievable in a 
trilayer configuration if two conducting polymer layers are driven by opposite mechanisms, 
with one conducting polymer layer driven via a anion mechanism pathway and the other driven 
via a cation mechanism pathway[62]. Therefore, both conducting polymer layers expand or 
contract at the same time, producing a linear actuation mode.  

 

2.5.2 Solid state actuators 
 

While being able to operate in a liquid electrolyte is advantageous especially for biomedical 
applications, conducting polymer actuators working in open air would further expand their 
potential application areas. To achieve solid-state operation, the simple method is to encapsulate 
the complete device including the liquid electrolyte, which unfortunately leads to a complex 
structure and may degrade the actuation performance[63]. Another actuator configuration has 
been developed where the so-called solid polymer electrolytes are used and sandwiched 
between two conducting polymer electrodes in a trilayer structure[64]. The solid polymer 
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electrolyte serves as an ionic source and an electronic insulation layer. Under electrical 
stimulation, the electrochemical redox process occurs in the same manner as for the trilayers 
working in the liquid electrolyte, except that the ions are moving between the conducting 
polymer electrodes and the solid polymer electrolyte. When one conducting polymer electrode 
is reduced, the second electrode is oxidized. Cations and anions in the central electrolyte layer 
move separately into different conducting polymer electrode. The relative difference in volume 
expansion of the two conducting polymer electrodes due to the different ion sizes usually leads 
to a reversible bending deformation[65-67]. Figure 2.7 illustrates the ion movements in a 
bending PEDOT:PSS trilayer actuator. The actuation performance of the solid state trilayer 
actuators are mainly determined by parameters such as the dimensions of the complete structure 
(length, width and thickness of the conducting polymer electrodes and the solid polymer 
electrolyte layer), the electroactive actuation properties of the conducting polymer electrodes, 
ionic conductivities of the solid polymer electrolytes, and the magnitude and frequency of the 
applied electrical stimulation[68]. The generated force and efficiency of the trilayer actuators 
is increased as the drag effect in liquid electrolyte is removed and reactions occurring at the 
counter electrode also contribute to the actuation. Other advantages of the trilayer actuators 
working in air are that the trilayer actuators are relatively simple to fabricate and they allow 
easy tuning of the actuation performance, for example, by developing solid polymer electrolyte 
with proper mechanical, ionic and dimensional properties. However, the solid-state trilayer 
actuators have some problems in respect of the actuator lifetime. One issue is that the solvent 
in the solid polymer electrolyte can evaporate especially when an aqueous or organic electrolyte 
solution is used. The loss of the solvents greatly decreases the ionic conductivity of solid 
polymer electrolytes and limits the lifetime and performance of the conducting polymer 
actuators. This evaporation issue can be solved when ionic liquid is utilized as a non-volatile 
electrolyte[69]. Ionic liquids are molten organic salts with low melting points at ambient 
temperature. They present large electrochemical windows, high ionic conductivity, have 
extremely low vapor pressure, and do not require the use of any additional organic solvent. 
Their use as the electrolyte in conducting polymer actuators results in a significant enhancement 
in stability, lifetime, and actuation speeds[70-72]. The first demonstration of ionic liquid as 
electrolytes in conducting polymer actuators is performed by Lu et al. with enhanced cycle 
number up to 1 million cycles[73]. Therefore, solid polymer electrolyte containing ionic liquid 
is the ideal materials to develop of high performance solid-state electrochemical actuators.  
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Figure 2.7 Schematic view of the ion movements in a PEDOT:PSS trilayer actuator operating 
in open air. Reprinted with permission from[65]. Copyright © 2013 IOP Publishing Ltd. 

 

The second issue limiting the lifetime is related to the delamination occurring at the interfaces 
of the layers, due to strong shear forces acting on the central electrolyte layer by the active 
conducting polymer layers[74]. Various strategies in the design and assembly have been 
developed to eliminate delamination-associated mechanical failures. Microporous PVdF 
(polyvinylidene fluoride) polymer membranes are used as the central electrolyte support layer 
to enhance the physical bonding with the conducting polymer electrodes[72]. Another approach 
overcoming delamination problem is the synthesis of conducting interpenetrating polymer 
network (IPN) actuators[66, 75, 76]. In this method, conducting polymer layers are 
interpenetrated within the polymer electrolyte membrane by chemical oxidative polymerization 
instead of depositing conducting polymer layer on top of prefabricated electrolyte membrane. 
The concentration of conducting polymer, which is carefully controlled by the reaction time, 
decreases from the surface to the central part of the IPN polymer structure without electrical 
connection occurring between the two penetrated conducting polymer layers. Therefore, solid-
state actuators with one-piece pseudo-trilayer configuration are obtained after incorporation of 
ionic liquid. The typical fabrication process of IPN actuators is illustrated in Figure 2.8[77]. As 
the conducting polymer layers penetrate the IPN electrolyte layer, no physical delamination can 
take place during repeated bending[78]. Meanwhile, a novel 3D interface is formed instead of 
a conventional planar interface between the conducting polymer layers and the central polymer 
gel electrolyte layer, facilitating the ion exchanges and improving the actuation performance.  

 



14 
 

 

 

Figure 2.8 Three main fabrication steps for one-piece conducting IPN pseudo-trilayer 
actuators: 1) impregnating EDOT monomers into PEO/PCL IPN structure, 2) synthesizing 
interpenetrated PEDOT layer (black layer) within IPN structure using FeCl3 oxidant, 3) 
incorporating ionic liquid EMITFSI. Reprinted with permission from[77]. Copyright © 2015 
WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

2.6 Microactuators 
 

Over the last decades, there is a tremendous demand for miniaturized actuators for various 
mechanical, chemical, and biomedical applications[79, 80]. For instance, microactuators 
operating in biocompatible environments are required to regulate liquid flow as active 
components in lab-on-a-chip microsystems. Such microactuators should preferably possess a 
simple structure and should be easily fabricated and integrated into the microsystems. Soft and 
compliant microactuators are also needed in the applications that require gentle operation such 
as the micromanipulation and probing of biological samples, micromechanical stimulation of 
living cells, in-body diagnosis, treatment, and surgery and controlled drug release. However, 
development in microactuators for such applications is limited because traditional actuation 
systems such as electromagnetic rotary motors, hydraulic or pneumatic systems are typically 
nonflexible, heavy, noisy, complex and require significant power to activate the actuation. EAP 
actuators especially conducting polymer actuators are very promising candidates to fabricate 
soft microactuators for these potential applications, since they are lightweight, powered at low 
potentials, move without noise, operate in liquid electrolyte or in open air, and generate large 
strains and forces. Meanwhile, conducting polymer actuators have a significant drawback that 
favors its use as microscale actuators. As conducting polymer actuators are ion driven systems, 
their actuating performance is largely determined by the diffusion rate of ions or accompanying 
solvents into the conducting polymers[81]. Largescale actuators with thick electrolyte layers 
and large conducting polymer layers would require too much time for ion transport and are slow 
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devices. Substantial improvements in actuation performance are achievable by minimizing ion 
diffusion distances and reducing actuator dimensions[82]. Therefore, it is of great interest to 
fabricate high-performance conducting polymer actuators at the microscale. However, 
miniaturization of conducting polymer actuators and further integration into microsystems is a 
technical challenge. It must be proved that the soft polymer materials used in conducting 
polymer actuators are compatible with harsh microfabrication processes, typically developed 
for silicon-based electronic industry. Different microfabrication techniques or combination of 
different techniques, including standard photolithography, soft lithography, wet chemical 
etching, reactive ion etching, inkjet printing, metal deposition and laser ablation, have been 
used to fabricate conducting polymer based microactuators and their microsystems with a 
variety of configurations and different purposes[12, 24, 83, 84]. Based on their operation 
environment, microactuators working in liquid electrolyte solution and in open-air are reviewed 
separately. 

 

2.6.1 Microactuators working in liquid electrolytes 
 

Bilayer microactuators operating in liquid electrolytes are developed by using a few 
microfabrication steps combining standard photolithography, wet chemical etching and metal 
evaporation. The first microactuators were developed by Smela et al. in a bilayer configuration 
of thin gold layer and conducting polymer polypyrrole[85, 86]. These microactuators achieved 
curling and uncurling movement with a rapid response time of approximately 5 seconds when 
stimulated in aqueous NaDBS electrolyte solution. This result demonstrates that standard 
photolithography techniques are compatible with polymer actuating materials and can be used 
to fabricate thousands of such microactuators in a simultaneous batch-production way. The 
PPy(DBS) bilayer microactuators are further used as actuating hinges to build more complex 
microsystems for various applications. For instance, Jager et al. demonstrated a complex design 
of conducting polymer micro robotic arm, whose joints are driven and controlled by 
independent PPy(DBS) microactuators. The micro robotic arm can grab and lift a tiny glass 
bead and position it to another location as shown in Figure 2.9. Such microscale robots from 
multiple soft conducting polymer microactuators are arguably promising and exciting 
technology with many possibilities, particularly in biomedical applications because these 
microactuators demonstrate good biocompatibility and can work in physiological media such 
as urine, blood plasma, and cell culture media[12]. 
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Figure 2.9 Photographs and schematic illustration of a microrobot arm positioning a small glass 
bead in electrolyte solution. Reprinted with permission from[87]. Copyright © 2000 The 
American Association for the Advancement of Science. 

