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Abstract

Neurostimulation techniques are crucial in advancing neuroscience research and addressing
neurological disorders. Within this realm, magnetic neurostimulation stands out by offering
numerous benefits compared to conventional methods like electrical stimulation. One of its
key strengths is its enhanced orientational selectivity, which holds great potential as a
noninvasive approach for deep brain neurostimulation (DBS), enabling precise targeting of
specific brain circuits. The capability of magnetic neurostimulation to focus the magnetic
field and penetrate deeply into the brain contributes to its effectiveness and therapeutic
potential. However, attaining a high level of spatial resolution to precisely target specific
sub-regions of the brain, particularly in the axial direction, poses a significant challenge. For
instance, transcranial magnetic stimulation typically offers a spatial resolution in the range

of ~ 0.5 — 1 line pairs per centimetre, which is unsuitable for DBS applications.

This work explored the feasibility of employing spiral micro-coils for magnetic
neurostimulation, utilising both computational methods, employing the finite element
method in COMSOL Multiphysics and Sim4Life software platforms, and experimental
micro-coils fabrication studies. Simulations were run at a constant 100 mA current with
frequencies from 1 to 3 kHz, followed by a broader sweep examining frequencies of 5 Hz to
100 kHz and currents of 1 A to 5 A in two different current input models. Furthermore, heat
generation across the micro-coils for various applied frequencies and currents were
modelled. In the fabrication of micro-coils, the process commenced with electroplating gold
onto a polyimide substrate. Additionally, the potential of using copper as a more feasible and
potentially cheaper substitute for gold in micro-coil construction was explored. The
investigation of the laser parameters optimising for micro-coil fabrication involved testing
three different laser power levels (2.5 W, 2.6 W, and 2.7 W) in conjunction with specific

pulse settings and wavelengths.

The results revealed that the applied frequencies had a negligible effect on the coils' self-
inductance, which is consistent with the predictions of the quasi-static approximation.
Because the coil wire diameter was 10 times smaller than the minimum skin depth, there
were no significant changes observed in magnetic flux density across different frequencies.
Magnetic field strength calculations around the coils demonstrated a direct correlation
between increasing current and B-field strength at all measured locations. Simulations
predicted average B-field values ranging from 0.1 to 0.8 mT when using currents of 100 mA

and regardless of current direction, ranged from 8.41 to 42.05 mT for currents between 1 and



5 A across all frequencies tested. However, the B-field strength above the coil surface
exhibited a dependence on the direction of the current. When using the same current
direction, the B-field ranged from 0.31 mT to 1.56 mT, conversely, applying the current in
the opposite direction resulted in a stronger B-field ranging from 2.04 mT to 10.18 mT for
currents of 1 A and 5 A. The simulations conducted in this study suggest that this magnetic
neurostimulation approach has the potential to reach depths of up to 2 cm within brain tissue.
Furthermore, it has been shown that regardless of the specific measurement location on the
coil surface, temperature increased proportionately with increasing current, ranging from

30.42 °C to 165.38 °C for currents ranging from 1 A to 5 A across all tested frequencies.

Analysis of the electroplated gold layer revealed inconsistencies in thickness across the
polyimide substrate. This variation in thickness hindered precise laser cutting during the
micro-coil fabrication process. The analysis revealed that the lowest power setting (2.5 W)
resulted in incomplete copper removal, verified through surface roughness measurements
and visual inspection using optical and scanning electron microscopy (SEM) analyses.
Higher laser power settings (2.6 W and 2.7 W) successfully achieved complete copper
removal, creating clean separation between the coils. However, the highest power setting
also caused minor burning of the wires. Results of electrical characteristics measurements
revealed that impedance increased with frequency (in the range of 0 to 550 kHz) for all
power levels. Inductance measurements showed minimal variation, remaining relatively
constant at approximately 5 pH. The phase angles exhibited an increase with frequency for
all coils and reached to 81.12° at 550 kHz, confirming their inductive behaviour. Power level
influenced the overall resistance values, but the variations were minor. For instance, at 550
kHz, the difference in resistance between coils fabricated at 2.7 W and 2.5 W was only 1.18
Q. The results indicate that the magnetic field (B-field) exhibited variability, ranging from
429.26 nT at the coil's centre to 1678.01 nT at 25 mm from the centre.

The aim the current study was to offer improved precision and selectivity and assess the
depth and spread magnetic field's attenuation. The simulation results indicated that the
magnetic neurostimulation technique being proposed could generate magnetic fields,
enabling penetration into the brain model up to a depth of around 2 cm for neurostimulation.
In summary, the optimal laser cutting power was identified as 2.6 W and the results
demonstrate that the electrical properties of these micro-coils can be influenced by the laser
power used during fabrication. Notably, the impedance values were significantly higher than
the resistance across all frequencies, indicating that the micro-coils primarily behave as

inductors.
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1 Introduction

1.1 Aims

This work had three clear aims:

1. Conduct literature review of state-of-the-art micro-coil design, optimised parameters.

2. Implement these finding to design coils in simulation study and explore a range of
frequencies and input currents. The key aim is producing a coil which can generate
around 10 mT at 2cm, which not exceed heat EFFECT.

3. Fabricate the coils simulated in previous chapter and measure performance (B-field

+ Impendence/ resistance).

1.2 Backgrounds

Globally, neuropsychiatric disorders are increasing, and the World Health Organization
reports depression as a prominent contributor to global disability, impacting individuals'
ability to live fulfilling lives [1]. Mental health conditions such as bipolar disorder, alcohol
abuse disorders, depression, and schizophrenia are also among the top causes of disability
[2]. Developed countries face a significant economic burden due to mental health issues,
estimated at 3-4% of GDP [3, 4]. For a significant portion of patients with neuropsychiatric
disorders, including 30% of those with major depression, medication falls short due to

intolerable side effects or ineffectiveness [5].

Without key discoveries in neuroscience, the field of brain stimulation would not be where
it is today [6-8]. While the foundation for neuroscience was laid by proposing the brain as
the centre of intelligence in the 4" century BC, significant progress would not occur until
the late 18™ century, where the electrical nature of the nervous system was demonstrated by
stimulating frog muscles and nerves using electricity [6-8]. The 19™ century witnessed a
surge in discoveries related to the functional organisation of the brain. Notably, brain regions
have been identified crucial for speech and language, shedding light on the neural basis of
aphasia [6-9]. By mapping the organisation of the motor cortex in monkeys in 1889, a way
opened up for the development of the 'homunculus', a visual representation of the physical
layout within the brain [10]. In the same year, the 'connectionist' theory has been proposed,
suggesting that intricate communication between individual neurons is the foundation of
brain function and paved the way for the modern understanding of the nervous system as a
network of circuits, each responsible for specific brain functions [11]. This and several other

researchers have revealed a remarkable organisation in the brain. This organisation involves
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multiple, independent circuits connecting distinct areas of the thalamus, nigra, substantia,
pallidum, striatum, and cortex. Each circuit plays a specific role in brain function [10-13].
Alongside progress in unravelling the brain's functional circuits, researchers have made
equally significant strides in realising how individual neurons operate at the cellular level,

particularly regarding memory formation and communication [14, 15].

Fuelled by these and other breakthroughs in neuroscience, researchers have been able to
explore and develop various brain stimulation techniques. While the field continues to
evolve, electroconvulsive therapy, as a gold standard treatment for depression, has been in
use for over seven decades [15]. The development of most recent brain stimulation
techniques has been fuelled by three key factors: advancements in technology, gaining a
more profound comprehension of the brain circuits involved in neuropsychiatric disorders
and treatments, and the need for alternatives to ineffective or poorly tolerated medications
[16]. To address these limitations, a diverse array of brain stimulation techniques, both
established and under investigation, offer the potential to modulate and influence brain
activity. A range of neurological disorders such as Parkinson’s disease, essential tremor,
epilepsy, and chronic pains, have been benefiting from the clinical application of brain
stimulations [17-21]. Beyond neurological conditions, brain stimulation shows promise in

treating obsessive-compulsive disorder and medication-resistant, severe depression [22, 23].

In general brain neurostimulation procedures fall into several categories: invasive,
minimally invasive, and noninvasive techniques. For noninvasive brain stimulation,
scientists have developed a range of techniques. Two prominent approaches are transcranial
electrical (tES) and magnetic stimulation (TMS). tES offers a toolbox of methods. It can
deliver a constant electrical current (tDCS) to adjust brain activity levels, use random
electrical noise (tRNS) to stimulate, or employ alternating currents (tACS) to target specific
brain rhythms [24, 25]. While noninvasive brain stimulation like tDCS and TMS offers
potential, their impact on neurons remains complex and elusive to precise measurement.
Furthermore, the limitations imposed by the scattering and absorption of electric signals
within the brain hinder the ability to target specific regions and reach deeper brain structures
[26, 27]. Deep brain stimulation (DBS) is a surgical approach for neurological disorders. It
involves implanting tiny electrodes in specific brain areas. These electrodes deliver
continuous or pulsed electrical stimulation, powered by an implanted battery, to directly
modulate the activity of deep brain circuits [28]. While techniques like DBS offers precision
in locality, their invasive nature remains a significant hurdle, with potential risks of infection
and bleeding [28]. The specific approach to brain stimulation or neuromodulation is tailored

17



to the individual situation, considering the clinical condition, the specific brain region
needing influence, and the intended effect. Future advancements in minimally invasive and
targeted neuromodulation techniques are crucial for wider clinical applications. Fig. 1-1
showcases the category of various noninvasive brain stimulation methods including
magnetic neurostimulators. Through the subsequent sections principles of neurostimulation,
magnetic neurostimulation approaches, and fabrication technologies for magnetic

neuromodulation are reviewed and concluded with a brief comment on future directions.

Transcranial Transcranial focused ultrasound stimulation (tFUS)

ultrasound Focused ultrasound neuromodulation (FUN)

stimulation Low-Intensity focused ultrasound stimulation (LIFUS)
(TUS) Transcranial pulse stimulation (TPS)

Transcranial direct current stimulation (tDCS)

Noninvasivl Tfanscr?“ial Transcranial alternating current stimulation (tACS)
brsin electrical Transcranial pulsed current stimulation (tPCS)
) ) stimulation Transcranial random noise stimulation (tRNS)
stimulation (tES) Vagus nerve stimulation (VNS)

Galvanic vestibular stimulation (GVS)

Transcranial Singlo pulso TMS (sgTMS)
. & ingle pulse sp
magnetic | . J. paired pulse TMS (ppTMS)
stimulation * Regular repetitive TMS (rTMS)
(TMS)

Fig. 1-1: Diagram of various noninvasive brain stimulation modes

1.3 Principles of neurostimulation

The human nervous system is characterised by its complex and highly organised
cytoarchitecture, with distinct neural populations located in specific regions to ensure proper
functionality [29]. Although it consists of intricate structures and communication pathways,
three cell types are the building blocks of the nervous system: oligodendrocytes, astrocytes,
and neurons, which originate in the central nervous system. Both glial progenitor cells and
neuronal cells can give rise to all lineages of neural cells [30]. Information processing occurs
through electrical changes in the conditions of neurons, leading to disturbances in their
resting potential and the generation of voltage spikes, also known as action potentials [29].

