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Abstract

Implantable bioelectrodes have the potential to advance neural sensing and muscle
stimulation, especially in cases of peripheral nerve injuries. In such cases, the
application of electrical stimulation to the muscles prevents muscular atrophy and
helps to bridge the gap between the injured nerve and the corresponding muscle.
Conventional materials for these implantable electrodes are usually metals, but they
suffer from several limitations ranging from mechanical mismatch to immunological
responses. Another problem is damage to tissues due to mechanical forces exerted on
soft tissues by the stiff mechanical electrodes. Therefore, there is a need for the
development of flexible, durable implantable electrodes with low interfacial
impedance characteristics. This thesis discusses the fabrication and characterization of
novel, low-cost, flexible bioelectrodes based on silicone polymer (polysiloxane) and
other electrode materials, including titanium dioxide and stainless steel powder as
well as their combinations. For this purpose, this work synthesized and characterized
three types of implantable electrodes based on their electrochemical and mechanical
properties; where titanium dioxide, stainless steel, and a mixture of the two were used
as the main conducting components for fabrication. The titanium dioxide-based
samples exhibited a bulk impedance of 353+13.5 Q with an impedance of 198+183
kQ at frequency of 1 kHz; in addition, they had a modulus of elasticity of 4.52+1.15
MPa. The stainless steel-based electrodes had a bulk impedance of 1.69+1.16 kQ and
an impedance of 1.21+1.13 MQ at frequency of 1 kHz, and they had a modulus of
elasticity of 0.722+0.393 MPa. The third type, which was a mixture of both titanium
dioxide and stainless steel-based samples, had a bulk impedance of 1.71+0.849 kQ
and an impedance of 191 £ 160 kQ at frequency of 1 kHz; along with a modulus of
elasticity of 0.453+0.32 MPa. The results for the silicone with metal powders showed
promising electrochemical and mechanical characteristics with flexible and ductile
properties, with the titanium dioxide-based material performing the best. Compared
with the values reported in the literature, the results show superior performance. Thus,
supporting the composite material’s potential for being used in implantable electrode

applications.

Keywords: implantable electrodes; conductive polymers; electrochemical
impedance spectroscopy; silicone-titanium dioxide, silicone-stainless steel.
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Chapter 1.  Introduction

In this Chapter, an introduction of implantable bioelectrode material is
presented, followed by an overview of the topics examined throughout this study, as
well as the thesis’s contribution. Finally, general organization of the thesis proposal is

provided.

1.1.  Overview and Problem Formulation

Bioelectrodes serve as the interface between the body and instrumentation
system, carrying out functions like recording electrical activity from the body and/or
stimulating units within the body [1]. Flexible bioelectrodes are one of the most
prominent ventures in the bioelectrodes field. While neuroprosthetic programs have
shown remarkable results for neurological injuries, the need for implantable
electrodes has intensified. Primarily, market bioelectrodes are metal-based, ranging
from noble metals such as platinum-iridium alloys to non-noble metals as stainless
steel. Such bioelectrodes face complications originating from mechanical mismatch,
shown in Figure 1.1, between the body soft tissues with the rigid electrode; this issue
arises in implantable applications as it causes chronic inflammatory response, due to
the repetitive abrasion between the two surfaces with tissue and/or electrode micro-
motion [2-4]. Additionally, the smooth exterior of metal-based electrodes suppress
cell attachment to the surface, creating an inconsistency that triggers the immune
system to attempt encapsulating the electrode and repeatedly try to decompose it.
Consequently, the electrodes’ electrical impedance and mechanical integrity is
affected in addition to a risk of creating cytotoxic elements [2, 5]. Several clinical
trials have been supported with in-vivo testing, an example is a study conducted on
mice: an implanted silicon microelectrode array caused neuronal cell loss in the

surrounding tissue [5]; other studies have arrived at the same conclusion [6-8]

Tungsten microwire array: | [Silicon Utah array
200 GPa 150GPa

E 100 GPa 1GPa 1 MPa 1kPa

[Cortical bone: ~10GPa | [Skin:10-100kPa | "Spuml cord and brain: ]
L

@ Biological tissue 100Pa to 10kPa

0 Neural implants [Dura mater: ~1MPa

Figure 1.1: Commercial neural electrodes mechanical mismatch with nervous tissue. Figure reproduced
from ref. [9] with permission from Springer Nature publication
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Although research has offered various solutions to these limitations, including
organic coating of metal electrodes [10] and synthesis of metal-polymer hybrids, none
have been able to provide materials that excel in all needed qualities. This thesis
presents the fabrication and properties of novel bioelectrode material with comparable
properties to those of conventional electrodes. The material is composed of silicone
polymer (polysiloxanes), metal powder of titanium (IV) dioxide (TiO;) or stainless
steel (316 grade) powder or both, and glycerol. The prepared material is
biocompatible, flexible and conductive at comparable levels to those of conventional

electrodes.

1.2.  Thesis Objectives

Within this work, we aim to produce a low-cost, bioelectrode material that is
biocompatible and stable over time, to prevent foreign body response during long-
term implantation. Additionally, it should possess mechanical properties that are
comparable to the muscular and neural body tissue, and electrical conductivity, to
transmit the electrical impulses to the target tissue. Thus, we designed our electrodes
to be composed of a composite mixture of silicone polymers and metal-based
material. The polymers provide the desired mechanical properties while the metals

provide conductivity. In order to achieve our goal we performed the following:

e Prepare electrodes with different combinations of polymer and metal/metal oxide:
o Silicone + titanium dioxide
o Silicone + stainless steel
o Silicone + stainless steel + titanium dioxide

e Conduct testing protocols to assess the electrical, electrochemical, mechanical,
durability and biocompatibility properties of the prepared material.

e Based on the testing results, optimize the electrodes performance and
electrochemical and mechanical properties by varying the composition (mass %)
of the different components (polymers, metals...etc) and monitoring the effect on

the electrode properties.

1.3.  Research Contribution
Research work has been going in the field of implantable electrodes [4, 10-
12], and different electrodes materials were investigated including noble metals such

as gold, or conductive polymers such as PEDOT:PSS. Although functional, these
17



materials still suffer from different limitations. In this project, titanium dioxide and
stainless steel are proposed to fabricate implantable electrodes. The combination of
titanium dioxide/stainless steel within silicone polymer and glycerol (to improve
mixing and conductive properties) is investigated for the first time in the literature.
Generally, silicone has been used as an insulating material due to its biocompatibility
and stability [13]. The result of this work would be the fabrication of functional
implantable flexible electrodes at a lower cost and obtain improved properties such as

flexibility and lower interfacial impedance.

1.4, Thesis Organization

The rest of this thesis is arranged as follows: Chapter 2 reviews background of
anatomy and physiology of the body’s nervous system, followed by a discussion of
bioelectrodes types and materials, then applications of the implanted bioelectrodes are
examined. Chapter 3 discusses the experimental plan, the preparation process, in
addition to the assessment methods of bioelectrode material and the preliminary
results obtained so far are presented. Chapters 4, 5 and 6 discuss the results of
assessing titanium dioxide, stainless steel and the mixture of both, respectively. In
Chapter 7 the results are discussed. Finally, Chapter 8 consists of the conclusion and

suggested future work.
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Chapter 2. Literature Review

In this chapter, the nervous system and its anatomical and physiological
components are reviewed. Then, an examination of bioelectrodes, their types,
compositions and medical application is presented. Finally, clinical trials based on

implantable electrode systems are discussed.

2.1.  Nervous System

The nervous system is responsible for regulating the body’s main functions, it
is a rapid control system that conducts its signals via electrical nerve impulses that
stimulate muscles and gland [14]. It is an inherently complex system with many
classifications to explain its functionality.

2.1.1. Structural classification. The nervous system is structurally divided
into the central nervous system (CNS) and the peripheral nervous system (PNS). The
CNS consists of the brain and the spinal cord, whereas the PNS comprises of
everything else. These two systems are coordinated in such way that the PNS is
responsible for sensory input and carrying out signals generated by the CNS in
response [14].

2.1.2. Functional classification. The PNS is further classified into the
sensory branch (Afferent) that transmits sensory inputs to the CNS, and the motor
branch (Efferent) that carries ensuing output from the CNS to stimulate
muscles/glands [14]. Even though the PNS controlling effects are mostly involuntary
(autonomic control) with sympathetic and parasympathetic systems, there is also the
segment that controls the skeletal muscles, which falls under voluntary control that is
the somatic subdivision [14].

2.1.3. Nervous tissue. Comprising of only two main types: Nerve cells
(neurons) and glial (supporting) cells, in which neurons represent the structural/
functional unit of the nervous system [15]. While the neurons are responsible for
conducting the impulses to and from the CNS, they are fragile and in need of support
in the form of nourishment, insulation and protection that is provided by the glial
cells. There are many types of glial cells, such as schwann cells that form the myelin

sheath to insulate PNS axons, allowing faster nerve impulse conduction through the
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axons [15]. Furthermore, research has shown that they are crucial for the peripheral
nerves regeneration (discussed in 2.3.4) [17].

2.1.3.1. Neuron structure. As shown in Figure (2.1), there are basic
structures that are prevalent in all the neurons in the nervous system; the cell body and
its processes: dendrites, which are relatively shorter and responsible for receiving
signals, and axons (nerve fibers) that are longer and transmit the signal to other
neurons at the synaptic cleft [14]. Within the cell body there are many internal
structures, including neurofilaments that give rise to neurofibrils, structural
component that provide form and strength to dendrites and axons [15]. Moreover,
there are layers that envelope the axons in most neurons, called the mayelin sheath,
formed by the glial cells (oligodendrocytes in CNS, schwann cells in PNS). The
myelin sheath is responsible for supporting and insulating the axons, in addition to
boosting up the nerve impulse along the axon with the help of the nodes of ranvier,
which are gaps within the myelin sheath at evenly matched distances [14]. The myelin
sheath formed by the schwann cells has an outer layer referred to as the neurilemma,
composed of the cytoplams of the schwann cells; it plays an important role in the

regeneration process of the PNS neural axons [15].

Dendrites

> Cell body
Nissl bodies

Figure 2.1: Neuron basic structure. Figure reproduced from ref. [16] with permission from Wolters
Kluwer Health publication

2.1.3.2. Neuron functional classification. Based on the direction of the
electrical impulse, to or away from the CNS, neurons can be classified into sensory
(afferent) neurons and motor (efferent) neurons. Sensory neurons’ cell bodies exist in
ganglions outside the CNS, and they are characterized by specialized receptors within

their dendritic endings. Whereas, motor neurons carry impulses to the effector
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structure and to the interneurons that attach to both types and are important for reflex
reactions [14].

2.1.3.3. Nerve impulses. At resting state, the plasma membrane of a neuron
axon is polarized. When a part of the neuron is stimulated, it starts to depolarize and
an action potential is formed at the site of depolarization, after some period, the
membrane starts to go back to its resting state while the next part goes through
depolarization [14]. Figure 2.2 shows nerve impulse propagation process through
unmyelinated axons, in which the axon membrane has to undergo
depolarization/repolarization in a process referred to as continuous conduction, a
relatively slow process [15]. However, in motor neurons in which the nerve impulse
has to travel in a more rapid manner, the process is different due to the presence of
myelin sheath, an insulator that causes the action potential to form only at the gaps
(nodes of ranvier), and travel along the axon in a process called saltatory conduction
[15, 17].

