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ABSTRACT

Learning and memory have inspired the research and discovery of materials that can mimic

brain synapses, with applications in signal processing and computing. Synapses are junctions that
allow neurons to transfer chemical and electrical signals among each other and are integral to the
function of the brain. This study aims to fabricate and characterize artificial synapses using
magneto-responsive materials, consisting of oleic acid-coated magnetic iron oxide microparticles
dispersed in an organic solvent matrix. The broad goal is to design these materials so that they can
emulate short-term synaptic plasticity via voltage-dependent changes in conductance. An optimum
iron oxide to oleic acid weight ratio of 0.45 and mechanical stirring was employed to enhance
dispersion and control the sedimentation rate of the material. Effects of other parameters such as
volume fraction and carrier fluid viscosity were also investigated. In general, it was found that an
increase in volume fraction of the particle and increase in viscosity of the carrier fluid resulted in a
reduction in sedimentation rate, due to the higher drag forces experienced by the particles. Once
the fabrication method was determined, the next step focused on the effect of the external magnetic
field on the particle assembly. Application of a low-strength continuous and cyclic magnetic field
leads to the formation of chain-like assemblies of iron oxide microparticles within the insulating
matrix, which results in analog and hysteretic changes in conductance. Our work demonstrates that
the application of a magnetic field increases the viscosity of the insulating matrix, which impacts
the rates of chain formation and decay. Low, medium and high viscosities of the material were
fabricated and characterized to understand the impact of viscosity on electrical conductance
changes. Under the application of a continuous magnetic field, as viscosity increases, chain
formation and changes in conductance with time slow down. Further, we find that a cyclic
application of the magnetic field leads to changes in electrical conductance dependent on the

viscosity of the carrier fluid. The resulting changes in conductance are driven by the interplay



iv
between drag and magnetic dipole-dipole forces acting on the material. Both low and high viscosity
samples exhibited the synaptic plasticity state of facilitation, while medium viscosity samples
displayed depression. The results of this research demonstrate promise and potential in terms of
enabling artificial synapses and their functions using magneto-responsive material. By conducting
further theoretical and experimental work such as using a larger viscosity range, different cycle
times, and focusing on the fluids mechanics of the system, the material can be tailored to mimic

artificial synapses.
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1 Introduction

1.1  Motivation

In recent years, there has been a surge of research focused on materials and devices that
emulate biological synapses and exhibit synaptic plasticity, called artificial synapses [1]-[4] .
Synapses are junctions that allow neurons to transfer chemical and electrical signals among each
other and are integral to the function of the brain. Artificial synapses are a step towards achieving
engineered materials that demonstrate brain-like properties, such as efficiency and adaptability.
Synaptic plasticity plays a vital role in the brain’s ability to adapt and learn via the alteration of the
strength and efficiency of synaptic transmission [5]-[7]. Such brain-inspired devices and materials
show promising applications that go far beyond computing. By learning from their environment
and adapting accordingly, artificial synapses can be used to enhance the efficiency of everyday
applications that require sensing and actuation (see section 1.2.2).

Magneto-responsive materials can be manipulated to approximate the biological activity
of the synapse and emulate their function. Chemical composition and property changes of a
magneto-responsive material show similarities to the conformation and functioning of the synapse.
Under the influence of one external stimulus, namely magnetic field, magneto-responsive materials
can exhibit multiple changes in properties including electrical conductivity, viscosity, and stiffness.
Similarly, the brain uses one frequency-dependent stimulus to generate several varying plasticity
states in the synapse. The motion of magnetoactive particles in the material resembles the
movement of neurotransmitters across synapses, while the base fluid resembles the medium that
allows neurotransmitters to move. Moreover, the formation and redistribution of conducting paths

of magnetic particles under the influence of an external magnetic field lead to property changes in
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the material. The strength and speed of chain formation in the material correlate to the concentration
and speed of neurotransmitters moving between neurons, responsible for different plasticity states
in the brain (see section 1.2.1).

Currently, magneto-responsive materials are being used in various industries such as
automobile, health, defense, and aerospace, with applications including vibration control, brakes,
clutches, control valves, power steering pumps, artificial joints, engine mounts, and drug delivery
[8]-[10]. Despite the many functions of these materials, and to the best of our knowledge, there is
currently no research that is looking into relating the property changes of magneto-responsive
materials to synaptic functions.

The broad goal of this thesis is to further the advancement of magneto-responsive
materials as potential artificial synapses. By altering the composition of magneto-responsive
materials, the response of the material under an external magnetic field can change to achieve

varying synaptic functions.

1.2 Background

1.2.1 Biological Synapses and Functions

Synapses are junctions that connect neurons in the brain and allow the transmission of
information in the form of action potentials through highly specific chemicals known as
neurotransmitters [5], [8]. Even though there are different types of synapses present in biological
systems, the fundamental process of synaptic transmission is the same. A change in voltage called
an action potential, allows the presynaptic membrane potential to depolarize and initiate synaptic
functions [9]. Sufficient current is needed to raise the voltage in the neurons above the threshold

value and generate an action potential. The action potential activates channels, releasing
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neurotransmitters that travel from the presynaptic neuron to the postsynaptic neuron via the
synaptic cleft as shown in figure 1-1. The concentration, type, and timing of the release of

neurotransmitters differ, resulting in the phenomenon of short-term presynaptic plasticity.
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Figure 1-1: Schematic of the main parts of a synapse

Synaptic plasticity is the primary mechanism for learning and memory in the brain. The
mechanism can be described as the change in the synaptic strength between neurons in response
to voltage patterns of the presynaptic action potential. Synaptic strength can be explained as the
connection strength between two neurons, which is dependent on the concentration, speed, and
timing of neurotransmitters released. The connection also referred to as synaptic weight, is static
and reformed in both the short-term and long-term [6], [11]-[13]. Important synaptic functions
include long-term plasticity (LTP) and short-term plasticity (STP) [10]. Long-term plasticity is
essential in forming memory in the brain and the activity-dependent changes can last from hours
to days. The effect of plasticity on the synaptic weight and extent of neurotransmitters released
can be seen in figure 1-2. Long-term plasticity can be classified into potentiation and depression.
Potentiation results in a long-lasting increase in synaptic strength as repeated stimulation lead to

more neurotransmitters being released over a long period of time. Long-term depression results in



the weakening of the synapse for extended periods as repeated simulation leads to fewer
neurotransmitters being released over a longer period of time as shown in figure [6], [10], [14]-
[16].

In contrast, short-term plasticity plays a crucial role in synaptic computation and
information processing [17], [18]. This form of plasticity occurs when the change in synaptic
weight lasts from an order of milliseconds to at most a few minutes [11], [19]. Short-term plasticity
can be categorized into two main categories: facilitation and depression [15], [18]. Short-term
depression occurs when multiple spaced stimuli are evoked consecutively, leading to fewer
neurotransmitter releases and a weaker response after the second spike compared to the first spike
[19]. Short-term depression is correlated to a low pass filter, reducing postsynaptic response and
overall synaptic weight [9], [20] as shown in figure 1-2 and 1-3. Short-term facilitation occurs when
multiple spaced stimuli are evoked consecutively, leading to a greater concentration of
neurotransmitter release and an enhanced response after the second spike compared to the first
spike [19]. Short-term facilitation is correlated to a high pass filter, augmenting postsynaptic

response and overall synaptic strength as shown in figure 1-2 and 1-3 [21][17].
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Figure 1-2: Facilitation and depression states in the synapse correlating to stronger and weaker synaptic current
respectively
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Figure 1-3: Effect of depression and facilitation on synaptic weight [21]

1.2.2  Artificial Synapses and Memristors

Memristors are resistance switches that display a variable and non-volatile or volatile
electrical resistance, dependent on the history of the applied voltage and current. The four
fundamental two-terminal circuit elements include resistors, capacitors, inductors, and memristors
as shown in figure 1-4 (a). Each element relates two primary circuit variables to each other: electric
current (i), voltage (v), charge (g) and flux (o) [22] . Memristors exhibit a unique feature called a
“pinched hysteresis loop” at (0,0) as shown in figure 1-4 (b) [23], which makes the devices distinct
from other two-terminal electronic components [24], [25]. Many materials and devices hold
potential in exhibiting the distinctive characteristics of a memristor. Examples of memristors
currently investigated in the literature, using both organic and inorganic materials, include magnetic
tunnel junctions [3], polymers, donor-acceptor complexes, ferroelectric materials, phase change
materials [26], vacancy migration-based materials, and conductive filament-based devices [22],
[27]-[29]. Memristors are explored as potential artificial synapses because of their ability to
emulate the plasticity behavior of a synapse and are currently seen as the best approach to realize

artificial synapses by researchers in the field [5], [6], [8], [24], [26], [30].
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Artificial synapses are devices that simulate the function of the synapses in the brain.
Existing literature on artificial synapses provides inspiration for the development of model
materials that can exhibit variable resistance states controlled by one external stimulus. Artificial
synapses researched include, but are not limited to, complementary metal-oxide-semiconductor
circuits [1], resistive and conductance switching memory [30], oxide-based devices [8], [25], [31],
charge trap memory [32], renewable materials [6], electrochemical devices [24], carbon-nanotube
based memory elements [2], and Ag.S inorganic synapse [15]. Resistance switching behavior and
synaptic plasticity can potentially be shown more simply using magnetoactive particles dispersed
in an insulating matrix. The magneto-responsive material will allow access to multiple synaptic
states via the property changes it exhibits from the external stimulus, thus demonstrating synaptic

plasticity using a single device.
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Figure 1-4: (a) Fundamental circuit elements and the respective variables, (b) Pinched hysteresis loop
characteristic of a memristor [23]



1.2.3 Magneto-Responsive Materials

Smart materials are materials that change one or more of their properties when exposed to
an external stimulus such as temperature, stress, light, electric, or magnetic fields, and are currently
used to fabricate artificial synapses [8], [15], [33], [34]. Examples of smart materials include, but
are not limited to magnetorheological fluid, ferrofluids, electrorheological fluid, piezoelectric
materials, and shape memory alloy [35]. A magneto-responsive material is a type of smart material
that changes its properties when exposed to an external magnetic field. Under a magnetic field,
magneto-responsive materials exhibit overall structural and property changes. Magnetoactive
particles create a complex dense structure of chains that reduce motion in the carrier fluid and
increase the viscosity and stiffness of the material. Complete chains also provide conductive paths
that reduce the resistance of the material. The rheological changes and non-Newtonian behavior of
the material occur on a millisecond timescale. The changes in properties under a fast response time
make magneto-responsive materials widely studied and researched to develop state-of-the-art

technologies.

Magneto-responsive materials are made of ferromagnetic particles that respond to an
external magnetic field by magnetizing and changing their macroscopic properties. Atoms in
ferromagnetic particles group together into domains separated by domain walls, where unpaired
electrons spin parallel to each other and hold the same magnetic orientation. Domain walls are
boundaries between domains and are transition zones that change direction with magnetization
[36]. Depending on the size of the magnetic particles, they either have a single domain or
multidomain structures as shown in figure 1-5. The domain size is important to understand the
physical, chemical, and magnetic properties of the particle. At the microscale, the particles exhibit

a multidomain structure. As the particle size reduces to the nanoscale regime, the particles modify
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to achieve a single domain structure [37]. The critical radius value to achieve a single domain
structure is 30 — 60nm for iron oxide particles. When the size of the particle is reduced below the
critical radius, the particle becomes superparamagnetic, which occurs at around 4-20nm for iron
oxide particles [38].

Superparamagnetism occurs in sufficiently small magnetic particles with single domains.
Thermal fluctuations can randomly flip the orientation of the magnetic moment of the particle
between its two most stable states. Instantaneously, a superparamagnetic particle is very
magnetized because the thermal energy is sufficient to flip the moment of all the particles and
compel a new conformation[39]. The time in between two flips is called the Neel relaxation
time. However, over a period of time much longer than the Neel relaxation time, the magnetization
of the particles averages to zero. This is termed the superparamagnetic state. Under the influence
of an external magnetic field, the magnetic force causes the spin of the particles to align towards
the direction of the magnetic flux, leading to the particles in their magnetized state. When the
external magnetic field is removed, the particles return to random spin orientation, completely
demagnetizing [40]. This leads to zero coercivity and remanence of the particle (see section 2.3).
A single domain particle, outside of the superparamagnetic range, however, can exhibit some
coercivity and remanence.

On the other hand, multidomain structures involve many domain groups within the same
particle. As the particle size increases, refer to figure 1-5 [38], domain walls become energetically
favorable creating the multidomain state. Each domain contains magnetic moments aligned in the
same direction. Within the same domain group, a magnetic field exists. However, in the bulk
sample, the overall magnetic moments are randomly orientated with respect to each other, rendering
the bulk material macroscopically non-magnetic. When an external magnetic field is applied, most

of the magnetic moments in the domain align parallel to the magnetic field lines. This leads to the
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particles magnetizing. When the external magnetic field is removed, the particles tend to maintain
some magnetization and thus exhibit both remanence and coercivity (see section 2.3).

Magnets can be categorized into either soft or hard magnets depending on coercivity as
shown in figure 1-6 (see section 2.2.2). Figure 1-6 displays the difference in the hysteresis loop and
coercivity between hard and soft magnets. It is important to note that the remanence magnetization,
or the B value, between hard and soft magnets are not the same. Hard Magnets have higher
remanence magnetization values than soft magnets. Figure 1-6 is used to demonstrate the difference
in coercivity in soft and hard magnets. Soft magnets retain lower values of magnetization in the
absence of an external field, and so require a lower coercive force to demagnetize. However, this
also means they have high permeability and can be easily magnetized. Magnetic material is soft
when its magnetic domains can easily migrate. On the other hand, if the domain walls are difficult
to migrate, a higher magnetic field is required to align magnetic moments, and the magnet is
considered hard [36]. Hard magnets possess a high coercivity value implying that they retain their
magnetization more and require a larger force to demagnetize [41], as shown by their Hc value in
figure 1-6[42].
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Figure 1-5: Effect of particle size on domain structure of magnetic iron oxide particles [38]
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Figure 1-6: Magnetization curve shows the difference
between the hysteresis loop and coercivity of a hard vs soft
magnet [42]

1.2.4 Composition of Magneto-Responsive Materials

Magneto-responsive materials are a two-phase system made up of magnetic particles,
functionalized using a stabilizing additive, dispersed in a non-magnetic carrier fluid [35]. This
thesis focuses on using micron-sized iron oxide (FesOs) magnetite particles as the magnetic
particles dispersed in motor oil and silicone oil of various viscosities. Iron oxide microparticles are
soft magnets, non-toxic, widely available, bio-friendly, and cheap [43]. Iron oxide particles tend to
agglomerate because of magnetic dipole-dipole forces, Van der Waal forces, and high surface
energy. The iron oxide particles are hydrophobic without surface coating and the attractive
magnetic forces lead to clusters of the particles, reducing its stability and use.