These electric charges propagate through axons and are transmitted to other neurons via tree-
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like structures called axon terminals [31]. When a neuron is electrically excited, it releases
neurotransmitters, which are chemical signals conveyed to the dendrites of other neurons in
their functional connections, known as synapses, forming the foundation of neuronal
networks [32]. Glial cells, including oligodendrocytes, astrocytes, microglia, and ependymal
cells, were traditionally believed to have supportive functions for neurons. However, recent
studies have proposed that these cells play dynamic roles in the propagation of neuronal
signals [29, 31, 32]. For example, oligodendrocytes wrap neurons in a fatty medium called
myelin, which enhances the speed of electrical conduction within axons [29]. Temporal
changes in the transduction of neuronal signals resulting from demyelination can limit the

creation of new neural circuitry, also known as neuronal plasticity or neuroplasticity [33].

Additionally, astrocytes and oligodendrocytes produce growth factors that are essential for
different stages of neuronal development, including survival, homeostasis, maturation, and
differentiation [34]. These growth factors include brain-derived and glial cell-derived
neurotrophic factor, neurotrophin-3, ciliary neurotrophic factor, and fibroblast growth factor-
2. Furthermore, astrocytes are crucial in the function and formation of synapses by regulating

the reuptake of neurotransmitters across the synapse [34].

Communication among different cells in the human body occurs through a complex interplay
of chemical, mechanical, and electrical signals [35]. Chemical signals include proteins,
lipids, and gases that are secreted by cells and can exert their effects locally or at distant
locations within the body. Mechanical signals, on the other hand, refer to alterations in forces
acting on the cell membrane [36-38]. These mechanical signals can influence cellular
behaviour and responses. Electrical signals, which are characterised by alterations in the
balance of negatively and positively charged ions across the outside and inside of the cell,
play a vital role in cell signalling by transmitting signals across the cell membrane [39, 40].
Chemical signals, by their nature, can be relatively slow as they rely on the transfer of
chemical ligands through fluids like blood. However, in many instances, there is a need for
rapid and immediate responses. This is where electrical signals play a crucial role. Electrical
signals have the ability to propagate quickly across cell membranes, allowing for swift
transmission of messages from one side of the cell to another, or occasionally to
neighbouring cells. The significance of electrical signals is particularly pronounced in neural

and muscle cells compared to other cell types [41].
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1.3.1 Stimulus frequency, duration, and strength

Neuronal firing naturally involves a complex interplay between chemical and electrical
processes. However, to artificially stimulate this process, neurostimulation techniques
deliver a precisely controlled stimulus with specific strength and duration [42, 43]. In the
context of electrical stimulation, the rheobase refers to the lowest continuous current needed
to trigger an action potential (firing) in a neuron. Conversely, the chronaxie describes the
shortest pulse duration needed to elicit a firing at twice the strength of the rheobase [44].
The objective is to determine the optimal parameters for both strength and duration in the
stimulation [44]. Adding to the existing understanding of strength and duration, studies have
been emphasising on the critical role of a third parameter in neurostimulation: the frequency
of stimulus application [44, 45]. It has been reported that stimulations using repetitive
electrical stimulus can activate neurons at sub-threshold strengths, as seen in hippocampal
neurons requiring a 15-20 V.m™! of a single pulse for 40 s [46, 47]. However, later research
found that repetitive stimulation at 1-2 Hz can activate hippocampal neurons with a much

lower field strength of just 0.14 V.m™! [48].

1.3.2 Unveiling the cellular mechanism: the action potential

Neurons, as excitable cells, have the remarkable ability to generate and respond to electrical
signals. When not actively transmitting electrical signals, neurons maintain a relatively
negative charge potential inside the cell compared to the outside (approximately -70 mV),
known as the membrane resting potential [49]. This negative charge potential is crucial for
the transmission of electrical signals. The control of electrical signals in neurons relies on
the presence of ion gradients and ion channels. The concentration of positively charged
potassium ions (K") is much higher inside the cell compared to the extracellular fluid. On
the other hand, sodium ions (Na") are found in much lower concentrations inside the cell
compared to the outside [50]. These concentration gradients are established and maintained
by electrogenic transmembrane ATPase pumps, specifically the Na'/K" ATPase enzyme
found in the membranes of all animal cells. It is important to note that leak channels for K*
are constantly open, allowing for the leakage of K out of the cell. This efflux of K" ions
contributes to the negative charge inside the cytosol. Additionally, the presence of
intracellular protein anions also aids in maintaining the negative charge of the cytosol,
further contributing to the overall negative resting potential of neurons [50-52]. Neurons
undergo a series of four consecutive steps to generate an action potential: resting state,

depolarisation, repolarisation, and hyperpolarisation as shown in Fig. 1-2 [51].
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In response to various stimuli, including electrical signals, chemicals, physical pressure,
temperature changes, or light, specific types of ion channels within the cell membrane
become activated [53]. The resting potential of neurons typically hovers around -70 mV,
representing a steady-state condition. To initiate a firing, the potential of the membrane
gradually increases towards the threshold potential [51]. Depolarisation beyond the
threshold potential triggers the opening of voltage-gated sodium channels, leading to a surge
of sodium ions entering the cell. During this phase the interior of the cell becomes
increasingly positive, reaching approximately +60 mV (the Na" electrochemical equilibrium

potential) [54].
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Fig. 1-2: Representation of the nerve cells electrical action potential [S1]. This image was used under the Creative
Commons License 4.0 permission

The depolarisation phase includes an overshoot, characterised by extreme positivity.
Following the overshoot, the permeability of sodium rapidly decreases as the sodium
channels close. This renders the cell unresponsive to further stimulation, entering an absolute
refractory period. Repolarisation occurs when potassium channels, which are voltage-gated,
open in the cell membrane upon reaching the overshoot potential [55]. This allows potassium
ions to exit the cell, reducing its positivity. The primary objective of repolarisation is to bring
the potential of a membrane back to its resting level. After repolarisation, the membrane of

a neuron often undergoes hyperpolarisation, characterised by a more negative membrane
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potential than its resting state, often falling below -70 mV [51]. Hyperpolarisation is a result
of the prolonged opening of potassium channels, causing an efflux of potassium ions. Its
purpose is to facilitate the recovery of the resting potential of the membrane. However, this
hyperpolarised state is transient, and the membrane eventually returns to its resting potential,
while just prior to this phase, sodium channels begin to reactivate [56]. A strong stimulus is
required during this phase to initiate new action potentials, leading to the generation of a
relative refractory period. During this period, three sodium ions and two potassium ions are
pumped out of the cell by the Na'/K* ATPase pumps. The cell prepares itself to respond to
another triggering stimulus [57]. As a result, there is a brief increase in the action potential,
albeit for a short duration. This temporary change in membrane potential is referred to as an
electrical signal, serving as the means of electrical communication both within the cell

membrane and between cells [51].

It has been shown that cells possess electrical properties such as conductance and resistance,
which are determined by the structure of their cell membranes [58, 59]. These membranes
exhibit a difference in electrical charge, with the exterior of the cell being electropositive
and the interior electronegative. During periods of neural inactivity, the cell membrane
maintains a resting potential. This resting potential is maintained through the distribution of
K" and Na" ions across the potassium channels and neural fibre membranes, respectively
[60]. However, when neural transmission occurs, rapid depolarisation and repolarisation take
place, which are driven by action potentials—sudden changes in the resting potential. These
ion fluxes and changes in membrane potential result in the generation of electrical activity.
This electrical stimulation has a profound impact on cellular behaviour, influencing various
cellular processes [60]. Furthermore, specific patterns of stimulation can induce muscle
atrophy and promote muscle reinnervation, allowing for controlled cell and tissue
regeneration [60]. It has been revealed that the electrical activity of neurons, including action
potentials, can be modulated by external stimulus [61, 62]. This neuronal stimulation has
been found to have several beneficial effects, such as activating growth processes,
redistributing cytoplasmic materials, and promoting asymmetrical distribution of molecules
on the cell surface [63]. Studies have demonstrated that electrical fields have a positive
impact on mitochondrial function, cell adhesion, cell growth, and cell migration [60, 64].
Beyond electrical stimulation, magnetic stimulation also shows promise in promoting nerve
regeneration in various areas, using diverse stimulation patterns and magnetic field settings

[65].
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1.3.3 Neuronal communication via different stimulations

Stimulating and recording neural activity can benefit from strengths of different stimuli, such
as light, sound, and magnetic fields [66]. While optical imaging and stimulation techniques
offer high temporal and spatial resolution by using tools like engineered opsins, infrared
light, and indicators of voltage and calcium, their application remains limited to superficial
brain structures (less than Imm deep) due to tissue properties (i.e., scattering and
absorbance) [67-70]. Despite employing a 3-photon excitation technique with a near-infrared
1,675-nm laser, researchers are still limited to only up to 1.5 mm deep to accessing brain

structures [71].

Acoustic waves demonstrate a frequency-dependent ability to significantly enhance
penetration depth within the brain [72]. It has been shown that a low-frequency ( <0.65 MHz)
and low-intensity (0.12 MPa) transcranial focused ultrasound can modulate activity in the
somatosensory cortex of humans at depths of 3 cm [73]. While lower-frequency ultrasound
waves can penetrate deeper into tissues without being significantly weakened, their
resolution suffers. This is because resolution is linked to wavelength, and lower frequencies
have longer wavelengths, resulting in larger areas of interaction (modulation volumes

exceeding 1mm?) within the tissue [72].

Unlike other methods, magnetic fields have a unique advantage: they can penetrate deep
within the body because the vast majority of tissues in a human body barely interact with
magnetic fields [74, 75]. Low-frequency (below 1 kHz) and strong (over 1 T) magnetic fields
can be used to painlessly influence brain activity through the skull by creating ionic currents
within the brain [76]. However, the shape of the coil limits how precisely the generated fields
by TMS can target brain areas. Because of this, TMS is mainly used to influence the outer

layer of the brain (cortex) with an accuracy of about a centimetre [77].

