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Abstract

Implantable bioelectrodes have the potential to advance neural sensing and muscle
stimulation, mainly in patients with peripheral nerve injuries. The current emerging
prostheses rely on the use of conductive and capacitive materials to assist the nerve
recovery process, which is often slow. Therefore, implantable electrodes are used to
stimulate and restore muscle function after injury. The function of implantable
electrodes is to work as an interface between the damaged nerve and the muscle which
is controlled by that nerve. There are conventional implantable electrodes that are
fabricated from precious metals, such as platinum and gold. Aside from the cost, they
have many disadvantages such as high impedance, toughness, and they make damage
to the soft tissue. This thesis discusses the fabrication and characterization of novel,
low-cost, flexible bioelectrodes based on silicone, and polyaniline (PANI), and
polymethyl methacrylate (PMMA) in addition to their combinations. Implantable
electrodes were fabricated from variant combinations of these polymers and their
electrochemical and mechanical properties were evaluated. PANI was used as the main
conducting components for fabrication. The characterization methods included
conductivity, capacitive behaviour, cost, long term impedance, and their mechanical
properties. The results of the fabricated PANI-silicone based samples displayed a bulk
impedance of 600 Q with an impedance of 1.6 kQ at the frequency of 1 kHz and a
modulus of elasticity of 75.312 MPa. The charge storage capacity of the fabricated
sample was equal to 138.14 C/ Cm? which is the highest compared to the literature
materials. The samples did not have any peaks so they were considered as stable
samples. The mechanical test results of the fabricated batches were compared to those
found in the literature such as PEDOT: PSS (poly 3,4-ethylenedioxythiophene):
polystyrene sulfonate) and skin tissue. The young modulus of the fabricated samples
(sample 1 and sample 9) were 0.1468 MPa and 75.312 MPa respectively, while the
young modulus from the literature were 1.8 + 0.2 GPa and 83.33 + 4.9 MPa
respectively. The results for the silicone with PANI showed promising electrochemical

and mechanical characteristics with flexible and ductile properties.

Keywords --- Conductive polymers, Flexible electrodes, Implantable electrodes, Poly-
aniline implantable electrode.
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Chapter 1. Introduction

In this chapter, the introduction of implantable bioelectrode material is
discussed, followed by a summary of the topics investigated in this study, along with a

thesis contribution. The general organization of the thesis is finally provided.

1.1  Overview and Problem Formulation
Bioelectrodes act as a bridge between the human body and the instrumentation
system, it acquires the electrical signal from the body or it can be used to trigger the

nerve/muscle.

It is a sensor which works as an interface between the proximal end of the
muscle and the injured nerve. Flexible bioelectrodes were among the most successful
projects in the area of bioelectrodes. Since last decade, neuroprosthetic applications
have demonstrated promising results for traumatic neural injuries, hence the demand

for implantable electrodes has expanded [1, 2].

For decades, neural sensing, monitoring, and stimulating methods have received
much interest [1]. Many of these methods have so far relied heavily on precious

materials such as gold and platinum [2].

These materials caused damage to the soft tissue and had poor electrochemical
properties. These, particularly, introduce more noise over the acquired signal and affect
its durability. As a result, multiple attempts were conducted in the literature to create
new flexible electrode materials that could solve the previously mentioned

disadvantages.

These materials are based on conductive polymers such as Poly-aniline [3] and
PEDOT: PSS [4]. In this thesis the synthesis and characterization of flexible
implantable electrodes based on a combination of a conductive polymer (poly-aniline

(PANI)), glycerol, and silicone were demonstrated.

For the conductive material to be prepared, the components are mixed and
molded into a rectangular electrode shape. After that, the implantable electrodes were

evaluated for their electrochemical and mechanical properties. In this thesis, the novel
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bioelectrode material is presented and investigated. The fabricated bioelectrodes should

be biocompatible, conductive, and flexible.

1.2 Thesis Objectives
This thesis aimed at producing a low-cost, flexible bioelectrode material that is
biocompatible and stable over time in order to avoid a foreign body reaction during

long-term implantation.

Furthermore, it should have electrical and mechanical properties that are similar
to the stimulating units within the body, to be able to transmit the electrical impulses to
the target muscle/nerve. Therefore, the electrodes were fabricated; they are made of a
flexible composite mixture of silicone, glycerol, and PANI. To achieve this goal, the

plan was to:
1) Fabricate electrodes with different combinations:
-Silicone + PANI.
-Silicone + PANI + Glycerol.
- Silicone + PANI + PMMA + Glycerol.

2) Conduct electrochemical, mechanical, stability, and biocompatibility testing

protocols to determine the properties of the fabricated samples.

3) Based on the conducted results, adjust the electrodes performance,
electrochemical characterization tests including electrochemical testing (including
impedance spectroscopy (EIS) and cyclic voltammetry (CV)), and mechanical
properties by varying the composition of the different components (PANI polymer,

silicone) and observe the effect on the electrode properties.

4) Perform the long-term test for the electrode sample to investigate the effect
of long-term implantation of the bioelectrode material properties and to know how long

the electrode can be stayed within the body.

1.3.  Research Contribution
Research has been conducted in the field of implantable electrodes [5-7], several
materials used in producing the electrodes were studied including noble metallic

materials such as gold and platinum [2], or conductive polymers such as PANI [3] and
14



PEDOT: PSS [4]. While it is practical, these materials still suffer from different
limitations such as poor electrochemical properties and high impedance, high cost for
manufacturing, and they make damage to the soft tissues. In this thesis, PANI and
silicone are proposed to fabricate implantable electrodes. The combination of PANI
within silicone and glycerol is examined for the first time in the literature. Silicone has
commonly been used as a supporting material due to its biocompatibility and stability.
The outcome of this work is the fabrication of functional and stable implantable
electrodes at a potentially reduced cost to address multiple problems associated with

the use of traditional electrodes, such as flexibility and high impedance.

1.4 Thesis Organization

The rest of this thesis is arranged as follows: Chapter 2 discusses the background
of anatomy and physiology of the body's nervous system, followed by a discussion of
bio electrodes types and materials. Chapter 3 explains the methodology of the
preparation and characterization of the bioelectrode material in this thesis. Chapter 4
presents the experimental results, and finally, chapter 5 consists of the conclusion and

future work to be done.
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Chapter 2. Literature Review

In this section, the nervous system, structural classifications, anatomy and
physiology of the nervous system, functional classifications of the peripheral nervous
system, bioelectrodes, types of bioelectrodes, materials used in bioelectrode, the uses
of implantable electrodes in medical applications, and materials used in neural

interfaces were discussed.

2.1.  The Nervous System

The nervous system is a complex collection of nerves and specialized cells
(neurons); it is responsible for the main functions of the body. It is made up of the brain,
spinal cord, and nerves which connect organs to the rest of the body [8]. It is a fast
response system which response to internal or external changes by activating muscles
or glands. It is a complex system that has a lot of classifications. These classifications
are used to explain its functionality, as presented in the following sections. Figure.2.1
shows the nervous system parts; these parts were discussed in the structural

classification of the nervous system.

2.1.1. Functions of the nervous system. The function of the nervous system is
to transmit information to and from the brain and spinal cord to the rest of the body.
The nervous system functions by communicating with the body using these parts of the
control system; the receptors (sensory input) respond to the changes in the environment
(stimuli). Then it will send information to the control centre (integration), which will
determine the setpoint, then it analyzes the information and will determine the best
response to this change. The effector (motor output) will provide a means for a response

to the stimulus by activating muscles and glands.

2.1.2. Structural classifications. The nervous system is compromising of the
Central Nervous System (CNS) which consists of the brain and the spinal cord, and the
Peripheral Nervous System (PNS) which consists of the rest of the body (nerves outside
the brain and the spinal cord). These two systems work together to enable the body to

communicate with the outer environment [8].

2.1.3. Functional classifications. The PNS has two branches: the sensory

nerves (Afferent) and motor nerves (Efferent) [8]. The sensory nerves transmit the
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information from the body to the CNS. The motor nerves are divided into two sectors:
the voluntary nervous system (somatic nervous system) which is responsible for the
voluntary control of body movements, and the involuntary nervous system (autonomic
nervous system) which sends the response (command) to the CNS and then to the body
(activate muscles or glands). The CNS contains all the non-sensory neurons (somatic

nervous system and the autonomic nervous system).

2.1.4. Nervous tissue. Nervous tissue is a group of ordered cells in the nervous
system, it controls body movements, and it is responsible for sending and carrying
information to and from body parts. The nervous tissue has two main parts: Neurons
and neuroglia. The neuron’s function is to transmit electrical impulses while the

neuroglia has many functions such as supporting and protecting neurons [9].

2.1.4.1. Neuron structure. The main components of the neuron are cell body,
axons, dendrites, and synapse. Each neuron consists of a nucleus surrounded by several
cellular components such as Mitochondrion, Neurofibrils, Golgi Apparatus,

Endoplasmic reticulum which are housed in a cell body.

The cell body controls all the cell functions, and it is connected to the dendrites,
which are extended away from the cell body. The dendrite’s function is to receive the
information from another neuron and transmit it to the cell body [9]. The axon is a tube
structure which is responsible for carrying the electrical impulse from dendrites or the
cell to the end of the neuron. Axon terminals can pass the electrical impulse from one

neuron to another.

The junction between the cell body and the axons is called Axon hillock. The
synapse is the chemical junction between the axon terminal in one neuron and the
dendrites from another neuron (it is a place where the chemical interactions can occur)

as shown in Figure. 2.1.