Different factors can reduce sedimentation of particles such as mixing method,

temperature, pH, type of carrier fluid, particle size, additive type, and ratio [44]-[46]. The most
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common method to reduce sedimentation is by attaching a surfactant to the surface of the particles
[47]-[49]. The surfactant consists of both hydrophilic and lipophilic groups making it interactive
with both the particles and carrier fluid. The hydrophilic end absorbs on the particle surface and
the lipophilic end interacts with the carrier fluid. This functionalization prevents particle
sedimentation and improves the polarizability of the magnetoactive particles [50]. In addition to
improving stability, the surfactant plays an important role in determining the physicochemical and
magnetic properties of the particle[49]. Moreover, the carrier fluid provides the insulating medium
to disperse the particles and makes up the majority composition of the magneto-responsive
material. The type of carrier fluid, volume, and initial viscosity state also affect both the extent of

the property changes of the material and the stability of the suspension.

1.2.5 Magnetic and Fluidic Forces

In its initial state, when no external stimulus is applied, the particles are randomly
distributed in the non-magnetic medium and the material behaves like the carrier fluid as shown in
figure 1-7. Under the influence of an external magnetic field, the magneto-responsive material
undergoes a reversible transformation from liquid to a semi-solid state [41], [51], [52]. The particles
form a chain-like columnar structure parallel to the magnetic field flux line as shown in figure 1-
8. The particle is influenced by two external forces; magnetic and fluidic. The magnetic force is
generated by the gradient of the external magnetic field and the fluidic force by the insulating
medium on the moving particle. Each particle carries a magnetic moment and adjacent particles
interact via both van der Waal forces and a long-range dipole-dipole interaction potential that is
directional in nature [53].

The changes in a magneto-responsive material properties is the result of a magnetic dipole

induced in each particle by the application of the external magnetic field and the interaction
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between the dipole and the magnetic field. The dipoles are represented by magnetic moment
vectors. Under no magnetic field application, the particles are randomly orientated and dispersed
in the carrier fluid, due to Brownian motion. Upon application of a magnetic field, there comes a
moment where the interaction energy between the magnetic moment and the magnetic field exceeds
the Brownian thermal energy. Past this moment, the dipole aligns head to tail and nearby particles
are dragged in proximity, minimizing potential magnetic energy and forming chains. The external
magnetic field induces a magnetic dipole in the particles which enhances the attractive dipole-
dipole interaction between them. This causes the self-assembly of the particles into a columnar
structure.

The attractive dipole-dipole forces depends on the configuration of the two dipole. Because
the dipole force has components along the radial and orthoradial axis, a force momentum and torque
aligns particles in a head to tail configuration in the direction of the applied magnetic field [54] .
The force is attractive up to a critical angle and then it becomes repulsive. That is why separate
chains are forming along the magnetic moment axis and not across the axis. The angle is between
the direction of the external magnetic field and the center line that connects two particles. As shown
in figure 1-9 below, when the center line that connects the particles and the magnetic flux lines are
parallel, an attractive force forms between the particles. However, when the center line of adjacent
particles are perpendicular to the flux lines, the force between the particles are repulsive. This
phenomenon causes the chains to form along the flux lines. Chain structures causes the the change
in properties between the on-state and off-state condition of the material, as well as the flow
behavior of the fluid [55].

In addition, the viscosity of the material under no external stimulus, or the off viscosity, is
affected by both the inherent viscosity of the carrier fluid and the volume fraction of the
suspension [41]. The off viscosity of the carrier fluid impacts the fluidic forces acting on the

particle. Choosing a high starting viscosity will lead to both high viscosity of the suspension
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without a magnetic field and a smaller and slower response of the material to changes in the external
stimuli. The reduced response is due to larger viscous forces acting on the particles and opposing
the attractive magnetic forces, decreasing the overall motion of the particle and slowing down chain
formation. Meanwhile, a low viscosity carrier fluid will lower the viscous forces on the particles,
leading to sedimentation problems that make the material inapplicable, but also a faster response

and overall motion of the particle.

Figure 1-7: Magnetoactive particles dispersed uniformly in a
carrier fluid under no external magnetic field

|l

Figure 1-8: Chain formation of particles under the
influence of an external magnetic field
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Figure 1-9: (a) Particle magnetic moment aligned with the magnetic flux, (b) Attractive force
between adjacent particles with magnetic moment parallel to magnetic flux, (c) Repulsive force
between adjacent particles with magnetic moment perpendicular to magnetic flux, (d), 1D chain

structures [55]
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1.3 Literature Review

1.3.1 Particle Phase

Different types of metals and alloys can make up the particle phase of a magneto-
responsive material. The type and size of magnetoactive particles impact the stability, rheology,
electrical response, and application of magneto-responsive materials. Many literature papers focus
on maximizing the response and property changes of the material by altering factors related to the
magnetoactive particles. Commonly used particles include but are not limited to carbonyl iron [41],
[56]-[62] and iron oxide particles [46], [63]-[69]. Both types of particles fall under the soft magnet
category, which means they act as temporary magnets and can be magnetized and demagnetized
under the ON and OFF state of the external magnetic field respectively. The domain structure of
the particles causes their reversible magnetization, hence leading to mutable property changes of
the material under the application of an external stimulus [43].

Carbonyl iron particles are commonly employed to prepare magneto-responsive materials
for various reasons. First, the particles exhibit high magnetic saturation which means the material
will experience its maximum response and property change within a broader range of magnetic
field strength. Carbonyl’s high magnetic saturation led to many commercial and industrial
applications such as dampers, brakes, and vibration control [43], [70], [71]. However, their high
density causes quick sedimentation of the magneto-responsive material, limiting its long-term
application. Many researchers investigated different methods to reduce the sedimentation rate of
carbonyl-based suspensions. For example, Lim et al [59] stabilized the carbonyl iron-based
suspension by adding fumed silica, whilst Choi et al [60] encapsulated the particles with

poly(methyl methacrylate) to improve dispersion and stability of the material. Despite their
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limitations, carbonyl particles are utilized more frequently than iron oxide particles as magnetic
particles in magneto-responsive materials.

Over the past years, the focus on using iron oxide for the particle phase in magneto-
responsive materials declines. The recent lack of interest in using iron oxide particles for magneto-
responsive materials is mainly due to their low magnetic saturation [43], implying that the particles
have a low maximum moment per unit volume for a magnetic particle [72]. Similar to carbonyl,
iron oxide particles agglomerate and initiate sedimentation in the material. Although both
challenges limit the application of magneto-responsive materials for commercial uses, for the
purpose of this thesis, the benefits outweigh the limitations. Iron oxide particles show promising
opportunities because of their low cost, availability, resistance to oxidation, biocompatibility, soft
magnetism, polymorphic properties, and non-toxicity [43], [73]. Iron oxide also has high physical
and chemical stability and lower sedimentation rates compared to carbonyl particles [50], [51]. As
a result, iron oxide particles are significantly used in the biomedical and health industry for heat
transfer applications, biosensing, drug delivery, therapeutic targets in chemotherapy, and contrast
agents for MRI [46], [63], [65], [68], [74]-[76].

Magnetic iron oxide can be divided into two main size categories, microparticles and
nanoparticles [46], [69], [73], [74], [77]-[80]. Ali et al [65] summarized the benefits of using iron
oxide nanoparticles which include superparamagnetism, zero coercivity, zero remanence, higher
surface area to volume ratio, lower sedimentation rate, and easier dispersion compared to
microparticles [81]. However, findings by Deshmane et al [82] portray that the magnetic saturation
of iron oxide particles increases with their size. Thus, microparticles will have a higher magnetic
saturation than nanoparticles making micron-sized particles more applicable and sensitive to
changes in the magnetic field [83]. Moreover, Caterino et al [83] concluded that decreasing the

particle size, although enhances stability, brings about the degradation of the rheological effect of
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the material. This limiting factor will reduce the performance and the extent of property changes
exhibited by the magneto-responsive material when an external stimulus is applied.

Another reason to choose iron oxide microparticles is thoroughly described in findings by
Them et al [40]. A mathematical model was utilized to rationalize the positive correlation between
the size of the particle’s core radius, and the strength of the magnetic dipole-dipole force induced
on adjacent particles. Thus, iron oxide microparticles can achieve greater magnetic dipole-dipole
forces between neighboring particles compared to nanoparticles. Stronger interparticle forces will
result in faster chain formation and a greater change in the properties of the magneto-responsive
material. Moreover, due to the multidomain structure of iron oxide microparticles, they can
remember their magnetic history. Unlike nanoparticles that possess zero remanence, micron-sized
particles can retain some of their magnetization after the removal of an external magnetic field. The
remanence advantage iron oxide microparticles hold makes using them in magneto-responsive
material to achieve synaptic functions very promising. Owing to the several properties mentioned
above and the goals of this research, iron oxide microparticles will be selected to fabricate the

magneto-responsive material.

1.3.2 Sedimentation and Stability

One of the most pursued topics related to magneto-responsive materials is techniques to
slow down or overcome sedimentation of the material. Sedimentation renders the material
inoperable and poses a huge challenge to researchers and commercial users [35], [52], [81], [84],
[85]. Different researchers develop various methods to observe changes in sedimentation and
measure related data. Simple visual observations are commonly practiced to monitor sedimentation
rates and evaluate the extent of the material’s stability. For example, Wang et al [86] and Imran et

al [73] observed samples over a long period of time and qualitatively recorded results using images.
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The limitation of employing a simple observation method is that rigor is difficult to assess and
maintain. Trends can be problematic to conclude on and data characterization becomes challenging,
as the approach used by researchers becomes subjective. Besides, qualitative data is usually not
well understood or accepted compared to quantitative data [87].

As a result, many researchers employ quantitative methods to measure sedimentation rate
[47], [48], [88]-[90]. For example, Truong et al [91] and Shah et al [92] measured the volume of
the separated carrier fluid and divided it by the total volume of the suspension over a period of
time. Whilst Cruze et al [70], Jang et al [62], and Yang et al [56] measured the change in height of
the sediment over time as the boundary between the particle and carrier fluid increased. The height
change method will be used in this research to measure the stability of all samples synthesized. Due
to the objective and accurate nature of quantitative data, assessing sedimentation rates quantitively
will allow for easier comparison between different data, and findings will be understood better.

In addition to measuring sedimentation rates, researchers constantly focus on finding new
techniques to slow down sedimentation. Common approaches include adding surfactants and
additives [50], [60], [71], [74], [88], [91], increasing the viscosity of the carrier fluid [73], and using
different particle sizes in the same material [61], [83], [92], [93]. Iron oxide particles are prone to
sedimentation because of the attractive magnetic dipole-dipole forces that cause adjacent particles
to cluster. It is essential to find a technique to slow down sedimentation rates of iron oxide-based
magneto-responsive materials, to execute the goals of this thesis. One commonly practiced
technique is using a high viscosity carrier fluid. Imran et al [73] and Hajiyan et al [78] dispersed
iron oxide particles in high viscosity motor oil and glycerol respectively and concluded that there
was long-term stability of the suspensions. Depending on carrier fluid viscosity to reduce
sedimentation rate, limits the range of carrier fluid viscosity that the particles can be dispersed in.

Also, high viscosity fluid can mitigate the response of the material to an external magnetic field.
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The initial high viscosity of the carrier fluid will reduce the on/off state ratio of the resistance and
viscosity of the material, limiting the performance and application of the material.

Another method implemented is adding nano-sized particles to magneto-responsive
materials composed of micron-sized particles. The addition of nanoparticles of lower density and
higher surface area to volume ratio will help reduce the sedimentation rate of larger particles. This
improvement can be further supported by Iglesias et al [94] which established the effect of adding
iron nanoparticles to a suspension made of iron microparticles. The results revealed that
nanoparticles form a cloud around each microparticle, increasing repulsion between adjacent
particles and enhancing the stability of the suspension. However, this method can increase the off-
state viscosity of the material and reduce their response to an external stimulus, limiting its
applications [95].

Due to the limitations that occur with high viscosity fluid and different particle sizes, the
most common method to achieve stability is adding a surfactant to the material. Soares et
al [49] employed optical absorbance to study the influence of surfactant on the stability of iron
oxide nanoparticles. UV-VIS absorbance of samples with and without a surfactant was
measured. The UV-VIS spectrum of pristine iron oxide particles confirmed that their
sedimentation occurs much faster than those coated with a surfactant. According to Wang et al.
[93], a surfactant should be selected based on two main factors. First, the surfactant should have a
strong affinity with the particle and good intermiscibility with the carrier fluid to ensure proper
interaction between all components of the suspension. Another factor is that the surfactant should
have is a broad operating temperature range and thermal stability to avoid decomposition of the
material. A commonly used surfactant that targets both factors is oleic acid. In addition to meeting
the thermal stability requirements, Soares et al. [49] confirmed that oleic acid chains possess a

negatively charged terminal carboxylic acid that has a high affinity for magnetic particles.
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After selecting oleic acid as the stabilizer, it is imperative to find an optimum amount of
the acid to use with iron oxide microparticles. Using too much or too little oleic acid can affect the
response of the material as well as increase sedimentation rate. Many articles discuss using oleic
acid with iron oxide microparticles to reduce sedimentation rate [41], [46], [56], [66], [69], [75],
[77]. The limitation of all these articles is the lack of study on finding an optimum oleic acid to 1-
5 micron-sized iron oxide particle ratio to reduce sedimentation rate. For example, Fonseca et al
[64] used an iron oxide/oleic acid ratio of 1/1.5 in volume when fabricating the magneto-responsive
material. However, this paper is limited in that it did not study the impact different ratios of iron
oxide to oleic acid have on sedimentation. On the other hand, Yang et al [56] experimented with
five different oleic acids to carbonyl particle mole ratio and measured the sedimentation rate of
each sample to obtain the optimum ratio. No similar study has been made on iron oxide
microparticles of size 1-5 micrometer. Thus, this research will vary the oleic acid to iron oxide
microparticle ratio and measure sedimentation rate to obtain an optimum ratio that maximizes

stability and lowers cost.

1.3.3 Continuous Phase

Over the years, many researchers strove to synthesize a mixture that achieves a reasonable
compromise among conflicting objectives. Choosing the carrier fluid can impact both the stability
of the material and its response to an external magnetic field. As mentioned in the background
section, magneto-responsive materials are widely studied because of their ability to change their
properties almost instantaneously under a magnetic field. Using a high viscosity carrier fluid can
limit particle settling and increase long-term use of the material compared to a low viscosity carrier
fluid. However, unlike a low viscosity carrier fluid, using a high viscosity fluid will lead to slower

chain formation and response of the material to a magnetic field. Thus, understanding the impact
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of carrier fluid viscosity on the property changes of the magneto-responsive material is crucial in
selecting a carrier fluid that will fit the purpose of this thesis.