Nanoscale transducers with capability to convert magnetic, acoustic, and optical stimuli into
biological signals hold promise for enhanced non-invasive neural interfaces and could offer
a deeper brain penetration for signals with improved temporal and spatial resolution
compared to existing methods [53]. For instance, gold nanoparticles, and semiconductor
quantum dots have unique abilities when exposed to light. They have the capability to
convert light into heat, or voltage [78, 79]. In a steady magnetic field, magnetic nanoparticles
(MNPs) can cluster in specific arrangements. Exposure to changing magnetic fields, enables
them to convert the magnetic force into an electrical signal or even apply torque.

Additionally, rapidly switching magnetic fields can cause them to heat up due to a
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phenomenon called hysteresis [80-82]. By precisely controlling the surface characteristics,
composition, and size of these MNPs, both their targeting moieties and magnetic moments
can be tailored. This allows for the delivery of diverse chemical and mechanical signals to

specific locations within cells with high temporal and spatial precision [83].

1.4 Magnetic neurostimulation approaches

While the idea of magnetically stimulating biological tissues, particularly the visual cortex
of humans, dates back to 1896, it was not until 1910 that the first demonstration took place.
This paved the way for a more groundbreaking discovery [84-86]. Inspired by
electromagnetic induction principles of Faraday, researchers developed a method to
stimulate neural tissue without direct contact, building upon the earlier work of mapping the
canine motor cortex using direct electrical stimulation. Interestingly, this breakthrough arose
during an investigation of how strong, alternating magnetic fields affected the heating of
living animals [84-86]. In simpler terms, the method includes a flow of an electric current
through coils to create a rapidly changing (time-varying) magnetic field. In turn it, creates
an electrical field within the targeted tissue [87]. In neurostimulation applications, one of the
most advantageous aspects of this induced electric field is it bypasses the need for direct
physical contact with the targeted neurons. Therefore, neurostimulation devices based on
magnetic fields are less susceptible to the challenges of biofouling, which can occur when
biological materials accumulate on implanted devices [88, 89]. Magnetic stimulation relies
on Faraday’s fundamental electromagnetic induction principle [90-92]. In magnetic
stimulation, the strength and direction of the changing magnetic field determine the strength
and direction of the induced electrical field. This induced F field, which depends on both the
scalar magnetic and vector electrical potentials, ultimately excites biological tissues by using
a magnetic field, as described by Ampere's law [91]. This is explained in more details in
section 2. When the biological tissue is stimulated, it allows an electric current to flow
through. This current's density is related to the magnetic field within the tissue. The
relationship between these elements depends on the tissue permeability, which is similar to
that of air. Unlike some other stimulation methods, magnetic stimulation does not have a
single magnetic field level as a threshold needed for neural activation. Instead, a combination
of factors determines its effectiveness: the direction and strength of the magnetic field, the
tissue's properties (represented by permeability), the size of the device, and the area being
targeted. This interplay ultimately generates the electrical field that stimulates the neurons

[90-92]. As aforementioned, there are three main categories of noninvasive brain
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stimulation: electrical, ultrasound, and magnetic, which is shown in Fig. 1-1. The focus of
this study is on magnetic stimulation and through the following subsections various kinds of

magnetic stimulation approaches are reviewed.

1.4.1 Transcranial magnetic stimulation

TMS is a safe and painless procedure that uses a brief, high-intensity electrical current
(thousands of ampers) to generate a powerful magnetic field (up to 2 T) pulsing through the
brain for a very short time (100 microseconds). This noninvasive approach relies on
Faraday's principle of electromagnetic induction to influence brain activity [93]. In this
regard, a stimulating coil is placed on the scalp and the generated magnetic pulse from it has
the capability to pass unimpeded through the bone of the skull and create an electric field
within the brain [94]. The induced electrical field is strong enough to trigger nerve impulses
(action potentials) and safely activate networks of the brain without causing pain. In the mid-
1980s, the first TMS devices were developed and officially used in clinical settings [95, 96].

Fig. 1-3 illustrates the schematic of neuronal activation using TMS.

1.4.1.1 Mechanisms of TMS

A TMS machine consists of capacitors that store electrical energy and a coil with specific
properties (resistance and inductance). When a time-varying current flows within the coil
positioned near the scalp, it creates a changing, powerful magnetic field. This magnetic field
can penetrate the skull and induce electrical currents (called eddy currents) within the brain
tissue. These eddy currents can affect the electrical activity of nearby neurons, potentially
resulting in the creation of action potentials (nerve impulses) and finally affecting mood or
behaviour [96, 97]. Several factors, like the type and direction of the TMS coil, influence the
geometry and strength of the generated electrical field in the brain. These changes in the
electric field, in turn, affect which brain regions and nerve cells are stimulated by TMS. TMS
utilises coils in various shapes, each offering specific advantages. Round coils deliver a
broader and stronger magnetic field, making them powerful but less precise. In contrast,
figure-of-eight coils are more focused, concentrating their strongest stimulation at the
intersection of coils, ideal for targeting specific brain regions. Additionally, H-coils, with
their complex design, allow for a slower decrease in magnetic field intensity as it travels

deeper into the brain, making them suitable for stimulating deeper brain structures [77, 98,

991.
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Fig. 1-3: Schematic representation of neuronal activation using transcranial magnetic stimulation. Adopted with
permission from [96]. Copyright© 2008 Elsevier Ltd

Some coils incorporate an iron core within their windings. This core concentrates the
magnetic field, making it stronger and allowing it to reach deeper into the brain tissue [100].
Furthermore, the stimulation strength of the pulse significantly affects how TMS works,
where standard coils, like the circular and figure-of-eight ones, have a limited ability to reach

deeper brain regions [101, 102].

The strength of the TMS induced electrical current weakens quickly the farther it travels
from the stimulation point. However, increasing the stimulation intensity allows the induced
field to reach deeper brain regions, potentially activating additional networks of nerve cells

[103]. Today, a wide range of coils are available, each suited for specific purposes.

Not only do the shape and size of the coil influence which brain region is stimulated, the
waveform of a pulse (either single-pulse or double-pulse) controls how the nerve cells within
that region are affected [77, 98, 99, 104, 105]. When a single, short pulse of magnetic

stimulation (monophasic pulse) was applied using a figure-of-eight coil positioned over the
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motor cortex (i.e., a brain area controlling hand movements, specifically the hand knob), it
primarily activated the corticospinal axons directly. This activation was measured by
recording electrical signals traveling down the spinal cord (D-waves) [106]. However, when
the same figure-of-eight coil was positioned differently in a posteroanterior orientation, it
only generated a specific type of electrical signal called "I-waves." Interestingly, using an
even different positioning (anteroposterior orientation) leads to even later I-waves [107-
109]. The presence of I-waves indicates that the stimulation might be indirectly affecting
pyramidal cells through horizontal fibres near the surface of a brain region involved in
movement (i.e., precentral gyrus). This suggests that similar indirect stimulation might be
possible when targeting areas outside the motor cortex, at least in the main outer layer of the

brain (i.e., neocortex) [110].

1.4.1.2 Applications and developments of TMS

TMS has been used for identifying the compression of spinal cord in individuals with
myelopathy. This technique measures how long it takes for electrical signals to travel from
the brain to muscles in the arms and legs. Studies have shown that TMS is highly accurate
in detecting this condition, with a 100% success rate in identifying patients with spinal cord

compression and an 84.8% success rate in correctly identifying those without it [111].

Early versions of TMS used circular coils in diameter of around 110 mm to 130 mm with
fewer windings (around 14). These coils stimulated a larger area of the brain cortex. To
achieve more focused stimulation for therapeutic and brain mapping applications,
researchers developed smaller double coils, like the figure-of-eight coil. These coils have a
smaller individual diameter (around 75-87 mm) and more windings (around 9-10 each) [77,
98, 99]. While smaller coils offer better focus, they also heat up faster during repeated
stimulation. To address this, researchers developed cooling systems using active or static
liquids or even air [77, 98, 99]. Compared to single pulses, double pulses are generally
believed to be more effective, especially when stimulating the motor cortex to generate
electrical signals indicating muscle activity (i.e., motor evoked potentials) [112]. Double
pulses are the most common type of electrical signal used for repetitive TMS (rTMS)
because they require less energy compared to single pulses [113]. In double pulse
stimulation, the second electrical pulse is believed to be more effective at generating
electrical currents within the brain [109]. It is important to note that comparing research on

double pulse stimulation can be confusing. This is because different magnetic stimulator
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models from various manufacturers might deliver the two pulses in opposite directions. This
does not affect the overall stimulation process, but it is crucial to be aware of when
comparing results from different studies [112]. Compared to single pulses, double pulses
create a more intricate pattern of nerve cell activation, affecting a broader range of cells.
However, double pulses might be less effective for achieving long-lasting effects after rTMS
because they do not consistently target the same group of cells. Therefore, single pulses
might be a better choice for rTMS aiming for steady after-effects [114, 115]. Scientists are
constantly improving TMS by developing new stimulation patterns that resemble the natural
firing patterns of brain cells. As an example, stimulations based on a theta burst uses short
bursts of high-frequency pulses at a specific delivery rhythm (theta frequency). This
approach has been shown to be more efficient than traditional rTMS in provoking changes
in cortical plasticity in a shorter period of time [116]. Studies have shown that using high
frequencies to stimulate the brain can temporarily disrupt the function of the stimulated
areas. This characteristic of rTMS allows it to be employed as an approach to reveal the
function of different cortical areas either by inhibiting or stimulating specific areas [117,

118].

Application of rTMS in treating mental health conditions have reported to be successful,
particularly in treating major depressive disorder. Numerous studies have shown that rTMS
can be a valuable tool in managing this condition [119-122]. Research has shown the
effectiveness of using TMS using respectively low- and high-frequency stimulations [123-
126]. Fuelled by a strong foundation of research, TMS and rTMS has transitioned from the
lab to the clinic, gaining approval for use in different countries. While currently used for
specific conditions, ongoing research is actively investigating its potential to treat a wider
range of disorders, including, post-traumatic stress, schizophrenia, obsessive-compulsive,

substance abuse, and chronic pain [127-132].