One of the most critical internal structures of the cell body is the myelin sheaths,
which are produced by Schwann cells (in PNS) and oligodendrocytes (in CNS). The
myelin sheath works as an insulator; it increases the speed and the efficiency of the

electrical impulse.

The myelin sheath is wrapped around the axon as several layers. The myelin

sheath is not covering the axon fully; there are some spaces between each of the two
17



myelin sheaths, which are called the Node of Ranvier, and it works as a channel for

sodium ions [9].
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Figure 2.1: Neuron structure [9].

2.1.4.2. Neuron functional classification. Nerve cells are classified as sensory

neurons and motor neurons based on the direction of the electrical impulse.

Sensory neurons (Afferent) are further classified into unipolar, bipolar, and

multipolar shaped cells that conduct the action potential to or from the CNS.

They carry the autonomic and somatic nervous system signals. However, motor
neurons (Efferent) are multipolar shaped cells that are responsible for conducting the

action potential out from the CNS [8].

2.1.4.3. Nerve impulses. At resting state, the neuron axon in the cell membrane
is polarized (has Na* ions and K ions). When the cell membrane gets stimulated, it

begins to depolarize, and an action potential will take place.

The action potential (depolarization) will move in one direction from one
section to another while the previous section starts to return to its resting state [8,10].
As shown in (Figure 2.2), when the neurons have unmyelinated axon the transmission
of the signal will be relatively slow because the axon membrane bears

depolarization/repolarization. However, if the neurons have myelinated axon the
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transmission of the signal will be extremely fast because of the presence of myelin

sheath in a procedure called saltatory conduction [9].
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Figure 2.2: Impulse propagation due to a) unmyelinated sheath b) myelinated sheath
[10].

2.1.4.4. Axon regeneration. The peripheral nervous system axons are very
sensitive, they can easily be injured or damaged. However, if a small part of the

neurilemma remains, the axon can be regenerated.

The regeneration process depends on three factors: the severity of the trauma,
the nerve growth factors, and the distance between the injured axon and the
muscle/gland [9]. This regeneration cycle is called the Wallerian Degeneration process

as shown in Figure 2.3.

‘ Neuron axon is injured/severed

The proximal end is isolated and begins to
swell, while the distal end begins to disinte grate
—
‘ Schwann cells build aregeneration tube
=
The axon is reconstructed. guided by the
regeneration tube, and is remvelinated

The axon restores connection with effector
organ and is innervated

Figure 2.3: The axon regeneration process [9].
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2.2.  Neural Interfaces

A wide range of treatments with the help of neural electrodes for tissue-
electrode interface have introduced for chronic conditions using stimulation to excite
or inhibit the target organ and electrical recording providing tunability and selectivity
of the electrical interfaces and then specificity to the individual’s needs [11, 12]. These
treatments demonstrate compelling alternatives to pharmaceutical options without side
effects for the same conditions along with added specificity of the delivery [13, 14].
Moreover, thanks to the swift evolution of implantable neural interface technologies,
the same technology has been developed remarkably in prosthetic applications
demonstrating significant sensory feedback by providing electrical interfaces with the
nervous system immediately to the peripheral nervous system (PNS) [15, 16] and to the
cortex [17].

This method had shown to be a convincing replacement for the indirect sensory
feedback approaches for prosthetic such as vibrotactile stimulation, electro-tactile
stimulation, and modality-matched feedback which do not noticeable stability,
selectivity by myoelectric control [18-21]. The peripheral nerves are composed of nerve
fibers which they are made of axons of motor or sensory neurons which are arranged in
fascicle groups in a sheath that keeps them in bundles and then fascicle layer surrounds
the entire nerve. This intricated system needs to be considered when designing any
device that has interaction of electrodes with the nerve’s structures. Signals go through
peripheral nerves which have bidirectional pathways for both sensation and motor

commands from and to periphery and spinal cord.

However, they can be blocked or lost in sever peripheral injuries which causes
loss of functionality [22]. However, with the help of surgical techniques and using
bioengineered neuroelectronic interfaces and specified prostheses recently it is possible
to overcome these deficits [23, 24]. At first neural electrodes application were limited
to studying the properties of nerves and its relationship with spinal and cortical tissues
[25, 26]. By increasing the understanding of peripheral nerves and the emergence of
advanced technologies, neural electrodes step into development of clinically applicable

neuroelectronic interfaces [27-29].

A selective approach is needed to provide an interface for the loss of motor and

sensory pathways to reanimate the stimulating and recording potentials. For instance,
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regarding nerve dysfunction, an appropriate electrical stimulation can be used to target
a specific muscular response, such as implementing functional electrical stimulation
bladder control in paraplegia [30-32], or in foot drop [33, 34], and epilepsy treatment
with the help of vagal nerve stimulation [35, 36]. Moreover, in the case of amputees,
prosthetic control would be possible by recording motor action potentials of nerves [37,
38].

However, with advances in electromyogram (EMG) decomposition approaches,
this method may get a promising alternative [39-42]. A recent study by Gesslbauer and
co-workers [43] on brachial plexus and its derivative nerves in human limbs
demonstrates that the ration of sensory axons to motor axons is 9:1. Thus, regarding the
fact that developing direct interfaces on the peripheral nerves may be a useful approach,
however, being able to replace these sensory inputs through direct electrical stimulation
could be a game changer in prostheses design. Recent studies have shown that
transdermal cuff in upper limb amputees can coarsely stimulate the sense of touch when
coupled with a prosthetic limb [35, 44-46].

However, yet there are some challenges remaining about permanent use of
percutaneous systems for the risk of wound breakdown, infections, and material failure
[47]. Wireless systems could be boon to these approaches if the technical challenges of

biocompatibility and power delivery can be overcome.

Implementing cochlear implants to overcome hearing loss is a convincing
instance of transcutaneous interfacing with the nervous system. As a well-developed
technology with convincing clinical results, it demonstrates that sensory deficits can be

treated with appropriate neuroelectronic interfacing [48, 49].

2.3. Bioelectrodes

Bio electrodes are sensors that are used to transfer information into or out of the
body. They are used to connect the body with electronics. In this thesis, these bio
electrodes were investigated for their ability to transmit any signal from the

instrumentation system to the target tissue nerve/muscle [2, 50].

2.3.1. Types of bioelectrodes. PNS electrodes can be placed next to, around, or
within the peripheral nerve trunks/spinal roots [9]. The bioelectrodes can be classified

into several groups based on their selectivity and invasiveness, as shown in Figure 2.4.
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Figure 2.4: Types of bioelectrodes interfacing with PNS [51].

2.3.1.1. Body surface electrodes. Also called transcutaneous electrodes, these
electrodes are minimally invasive and are placed on the body surface. They can be used
to record body signals such as electromyogram (EMG), electrocardiogram (ECG), and
electroencephalograph (EEG) [2, 50]. This type of electrodes cannot be used in neural

sensing.

2.3.1.2. Neural electrodes. These electrodes work as an interface between
neurons and the brain-machine interface. The neural electrodes can be classified as

intra-neural and extra-neural based on the insertion site.

These electrodes are manufactured from silicone which is a flexible material
that helps in insulation and protection. These electrodes are placed in contact with the
nerve. Several materials are also used, such as graphene and conductive polymers such
as PEDOT [51-53].

2.3.1.2.1. Intra-neural electrodes. This type of electrodes is inserted within the
cell. They are located within the epineurium sheath of the peripheral nerve. These

electrodes have active contact with the bundles of the fascicles.

These electrodes are generally developed to improve the selectivity and signal
to noise ratio of the recording. One type of intra-neural electrodes is the intrafascicular
electrodes. It is called intrafascicular because the electrode was attached to small

fascicles in the nerve bundle, as shown in Figure 2.5 [2], [54].
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Figure 2.5: (A) Schematic representation of a slowly penetrating interfascicular nerve
electrode. (B) Cross-section of an implanted nerve electrode [50].

2.3.1.2.2 Extra-neural electrodes. This type of electrodes is not implanted in a
single cell. It is attached to the extracellular fluid near to the cell. Types of extraneural
electrodes are cirumneural, epineurial, and helicoidal. The epineural and helicoidal are

inserted along with the nerve.

The cuff electrode is one type of cirumneural electrode. It is an open tube shape
that is placed around the peripheral nerve. The electrodes are placed inside the cuff to

get in touch with the nerve, as shown in Figure 2.6 [2, 55].

IR

Figure 2.6: Examples of epineural electrode [50].
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2.3.1.3. Muscle electrode. This type of electrode is attached to the epimysium,
which is a mask for the entire skeletal muscle, but can capture good quality EMG
signals. It is used to transmit the electrical stimulation from the muscle to the
instrument. One type of muscular electrodes is an intramuscular electrode, which has
two fine wires inserted into the selected muscle within a hypodermic needle (one as
active wire and the other one will work as a reference) [56]. Muscle electrodes have
been widely used in the medical field, such as Rheumatic, Rehabilitation, implantable
neuromuscular stimulation system, neuroprosthesis control, and hybrid bionic systems
[50-58].

2.3.1.4. Recording electrodes. When the detected signal distinguishes a single
neuron firing, the neuron activity can be recorded as an action potential or as an
extracellular potential. If the microelectrode is implanted near to the target neuron for
single-unit recording, its geometric surface area should not be larger than 20004000
m2, and is usually much smaller. Such neural recordings, especially from large sets of
neurons, are the basis for prostheses that could provide the mental control of existing
prosthetic devices to help patients with paralysis [59, 60]. Specific uses of
multielectrode neural recordings, wherein the recorded neural signals assess the output
of implanted stimulation electrodes, it is also used for adaptive deep brain stimulation

and functional stimulation for epilepsy [61, 62].