 

2.6.2 Microactuators operating in open air 
 

Solid state trilayer microactuators are also prepared using various micropatterning methods 
including laser ablation technique, standard photolithography, and reactive ion etching[84, 88]. 
To downscale the trilayer actuator using laser ablation technique, conventional macroscale 
trilayer conducting polymer actuator is prefabricated. Microactuators are then simply obtained 
by laser ablation of the macroscale actuators. For example, microactuators prepared from laser 
ablation of Au coated PVdF membrane with two electropolymerized PPy electrodes, 
demonstrate a fast actuation at 90 Hz by reducing the dimension of the trilayer actuator and 
exploiting its fundamental resonance frequency[14, 89]. However, this laser ablation process 
does not achieve a high resolution, which is largely limited by the laser ablation, nor does it 
offer batch production. In addition, the obtained microactuators are difficult to connect to the 
power source due to the lack of integrated electrical contacts.  

To achieve even smaller microactuators, a microfabrication process combining spincoating, 
standard photolithography and reactive ion etching (RIE), is developed for the solid-state 
trilayer actuators with an IPN structure[13, 90]. A layer-by-layer approach is used to prepare 
large size trilayer actuator on silicon wafer by sequentially stacking three layers together. The 
layer thickness is precisely controlled by using spin-coating. The synthesized macroscale 
actuators on silicon wafer are then spincoated with photoresist for photolithographic patterning. 
Thereafter, the final size and shape of microactuators is determined by the developed 
photoresist patterns and RIE is used to remove the unprotected materials. The resulting thin 
microactuators demonstrated actuation at high resonant frequency of 930 Hz[13]. This high-
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definition and cost-effective microfabrication process as illustrated in Figure 2.10 can be easily 
scaled up at low cost for simultaneous batch-fabrication of fully flexible thin microactuators. 
However, this RIE method requires manual connection of the microelectrodes for 
characterization as the absence of both electrical contacts. The process is further improved and 
allows direct integration of one electrical connection and operation of microactuators on 
flexible substrates, although an external micromechanical gold tip is still needed to establish 
the second electrical contact on top of the trilayer [91]. While these fabrication techniques 
provide the required high resolution for solid-state microactuators and allow for batch 
fabrication, only simple and individual bending beam microactuators are fabricated.  

It is a challenge to create individual addressable monolithic microactuators with fully integrated 
electric contacts with this method. To build solid state advanced microdevices like microrobots, 
multiple individually addressable conducting polymer microactuators are needed. This requires 
development of novel microfabrication methods to pattern conducting polymer actuators. In 
this thesis, the microfabrication approach created by Smela et al. is modified to fabricate solid 
state microactuators in a parallel configuration. The two conducting polymer electrodes are 
positioned parallel in the same plane on a silicon wafer and ionically connected with solid 
polymer electrolyte micropattern, rather than stacked in a sandwiched trilayer configuration. In 
other electrochemical devices like electrochromic device and battery, such electrode 
arrangement is common but not used in conducting polymer electrochemical actuator. To 
develop the proposed microfabrication process, photopatternable solid polymer electrolyte like 
a commercial photoresist by traditional photolithography is desired. The use of 
photopatternable solid polymer electrolytes in the standard photolithography process would 
broaden the microfabrication toolbox for solid-state microactuators and such a microfabrication 
method could be easily adapted and extended for other electrochemical microdevices like 
microsupercapacitors or microbatteries.  

 

 

 

Figure 2.10 Schematic illustration of the microfabrication process combining photolithography 
and RIE for IPN trilayer microactuators with varying thickness. Reprinted with permission 
from[13]. Copyright © 2014 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
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2.7 Advantages and disadvantages of conducting polymer actuators 
 

There are no perfect actuation materials and technologies. Each has its own advantages and 
disadvantages and conducting polymer actuators are no exception. Conducting polymer 
actuators possess some significant strengths over other actuating technologies. They have a 
relatively simple actuation mechanism. They are lightweight and mechanically soft and flexible. 
They are noiseless and low in cost. The dimensional change of conducting polymer can be 
exploited in either linear, volumetric or bending actuators. They are also feasible to fabricate 
on the microscale and integrated into microsystems. The conducting polymer actuators can 
work in liquid electrolytes, including some important biological fluids and cell-culture media. 
They can also operate in air using solid polymer electrolytes in a trilayer configuration. 
Conducting polymer actuators are electrically controlled, which allows them to be battery-
operated as only a few volts are required. They can be positioned continuously in the strain 
range and kept at any specified strain without consuming energy[82]. Conducting polymer 
actuators generate large electrochemical stress at the level of 3-5 MPa, which is significantly 
higher than that of mammalian skeletal muscles (0.35 MPa)[92]. In addition, their 
electrochemical strain ranges from a few percent to over 30 %[93, 94]. Some conducting 
polymer actuators even achieve up to 40% strain, almost the same level as that of skeletal 
muscles, even though such extremely large electrochemical strains are obtained using very slow 
scan rates[95, 96]. Despite the advantages, there are also some disadvantages associated with 
conducting polymer actuators. Conducting polymer actuators exhibit notable creep under load, 
especially for freestanding linear actuators[57]. The evolution of structure of conducting 
polymers during electrochemical doping and dedoping is hysteretic and only partially 
reversible, which may gradually reduce the actuating capability of conducting polymer[82]. 
The conducting polymer actuators respond well at low frequencies as ion diffusion within the 
materials is a slow process[81]. This severely limits their ability to operate at high frequencies. 
Thus, they have limited applications especially in cases where large strains and fast response 
rates are needed at the same time. A typical relationship between displacement and frequency 
for conducting polymer bending actuators is shown in Figure 2.11. Another weakness of 
conducting polymer actuators is that the efficiency of energy transformation from electrical to 
mechanical form is usually low at the level of 1% or less[82]. This problem rules out the 
applications of conducting polymer actuators as macroscale devices such as prosthetics even 
when high speed actuation is not needed, unless the energy efficiency can be enhanced[97]. 
Therefore, it is challenging and not reasonable to replace or compete with other existing 
actuation technologies in applications that are unsuitable for conducting polymer actuators. 
Identifying a critical need for conducting polymer actuators in a niche application is 
significantly beneficial to their development. Continuous development of high-performance 
conducting polymers, electrolyte materials, novel fabrication techniques and smart design of 
actuator configurations can be used to lift their current limitations and broaden their future 
applications. 
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Figure 2.11 A typical relationship between displacement and frequency for trilayer bending 
actuators. The displacement decreases with increasing frequency. The filled and open circles 
indicate two different actuators. Reprinted with permission from[98]. Copyright © 2010 
Society of Chemical Industry. 
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Chapter 3 Thiol-ene chemistry 
 

3.1 ‘‘Click’’ chemistry 
 

‘‘Click’’ chemistry is a novel concept for efficient and selective chemical reactions proposed 
by Kolb, Finn, and Sharpless for the first time in 2001[99, 100]. The click reactions exhibit 
some exceptional characteristics including: a) simple, efficient, and modular in nature; b) nearly 
ideal 1:1 stoichiometry; c) high yields with by-products that need simple or no purification; d) 
regiospecific and stereospecific; e) simple to practice in mild reaction conditions and tolerant 
of water and oxygen; f) orthogonal to chemical substrates and g) amenable to readily available 
reaction substrates. A few chemical reactions such as Cu-catalysed azide-alkyne cycloaddition 
(CuAAC), hetero Diels-Alder reaction, nucleophilic ring-opening reactions of strained 
heterocycles, thiol based free radical or Michael addition reaction, have been identified as click 
reactions under appropriate conditions[101, 102]. During the past decades, the “click” 
chemistry has demonstrated its significance in a wide variety of applications such as organic 
synthesis, surface functionalization, molecular biology, biotechnology, bioconjugation, 
polymer synthesis and modification, polymer network formation, and dendrimer synthesis[103-
106]. 

 

3.2 Thiol-click reactions 
 

This thesis is focused on thiol-based click reactions. Thiol groups in these reactions typically 
exhibit high reactivity as the relatively weak sulphur-hydrogen bonds can break into highly 
reactive species including electrophilic thiyl free radical and nucleophilic thiolate anion[107]. 
These two reactive species can readily react with many chemical substrates including enes, 
alkynes, halogens, epoxies, and isocyanates. These thiol reactions possess many characteristic 
features of the click reactions. Specifically, they are fast, produce high yields under relatively 
benign conditions, proceed either without or in common solvents, and usually generate one 
product so that either no or simple purification is required. Thus, the click reaction 
nomenclature is adapted in the literature to refer these different thiol based click reactions[108]. 
A literal reaction toolbox of various thiol-based click reactions is shown in Scheme 3.1. 
However, these thiol-click reactions also have some inherent drawbacks in contrast to other 
efficient click reactions. For example, the high reactivity and efficiency of thiol groups as they 
can react with many chemical substrates under mild conditions also means their orthogonality 
is compromised, which makes them susceptible to participate multiple reactions simultaneously 
when mixed substrates are present. Other downsides of the thiol based click reactions include 
low shelf stability for some formulations and unpleasant odour and toxicity especially for low 
molecular weight thiols[109, 110].  
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Scheme 3.1 Schematic illustration of various efficient thiol-based click reactions. Reprinted 
with permission from[108]. Copyright © 2010 The Royal Society of Chemistry. 

 

3.3 Thiol-ene coupling chemistry 
 

This chapter is mainly focused on thiol-ene coupling reaction, which represents the reactions 
of thiol groups with many unsaturated chemical groups including maleimides, allyl ether, vinyl 
ether, acrylates, methacrylate, vinyl sulfone and norbornenes. Generally, thiol-ene coupling 
chemistry can be grouped into two categories: radical assisted thiol addition or catalyst 
mediated thiol Michael addition to carbon-carbon double bond (Scheme 3.2). The same 
thioether product is produced between thiol and ene in both reactions under ideal conditions. 