There is a lack of literature focus on magneto-responsive materials made of iron oxide
microparticles dispersed in high viscosity fluid. Imran et al [73] experimented with oleic acid-
coated iron oxide nanoparticles dispersed in three different fluid viscosities; paraffin oil, sunflower
oil, and motor oil. The study examined the effect of using high viscosity fluid on the stability and
thermal conductivity of the suspension. After 180 days, the fluid with the highest viscosity, motor
oil, showed no signs of particle aggregation. The suspension also demonstrated a 77% enhancement
in thermal conductivity. Achieving an increase in conductivity and stability shows the promising
opportunities of using high viscosity carrier fluid. However, Imran et al [73] experimented with
nanoparticles instead of microparticles which impacts the stability and response of the material. In
addition, there was no measurement of the electrical conductivity behavior of the suspension.
Examining the electrical conductivity changes in the material with and without an external stimulus
is necessary to emulate synaptic functions. Thus, this research will attempt to disperse iron oxide
microparticles in motor oil and explore stability, electrical conductivity behavior, and viscosity
changes of the material in response to an external magnetic field.

To further study the effect of carrier fluid viscosity, Yang et al. [56] dispersed carbonyl
micron particles in silicone oil of viscosities 200cst,350cst, and 500cst. A magnetic field ranging
from 100mT to 900mT was applied to all samples, and resistance measured at each every 100mT.
All the resistances of the samples dropped to zero by 400mT. However, for high viscosity fluids,
the resistance reached zero at a higher magnetic field strength than low viscosity fluid, owing to
drag forces and slower chain formation. Thus, by controlling the viscosity of the carrier fluid, the
response of the material can be tuned to meet different material objectives. The limitation of this
paper is the lack of data on the effect of carrier fluid viscosity on the sedimentation rate of the

suspension. Such data is important to ensure an operable and stable material that allows for accurate
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experimenting and long-term use. In addition, Yang et al [56] plotted minimum resistance at
different field strengths. In contrast, this thesis will display how resistance changes over time for
constant magnetic field strength, in an attempt to exhibit synaptic behavior.

Furthermore, it is important to study the response of the material at a broad range of
viscosities to recognize the role carrier fluid viscosity plays on the property changes and response
of the material. By doing so, a cutoff viscosity range can be chosen that allows for a reasonable
compromise between stability and desired response. Another advantage of experimenting with a
wider range of viscosities is that the speed chain formation and thus property changes will vary.
The speed of response varies because of the fluidic forces that become more dominant at higher
viscosities ( see section 1.2.5 ). Thus, the response of the magneto-responsive material can be
controlled by tuning the viscosity to achieve desired objectives for the material. Unlike Yang et al
[56] paper that only experimented with three types of viscosities, this thesis will explore a wider
range of carrier fluid viscosities. Iron oxide microparticles will be dispersed in silicone oil
viscosities of 10cst,100cst,350cst,1000cst, and 5000cst, and both the sedimentation rate and
resistance changes will be recorded over time. Therefore, a clearer trend can be established on the

effect of carrier fluid viscosity on the property changes of the magneto-responsive material.

1.3.4 Literature Gaps

Building on the literature review, iron oxide microparticles show encouraging potential as
components of magneto-responsive materials can exhibit synaptic plasticity. Achieving a stable
dispersion of iron oxide microparticles in oil is challenging due to density contrast and poor
interaction that leads to sedimentation. To the best of our knowledge, no study was conducted on
dispersing iron oxide microparticles (1-5 micrometer in diameter) in oils with a broad range of

viscosities, such as motor oil and silicone oils, and then evaluating the property changes under an



22

external magnetic field. Specifically, no study explored the electrical resistance changes over time
in response to low-strength uniform and cyclic magnetic field conditions. The use of low-strength
magnetic fields will display how the interplay of magnetic and viscous forces impacts the property
changes of the magneto-responsive material. By observing changes in resistance at different
viscosities and magnetic field conditions, the material can exhibit synaptic plasticity. The changes
in resistance of the magneto-responsive material over a short period of time can be correlated to

short-term depression and facilitation, a study currently lacking in the literature.

1.4  Problem Statement and Research Objectives

This research aims to explore, fabricate, and characterize a stable magneto-responsive material
that exhibits synaptic functions and can be classified as an artificial synapse, for sensing and signal
processing applications. In nature, voltage-driven changes in synapses lead to the rise of different
synaptic plasticity states. Voltage pulses are regarded as the presynaptic spike and the concentration
of neurotransmitters flowing between neurons is the synaptic weight. In this model material, the
presynaptic spikes are correlated to the applied magnetic field and the conducting channels are the
particle chains forming conducting paths under the applied field. By controlling the external
stimulus and fabrication process, the response of the material and property changes can potentially
emulate synaptic functions. The research questions this study raises are as follows:

(1) What components and synthesis method are most suitable to fabricate a stable magneto-

responsive material?

(2) How can the composition of a stable magneto-responsive material be altered to emulate

short-term synaptic behavior and become more intelligent and complex?

(3) How can the response of the material under different external magnetic field conditions

mimic short-term facilitation and depression states of plasticity?
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To answer the research questions and move forward with the development of new materials as

artificial synapses, several objectives and experimental tasks are in place:

1. A fabrication process is developed to disperse magnetoactive particles in a carrier fluid

medium and create a stable magneto-responsive material. VVarious material components

affect the responsiveness and properties of the material under the application of the external

magnetic field. The components (summarized below) is investigated through literature

review and experimentation to develop a stable material that can exhibit synaptic behavior.

a.

d.

Determine an appropriate particle, carrier fluid, and surfactant type to potentially
emulate synaptic behavior

Identify a suitable fabrication method to ensure proper dispersion

Evaluate the effect of surfactant to particle weight ratio, carrier fluid viscosity, and
volume fraction on the stability of the suspension

Quantify sedimentation rates of all samples fabricated

2. The material is characterized before and after applying an external magnetic field to assess

the changes in the distribution of the magnetoactive particles and study the changes in the

electrical (conductance/resistance) and rheological properties(viscosity) of the material.

a.

Create a magnetic and electrical setup for magnetic field application on the
material and response evaluation

Identify range and time for low strength uniform and cyclic magnetic field
application on the materials to emulate voltage spikes in synapses

Plot resistance changes over time for low, medium, and high viscosity of the
material

Characterize distribution of the particles and viscosity changes before and after

magnetic field application to theoretically explain results
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3. The changes in material properties and responsiveness measured in part 2 is analyzed to
portray memory and be correlated to synaptic functions. The material will then be further
developed to accomplish a pinched hysteresis loop; a feature of a memristor and increase
the level of complexity of the material

a. Demonstrate short term plasticity in the magneto-responsive material by analyzing
property changes in the material

b. Evaluate the effect of viscosity on simulating short term facilitation and depression

¢. Understand the role of magnetic dipole forces, remanence, and viscous forces on
emulating synaptic plasticity

d. Expand onthe analytical and theoretical part of a memristor and link it to the model
material

e. Provide next steps for further development of the material to enhance its difficulty

and complexity
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2 Experimental Methods

2.1 Materials

The materials used to make up the magneto-responsive material include magnetoactive
particles, carrier fluid, and stabilizing additive. In this study, silicone oil of different viscosities and
motor oil was used as the carrier fluid (see figure 2-1(a)). The range of viscosities used was 10 cst
(Clearco Products) and 100cst, 350cst,1000cst, and 5000cst (Synco Chemical Corporation). The
motor oil used was the Castoral GTX 20W-50 Conventional Motor Oil whilst the stabilizing
additive used was 90% oleic acid (Sigma Aldrich) (see figure 2-1(b)). Iron oxide particles of the
order 1-5 um, 99.9% purity, and a cubic structure were used (Atlantic Equipment Engineers) for

the particle phase (see figure 2-1(c)).

Figure 2-1: (a) Samples of silicone oil of different viscosities and motor oil in a glass vial and their vendors, (b) Sample
of oleic acid in a glass vial and its respective vendor, (c) Sample of iron oxide particles stored in an aluminum container
and their vendor

Motor oil is composed of hydrocarbons derived from crude oil, with additives to improve
its properties. This base fluid is advantageous because it provides an initial high viscous state for
the material that ensures a stable magneto-responsive material, and is stable under high

temperatures. Silicone oil is a hydrophobic polymeric compound that is a straight-chained
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polydimethylsiloxane fluid. It has a wide range of viscosities depending on the molecular weight
and length of the polymer [96]. This carrier fluid is stable at a wide range of temperatures and
pressures, environmentally friendly, chemically inert, nontoxic, shows low polarizability, and has
good heat transfer characteristics [97]. It is used to ensure a stable magneto-responsive material
and to study the effect of initial viscosity on the response of the material.

Moreover, long-term stability is an important goal when fabricating the material. Thus, the
use of oleic acid is needed to stabilize the material by coating the surface of iron oxide
microparticles. Oleic acid creates a core-shell structure with the iron oxide microparticles. The
functionalized structure decreases the density of the particle which reduces the mismatch of density
between the particle and continuous phase. The resulting new structure also increases static

repulsion between adjacent particles, thus improving dispersion[98].

2.2 Particle Characterization

2.2.1 Scanning Electron Microscopy

A scanning electron microscope was utilized to study the microscopic size and structure of
the iron oxide particles. Figure 2-2 (a) and (b) show the images of the iron oxide microparticles.
Figure 2-2 (a) is a larger overview of the particles that shows clustering of the particles which is
common due to the particle’s attractive dipole forces. During the fabrication process, the particles
were sieved and coated with a surfactant to reduce agglomeration and the rate of sedimentation.
Figure 2-2 (b) is a magnified image of the particles, exhibiting their cubic structure and particle
size. Cubic structures compared to spherical ones display a higher magnetic saturation, which will

allow for faster response of the particle to the external magnetic field [79] (see section 2.2).
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Figure 2-2: (a) Overview of the iron oxide microparticles showing multiple points of clustering of particles. (b) Magnetified
view of the particles exhibiting their cubic structure

2.2.2 Vibrating Sample Magnetometer

A vibrating sample magnetometer was used to study the macroscopic magnetic properties
of iron oxide microparticles. Important parameters include remanence magnetization (M),
coercivity (Hc), and saturation magnetization (Ms). The curves in figure 2-3 portray the relationship
between induced magnetization and applied magnetic field strength. The size and type of particles
affect the values of the parameter in the curve. Some magnetic particles are able to retain memory
by maintaining their magnetization upon removal of the magnetic field, dictated by M,. Saturation
magnetization is an important parameter to consider when selecting particles because it determines
the maximum magnetization that can be induced in the material [36]. The curvature of the magnetic
hysteresis, or hysteresis loop, is characteristic of the type, size, and shape of the material. The loop
displays the path taken by the magnetic material when an external magnetic field is applied and
then removed. When a magnetic force is directed at the material, induced magnetization increases

up to saturation magnetization. Upon reaching saturation magnetization, all the magnetic dipole
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moments are aligned in the direction of the magnetic field, and the material cannot be magnetized
further. When the magnetic field is removed, some remanence magnetization remains, which is
indicated by M, on the orange curve in figure 2-3. To completely demagnetize the material, a
magnetic field is applied in the opposite direction to cancel the dipole moments [36]. To remove
remanence magnetization, a coercivity force is applied in the opposite direction, leading to a
hysteresis loop forming shown by the orange curve in figure 2-3. When the material shows no
hysteresis loop, coercivity, or remanence, as shown by the dashed blue line in figure 2-3, the
material is said to be superparamagnetic.

The plots in figure 2-4 portray the magnetization curves of different iron oxide particle
sizes. Both sieved and non-sieved iron oxide microparticles displayed a higher magnetic saturation
than nano-sized iron oxide particles as shown in figure 2-4. The saturation magnetization of iron
oxide particles increases with diameter size [82]. According to figure 2-4 (a), the saturation
magnetization of sieved iron oxide microparticles is 11lemu/g, of non-sieved iron oxide
microparticles is 97.8 emu/g and of iron oxide nanoparticles is 50.6 emu/g. Moreover, by analyzing
the hysteresis curve of the particles in figure 2-4 (b), the micron-sized particles showed a hysteresis
curve and higher remanence, and are thus more resistant to changes in magnetization, as expected
from their multidomain structure (see section 1.2.3). The nano-sized particles, on the other hand,
displayed no hysteresis curve or remanence, exhibiting superparamagnetic behavior. Also, the
sieved particles have a narrower and more uniform size distribution, thus resulting in a higher
magnetic saturation, higher remanence, and wider hysteresis curve compared to the non-sieved
particles. This magnetic feature implies that sieved particles are harder and can retain more memory
than non-sieved particles. The sieved particles have a remanence magnetization value of 9.66
oersted and non-sieved particles have a remanence magnetization value of 8.06 oersted as shown
in figure 2-4 (b). The higher saturation magnetization is due to greater true particle interaction

between the external magnetic field and the individual particles. Also, the reduction of clustering
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of particles due to sieving, means that the particles in the aggregates are more likely to align their

moments with the magnetic field, thus increasing saturation magnetization.

Induced
Magnetization

e

Applied
Magnetic Field

Figure 2-3: Magnetization curve exhibiting important parameters that can indicate magnetic properties of a
sample
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2.2.3 Chain Formation Observation

The fundamental property changes exhibited by magneto-responsive materials are caused
by chains forming under an external magnetic field. To better understand chain formation, iron
oxide microparticle powder dispersed in different carrier fluids was placed in an electromagnet of
strength 50mT to observe the macroscopic motion of particles. A glass vial filled with iron oxide
powder was placed on the edge of the electromagnet led to particles magnetizing and
instantaneously collecting near the edge, as shown in figure 2-5 (a). When the particle was placed
at 2.5cm as opposed to 3cm, there were more visible and uniform chains forming indicating a more

uniform flux. This observation was crucial to select a position between the electromagnet to

[}

investigate the rheological and electrical properties of the magneto-responsive material. »

Figure 2-5: (a) Iron oxide microparticles placed by electromagnet edge, (b) Iron oxide microparticles placed 2.5cm
from the electromagnet edge, (c) Iron oxide microparticles placed 3 cm from the electromagnet edge

Next, iron oxide microparticle powder was added to 10cst silicone oil in a glass vial and
dispersed via shaking. The glass vial was then placed in an electromagnet with a magnetic field
strength of 50mT. It was placed on the edges to macroscopically observe chain formation under the
effect of a magnetic field, as shown in figure 2-6. Particles dispersed in 10cst silicone oil moved
towards the edge of the electromagnet and held their position, displaying similar behavior to the
sample in figure 2-5. Placing the vial against the edge of the electromagnet also demonstrated that
no chains were extending from one end of the glass vial to the other, indicating a lack of chain

formation if the magneto-responsive sample is to be placed by the edge.
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Figure 2-6: Iron oxide microparticles dispersed in silicone oil instantaneously clustered at the (a) the left end
of the electromagnet (b) the right end of the electromagnet

Moreover, a glass vial filled with iron oxide microparticles dispersed in 10cst silicone oil
was placed 2.5cm from the edge of the electromagnet. Snapshots of chain formation were recorded
over 13 seconds as shown in figure 2-7. At 0 seconds, the sample was fully dispersed and the

magnetic field was turned on. The particles quickly separated from the carrier fluid and formed

chains that extended across the glass vial.