1.4.1.3 Advantages and challenges of TMS

Unlike electrical stimulation, magnetic stimulation induces currents that flow mostly parallel
to the coil surface within the brain. This unique feature allows TMS to target specific brain
regions with various techniques and parameters, showing promise as a diagnostic and
treatment tool [126, 133-135]. Despite its promise, TMS is still under investigation in some
ways. The strength of the electrical current it creates can vary across the brain. Researchers

are also working to understand exactly which cells of the nervous system are affected during
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TMS application and how those cells respond, because the exact influences of TMS on
neurons are not fully understood, including whether they are state-dependent, inhibitory, or
excitatory [136]. A major drawback of TMS is its limited penetration to the brain. While it
effectively targets the cortex of a brain, stimulating deeper structures (i.e., subcortical areas)
is difficult. TMS pulses inevitably stimulate the cortex on the way to any subcortical target

[137, 138].

Despite its well-established safety profile as a non-invasive treatment for brain stimulation,
rTMS, carries a minimal risk of seizures. In very rare cases, about one in 30,000 treatments,
seizures may occur during routine clinical use [139]. Another issue with using rTMS is the
possibility of fainting, which can occur in rare cases during rTMS, especially in patients with
low blood sugar, dehydration, or high anxiety [140]. When using stimulation within
established safety parameters, the risk of side effects is generally low [141].

1.4.2 Magnetic stimulation using nanomaterials

Magnetic fields used in brain stimulation techniques like TMS act as an intermediate step.
Ideally, these fields need to be converted into more specific and localised stimulations within
the brain [53, 142]. Several techniques are being explored that utilise MNPs and magnetic
fields for the purpose of magnetic signals conversion for various applications [53, 143-145].
MNPs can function as transducers, and be categorised in four main groups, including
magnetomechanical, where the MNPs cause physical movement; magnetocatalic, where
lead in generation of surface charges; magnetoelectric, where electricity is produced; and

magnetothermal, where heat is generated [146].

The schematic representation of these effects is shown in Fig. 1-4. Fig. 1-4a shows the
general principle involved in tissue stimulation. In general, it involves a wireless signal such
as magnetic field that passes through tissue. This signal interacts with strategically placed
nanomaterials within the brain. These nanomaterials convert the wireless signal into a more
focused effect, like a heat, or electric field right next to a neuron. There are different ways
to position these nanomaterials: (I) immobilised dispersed in the extracellular area, (II)
attached directly to the outer membrane, (III) specifically linked to ion/protein channels, or
(IV) even placed inside the cytoplasm [53]. Fig. 1-4b represents various responses that
MNPs can have in response to different types of external stimuli. Accordingly, they can
activate specific channels on brain cells such as spinning magnets (rotating field): can trigger

mechanosensitive channels like Piezol, which are sensitive to pressure changes.
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Alternating magnetic field (AMF): Can generate heat that activates heat-sensitive channels
like TRPV1. Additionally, under an AMF, MNPs can be used to deliver drugs that target
designer receptors (DREADDs) on brain cells. Radio waves (RFs): Can create electrical
effects within MNPs that directly influence brain cell activity. Additionally, under RFs,
MNPs combined with a protein called ferritin can activate TRPV1 channels [142].
Additionally, MNPs can be engineered for ion-transporting proteins incorporation. These
proteins, expressed transgenically in neurons, respond to stimuli generated by the MNPs,
such as mechanical force, electricity, or heat [ 147]. Magnetic stimulation with nanomaterials
is a more effective way to stimulate the brain without surgery. It can reach deeper brain

regions and activate specific groups of brain cells involved in certain functions [27, 146,

148].

1.5 Fabrication technologies for magnetic neuromodulation

High-resolution neuromodulation, whether invasive, noninvasive, or minimally invasive,
relies on precisely designed coils. Miniaturising these coils using different techniques is
essential for achieving this precision. This section briefly explores various methods used in
fabrication of coils for neurostimulations. One of these techniques is through-silicon vias.
This method enables the creation of various coil geometries, including 3D solenoids, toroids,
and 2D spiral coils [149-153]. Surface micromachining is another technique for creating
high-precision coils such as spiral micro-coils [154]. This multi-step process involves
selecting a substrate, depositing thin films for the coil and sacrificial layers, precise
patterning using photolithography, and finally etching to define the final coil structure [155-
157]. Lithography has also been used in micro-coils fabrication, enabling the creation of
high-precision structures like high aspect ratio cylindrical micro-coils [158]. Processes such
as screen printing, inkjet printing, electrohydrodynamic printing, and aerosol jet printing are
utilised to create parts with precise control over their composition and architecture for a
broad range of utilities at both the macro- and micro-scale [159-161]. Existing
microfabrication techniques, including through-silicon vias, surface micromachining,
lithography, and 3D printing, have established themselves in micro-coil production [159,
160]. This study, however, breaks new ground by presenting a novel approach that utilises

electroplating and laser cutting for micro-coil fabrication.
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2 Principles of simulations and employed physics

2.1.1 Physics and theory of electromagnetic

Cells with electrical excitability including muscle cells and neurons, can be triggered by
employing an electric field over them [162]. In magnetic neurostimulations such as TMS, a
time-dependent EM field is utilised to apply an electric field in the brain over neurons.

Maxwell's equations, specifically Faraday's induction law and circuital law of Ampeére's,

dictate the behaviour of the EM field [163, 164].

0B
VXE = —T @2-1)

JE
VXB=u(J+e5) @-2)

In this context, E, B, J, &y, 1tp and (¢,0E/0t) represents the electric, and magnetic fields, the
current density, the free space permittivity (8.854 x 10'? F/m) and permeability (4 x 1077
H/m), and the displacement current, respectively. When handling sinusoidal signals, working

in the frequency domain is considerably easier compared to the time domain [165].

V:-D=p (2-3)
VXH=]+jwD (2-4)
VXE=—jwB 2-5)
V-B=0 (2-6)

Here D, p, H, and o representing the density of the electric flux, the charge
density/distribution, the magnetic field, and the angular frequency, respectively.  is a real
quantity equal to 2zf, where f denotes the frequency. In these equations, all 3D complex

vector fields are presented in bold, while all scalar quantities are non-bold [165, 166].

It has been shown that when modelling noninvasive magnetic stimulations, it is possible to
roughly decouple these equations and is permissible to make several approximations,
including the current in the coil is uniformly in phase across all sections of the coil, and the
magnetic field within the relevant volume is synchronised with the current of the coil, there
is no significant magnetisation observed in any tissue and the displacement currents can be

considered negligible [165-168]. This EM state is commonly known as "quasi-static" state
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[167, 168]. Studies indicate that the induced currents in body tissues during TMS result in a
minimal magnetic field, even in cerebrospinal fluid, where the conductivity is approximately
2 S/m [169]. Given these approximations, magnetostatics from Eq. (2-2) could be applied to
initially calculate the coil's magnetic field. Subsequently, in the tissue the generated electric
field can be calculated employing this magnetic field using Eq. (2-1). The governing
magnetostatics equations in a free space include Gauss's magnetic and static version of

Maxwell-Ampere's laws [166, 170].
V.B=0 @7

VXB = uyJ (2-8)

Considering Eq. (2-8), the absence of magnetic charges can be noticed from the magnetic
form of Gauss's law. Furthermore, it can imply the solenoidal configuration of the magnetic
flux density, meaning it is free of divergence [171]. This indicates that B can be expressed

as the curl of an alternative vector field:
B=VxA 2-9)

where A represents the magnetic vector potential [172]. Based on Helmholtz's theorem a
vector field can be uniquely determined (till a constant) by its divergence and curl. Selecting
the potential of magnetic vector divergence is not straightforward, and one of the various

options is the Coulomb gauge [173].
V-A=0 2-10)

The electric potential provides a more streamlined expression for the equations governing
steady and electrostatics currents. Similarly, 4 offers a more efficient means of formulating
the equations. This provides a physical interpretation for A, as its negative derivative of the

time corresponds to the electric field E» [165, 166, 170].
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d3r (2-11)

where Jy, 7, and r' represent respectively the current source, the vector position of the field,
and source points. The primary magnetic and electric field physics utilised in COMSOL
Multiphysics numerically solve Egs. (2-11, 2-10, 2-9). The primary magnetic and electric
field physics utilised in Sim4Life was derived using Biot-Savart law (Eq. (2-11)) and Eq.2-
91[174].
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2.1.2 Theory for Heat Transfer in Solids

This section delves into the heat transfer equation used in COMSOL Multiphysics.
Established using the thermodynamics first law (fundamental of energy conservation).
According to the thermodynamics 1% law, changes in the internal energy (Eo) and total
kinetic energy (Ko) within a domain () can be attributed solely to two factors: the
mechanical power exerted by external forces (Pex/) and the net heat transfer rate (Qexcr) across
the domain's boundaries [175]. Mechanical laws, either for fluids or solids, yield a key
balance equation: the change in kinetic energy within a system equals the work done by
internal stresses (Psi) plus the work done by Pey. This highlights the importance of both
momentum and mass considerations for a complete system description and describes how
forces acting on macroscopic scales affect its overall movement, with changes in kinetic
energy corresponding to measurable displacements, which is the domain addressed by
physics interfaces such as single-phase flow and solid mechanics in COMSOL Multiphysics
[175]. The heat balance equation arises from the combination of these facts, providing a
powerful tool for analysing heat transfer phenomena. This equation bridges the gap between
microscopic phenomena like atomic vibrations and the macroscopic experience of heat,
using quantities like Qexer and Eo [175]. The Qexer considers heat transferred via thermal
radiation, conduction (governed by Fourier's Law), and potentially other relevant heat
sources depending on the specific system under consideration. The equation of heat balance

in the spatial framework by considering all these elements can be expressed as:

0F
PE+Pu'VE+V'(Q+Qr)=UiD+Q @-12)

Here, p, u, D, and o represents the density, velocity vector, tensor of strain rate and Cauchy
stress, respectively. The contraction is presented by operation ":" and here can be expressed
as a:b = Y., Yom Anmbnm- Where ¢, ¢, and Q stands for the conduction heat flux, radiation
heat flux, and additional heat sources. This statement expresses the local energy balance
principle, where the temporal variation of internal energy is equated to the sum of
conductive, convective, dissipative, and radiative heat fluxes, along with volumetric heat

sources. In COMSOL Multiphysics, the heat transfer in the interface of solids is addressed
by Eq. (2-12) that can be rewritten as Eq. (2-13) [175].

aT ds
pCP (E + Urans VT) +V-(q+q,)= _aT:E +Q (2-13)

where C,, T, uqrans, o, and S stands for the specific heat capacity, absolute temperature,
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translational motion velocity vector, thermal expansion coefficient, and second tensor of
Piola-Kirchhoft stress. In a steady-state system, where temperature remains constant over
time, terms involving time derivatives (rates of change) vanish from the equation. This is

because these terms represent the dynamics of how temperature evolves, which isn't relevant

when temperature is fixed [175, 176].
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3 Micro-coils computational models

3.1 Backgrounds and Aims

The initial phase of this work involved simulation studies to design circular spiral micro-
coils. First the behaviour of the coils at a low current (100mA) and frequency range (1-3
kHz) was investigated. This was done to compare the results obtained from two different
simulation software packages, COMSOL and Sim4Life. The study utilised Sim4Life
software, which boasts the capability of modelling a complete human head. This comparison
aimed to identify any discrepancies in the outcomes when simulating on a head model (using
Sim4Life) versus a free-air environment (using COMSOL). This evaluation was crucial to
determine if using COMSOL with a simpler air model could be considered an acceptable
alternative to Sim4Life for this specific application. Subsequently, further simulations were
conducted using COMSOL Multiphysics with a wider range of currents (1-5A) and
frequencies (5 Hz-100 kHz) to optimise the design and generate a set of results that could be

compared with the experimental measurements from the fabricated coils.