 

 

 

Scheme 3.2 Idealized representation of free radical (a) and catalyst mediated (b) thiol-ene 
coupling chemistry. Reprinted with permission from[107]. Copyright © 2010 WILEY‐VCH 
Verlag GmbH & Co. KGaA, Weinheim. 

 

3.3.1 Ideal free radical thiol-ene coupling reaction 
 

The free radical thiol-ene addition reaction generally proceeds in three main steps: initiation, 
propagation and termination. The initiation step starts from the reaction of thiols with free 
radicals generated from initiators or direct UV illumination, producing reactive thiyl radicals 
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(R-S·)[111]. In the following propagation step, the thiyl radical is directly added across the 
carbon-carbon double bond creating an intermediate radical. This carbon-centered radical 
removes a hydrogen radical from other thiol group to form the thiol-ene addition product, 
simultaneously creating a new initiating thiyl radical. The free radical reaction is terminated by 
classic radical/radical coupling processes. As a result, the thiol-ene free radical coupling 
reaction is simply the addition of thiol to ene in a step growth mechanism while having all the 
advantages of a rapid radical initiated reaction at the same time. When allyl ether, vinyl ether, 
or norbornenes are used as ene substrates, the thiol-ene free radical reactions are ideal without 
homopolymerization of enes (Scheme 3.3). In such ideal conditions, the thiol-ene free radical 
polymerization exhibits a simple reaction kinetics and the reaction rates of propagation and 
chain transfer steps are essentially identical. High conversion of functional groups is achievable 
unless they are prevented by mass-transfer limitations.  

 

 

Scheme 3.3 Ideal reaction mechanism with alternating propagation and chain transfer steps in 
thiol-ene free radical coupling reaction. Reprinted with permission from[107]. Copyright © 
2010 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

3.3.2 Thiol (meth)acrylate free radical mixed mode reaction 
 

When the homopolymerizable enes such as (meth)acrylates are used as the reaction substrates, 
the thiol-ene free radical reaction takes place through a mixed mode mechanism containing two 
different reaction cycles (Scheme 3.4)[112, 113]. The first cycle involves alternation of chain 
transfer and propagation in a step growth fashion, and conventional free radical polymerization 
proceeds via chain growth mechanism in the second cycle. The relative rates of these two cycles 
depend on chemical structures, concentrations and reactivities of the thiol and (meth)acrylate 
components. This mixed mode reaction has a relatively complex kinetic, but the presence of 
the thiol offers several significant benefits that are not obtainable with conventional 
(meth)acrylate homopolymerization. First, a small quantity of thiol materials at the level of 1-
10 wt%, is able to greatly mitigate oxygen inhibition problem, even when the polymerizing 
films are only several micrometers thick and exposed to ambient air[114]. The reduced oxygen 
inhibition increases the polymerization rate and a high conversion of functional groups 
especially on the surface is achievable. Secondly, the presence of step-growth addition 
mechanism allows a delayed gel point and reduced shrinkage stress that arises during the 
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polymerization process[115]. Furthermore, a certain number of excess thiol groups remains 
after the completion of the reaction as (meth)acrylates participate in both reaction cycles and 
homopolymerization of (meth)acrylates is faster than thiol (meth)acrylates free radical addition 
reaction[116]. These remaining thiol chemical groups may provide a distinctive opportunity to 
modify polymer materials, which are impossible by classical free radical polymerization or 
ideal thiol-ene free radical polymerization techniques.  

 

 

 

Scheme 3.4 Reaction mechanism of thiol (meth)acrylate free radical mixed mode 
polymerization. Reprinted with permission from[107]. Copyright © 2010 WILEY‐VCH Verlag 
GmbH & Co. KGaA, Weinheim. 

 

3.3.3 Catalyst mediated thiol-ene Michael addition  
 

Besides the common free radical pathway, thiol groups also readily react with electron-poor 
enes with a catalyst in thiol-ene Michael addition reactions to produce a thioether product[117, 
118]. The reactions proceed at room temperature in an extremely efficient and quantitative 
anionic step growth coupling process. The reaction has a similar mechanism as in the ideal 
thiol-ene free radical addition reaction, except that free radicals are replaced with reactive 
anions for initiation and there are no anionic termination processes. A wide variety of efficient 
catalysts including hexylamine, triethylamine, dimethyl phenyl phosphine, and triphenyl 
phosphine are utilized in the thiol-ene Michael addition chemistry[119]. Based on different 
initiating mechanisms, these catalysts are divided into two main groups, base and nucleophile.  

 

3.3.3.1 Base catalyzed thiol-ene Michael addition  
 

In the base catalyzed reaction, catalytic amounts of a base are needed to accelerate the thiol-ene 
Michael addition reaction between thiol groups and electron deficient ene groups[120, 121]. 



25 
 

The most used base catalysts are amine based catalysts such as triethylamine[117]. The 
generally accepted reaction mechanism is given in Scheme 3.5. A proton in the thiol group is 
removed by the base catalyst to produce a reactive thiolate anion (RS-) and a conjugated acid. 
The generated thiolate anion is very nucleophilic and then it reacts with the electron poor ene 
group, producing a highly reactive carbon-centred intermediate anion. As a strong base 
material, the generated anion removes a proton in the conjugated acid, producing the thioether 
group as the final thiol-ene Michael addition product and regenerating the base catalyst 
concomitantly. Overall, all thiol and electron deficient ene groups are covalently connected 
with a thioether bond after these reaction steps, usually at near quantitative conversion.  

 

 

 

Scheme 3.5 The mechanism of base catalyzed thiol-ene Michael addition reaction. Reprinted 
with permission from[108]. Copyright © 2010 The Royal Society of Chemistry. 

 

3.3.3.2 Nucleophile catalyzed thiol-ene Michael addition 
 

Nucleophiles are emerging as an extremely efficient class of catalysts for thiols and electron-
deficient enes in thiol-ene Michael addition reactions[119, 120, 122]. These catalysts including 
primary amines, secondary amines, and phosphorus-centered catalysts act as a nucleophile in 
another pathway different from base catalyzed reaction (Scheme 3.6). The electron poor carbon-
carbon double bond is initially attacked by the nucleophilic catalyst to generate a strong 

intermediate zwitterionic carbanion, which removes a proton from thiol group and 
generates an initiating thiolate anion. The resulting thiolate anion initiates the subsequent thiol-
ene Michael addition reaction and ensures rapid reaction kinetics. Both the nucleophile and 
base catalyzed thiol-ene Michael reactions can be characterized as highly efficient click 
reactions under appropriate conditions because of rapid reaction rates, regiospecificity, 
insensitive to air and moisture, high selective product, quantitative yields, and mild reaction 
conditions. The presence of proton sources like alcohol or water has no effect on the reaction 
in sharp contrast to other anionic polymerization processes. However, these two mechanisms 
result in some differences in their reaction attributes[123]. The nucleophilic Michael addition 
reaction generally achieves higher functional group conversions with relatively low catalyst 
concentrations and is less dependent on the pKa of the thiol used, while it is an important factor 
that affects the reaction kinetics in thiol-ene Michael reactions mediated by base catalysts. It 
should be noted that both the nucleophile and the base catalyzed reactions are strongly affected 
by external acidic materials if presented in the reaction. The base catalyzed reaction pathway is 
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less influenced as the needed concentrations of the base catalyst is much higher than that in a 
typical nucleophilic pathway. In an extreme case, the thiol-ene Michael reaction is completely 
inhibited by the presence of external protic materials such as a strong acid, which can be 
considered a disadvantage of this reaction[118].  

 

 

 

 

Scheme 3.6 The nucleophilic mechanism of thiol-ene Michael addition reaction. Reprinted with 
permission from[108]. Copyright © 2010 Royal Society of Chemistry. 

 

3.4 Monomers used in thiol-ene coupling reaction 
 

The overall reaction rate, conversion, and kinetics of thiol-ene Michael addition reactions are 
dependent on many parameters such as catalytic mechanism, catalyst concentration, the basicity 
or nucleophilicity of the catalyst, pKa and steric effect of the thiols, and electron-withdrawing 
group on the unsaturated carbon-carbon double bond[119, 124]. Other factors like the polarity 
and the pH of the solvent also influence the reaction kinetics in the case of reactions in 
solution[125, 126]. Common monomers used in the thiol-ene coupling chemistry and their 
reactivities are discussed below. 

 

3.4.1 Thiol monomers 
 

The most outstanding feature of either radical assisted or catalyst mediated thiol-ene addition 
chemistry is that almost any type of thiol can be employed[127]. However, the reactivity of 
thiols ranging several orders of magnitude, is dependent on the structure of the thiol groups as 
the strength of sulphur-hydrogen bond in various thiol group differs and cleaves via a homolytic 
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or heterolytic mechanism. Four common types of thiol structures including alkyl thiols, thiol 
propionates, thiol glycolates and thiophenols, have been investigated in the literature to reveal 
the effect of the chemical structures on the reactivity of the thiol (Figure 3.1). As indicated by 
the arrows, thiols with high pKa result in corresponding thiolate anions with high 
nucleophilicity, which favours thiol-ene Michael addition reaction, while thiols with low pKa 
lead to radicals with high electrophilicity, which favours free radical mediated thiol-ene 
coupling reaction.  

 

 

 

Figure 3.1 Structures and reactivity of four common thiols and their corresponding thiolates 
and thiyl radicals. Reprinted with permission from[108]. Copyright © 2010 Royal Society of 
Chemistry. 