0 seconds 10 seconds 13 seconds ‘
Figure 2-7: A map of iron oxide microparticles dispersed in silicone oil, placed in the centre of an ON
electromagnet, displays macroscopic motion of particles and chain formation over 13 seconds. At 0 seconds,

the magnetic field was applied
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Furthermore, iron oxide microparticle powder dispersed in high viscosity motor oil was
studied to observe chain formation as shown in figure 2-8 and figure 2-9. Particle movement in
motor oil as opposed to 10cst silicone oil, portrayed the difference in speed of chain formation
between low and high viscosity fluids. This observation is crucial to understand the microscopic
changes that occur in the magneto-responsive material when a magnetic field is applied. By
understanding the effect of the magnetic field on chain formation and redistribution, the rheological
and electrical responses of the material can be analyzed and explained theoretically and
experimentally. The high viscosity fluid is also important to study the effect of viscous forces on
the particle motion, which will lead to different electrical and rheological responses of the material.
Figure 2-8 and figure 2-9 showed how slowly the particles migrated towards the edge of the
electromagnet as opposed to almost immediately in low viscosity silicone oil. As shown in figure
2-9, because of the high viscosity fluid slowing down particle motion, intermediate chains were
forming as the particles migrated to the edge of the electromagnet. The chain collection was getting
thinner and less visible with time as particles moved closer to the electromagnet edge and clustered

there.

12 28

seconds seconds

later later
» q

Figure 2-9: Iron oxide microparticles slowly migrate towards the electromagnet end, forming and breaking
intermediate chains in the process
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2.3 Processing of lIron Oxide-Oil Solutions

Different synthesizing methods were explored to fabricate iron oxide-oil solutions which
included altering the type and amount of surfactant, size and volume fraction of iron oxide particles,
volume and type of carrier fluid, and mixing method. Iron oxide microparticles (Atlantic Equipment
Engineers), motor oil (Castoral), silicone oil (Synco Chemical Corporation and Clearco products),
and oleic acid (Sigma Aldrich) were used to fabricate the magneto-responsive material. The
fabrication steps are explained thoroughly below and summarized in the flowchart shown in figure
2-10.

Step 1: The required amount of iron oxide particles were sieved. This step is necessary to
achieve a narrow size distribution of particles and physically separate the particles to reduce
clustering and enhance dispersion. It is important to lower clustering so the particles are evenly
coated with oleic acid. Moreover, sieved particles have a higher saturation magnetization and better
particle interaction with each other and the external magnetic field, as clusters can inhibit particles
in the aggregate from aligning their magnetic moment with the external field.

Step 2: A digital weighing scale was used to weigh the required amount of the sieved iron
oxide particles. Depending on the desired volume fraction, the mass of iron oxide was determined,
see table 2-1.

Step 3: The iron oxide microparticles were transferred to a round bottom flask and oleic
acid was added to the powder. A ratio of 10g:5ml of iron oxide to oleic acid was chosen after
carrying out sedimentation tests on different ratios and finding an optimum ratio that will lead to
the best dispersion (see section 2.3 and 3.3).

Step 4: The flask was placed in an ultrasonic bath sonicator set at 40C and the sample
was mechanically stirred for one hour at 290rpm. After extensive experiments with different

mixing methods (see section 3.1), mechanical stirring was the most ideal mixing method when
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working with micron-sized iron oxide particles. The timing and temperature of the mixing method
were based on the paper by Imran et al. [73] that shows a synthesis method for fabricating a long-
term stable ferrofluid suspension with a motor oil base. The method was adapted to iron oxide
microparticles for this research.

Step 5: The required volume of carrier fluid was added to the flask. Depending on the
desired volume fraction or viscosity, refer to table 2-1, the required type and volume of carrier fluid
were measured and added to the solution. For example, if a 10 VVol% sample in 100cst silicone oil
was needed, then looking at table 2-1, 95ml of 100cst silicone oil was added to the solution in the
flask.

Step 6: The flask was placed in an ultrasonic bath sonicator set at 70C and the sample
was mechanically stirred for one hour at 290rpm.

Step 7: The final suspension was transferred to a glass jar for storage at room

temperature.

Table 2-1: Amount of each composition for various volume fractions

Volume % Iron oxide Oleic acid (ml) | Carrier fluid (ml)
microparticles (g)

5 10 5 195
10 10 5 95
20 20 10 90
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Step 1: Sieve iron oxide Step 2: Weigh the iron Step 3: Add oleic acid to

microparticles oxide microparticles and the particles in the flask
add to a round bottom
flask

Step 4: Mechanically stir Step 5: Add carrier Step 6: Mechanically Step 7: Transfer the
for one hour at 290rpm at  fluid to the flask stir for one hour at suspension to a glass
40C 290rpm at 70C

jar for storage

Figure 2-10: Flowchart summarizing the steps to synthesize the magneto-responsive material
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2.4  Sedimentation test

Sedimentation is a major challenge faced by magnetoactive particles dispersed in a carrier
fluid medium. Due to the attractive forces between the particles as well as the mismatch in density
between the particles and the carrier fluid medium, the particles tend to agglomerate, rendering the
material inoperable. Figure 2-11 and equation 1 illustrate how sedimentation of suspensions was
recorded during the study. As soon as the sample was synthesized, 10ml of the sample was
transferred to a test tube. As particles sedimented, a color boundary appeared in the test tube
because the oil was separating from the carrier particles. The test tube was fixed in the same position
until the suspension fully sedimented, which is when h, no longer changed. Using a ruler, h, was
recorded at different intervals as shown in figure 2-11 (b). The changes in h, were recorded until
there was no longer any change in hy, thus achieving hamax. Using equation 1, the % change of

sedimentation was calculated.

(a) (b)
ha
h2max
Partial Full
sedlmematlon sedimentation sedlmentatxon

Figure 2-11: Method to measure sedimentation of the samples (a) No sedimentation shows
no color boundary in the sample (b) partial sedimentation as particle separate from the oil
and (c) full sedimentation shows maximum sedimentation of the sample

h, (equation 1)

Sedimentation Ratio =
thax
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2.5 Magnetic Setup

The magnetic field strength of three different magnets was measured using a gauss meter and
mapped to understand the field strength applied to the material. The mapping is important to
determine points of maximum magnetic field strength and select a position to place the sample.
This study worked with two permanent magnets and one electromagnet, with varying magnetic

field strengths.

25.1 Permanent Magnet Mapping

A gauss meter was used to measure the magnetic field strength of a low-strength and high-
strength permanent magnet. A magnetic field reading was taken of the top, middle, and bottom
plane as shown in figure 2-12. Each plane was divided evenly into a grid of dimensions 1x1 cm.
Figure 2-13 shows how the sample will be placed in the permanent magnet for testing. Tables 2-2,
2-3, and 2-4 summarize the magnetic mapping of the low-strength permanent magnet on different
planes. Tables 2-5, 2-6, and 2-7 summarize the magnetic mapping of the high-strength permanent

magnet on different planes.



Top Plane

Middle Plane

Bottom Plane

Figure 2-12: Schematic of two symmetrical permanent magnets held in place using separators and rods

Figure 2-13: The material placed in the low
strength permanent magnet
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Legend of the low-strength permanent magnet

=300t 250-299mT | 200-249mT | 100-199mT | 50-99mT [ 0-49mT

Table 2-2: Top plane magnetic field mapping of the low-strength permanent magnet

40

0 4 13 23 12 11 3
14 42 62 95 73 54 11
42 96 185 242 227 130 42
73 206 257 76
90 279 281 136
123 229 264 132
112 134 195 113
57 47 94 52
19 19 70 83 72 39 14
3 2 32 26 25 11 2
Table 2-3: Middle plane magnetic field mapping of the low-strength permanent magnet
4 9 16 22 10 5 1
16 37 67 73 59 36 17
49 105 163 197 158 99 47
97 173 90
230 98
237 134
195 113
56 171 225 215 172 98 60
26 73 96 96 18 37 23
7 21 31 31 21 18 6




Table 2-4: Bottom plane magnetic field mapping of the low-strength permanent magnet

3 7 12 15 11 0 2
14 38 70 76 55 30 15
42 146 218 206 172 83 36
81 155 70
244 108
276 120
224 64
126 36
27 69 93 108 67 36 8
0 20 27 32 18 10 1
Legend of the high-strength permanent magnet
[S700/MT ] 500-699mT [ 300-499mT [ 100-299mT [ 0-99mT
Table 2-5: Top plane magnetic field mapping of the high-strength permanent magnet
18 10 3 15 5 4
6 46 157 235 156 64
16 194 588 668 625 330
172 546 435
220 689 538
230 608 645
108 430 417
30 99 187 305 212 60
8 7 22 28 8 5
21 19 16 14 14 17




Table 2-6: Middle plane magnetic field mapping of the high-strength permanent magnet

16 7 3 11 0 11
1 44 64 138 50 26
57 231 615 688 682 3569
94 620 577
470 663 639
160 371 545
66 177 329 367 335 107
7 20 71 97 96 32
13 1 3 9 8 10
21 20 17 12 13 17

Table 2-7: Bottom plane magnetic field mapping of the high-strength permanent magnet

20 1 S 4 0 14
15 70 149 124 100 40
168 432 677 630 400 200
331 680 440
263 664 536
325 696 346
62 295 634 656 389 153
24 98 242 275 131 24

8 9 25 25 1 9
20 16 15 13 18 18
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2.5.2 Electromagnet Mapping

An electromagnet was connected to a power source. A gauss meter was used to take
readings of the magnetic field at the center, at various distances and voltages as summarized in

table 2-8. All distances were measured from the edge of the left side of the electromagnet (see

figure 2-14).

Figure 2-14: Schematic of the electromagnet with a 6cm gap between the electromagnet edges, where the sample will
be placed

Table 2-8: Electromagnetic mapping, in mT, at different voltages and distances

Distance (cm)

Voltage (V) 0 1 2 3 4 5 6
0 0 0 0 0 0 0 0
v 6.6 5.2 4.2 4 4.6 5.4 7.7
2V 15.1 11.7 9.2 8.41 4.9 11.5 14
3V 23.6 18.1 14.2 13.5 15 18.1 24
av 30.5 24.5 19.6 18 19.7 23.3 323
5V 40 30.8 24.3 23.2 25.1 29.6 38.1
6V 47.1 37.2 30.2 27.9 311 37.3 48.6
A% 59.5 a7 38.3 34,5 37.8 44.3 58.5
8Vv 70.2 57.4 436 393 413 49.2 73.1
o9V 75.2 59.5 46.7 43.9 48.6 57.2 76.7
oV 80.2 64.2 57.2 45.7 47.2 52 75.3
11V 82.4 70.1 55.3 48.3 50.3 56.3 83.5
12v 83.7 71.3 53.4 48.5 51.3 64.3 84.7
13v 86.8 72.1 55.8 49.9 533 63.8 86
14v 89.2 67.2 55.8 50.2 58 61.7 88.9
15V 91.3 68.5 56.1 51.2 54.8 66 90
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An empty sample holder (see section 2.7) was placed between the electromagnet to map
the magnetic field at different points. Figure 2-15 (a) shows how the sample holder was positioned
between the electromagnet and figure 2-15 (b) shows a zoomed-in view of the sample holder with
the nine different locations a magnetic reading was taken labeled. Figure 2-16 demonstrates the
magnetic field strength experienced by the material in the sample holder at different distances from

the edge of the electromagnet at 15V. It is color coded according to the points in figure 2-15 (b).

Figure 2-15: (a) Electromagnet setup with the sample holder, (b) Points where a magnetic field strength
reading was taken inside the holder

2.5¢cm 4.5¢cm 5.5¢cm
47mT | 53mT | 56mT

93mT | 64mT | 57mT

89mT
97mT

Figure 2-16: Electromagnetic mapping of different points in the sample holder, at different positions from
the edge of the electromagnet
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2.6 Electrical Setup

Two different electrical setups were used to measure the changes in resistance and evaluate
the electrical conductivity properties of the magneto-responsive material with and without an
external magnetic field. The first electrical setup used a current sensing circuit to measure low
resistance values as shown in figure 2-17. The schematic of the circuit model is shown in figure 2-
17 (a) and was designed and simulated online using the Multisim software. The variable R4 in the
online circuit schematic represents the model material, and R3 is varied according to the resistance
range of R4. The myDAQ provided a voltage source of 5V and measured voltage output. Figure 2-
17 (b) shows the actual electrical setup using an electromagnet, with the circuit attached to the
electrodes in the sample. Figure 2-17 (¢) shows the same circuit used with the permanent magnet
and a faraday cage around the setup to reduce noise. LabView was used to record the output voltage
(Vow) in real-time. Figure 2-18 (a) demonstrates the coded block diagram to plot data from the
myDAQ, and figure 2-18 (b) shows the waveform chart that plots the output voltage which is then
exported into Matlab. The resistance was calculated using equation 2 to equation 6, where Vo is
the measured voltage output, Vi, is the voltage input at points 2 and 3 in figure 2-17(a), Rmogel iS the
resistance of the sample and, R: and R, are the gains resistance, which is 20kQ and 1kQ

respectively as shown in figure 2-17 (a).

Vour — 4 4 R (equation 2)
Vin Ry
M =V (equation 3)
R1 - n

1+ R,
h =] (equation 4)
R3

5V — Vin (equation 5)



(a) A~

Via
R2
5P U1
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Figure 2-17: (a) Schematic of an online simulation of the current sensing circuit, (b) Electrical setup measuring Vout
from the sample, in an ON magnetic field provided by the electromagnet (c) Electrical setup covered with a faraday
cage, measuring Vout from the sample, in an ON magnetic field provided by the low-strength permanent magnet
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Figure 2-18: (a) Block diagram of the circuit using LABVIEW (b) Waveform chart displaying the recorded
voltage output from the sample
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For high resistance readings, larger than 200kQ, a Keithley 6517A source meter was used
to measure resistance values of the material (see figure 2-19). The Keithley meter was set up to
provide an internal voltage and grounding of the device. The wires from the meter were connected

to the electrodes in the sample to measure resistance.