The physiological effects of magnetic brain neurostimulation occur by generating an EM
field within the body [177]. Therefore, the specific characteristics of this field play a crucial
role in determining the resulting physiological response to magnetic neurostimulations
[178]. Practically, the neurostimulation process can be characterised by two main factors (a)
parameters that influence the distribution of the EM field spatially (i.e., the characteristics
of the stimulating coil, such as its size, position, shape, and electrical properties), (b)
parameters associated with the applied voltage or current waveform to the coil, which
influence the temporal properties of the EM field, such as width, amplitude, frequency, and
pulse shape [168, 179-183]. Ensuring control and proper recording of these neurostimulation
parameters guarantees the EM brain neurostimulation reproducibility [168, 179-183]. Taking
the factors mentioned above into consideration, choosing the optimal strategy for modelling
electromagnetic fields hinges on two main aspects: numerical accuracy, which guarantees a
solution that closely matches the true behaviour, and computational burden, referring to the
amount of memory and time required for the calculation. Furthermore, the numerical method
efficiency considers three key aspects: memory usage, total computation time, and how
quickly that time increases as the problem gets bigger (scalability). This helps to choose
methods that can handle problems of varying complexity without excessive resource

demands. To consider these, the current research involved designing a spiral circular micro-
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coil and incorporating it into a system with two such coils. The magnetic fields generated by
these coils were analysed using electromagnetic (EM) modelling software, specifically
Sim4Life and COMSOL Multiphysics. The simulations were conducted on a model of the
human head, considering it a conductive medium, with micro-coils placed on the surface of
the skull. Sim4Life's generated magnetic fields were analysed with a 100-mA current at 1-3
kHz frequencies. This choice of parameters stemmed from the limitations of the available
experimental setups, as the available power supply could only generate a maximum current
of 100 mA. This data was compared to magnetic fields produced in COMSOL Multiphysics
under identical conditions. Subsequently, COMSOL Multiphysics software was employed
to investigate the behaviour of the micro-coils across a broader range of currents (1A-5A)
and frequencies (5 Hz-100 kHz). This exploration was driven by the study's objective of
achieving a strong magnetic field within the low-frequency domain. Faraday's law of
electromagnetic induction establishes a direct relationship between the strength of a
magnetic field and the applied current. Therefore, higher currents were also examined. The
effect of current direction on the B-field was also examined by altering the current input

terminals in the designed coils.

In designing coils for magnetic neurostimulation, it is crucial to consider not only the B-field
but also the heat generated within and around the coils [135]. This is essential for several
reasons such as coil functionality, patient safety, comfort, and compliance [179, 180, 184].
Excessive heat can accelerate material degradation, shortening the coil's lifespan and can
lead to skin burns or tissue damage [183-186]. Magnetic neurostimulation procedures
necessitate adherence to strict safety guidelines regarding temperature limits within the
targeted tissue and surrounding areas [187]. Uncomfortably warm sensations during
magnetic neurostimulation treatment can lead to patient discomfort and potentially reduced
compliance with the therapy. Maintaining comfortable temperatures enhances the treatment
experience and encourages successful completion [183, 184, 186]. Therefore, evaluating,
and optimising heat generation in coil designs is essential. To investigate heat generation in
micro-coils and their surrounding environment during operation, heat transfer simulations
were conducted in COMSOL Multiphysics across a range of currents (1A-5A) and
frequencies (5 Hz-100 kHz).
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3.2 Electromagnetic Modelling
3.2.1 COMSOL Multiphysics

In order to precisely predict the intensity and location of local magnetic- and electric-field
gradients, micro-coils are modelled using COMSOL Multiphysics through the Magnetic and
Electric Field (mef) interface. Simulations based on FEM are conducted to determine the
gradients of the generated magnetic and electric fields within the micro-coils due to the
current flows under various conditions. Maxwell's equations are solved in this physics
interface, employing the magnetic vector and the scalar electric potentials as the dependent
variables in the formulation. The Current Conservation feature and Ampere’s Law are the
primary node, incorporating equations for the magnetic vector and electric potentials. It also
offers a platform for specifying constitutive relationships and characteristics associated with
them like electrical conductivity, relative permittivity, and relative permeability [166, 188].
Boundary conditions for the magnetic and electric fields interface are implemented through
a two-step process. This is necessary as only certain combinations of magnetic and electric
boundary conditions hold physical relevance, while others may result in nonphysical models
that contradict the principle of current conservation. (i) In the absence of surface currents,
the conditions set by the physics interface are applied for magnetic boundary conditions as
(n2x(H-H3)=0, n>x(A;-A2)=0) and must be satisfied. As A is computed by the physics
interface, the continuity of the tangential aspect of the magnetic potential is preserved,
thereby automatically satisfying the first condition. Given the equivalence of the second
condition to the natural boundary condition, it is inherently satisfied. (ii) Continuity
represents the essential physics interface condition applicable to both internal and external
interfaces between dissimilar media (n2'(J;-J2)=0), which is automatically satisfied by
default, meaning it holds true unless we actively introduce counteracting forces [166, 188,

189].

3.2.2 SimA4Life platform

A commercially available FDTD simulation platform called Sim4Life was utilised to
conduct the simulations. This software integrates multiple physics solvers with sophisticated
anatomical models of both animals and humans. It offers comprehensive capabilities,
enabling simulation, modelling, analysis, and visualisation with great flexibility based on

time domain solving of Maxwell's equations [166, 188, 189].
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3.3 Methodology
3.3.1 COMSOL Simulations

The simulation was conducted within a 3D model in the air, where the simulation assumed
arelative magnetic permeability of 1. The model incorporated two copper micro-coils, which
allowed for the solution of the ruling equations and yielded precise results numerically
within a reasonable computational time. The design drew inspiration from literature reviews
[190] but faced several limitations. First, the wire diameter needed to stay within the
micrometre range. Second, the spacing between the coils was restricted by the hardware used
for fabrication (i.e., a laser cutting machine). Since the laser cutting machine's tip had a
diameter of 50 microns, the minimum achievable spacing between coils was 60 microns.
While the wire width needed to be larger than the spacing for functionality, excessively large
dimensions for both elements would result in an overall micro-coil that exceeded size

constraints.

(a)

(b) , ¢ (c)
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Fig. 3-1: (a) Geometric parameters of the coil used to generate magnetic fields. The COMSOL designs used in
simulations to analyse the coil's behavior at (b) low current (100 mA) and low frequency (1-3 kHz) range, and (c) at
higher current (1 A - 5 A) and wider frequency ranges (5 Hz - 100 kHz)
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Fig. 3.1 shows (a) the detailed dimensions of the coil with 20 turns with diameter (D) of 7.8
mm, having a width (W) of 85 um, spacing (S) of 70 um, and thickness (H) of 150 pm
responsible for generating magnetic fields, (b) the setup of a COMSOL simulation designed
to analyse the coil's behaviour under the low current (100 mA) and low frequency ranges (1-
3 kHz), and (c) the configuration of another COMSOL simulation intended to examine the
coil's performance at higher current (1 A - 5 A) and a broader frequency ranges (5 Hz - 100
kHz). Each comprising two circular micro-coils, in the design (c) coils were positioned over
a nonconductive FR-4 substrate with a copper coating that is etched in the form of a spiral.
Details of the substrate is given in section 4.2.4. The FR-4 substrate measures 18 x 11 mm
in a height of 300 pm. The environment and micro-coils were split-up employing the
physics-controlled finer mesh from the Mesh node’s settings and simulated. The generated
magnetic fields and their associated spatial gradients generated by micro-coils, were
simulated using COMSOL Multiphysics software, with a specific focus on the region above

the coil's surface.

3.3.2 Sim4Life Simulations

In this study simulations were done employing the Magneto-Quasi Static module within the
software suite (Sim4Life v.7.0.0.7995, ZMT, Zurich MedTech AG), which leverages a
decoupling approach for the electric and magnetic field computations, thereby efficiently

determining the electromagnetic solution. The magnetic field solution was derived using

Biot-Savart law (Eq. (2-11)) and Eq.2-9 [174].

Fig. 3-2: The three-dimensional head model used in Sim4Life analyses
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In this study, the head model used for the simulations was the '"MIDA (Multimodal Imaging-
based Detailed Anatomical)' model, obtained from the software library. Fig. 3-2 illustrates a
three-dimensional (3D) representation of the head model used in the study, positioned within
the cartesian coordinate system. This model encompassed all layers of tissues present in the
head. The head model had a mass density of 1000 kg/m?, an electrical conductivity of 10
S/m, and a relative magnetic permeability of 1. These specific values are suitable for
modelling the tissue of human brain in the low-frequency EM range, utilizing the Magneto
Quasi-Static solver. The circular micro-coils coils, comprising a total of 21 turns in total
design were positioned above the MIDA head model. During the design process, the coil
configuration was formed in a spiral shape. Gold was utilised as the material for the coil,

possessing an electrical conductivity of 45.6 x 10% S/m.