2.1.3.4. Axon regeneration. As a delicate tissue, PNS axons are susceptible
to injuries and damage; nonetheless, if small parts of neurilemma remain, the axon
can be regenerated. This regeneration process depends on the extent of the injury,
production of nerve growth factors by neurilemma, and the gap length between the
damaged axon and the effector organ, as shown in Figure (2.2) [15]. The regeneration
process is referred to as Wallerian Degeneration, explained in Figure (2.3), and it is

guided by the schwann cells [15].
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Figure 2.2: Peripheral nerve axons’ regeneration process. Figure reproduced from ref. [18] (CC BY-NC
4.0)
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Figure 2.3: Axon regeneration process. Adopted from ref. [15]

2.2.  Bioelectrodes

As the interface between the electronic system and biological tissue, the neural
electrode must have the ability to register the bioelectrical signals within the body and
deliver any stimulation signal from the instrumentation system to the target tissue
(nerve/muscle), thereby functioning in a bidirectional manner. In this work, the focus

will be on PNS electrodes, and their types and compositions will be discussed as such.
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Figure 2.4: Types of bioelectrodes interfacing with PNS. Figure reproduced from ref. [19] with
permission from John Wiley and Sons publication

2.2.1. Types of bioelectrodes. PNS electrodes are inserted next to,
surrounding or within the peripheral nerve trunks or spinal roots [15]. With respect to
the invasiveness and selectivity of the bioelectrodes, they can be classified into

different groups, arranged in Figure 2.4.
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2.2.1.1. Surface electrodes. Also referred to as transcutaneous electrodes,
such electrodes are minimally invasive; they are employed in physiological signals
recording such as electrocardiogram (ECG) and electroencephalogram (EEG) in
addition to the stimulation of nerves/muscles close to skin surface. However, such
electrodes have little selectivity, and therefore cannot be used in precise nerve
stimulation [19]. An example of such electrode is the silver/silver chloride electrodes.

2.2.1.2. Muscle electrodes. That include epimysial electrodes, which are flat
strips secured on the epimysium of the muscle, and intramuscular percutaneous
electrodes that generally consist of exposed tip of a conductive wire; for instance,
Teflon-insulated stainless steel wire, inserted into the intended muscle. These
electrodes deliver electrical signals to nerve fibers interconnected within the muscle,
they can also record good quality electromyogram (EMG) signals. However,
maintaining muscle stimulation is a complex procedure that requires multiple
electrodes and proper calibration; additionally, the needed stimulation charge is much
higher due to the lack of direct connection with the nerve fibers [19].

2.2.1.3. Neural electrodes. Such electrodes are classified into extraneural and
intraneural electrodes depending on the insertion site. These electrodes are
customarily manufactured from flexible material such as silicon, for protection and
insulation, with specific conductive points that are placed in contact with the nerve.

2.2.1.3.1.  Extraneural electrodes. These neural electrodes are usually
attached to the epineurium of the PNS and they vary according to their attachment
method. The subtypes of these electrodes include epineurial and helicoidal which are
implanted alongside the nerve. Additionally, there are circumneural (cuff) electrodes
that envelope the nerve fibers with little flexibility, and flat interface nerve electrodes
(FINE) that directly press and enclose the nerve. There is also interfascicular
electrode that slightly differs from its counterparts; these are implanted via puncturing
the epineurium to establish contact with the nerve fascicles [1, 19].
2.2.1.3.2.  Intraneural electrodes. These neural electrodes have improved
accuracy and signal-to-noise ratio in comparison with extraneural electrodes. They
consist of intrafascicular electrodes that are implanted directly onto the designated
nerve fascicle, in addition to penetrating microelectrodes that are miniaturized arrays
of intrafascicular electrodes. Furthermore, there are regenerative electrodes that
incorporate arrangements of spaces designated for severed PNS axons, which guide
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the regenerating axons and transfer electrical signals to facilitate in the reconstruction
process [17, 19].

2.2.2. Implantable electrode material. The material used in manufacturing
implantable electrodes, consisting of muscular and neural electrodes, is of paramount
importance with multiple factors, shown in Table 2.1. Commonly used material in

implantable electrodes include: inert metals and conductive polymers.

Table 2.1: Factors influencing material selection for bioelectrodes [1]

Electrode Surface area, geometry, and surface condition
Electrical Potential, current, and quantity of charge
Environmental Mass-transfer variables and solution variables
Engineering Availability, cost, strength, and fabricability

2.2.2.1. Inert Metals. Traditional bioelectrode interfaces were metal based,
including inert metals such as platinum (Pt), gold (Au) and silver (Ag), in addition to
metal alloys such as platinum-iridium (Pt-Ir) [1, 2]. Platinum is the leading material in
neural prosthesis [2] and deep brain stimulation (DBS) [11]. However, such platinum
electrodes are inherently rigid and have mechanical mismatch with the soft tissue; this

is demonstrated in the log-scale plot of Figure 2.5.

Iridium
Carbon fiber
100 GPa Silicon, a-SiC
10 GPa Platinum
Gold
1 GPa SU-8, Parylene C
Thin polyimide array
100 MPa
10 MPa Nanocomposite
1 MPa Dura mater
100 KPa
<— Skin: 10 KPa to 100 KPa
10 KPa
1 KPa <— Spinal cord and Brain Tissue: 100 Pa to 10 KPa

Figure 2.5: Log scale plot for young’s modulus of common material for implantable bioelectrodes.
Figure adapted from [20]
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This issue arises in implantable applications as it causes chronic inflammatory
response, due to the repetitive abrasion between the two surfaces with tissue and/or

electrode micro-motion [2-4].

Additionally, the smooth exterior of metal-based electrodes, as shown in
Figure 2.6, suppress cell attachment to the surface, creating an inconsistency that
triggers the immune system to attempt encapsulating the electrode; thereby increasing
the electrode’s impedance, and repeatedly try to decompose it; thus risking a

possibility of creating a cytotoxic elements [2].

Bare gold

Figure 2.6: SEM image of gold flexible multi-channel microelectrode. Figure reproduced from ref. [21]
with permission from Elsevier publication

There has been research work to overcome foreign body response (FBR) by
coating metal electrodes with organic coating [22], particularly in the work of Harris
et al [10], in which iridium-based electrodes were coated with polypyrrole (Ppy) and
3,4-ethylenedioxythiophene (PEDOT). On the other hand, market implantable
electrodes are generally metal-based with polymer coating layer, such as NeuroNexus
that fabricate neural electrodes that are coated with silicon or polyimide (PI) [23].
Besides with the rigidity of the metals, the issue of mechanical mismatch remains
unresolved.

2.2.2.2. Conductive polymers. Of the many proposed substitutes of metal
bioelectrodes, the use of conductive polymers presented a breakthrough in the
bioelectrode materials research. They possess high conductivity [24-30], and
improved mechanical properties [29, 30]. In addition, the physical and chemical
properties can be adjusted according to the function, via the incorporation of organic
components [27, 31, 32].
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2.2.2.2.1.  Polyimide (PI). Composed of a chain of imide monomers, this
polymer has the properties of high conductivity with doping [33], and insulation as a
pure polymer [4, 33], as well as the biocompatibility in long-term implantation [4]. In
addition, it possesses the required chemical and mechanical stability under
physiological conditions [34]. Consequently, Pl has been used in multiple biomedical
application i.e. neural probes exemplified by NeuroNexus neural probes [23].
However, Pl is a rigid material with a modulus of 6 GPA approximately [35].
Moreover, it is a brittle material that can only reach an elongation of <10% before
rupturing [34]. Such limitations affect the PI’s implantable applications.

2.2.2.2.2.  Polyaniline (PANi). Also referred to as aniline black, this
polymer is made up of aniline monomers [36]. It has been researched extensively in
the past 20 years, due to its relatively low cost, ease of synthesis, stability and easy
modifications [37-41]. However, similar to PIl, PANi is rigid, and it is not a
biodegradable material that can cause chronic inflammation for long-term implants
[38, 42, 43]. Even so, there are researches into incorporating PANI into biosensors
and drug delivery applications [44, 45].

2.2.2.2.3.  Polythiophene (PTh). Polymerized thiophene monomers that
become conductive when oxidized [46]. It has many derivatives, including poly(3,4-
ethylenedioxythiophene) (PEDOT), which along with its modification poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) has been proposed as
one of the best conductive polymer, due to its high conductivity, in addition to
chemical, electrical, environmental and thermal stability under physiological
conditions [29, 30]. Therefore, PEDOT:PSS has been used in medical applications i.e.
biosensors [36], neural electrodes and nerve grafts [30, 47]. Unlike other conductive
polymers, PEDOT:PSS is relatively ductile material, however, it is still rigid with its
thin films having a modulus 1.8 GPa approximately, indicating issues arising from
long-term implantation [48].

2.2.2.2.4.  Polypyrrole (PPy). The precedent of conductive polymers, as it
is the most studied polymer for bioelectrodes, especially with its simple fabrication
and modification [24-27, 32, 49, 50], biocompatibility [24, 25, 32, 51], in addition to
its high electrical conductivity and stability [24-28]. Despite such promising
properties, polymer it is a rigid and brittle material [32, 36, 52], and when fabricated,
it is difficult to process [53], therefore, limiting its long-term implantation
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applications. However, it has been widely used in neural tissue engineering [36, 54-
57] and drug delivery systems [27, 36].

2.2.2.2.5.  Poly (3, 4-Ethylenedioxythiophene) (PEDOT). Considered to be
the most promising conductive polymer for its properties of high conductivity and
easy processing [58]. Figure 2.7 shows an SEM image for a PEDOT-based
microelectrode. It is commercially available as aqueous dispersion that can be used to
form thin films via solvent casting or spin coating [59]. Recent research projects have
included PEDOT Polystyrene Sulfonate (PEDOT:PSS) in bioelectrodes, biosensors,

organic electrochemical transistors and for coating of metals [60-62].

PEDOT/pTS

Figure 2.7: SEM image of PEDOT flexible multi-channel microelectrode. Figure reproduced from ref.
[21] with permission from Elsevier publication

To summarize, conductive polymers have superior electrochemical and
biocompatibility properties. However, their mechanical properties are still restricting

their implantable applications due to their rigidity and brittleness material.

2.3.  Electrical Stimulation

As the interface with the biological tissue, implantable bioelectrodes dualistic
function of recording and delivering electrical signals has been capitalized in many
medical and therapeutic applications, including neuromodulation (NM) and functional
electrical stimulation (FES).

2.3.1. Neuromodulation (NM). Largely used in pain subjugation, this type
of practice depends on the application of electrical stimulation to the afferent nerves
advancing to the brain and spinal cord, which induce a variation in the excitatory or
inhibitory signals of the neural network [20, 63]. Pain management by means of NM
is based on Melzack and Wall’s ‘‘gate control theory of pain’’, that explains the
inhibitory effect of stimulating specific fibers on the pain nerve pathways within the

spine; the concept is also applied on spasticity disorders such as Parkinson’s disease
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[64]. Additionally, NM is an established practice in managing conditions of
respiratory problems such as hypoventilation [65], bladder [66] and bowel disorders
[67], in addition to augmentation of sexual function [68]. Such stimulation is
accomplished by means of transcutaneous electrical stimulation (TENS), peripheral
nerve, spinal cord, cortical or deep brain simulations [64].