B e

Figure 2-19: Resistance reading of the sample with a
Keithley source meter, under a magnetic field applied
using an electromagnet

2.7 Sample Holder Design

To fabricate the sample holder, a negative mold was first designed on Solidworks and then
3D printed. The negative printed piece was sprayed using a rapid-release agent. A positive mold
was made using part A, the V-340 mold making silicone rubber, and part B, the CA-45 Silicone
Catalyst. Part A and part B were mixed using a weight ratio of 10A:1B. The mold was poured into
the negative piece and left to set overnight at room temperature. Pure copper sheets with wires
soldered on them were used as electrodes. The bottom of the sample holder was covered with a

Teflon sheet to reduce the mismatch of surface tension between the holder and the magneto-
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responsive material. The process is summarized in figure 2-20. Three different sizes of the mold
were fabricated as shown in figure 2-21 with the dimensions summarized in table 2-9.

Holder A was made to fit inside the high-strength permanent magnet (see section 2.5.2).
Due to the narrow opening inside the magnet, holder A had to be made very small. The same Holder
B was tailored to fit inside the low-strength permanent magnet (see section 2.5.1). The small holder
sizes allowed the material to be exposed to a uniform distribution of the magnetic flux, to ensure
particles can align in the direction of the magnetic field and form chains. Holder size C was tailored
to span the electromagnet vertically and also be big enough to observe changes in the sample’s
rheological behavior. The height of holder C was chosen to ensure that chains will form across the

holder so that changes in the sample’s electrical properties can be observed.

4 )

3D printed Negative mold Final sample Teflon covered

positive mold made using holder bottom surface
silicone rubber

Figure 2-20: Flow chart summary to fabricate the sample holder
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Figure 2-21: Different sample holder sizes to fit into the magnets

Table 2-9: Dimensions of sample holders A, B and C

Holder Type Height Width Thickness
A 0.6cm lcm 0.6cm
B 0.8cm 1.3cm 0.6cm
C 1.2cm 2.6cm 1.2cm
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3 Dispersion and Solution Stability Assessment

3.1 Dispersion Method

3.1.1 Mixing Technique

The synthesis and preparation of magneto-responsive material was investigated using
several methods summarized in figures 3-3, 3-4, and 3-7 . The mixing technique, particle size range
and iron oxide to surfactant weight ratio were varied independently to find a method that leads to
the most stable suspension. The fabrication method was adapted from the works of Imran et al [73],
where iron oxide nanoparticles were dispersed in motor oil using a two-step mixing method;
mechanical mixing and ultrasonication. This project works with iron oxide microparticles which
have a smaller surface area to volume ratio compared to nanoparticles. Thus, different mixing
techniques were experimented with for the second mixing step to ensure better dispersion at the
microscale.

Three different mixing methods investigated to choose the most appropriate mixing
method; sonicator, homogenizer and mechanical mixing[81]. Ultrasonication transmits sound
energy to the sample to agitate the particles. There are two main types of sonicator experimented
with to fabricate the magneto-responsive suspension. An ultrasonic bath provides a weaker
sonication than probe sonicator, while also leading to non-uniform distribution of energy. The
probe sonicator uses a more direct method of sonication by providing a more focused and uniform
power input (see figure 3-1(a)). The probe sonicator is also more controllable, reproducible, and
more intense [81]. The use of sonication in dispersing magnetite particles in carrier fluid occurs
more frequently with nano-sized particles [65], [68], [73][66],[99]. The homogenizer used is called

a Polytron homogenizer and is a form of an immersion dispenser that uses a rotor/stator technology.
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It works by applying a focused high shear force to homogenize samples via particle size reduction
which eases dispersion in the carrier fluid (see figure 3-1 (b)). Mechanical mixing, specifically a
motor-driven stirring blade, was used to evenly coat the magnetic particles with oleic acid in the
first step, similar to the first step in Imran et al [73] method. It was also experimented with for the

second step to disperse the coated iron oxide microparticles in the carrier fluid (see figure 3-1 (c)).

Figure 3-1: (a) Probe sonication, (b) Polystron homogenizer, (c) Mechanical Stirring

3.1.2 Fabrication Methods

Method 1: 10g of iron oxide microparticles were added to 20ml of oleic acid. This specific
amount of particles was used to ensure that the particles were properly mixed using the mechanical
stirrer when placed in the round bottom flask shown in figure 2-10. If a smaller number of particles
were used then, the stirrer wouldn’t be able to properly mix the components. Larger amounts of
particles were unnecessary because the sample holders used are very small (see figure 2-21 and

table 2-9), leading to a waste of resources and material. The mixture was mechanically stirred at
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40°C for 1 hour at 290 rpm. The initial oleic acid to iron oxide ratio, volume fraction, temperature
and mixing time was adapted from the works of Imran et al [73].

Next, 180ml motor oil was added to the mixture and an ultrasonication method was used
to disperse the particles in the oil. An ultrasonication method was used for the second mixing step
in an attempt to replicate the work of Imran et al [73], given the same carrier fluid type and viscosity
used, surfactant and particle type as well as relevant amount of each composition. The flask was
placed in an ultrasonic bath set at 70°C and for 1 hour [73]. The probe sonicator was set at 40%
power with a 5 on/ 15 off pulsing. The bath sonicator and probe sonicator were used simultaneously
to maintain the temperature at 70°C. High power intensity and long on time of the probe sonication
will quickly heat up the sample and exceed the desired temperature of 70°C. Thus a 40% power
was used in addition to extra sonication from the bath sonicator. Also, whilst the probe sonicator
was off, the bath sonicator provided a weak form of sonication to keep the particles suspended in
the oil and not settle to the bottom of the flask.

However, there was particle residue left behind in the flask when transferring the solution
for storage. This is indicative of either insufficient mixing time or inadequate incorporation of the
microparticle phase with the continuous phase using ultrasonication. Since this project works with
microparticles instead of nanoparticles, which is the particle size range in Imran et al [73], another
mixing method should be investigated at a one hour time frame . In addition, method one showed
quick sedimentation within the first hour, as shown by the color boundary in figure 3-2. Given the
high viscosity of motor oil, and the slow sedimentation rate found in the results section of Imran et
al [73] work, a better mixing method should be explored. If this method demonstrated quick
sedimentation at high viscosity, then at low viscosities such as 10cst and 100cst of silicone oil, the

stability will be very low.
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0 hours 1 hour ‘ 2 hours 24 hours

Figure 3-2: The sample fabricated using method one over a period of 24 hours. The orange and yellow
bracket shows a color boundary as particles separate from the oil and settle to the bottom
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Figure 3-3: Summarized step by step process of method one

v

Method 2: 10g of iron oxide microparticles were added to 20ml of oleic acid. The mixture
was mechanically stirred in a water bath at 40°C and 290 rpm for one hour. Next, 180 ml motor oil

was added to the mixture and a homogenizer and water bath sonicator were used to mix the solution
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for one hour. The homogenizer and bath sonicator were turned on and off and the power varied to
both reduce foaming in the solution and attempt to reduce high temperature fluctuations.

First, the homogenizer was set at power level four for thirty seconds, then followed by two
minutes at power level three. The temperature increased to 76°C, so the power level was then
dropped to two to reduce the temperature and foaming that was taking place. The bath sonicator
was turned on for three minutes to keep the solution mixing. When the temperature reduced to
73°C, the homogenizer was set at power level 4 for thirty seconds, then power level five for five
minutes. Meanwhile, the bath sonicator was turned off as temperature increased rapidly to 77°C.
Thus, the homogenizer was decreased down to level four for one minute, then back to power level
two again with no bath sonicator for nine minutes, maintaining a temperature of 72°C. The
homogenizer was then set at a power level of four and a half for fifteen seconds then back to a
power level of three for six minutes, causing a temperature drops to 69°C. Then, the power level
was set to four and a half for fifty seconds, followed by a power level of three with the bath sonicator
on for five minutes. This led to a temperature of 75.5°C. Finally, a power level of five was applied
for one minute, followed by a power level of three, with the bath sonicator on. The final temperature
of the solution was 73°C.

Method 2 displayed a slower sedimentation rate based on qualitative assessment offered
by pictures takes as a function of time compared to method one (figure 3-4). However, there was a
lot of temperature fluctuations due to the high temperature inflicted by the demulsfier which affects
synthesis of the material and makes the method difficult to reproduce. Also, turning the
homogenizer and bath sonicator on and off, as well as changing the power based on observation of
the temperature fluctuations and trail would be very difficult to replicate. Thus, a new, more

replicable mixing method needs to be determined.
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Figure 3-5: The sample fabricated using method two over a period of 24 hours. The orange and
yellow bracket shows a color boundary as particles separate from the oil and settle to the bottom

A\
A\

Figure 3-4: Summarized step by step process of method two

Method 3: 10g of iron oxide microparticles were added to 20ml of oleic acid. In many
literature papers, regardless whether it was microparticles and nanoparticles, mechanical stirring
was used to coat the particles with the additive [56], [73], [77].

The mixture was then mechanically stirred at 40°C for 1 hour at 290 rpm. Next, 180ml of
motor oil was added and the solution was mechanically stirred for 1 hour at 70°C. Method three,

compared to method one, showed much better dispersion shown by no sedimentation in the first
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hour (figure 3-6). Moreover, the method maintained a temperature of 70°C, was easily reproducible
and led to better mixing in one-hour which would be shorter than ultrasonication. It also resulted
in no particle residue left in the flask upon transferring within the one hour time frame, which is
important in gaining an accurate volume fraction, but also indicative of better dispersion of the
solution in general.

The result of this method indicates that mechanical stirring is more suitable than
ultrasonication for microparticles in producing stable material within a shorter time frame. This
finding is confirmed by literature paper such as that by Yang et al [56] that used mechanical stirring
to disperse microparticles in silicone oil, whilst findings by Imran et al [73], and Hajiyan et al [78]

showed the effective use of ultrasonication for dispersing nanoparticles in carrier fluid.

\ 0 hours 1 hour 2 hours ‘ 24 hours /

Figure 3-6: The sample fabricated using method three over a period of 24 hours
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Figure 3-7: Summarized step by step process of method three
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3.2 Surfactant ratio

After identifying the most suitable mixing method, it is important to find an appropriate
surfactant to iron oxide mass ratio to enhance stability of the suspension and reduce sedimentation
rate. Oleic acid coats the iron oxide microparticles to increase electrostatic repulsion between
adjacent particles and reduce clustering (refer to section 1.2.4 and 1.3.2 on surfactant’s role on
stability). As mentioned in section 1.3.2, there is a lack of study on finding a suitable iron oxide to
oleic acid ratio for particle sizes in the range of 1-5um. Nanoparticles have a larger surface area to
volume ratio compared to microparticles and thus might require different amounts of surfactant to
improve dispersion, when adapting the work of Imran et al[73] to microparticles. Given the need
to coat the particles’ surface with the surfactant, the smaller surface area to volume ratio of
microparticles indicates the potential need for lower amounts of oleic acid compared to
nanoparticles. At very low ratios, there is not enough electrostatic repulsion provided by the oleic
acid to overcome the attractive magnetic dipole-dipole interparticle attraction that causes clustering

of the particles. At very high ratios, excess oleic acid starts separating from the solution and
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sedimentation ratio increases, similar to sedimentation findings by Yang etal [56]. Similarly, Gupta
et al. [66] demonstrated that using high amounts of oleic acid can lead to oversized agglomerates
which enhances sedimentation ratio. Thus, it is important to find an optimum oleic acid quantity to
improve dispersion and reduce sedimentation rate.

To determine an optimum ratio, a starting ratio of 1.45 was chosen and investigated, and
then subsequent ratios were selected accordingly. Six different ratios were examined (0.225,
0.45,0.89, 1.45, 1.8 and 2.7) and the samples were fabricated using method three which constitutes
motor oil as a base fluid and 5vol% (see figure 3-7). A 5Vol% was used for two main reasons, the
first is to save materials and cost. The second reason is because at higher volume fractions, the
viscosity of the sample will increase due to a higher concentration of particles being suspended in
the carrier fluid. If a suitable ratio is determined for 5Vol% , then at higher volume fractions,
suspension stability will be better as viscosity keeps the particles suspended in the fluid longer.
However, if a ratio is determined for higher volume fraction, then both viscosity and surfactant play
a role in the sedimentation results of the sample and the stability. Thus, the results might not be
extended to lower volume fractions where the role of viscosity is less significant.

Figure 3-4 compares the six different ratios at 5vol% of iron oxide microparticles dispersed
in motor oil. The measurement technique used to record changes in sedimentation over time is
explained thoroughly in section 2.4. The changes in height were recorded until there was no longer
any change (hmax), which is when the sample achieved full sedimentation. The height measured at
different time intervals for each sample was divided by the maximum height to calculate the
sedimentation ratio. The sedimentation ratio allows for easier comparison between each surfactant
ratio and find an optimum amount. A sedimentation ratio of 0 indicates no sedimentation, whilst a
sedimentation ratio of 1 denotes full sedimentation. The sedimentation ratio over a period of time
for each iron oxide to oleic acid mass ratio was plotted in figure 3-8. There are two important

indicators of a suitable ratio. The first marker is the time it takes for the particles to start settling
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and the material to show sedimentation, or “start to sediment”. Understanding the time it took for
the sample to start showing sedimentation is important because experiments carried out in the off
magnetic field state needs to be done within the period of no sedimentation to ensure stability is
not affecting results. Another crucial marker is the time it takes for the particle to reach “full
sedimentation”, as it provides insight into the effect of the surfactant ratio on the long-term stability
of the sample (figure 3-9).

As shown in figure 3-8, the sedimentation ratio increased gradually in the beginning and
then much more rapidly as it reaches full sedimentation. As the particles agglomerate and cluster
during sedimentation, their magnetic dipole-dipole interaction increases because their overall size
increases. The larger interparticle force augments the sedimentation ratio as it dominates the
electrical repulsion caused by the surfactant coating and the viscous forces acting on the particle
from the carrier fluid.

The findings in figure 3-8 portray that a ratio of 0.45 has the lowest sedimentation rate and
took the longest time to attain full sedimentation, which ensures long term stability. As seen in
figure 3-8 and 3-9, lower ratios (0.225, 0.45 and 0.89) took longer to start showing sedimentation
compared to higher ratios of 1.45,1.8 and 2.7. Ratio 0.225 started showing sedimentation after five
hours, and 0.45 and 0.89, started showing sedimentation after 4 hours. At higher ratios, the sample
started showing sedimentation after two hours. In terms of full sedimentation, ratio 0.45 took the
longest time to reach full sedimentation, whilst ratio 1.45 took the shortest time to reach full
sedimentation. Although a ratio of 0.225 seems more suitable in terms of taking longer to start

showing sedimentation, 0.45 was selected as a compromise because it took 3.5 more hours before
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it reached full sedimentation. Long term stability of the suspension is an important characteristic

of magneto-responsive materials.
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Figure 3-8: The sedimentation ratio for six different weight ratios of iron oxide to oleic acid, at 5Vol%
and using motor oil as a carrier fluid
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Figure 3-9: The time it takes for six different weight ratios of iron oxide to oleic acid to
start to sediment and reach full sedimentation, at 5VVol% and using motor oil as a carrier
fluid.