3.3.3 Heat transfer modelling

To precisely predict the intensity and location of local heat gradients, micro-coils are
modelled using COMSOL Multiphysics through the Heat Transfer in Solids interface.
Simulations based on FEM are conducted to model heat transfer in micro-coils resulted by
radiation, convection, or conduction under various conditions. The simulation was
conducted within the same 3D model which was used for the electromagnetic modelling.
The design of micro-coils for this study is shown in Fig. 3-1c. Within solid regions, the heat
diffusion equation coincides with the differential form of Fourier's law, which correlates the
gradient of temperature with the flux of heat. Upon adding this specific physics interface,
the Model Builder incorporates several fundamental constructs: a "Solid" domain, a default
boundary condition named "Thermal Insulation" (representing zero heat flux), and initial
temperature specifications (room temperature). The heat transfer simulations were

conducted at various current (1 A - 5 A) and frequency (5 Hz - 100 kHz) ranges.

3.4 COMSOL and Sim4Life simulation results

Fig. 3-3 illustrates a sliced view of the generated magnetic fields on the vertex by the custom-
designed micro-coils at 3kHz placed on the head model used in the Sim4Life software. When
the frequency is varied in COMSOL with a constant current, the wavelength of the EM field
correspondingly changes. According to Maxwell’s equations, the created electric field

directly depends on the frequency of the B-field. Fig. 3-4 compares electric fields resulting
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from the application of three distinct frequencies (1-3 kHz). As already mentioned, the

primary magnetic and electric field physics utilised in COMSOL numerically solve Egs. (2-
11, 2-10, 2-9).

Data from Fig. 3-4 reveals, the frequencies utilised do not affect the self-inductance of the

coils and were close to the quasi-static solution. The spatial distribution and direction of the
magnetic field (B-field) are visualised using streamline surfaces in Fig. 3-5.

RMS{B(x,y,z,f0)}

[i]2.1e-7

=0

Fig. 3-3: The Sim4Life MIDA head model utilised in this study with a sliced view of the generated magnetic fields
by the custom-designed micro-coils
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Fig. 3-4: The axial electric field (z-direction) at various radial positions around the coil's face obtained using
COMSOL software for different applied frequencies. Due to symmetry around the coil axis, only half of the field
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The thickness of the coil wires in this research was set to be ten times smaller than the
minimum skin depth and hence no discernible variation in the magnetic flux density was
observed. Notably, the streamlines demonstrate a higher concentration near the centre of the

coil, indicating a stronger B-field in that region.

Fig. 3-5: Cut-plane streamline plot of magnetic flux density (B-field) for 3 kHz (scale-bar unit is militesla)

In other words, the B-field strength is most prominent at the centre of the coil and decreases
as the distance from the centre increases as confirmed by data in Fig. 3-5. The axial (norm)
flux density of the magnetic field was measured at different positions in the z direction across

the face of the designed micro-coils for various applied frequencies, as shown in Fig. 3-6.

In Fig. 3-6a, the initial observation suggests that the results obtained from COMSOL do not
show significant differences in response to the different frequencies employed. This is due
to residual errors in the frequency domain iterative solver [191-194]. For more precise
computation, direct solvers should be employed, and finer meshes can be used at the

boundaries to accurately capture the skin depth effect.

The data obtained from Sim4Life simulations, as shown in Fig. 3-6b demonstrates a similar
trend in terms of the obtained magnetic field. As the frequency of the alternating current

(AC) increases, the B-field flux also increases, and there are no noticeable changes in the
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field with different frequencies. This improvement in stability makes the design more
suitable for neurostimulation purposes. The equation used to calculate the magnetic field
when the frequency is swept with constant current is the Maxwell-Faraday (Eq. 2-1). The
results indicate that by employing frequencies in the range of 1 to 3 kHz and a stimulating
current of 100 mA, average magnetic field values ranging from 0.1 to 0.8 mT were achieved.

Moreover, the simulations demonstrated that such magnetic neurostimulation enabled

penetration into the brain tissue, reaching depths of up to 2 cm.
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Fig. 3-6: The axial magnetic flux density (z-direction) at various radial positions around the coil's face obtained

using (a) COMSOL and (b) Sim4Life software for different applied frequencies. Due to symmetry around the coil
axis, only half of the field profile is presented
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Fig. 3-6 reveals that B values in COMSOL are higher compared to those calculated using
Sim4Life. This difference could be attributed to several factors, including (i) variations in
micro-coils geometry, (ii) differences in boundary conditions, (iii) variations in mesh
resolution, and/or (iv) the influence of the skin depth effect. In Sim4Life, the coil was
modelled using a 2D boundary element, whereas in COMSOL, a 3D domain with finite
thickness was employed. This distinction arises from the predominant use of boundary
elements in the Sim4Life simulation, while COMSOL utilises finite volumes. The former
models the EM field at the boundary of a domain, while the latter models the EM field

throughout a domain.

Briefly, in Sim4Life, the coil is represented by a surface. The surface is segmented into a
mesh of elements, and the EM field is solved at the nodes of these elements. The thickness
and breadth of the coil were not explicitly modelled in Sim4Life, but they could be estimated
from the dimensions of the surface. However, in COMSOL, the coil is represented by a
volume. The volume is segmented into a mesh of elements, and the EM field is solved at the
nodes of these elements. The thickness of the coil was explicitly modelled in COMSOL and
specified as 150 pm. Furthermore, COMSOL models the skin depth through the volume
mesh, while Sim4Life calculates the skin depth using the grid settings. At frequencies
significantly below the skin depth, the current passes within the entire thickness of the
conducting element. However, at higher frequencies, the magnetic field becomes
concentrated near the surface. These differences in modelling the skin depth could explain

the observed disparities in the magnetic field density between the two modelling platforms.

Building upon previous studies and aiming to gain deeper insights into the behaviour of
micro-coils under higher currents and frequencies, COMSOL Multiphysics was employed
for detailed simulations. Investigations were conducted across a broad frequency spectrum,
spanning from 5 Hz to 100 kHz, and encompassed a diverse range of electric currents,
varying between 1 A to 5 A. The B-field distribution spatially and its direction are visualised
using streamline surfaces in Fig. 3-7. The effect of current direction on the B-field was also
examined by setting up the electrodes A, C, and B, C as current inputs. As aforementioned,
in this study, coil wires with dimensions ten times smaller than the minimum skin depth were
used to effectively eliminate variations in B-fields due to current distribution within the
conductor. Considering Fig. 3-7, the B-field is observed to be strongest near the centre of
each coil like previous observations in Fig. 3-5, as visualised by the higher concentration of
streamlines in these regions. The density of magnetic field lines provides a visual
representation of the strength of the magnetic field in a specific region. This is because the
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number of B-field lines per unit area passing through a surface perpendicular to the lines

which depends on the B-field magnitude in that area [195].

current(3)=3 A Multislice: Magnetic flux density norm (T)
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Fig. 3-7: (a) The design of the micro-coils employed in these simulations includes identification of current terminals
and ground connections. A cut-plane streamline plot of the magnetic flux density (B-field) at 3 A and 10 kHz; in plot
(b), terminals A and C are the current inputs, and in plot (c), terminals B and C are the current inputs. (scale bar
unit: militesla)

Furthermore, comparing Fig. 3-7b and 3-7c¢ highlights the impact of current direction on the

B-field between coils. When terminals A and C were used as current inputs so called same
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current inputs (Fig. 3-7b), the B-field between the coils reached its highest strength.
Conversely, when terminals B and C were used as current inputs so called inverse current
inputs (Fig. 3-7¢), the B-field between the coils became the weakest. This confirms that the
B-field strength is both highest at the coil centre and maximised between coils when currents
flow in the same direction, decreasing with both distance from the centre and opposing

current directions, as evidenced by the data in Fig. 3-7.

The strength (axial component) of the magnetic field density was measured at different
locations around the designed micro-coils. These measurements were taken at various

frequencies and are shown in Figs 3-8 and 3-9.
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Fig. 3-8: The calculated axial (norm) component of the magnetic flux density across the face of the designed micro-
coils in four different points shown in (b) the surface of the coils (x= 3014 pm, 3716 pm, z=0), (c) between to coils
(x=8150 pm, y= 4138 pm, z= 0), (d) in 1.99 mm above the coil surface (x=3014 pm, y= 3716 pm, z= 1985 pm) and (e)
in 1.99 mm above the coil between two coils (x= 8150 pm , y=4138 pm , z= 1985 pm) for applied frequencies (5 Hz
to 100 kHz) and currents (1-5A), where terminals A and C were used as current inputs
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Specifically: (i) on the surface of the coils (z = 0) with two positions along the x-axis (x =
3014 pm and x = 8150 um) with a fixed y-coordinate (y = 4138 um) and (ii) 1.99 mm above
the coil surface (z = 1985 um) with two positions mirroring those on the surface, with the
same x and y coordinates. Fig. 3-10 shows the strength (axial component) of the magnetic
field density at a defined cut line at x= 3014 um, y= 3716 pm. As shown in Figs. 3-8 to 3-
10, increasing the applied current from 1A to 5A strengthens the magnetic flux density at all
calculated positions around the coils. However, the magnetic flux density weakens with

distance increments from the surface of coils.