2.3.2. Functional electrical stimulation (FES). Similar to NM, an electrical
signal is applied to nerves; however, in FES, the motor neurons and their
corresponding muscles are targeted; additionally, muscular contractions are
synchronized to perform their functions. This treatment is focused on attenuating
muscle atrophy [69] whilst simultaneously facilitating the neural connection
reparation [20]. Although stimulation electrodes are commonly attached to the
muscles (muscles electrodes), the applied stimulation is more likely to activate the
nerves rather than the muscle fibers due to their lower threshold. Accordingly, FES’s
purpose is the recovery of the neuromuscular activity in cases of partial or complete
spinal/brain lesions that lead to loss of voluntary motor control. In such cases, the
connection between the lower (spinal) motor neurons innervating the muscles, and the
upper (cortical) ones is severed; consequently the voluntary activation fails and the
patient loses movement ability [70].

There have been multiple FES systems produced for rehabilitation of upper
and lower extremities, in addition rectification of disorders in bladder, bowel and
respiratory system [70]. Furthermore, FES has been utilized in exercise regimen for
healthy adults and athletes [71]. Such systems utilize a closed-loop model as shown in

Figure 2.8.
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Figure 2.8: Basic model for closed-loop electronic control in FES. Figure adapted from ref. [20]
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In addition to preventing muscle atrophy, electrical stimulation has shown
significant results in peripheral axonal regeneration, this is stipulated by the presence
of schwann cells in the injury site. In the paper “Electrical Stimulation of Schwann
Cells Promotes Sustained Increases in Neurite Outgrowth”, it was demonstrated that
the electrical co-stimulation in vitro of neurons and schwann cell advanced neurite
outgrowth, this has been supported by numerous studies that show larger neurite
outgrowth with electrical stimulation [12, 17, 44, 72-75].

There have been multiple clinical trials of FES in upper and lower extremities.
An example is the implanted stimulator-telemeter (IST-12) system shown in Figure
2.9, consisting of an 8-channel system with 8 epimysial electrodes for stimulation and
2 EMG electrodes for control [76]. The system was implanted in patients suffering
from upper spinal injuries leading to the loss of arm movement, and was evaluated
over a period of 2 years. The merit of the system was the use of closed-loop model
with no external controls needed. The trial results showed a considerable
improvement of daily activities, as shown in Figure 2.10, and no device failure [76].
This is backed up by additional clinical trials for upper extremity FES systems,

including the freehand system [77].
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Figure 2.9: Sketch of implanted upper-extremity neuroprosthesis using myoelectric control. Figure
reproduced from ref. [76] with permission from Elsevier publication

A, N i E ,
Figure 2.10: Daily activities of patients two years post-implantation. Figure reproduced from ref. [78]
with permission from Elsevier publication
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In regards to complex lower limb movements, over 48 muscles have to be
stimulated and managed [79]. Multiple studies have attempted to simplify this
process; i.e. stimulating simpler motion of foot inversion/eversion using implanted
two-channel systems [80]. Whereas other trials have incorporated more complex
systems to generate simple motions such as standing or transferring, such as the trials
carried out at the Case Western Reserve University, with an 8-channel system,
consisting of epimysial electrodes, that was tested over the period of 4 years and had
successful results [81]. In addition to FES systems progress in peripheral nerve
rehabilitation; there have been successful trials in improvement of gait patterns for
stroke patients, similar to the rehabilitation departments of Sun Yat-sen Memorial

Hospital after 3 weeks of training [82].
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Chapter 3.  Methodology

In this chapter, the preparation protocol of the samples is discussed, in
addition to the testing methods used to assess the material’s electrochemical and

mechanical properties.
3.1.  Sample Electrode Preparation

3.1.1. Material selection. In this thesis, novel bioelectrode batches were
synthesized from silicone polymer, with titanium dioxide or stainless steel powders or
both, in addition to glycerol. Silicone has been used in neuroprosthetic interfaces [83]
and plastic surgery implants for many years and showed good biocompatibility with
little to no immunological response [84]. In addition to the recent research into
employing it for biosensor applications [85]. On the other hand, titanium dioxide
(TiOy) is a metal oxide that possesses valuable conductive and biocompatible
properties [86-88]. Similarly, stainless steel has been widely used in medical implants
due to its excellent biocompatibility properties [89, 90]. Additionally its’ electrodes
have been reported to produce very little immunological reaction with resistance to
corrosion when implanted long term in clinical trials [91] and in animal trials [92].
Glycerol has unique properties of biocompatibility and stability [93] in addition to its
conductivity [94], and it assists in mixing and dispersion.

The material to be used are the commercially available silicone sealant from
Red Devil (100% silicone), titanium (IV) oxide powder (Anatase > 99%, —325 mesh)
from Sigma-Aldrich, stainless steel powder (AISI 316 alloy, Fe/Cr18/Nil10/Mo3, 45
um) from GoodFellow, in addition to glycerol (C3HsOs3) (Certified ACS from Fisher,
assay > 99.5%).

3.1.2. Preparation protocol. After obtaining the needed ratio needed for the
batches, the mixture is mixed well manually for a two minutes at most until a uniform
blend is achieved. Then, the material was set in custom-made Teflon mold, shown in
Figure 3.1a, prepared in the machine shop on campus, with a length of 5.0 cm, width
of 0.6 cm and thickness of 0.2 cm. These are left to dry for 24 hours in the fume hood

at room temperature, (Figure 3.1b shows a finalized batch).
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Figure 3.1: (a) Teflon mold (b) Bioelectrode batch prepared with a ratio (50% of silicone, 30% titanium
dioxide and 20% glycerol)

3.1.3. Ratio testing. Initially, multiple batches with different ratios of the
material are tested to determine the optimal ratio of the materials. The tested ratios
were 70% silicone, 15% metal powder and 15% glycerol, and 50% silicone, 30%
metal powder and 20% glycerol, this can be justified by glycerol proportion as it
cannot exceed 20% or the prepared batches will not dry properly. Additionally, if the
metal powder proportion exceeded 35%, then it will hinder mixing and a uniform
mixture becomes difficult to achieve. After the initial testing, multiple batches were
prepared from 50% silicone, 30% metal powder and 20% glycerol; this ratio showed
the best performance as will be discussed in the following section. Statistical analysis
was performed on the prepared batches based on either titanium dioxide or stainless

steel to verify the reproducibility.
3.2  Sample Electrode Characterization

3.2.1. Electrochemical impedance spectroscopy (EIS). A non-destructive
assessment technique that involves evaluating the corresponding impedance to a
sinusoidal input of varying frequency, with a mathematical approach analogous to
Ohm’s law; interdependency of sinusoidal voltage potential E(t) with a frequency of
(w) and corresponding current I(t) with the same frequency and a phase shift of (@),

accordingly the electrochemical impedance is calculated as shown in equation 3.1.

Z00) = T3 = Tyt = 20 e &

where
E(t) = E e/t (32)
I(t) = I,e/wt-I® (3.3)
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Z(w) = |Z,1e/® = |Z,| cos @ + j|Z,|sin® = Zg, + jZim (3.4)

Thus, the impedance can be expressed as a sum of the real (Zge) and imaginary
impedance (Zm), this is utilized in the Nyquist Plot, in which the real impedance is
plotted against the imaginary impedance at each frequency. The importance of such
representation is that it allows the determination of the analogous electrical circuit and

its components [95].
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Figure 3.2: Equivalent Randle’s circuit and its corresponding Nyquist and impedance bode plots [95]

The model, shown in Figure 3.2, is composed of a resistor in series with a
parallel combination of a second resistor and a capacitor. Its corresponding nyquist
plot is a semi-circle with an x-axis intersection, at high frequencies, representing the
ohmic/bulk resistance; also, the diameter is equal to the charge transfer resistance,
originated from the electrochemical reactions. While the capacitance of the double
electric layer that is loaded along the electrochemical reaction is found via the

calculation of the highest impedance magnitude [95].

Figure 3.3: Potentiostat (SP-200, Biologic) with customized cell
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EIS was conducted on the batches prepared, it was performed using
Potentiostat (SP-200, Biologic), shown in Figure 3.3, in which a customized cell with
stainless steel electrodes was used, the electrode samples’ cross sectional area was
0.785 cm?. The applied voltage was set to 10 mV with a frequency range of f; = 7
MHz to f; = 100 Hz, while the software (EC lab software v11.02) recorded the
response of the sample. The data was fitted into the model shown in Figure 3.2, and
analysed as such. Additionally, the impedance at 1 kHz was extracted, as it represents
the neural activity frequency [96]. Moreover, the test samples’ thickness and cross-
sectional area were measured using vernier caliper. This will be used to calculate the

material’s conductivity based on equation 3.5 [95].

o = 4 3.5
"~ Rsx A (35)

where T is the thickness, A is the cross sectional area and Rs is the electrical

resistance.

3.2.2. Cyclic voltammetry (CV). A non-destructive qualitative test that
enables the investigation of reduction/oxidation reactions on the molecular level [97],
it is carried out by applying a cyclic potential at the electrode and measuring the
generated current within, then plotting the data in a voltammogram, as shown in
Figure 3.4. The peaks height and location are recorded and used in the

characterization process [98].

f A
/ B
)] //C
.--\-T"'.‘\"
S ’
2
.{,ﬂ-
0.2 0.2 0.6
Potential /W

Figure 3.4: General voltammograms for (A) reversible, (B) quasi-reversible, and (C) irreversible
electron transfers. Figure reproduced from ref. [98] with permission from Springer Nature
publication
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Cyclic voltammetry is an important tool to understand the reduction/oxidation
reactions and possible adsorption process that takes place when alternating voltage is
applied, in addition to ascertaining the stability of reaction products or the possibility
of intermediates. Additionally, it helps to interpret the Kinetics of electron transfer
[97, 98]. The test was carried out in the same equipment used for EIS, Potentiostat
Potentiostat (SP-200, Biologic), with similar frequency range, fi=7 MHz to f; = 100
Hz, while the voltage range will be from -2V, 2V. In addition, software (EC lab
software v11.02) was used to record and analyse the data.

Furthermore, the data was used to calculate the Charge Storage Capacity
(CSC), which represents the upper limit of charge density allowed during a single
pulse of electrical stimulation [97, 99]. Based on D. Park et al, CSC can be calculated
by integrating the cathodal current density, which is the recorded current divided by
the samples area of 0.785 cm?, followed by dividing by the square root of scanning
rate [99].

3.2.3. Mechanical testing. The testing method chosen was a quasi-stastic
uniaxial tension test using Instron (5582 Universal Testing Method, Instron), in which
a batch undergoes controlled tensile force until failure. The data were plotted in a
stress-strain format, similar to Figure 3.5, and the parameters chosen to be studied
were the modulus of elasticity and elongation% as they are indicators of flexibility

and ductility respectively.
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Figure 3.5: Typical stress-strain curve for tensile testing of polymer film. Figure reproduced from ref.
[100] with permission from Springer Nature publication
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The batch, as shown in Figure 3.6, was subjected to a displacement rate of 5
mm/min, and the test was carried out until rupture, then the results were displayed and

extracted by Instron Bluehill.

Figure 3.6: Mechanical test performed for TiO,-based batches

3.2.4. Impedance with time test. For better understanding of the effects of
long-term implantation on the material’s properties, multiple samples were immersed
in a neural tissue model comprising of phosphate buffer solution (PBS) and agrose gel
[101] for eight weeks with a one-week testing interval. At the end of each week, an
EIS test was performed to measure the change of impedance with time. The benefit of
this test is to evaluate the durability/impedance of these implantable electrodes as a

function of time when exposed to body fluids.