2.3.1.5. Stimulation electrodes. The purpose of stimulation is to provide enough
charge to activate an action potential at a particular location. Muscle, peripheral nerve,
and the cortical surface layer require to charge up to 0.2 to 5 mC per stimulation, a pulse
is needed, and the intracortical region needs only 8 to 64 nC per stimulation pulse [63,
64]. As the electrode area goes down, the amount of charge density increases,

contributing to electrode failure.

Optimizing the Charge Store Capacity (CSC) parameter offers more charge per
electrode area, thereby preventing electrode failure from extending its usable life. This
parameter can be obtained via the Cyclic Voltammetry (CV) wave, where the cathodic
area (negative current) is correlated with the sum of electrons that the electrode provide
at a specified voltage range. Stimulation protocols are usually performed in the form of

voltage or current pulses, where the latter is more common. Several combinations can
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be used, but charge-balanced biphasic protocols are usually standard since the net
charge is zero [1].

2.3.1.6. Penetrating microelectrodes. Microneurography has been widely used
as a low invasive technique for humans. Measurement of multi-unit peripheral nerve
activity has become an essential tool for the study of somatosensory, motor, and
autonomic physiology and pathophysiology. A Tungsten microelectrode is usually
implanted percutaneously into limb fascicles and peripheral facial nerves of conscious
human subjects to detect afferent or efferent nerve fiber activity, as shown in Figure 2.7
[65].

Actual neural probe

Inserted into brain

Figure 2.7: Penetrating microelectrodes types [65].

2.3.2. Implantable electrodes materials. Several materials are used in the
manufacture of implantable electrodes, and this section addresses some materials such
as Carbon, Silver, Gold, Platinum (Metals), Polyaniline, PEDOT, Polypyrrole, and
PMMA (conductive polymers) [65].

2.3.2.1. Criteria for choosing materials. Four main factors must be well-
thought-out for choosing the materials for implantable electrodes; these factors are: 1)
Allergic response 2) Tissue response 3) Electrode-Tissue impedance and radiographic

visibility [66].
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2.3.2.2. Metals. To date, many electrodes have depended primarily on metallic
materials such as gold (Au), silver (Ag), titanium (Ti), stainless steel, and platinum (Pt)
in addition to some metal alloys [6]. Platinum is the most commonly used metal in

neural prosthesis [67-69] and widely used in medical applications.

Platinum was used in conjunction with polyimide (as a microelectrode) for
chronic in vivo neurophysiology [70]. Some metals cause foreign body response and
lead to unevenness in the collected signal, so researchers have found that they can coat
the metals with another material that is usually conductive polymer to avoid foreign
body response (FBR) [71].

2.3.2.3 Conductive polymers. Also known as intrinsically conductive polymers
(ICP). This type of polymers have high conductivity and improved mechanical
properties. Moreover, conductive polymers have high processability, their physical and

chemical properties can be adjusted according to the function [72-90].

2.3.2.3.1. Polyaniline (PANI). Previously called aniline black, it was the first
conductive polymer produced in 1862. There are different forms of polyaniline based
on the degree of oxidation in sulfuric acid so that each form has its conductivity [72-
74]. The major issues with the use of PANI are its rigidity, and it can lose its
conductivity in a high pH environment. It is one of the most used conductive polymers
in implanted electrodes. It has several advantages including the low cost, stability and
it does not show any abnormalities signs in the body. Also, it is biocompatible and non-
biodegradable material and widely used in biomedical applications, particularly for
long-term implants [3, 63, 75]. Due to the low cost and many advantages associated
with it, PANI is the choice of study in this thesis.

2.3.2.3.2. Polypyrrole (PPy). It is a heterocyclic polymer and the most studied
polymer in bioelectrodes. Polypyrrole has high electrical conductivity and stability
under high temperatures (around 200C). It is a rigid material, but at the same time, it is
brittle [77]. The conductivity of polypyrrole may be increased by ten times by using
perchlorate instead of the oxalate. It is used widely in drug delivery and tissue

engineering [78-80].

2.3.2.3.3. Polythiophene (PTh). It becomes conductive when it is oxidized. It

has the same structure as polypyrrole, but in the aromatic ring, it has sulfur instead of
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nitrogen [81]. It has many derivatives such as poly 3, 4-ethylene dioxythiophene
polystyrene sulfonate (PEDOT: PSS) and poly 3, 4-ethylene dioxythiophene (PEDOT).
PEDOT: PSS is one of the best conductive polymers due to its high conductivity and
stability and has therefore been widely used in medical applications such as biosensors
[82, 83], nerve growth [84, 85]. Unfortunately, PEDOT: PSS is a ductile material. Some
issues are identified when used in long-term implants [85]. Such as low conductivity

and the internal mechanisms are ambiguous.

2.3.2.3.4. Poly (3, 4- ethylene dioxythiophene) (PEDOT). It is the most popular
polythiophene derivative due to its properties, High conductivity, and secure polymer
processing. Researches have shown that it can be used to improve long-term neural

implants, biosensors [65, 87 - 86].

2.3.2.3.5. Polyimide (PI, Kapton). Polyimide is a rigid material, but it is a brittle
material at the same time. It has a high-performance polymer. It is made up of a chain
imide monomers. Polyimide has excellent mechanical properties with high conductivity
and an active insulation polymer [87]. Nevertheless, it has been widely used in

biomedical engineering, especially in long term implants [88], [89].

To sum up, conductive polymers generally have high conductivity, stability, and
biocompatibility. Nevertheless, their rigidity and brittleness prevent the use of them in

implantable applications.

2.4.  Electrical Stimulation
Neuromodulation (NM) and functional electrical stimulation (FES) are widely
used in medical applications, implantable bioelectrodes played a huge role in acquiring

and sending electrical signal from/to the human body.

2.4.1. Neuromodulation (NM). Inthe field of medicine, neuromodulation grow
rapidly in many different areas affecting millions of patients with several disorders
across the globe. “It is a procedure of electrical or chemical prevention, relaxation,
regulation, or therapeutic alteration of an action in the nervous systems.” [91]. The most
extensive and rapidly expanding field of neuromodulation is the peripheral nervous
stimulation (PNS). This growth has become feasible due to technological and medical
developments in pain management [92]. The theory is also applied to autonomic

dysfunction conditions such as Parkinson's disease [69]. Furthermore,
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Neuromodulation is established in percutaneous activation of the posterior tibial nerve
at regular intervals [93], Cardiac and Visceral Pain [94], and augmentation of sexual
function [95]. Additionally, such stimulation is accomplished by combining peripheral

and spinal cord nerves [96].

2.4.2. Functional electrical stimulation (FES). FES is an application which
uses the electrical current to stimulate the tissue to either supplement or restore the
function which is missing in the neurologically affected person. FES purpose is to
enable the function by substituting or assisting the voluntary ability of a patient. FES
can restore both sensory and motor functionality. Neuroprostheses is referred to the
instruments or structures which can be used as a replacement for impaired neurological
function. Some examples for the FES are auditory and visual neuroprosthesis which are
used to restore the functions of the sensory system. This approach focuses on
attenuating muscular atrophy while at the same time promoting the reconstruction of
neuronal connections. Even though, the stimulation electrodes are placed on the
targeted muscle, the trigger action is almost certainly to stimulate the nerve instead of
the muscle fiber; because the nerve has a lower threshold than the muscle fibers.
Normally the FES systems are designed to be worn by the patients, because a stimulus
from these systems is needed to achieve the required function. “FES systems have been
established to restore the function in the lower extremity, upper extremity, bowel,
bladder and respiratory system” [97]. The block diagram of the FES system is shown
in Figure 2.8.
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; Microcontroller
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Neuromuscular

. FES Electrodes
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v

Emergency
Power-off Switch

Figure 2.8: Block diagram of the FES system [2].
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The electrical stimulation has achieved great results in both preventing the
muscle atrophy and peripheral axonal regeneration. But the peripheral axonal
regeneration depends hugely on the presence of Schwann cells in the damaged sites. It
was proven that both the stimulation of neurons and schwann cells advances the neurite
outgrowth. [98 - 100].

Numerous studies about FES in the upper and lower limbs were conducted. An
example is the freehand implanted system, consisting of a transmitting/receiving coil,
stimulator/telemeter, EMG recording/stimulation electrodes, and an external control
unit placed within the chest inserted at the trigger points of the forearm and hand

muscles as shown in Figure 2.9.

The external components consist of a transmitting/receiving coil based on radio
frequency, an additional programmable control unit, and a transducer which is used for

the monitoring of contralateral shoulder motions.

The shoulder movement controls the degree of the flexing and extending of the
hand muscle. Patients with C5 or C6 tetraplegia used the free hand method to achieve
lateral and palmar grasp [97]. The Freehand device was approved by the FDA and has
been implanted in hundreds of individuals worldwide [97, 101, 102].

Transmitting/Receiving Coil

Implant Stimulator/Telemeter

EMG Recording Electrodes V7 >N
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External Control Unit

Figure 2.9: The freehand is an implanted system [97].
2.5.  Material for Neural Interface Design
In the last 30 years, all carbon-based polymers were particularly known as
insulators, for this purpose they are commonly used by the electronics industry, they
were used as insulating materials. These properties have changed after mixing the
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conductive polymers with other polymers (conventional polymers); this combination
provides a new polymeric material with special properties. By mixing the conventional
polymers with conductive polymers such as polyaniline, polypyrrole, PDMS, etc.... the
mechanical properties improved, and the main drawbacks of conductive polymers such
brittleness and lack of processability can be eliminated. In this section several studies
about blends of conductive polymers were described, then they were summarized in
Table 2.1.