 

3.4.2 Ene monomers  
 

A wide variety of enes can be used as suitable substrates in thiol-ene free radical coupling 
chemistry, including activated and non-activated carbon-carbon double bonds. The reactivity 
of the ene monomers differs significantly with various structures and substitution groups of the 
ene monomers. The overall reaction kinetics of the thiol-ene free radical reaction is influenced 
by the electron density on the carbon-carbon double bonds. Initiating thiyl radicals react with 
electron-rich enes more rapidly than electron deficient enes. The relative reactivity of enes 
towards thiols under free radical reaction conditions follows a general trend: “norbornene > 
vinylether > propenyl > alkene ≈ vinylester > N-vinylamide > allylether ≈ allyltriazine ≈ 
allylisocyanurate > acrylate > N-substituted maleimide > acrylonitrile ≈ methacrylate > styrene 
> conjugated diene”[128, 129]. The reactivity of ene monomers increases with increasing 
electron density on the carbon-carbon double bond excluding three special enes: norbornene, 
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methacrylate, styrene, and conjugated dienes. The attack of the initiating thiyl radical on the 
carbon-carbon double bond in norbornenes significantly releases the strain of the heterocyclic 
ring and the subsequent generated carbon-centered radical has a high hydrogen-abstraction rate 
from the thiol group. These combinational effects are attributed to the exceptionally high 
reactivity of strained norbornenes. While methacrylates, styrenes and conjugated dienes have a 
low reactivity because of the high stability and inherently low hydrogen abstraction rate of their 
intermediate carbon-cantered radicals. The position of the double bonds in molecular structure 
also influences the reactivity with terminal enes significantly more reactive than internal enes. 
The structure of the ene monomers also strongly affects the reaction kinetic in the thiol-ene 
Michael addition reaction. Generally, electron-poor enes is more susceptible to a Michael 
addition reaction. Common electron-deficient enes used in thiol-ene Michael addition reactions 
are acrylamides, acrylates, vinyl sulfones, methacrylates, and maleimides. Their relative 
reactivity in thiol-ene Michael addition reaction is shown in Scheme 3.7[119].  

 

 

 

Scheme 3.7 Structures and relative reactivity of commonly used enes in thiol Michael addition 
reactions. Reprinted from permission from[123]. Copyright © 2014 American Chemical 
Society. 

 

3.5 Oxygen inhibition 
 

Conventional free radical chain growth polymerization reactions suffer several serious 
problems such as substantial volume shrinkage and stress, complex polymerization kinetics, 
and highly heterogeneous polymer network formation. Another significant drawback of 
conventional free-radical polymerization process is oxygen inhibition[130]. In an oxygen-rich 
environment, propagating radicals can transform into peroxy radicals by reacting with oxygen 
molecules. These peroxy radicals are unreactive and lose the capability to initiate acrylate 
polymerization, thus the overall conversion of acrylates in air is severely limited, resulting in 
an uncured and tacky surface in most cases. In order to reduce the oxygen inhibition, acrylate-
based materials are frequently polymerized with the need of a controlled inert atmosphere, 
oxygen degassing process, or high initiator concentration, which limits their application in 
photopatterning process. However, oxygen inhibition is significantly reduced in the free-radical 
thiol-ene coupling reaction as the inactive peroxy radical removes a hydrogen from the thiol, 
creating a reactive thiyl radical that can reinitiate the reaction with little or no compromise in 
the reaction kinetics (Scheme 3.8)[114]. The oxygen that diffuses into the thiol-ene radical 
polymerizing system is depleted by the thiols and a high conversion of acrylates is obtained 
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even on the surface. This strategy is used to reduce the oxygen inhibition in acrylate free radical 
polymerizations by incorporating thiols into the acrylate formulation. A relatively small 
quantity of thiols can significantly mitigate oxygen inhibition issue and accelerate the 
polymerization rate, even in thin films with a few micrometers thickness, which is quite 
advantageous for curing thin films and coatings in air.  

 

 

 

 

 

Scheme 3.8 The mechanism of reduced oxygen inhibition in thiol incorporated free radical 
reaction. Reprinted from permission from[128]. Copyright © 2004 Wiley Periodicals, Inc. 

 

3.6 Properties of thiol-ene based polymer networks  
 

Crosslinked polymer network system employing radical or catalyst mediated thiol-ene coupling 
reaction offers several distinctive polymerization characteristics and exceptional polymer 
network properties that are impossible with traditional free radical chain-growth polymerization 
systems. These interesting attributes include significantly simplified and rapid polymerization 
kinetics and insensitivity to oxygen inhibition, which results in rapid production of crosslinked 
polymer networks in air. Considerable stress in polymer network is accumulated during the free 
radical chain-growth polymerization such as acrylates as gelation occurs at low conversions of 
monomers, while the delayed gelation from thiol-ene step-growth polymerization significantly 
reduces the polymerization-induced shrinkage and stress. This is because large part of the whole 
polymerization process occurs before the gel point in a low-molecular-weight, viscous liquid 
status. Thiol-ene based polymer network features an inherent stability resulting from the 
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flexible thioether group, which acts as a well-known antioxidant[128]. Some thiol-ene networks 
show that glass transition temperature does not change during aging for up to one month, 
indicating a good thermal and anti-oxidative stability. Thiol-ene based polymer networks 
possess another important advantage over traditional networks because their crosslink density 
can be controlled precisely, and thus nearly perfect and uniform polymer network is produced 
while polymer network by conventional free radical polymerization reactions is inherently 
heterogeneous. The exceptional network uniformity imparts their rather narrow glass transition 
temperature region and enhanced mechanical properties. This also suggests that incorporating 
multifunctional thiols into the free radical acrylates polymerizing system can improve the 
physical and mechanical behaviors of the resulting polymer networks. The network formed in 
such thiol-acrylate formulations proceeds via a mixed polymerization process combining 
acrylate polymerization and thiol-acrylate step-growth coupling reaction instead of a pure 
acrylate homopolymerization. As a result of thiol-acrylate step growth mechanism, a much 
more uniform polymer network is formed, even when a small amount of thiol is added to 
acrylates.  

 

3.7 Light induced thiol-ene coupling reaction 
 

Using light to initiate thiol-ene coupling reactions has enormous advantages, including rapid 
polymerization kinetics, low reaction temperature (often at room temperature), low energy 
required, temporal and spatial regulation of the initiation, and facile manipulation of the 
reaction rate and conversion rate by directly controlling the illumination intensity, the dose or 
the exposure time. Light induced thiol-ene coupling reactions possess a combination of the 
traditional advantages of thiol-based click reactions with the benefits of a photoinduced 
reaction, resulting in an important synthesis technique for a wide variety of applications in 
polymer and materials science like photopatterning, polymer modification, bioconjugation, 
surface immobilization, and biochemical labelling. The thiol-ene coupling reaction initiated by 
free radicals can be triggered conveniently with UV light through a wide selection of free radical 
photoinitiation systems. However, such photoinitiation systems are limited for thiol-ene 
Michael addition reactions compared to radical photoinitiation as they are generally initiated 
utilizing base or nucleophile catalysts. To realize light induced thiol-ene Michael addition 
reactions, a few photocatalyzing systems have been designed in the past few years[131-133]. 
The most straightforward method to trigger the reaction by photo-illumination is to design 
photolabile molecules that release bases or nucleophiles. These photoinitiation catalysts are 
synthesized by linking light sensitive functional group to a strong base, such as tetramethyl 
guanidine. Typical light sensitive functional groups, like tetraphenylborate, nitrophenyl propyl, 
phenylglyoxylic acid, and coumarin derivative, are used. As an example, a highly reactive 
catalyst prepared through protecting tetramethyl guanidine (a strong base) with a visible light 
sensitive coumarin derivative group is shown in Scheme 3.9. The catalyst exhibits excellent 
catalytic activities toward the initiation of the thiol-ene Michael addition reaction and high 
conversion of vinyl functional groups is reached within several minutes for homogeneous 
network formation. 
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Scheme 3.9 A visible-light photoinitiation system for homogeneous network formation by 
thiol-ene Michael reaction. Reprinted with permission from[134]. Copyright © 2016 American 
Chemical Society. 

 

3.8 Application of thiol-ene coupling reaction in patterning  
 

Thiol-ene coupling reaction has a significant potential for the development of complex 
micro/nano polymer-based patterns and structures, which have been explored by various 
patterning techniques including classic photolithography, electron beam lithography, reaction 
injection molding and soft lithography[135-138].  

 

3.8.1 Photolithography 
 

Photolithography is a traditional micro/nano-fabrication process to transfer geometric patterns 
from a photomask to a flat substrate with the help of light sensitive polymers (called photoresist). 
It allows a precise control of the shape and size of the patterns and enables the creation of 
micro/nano patterns in a highly mass-production manner. To begin the photolithographic 
process, the photoresist is initially applied evenly on the substrate by a spin coating method. 
Controlled light exposure through a photomask is performed to define the area where the light 
interacts with the photoresist layer. The interaction creates a difference in solubility of the 
photoresist between exposed and unexposed areas in the developer solution. Appropriate 
solvents are used to remove the soluble materials during the subsequent development process. 
The patterns on the photomask at this point have been transferred to the photoresist layer. A 
further etching step is then performed to transfer the patterns into the underlying layer. There 
are two groups of photoresists developed for photolithography: positive photoresist or negative 
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photoresist. For positive photoresist, the illumination of the light changes the chemical structure 
in the positive photoresist so that it becomes more soluble in the developer. An exact copy of 
the pattern on the photomask is transferred to the positive photoresist layer. For negative 
photoresist, the exposure of light initiates polymerization or crosslinking reactions so that the 
exposed photoresists are difficult to dissolve in developer. The patterns on the photomask is 
inversely transferred to the negative photoresist layer. Figure 3.2 compares the patterning 
results using these two types of photoresists in a photolithographic process. The step-growth 
mechanism in the thiol-ene coupling chemistry and the associated delayed gelation, rapid 
reaction kinetics, uniform polymer network, negligible oxygen inhibition, and low shrinkage 
stress, make this thiol-ene reaction suitable to develop negative-toned photoresist materials in 
the photolithographic patterning process[138-140]. The delayed gelation and low shrinkage 
stress lead to sharp photolithographic profiles, which possess a well-defined and distinct 
boundary between exposed and unexposed photoresist regions. The absence of oxygen 
inhibition issue and rapid reaction kinetics leads to complete curing of thin photoresist layer in 
air without a controlled nitrogen atmosphere, improving the achievable resolution in 
lithographic applications.  