3.2.4.1. Glycerol Leaching. Afterwards, the long-term immersion test was
carried out, in which 24 electrode samples with 30% titanium dioxide were prepared
and immersed in eight tubes containing 10.5 mL of 10% PBS solution with a one-
week testing interval. At each week (with the exception of week five) three samples
were extracted from their tubes, and the PBS solution was tested for leached glycerol

from the material.

The protocol for testing leached glycerol was based on Spagnolo [102], which
describes a procedure for testing solution containing a range from 15 mg to 90 mg of
glycerol. The glycerol reacts with the cupic chloride reagent to form a sodium-cupri-
glycerol complex that can be detected using spectrophotometer at a wavelength of 650

nm.
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First, calibration curve samples were prepared using stock solution of glycerol
composed of 600 mg of glycerol in 39.4 mL of PBS, which is equivalent to one mg of
glycerol per one mL of solution. Then specified amounts of stock solution and PBS
were pipetted into 100-mL volumetric flask according to Table 3.1.

Table 3.1: Quantities for preparation of calibration curve samples

Calibration Curve Sample | Glycerol Mass (mg) Stock Solution (mL) PBS (mL)
Sample 1 1.5 15 8.5
Sample 2 3.0 3.0 7.0
Sample 3 4.5 4.5 55
Sample 4 55 55 4.5
Sample 5 7.0 7.0 3.0

Then 10 mL of NaOH solution were added, followed by 60 mL of ethanol.
Later, using a burret six mL of cupic chloride reagent was slowly added to the
mixture, which was then shaken vigorously for two minutes. The mixture was diluted
to 100 mL by adding 14 mL and shaken again. 10 mL of the solution was transferred
into a tube and centrifuged using (HERMLE Labortechnik) centrifuge for 10 min at
rc.f of 4180. Finally, two mL of the clear solution was transferred to a
spectrophotometric cell, and then absorbency readings are taken using Cary 50 Conc
UV-Visible Spectrophotometer (Varian, Australia) from 400 nm to 800 nm, to
determine the absorbency at 635 nm that is the wavelength in which the complex
absorbs light. The baseline and references samples prepared consisted of 1.06 mL of
NaOH, 7.88 mL of ethanol and 1.06 mL of PBS. After preparing calibration curve;
the procedure was repeated for the PBS samples in which the specimens were

immersed in.
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Chapter 4.  Titanium Dioxide-Based Material Results

In this chapter, the experimental results for the electrochemical and
mechanical testing of titanium dioxide-based batches are presented, followed by a

comparison with market bioelectrode material discussed in previous chapters.

4.1 EIS Results

The tested ratios were of silicone, titanium dioxide and glycerol were 70:15:15
and 50:30:20 respectively, this can be justified by glycerol proportion as it cannot
exceed 20% or the prepared batch will not dry properly. Additionally, if the titanium
dioxide proportion exceeded 35%, then it will hinder mixing and a uniform mixture
becomes difficult to achieve. The bioelectrode batches were settled into their mold
shape and were able to be extricated in an intact form. EIS testing showed an
improved electrochemical property with lower bulk impedance for the 30% titanium
dioxide, as shown in Table 4.1. Therefore, further testing was carried out for 30%

titanium dioxide ratio.

Following the ratio testing, statistical analysis was conducted on 10 electrode
batches with 30% titanium dioxide with three samples cut from each batch and tested.
Figure 4.1 shows an example of an EIS Nyquist plot, whereas Figure 4.2 shows the

frequency vs. impedance plot for the same samples.

Table 4.1: Comparison of prepared samples impedance for different ratios

Si:TiO:Gl 70:15:15 50:30:20
Bulk Impedance Impedance at 1 Bulk Impedance Impedance at 1
Batch (kQ) kHz (kQ) (kQ) kHz (kQ)
Batch 1 17.2 1480 4.25 78.2
Batch 2 7.62 1140 3.55 24.2
Batch 3 17.5 1510 4.38 105
Average 8.96 + 0.799 1370 + 206 4.06 +0.448 69.0+41.0
15
o =g
E 10 e ", .: .
5 > ""ﬂ ’; ¢ Sample 1
§ 0 « * H Sample 2
E -5 Sample 3
-10 - ; ; ; : |
-10 0 10 20 30 40
Re (Z)/ KOhm

Figure 4.1: Nyquist plots for three samples from prepared electrode batch of 30% TiO,
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Figure 4.2: Bode plots for three samples from prepared electrode batch of 30% TiO,

Similarly, the software was used to measure EIS, and the data was again fitted
to the same model to find the bulk impedance and the impedance at 1 kHz, they were
used for comparison. The bulk impedance was found to be 0.353 + 0.0135 kQ,
whereas the impedance at 1 kHz was found to be 198 + 183 kQ.

Additionally, an ANOVA single factor test (alpha value of 0.05) was done for
the samples with the null hypothesis that all the samples’ bulk impedances and
impedance at 1 kHz are equivalent, while the alternative hypothesis contradicts that.
The results of the analysis are presented in Tables 4.2 and 4.3. Therefore, the null
hypothesis cannot be rejected. This test supports the reproducibility of the

impedances.

Table 4.2: ANOVA test for bulk impedance variance between 10 electrode batches

Source of Variance SS dF MS F P-Value F-Critical
Between Groups 1.07x10° | 9 1.18x10° | 0.539 0.824 2.59
Within Groups 3.29x10° | 15 | 2.19 x10°

Total 4.26x10° | 24

Table 4.3: ANOVA test for impedance at 1 kHz variance between 10 electrode batches

Source of Variance SS dF MS F P-Value F-Critical
Between Groups | 4.33x10” | 9 | 4.81x10"° | 1.78 0.135 2.39
Within Groups 5.40x10° | 20 | 2.70x10"

Total 9.72x10" | 29

The results of ANOVA analysis for bulk impedance generated an F-value of
0.539 and F-critical value of 2.59 with a p-value of 0.824. Therefore, the null
hypothesis cannot be rejected. This test supports the reproducibility of the bulk

impedance.
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The results of ANOVA analysis for impedance at 1 kHz generated an F-value
of 1.78 and F-critical value of 2.39 with a p-value of 0.135. Therefore, the null
hypothesis cannot be rejected. This test supports the reproducibility of the impedance
at 1 kHz.

Furthermore, for better appraisal of the prepared electrode batches, a
comparison was carried with the recorded impedances of literature material. The

comparison is shown in Table 4.3, further discussion is provided in Chapter 7.

Table 4.4: Comparison table for electrochemical properties from literature

. . Bulk Impedance Conductivity | Impedance at 1
Material Specimen (kQ) (Slcm) KHz (kQ)
PEDOT:PSS Cast film 2.23 [103] 0.2 [104] 2.54 [96]
PPy:PSS - - 400 [105] 256000 [2]
PPy?P_T_s coated | Multi-electrode i i 268.3 [10]
iridium array probe
PPy-S0O, coated | Multi-electrode i i 146.2 [10]
iridium array probe
Ultrathin
parylene C Needle-shaped 359 [11] - 21000 [11]
coated platinum
Platinum Thin film 2.96 [96] 93400 [11] -
- Multi-electrode
Iridium array probe - 189000 [87] 193 [10]
Gold Thin film 0.11 [106] 410000 [106] 1[107]
This Work Rectangular "
(TiO,-Based) shape 0.353 £ 0.0135 7.22x10 198 + 183

4.2

CV Results

Figure 4.3 shows an example of CV voltammogram for three samples from

one batch with 30% titanium dioxide.

I(pA)
L

-20

——Sample 1
= Sample 2

Ewe (V)

Sample 3

Figure 4.3: VVoltammogram plot for three samples from prepared electrode batch of 30% TiO,
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Figure 4.4 displays resulting voltammograms from performing cyclic
voltammetry on one of the above sample at different scanning rates. The recorded
current data was used to calculate CSC based on the cathodal current. The calculated

CSC for the three samples was found to be 27+1.1 mC/cm?.
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Figure 4.4: Voltammogram plots for three samples from prepared electrode batch of 30% TiO, at
different scanning rates

An important observation of the voltammograms in Figures 4.3 and 4.4 is the
lack of peaks in the plots. This indicates that no oxidation/reduction reactions taking
place at the surface of the electrodes, indicating stability of electrodes during

electrical stimulation.

Furthermore, for better appraisal of the prepared electrodes, a comparison was
carried with the recorded charge storage capacity of literature material. The

comparison is shown in Table 4.5, further discussion is provided in Chapter 7.

Table 4.5: Comparison table for charge storage capacity from literature

Material Specimen CSC (mC/cm?)
Gold - 0.32 £ 0.03 [108]
Transparent graphene electrodes Microelectrode array 0.116-0.174 [99]
PEDOT :PSS-Coated Indium-Tin-Oxide Microelectrode probe 0.0581 [60]
Parylene C-based cuff electrode with Cuff electrode 1.64 + 0.4 [109]
integrated microfluidics
PVA-taurine coated platinum-iridium Cuff electrode 160 [110]
Iridium oxide-platinum coated platinum microelectrode 54.14 [111]
PPy Nanotubes 16.32 + 1.5 [108]
PEDOT Nanotubes 4.86 + 0.24 [108]
This Work (Titanium Dioxide-Based) Rectangular shape 27+1.1
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4.3  Mechanical Testing Results

The tensile mechanical test was performed for a bioelectrode sample; the
resulting stress-strain curve is shown in Figure 4.5. The results showed an elastic

modulus of 6.63 MPa and it reached an elongation of 266% before breaking.
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Figure 4.5: Stress-strain curve for a TiO,-based sample

These results can be used for comparison with the previously mentioned

materials, as shown in Table 4.6, further discussion is provided in Chapter 7.

Table 4.6: Comparison table for mechanical properties from literature

Material Specimen Modulus of Elasticity (MPa) | Elongation%
PEDOT:PSS Cast film 1800 [48] 4.3[112]
Polyimide Thin film 6000 [35] <10% [35]
Platinum Thin film 1400 [113] 35 [113]
Gold Thin film 69100 [113] -
This work (TiO,-based) | Rectangular shape 4519 +1.154 293 +27.1

The measured mechanical properties were compared to both of PEDOT:PSS
and polyimide polymers, in addition to metals of gold and platinum The materials had
a much larger modulus in comparison to the samples tested, indicating a might higher
rigidity than the titanium dioxide-based samples. Consequently, the material in this
work would have lesser mechanical mismatch with biological tissue. Moreover, with
an elongation of 293% + 27.1% before breaking, it demonstrates that the material is

highly ductile as it can stretch to almost three-fold of its length before breaking.

