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Abstract

Soft ionic hydrogels have garnered significant interest for their applications in soft electronics and tissue
engineering. However, further demands are still on the rise for developing these materials to possess
flexibility, durability, low cost, non-toxic and reliable conductivity. In this work, a poly(acrylamide)
(PAAmM) hydrogel containing salt was utilised for its significant features such as high flexibility and
excellent conductivity. Therefore, several hydrogels were prepared from the polymerisation reaction of the
mononer acrylamide (AAm) to produce different polymers networks of PAAm hydrogels by the use of
different crosslinking materials and methods aiming to optimise their mechanical and electrical
characteristics, with the aim of applying these hydrogels in different applications such as soft sensing and
conducting devices.

lonic-covalent entanglement hydrogels were prepared by mixing cross-linked gellan gum (GG) and CaCl,
ionically with PAAm and methylenbis(acrylamide) (MBAAmM) covalently. The mechanical behaviour was
modified by altering the ionic and the covalent polymers ratio. The electrical properties were investigated
with varying hydrogel ratios which displayed optimised mechanical properties for use in conducting and
sensing applications. It was observed that gels prepared with 0.1 M CaCl,and 1.11 % (w/v) GG with PAAmM
consisting of 4.44 % (w/v) and AAm with 3 % (w/v) MBAAm exhibited optimum mechanical
characteristics reporting 216+12 kPa (compressive stress to failure) for the compression test analysis and
264+5kPa (shear modulus) for the oscillatory rheology demonstration. The electrical conductivity and the
water content for the optimised ICE gel displayed a noticeable increase from 3.3+0.5 mS.cm* to 127+15
mS.crmr! and from 78 % to 85 %, respectively, after it was immersed in 2.7 M NaCl solution.

In a parallel aim of this thesis, PAAm containing 6 M LiCl hydrogel was hybridised with cellulose kitchen
sponge using a novel method for producing a soft, cheap, conducting and non-toxic strain gauge. The hybrid
form of cellulose sponge/PAAmM hydrogel structure was attached to two carbon fiber electrodes on both
ends of the hybrid structure sealed by two acrylated very high bonded tape (VHB) layers. The gauge
displayed a consistent response over multiple cycles after stretching to 15 % strain recording a gauge factor
of 0.38+0.04. The same hydrogel was utilised for fabricating a novel ionic PDMS/PAAm electrode after it
was embedded within a PDMS substrate to improve its mechanical characteristics. The mechanical and
electrical performances of the PDMS/PAAmM electrode were characterised revealing a maximum tensile

xi



stress of 39+3 kPa and a conductivity of 351 mS.cm-.

A PAAm containing 9 M LiCl hydrogel was subjected to an in situ UV light source to develop a durable,
flexible and soft wearable sensor device (SSD) which could send a SOS signal remotely even after one year
of the device at room temperature (RT). This distinctive feature of the hydrogel stimulated investigation of
this material in 3D printing technology. Two techniques were tested: the direct-ink writing technique and
the hand-held printing technique. The rheological properties of the prepared PAAm containing NaCl and
LiCl materials were studied, i.e. starting materials and inks for the potential of 3D fabricating soft electronic
devices or soft sensory gauges. The rheological analysis showed that controlled UV-crosslinking while
cooling to -6 °C, enabled 3D printing of the PAAmM without the need for any additional rheological
modifiers. The 3D printed hydrogel materials exhibited conductivity values of 117+13 mS.cm? for the
PAAmM with 9 M LiCl and could be stretched up to four times their length. These data, to the best of our
knowledge, are considered to be the highest conductivity of any 3D printed hydrogel stretched by this
amount currently reported. A second extruding technique was implemented for extruding PAAm containing
4 M LiCl using the hand-helding technique ona VVHB tape substrate to fabricated hydrogel-elastomer hybrid
(HEH) as a durable soft strain gauge device. The device exhibited a robust interface between the printed
hydrogel with an elastomeric matrix using a simple interpenetration polymerisation method. The
mechanical and the electrical properties of the HEH devices were examined before and after one year of
storage in a plastic Petri-dish at RT (21-23 °C).

The HEH displayed near identical mechanical behaviour after one year of storage. It was shown that the
HEH devices were able to be stretched up to 215 % repeatedly with no issue both initially and after one
year of storage. The gauge factor for the HEH was determined and compared to the as-prepared device
before and after one year of examination giving a sensitivity of 0.7+0.1 and 0.74+0.01, respectively.
Furthermore, the sensing investigations revealed stable R/Ro data after 1000 cycles of stretching during
finger bending, giving a change ratio of 1.3+0.1. It was observed that the R/Ro difference for both periods,
before and after one year of storing, was only 0.05.

Finally, a conducting soft, durable bridge was fabricated from PAAm containing CsCl for developing
spontaneous bifunctional oxygen and hydrogen evolution by composite poly(3,4-ethylenedioxythiophene)
(PEDOT)/nano-Ni/reduced graphene oxide (rGO) films. This study demonstrated that PAAm containing
CsCl hydrogel could be an effective salt bridge device for water splitting applications for at least fourteen

hours of operation which is considered to be the longest time of an operating water splitting system using
Xii
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soft conducting stretchable hydrogel currently reported.

This project demonstrates the potential that PAAm hydrogel containing various salts are a promising
material for the fabrication of devices that are non-toxic, low cost, possess excellent mechanical
performance, electrical conductivity and long-life durability. These characteristics make ionic PAAm
hydrogels a remarkable candidate for use in different technologies such as 3D printing technique and other

fabrication methods for developing a wide range of both soft conducting and sensing applications.
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Overview of chapters

Chapter 1: A general introduction.

This introduction is a general overview of all current hydrogels, preparations, theoretical measurements,
characterisations and application of soft conducting and sensing devices.

Chapter 2: Experimental techniques.

This chapter is an overview of all the procedures, instruments and the techniques that were used in this
thesis.

Chapter 3: Electrical investigations for optimised mechanical properties of ionic-covalent

entanglements hydrogels.

This chapter describes the characterisation of the electrical properties of the optimised mechanical
properties of ionic-covalent entanglements hydrogels.

Chapter 4: Preparation, characterisation and 3D printing of ionic PAAm hydrogels.

This chapter is based on the following published manuscript:

Khalid Zainulabdeen, Marc in het Panhuis, and Holly Warren, “Preparation, Characterisation and 3D
Printing of Tonic Poly(acrylamide) Hydrogels”, Proceedings of the first MOHESR and HCED Iragi Scholars
Conference in Australasia, 2017, Melbourne, https://researchbank.swinburne.edu.au/file/b083d58b-327d-
464f-906e-57530405c7c5/1/proceedings_ISCA2017.pdf

This chapter describes preparations of hydrogels consisting of PAAm containing either NaCl or LiCl using
different concentrations. The water content stability, mechanical and electrical performances were
characterised. Furthermore, three hydrogels were selected for their excellent properties, and 3D printed
using specific experimental technique after examining their rheological characteristics. The electrical and
the mechanical performance for the printed hydrogels were characterised and compared to the casted one.
Chapter 5: Wearable remote soft sensor device development from ionic PAAmM hydrogel.
This chapter is based on an oral presentation contribution at the International Conference on Emerging
Advanced Nanomaterials (ICEAN), Newcastle from 30th of October to 2nd of November 2018.
https://www.newcastle.edu.au/research-and-innovation/centre/gican/icean-2018.

Khalid Zainulabdeen, Ali Al-Nasrawi, Marc in het Panhuis, and Holly Warren, "Wearable remote soft
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sensor device development from ionic poly(acrylamide) hydrogel”.

This chapter including innovating and operating a soft sensor device (SSD). The mechanical and the
electrical performance were examined after applying multiple cycles of compression stress before and after
one year of the initial examination. Furthermore, the SSD was connected to an Arduino device to supply a
power current from either a Li battery or a solar cell power bank to send a Bluetooth signal to a mobile
phone which had a specific application called ‘UOW data sender’. This application sends two types of
information to the database including coordination and text message help to another mobile phone (relative
to the SSD holder or service centre) to receive this information.

I declare that my role in this project was finding the concept of the project, preparing the hydrogel,
fabricating the SSD, operating the SSD, connecting the SSD to an Arduino device with all the SSD
characterisations and analysis (mechanical and electrical), all the figures, designing and 3D printing the
Arduino container box and writing the details of these processes. However, the mobile application set, the
communications between the database and the mobile phone application experiment and writing the details
of these steps were performed by Ali-Al-Nasrawi.

Chapter 6: Handheld printing of soft, stretchable conductive component for a strain gauge
device.

This project describes fabricating a durable soft strain gauge device as we called HEH composed of a
printed soft, stretchable conductive hydrogel. The device was produced by extruding an ionic AAm ink
solution over a VHB tape substrate and then cured using UV light to initiate the photopolymerisation
reaction. The mechanical and the electrical performance were carried out while applying multiple cycles of
the tensile test before and after one year of the initial assessment. Furthermore, the resistance sensitivity for
the HEH over a finger bending was examined and compared after one year of the initial characterisation.

Chapter 7: Preparation, characterisation and application of cellulose sponge-PAAmM

material as a strain sensing element.

This work describes producing a non-toxic strain gauge device from ionic PAAm/cellulose sponge hybrid
electrode sealed by two VHB tape layers using a novel method. The mechanical and the electrical
characteristics, as well as water content study, were examined for all the device components. Furthermore,

the resistance sensitivity for the fabricated device was conducted after applying tensile test analysis.



Chapter 8: Designed conducting polymer composites that facilitate long-lived, light-driven
Oxygen and Hydrogen evolution from water in a photoelectrochemical concentration cell
(PECC)

This chapter has been adapted from the manuscript "Designed conducting polymer composites that
facilitate long-lived, light-driven Oxygen and Hydrogen evolution from water in a photoelectrochemical

concentration cell (PECC)" which is published by the Journal of Composite Science and | was listed as a

second author for this manuscript as shown in the following link: https://www.mdpi.com/2504-

477X/3/4/108/htm

The participants’ names of this manuscript, were:

Mohammed Alsultan, Khalid Zainulabdeen, Pawel Wagner, Gerhard F. Swiegers and Holly Warren.
(Published December 2019).

This project demonstrates a novel, mechanically durable, highly electrically conductive, and flexible PAAm
containing CsCl hydrogel. The water content stability, mechanical and electrical assessments were
established and the anionic and soft bridge was produced using the same hydrogel. The fabricated hydrogel
was applied as a separator for two water splitting half-cells (cathode and anode). The cells split water upon
connection with the hydrogel for up to fourteen hours of continuous operation.

I declare that my role in this project was preparing the PAAm containing CsCl hydrogel and characterising
its mechanical properties such as compression and tensile test analysis. The hydrogel water content study
was also investigated over two weeks. Furthermore, the electrical studies were carried out for the prepared
hydrogel bridge before and after use. Finally, all data, figures from 8.2-8.5 and tables from 8.1-8.3 of the
hydrogel studies were analysed, discussed and written after these characterisations. Otherwise, all the other
experiments related to the electrocatalytic and photoelectrocatalytic study in Appendix 2 section, the figures
(8.1, a2.1, a2.2. a2.3) were prepared, analysed, discussed and written by author Mohammed Alsultan.
Chapter 9: Development of reinforced polyacrylamide electrodes with customizable
mechanical properties

The participants’ names of this chapter were: Alex Keller, Khalid Zainulabdeen, Holly Warren, Marc in het
Panhuis.

This chapter describes fabricating an electrode using an optimised PDMS sponge with CaCl, after assessing

the different salts (NaCl, LiCl, CaCl,) and sugars (white and brown) removal efficiency and mechanical
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properties. PDMS/PAAmM containing 6 M LiCl hydrogel electrode was produced. The mechanical and
electrical properties were investigated and displayed significant values.

My role in this project was collaborating in the PDMS sponge fabrication after fabricating sacrificial
templates from different salts and sugars such as NaCl, LiCl, CaCl,, white and brown sugar, respectively
based on observations made by Alex Keller. | analysed the mechanical properties via tensile testing of the
different PDMS sponges after removal of the templates by water as shown in table 9.1 and figure 9.1.
Lastly, I constructed the PDMS/PAAmM electrodes as shown in figure 9.2 A and B. The mechanical and
electrical characterisations of the PDMS sponges after embedding PAAm containing 6 M LiCl hydrogel
sealed by VHB tape were also assessed and analysed as shown in table 9.2. The porosity sizes data of the
PDMS sponges were collected using an optical microscope as shown in table 9.1.

Alex Keller contributed to the PDMS sponge preparation after adding different fillers. He analysed the
porosity size data as shown in table 9.1.

Figures contribution in chapter 9:

Figures prepared by Khalid Zainulabdeen in this chapter: Figures 9.1 A experimentand 9.1 B experiment
and data analysis and 9.2 A and B experiment and pictures and 9.3 experiment and analysis.

Figures prepared by Alex Keller in this chapter: Figures 9.2 A analysis.

Tables’ contribution in chapter 9:

Tables prepared by Khalid Zainulabdeen in this chapter: Tables 9.1 mechanical tensile parameters
experiment and analysis and pore size study experiment, 9.2 mechanical tensile parameters analysis and
experiment and conductivity analysis and experiment of PAAmM/PDMS electrode.

Tables prepared by Alex Keller in this chapter: Tables 9.1 pore size analysis.

Chapter 10:

This chapter describes the conclusions of each chapter in this thesis as well as the future directions.
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Chapter 1

Introduction



Critical overview

This chapter provides an outline of the preparation of different types of hydrogel and highlights their
mechanical and electrical characteristics in order to demonstrate their possible use in several applications
such as soft conducting devices, tissue engineering, 3D printing, sensor devices and soft robotics.

The recent advances in smart soft materials have led to wide popularity in the use of soft materials in
robotics, which have advanced remarkably in the last half-century and recently allowing very strong, fast,
reliable, and accurately controlling robot motion. Together these have progressed the development of soft,
flexible, durable, and conductor materials based on PAAm containing salt hydrogels for promising soft

conducting and sensing applications.
1.1 History of Hydrogels

Hydrogels have acquired a considerable reputation in the last few decades. Their exceptional properties are
considered to be promising in a broad range of applications which has led to innovative designs and new
materials that have revolutionised this field. [1, 2] Hydrogels have been utilised in many biomedical
applications; in medicine as eyes lenses, and stitches, as well as in a plethora of different areas of clinical
treatment, i.e. heart disease, diabetes mellitus, and osteoporosis. In the 1950s Prof. Wichterle and Lim of
Prague, [3] synthesised the first hydrogel with the possibility of biomedical use. This was poly-2-
hydroxyethyl methacrylate, and was quickly exploited with the first use in contact lenses. [3-7] The main
characteristic of this inventive biopolymer compound was its tolerance to changing pH and temperature.
Three decades later, hydrogels were produced for other new applications: Lim and Sun created calcium
alginate micromolecules for engineering biological cell, [8] and the Yannas’ group developed hydrogels
with other non-toxic materials, i.e. collagen and cartilage extracted from sharks, to produce novel bandages
presenting the best burns treatment at that time. [9] Today, hydrogels continue to impress with the latest
hydrogel products utilised in advanced applications, for example in tissue engineering and regeneration,
where they are monitored as a result of their non-invasive behaviour, especially in the treatment of cartilage.
They can also be used in the prevention of post-surgery formation drugs delivery, biosensors coatings, and
transplanting biological cells. [8-11]

Hydrogels are materials that are characterised by their softness and wetness. They consist of cross-linked
polymers that are hydrophilic and capable to accommodate large volumes of water. [12, 13] In a typical

hydrogel, the quantity of absorbed water is not less than 20 % of the total weight of the hydrogel. However,
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if the absorbance percentage increases beyond 95 % of the entire hydrogel weight, then the hydrogel is

classified as a super-absorbent hydrogel. [14-18] Figure 1.1 shows a typical picture of a hydrogel.

Figure 1.1 A picture of a typical synthetic hydrogel. Photo produced by the candidate.

One of the most significant features of a hydrogel is its swelling behavior. This depends on factors such as
the nature of the polymer chain (i.e. hydrophilic or hydrophobic), as well as the density of entanglements
within the polymer network. [19, 20] The swelling ratio Q is calculated using equation 1.1:

Q = (Ws - W@) I Wietiiiiiniiiinrnrmuenensenenensnssssasnsnssssnsnses (Eq. 1.1),
Where Ws is the swollen hydrogel weight, and Wy is the dry hydrogel weight. [21] Hydrogel swelling is a
complicated process consisting of multiple steps. In the first step, water molecules mix with the hydrogel,
with its hydrophilic behavior attributed to the presence of polar substituents (e.g. alcohols). The final step
includes the absorbance of an excess amount of water, and is due to the resistance of the osmotic driving
force of the polymer chains towards infinite dilution by the covalent or physical cross-links. The water fills
the holes between the polymer chains and the centres of larger macro-pores. [22] The amount of the
absorbed water by a hydrogel is reliant on the interactions between water molecules with polymer network
and temperature, as described by the Flory-Huggins solution theory. [23]
Three-dimensional polymer networks are produced through chemical or physical cross-linking. [24, 25]
There are a number of processes for this:

1.1.1 Radiation

Cross-linking between two hydrogel polymers occurs upon radiation, for example by a focused electron
beam, by using either gamma-ray or X-ray, or by using UV light. [26-30] The radiation activates a free

radical reaction for the polymer to produce cross-linking to forma new polymer (Figure 1.2).
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Figure 1.2 polyme risation of metal methacrylates using gamma radiation. Illustration adapted

from reference [26].

1.1.2 Chemical cross-linking

The chemical cross-linking of polymer networks occurs by linking monomer units using covalent bonds.
[31] There are several common processes for chemical bonding of hydrogels. The first is copolymerisation
of a monomer with a cross-linker. [32] The monomer is a molecule with functionality to allow the formation
of three different bonds resulting in branching in the polymer backbone. Alternatively a polymer network
[33] can be produced using monomers containing a vinyl group, acrylic acid, AAm, hydroxyl-ethyl
methacrylate, or a pyrrolidone vinyl and can be polymerised using polymerisation addition method. They
can be cross-linked with monomers that have divinyl groups as cross-linking handles. [34] However, cross-
linking reagents possess active terminal functional groups (e.g. amino acids containing primary amines, or
thiols) which can be used in this case as nucleophiles in these cross coupling reactions. Cross-linkers can
be conveniently utilized to modify drugs, nucleic acids, and solid surfaces. [35] Cross-linking reagents have
been utilised to develop the characteristics of three-dimensional structures of proteins, heptane protein
conjugation carrier, and molecular associations in the biological cell membranes. Cross linkingagents also
are convenient for immune-toxins and producing other kinds of protein components. [35]

Moreover, cross-linkers are selected for their chemical reactivity (i.e. specific functional groups) and
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suitability of the reaction to the specific application. The best chemical cross-linker to use for a particular
application must be identified empirically. Cross-linkers are nominated depending on the following
features: Chemical specificity, water solubility, spacer arm length, and permeability of the cell membrane,
same (homo-bifunctional) or various (hetero-bifunctional) reactive groups, spontaneously reactive or

photo-reactive groups and cleavability. Anexample of a chemical cross-crosslinking is showninfigure 1.3.

[35]
OH
OH CHO OH HO
HO HO OH
OH . N o H, o
HO HO H—C—C -CZH OH
OH T g 0
HO
CHO HO

Polymer having
functional Glutaraldehyde Chemical cross-linked network
hydroxyl group
Figure 1.3 An example of polymerisation by using a covalent bond. Adapted and modified from

reference. [35]

1.1.3 Physical cross-linking:

Physical cross-linking can be created by joining the polymer chains with a non-covalent bond including
ionic interactions, Van der Waals interactions, hydrogen bonds, and hydrophobic interactions (Figure 1.4).

[20]
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Figure 1.4 The main four types of physical cross-linking hydrogel represents a) ionic interaction,
b) hydrophobic interaction, c) hydrogen bonding and d) Van der Waals forces. Reconstructed and

adapted from reference. [20]

The material classification of hydrogels can be divided into two main groups; synthetic hydrogels and
natural hydrogels. [36] Polymerisation reactions of organic chemicals produce synthetic hydrogels and are
generally stronger and form more uniform matrices than natural hydrogels, [37, 38] which are renowned
for their biocompatibility having greater cell recognition and adhesion than most synthetic hydrogels. [39]
Natural hydrogel materials can be sourced by the fermentation of some species of bacteria or by extraction
from plant and animal tissues. The formation of the hydrogel can be classified according to the following
types: 1) blend hydrogels, 2) IPN and semi-IPN hydrogels, 3) polyelectrolyte complex hydrogels, 4)
counterion induced hydrogels, 5) thermally induced hydrogels and 6) specific interaction induced
hydrogels, as discussed below. [40]

1.1.3.1 Blend hydrogels

Blend hydrogels are polymers prepared by the participation of two different polymer solutions. The new
blend hydrogel possess features that are different from the individual polymers and have an affinity to water
with an enhanced level of water absorption. Other gels are prepared by blending, e.g. mixing chitosan with
poly(vinyl oxide). [41]

1.1.3.2 IPN and semi-IPN gels

The interpenetrating polymer network (IPN) and the semi-interpenetrating polymer networks (semi-IPNs)

initiation were a solution for the common low mechanical strengthand toughness of the soft materials. [42]
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They include two or more polymer chains physically overlapping and interlocking together and/or
interpenetrating both synergistically. [43] The semi-IPN is formed by the meshing of filaments or branches
without the presence of covalent links. [44] An example of this type of formation of semi-IPNs is the
chemical and physical crosslinking between Salecan which is a novel water-soluble B-glucan with PAAm

as shown in figure 1.5.

AAm BAAmM i . "‘\\\
0
o Salecan/PAAm Semi-IPNs Internal network structure Cy A k'
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i E
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Figure 1.5 An example of physical and che mical cross-linking for the Selecan/PAAmM Semi- IPN.

Adapted from reference [45]

1.1.3.3 Polyelectrolyte Gels

A polyelectrolyte hydrogel is a polymer chain that contains charged macro-ions, polymer networks, and
micro counter ions that are concentrated in the frame of the polymer network. Polyelectrolyte hydrogels
display the capability to absorb a large amount of water within the network structure and can reach up to
2000 times the polymer weight, but without dissolving init. [46] Polyelectrolyte gels reveal different unique
electrical responses that vary from those of linear polyelectrolyte solutions. [47, 48] Polyelectrolytes that
contain amine and carboxylate functional groups promote specific interaction; examples include chitosan,
sodium alginate [49] and membranes of poly (methacryloyl ethyl trimethyl ammonium methyl sulfate)

(PMETMMS) [50] (Figure 1.6).
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c o
H3C\N+/ \C/ CH,

Figure 1.6 Poly (methacryloyl ethyl trimethyl ammonium methyl sulfate) (PMETMMS) structure.

Adapted and reconstructed from reference [50]

1.1.3.4 Counterion induced hydrogel

Polyelectrolytes can form gels in the presence of the counterion due to the ability of the ionic polymer to
cross-link by using di or tri-valent counterions. An example is the process of gelation for sodium alginate
by adding calcium ion Ca%"; [51, 52] and the dissolving lithium perchlorate in ethylene carbonate solution
with poly (methylmethacrylate). [53] Figure 1.7 illustrates the gelation of sodium alginate by adding Ca?*

ions.

Figure 1.7 The Gelation of sodium alginate by the addition of Ca*? ions. Adapted from reference

[52]

Moreover, binding counterions plays a crucial role in collapsing the charged gel [54-58] with cationic
hydrogels commonly displaying significant counter ion specificity for the collapse. [43], [59] It was
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reported that higher concentrations of the charging groups attached to the polymer crosslinker chains results
in higher collapsing amplitudes. [54] Furthermore, the swelling ratio of polyelectrolyte hydrogels would be
affected substantially by adding low molecular weight salts. This effect is due particularly to the decrease
in the osmotic pressure of counterions. [54]

1.1.3.5 Thermally-induced hydrogels

This type of thermoresponsive gel occurs when thermal energy changes the composition of the polymer in
liquid, or it changes the balance between the hydrogen bonds and hydrophobic interactions. A typical
example of this type of gel is the gelation of a gelatin solution by a reduction in temperature. [61]

Agarose gels have also been prepared in this way behaving like liquids at higher temperatures but become
gels when the temperature is lowered. [62]

1.1.3.6 Specific interaction induced Gels

In gels of this type, sensitive hydrogels that undergo swelling changes in response to specific biomolecules
can be modified to design smart hydrogels that could degrade in response to increase in concentration of
specific biomolecules. [63] For example, the widely researched glucose—sensitive hydrogels have the ability
to sense the levels of blood glucose and release insulin inaccordance with the glucose levels. The polymeric
networks can form by specific interactions between glucose and concanavalin A [63, 64] as shown in figure

1.8.
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Figure 1.8 Structure a) allyl glucose — AAm Copolymer and structure; [48] b) allyl glucose — vinyl

pyrrolidone Copolymer. Reconstructed and adapted from [49]
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1.2 Hydrogel toughness

Hydrogels resist and dissipate stress by stretching the polymer network. Under low to medium strains, the
polymer chains uncoil to dissipate energy. At high strains, the covalent bonds along the backbone of the
polymer chain can be stretched significantly until one of the bonds is cleaved open and the chain cracks in
two. Generally, long polymer chains are tougher than short chains because of having more bonds for energy
to be dissipated through. Furthermore, polymers made of long chain molecules have higher melting points
than those made of short chains. In addition, stiff chains can pack together and stick to each other. [65] A
consequence of this is those lightly cross-linked hydrogels are stiffer than highly cross-linked hydrogels
due to the greater length between cross-links. Most hydrogels are composed of heterogeneous networks
that desrease toughness. [66] A heterogeneous network has cross-links that are not of a uniform length, an
issue common in all gelation procedures, but regularly takes places when the hydrogel is synthesised by the
method of polymerisation of a monomer with a cross-linker. [66] In these reactions, tightly cross-linked
microgels are initially prepared, which are subsequently connected by longer, loosely cross-linked polymer

chains to yield a macro gel as illustrated in figure 1.9.

Figure 1.9 A two-dimensional representation of a heterogeneous polymer network, revealing
tightly cross-linked microgels that are a linkage by longer, cross-linked polymer chains. The

figure was modified and adapted from. [67]

There are two possible reasons identified why heterogeneous networks yield brittle hydrogels. The firstis
that in the loosely cross-linked regions of the polymer network, there are very few polymer chains that are

required to be fractured for crack propagation. [67] The densely cross-linked microgels could also
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contribute to the brittle nature of heterogeneous networks since micro-cracks can form within the tightly
cross-linked clusters. The shorter polymer strands within these microgel clusters require little energy to
fracture. [68] This results in the formation of a micro-crack that serves as a stress-concentrator. As stated
above, hydrogels have the ability to absorb and hold a large quantity of water. This swells the polymer
network to an expanded state that lowers the polymer chains number per unit cross-section area of the
material. Furthermore, the toughness of the network is lowered as there are fewer polymer chains that need
to be broken for crack propagation. Additionally, it is less likely for crystallisation to occur under stress in
the swollen state because of chain separation. The effect of water content on a hydrogel is considered similar
to the effect of temperature on polymers. Raising the temperature in plastic, or increasing the water content
in a hydrogel, results in lowering the stiffness and strength of the materials. [69, 70] Swelling alone can be

enough to cause some single network hydrogels to fail.
1.3 Single Network Hydrogels

Single network hydrogels are the easiest type of hydrogel material to synthesise. As suggested by their
name, single network hydrogels are prepared by the polymerisation of a single network of polymer chains.
Traditionally these have been the most favoured form of hydrogels applied for engineering applications.
Single network hydrogels are polymer compounds with unusually low toughness, [71] with fracture
energies less than 10 Jm= (tear test). [72, 73] Single network hydrogels are particularly brittle when
compared to other polymer network systems. This is because they are deficient in the hardening
mechanisms (strain hardening) that many natural tissues reveal when dissipating energy under strain. [73]
Single network hydrogels are soft with elastic moduli that can easily mimic those of soft tissues.
Furthermore, these materials have low strength and low toughness; consequently, they would be incapable
of resisting external strains and stresses. Therefore, these materials are not considered for use in medical
implants. Researchers consequently have designed a number of novel hydrogel materials, such as DN
hydrogels, which significantly improve the poor mechanical behaviour observed for most single network
hydrogels. [74]

1.4 DN Hydrogels

A new method for producing tough hydrogel materials was developed in 2003 by the Gong group. [72] It
established that forming a second polymer network that mixes or merges throughout the first network

structure, as shown in figure 1.10, increases the strength and toughness of the hydrogel materials. It was
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noticed that by synthesising an interpenetrating PAAm network, the mechanical toughness of the copolymer
hydrogel poly(2-AAm-2-methyl propane sulfonic acid) and 2,2,2-trifluoromethyl acrylate increased 700
times and the strength of poly(2-AAm-2-methyl propane sulfonic acid) (PAMPS) hydrogel increased 42.5
times. This new type of tough hydrogel is referred to as a DN hydrogel, which s a subset of IPN hydrogels.

[74]

Interpenetrating polymer network
VaVAVAVAVAVAVAVAVAVAVAV,

Double network

ANAANANANN

Figure 1.10 A schematic of a DN hydrogel where the second blue polymer network is
interpenetrating within the other polymer network in yellow. Reconstructed after adaption from

reference. [74]

The two-step approach is one of the most prevalent methods for producing a DN gel. Initially, a single
network hydrogel is produced with the second network sequentially formed by submerging the gel in a
second solution with monomers of the second network. The addition of an initiator or irradiation with
ultraviolet light can be utilised to polymerize the monomers to produce the second network. [38], [75] A
single step method can be utilised when preparing DNs with polysaccharides or other polymers. [76-77]
The hydrated natural polymer and the monomer solution of the second network are soaked together and
cooled. The polymerisation reaction of the monomer solution is started by the initiator. After
polymerisation, the second polymer network is formed by the cooling of the natural polymer. It is essential
to mix two polymers that have different mechanical characteristics. There are three main guidelines for
maximising the toughening assistance of hydrogels when forming a DN hydrogel: The first network

consists of a stiff and brittle polymer network such as a polyelectrolyte with several cross-links. The second
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network is a soft and ductile polymer chain, i.e. a neutral polymer chain exhibits the same behavior to a
reinforcing fiber through the matrix as does the first network. The molar concentration of the second
network is greater than the molar concentration of the first network. Finally, the first polymer network is
tightly cross-linked whilst the second polymer network is only loosely cross-linked. [69], [78-80].

The enhanced stiffness of DN hydrogels is because of the stability afforded by the second network on the
micro-cracks that may form in the first network. When subject to stress, cracks propagate throughout the
first network due to the high crosslinking of the heterogeneous brittle polymer network. The micro-cracks
that are produced in the first network of a DN hydrogel are immobilized by the ductile second network
chains of the polymer. The second polymer network enhances the stabilisation of the micro-cracks so that
they do not easily propagate and combine into macro-cracks. [70] When a macro-crack is produced and
propagates throughout a DN, a damaged area of the gel will form in front of the crack tip. [81, 82] This
results in fracturing the polymer chains from the first network that absorbs energy. As the number of
polymer chains that need to be fractured for crack propagation to occur increases, the toughness of DN
hydrogels is increased. The stiffness of DN hydrogels under cyclic loading is described by the irreversible
nature of the damage zone. [83] DN hydrogels are predicted to be exciting materials for soft robotic tissue
implant usages [84] in which both single network hydrogels and DN hydrogels have elastic moduli in the
range of soft tissues and reveal good biocompatibility. [84]

Recent developments in non-linear modelling, compliant mechanisms, and smart soft materials have led to
the increased popularity in using soft materials in robotics. Robotics studies have advanced remarkably in
the last 50 years [85] with the technologies being robust and solid, fast, reliable, and accurate in controlling
robot motions. Almost all the techniques for fabrication, robot control and sensing are based on a
conventional definition and fundamental assumption for robotics: a kinematic chain of rigid links. [85, 86]
Soft material can help to provide functionality that is beyond the capacities of recent hard robotics
technology. The high robustness and adaptability of soft robotics highlight their importance as body parts
in natural organisms. For instance, the skin has the ability to be deformable and soft, while it is robust and
waterproof at the same time. [87] The soft interactions of the hydrogel actuators are skin mimics. These
can be utilised for physical therapy that can be controlled with interaction control design. The stiffness can
be regulated in line with the forces applied by the patients [88] Nevertheless, there is an assumption that
robotics theory and robotics techniques must be managed in order to achieve an outcome whereby the

device works in an efficient and sustainable manner. [89]
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1.5 Soft robotics

Soft, stretchable electrodes are a significant example of the application of soft robotics, which exhibits a
broad range of human life usages and can be applied in both clinical and non-clinical fields. Furthermore,
they can be designed to be biocompatible, biodegradable, [90] and responding to external stimuli, such as

electrical or environmental modification (Figure 1.11). 1

Figure 1.11 Specific sensors types of smart robotics. Reconstructed after adaption from reference.