 

 

 

Figure 3.2 Schematic illustration of photolithographic patterning process using either negative 
or positive photoresist. 
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3.8.2 Soft lithography  
 

Soft lithography is viewed as an alternative to photolithography and contains a family of 
patterning techniques designed for fabricating or replicating patterns and structures using soft 
elastomeric stamps or molds, which are usually made from polydimethylsiloxane (PDMS)[141]. 
These techniques include a wide range of processes, like microcontact printing method (µCP), 
micromolding in capillaries (MIMIC) or replica molding. The application of thiol-ene reaction 
in soft lithography patterning methods is discussed using microcontact printing method as an 
example. In µCP patterning process, a PDMS stamp with designed patterns is coated with a 
thin layer of ink molecules and placed on a reactive substrate under a certain force. The ink 
molecules on the stamps react only in the contact area and functional micropatterns are acheived 
in a single and rapid printing procedure. Significant benefits of microcontact printing are that 
reactions proceed very rapidly, and only small quantities of ink molecules are needed in the 
patterning process, which is particularly useful for patterning of biological molecules like 
carbohydrates, nucleic acids or proteins because these materials are usually available only in 
small quantities. μCP process creates high resolution patterns, which are not influenced by the 
optical properties of the substrate, while reflection and scattering of light on substrates affect 
the resolution of photolithographic patterns. Several favorable properties of thiol-ene reactions, 
like the absence of oxygen inhibition, fast kinetics, high conversion rate, and their ability to 
self-initiate without extra added initiators, make them attractive in micro/nano contact printing 
application. A typical photochemical μCP process using thiol-ene coupling chemistry is 
illustrated in Figure 3.3 for the patterning of functional thiols on the substrate covered with 
alkene-terminated self-assembled monolayers[137]. The PDMS stamp is covered with a layer 
of functional thiols (illustrated in red). After bringing the stamp in contact with the substrate, a 
thiol-ene reaction is initiated in the local contact area by irradiation with UV light. A wide range 
of functional thiols are conveniently patterned and immobilized on the substrate within 30s of 
printing and the edge resolution of the micropatterns is better than 100 nm. Therefore, 
photochemical μCP coupled with thiol-ene chemistry is a valuable alternative to 
photolithography and is advantageous for the preparation of micropatterns for biological 
materials.  

 

 

 

Figure 3.3 Schematic illustration of thiol-ene photochemistry for micro contact printing 
application. Reprinted with permission from[137]. Copyright © 2010 American Chemical 
Society. 
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3.9 Thiol-ene based polymers for fabrication of microfluidic devices  
 

The thiol-ene based photopolymers have also proven useful to fabricate microfluidic devices, 
which are traditionally fabricated from hydrophobic poly(dimethylsiloxane) (PDMS) by soft 
lithography techniques[142, 143]. The exceptional thiol-ene reaction allows to fabricate 
microfluidic devices with many highly desirable features. Reduced or complete absence of 
oxygen inhibition in thiol-ene reactions decreases the photoinitiator concentration, while fast 
reaction kinetics and excellent surface curing are still achievable. Reduced photoinitiator 
concentration is beneficial for light penetration, allowing for the fabrication of thick and 
uniform polymerized features for microfluidic components. Delayed gelation and reduced 
shrinkage stress are also important features of thiol-ene polymer network, which remains in the 
liquid state in the network evolution until relatively high conversion is reached because of the 
involved step-growth mechanism. These combined advantages of thiol-ene photopolymers 
facilitate the production of structures with large aspect ratio and high fidelity. Thiol-ene 
coupling chemistry also allows easy control of the surface properties of microfluidic parts for 
the assembly of microfluidic devices[144, 145]. Off-stoichiometric thiol-ene (OSTE) 
photopolymers are developed to fabricate two thiol-ene photopolymers with different surface 
properties. The microfluidic parts are fabricated via soft lithography techniques from the off-
stoichiometric thiol-ene photopolymers and the assembly of microfluidic device is achieved 
with one single-step UV induced click reaction between the excess thiols and allyl groups on 
the surface. These novel thiol-ene materials provide a facile fabrication method for hydrophilic 
microfluidic chips with enhanced interfacial stability and resistance to solvent, in contrast to 
PDMS based microfluidic devices.  

 

3.10 Thiol-ene photopolymers for 3D printing  
 

The polymer 3D printing technology has received a huge amount of attention in various 
applications because of its excellent process flexibility and geometry controllability[146]. The 
characteristics of the thiol-ene reaction makes it an interesting candidate for 
photopolymerizable system to be investigated for 3D printing[147]. Thiol-ene based 
photopolymers demonstrate less volume contraction and shrinkage stress during polymerization 
in sharp contrast to acrylate-based free radical formulations and as a result the printed objects 
present a sharp and smooth surface. The capability to cure thiol-ene photopolymers in the open-
air is also favorable as the curing process in open vat stereolithography setups occurs in the 
presence of ambient air. 3D printing of thermoplastic polymer in open-air at high speed is 
achieved with a thiol-incorporated printing formulation[148]. A thiol-ene free radical 
photopolymer developed for 3D printing system is shown in Figure 3.4[149]. A high-resolution 
dog structure of 50 μm is easily created with digital light processing (DLP) printing from the 
thiol ene formulation using a visible LED light source.  
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Figure 3.4 An example of thiol-ene photopolymer developed for DLP 3D printing. Reprinted 
with permission from[149]. Copyright © 2018 Royal Society of Chemistry. 
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Chapter 4 Ionogels 
 

Electrolytes acting as ion transporting media are essential in biology and technology. In 
biological systems such as muscles and neurons, a subtle and complex ionic presence in the 
intracellular and extracellular environment is required for transferring cell signals and 
regulating cellular activities. In technological devices such as electrochemical cells, electrolytes 
acting as an ion reservoir and electronic insulator provide the required ionic pathways to 
complete electric circuits. As an alternative to liquid electrolytes, gel electrolyte has been 
widely used in numerous applications including supercapacitors, electrochemical sensors, 
organic transistors, electrochromic smart devices, dye-sensitized solar cells and electroactive 
polymer actuators. Ionogels, which confine ionic liquids within a three-dimensional solid-state 
matrix, are a new type of gel electrolytes. In this chapter, some basic information about ionogels 
is presented. 

 

4.1 Ionic liquids  
 

In general, ionic liquids are described as molten organic salts with low melting points[150]. 
They consist entirely of ions so that the physicochemical property is significantly different from 
molecular liquids and can be easily modified by selecting a suitable pair of cation and anion 
amongst many possibilities. The most popular anions and cations used in ionic liquids are 
presented in Figure 4.1[151]. A set of extraordinary characteristics of ionic liquids include 
extremely low vapor pressure, good chemical and thermal stability, anti-flammability, high 
ionic conductivity and large electrochemical windows[150, 152]. They can also be used as 
solvents for organic, polymeric and inorganic species for various synthesis, catalysis and 
separation processes[153, 154]. These exceptional properties are the reason for their growing 
use as alternative electrolyte in advanced electrochemical devices like fuels cells, organic 
transistors, batteries, supercapacitors and conducting polymer actuators[155-157].   
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Figure 4.1 Most popular cations and anions of ionic liquids[151].  

 

4.2 Ionogels  
 

To be applied in a solid-state device, there is a need to immobilize ionic liquids within a solid 
matrix as their liquid state can cause leakage issues and complicates fabrication process. To 
overcome the outflow problem, ionogels have been introduced. They are a group of new hybrid 
materials which confine ionic liquids within a three-dimensional organic, inorganic or 
composite solid network[158]. This confinement of ionic liquids allows the development of 
electrolyte materials that offer some exceptional properties including shape forming ability, 
mechanical flexibility and stretchability, optical transparency and excellent ionic conductivity 
by combining the properties of the solid matrix network and the ionic liquids. Thus, they have 
considerably expanded the application areas of ionic liquids and have been studied in both basic 
and applied materials science over the past decades. 

 

4.3 Properties of ionogels 

4.3.1 Mechanical and physical properties  
 

The mechanical and physical properties of ionic liquids alone are greatly improved by the 
incorporation into a solid matrix, forming an ionogel. Generally, the solid fraction of ionogels 
in the case of silica matrix can be low (2-3%) and of the order of 10% in the case of polymer 
matrices[159]. This low content of solid in ionogels not only changes the physical appearance 
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of ionic liquid from fluid into gel-like, but also provides many other advantageous properties 
such as mechanical robustness, dimension stability, and improved thermal stability. Depending 
upon the nature of the solid matrix and its composition, the mechanical properties of ionogels 
vary from rigid solid to soft material. Highly flexible and stretchable ionogels can also be 
achieved even with a very low solid content[160]. This accelerates the development of durable 
and recoverable electrochemical devices that are able to endure repeated mechanical bending, 
folding or extension[161]. Flexible ionogels with low Young’s modulus is especially beneficial 
to the performance of soft electrochemical actuators because actuators with soft ionic 
conducting layer generate a large bending motion. The solid-like nature of ionogels also easily 
allows various dimensions or shapes of ionogels to be fabricated down to the micro or nano 
scale. Other physical properties such as thermal stability is improved by addition of inorganic 
matrices with high thermal stability.  