3.3 Viscosity effect on Stability

Samples with different viscosities of silicone oil (10cst, 100cst, 350cst, 1000cst, 50000cst)
were prepared to analyze the effect of viscosity on the overall stability of the iron oxide-oil
suspension. Those specific viscosities were chosen because they provide a large range to
understand the effect on sedimentation. Silicone oil is commonly used as a carrier fluid when
fabricating magneto-responsive materials [43], [56]. Table 3-1 summarizes some of the chemical
properties of silicone oil, whilst section 2.1 provides insight into why silicone oil was employed as
a carrier fluid.

All factors including synthesis method, surfactant to iron oxide microparticles weight ratio,
measuring technique, volume of carrier fluid, and volume fraction were kept constant when varying

the viscosity of the carrier fluid to ensure reliability. This study is important to understand the effect
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of carrier fluid viscosity on the stability of the material, as well as determine a suitable time range
to perform experiments, so that the results are not affected by sedimentation. The method
summarized in figure 3-10, adapted from method three (figure 3-7), was followed to prepare the
suspensions with the different carrier fluid viscosities. The measurement technique and
experimental set up used to record changes in sedimentation is described in section 2.4 and is
similar to the procedure carried out in section 3.2.

The plot in figure 3-11 portrays the changes in sedimentation ratio over time at different
carrier fluid viscosities. There is a positive correlation between the viscosity of the carrier fluid and
the time it takes for the suspension to sediment. As viscosity of the carrier fluid increases, so does
the drag forces experienced by the particles suspended in the solution. The drag forces slow down
the particles, which means it takes them longer to migrate towards adjacent particles and cluster.
When the particles cluster, their overall weight increases, which enhances the gravitational force
acting on it, thus overcoming the drag forces and settling to the bottom of the test tube. At higher
viscosities of carrier fluid, 350cst, 1000cst and 5000cst, the sedimentation ratio increases gradually
in the beginning and then faster towards full sedimentation. In the beginning, the viscous forces are
very high and they slow down motion of particles which means they take a long time to migrate
and attach to adjacent particles. However, as the particles agglomerate and cluster during
sedimentation, their magnetic dipole-dipole interaction increases because their overall size
increases. The larger interparticle force augments the sedimentation ratio as it dominates the
electrical repulsion caused by the surfactant coating. Also, the clusters experience a higher
gravitational force than individual particles due to their larger mass, which speeds up settling of the
particles.

Moreover, the time it takes for sedimentation to start is important to ensure that the sample,
under no magnetic field application, is being tested before any settling occurs so that results are not

affected by sedimentation. For example, for the 100cst, the sample is tested in the first three hours.
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As shown in figure 3-12, for an increase in viscosity of the order of 10, from 10cst to 100cst, led
to a 12 times increase in time for sedimentation to start, and 24 times increase in time for full
sedimentation to occur. Whilst an increase in viscosity of the order of 100, from 10cst to 1000cst,
led to a 272 times increase in time for sedimentation to start, and 77.5 time increase in time for full
sedimentation to occur. These values portray the significant role viscosity plays in reducing

sedimentation ratio and overcoming clustering due to magnetic dipole interaction.

Table 3-1: Chemical properties of Silicone oil

Chemical Name Polydimethylsiloxane Silicone Oil
Linear Formula [-Si(CH3)>0-]n

Dielectric strength 14 kV/mm

Refractive index 1.4

Figure 3-10: Summarized step by step process to test the effect of silicone oil viscosity on stability using the
optimum iron oxide to oleic acid mass ratio of 0.45
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3.4 Volume Fraction Effect on Stability

The effect of volume fraction on sedimentation ratio with motor oil as the carrier fluid was
investigated. The method used to prepare iron oxide-oil with the different volume fractions is
shown in figure 3-13 with the respective amount of each composition summarized in table 3-2. Due
to the high viscosity of motor oil, it provides an initial stable material to test the effect of volume
fraction on stability [73]. The other benefits of using motor oil is discussed in section 2.1. Three
different volume fractions (5%, 10% and 20%) provides a range to investigate with and understand
its effect on stability. After preparing the suspensions, the changes in sedimentation were measured
for each volume fraction during different time intervals, and the sedimentation ratio plotted in
figure 3-14. Figure 3-15 portrays the time it took for each suspension to start to sediment as well
as the time it took it to reach full sedimentation.

As shown in figure 3-14 and 3-15, increasing the volume fraction, decreases the
sedimentation ratio, and improves stability. At higher volume fractions, the overall viscosity of the
magneto-responsive material increases, which increases the viscous drag acting on the particles,
maintaining their suspension in the solution longer. As the volume fraction increases, the time it
takes for the sedimentation to start increases. This is because at higher volume fractions, the drag
forces are stronger and more dominant, especially in the beginning of the process. This slows down
particle migration towards adjacent particles.

Interestingly, the time it takes for the sedimentation to reach full sedimentation decreases
from 5Vol% to 10Vol% and then increases at 20VV0l%. As shown in figure 3-14, up to 28 hours,
sedimentation at 5Vol% is faster than 10Vol%, consistent with lower viscous forces acting on the
particles, however at 28 hours, the 5Vol% and 10Vol% overlaps, with the 10Vol% increasing its
sedimentation rate to be higher than the 5Vol%. 20 Vol% took the longest time to sediment

throughout. The trends exhibit the interplay of viscous and dipole forces in the material. For the
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5vol% and 20Vol%, there is a slower and more gradual transitions than the 10vol%, which is
explained by the conflicting viscous and dipole forces acting in parallel on the particles. However,
in the 10vol% there is a sudden change in sedimentation rate, as the dipole forces become more
obviously dominant than the viscous forces that aims to slow down sedimentation.

At 5Vol%, the viscous forces are still most dominant towards full sedimentation even with
particles clustering, keeping the particles suspended in the solution longer before attaining full
sedimentation. At 10Vol%, the particles are closer together because there are more particles in the
same volume space, which means that particles will experience dipole-dipole forces. However,
initially the viscous forces are larger than in the 5Vol% which explains the slower sedimentation
rate. However, as the particle cluster and grow in size, their magnetic dipole-dipole increases which
speeds up agglomeration. Larger agglomeration means the acting gravitational force is bigger,
quickening sedimentation. The dipole-dipole forces are more dominant than the viscous forces
which is why the sedimentation rate overcomes that of the 5Vol%.

For the 20Vol%, the particles are closer in proximity compared to the 10Vol%, which
means the dipole forces are larger. However, the viscous forces are much stronger than the 10Vol%
and thus play a more dominant role than the magnetic dipole-dipole forces. This explains the slower
sedimentation rate despite the higher attractive forces in the suspension. Over time, the particles
slowly sediment because they slowly move and get attracted to adjacent particles, clustering and

increasing their attractive forces, hence settling to the bottom.



v

—

%-%

—

Figure 3-13: Summarized step by step process to test the effect of volume fraction on stability

Table 3-2: Amount of each composition to prepare samples with different volume fractions

Volume Fraction Mass of Iron Oxide Oleic Acid Volume Carrier Fluid
(9) (ml) Volume (ml)

5Vol% 10 5 195

10Vol% 10 5 95

20Vol% 20 10 90
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35 Summary of Significant Results

Various mixing methods were investigated to determine a suitable process to disperse iron
oxide microparticles in oil. Ultrasonication was more effective for nanoparticles, whilst mechanical
mixing resulted in lower sedimentation rates for microparticles. The stability of the material was
investigated by preparing the materials and plotting sedimentation ratio over time. Sedimentation
ratio was calculated by measuring the changes in height over time as particles settle to the bottom,
then dividing it by the maximum change in height achieved during full sedimentation.

One method to overcome sedimentation is by coating the particles with a surfactant to
increase electrostatic repulsion between particles and reduce clustering. It is important to find a
suitable amount of oleic acid to use when fabricating the material, as too little and too much
surfactant can increase clustering. Six different iron oxide to oleic acid weight ratios were
investigated and sedimentation ratio over time was recorded. A ratio of 0.45 led to the most stable
suspension and thus used when investigating the effect of volume fraction and carrier fluid viscosity
on stability.

Magneto-responsive material with five different silicone oil viscosities were fabricated
using mechanical mixing and a surfactant ratio of 0.45 to test the effect of carrier fluid viscosity on
stability. In addition, magneto-responsive material with three different volume fractions and motor
oil were fabricated using mechanical mixing and a surfactant ratio of 0.45 to test the effect of
volume fraction on stability. As the viscosity of the carrier fluid or volume fraction increased,
sedimentation rate decreased due to higher drag forces keeping the particles suspended in the
solution longer. By changing factors in the fabrication method such as the carrier fluid viscosity
and volume fraction, the role of dipole and viscous forces varied, resulting in different extents of

stability.
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Both volume fraction and viscosity impact the electrical and rheological response of the
material under the application of an external magnetic field. To study their effect on the material’s
properties, experiments discussed in chapter four must be run on stable suspensions so that
sedimentation doesn’t affect results. Thus, it is important to both find a suitable fabrication method
to increase stability and identify the time it takes to start showing sedimentation and reach

completion.



4 Electrical Properties of Magneto-Responsive Material

The changes in electrical properties of magneto-responsive materials under a magnetic
field make them widely applicable and useful. Under no external stimulus, the resistance of the
magneto-responsive material is of the order of the high resistance of the insulating carrier fluid.
Under an external magnetic field, particles align in the direction of the magnetic flux, forming
chains. The resulting paths, or chains, ease the transfer of electrons across, thus increasing the
electrical conductance of the material. This chapter will discuss the effect of various parameters,
such as carrier fluid viscosity, particle concentration, and duration of external field on the resistance
changes of the material and synaptic plasticity demonstration (see table 4-1). The material was
placed in holder C (see section 2-7) and positioned 2.5cm from the edge of the electromagnet (see
figure 2-18). By applying both a low strength, 50mT, constant and cyclic magnetic field on the
material, the resistance change of the material over time was recorded using a high resistance source

meter (see section 2.6)

Table 4-1: Summary of different case studies conducted to investigate effect of carrier fluid viscosity and cycle time on
electrical conductance

Viscosity Vol% Cycle time Short-term synaptic plasticity
10cst 10 3 minutes Facilitation
5 seconds
3 seconds
100cst 10 1 minute Depression
30 seconds
5000cst 10 15 minutes Facilitation
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4.1  Low Viscosity Carrier Fluid

4.1.1 Continuous Condition

A 10Vol% iron oxide solution was fabricated using 10cst silicone oil and a 0.45 iron oxide
to oleic acid weight ratio, to test the effect of low viscosity carrier fluid on the electrical properties
of the magneto-responsive material. This particular suspension started to sediment after 15 minutes
as shown in figure 3-12 , and thus experiments were conducted on the sample before it started to
show sedimentation. A continuous magnetic field of strength 50mT was applied to the sample and
the changes in resistance and conductance over time are displayed in figures 4-1 and 4-2
respectively. Under no magnetic field, the resistance of the sample averaged at 157GQ. After the
magnetic field was turned on, the resistance of the sample dropped to 20G(, corresponding to an
overall decrease of 87.2% within milliseconds (see figure 4-1). In terms of conductance, under no
magnetic field, the conductance of the material was 0.006 nS. Within milliseconds, the conductance
value increased to 0.043 nS when the magnetic field was applied, analogous to a 616.6% increase
(see figure 4-2).

The role of carrier fluid viscosity is displayed by the changes in resistance and conductance
over time. For a carrier fluid with low viscosity, the magnetic dipole-dipole forces induced in the
particles are more dominant than the viscous forces. The magnetic force provided by the
electromagnet causes the magnetic moment of the particles to align parallel to the flux. Particles
induce magnetic dipoles in adjacent particles, creating a force of attraction between them. This
leads to chain formation under the application of an external magnetic field, which acts as
conducting paths that enhance the conductance of the material. The chains formed by particles

attracted to each other, allow electrons to move across, conducting a current.
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When the magnetic field is turned off, the particles lose most of their magnetization, but
maintain some due to remanence magnetization (see section 2.2.2). This removes the attractive
forces, causing the particles to re-disperse in the solution. The viscous forces act opposite to the
motion of the particles as they move to form and break chains. Under no magnetic field, the viscous
forces are too low to keep the particles in chains. Thus, due to the very low viscous forces acting
on the particles and dominating magnetic dipole forces, the particles form chains and break within

milliseconds.
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Figure 4-1: Resistance change over time for a low viscosity sample under the constant application of a
uniform 50mT magnetic field with the magnetic field turned on at 300 seconds, or as indicated by the
ON label
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Figure 4-2: Conductance change over time for a low viscosity sample under the constant application
of a uniform 50mT magnetic field with the magnetic field turned on at 300 seconds, or as indicated by
the ON label

4.1.2 Cyclic Condition

Moreover, the sample was investigated using cyclic field conditions to understand the
effect of repeated stimulus on the material. The repeated stimulus provided by the magnetic field
is similar to the reiterated spikes experienced by synapses that give rise to short-term facilitation
and depression. To the best of our knowledge, there are no past literature paper that performed a
similar experiment on magneto-responsive material using low magnetic field cyclic conditions on
different viscosities of carrier fluid. Thus, the time selected to apply the cycles were based on trial

and observation of the material’s response to the continuous magnetic field application. Different



75

cycle timings were experimented with to understand its effect on the material’s conductance and
find a suitable cycle time.

For low viscosity fluids, first a long cycle time was used to understand its effect on the
material’s conductance. This means the magnetic field was turned on, data was collected every ten
seconds for three minutes, and then the magnetic field was turned off and data was collected for
ten seconds for three minutes, and so on (see figure 4-3). During the periods when the magnetic
field was on, as shown by the green ON label in figure 4-3, the conductance increased rapidly first
as chains form and then more steadily. This can be supported by figure 4-2, where chains form
within milliseconds due to the low drag forces acting on the particles. When the magnetic field was
off, shown by the red OFF label in figure 4-3, the conductance dropped rapidly as well as chains
break and particles re-disperse. To better understand the changes that occurred within the three
minutes ON cycle, each ON cycle was plotted in figure 4-4. The figure showed that the biggest
change in conductance and most dynamic response for each cycle occurred within the first ten
seconds due to the low viscosity of the carrier fluid. Thus, cycles within a ten second time frames
were also experimented with.