Table 2.1: Blends of conductive polymers.
Blends(materials) Properties Applications
Recording and
stimulating neural
activity, neural
Improve regeneration, and
PEDOT in the (Au nanorod) (Au-nr) adhesion and therapeutic drug
[2] stability. delivery.

A
biocompatible,
biodegradable
and conductive

electrode,
reduce the
degradation

risk, and

enhance

the

biocompatibility
of electrodes for

future neural Neural recording
PEDOT was electrochemically coated electrode and stimulation
on (Mg microwires) [3] applications. applications.

Biosensors, tissue
engineering, and

neuronal cell
PEDOT: PSS [8] stimulation or pan-
Low impedance. bioelectronics
Reduce signal to Recording brain
noise ratio, areas,
reduce the electrophysiology
PEDOT-TFB [9] insulation. applications.
Good adhesion, In vivo ECoG
PEDOT: PSS and platinum black (Pt- excellent recordings,
black) on the wrinkled microelectrode | biocompatibility microelectrode
[65] and stability. biosensors,
A novel graphene composite Promising Electrical
functionalized polyaniline [75] electrical, stimulation.
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mechanical

and
biocompatible
properties

Hydroxyethyl cellulose (HEC)/soy

protein (SPI)/Polyaniline (PANI) Strong

sponges (HSPS), were prepared by biocompatibility

Iyophilization of HEC / SPI solution , flexibility, and | Nerve repair, nerve

[76] reliability. tissue engineering.
Cellular

Two different CPs, PPy and PEDOT Stretchable, engineering, and

[77].

good adhesion.

tissue engineering,

Single walled carbon nanotube
(SWNT)/Polypyrrole (PPy) composite
[78]

Good electrical
and mechanical
properties, small
size, and
biocompatible.

Neural interface,
and it is used in
biomedical studies.

PEDOT/PSS - based film [79]

Reduce signal to
noise ratio,
improve
adherence.

Reduced gaps
between the

implants
material and the Main clinical
host tissue, applications, and
Glassy carbon coated PEDOT: PSS and good signal chronic
[81] to noise ratios. applications.

polypyrrole containing the anionic

Biocompatibilit

dopant dodecylbenzenesulfonate y, higher
(DBS) [82] conductivity. Tissue engineering.
Improve the
charge density
while

Doped polypyrrole and PEDOT with
sulphate (SO.) or para-toluene
sulfonate [83]

decreasing the

impedance at a

frequency of 1
kHz

Neural recording.

Composite of polypyrrole and carbon

Enhance the
signal-to-noise

nanotubes [84] ratio. Neural recording.
Hard, patterned, Neuroprosthetic
Titanium and gold were deposited onto conductive, applications,

polyimide films [84]

thin-film metals

transplants.

PEDOT: PSS [101]

Brain-computer-
interface (BCI)
applications,
electrocorticograph
y (ECoG)
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Polypyrrole and PEDOT nanotubes
[102]

Enhance the
long-term
efficiency of
neural
microelectrodes
low impedance,
and high load
storage capacity

Neural protheses.

PEDOT/MWCNT neural E\electrode
coating [102]

Neural interface
applications.

PEDOT: PSS [103]

Small size,
supplying low
impedance for

high-quality
in vivo neural

activity
recordings

Optical imaging,

Carbon fibers (CFs) and polyimide
(PIN [103]

Improve
mechanical
properties

Reduce
impedance,
good load
storage
capacity,
increase the
surface area,

In vivo recording
in the posterior
medial ventral

improve (VPM) nucleus of
AUNPs-PEDOT deposited tetrodes recording the thalamus
[104] efficiency (Brain).
Enhanced Drug delivery,

Polypyrrole/chitosan (PPy/CHI)

microhardness
and adhesion

tissue engineering,

bio actuators and

composite coated Ti [106] strength. biosensors.

Graphene oxide and poly (3, 4-

ethylene dioxythiophene) - poly

(styrene sulfonate) coated knitted

textile fabrics [107] . ECG monitoring.
Increase
mechanical and

electrical

Hyaluronic acid doped-poly(3,4-
ethylenedioxythiophene)/chitosan/gelat
in (PEDOT-HA/Cs/Gel) [108]

properties while
decreasing the
porosity and
water

Nerve tissue
regeneration.




absorption.

Biomedical device

Improve the (biosensors) and
PEDOT /taurine bio composite on charge transport drug delivery
screen printed electrode [109]. properties system.

Enhance signal
to noise ratio,
minor increase

in electrical
impedance,
stable interface
Black-platinum coatings on flexible, between tissue Brain applications
polymer micro ECoG Arrays [110] and device. (EEG).
Improve the
biocompatibility
Polyimide-insulated microelectrodes , small and Neural recording
with a bioactive peptide flexible and brain-machine
KHIFSDDSSE [111] electrode. interfaces

To summarize this chapter, bioelectrodes are type of sensors which are used to
transmit a signal from the body to the instrument (they work as an interface between
the body and the instrument). Different materials were used to fabricate these
bioelectrodes such as gold, platinum, and conductive polymers. Flexible electrode is a
type of electrodes which is widely used in the field of bioelectrodes, this type of
electrode works as a bridge between the injured nerve and the proximal end of the
muscle. The human body has several signals that can be transmitted such as ECG,
EMG, EOG, and EEG (which is an important signal used in nervous system diagnostic).
There are many types of bioelectrodes used in biomedical applications such as Body
surface electrodes, Neural electrodes, and implantable electrodes. Finally, A wide range
of these materials were used in the medical field such as Optical imaging, Neural
protheses, Biosensors, tissue engineering, neuronal cell stimulation, recording and

stimulating neural activity, neural regeneration, and therapeutic drug delivery.
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Chapter 3. Methodology

In this chapter, sample preparation and characterization methods are discussed
in addition to the characterization methods used, such as (EIS, CV, and mechanical

testing).

3.1.  PANI Preparation Materials
In this section, materials used for preparing PANI to use it in this experimental

work were described.

Table 3.1: PANI preparation materials [112].

Supplied
Material Percentage by Used Country
Spain,
99.9% Germany,
Aniline . . United
monomers (Weight/\Weight) Sigma -- Kingdom
) Spain,
Sodium To form Germany,
Dodecyl 99% micelles in United
Sulfate | (Weight/Volume) Sigma solution. Kingdom
lchil To form
Nonylphenol Chemical micelles in
Ethoxylate 9 -- Co solution., Korea
Kanto
98% Chemical To initiate the
APS (Weight/Weight) Co. | polymerization Japan
To wash the
PANI particles
99.9% after the
Methanol | (Weight/Volume) | Mallinckrodt reaction USA
To wash the
Kanto | PANI particles
96% Chemical after the
Acetone (Weight/\VVolume) Co. reaction Japan
35% As a doping
HCI (Weight/Volume) Matsunoen agent.

3.2.  Samples Preparation

To prepare nine bioelectrode samples, mixtures of different variation of Poly-
aniline (PANI), silicone, glycerol, and PMMA as shown in Table 3.2 were added and
mixed well (manually in a small plastic plate) for several minutes until they became a

paste. The paste mixture was then applied in a Teflon mold and allowed to dry for 24
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hours in the fume hood (at room temperature). Figure 3.1 illustrates a sample of the

prepared electrodes.

Figure 3.1: The electrode sample [This work].

Table 3.2: Comparison between different prepared electrode mass compositions.

Glycerol
Sample PANI (%) Silicone (%) (%) PMMA (%)
sample1 | %99G0%) | 1505000 | 056 g (20%) .
Sample 2 0.6 g (20 %) 1.5 g (50 %) 0.9 g (30 %) --
Sample 3 0.3 9 (10 %) 1.8 g (60 %) 0.9 g (30 %) --
Sample 4 0.9 g (27%) 1.5 g (45%) 0.6 g (19%) 0.3 g (9%)
Sample 5 0.6 g (18%) 1.5 g (45%) 0.9 g (28%) 0.3 g (9%)
Sample 6 0.3 g (9%) 1.8 g (55%) 0.9 g (27%) 0.3 g (9%)
Sample 7 0.4 g (15 %) 2.2 9 (70 %) 0.4 g (15 %) --
Sample 8 0.6 g (20 %) 1.5 g (50 %) 0.9 g (30 %) --
Sample 9 0.2 g (6 %) 2.9 9 (72 %) 0.9 g (22 %) --
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3.3.  Samples Characterization using EIS
Electrochemical impedance spectroscopy was used to determine the
electrochemical properties (bulk impedance, impedance at 1 kHz, and conductivity) of

the dried electrode samples.

To get the results in EIS, the four-probe method and a custom-made stainless-

steel cell electrode were used. The results were displayed as a Nyquist plot.