[91]

Specific soft biotics composed of soft or/and elastic materials mimic the human skin but have a different
level of sophistication. Soft robots show great potential to benefit human life in areas such as health and
wellness, home rehabilitation, entertainment, and safety. Soft, stretchable electronics can be used in
multiple functions such as feedback sensors utilising strain in soft robotics during a stretching activity as

shown in figure 1.12.
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Figure 1.12 Motion sensors applications. Illustration modified after adaption from reference.
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1.6 Hydrogel sensor devices

The rapid developments in constructing electrodes on flexible substrates have broadened the horizon of
future generations of electronics [92, 93] involving implantable [94-96] and wearable [97-100] devices.
However, some challenges remain including the production of electrodes that maintain their electrical
features when they are stretched. [100] Current techniques for material printing have been reported, e.g. the
application of nanomembranes, nanoribbons or other complex patterns, [92, 93] that have been developed
to achieve metal electrode stretchability. These electrodes are not suitable for biological applications due
to their high stiffness, which can be detrimental to in vitro cellular differentiation. [101] and may cause
inflammation and fibrosis in vivo resulting in signalling disappearance in long-term use [102, 103] This
increases the need for polymers having a lower stiffness than metals for developing biocompatible organic
devices. [104]

However, to commence development in the tissue engineering field with integrated electronics, it is critical
to develop all-polymeric soft and stretchable patterns that exhibit biocompatibility and have favourable
electrical properties, in particular, to have charge storage capacity. [105] Although various studies have
achieved the printing of conducting polymer—hydrogel precursors for tissue engineering use [106], these
exhibited low conductivity and unreliable mechanical property in high-stress environments. This limited
their applicability, especially for muscle tissue engineering and long-term in vivo use. [107]

Several ionic conducting soft materials have been described by their stretchability and transparency

including hydrogels and iono-gels. [108-110] These are soft materials composed of polymeric networks
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that have the ability to swell when they soaked in any hydrophilic liquid. However, although most soft
materials dry out in the open environment, soft materials containing hydrogels have the ability to retain
water in a low humidity environment, and iono-gels are non-volatile when they are vacuumed. [108-110]
Furthermore, many soft materials are biocompatible and can be fabricated to be used as biometric sensor
monitors. Jeong-Yun Sun et al. [108] utilised ionic conductors, such as PAAm containing NaCl, as a strain
gauge to investigate possible sophisticated sensory device that were highly stretchable, transparent, and
biocompatible. The sensor device wasconnected to a multimeter that can report the signal from stretching
the device when attached to a finger as infigure (1.13 a, b, cand d). Figure (1.13 d) displays the capacitance
signal change resulting from stretching the device as the finger is bent. The (B) peak on the hydrogel sensor

device represents the finger bent position. The S areas represent the strain released state. The transparency

permits the sensory devices to be conducted without hindering optical signals
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Figure 1.13 Fabricated ionic skin. a) lonic skin sensor fabricated by sandwiching VHB tape layer

between two layers of conducting, flexible ionic hydrogels. The whole components are sealed with

the other two layers of VHB tape. b) Attaching the ionic skin device to a finger. ¢) The finger and

the ionic skin device in the bending state. d) The capacitance measure ments over multiple cycles
of finger straightening ‘S’ and bending ‘B’. e) Transparent ionic skin device over a bending

finger. Hlustration adapted from reference. [108]
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A strain sensory device can be 3D fabricated by utilising a PAAm containing salt hydrogel. [111]
Accordingly, LiCl was used instead of NaCl [108] to improve the water retention efficiency of a hydrogel
by a selection of the appropriate concentration.

Based on this, PAAm containing salt hydrogel exhibited conductivity, stretchability and transparency.
Therefore, it was intended to be used to fabricate soft, conducting and stretchable electrodes or sensors in
this thesis using different techniques. Various materials have been selected to be included within the
hydrogel for its low price, non-toxicity such as VHB tape, cellulose sponge and PDMS sponge. VHB tape
was utilised in the projects described in this thesis either as a strain gauge substrate component for the
extruded hydrogel or to cover the device to isolate the hydrogel from any environmental changes such as
temperature and humidity or direct contact with any foreign materials. Furthermore, one thesis chapter
describes how the conducting hydrogel’s contact was controlled by sandwiching two layers of fabricated
conducting hydrogels either side of a perforated VHB tape layer. Cellulose sponge was cross-linked with
conducting hydrogel thermally to produce a stretchable strain gauge. Furthermore, the same hydrogel
emerged within an optimised PDMS sponge to fabricate a stretchable electrode.

Direct ink writing and handheld printing technique were also used to 3D print conducting, flexible and
durable hydrogels using a photo-polymerisation process which suggests the potential for this class of
material in applications such as a soft sensing element or as soft robotics. Hybrid 3D printing is a new
fabrication method for producing soft electronics. Within an integrated additive manufacturing platform,
the direct ink writing of conductive and dielectric elastomeric materials can be combined with the
automated pick and- place of surface mount electronic components. Using this approach, insulating matrix
and conductive electrode inks were directly printed in specific layouts. Passive and active electrical
components were then integrated to produce the desired electronic circuitry by using an empty nozzle (in
vacuum-on mode) to pick up individual components, place them onto the substrate, and then deposit them
(in vacuum-off mode) in the desired location. The components are then interconnected via 3D printed
conductive traces to yield soft electronic devices that may find potential application in wearable electronics,
soft robotics, and biomedical devices. The mechanical and electrical stability of some of the fabricated
devices were examined before and after one year to investigate their durability.

In conclusion, this unique collection of features could widen prospects for innovative applications in
implantable or wearable electronics. Therefore, to determine if a hydrogel is suitable for sensor devices, it

is crucial to investigate its characteristics.
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1.7 Mechanical properties of hydrogels

Soft polymer materials are increasingly used in various sectors of human activity. However,their low
mechanical strength and toughness limit their applications. The mechanical behaviour of the hydrogel may
be studied by carrying out compression tests for compressive failure strain (&), compressive secant modul us
overstrains (E), compressive failure stress (o), and compressive strain energy to failure (U). Stress is a
measure of the internal force for an object per unit cross-sectional area as shown in equation (1.2).

Therefore, the formula for calculating stress is the same as the formula for detecting pressure:

Where o is stress (Newtons per square meter or, Pascals), F is a force (in Newtons, with symbol N), and A
is the sample cross-sectional area and represents the point that corresponds to the maximum stress in figure
1.14. The application of stress causes strain. Putting pressure on an object causes it to stretch. The strain is

a measure of how much an object is being stretched. The formula for strain is shown in an equation (1.3):

E_E_EO_E_'_I .............................................. (Eq. 1.3)

T T L b

Where IED is the original gauge length of an object to be stretched, and | is its length after it has been

stretched. Al is the extension of the object, the difference between these two lengths. Meanwhile, a

compression secant modulus is a measure of the stiffness of a material. It specifies how much a material
will stretch (i.e., how much strain it will undergo) as a result of a given amount of stress, represented by the

tangent slope value or by the formula of equation (1.4):

E= JR—— § 071 § 14)

m|Q

The values for stress and strain must be taken at as low a stress level as possible, providing a difference in
the length of the sample can be measured. The strain is unitless, so compression secant modulus has the
same units as stress, i.e. N/m? or Pa. Stress (o) can be plotted versus strain (g). The toughness of a material
(i.e. how much it resists stress, in J m) is equal to the area under the curve, between the y-axis and the
fracture point. [112] In a tensile experiment, the elastic or Young's modulus of the hydrogel is calculated
from the slop of the initial point of the stress-strain curve as shown in figure 1.14, whereas in compression
experiments, the secant modulus of the elastic region is more arbitrary due to the J-shape of the stress-strain

curve.
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Figure 1.14 Stress vs strain diagram after the tensile test for a hydrogel revealing elastic region

and the mechanical failure region. This graph was generated by the candidate.

Conventionally produced synthetic hydrogels typically reveal low Young’s modulus range (1 — 100 kPa),
low tensile and compression strength range (1 — 100 kPa) and low fracture energy value (< 10 J m2). [113]
Different procedures have been used recently to structure more robust hydrogels permitting their
functionalization in load-bearing applications. Amongst the available methods for fabricating tough
hydrogels are slip-link networks, [114] nano-composite gels [115], DN gels, [72] multifunctional cross-
linked hydrogels, [116] homogeneous hydrogels, [117, 118], and IPN gels. [119] These preparation
techniques have been shown to enhance hydrogel strength and toughness. One approach to positively alter
the mechanical properties of a hydrogel is adopting an IPN system [120], which are prepared using a
covalent cross-linked network, and an ionic cross-linked network. This is a crucial criterion that controls
to costumise the mechanical and physical properties of an IPN hydrogel. Covalently cross-linked PAAmM
networks were synthesised in the presence of GG and calcium chloride that was ionically cross-linked to
synthesis the IPN hydrogels. [121] Preparing IPN with optimum mechanical properties can be obtained by
the blending of two cross-linked networks, interpenetrating within each other at the molecular level. IPNs
usually display a significant physical and mechanical properties in between other networks, so the mixing
of a less swellable, stiffer hydrogel with a more-swellable, softer hydrogel can be used to regulate the IPN
modulus and swellability. The extra benefit of such IPNs is the noticeable increase intoughness that it often
improves the mechanical properties which is typical of yield in IPNs as DN hydrogel networks. [122] The
first network is more tightly cross-linked than the second network and the molar ratio of the second network

to the first network is more than 5. [81], [123, 124] As explained previously in section 1.4 there is a
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sequential two-step of polymerisation process for the preparation of DN hydrogels. However, a one-pot
preparation method for producing IPNs in which at least one of the networks is a biopolymer have been
known for some time [125-127] and have recently been revealed to present significant toughness. [119,128]
These hydrogels are synthesised using a one-step method by dissolving the biopolymer in a solution of the
monomer that is then cross-linked to produce a covalent polymer network. The mechanical and physical
features of these hybridised hydrogels can be modified mainly by changing the ratio of the two networks
and the degree of cross-linking in each network. [121]

Brown [67] and Tanaka [129] have suggested that the large value of fracture energy (Gc) in hydrogels is
due to the DN hydrogel heterogeneity. Moreover, they considered that there are two major roles for the
presence of void and entanglement at the crack tip. The first one occurs by the high curvature barring stress
concentration, and the other by the resistance or energy dispersion of fracture energy, which contributes to
decreasing the stress around the leading edge of the crack, thus prohibiting crack extension and inhibiting
the crack growth at the microscopical scale. In particular, Brown referenced his model to illustrate the
failure process in the DN gel using the Lake-Thomas concept [130] that considered the degree of energy
dissipation on the failure of a polymer strand and he focused on the importance of the particular double
microstructure, the tightness of the first polymer network and the looseness of the second polymer network.
The model explained that a substantial increase in the number of strands would exist in the second network
after the formation of the crack within the first network. The crack expansion exists in two stages, the first
initiated by the creation of many cracks in the first network, with a high crosslinking density, through the
formation of the damaged zone near the main crack tip. External stress could yield multiple cracks formed
in the first network, leading to extension of the damaged zone.

Meanwhile, the second network is involved in crack expansion by forming a yield strip around the crack.
This region of material can be considered to be elastic with low modulus. The energy that typically exists
to break the chains and extend the crack is called elastic energy. Hence, the excellent mechanical
performance of the DN gel is probably caused by the local yielding of the DN hydrogel to obtain a soft
material, and the energy dissipation by the resulting structure consolidates the reliable fracture energy (Gc).
[131] Many studies on DN hydrogels have revealed that there is a significant chance to produce strong and
stiff gels. Preparing hydrogels with high strength and toughness should promote the use of hydrogels in a
wide range of applications that could be related to biomedical or non-biomedical areas. This nominated DN

hydrogels could be developed to enhance the hydrogel networks and then to improve the mechanical
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properties. [132]

There has been recent interest in engineering hydrogels to enhance the mechanical properties by creating a
high swelling ratio in water. [133] The swelling ratio can be of the order of 100—1000 for many gels and
are termed super swelling or superabsorbent materials and are used in products such as disposable diapers.
[134—-137] The swelling ratio depends on the fraction of ionizable groups along the polymer backbone; i.e.
ionic gels swell considerably more than non-ionic gels. [136, 137] The swelling ratio also depends on the
density of cross-links within the gel, with the lower the cross-link density, the higher the swelling. [136,
137] However, gels with low cross-link densities tend to be soft and floppy. Thus, the synthesis of gels with
an ideal combination of water absorbency and mechanical properties remains a challenge.

The mechanical properties of synthetic hydrogels usually fall in one of two extremes, depending on the
cross-link density. [138, 139] If the gels are weakly cross-linked, they tend to be soft (low elastic modulus)
and may be difficult to handle, as they may be slippery and difficult to grasp by hand or with tweezers or
forceps. In contrast, highly cross-linked gels tend to be stiff (high elastic modulus), but are generally also
quite brittle. These gels are easy to handle but have a low strain and their tensile strength, toughness, and
resiliency tend to be quite low. [140, 141] This weakness in the mechanical properties is attributed to the
inhomogeneous distribution of the cross-linkers within the polymer networks due to the free-radical
polymerisation of the gel nanostructures. For example, there are many looped chains present, and a dangling
end is created inthis type of hydrogel. When stress is applied, the gel will deform, and the polymer segments
will deform creating zones of high stress in the polymer resulting in irreversible breaks at low deformation.
Recently, some naturally occurring soft materials have been explored, such as aquatic creatures, which
showed remarkable resilience and robustness when compared to other synthetic hydrogels. [140, 141] The
low strength was attributed to the nanostructure that typically exists in gels made by conventional free-
radical polymerisations. [140, 141] In particular, cross-links tend to be distributed in homogeneously; i.e.
there is a wide distribution in segment lengths (molecular weights) between adjacent cross-links. When
such a gel is deformed, some chain segments tend to deform much more than others, which creates zones
of high stress in the gel. Consequently, the gel suffers irreversible rupture at low deformations. As a result,
more studies were undertaken to improve the toughness and the stretchability of a dense cross-linking
polymer network. [142—150] For example, Tew et al. pioneered hydrogels using particular end-
functionalized monomers for producing uniform cross-linking distribution. Haraguchi et al. [142, 143]

developed hydrogels with high elongations at break (~1200%) by utilising nanoparticle cross-linkers
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instead of the conventional multifunctional monomers. [134] Gong et al. [151] innovated the
interpenetrating or “DN” gels concept to optimise the mechanical performance. Generally, alternate
methods are needed to devise hydrogels that swell greatly and remain reasonably tough even in the swollen
state. [134] Tensile testing has been suggested to study the mechanical properties of the prepared hydrogel
by extension up until the rupture point. Additionally, compression testing is necessary to study the viability
of the prepared hydrogel to bear external forces before breaking. This test could also be undertaken under
multiple cycles to examine the durability of the prepared hydrogel against exposure to constant external
stress. Oscillatory shear rheological measurements are also required with a controlled strain rheometer to
identify the flow properties of the material, and to study the elastic and viscous characteristics. It is also
interesting to make predictions for mechanical properties of PAAm (on a continuum mechanics scale) based
on the micro- or nanostructure of the material. [152]

The primary aim of this project was to develop some perception of the optimisation of the mechanical
properties of the ionic PAAm hydrogel or the ionic-covalent entanglements in GG/PAAm hydrogel by

synthesis using different concentration ratios of salts, and the covalent cross-linkers.
1.8 Rheology

Rheology is the study of the flow of matter, mainly in a liquid state. However, the plastic flow of soft solid
materials can be examined in response to an applied force. [153] Furthermore, this characterisation
technique enabled the investigation of the flow that substances possess in a complex microstructure such
as muds, sludges, suspensions, polymers as well as many edibles and additives, biological fluids (e.g. blood)
or other materials which belong to the class of soft matter. [154]

The term rheology was pioneered by Professor Eugene C. Bingham in 1920 [155] and was derived from
the aphorism of simplicius (often attributed to Heraclitus), and Panta rhei; “everything flows”. [156, 157]

Technically, rheology is an interesting principle dealing with continuum mechanics to study the materials
flow by combining elasticity and (Newtonian) fluid mechanics. In particular, this study showed that
rheology is a combination of elasticity and viscosity features. [158] In the last decades of 20th century,
researchers were interested in involving PAAm for building a better understanding of the mechanical
properties for investigating the micro- or nanostructure of the material, for instance, the particle or the
molecular size and the architecture of polymers in a solution or in a stable suspension. Furthermore,

materials with fluid features normally flow when pressure is applied. Correspondingly, different forms of
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stress (e.g. shear, torsional, etc.) and materials will produce variant responses of stress. Much of theoretical
rheology is undertaken in association with external forces and torques with internal stresses and internal
strain gradients and velocities. [153], [159, 160]

An additional aim of this study was to create a correlation between deformation and stress by applying
further measurements using the technique of rheometry. This device functions by determining distinct
rheological material relationships which are then compliant to mathematical analysis by the specific
technigue of continuum mechanics. [161]

The examination of flow or deformation yielding from a specific shear stress domain is known as shear
rheometry (or shear rheology) and the study of extensional flows is extensional rheology. [161] Rheological
properties of composites based on different ratios of GG /PAAm were studied as functions of crosslinking
density, which determine the structure of the three-dimensional network of the formed polymer as described
in chapter three. The rheological parameters are described in the plot of both storage modulus G" and Loss
modulus G” versus strain; Figure 1.15 describes rheological parameters where the plateau refers to the linear
viscoelastic (LVE) region, in which, a high value of G’ is a good indication for the presence of a cross-
linked polymer network. However, the end of the LVE region corresponds to a shear strain of the hydrogels
after which inelastic deformation occurs. Moreover, the sol-gel transition represents the transformation of

the hydrogel state from solid to liquid. [162]
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Figure 1.15 Shows storage modulus and loss modulus versus strain. This illustration created by

the candidate.

The rheological analysis was also performed to investigate the viscoelastic characteristics as a function of

temperature and time at a constant shear rate to achieve optimum viscosity to form a uniform and stable
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filament during extrusion for developing 3D printing of conducting, flexible and durable hydrogel (Chapter
4).
1.9 Electrical characteristics

A range of applications has been studied involving pressure sensors for soft robotics [163, 164], stretchable
conductors [108], foldable actuators, [165, 166] and interfaced neural prosthetic. [167] Soft conducting
hydrogels are considered to be significant solutions to a plethora of current problems in soft robotics such
as electrical and mechanical compliance matching. [168] It is known that non-ionic hydrogels exhibit no
electrical conductivity and therefore, there is interest in developing suitable methods to boost the electrical
conductivity of hydrogels by doping with strong acids, adding salts, [163, 164], [169] or incorporating
conducting fillers. [170-172] In order to achieve this, it is essential to characterise the electrical properties
of prepared hydrogels by calculating the conductivity from the measured impedance. The actual
conductivity (o) for prepared hydrogels was taken from the plot of total resistance against hydrogel length

[168], as shown in figure 1.16.
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Figure 1.16 Typical plot of resistance (RI) versus gel length. Figure produced by the candidate.

The plot behavior revealed a linear relationship that enhanced the calculation of the contact resistance

(Rc) from the y-intercept, and the sample conductivity from the slope. The total resistances of hydrogel
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samples were calculated by equation (1.5) describing a geometric object sample shown in figure 1.17.

[172]
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Figure 1.17 Uniform specimen object having length I, and area A. Reconstructed after adaption

from. [172]
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Where A is the cross-sectional area of the hydrogel sample (in cm?), and o is the conductivity (in S/cm).

The hydrogel mould item has 10 sample moulds with five lengths which range between 0.5-2.5 cm, with

the width of each sample mould 0.5 cm while the height is 0.6 cm. Rc (in Q) is the resistance at the contact

points. Since the slope of equation above is 1/ (¢ A), then o =1/ (slope x A). [172]
The contact resistance, Rc values are measured and expressed as impedance that describes the interfering
between gel and electrodes (porous RVC). The impedance behaviour revealed an obvious increase (at an
independent frequency) with hydrogel length increase [172] as shown in figure 1.17.
Measuring conductivity is crucial for studying the ability of the prepared hydrogel to conduct after the
addition of different salts to the PAAm and ICE hydrogels, including NaCl and LiCl, and CaCl,with ICE
gel. These salts were previously used with Polyacrylamide (PAAm) hydrogel to produce conductive
stretchable and durable hydrogels. However, these hydrogels were synthesized using Thermo-initiator such
as ammonium persulphate, while our hydrogels were prepared using photo-initiator such as a-Ketoglutaric
acide. The aimof using photo-initiation reaction in synthesising our hydrogels is to ultimately extrude these
material to design a 3D soft structure device. In particular, salts like NaCl was selected broadly to produce
conductive hydrogels and stretchable hydrogel. While LiCl was selected in the hydrogels preparation in
this thesis as it has been used previously in several studies for its, conductivity, stretchability high water
retention capabilities. On the other hand, CaCl, was seleceted for its capapbilty to produce tough ICE
hydrogel. The conductivity of ionic hydrogels has been calculated using different techniques including both
alternating and direct current measurement devices, i.e. electrical impedance, conductivity meters, and four-
point probe techniques. [170-172]
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Hydrogels containing ionic groups within their polymer networks can form fixed charges along their
polymer chains when they swelled and are called polyelectrolytic gels. These fixed charges can be stabilised
by adding cations to the polymer chains to formionic bonds that cross-link the polymer network. [173-177]
Furthermore, these cations can be used to create ionic conductive hydrogels [163], [173-179] and can
transport charges through the water-filled micro-pores of the polymer network [180-182]. Therefore, factors
that affect the ionic conductivity are the water content, the concentration of cations, ion-polymer
interactions, crosslinking, and hydrodynamic radii of the ions [182-185]. In general all these parameters
such as crosslinking, ion-polymer interactions, hydrodynamic radii of the ions having an impact on the
diffusion properties of water molecules and the ions mobility inside the hydrogel and hence will effect on
the conductivity. Therefore, an increase in the concentration of the ions will lead to higher conductivity.

The electrical impedance study of gel samples was carried out for frequencies between 1 Hz and 100 kHz
using a custom-designed instrument or by using a potentiostat (Gamry Reference 600) instrument and
sample compartment. The sample compartment held the gels which were casted into a rectangular shape
with a width of 0.5 cm, height 0.6 cm, and length from 0.5 to 2.5 cm. Reticulated vitreous carbon (RVC,
an ERG Aerospace, foam structure with 20 pores per inch, relative density 3% or void volume 97%,
resistivity 0.323 Qcm) pieces were placed in the ends of the sample compartment to act as electrodes.
Impedance analysis was performed by applying a 1 V peak voltage (alternating current signal) using a
waveform generator (Agilent U2761A), across the circuit consisting of a known resistor (Rk, 100 Q) and
the gel sample. The impedance was obtained by measuring the voltage drop across the known resistor with
an oscilloscope (Agilent U2701A). The impedance values measured in this manner include a contact
resistance, Rc, owing to the interface between gel and electrodes (porous RVC). Figure 1.18 shows the
schematic representation of the custom-built electrical impedance analyzer for the PAAm hydrogel mould

with carbon foam electrodes. [168]
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Figure 1.18 Schematic figure to present the custom-built electrical impe dance analysing system
for the PAAm hydrogel meld with carbon foam electrodes. Reconstructed after adaption from

reference. [168]

We hypothesise that the calculated conductivity of the fabricated hydrogel using the direct-write assembly
technigue and the moulded hydrogel may be investigated by measuring the impedance and the dimensions
of the hydrogel samples. This investigation could lead to building a better understanding of the electrical
reliability of the fabricated hydrogel compared to the moulded one as shown in the studies described in

chapter four.
1.10 Resistance sensitivity

The electrical resistance sensitivity of a sensing material can be characterised by measuring the electrical
resistance changes due to applied strains or stress. Pressure sensors using piezoresistive elements in silicon
as the stress-sensitive element were invented in the 1960s, and are now among the most successful micro-
machined sensors. Since then, the performance of piezoresistive pressure sensors has been improved by the
introduction of new microfabrication technology [186] and have been implemented in advanced
applications placing high demands on both precision and stability, such as medical and automotive
applications and applications for the avionics market. There are several different pressure sensing units
used in the electronic industry on the application. [187]

Recently developed soft sensors have been implemented to investigate the possibility of identifying the
location and pressure of touch based on capacitance change. [188] However, most of these developments

have been applied to applications that operate at low mechanical stress. As a result, a wearable soft sensor
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device (SSD) was developed consisting of two lithium chloride conducting PAAm electrodes separated by
a perforated elastomeric very high bonded (VHB) tape as shown in chapter five. The novel perforation of
the elastomeric material separating the electrodes enables the creation of a sensor with an inbuilt threshold
of operation. The device allowed for the detection of mechanical stress via a change in resistance within
the electrodes, which enabled the device to operate at a much higher range of stress than was used in
previous sensors that utilised a change in capacitance. The SSD was shown to be durable, to exhibit reliable
electrical sensitivity and mechanical recovery over 50 cycles of compressive stress for over one year. This
SSD was combined with an Arduino device [189] to send a signal to a mobile phone, creating a custom-
built remote sensor. This work has the potential to enable better data collection for enhanced logistical
decision making and emergency response via applications such as elastic sensors for use in remote areas.
This thesis used the Sl-unit Pascal (Pa). The electrical sensitivity has been calculated as shown in equation
(1.6)

Resistance sensitivity= AR/Ac geeateesetsateactsateacetenttasntentttontistsstsntstsnssrssnssnseros (Eq. 1.6)
Where AR is the magnitude of resistance change between loading and unloading resistance state values in
ohm, while Ac represents the magnitude of stress change between loading and unloading states in Pa.
Therefore, the calculated resistance sensitivity unit would be ohm/Pa. [190]

Other areas of this thesis have utilised the resistance change resulting from stretching the fabricated soft
sensory device to work as a strain gauge as described in chapters six and seven. Strain gauges are an
engineered sensor pattern that have the ability to react when the pattern has been deformed or stretched in
one direction. When the sensor is distorted, there is a modification in the physical structure of the sensor
pattern (surface area, track length), and this alteration results in measurable property changes, such as
capacitance [191, 192] or, more commonly, resistance. [193, 194] Strain gauges are of raised attention for
human-sensing actuator for the field of soft robotics [193] due to their ability to easily sense human-motion.
The sensitivity of the device is evaluated by calculating the gauge factor.

Fundamentally, all types of strain factors illustrate the conversion of mechanical motion into an electrical
signal. This means that alterations in capacitance, inductance, or resistance directly corresponds to the strain
experienced by the sensor. If a hydrogel is held under tension, it gets slightly longer, and its cross-sectional
area is reduced. This changes its resistance (R) in proportion to the strain sensitivity (S) of the hydrogel
resistance. When a strain is produced, the strain sensitivity, which is also called the gauge factor (GF), is

revealed given by equation (1.7):
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AR AR
GF = % B s (Eq. 1.7)
R

Where AR is the resistance change between the status of the deformed and undeformed sponge-hydrogel
device, R is the resistance magnitude for the undeformed device, AL is the change in the deformation length
in mm, and L is the undeformed length of the device. Sometimes the strain ( %) is designated by (¢) as

shown in figure 1.19. [195]
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Figure 1.19 Description of the device strain. Reconstructed after adaption from reference. [195]

1.11 3D Printing

1.11.1 Direct ink-writing technique

Numerous attempts to develop 3D fabrication processes to reach the micro or even the nanoscale filament
sizes for the fabricated hydrogels have been reported. [196, 197] The direct-write assembly technique was
chosen for its ability to pattern 1D and 3D micro periodic scaffolds with an extensive range of hydrogel
materials. AAm solution was combined as a based ink with in situ photopolymerisation using UV as a light
source to produce hydrogel scaffolds with micrometre dimensioned properties. [196] The direct ink writing
technique extrudes the AAm ink layer by layer with lateral feature dimensions smaller than those that are
performed by using ink-jet printing [198-200]. Thus, the direct-write assembly technique was used to
construct 3D hydrogel scaffolds by extruding the thick ink through a fine-tipped nozzle, depositing a
filamentary pattern. This pattern solidified rapidly in the air using a UV light source to obtain layers of a
fixed shape. This technique is different from previous techniques as it does not need reservoir induced
coagulation to enable the 3D extrusion of the polyelectrolyte inks as others did. Robert and his co-workers
produced a 3D printed hydrogel structure composed entirely of a mixture of PAAm and glycerol. [201]

This, and several previous studies, focused on 3D fabrication for the hydrogel containing PAAmM mixed
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with various materials, e.g. glycerol, sodium alginate, etc. for increasing the ink viscosity and hence,
improving the extrusion process. [196], [202] Fabricating pure PAAm containing salt hydrogel became a
challenge that needed to be overcome. Therefore, one of the aims of this project was to develop a 3D
fabrication process for pure PAAm containing salt hydrogel, by using a direct-write assembly technique to
enable the printing of microscale sized scaffolds as described in chapter four.

3D Printing is a technique used for achieving laying down multiple layers of material to build up three-
dimensional structures that are designed using CAD (Computer Aided Design) software as a 3D modelling
program or by using a 3D scanner (copying an existing item). [203] Each layer can be recognised “as a

thinly sliced horizontal cross-section of the eventual object” such as figure 1.20. [204]

Figure 1.20 Shows the bilayer extrusion concept. Adapted from reference. [204]

3D Printing is receiving attention from a wide range of fields because of the capability to rapidly produce
3D object materials. Hydrogels were one of the nominated materials to be utilised in the application of
tissue engineering due to its ability to forma gel with a defined shape. [204-207] This gel can be solidified
by using a photo, chemical or thermal initiator. [208] Moreover, the 3D printing technique was harnessed
to design soft materials in the desired form by either extrusion or inkjet process. [207] Recently, electrically
conducting materials were being developed to introduce electronic functionality to fabricated polymer-
based objects. Hydrogels are considered to be promising materials to enable the provision of new utilities
by the introduction of printable sensing and actuating devices. [208] In this project, we hypothesised that
the parallel development of hydrogel materials like PAAm containing salt, with the application of suitable
3D fabrication techniques such as direct-write assembly would stimulate the advancement of several
applications including sensors, soft robotics and bionic implants.

PAAmM hydrogels containing salt as the electrolyte have been used as highly robust transparent hydrogels
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in stretchable electronics. For instance, a PAAm hydrogel containing sodium chloride (NaCl) has been
reported to be fully transparent, highly stretchable and as being ionic conductive. [209] Water plays two
leading roles in hydrogels containing salt. While the salt provides the conducting ions, water molecules
operate as the solvent. A hydrogel containing salt possesses conductivity on the proviso that it includes
water, but the less water it contains, the stiffer and more brittle it will be. Therefore, the water retention
capacity of a hydrogel is fundamental. [210] Previous reports have noted that if the hydrogel has a poor
water retention capacity, it usually fails to work after a few hours due to drying out. [108] Thus, a primary
goal of this thesis is to prepare, and 3D fabricate a tough, durable and transparent hydrogel sensor device.
Additionally, studying the rheological characterisation for the AAm solution with UV curing is crucial to
providing a better understanding of the gelation features of the gel before and after adding NaCl and LiCl
by demonstrating the complex viscosity behaviour or the storage modulus behaviour to facilitate the process
for hydrogel fabrication. Furthermore, measuring rheology is necessary for establishing the optimal
conditions for extrusion printing for the PAAm gel precursor solution (the ink) at different temperatures.
The prepared solution could be exposed to cooling to increase the viscosity of the gel which could enhance
the extrusion process depending on the change in the viscosity of the prepared solution (ink). This can be
measured at different temperatures during cooling using a rheometer. The hydrogel precursor solution will
pattern and extrude into a defined shape by using a custom-built 3D printer based on a Sherline 1820
Machinery and Linex CNC-EMC software. The Dymax BlueWave 75 Rev 2.0 U Light Curing Spot Lamp
System using a 19+ W cm? UV source with a 1 meter light guide was utilised to enhance the photo
polymerisation reaction and hence, to cure the extruded ink. The ability of the precursor solution to
construct by extrusion is dependent on viscosity. [211] The gelation is typically a crosslinking reaction
initiated by UV light [208]. The gelation time can be identified either by crossing of G’ and G*” or by
reporting the time when the values of the complex viscosities became steady and stable. This technique will
be adopted to 3D fabricate hydrogel strain sensor devices. These have potential useful applications since

they mimic skin characteristics.

1.11.2 Hand-held printing
The development of skin mimic robotics involves a series of technologies that combine conventional
fabrication processes such as microelectromechanical systems (MEMS) technology, complementary metal-

oxide-semiconductor (CMOS) processes, and mechanical milling with submerging techniques such as
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printable electronics, additive manufacturing, and a laser process. Different materials can be processed
using these fabrication techniques, to produce structures in flexible sensors that are similar to the skin. [212]
The 3D printing of stretchable soft robotics, with their ability to mechanically mimic skin, has been utilised
in the manufacture of various devices including biomedical devices, [213-216] electronics, [217, 218]
artificial tissues, organs, [219-221] and soft sensors. [111], [222-224] Current studies by Vlassak et al.
[111] and Robinson et al. [225] enabled flexible ionogel and hydrogel extrusion respectively with an
elastomer silicone using a direct ink extrusion printer. The direct ink writing technique offered easy printing
of multiple materials including hydrogels at high resolution. [202], [226] However, there are several
challenges with using this technique since it requires spatial planning to set up the computer and specific
software as well as the cost of the devices. In this project, one of the goals was to introduce a straightforward
extrusion system by using a hand-held printing device (Chapter six). The precursor solution uncross-linked
ionic AAm is controllably driven out of a steel nozzle using physical or pneumatic pressure as an acrylate
elastomer tape in a 2D shape. The nozzle head is directly connected by a transparent tube to the installed
syringe in the syringe pump device. This type of printing employs an easy, quick and mobile system and
could remove the need for high-cost printing devices for fabricating simple patterns of flexible materials to

make soft strain gauge devices.
1.12 Hydrogel-forming materials

Preparing PAAm containing salt and PAAmM with GG are examples of a wide range of hydrogel-forming
materials. By changing the salt concentration or mixing PAAm with GG tough, strong, stretchable,
conductive, and durable hydrogels could be developed to meet application demands especially in

electronics, [92, 93] involving implantable, [94-96] and wearable [97-100] devices.