44  SEM
Top-view SEM images for the titanium dioxide-based electrodes fabricated in

this work at different magnifications are shown in Figure 4.6.
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Figure 4.6: Top-view of SEM images for one sample of (50% silicone, 30% TiO, and 20% glycerol) at
different magnifications (a) 2x (b) 10x (c) 35x

Figure 4.6 shows top-view SEM images for the titanium dioxide-based
electrodes fabricated in this work at different magnifications. Examination of the
surface morphology shows the small titanium dioxide particles embedded within the
silicone polymer matrix. Higher magnifications (image c¢) show the distribution of
very small spherical particles (in the size of 100 nm). In general, a smooth surface is
observed with a few pores present. The surface of the synthesized electrodes appears
fairly smooth when compared with the morphology of PEDOT based electrodes from

Figure 2.7.
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4.5

Impedance with Time Results

The long-term immersion test was carried out, in which three electrode

samples with 30% TiO, were prepared and immersed in eight tubes containing 10.5

mL of 10% PBS solution with a one-week testing interval. At each week, the samples

were extracted from their tubes, left to dry for 10 min, and then weighed to track the

change of weight over time as shown in Table 4.7. EIS-CV-EIS was performed (this

test is recommended by device supplier). The results of EIS analysis pre-CV and post-

CV are shown in Tables 4.8 and 4.9. Further discussion is provided in Chapter 7.

Table 4.7: Change of weight of TiO,-based samples over testing period

Week Weight () Weight Change %
0 (Before Immersion) 0.558 -
1 1.00 79.7
2 1.06 89.3
3 0.888 59.0
4 0.732 31.2
5 0.693 24.1
6 0.651 16.6
7 0.801 43.4
8 0.638 14.3

Table 4.8: Change of bulk impedance in long-term samples before/after CV

Week Bulk Impedance before CV (kQ) | Bulk Impedance after CV (kQ)

0 (Before Immersion) 0.739 + 0.0849 1.80 £ 0.197

1 1.26 + 0.448 1.10+0.173

2 1.23 + 0.205 1.42 +0.201

3 1.80 + 0.940 1.38 £ 0.353

4 1.15+0.180 1.48 +0.438

5 1.22 + 0.490 0.815 + 0.00983

6 1.94 +0.362 2.03 £0.323

7 1.18 + 0.622 1.62 + 0.155

8 0.755+0.181 0.743 £0.163

Table 4.9: Change of impedance at 1 kHz in long-term samples before/after CV

Impedance at 1 kHz before CV

Impedance at 1 kHz after CV

Week (kQ) (kQ)
0 (Before Immersion) 160 + 7.38 209 £ 83.7
1 96.6 + 0.663 92.5+3.34
2 47.2 +3.49 45.6 £6.28
3 84.6+34.4 82.1+36.9
4 95.2+27.8 83.5+20.8
5 69.5+16.4 62.7 +12.6
6 49.2+122 42.8 +10.6
7 61.7 + 27.6 57.4+25.9
8 16.3+4.21 13.5+4.57

44




Figure 4.7 displays resulting voltammograms from performing cyclic

voltammetry on prepared samples after immersion in PBS.
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Figure 4.7: Voltammogram for immersed samples of (50% silicone, 30% TiO, and 20% glycerol) in
PBS solution (scanning rate of 20 mV/s)

Figure 4.8 displays the change of current density during the cyclic

voltammetry test over 4 weeks of immersion.
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Figure 4.8: Current density vs. time plots for immersed samples of (50% silicone, 30% TiO, and
glycerol) in PBS solution (scanning rate of 20 mV/s)

The readings from Figure 4.8 are used to calculate the change of charge
storage capacity over the immersion period, as shown in Table 4.10, further
discussion is provided in Chapter 7.

Table 4.10: Change of charge storage capacity in long-term TiO,-based samples

Week Charge storage capacity (mC/cm?)

0 (Before Immersion) 43.8+17.9

1 82.6+134
108 £ 5.98
89.5+184
80.5+14.1
61.5+3.64
117+ 16.8
77.0+19.5
132+£41.2

(N[OOI W N
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4.5.1. Glycerol leaching. Figures 4.9 and 4.10 show the calibration curve
sample containing specified amounts of glycerol, and their spectrophotometry
readings each with their distinctive peaks a 635 nm. The absorbance readings at 635
nm were used to set up the calibration curve of Figure 4.11 that helps to estimate the

amount of glycerol content in unknown samples.

Figure 4.9: Calibration curve samples with increasing quantities of glycerol 15 mg, 30 mg, 45 mg, 55
mg and 70 mg (left to right)
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Figure 4.10: UV-Visible spectrophotometric absorbance readings of prepared samples for calibration
curve
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Figure 4.11: Calibration curve for glycerol analysis at 650 nm via UV-Visible spectrophotometric
analysis
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Figure 4.12 displays the spectrophotometry readings for the PBS samples,

each with their distinctive peaks a 635 nm.
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Figure 4.12: UV-Visible spectrophotometric absorbance readings of PBS samples

Table 4.11 displays the absorbance readings for the PBS samples at 635 nm,
and the estimated glycerol content followed by the percentage of glycerol leached

from titanium dioxide-based samples.

Table 4.11: Calculations for estimation of glycerol content and leached percentage of PBS samples

Absorbance Estimated Glycerol Leached
Week Sample (mL) Reading Content (rxg) Glycerol%
Week 1 1.0 0.081 43.0 25.1
Week 2 1.0 0.087 45.8 26.7
Week 3 1.0 0.07 37.9 22.1
Week 4 1.0 0.086 45.3 26.4
Week 6 1.0 0.083 43.9 25.6
Week 7 0.5 0.037 22.7 26.4
Week 8 0.5 0.022 15.7 18.3
Week 9 0.5 0.047 27.3 31.8

Glycerol leaching is relatively consistent throughout the testing period
(~25%). So, further testing is needed to check if there is more leaching takes place

after one-week long immersion.

The three samples that were immersed for one week were re-immersed in
seven tubes containing 10.5 mL of 10% PBS each with an immersion period of one
day. The PBS samples were run with UV-Visible spectrophotometry and the results of

the analysis are shown in Figure 4.13.
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Figure 4.13: UV-Visible spectrophotometric absorbance readings of PBS samples

The readings at wavelength of 635 nm are shown in Table 4.12, the
absorbance readings shown in Figure 4.13 and Table 4.12 are below the readings from
the range of calibration curve. Accordingly, they are below the threshold of detection,
and it can be inferred that after one week of immersion, all of the excess of glycerol

has leached out and no further leaching occurs.

Table 4.12: Calculations for estimation of glycerol content and leached percentage of PBS samples

Day Sample (mL) Absorbance Reading Estimated Glycerol Content
Day 1 6.0 0.019 <0.022 Undetected
Day 2 7.0 0.01 <0.022 Undetected
Day 3 10 0.004 <0.022 Undetected
Day 4 10 0.007 <0.022 Undetected
Day 5 10 0.002 <0.022 Undetected
Day 6 10 0 <0.022 Undetected
Day 7 10 0 <0.022 Undetected

4.6  Price Comparison

In the original objectives of the prepared material was the low cost of
fabrication. Therefore, an investigation of costs of bioelectrode material in literature
was carried out based on Sigma Aldrich prices and a comparison was done with the
material used in this work, as shown in Table 4.13.

Table 4.13: Comparison table for material prices

Material Cost (AED/g)
PEDQT:PSS (ref: 655201) [114] 41.8
PPy (ref: 577030) [115] 124
Platinum (ref: 685453) [116] 10,400
Gold (ref: 636347) [117] 2,110
This Work (TiO,-based) [118-120] 1.81
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Chapter 5.  Stainless Steel-Based Material Results

In this chapter, the experimental results for the electrochemical and
mechanical testing are presented, followed by a comparison with market bioelectrode

material discussed in previous chapters.

5.1 EIS Results

The tested ratios were of silicone, stainless steel and glycerol were 70:15:15
and 50:30:20 respectively, this can be justified by glycerol proportion as it cannot
exceed 20% or the prepared batch will not dry properly. Additionally, if the stainless
steel proportion exceeded 35%, then it will hinder mixing and a uniform mixture
becomes difficult to achieve. The bioelectrode batches were settled into their mold
shape and were able to be extricated in an intact form. EIS testing showed an
improved electrochemical property with lower bulk impedance for the 30% stainless
steel, as shown in Table 5.1. Therefore, further testing was carried out for 30%
stainless steel ratio.

Following the ratio testing, statistical analysis was conducted on four electrode
batches with 30% stainless steel with three samples cut from each batch and tested.
Figure 5.1 shows an example of an EIS Nyquist plot, whereas Figure 5.2 shows the
frequency vs. impedance plot for the same samples.

Table 5.1: Comparison of prepared samples impedance for different ratios

Si:SS:Gl

70:15:15 50:30:20
Bulk Impedance | Impedanceatl | Bulk Impedance | Impedance at1
Batch (kQ) kHz (k) (kQ) kHz (kQ)
Batch 1 3.36 10800 1.346 2750
Batch 2 4.82 8830 0.206 2070
Batch 3 2.42 4600 1.70 1930
Average 2.68 £1.67 7830 £ 2530 2.02+1.08 2450 £ 412
150
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Figure 5.1: Nyquist plots for three samples from prepared electrode batch of 30% stainless steel
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Figure 5.2: Bode plots for three samples from prepared electrode batch of 30% stainless steel
Similarly, the software was used to measure EIS and the data was again fitted

to the same model to find the bulk impedance and the impedance at 1 kHz, they were

used for comparison. The bulk impedance was found to be 1.69 = 1.16 kQ, whereas

the impedance at 1 kHz was found to be 1.21 + 1.13 MQ.

Additionally, an ANOVA single factor test (alpha value of 0.05) was done for
the samples with the null hypothesis that all the samples’ bulk impedances and
impedance at 1 kHz are equivalent, while the alternative hypothesis contradicts that.
The results of the analysis are presented in Tables 5.2 and 5.3. This test is to check the

reproducibility of the impedances.

Table 5.2: ANOVA test for bulk impedance variance between five electrode batches

Source of Variance SS dF MS F P-Value F-Critical
Between Groups | 5.93x10° | 4 1.48x10° 1.91 0.395 4.12
Within Groups 8.76x10° | 7 1.25x10°

Total 1.47x10" | 11
Table 5.3: ANOVA test for impedance at 1 kHz variance between five electrode batches

Source of Variance SS dF MS F P-Value F-Critical
Between Groups | 1.37x10”° | 4 | 3.42x10” | 544 | 2.35x10” 4.12
Within Groups 4.4x10" | 7 | 6.28x10"

Total 1.41x10° | 11

The results of ANOVA analysis for bulk impedance generated an F-value of
1.91 and F-critical value of 4.12 with a p-value of 0.395. Therefore, the null
hypothesis cannot be rejected. This test supports the reproducibility of the bulk

impedance .

The results of ANOVA analysis for impedance at 1 kHz generated an F-value
of 54.4 and F-critical value of 4.12 with a p-value of 2.35x10°. Therefore, the null

hypothesis is rejected; further discussion is provided in Chapter 7.
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Furthermore, for better appraisal of the prepared electrode batches, a
comparison was carried with the recorded impedances of literature material. The

comparison is shown in Table 5.4.