3.3.1. Electrochemical impedance spectroscopy. EIS is a technique which is
used to measure the impedance of a device using a sinusoidal signal. An impedance
scale is observed by varying frequencies (100 Hz-7MHz) over the desired range. An
alternating current was applied, and the output was observed as a function of frequency.
The EIS calculations were carried out with the aid of a Potentiostat (Biologic, model
SP-200 with EC lab software v11.02), as shown in Figure 3.2. The EIS data is provided
as a Nyquist plot, which was analyzed to determine the sample's bulk impedance. At a
standard frequency of 1 kHz, the sample impedance was also measured. The equation

below was used to determine the conductivity of the fabricated samples (o):
o =t/R+A 1)

Where t and R represents the thickness of the sample and the sample’s electrical
resistance respectively and A represents the cell's cross-sectional area. The bulk
impedance is the intercept of the curve with the x-axis which can be determined by the
Nyquist plot. The impedance can be shown as a sum of real and imaginary impedance
(Ru + Rp), the metal electrode which is used in our work composed of a resistor in

series with a parallel combination of a resistor and a capacitor as shown in Figure 3.3.

Figure 3.2: Experimental setup used to measure the characterization of my sample.
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Figure 3.3: Equivalent circuit and its corresponding Nyquist plot.

3.3.2. Cyclic voltammetry (CV). Cyclic voltammetry (CV) is an
electrochemical test that enables the investigation of the samples stability
(oxidation/reduction reactions) and possible oxidation/reduction process. After
applying an alternating voltage to the tested sample, oxidation and reduction reactions
may take place, as well as determining the stability of the reaction products or
intermediate possibilities. It was performed by applying a cyclic potential at the
electrode and measuring the generated current within the electrode, then plotting the
data in a voltammogram, as shown in Figure 3.4. Both the height and the location of
the peaks were measured and were used in the characterization phase. Potentiostat (SP-
200, Biologic + metallic cell) were also used to perform the CV test, with a frequency
range of (100 Hz-7MHz) and a voltage range of (-2V- 2V). Moreover, the data was
recorded and analyzed using EC lab software v11.02. The data was also used to
calculate the charge density, According to Dong-Wook Park et. Al, the charge density
can be calculated by integrating the cathodal current density enclosed by CV and

dividing it by the sweep rate of 10mV/sec [113].
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Figure 3.4: Cyclic voltammetry output [113].
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3.3.3. Mechanical testing. The chosen method was Instron 5582 Universal
Testing Machine (as shown in Figure 3.5) (using Instron Bluehill software), this test is
used to measure the relationship between the stress of the material and the strain of a
bioelectrode sample as shown in Figure 3.6. It shows that stress and strain are somehow
related, the output seems to be linear until it hits the fraction point (break). To find the
slope (stress/strain) a straight line was drawn, the slope was used to calculate the young
modulus using equation (2) and it was equal to 0.1468 MPa [114].

E (Young modulus) = Stress (6) /Strain (g) (2)

Instron 5582 Universal

Figure 3.5: Mechanical tests performed for our sample [114].
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Figure 3.6: Stress-strain relationship [114].

3.4. Impedance with Time Test

This test was performed to investigate what is the effect of long-term
implantation of the bioelectrode material properties. The samples were immersed in a
phosphate buffer solution (PBS), the PBS pH is similar to that of the body (pH around
7.4), the samples stayed in the PBS for eight weeks with three-four days testing intervals
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(EIS and CV). The EIS and CV tests were performed to measure the change of the
impedance with time. This test helped to understand how long the bioelectrode can stay

within the body.

3.5. ECG Test

Following approval of the AUS-IRB, human electrocardiograph (ECG) was
recorded. The purpose of this test was to conduct a simultaneous recording of
electrocardiograph (ECG) using standard Ag-AgCl electrodes and our fabricated
electrodes. Electrode samples were prepared at the Biomedical Engineering Laboratory.
The conductive side of the electrodes was placed on the participant's body surface to
record ECG lead I. The electrodes were then connected to a differential amplifier. The
output of the amplifier is then digitized and sampled using the Power Lab system and
the “Lab Chart software”. The recorded ECG signals is then stored for display or further

processing.
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Chapter 4. Results and Discussion

In this chapter, the experimental results for electrochemical and mechanical
testing of silicone-PANI composite samples are presented. The confidence interval and
the ECG tests were performed to make sure that the results were in the expected range

and to test the conductivity of the samples.

4.1.  PANI-Silicone Electrodes Samples

In order to understand the effect of each component in the composite on the
electrochemical and mechanical properties of the electrodes, a batch of three samples
of varying rations of PANI, silicone, glycerol were first prepared (Table 4.1). In
samples 1 and 2, the silicone composition was kept constant at 50% while the
composition of PANI and glycerol alternated between 20 and 30%. Sample 3 was then
prepared such that glycerol composition was similar to that of sample 2 while the ratios
of PANI and silicone were modified.

Table 4.1: Comparison between different prepared electrode mass compositions.

Impedan
ce at
PAN Silico Bulk 1kHz + | Conductivi
I ne | Glycer | Impedan | Referenc ty
Sample (%) (%) ol (%) ce (kQ)) es (S/cm)
Sample 8.33x10°
1 [30% 50 % 20 % 4 kQ 28.4 kQ S/cm
Sample 6.28x10°8
2 [20% 50 % 30 % 5.3 kQ 8.74 kQ S/cm
Sample 5.01 x10*| 9.71 x10° 6.65x107°
3 [10% 60 % 30 % Q Q S/cm
Poly-
aniline-
coated
foam
electrod 1.45MQ
es -- -- -- 7 kQ [3] --
PEDOT 2.54kQ 0.2 S/lcm
: PSS -- -- -- 2.23 kQ [4] [115]

In order to evaluate the electrochemical properties of the electrodes, impedances
and CV results were compared to previously reported electrodes [116-121] such as

PANI and PEDOT electrodes as shown in Table 4.1.
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4.1.1 EIS results. The results for the composite PANI-silicone samples are
shown in (Figure 4.1 — Figure 4.3) as a Nyquist plot. From the Nyquist plot, the bulk
impedance, the impedance at 1 kHz, and the conductivity were measured using equation

(1).

By comparing the three prepared samples, in terms of impedance sample 1 had
the best result for the bulk impedance and conductivity, and they were equal to (4 kQ
and 8.33x10® S/cm) respectively. At 1kHz, sample 2 had the lowest impedance which
is equal to 8.74 kQ.

In terms of composition, adding more amount of PANI to the sample resulted
in an increase in conductivity, increase in impedance at 1 kHz, and a decrease in the
bulk impedance. On the other hand, decreasing the amount of PANI of the sample

resulted in the opposite effect.

Furthermore, the addition of glycerol and silicone compensated for some of the
electrochemical properties. Compared to PANI-coated foam electrode, the
electrochemical results showed that the bulk impedance of sample 1 (4kQ) is lower
than that of PANI-coated foam electrode (7 kQ) [3]. The impedance at 1kHz of the
prepared sample was equal to 28.4 kQ which is much lower than that of PANI-coated
foam electrode (1.45 MQ) [3].
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Figure 4.1: Nyquist plot for the sample 1.
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Figure 4.3: Nyquist plot for the sample 3.

4.1.2. CV results. The CV test was performed to enables the investigation of
the samples stability (oxidation/reduction reactions) and possible oxidation/reduction
process. As shown in the Figures (4.4- 4.7) the samples did not have any peaks in the

plots.

This means that there are no oxidation/reduction reactions taking place within
the samples while applying the alternative voltage, so the samples considered stable at
these conditions. The charge storage capacity was calculated by integrating the cathodal
portion of the graph (which is the negative current density enclosed within the Cyclic
Voltammetry) as shown in Figure. 4.5, and then dividing it by the scanning rate (10
mV/sec). Table 4.2 shows a comparison between this work and literature charge

density.
42



Current vs Voltage

15

Eurrent (MA)

008 0,006 0004 0002 0004 0006 0002

-15
Voltage (V)

Figure 4.4: Cyclic voltammetry test for the sample 1.
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Figure 4.5: The relationship between time and current.
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Figure 4.6: Cyclic voltammetry test for sample 2.

43



Current vs Voltage

1.5

1

l'éu:re ntima)
S

000 0.0006

Valtage (V)

Figure 4.7: Cyclic voltammetry test for sample 3.

Table 4.2: A comparison table for charge density for the first batch of the prepared

samples.
PANI Silicone Glycerol Charge
Composite (%) (%) (%) density Reference
4.3124 C/
Sample 1 30 % 50% 20 % cm? --
14.4945
Sample 2 20 % 50% 30 % C/ Cm? --
0.2575 C/
Sample 3 10 % 60 % 30 % Ccm? --
1.42 x
10°°
Graphene -- -- -- C/Cm? [9]
Poly- 0.02 C/
aniline -- -- -- Cm? [9]

By comparing the results of the prepared samples, sample 2 had the highest
charge density compared to the other prepared samples; which is considered to be the
best result, while sample 3 had the lowest charge density; having more charge density
is necessary for acquiring a large number of charges from the target neurons. The result

of sample 2 was compared with PANI [9], the result showed that the CSC of the
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prepared sample was much higher than that of PANI [9] from the literature, this

indicates that it can store higher charge density within the sample in one cycle.

4.1.3. Mechanical testing results. This test was used to measure the
relationship between the stress and the strain of the prepared bioelectrode sample
(sample 1) as shown in Figure 4.8. It shows that stress and strain are somehow related,

the output seems to be linear until it hits the fraction point (break).

To find the young modulus, a straight line was drawn and by the aid of equation
(2) the young modulus was calculated and it was equal to 0.1468 MPa. A comparison
between the mechanical properties of the fabricated electrode samples to those

presented in the literature is shown in Table. 4.3.