1.12.1 Gellan gum

Gellan gum (GG) is a water-soluble linear anionic polysaccharide formed by the fermentation of
Sphingomonas elodea, a bacterium that exists on some varieties of lily pad. [84] The bacterium uses the
GG to produce a biofilm which encapsulates the bacterium to host cell defences and antibiotics. [227]
Recently many commercial applications have been found for this natural hydrogel. It is approved by the
U.S. Food and Drug Administration and European Union (E418) as a food additive and an emulsifier in
skin care products and medicine [228]. GG is currently applied in controlled drug delivery systems [229,

230] and interestingly, is being studied as a material for cellular scaffolds for tissue engineering. [231, 232]
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GG is known as a viable gelling agent for solid culture media and has been utilised for plant tissue culture,
[233, 234] bacterial culture, [235] and more recently to enhance mammalian cells. [236] The molecular
structure is a tetra saccharide repeated unit made up of two glucose residues, a rhamnose residue and a
glucuronic acid residue (Figure 1.21). [237] When fermented it becomes ina high acyl gels that forms two
acyl units, acetate and glycerate localised on the same glucose molecule. Onaverage, there is one glyceride
unit per repeat, and the acetate group is on every second repeat. [238] The hydrogels produced by this form
of GG are soft and elastic, but by eliminating the acyl groups with an alkali treatment, stiffer hydrogels are

formed. [239]
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Figure 1.21 The molecular structure of a low acyl GG repeat unit. Reconstructed after adaption from

reference [240]

The heating of a solution of GG results in polymer chains adopting a random coil conformation. This allows
the polymer chains to transit into a double helix structure upon cooling of the solution. [241] A thermally
reversible process occurs at low concentrations, so although the ordered state reveals a weak gel this is
called a pseudo-gel. The formation of a true hydrogel is dependent upon the aggregation of helical
sequences that are achieved by the addition of cross-links that present as bridges between the two polymer
chains. [242] The addition of divalent cations (Ca?* or Mg?*) to the solution results in the formation of true
gels. A crosslink is formed when a divalent cation is oxidised by the carboxylic acid groups on the
glucuronic acid residue. A divalent cation can bind to two glucuronic acid residues, to forman ionic cross-
link. [243, 244]

By breaking and reforming its cross-links, GG hydrogels can dissipate energy. A chemical hydrogel
consists mostly of covalent bonds, so once they are cleaved, they will not reform. On the other hand, in
hydrogels with ionic cross-links, such as GG, stress will create fractures at one of the ionic cross-links of
the polymer network. The network is left with a free cation that is capable of cross-linking back into the

network at another anionic site. [245] A consequence of the stress relaxation properties of ionic hydrogels
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is that they will show plastic deformation when the hydrogels are strained. Plastic deformation occurs
because new ionic bonds are formed in the stressed design. [246]

Although GG is exhibiting promise, it is not convenient for use in soft tissue medical implants due to its
poor strength and toughness caused by its brittle, anionic, heterogeneous network structure. If the
mechanical properties of GG could be improved, it would be a potential material for this application. It is
hypothesised that the toughness of GG will be increased by combining it with PAAm. Low acyl GG is
preferred over high acyl GG for the first network of a DN hydrogel system because it is stiff and brittle.
[237]

1.12.2 PAAmM

PAAm s identified using various names, including PAAm, polyacrylic amide, poly(1-carbamoylethylene);
acronyms include Pam, PAAmM, and PAM, while trade names include Cyanamer (American Cyanamid),
Hercofloc (Hercules Chemical), Percol (Allied Colloids), Purifloc (Dow Chemical), and Separan (Dow
Chemical). PAAmis significant in having an extremely high molecular weight (e.g. 3 to 15 million, average
molecular weight) and has an excellent hydrophilic properties while also being nonionic. Its solubility in
non-aqueous solvents is limited to those that are very polar (e.g., glycerol, formamide, and ethylene glycol).
It is not soluble in many organic solvents including diethyl ether and aromatic hydrocarbons, and those that
are otherwise miscible with water, e.g. methanol, ethanol, and acetone. This property forms the basis of
many schemes of formulation analysis, i.e. via extracting unreacted AAm monomer from the polymer.
[247] PAAmM gel networks can be prepared inan aqueous mediumand are broadly utilised inelectrophoresis
[248] for protein separations or as membranes [249] for protein isolations or blood purifications. Because
these hydrogels are used in some applications where human contact is involved, the products are required
to be non-toxic and biocompatible. PAAm is most often used to increase the viscosity of water (acting as a
thickener), to encourage flocculation of particles present in water, [250-253] as a soil conditioning agent,
[254-257] as hydrogels [258] including contact lenses, and in many biomedical applications. [259-262]
Although the AAm monomer is toxic, it is generally agreed that PAAm is not. [263] Consequently, the
ability to purify of PAAm gels by removing residual monomers and then keeping the gels in a stable form
becomes an important issue. PAAm is a water-soluble polymer formed from AAm compound with the
subunit molecular formula of (C3HsNO) [264] (Figure 1.22). PAAm is a synthetic chemical that can be

developed to fit a wide range of applications. [265] It is synthesised by the polymerisation of AAm and a
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low concentration of MBAAmM which acts as a cross-linker with the functionality to make bonds to 4
different monomers. The reaction is a vinyl addition polymerisation initiated by the attack of free radicals
[266] that can be created from persulfate ions. The rate of formation of the persulfate free radicals are
accelerated by N,N,N',N'-tetramethylethylenediamine (TEMED). [36] This branching reaction forming a
chemical hydrogel is randomly caused by MBAA while the linear AAm polymer chains elongate. PAAmM
hydrogels that are produced in this free radical polymerisation method have a heterogeneous network

structure. MBAAmM is highly reactive because of its high functionality. [36], [267]
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Figure 1.22 AAm polymerisation reaction. Reconstructed after adaption from reference [267]

Two forms of PAAm are commercially available; the first is a straight-chain, water-soluble PAAm and the
second is cross-linked PAAmMwhich is insoluble in water but absorbs huge quantities of water. The cross-
linked PAAm polymer utilised in these studies was a cross-linked anionic copolymer, [268] the

macromolecular and molecular structure of which is shown in figure 1.23.

35



Hydrogel structure
(Cross-links shown in grey)

Figure 1.23 Macromolecular structure of cross-linked PAAm. Reconstructed after adaption from

reference [269]

The mechanical properties of PAAm hydrogels are heavily influenced by the cross-linker concentration,
which affects the hydrogel’s heterogeneity. Tightly cross-linked PAAm hydrogels are brittle due to the
formation of microgels. In contrast, loosely cross-linked PAAm hydrogels are soft and ductile. [229] The
polymeric networks swelling behaviour is influenced by the polymer composition, i.e. by the synthetic
conditions such as the AAM/MBAAmMm in polymeric networks and by the swelling media. It is a result of
the presence of specific functional groups, these hydrogels have the potential to be utilised as colon-specific
drug delivery devices, and also they can be implemented for water absorption from oil-water emulsions.

[270-272]

1.12.3 PAAmM containing salts

PAAmM hydrogels containing salts possess fully transparency, remarkable stretchability, low cost, ionically
conducting, and can fabricate easily. Hydrogels containing water and salts could be ionized into cation (C*)
and anion (A", that are responsible for conducting ions. Salt and water have two critical roles: salt offers
the conducting ions while water serves as the solvent. [273]

The conduction behavior of an anionic hydrogel depends on the presence of two important factors, namely
salt and water. However, the less water it contains, the stiffer it will be. Therefore, the water retention
efficiency of a hydrogel is an essential factor affecting directly both mechanical and electrical properties.
The hydrated ions are formed from bonding ions with water molecules. lonic hydration, having salt and

pure water gives significant variations in other properties including resistivity, volume, and freezing point.
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[274-276]

For instance, a hydrogel comprising of water and NaCl ionised into sodium cations (Na*) and chloride
anions (CI"), forms conducting ions within the hydrogel. The hydrogel has been utilised as an electrode in
a transparent loudspeaker. [108] However, this hydrogel has limited water retention efficiency, thus, it
usually fails to work after a few hours due to drying out [273] One way to control the rate of water
evaporation is to encapsulate the hydrogel; however, there are still some limitations that need to be resolved.
The concept of binding the ions with water molecules in the ionic gel is explained by the correlation of
water molecules binding to ions and the need to break these bonds to evaporate, while free water molecules
evaporate naturally as shown in figure 1.24. [273] A higher degree of ionic hydration of the dissolved salt
gives a stronger bond strength between the cation/anion-water molecule pairs and more bonded water
molecules. [273]

Therefore, the water retention efficiency of a hydrogel can be improved by choosing the dissolved salt
accurately such as LiCl or CsCl and using it at a specific concentration that gives optimum hydration,

mechanical, and electrical performance. [273]

Free H:.0

Add LiCl salt into water LiCl salt dissolves and hydrates with water molecules

Figure 1.24 Schematic of the hydration of LiCl in water. Reconstructed after adaption from

reference. [273]

1.12.4 Cellulose sponge
There is an intense interest to include porous materials derived from biopolymers to be utilised in different

fields, such as separation, filtration, and load-bearing [277-280] as well as the potential applications as
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water flow manipulators. An example of these biopolymers with these capabilities are sponges made of
polysaccharide materials, which have beenwidely used for coupling the distinct properties of high porosity,
low density, and high specific surface area, with the distinct characteristics of biodegradability, non-
toxicity, low cost, easy modification, and abundance in nature. [281, 282]

One of these popular polysaccharides is the cellulose molecule, considered as a classical highly
biocompatible biomaterial. [283] It is biosynthesised by various organisms and can be manufactured in
continuous elementary microfibrils, having 5-10 nm diameter and 100 nm to several micrometres in length
[284]. Cellulose is a polymer having chains cross-linked by hydrogen bonding, and water molecules that
participate in the binding sites, causing the polymer volume to increase. Cellulose is composed of repeated
units of glucose molecules bonded by (1,4)-B-glycosides which forms a repeating monosaccharide, and has
six hydroxyl groups to form hydrogen bonding and intra and intermolecular bonding as shown in figure
1.25. These hydrogen bonds are the reason why cellulose has a physicochemical interaction with water and
forms a porous structure; the process is known as hygroscopic expansion, conventionally observed in the

detergent [285] and paint industries. [286]
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Figure 1.25 Cellulose molecules strands, bonded by hydrogen bonds (dashed) within and between
cellulose molecules with a simple description to the hydrophilic site in glucose monosaccharide

molecule. Reconstructed after adaption from reference [277-279]

Several recent studies reported cellulose in different applications such as tissue engineering and smart
materials due to its promising features including cell attachment and proliferation and their similarities to

the extracellular matrix. [277-290]
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Cellulose sponges could also be used to fabricate ‘smart” materials after a suitable developmental process
with a stimuli-responsive polymers. Some stimuli-responsive polymers such as hydrogels have been used
for developing smart, responsive polymers composed of cellulose and other components using different
hydrogels for their capability to reflect any reaction to external stimuli such as light, [291, 292] temperature,
[293] pH [294, 295] and stress or strain. [188] These features were a topic of this thesis aims: to fabricate
a hybridised cellulose sponge-hydrogel (as illustrated in chapter 7) responsive polymers as a strain gauge
by crosslinking an ionic conductive hydrogel inside porous cellulose microsphere fibres in kitchen sponge
and to prepare the hybrid in a relatively simple, cost-effective, and green approach. PAAmM containing
lithium chloride hydrogel was chosen for its high water retention capacity, conductivity and stretchability.
Therefore, it has been used in this project as the main hydrogel component to be cross-linked within the
cellulose sponge. The mechanical and the electrical properties of the PAAm-LiCl/Cellulose matrix were
assessed and compared with the same properties of both dry and wet cellulose sponges. Furthermore, the
water percentages, surface areas, volumes were determined for all sponge samples to study the effect of
grafting the hydrogel and water molecules with the kitchen sponge on the mechanical and the electrical
properties of the PAAm-LiCl/Cellulose matrix components.

Finally, a hybridised cellulose sponge-hydrogel strain gauge was fabricated after characterising the

mechanical and electrical hysteresis as well as determining its gauge factor under multiple cycles.

1.12.5 PDMS sponge

Polydimethylsiloxane is a polymeric organosilicon compound also known as dimethicone or
dimethylpolysiloxane. It is the simplest member of the silicone polymer family. PDMS, compared with
other materials, has advantageous properties including typically optically transparent, chemically inert,
non-toxic, is durable, and elastic [296-301]. PDMS is one of the most widely utilised silicone-based
polymers and it refers to the group of silicones, which are produced from silicon, carbon, hydrogen and

oxygen, and sometimes other elements as well as shown in figure 1.26. [302]
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Figure 1.26 PDMS structural formula. Reconstructed after adapted from reference. [302]

PDMS molecular formula is CHs[Si(CH3),0]nSi(CHs)s, where n is the number of repeating monomer
[SiO(CHs)2] units. [302] the industrial synthesis proceeds from dimethyldichlorosilane and water producing

hydrochloric acid from the polymerisation reaction as shown in the following net reaction: [303]

nSi(CH,),Cl, + (n + 1)H,0 —s HO[-Si(CH,),0—] H + 2nHCI

PDMS was pioneered by both Dow Corning and General Electric Company in the middle of the 20th
century.

Based on application needs, alterations to the viscoelastic properties can be accomplished by cross-linking
the polymer. [304], e.g. cross-linking vinyl groups, or by adding fillers, such as silicon dioxide, to the
polymer network. [305] Two methods have been reported for curing PDMS; either thermally [306] or by
radiation. [307-309]

After the curing process, robust PDMS templates will have an external shiny hydrophobic surface. [310]
The surface chemistry of this compound has a hydrophobic moiety making it difficult for the hydrophilic
solvents to wet the PDMS surface. Plasma oxidation techniques and laser treatment were utilised to modify
the surface hydrophobicity of the PDMS by adding silanol groups to the surface. This technique coats the
PDMS surface with polar groups, enabling it to be miscible with water. [310]

PDMS does not swell with many chemical solvents. However, this material swells when treated with
hydrophobic solvents. Most hydrophilic solvents such as water, nitromethane, acetonitrile,
dimethylsulfoxide, and ethylene glycol, commonly utilised in analytical chemistry, swell the PDMS matrix
the least. [311] This enables PDMS to be used in extracting analytes from water for quantitative analysis.
However, many hydrophobic solvents such as pentane, diisopropylamine, triethylamine, and xylene can
make a PDMS sponge swell significantly. [311] This phenomenon is frequently utilised for extraction the

analytes from the PDMS sponge.
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PDMS was widely involved in several electronic devices such as the stretchable soft materials for
application in energy devices, and biomedical treatments. [312] PDMS electrodes have significant
advantages over traditional electrodes in continuous health care monitoring. [312, 313] Current studies have
determined that fabricating porous elastomeric polymers enhances their ability to deform and their failure
strain dramatically exceeds that of their solid (i.e. nonporous) state. [314-316] Therefore, some studies were
interested in increasing the PDMS porosity for oil/water separation [317, 318] by using either sugar [319-
321] or NaCl [322] or even citric acid monohydrate. [319] Other studies focused on making porous PDMS
sponges to fabricate conductor devices using brown [323] or white sugars [324] to synthesise porous
templates saturated with carbon fibres. Also, other PDMS electronic devices were made by a conductive
metal such as Au, [325, 326] Pt, [327] or Ti [328] film inside the PDMS sponge to make it acquire
conductivity without reducing the PDMS porosity. Herein, chapter nine in this thesis investigated a new
process for the preparation, characterisation and customization of a robust and conductive PDMS sponge
electrode. Different PDMS/filler sponge templates were produced by mixing NaCl, LiCl and CaCl; as well
as white and brown sugars, with uncured PDMS material. Porous PDMS templates were produced after
curing then washing in water to remove the salts or the sugars fillers. The water removal efficiency was
characterised for the produced washed PDMS/filler templates. Furthermore, the mechanical properties were
examined and correlated to the microscale porosity. Furthermore, a PDMS/PAAmM electrode was fabricated
to initiate a novel conducting stretchable electrode. The mechanical and the electrical characteristics were

conducted after encapsulating PAAm containing 6 M LiCl hydrogel sealed by VHB tape.
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1.13 Aims

1.13.1 The aims of this project

Develop soft, flexible, durable, and conductive materials based on PAAm hydrogel for promising soft

conducting and sensing applications.

1.13.2 The specific aims of this project

To develop materials that have excellent mechanical and electrical properties achieving high
flexibility, transparency, and reliable conductivity using PAAm containing different salts such as
NaCl, LiCl or CsCI.

To develop new methodologies for 3D printing soft conducting stretchable material that mimics
the human skin. Furthermore, to optimise the durability as well as the mechanical and electrical
features of this material to be approximately identical to the properties of that non-printing
material. This aim can be achieved by preparing PAAmM hydrogel after adding different
concentrations of soluble salts such as LiCl and NaCl.

To employ PAAm polymer compound to synthesis variant materials after either cross-linking it
with different materials such as GG/calcium chloride and cellulose sponge or encapsulating it
within porous PDMS sponge.

To study water retention capacity of each prepared hydrogel during sequential intervals to
demonstrate the mechanical and the electrical durability of these types of hydrogels.

To fabricate a wearable soft sensing device after characterising its mechanical and electrical
characterisations under various conditions aiming to innovate a wearable device that has the ability
to transmit the signal coded using Bluetooth device to the mobile phone with a specific app.

To fabricate stretchable electrodes, consists of PAAm containing LiCl or CsCl hydrogel
composites for the potential application as stretchable conducting devices.

To investigate the mechanical and electrical durability of some of the fabricated soft sensor devices
such as in SSD and HEH after simultaneous in situ characterisation initially and after one year in

response to multiple cycles of different kinds of stresses such as tensile or compressive test.
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Chapter 2

Experimental Techniques
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2.1 Materials & Methods

Acrylamide monomer (AAmM) (99.9 %), N,N-methylenebis(acrylamide) (MBAAm), a-ketoglutaric acid,
ammonium persulfate (APS), potassium persulfate (KPS), sodium chloride (NaCl) (>99.9%), calcium
chloride (CaCly) (299.9 %), lithium chloride (LiCl) (>99.9 %), cesium chloride (CsCl) (>99.9 %) and
tetramethylethylenediamine (TEMED) were purchased from Sigma Aldrich, Australia. Cellulose kitchen
sponges, white and brown sugar were purchased from Aldi, Australia. Sylgard 184 Silicone Elastomer kit
which contains the silicone elastomer base and silicone elastomer curing agent was purchased from Dow
Corning Australia. Low acyl gellan gum (GG) was received as a gift from CP Kelco (Gelzan). Very high
bonded (\VHB) tape (22 mm width x 0.5 mm height) double sided transparent foam tape made from high

performance acrylic adhesives was purchased from 3M.

2.2 Sample preparation:

2.2.1 Preparation of PAAmM

PAAmM hydrogel-forming solutions were synthesized as follows: A solutionof 16 % (w/v) of AAmin Milli-
Q water at room temperature (21-23 °C) was added 0.1 % (w/v) MBAAm and 0.014 % (w/v) a-ketoglutaric
acid as the cross-linking co-polymer and photoinitiator, respectively. The gel solution was stirred and
degassed in a vacuum desiccator for 20 minutes under 0.1 bar pressure, at room temperature (21-23 °C).
AAm solutions were poured into plastic moulds depending on the required characterisation i.e mechanical
or electrical examinations and cross-linked using a Dymax BlueWave 75 Rev 2.0 UV Light at 1.15 W/cm?

intensity.

Thermally cross-linked PAAm hydrogels were synthesised as previously, however, 0.05 % (w/v) APS was
used to replace o-ketoglutaric acid. The gelation process was carried out by adding 80 uL of TEMED as an

accelerator.

2.2.2 Preparation of PAAm containing salt hydrogel

The hydrogels were synthesized using 16 % (w/v) AAm powder monomer and 15.7 % (w/v) (2.7 M) or
23.3 % (w/v) (4 M) NaCl or 16.9 % (w/v) (4 M), 25.4 % (w/v) (6 M), 33.9 % (w/v) (8 M), 38.2 % (w/v) (9
M) or 42.33 % (w/v) (10 M) LiCl or 50 % (w/v) (2.97 M) CsCl into deionized water at room temperature

RT. Then 0.1 % (w/v) of MBAAm and 0.014 % (w/v) of a-ketoglutaric acid were added. The gel solution
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was stirred using a magnetic stirrer (Stuart) and degassed in a vacuum desiccator (Robinair) for 20 minutes
under 0.1 bar at RT. After the degassing process, the AAm solution was poured into sample mould suited
to the required characterisation technigque such as mechanical and electrical testing of the resultant hydrogel.

These hydrogels were cured via UV irradiation.

For mechanical tensile testing, solutions were poured into a 13 cm x 13 c¢cm box, cured and cut into “dog-
bone” shapes (conforming to JIS — K625060). Compression testing was carried out on gels which were cast
and cured in cylindrical moulds (diameter = 18 mm, height = 10 mm). For electrical characterisation,
hydrogel samples (height = 6 mm, width =5 mm) of varying length between 5 and 25 mm were cast in
plastic moulds with reticulated vitreous carbon foam 1 cm x1 cm x2 cm (RVC, ERG Aerospace, 20 pores
per inch) at each end. Wires were connected directly to the RVC electrodes above the height of the gel

samples.

2.2.3 Preparation of ICE hydrogel:

Hydrogels were prepared by combining hot solutions of the biopolymer GG and the monomer AAm, which
were cross-linked simultaneously through the addition of the relevant cross-linking agents, i.e. CaCl; and
MBAAmM. GG/PAAm hydrogels were synthesized by a simultaneous network formation technique. Prior
to producing any hydrogels, the following solutions were prepared: A stock solution of TEMED (0.5 M)
was prepared as an accelerator by dissoving TEMED (0.24 mL) in water (4 mL). A stock solution 0of 0.1 M
calcium chloride was prepared and was heated to 70 °C for the preparation of the hydrogels. A stock
solution of the initiator KPS was also prepared by dissolving KPS (25 mg) in water (2 mL).

2.2.3.1 Preparation of ICE network hydrogels with different ratios of covalent and ionic
cross-linkers

The preparation of ICE network hydrogel to study the effect of covalent cross-likers on the mechanical
performance required the following compounds: adding 300 mg of GG with 2.4 mg of CaCl, 3 % (w/v)
AAm has been used with different concentrations of MBAAmMm ranged between (0.5-5) % (w/v).

The preparation of ICE network hydrogels to study the effect of ionic cross-linkers on the mechanical
behaviour required the following compound: GG (300 mg) was added to nine different CaCl, solutions
(0.00, 0.01, 0.05, 0.08, 0.10, 0.25, 0.50, 0.70 and 1.00 M, 600 pL) followed by the addition of AAm (50

mL, 3% w/v) and MBAAmM (50 mL, 4.44% w/v) solution to each.
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2.2.3.2 Preparation of ICE network hydrogels with different ratios of covalent and ionic

polymers and keeping the total amount of the polymer constant.

To study the influence of changing the ionic and covalent polymer ratio on the mechanical characterisations
for the ICE network hydrogels, the following compounds were used with different concentrations ratios for
both GG and AAm ranged from (3.774 GG+1.776 AAm) % (w/v) to (0.33 GG+5.22 AAmM) % (w/v) with
4.44 % (w/iv) MBAAm and 2.4 mg CaCl,. For each hydrogel prepared, 22.5 mL of Milli-Q (resistivity 18.2
MQ cm) water was added to a beaker and heated to 70 °C. KPS was added followed by a 60 uL of TEMED
and the solution quickly poured the hot solution into a cylindrical plastic mould 10 mm high and 17 mm in
diameter. The resulting hot solution was transferred to a mould in a desiccator, which was then evacuated

(to 0.100 bar) and held for two hours after which the formed hydrogels were removed from moulds. [239]

46



2.2.4 Preparation of cellulose sponge-hydrogel hybrid samples

The cellulose sponge samples were cut depending on the characterisation type as shown in table 2.1.

Table 2.1 shows the sponge samples name with their dimensions for compression and tensile test analysis and

impedance characterisations.

Cellulose  sponge Sponge dimension for Sponge dimension for Sponge dimension for

sample name compression test (mm) Tensile test (mm) Impedance test (mm)
Cellulose sponge Length 12 Length 40 Length 25
Width 12 Width 11 Width 10
Height 13 Height 12 Height 10
Dry sponge Length 12 Length 40 Length 25
Width 12 Width 11 Width 10
Height 12 Height 11 Height 10
Wet sponge Length 12 Length 40 Length 25
Width 12 Width 12 Width 10
Height 12 Height 11 Height 10
Sponge-PPAmM Length 16 Length 40 Length 25
hydrogel composite  Width 12 Width 12 Width 10
Height 12 Height 9 Height 10
Sponge-PPAmM Length 12 Length 40 Length 25
containing 6M LiCl  Width 12 Width 11 Width 10
Height 13 Height 12 Height 10

The dry sponge samples were prepared by placing them in the oven at 70 °C for one hour. However, the
wet sponges were prepared by immersing them in RO water at room temperature for 5 seconds and then
squeezed until no dripping water come from the sponges. All the sponge samples were weighed using the
electronic balance before characterisation. Some tensile and compression samples of dry and wet sponges
displayed slightly different dimension. This is due to the shrinking or swelling after treating them with heat

or water. Moreover, the sponge-hydrogel composite revealed a small difference compared to other sponges
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due to the cross-linking between the hydrogel and the sponge.

The PAAm hydrogel was prepared by adding 16 % (w/v) AAm, 0.2 % (w/v) APS, 0.05 % (w/v) MBAAmM
to RO water and 0.1 % (v/v) of TEMED and poured all mixed solution directly into a sample moulds with
diameter: 10 mm height and 16 mm diameter for compression test analysis and length: 40 mm, width 14
mm, height 4 mm for tensile test analysis and length: 25 mm, width 10 mm, height 10 mm for impedance
analysis allowing 2 minutes for gelation process at room temperature. All hydrogels were degassed in a
vacuum desiccator (Robinair) for 20 minutes to draw the oxygen from the sample prior to characterisation.
PAAmM-sponge hybrids were prepared by cutting 100% natural Cellulose kitchen sponge and soaking
cellulose sponge samples in 16 % (w/v) AAm, 0.2 % (w/v) APS, 0.05 % (w/v) MBAAmM. TEMED 0.1 %
(v/v) was added by pouring directly on the sponge samples and allowed to gel at room temperature. The
prepared samples were cut in specific dimensions as described in table 2.1. PAAm containing 6 M LiCl
was also prepared and characterised mechanically and electrically before and after soaking the cellulose
sponge in the gel making the PAAm LiCl salt containing hydrogel. Accordingly, PAAm containing salt-
sponge hybrids were prepared by soaking samples of sponge cellulose inthe PAAm containing salt solution
mixture in specific dimensions as described in table 2.1 and figure 2.1b. For electrical characterisation two

50 mm carbon fibre ribbons were attached at each end as electrodes as shown in figure 2.1c.

For electrical, mechanical compression and tensile testing of prepared hydrogels, AAm precursor solutions
were poured into a 15 cm x 15 ¢m box, cured and cut into cubic and rectangular shapes as shown in table

2.1 and figure 2.1d.
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PAAmM-Sponge hybrid

Figure 2.1 Typical photo for a) cellulose sponge sample for compression test b) cellulose sponge
and ionic hydrogel hybrid sample for compression test c) cellulose sponge sample with carbon
fibre ribbon electrodes for impedance test d) cellulose sponge and ionic hydrogel hybrid sample

for tensile test.

2.2.5 Preparation of PDMS samples

Porous PDMS sponge templates were fabricated by adding 1 g of Sylgard 184 Silicone Elastomer to 3 g of
LiCl, CaCl,, NaCl, white sugar or brown sugar. PDMS cross-linker silicone elastomer curing agent was
added 0.1 g and stirred for 5 minutes. The mixture was cast, poured into a mould, and heated at 70 °C in
the oven for 30 minutes before the cross-linked PDMS was removed from the mould and placed into a 120
°C oven for another 30 minutes to process the cross-linking. The PDMS cylinder templates were cut from
these PDMS samples using a hole-punch to produce PDMS samples of approximately 15 mm diameter and
4 mm height for the hydrophilicity test and dog bones of approximately 4 mm thickness, neck width of 3
mm and a gauge length of 14 mm for tensile testing as shown in figure 2.2. These samples were soaked in
milli-Q water (resistivity, 18.2 MQ cm) for 6 hours to remove the hard filler templates. The remaining
water was removed from the sponge by repeatedly squeezing the sponges in a paper towel and oven drying

for 30 minutes at 120 °C.

a) b)

Figure 2.2 Photos of PDMS samples for both a) the hydrophilicity test and b) tensile test.
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2.3 Device preparation:

Different devices were prepared after each preparation and characterisation.

2.3.1 Wearable remote soft sensor device:

2.3.1a Soft sensor device preparation

The hydrogel sensor device was prepared by using a perforated VHB acrylic tape (3M) 1 cm height having
5 cn? area. This VHB perforated layer sandwiched between two slides of PAAmM+9 M LiCl hydrogels each
layer 2 mm height and 30 mm diameter that was contacted to two wired electrodes. All components were

covered by VHB tapes to electrically isolate the devices as shown in figure 2.3 (a and b).

E VHB Tape
—— p

lonic PAAm hydrogel

b) o
[—— > S5 /
i . Wire as electrode
- PAAmeOMLIC! Sy 3

=
VHB ¥ 4 4 Vi
Bectrode el 4015, SACRONIND Hydrogel Bt § AT
£
e P

a)

1em
Figure 2.3 a) A typical figure of PAAmM+9 M LiCl hydrogel sensor device components with b) a

typical photo for the soft sensor device.

2.3.1b Wireless sensor device connection
The SSD was attached to the Arduino device that contained three slots (RFD 22102, RFD 22122, and

RFD22128) as shown in figure 2.4.

RFD22102 RFD22122 RFD22128
Figure 2.4 Three pictures of Bluetooth pressure sensor device kit (RFD 22102, RFD 22122 and

RFD128). This figure is modified after adaption from reference [189].

Each circuit device has a specific role and can be illustrated as the following: The RFD22128 CR2032 coin

battery shield, which has the ability to provide electrical charges from a 3 V battery connected to the
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hydrogel sensor device via electrodes. The RFD22122 RGB LED / pushbutton shield plugs onto the
RFduino; it has two button inputs with a 10 k resistor; it has the ability to transfer the electrical signal from
the prepared SSD after the hydrogel sensor is pressed. Meanwhile, RFD22102 RFduino is a Bluetooth 4.0
low energy BLE RF module with built-in ARM cortex MO microcontroller for rapid development and
prototyping projects which has the ability to transfer and upload the created signal to a Bluetooth
formed/framed/extension signal ready to be received by any Bluetooth mobile phone application via
Bluetooth compatible devices such as mobile phones and then sending it to the database center through

internet IP connection technology. [189]

The device was paired with a mobile phone wirelessly; Li battery power supply was substituted with a solar

cell power bank, connected to the Arduino slots.

A box was fabricated to contain the Arduino slots that would be connected to the SSD and to be wearable

as shown in figure 2.5:

Figure 2.5 Shows images of a) and b) 3D fabricated plastic box with its lid ¢) Arduino device
inside a fabricated box connected to the SSD over a surf board d) A covered Arduino device
inside a fabricated box connected to the SSD bonded by a rubber band over a helmet and e) an
Arduino device inside a 3D fabricated box with solar cell power bank connected to the SSD and

bonded on a bicycle helmet.
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2.3.2 Cellulose sponge-hydrogel hybrid strain gauge preparation

The hydrogel/sponge hybrid gauge was prepared by sandwiching two VHB layers on a piece of PAAmM
containing salt-sponge hybrid having dimensions 70 mm length 12 mm width x 11 mm height. Two of 10
cm carbon fibres ribbons were connected to each end of hydrogel/sponge piece as shownin figure 2.6 a and
b:

a)

0

Width= 12 mm VHB tape

Height=11 mm

\ | Sponge + ionic PAAM hydrogel | J

I

I Carbon fibre ribbon Electrodes |

il
Figure 2.6 a) A photo of a soft strain gauge device made from cellulose sponge and PAAm with
LiCl hydrogel. b) The typical figure describes the soft strain gauge device components. This figure

was produced by the candidate.

2.3.3 PDMS/PAAmM electrode preparation

The PAAm containing LiCl hydrogel was prepared by mixing 16% (w/v) acrylamide, 25.4% (w/v) lithium
chloride and 0.05 % (w/v) MBAAmM in 100 mL of milli-Q water in a beaker. After a homogenous mixture
was formed 0.2 % (w/v) AP was added. The mixture was poured into a weighing boat having length by the
width of 13 cm by 13 cm and a height of 2 cm. The solutions were left to cure for 24 hours at room
temperature and cut into dimensions: 40 mm length, 5 mm width, and 5 mm height. The patterned hydrogel
samples were sealed in two layers of VHB tape. The hydrogel was cast ina 10 mm wide, 10 mm high and
45 mm long mould with 4 grams of a 1:3 mixtures of PDMS and CaCl., respectively. Samples were cured
inan oven and any salt filler present washed off as described in section 2.2.5 giving a device as shown in

figure 2.7.
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Figure 2.7 PAAm containing LiCl hydrogel embedded within PDMS.

2.3.4 Conductive hydrogel bridge for oxygen and hydrogen evolution reaction preparation
PAAmM hydrogel-forming solution was synthesized by adding 20 % (w/v) CsCl to milli-Q water at RT.
AAmM monomer powder was added to yield a 4 % (w/v) AAm concentration. Then 0.1 % (w/v) of MBAAM
and 0.014 % (w/v) of a-ketoglutaric acid were added as cross-linking co-polymer and photo-initiator,
respectively. The gel solution was stirred and degassed in a vacuum desiccator for 20 minutes under 0.1
bar pressure, at room temperature. The AAm solution was poured into a U-shaped glass mould (diameter
=20 mm, length = 130 mm) as shown in figure 2.8. Solutions were cross-linked using UV Light at 1.15

W/cm? intensity.