Table 5.4: Comparison table for electrochemical properties from literature

. . Bulk Impedance | Conductivity Impedance at 1
Material Specimen (kQ) (Slcm) kHz (kQ)
PEDOT:PSS Cast film 2.23 [103] 0.2 [104] 2.54 [96]
PPy:PSS - - 400 [105] 256000 [2]
PPy-PTs coated | Multi-electrode
iridium array probe i i 268.3 [10]
PPy-SO, coated | Multi-electrode
iridium array probe i i 146.2[10]
Ultrathin
parylene C Needle-shaped 359 [11] - 21000 [11]
coated platinum
Platinum Thin film 2.96 [96] 93400 [11] -
Iridium Multi-electrode . 189000 [87] 193 [10]
array probe
Gold Thin film 0.11 [106] 410000 [106] 1 [107]
This Work Rectangular 4
(TiO,-Based) shape 0.353 £ 0.0135 7.22x10 198 +£183
This Work Rectangular
(Stainless steel- d 169+ 1.16 151x10* 1210 + 1130
shape
based)

5.2 CV Results

Figure 5.3 shows an example of CV voltammogram for three samples from

one batch with 30% stainless steel.
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Figure 5.3: VVoltammogram plots for three samples from prepared electrode batch of 30% stainless steel

Figure 5.4 displays resulting voltammograms from performing cyclic
voltammetry on one of the above sample at different scanning rates. The recorded
current data was used to calculate CSC based on the cathodal current. The calculated

CSC for the three samples was found to be 31.8 + 11.8 mC/cm?.
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Figure 5.4: Voltammogram for one sample from prepared electrode batch of 30% stainless steel at
different scanning rates

An important observation of the voltammograms in Figures 5.3 and 5.4 is the
lack of peaks in the plots. This indicates that no oxidation/reduction reactions taking
place at the surface of the electrodes, indicating stability of electrodes during
electrical stimulation. Additionally, the voltammogram for stainless steel-based

samples are narrow, which is typical for metals [97].

Furthermore, for better appraisal of the prepared electrodes, a comparison was
carried with the recorded charge storage capacity of literature material. The

comparison is shown in Table 5.5, further discussion is provided in Chapter 7.

Table 5.5: Comparison table for charge storage capacity from literature

CSC (mC/cm?®)
0.32 + 0.03 [108]
0.116-0.174 [99]

Material Specimen
Gold -
Transparent graphene electrodes Microelectrode array

PEDOT :PSS-Coated Indium-Tin-Oxide Microelectrode probe 0.0581 [60]
Parylene C-based cuff electrode with Cuff electrode 1.64 + 0.4 [109]
integrated microfluidics
PVA-taurine coated platinum-iridium Cuff electrode 160 [110]
Iridium oxide-platinum coated platinum microelectrode 54.14 [111]
PPy Nanotubes 16.32 £ 1.5 [108]
PEDOT Nanotubes 4.86 + 0.24 [108]
This work (TiO,-based) Rectangular shape 27+1.1
This work (Stainless steel-based) Rectangular shape 31.8+11.8

5.3  Mechanical Testing Results

The tensile mechanical test was performed for one sample, shown in Figure
5.5; the resulting stress-strain curve is shown in Figure 5.6. The results showed an

elastic modulus of 0.326 MPa and it reached an elongation of 143% before breaking.
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Figure 5.5: Mechanical test performed for a stainless steel-based sample
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Figure 5.6: Stress-strain curve for a stainless steel-based sample

These results can be used for comparison with the previously mentioned

materials, as shown in Table 5.6, further discussion is provided in Chapter 7.

Table 5.6: Comparison table for mechanical properties from literature

. : Modulus of :
Material Specimen Elasticity (MPa) Elongation%

PEDOT:PSS Cast film 1800 [48] 4.3[112]
Polyimide Thin film 6000 [35] <10% [35]

Platinum Thin film 1400 [113] 35 [113]

Gold Thin film 69100 [113] -

This work (TiO,-based) Rectangular shape 4519 +1.154 293+27.1
This work (Stainless steel-based) | Rectangular shape 0.722 £0.393 145+ 1.74

The measured mechanical properties were compared to both of PEDOT:PSS
and polyimide polymers, in addition to metals of gold and platinum The materials had
a much larger modulus in comparison to the sample tested, indicating a might higher
rigidity than the stainless steel-based samples. Consequently, the material in this work
would have lesser mechanical mismatch with biological tissue. Moreover, with an
elongation of 145% + 1.74% before breaking, it demonstrates that the material is

ductile as it can stretch to almost two-fold of its length before breaking.
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5.4

Impedance with Time Results

Afterwards, the long-term immersion test was carried out, in which weight

electrode batches with 30% stainless steel were prepared and immersed in eight tubes

containing 10.5 mL of 10% PBS solution with a one-week testing interval. At each

week, the samples were extracted from their tubes, left to dry for 10 min, then

weighed to track the change of weight over time as shown in Table 5.7. EIS-CV-EIS

was performed (this test is recommended by device supplier). The results of EIS

analysis pre-CV and post-CV are shown in Tables 5.8 and 5.9, further discussion is

provided in Chapter 7.

Table 5.7: Change of weight of stainless steel-based samples over testing period

Week Weight (g) Change in Weight %
0 (Before Immersion) 1.4464 -
1 3.2864 127
2 4.1972 190
3 5.1509 256
4 5.6091 288
5 5.4442 276
6 6.1823 327
7 4.9531 242
8 4.1894 189

Table 5.8: Change of bulk impedance in long-term samples before/after CV

Week Bulk Impedance before CV (kQ) Bulk Impedance after CV (kQ)

0 (Before Immersion) 1.59+1.01 2.14£1.63

1 1.26 + 0.405 1.32+1.66

2 0.615 + 0.385 0.940 + 0.420

3 0.764 + 0.526 1.03+0.376

4 1.32+1.47 1.43+2.12

5 0.659 + 0.452 0.453 + 0.395

6 0.489 + 0.318 0.493 + 0.249

7 0.464 + 0.188 0.441+0.164

8 0.700 £ 0.475 0.887 + 0.465

Table 5.9: Change of impedance at 1 kHz in long-term samples before/after CV

Week Impedance at 1 kHz before CV Impedance at 1 kHz after CV
(kQ) (kQ)

0 (Before Immersion) 319 + 189 416 +212
1 626 + 410 816 + 672
2 350 + 102 409 + 143
3 455 + 120 563 + 186
4 584 + 447 698 + 561
5 502 + 380 514 + 337
6 204 +87.8 228 +103
7 57.3+49.2 61.8 +55.7
8 29.9+£8.25 29.8 +£8.93
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Figure 5.7 displays resulting voltammograms from performing cyclic
voltammetry on prepared samples after immersion in PBS, and Figure 5.8 displays the

change of current density for these samples.
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Figure 5.7: Voltammogram for immersed samples of 30% stainless steel in PBS solution (scanning rate
of 20 mV/s)
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Figure 5.8: Current density vs. time plots for immersed samples of 30% stainless steel in PBS solution
(scanning rate of 20 mV/s)

The readings from Figure 5.8 are used to calculate the change of charge
storage capacity over the immersion period, as shown in Table 5.10, further

discussion is provided in Chapter 7.

Table 5.10: Change of charge storage capacity in long-term stainless steel-based samples

Week Charge storage capacity (mC/cm?)

0 (Before Immersion) 31.8+11.8

1 17.1+7.9
26.5+6.78
22.2+552
22.0+16.5
24.2+12.3
137+£735
108 £ 57.5
125+ 61.5

O INoO(OIBWIN
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55  Price Comparison

In the original objectives of the prepared material was the low cost of
fabrication. Therefore, an investigation of costs of bioelectrode material in literature
was carried out based on Sigma Aldrich prices and a comparison was done with the

material used in this work, as shown in Table 5.11.

Table 5.11: Comparison table for material prices

Material Cost (AED/g)
PEDOT:PSS (ref: 655201) [114] 41.8
PPy (ref: 577030) [115] 124
Platinum (ref: 685453) [116] 10,400
Gold (ref: 636347) [117] 2,110
This Work (TiO,-based) [118-120] 1.81
This Work (stainless steel-based) [118, 120, 121] 3.95
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Chapter 6.  Mixture of Titanium-Dioxide and Stainless Steel

In this chapter, the experimental results for the electrochemical and
mechanical testing of titanium dioxide-based samples are presented, followed by a

comparison with market bioelectrode material discussed in previous chapters.
6.1 EIS Results

The initial ratio testing of multiple samples with 30% of TiO, and stainless
steel, with different ratios of both, produced suitable samples for testing; the samples
were settled into their mold shape and were able to be extricated in an intact form.
EIS testing showed an improved electrochemical property with lowest bulk
impedance for equal amount TiO, and stainless steel, as shown in Table 6.1.
However, taking into account the effect of long-term immersion on stainless steel-
based samples, the ratio of 20% TiO, and 10% stainless steel were chosen for further

investigation.

Following the ratio testing, EIS was performed on three electrode batches with
20% TiO, and 10% stainless steel with three samples cut from each batch and tested.
The bulk impedance of the samples was found to be 1.71+0.849 kQ, while the
impedance at 1 kHz was found to be 191+160 kQ. Figure 6.1 shows an example of an

EIS Nyquist plot, whereas Figure 6.2 shows the frequency vs. impedance plot.

Table 6.1: Comparison of prepared samples impedance for different ratios

TiO,:Stainless steel Bulk Impedance (kQ) Impedance at 1 kHz (kQ)
5:25 3.15+1.97 1400 * 758
10:20 3.03 £ 2.07 476 £ 271
15:15 3.14+£2.04 187 +87.4
20:10 1.01 + 0.506 1140 £521
25:5 2.04 +1.56 1150 + 228
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Figure 6.1: Nyquist plots for three samples from prepared electrode batch of 20% TiO, and 10%
stainless steel
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Figure 6.2: Bode plots for three samples from prepared electrode batch of 20% TiO, and 10% stainless

steel

Furthermore, for better appraisal of the prepared electrodes, a comparison was

carried with the recorded impedances of literature material. The comparison is shown

in Table 6.2, further discussion is provided in Chapter 7.

Table 6.2: Comparison table for electrochemical properties from literature

Material Specimen Bulk Impedance | Conductivity | Impedance at
b (kQ) (Slcm) 1 kHz (kQ)
PEDOT:PSS Cast film 2.23 [103] 0.2 [104] 2.54 [96]
PPy:PSS - - 400 [105] 256000 [2]
PPy?P_T_s coated Multi-electrode i 268.3 [10]
iridium array probe
PPy?S.O_4 coated Multi-electrode i 146.2 [10]
iridium array probe
Ultrathin parylene C i
coated platinum Needle-shaped 359 [11] 21000 [11]
Platinum Thin film 2.96 [96] 93400 [11] -
- Multi-electrode
Iridium array probe - 189000 [87] 193 [10]
Gold Thin film 0.11 [106] 410000 [106] 1[107]
This Work Rectangular 4
(TiO,-Based) shape 0.353 £ 0.0135 7.22x10 198 +£183
This Work Rectangular
(Stainless steel- g 1.69+1.16 1.51x10™ 1210 £ 1130
shape
based)
Th!s work (TiO, and Rectangular 171+ 0.849 1.49x10° 191 + 160
stainless steel-based) shape

6.2 CV Results

Figure 6.3 shows an example of CV voltammogram for three samples from
one batch with 30% stainless steel.
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Figure 6.3: Voltammogram plots for three samples from prepared electrode batch of 20% TiO, and
10% stainless steel

Figure 6.4 displays resulting voltammograms from performing cyclic
voltammetry on one of the above sample at different scanning rates. The recorded
current data was used to calculate CSC based on the cathodal current. The calculated
CSC for the three samples was found to be 31 + 13 mC/cm?.
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Figure 6.4: Voltammogram plots for three samples from prepared electrode batch of 20% TiO, and
10% stainless steel at different scanning rates

Furthermore, for better appraisal of the prepared electrode samples, a
comparison was carried with the recorded charge storage capacity of literature

material. The comparison is shown in Table 5.5.
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Table 6.3: Comparison table for charge storage capacity from literature

Material

Specimen

CSC (mC/cm?®)

Gold

0.32 + 0.03 [108]

Transparent graphene electrodes

Microelectrode array

0.116-0.174 [99]

PEDOT :PSS-Coated Indium-Tin-Oxide Microelectrode probe 0.0581 [60]
Paryle_ne C-based C.Uff eleqtr_ode with Cuff electrode 1.64 + 0.4 [109]
integrated microfluidics
PVA-taurine coated platinum-iridium Cuff electrode 160 [110]
Iridium oxide-platinum coated platinum microelectrode 54.14 [111]

PPy Nanotubes 16.32 + 1.5 [108]
PEDOT Nanotubes 4.86 + 0.24 [108]
This work (TiO,-based) Rectangular shape 27+1.1
This work (Stainless steel-based) Rectangular shape 31.8+11.8
This work (TiO, and stainless steel-based) Rectangular shape 31+13

6.3

Mechanical Testing Results

The tensile mechanical test was performed for a sample; the resulting stress-

strain curve is shown in Figure 6.5. The results showed an elastic modulus of 0.679

MPa and it reached an elongation of 119% before breaking.