E (Young modulus) = Stress (6) /Strain (g) (2)

Stress Vs Strain
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Figure 4.8: Stress of the material VS strain for the sample 1.
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Table 4.3: Literature values for mechanical properties of conductive polymers.

Skin
Materia | Sampl | tissu o )
| el e | PEDOT | Polyimid Platinu Poly-
: PSS e Gold m aniline
8§3.3
3+ N/A
Young 4.9 (Brittle
Modulu 1800+20 6910 material
s (MPa) | 0.1468 [122] 0 6000 0 1400 ).
Elongatio | 306.9
n % 4.3+ 35%
2.3% <10%

A comparison between the tested prepared sample of PANI-silicone-glycerol
and the skin tissue from the literature showed that the young modulus of this sample
was not satisfying; the young modulus of sample 1 was equal to 0.1468 MPa which was
much lower than that of the skin tissue 83.33 + 4.9 MPa [122]; which means that the

fabricated electrode was more brittle compared to the skin tissue.

To further more improve the young modulus and the flexibility of the sample, a
new batch consists of three samples were prepared (an amount of 0.3 g of PMMA was
added to the samples). PMMA is a thermoplastic polymer which can be used to improve
the flexibility of the material, but at the same time it may affect the electrochemical
properties; PMMA has many advantages such as high melting point (160 C), high
tensile strength, transparency, and stability. By applying physical/chemical changes,
some of the material disadvantages such as brittleness and low resistance can be
eliminated [123].

4.2.  PANI-Silicone-PMMA Electrodes Samples

In order to improve the mechanical properties of the fabricated electrodes, in
this section, 0.3 g of PMMA was added to a batch of three samples of varying rations
of PANI, silicone, glycerol, were prepared (Table 4.4). In samples 4 and 5, the silicone
composition was kept constant at 45% while the composition of PANI and glycerol
alternated between 20-30%. Sample 6 was then prepared such that glycerol composition

was similar to that of sample 5 while the ratios of PANI and silicone were modified.
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Table 4.4: Comparison of prepared samples with different mass ratios.

Impeda
Bulk nce at
PA | Silico | Glyce PM Impeda | 1kHz+ | Conducti
NI ne rol MA nce Referen vity
(%) | (%) (%) (%) (kQ) ces (S/cm)
Sampl | 27 8.33x10°8
ed % 45 % 19% 9% 4 kQ 31.1kQ S/cm
Sampl 18 6.28x10°8
eb % 45% 28% 9% 5.3kQ 576kQ S/cm
Sampl 5.76x10 6.28x10°8
e6 9% 54% 28% 9% 5.3kQ Q S/lcm
Poly-
aniline
-coated
foam
electro 1.45MQ
des -- -- -- -- 7kQ [3] --
PEDO 2.54kQ 0.2 S/cm
T: PSS -- -- -- -- 2.23kQ [4] [115]

4.2.1. EIS results. The results for the composite silicone-PANI sample after
adding PMMA are shown in (Figures 4.9-4.11) as a Nyquist plot. The EIS test showed

that the electrochemical properties have improved for sample 4 only. In terms of

impedance sample 4 had the best outcome for the bulk impedance, impedance at 1 kHz,
and conductivity, and they were equal to (4 kQ, 31.1 kQ and 8.33x10® S/cm)

respectively. Compared to the previously prepared samples the addition of PMMA into

the samples resulted in an increase of the electrochemical properties for sample 4 and

sample 5, but they decreased for sample 6. The impedance at 1kHz of the sample 4 was

equal to 4 k€ which is much lower than that of PANI-coated foam electrode (1.45 MQ)
[3], at the same time it was higher than that of PEDOT: PSS [115], as shown in Table

4.4,
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Figure 4.9: Nyquist plot for sample 4.
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Figure 4.10: Nyquist plot for sample 5.
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Figure 4.11: Nyquist plot for sample 6.
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4.2.2. CV results. The CV test was performed to enables the investigation of
the samples stability (oxidation/reduction reactions) and possible oxidation/reduction
process, as shown in (Figures 4.16 - 4.18), the samples do not have any peak in the
plots. This mean that there are no oxidation/reduction reactions taking place within the
samples while applying the alternative voltage, so the samples considered as stable
samples the charge storage capacity was calculated by integrating the cathodal portion
of the graph (which is the negative current density enclosed within the Cyclic

Voltammetry) as shown in Figure. 4.18, and then dividing it by the scanning rate (10
mV/sec), as shown in Table. 4.5.
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Figure 4.11: Cyclic voltammetry test for sample 4.
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Figure 4.12: Cyclic voltammetry test for sample 5.
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Figure 4.13: Cyclic voltammetry test for sample 6.
Table 4.5: A comparison table for charge density.
Charge
PANI Silicone Glycerol PMMA density +
Composite (%) (%) (%) (%) reference
4.3124 C/
Sample 4 27 % 45 % 19% 9% Cm?
4.5927 C/
Sample 5 18% 45% 28% 9% Cm?
4.5927 C/
Sample 6 9% 54% 28% 9% Cm?
1.42 x 1079
C/Cm?
Graphene - - - - [9]
0.02 C/
Cm?
Poly-aniline -- -- -- -- [9]

By comparing the results of the prepared samples after the addition of PMMA,

sample 5 and sample 6 had higher charge density compared to sample 4. The results of

sample 5 and sample 6 was compared with PANI [9], the result showed that the CSC

of the fabricated sample was higher than that of PANI [9] from the literature, this

indicates that it can store higher charge density within the sample in one cycle.

Compared to the previously prepared sample (1,2, and 3), the addition of PMMA did

not improve the CSC for the sample. Unfortunately, the addition of PMMA does not

improve the mechanical properties (the samples became more brittle), therefore a

preparation of a new batch of samples was decided. In this batch, three more samples

with a systematic decrease of PANI concentration were prepared and tested.




4.3.  PANI-Silicone Electrodes Samples (Last batch)

In order to improve the mechanical and the electrochemical properties of the
fabricated electrodes, a batch of three samples with a varying ratio of PANI, silicone,
glycerol, were prepared (Table 4.6). The composition of PANI alternated between 6%
and 20%. The composition of PANI was replaced with silicone and glycerol to
compensate some of the electrochemical properties; the expected results are predicted
to reduce the bulk impedance and the impedance at 1 kHz, increase of the conductivity,
increase the charge storage capacity, and increase the flexibility of the samples. The
silicon percentage alternated between 50 and 72%, while the glycerol percentage
alternated between 15 and 30%. This new batch was expected to have better

electrochemical and mechanical properties.

Table 4.6: Comparison between different prepared electrode samples.

Impeda
Bulk nce at
PA | Silico | Glyce PM Impeda | 1kHz+ | Conducti
Sampl NI ne rol MA nce Referen vity
e (%) (%) (%) (%) (kQ) ces (S/cm)
Sampl 15 79.1396 | 1.33x10°
e’ % 70 % 15 % -- 25Q Q S/lcm
Sampl 20 56.5978 | 1.51x10°
e8 % 50% | 30% -- 22Q Q S/lcm
Sampl 5.55x10
e9 6% | 72% 22 % -- 600Q 1.6 kQ S/lcm
Poly-
aniline
-coated
foam
electro 1.45MQ
des -- -- -- -- 7 kQ [3] --

4.3.1. EIS results. The results for the composite silicone-PANI samples are
shown in Figures (4.14 - 4.16) as a Nyquist plot. In terms of impedance, sample 8 had
the best results for the bulk impedance and conductivity which are equal to (22Q and
1.51x10-5 S/cm) respectively, but the sample was brittle compared to sample 9, which
had higher impedance and conductivity (600 and 5.55x10-7 S/cm) but it has better
flexibility. The EIS test showed that the electrochemical properties for sample 9 have
improved compared to the previously prepared samples; as expected, the bulk

impedance has been reduced from 4 kQ to 600 €, the impedance at 1 kHz has been
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reduced from 28.4 kQ to 1.6 kQ, which is much lower than that of PANI-coated foam
electrode (1.45 MQ) [3], at the same time it was higher than that of PEDOT: PSS [115]
as shown in Table 4.6, the conductivity has increased from 8.33x10® S/cm to 5.55x10-
" S/cm because of the change in dimension, decreasing of PANI concentration, and
increasing of the silicone and glycerol concentration. In terms of composition, the
decrease of the PANI concentrations within the samples improved the electrochemical

and mechanical properties for sample 7, 8 and sample 9.
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Figure 4.15: Nyquist plot for sample 8.
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Figure 4.16: Nyquist plot for sample 9.

4.3.2. CV results. The CV test was performed to enables the investigation of
the samples stability (oxidation/reduction reactions) and possible oxidation/reduction
process, as shown in Figures (4.17 - 4.19), the samples do not have any peak in the
plots. This mean that there are no oxidation/reduction reactions taking place within the
samples while applying the alternative voltage, so the samples considered as stable
samples. The charge storage capacity was calculated by integrating the cathodal portion
of the graph (which is the negative current density enclosed within the Cyclic
Voltammetry) as shown in Figure. 4.17, and then dividing it by the scanning rate (10

mV/sec), the charge storage capacity was calculated and it is equal to (0.0730 C/cm?).
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Figure 4.17: Cyclic Voltammetry for sample 7.