Figure 2.8 H, and O, production experiment by water splitting process using conductive hydrogel

as a salt bridge.

2.4 3D printing:

2.4.1 Extrusion printing

3D extrusion printing was performed using an adapted CNC milling machine (Sherline Products, 5400)
which acted as an x-y positioning stage. An independent linear actuator (Zaber Technologies, T-LA60A)

was mounted onto the z-axis of the milling machine and used as a syringe pump. PAAm lines were direct-
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written by depressing the syringe at a constant speed of 28 pm.sec?, with stage jog speed of 134-162 mm.
minute and syringe-tip height of 0.39 mm. The extruded ink was cross-linked by UV photopolymerisation
during the extrusion process and between each printed layer (10 minutes) as illustrated infigure 2.9a. Layers
were dried with nitrogen gas for 2 minutes prior to addition of the following layer. Dog-bone (width 1.5
cm, thickness 0.5 cm, length 4 cm) and rectangular (width 2.5 cm, thickness 0.5 cm) patterns (Figure 2.9b)

were printed for mechanical and electrical characterisation, respectively.

b)
a) g E
W |c
] —
Plastic Syringe
i UV light
------ source

S 2

Substrate ———,

Extruded
precursor ink
solution

Figure 2.9 a) A schematic figure of an extrusion printer having 5 mL syringe with a 25GA tip
used in extruding the precursor ink solution; the syringe set in the extrusion device covered by
foil using Sherline device to extrude AAm ink solution on the substrate slide then curing the
extruded ink solution by direct focusing UV light source on the extruded position b) A typical
image of 3D fabricated hydrogel sample bonded with cupric electrodes. This figure was produced

by the candidate.

2.4.2 3D printing by hand-held printing technique for strain gauge fabrication

The ionic AAm ink solution was prepared by adding 4 M of LiCl to fabricate ionic PAAm hydrogel in U
and/or zigzag shape patterns having length 60 mm, 0.75 mm width and 0.8 mm height (Figure 2.9¢c). KDS
Scientific LEGATO 100 Syringe Pump was used for employing the hand-held extrusion technique to
extrude the ionic AAm ink solution on a VHB elastomeric substrate layer allowing for preparing a soft
elastomer hybrid for as shown in (Figure 2.10 a). The UV light was set directly and applied to the extruded
position in order to cure the ink solution (Figure 2.10 b and d). A steel syringe with 21 GA tips were used

in extruding from a 5 mL syringe having 13 mm inside diameter. The extruding process was performed at
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0.5 mL. min.-l extrusion rate.
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Figure 2.10 Typical figures describing a) the hand-held extrusion technique on an elastomeric
substrate b) focusing UV lamp on the extruded solution for gelation process c) a typical photo for
a printed gel over elastomeric substrate (VHB) d) illustrating the photo-initiation process to form

the hydrogel polymer by focusing UV light source. This figure was produced by the candidate.

2.5 Characterisation Techniques:

Different instruments were used to characterise the mechanical, electrical, rheological, stability and
morphological properties for the prepared samples and devices.

2.5.1 Mechanical analysis:

Two different types of mechanical characterisations were performed to assess the mechanical properties of
the samples and the devices using Shimadzu mechanical tester (Figure 2.11).

2.5.1a Compression testing

Testing was conducted in the compression analysis mode using steel compression plates, diameter 12 cm
(Figure 2.1) and 2 cm diameter. A 500 N load cell was used for all samples. Data were collected using the

Trapezium X software. Samples were compressed at a rate of 10 m.min* for all the prepared samples. All
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the samples either compressed until failure or under multiple cycles. Stress-strain data were collected for
determining the compression strain to failure (ec), compression secant modulus at different strain

percentages (Ec), compression stress to failure (o¢) and work of compression (W) : [128]

Load cell

Steel compression plate

Figure 2.11 Picture of Shimadzu EZ-S universal mechanical tester.

2.5.1b Tensile test analysis

Tensile testing was carried out with a 50 N load cell at an extension rate of 4 mm.min-1 until failure and/or
under multiple cycles for all samples at RT except the PDMS specimens were extended at 10 mm.min-1,
Testing was conducted in the tensile analysis mode using four steel clamps. The resulting stress-strain data
was utilised for determining the elongation to failure (&), Young’s modulus at different strain percentages

(Ey), tensile fracture stress (at), work of extension (W). [329]

2.5.2 Rheological Testing

Oscillatory shear rheological measurements were conducted with a digital rheometer (Anton Paar, Physica
MCR 301, parallel plate) with a Peltier temperature-controlled stage as shown in figure 2.12. Viscoelastic
characteristics were measured as a function of temperature and time ata constant shear rate of 100 s-1, using
a cone and plate measuring system with 49.97 mm diameter, angle 0.992 °, 0.55 mL sample volume and a

heat controlled sample stage at a temperature range between 16 to -6 °C.
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Figure 2.12 Typical picture of the rheometry instrument.

2.5.3 Electrical characterisation

The impedance measurements were obtained using a custom-built setup, described in previous studies.
[173] Briefly, a 1 V peak voltage was applied using a waveform generator (Agilent U2761A), through the
circuit with a known resistor (R, 10 kQ) in series with the hydrogel sample. The circuit current was
calculated across the known resistor with an oscilloscope (Agilent U2701A) and applied to the unknown

samples or devices to measure the electrical impedance as shown in figure 2.13.

Custom-Designed instrunment

Waveform generator ;i

carbon foam electrodes

Computer
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Figure 2.13 Schematic of custom-built electrical impe dance analyser with hydrogel mould
containing conducting carbon foam electrodes. This figure was modified after adaption from

[173]

However, the impedance behaviour of the cellulose sponge and the PDMS sponge samples were
characterised using a potentiostat (Gamry Reference 600). The electrical analysis was performed by

applying 10 mV (AC rms) and 0.1 V (DC) between frequencies of 1 Hz and 100 kHz. The impedance
57


http://en.wikipedia.org/wiki/Rheometry

measurements were conducted on all samples with a cross-sectional area of 1 cm? except cellulose sponge
samples which was described in table 2.1. All samples were examined at five different lengths (0.5 cm -
2.5cm).

Furthermore, the resistance was characterised for the fabricated devices before and/or after applying DC
voltage source from a 3 V battery. Strain-gauge devices were tested with the mechanical analyzer

instrument (Shimadzu EZ-S, Japan) and a multi-meter device (Keysight) with Keysight Bench View

software (Figures 2.14a and b).
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Figure 2.14 Schematic figure that describes the electrical characterisations during both a)

compression test and b) tensile test on the samples. This figure was produced by the candidate.

Some devices such as soft strain gauge and hydrogel-sponge hybrid strain gauge devices were electrically

characterised by sticking the devices over the finger joint as displayed in figure 2.15 a and b.

Figure 2.15 Two photos describing a) a printed hydrogel on an elastomeric substrate connected to
two alligator clamps electrodes bonded over the finger joint and b) hydrogel-sponge hybrid strain
gauge device attached to two carbon fibre ribbons on each end and covered by two VHB layers
bonded over the finger joint.
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2.5.4 Characterising durability testing

The samples and devices characterised for water retention by measuring the weight change of the samples
during the storage period or by characterising the device mechanical and electrical properties as mentioned
previously after storing it for a period. The weight of the samples was determined using a digital lab balance

at RT.

2.5.5 Morphology characterisations

The morphological properties were characterised either by taking a photo for some samples and devices
using Sony digital camera and to determine the pore size for the fabricated PDMS samples. Leica Z16
microscope system (Figure 2.16) was used for taking photos for sponge samples while the pore sizes of the
PDMS sponge samples were obtained using a Leica DM4000-6000 optical microscope. The average pore

sizes were determined using an image-processing program Leica Application Suite (LAS) software.

Figure 2.16 Leica Z16 microscope system
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Chapter 3

Electrical investigations for optimised
mechanical properties of ionic-covalent

entanglements hydrogels
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3.0 Introduction

The main aim of this project is to examine the electrical and mechanical behavior for the optimized
mechanical properties of ionic-covalent entanglement GG/PAAmM hydrogels. The hydrogels are
characterised using compressive stress-strain testing and oscillatory shear rheological measurements. The
specific aims are as follows: Firstly, assess the effect on the mechanical characteristic of changing the Ca*2
ionic cross-linker concentration. Secondly, assess the effects on mechanical characteristics of changing the
MBAAmMm covalent cross-linker concentration. Thirdly, studying the effects on mechanical characteristics
of changing the ratios of the GG and PAAm with keeping the amount of the polymer constant (1:4).
Fourthly, investigating the mechanical features of the synthesized hydrogels by using two techniques, these
are compression stress-strain test by determining compressive failure strain (g), compressive tangent
modulus overstrain (E), compressive failure stress (c) and compressive strain energy to failure (W) and
examining the oscillatory rheology test by determining the storage modulus or the linear viscoelastic region
LVE.

Fifthly, comparing the findings from both techniques could enhance the conclusion of this study to select
the exact concentrations ratios for the hydrogel chemical components that shows optimum mechanical
properties for the synthesized ICE network hydrogels. Finally, characterizing the mechanical properties
using compression test analysis and the electrical properties before/after soaking the optimized ratio of the
ICE hydrogel in 2.7 M NaCl for 24 hours.

3.1 Compression strain stress measurements:

Different concentrations of ICE network hydrogels of GG/ PAAm hydrogels were synthesised using the
simultaneous network formation technique. Parameters such as compressive failure stress (6); compressive
failure strain (g); compressive tangent modulus (Ec) and work of compression (W) were adopted to
demonstrate the mechanical behaviours for different ratio concentrations of the hydrogel components.

Figure 3.1 illustrates a typical example of an ICE hydrogel sample during a compression test.
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Figure 3.1 A typical picture of ICE hydrogel during a compression test.

3.1.1 Effect of the covalent crosslink density

To investigate the impact of the covalent cross-links of PAAm on the overall gel characterisations, hybrid
gels with different concentrations of the cross-linker MBAAmM were prepared. The ICE network hydrogels
were prepared as follows: To solutions of MBAAM (0.5, 0.8, 1.0, 2.0, 2.7, 3.0, 3.1, 4.0 and 5.0% w/v, 50
mL each) was added a solution (50 mL) prepared by adding GG (300 mg), and CaClI2 (2.4 mg), to AAm
solution (50 mL, 3% w/v). These gels (Figure 3.2 and table 3.1) showed an optimum value for stress failure,
compression tangent modulus, and work of compression with values of 216+12 kPa, 141.0+0.1 kPa and
46.8+0.5 J m3 respectively, as well as a strain failure of 55.2+7.2 % which was a high value, but not the
optimal example. Generally, the overall trends for the mechanical properties parameter values increased as
the ratios of (MBAAM/AAmM) increased until 1. The continuous increase in these ratios resulted in a
noticeable decrease in the value of the mechanical parameters. The concentrations for the hydrogel
components associated with the maximum mechanical properties with GG, AAmand MBAA were 1.11 %
(w/v), 4.44 % (wlv) and 3 % (w/v) respectively. This shows that the ICE hydrogel with a ratio of
(MBAAM/AAmM) (1) exhibited optimum mechanical properties, i.e. it withstands stress many times more
when compared to other concentration ratios. The mechanical properties are optimum at a ratio of 1 and
enhance the stiffness and strength of the hydrogel. This is likely arising from the best cross-linking network
configurations of the covalent bonds of the PAAm chains, strengthened by the ionic cross-linking of

Ca?*/GG, allowing the energy stored in the entire chain to be dissipated. This energy dissipation enables
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deformation stability when these gels are subjected to compression stress as shown earlier in Fig.1.10. This
also explains why the mechanical properties of the prepared hydrogel decreased when the ratio increased
above 1 which changed the cross-linking configuration, destabilising the chain cross-linking network
distribution that dissipate energy after the application of external mechanical pressure. There is a high
percentage of error in the stress and strain values when compared to the compressive tangent modulus and
energy to failure values as shown in tables (Table 3.1), due to these values (stress and strain parameter
values) being recorded from the average last data readings before the hydrogel breaking point for three
different samples. The low rate percentage of errors of both compressive modulus and energy to failure
values are due to calculating the slope between (0-5) % strain and calculating the integration values of the

stress and strain readings between (0-strain at failure point) %, respectively, as shown in figure (al.4)
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Figure 3.2 shows the trends in a) Compressive mechanical stress at failure, b) compressive tange nt
modulus, ¢) compressive strain energy to failure, d) compressive strain to failure of typical ICE
network hydrogels as a function of MBAAmM /AAm ratio. The stress versus strain curve for the
three different points (*, **, ***) in figure 3.2 (a) which represents the prepared ICE hydrogels

with the ratios 0.89, 1 and 1.04 (MBAAmM/ AAm), respectively. This experiment was repeated
three times from three different samples. Uncertainty values associated with data in these graphs
are shown in table 3.1. All the data analysis of this figure are located in appendix 1a pages 205-

213.
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Table 3.1 Summary of the mechanical properties of the ICE network hydrogels with different ratios
of (MBAA)/(AAm) and constant ratio of Ca?*/ GG described by compressive tangent modulus
(Etan), compressive stress to failure (), compressive strain to failure (&), compressive strain energy
to failure (W). This experiment was repeated three times using three different samples. All the data
analysis of this figure are located in appendix la pages 205-213. The stress versus strain curve for
the three different points (*, **, ***) in this table represents the prepared ICE hydrogels with the

ratios 0.89, 1 and 1.04 (MBAAM/ AAm) in figure 3.2 (a) as shown above.

MBAAM MBAAM/AAM Stress Strain Compressive  Compressive
% (W/v) (w/w) ratio (kPa) (%) tangent strain
modulus to energy to
failure failure (W)
(kPa) I m?3)
0.5 0.16 98+9 52+7 48.2+0.2 21.7+0.3
0.75 0.25 78+11 39+7 52.6+0.2 11.1+0.2
1 0.33 80+7 48+7 45.1+0.2 9.3+0.2
2 0.45 147+12 48.3+7 26.9+0.1 27.5+0.3
2.66 0.89 *180+10 59+6 37.9+0.4 33.0+0.4
3 1.00 **216+12 55.2+7.2 141.0+0.1 46.8+0.5
3.108 1.04 ***161+9 62.8+7.3 25.6+0.2 33.8+0.4
4 1.33 61.6+11.8 35.1+6.6 30.6+0.2 6.9+0.2
5 1.67 51.3+7.6 20.1+5.8 16.2+0.3 4.03+0.14

3.1.2 The effect of the ionic crosslink density:

The ICE network hydrogels were prepared to study the effect of ionic cross-linkers on the mechanical
behaviour required the following compound: GG (300 mg) was added to nine different CaCl, solutions
(0.00, 0.01, 0.05, 0.08, 0.10, 0.25, 0.50, 0.70 and 1.00 M, 600 pL) followed by the addition of AAm (50
mL, 3% w/v) and MBAAM (50 mL, 4.44% w/v) solution to each.

The mechanical properties of the synthesised ICE network hydrogels were examined by changing the
concentrations of the ionic cross-linkers and keeping the other hydrogel components constant as shown in

figure 3.3 and table 3.2. The data reveals an optimum value for the stress failure, compression tangent
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modulus, and work of compression with values of 216+12 kPa, 141.0+0.1 kPa and 46.8+0.5 J m3
respectively, as well as the strain failure of 55.2+7.2 %. Similar trends were observed for the ratio of Ca?*
cross-linker to GG. The optimum mechanical properties show a dramatic increase in the stress to strain
failure, compressive tangent modulus and work of compression for the GG/PAAmM hydrogel at the ratio 0.8
Ca?"/GG. Hence, the stress needed to deform the gel increased with increasing the concentrations of Ca?*
reaching a plateau peak at 0.1 M Ca?* or the ratio 0.8 of the Ca?*/GG. However, the mechanical properties
for the notch to heal any created crack decreased as the Ca%*concentration increased. This could indicate
that the mechanical properties of ICE hydrogel were optimised at the ratio 0.8 of Ca?*/GG. This is because
the polymer chain cross-linking network configurations enhance the stiffness and strength of the hydrogel
for the ionic bonds of Ca?*/GG chains. This would be strengthened by the covalent cross-linking of
PAAM/MBAAmM chains, allowing the energy stored in the entire chain to be dissipated, and hence enabling
stabilisation of the deformation when these gels are subjected to breakable compressing stress as shown
previously in figure 1.10. This also explains why the mechanical properties of the prepared hydrogel
decreased when increasing the ratio above 0.8 which is changing the crosslinking configuration that

destabilize the chain network distribution to dissipate the energy after applying mechanical stress.

65



L2
_—

g

160
140
200
120
E 150 g 100
E' ~ 80
2 100 s
i ul’ 60
40
50
20
0 0
0 008 04 06 08 2 4 56 8 0 008 04 06 08 2 4 56 8
Ca?/ GG (w/w) ratio Ca?/ GG (w/w) ratio
C) d)
250 20
200 _ 603
£ 50 3
- 2
T 10 P
2 &
3 100 & 30 4
c
g 20 §
50 1o ]
0 0 1
0 008 04 06 08 2 4 5.6 8 0 008 04 06 08 2

4 5.6

Ca*?/ GG (w/w) ratio CaY/ GG (w/w)ratio

Figure 3.3 Compressive mechanical stresses at failure (a), compressive tangent modulus (b),
Compressive strain energy to failure (c) and compressive strain to failure (d) of typical ICE
network hydrogels as a function of Ca?*/GG ratio. This experiment was repeated three times
using three different samples. Uncertainty values associated with data in these graphs are shown
in table 3.2. The lines are for guidance only. All the data analysis of this figure are located in

appendix 1b pages 213-222.
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Table 3.2 Summary of the mechanical properties of the ICE network hydrogels with different ratios of Ca2*/
GG at a constant ratio of (MBAAmM)/ (AAm) as described by compressive tangent modulus (Etan), cOmpressive
stress to failure (¢), compressive strain to failure (¢) and compressive strain energy to failure. (W). This
experiment was repeated three times using three different samples. All the data analysis of this figure are

located in appendix 1b pages 213-222.

Ca* Ca?*/ GG Stress Strain Compressive  Compressive

tangent strain
M w/w) ratio kPa %
M) (wiw) (kPa) (%) modulus energy to

failure (W)

kPa

(kPa) I m)
0 0 1143 27.3+7.9 40.40+0.06 0.96+0.06
0.01 0.08 19.2+2.3 40+8 28.30+0.07 2.10+0.08
0.05 0.4 116+12 55.3+7.2 80.80+0.05 28.7+0.3
0.07 0.6 100+9 56.7+7 58+0.1 3918
0.1 0.8 216412 55.2+7 141+0.1 46.8+0.5
0.25 2 86+12 51.5+7.2 56.1+0.1 35.1+£3.5
0.5 4 52.6+9 42.6+7.3 27.9+0.2 7.310.4
0.7 5.6 51.1+13.3 30.6+7.3 56.0+0.1 6.84+0.1
1 8 46.7+13.3 34.4+7.2 87.4+0.1 8.5+0.14

3.1.3 The effect of changing the ionic covalent entanglements ratio for the (MBAAM/AAM)
and (Ca%/ GG) hydrogel:

To study the influence of changing the ionic and covalent polymer ratio on the mechanical characterisations
for the ICE network hydrogels, the following compounds were used with different concentrations ratios for
both GG and AAm ranged from (3.774 GG+1.776 AAmM) % (w/v) to (0.33 GG+5.22 AAm) % (w/v) with
4.44 % (w/v) MBAAm and 2.4 mg CaCl, Changing the concentrations of the ionic polymer (Ca?"/ GG)
and a polymer possessing a covalent bond (MBAAM/AAmM) while keeping the total ratio of the hydrogel
polymer constant (1:4) resulted in a typical change in the mechanical properties. Figure 3.4 and table 3.3
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reveal a significant increase for the mechanical parameters at the ICE network ratio (1.11 GG+ 4.44 AAm)
% (w/v) recording an optimum values for the stress failure value, compression tangent modulus, and work
of compression with values of 21612 kPa, 141.0+0.1 kPa and 46.8+0.5 J m= respectively, as well as the

strain failure of 55.2+7.2 %, displaying a high magnitude values.
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Figure 3.4 Compressive mechanical stresses at failure (a), compressive tangent modulus (b),

Compressive strain energy to failure (c) and compressive strain to failure (d) of typical ICE

network hydrogels as a function of GG-AAm ICE network hydrogels. This experiment was
repeated three times using three different samples. Uncertainty values associated with data in
these graphs are shown in table 3.3. The lines are for guidance only. All the data analysis of this

figure are located in appendix 1c pages 223-230.
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Table 3.3 Summary of the mechanical properties of the ICE network hydrogels with different ratios of GG

and AAm described by compressive tangent modulus (Etan), compressive stress to failure (¢), compressive

strain to failure (€), compressive strain energy to failure (W). This experiment was repeated three times using

three different samples. All the data analysis of this figure are located in appendix 1c pages 223-230.

Hydrogel ICE AAM/ (AAm+ GG) Stress Strain Compressiv Compressive
network ratio % (w/v) e tangent strain energy to
(Yowt) (kPa) (%) modulus failure (W)
(kPa) (kI m?)
3.774 GG+1.776 AAm 32 56+7 35.8+7.2 18.9+0.2 6.05+0.12
3.4 GG+ 2.15 AAm 48 82.4+6.5 35.1+10.8 29.0£0.2 10.7£0.5
1.998 GG+3.552 AAm 64 186+11 51.1+7.3 97.5+0.1 18.1+0.3
1.11GG+4.44 AAm 80 21612 55.2+7 141+0.1 46.8+0.5
0.88 GG+ 4.66 AAm 82 161404  98.4+7.2 9.35+0.65 23.0£0.3
0.66 GG+ 4.89 AAm 84 96+7 44.6+7.2 18.5+8.3 10.5+0.3
0.44 GG+ 5.11 AAm 89 84+11 4348 49.7+0.2 14.5+0.4
0.33 GG+ 5.22 AAm 91 731458  50.41+9.5 22.840.9 17.940.1

The main output from these data corresponds to establishing the maximum values of each mechanical

parameter of the ICE hydrogel polymer at the ratio 80 (%wt) and indicates that as the concentration of the

AAm increases the mechanical parameters of the ICE hydrogels increases significantly. This is due to the

crosslinks formed between the amine functional groups positioned on PAAm chains and the carboxyl

substituents on GG chains that enhance the robustness of the ICE hydrogel. Accordingly, the mechanical

behaviour shows a remarkable decrease when the ICE polymer ratio increases to more than 80 (%wt). This

suggests that establishing the mechanical properties of an optimised ICE network hydrogel requires

inclusion of exact concentrations for both covalent bonding polymers such as PAAm and the ionic bonding

polymer such as GG. On the other hand, the reason for the unexpected increase in the strain failure of the

hybrid hydrogel polymer at a ratio of 82 (%wt) compared to 80 (%wt) was not clear.
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3.2 Rheology measurements:

Oscillatory shear rheology measurements were conducted with a controlled strain rheometer. Strain
amplitude sweeps (frequency 10 Hz) revealed that all gels exhibited a clear plateau of storage (G’) and loss
(G") moduli as shown in figure 3.5. This plateau is commonly referred to as the linear viscoelastic LVE
region, and the high values of (G’ /G") are symbol of the cross-linked polymer network(s). [128] The end
of the LVE region corresponds to the shear strain that the hydrogels can withstand before the polymer
network starts to breakdown. Amplitude sweeps have been used to examine the mechanical properties of
the synthesised ICE network hydrogels by comparing the properties described by LVE with different
concentrations of ionic and covalent entanglements hydrogels in order to obtain gels with optimised
mechanical performances.

Inaddition to the compression test, the effect of the covalent crosslink density of PAAm was also examined
using a rheology test. Figure 3.5 shows a significant increase in the mechanical properties of GG/ PAAmM
hydrogel with GG, AAm and MBAAm concentrations of 1.11 % (w/v), 4.44 % (w/v) and 3 % (w/v)
respectively, when compared to other concentration ratios of MBAAmM/ AAm. Table 3.4 shows all
rheological measurements data using different concentrations ratios of MBAAM/AAmM. Changing the
MBAAmMm quantities while keeping the concentration of AAm constant reveals a significant increase in (G)
inthe LVE region. The mechanical characteristic reached an optimum value of (G'/G") (68.7£0.6 kPa) at

a MBAAM/AAm ratio of 1.
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Figure 3.5 Storage modulus LVE region vs (MBAAM/AAM) ratio concentrations of the ICE
network hydrogel, (a, b and c) respectively show 3 optimum points present which refers to the
values of the LVE regions, while Figure 3.5 (d) represent the LVE versus MBAAM/AAmM ratio.
This experiment was repeated three times using three different samples. Uncertainty values in

(Figure 3.5 d) associated with the data in these graphs are shown in table 3.4. All the data analysis

of this figure are located in appendix 1 pages 231-235.
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Table 3.4 Storage Modulus (G’) for different concentrations of ratiosof MBAAmM/AAm. This experiment was
repeated three times using three different samples. All the data analysis of this figure are located in appendix 1

pages 231-235.

MBAAM AAmM ratio Storage Modulus (G’)/ kPa
0.16 36.8+0.6
0.25 32.7+0.1
0.33 35.1+0.3
0.45 31.53+0.09
0.89 45.4+0.2
1 68.7+0.6
1.04 44.8+0.4
1.33 23.1+0.2
1.67 18.0+0.2

Data from the rheological measurements of the MBAAM/AAM ratios exhibited the same trend as shown
from the data from the compressive stress-strain testing for MBAAM/AAmM ratios in describing the
mechanical properties for the synthesised hybrid gels. This trend illustrated an optimisation of the
mechanical properties for the ICE networks gel by changing the concentration of the covalent cross-linker
(MBAAmM) while maintaining the concentration of AAm and all other hydrogel components constant to
study the effect of the covalent crosslink density of PAAm on the mechanical behavior described within
LVE region (G").

Furthermore, the effect of the cross-linker density on GG hydrogels by changing the concentration of the
Ca?* ion while keeping the concentrations of GG and other hydrogel components constant was examined

using rheology test as shown in (Figure 3.6 and table 3.5)
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Figure 3.6 Storage modulus (LVE) region vs (Ca?*/GG) ratio concentrations of the ICE network
hydrogel. This experiment was repeated three times using three different samples. Uncertainty
values associated with data in these graphs are shown in table 3.5. All the data analysis of this

figure are located in appendix 1 pages 235-240.

Table 3.5 Storage Modulus (G’) for different concentrations of ratios of Caz*/GG. This experiment was
repeated three times using three different samples. All the data analysis of this figure are located in appendix 1

pages 235-240.

Ca?*/(GG) ratio Storage Modulus (G')/ kPa
0 1.9240.01
0.08 12.2+0.2
04 22.14+0.04
0.6 131+1
0.8 26443
2 12.1+2.6
4 86.2+2.6
5.6 95.4+0.7
8 39.60+0.01
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The unexpected increasing values for the rheological measurements for this type of hydrogels could result
from changing the reaction conditions e.g. increasing the time of the reaction. Despite this, the overall data
are cohesive and logical as it enhances data from previous probes that used compressive stress-strain testing.
Figure 3.6 shows that the highest value for the linear viscoelastic LVE regionwas 264+5 kPa resulting from
using 0.1 M CaCl, and recorded a (Ca%"/GG) ratio of 0.8. This value indicated the preparation at this specific
ratio produced optimum mechanical properties when compared with preparation at other ratios that give
lower mechanical properties. Finally, The effect of changing the ionic covalent entanglements ratio for the
(MBAAM/AAM) and (Ca?*/GG) hybrid hydrogel was studied by changing the concentrations of the ionic
polymer (Ca?*/ GG) and polymer that has covalent bond (MBAAM/AAmM) with keeping the total ratio of
the hydrogel polymer constant and indicated a typical change in the mechanical properties characterised by
LVE region (G'). Figure 3.7 and table 3.6 reviews the storage modulus (G') values or LVE region for

different concentrations ratios of AAm/ (AAm+ GG):
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Figure 3.7 Storage modulus (LVE) region vs AAm/ (AAM+GG) ratio concentrations. This
experiment was repeated three times using three different samples. Uncertainty values associated
with data in these graphs are shown in table 3.6. All the data analysis of this figure are located in

appendix 1 pages 240-244.
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Table 3.6 Storage Modulus (G’) for different concentrations ratios of AAM/(AAmM+GG). This experiment was
repeated three times using three different samples. All the data analysis of this figure are located in appendix 1

pages 240-244.

Hydrogel/ ICE network ratio % (w/v) AAmM /(AAm+ GG) Storage Modulus (G')/ kPa

3.77 GG+1.78 AAm 32 13.0£5.0
3.4 GG+3.55 AAm 48 26.0£0.2
1.99 GG+3.55 AAm 64 211.0+£2.0
1.11GG+4.44 AAm 80 264.0+£3.0
0.88 GG+4.66 AAm 82 170.0+6.0
0.66 GG+4.89 AAm 84 21.0£0.1
0.44 GG+5.11 AAm 89 16.8+0.2
0.33 GG+5.22 AAm 91 2.6+0.1

Analysis of the data in figure 3.7 shows that increases in the quantity of AAm also increases the storage
modulus until it reaches its maximum value at the concentration ratio 80 acting from (1.11 GG+4.44 AAm)
% (w/v) recording storage modulus of the ICE network hydrogel 264+3 kPa. However, the continuous
increase in the AAm concentration contributes to a decrease in the values in the LVE and consequently, the
strength and stiffness of the hybrid hydrogel decreases. This could due to the decrease of ionic crosslinking
polymer associated with the increase of AAm polymer in order to maintain the total ratio of the polymer to
be constant. This reason can be sufficient to lower the stiffness and toughness of the prepared ICE hydrogel
network. This is explained by the reformation of the ionic crosslinks, leading to the healing of the internal
damage when it is under external stress. Furthermore, the findings of the rheological measurements mainly

match the results from the compressive stress-strain test on the prepared ICE network hydrogel.

Therefore, the mechanical properties of the synthesised ICE network hydrogels have been optimised by

studying the effect of ionic crosslinking as well as the effect of the covalent crosslinking and by studying
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the effect of changing the ratios of AAm and GG while keeping the total amount of the polymer constant.
Oscillatory rheological test and compressive stress-strain test have been performed to studying the
mechanical behaviour of these prepared gels. Measuring the mechanical properties revealed that ICE
hydrogel polymer components with the following concentrations: lonic polymer: 0.1 M CaCl,and 1.11 %
(w/v) GG with PAAm that consist 4.44 % (w/v) (AAm) with 3 % (w/v) (MBAAmM) revealed optimum

mechanical properties.

The mechanical and the electrical properties were examined for the optimised hydrogel after soaking it in
2.7 M NaCl to investigate the possibility of the ICE gel being utilised as a soft electrode or sensor.
Compression test analysis was performed on the ICE gel before and after soaking itinthe NaCl salt solution

to study the mechanical properties (Figure 3.8).
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Figure 3.8 Shows stress versus strain plot for PAAM+GG hydrogel before and after soaking (AS)
it in 2.7 M NacCl salt solution. This experiment was repeated three times using three different

samples.

Soaking PAAM+GG hydrogel in 2.7 M NaCl salt solution reduced the mechanical properties with the stress
at failure decreasing by more than 40 kPa, and this is attributed to the effect of the high-water percentage
allowing the ICE gel to swell. The electrical conductivity was examined for the ICE gel and exhibited a
significant increase from 3.3£0.5 mS.cm to 127+15 mS.cm! after immersion in 2.7 M NaCl. This rise can
be rationalised by the presence of Na*and Cl- charge carriers in the soaking solution with significant
immersion of these ions inside the ICE-hydrogel. Furthermore, the water content in the ICE hydrogel was
increased from 78% to 85% after the hydrogel was soaked in 2.7 M NaCl salt solution for 24 hours. This
change in hydrogel dimensions was determined using the stress/stress calculations.

76



3.3 Conclusions

The mechanical characteristics of the ICE network were investigated. Hydrogels were synthesised using
various ratios of ionic Ca?* cross-linked GG, and covalent MBAAmM cross-linked PAAmM concentrations
and the effect of ionic and covalent crosslinking on mechanical behaviour was studied. In addition, the

effect of varying the ratios of PAAm and GG on the mechanical characteristics was investigated.

Compressive stress-strain testing and oscillatory rheological testing were utilised to study the mechanical
behaviour of these prepared gels. It was established that gels prepared with 0.1M CaCl; and 1.11% (w/v)
GG with PAAm consisting of 4.44% (w/v) (AAm) with 3% (w/v) (MBAAmM) exhibited optimum
mechanical characteristics. The following optimum values were observed: 141.0+0.1 kPa (compressive
tangent modulus), 216+12 kPa (compressive stress to failure), 55 +7% (compressive strain to failure), and
46.8+0.5 J.mr3 (compressive strain energy to failure). Oscillatory rheology demonstrated that increasing the
overall polymer concentration (at constant polymer network ratio) increased the shear modulus from
68.7+0.6kPa to 264+5kPa. An ICE network hydrogel with optimised mechanical characteristics was

prepared.

The electrical conductivity for the ICE gel that displayed optimum mechanical features was investigated
before and after immersion in 2.7 M NaCl with its water content revealing a distinct increase of both

conductivity from 3.320.5 mS.cm! to 127+15 mS.cm and water content from 78% to 85%.