 

4.3.2 Ionic conductivity  
 

The most important property of ionogels especially for their application in various 
electrochemical devices is the ionic conductivity. Ionogels with high ionic conductivity provide 
fast ion intercalation or deintercalation and thus allow rapid operation of the electrochemical 
devices like conducting polymer actuators. Ionic conductivity of ionic liquids depends on many 
parameters such as ion aggregation, viscosity, temperature, and water contents. Clusters or 
aggregates formed by ion species due to the ionic interactions in ionic liquid reduce its 
conductivity while dilution of ionic liquid with low-viscosity solvents increases its 
conductivity[162]. For ionogels, confined ionic liquids are predominantly responsible for ionic 
conductivity. The conductivity of ionogels shows a threshold behavior starting from insulating 
to ion conducting with increased the loading of ionic liquid, which reflects the phase changes 
from discontinuous microdroplets to a percolating state in the solid matrix[163]. Compared 
with pure ionic liquids, ionogels usually show a lower conductivity in most reported cases since 
lower concentration of the conducting medium is involved[162]. A liquid level conductivity 
can be obtained by reducing the solid matrix to the minimum. However, increasing the ionic 
liquid loading usually leads to a loss of mechanical integrity of ionogels. A higher conductivity 
is obtained in a ternary ionogel system, in which another low-viscosity solvent is added[164]. 
The ionic conductivity is also affected by the interaction between the solid matrix and free 
charge carriers in ionic liquid as some inorganic fillers or organic groups can enhance the 
dissociation of the ion pair. In addition, the chemistry used for the synthesis of ionogels 
influences the conductivity. For example, some sol-gel methods for ionogels preparation can 
release water, alcohol and other by-products that stay within the in-situ formed ionogels and 
affect the conductivity[165].  

 

4.3.3 Morphology  
 

For ionogels with an inorganic matrix, a two-phase structure, in which the solid inorganic 
matrix and ionic liquid phases percolate throughout each other, is usually formed[162]. 
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However, the morphology of ionogels in the case of polymer matrices is more complicated as 
the compatibility of ionic liquid with the polymer matrix is a key factor for morphology. 
Ionogels synthesized by in-situ polymerization in ionic liquid or by solvent casting method can 
lead to phase separated materials with nano- to micro-sized ionic liquid domains if polymer 
matrices are not compatible with ionic liquid[159]. For miscible polymer matrix, the ionic 
liquid is held effectively inside the polymer matrix without phase separation. Such a 
morphological difference of ionic liquid inside the polymer materials can be reflected by their 
thermal properties. The ionogel with fully compatible components shows only one glass 
transition temperature (Tg) between that of neat ionic liquid and the pure polymer matrix. For 
phase separated ionogels, two Tg values derived from the polymer matrix and ionic liquid are 
observed[159]. Therefore, the compatibility between polymer matrix and ionic liquid creates a 
significant impact on the morphology and physical properties of the resulting ionogels. These 
effects can be used to create some novel materials with nanoscale structures by choosing an 
appropriate combination of ionic liquid and the polymer matrix. For example, block copolymers 
with incompatible polyethylene or polystyrene blocks and compatible polyethylene oxide 
blocks can form unique self-assembled structures in ionic liquids with special pathways to 
facilitate ion transportation[166, 167]. Another example is the use of some tri-block copolymers 
with thermoresponsive blocks for smart ionogels that exhibit phase separations in ionic liquid 
upon temperature changes (Figure 4.2). 

 

 

 

Figure 4.2 An ionogel self-assembled from triblock copolymer with proper end-blocks in ionic 
liquid showing thermoreversible gelation upon temperature changes. Reprinted from 
permission from[168]. Copyright © 2007 The Royal Society of Chemistry. 

 

4.4 Classification of ionogels 
 

4.4.1 Organic, inorganic and composite ionogels 
 

Ionogels can be classified based on various criteria as schematically shown in Figure 4.3[159]. 
The most popular is the classification by the nature of solid network matrix, which can be 
classified as inorganic, organic, or organic-inorganic composite. The inorganic ionogels are 
prepared by sol–gel methods or impregnation of ionic liquids with oxide particles or carbon 
nanotubes. The most used synthetic method is the sol-gel process, which involves reactions like 
hydrolysis and condensation of inorganic oxide precursors. Depending on the reaction 



41 
 

conditions and employed precursors, ionogels with different morphologies ranging from porous 
to dense bulk states are obtained[169]. Organic ionogels are prepared with low molecular 
weight organogelators or polymers. Gelation of ionic liquids with organogelators such as 
carbohydrates, amino acids or gluconic acid derivatives occurs due to various types of 
supramolecular bonding like π-π interactions, hydrogen bonding, or electrostatic interactions. 
For polymer matrix, three possible ways to incorporate ionic liquids are polymerization of 
monomers in ionic liquid, solvent casting and physical doping of polymer materials with ionic 
liquids. Composite ionogels are typically based on polymer matrices reinforced with inorganic 
additives.  

 

4.4.2 Physical gels and chemical gels 
 

Another classification of ionogel is determined by how the solid matrix is formed. In physical 
gels, the formation of the three-dimensional solid network occurs due to weak and reversible 
physical interactions like hydrogen bonds, crystallite junctions and hydrophobic effects. They 
can be obtained by either using an organic gelator or inorganic additives which coagulate the 
ionic liquid. Physical gels are generally presented in the form of jelly, paste or slurry, without 
a strong mechanical strength and dimensional stability[150]. Chemical gels are created by 
incorporating the ionic liquid in a covalently formed host matrix. Chemical gelation is superior 
to physical gelation in terms of stable integration and mechanical resistance because of 
irreversible and covalent chemical bonds within the network.  

 

Figure 4.3 Classification of ionogels. 

 

4.5 Polymer based ionogels 
 

Ionogels that use polymer matrices to immobilize ionic liquids have a combination of the 
mechanical properties of a polymer and the characteristic properties of ionic liquids. A good 
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polymer matrix for ionogels should meet several criteria: (1) good solubility and compatibility 
with the ionic liquid; (2) chemical groups facilitating the separation of ion pairs; (3) low glass 
transition temperature (Tg); (4) fast segmental dynamics of polymer chain; (5) high molecular 
weight; (6) high electrochemical stability; and (7) high degradation temperature. Many 
polymer-based ionogels are obtained simply by dissolving the polymer matrix in the ionic liquid 
together with a volatile organic solvent to prepare a homogeneous solution, which is 
subsequently cast and dried to evaporate the added solvent. Polymer materials used in the 
solution casting method include homopolymers, block copolymers and fluoropolymers like 
poly(vinylidene fluoride) (PVDF) and poly(vinylidenefluoride-co-hexafluoropropylene) 
(PVDF-HFP)[170, 171]. Natural polymers are also increasingly used for preparation of 
ionogels, like chitin, cellulose, gelatin, or xanthan gum[172, 173]. The casting method allows 
ionic liquid to be mixed in polymers in various proportions. However, the mechanical properties 
of the obtained ionogels is often limited and further improvement by crosslinking is needed. 
Another possibility of preparing ionogels is the simple physical soaking process in which 
porous polymer matrices such as interpenetrated polymer networks (IPN) are prefabricated and 
then the matrices are soaked with ionic liquids[75]. This simple impregnation method enables 
the use of crosslinked polymer matrices, which have a better mechanical stability. However, it 
does not allow for the exact control of the absorbed amount of ionic liquid because the 
maximum ionic liquid composition is limited by the swelling capacity of the polymer matrices.  

Another method to prepare polymer ionogel is based on in-situ polymerization of monomers in 
ionic liquid or crosslinking of dissolved linear polymers. Ionogels are obtained in one single 
step after the completion of polymerization. Different types of polymer synthesis techniques 
such as traditional free radical polymerization, ionic polymerization, living free radical 
polymerizations, as well as coordination polymerizations have been used for preparing 
ionogels[174, 175]. The polymerization method allows a full control of the ionogel composition 
and the use of a crosslinked polymer network. At the same time, the use of volatile solvents is 
avoided. Cross-linking network formed during polymerization improves the mechanical 
properties and dimension stability without losing significant conductivity. In addition, 
polymerization in ionic liquids enables to prepare ionogels with higher molecular weight 
polymers and in some cases a notable acceleration of the polymerization kinetics in ionic liquid 
is observed[174].  