(@) (b)

- v 1A = %3 1A
g 401 £ w2A  E 7 2A
= B B2A g W 3A
535' ab H4A 5 ; = aA
< 30 i W 5A T : EE 5 A
B -1 > "
Basdl J 3 . s i sE1 g N -
3 a5 -
RN vy 8 NI ou
g N NIE N N N N N N NE
2094 % NE N N N ° N N N N
x 14
N RElS N N N * N N N R
=1 E P N
N NIE N N z 5 3 N 5 N
) N NEE N N BN = N N N NE
- I E s
15 N NAE N N N & N N N Ng
: I
] N NEE AN R o 3 N 3 N3
o]0 B A TR 2 NN NN
ERTERR NiE 0 N R & :
c 3 Na N N R N N N N
e W S - NN W
S| N REIN N N R g N 3 N N3
= N REIE N i A N ¥ N N b}
N NI N HE I TR = z \ N NE
PE! N REI PINEE NE N N N N N NEH 3
5

100 500 1000 10000 30000 50000 80000 100000 50 100 500 1000 10000 30000 50000 80000 100000

50
(c) Frequency (Hz) (d) Frequency (Hz)
8 1
10 E o1
7 1A i % 2ZA
wh 2A 9 H
SN 3A i E 2ﬁ
€ = 4A 8 :

[

il 5A

@

Magnetic flux density norm (mT)
Magnetic flux density norm (mT)

§ ¢ \ \
N NE B N
N E: N
N : & N A N
N - - = i J=:
8y 1 E F N i N
3 ] 1 1 E i N 4 N
R | | £ - [ N
i JCRE PR 4 NE P pE BE g A
N L L ghE aNEd 4 R g %
2 R 2 - 7N 3 iNE gNE 4 RE{ Y 7 4
2 2l 1 g PNEE ERE NEl ENE 4
N 1 £ J: a H f J: ¥
N 1 - g ANEE ANEL 0 N ¢ 4
2N f . B 2 INEE gaNED af NEL gl g 4
1 43 L A it NEE N {1 ‘ ¢
jl 1l s g 1 N R A |
i 4 1 £ aNE L nefl JERE i
3 N 3 = ) )
B! PRGN PREGE R 28 PRl PRIEE PREEE PRE | VAL REIE PRI INEE URELE PRI IS Vel B PRI
5 50 100 500 1000 10000 30000 50000 80000 100000 5 50 100 500 1000 10000 30000 50000 800DO 100000
Frequency (Hz) Frequency (Hz)

Fig. 3-9: The calculated axial (norm) component of the magnetic flux density across the face of the designed micro-
coils in four different points shown in (a) the surface of the coils (x= 3014 pm, 3716 pm, z=0), (b) between to coils
(x=8150 pm, y= 4138 pm, z= 0), (c) in 1.99 mm above the coil surface (x=3014 pm, y= 3716 pm, z= 1985 pm) and (d)
in 1.99 mm above the coil between two coils (x= 8150 pm , y= 4138 pm , z= 1985 pm) for applied frequencies (5 Hz
to 100 kHz) and currents (1-5A), where terminals B and C were used as current inputs

Data show that the B-field on the surface of the micro-coils at position (1) is the strongest
for all employed current and frequency ranges. The calculated strength of the B-field ranged
from 8.41 to 42.05 mT, for all currents and frequencies at position (1) on the coil surface for
both the same and inverse current inputs. However, at the point (x = 8150 um, y =4138 um,
z = 0) the calculated strength of the magnetic field ranged from 4.58 mT at 1 A to 22.92 mT

at 5 A, when using same current inputs, while it only ranged from 0.99 to 4.95 mT when
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using reverse current inputs, for the same employed currents and frequencies. Simulations
reveal how the strength of the magnetic flux density above the micro-coils changed with
different current levels and depending on the current input directions. In position 3 (1.99
mm above the surface), both configurations (using same or inverse current inputs) showed
the magnetic flux density ranging from 1.44 mT at 1 A to 7.20 mT at 5 A. However, in
position 4, the strength varied significantly depending on the direction of current inputs.
Using the same current input, the magnetic flux density increased slightly with current,
ranging from 0.31 mT at 1 A to 1.56 mT at 5 A. Where, using the inverse current input, the
strength was stronger, ranging from 2.04 mT at A to 10.18 mT at 5 A.
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Fig. 3-10: The calculated axial (norm) component of the magnetic flux density across a defined cut line on z direction
passing from point x= 3014 pm, y=3716 pm on the surface of the designed micro-coils with the same current inputs

The patterns observed in the B-field strength (shown in Figs. 3-8 to 3-10) is related to the B-
field streamlines and flow of the magnetic fields illustrated in Fig. 3-7. As a result, regions
with strong B-fields exhibit densely packed field lines, while regions with weak fields have
widely spaced lines. The observation also indicates that the outcomes derived from

COMSOL exhibit minimal variances in response to varying frequencies, primarily attributed
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to residual errors within the frequency domain iterative solver [191-194]. To enhance
computational accuracy, direct solvers are recommended, accompanied by the utilisation of
finer meshes along the boundaries to effectively capture the skin depth effect. The data in
Fig. 3-10 clearly demonstrates a significant decrease in the B-field with increasing distance
from the micro-coil surface. At a distance of 1 cm, the B-field weakens from 0.467 mT to
0.093 mT as the current applied to the coil decreases from 5 A to 1 A. This trend continues
at a distance of 2 cm, where the B-field further weakens to values ranging from 0.080 mT to
0.016 mT for the corresponding current range. Simulations at position 3 in Figs. 3-8 and 3-
9 revealed a consistent trend in the B-field regardless of whether the current input was same
or reverse. To verify this observation, a cut line analysis was conducted at the same position.
Since the B-field exhibited the same behaviour for both current directions, only the results
for same current inputs are presented to avoid redundancy. Fig. 3-11 shows the calculated
heat generations in the x direction across the face of the designed micro-coils for various
applied frequencies and currents, where the configuration with inverse current inputs was

used.
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Fig. 3-11: Graphs present simulations of heat generation (a) across the surface of the micro-coils (at x=3014 pm,
y=3716 pm, z=0) and (b) between the coils (at x=8150 pm, y=4138 pm, z=0) for various current and frequency
combinations. These simulations assume terminals B and C are used for current input

Fig. 3-11 shows that the temperature across the entire surface of the coils increases as the

applied current increases, regardless of the specific measurement location. This is because

the calculated temperatures at both measured points (on the surface) exhibit the same range,

varying from 30.42 °C to 165.38 °C for currents ranging from 1 A to 5 A across all tested
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frequencies. For currents above 2A in this coil configuration it is not acceptable to be in

contact with the skin.

3.5 Conclusion

This chapter investigated the magnetic fields induced by the micro-coils using two software
platforms, COMSOL and Sim4Life. Initially, the simulations applied a constant current of
100 mA and varied the frequency from 1 to 3 kHz. The results have shown that changing the
frequency in COMSOL altered the wavelength of the EM field, considering Maxwell's
equations and the induced electric field exhibited a direct proportionality to the magnetic
field frequency. Where, the applied frequencies had minimal impact on the coils' self-
inductance, aligning closely with the quasi-static solution. Additionally, due to the thin coil
wire design (10x smaller than the minimum skin depth), no significant variations in magnetic
flux density were observed using different frequencies and the magnetic field was strongest
at the coil's centre and gradually weakened with increasing distance. Measured axial
magnetic flux density across the coil face showed minimal differences across frequencies,
likely due to solver limitations. Similar trends were observed in the magnetic field compared
to Sim4Life, where increasing the AC frequency resulted in a corresponding increase in the
B-field flux and no significant variations in the field were observed across the employed
frequencies. The COMSOL and Sim4Life simulations yielded average magnetic field values
ranging from 0.1 to 0.8 mT, 0.5 x 103 to 0.14 mT, respectively when using 1 to 3 kHz
frequencies and a 100 mA current, capable of penetrating brain tissue up to 2 cm deep. A
comparison between COMSOL and Sim4Life simulations reveals higher B values in
COMSOL. This discrepancy could be attributed to the employed micro-coils geometry,

boundary conditions or skin depth effects in these two platforms.

To conduct a comprehensive investigation of micro-coil behaviour under higher currents and
frequencies compared to previous studies, simulations were performed across a broad range
of frequencies (5 Hz to 100 kHz) and currents (1 A to 5 A). The B-field, visualised through
streamlines, confirms its strongest concentration at the centre of each coil, aligning with
prior observations, reached its maximum when the same current direction was applied
(confirmed by both visualisations and measurements) and became weakest when opposing
current directions were used. Furthermore, the magnetic field strength calculations at various
locations around the coils, demonstrated that the B-field strength was increased with

increasing current (1 A to 5 A) at all measured positions. The strongest B-field on the surface
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of the coil at position (1) (x =3014 pum, y = 4138 pm, z = 0), ranged from 8.41 to 42.05 mT
for all currents and frequencies, regardless of current direction. However, a significant
dependence of B-field strength above the coil surface was revealed at position 4 on the
current direction, where (i) using the same current input resulted in a weak increase with
increasing current from 0.31 mT to 1.56 mT, (ii) using the inverse current input yielded a
stronger B-field, increasing significantly with current from 2.04 mT to 10.18 mT by
employing currents equal to 1 A and 5 A, respectively. Additionally, the simulations suggest
that this magnetic neurostimulation approach can potentially reach depths of up to 2 cm.
These simulations provide valuable insights into the influence of current and frequency on
the B-field generated by micro-coils. The findings highlight the importance of both current

magnitude and direction in optimising magnetic field strength for specific applications.

This chapter also emphasised the importance of considering heat generation alongside B-
field strength when designing coils for magnetic neurostimulation applications. Excessive
heat can negatively impact coil lifespan, patient safety, comfort, and compliance. Using
COMSOL Multiphysics software to assess heat generation across the micro-coils for various
applied frequencies and currents, it has been shown that regardless of the specific
measurement location on the coil surface, temperature increased proportionately with
increasing current (ranging from 30.42 °C to 165.38 °C for currents ranging from 1 Ato 5 A

across all tested frequencies).

In conclusion, these findings highlight the need for careful consideration of both B-field
generation and heat dissipation in the design of micro-coils for safe and comfortable

magnetic neurostimulation applications.
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4 Micro-coils manufacturing

4.1 Backgrounds and Aims

As aforementioned, next-generation magnetic neurostimulation demands high spatial and
temporal selectivity. Achieving this objective for nano-invasive methods requires optimising
coils for neuromodulation with enhanced spatiotemporal resolution. Coils for this
application can be fabricated using microfabrication techniques [196]. Therefore,
miniaturisation of stimulating coils through microfabrication technologies is crucial for
meeting these goals. While established microfabrication techniques like through-silicon vias,
surface micromachining, lithography, direct writing, and 3D printing have been used for
micro-coil fabrication [154, 197-201]. This study presents the novel implementation of

electroplating and laser cutting for micro-coils fabrication.

Through the current work, three distinct substrates were explored for the fabrication of
micro-coils. The first method involved a two-step process: a thick gold layer was deposited
onto a polyimide substrate using physical vapor deposition and electroplating methods,
followed by precise laser cutting to define the coil geometry. Alternatively, commercially
available multilayer substrates (i.e., substrate type 1 consists of a polyimide substrate with a
copper coating, topped with a polyimide film over the copper layer; substrate type 2
comprises an FR-4 substrate with a copper film) were directly laser-cut for rapid prototyping.
The influence of electroplating current on the homogeneity of deposited films was
investigated by conducting the process at two distinct current densities: 30 mA and 100 mA.
To precisely cut through the deposited metal layers on the polymeric substrates and create
the desired space between micro-coils, the laser cutting was conducted in different laser
powers range from 2.5 W to 2.7 W. The uniformity of the electroplated film across the
polymeric substrate and the depth of the laser cuts through the metal layer were analysed
with a stylus profilometer to ensure complete removal. The quality of the laser-cut micro-
coils was further scrutinised using both optical and scanning electron microscopes. An LCR
meter was employed to measure electrical properties, including the impedance, inductance,
phase angle, and resistivity of the fabricated micro-coils. To fully characterise the fabricated
micro-coils, their magnetic properties evaluations will be conducted using a Tunnel
Magnetoresistance (TMR) sensor, followed by comparison of the obtained results with
previously generated simulation data. This study pioneers the use of laser cutting for micro-

coils fabrication, revealing how carefully chosen parameters influence the resulting coils'
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characteristics, and paving the way for future optimisation based on specific application

requirements.