Further studies could include the recovery of hysteresis behaviour of swollen hydrogels and examining the
homogeneity of the hydrogels using optical microscopy. In addition, the connectivity between GG and
PAAmM polymer networks in the hydrogels should be examined using the FTIR spectroscopy and finally,
the ability to process these ICE hydrogels using additive manufacturing (3D printing) or fabricating soft

sensors for potential applications in tissue engineering and soft robotics should be examined.
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Chapter 4

Preparation, characterisation and 3D

printing of ionic PAAm hydrogels.
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This chapter is based on the following published manuscript:

Khalid Zainulabdeen, Marc in het Panhuis, and Holly Warren, “Preparation, Characterisation and 3D
Printing of Ionic Poly(acrylamide) Hydrogels”, Proceedings of the First MOHESR and HCED Iraqi
Scholars Conference in Australasia, 2017, Melbourne,

https://researchbank.swinburne.edu.au/file/b083d58b-327d-464f-906e-

57530405c7c5/1/proceedings ISCA2017.pdf

4.0 Introduction

The ability to print soft hydrogels is of significant interest for its potential application in the fields of soft
robotics and tissue engineering. This project aims to 3D fabricate soft, transparent, conductive and
stretchable material. lonic PAAm has been prepared and characterised, before and after soaking in 6 M
LiCl solutions, to assess its suitability for 3D printing. The rheological analysis was carried out under
controlled UV-crosslinking, while cooling to -6 °C, to enable 3D printing of the PAAm without the need
for any additional rheological modifiers. The electrical and mechanical characteristics of 3D printed PAAM
containing LiCl or NaCl hydrogel materials were characterised and compared to the properties of casted

hydrogel samples.
4.1 Water loss percentage

PAAM+6 M, 8 M, 9 M LiCl and PAAmM+2.7 M NaCl have been chosen as representatives due to each
hydrogel exhibiting the best water retention capacity among previously studied formulations of PAAm.
[273] Cylindrical PAAm-salt hydrogels were prepared as described in chapter 2. A Sony digital camera
recorded the morphological changes of the gels over time. Figures 4.1 (a-f) show the different hydrogel
samples with varying concentration stored in the lab at room temperature (21 °C) for 30 days. After 30
days, all samples were seen to shrink to some extent; however, this took place at various shrinkage rates.
The relationship of shrinkage effect and LiCl concentration between 6 M and 10 M is compared in Figure
4.2 (a-d). A decrease in volume change was observed with increasing salt concentration; however, higher
salt concentrations resulted in slight turbidity of samples after 30 days. This may be attributed to the
interstitial water being removed through evaporation, resulting in a higher salt concentration and, hence,
undissolved salt crystals. This phenomenon was repeated when the NaCl concentration was increased from
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2.7 Mto 4 M (Figures 4.2 (e-f)), where salt crystals coat the surface of the 4 M NaCl sample. The small
size of the Li*ion gives rise to properties not seen for other alkali metal chlorides, such as excellent
solubility in polar solvents and hygroscopic properties. [273] These properties encouraged embedding LiCl
in the PAAm hydrogel to improve the water retention capacity which in turn enhanced the hydrogel

softness.

a) 6 M Licl b) 8 M Licl c) 9 M Licl

—_—— e

» = |
s S SO M ssan |

d) 10 M LiCl e) 2.7 M Nacl f) 4 M Nacl

Figure 4.1 Typical photos for PAAm hydrogel samples (height 10 mm, diameter 18 mm)
consisting of a) 6 M LiCl, b) 8 M LiCl, ¢) 9 M LiCl, d) 10 M LiCl, e¢) 2.7 M NaCl and f) 4 M NaCl

after 30 days at room temperature.

The water loss percentages have been determined for each salt content using eq. 4.1. Their masses were
recorded every certain time (i) using an electronic scale. Figure 4.2 shows the evolution of water loss

percentages versus storage time in the lab for PAAm hydrogels containing each salt concentration.

Mass of hydrogel (time=i)— Starting mass of hydrogel

Water loss % =
%o Starting mass of hydrogel

A clear difference can be seen between the evaporation curves of PAAm containing NaCl and LiCl; the
water loss continued to increase over the 30 days for PAAmM-NaCl, compared to reaching a plateau, or a
“steady-state” stage, at around 15 days for PAAm-LiCl samples. It was also noted that samples containing
higher concentrations of LiCl exhibited a lower water loss percentage: 4% compared to 8% for 9 M and 6

M, respectively. This suggests that the water retention capacity is directly proportional to LiCl salt content.
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Since PAAmM-NaCl gels did not reach a steady-state stage, it was assumed that they do not possess water-
retention capabilities. These results correspond with observations from (Figure 4.2) and are in agreement
with the difference inionic hydration, [273] where a higher degree of ionic hydration means stronger bond-
strength between ion-water pairs and more bonded water molecules which hence, decreases evaporation
rates. Due to these high water-retention capabilities, PAAm hydrogels containing high LiCl salt content

may be suitable for applications such as soft sensing devices or soft robotics.

20
18 PAAm+NacCl
16 PAAm+ 6M LiCl
X 14 PAAm+ 8M LiCl
5 12 PAAmM+ 9M LiCl
S 10
% 8
= 6
a4
2
o —/— -t
0 10 20 30
Time (days)

Figure 4.2 A typical diagram between water loss percentages versus time for PAAm-salt

hydrogels samples. This experiment was repeated three times from three different samples.

4.2 Mechanical Characteristics

Tensile testing was carried out on dog bone shaped samples, as describes in the experimental section
(Chapter 2). The selected samples were characterised for their ability to exhibit distinct mechanical
properties in previous works. [18], [273] Stress-strain measurements were recorded while hydrogels were
extended to failure (Figure 4.3). PAAm hydrogels containing NaCl were seen to outperform those

containing LiCl, with failure point occurring at higher stresses and strains.
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Figure 4.3 Stress-strain curves for ionic PAAm hydrogels with NaCl and LiCl before and after
soaking (AS) in specified salt solutions. This experiment was repeated three times from three

different samples.

Values for modulus, strength, and failure point were calculated (Table 4.1). PAAmM-NaCl hydrogels
exhibited higher ductility than their LiCl counterparts (600 % extension at failure, compared to 200-400
%). Ultimate strength measurements were also an order of magnitude higher. On the other hand, samples
containing 9 M LiCl displayed marginally better mechanical properties compared to samples containing 6
M LiCl. This trend was observed previously by Bai et al. [273] in their study which compared PAAmM
hydrogels with varying concentrations of LiCl. Decreases in sample strengths from before to after soaking
can be accounted for by their increased water contents.

The water content of the PAAm hydrogel with 9M LiCl measured as the following:

Wt of AAm =16 g/100 ml water, therefore, wt of AAm= 8 g/50 ml water.

To measure the required Wt of LiCl required to prepare 9 M LiCl in 50 ml water:

Mole= Volume (L)*Concentration (M), Mole=0.05 L* 9 M= 0.45 mole of LiCl,

Wt of required LiCl= mole* Mwt of LiCl, Wt of LiCl=0.45*42.4=19.08 g of LiCl.

Wt of MBAAmM in 100 ml water is 0.1 g, therefore, Wt of MBAAmM in 50 ml water is 0.05 g.

Wt of a-ketoglutaric acid in 100 ml water is 0.014 g, therefore, Wt of a-ketoglutaric acid in 50 ml water is
0.007 g.

Water percentage of the prepared hydrogel after adding all he required chemical components in 50 ml water
is measured as the following: *100= 64.82%=65%

The water content of the hydrogel after soaking it in 9M LiCl solution can measured as described in the

following equation = ((Wswolien - Wary)/ Wswoiien)*100= ((33.4 g-4.3 g)/33.4 g) Water percentage = 84%.
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The volume of soaked hydrogels has increased and this also was obvious from the increase of the water
content of the soaked hydrogels samples on table 4.1 in page. Furthermore, all the changed dimensions of

the soaked hydrogels has been also accounted in the stress/ strain calculations.

Table 4.1 Tensile test values for PAAm hydrogels with NaCl and LiCl before and after soaking in specified

salts.
PAAM+6 M LiCl PAAM+2.7 M NaCl PAAM+9 M LiCl
Parameters Before After Before After Before After
soaking Soaking soaking Soaking soaking Soaking
Water content (%) 69+2 87+2 66+1 78+2 65+2 84+1
Tensile Modulus (kPa) 4.6+0.1 5+1 42+3 45+1 13+2 9+1
Tensile strength (kPa) 9.5+0.1 5+1 1167 8414 22+1 11+1
Extension of Failure (%) 343+1 150+13 622+6 34448 411+18 290+29
Work of extension (kJ n3) 17+1 4+1 42077 152+9 50+4 19.4+0.3

Cyclic compression testing was carried out on PAAm hydrogel samples containing 2.7 M NaCl and 9 M
LiCl (Figure 4.4). Six compression cycles from 0% to 80% strain were run on cylindrical gels as described
in chapter two.

It is noted that, although PAAm-NaCl hydrogels displayed higher first-cycle stress at 80% strain when
compared with PAAm-LiCl (550 kPa and 225 kPa, respectively), they showed rapid degradation over six
cycles, whereas PAAm-LICl showed zero hysteresis over all six strain cycles. The reason behind this
significant difference on the hysteresis over all six cycles was the difference in the water retention capacity
of the PAAmM+2.7 M NaCl and PAAmM+9 M LiCl hydrogels after applying compression stress over several

cycles.
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Figure 4.4 Cyclic compression testing for PAAm hydrogels containing a) 2.7 M NaCl and b) 9 M

LiCl from 0-80 % strain. This experiment was repeated three times from three different samples.

4.3 Electrical Characteristics

For these PAAm hydrogels to be useful for applications in soft robotics and other device design, they must
be adequately electrically conductive. Traditionally, electrical characteristics of materials are elucidated
through surface techniques such as 4-point-probe measurements. In this study; conductive pathways are
present due to the inclusion of ionic charge carriers, as such, resistance (or impedance) is predicted to be
frequency-dependent, resulting in the need for an alternative experimental technique. Therefore, the
electrical impedance was recorded for frequencies between 1 Hz and 100 kHz using a custom-designed
setup, as described in previous studies. [173]

Various types of salts were added during the preparation of the PAAm hydrogels such as CaCl,, NaCl, LiCl
and CsCI. Their concentrations were varied to investigate their mechanical and electrical properties, as well
as the water loss percentages. It was obvious from previous studies that at any given concentration of the
pure salt aqueous solution, the conductivity values change in the following order Li*<Na*< Cs*. [330] This
was also concluded from our prepared hydrogel conductivities. This is because Cs* ions have greater
mobility through the polymer matrix due to it being less a polarising cation because of the shielding effect
of three additional electron shells compared with Na*and four additional electron shells compared to Li*
ions, which would interact more with the polymer chains. This explains why the ionic hydrogel with CaCl
displayed higher conductivity than ionic hydrogel with LiCl.

The conductivity was measured for each PAAm gel type (Table 4.2). The data for samples measured prior
to soaking shows that the 2.7 M NaCl-containing gels demonstrate an ionic conductivity which is the same

as those which contain 9 M LiCl, within experimental error (112+17 mS.cm® versus 114+17 mS.cnr,
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respectively). However, after their soaking treatments, water content was increased and PAAm-NaCl
samples out-performed PAAm-LiCl by more than 50 mS.cm. This is attributed to the increased mobility
of sodiumions across the polymer matrix due to the shielding effect of an additional electron shell compared

to that of Li *ions, which is more likely to interact with the polymer chains. [273]

Table 4.2 Electrical conductivity and water contents values for PAAmM+2.7 M NaCl, PAAm+6 M LiCl and
PAAmM+ 9 M LiCl hydrogels at frequency range (1-10) kHz. This experiment was repeated three times from

three different samples.

PAAmM+2.7 M NaCl PAAmM+6 M LiCl PAAmM+9 M LiCl
Hydrogel Before After Before After Before After
soaking Soaking soaking  Soaking soaking Soaking
Conductivity (mS.cm?) at
112417 204 + 17 99+7 129+15 114417 13346
frequency range (1-10) kHz
Water content % 66 78 69 87 65 84

4.4 Rheology

In preparation for 3D extrusion printing of the PAAm hydrogels, it was necessary to determine the flow
properties of the material. For direct writing applications, the ink is required to be shear thinning; i.e. the
rest viscosity is higher than during the writing process, such that ink is only extruded when desired.
Furthermore, once extruded, the ink is required to maintain its structure rather than wetting to ensure a well-
defined pattern.

In order to determine a suitable temperature for extrusion, the flow properties of the various PAAm-salt
hydrogels were measured rheometrically at a nominated constant shear rate (100 s) while varying the
temperature from -6 to 16 °C as shown in (Figure 4.5a). Each sample exhibited increasing viscosity with
decreasing temperature, as was expected. It was further noted that AAm-salt samples recorded viscosities
which were at least twice that of as-prepared AAm. This can be attributed to the lower water content in the
presence of salt. Since AAm-LiCl (9 M) sample showed the highest viscosity, the effect of LiCl
concentration on the flow properties were studied (Figure 4.5b). A two-fold increase in viscosity was

observed when the concentration of LiCl was increased from 6 M to 9 M. As such, for optimum extrusion

85



printing, salt concentrations of AAm were maximised to sufficiently thicken the ink. To establish the rate
at which the extruded materials formed a hydrogel, once patterned, the dynamic modulus was monitored as
a function of UV-irradiation time using a quartz bottom plate accessory on the rheometer (Table 4.3).
PAAmM-LiCl was shown to cure in 5 minutes, compared to PAAm-NaCl, which took 15 minutes. However,
PAAmM-NaCl formed a much firmer gel once the photo-curing process was completed. This is because LiCl
has a hygroscopic nature, which makes water molecules surround Li* particles, leaving few available free
water molecules in the polymer for curing. On the other hand, the PAAm-NaCl hydrogel has higher water
content, providing more free water molecules to convert it to gel.

In attempts to optimise the mechanical and the electrical properties for the hydrogel, different
concentrations of LiCl were added to the PAAm hydrogel. The required time to initiate photo-curing for
PAAmM-LIiCl hydrogel was reduced with increasing salt-content due to the higher salt content decreasing
the water content allowing less free water molecules, inthe gelation of the polymer. Therefore, PAAmM with
9 M LiCl displayed the lowest gelation time with 3 minutes when compared to other LiCl concentrations.
This study shows that PAAM+9 M LiCl hydrogel exhibited the best mechanical, electrical and lowest

gelation time.

Table 4.3 Maximum complex viscosity (MCV) and gelation times (GT) for different hydrogels at 20 and -6 °C.

This experiment repeated three times from three different samples.

GTat20°C MCV at 20 °C MCYV at -6 °C
Hydrogel GT at -6 °C (min)
(min) (Pa.s) (Pa.s)
AAmM 20 387+2 37 410+2
AAmM+2.7 M NaCl 15 2250+2 20 2650+10
AAmM+6 M LiCl 5 730440 8 810+27
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Figure 4.5 A typical diagram de monstrates a) the effect of changing temperature on the viscosity
of each AAm, AAm+LiCl and AAm+NaCl ink solutions b) the effect of changing te mperature on
the viscosity of AAm+6 M LiCl, AAm+8 M LiCl and AAm+9 M LiCl ink solutions ¢) complex
viscosities versus time of gelation for PAAmM+6 M LiCl d) PAAm+8 M LiCl e) PAAM+9 M LiCl
before and after extruding the AAm ink solutions with LiCI. This experiment was repeated three

times from three different samples.

It’s clear from these results that the difference in the MCV values between extruded and casted hydrogel
and the lower value of MCV in the extruded hydrogel is most likely due to a decreased level of interaction
between adjacent filament lines during the printing process, along with less inter-layer connectivity
associated with curing layers individually. (Further explination has been added at Appendix 3, p248 for
clarification).

4.5 3D printing ionic PAAm

PAAmM patterns were printed with a direct-writing extrusion printing technique using optimised AAm-LiCl
(9 M LiCl) inks. Sample containers were covered in aluminum foil during the printing process to prevent

premature curing from the UV light source and to maintain a cold temperature (-6 °C) for the duration of
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the print job. Glass substrates were pre-treated with paraffin oil (Diggers) to provide a hydrophobic surface

which lessened line wetting and therefore increased feature definition (Figure 4.6).

Figure 4.6 An image showing focusing the UV light on the extruded precursor ink solution during

printing.

The electrical conductivity of the printed pattern of PAAM+9 M LiCl (Figure 4.7) was 117+13 mS.cnr?®
before and 146 +4 mS.cm after soaking in 9 M LiCl. This is within experimental error of unprinted, cast

samples (Table 4.2), indicating that the printing process was not detrimental to the conductivity.

Figure 4.7 3D printed PAAM+9 M LiCl hydrogel device with copper tape electrodes

Mechanical tensile testing of dog-bone shaped hydrogels (Figure 4.8) revealed a decrease of Young’s
modulus and tensile strength when compared to their casted counterparts (Table 4.4). This is most likely
due to a decreased level of interaction between adjacent filament lines during the printing process, along
with less inter-layer connectivity associated with curing layers individually. However, both the printed and
casted gels could be stretched up to 4 times their own length.
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Figure 4.8 3D printed PAAmM+9 M LiCl hydrogel in a bone shape design

Table 4.4 Mechanical parameters values for the fabricated PAAmM+9 M LiCl after the tensile test analysis. This

experiment was repeated three times from three different samples.

Hydrogel Young’s modulus (kPa)  Tensile strength (kPa)  Extension to failure (%)
Casted PAAM+9 M LiCl 13+2 22+1 411+18
3D printed PAAM+9 M LiCl 7+0.5 1343 43545

Moreover, the rheological investigations for the fabricated PAAmM-9M LiCl hydrogel revealed the lowest
difference in the complex viscosities between the extruded and the moulded gel (Figure 4.5 C, D and E).
This means PAAm containing 9 M LiCl would be more reliable for extrusion for its lower complex viscosity

difference from the casted gel of the same material.
4.6 Conclusions

The preparation, optimisation and characterisation of 3D printed ionic PAAm hydrogels were investigated.
In terms of water-loss, it was found that LiCl-containing PAAm hydrogels remained stable over 30 days,
whereas the NaCl-containing gels continued to dry out over time. The mechanical analysis of hydrogel
samples showed that a trade-off of increased stability with LiCl came at the expense of lower tensile
strength and ionic conductivity when compared to those containing NaCl. Optimised PAAm-LiCl hydrogel
samples that were soaked in 9 M LiCl to attain 84% water content yielded a conductivity of 133+6 mS.cm-
L with the maximum tensile extension of 290+29%. Furthermore, the mechanical and electrical properties
of the printed PAAm containing 9 M LiCl hydrogel displayed very close parameter's values to that casted
one. Numerous potential applications for these conducting, flexible materials lie in soft robotics and

medical bionics.
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Chapter 5

Wearable remote soft sensor device
development from ionic PAAmM

hydrogel
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5.0 Introduction

This chapter examines the operation of a soft sensor device (SSD) and innovations with its use. The
mechanical and the electrical performance were examined after applying multiple cycles of compression
stress before and after one year of the initial examination. Furthermore, the device was connected to an
Arduino device to supply a power current from either a Li-battery or solar cell power bank and to send a
Bluetooth signal to a mobile phone containing a specific application called UOW data sender. This
application then sends two types of information to the database including coordination and text message
help. The information, in turn, should be sent to another mobile phone (relative to the SSD holder or service
center). lonic skin is the utilisation of the flexibility, strength and biocompatibility of hydrogel materials in
combination with the electrical conduction of ionic conductors. The ability of ionic skin to interface with
electronic devices to make new types of transparent, elastic sensors and devices enables new opportunities
both scientifically and commercially. Inan effort to contribute to the state-of-the-art in this field, a wearable
SSD was developed consisting of two lithium chloride conducting PAAm soft electrodes separated by a

perforated elastomeric very high bonded (VHB) tape as shown in figure 5.1 a and b

b) - VHB Tape

> lonic PAAm hydrogel

(=] 7 Wire as electrode
Y o PAAm+OMLICI ey =t
Electrode wm \\'it\h}}gles_)M Hydrogel VB tab
2 "
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Figure 5.1 a) A typical figure of PAAM+9 M LiCl hydrogel sensor device components with b) a

a)

lcm

typical photo for the soft sensor device.

The novel perforation of the elastomeric material separating the electrodes enabled the creation of a sensor
with an imbued threshold of operation. The device allowed for the detection of mechanical stress via a
change in resistance within the electrodes, which enabled the device to operate at a much higher range of
stress than was used in previous sensors by Sun et. al. [188] who relied on transmitting capacitance signal
as a result of compression and strain actions. However, this attempt failed to be employed inour experiment
application after the discovery that the ionic sensory sheet was unable to fulfil the project purpose. This

was due to its inability to transmit sufficient DC current from the compression action on the soft sensory
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sheet to the Arduino device (further explanation has been added for clarification in Appendix 3 point no.2,
p249). This inspired the development of a (switch on/off) soft sensory sheet by adopting Weigel et. al. [331]
sensory sheet. The SSD was shown to be durable, with mechanical recovery over fifty cycles of
compressive stress for over one year. This SSD was linked with an Arduino device to send a signal to a
mobile phone, creating a custom built a remote sensor. This work has the potential to enable better data
collection for enhanced logistical decision making and emergency response via applications such as elastic
sensors for remote areas.

5.1 Characterising the mechanical properties of the SSD

The mechanical properties of an SSD having dimensions of 50 mm diameter and 5 mm height were

characterised via compression testing with the results shown in figure 5.2
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Figure 5.2 Compressive stress versus strain for the SSD. This experiment was repeated three

times.

92



Table 5.1 shows the compression test analysis parameters for the SSD. This experiment was repeated three

times.

Compression secant Maximum Maximum Work of
Modulus at (10-15%) Compression stress compressive strain compression (J/md)

strain (kPa) (kPa) (%)

426+22 101.7+£0.1 24+1 10.4+0.4

From figure 5.2 and table 5.1, it can be seen that the SSD was unbreakable even after applying over 100
kPa of compressive stress. Moreover, it is obvious that the error ranges of these data in table 5.1 were based
on calculating the standard deviation of replicating the experimental assessment three times on the SSD.
These results indicated that the device could be easily used as a pressure sensor for a durable SSD such as

a touch screen or, as in our case, a flexible, robust, soft button for emergency response.
5.2 Electrical characterisations for the SSD:

The electrical properties of the SSD were examined via measuring the current and resistance of the device
during compression testing with approximately 13 kPa of compression stress for five cycles
(loading/unloading). These were performed to determine the minimum stress required to achieve a DC
current. The correlation between applied stress and current creation of the device was measured and
analyzed to understand and utilise the output signals for the Arduino device for the creation of a remote,

soft, durable, reliable, cheap and novel pressure sensor.

5.2.1 DC current measurements

Figures 5.3 and 5.4 illustrate the correlation between current and applied stress from applying more than
13 kPa of cyclic compression stress on the SSD. The minimum stresses required for activation and
maintaining of the output signal were examined to determine the effective thresholds for a clear output

signal from the SSD.
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Figure 5.3 Stress/DC current vs time during applying compressive stress on the hydrogel sensor
device for loading/unloading five cycles after applying 3V as a DC source. This experiment was

repeated three times.
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Figure 5.4 Shows DC current values for the SSD under one cycle compressive stress as a function

of time. This experiment was repeated three times.

Figure 5.3 reveals stress/current vs time after applying five cycles loading/unloading compressive stress on
the SSD. This figure also displays stress and current parameter values required for switching on/off the
SSD as described in table 5.2. Figure 5.4 shows the DC current signal under one cycle compressive stress
as a function of time. These two figures display an approximate maximum and minimum stress required

for switching on/off the fabricated SSD.
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These figures show that spiked signals were created after each compression cycle on the SSD due to
compression of the SSD device resulting in the discharge of most of the charge after physical contact
between the two conducting hydrogels through the perforated VHB layer. The continuous contact of the
hydrogels leads to discharge of all the ions and this leads to the gradual weakening of the current signal.
Therefore, lower stress is required for turning off the current activation as shown in figures 5.3 and 5.4.

Table 5.2 shows the maximum DC current and time on/off parameters when applying approximately 13 kPa of

compression stress on the soft sensor device (SSD). This experiment repeated three times.

Compressive Min. stress for Time on Time off
stress of current Maximum continuous (ms) (ms)
activation created current activation (kPa)
(kPa) (HA)
7.4+0.2 508+14 1.58+0.05 21+7 112+13

It is clear from figures 5.3 and 5.4 that the maximum stress to create a clear DC current signal was 7.4+0.2
kPa. While the minimum stress required to maintain a signal was approximately 1.58+0.05 kPa as shown
in table 5.2. Furthermore, figure 5.3 shows that the stresses for activation and maintaining a signal are
consistent over repeated uses, demonstrating the creation of a new, novel on/off SSD. The error ranges of
the data shownin table 5.2 were based on calculating the standard deviation of replicating the experimental

assessment three times on the SSD.

5.2.2 Resistance examination
The resistance of the SSD was also examined under 13 kPa of compression stress for five cycles

(loading/unloading), with the results illustrated in figure 5.5.
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Figure 5.5 Shows stress/resistance vs time after applying compressive stress on the hydrogel
sensor device for loading/unloading five cycles of the hydrogel sensor device. This experiment was

repeated three times.
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Figure 5.6 Shows stress/resistance vs time after applying compressive stress on the hydrogel
sensor device for loading/unloading first cycle of the hydrogel sensor device. This experiment was

repeated three times.

Figures 5.5 and 5.6 display that the maximum stress to create a signal was approximately 7.5+0.1 kPa.
These results correlated with those found in section 5.2.1. Moreover, the minimum stress to maintain the
signal was around 2.3+0.3 kPa. These values were found to be consistent over five (loading/unloading)
compression cycles. The difference between the minimum stresses needed to maintain the signal when
measuring the resistance compared to the current (2.3+0.3 kPa and 1.58+0.05 kPa, respectively) may have

been a result of capacitance developing within the device. This suggests that resistance measurements
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should be used for a more accurate output signal. The error ranges of these data were based on calculating
the standard deviation of replicating the experimental assessment three times on the SSD.

Table 5.3 shows resistance and time parameters values after applying a compression test on the soft sensor

device (SSD). This experiment repeated three times.

Compressive Minimum Minimum Steady Timeon  Time off
stress activated resistance resistance (ms) (ms)
activation stress (kPa) (kOhm) (kOhm)

(kPa)

7.5+0.1 2.3+0.3 21+11 40+20 128 £30 148477

The minimum resistance signal generated as a result of the minimum activated stress was 21+11 kOhm as
shown in table 5.3. This value was difficult to display in figure 5.6 due to the high resistance scale values
in (MOhm) before reaching the activation threshold when compared to the lower resistance values in
(kOhm) created after activating the required signal for operating the SSD.

Inaddition, table 5.2 and figure 5.4 as well as table 5.3 and figure 5.6, show that the change in the minimum
activated stress measured for both resistance and current varies slightly. The values of the minimum stress
required for activating current and resistance signals were 1.58+0.05 kPa and 2.3+0.3 kPa, respectively.
Furthermore, the possibility of SSD movement during the 5 continuous loading/unloading cycles may have
affected measurement precision. Another reason for expecting some experimental error arises from
repeating the experiments at different times as all these experiments used the same sample which might

have a slight impact on its mechanical behaviour.

5.3 Durability characterisation:

The SSD was kept for one year with its mechanical, electrical and sensitivity properties analyzed and
compared to its ‘as prepared’ state to determine its potential for applications requiring longer periods of
functioning.

5.3.1 Mechanical testing

The mechanical durability of the SSD was characterised after applying and comparing fifty cycles of 14
kPa of compression stress for an ‘as prepared’ SSD and an SSD after one-year storage at room

temperature and pressure. The results are displayed in figure 5.7.
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Figure 5.7 Shows stress-strain curves for loading/unloading fifty cycles of the hydrogel sensor

device a) after 0 day and b) after 365 days. This experiment was repeated three times.

It was noticeable (Figure 5.7a) that the SSD exhibited high recoverability with a slight shifting in the strain
during the fifty cycles of 14 kPa compressive stress, giving a hysteresis 565+36 mJ. mr3. This was due to
sliding or moving of the VHB tape from the hydrogel as a result of the interface bonding between the
hydrogel and the VHB tape being weak as the PAAm-LiCl hydrogel is hydrophilic, while the VHB
elastomers are hydrophobic. However, it was noticeable that the recoverability was also slightly decreased
after one year due to the creeping of the hydrogel sensor. [332] The device displayed lower hysteresis at
107426 mJ. m? due to the effect of time increasing the roughness of the elastomeric tape. [333] This
demonstrated the effect of time on the SSD mechanical properties and could be considered a disadvantage

when compared to using conductive additive-filled nanocomposites. [334]

5.3.2 Electrical properties
The phenomena of decreased mechanical durability due to the VHB tape delamination did not appear to

significantly affect the electrical stability; whereby the device displayed a consistent average resistance
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output of 435 + 2 kOhm over fifty cycles, as shown in figure 5.8.

a)
60
——Resistance

AYAYY

1%
(=]

B

Q
_
_

Resistance(MOhm)
N w
o (=]

=
(=]

(=]
g

Time(s)
438 —e—Resistance signal
437
436
S 434
Q
§ 432
2 431

400 600 800 1000
E 435
-
T 433
& 430

429
428

Cycle number

Figure 5.8 a) Shows the resistance stability after loading/unloading fifty cycles compression stress

of 14 kPa and b) the loading resistance trend versus the compressive cycle number.

The resistance values shown in figure 5.8b were taken directly from the multimeter device, with the
fluctuation in resistance signals due to the impact of applying constant pressure on the hydrogel structure
impacting the ion and chemical polymer chain networks. Another adverse consequence of applying multiple
cycles of pressure on the SSD to obtain precise electrical readout was the possibility of spatial displacement
of the SSD due to the adhesion of the covering VHB layers of the SSD to the steel plate of the mechanical
analyser instrument.

In addition, it is clear from figure 5.8b that the resistance signals for the first five cycles increased by
approxi mately five kOhm due to the interface issue between the hydrogel and the elasto mer tape. However,
the resistance trend stabilized, fluctuating between 433-436 kOhm. The slight increase was determined to
give 2+1 kOhm from the fifth loading cycle to the fiftieth cycle. This slight increase could be attributed to
the impact of both the interface hydrophobicity difference and the hydrogel creeping after applying fifty

compressive cycles continuously.
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5.3.3 Device Sensitivity

The electrical sensitivity was also characterised after applying fifty cycles of 14 kPa compression stress on
the SSD to determine if the device could also function as a more precise pressure sensor for more complex
applications. The examination performed before and after keeping the SSD for one year displayed a
consistent sensitivity of 5800+500 Ohm/Pa for the instant test and sensitivity of 1000+100 Ohm/Pa after

one year, as shown infigure 4.9 aand b.
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Figure 5.9 The electrical sensitivity of SSD after applying a 14 kPa compressive stress on SSD a)

instant test b) after one year.

The significant decrease in the sensitivity was attributed to creeping both of the conducting hydrogel and
the elastomeric VHB tape which were affected by two factors; time and the temperature. [335] However,

the sensitivity trends reveal the existence of the electrical response at the SSD even after one year of storage

atRT.
5.4 SSD application as a remote transferring signal:

The prepared SSD was connected to an Arduino device to be used as a pressure sensor, as shown in figure

5.10.
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Figure 5.10 A schematic figure of the mechanism of transferring an electrical signal from
PAAM+9M LiCl hydrogel sensor device to the Arduino (Bluetooth sensor device) that send a

Bluetooth signal to the mobile phone (iPhone). This figure was generated by the candidate.

Figure 5.10 illustrates that when applying pressure above a specific threshold (7.5+0.1 kPa) on the SSD, an
electrical circuit is created, whereby the ions within the hydrogel electrodes are able to travel through the
perforated VHB. This detection of anapplied pressure was then sent to a remote Arduino Bluetooth device.
The reaction time between the application of the pressure and the Arduino device recording a change was
0.8+0.2 seconds while the time taken to detect the removal of the pressure was 2.4+0.5 seconds. The
Bluetooth device internally translated the received electrical signal to a mobile phone using a customised
application named the UOW_data-sender. This transmitted signal from the SSD can then be combined with
GPS data, creating a novel type of soft, cheap, durable, remote pressure sensor. This work created new
opportunities for logistics analysis, material analysis or, as has been explored in our research, e mergency

response applications.

5.4.1 Signal sender, location and data receiver
The Bluetooth chip was coded via associated virtual port drivers, which were designed to identify active
(On) and inactive (Off) SSD activity via the application and removal of pressure, respectively. The data
was then sent with a customizable message to a phone.
The phone received the Bluetooth signal from the SSD via a specific UOW-coded application named the

“UOW_Data-sender”. Xcode was used to create this software and was written in objective c (c sharp) and
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was designed to perform two functions; to receive the Bluetooth signal of the SSD sensor with location
coordinates using the phone GPS manager, and turning/ sending the received signal with the GPS data to a
database centre.

Once the database centre received the code linked to the SSD, a socket stream was opened which accessed
the device on the specified IP (UOW internet provider IP) through the specified port (6798 has been chosen
as a temperate port for this project). When the socket established a connection to the computer, it was first
required to pass through the router as the IP is the router IP and not the computer’s IP. The net settings were
altered through the router using the routers default LAN IP (Uni-default router IP) as a gateway; this
required administrative access to the router, which the port was mapped to so that any incoming traffic on
the routers IP on port 6798 would be redirected to the specified device, in this case a computer on the
specified port 6798. Although it did not have to be a different port which may be used, it was required to
be send by LAN IP, so the device requires a static IP which is set in networking --> adapter settings -->
IP4.