53



Current Vs Voltage

40

30

20

<
.g. 10
)
c
et
5 .15 a 1 15
© 10
-20
-30
Voltage (V)
Figure 4.18: Cyclic Voltammetry for sample 8.
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Figure 4.19: Cyclic Voltammetry for sample 9.
Table 4.7: A comparison table for charge density.
Charge
PANI Silicone Glycerol PMMA density +
Composite (%) (%) (%) (%) reference
9.9113x10%C/
Sample 7 15 % 70 % 15 % -- Cm?
1.3607x10* C/
Sample 8 20 % 50 % 30 % -- Cm?
138.14 C/
Sample 9 6 % 72 % 22 % -- Cm?
1.42x107°
c/Cm?
Graphene -- -- -- -- [9]
. 0.02 C/ Cm?
Polyaniline -- -- -- -- [9]
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By comparing the results of the prepared samples, sample 9 had highest charge
density compared to the other prepared samples. As assumed, the result of sample 9
was compared with PANI [9], the result showed that the CSC of the sample 9 was much
higher than that of PANI [9] from the literature, which indicates that it can store higher

amount of current within the sample in one cycle.

4.3.3. Mechanical testing results. This test was used to measure the
relationship between the stress and the strain of the prepared bioelectrode sample
(sample 9) as shown in Figure 4.20. It shows that stress and strain are somehow related,

the output seems to be linear until it hits the fraction point (break).

To find the young modulus, a straight line was drawn and by the aid of equation
(2) the young modulus was calculated and it was equal to 75.312 MPa. A comparison
between the mechanical properties of the fabricated electrode samples to those

presented in the literature is shown in Table. 4.8.
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Figure 4.20: Stress of the material VS strain for the sample 9.
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Table 4.8: Literature values for mechanical properties of conductive polymers.

Ski
n
Materi | Samp tiss o _
al le 9 ue PEDO | Polyimi Platinu Poly-
T: PSS de Gold m | aniline
83.3
3+
4.9
N/A
Young (Brittle
Modulu | 75.31 | [122 | 1800%2 6910 materia
s (MPa) 2 ] 00 6000 0 1400 D).
Elongati
on 4.3% 35%
2.3% <10%

By comparing sample 9 with the previously prepared sample (sample 1); as
predicted, the young modulus for sample 9 (75.312 MPa) was much higher than that of
sample 1 (0.1468 MPa). A comparison between the tested prepared sample of PANI-
silicone-glycerol and the skin tissue from the literature showed that the young modulus
of the prepared sample (sample 9) was equal to 75.312 MPa and it was lower than that
of the skin tissue 83.33 + 4.9 MPa [122].

4.3.4. Long term impedance test results. This test was performed to
investigate the effect of long-term implantation of the bioelectrode material properties;

this test helped to understand how long the bioelectrode can stay within the body.

In order to assess the values on impedance, two samples were prepared. The
samples composition was (0.25g PANI, 2.9g Silicone, and 0.9g Glycerol). Each sample
was cut into four small pieces, then they were immersed in eight different tubes; each
tube consists of 10.5mL of 10% PBS solution with three to four days test intervals.
Before each test, the sample was separated from the tube and the weight of the sample

was measured then left to dry for 15 minutes in the fume hood.

The EIS-CV-EIS test has been performed. The Weight changes are shown in
Figure 4.21. The findings of the EIS-CV-EIS pre-CV and post-CV test are shown in

Figures 4.22, 4.23 and 4.24.
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Figure 4.21: Change of samples weight over testing period.
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Figure 4.22: Change of bulk impedance in long-term samples pre/post CV test.
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Figure 4.24: Displays resulting voltammograms from performing cyclic voltammetry
on prepared samples after immersion in PBS.
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Figure 4.25: Displays the change of current density during the cyclic voltammetry test
over 4 weeks of immersion.

The readings from Figure 4.25 are used to calculate the change of charge storage

capacity over the immersion period, as shown in Table 4.9.

Table 4.9: Change of charge storage capacity in long-term PANI based samples.

Week Charge storage capacity (C/cm?)
1 0.6696 C/cm?

2.9222 Clcne?

0.0968 C/cm?

9.1325 C/cnv?

0.9969 C/cm?

2.2490 C/cnv?

0.9234 C/cm?

2.5546 Clcm?

O NoOobWw|IN
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As for the long-term testing of sample 9, the shape of the samples did not change
during the immersion phase. The weight of the samples before and after immersion was
measured, the weight after immersion increased in all samples due to the soaking of the
PBS solution.

In terms of impedance, the bulk impedance has variation results over the
immersion phase, which can be due to the soaking of the PBS solution, so the
dimensions of the sample may change slightly (micro spaces); this change affected the
electrochemical properties of the immersed sample (decreased the impedance).
However, the impedance at 1 kHz and the CSC slightly varied during the immersion
phase, yet there is no behaviour observed. This shows that the fabricated electrode
sample can maintain resistant to alteration of electrochemical properties when subjected
to body fluids.

4.4.  Confidence Interval and ECG Test

In order to make sure that the given values of the fabricated electrodes were
precise and accurate, a confidence interval test was performed with a composition
similar to sample 9. Furthermore, to test the samples conductivity; the ECG test was

performed. The results are shown in Figures (4. 27 - 4.29).

4.4.1. Confidence intervals. The 95% confidence is the value that can be 95%
true to the fabricated samples that were prepared in this thesis. Before calculating the
95% confidence, the mean and the standard deviation should be found using equation
(3 and 4), and their values were used in equation (5) to find the value of the 95%

confidence.

The samples were prepared with a composition of (6 % PANI, 22 % Glycerol,
and 72 % Silicone) using a circular mold as shown in Figure 4.26. The disk’s
dimensions are (radius= 9.415 mm, thickness= 2.87 mm). The EIS test was used to test
and evaluate the electrochemical properties of the samples. The relationship between

the impedance and frequency at 1kHz is shown in Figure 4.27.

= - »Xi
x (Mean) _The number of x values (n) (3)
S (Standard Deviation) = J&xi-0? ()
n-1
1 (95% confidence) = X — 1'3%" <u<x+ 1.3;0 ©)
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Figure 4.27: The relationship between the impedance and frequency at 1kHz for 20
Bioelectrode samples consists of (6% PANI, 22 % Glycerol, and 72% Silicone).

4.4.2. ECG test results. The purpose of this test was to conduct a simultaneous
recording of electrocardiograph (ECG) using standard Ag-AgCl electrodes and the
fabricated electrodes. To perform this test, three samples were taken from the mold (as
shown in Figure 4.22). A metal conductive tip was placed within the electrode samples
and the tip was connected to the ECG probes. Those three electrodes were placed on
the participant limbs (two hands, right leg) and the other end was connected to the
“PowerLab 26T”. The results were compared to the standard Ag-Agcl electrodes as

shown in Figures 4.25, and Figure 4.26.
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Figure 4.28: ECG result using the standard Ag-Agcl Electrodes (The blue graph is
without filtering and the orange is after the filtering).
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Figure 4.29: ECG result using the fabricated Electrodes (The blue graph is without
filtering and the orange is after the filtering).

Regarding the confidence test and ECG test, several samples with same
composition (sample 9) were prepared and tested for their electrochemical properties.
The confidence interval result was 9529.23645 + 6333.7015 Q. An ECG comparison
between the fabricated PANI electrodes and the standard Ag-Agcl electrodes was done
as shown in Figure 4.25 and Figure 4.26. The ECG result using the fabricated electrodes
was promising, but the signal to noise ratio is a bit higher than the standard Ag-Agcl

electrodes; the reason could be due to the motion artifact or the 50 Hz noise within the

room.
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Throughout this section, the EIS test showed that the electrochemical properties
for sample 9 have been improved compared to other samples. The bulk impedance has
been reduced from 4 kQ to 600 Q, the impedance at 1 kHz has been reduced from 28.4
KQ to 1.6 kQ, and the conductivity increased from 8.33x10® S/cm to 5.55x107 S/cm
because of the change in dimension, decreasing of PANI concentration, and increasing
of the glycerol. In terms of charge storage capacity, the CSC has been increased from
4.3124 C/ Cm?to 138.14 C/ Cm?. The mechanical properties have been increased from
0.1468 MPa to 75.312 MPa, compared to the skin tissue young modulus 83.33 + 4.9
MPa [122]; the mechanical properties of sample 9 was promising, so it has been

selected as the best sample.

Throughout the thesis, the experimental findings from the fabricated PANI,
Silicone, Glycerol samples, and their combination with PMMA demonstrated improved
electrochemical properties compared to the literature. The bulk impedance of the
prepared samples was equivalent to that of graphene and Poly-aniline-coated foam
electrodes. In terms of impedance at 1 kHz, the experimental results of the fabricated
materials were comparable to the conductive polymers such as Poly-aniline-coated

foam electrodes.
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Chapter 5. Conclusions and Future Work

In conclusion, the purpose of this thesis was to fabricate a flexible implantable
electrode based on conductive polymer (PANI) and silicone. Two types of electrode
materials were prepared: PANI, PMMA, and Glycerol in addition to a mixture of PANI,
Glycerol, and PMMA all supported on silicone.