 

4.6 Photopatternable ionogels  
 

Polymerization in ionic liquid can be initiated with the use of thermal initiators or 
photoinitiators. Thermal initiation is widely used but it requires relatively high temperatures 
and long reaction time. It is preferable for preparation of thick ionogels as thermal energy is 
easily transferred into the inside of thick materials. Photoinduced polymerization presents 
several advantages over thermal initiation such as rapid polymerization kinetics from seconds 
to minutes, low reaction temperature (often at room temperature), low energy required, being 
transferable to industrial scale, and spatial resolution temporal and spatial control. The 
capability to control polymerization temporally and spatially for ionogel preparation leads to 
the development of micropatternable ionogels via photolithographic techniques and the 
formation of possible complex geometric microstructures[176]. The advantages of 
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photopatternable ionogels and their photolithographic patterning processes are that traditional 
photolithography is a rapid and precise process for high-definition patterns and becomes a more 
general and accessible technique, which is traditionally used in silicon-based microfabrication 
processes. Photopatterning allows to create high definition ion conducting micropatterns in a 
rapid and batch production manner compared to other micropatterning such as laser ablation or 
microcontact printing. Meanwhile, micropatterns and microstructures of polymer gel 
electrolytes are needed to fabricate flexible microelectrochemical devices on a large scale.  
Photopatternability of an ionogel can also simplify the fabrication process because it can be 
used as a negative photoresist to pattern subsequent layers[177]. One example of 
photopatternable ionogel systems reported in the literature is prepared from a complex ABA-
triblock copolymer ion gel as high-capacitance gate materials in an array of thin film organic 
transistors (TFTs)[178]. A synthesized triblock copolymer with photosensitive groups in the 
end blocks is used as the ionogel matrix, which is crosslinkable by UV irradiation (Figure 4.4).  

Besides the micropatternability, it is essential that photopatternable ionogels should combine a 
high ionic conductivity with good mechanical properties for use in flexible electrochemical 
devices. Ionogels with reactive surfaces are also extremely useful for improving the adhesion 
between the different layers in most electrochemical devices, which usually have a common 
multi-layered structure such as conducting polymer actuators. In addition, ionogels with tunable 
mechanical properties are needed to meet the exact mechanical requirements in the fabrication 
of various flexible and stretchable microdevices. There is a need existing for photopatternable 
ionogel materials whose mechanical properties as well as the surface properties are tailorable. 
To meet those demands, novel routes of polymer network formation through which such 
ionogels can be prepared, is explored in this thesis.  

 

 

 

Figure 4.4 (a) Photolithographic procedures of patternable ionogels from photoinitiated 
crosslinking of triblock copolymer, (b) photograph of ionogel micropatterns and (c) thickness 
profile of ionogel micropatterns. Reprinted with permission from[178]. Copyright © 2014 
American Chemical Society. 
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4.7 Ionogels with 3D microstructures 
 

Besides the planar micropatterns, complex 3D patterns and structures with submicron or 
nanoscale resolution can be prepared from photocurable ionogels using multiphoton 
polymerization (MPP) lithography techniques, which is a high-definition direct laser writing 
method with resolution beyond the diffraction limit of light[179]. Ionogels with three-
dimensional woodpile microstructures are produced from phosphonium and imidazolium based 
photopatternable composite ionogels as shown in Figure 4.5[180]. The hybrid material contains 
both Si and zirconate (Zr) acrylate modified alkoxides, which can be polymerized via UV light 
illumination. These inorganic and organic components form the basis of composite ionogels, 
which demonstrate a sub-micron biphasic morphology. The results show that the inorganic 
zirconate network is important to maintain the mechanical stability of the 3D microstructures 
created by two-photon polymerization (2PP). However, novel photopatternable ionogel systems 
are needed for further development to prevent ionic liquid leaching from the gel matrix and to 
create more advanced microstructures. The amenability of photocurable ionogels to 3D 
microstructures suggests its tremendous potential for use in sophisticated 3D microsystems with 
high precision[181].  

 

 

 

Figure 4.5 Three-dimensional woodpile microstructures (a and b) by two photons 
polymerization and two dimensional micropatterns (c and d) from hybrid ionogels. Reprinted 
from permission from[180]. Copyright © 2011 Royal Society of Chemistry. 

 

4.8 Functional ionogels  
 

Besides the traditional ionic conductivity of ionogels, different kinds of functional ionogels 
with new functionalities have also been developed as a more advanced form of ionogels in 
recent years. Functionalization of ionogels is prepared by incorporating functional molecules, 
sensing molecules, metal-chelating ligands, metal complexes, catalysts, fluorescent metal 
complexes and nanoparticles either in the ionic liquid phase or in the immobilized solid 
matrix[165]. The encapsulation of designed molecules creates infinite possibilities of 
functionalities and establishes new ways to design functional materials especially in the 
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application areas of sensors, electrochemical display, catalysts and energy conversion devices. 
For example, thermotolerant ionogels can allow a battery able to operate at harsh conditions, 
preventing failure or explosion[182]. Ionogels with incorporated color-changing abilities can 
extend the application of ionogels in smart windows and beyond[180]. Self-healing ionogels, 
which can easily repair their incidental damages, are also receiving great attention as they have 
great potential in advanced energy storage devices, artificial electronic skin and soft 
actuators[183, 184]. Functional ionogels with versatile and practical applicability could be one 
emerging and promising direction in the future. 

 

4.9 Polymerized ionic liquids 
 

Conventional ionogels are generally formed by confining ionic liquid in a solid matrix where 
there is no covalent chemical bonding between these two components. These ionogels suffer 
from leaching problem after a certain period of service time as the ionic liquid are just 
physically trapped inside the solid matrix. Another limitation of ionogels is that the transference 
number of a specific ion of interest is difficult to control because both ions (anions and cations) 
are mobile in ionic liquids[185]. Unlike ionogels, polymerized ionic liquids have attracted 
significant interest because they are usually single-ion conductors and combine the superiorities 
of ionic liquid but with a macromolecular architecture. Polymerizable ionic liquids possess 
advantages as polymer materials concerning their facile processability, mechanical properties, 
and chemical stability. There are two main strategies for covalently immobilizing ionic species 
in the polymeric chain either as a side pendant group or as segment of the main backbone 
chain[186]. For example, polymerized ionic liquids have been synthesized from polymerizable 
ionic monomers using free radical polymerization techniques. The limitation of polymerized 
ionic liquids in the practical application is their poor ionic conductivity at ambient temperature 
due to strong ionic interactions. To achieve a highly effective single-ion conductor, a high 
degree of free charge carriers is required. Introducing strong electron-withdrawing chemical 
groups near the free charge carriers in the polymeric chains can weaken the electrostatic 
interaction and is beneficial to enhance ion mobility and conductivity[187]. Other possible 
strategies are exploited by designing polymeric backbones with low Tg, addition of functional 
fillers, copolymerizing with other monomers such as styrene and acrylonitrile, and blending 
with other polymer matrices such as PEO, PVDF, PVDF-HFP to enhance the ionic conductivity 
as well as the mechanical properties[188]. Covalent network by crosslinking polymerized ionic 
liquids also improves the mechanical properties and resistance to dissolution[189]. 

 

4.10 Application of ionogels in soft EAP actuators 
 

Because ionogels present a diversity of excellent physical, conductive and electrochemical 
properties, they have been applied in various electrochemical devices such as organic 
transistors, flexible batteries, supercapacitors, dye-sensitized solar cells, and pressure 
sensors[190, 191]. Ionogels are also currently investigated for their use in soft EAP actuators 
like dielectric elastomer actuators, conducting polymer actuators and bulky gel actuators[184]. 
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Their application in dielectric elastomer actuators is proved by a highly stretchable, transparent, 
and nonvolatile ionogel as the compliant ionic electrodes (Figure 4.6). The nonvolatility and 
stretchability of the ionogel enable large deformations in open air. The optical transparency of 
the ionogel allows novel applications in the areas of focus-tunable lenses, transparent wearable 
loudspeakers, and active-noise-cancelling devices. Ionogels also receive significant attention in 
conducting polymer based electrochemical actuators[192]. They generally have a typical 
layered structure consisting of an ion conducting layer sandwiched between two conducting 
polymer electrodes, which generates a bending motion due to the differential volume changes 
of the conducting polymer electrodes by ions insertion/expulsion under the applied voltage. 
Conventionally, aqueous or organic volatile electrolytes are used as ion conducting materials 
in conducting polymer electrochemical actuators. However, the solvent evaporation in the 
electrolyte materials reduces the ionic conductivity and limits the lifetime and performance of 
the actuators. Improved lifetime and stability of conducting polymer actuators in open air using 
ionogels as a non-volatile electrolyte is demonstrated without the evaporation issues. In addition, 
ionogels not only act as electrolyte materials but also as electrode materials in carbon materials-
based electrochemical actuators[193]. These actuators are prepared by sandwiching fluorinated 
copolymer based ionogels with two carbon nanotube bucky gel electrodes using a layer-by-
layer casting method. Those polymer-free carbon nanotube electrodes are obtained using well 
dispersed super-growth single walled nanotubes in ionic liquid[194]. Carbon nanotube fillers 
in the bucky gel endow them with excellent electronic conductivity and enhanced mechanical 
properties. Actuation performance with a large displacement up to 5 cm is achieved at a 
frequency of 1 Hz for these actuators fully based on ionogels, which can be applied for instance 
in intelligent soft robots, electrochemical mechanical sensors. 

 

 

 

Figure 4.6 Dielectric elastomer actuators with transparent and stretchable electrodes made from 
ionogel. Reprinted with permission from[195]. Copyright © 2014 American Chemical Society. 
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Chapter 5 Summary of the papers included 
 

Paper I 
Title: Development of polypyrrole based solid-state on-chip microactuators using 
photolithography 
 

 

 

Figure 5.1 A photograph of conducting polymer based solid state microactuators prepared 
from photolithography. 
 