The server-side software (computer program) could now establish a socket with the phone’s side
application. This was established through the use of the Winsock libraries and the phones ns socket libraries.
Although these libraries are designed for different programming languages, c++ and c# respectively, and
run on two completely different operating systems, they are ultimately similar and function without issue.
After the socket was established, the server-side program sets its side of the socket into listening mode, and
the phone sends the message (Help, assistance, etc) via the newly established socket. The server-side
program receives the message and echoes it back to the phones at the same time. The server-side socket
must have a character buffer (an array of char variables of definitive length, in this case, it was 100) if the
received message is larger than the character buffer the program will crash due to it making an attempt to
access data that is not within the buffers set limits and it will access another program's memory which is
not allowed. The message was then written to a text file, where this text file was placed within a server
shared file so it can be accessed over the internet. Team viewer was used to control the server-side computer
for demonstration as a remote administration tool (rat).

The data receiver (UOW_Data-Receiver application) was also written in Xcode in c#. The application sent
a set of characters, including the phone IP to the server (of the database centre), as the server can only send
back the signal to the same LAN IP that it has received and recorded. When the data receiver application

was connected to the server, it established a socket connection via the phones IP address. However the
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phone IP is dynamic as well, so the WAN IP address also changes as the phone connects to a network.
Thus, a ‘family/relative’ phone could be added to the server, connecting through 4G internet. After that, the
server reads the data file and finds the last entry data received from the SSD (every time pressure on the
SSD occurred) and sends it back as a data echo to the UOW_Data-Receiver(s).

Finally, the data on the receiver phone displays a text message, e.g. “Help”, with GPS coordinates. The
location code uses location core services lib, this is an automatic referencing c#, returning a location
manager that contains the locations object.

The major idea from characterising the SSD was to develop it as a wearable device for its skin convenience
and durable mechanical characteristics. The SSD will be connected to the Arduino device which has the
ability to transmit the signal coded using a Bluetooth device to the mobile phone (iPhone) with a specific
app. The signal would transmit again providing a text message with the location coordinates for the SSD
by using the 4G network technology to send it to the database computer. The database computer then will
record and turn the original SSD message with the coordinators to a relatives' phone, tablet or computer.
In conclusion, the SSD device was prepared from PAAm containing LiCl hydrogel and VHB tape and
customized to emit an electrical signal after exceeding a pressure/stress threshold. This could help many
people by sending an SOS signal to their relatives or a service center in an emergency, as shown in figure

5.11.
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Figure 5.11 a schematic figure describes how the wearable soft sensor device works. This

illustration was made by the candidate.
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Figure 5.10 displays the SSD attached to the back of a hand connecting to an Arduino device. This device
is then placed in a fabricated box bonded to a rubber wrist band. In an emergency the pressure on that SSD
will create a current, resulting in a signal to the Arduino device. The Arduino device will send a Bluetooth
signal to the mobile phone having the customized application. The mobile phone would send a signal
through 4G internet service to the computer database providing a text message and coordinates for the soft
sensor device location to relatives or emergency response.

Additionally, it is possible to change the Li battery with a solar cell power bank to allow for longer and

more remote applications, as shown in figure 5.12.
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Figure 5.12 a) Shows Images of the Arduino device inside a fabricated box, connected to the solar
cell power bank and bonded on a bicycle helmet. b) The Arduino device inside a 3D fabricated

box connected to the SSD.
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5.5 Conclusions

In summary, a wearable SSD has been fabricated successfully using elastic conductive hydrogel with VHB
tape. The mechanical and the electrical durability of the SSD have been characterised over fifty cycles even
after one year of storing the device. The SSD was demonstrated as a pressure sensor to detect static and
dynamic pressure to be used as a resistive sensor that offers a higher range of stress than was used in
previous sensors. Based on that, this SSD was combined with an Arduino device to send a signal to a mobile
phone, creating a custom-built remote sensor. This application was achieved allowing the SSD to send an
electrical signal giving consistent sensitivity of 5800500 Ohm/Pa. Two types of power sources were used;
a Li-battery and a solar cell power bank to provide DC current to the SSD. This type of project has the
potential to enable better data collection for enhancing the emergency response via applications such as this

wearable, durable, flexible sensor device.
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Chapter 6

Handheld printing of soft, stretchable
conductive component for a strain

gauge device
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6.0 Introduction

This chapter describes fabricating a durable soft strain gauge device, named here as HEH, composed of a
printed soft, stretchable conductive hydrogel. The device was produced by extruding an ionic AAm ink
solution over a VHB tape substrate which was cured using UV light to initiate the photopolymerisation
reaction. The mechanical and the electrical performance before and after one year of the initial assessment
were carried out after applying multiple cycles of the tensile test. Furthermore, the resistance sensitivity for
the HEH over a finger bending was examined and compared after one year of the initial characterisation.

Highly flexible soft electronics have attained increasing attention in recent years due to its promise in
several applications. [32], [94], [108], [188], [222], [336-352] 3D Printing of soft stretchable and
conductive materials with intrinsically elastic components could establish a new generation of wearable
electronics. However, many obstacles must be overcome to develop this technology for commercialisation
such as complicated experimental techniques, expensive cost and durability issues. [222], [353-355] This
project aimed to fabricate a soft elastic strain gauge device using a facile method to fabricate durable, soft,
low-cost devices for wearable electronics. In particular, a handheld printing technique was utilised to
extrude non-precious materials PAAm containing lithium chloride. These inks were used to print simple
geometries shapes; sinewave tracks and/or straight lines, onto elastic very high bonding (VHB) tape and
UV cured to form a hydrogel-elastomer hybrid (HEH) device. The mechanical and the electrical properties

of the HEH devices were examined before and after one year of storage in a plastic Petri-dish at RT.
6.1 Hydrogel sensor device fabrication

An AAm ink solution containing 4 M LiCl hydrogel was prepared as shown previously insection 2.2.2 and
was extruded onto a VHB substrate of 60 mm ina straight line and zigzag shape patterns. A UV light source
polymerised the AAm ink into PAAm. Additionally, an alternative printing method was also explored using
a handheld extrusion device at a specific flow rate to make the HEH device as described previously in
chapter two and figure 2.9.

Several challenges arose from complications created at the interface between the hydrogel and the
elastomers as a result of the high permeability of elastomers to oxygen that yielded oxygen inhibited
polymerisation of the PAAm. This was due to the hampering of free-radical polymerisation on the surface
of the hydrogel polymers preventing covalent cross-linking. [356] Furthermore, the hydrophobic nature of

the elastomer surfaces adversely affected the hydrogel —elastomers bonding. [357] The free radical
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inhibition was addressed by removing the oxygen via vacuuming the AAm precursor ink solution in a
desiccator for 20 minutes before the curing process. Hydrogel-elastomer bonding was formed by focusing
ultraviolet irradiation to intiate a photo-polarisation reaction between the two layers. The resultant
hydrogel—elastomer hybrid formed extremely robust interfaces due to the covalently anchored polymer
network onto the elastomer. [358] The hybrids were able to be highly stretched without interfacial failure
by creating an interpenetrating covalent network, as shown in figure 6.1.

In general, interpenetrating covalent networks produce tough and stretchy hydrogels via dissipation of
mechanical energy during deformation. [79], [151], [359] Using this premise, our hydrogel-elastomer
model was produced with physical crosslinks enabling the hydrogel to keep its pre-designed form during

assembly. [79], [119], [151], [360]
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Figure 6.1 illustrates the hydrogel-elastomeric interface networks in the HEH. This illustration

was modified and reconstructed after adopted from reference. [357]

The cross-sectional profiles for the straight line printed hydrogel was investigated by studying the geometry
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of the fabricated design using 3D optical profilometer as shown in figure 6.2.

Figure 6.2 Optical profilometry images and the cross-sectional profiles of the gel line with one
hydrogel layer of HEH. The black colour represents the interface layer of the hydrogel with the

VHB tape layer which is called the robust interface as shown in appendix 3, p251.

Figure 6.2 shows that the printed hydrogel line over the elastic substrate displayed a half semi-oval form
withan average width 1.17+0.04 mm and average height 91+6 um. This demonstrated that the steady shape
for the hydrogel filament gesture confirms the ink remains stable with time after being cured. Upon curing,
monolithic, highly extensible, conformal HEH is produced. (Further explanation has been added for

clarification on Appendix 3 point no. 3, p251.

6.2 Strain gauge characterisations:

6.2.1 Mechanical characterisation

Tensile test analysis was performed onthe HEH until failure at5 mm/min. Figure 6.3 and table 6.1 revealed
that the HEH has the ability to exhibit large extensibility, up to six times its original length elongation at a
break and a tensile strength of 222+13 kPa.
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Figure 6.3 Tensile test diagram showing the stress versus strain for the HEH. This experiment

repeated was three times from three different samples.

Table 6.1 Tensile test analysis parameters for HEH until failure. This experiment was repeated three times

from three different samples.

Parameters Values

Tensile Modulus (kPa) to 25% strain 121+5
Tensile strength (kPa) 222+13
Extension of Failure (%0) 650£30

6.2.2 Electrical characterisation

The electrical properties were investigated by characterising the resistance of the printed hydrogel on a
VHB elastomeric tape during tensile testing until failure. The change in the resistance of the HEH device
was described as aratio between R,and R, where R, was the initial resistance and R the change in resistance.
Similarly, the change in the length of the HEH device was described as a ratio between Loand L, where L,
was the initial length and L the change in length. These assumptions predict that the ratio of a resistance of
the stretched HEH over the initial, unstretched resistance was given by increasing the R/R, ratio by 0.8 over

the strain ratio when the printed HEH was stretched by 350% strain. As shown in figure 6.4.

350% strain

w
L/Lo

Time(s)

Figure 6.4 the normalised resistance and the stretch of HEH is measured as a function of time
stating between (0-350%0) strain states applied on the HEH. This experiment was repeated three

times from three different samples.
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6.2.3 Mechanical durability
The mechanical hysteresis for the HEH was assessed before and after one year of storing at 21 °C to
investigate the mechanical durability. The HEH devices were stretched ten times to 215% strain with results

shown in figure 6.5.

a) Instant test b) After one year test
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Figure 6.5 Stress as a function of strain after applying ten tensile cycles at (215%o strain) on the
HEH during a) instant test and b) after one year test with c) a typical photo of the HEH during a

tensile test. This experiment was repeated three times from three different samples.

Figure 6.5 showed that the HEH displayed near identical mechanical behaviour after one year of storage.
The HEH device was stored in the lab inside a closed glass Petri dish. The temperature of the lab was 21
°C and the measured humidity was between 45-55% during the year. It was shown that the HEH devices
were able to be stretched to 215% repeatedly with no issue both initially and after one year of storage.
However, although the strain was unaffected by time, the mechanical stress of extension to 215% strain
decreased slightly from 98 kPa to 85 kPa for the as-prepared compared to the one year stored HEH devices,
respectively. This could be a result of the creeping effect on the hydrogel and acrylate elastomeric tape.
Creeping effect on the hydrogel is defined as the effect of the hydrogel degradation over time that will
impact on the mechanical behaviour of the hydrogel during storage. [361-362] Furthermore, the mechanical
hysteresis of the 10th cycle also displayed a decrease of about 0.05 kJ/m3. These outcomes showed that
although the HEH devices did experience a slight decrease in mechanical properties after one year of
degradation, these effects were minimal. Therefore, this illustrates the reliable mechanical durability of the

HEH device.
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6.2.4 Electrical durability
The electrical properties of the prepared HEH sample were examined for five cycles of tensile testing at

215% strain before and after one year; results are shown in figure 6.6.

Strain gauge comprising of printed ionic soft stretchable material

a) Instant test b) After one year test
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Printed hydrogel—__

Figure 6.6 the normalised resistance of the printed gel-elastomer hybrid consisting of PAAmM with
4 M LiCl during five cycles of stretching at 215% strain using mechanical analyser a) before and
b) after storing the HEH for one year with c) a typical photo of HEH under tensile test. This

experiment was repeated three times from three different samples.

It can be seen from figure 6.6 that the relationship between the normalized resistance (R/R,) and the strain
(/L) at 215% are incredibly consistent, recording an average normalized resistance and average extension
change ratios of 2.4 and 3.1, respectively. Furthermore, these values are near identical after one year of
storing, recording 2.6 and 3.1 for both resistance and strain change ratio, respectively. Moreover, it is clear
that the L/Lo values in figures 6.4 and 6.6 both started from 1. However, the L/L, values were different in
these two figures because the HEH stretched to different levels. For example, the HEH stretched to 350%
strain in Fig. 6.4 but, the same device stretched up to 215% strain in Fig. 6.6. On the other hand R/R ,, also
started from 1 in both figures but their values were different when they stretched because they were
stretched to different levels of strains as shown in the illustrated figures 6.4 and 6.6, respectively.

The Gauge factor for the HEH was determined and compared to the as-prepared device and after one year
of examination giving a sensitivity of 0.7+0.1 and 0.74+0.01, respectively.

The electric responses of the HEH were investigated after fixing it to a finger to examine the resistance
sensitivity during bending of a finger, as shownin figure 6.7 and 6.8. This experiment was performed before

and after one year of storing.
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Before one year After one year

Figure 6.7 Photos of printed HEH before and after one year bonded on a finger.

It is evident from figure 6.7 that the HEH has no major change in shape. The water percentage for the salt
containing PAAm within the HEH was also determined to be 79% (w/w). This percentage decreased by 2%
(w/w) after one year of storage. This low water loss percentage value was attributed to the addition of
hydroscopic LiCl salt to the printed hydrogel within the HEH. This agent has the ability to substitute the
water loss by withdrawing the moisture from the environment and therefore extending the lifetime of the
sample. [273] The length difference between being fully bent and fully straightened action of the finger
was 20 mm. As the HEH length is 60 mm, this means that the HEH will extend to 30% strain when the

finger is in a fully bending position as shown in figure 6.8.

Non bending Bending

Figure 6.8 Bending and non-bending action finger with the HEH gauge.

The piezoresistance terminology has been used extensively in several recent studies with the elastomeric
conductive sensors, to describe the change in the electrical resistivity when mechanical strain is applied.
[363-366].The piezoresistance displayed a stable resistance response after stretching the HEH for multiple
cycles during bending a finger. The normalized resistance was determined by recording 1.35+0.02 Ohms,

as shown in figure 6.9.
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Figure 6.9 Resistance responses of a bonded HEH on a finger during bending and non-bended

action. This experiment was repeated three times from three different samples.

Furthermore, the durable performance of the HEH was assessed after one year. The stable R/R, data was
clear and consistent after 1000 cycles of stretching during finger bending, giving a change ratio of 1.3+0.1.
It was observed that the R/R, difference for both periods, before and after one year of storing, was only

0.05, as shown in figure 6.10
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Figure 6.10 Shows R/R, effect under multiple cycles of bending/non-bending finger positions at
the time of start of the experiment and after one year of storing the HEH in a plastic Petri-dish at

RT. This experiment was repeated three times from three different samples.

These results illustrated that this decrease does not have any major effect on the piezoresistance activity for
the HEH even after one year of degradation. Further, no delamination or fracture was observed during these

experiments.
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6.3 Conclusions

In summary, an affordable, soft, stretchable, conductive and durable HEH resistance sensing device was
fabricated. This device was achieved via 3D printing of a soft ionic hydrogel having a robust interface with
an elastomeric matrix using a simple interpenetration pol ymerisation method. Furthermore, the non-static
instruments allow for the sensor geometry and properties to be independently tuned by controlling the print
path and filament cross-section. This approach opens new avenues for developing soft functional devices
that can be used in wearable electronics, human/machine interfaces and soft robotics using a facile

technique and non-static instruments.
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Chapter 7

Preparation, characterisation and
application of cellulose sponge-PAAM

material as a strain sensing element
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7.0 Introduction

This work demonstrated a new type of non-toxic, cheap and high performing strain gauge that has the
potential to open new avenues in multiple fields including soft robotics, physical monitoring and material
analysis. This experimental chapter adapted a commercial kitchen cellulose sponge to fabricate strain
sensing material. The mechanical and the electrical properties were characterised to examine the material
reliability to be utilised as a strain gauge.

7.1 Mechanical analysis:

Different samples of ‘as bought’ cellulose sponge, dried cellulose sponge, wet cellulose sponge, PAAm,
cellulose sponge-PAAmM hybrid, PAAm with 6 M LiCl and cellulose sponge+PAAmM containing 6 M LiCl
were analysed using mechanical testing. The mechanical properties of these samples were analysed using
compression and tensile testing to determine the optimum mechanical properties for the development of a

strain-gauge device.

7.1.1 Compression test analysis
A compression test analysis was conducted on the samples at 21-23 °C, with the data compared and

displayed in table 7.1:
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Table 7.1 Compression test analysis parameters for cellulose sponge, wet sponge, dried sponge, PAAM

hydrogel, sponge-PAAmM hybrid, PAAm containing 6 M LiCl and sponge+PAAm containing 6 M LiCl samples

with their water content and surface area. This experiment was repeated three times from three different

samples. (Further explanation has been added for clarification on Appendix 3, point no. 4, p252).

Dried Sponge+PAAm_6M
Parameters Sponge Wet sponge PAAm PAAm+sponge PAAm+6 M LiCl
sponge LiCl
‘Water
12.6=0.4 711 0 86 60.16=0.02 76 53.8=0.2
content (%)
Surface area
9.12 8.64 8.16 10.56 9.12
(cm?)
Compression
secant
modulus to 13623 84=7 361+38 18+4 347 10£1 949
2% strain
(kPa)
Compression
stress at 1052 84=10 3444 2241=1  315%46 709+102 304=14
failure (kPa)
Failure strain
76.921+0.003 83.337=0.002 85=1 89+1 708 81=1 56=1
(%)
‘Work of
28020 16=12 32
Compression 12+1 9.9+0.3 25+17 4137 ?
(kI m?)

Table 7.1 illustrates the effect of water on the mechanical properties of the cellulose sponges, whereby an

increase in water content resulted in a decrease in mechanical properties. This effect was explained to be a

result of the added water interacting with the hydroxyl groups of the cellulose within the sponges. The water

allows the cellulose molecules to rearrange themselves to minimize energy, therefore under applied stress

the wet sponges’ cellulose rearranges and displays reduced compressive mechanical properties. This

explains the difference between an as bought sponge and “dried sponges” mechanical properties due to the

as bought sponge absorbing moisture from the air, as depicted in figure 7.1. [367-368] However, for this

work, a water content was required to allow for ionic conduction, so the dried sponge samples were not

explored further.

It was shown that the addition of a PAAmM network within the cellulose sponges resulted in a strengthening
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of the samples when compared to cellulose sponge samples of similar water content, from 84+10 kPa to
315446 kPa for a wet sponge compared to a sponge-PAAm hybrid (Table 7.1). This was thought to be a
result of the PAAmM network creating an IPN within the sponges, resulting in synergistic strengthening via

dissipation of mechanical stress throughout the sample. [369-370]

Mesoscopic scale Macroscopic scale

o.?. J:O @
3?{ Ogg

Pore full of water

Pore full of air

Figure 7.1 Two-scale porosity model for cellulose sponge. This figure was reconstructed after

adaption from. [369]

7.1.2 Tensile test analysis
A tensile test analysis was also investigated for the dry sponge, as the bought sponge, wet sponge, PAAM,
cellulose sponge-PAAmM gel hybrid, PAAm with 6 M LiCl and cellulose sponge- PAAm containing 6 M
LiCl gel at 21-23 °C as shownintable 7.2.

Table 7.2 Tensile test analysis parameters for cellulose sponge, wet sponge, dried sponge PAAmM hydrogel,

sponge-PAAmM hybrid, PAAm containing 6 M LiCl and sponge-PAAmM containing 6 M LiCl samples with their

water content and surface area. This experiment repeated three times from three different samples.

Sponge+PAAm+6 M
Parameters Sponge Wet sponge Dried sponge  PAAm PAAm+sponge  PAAm+LICI LiCl
76 64.2+0.2
Water content (%o) 201 77+1 0 86 72.6+0.1
s 21
%rf:u:e2 area 21 2 2 _ 19
(em” )
Tensile Modulus 6.1+0.4 13714
+ 3+12 2926+112* 2 3+
(kPa) to 3 % strain 10547 1 92611 - 13411
Tensile st h 12+1 40+2
ensi'e strengt 174+8 14522 566 841 63210
(kPa)
Extension of
. 541 646 26=3 12716 61£2 24068 533
Failure (%)
Work xtensi
ork ofextension 39, 3944 1141 61 3145 19:8 1241
(kJ m?)

(*)Tensile modulus of dried sponge only was calculated at 0.3 % strain due to its high slope when compared to
other materials.

The tensile test analysis illustrated that there was no significant impact from adding PAAm hydrogel with
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LiCl to the cellulose sponge extension to failure, as displayed in table 7.2. However, the sponge hybridisation
withPAAm and LiCl hydrogel increased its tensile modulus from 105+7 kPa and 113+11 kPa to 137+14 kPa
when compared to the sponge alone and sponge hybridised with PAAm hydrogel, respectively. This addition
of LiCl salt to the PAAm hydrogel increased the tensile modulus when added to the hybrid samples, and
resulted inan increment of the tensile robustness. This suggests that the ionic LiCl reacted with the cellulose
network making it resist deformation under higher loads compared to the other sponge samples as shown in
table 7.2. This effect could be explored in future research as an alternative means of tailoring the mechanical
properties of the system by altering the LiCl content. There is a noticeable decrease of both tensile strength
and work of extension values of the fabricated cellulose sponge with PAAM+LiCl hydrogel from 145+2 kPa
and 39+4 kJ m3 to 4042 kPa and 12+1 kJ m-3, respectively. This could be a result of the capability of the
cellulose sponge structure to stretch and then dissipate the energy over the entire structure in a homogenous
manner, more so than the cellulose sponge with PAAm+LiCl hydrogel structure. This effect also can be
studied in the future as an alternative means of tailoring the mechanical properties of the system after adding

different types of hydrogel to the cellulose sponge.

7.2 Water content study

The water content of each sample was determined by cutting different sizes of prepared sponge’s samples to
explain the capacity of these samples to absorb water when their surface areas were increased.which will

influence on both the mechanical and electrical properties; results are shown in figure 7.2.
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Figure 7.2 Plots of water content as a function of a) surface area (Ac), b) surface area to volume

ratio (Ac/V) of the wet, cellulose sponge, PAAm with cellulose sponge and PAAM+6 M LiCl with a

cellulose sponge. This experiment was repeated three times from three different samples.

Uncertainty values associated with data in these graphs are shown in table 7.2.

The water content percentages of the various sponges were evaluated using equation 7.1. All the weights

were recorded using a digital lab balance.

Water content % =

Mass of wet sponge— Mass of dry sponge

Mass of wet sponge

Furthermore, the water content percentages in the PAAm hydrogels were evaluated using equation 7.2.

Water content % =

Mass of water in gram

Total Mass of hydrogel composites

(Eq.7.2)

However, the water content percentages of sponge with PAAmM or PAAM+LiCl hydrogels composite samples

were evaluated using equation 7.3.

Water content % =

Mass of gelled sponge— Mass of dry sponge

Mass of water in gram in the hydrogel

Mass of gelled sponge

Total Mass of hydrogel composites

x100

It can be seen from figure 7.2a that the water content in the sponge increased with increasing the surface area.

Moreover, the water content was determined as a function of surface area to volume ratio to investigate the

capability of the water molecules to occupy the sponge holes as shown in figure 7.2b. It was found that the

water content fluctuation with decreasing surface area to volume ratio in all sponges. However, all samples

revealed clear trends whereby the water content increased with the decreasing surface area to volume ratio.
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Therefore, this demonstrated the idea that the water content magnitude would be affected by the total volume
and surface area of the sponge samples resulting from occupying the water molecules inside the sponge holes
which would reflect directly on the mechanical and the electrical behaviours.

7.3 Optical Microscopy Imaging
To confirm the effectiveness of hybridising PAAm containing 6 M LiCl within the cellulose sponge, photos
were taken using optical microscopy before and after hybridisation with the PAAm containing 6 M LiCl

hydrogel, as shown in figure 7.3.

Figure 7.3 Typical images for a) cellulose sponge and b) cellulose sponge-PAAmM containing 6 M

LiCl hydrogel samples.

It is evident from the difference between figures 7.3a and 7.3b that the PAAm hydrogel displayed
homogeneous dispersion over the entire structure of the cellulose sponge. These results correlated with the
assumption from sections 7.1.1 and 7.1.2 that the hydrogel created an IPN within the sponges to strengthen

the mechanical properties of the cellulose sponge as outlined in figure 7.4.
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Figure 7.4 A schematic figure for cellulose sponge-PAAmM containing 6 M LiCl hydrogel

hybridisation process. This illustration was produced by the candidate.

7.4 Electrical properties study

The electrical properties were characterised for the prepared samples of 1 cm height x 1 cm width x 2.5 cm

length. Results are displayed in figure 7.5 and table 7.3, respectively.

100000
10000
- 1 ——1.5ponge
=} 2
3 ——2.Wet Sponge
H 3
- J—
§ 1000 3.PAAm
E a 4.Sponge+PAAmM
5.Sponge+PAAmM_LICl
5
100 6 —6.PAAmM_LICI
10
1 10 100 1000 10000 100000 1000000

Frequency(Hz)

Figure 7.5 Bode plot is showing impedance vs frequency of dried and wet sponge, PAAM,

PAAmM+6 M LiCl, PAAm+sponge and sponge+PAAmM 6 M LiCl.
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Table 7.3 Impedance values at a frequency range from 25 kHz-1 MHz with its water content for the sponge,
wet sponge, dried sponge, AAm monomer with a sponge, PAAm hydrogel, cellulose sponge- PAAm, cellulose

sponge-PAAmM containing 6 M LiCl. This experiment was repeated three times from three different samples.

Dried PAAM Sponge+PAAM_6 M
Hydrogel Sponge Wet sponge AAm-+sponge
sponge PAAmM+sponge PAAmM_LICI LiCl
Impedance at
frequency
9819+64 4320+141 >10° 80104212 2078432 41142 75+1 99+1
range 25 kHz-
1 MHz (Ohm)
Wate r
19+2 72.9+0.2 0 72.4+0.3 86 69.1+0.2 76 57.3+4
content %
Surface area
12 12 12 12 12 12 12 12

(en”)

Itis clear fromtable 7.3 that the cellulose sponge+PAAmM with 6 M LiCl had the lowest impedance reading
of the cellulose sponge containing samples at 99+1 Ohm. Furthermore, the cross-linked PAAmM hydrogel
within the cellulose sponge displayed superior conductivity when compared to the uncross-linked AAm
withina sponge. This difference is thought to be a result of the addition of the initiator APS to the hydrogel.
Moreover, the inclusion of LiCl had the greatest effect on lowering the resistance. The added LiCl ions
resulted in a rapid decrease in resistance within the materials as the ionic charge carriers increased the ionic
conduction within the materials. Correspondingly, this means that the conductivity will be increased
because of the reversible relationship between the electrical resistance and electrical conductivity according
to equation 1.5. [171]

Where p is the electrical resistivity and R is the electrical resistance of a uniform specimen of the material
(Figure. 1.17) and | is the length of the piece of material while A is the cross-sectional area of the sample.
Additionally, the water content among cellulose sponge-hydrogel and cellulose sponge samples was
observed to have a direct impact on the electrical impedance, as shown in table 7.4. The increase in the
water content within the sponge decreased the electrical impedance according to the following materials
series:

Wet sponge > as bought sponge > dried sponge

This was attributed to the ability of the water molecules to fill the sponge holes and facilitated the ionic
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conduction within the materials.

The addition of 6 M LiCl to the cellulose sponge-PAAmM demonstrates a new type of material with an
electrical impedance of 99+1 Ohm.

Furthermore, the use of LiCl salt was chosen for its hygroscopic moiety, which helped absorb moisture or
water molecules from the surrounding environment and hence prolongs the hydrogel and the device
durability. [273]

7.5 Strain sensing gauge from cellulose sponge-PAAmM containing LiCl hydrogel

composites:

A strain gauge was fabricated using cellulose sponges with PAAm. The mechanical and electrical properties
were investigated using mechanical testing and impedance analysis, respectively. This study was performed
to determine the mechanical parameters in which the design could function and the device sensitivity as a

strain gauge. The device was prepared as shown in figure 7.6.

b) Length=70 mm

| Width= 12 mm

Height=11 mm

| Sponge + ionic PAAm hydrogel I

I‘ I Carbon fibre ribbon Electrodes |

Figure 7.6 a) A photo of a soft strain gauge device made from cellulose sponge and PAAmM with

LiCl hydrogel. b) The typical figure describes the soft strain gauge device components. This figure

was produced by the candidate

As shownin figure 7.6 a sponge-hydrogel composite was attached between two carbon fiber electrodes and
sealed by two layers of VHB tape. The tape was chosen to cover the device for three primary reasons;
firstly, the tape has a pronounced elasticity that conserves the mechanical integrity of the device. Secondly,

the tape has no conductivity and can be used as a dielectric material for its ability to isolate the conductive
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elements. Finally, covering the device with VHB tape will help preserve the water content in the sponge-

hydrogel composite.

7.5.1 Strain sensing gauge mechanical characterisation

The mechanical properties of the samples were determined using tensile testanalysis. The device described
in figure 7.6 and all of their components were testing using ten cycles of tensile stress to 15% strain. This
was performed to identify the effect of each added component towards the mechanical properties of the

device. The results are shown in figure 7.7.
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Figure 7.7 Ten cycles tensile stress under 15% strain plot for each a) VHB tape b) cellulose sponge
¢) sponge with PAAmM+6 M LiCl and d) a sponge-PAAmM with 6 M LiCl sealed within two layers of

VHB tapes.

The fabricated sponge-hydrogel device composed of two layers of VHB tape, cellulose sponge, and PAAmM
with LiCl hydrogel. Figure 7.7a displayed the mechanical behaviour of stretching the VHB tape to 15%
strain for ten cycles. Figures 7.7b and 7.7c display the mechanical impact of hybridising the cellulose
sponge with the PAAm hydrogel resulting in a recovery strain decreased from 4.5% to 2% after multiple
cycles of stretching. This was also reported after crosslinking the cellulose sponge with 3-
mercaptopropionic acid. [369] The third cycle of each composite was chosen to be analysed and compared

because of the concentration stress or ‘stress raisers effect’ that is inherent in the first two cycles. This can
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be caused by many reasons such as geometric discontinuities; cracks, holes, sharp corners and changes in
the cross-sectional area, which cause the material to display a local increase in the intensity of a stress field

as shown in figure 7.8. [370]

£44404040 04404414

2222222222222

Figure 7.8. A typical illustration showing the internal force lines are denser near the hole. This

figure was adapted from. [369]
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Figure 7.9 Third cycle tensile stress under 15% strain plot for each sponge, two layers of VHB
tape and sponge with PAAmM +6 M LiCl before and after covering it with two layers of VHB tape

and making it as a strain gauge device.

Figure 7.9 showed that the cellulose sponge and cellulose sponge with PAAm do not recover to their
original length due to the stretching effect after the third cycle. This could be a result of breaking some of
the hydrogen bonds that link the cellulose chains [369], [371-372] Furthermore, the cellulose sponge alone
displayed the lowest tensile stress with the lowest tensile modulus at 15% strain when compared to sponge
with PAAm before and after sealing it with VHB tapes giving 14+3 kPa with 14743 kPa, 15.9+0.1 with
184+17 kPa and 19+1 kPa with 246+10 kPa, respectively (Table 7.4). Alternatively, the double layers of
the elastomeric VHB tape presented the highest stress at a break between all the components including the
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device itself but with the lowest tensile modulus at 15% strain from all other components including the
device itself reporting 20.5+0.1 kPa and 112+3 kPa, respectively. It is evident from figure 7.9 and table
7.4 that the mechanical parameters values revealed an essential impact of both hybridising PAAmM with LiCl
hydrogel to the cellulose sponge and sealing the hybridised structure with two layers of VHB tape on
improving the mechanical robustness of the produced device. Furthermore the hysteresis value of the
combined hybrid device consisting of (sponge, hydrogel and VHB faucet) displayed better mechanical
properties when compared to the hysteresis values of the individual components composing this hybrid
device. Generally, all the parts revealed a hysteresis magnitude resulted from a loading and unloading
difference for each cycle which represents the dissipated energy within the material. Therefore, the
excellent mechanical robustness and the hysteresis in the sponge-hydrogel device was due to the
combination of the component mechanical robustness (Table 7.4).

Table 7.4 Third cycle tensile test analysis parameters for two layer of VHB tape, Sponge with PAAm and 6 M
LiCl before and after covering it by two layers of VHB tape. This experiment was repeated three times from

three different samples.

Sponge+PAAmM 6 M Sponge+PAAmM_6 M LiCl
Parameters VHB Tape Sponge . .
LiCl Device
Tensile Modulus 112+3 14714 184+17 246+10
(kPa) at 15% strain
Tensile strength 20.5+0.1 14+3 15.9+0.1 19+1
(kPa)
Extension of Fail
X 6“3'0(;’) alure  15.00+0.01 15.2+0.1 15.07+0.02 15.07+0.01
Hysteresis val
ysTeresk value 0.9£0.4 0.240.1 0.8£0.3 1.0140.03
(kJ.m®)

7.5.2 Strain sensing gauge electrical characterisation
The resistance and the impedance data collected using a Keithley Digital Multimeter device after applying
constant DC voltage and Gamry Potentiostat Galvanostat device at frequency 25 kHz as shown in figure

7.10.
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Figure 7.10 a) Bode plot b) Nyquist plot and c) A typical photo shows the sponge-ionic hydrogel
hybrid conductivity after connection with 5 V power supply and led light. This experiment was

repeated three times from three different samples.

It was noted that there was a big difference between the impedance and the resistance readings; this could
be attributed to the capacitance created froma DC voltage during resistance measurements collected from
the multimeter device while the impedance was determined using AC at frequency 25 kHz as shown in

table 7.5.