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

0

Tensile Stress (MPa)

/ v =10.6793x + 0.0566

0.5
Strain (mm/mm)

Figure 6.5: Stress-strain curve for a TiO, and stainless steel-based sample

These results can be used for comparison with the previously mentioned

materials, as shown in Table 6.4.

Table 6.4: Comparison table for mechanical properties from literature

Material Specimen Elzla\gt?giil)llu(sl\;l)lga) Elongation%
PEDOT:PSS Cast film 1800 [48] 4.3[112]
Polyimide Thin film 6000 [35] <10% [35]
Platinum Thin film 1400 [113] 35 [113]
Gold Thin film 69100 [113] -
This work (TiO,-based) Rectangular shape 4519 +1.154 293 +27.1
This work (Stainless steel-based) | Rectangular shape 0.722 £ 0.393 145+ 1.74
This work (Ti0,and stainless Rectangular shape 0.453 +0.32 96.8+ 15.8
steel-based)
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6.4  Price Comparison
An investigation of costs of bioelectrode material in literature was carried out
based on Sigma Aldrich prices and a comparison was done with the material used in

this work, as shown in Table 6.5.

Table 6.5: Comparison table for material prices

Material Cost (AED/g)

PEDOT:PSS (ref: 655201) [114] 41.8
PPy (ref: 577030) [115] 124

Platinum (ref: 685453) [116] 10,400

Gold (ref: 636347) [117] 2,110

This Work (TiO,-based) [118-120] 1.81

This Work (stainless steel-based) [118, 120, 121] 3.95
This Work (stainless TiO, and stainless steel-based)[118- 121] 2.37
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Chapter 7. Discussion

The experimental results resulted from the synthesized titanium based powder
samples, stainless steel or the mixture of stainless steel and titanium on silicone
showed enhanced electrochemical properties when compared with the values in the
literature. The three prepared materials’ bulk impedance was comparable to that of
gold, platinum and PEDOT:PSS, and surpassed the coated metals such as platinum
coated with ultrathin parlyne C. In terms of the impedance at 1 kHz (neural activity
frequency), the experimental values of the composite materials was comparable to
conductive polymers such as polypyrrole; however, it is higher than that of gold and
PEDOT:PSS, which are considered the golden standard for conductivity.

The comparison of the electrochemical properties of the three prepared
electrodes in this thesis to each other is shown in Table 7.1. In terms of impedance,
the titanium dioxide-based material preformed best for bulk impedance and
conductivity; while, the mixture of both titanium dioxide and stainless steel had the
lowest impedance at 1 kHz. However, during experimental testing there was variance
and many outliers between different batches of the same ratios; this can be attributed
to the mixing process during sample preparation, in addition to the observed higher
density of stainless steel in comparison to titanium dioxide that affected the mixing.
Stainless steel-based sample had the highest bulk impedance and impedance at 1 kHz,

with variance in impedance at 1 kHz.

Table 7.1: Comparison of electrochemical properties between the three investigates materials

Bulk Impedance (kQ) | Impedance at 1 kHz (kQ) | CSC (mC/cm?)

Titanium dioxide-

based 0.353 +0.0135 198 + 183 27+1.1
Stainless steel-based 1.69+1.16 (1.21 + 1.13)x10° 31.8+11.8
Titanium dioxide and 1.71 + 0.849 191 + 160 31+13

stainless steel-based

Another important parameter for electrochemical properties comparison is the
charge storage capacity, which represents the maximal value of charge density
allowed during a single pulse of electrical stimulation. The calculated CSC of the
prepared materials was from the top values recorded in literature, succeeding that of

only coated platinum and iridium, as shown in Table 6.3
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The characterized mechanical properties for the three composite materials
were the most distinguished properties, with much higher elasticity and ductility. In
comparison with the conductive polymers and metals, the modulus of elasticity was in
the orders of giga-pascals, whereas the prepared materials’ was in the order of mega-
pascal. Additionally, during the tensile testing, the samples were remarkably
elongated before breaking. The titanium dioxide-based samples were the most ductile
of the three, whereas the mixture of both titanium dioxide and stainless steel-based
material had the lowest modulus of elasticity.

The SEM images were also obtained at different magnifications for titanium
dioxide-based samples. Examination of the surface morphology showed the small
titanium dioxide particles embedded within the silicone polymer matrix. Higher
magnifications show the distribution of very small spherical particles (in the size of
100 nm). In general, a smooth surface is observed with a few pores present.

The surface appears fairly smooth when compared with the morphology of
PEDOT based electrodes reported in the literature.

In regards to the long term testing of titanium dioxide-based samples, based on
observation the samples did not change shape upon inspection each week. The weight
of the sample after immersion increased in the first four weeks with slight swelling;
however, in the following weeks the swelling and weight started to go down, which
can be explained with the assumption that titanium dioxide particles will bind better
with glycerol and silicone, due to their smaller size (<44 micron). In terms of the
electrochemical properties, the bulk impedance was generally decreasing throughout
the immersion period, which can be explained with the assumption that after soaking
the samples changed with formation of micro-spaces, which affected the conductivity
properties with decreased impedance. On the other hand, the impedance at 1 kHz
fluctuated slightly during the immersion period, but no trend can be inferred. There
were also slight fluctuations in the CSC, but without trend or correlation to the
recorded impedance values. This indicates that the material can remain resistant to
change of electrochemical properties when exposed to salinity of bodily fluids.

There was glycerol leaching from the immersion samples, which remained
within a certain range, 18% to 30%, regardless of the immersion period. Also, upon
re-immersion of the samples that were previously immersed for one-week, the tested

PBS samples had no detectable amounts of glycerol.
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In regards to the long term testing of stainless steel-based samples, based on
observation the samples changed drastically after immersion, with increased porosity
and excessive swelling (see appendix). The samples had to be cut every week to fit
into the customized cell for electrochemical characterization; this could be attributed
to the weak adhesion and biding in material, due to the stainless steel larger particles’
size (150 micron) in comparison to titanium dioxide. This led to formation of fissures
that caused the samples to weaken and wear out. The weight of the sample after
immersion increased in the first six weeks; however, in the following weeks it started
to go down due to loss of part of the samples. In terms of the electrochemical
properties, the bulk impedance decreased slightly during the immersion period, with
the exception of weeks four and eight. On the other hand, the impedance at 1 kHz
fluctuated slightly during the immersion period, but similar to the titanium dioxide-
based material, no trend can be inferred. There were also slight fluctuations in the
CSC, but without trend or correlation to the recorded impedance values, with an
increase starting from week 6.

In the original objectives of the prepared material was the low cost of
fabrication, so a comparison was carried out between the conventional electrodes
materials’ cost with the materials used in this research. The materials cost was of a
fraction of what conventional electrodes materials were, even in comparison with
PEDOT:PSS which is considered a low cost conductive polymer. This is further
demonstrated by taking into account the preparation methods, which are simple and
only require a weighing scale and a clean, well-ventilated area.

Nonetheless, to improve on the research presented in this thesis,
biocompatibility-testing needs to be carried out to ascertain whether the material
allows the conditions in which neurons and muscular cells need to seed and
proliferate. In addition to developing an automated method for mixing the materials
and setting them into their respective molds to reduce the variations presented in the
data.

64



Chapter 8.  Conclusion and Future Work

In this thesis, flexible bioelectrodes were synthesized and evaluated for their
electrochemical and mechanical properties. Three types of electrode materials were
prepared: Titanium dioxide, stainless steel in addition to a mixture of titanium dioxide
and stainless steel all supported on silicone. Additionally, an investigation was
conducted to fabricate samples with different samples of different ratios of silicone
polymer on conjunction with titanium dioxide, stainless steel or both to find the best
combination of three materials. The samples were synthesized and characterized then
compared to present bioelectrodes made of conductive polymers and modified metals
available in the literature. The results offered promising electrochemical impedance

and enhanced mechanical properties.

The future work of this thesis will focus on assessment of the mixture that is
the combination of titanium dioxide and stainless steel during long-term impedance
test. In addition to further investigation of titanium dioxide-based samples, including
testing for leached titanium dioxide during immersion in PBS in the long-term
impedance test, and studying the effect of immersion on mechanical properties of the
samples. Additional tests to incorporate in the research plan include cyclic three-point
flexural test to investigate muscle movement effect on the material during
implantation, energy dispersive spectroscopy to identify if there are metal particles on
the surface of the samples, and in vitro testing of the cytocompatibility of the material
such as live/dead and immunofluorescence assays. Furthermore, an automated

preparation method/device is needed to reduce the variation between samples.
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Appendix A: Detailed Experimental Results

A.1l. Titanium Dioxide-Based Samples EIS Results

30 o
°
.
20 L] ¢
°
10 {gPpdle e d ®
E ",v’ e °. + Sample 1
g M e T T .\ \
S ‘O ® Sample 2
< -20 10 40 e 60
=3 - °
£ . . Sample 3
' 20 * o o
-30
Re (Z)/ KOhm
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Figure A.3: Nyquist plots for three samples from third batch of 30% TiO,
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Figure A.5: Nyquist plots for three samples from fifth batch of 30% TiO,
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Figure A.6: Nyquist plots for three samples from sixth batch of 30% TiO,
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Figure A.7: Nyquist plots for three samples from seventh batch of 30% TiO,
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Figure A.8: Nyquist plots for three samples from eighth batch of 30% TiO,
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Figure A.9: Nyquist plots for three samples from ninth batch of 30% TiO,
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Figure A.10: Nyquist plots for three samples from tenth batch of 30% TiO,
Table A.1: Bulk impedance results for 10 batches of 30% TiO,-based samples
Sample 1 Bulk Sample 2 Bulk Sample 3 Bulk
Impedance (QQ) Impedance (Q) Impedance (Q)
Batch 1 532 18.8 -
Batch 2 352 456 -
Batch 3 354 385 340
Batch 4 252 247 380
Batch 5 370 - -
Batch 6 432 447 144
Batch 7 242 622 -
Batch 8 484 379 236
Batch 9 409 427 557
Batch 10 320 250 204