To find the best combination of these materials, eleven samples with different
compositions were prepared and tested, such as sample 1 and sample 9. The EIS was
used to test and evaluate the electrochemical properties of the bioelectrodes, the results
were 4 kQ and 600 Q respectively. The results were compared to the literature for some
materials such as PEDOT: PSS, metals, and Polyaniline-coated foam electrodes. The
Cyclic Voltammetry test were used to test the stability of the sample and to calculate
the charge density, the results were 4.3124 C/ Cm2 and 138.14 C/ Cm2 respectively.
Moreover, the mechanical test was performed to calculate the Young Modulus of the
samples; the mechanical properties for sample 1 and sample 9 were the most
distinguished properties, with higher elasticity and ductility, and the results were 0.1468
MPa and 75 MPa respectively. Compared to conductive polymers and metals, the
elasticity modulus was 1.8 £ 0.2 GPa, while the fabricated samples were 0.1468 MPa
and 75.312 MPa respectively. The comparison also showed that the fabricated
electrodes were promising compared to the body skin tissue which is equal to 83.33 +
4.9 MPa. More research was conducted to improve the electrochemical properties of
the fabricated electrode samples, prepare more samples, analyze them, and enhance
their mechanical properties. The long-term stability of the implantable electrodes was
studied and evaluated. The obtainable results showed promising electrochemical
impedance. The ECG Test for the fabricated electrodes was performed and the results

are as capable as the Ag-Agcl electrodes.

For future work, it is recommended to focus on further optimization of the
Sample's composition and their electrochemical properties. More work is recommended
to improve the mechanical properties of the prepared samples ECG testing to get results
without signal to noise ratios either by using these fabricated electrodes or new
fabricated materials. It is also recommended to study more materials (thermoplastic
polymer (PPMA) bind with stainless-steel, PMMA, and PANI bind with stainless-steel,
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PMMA + PANI + Silicon bind with stainless-steel. Moreover, the fabricated sample

can be studied after implanting in animals for further testing.
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Appendix A: Detailed Results

A.l. PANI Samples EIS Results
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Figure A.1: EIS of a bioelectrode for sample 1 (intercept with the x-axis).
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Figure A.3: Nyquist plot for sample 3.
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Figure A.4: Nyquist plot for sample 4.
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Figure A.6: Nyquist plot for sample 6.
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Table A.1: Comparison between different prepared electrode samples.
Glycerol
Sample PANI (%) Silicone (%0) (%) PMMA (%)
0,

Ssample 1 30 % 50 % 20 % .
Sample 2 20 % 50 % 30 % --
Sample 3 10 % 60 % 30 % --
Sample 4 27% 45% 18% 9%
Sample 5 18% 45% 27% 9%
Sample 6 9% 55% 27% 9%
Sample 7 15 % 70 % 15 % --
Sample 8 20 % 50 % 30 % --
Sample 9 6 % 72 % 22 % --

Table A.2: Comparison of prepared samples with different ratios

Impeda
PA Bulk nce at
NI Silic | Glyce PM Impeda | 1kHz+ | Conduct
Sa (% one rol MA nce Refere ivity
mple ) (%) (%) (%) (kQ) nces (S/cm)
30 8.33x10°®
Sample 1 % 50 % 20 % -- 4 kQ 28.4 kQ S/cm
20 6.28x10°®
Sample 2 % 50 % 30 % -- 5.3 kQ 8.74 kQ S/cm
10 5.01 9.71 6.65x10°
Sample 3 % 60 % 30 % -- x10* Q x10° Q S/cm
27 8.33x10°®
Sample 4 % 45 % 19% 9% 4 kQ 31.1kQ Sicm
18 6.28x10°
Sample 5 % 45% 28% 9% 5.3kQ 576 kQ Sicm
5.76x10° 6.28x10°®
Sample 6 9% 54% 28% 9% 5.3 kQ Q Sicm
15 79.1396 1.33x10°
Sample 7 % 70 % 15 % -- 25Q Q S/cm
20 56.5978 1.51x10°
Sample 8 % 50 % 30 % -- 22Q Q S/cm
5.55x10°"
Sample 9 6 % 72 % 22 % -- 600Q 1.6 kQ Sicm
Poly-
aniline-
coated
foam
electrode 1.45MQ
S ~ ~ — — 7kQ [3] -
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Table A.3: Change of bulk impedance in long-term samples pre/post CV test

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

1 22 kQ 20 kQ 9.09%
2 3kQ 3kQ 0%

3 255 kQ 400 kQ 36.25%
4 12 kQ 22 kQ 45.45%
5 3.8kQ 3.9kQ 2.56%
6 37 kQ 37 kQ 0%

7 170 kQ 150 kQ 11.76%
8 28 kQ 29 kQ 3.44%

Table A.4: Change of impedance at 1 kHz in long-term samples pre/post CV test

Impedance at 1 Impedance at 1
Week kHz before CV kHz after CV
(kQ) (k) % Change

1 27.6 kQ 24.8 kQ 10.14%
2 3.6 kQ 5kQ 28%

3 775 kQ 864 kQ 10.3%
4 3kQ 2kQ 33.33%
5 4.35 kQ 3kQ 31.03%
6 52.9 kQ 47.5 kQ 10.2%
7 263 kQ 350 kQ 24.85%
8 36.4 kQ 37.6 kQ 3.19%

A.2.  PANI Samples CV Results

Current vs Voltage
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Figure A.10: Cyclic voltammetry test for the sample 1.
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Figure A.11: The relationship between time and current.
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Figure A.12: Cyclic voltammetry test for the first sample 2.
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Figure A.13: Cyclic voltammetry test for the first sample 3.
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Figure A.14: Cyclic voltammetry test for sample 4.
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Figure A.15: Cyclic voltammetry test for sample 5.
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Figure A.16: Cyclic voltammetry test for sample 6.
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Figure A.17: Cyclic voltammetry test for sample 7.
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Figure A.18: Cyclic Voltammetry for sample 8.
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Figure A.19: Cyclic Voltammetry for sample 9.
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Table A.5: A comparison table for charge density.

PAN
Composit I Silicon | Glycero | PMM Charge Referenc
e (%) e (%) | (%) A (%) density e

4.3124 C/

Samplel | 30% | 49.7% 20 % -- Cm2 --
14.4945 C/

Sample2 | 20% | 49.6 % 30 % -- Cm2 --
0.2575 C/

Sample3 | 10% 60 % 30 % -- Cm2 --
4.3124 C/

Sample4 | 27 % 45 % 19% 9% Cm2 -
4.5927 C/

Sample5 | 18% 45% 28% 9% Cm2 -
4.5927 C/

Sample 6 9% 54% 28% 9% Cm2 -
9.9113x10

Sample7 | 15% 70 % 15 % -- 3C/Cm2 -
1.3607x10

Sample8 | 20 % 50 % 30 % -- 4 C/ Cm2 -
138.14 C/

Sample 9 6 % 72 % 22 % -- Cm2 -

1.42 x
109
Graphene -- -- -- -- C/Cm2 [9]
Poly- 0.02 C/
aniline -- -- -- -- Cm2 [10]

Table A.6: Change of charge storage capacity in long-term PANI based samples.

Week
Charge storage capacity (C/cm?)
1 0.6696 C/cm?
2 2.9222 Clcne?
3 0.0968 C/cm?
4 9.1325 C/cnv?
5 0.9969 C/cm?
6 2.2490 C/cnv?
7 0.9234 C/cm?
8 2.5546 Clcm?
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A.3. PANI Samples Mechanical Testing Results
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Figure A.20: Stress of the material VS strain of a bioelectrode sample 1.
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Figure A.21: Stress of the material VS strain of a bioelectrode sample contained for
sample 9.
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Table A.9: literature values for mechanical properties of conductive polymers.

PANI Silicone Glycerol Young
Material (%) (%) (%) Modulus | Elongation
0.1468
Sample 1 30 % 50 % 20 % MPa 306.9%
75.312
Sample 9 6 % 72 % 22 % MPa
8333+
4.9
Skin MPa
tissue -- -- -- [122] --
PEDOT: 1.8+0.2
PSS -- -- -- GPa 4.3+ 2.3%
6000 MPa <10%
Polyimide -- -- --
69100
MPa
Gold -- -- -- --
1400 MPa 35%
Platinum -- -- --
Poly-
aniline -- -- -- N/A (Brittle material).
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A.4. Confidence interval test results

Sample Impedance Standard
Number at 1kHz Mean Deviation 95% Confidence
1 24985 Q)
2 10117.3 Q
3 1272.87 Q
4 7844.93 Q
5 16517.5 Q
6 51052.3 Q
7 2373.35Q
8 928.979 Q
9 1337.6 Q
10 1017.95 Q
11 2350.08 QO
12 1288.86 Q)
13 6582.77 Q
14 390.95 Q
15 2519.48 Q
16 7787.22 Q
17 2715.73 Q
18 3476.15 Q
19 1685.51 Q
9529.23645 | 14451.6324 9529.23645 +
20 44340.2 Q Q Q 6333.7015 Q
A5. ECG Test Results
Ag-Agcl
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Figure A.22: ECG result using the standard Ag-Agcl Electrodes.
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Figure A.23: ECG result using the fabricated Electrodes.

A.6. MATLAB code for calculating the Charge Storage Capacity (CSC)

clc;close all;clear all;

j=1;
y1lRange="B2:B4001";
filename = 'Bookl.x1lsx';

ImA=xlsread(filename,ylRange);

i=ImA; %Saving the current from the imported data
x1Range="A2:A4001";
Time=xlsread(filename,x1Range);

t=Time; %Saving the time from the imported data

for z=1:numel(i)

i(z)=i(z)*©.785; %To divide the current by the area to find current density
end

for z=1:numel(i)

if i(z)<@ %To identify the negative (cathodal) current values

x(j)=Time(z); %Save their corresponding time in a new matrix

y(j)=1i(z); %Save the values of current density in a new matrix

J=3+1;

end

end

c=abs(trapz(x,y)) %Using the function to calculate the area under the curve
c=c/0.1 %Dividing by the square root of the scanning rate

Figure A.24: MATLAB code for calculating CSC
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