Table 7.5 Impedance and resistance for the Sponge+PAAmM_6 M LiCl device. This experiment was repeated

three times from three different samples.

Material Impedance (Ohm) at a 25 kHz Resistance (kOhm)
frequency
Sponge+PAAmM 6 M LiCl 167+1 46412
device

Furthermore, it can be seen from table 7.5 that the impedance value for the sponge-hydrogel device was
167+1 Ohm, whichis more than the impedance value of the cellulose sponge-PAAmMwith 6 M LiCl sample
at 99+1 Ohm. This is a result of the surface area and volume of the device being higher than the sponge-
hydrogel sample from previous sections.

To determine the device’s operational threshold, the sponge-hydrogel hybrid device was extended to

breaking with the overlaid electrical and mechanical results shown in figure 7.11.
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Figure 7.11 Resistance change under the effect of tensile strain until failure for the cellulose

sponge-PAAmM with 6 M LiCl hybrid device.

The device reported an ascending increase in the resistance with gauge stretching until approximately 40%
strain. The resistance was shown to increase rapidly when pulled more than 40% strain. The device
resistance stopped responding after stretching beyond 45% strain. As a result of these responses, the devices
operational limit was set to 15% strain.

To characterise the device sensitivity or “gauge factor”, the resistance of the fabricated device was
measured simultaneously while stretching to 15% strain over six cycles. A Keithley Digital Multimeter was
used to determine the resistance at 2 W during pulling of the sponge-gel device as described in the

experimental section 2.5.3. Results are shown in figure 7.12.
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Figure 7.12 Resistance vs tensile force for cellulose sponge with PAAmM with 6 M LiCl after
stretching six cycles of 15 % strain. This experiment was repeated three times from three

different samples.

Figure 7.12 demonstrated the consistent resistance change for six cycles of the sponge-hydrogel device
during extension. The results indicated a maximum resistance of approximately 484 kOhm and a baseline
of approximately 457 kOhm. Moreover, the maximum force to reach 15% strain was approximately 0.75
N.

Furthermore, an essential parameter of the strain gauge is its sensitivity to strain, described numerically as
the gauge factor (GF). The gauge factor was defined as the ratio of fractional change inelectrical resistance
to the fractional change in length (strain) which is expressed in equation 1.7. [195, 373]

Where AR is the resistance change between the status of the deformed and undeformed sponge-hydrogel

device, R is the resistance magnitude for the undeformed device. AL is the change in the deformation length
change in mm and L is the undeformed length of the device and sometimes ( ATL) called by strain (€) as

shown in figure 1.19.
Stretching the device to 15% strain resulted ina significant increase in the resistance readings to an average
of 24.9+0.6 kOhm, giving a consistent gauge factor of 0.38+0.04 over eighteen cycles as shown in figure

7.13.
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Figure 7.13 Gauge factor as a function of cycle number for sponge soaked with ionic PAAmM

hydrogel. This experiment was repeated three times from three different samples.

Itis also clear from figure 7.13 that cycles 2 to 18 displayed a stable gauge factor trend. However, the first
cycle presented a low GF value of 0.24, which could be due to the device establishing contact between the
different layers.

7.6 Conclusions

This work demonstrated a new form of cheap, durable, non-toxic strain gauge from the hybridisation of
cellulose kitchen sponge with PAAmM containing 6 M LiCl hydrogel. The mechanical recovery was
investigated for all the sponge device components using tensile testing to determine the mechanical
parameters in which the design could function as a recoverable mechanical behaviour. The whole sponge-
hydrogel device exhibited the highest tensile strength, tensile modulus as well as hysteresis compared to
cellulose sponge with or without PAAm containing LiCl as it adopted the best mechanical properties from
each of its constituents.

The electrical impedance was also performed to understand the electrical behaviour for all of the sponge's
components. The cross-linked PAAmM hydrogel within the cellulose sponge displayed superior conductivity
when compared to the uncross-linked AAm within a sponge, sponge with water or sponge alone. This was
clear when the sponge/hydrogel hybrid reported the lowest impedance value at a frequency range from 25
kHz-1 MHz at 991 Ohm. Furthermore, it was observed that the increase of the water content within the

sponge decreased the electrical impedance due to the ability of the water molecules to fill the sponge holes
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and facilitated the ionic conduction within the materials. The sponge-hydrogel sample was extended to
breaking with the overlaid electrical and mechanical responses to determine the devices operational
threshold. Based on these responses, the devices operational limit was set to 15% strain. The device
exhibited a significant increase in the resistance readings to an average of 24.9+0.6 kOhm, giving a
consistent gauge factor of 0.38+0.04 over eighteen cycles. This work opens new possibilities to advance
the state of the art for multiple fields such as medical diagnosis, materials development and soft sensing

applications.
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Chapter 8

Designed conducting polymer
composites that facilitate long-lived,
light-driven oxygen and hydrogen
evolution from water in a
photoelectrochemical concentration

cell (PECC)
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This chapter has been adapted from the manuscript " Designed Conducting Polymer Composites That
Facilitate Long-Lived, Light-Driven Oxygen and Hydrogen Evolution from Water in a Photo
electrochemical Concentration Cell (PECC)" which is published in the journal of composites science as

part of the Special Issue Recent Advances in Conductive Polymer Composites and | was listed as a second

author for this manuscript as shown in the following link: https://www.mdpi.com/2504-

477X/3/4/108/htm

The participants’ names of this manuscript, were:
Mohammed Alsultan, Khalid Zainulabdeen, Pawel Wagner, Gerhard F. Swiegers and Holly Warren.

(Published December 2019.

8.0 Introduction

This chapter describes the development of a novel, mechanically durable, highly electrically conductive,
and flexible PAAm containing a CsCl hydrogel and its application as a separator for two water splitting
half cells (cathode and anode). The cells split water upon exposure to an electrical current with the hydrogel
as shown in figure 8.1. The feasibility of (and properties of) a chemical rather than an electrical potential
to drive water splitting needs to be studied to investigate the fundamental reliability of light-driven water-
splitting in a photoelectrochemical concentration cell when employing electrodes that operate efficiently at
moderate pH, evenwith low levels of light illumination and eventually, to eval uate the designed conducting

hydrogel for this application.

135


https://www.mdpi.com/2504-477X/3/4/108/htm
https://www.mdpi.com/2504-477X/3/4/108/htm

a)

Filter

O ‘ 10 cm

Left light source

PEDOT/Nano-Ni/rGO film

‘Working electrode (OER electrode)

Conductive hydrogel bridge

PEDOT/Nano-Ni/rGO film

Filter

I 0.2 M Na:SO: I 10 cm
0.1 M H:SO:
(at pH =12)

Right light source

Counterelecrode (HER electrode)

Hydrogel Bridge

Figure 8.1 (a) Schematic illustration of a photo electrochemical cell (PEC) utilising PEDOT/nano-

Ni/rGO films for water-splitting with no voltage bias applied. In the left half-cell, a light-assisted

anode for oxygen evolution reaction (OER) catalysis is combined, on the right, with a light-

assisted cathode half-cell for hydrogen evolution reaction (HER) catalysis. A hydrogel bridge is

provided between the two half-cells. (b) Photograph of the PEC cell setup used.

8.1 Electrical and mechanical properties of conductive PAAmM hydrogel- CsClI

The hydrogel separator was found to have high conductivity (up to 310+31 mS.cm-; Figure 8.2).

The conductivity was higher than previously reported for PAAm hydrogels, which was 100 mS.cm-

1. [110] The significant value of this conductivity was probably related to the presence of Cs* and

Cl-ions in the gel. Cs*ions have greater mobility through the polymer matrix due to it being less a

polarising cation because of the shielding effect of the two additional electron shells compared with
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Li*ions, which would interact more with the polymer chains.

Moreover, the water content (%) in the hydrogel increased from 65% to 95% when the hydrogel
was immersed in both electrolytes providing more carriers of water molecules to enhance the
hydrogel conductivity as shown in table 8.1. The pH was measured before gelating the hydrogel
which to displayed a slight increase over fourteen hours of PEC operation (Table 8.1).

The mechanical properties of hydrogel bridge PAAmM-CsCI hydrogel were examined before use in

water splitting systems to assess its mechanical durability. [374-376]
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Figure 8.2 Resistance as a function of length of the hydrogel separator used in this study.

Table 8.1 Conductivity, pH and water content of hydrogel bridge (PAAmM+CsCI). This experiment was

repeated three times.

Parameter Gel before experiment Gel after experiment
Conductivity (mS.cm™) 265+21 310+31
Water Content (%) 65 95
pH 2.5 3.1
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Figure 8.3 and figure 8.4 show the tensile and compression test analyses, respectively. The hydrogel
displayed a tensile strength of 26+7 kPa with an ability to stretch to approximately three times its
original length, providing reliable applicability as a stretchable conductive gel bridge. The hydrogel
exhibited a tensile modulus of 18+3 kPa with a significant ability to stretch of 298+19% (Table

8.2).
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Figure 8.3 Stress-strain curves for the ionic PAAmM+CsCI hydrogel used in this study

after applying tensile stress.

Table 8.2 Tensile test parameters for PAAM+CsCl hydrogel used in this study. This experiment was repeated

three times.

Parameters Values
Tensile Modulus (kPa) 18+3
Tensile strength (kPa) 267

Extension to Failure (%) 298+19

Furthermore, the compression test analysis was examined on the prepared hydrogel to assess its
mechanical properties after applying compression action on it. Figure 8.3 displays the mechanical
parameters of the hydrogel, such as compression secant modulus, ultimate compression stress and
strain to the failure. Examining these mechanical properties was necessary to understand the

mechanical durability of the gel. As can be seenin table 8.3 and figure 8.4, the data for compression
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modulus, ultimate compression and strain to failure (%) revealed that the hydrogel had reliable

mechanical properties after applying more than 800 kPa compression stress.

Table 8.3 Compression test parameters for PAAM+CsCI hydrogel. This experiment was repeated three times.

Parameters Values

Compression Modulus at (20-30) % 24+2
(kPa)
Ultimate compression (kPa) 824131

Strain to failure (%) 91+8

800 PAAM+CsCI

0 25 50 75 100
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Figure 8.4 Stress versus strain after applying compression test on PAAm+CsCl

hydrogel. This experiment was repeated three times.

Finally, the hydrogel sample was stored at room temperature (21°C) and relative humidity (RH) of
50% to test the water retention capacity of the hydrogel for fifteen days. Hydrogel samples exhibited
gradual shrinking, as shown in figure 8.5. The water loss of the hydrogel was approximately steady
at 11% after storing it for fifteen days. The main reason for the slow water loss during this period
is that the hydrogen was embedded with CsCl salt that is considered to be a hygroscopic agent. It
absorbs moisture from the air to balance the water content and substitute the water loss in the
hydrogel. Based on that, the hydrogel substrate remained rich in water, enhancing its mechanical

and electrical durability when compared to other gels. [108], [174], [274].
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Figure 8.5 A typical plot between water loss percentage and time in days for the PAAmM-CsCl

hydrogel.

Since the left half-cell represents PEDOT/Nano-Ni/rGO containing 125 mg of nano-Ni and 6 mg
of rGO. While the right half-cell represents PEDOT/Nano-Ni/rGO containing 125 mg of nano-Ni
and 5.4 mg of rGO applied. Additionally, the hydrogel participated in both mechanism by playing
a crucial role as ion-exchange membranes facilitating water-splitting performance.

8.2 Conclusions

Two thin film electrodes of PEDOT containing nano-Ni and rGO have been applied in a PEC as
working and counter electrode. The electrode for OER catalysis was immersed in aqueous alkaline
0.2 M Na,SO, adjusted to pH 12. The counter electrode for HER catalysis was immersed in 0.1 M
H>SO4. The half-cell electrolytes were connected via a novel, durable, conductive hydrogel bridge.
The hydrogel exhibited excellent charge transfer mobility between the two half-cell electrolytes for
periods of fourteen hours of testing. To the best of our knowledge, no other separator has been
demonstrated to be capable of facilitating fourteen hours of continuous operation. The cell exhibits
higher current at 1.5 V than at 1.23 V. However, the current at 1.23 V was sustained and relatively
constant over fourteen hours of PEC operation; it declined only 11.8% from its stabilised current.
In contrast, the current at 1.5 V degraded to 59% of its stabilised current after fourteen hours of
operation. The electrochemical properties of hydrogel were investigated before and after the
operation.

This study demonstrated that ionic PAAm hydrogels could be an effective salt bridge device for
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water splitting application for periods of at least fourteen hours of operation. The electrical and
mechanical features have been investigated.
This research contributes to the development of conducting, flexible and durable hydrogel materials

for water-splitting application.
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Chapter 9

Development of reinforced
polyacrylamide electrodes with

customizable mechanical properties
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9.0 Introduction

PDMS sponge material has an extensive reputation by recent researches. However, several technical
procedures has displayed complicated methods in attempts to produce conducting-strechable device
composing of this material (PDMS). A calcium chloride hard template has been used for its hygroscopic
properties, to fabricate a porous PDMS sponge. The preparation technique of the PDMS was developed by
removing the hard template in six hours after soaking in milli-Q water. The mechanical charaterisation were
carried out by applying tensile test analysis on the washed PDMS sponges to assess its mechanical
properties. The maximum tensile stress of that PDMS sponge was 106+22 kPa. Furthermore, ionic
PAAM/PDMS was fabricated after embedding PAAm containing 6 M LiCl hydrogel sealed by VHB tape
within the PDMS template. The mechanical and electrical properties were investigated on the resulting
electrode. This work reveals new horizons for researchers to make developments in customizing the
mechanical properties of PDMS sponges using porosity diameter studies of the PDMS sponge for
manufacturing stretchable non-toxic electronics.

A Variety of PDMS sponge substrates were produced using different sacrificial templates of different pore
sizes. The sponges were developed using templates of CaCl,, NaCl, LiCl, brown sugar and white sugar.
White and brown sugar were used because of their ability to produce a porous PDMS structure after
dissolving them in water. Furthermore, previous studies have utilised these materials to fabricate porous
conductor devices using brown [323] or white sugars [324] to synthesis porous templates saturated with
carbon fibers. Moreover, different PDMS/filler sponge templates were produced by mixing NaCl, LiCl and
CaCl; as well as white and brown sugars, with uncured PDMS material. Porous PDMS templates were
produced after curing then washing in water to remove the salts or the sugars fillers. The effect that these
different sacrificial templates had on the mechanical properties were analysed via tensile test analysis.
Furthermore, robustionic PAAM/PDMS electrodes were fabricated by embedding polyacrylamide (PAAm)
containing 6 M LiCl hydrogel within the PDMS template. The mechanical and electrical properties were
investigated for the produced electrodes.

9.1 Mechanical Properties

The mechanical properties of the produced PDMS sponge samples were performed after applying a tensile
test using a universal mechanical testing device as described in section 2.5.1. Optical microscopy was also

utilised to determine the average pore diameter of the internal sponge structure of the PDMS to find out the
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correlation between the pore diameter and the mechanical behaviour. The results are shown in table 9.1.

Table 9.1 Mechanical parameters and pore diameters of PDMS sponges with different fillers (salts and
sugars). The values determined using tensile test analysis and optical microscopy. All experiments were

performed at RT. This experiment was repeated three times using three different samples.

Sample Maximum Maximum Young’s Work Pore
tensile stress tensile strain modulus of extension diameter

(kPa) (%0) (kPa) (kd m?) (Hm)
CacCl, 106+22 4316 221+44 23+7 404+140
NaCl 221+46 67+8 252+34 69+17 379+100
LiCl 313+60 75+8 32584 105+17 208+52
Brown sugar 83120 41+4 162+49 16+4 603+193
White sugar 139425 5016 196+38 3249 452+100

From table 9.1 it can be seen that the mechanical parameters for these PDMS sponges correlated strongly
with the pore size of the templates. This is demonstrated by the Young’s modulus correlating reversibly
with increasing pore diameter whereby the PDMS produced using LiCl displayed the highest Young’s
modulus at 325+84 kPa, with the lowest pore diameter at 208+52 um. The PDMS/LIiCI sponges also
displayed a maximum tensile strain and work of extension at 75+8% and 10517 kJ/mé, respectively.
Furthermore, the PDMS/brown sugar sponge template exhibited the lowest Young’s modulus at 162+49
kPa, with the highest pore diameter at 603+193 um and lowest tensile strain and work of extension at 41+4
% and 1644 kJ.m3, respectively. These data illustrates that producing denser and smaller pore sizes of the
constructed PDMS sponges’ results in increased mechanical performance. This means using removable
smaller grains size fillers in preparation of PDMS sponge would help to improve the mechanical features
as displayed with PDMS/LIiCI sponge. On the other hand, constructing PDMS sponges using removable
larger filler grains which were filled with air will affect the mechanical characteristics adversely.
Furthermore, this investigation leads to the possibility of customising the mechanical performance of the
PDMS sponges using the grain diameter study using equation 9.1 as shown in figure 9.1 a.

Young’'s Modulus (kPa) = —0.4253 X Pore Size (um) + 405.21,.........cooiiiiiiiiiiiin.. (Eg.9.1)
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This equation is derived froma linear regression plot as displayed in figure 9.2b between Young’s Modulus
in kPa and pore diameters in um of the PDMS sponge.

Therefore, PDMS/LICI has an optimum mechanical property among the other sponge templates. However,
PDMS/CaCl, sponge was nominated to construct the PDMS/PAAmM electrodes as it had the highest
efficiency of filler removal, and it displayed significant mechanical behaviour (Figure 9.1 b) as illustrated

by preliminary work from our group as described previously in table 9.1.
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Figure 9.1 a) Linear regression equation between Young’s modulus versus pore diameters of
PDMS sponges with different fillers (salts and sugars) and b) Stress versus strain plot for
describing the tensile strength of PDMS/CaCl, sponge. These experiments were repeated six

times.

9.2 Fabrication of PDMS Sponge electrode

PDMS sponges have gathered extensive reputation within the scientific community for their use in elastic
electrodes such as a backbone/substrate for conductive materials. These stretchable conductors could find
a broad range of applications to be utilised in different approaches, such as wearable electronics. A plethora
of studies have been recruited to the construction of a conductive PDMS sponge by including silver, [377]
gold [325-326] or carbon nanotubes. [378] However, these achievements typically used materials with high
cost, toxic components or complicated manufacturing methods. Therefore, the potential in developing of
these devices requires a simple, cheap method for the fabrication of a highly conductive, durable,
stretchable conductor by combining PDMS sponge with non-toxic ionic PAAm as shownin figure 9.2. The

mechanical and electrical properties were assessed and outlined in table 9.2.
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Figure 9.2 a) Fabricated PDMS sponge electrodes with embedded polyacrylamide un-stretched

and b) stretched.

Table 9.2 Mechanical and electrical parameter values of PDMS sponge with ionic PAAm hydrogel conductor.

Experiments carried out at RT. This experiment was repeated three times using three different samples.

Sample Maximum  Maximum Young’s Work Conductivity
Tensile Tensile modulus of extension
stress (kPa)  Strain (%) (kPa) (I m?®) (mS.cm?)
PDMS/PAAM 3943 4613 117422 1041 35+1

None of the previous studies has attempted to combine ionically conductive stretchable hydrogel with a
PDMS sponge structure. This was due to the challenges corresponding to the hydrophobicity difference
between each material. Therefore, this study was aimed at fabricating an ionically conductive stretchable
PDMS sponge electrode, which can be applied for the development of wearable and implantable sensing
and conducting devices. The PDMS/PAAm electrode was produced by embedding PAAm containing 6 M
LiCl hydrogel within the PDMS sponge structure using a specific technique. PAAm was chosen for its
distinct mechanical and electrical properties, possessing high conductivity (Table 9.2) and significant
stretchability (Figure 9.2 a and b) as described also in chapter one and chapter four previously (a limitation
of all metals with PDMS). Furthermore, this material is relatively low cost, [379] non-toxic and
biocompatible which makes it reliable for developing implantable devices [380-381].

The PAAmM was synthesised with 6 M lithium chloride as described in section 2.3.3. Two VHB tape layers
were used to seal the hydrogel before being cast within the PDMS. The VHB tape was utilised to prevent

any water contact from the PDMS as it adversely impacted the PDMS curing and also to avoid any
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dehydration of the hydrogel during and after the casting process as shown in figure 9.2. The resulting
PDMS/PAAmM electrode displayed an excellent stretchability with an optimum strain at 46+3% for the
PDMS/PAAmM as shown in table 9.2 and figure 9.2. Furthermore, it was noticeable that its stretchability
was higher than the unmodified PDMS sponge’s template (Table 9.2 and table 9.3), suggesting the ionic
PAAm inclusion does not affect the elasticity of the PDMS sponges. The mechanical properties revealed a
significant performance, reporting maximum tensile stress of 39+3 kPa. However, Young’s modulus and
work of extension parameters values were lower than that of PDMS sponge alone. This could be attributed
to the reduction of the water content of the hydrogel during the PDMS polymerisation that leads to lowering
of mechanical characteristics.

The mechanical properties of both PDMS/PAAmM+LICI structure and cellulose sponge/PAAmM+LiCI
structure as described in chapter 7 were compared while applying a tensile test to distinguish the best
mechanical robustness between these electrodes. The impact of hybridising or embedding both cellulose

sponges and PDMS sponges on the mechanical behaviour of PAAm+LiCl hydrogel is shown in table 9.3.

Table 9.3 The mechanical parameters of each PAAmM+LIiCl, Cellulose sponge/PAAM+LIiCl and

PDMS/PAAmM+LICI after applying the tensile test. This experiment repeated three times.

Sample Maximum Maximum Young’s Work of
Tensile Tensile modulus extension
stress (kPa)  Strain (%) (kPa) I m?)
PAAmM+LICI 1241 240468 6.1+0.4 1948
Cellulose sponge/PAAmM+LICI 40+2 53+3 13715 12+1
PDMS/PAAM+LICI 3943 46+3 120423 10+1

It is evident from table 9.3 that hybridising cellulose sponge and PDMS sponge with PAAm+LiCl hydrogel
increases the tensile stress from 12+1 kPa to 40+2 kPa and 39+3 kPa, and Young's modulus from 6.1+0.4
kPa to 137+15 kPa and 120+23 kPa, respectively. This mechanical enhancement is attributed to the addition

of the physical crosslinking between the ionic PAAm hydrogel with both cellulose and the PDMS sponges
147



to produce stronger structures. Moreover, it is noticeable that cellulose sponge/PAAmM+LICl and
PDMS/PAAmM+LICI structures displayed approximate tensile stress values at 40+2 kPa and 39+3 kPa,
respectively. However, Young’s modulus displayed a slight increment into the benefit of a cellulose
sponge/PAAmM+LICI structure, revealing an approximate difference of 17 kPa. This difference likely arises
from the variation in engineering processes of both structures, such as hybridisation and embedding
methods of the ionic hydrogel within hydrophobic materials such as cellulose and PDMS sponges.
However, these procedures succeeded in producing more robust structures that reflect the positive impact
of fabricating devices using affordable, non-toxic materials such as cellulose and PDMS sponges with soft,
stretchable material such as PAAm containing LiCl hydrogel.

Finally, the conductivity of the PAAm containing 6 M LiCl /PDMS revealed remarkable value, to fabricate
a stretchable electrode giving a conductivity of 351 mS.cm-%. Furthermore, this study demonstrated the
direct correlation between the electrode length and the electrode impedance value as shown in figure 9.3.
Therefore; this study investigated the fabrication of a novel, non-toxic hydrogel/PDMS combination that
would introduce the sophistication of a mechanically customizable PDMS electrode for wearable and

implantable conducting and sensing applications.
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Figure 9.3 Linear regression relationship between impedance values and PAAM/PDMS sponge

electrode lengths.
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9.7 Conclusions

This study revealed new horizons for researchers to make developments in customising the mechanical
performance of PDMS sponge to produce stretchable non-toxic electronics using a novel, cheap, facile,
green technology.

PDMS sponges were utilised for fabricating stretchable conducting electrodes after embedding PAAm
containing 6 M LiCl hydrogel. Different salts were mixed with the PDMS before curing to produce a porous
PDMS template after removing the hard fillers by dissolving the template in Milli-Q water for twelve hours.
The mechanical properties of these sponges were determined by applying tensile test analysis on the washed
PDMS sponges to assess its mechanical reliability. The mechanical properties revealed that Young’s
modulus correlated reversibly with increasing the pore size, as shown with the PDMS sponges produced
using LiCl displaying the highest Young’s modulus at 325+84 kPa, with the lowest pore size at 208+52
pm. These data illustrate the direct correlation of smaller pore size with increased mechanical performance.
The PDMS/CaCl; sponge was chosen for fabricating a stretchable electrode as it had the highest efficiency
of filler removal, as illustrated previously, and still possessed respectable mechanical properties for the
potential use in wearable or implantable electronic application.

Furthermore, PDMS sponges embedded with PAAm containing 6 M LiCl hydrogel sealed with VHB tape
were produced to develop stretchable, conductive and non-toxic electrodes. The mechanical and the
electrical properties were investigated for the PDMS/PAAmM electrode, which revealed a maximum tensile
strain of 46+3% and conductivity of 35+1 mS.cm-l. From this it can be seen that the PAAM/PDMS
electrodes displayed excellent stretchability and conductivity, demonstrating the ability of these sponges in
acting as reinforcing substrates for stretchable electrodes which can also have their mechanical properties
customised for specific tasks by altering the pore dimensions of the PDMS substrates. This project
illustrated a novel combination of biocompatible PDMS/PAAm sponge structure electrode. Therefore, this

work could aid in the development of wearable, implantable, conducting and sensing applications.
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Chapter 10

Conclusions and Future Direction
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10.1 General conclusions

The overall aim in this thesis was to synthesise, characterise and examine the suitability of using PAAmM
containing either LiCl or CsCl salts in soft conducting sensing devices, i.e. a wearable soft compressive
sensor device, soft strain gauges and a conducting soft bridge. The 3D printing technique was also utilised
due to the potential for producing predictable conducting and sensing devices composed entirely of 3D
printed soft, stretchable, and conducting hydrogels.

Furthermore, several materials were synthesised either from chemical cross-linking of PAAmM with GG, by
physical cross-linking, by hybridising PAAm containing 6 M LiCl with cellulose sponge or embedding it
within PDMS sponge, to maximise their potential to function in the flexible sensing and the conducting
applications. Therefore, the mechanical, electrical stability performances were investigated for all the
fabricated devices.

Chapter three describes ionic-covalent entanglement hydrogels consisting of ionically cross-linked GG and
CaCl, with covalently cross-linked PAAmM and MBAAmM. Previous studies detailed the mechanical
properties including toughness, [382] degradation [383] and recovery of the ICE hydrogels [128]. However,
there were no further attempts to optimise the mechanical properties of this hydrogel without changing the
hydrogel components. Other studies have attempted to improve the electrical behaviour of this hydrogel by
adding carbon nanofibers and PEDOT:PSS materials. [384] This paper showed that the addition could
adversely impact the mechanical properties of this hydrogel. Therefore, we focused on optimising the
mechanical properties of the prepared hydrogel by altering the ionic and the covalent polymers ratio. We
found that cross-linked gels prepared with 0.1 M CaCl; and 1.11% (w/v) GG with PAAm consisting of
4.44% (w/v) AAmwith 3% (w/v) MBAAmM displayed optimum mechanical characteristics giving 216+12
kPa (compressive stress to failure) and 264+5 kPa (shear modulus). The electrical properties were also
determined for the hydrogel ratio that gave optimal mechanical properties for utilisation in the conducting
and sensing applications. The electrical conductivity and the water content for the optimised ICE gel
exhibited a significant increase from 3.3+0.5 mS.cm! to 127415 mS.cm and from 78 to 85, respectively,
after immersing it in 2.7 M NaCl. Based on these mechanical and electrical properties, this material is
considered to be promising for producing robust, conducting, deformable and swelling electronics.

In addition, in the aim of potentially producing soft, conducting, stretchable electronics using different

techniques such as 3D printing technology, we successfully demonstrated in chapter four that the PAAmM
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containing 9 M LiCl hydrogels could be processed using 3D printing. Previous research demonstrated that
physically entangled, photopolymerised PAAmM could be patterned using a direct-writing technique to
prepare hydrogel scaffolds for 3T3 fibroblasts [105]. Related studies focused on the preparation of ionic
PAAmM using either NaCl or LiCl as the ionic pathway [108, 109]. This chapter also described the electrical
and mechanical characteristics of 3D printed PAAm hydrogel materials when compared to the cast gels.
The rheological properties of the prepared PAAmM containing salt materials were also studied, i.e. starting
materials, inks, cast, and printed structures, to determine their potential for 3D fabrication of soft electronic
devices or soft sensory gauges using both direct-ink writing and hand-held printing techniques. The
rheological analysis showed that controlled UV-crosslinking while cooling to -6 °C, enabled 3D printing
of the PAAm without the need for any additional rheological modifiers as used previously by Lewis et al.
[196] The 3D printed PAAmM with 9 M LiCl hydrogel materials exhibited conductivity values of 117+13
mS.cmt and could be stretched up to four times their length. This excellent conductivity of the 3D printed
hydrogel considered the highest of any other hydrogel constructed via the same technique which can be
stretched to this amount based on our literature search to the best of our knowledge. Accordingly, the
excellent performance of PAAm containing 9 M LiCl hydrogel as reported in chapter five, inspired its
utilisation in the development of a durable, flexible, and soft wearable sensor device (SSD) which had the
ability to send an SOS signal remotely even after one year of keeping the device at room temperature. This
SSD consisted of two lithium chloride conducting PAAm electrodes separated by a perforated elastomeric
VHB tape. The novel perforation of the elastomeric material separating the electrodes enabled the creation
of a sensor with an imbued threshold of operation. The device enabled the detection of mechanical stress
via a change in resistance within the electrodes. This enabled the device to operate at a much higher range
of stress than was used in previous sensors relying on capacitance change. [188]

The mechanical investigations revealed the SSD was very strongand did not break even after applying over
100 kPa of compressive stress. These results indicate that the device could easily be used as a pressure
sensor for an active SSD. The mechanical stability of the SSD was characterised by comparing performance
over fifty cycles of 14 kPa of compression stress for an as prepared SSD and an SSD after one-year storage
at RT. The SSD exhibited high recoverability with a slight shifting in the strain during the fifty cycles of
14 kPa compressive stress.

The electrical properties of the SSD were examined by measuring the current and resistance of the device

during compression testing for five cycles (loading/unloading). These were performed to determine the
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minimum stress required to complete a DC current circuit. The correlation between applied stress and the
current creation of the device was measured and analyzed to understand the required electrical output
signals for operating the Arduino device to send a Bluetooth signal to the mobile phone.

The hydrogel device displayed a consistent average resistance output of 435£2 kOhm over fifty cycles of
14 KkPa compressive stress. The electrical sensitivity was also determined after applying the same
compressive cycles on the SSD to determine if the device could also function as a more precise pressure
sensor for more complex applications. The examination performed initially and after keeping the SSD for
one year displayed a consistent sensitivity of 5800+500 Ohm/Pa for the initial test and sensitivity of
1000+100 Ohm/Pa after one year. The significant decrease in the sensitivity is attributed to creeping both
of the conducting hydrogel and the elastomeric VHB tape, which were affected by two factors: time and
the temperature. However, the sensitivity trends confirmed the existence of the electrical response at the
SSD even after one year of storing itat RT. The SSD was then operated after placing it on different positions
such as bikes helmet, hand palm after combining it with an Arduino device to send a signal to a mobile
phone, creating a custom-built a remote sensor.

It was observed that when pressure was applied above a specific threshold 7.5+0.1 kPa on the SSD an
electrical circuit was created, in which the ions within the hydrogel electrodes were able to travel through
the perforated VHB. This detection of an applied pressure was sent to the Arduino device to transmit the
coded signal, using Bluetooth, to a mobile phone (I-phone). The mobile phone has a specific application
named UOW_data-sender. The signal was forwarded to the database computer, using the 4G network,
providing a text message with the GPS data giving the location coordinates for the SSD. The database
computer then recorded and sent the original SSD message with the coordinates to a relative’s phone, tablet
or computer. The reaction time between the application of the pressure and the Arduino device recording a
change was 0.8+0.2 seconds while the time taken to detect the removal of the pressure was 2.4+0.5 seconds.
This study culminated in an investigation into assessing a soft pressure sensor device able to create a signal
after one year of storage.

Chapter six investigated the implementation of an easier, cheaper, non-stationary facility to extrude PAAm
containing LiCl using a handheld technique on an acrylated VVHB tape substrate to fabricate a durable, soft,
strain gauge device, which was named HEH. The device produced a robust interface between the printed
hydrogel and an elastomeric matrix using a simple interpenetration polymerisation method without adding

any rheological modifiers [111] [357] or performing oxygen plasma treatments [111] to alter the substrate
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hydrophobicity surface. The mechanical and the electrical properties of the HEH devices were examined
before and after one year of storage in a plastic Petri-dish at RT.

The HEH exhibited almost no deterioration in mechanical behavior even after one year of storage. It was
shown that the HEH devices were able to be stretched to 215 % repeatedly with no issues both initially and
after one year of storage. This value of stretching is higher than the previously reported study when a
fabricated soft gauge device stretched up to 150 % using more complicated printing facilities. [111] Despite
the low gauge factor values when compared to a conventional semiconductor [385] and metallic strain
gauge, [386] our gauge factor for the HEH was determined for the as-prepared device and compared with
that after one year giving a sensitivity of 0.7+0.1 and 0.74+0.01, respectively, which does not exist for the
other strain gauges.