In Paper I, a new microfabrication process has been developed to fabricate conducting polymer 
microactuators that can work outside of a liquid electrolyte. These solid state microactuators in 
the range of 100–1000 μm were created by combining standard photolithographic techniques, 
wet etching, with micropatterning of the conducting polymer polypyrrole by 
electropolymerization. A lateral design of electrode configuration was chosen instead of a 
typical sandwiched structure. Photopatternable BEMA gels containing an organic electrolyte 
were prepared with traditional free radical polymerization and were immobilized on two 
polypyrrole electrodes. The fabricated microactuators were electrochemically active since 
electrochromism and some small movement were observed. However, the observed 
performance of the solid-state microactuators was worse than that of the microactuators 
operating in the liquid electrolyte. The low ionic conductivity of the BEMA gel micropatterns 
in comparison with that of the liquid electrolytes is the most probable reason. Nevertheless, a 
scalable and reliable microfabrication method is demonstrated for fabrication of individually 
controllable solid-state microactuators which are essential for complex microsystems 
fabrication. It also shows the need to develop enhanced gel electrolyte micropatterns combining 
high ionic conductivity and enhanced mechanical properties with advanced polymerization 
techniques as presented in Papers II and IV. 
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Paper II 
Title: Highly conductive, photolithographically patternable ionogels for flexible and stretchable 
electrochemical devices 
 
 

 

 

Figure 5.2 3D microstructures of thiol acrylate based ionogels fabricated from 
photolithographic process. 
 

To improve the micropatterns of solid polymer electrolytes in Paper I, a new family of 
photopatternable solid polymer electrolyte combining a soft mechanical property and a high 
ionic conductivity was developed. The solid polymer electrolyte, which can also be called an 
ionogel, was synthesized by in situ mixed mode photopolymerization of thiol acrylate 
monomers in the EMIM TFSI ionic liquid. The photopatternability of these thiol acrylate 
photopolymers was demonstrated for its use as an ion conducting photoresist in conventional 
photolithography and in a soft lithography process to obtain micropatterned surface on the 
ionogel film. The measured ionic conductivity for the casted bulk films is 2.4 × 10−3 S/cm and 
the conductivity for the photolithographically patterned films is 4.7 × 10−5 S/cm after the 
development process with water as the developer. Advanced 3D microstructures of ionogels 
were fabricated from photolithographic process by exploiting the reactive surface and the 
photopatternability. Electrochromic micropatterns and soft twisting conducting polymer 
actuators were prepared to show their application in flexible electrochemical devices.  
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Paper III 
Title: Fully disposable active microfluidics enabled by a versatile polymer actuator system for 
pumps, valves and injectors 
 
 

 

 

Figure 5.3 Illustration and photographs of all-polymer actuator systems for active microfluidic 
components. 
 

To further expand the application of the thiol acrylate ionogels as developed in Paper II, a novel 
type of diaphragm actuator system, called Double Diaphragm Active Polymer Actuator 
(DDAPA), has been developed as a single modular block that can be repurposed to diverse 
active microfluidic components. The commercially available conducting polymer PEDOT:PSS 
was used as the actuating material and thiol acrylate based ionogels were used as polymer gel 
electrolyte and base material in the trilayer diaphragm actuator. The ionogel precursor solution 
was also utilized as an adhesive to bond two diaphragm actuators and structural layer together 
to form the DDAPA. The versatility of such bonding methods was also demonstrated by 
constructing complex devices with multiple diaphragm actuators. The bonded DDAPA showed 
good adhesion and no leakage. Flow rate measurements show the capability of the DDAPA to 
inject, regulate flow, and unidirectionally pump fluids up to 112 µL/min when coupled with a 
3D printed unibody check-valve. This result demonstrates that a low-cost conducting polymer-
based diaphragm is an attractive actuation choice of active control for fully disposable 
autonomous microfluidics.  
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Paper IV 
Title: Tailorable, 3D structured and micro-patternable ionogels for flexible and stretchable 
electrochemical devices 
 

 

 

Figure 5.4 3D ionogel for sensing and actuation prepared from thiol acrylate Michael addition. 
 

To obtain even better mechanical and tunable surface properties and eliminate the oxygen 
inhibition issue completely, a novel platform to prepare next generation ionogels is established 
with thiol acrylate Michael addition chemistry. The ionogels were synthesized by mixing 
trithiol crosslinker, poly(ethylene glycol) diacrylate and ionic liquids (EMIM TFSI) with the 
catalytic amount of triethylamine (TEA). Polymerization kinetics was investigated with FTIR 
techniques, and the results showed that the ionic liquid is also a co-catalyst accelerating thiol 
acrylate Michael addition reaction. A high conversion of functional groups and rapid reaction 
kinetics were achieved in diluted reaction, which is in sharp contrast to a slow TEA catalyzed 
bulk reaction. Three different approaches, off-stoichiometry, methacrylate addition, and dithiol 
addition, were used to prepare ionogels with active surface and enhanced mechanical properties. 
Flexible and stretchable ionogel films with Young’s modulus varying from 0.3 MPa to 2.1 MPa 
and the strain up to 155% were achieved. Their compatibility with both photolithography and 
soft imprinting lithography were also investigated. Off-stoichiometric formulations results in 
an ionogel with well-controlled unreacted chemical groups on the surface. To show the potential 
of the reactive surfaces on ionogel, two electrochemical devices, a tube actuator and a box-
shaped taxel, were easily created. These results illustrate that these photopatternable and 
tailorable ionogels from thiol acrylate Michael addition can be used as soft actuators, flexible 
haptic arrays, and steerable catheters in in a wide range of future electrochemical applications. 
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Chapter 6 Outlook 
 

Photopatternable gel electrolytes based on various polymer network chemistries are synthesized 
and extensively characterized. In addition, their applications as electrolyte patterns in the 
microfabrication of actuators and electrochromic patterns are demonstrated. The use of such 
micropatternable polymer electrolytes in the standard photolithography process could be easily 
adapted and extended to fabricate other electrochemical microdevices like 
microsupercapacitors or microbatteries. 

The versatile thiol acrylate chemistry allows us to obtain photopatternable ionogel 
micropatterns and microstructures using standard photolithographic techniques in an easier way 
compared with conventional free radical polymerization. However, these electrolyte 
micropatterns are still limited by some issues. The physically trapped ionic liquids can leach 
out from the polymer gel matrix over long time and the development step in the 
photolithographic process will remove some of the incorporated ionic liquids even using ionic 
liquid-immiscible solvent as the developer. These limitations create some opportunities for 
further improvement of photopatternable polymer electrolytes. In contrast to these ionogels, 
polymerizable ionic liquids feature a chemically bonded ionic conducting species in the 
polymeric chain[196]. It combines the exceptional characteristics of ionic liquids with the 
properties of macromolecular structures and provides unusual functions and characteristics 
such as tunable ionic conductivity, improved chemical and electrochemical stability and 
thermodynamic stability[197]. Future research should focus on the development of 
photopatternable polymer electrolyte with a polymerizable ionic liquid architecture based on 
versatile thiol acrylate Michael chemistry.  

The excess functional groups especially thiol groups resulting from thiol acrylate mixed mode 
photopolymerization or off-stochiometric thiol acrylate Michael reaction are exploited in the 
direct bonding process to construct various types of conducting polymer-based actuators with 
novel applications, as demonstrated in this thesis by DDAPA actuators for active microfluidic 
devices (Paper 3) and tube actuator (Paper 4). However, only the functional groups on the 
surface are used in these cases and further exploitation could be done. As noted in the chapter 
3, thiol groups can react with various substrates in a click chemistry which allows chemists to 
create, functionalize or modify a wide variety of molecules. Novel materials with exceptional 
physical, chemical and mechanical characteristics can be designed for a specific application. 
This shows further potential in the development of thiol acrylate based ionogels by covalent 
incorporation of functional molecules, metal-chelating ligands, catalysts, sensing molecules, 
fluorescent molecules or nanoparticles into the polymer network by various thiol-based click 
chemistry, which could establish new routes to design advanced functional materials for 
applications in the areas of sensors, display devices, electrochemical energy materials or 
catalysis. For example, the incorporation of an electrochromic dye via thiol chemistry into 
ionogels will lead to the development of a patternable electrochromic display for smart 
windows and beyond. For practical applicability and functional versatility, functional ionogels 
could be one emerging and promising direction in the future development. 

Besides the standard photolithographic microfabrication method, tremendous potential lies in 
additive manufacturing techniques such as single-photon or two-photon microstereolithography 
for their ability to form arbitrary 3D micro and nano structures with high-resolution from 
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photopolymerizable materials[198, 199]. This fabrication method may allow us to develop 
sophisticated 3D polymer electrolyte patterns and structures with submicron or nanoscale 
resolution from photoinduced thiol acrylate-based polymer electrolytes and thus suggest its 
huge potential for use in electrochemical microdevice fabrication. For example, it may allow 
the development of advanced 3D electroactive polymer micro- and nanoactuators if possible 
photopatternable electrode and electrolyte materials are available. The establishment of new 
fabrication methods for microactuators using such 3D microfabrication techniques will 
certainly expand the application areas of soft electrochemical microactuators in future 
integrated microsystems. 

Besides the novel applications demonstrated in this thesis, the developed ionogels are currently 
exploited as a stretchable electrolyte in fiber and fabric based conducting polymer actuators that 
can operate in open air. Transforming ubiquitous fiber and fabric into soft wearable actuation 
materials is advantageous because they can be rationally integrated in different designs and 
upscaled in an efficient production manner using traditional textile processing techniques 
including weaving and knitting[200]. These wearable actuators are an exciting soft actuation 
technology with many possibilities for applications such as exoskeleton-like soft robotic suits. 
Such soft robotic devices with the wearable actuators would bridge the gap between soft robots 
with humans in their daily life especially for the aging population, which is a current worldwide 
issue for human society. 
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