For the three minutes cycle, as the number of cycles increased, the overall conductance
increased (see figure 4-5). This change is due to the remanence experienced by the iron oxide
microparticles. With each magnetic field cycle, the particles maintained some magnetization, thus
displaying higher conductance values with each cycle. When the magnetic field is turned off, chains
break, and the majority of the particles disperse forming no attractive forces with each other.
However, some form of attraction remains in between particles as they memorize their previous
state, allowing them form stronger chains and display higher conductance values with increasing

cycle numbers. Due to the low drag forces present, particles form and break chains rapidly, with
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the most dominant force being magnetic dipole-dipole. Thus, as the number of cycles increase, the

magnetic dipole and the remanence magnetization led to higher conductance.
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Figure 4-3: Conductance change of a low viscosity sample during three minute cycles, with an on
magnetic field indicated by the ON label and an off magnetic field off indicated by the OFF label
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Figure 4-5: Average conductance value during each ON magnetic field three minute cycle
for a low viscosity sample

A short cycle time, within a ten-second frame, deemed more appropriate because the
material responds within milliseconds when the magnetic field is turned on as well as the most
dynamic change occurring within ten seconds. For the low viscosity fluid, five seconds cycles were
applied to see the effect of a short cycle time on changes in conductance. Seven five second cycles
were applied to the low viscosity sample as shown in figure 4-6. Similar to the three minute cycle,
the biggest conductance change occurred within the first three seconds during an on magnetic field
state. The average conductance stayed nearly constant in the first four cycles showing the particle
remembering their previous state and returning to the same chain formation. The conductance then
increased as particles retain magnetization, causing stronger chain formation and higher conducting

states.
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Moreover, three second cycles were applied to the sample to study the dynamic changes
that occurred in the material as shown in figure 4-8. As opposed to the three minute and five second
cycles, during each ON state cycle, there were no changes in conductance. The low drag forces due
to the low viscosity of the carrier fluid did not hinder the motion of the particles which allowed it
to form chains instantaneously. In addition, as the number of cycles increased, there was a smooth
straight slope that corresponds to an increase in conductance (see figure 4-9). The increase in
conductance is due to particles retaining their magnetization and inducing a magnetic dipole force

in a greater number of adjacent particles thus forming stronger chains.

0.06

0.05

0.03 -

Conductance (nS)

0.02 -

0.01 u KJ u - L_J u

Time (Seconds)

Figure 4-6: Conductance change of a low viscosity sample during five second cycles, with an on
magnetic field indicated by the ON label and an off magnetic field off indicated by the OFF label
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Figure 4-8: Conductance change of a low viscosity sample during three second cycles, with an on
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4.2  Medium Viscosity Carrier Fluid

4,21 Continuous Condition

A 10Vol% sample was fabricated using 100cst silicone oil, to test the effect of medium
viscosity on the electrical properties of the magneto-responsive material. This sample started to
sediment after 3 hours, and thus experimented with within the time frame before sedimentation.
Under no magnetic field, the resistance of the sample averaged at 15 TQ. After the magnetic field
was turned on, the resistance of the sample dropped to 201 GQ, corresponding to an overall

decrease of 98.66% after 38 minutes (see figure 4.10). In terms of conductance, under no magnetic
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field the conductance of the material was 6.67x10° GS. Within 38 minutes, the conductance value
increased to 0.005 GS when a magnetic field was applied (see figure 4-11).

The effect of using medium viscosity for the carrier fluid displayed the interplay of two
conflicting forces, magnetic dipole attraction and viscous drag. Compared to the low viscosity
carrier fluid, the 100cst sample took longer to reach its minimum ON state resistance. By applying
a constant uniform magnetic field, the magnetic moment of the particles aligned with the direction
of the flux, allowing adjacent particles to be attracted to each other, thus forming chains. However,
as the particles travel to form chains, the viscous forces act opposite to the motion of the particles
slowing them down. The role of the viscous forces is crucial in understanding the longer time span
it took for the material to achieve its minimum resistance state, or maximum conductance state; a

mechanism that was not displayed significantly in low viscosity mediums.
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Figure 4-10: Resistance change over time for a medium viscosity sample under the constant application
of a uniform 50mT magnetic field, with the magnetic field turned on 1 second, or as indicated by the
ON label
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Figure 4-11: Conductance change over time for a medium viscosity sample under the constant
application of a uniform 50mT magnetic field, with the magnetic field turned on 1 second, or
as indicated by the ON label

4.2.2 Cyclic Condition

Two different cycle times were applied on the 10Vol% 100cst silicone oil sample to see
the impact of medium viscosity on conductance. A longer time period was chosen based on the
material’s slower response to the external stimulus compared to the low viscosity carrier fluid as
well as observations from the 10cst sample. The conflicting forces between the magnetic dipole
and the viscous forces led to an irregular response of the material. First, a one-minute cycle was
applied to the suspension as shown in figure 4-12. Unlike the low viscosity samples, when the
magnetic field was turned on, the conductance initially decreased, and then increased (see figure 4-

13). This can be explained by the particles trying to maintain their previous conductance state,
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which lasted for one minute, when there was no magnetic field applied. However, the magnetic
dipole realigns chains and enhances conductance as the magnetic field stayed on for sixty seconds.
The magnetic dipoles are not as dominant as in the low viscosity carrier fluid, and thus it takes
longer for particles to form chains and return to their magnetized state.

Moreover, a thirty second cycle was applied to the suspension to study the effect of a
shorter cycle time on changes in conductance as shown in figure 4-15. Looking at the conductance
state under the application of the magnetic field (ON label in figure 4-15), there was no significant
variation per cycle like the one-minute cycle. This can be explained by the shorter time the particles
are in the off state and thus don’t try to maintain their previous conductance state.

In addition, both cycles exhibited a decrease in resistance as the cycle number increased
(see figures 4-14 and 4-16). Under a magnetic field, the induced magnetic dipoles causes particles
to get attracted to each other and form chains, similar to the low viscosity carrier fluid. However,
with the medium viscosity carrier fluid, drag forces play a more prominent role, competing with
the dipole forces. When the magnetic field is off, iron oxide particles re-disperse whilst also
retaining some magnetization. When the magnetic field is turned on again, the particles attempt to
form chains but the drag forces decrease motion. This conflicting force interacting at the microscale
causes potential clustering as particles get attracted to adjacent ones due to remanence. The
interplay of magnetic dipole and drag forces are displayed here as the particles attempt to form and

break complete chains rapidly, which is disrupted by drag forces. This leads to particles
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magnetizing and demagnetizing possibly causing separate chain groups to form that are incomplete

and weak, thus reducing conductance with an increasing cycle number.

0.0025
ON OFF ON OFF ON OFF ON OFF ON OFF ON OFF ON

M M e
o.ooz{ M FA m i

0.0015 -

Conductance (nS)
(=]
S

0.0005 -

= L

0 60 120 180 240 300 360 420 480 540 600 660 720 780
Time (Seconds)

Figure 4-12: Conductance change of a medium viscosity sample during one minute cycles, with an
on magnetic field indicated by the ON label and an off magnetic field off indicated by the OFF
label
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Figure 4-14: The conductance values during each 60 second cycle, when the magnetic field was turned on
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4.3  High Viscosity Carrier Fluid

4.3.1 Continuous Condition

To test the effect of high viscosity on the electrical properties of the magneto-responsive
material, a 10Vol% sample was fabricated using 5000cst silicone oil. The high viscosity suspension
sample started to show sedimentation after 115 hours, and thus experiments were conducted before
sedimentation occurred. Under no magnetic field, the resistance of the sample averaged at 235 GQ.
After the magnetic field was turned on, the resistance of the sample dropped to 67 GQ,
corresponding to an overall decrease of 71.49% after 94 minutes (see figure 4-17). The resistance
then increased to 105G, a 56.72% increase, after 155 minutes. In terms of conductance, under no
magnetic field, the conductance of the material was 0.0043 nS. After 94 minutes the conductance
value increased to 0.0015 nS, corresponding to an increase of 65.12%. The magnetic field was then
turned off, and the conductance decreased to 0.0063nS after 155 minutes, parallel to a 320%
increase (see figure 4-18).

The effect of using high viscosity for the carrier fluid displayed the dominant viscous forces
acting on the particles. Compared to the low and medium viscosity carrier fluid, the 5000cst sample
took the longest to reach its maximum ON state conductance when applying a constant uniform
magnetic field. The particles formed chains slower due to higher drag forces that were inhibiting

motion and reducing particle velocity, thus leading to a slow change in conductance over time.
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Figure 4-17: Resistance change over time for a high viscosity sample under the constant application of a
uniform 50mT magnetic field, with the magnetic field turned on at 0 seconds (ON label), and then turned
off at 94 minutes (OFF label).
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4.3.2 Cyclic Condition

Moreover, five cycles, 15 minutes each, were applied to the 10Vol% 5000cst silicone oil
sample to test the impact of cyclic conditions on conductance (see figure 4-19). Unlike the medium
viscosity samples, the conductance of the material increased as the number of cycles increased.
During an ON state, the particles moved to form chains aligned with the magnetic flux. Due to the
dominating role of viscous forces, the particles experience high drag forces which slowed down
motion, chain formation, and redistribution. As the number of cycles increased, more particles
accumulated to form chains, and due to high viscosity and slow redispersion, the particles stayed
in place when the magnetic field was off, forming stronger and more complete chains with each
cycle. This mechanism led to an overall increase in conductance with each cycle (see figure 4-20).
The changes in conductance are greater in the first cycles because there were a greater number of
particles being magnetized form more incomplete chains. As higher cycle numbers, fewer particles
get magnetized, and get added to the chains, strengthening it, thus increasing conductance but at a
slower rate.
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ON OFF ON OFF ON OFF ON OFF ON OFF

0.01

0.006

Conductance (nS)

0-l"'l'"'I'"'I""I'"'I'"'I""I""I""I""
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Figure 4-19: Conductance change of a high viscosity sample during fifteen minute long cycles
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Figure 4-20: Average conductance value during each ON magnetic field fifteen minute
cycle for a high viscosity sample

4.4  Link to Synaptic Plasticity

Neurons in the brain give rise to synaptic plasticity by firing repeated changes in voltages
that act as an external stimulus, releasing neurotransmitters. Short term facilitation occurs when the
repeated stimulus leads to more neurotransmitters being released across the synaptic junction. On
the other hand, short term depression takes place when the repeated spikes leads to less
neurotransmitters being released across the synaptic junction. The number of neurotransmitters
released corresponds to the conducting paths that forms when particles form chains under the
application of an external magnetic field.

The magneto-responsive material exhibited different behavior depending on the viscosity
of the carrier fluid. The plots in figure 4-21 compares the effect of viscosity medium on the changes

in conductance. The values were calibrated by dividing the conductance at each cycle with the
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conductance from the first cycle, displaying changes in conductance with cycle number. For the
low viscosity medium (three second cycle), as the stimuli was repeated, the conductance increased.
This is due to remanence magnetization causing the particles to remember their previous states and
form stronger chains as magnetic dipole is induced in adjacent particles. The low viscosity of the
carrier fluid applied negligible drag forces; thus the plots demonstrated the role of magnetic dipole
on the outcome.

For the high viscosity sample, as the stimuli was repeated, the conductance increased as
well. As the number of cycles increases, more particles get magnetized and form stronger and more
complete chains, leading to higher levels of conductance. As the number of cycles increased, more
particles accumulated to form chains, and due to high viscosity and slow redispersion, the particles
stayed in place when the magnetic field was off, forming stronger and more complete chains with
each cycle. The larger changes in conductance that occurred for the high viscosity sample compared
to the low viscosity sample demonstrated the significant role of carrier fluid viscosity. Due to the
low magnetic field strength of 50mT, the magnetic dipoles induced in the particles are weak.
However, the viscosity of the carrier fluid is high leading to its more prominent role in creating
changes in conductance in the material. The increase in conductance demonstrated by both low and
high viscosity samples are parallel to short-term facilitation, where more neurotransmitters are
being released leading to a stronger synaptic response.

Conversely, for medium viscosity samples, due to the interplay of magnetic dipole and
viscosity forces competing, the particles form incomplete chains. The particles attempt to get
attracted to each other and form chains aligned with the flux, whilst also experiencing drag forces
that inhibit motion and slows down particles from forming chains. As the drag forces act on the
particles, adjacent iron oxide particles cluster together due to remanence magnetization. This causes
incomplete or separate chains forming which leads to a decrease on conductance. Although

remanence magnetization is present in low viscosity samples, the low drag forces causes particles
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to re-distribute and form chains within millisecond, which reduces clustering. The decrease in
conductance with repeated spikes is analogous to short term depression because of the weaker
conducting paths, where less neurotransmitters are being released leading to a weaker synaptic

response.
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Figure 4-21: Comparison of the average conductance values during each ON magnetic field cycle
for low, medium and high viscosity samples
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5 Conclusion and Future Work

5.1 Conclusion

Magneto-responsive materials enables a variety of applications (see section 1.1), due to
their ability to reversibly change their properties under the application of an external magnetic field.
The magnetoactive particles align with the magnetic flux, forming chains that increases electrical
conductance, mechanical stiffness, and viscosity of the material. When the magnetic field is turned
off, the particles lose their magnetization and re-disperse, returning to their initial electrical and
rheological state (see section 1.2). Despite their various applications, there is a lack of focus that
links the changes in the material’s properties to synaptic functions and short-term plasticity ( see
section 1.3). This is an important initial step in designing artificial synapses and memristors using
magneto-responsive material.

The thesis was designed around three important research questions and many related
objectives, to relate the property changes of stable magneto-responsive materials to synaptic
functions (see section 1.4) . By studying the microscopic and macroscopic behavior of magneto-
active particles in different carrier fluid viscosities, responsive materials can be designed and

adjusted to achieve synaptic functions.

Research question 1: What synthesis method is most suitable to fabricate a stable magneto-
responsive material that can exhibit synaptic functions?

For this research, iron oxide microparticles were found to be the most suitable
magnetoactive size and type of particle to for emulating synaptic functions. This choice for the

particle phase was motivated after conducting a vibrating sample magnetometer test on the micro
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and nano-sized particles. The microparticles, unlike the nanoparticles, exhibited remanence
magnetization which is an important characteristic in memory learning (see section 2.2.2).
Moreover, the dry powder form of the particle was placed in a low-strength magnetic field and
macroscopic chain formation were observed, crucial to changes in conductance.