Table A.2: Impedance at 1 kHz results for 10 batches of 30% TiO,-based samples

Sample 1 Impedance at | Sample 2 Impedance at | Sample 3 Impedance at
1 kHz (kQ) 1 kHz (kQ) 1 kHz (kQ)
Batch 1 21.8 18.5 29.1
Batch 2 73.8 120 113
Batch 3 358 232 445
Batch 4 125 253 251
Batch 5 161 102 228
Batch 6 148 1020 202
Batch 7 231 122 103
Batch 8 285 247 150
Batch 9 260 192 195
Batch 10 92 63.8 109
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Titanium Dioxide-Based Samples Mechanical Testing Results
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Figure A.11: Stress-strain curve for first 30% TiO, sample
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Figure A.12: Stress-strain curve for second 30% TiO, sample
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Figure A.13: Stress-strain curve for third 30% TiO, sample
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A.3. Titanium Dioxide-Based Samples Impedance with Time Test Results
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Figure A.14: Nyquist plots for three samples of 30% TiO, pre-immersion
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Figure A.15: Nyquist plots for three samples of 30% TiO, one week post-immersion
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Figure A.16: Nyquist plots for three samples of 30% TiO, two weeks post-immersion
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igure A.17: Nyquist plots for three samples of 30% TiO, three weeks post-immersion
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Figure A.18: Nyquist plots for three samples of 30% TiO, four weeks post-immersion
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Figure A.19: Nyquist plots for three samples of 30% TiO, five weeks post-immersion
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Figure A.20: Nyquist plots for three samples of 30% TiO, six weeks post-immersion
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Figure A.21: Nyquist plots for three samples of 30% TiO, seven weeks post-immersion
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Figure A.22: Nyquist plots for three samples of 30% TiO, eight weeks post-immersion

81



Table A.3: Change of bulk impedance in 30% TiO, based samples during immersion period

Sample 1 Bulk Sample 2 Bulk Sample 3 Bulk

Impedance () | Impedance () | Impedance (Q)
Pre-Immersion -182.5 1340 138
One Week Post-Immersion 1110 1760 906
Two Weeks Post-Immersion 1010 1410 1260
Three Weeks Post-lmmersion 1250 1270 2890
Four Weeks Post-lmmersion 1040 1360 1060
Five Weeks Post-lmmersion 1050 837 1770
Six Weeks Post-lmmersion 1890 2330 1610
Seven Weeks Post-Immersion 1240 1760 522
Eight Weeks Post-lmmersion 745 940 578

Table A.4: Change of impedance at 1 kHz in 30% TiO, based samples during immersion period

Sample 1 Impedance | Sample 2 Impedance | Sample 3 Impedance
at 1 kHz (kQ) at 1 kHz (kQ) at 1 kHz (kQ)
Pre-lmmersion 209 130 140
One Week.Post- 758 107 107
Immersion
Two Week§ Post- 421 473 52.2
Immersion
Three Weel_<s 929 46.9 114
Post-Immersion
Four Week_s Post- 106 116 63.6
Immersion
Five Weekg Post- 60.2 598 88.4
Immersion
Six Weeks_Post- 419 42 4 63.2
Immersion
Seven Weel§s 932 41.4 50.5
Post-Immersion
Eight Weel§s Post- 125 20.8 15.6
Immersion

Table A.5: Change of charge storage capacity in 30% TiO, based samples during immersion period

Sample 1 CSC Sample 2 CSC Sample 3 CSC
(mC/cm?) (mC/cm?) (mC/cm2)

Pre-Immersion 33.2 33.7 64.5

One Week Post-Immersion 84.1 82.4 81.4
Two Weeks Post-Immersion 111 10.1 111
Three Weeks Post-Immersion 77.4 111 80.3
Four Weeks Post-Immersion 67.5 78.5 95.5
Five Weeks Post-lmmersion 57.3 63.6 63.5
Six Weeks Post-lmmersion 131 121 98.0
Seven Weeks Post-lmmersion 55.1 92.3 83.6
Eight Weeks Post-Immersion 177 77.6 141
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A.4. Stainless Steel-Based Samples EIS Results
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Figure A.23: Nyquist plots for three samples from first batch of 30% stainless steel
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Figure A.24: Nyquist plots for three samples from second batch of 30% stainless steel
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Figure A.25: Nyquist plots for three samples from third batch of 30% stainless steel
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Figure A.26: Nyquist plots for three samples from fourth batch of 30% stainless steel

Table A.6: Bulk impedance results for four batches of 30% stainless steel-based samples

Sample 1 Bulk Sample 2 Bulk Sample 3 Bulk

Impedance (kQ) Impedance (kQ) Impedance (kQ)
Batch 1 2.37 2.35 0.172
Batch 2 1.67 2.67 4.18
Batch 3 0.28 1.58 1.73
Batch 4 1.35 0.206 1.70

Table A.7: Impedance at 1 kHz results for four batches of 30% stainless steel-based samples

Sample 1 Impedance at | Sample 2 Impedance at | Sample 3 Impedance at
1 kHz (kQ) 1 kHz (kQ) 1 kHz (kQ)
Batch 1 679 2750 2730
Batch 2 171 307 443
Batch 3 1920 2070 2750
Batch 4 122 246 265
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Stainless Steel-Based Samples Mechanical Testing Results
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Figure A.27: Stress-strain curve for first 30% stainless steel sample
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Figure A.28: Stress-strain curve for second 30% stainless steel sample
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Figure A.29: Stress-strain curve for third 30% stainless steel sample

A.6. Stainless Steel-Based Samples Impedance with Time Test Results
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Figure A.30: Nyquist plots for three samples of 30% stainless steel pre-immersion
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Figure A.31: Nyquist plots for three samples of 30% stainless steel one week post-immersion
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Figure A.32: Nyquist plots for three samples of 30% stainless steel two weeks post-immersion
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Figure A.33: Nyquist plots for three samples of 30% stainless steel three weeks post-immersion
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Figure A.34: Nyquist plots for three samples of 30% stainless steel four weeks post-immersion
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Figure A.35: Nyquist plots for three samples of 30% stainless steel five weeks post-immersion
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Figure A.36: Nyquist plots for three samples of 30% stainless steel six weeks post-immersion
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Figure A.37: Nyquist plots for three samples of 30% stainless steel seven weeks post-immersion
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Figure A.38: Nyquist plots for three samples of 30% stainless steel eight weeks post-immersion

Table A.8: Change of bulk impedance in 30% stainless steel-based samples during immersion period

S1 S2 S3 S4 S5 S6 S7
Q | @ | @ | O Q) Q) Q)
Pre-Immersion 2370 | 3250 173 1670 | 2670 280 1580
One Week Post-Immersion 1910 | 1050 | 1320 | 1590 825 794 1330
Two Weeks Post-Immersion -1.72 329 882 555 1050 707 860
Three Weeks Post-lmmersion 210 417 550 1020 315 1250 | 1060
Four Weeks Post-Immersion 76.7 687 1060 | 4210 642 122 1320
Five Weeks Post-lmmersion 157 707 939 582 325 401 1500
Six Weeks Post-Immersion 615 454 30.1 819 149 882 472
Seven Weeks Post-lmmersion 459 394 733 170 577 453
Eight Weeks Post-Immersion 314 212 833 874 1500 | 466
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Table A.9: Change of impedance at 1 kHz in 30% stainless steel-based samples during immersion

period
S1 S2 S3 S4 S5 S6 S7
kD) | (kQ) | (kQ) | (kQ) | (kQ) | (kQ) | (kD)
Pre-lmmersion 122 246 265 171 307 679 443
One Week Post-Immersion 439 509 394 781 330 1390 433
Two Weeks Post-Immersion 220 374 248 359 317 525 407
Three Weeks Post-Immersion 360 604 228 393 427 522 591
Four Weeks Post-Immersion 579 1380 225 596 626 97.3 584
Five Weeks Post-lmmersion 752 353 251 413 216 1260 268
Six Weeks Post-lmmersion 131 140 88.4 215 286 236 329
Seven Weeks Post-lmmersion 124 116 423 17.6 22.7 21.8
Eight Weeks Post-Immersion | 43.6 | 22.2 245 | 352 30.1 23.9
Table A.10: Change of charge storage capacity in 30% stainless steel-based samples during
immersion period
S1 S2 S3 S4 S5 S6 S7
(mC/ | (mC/ | (mC/ | (mC/ | (mC/ | (mC/ | (mC/
cm?d) [ cm?d) [ cm?d) | cm®d) | cmd) | cm®) | cm?)
Pre-lmmersion 56.5 29.8 35.8 28.4 23.5 23.8 24.5
One Week Post-Immersion 20.8 18.4 21.7 15 26.5 5.09 11.9
Two Weeks Post-lmmersion 36.8 26.3 31.2 19.6 25.9 18.8 24.1
Three Weeks Post-Immersion | 28.1 18.9 28 26.6 20.9 19.1 13.7
Four Weeks Post-Immersion 17.8 38.5 29.1 21.1 15.6 10.1 22
Five Weeks Post-lmmersion 11.4 17.4 29.4 20.8 36.4 11.3 42.7
Six Weeks Post-lmmersion 87.0 100 121 221 46.0 271 113
Seven Weeks Post-lmmersion 177 162 28.3 81.6 67.3 177 63.0
Eight Weeks Post-Immersion | 56.0 168 196 10.9 138 146 159
Two weeks post-immersion [€ —
Four weeks post-immersion [€ —
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—
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Figure A.39: Stainless steel samples post-immersion in PBS
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A.7. Titanium Dioxide and Stainless Steel-Based Samples EIS Results
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Figure A.40: Nyquist plots for three samples from first batch of 20% TiO, and 10% stainless steel
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Figure A.41: Nyquist plots for three samples from second batch of 20% TiO, and 10% stainless steel
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Nyquist plots for three samples from third batch of 20% TiO, and 10% stainless steel
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Table A.11: Bulk impedance results for three batches of mixture samples of 20% TiO, and 10%

stainless steel

Sample 1 Bulk Sample 2 Bulk Sample 3 Bulk

Impedance (QQ) Impedance (Q) Impedance (Q)
Batch 1 2200 2400 770
Batch 2 185 1690 1890
Batch 3 871 1890 3460

Table A.12: Impedance at 1 kHz results for three batches of mixture samples of 20% TiO, and 10%

stainless steel

Sample 1 Impedance at | Sample 2 Impedance at | Sample 3 Impedance at
1 kHz (kQ) 1 kHz (kQ) 1 kHz (kQ)
Batch 1 113 111 107
Batch 2 104 513 441
Batch 3 102 123 105

A.8. Titanium Dioxide and Stainless Steel-Based Samples Mechanical Testing
Results
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Figure A.43: Stress-strain curve for first 20% TiO, and 10% stainless steel sample
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Figure A.44: Stress-strain curve for second 20% TiO, and 10% stainless steel sample

91




A.9. Code Used for Calculation of Charge Storage Capacity

=1
i=ImA; %Saving the current from the imported data
t=timesl; %Saving the time from the imported data
for z=1:numel(i)
1(2)=1(2)0.785; %To divide the current by the area to find current density
end
for z=1:numel(i)
if i(z)<0 %To identify the negative (cathodal) current values
X(j)=times1(z); %Save their corresponding time in a new matrix
y(j)=i(z); %Save the values of current density in a new matrix
=it
end
end
c=abs(trapz (x, y)1); %Using the function to calculate the area under the curve

c=c/0.1; %Dividing by the square root of the scanning rate
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