Furthermore, the sensing investigations revealed stable R/R, data after 1000 cycles of stretching during
finger bending, with a change ratio of 1.3+0.1. It was observed that the R/R, difference for both periods,
initially and after one year of storing, was only 0.05. For more investigation, the water percentage for the
salt containing PAAmM within the HEH was determined to be 79% (w/w). This percentage decreased by 2%
(w/w) after one year of storage. This low water loss percentage value was attributed to the addition of
hydroscopic LiCl salt to the printed hydrogel within the HEH. This agent has the ability to substitute the
water loss by withdrawing the moisture from the environment and therefore extending the lifetime of the
fabricated device. [273]

This project revealled the stability performance of a soft sensory device from measuring the electrical and
mechanical properties before and after storing the device for one year.

Chapter seven was carried out to overcome some other challenges in fabricating wearable sensors such as
extensibility, high cost, and poor durability, which limited their application in wearable sensors. [382]
Therefore, this chapter investigated the possibility of fabricating a strain gauge device by employing an
affordable, non-expensive material such as cellulose kitchen sponge (4$AU) [387] after hybridising it with
PAAmM [378] containing salt hydrogel material.

The mechanical recovery was investigated for all the sponge device components using tensile testing to
determine the mechanical parameters within which the design could function with recoverable mechanical
behavior. The whole sponge-hydrogel device comprised of cellulose sponge, PAAm containing 6 M LiCl
and two layers of VHB tapes covering the entire components and exhibited the highest tensile strength

(19+1) kPa, tensile modulus (131+2) kPa as well as hysteresis (1.1+0.03) kJ.m= when they were stretched
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up to 15% compared to cellulose sponge with or without (PAAm containing LiCl) as it adopted the best
mechanical properties from each of its constituents.

The electrical impedance was also determined to understand the electrical behaviour for all the sponge’s
components. The cross-linked PAAm hydrogel within the cellulose sponge displayed superior conductivity
when compared to the uncross-linked AAm within a sponge, wet sponge or sponge alone. This was clear
when the sponge/hydrogel hybrids exhibited the lowest impedance value at a frequency range from 25 kHz
- 1 MHz at 99+1 Ohm. Furthermore, it was also observed that increasing the sponge water content decreased
the electrical impedance due to the ability of the water molecules to fill the sponge holes and facilitate ionic
conduction within the materials.

The sponge-hydrogel sample was extended to a breaking point, with the overlaid electrical and mechanical
responses, to determine the device’s operational threshold. The operational limit set at 15% strain. The
device exhibited a significant increase in the resistance readings to an average of 24.9+0.6 kOhm, giving a
consistent gauge factor of 0.38+0.04 over eighteen cycles. A recent study attempted to increase the sensory
gauge factor up to 9.4 by hybridising reduced graphene oxide and a carbon nanotube with a cellulose sponge
and PDMS. [388] However, this study needs a more complicated processes and higher cost requirements
for fabricating these strain gauges. [389]

Last but not least, a conductive and durable non-precious soft bridge was fabricated for the oxygen and
hydrogen evolution reaction using bifunctional composite PEDOT/nano-Ni/rGO films, (Chapter eight).
Previously, using Nafion as a source of cations, and exchange membranes as a source of anions have been
used as separators [390-394] However, there were problems of using them as separators. Firstly, they have
a narrow range of pH applications, either 1-7 or 7-14. Secondly, maintaining pH in both basic and acidic
media is difficult due to the neutralisation processes as a result of OH- and H* consumption in both anolyte
and catholyte, respectively during the electrocatalytic process. Due to its properties, PAAm containing CsCl
hydrogel was prepared and used to fabricate a soft ionic conductive bridge material. The influence of
hydrogel water content on its mechanical and electrical properties was examined. The water content (%) in
the hydrogel was increased from 65% to 95% when the hydrogel was immersed in both electrolytes
providing more carriers of water molecules to enhance the hydrogel conductivity from 265+21 mS.cm™ to
310+31 mS.cmt, and the hydrogel could be stretched up to three times its length.

Based on these distinct features, the hydrogel was then fabricated as a soft salt bridge and was assessed in

the oxygen and hydrogen evolution reaction. The application succeeded in working for fourteen hours
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which is the highest operation time until now using soft material applied for the same purpose to the best
of our literature knowledge.

Finally, PDMS sponges were utilised for fabricating stretchable conducting electrodes after embedding
PAAmM containing 6 M LiCl hydrogel. Different salts were mixed with the PDMS before curing to produce
a porous PDMS template after removing the hard fillers by dissolving the template in milli-Q water for
twelve hours to assess the fillers removal efficiency by the effect of the hydrophilicity. The mechanical
properties were carried out by applying tensile test analysis on the washed PDMS sponges to assess its
mechanical reliability. The mechanical properties displayed that Young’s modulus correlated reversibly
with increasing the pore diameter displaying the highest Young’s modulus at 325+84 kPa, respectively,
with the lowest pore diameter at 208+52 um. This was clear for the PDMS/LiCl sponge which also
displayed a maximum tensile strain and work of extension at 325£84 % and 10517 kJ.m, respectively.
However, PDMS/brown sugar sponge template exhibited the lowest Young’s modulus at 162+49 kPa, with
the highest pore size at 603193 pum and lowest tensile strain and work of extension at 41+4 % and 16+4
kJ.m3, respectively. These data illustrated the direct correlation of producing denser and smaller pore size
of the constructed PDMS sponge from smaller filler grains with the mechanical behaviour. Therefore,
PDMS/LICI sponge was observed to display an optimum mechanical property among the other sponge
templates. However, PDMS/CaCl, sponge was nominated as it had the highest efficiency of filler removal,
as illustrated previously in chapter 9, and still possessed respectable mechanical properties for the potential
use in wearable or implantable electronic application.

Furthermore, PDMS embedded with PAAm containing 6 M LiCl hydrogel sealed with VHB tape separately
was fabricated for an attempt to innovate stretchable, conductive and nontoxic electrodes. The mechanical
and the electrical properties were investigated which revealed maximum tensile strain 46+3 % and a
conductivity 351 mS.cm?, respectively. This demonstrates thata PDMS sponge can be utilised to enhance
and customise the mechanical properties of PAAm electrodes. Therefore, this study investigates the
construction of a novel, non-toxic hydrogel/PDMS combination that could aid in the development of
wearable, implantable, conducting and sensing applications.

In summary, PAAm hydrogels containing various salts were successfully synthesised, characterised and
utilised for the fabrication and development of various novel devices using different techniques such as 3D
printing with the potential of applying these devices in both wearable or implantable sensing and conducting

applications.
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10.2 Future directions

Projects arising from this thesis culminated in the development of a novel soft, conducting, pressure and
strain sensor devices. However, sustainability, biodegradability, biocompatibility, durability and low
cytotoxicity are all challenges concomitant with synthesizing and fabricating new soft materials and
devices, which require further study to contribute significantly to a plethora of applications such as in the
entertainment and biomedical fields. For example, synthesising and characterising functional flexible,
conducting, more durable hydrogels for wearable and sensing applications is an essential direction. These
durable hydrogels should possess the ability to resist and adapt to the high-temperature environment by
either swapping the water solvent with others that should be characterised by its reliable conductivity and
higher boiling point taking in account maintaining reliable mechanical properties. Furthermore, it is
importantant to develop the conductivity of the soft materials to make it close to the electrical properties of
metals such as copper and gold. This enhancement will evolve several wearable devices specially if this
material can be 3D printed, for example to design and fabricate a hearing aid as a soft stretchable device.
Therefore, it is also crucial to develop 3D printing techniques to be able to offer the non-stationary field
with fine control of printing materials able to mimic chosen properties of human skin in an appropriate
manner over all the body parts. This sophistication will provide the facile use of this technology with an
accuracy performance which can be implemented in wider functions of soft conducting and sensing
applications. On the other hand, among various flexible energy storage devices, flexible batteries are
considered as the most promising candidates to power the future flexible/wearable electronics due to their
relatively high energy density and long cycle life. Therefore, it is possible to utilise stretchable hydrogels
such as PAAm containing LiCl or CsCl hydrogels that can be functionalised as a wearable battery or solar
battery devices. This is especially important when these materials (characterised by their significant
conductivity and stretchability) can be easily 3D printed. However, more effort is needed to overcome
challenges in the commercialization of current 1D batteries and prospective opportunities in the field for
approaching reliable mechanical robustness and stable electrochemical performance under a physical strain.
On the other hand, itis possible to functionalize cellulose sponge within 3D or even 4D printing technology
for its non-toxicity, affordability and low cost. Additionally, further predictable future studies can be
initiated in this field such as printing a stretchable soft hearing aid device from using conductive hydrogels

to replace the sold plastic materials that are being used in the current markets. Another study can be applied
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on fabricating a bullet shield connected to soft sensor device functioning similar to that fabricated in chapter
5. This application will enhance the communication technology in the military field. Finally, there is a
possibility of 3D printing of the entire component of the PDMS sponge electrode. This promising
technology could enable the development of implanting non-toxic, deformable electronics. These
suggestions could open the horizons of developing the materials and the technology of the industry of

wearable soft sensor devices.
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Appendix 1/ Compressive and rheological optimisation analysis for
different ratios of ICE hydrogel

e Compressive strain stress test figures:
a. Studying changing the ratio of MBAAM/AAmM on ICE network hydrogels
1- 0.5 % (w/v) MBAAM:

AVG work of compression 2.17E+01
AVG compression tan modulus 4.82E+01
AVG stress 9.83E+01
AVG strain 5.16E+01
AVG STDEV stress 9.186557
AVG STDEV strain 7.28538
AVG STDEV work of compression 0.294595
AVG STDEV compression modulus 0.147897
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Figure (al.1) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 0.5 % (w/v) MBAAmM.
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2- 0.75 % (w/v) MBAAmM:

AVG work of compression 1.10E+01
AVG compression tan modulus 5.26E+01
AVG stress 7.83E+01
AVG strain 3.90E+01
AVG STDEV stress 10.52171
AVG STDEV strain 7.28487
AVG STDEV work of compression 0.21421
AVG STDEV compression modulus 0.160602
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Figure (al.2) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 0.75 % (w/v) MBAAmM.
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3- 1% (w/v) MBAAmM:

AVG work of compression 9.29E+00
AVG compression tan modulus 451E+01
AVG stress 7.96E+01
AVG strain 4.84E+01
AVG STDEV stress 7.476639
AVG STDEV strain 7.211159
AVG STDEV work of compression 0.171103
AVG STDEV compression modulus 0.191801
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Figure (al.3) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 1 % (w/v) MBAAmM.
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4- 2 % (w/v) MBAAM:

AVG work of compression 27.50E+00
AVG compression tan modulus 2.69E+01
AVG stress 1.47E+02
AVG strain 4.83E+01
AVG STDEYV stress 11.61607
AVG STDEV strain 6.586697
AVG STDEV work of compression 0.268468
AVG STDEV compression modulus 0.10314
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Figure (al.4) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 2 % (w/v) MBAAM.
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5- 2.66 % (w/v) MBAAM:

AVG work of compression 3.30E+01
AVG compression tan modulus 3.79E+01
AVG stress 1.80E+02
AVG strain 5.90E+01
AVG STDEV stress 9.730262
AVG STDEV strain 7.286014
AVG STDEV work of compression 0.439559
AVG STDEV compression modulus 0.351043
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Figure (al.5) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 2.66 % (w/v) MBAAmM.
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6- 3% (w/v) MBAAM:

AVG work of compression 4.68E+01
AVG compression tan Modulus 1.41E+02
AVG stress 2.16E+02
AVG strain 5.52E+01
AVG STDEV stress 12.42473
AVG STDEV strain 7.205444
AVG STDEV work of compression 0.531481
AVG STDEV compression modulus 0.10083
250
200
o 150
[«
-
© 100
50
0Illlllllllllllllllllllllllllllllllll
0 10 20 30 40 50 60 70

€%

Figure (al.6) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 3 % (w/v) MBAAmM.
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7- 3.108 % (w/v) MBAAM:

AVG work of compression 3.38E+01
AVG compression tan Modulus 2.56E+01
AVG stress 1.61E+02
AVG strain 6.28E+01
AVG STDEV stress 8.92535

AVG STDEV strain 7.286039
AVG STDEV work of compression 0.436206
AVG STDEV compression modulus 0.164587

180
160

o kPa

0 L] LI LI LI LI L] LI LI LI LI L] LI LI LI LI L] LI LI LI LI 1
0 20 40 60 80

£E%

Figure (al.7) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 3.108 % (w/v) MBAAmM.
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8- 4% (w/v) MBAAmM:

AVG work of compression 6.99E+00
AVG compression tan Modulus 3.06E+01
AVG stress 6.16E+01
AVG strain 3.51E+01
AVG STDEV stress 11.75465
AVG STDEV strain 6.613889
AVG STDEV work of compression 0.164272
AVG STDEV compression modulus 0.224048
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Figure (al1.8) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 4 % (w/v) MBAAM.
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9- 5% (w/v) MBAAmM:

AVG work of compression 4.03E+00
AVG compression tan modulus 1.62E+01
AVG stress 5.13E+01
AVG strain 2.05E+01
AVG STDEYV stress 7.656113832
AVG STDEYV strain 5.827421743
AVG STDEV work of compression 0.138429022
AVG STDEV compression modulus 0.266135578
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Figure (al1.9) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 5 % (w/v) MBAAM.
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b. Studying changing the ratio of Ca*?/ GG on ICE network hydrogels:

1. 0 M CaClz:

AVG work of compression 9.63E-01
AVG compression tan Modulus 4.04E+01
AVG stress 1.08E+01
AVG strain 2.73E+01
AVG STDEV stress 2.926238
AVG STDEV strain 7.879389
AVG STDEV work of compression 0.062818
AVG STDEV compression modulus 0.058753

0 rrrrrrr . rrrrrrrrrrrrrre1
0 5 10 15 20 25 30

€%
Figure (al.10) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 0 M CacCl..

205



2- 0.01 M CaClz:

AVG work of compression 2.10E+00
AVG compression tan Modulus 2.83E+01
AVG stress 1.92E+01
AVG strain 4.00E+01
AVG STDEV stress 2.256306
AVG STDEV strain 8.091299
AVG STDEV work of compression 0.07734

AVG STDEV compression modulus 0.072253
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Figure (al.11) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 0.01 M CacCl,.
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3- 0.05 M CaClz:

AVG work of compression 2.87E+01
AVG compression tan Modulus 8.08E+01
AVG stress 1.16E+02
AVG strain 5.53E+01
AVG STDEV stress 11.63999
AVG STDEV strain 7.202756
AVG STDEV work of compression 0.312574
AVG STDEV compression modulus 0.055208
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Figure (al.12) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 0.05 M CaCl,.
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4- 0.075 M CacClz:

AVG work of compression 3.86E+01
AVG compression tan Modulus 5.80E+01
AVG stress 9.97E+01
AVG strain 5.67E+01
AVG STDEV stress 8.640209
AVG STDEV strain 7.203665
AVG STDEV work of compression 3.86E+01
AVG STDEV compression modulus 8.367694
AVG work of compression 0.062489
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Figure (al.13) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 0.075 M CacCl.,.
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5- 0.1 M CaClz:

AVG work of compression 4.68E+01
AVG compression tan Modulus 1.41E+02
AVG stress 2.16E+02
AVG strain 5.52E+01
AVG STDEV stress 12.42473
AVG STDEYV strain 7.205444
AVG STDEV work of compression 0.531481
AVG STDEV compression modulus 0.10083
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Figure (al.14) Typical compressive stress versus strain plots of ICE network hydrogels with

£E%

concentration 0.1 M CacCls,.
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6- 0.25 M CaClz:

AVG work of compression 3.51E+01
AVG compression tan Modulus 5.65E+01
AVG stress 8.61E+01
AVG strain 5.15E+01
AVG STDEV stress 9.929403
AVG STDEV strain 7.204635
AVG STDEV work of compression 3.5867

AVG STDEV compression modulus 0.085565
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Figure (al.15) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 0.25 M CaCl,.
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7- 0.5M CaClz:

AVG work of compression 7.31E+00
AVG compression tan Modulus 2.79E+01
AVG stress 5.26E+01
AVG strain 4.26E+01
AVG STDEV stress 6.154976
AVG STDEV strain 7.205483
AVG STDEV work of compression 0.135254
AVG STDEV compression modulus 0.402609
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Figure (al.16) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 0.5 M CacCls,.
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8- 0.7 M CaClz:

AVG work of compression 5.60E+01
AVG compression tan Modulus 6.87E+00
AVG stress 5.11E+01
AVG strain 3.06E+01
AVG STDEV stress 13.29197
AVG STDEV strain 7.284484
AVG STDEV work of compression 0.146713
AVG STDEV compression modulus 0.096353
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Figure (al.17) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 0.7 M CacCl,
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9. 1M CaCl2:

AVG work of compression 8.45E+00
AVG compression tan Modulus 8.74E+01
AVG stress 4.67E+01
AVG strain 3.44E+01
AVG STDEV stress 13.303

AVG STDEV strain 7.206274
AVG STDEV work of compression 0.140799
AVG STDEV compression modulus 0.114988
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Figure (al.18) Typical compressive stress versus strain plots of ICE network hydrogels with

concentration 1 M CacCl,
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c. Studying the effect of changing the ratio of AAm/ GG on ICE network hydrogels:

1- 3.774 GG+1.776 AAm:

AVG work of compression 6.05E+00
AVG compression tan Modulus 1.89E+01
AVG stress 5.61E+01
AVG strain 3.58E+01
AVG STDEV stress 6.942643
AVG STDEV strain 7.206105
AVG STDEV work of compression 0.118725
AVG STDEV compression modulus 0.175424
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Figure (al1.19) Compressive mechanical stress at failure of different ratios from GG and AAm

ICE network hydrogels.
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2- 3.4 GG+ 2.15 AAm:

AVG work of compression 1.07E+01
AVG compression tan Modulus 2.90E+01
AVG stress 8.24E+01
AVG strain 3.53E+01
AVG STDEV stress 6.510988
AVG STDEV strain 10.78112

AVG STDEV work of compression  0.450561
AVG STDEV compression modulus 0.179898
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Figure (al.20) Compressive mechanical stress at failure of different ratios from GG and AAm

ICE network hydrogels.
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3- 1.998 GG+3.552 AAm:

AVG work of compression 1.81E+01
AVG compression tan Modulus 9.75E+01
AVG stress 1.86E+02
AVG strain 5.15E+01
AVG STDEV stress 11.33701
AVG STDEV strain 7.285247
AVG STDEV work of compression 0.263185
AVG STDEV compression modulus 0.110271
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Figure (al.21) Compressive mechanical stress at failure of different ratios from GG and AAm

ICE network hydrogels.
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4- 111 GG+4.44 AAm:

AVG work of compression 4.68E+01
AVG compression tan Modulus 1.41E+02
AVG stress 2.16E+02
AVG strain 5.52E+01
AVG STDEV stress 12.42473
AVG STDEV strain 7.205444
AVG STDEV work of compression 0.531481
AVG STDEV compression modulus 0.10083
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Figure (al.22) Compressive mechanical stress at failure of different ratios from GG and AAm

ICE network hydrogels.
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5- 0.88 GG+ 4.66 AAm:

AVG work of compression 2.30E+01

AVG compression tan Modulus 9.35E+00

AVG stress 1.61E+02

AVG strain 9.84E+01

AVG STDEV stress 0.403814

AVG STDEV strain 7.285294

AVG STDEV work of compression 0.657784

AVG STDEV compression modulus 0.299219
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Figure (al.23) Compressive mechanical stress at failure of different ratios from GG and AAm

ICE network hydrogels.
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6- 0.66 GG+ 4.89 AAm:

AVG work of compression 1.05E+01
AVG compression tan modulus 1.85E+01
AVG stress 9.59E+01
AVG strain 4.46E+01
AVG STDEV stress 6.955433568
AVG STDEV strain 7.206127455

AVG STDEV work of compression 0.268635197
AVG STDEV compression modulus 8.337898403
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Figure (al.24) Compressive mechanical stress at failure of different ratios from GG and AAm

ICE network hydrogels.
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7- 0.44 GG+ 5.11 AAm:
AVG work of compression 1.45E+01
AVG compression tan modulus 4.97E+01
AVG stress 8.38E+01
AVG strain 4.38E+01
AVG STDEV stress 10.69532612
AVG STDEV strain 7.996293074
AVG STDEV work of compression 0.442588287
AVG STDEV compression modulus 0.202527327
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Figure (al.25) Compressive mechanical stress at failure of different ratios from GG and AAm

ICE network hydrogels.
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8- 0.33 GG+ 5.22 AAm:

AVG work of compression 1.79E+01
AVG compression tan modulus 2.28E+01
AVG stress 7.37E+01
AVG strain 5.04E+01
AVG STDEV stress 5.862989299
AVG STDEV strain 9.555670316
AVG STDEV work of compression 0.117451392
AVG STDEV compression modulus 0.869610277
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Figure (al.26) Compressive mechanical stress at failure of different ratios from GG and AAm

ICE network hydrogels.
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Oscillatory Rheological test figures:
a. Studying changing the ratio of MBAAM/AAmM on ICE network hydrogel:

1- 0.5 % (w/v) MBAAM:
Average LVE= 36827.27 Pa
STDEV= 16854.81 Pa

—e- G’ Storage modulus

45000 —o- G" Loss modulus

0.0001 0.01 1 100
€%

Figure (al.27) Strain Vs Storage modulus / Loss Modulus of 0.5 % (w/v) MBAAmM.
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2-

G’ /G" (kPa)

0.75 % (w/v) MBAAmM:

Average LVE = 32650 Pa
STDEV= 108.7114613 Pa
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Figure (al.28) Strain Vs Storage modulus / Loss Modulus of 0.75 % (w/v) MBAAM.

1% (w/v) MBAAmM:
Average LVE = 35144.44444 Pa
STDEV= 328.2952601 Pa
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Figure (al.29) Strain Vs Storage modulus / Loss Modulus of 1 % (w/v) MBAAmM.
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4- 2 % (w/v) MBAAM:

Average LVE = 3.15E+04 Pa
STDEV= 90.45340337 Pa
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Figure (al1.30) Strain Vs Storage modulus / Loss Modulus of 2 % (w/v) MBAAmM.

5- 2.664 % (w/v) MBAAmM:

Average LVE = 45400 Pa
STDEV = 209.7617696 Pa
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Figure (al.31) Strain Vs Storage modulus / Loss Modulus of 2.664 % (w/v) MBAAmM.
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6-

7-

G’ /G” (kPa)

3% (w/v) MBAAM:
Average LVE = 68700 Pa
STDEV = 582.046199 Pa

—o— G’ Storage modulus
—o- G" Loss modulus
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Figure (al.32) Strain Vs Storage modulus / Loss Modulus of 3 % (w/v) MBAAmM.

3.108 % (w/v) MBAAM:

Average LVE = 44820 Pa
STDEV = 414.9479705 Pa
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Figure (al1.33) Strain Vs Storage modulus / Loss Modulus of 3.108 % (w/v) MBAAM.
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8-

G’ /G” (kPa)

4 % (w/v) MBAAM:

Average LVE = 23073.33333 Pa
STDEV = 166.7618776 Pa
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Figure (al.34) Strain Vs Storage modulus / Loss Modulus of 4 % (w/v) MBAAmM.

5% (w/v) MBAAM:

Average LVE =  18021.42857 Pa
STDEV = 157.7659973 Pa

20000
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0.0001 0.01 1 100
£%

Figure (al1.35) Strain Vs Storage modulus / Loss Modulus of 5 % (w/v) MBAAmM.
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b. Studying the changing ratio of (Ca*?/ GG) on ICE network hydrogels:

1. 0 M CaClz:

Average LVE = 1921.25 Pa

STDEV = 9.91031209 Pa
2500
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Figure (al1.36) Strain Vs Storage modulus / Loss Modulus of 0 M CacCl,.

2. 0.01 M CaClz:

Average LVE = 12152.94118 Pa
STDEV = 150.4893977 Pa
20000
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Figure (al.37) Strain Vs Storage modulus / Loss Modulus of 0.01 M CaCl..
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3. 0.05 M CaCla:

Average LVE = 22141.66667 Pa
STDEV = 350.2746175 Pa
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Figure (al1.38) Strain Vs Storage modulus / Loss Modulus of 0.05 M CaCl..

4. 0.075 M CacCl::
Average LVE = 130444.4444 Pa
STDEV = 726.4831573 Pa
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Figure (al1.39) Strain Vs Storage modulus / Loss Modulus of 0.075 M CaCl.
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5. 0.1 M CaClz:

Average LVE = 264333.3333 Pa
STDEV = 2943.920289 Pa
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Figure (al1.40) Strain Vs Storage modulus / Loss Modulus of 0.1 M CaCl,.

6. 0.25 M CaCla:

Average LVE = 121000 Pa
STDEV = 2549.509757 Pa
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Figure (al.41) Strain Vs Storage modulus / Loss Modulus of 0.25 M CaCl..
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Figure (al.42) Strain Vs Storage modulus / Loss Modulus of 0.5 M CaCls.
8. 0.7 M CaClz:
Average LVE = 95420 Pa
STDEV = 645.7553716 Pa
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0.5 M CaClz:
Average LVE = 86175 Pa
STDEV = 2596.326076 Pa
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Figure (al.43) Strain Vs Storage modulus / Loss Modulus of 0.7 M CaCl,.
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9. 1M CacClz:

Average LVE = 39616.66667 Pa
STDEV = 98.31920803 Pa
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Figure (al.44) Strain Vs Storage modulus / Loss Modulus of 1 M CacCl,.

c. Studying the changing ratio of (GG/ AAM) on ICE network hydrogels:
1- 3.774 GG+1.776 AAm:

Average LVE = 12690 Pa

STDEV = 56.76462122 Pa

16000
14000
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Figure (al.45) Strain Vs Storage modulus / Loss Modulus of different ratios from GG and AAm

ICE network hydrogels.
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2- 3.4 GG+ 3.55 AAm:
Average LVE = 25642.85714 Pa
STDEV = 139.7276262 Pa
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Figure (al.46) Strain Vs Storage modulus / Loss Modulus of different ratios from GG and AAm

ICE network hydrogels.

3- 1.998 GG+3.552 AAm:

Average LVE = 211083.3333
STDEV = 1641.4763
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Figure (al.47) Strain Vs Storage modulus / Loss Modulus of different ratios from GG and AAm

ICE network hydrogels.
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4- 1.11 GG+4.44 AAm:
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Figure (al1.48) Strain Vs Storage modulus / Loss Modulus of different ratios from GG and AAm

ICE network hydrogels.

5- 0.88 AAm+ 4.66 GG:

Average LVE = 1.70E+04 Pa
STDEV = 5714.433085 Pa
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Figure (al.49) Strain Vs Storage modulus / Loss Modulus of different ratios from GG and AAm

ICE network hydrogels.
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6- 0.66 GG+ 4.89 AAm:

Average LVE = 21100 Pa
STDEV = 53.45224838 Pa
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Figure (al1.50) Strain Vs Storage modulus / Loss Modulus of different ratios from GG and AAm

ICE network hydrogels.

7- 0.44 GG+ 5.11 AAm:

Average LVE = 21100 Pa
STDEV = 53.45224838 Pa
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Figure (1.51) Strain Vs Storage modulus / Loss Modulus of different ratios from GG and AAm

ICE network hydrogels.
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8- 0.33 GG+ 5.22 AAm:

Average LVE = 2561.818182 Pa
STDEV = 28.60387768 Pa
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Figure (al.52) Strain Vs Storage modulus / Loss Modulus of different ratios from GG and AAm

ICE network hydrogels.

235



Appendix 2/ Novel hydrogel separator for spontaneous bifunctional
oxygen and hydrogen evolution by composite PEDOT/nano-Ni/rGO

films

This work is from the publication which is referred in chapter 8 from the manuscript "A novel hydrogel
ion-bridge capable of facilitating sustained, chemically-driven oxygen and hydrogen evolution from
water" which is currently under review by the journal Frontiers in Energy.

A2.1 Electrocatalytic and photoelectrocatalytic measurements

Figure 8.1(a)-(b) illustrates the PEC (photoelectrocatalytic) cell that was used in this study. The first
step was to perform linear swept voltammetry (LSV) in the range 1.1-1.5 V (2-electrode cell
voltage). Figure (a2.2) represents LSV of the two half-cell after 10 scans in both states with and
without light illumination. As can be seen in figure (a2.2), the current density of PEDOT/nano-
Ni/rGO films increased from 368 pA/cm? without illumination to 415 pA/cm? with light at 1.5 V
(where both films were exposed to light illumination). In addition, it was suggested that the nano-
Ni particles in the PEDOT/nano-Ni/rGO films became partially covered with NiO when the
potential in the LSV scan reached the range of 1.38-143 V [390] and above. With a NiO coating,
the catalyst could better respond to light due as NiO is well known to be a semiconductor that

absorbs light and co-operates with PEDOT and rGO through a synergistic effect. [391-392]
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Figure (a2.1) Linear Sweep Voltammogram (LSV) of PEDOT/nano-Ni/rGO films, on FTO
glass, in range (1.1-1.5 V; 2-electrode cell voltage). The anode was PEDOT/nano-Ni2s mg)/rGOs
mg) film in 0.2 M Na»SO. with pH 12 while the cathode was 0.1 PEDOT/nano-Ni2s5 mg/rGO .4 mg

yfilm (0.1 M H,SOy4). Scan rate: 5 mv/s.



The second step was to examine the chronoamperometric effects at cell voltages of 1.23 V and 1.5 V
respectively. The former, of course, is the minimum theoretical voltage (E°) needed to create water
splitting. The latter is just above the so-called “thermoneutral voltage” (E™), which equates to the
voltage at which water electrolysis is said to be 100 % energy efficient.

As can be seen in figure (a2.2 (a)), when 1.23 V was applied, the dark current was 140 - 142 pA/
cm?, and when the light was switched on, it has increased to 154 - 156 pA/cm?, meaning that 14
MA/cm? was a photocurrent arising from light illumination (IP(i) in figure (a2.2(a)). When a bias of
1.5 V was applied, the dark current was 366 - 373 pA/cm?, while, with light, it was raised to 386-
391 pA/cm?, producing 18-20 pA/cm? photocurrent (IP(ii) in figure (a2.2(b)).

In theory it is not possible to perform water-splitting at 1.23 V. However the chemical potential
provided by the differing conditions at the cathode and anode, along with the influence of the light
illumination, allowed the cell to readily split water at 1.23 V (albeit at a low overall current density).
The third step of this study was to perform chronoamperometry at 1.23 V and 1.5 V. The processing
time was set for fourteen hours. As can be seen in figure (a2.3), when the light was turned on, the
currents increased steadily at both 1.23 and 1.5 V. They stabilised after three hours of operation to
exhibit current densities of 484 and 192 pA/cm? at 1.23 and 1.5 V respectively. The current at 1.5
V started to degrade gradually to 59 % of its stabilised current after fourteen hours of PEC operation.
However, the current density was still better than that exhibited at 1.23 V, which also exhibited a
high initial photocurrent density of 225 pA/cm?. In contrast, the current density at a bias of 1.23 V
was more stable over fourteen hours of operation and dropped to only 88.2 % of its stabilised current

of 55 pA/cm2.
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Figure (a2.2) Chronoamperogram of catalytic water-splitting with and without light illumination (ca.
0.25 sun), of FTO glass slides coated with PEDOT/nano-Ni-nano/rGO as illustrated in Figure 8.1 at a

2-electrode cell voltage of: (a) 1.23 V and (b) 1.5 V, respectively for one hour of operation.
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Figure (a2.3) Chronoamperogram of catalytic water-splitting with and without light illumination
(ca. 0.25 sun), of FTO glass slide electrodes coated with a PEDOT/nano-Ni-nano/rGO as
illustrated in Figure 8.1 at a 2-electrode cell voltage of: (a) 1.23 V and (b) 1.5 V, respectively for

fourteen hours of operation. (*=’light on’, #=’light off).
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Appendix 3/ Explanation for clarification

1. Clarification for statement on Chapter 3, p98:
The MCYV intable 4.3, p98 for PAAmM 6 M LiCl is 810 Pa.s. This value was the MCV for
PAAmM +6 M LiCl measured at -6 °C. However, the MCV value for the same hydrogel in Fig.

4.5c¢ shown below approximately 690 Pa.s measured at 20 °C.

GTat20 MCVat20-°C . MCV at -6 °C
Hydrogel . GTat-6 °C (min
ydrog °C (min) (Pa.s) (min) (Pa.s)
AAM 20 387+2 37 41042
AAM+2.7 M NaCl 15 2250+2 20 2650+10
AAmM+6 M LiCl 5 73040 8 810+27
a) 6 T b) 12
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; 300 'é 0 ‘E 300 § |
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] E £
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2. Clarification for statement on chapter 5, p104:

The candidate characterised the capacitance inthe same way of characterising the resistance and the current
as shown below:
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After assessing the capacitance of the SSD, the device detected a similar amplitude signal to the shape
resistance of the signal generated after applying the compressive stress. Therefore, the figure was not added
within the chapter because it displayed the same stress threshold and same resistance signal shape.
Moreover, this study concluded that the operation of the SSD depends on the physical contact (on /off the
device) between two layers of the conducting hydrogels performed through the perforated VHB layer.
3. Clarification for statement on Chapter 6, p119:

The black colour in Fig. 6.2 in page 119 represents the interface layer of the hydrogel with the

VVHB tape layer which is called the robust interface as shown in the following illustrated figure:
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4. Clarification for statement on chapter 7, p127:
1. P127 how was surface area measured and what are the units (cm? per what?)
Surface area = ((2 * width (cm)* height (cm)) + (4 * length (cm) * height (cm)))= cm?
2. Is it just based on the dimensions of the sponge in which case it should expand with water?

Yes
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