Iron oxide microparticles are not frequently used in fabricating magneto-responsive
material because of their low magnetic saturation and high sedimentation rate. Both mentioned
factors make it difficult to synthesize a material that is both stable and has a large response to a
strong magnetic field. However, iron oxide microparticles have the capability to retain their
magnetization, giving rise to a memory-based material, and making them suitable for synaptic
functions in contrast to nanoparticles. In addition, the low magnetic saturation of iron oxide
microparticles make it suitable for applying low magnetic field strengths. This means the particles
require a smaller magnetic field to form complete chains. Also, the rise of short-term synaptic
plasticity states occurs due to the interplay of magnetic dipole forces and viscous forces acting on
the material. At high magnetic field strengths which is required for particles with high magnetic
saturation, the magnetic dipole would be much more significant than the drag forces, resulting in
no variation in synaptic plasticity states. A low magnetic field strength would slow down chain
formation in high viscosity carrier fluids as the drag forces becomes more dominant than the
magnetic dipole forces. Thus, using particles with a low magnetic saturation is important in
emulating synaptic functions as opposed to more commonly used microparticles in magneto-
responsive materials with high magnetic saturation (see section 1.2.3 and 1.3.1).

The carrier fluid used ranged between very low to very high viscosities, which are 10cst,
100cst and 5000cst. Using a low viscosity carrier fluid is common in magneto-responsive materials
mentioned in literature. This is because materials with a low viscosity carrier fluid leads to an
instantaneous property change when exposed to an external stimulus. However, carrier fluids of

high viscosity apply larger drag forces to the suspension, leading to better stability in the material.
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The higher drag forces also reduce the material’s response to the magnetic field, making it non-
applicable to current applications in literature such as for drug delivery, brakes and vibration
systems. However, high viscosity carrier fluids show promising applications in creating a magneto-
responsive material that can mimic synaptic behavior and be used as artificial synapses. This fluid
medium will introduce higher drag forces which will compete with the magnetic dipole forces and
exhibit synaptic plasticity.

Moreover, fabricating a magneto-responsive material with low sedimentation rates and
good dispersion is important to its stability and functioning. Multiple factors affect sedimentation
rate such as particle size, viscosity of carrier fluid, volume fraction, dispersion method, surfactant
ration and more. This study investigated different surfactant ratio (0.225, 0.45, 0.89, 1.45, 1.8, 2.7)
mixing method (mechanical stirring, homogenizer, probe sonication), volume fraction (5Vol%,
10Vol%, 20Vol%) and carrier fluid viscosity(10cst,100cst,350cst,1000cst,5000cst) to determine
the most optimum composition and synthesizing process in obtaining a stable suspension. By using
mechanical stirring, an iron oxide to oleic acid weight ratio of 0.45, and the higher the viscosity
medium and volume fraction, dispersion was enhanced.

To reduce sedimentation rate when working with iron oxide microparticles, they were
coated with oleic acid. Oleic acid acts as a surfactant by increasing the electrical repulsion between
microparticles and reducing clustering due to magnetic dipole-dipole interactions. The surfactant
plays a very important role in the stability of the material (see section 1.2.4 and 1.3.2). By carrying
out sedimentation tests on the six different rations, an optimum iron oxide to surfactant weight ratio
is determined (see section 2.3). For our study, an iron oxide to oleic acid weight ratio of 0.45 was
the most optimum which took 4 hours for the particles to start settling and 43.5 hours to reach full
sedimentation (see section 3.2). Above and below the ideal ratio, the particles tend to agglomerate
and increase sedimentation rate. Most past studies focus on nanoparticles, however iron oxide

microparticles have a smaller surface area to volume ratio and require less surfactant to be
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completely coated. Therefore, the focus on microparticle dispersion and the role of surfactant was
important to initiate and advance research on the stability of magneto-responsive material for
artificial synapses use.

Stability of the material was also affected by varying the viscosity of the carrier fluid and
the volume fraction. Increasing carrier fluid viscosity or volume fraction of the material led to lower
sedimentation rates as the stronger drag forces keep the particles suspended in the base fluid longer.
Understanding the effect of viscosity and volume fraction on sedimentation rate is important when
trying to emulate synaptic functions without compromising stability. The sedimentation tests under
different viscosities and volume fractions provide initial insight into the conflicting role of drag
forces and magnetic-dipole interaction acting on the material. Sedimentation tests also demonstrate
the time frame in which the material is stable so that experiments are performed without being
affected by particles settling (see section 3.3 and 3.4). For example, for the 10Vol% 10cst
suspension, experiments had to be carried out in 15 minutes, for the 10V0l% 100cst suspension it
was 3 hours, and for the 10VVol% 5000cst it was 390 hours.

Furthermore, based on past literature and multiple conducted experiments, mechanical
mixing is most suitable to coat particles with the surfactant regardless of particle size and type.
However, most literature papers work with nanoparticles and thus employ ultrasonication to
disperse the functionalized particles in the carrier fluid. In this study, after experimenting with three
different dispersion methods, and due to the larger size of microparticles, mechanical stirring led

to most stable suspensions, as measured by changes in sedimentation over time (see section 3.1).
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Research question 2: How can the composition of a stable magneto-responsive material and
external stimulus be altered to allow the material to emulate synaptic behavior and become more
intelligent and complex?

By applying continuous and cyclic magnetic fields to the material, different changes of
conductance were attained and correlated to synaptic plasticity. The magnetic field, or external
stimulus provided by the electromagnet, causes magnetic particles to align their induced magnetic
dipole moments in the direction of the magnetic flux (see section 2.5.3). The magnetized particles
induce attractive magnetic dipole forces in adjacent particles, forming chains and reversible
electrical, mechanical and rheological changes in properties (see section 1.2). Commonly, high
magnetic field strengths and no cyclic conditions are applied to magneto-responsive material so
that complete chains and a maximum change in conductance occurs. However, by applying a low
strength continuous and cyclic magnetic field conditions, different responses can arise from the
same material. The response can thus be controlled by an external stimulus to emulate synaptic
behavior. Low strength magnetic field conditions bring to light the material’s initial response to the
stimulus. By slowing down chain formation, the microscale changes that occur in the material
before it achieves complete formation can be observed resulting in increases or decrease in
conductance with each repeated stimulus.

Continuous magnetic field conditions with no relaxation time display chain growing in the
material over a period of time that vary depending on the viscosity of the carrier fluid. Cyclic
magnetic field conditions provide a method to stimulate the repeated spikes experienced by
synapses (see section 1.2.1). Through experimental trial and error and observation, a starting cycle
time was chosen for the material. The cycles applied had significant relaxation time, or infrequent
voltage impulses correlating to infrequent magnetic field, so chains form and break continuously
giving rise to short-term memory. The infrequent voltages lead to a series of incoming voltage

spikes that results in an avalanche effect, locally triggering transition to a conductive state. By
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varying cycle time, different responses of the material to the external stimulus can be achieved. For
the 10cst suspension, as the cycle time decreases from three minutes to five seconds and then three
seconds, the increase in conductance becomes more linear. Chain form and break under external
stimuli. However, the extent to which it breaks or forms, and whether each cycle will improve or
disrupt chain formation will depend on remanence magnetization, magnetic dipole forces and
viscous drag.

Moreover, when applying high magnetic field strengths and using materials with low
viscosity like the literature, drag forces are not very significant and have a negligible role. Dipole
forces are most dominant in low viscosity materials. At high viscosities drag forces are more
dominant, whilst at medium viscosity both conflicting forces play a role. At low strength stimulus
and different viscosities, the role of the forces and which one is dominant can be controlled by

varying the viscosity of the carrier fluid, which is not an option at high magnetic field strengths.

Research 3: How can the response of the material under different external magnetic field
conditions mimic short-term facilitation and depression states of plasticity?

By varying viscosity of carrier fluid and cyclic conditions, in this case three viscous states
at 10Vol%, the material exhibited different forms of plasticity due to the interplay of drag and
dipole forces on particle motion.

At low viscosity, or 10cst base fluid, there was an instantaneous change in electrical
properties displaying the dominant role of magnetic dipole forces on the material. During each
cycle application, the particles form and break within milliseconds. However, due to remanence
magnetization and the particle’s ability to retain its memory and learn from history. This leads to
chains form faster and using less energy as they remember their previous state, as can be seen in
short cyclic time like 3 seconds and 5 seconds. Low viscosity materials displayed facilitation, as

conductance increased with increasing cycle application (see section 4.1 and 4.4).
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At medium viscosity, or 100cst base fluid, the interplay of drag and magnetic dipole-dipole
are most obvious. Under the application of a continuous magnetic field the resistance drop was
slower than low viscosity fluid. The particles try to form and break chains quickly, but remanence
magnetization maintains some level of attraction between the particles, whilst the drag forces slows
down motion. These conflicting forces lead to separate clusters of particles forming. There is no
one force significantly more dominant that another, leading to a decrease in conductance with each
cycle, and depression (see section 4.2 and 4.4).

At high viscosity, or 5000cst base fluid, the drag forces are much more dominant than the
dipole forces stimulated by the low magnetic field strength. The particles motion is very slow, so
once they magnetize and form chains, it is very difficult to re-disperse them as particles are too
slow to break away from the chain. Hence, as the cycle number increases, more particles get
magnetized, adding up to the chain, strengthening it and increasing conductance. This leads to the

facilitation state observed in synapses (see section 4.3 and 4.4).
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5.2 Future work

There are four different paths that this research can follow to advance understanding of

magneto-responsive material as potential artificial synapses is summarized in figure 5.1.

Fabrication
method

Experimental
setup

Stimulus
application

Future work

- Analytical work

- Memristor design

Figure 5-1: Summary of four different paths research can follow to advance understanding of magneto-
responsive material as potential artificial synapses

5.2.1 Fabrication Method

Itis crucial to the functioning and short-term and long-term use of the magneto-responsive
material that the dispersion in the solution remains stable. There are several ways that can be
investigated to enhance the current fabrication method further and increase the material’s use as
potential artificial synapses. First, different mixing times can be explored for the second step in the
fabrication process (see section 2.3). The current time of one hour to disperse the coated iron oxide
microparticles in oil was adapted from past work on nanoparticles and motor oil. Thus, a longer

mixing time might be better for lower viscosity silicone oil and microparticles as they lead to more
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sedimentation than high viscosity oil like motor oil and nanoparticles. Another improvement to the
fabrication method is to explore using nanoparticles as additives to enhance stability. By employing
both nanoparticles and microparticles, the stability and chain formation can be improved. The
nanoparticles will fill smaller gaps between microparticles leading to lower conductance. The low
viscosity material exhibited the fastest sedimentation rate and response to a magnetic field. Altering
the current fabrication method to be specifically for low viscosity fluid can lead to better stability
of the material. One example is reducing the mixing temperature, as higher temperature lowers the
viscosity of the material. Other smaller objectives and improvements can include experimenting

with a larger viscosity and volume fraction range to understand the effect on stability.

5.2.2 Experimental Setup

The current setup uses a low strength electromagnet and a high resistance electrometer to
manually measure changes in resistance. The first improvement is to digitally measure changes in
resistance to get a higher reading frequency. Secondly, although a low strength electromagnet
seemed crucial to the mimicking of synaptic functions in the material, a slightly higher magnetic
strength could lead to larger changes in conductance. This could be achieved by using a stronger
electromagnet or permanent magnets placed in holders that are mechanically translated to achieve
different strength based on distance from the sample. At higher magnetic field strengths, the first
electrical setup described in section 2.6 can be employed to plot real-time changes in resistance on

MATLAB.
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5.2.3 External Magnetic Field Application

Firstly, a slightly higher strength (100mT or 200mT) should be explored using the same
suspensions and cyclic times, to understand whether the material behaves in the same way. If the
material behaves similarly and exhibits comparable synaptic functions as the low-strength magnet
application, then higher changes in conductance can be achieved. However, if the synaptic
functions at each viscosity changes, then the external stimulus can be used to control the synaptic
functions of the material. At higher strengths, the timing it takes for particles to form chains and
breaks may vary, thus it also becomes a factor in controlling chain formation. Moreover, at each
viscosity, different cyclic times needs to be investigated, including shorter and longer time than the
ones in this thesis. This task is imperative in seeing if the conductance change in the same
suspension can switch from facilitation to depression or vice versa based on the cyclic time.
Another objective is to carry out longer cyclic changes at higher viscosity materials to see if the
particles would re-disperse, leading to different synaptic plasticity states. In addition, this current
project applies cycles with significant relaxation time which leads to short term memory. The next
step would be experimenting with relaxation time or cycle time to give rise to long term memory.
Moreover, smaller aims to advance research in the field is to experiment with volume fractions
higher than 10%, different viscosities especially between 100cst and 5000cst, to see if the material

will transition from depression to facilitation at a specific viscosity.

5.2.4  Further Theoretical Analysis

One factor that has an effect on sedimentation rate, conductance change and material
properties is the volume fraction of the sample. It is important to vary the volume fraction of the

sample at each viscosity and analyze the resulting sedimentation ratio and changes in



104

conductance under a magnetic field. This will allow the determination of whether or not, volume
fraction of particles like viscosity of carrier fluid, can be a factor that controls changes in synaptic
behavior. A preliminary study was carried out by fabricating a 20V0l% in 10cst silicone oil
sample. An external magnetic field of strength 50mT was applied on the material, and the
resulting conductance did not change. Even after applying cyclic magnetic field conditions, the
conductance changes were insignificant. Based on observation of the material under ON and OFF
magnetic field conditions, incomplete chains and clusters were forming. Unlike the 10VVol%, the
magnetic field strength was too low to overcome clustering and align chains parallel to the
magnetic flux. Thus, a stronger magnetic field strengths is required at higher volume fractions.
Furthermore, analyzed work and explanations in this project is from a the magnetic
particle perspective. An important step when moving forward with this project is to carry out
theoretical and experimental work on the fluid being used. Fluid properties beyond viscosity can
be affecting changes in conductance, and thus in-depth theoretical work such as non-dimensional
numbers and experimental fluid analysis can help explain the material’s response. This includes
conducting experimental tests such as rheology tests on the carrier fluid and mass spectrometer of
diffusion column. By determining the storage/loss properties and molecular distribution of the
fluid, further understanding of the system will be achieved, and more in-depth explanations to

describe the results.

5.2.5 Memristors

After understanding how the material composition and external stimulus can control and
achieve desired synaptic functions, the complexity can be increased. A current vs voltage graph
should be plotted to obtain a pinched hysteresis loop; a characteristic feature of memristors.

Expansion of the analytical and theoretical part of a memristor should be done to link the device to



105

a model material. Existing artificial synapses are filament forming memristors and they show
resemblance to magneto-responsive material. The conductance changes are due to formation and
rupture of an electron conducting path triggered by ion migration. In magneto-responsive materials,
the electron conducting path are formed and broken by magnetoactive particles that is triggered by
an external magnetic field. The filament device achieves various tunable channel conductivities,
which can be achieved in the magneto-responsive material by varying carrier fluid viscosity,
volume fraction, cyclic time and external stimulus. Thus all four factors can be studied in depth to
understand its effect on achieving tunable channel conductive, stepping closer to memristors.
Moreover, neurons in the brain are connected to each other in parallel. Thus, a next step could be
designing a sample holder for the material that will allow multiple chains to form in the same
material and connected through one point , replicating the multiple connections between neurons

and synapses.
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