4.2 Methods and materials

4.2.1 Printed circuit board design
To precisely position each coil and enable individual control over them when multiple micro-
coils were assembled for experimental studies a custom printed circuit board (PCB) was

designed in Altium Designer (v.24) for circular micro-coils.

4.2.2 Circuit design

A circuit was designed in LTspice® (v. 24.0.9) to handle both AC and DC currents, leveraging
metal-oxide—semiconductor field-effect transistors (MOSFETs) with a current mirror
configuration. The system employs a current mirror circuit composed of scaled-up (10x)
MOSFETs to deliver controlled current to the coils. The power supply provides the necessary
energy for this operation. Additionally, individual coil control is facilitated by incorporating

switches into the design.

4.2.3 Micro-coils manufacturing

Two distinct approaches were employed to fabricate the designed micro-coils. Initially, a
multistep cleanroom fabrication method was utilised to produce a gold coated flexible
substrate. This step aimed to achieve a gold film onto the surface of polyimide substrates
using electroplating method. A multistep process was employed, encompassing (i) a seed
layer deposition, and (ii) electroplating. The initial step involved depositing a thin layer of
Ni-Cr and gold onto the polyimide surface to enhance adhesion and facilitate subsequent
thick film gold deposition. The core step involved immersing the substrate with the seed
layer in an electrolyte solution containing gold ions. By applying an electric current, gold

ions were attracted and reduced onto the surface, forming the desired film.

Additionally, a laser cutting machine was employed to fabricate micro-coils using the gold
coated substrate and two more commercially available substrates. Details of each method is

given briefly through this section.
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4.2.3.1Electron-beam evaporation

To deposit the seed layer, an electron-beam evaporator (Plassys, MEB550S) was used.
Briefly, electron beam evaporation utilises a focused beam of high-energy electrons to
directly heat and vaporise the source material. Heated filaments emit electrons (thermionic
emission) that, when accelerated, gain enough energy to vaporise various materials. This
vapor then travels across the vacuum and deposits onto a substrate, creating a thin film [202].
The thickness of the deposited film is continuously monitored in-situ using a quartz crystal.
This technique has a deposition rate of 0.1 - 100 um/min with capability to keep substrate
temperatures low [202, 203]. This technique measures changes in the crystal's resonant
frequency, which are directly related to the mass and, consequently, the thickness of the

deposited material [204].

In the case of the present study, the source materials were Ni-Cr and gold. The deposition
process took place in a highly controlled environment within the chamber. Powerful pumps
created a high vacuum of 107 Torr or lower, minimising the presence of gas molecules that
could interfere with the film deposition. Prior to seed layer deposition, a 75 um thick
polyimide film (Kapton, USA) was cut in the dimension of 2 cm x 2 cm and cleaned with
acetone (Sigma-Aldrich) to remove surface contaminants, followed by air drying using
pressurised air. Finally, the cleaned substrate was attached to a 4-inch silicon wafer using
polyimide tape for the subsequent seed layer deposition process. The first step involved
depositing a 20 um thick Ni-Cr layer. Subsequently, a 70 nm layer of Au-Au was deposited

on top. Fig. 4-1 shows a schematic diagram of the evaporation process.
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Fig. 4-1: The schematic illustration of the employed electron-beam evaporation to deposit NiCr and gold seed layers
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4.2.3.2Electroplating

Electroplating various objects with different metals requires immersing them in a metal salt
solution, using a metal with a strong electrical potential [205]. During this process, an
electric current, drives chemical reactions at the surface of a metallic object immersed in the
salt solution. At the cathode (negative electrode), metal ions from the solution gain electrons
and are deposited onto the object's surface. This reduction process can involve either the
removal of oxygen or the addition of hydrogen, depending on the specific electrolyte and

operating conditions [205].

In this study, a 24k Gold Plating Solution (8 g/1, Gold Solutions Plating, Kent, UK) served
as the source of metal ions. The polyimide substrate with seed layers functioned as the
cathode, while platinum was employed as the anode. The electroplating was carried out in a
beaker with continuous mechanical agitation (100 rpm; IKA® RW 20, USA) to ensure
uniform mixing and mass transfer of ions. Additionally, the entire setup was placed in an
ultrasonic bath (Haake, 003-2702, Germany), utilising sound waves to further promote
agitation and improve the quality of the deposited metal layer. To optimise the electroplating
process and understand the influence of key parameters, experiments were conducted at a
controlled temperature of 50°C. Different combinations of time intervals (2 hours) and
current densities of 30 to 100 mA were explored while maintaining a constant voltage of 2
V. This systematic approach allows for analysing the individual and combined effects of
these factors on the resulting electroplated layer. The schematic of the electroplating process

is shown in Fig. 4-2.

=

Fig. 4-2: The schematic illustration of the electroplating setup to deposit a gold film on a polyimide substrate
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As part of the post-processing steps, the electroplated samples were subjected to thermal
annealing within a nitrogen environment at 200°C for 1 hour using a laboratory oven
(Carbolite-Gero PF, UK). Subsequently, the temperature was gradually reduced to 50°C to
control the cooling rate and mitigate potential thermal strain, minimise thermal stresses and

promote structural stability.

4.2.4 Laser cutting machine

Laser cutting enables the fabrication of micro-coils with high precision via a tightly focused
laser beam, which selectively removes material layer-by-layer, resulting in microstructures.
The small beam diameter (< 1pum) ensures superior resolution compared to conventional
machining techniques [206-210]. The precise control offered by the laser minimises cutting
edge gaps between micro-coil components. Laser-based fabrication relies on photothermal
ablation, where the focused laser beam induces localised heating and vaporisation of the
target material. The generated vapor and particulates are effectively removed through an
exhaust system, mitigating potential contamination and environmental concerns.
Furthermore, the non-contact nature of this process eliminates mechanical stress
transmission, preserving the integrity of delicate microstructures [206-209]. The schematic
of a laser cutting machine is shown in Fig. 4-3. Micro-coils were fabricated from
electroplated substrates as well as two commercially sourced substrates (FPCway HQ,
China). Substrate type 1 consists of a polyimide substrate with a copper coating, topped with
a polyimide film over the copper layer. Substrate type 2 comprises an FR-4 substrate with a

copper film. Additional details of substrates can be found in Fig. 4-4.

Fig. 4-3: The schemauc o1 a 1aser cutung process employeda to 1apricate micro-coils
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Substrate 1 Substrate 2

Fig. 4-4: Details of employed substrates for micro-coils fabrication; substrate 1: A polyimide base with a deposited
copper layer, further protected by a polyimide film. Substrate 2: An FR-4 substrate incorporating a copper film

The coils were manufactured utilising an LPKF ProtoLaser R4 (LPKF Laser & Electronics,
SD-25G, Germany) which operated at a laser wavelength of 515 nm, a pulse frequency of
25 kHz, a pulse length of 1.5 ps, a repetition of 18, and a power range of 2.5-2.7 W.

4.2.5 Characterisation methods
This section details the characterisation and analysis techniques used for both the prepared

substrates and micro-coils.

To determine the thickness and surface roughness of the fabricated micro-coils and their
corresponding substrates, a DektakXT Stylus Profilometer (Bruker, CN10092728, UK) was
employed. The instrument operates in contact mode, scanning laterally with the stylus that
measures minute deflections for precise profile reconstruction. This instrument utilises a fine
stylus tip with a radius of 2 um and can detect vertical height variations as small as 0.01 nm,

offering highly accurate measurements.

To study complete detachment (hatching) of micro-coils from the substrate by the laser
machine. The topography of the fabricated micro-coils was examined using an optical
microscope (Nikon Eclipse LV150, Japan) equipped with a Nikon Fi» camera and NIS
Elements 4.5 software. Furthermore, to gain deeper insights into the laser cutting process
quality, a scanning electron microscopy (SEM) analysis (FEI Nova NanoSem 630, USA)
was conducted. Apart from the standard secondary electron detectors, this SEM boasts a
HELIX detector, optimal for low-vacuum imaging of insulating samples, and a high contrast
low voltage detector, a high-contrast backscatter detector capable of generating high-

resolution backscattered images.

To characterise the electrical properties of the fabricated micro-coils, an LCR meter

(Keysight, E4980AL, UK) was employed. Measurements of inductance, resistance, phase
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angle, and capacitance were conducted across a frequency range spanning 10 kHz to 100

kHz.

4.3 Results and discussions

This section presents the results of experimental works. It begins by detailing the PCB and
circuit designs. Next, the section covers the fabrication and optimisation of micro-coils,
along with their performance evaluation, including discussions and correlations between the
computational and experimental data. Finally, the section concludes with the best-achieved

optimisation results.

4.3.1 PCB and circuit designs
To precisely position and individually control multiple circular micro-coils in experiments,

a custom PCB was designed. Fig. 4-5 shows this PCB populated with micro-coils.
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Fig. 4-5: The designed PCB for circular micro-coils

Fig. 4-6 presents the circuit design for a set of two micro-coils, operating with both AC and
DC currents. Each coil features a programmable stimulation site controlled by a dedicated
switch. To achieve a higher coil current, the design incorporates a current mirror circuit using

MOSFETs (scaled-up 10x).

Fig. 4-7 illustrates the proposed circuit in operation, with graphs demonstrating individual
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current control for each of the two micro-coils. Separate switches allow independent control

of each coil.
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Fig. 4-6: Layout of the proposed circuit design with two micro-coils for neurostimulation

By employing MOSFETs (10x) within a custom-designed current mirror, the system
efficiently boosts the input current, where both setups achieve a 10-fold current boost,

amplifying the 100 mA input to 1 A in the target micro-coil.

4.3.2 Characterisations of fabricated micro-coils

The micro-coils fabrication was started with gold electroplating on a 2 cm x 2 cm polyimide
substrate. To start with, the substrate received a 20 pm layer of Ni-Cr, followed by a 70 nm
layer of Au-Au as seed layers. Finally, it underwent electroplating with 24k gold solution at

a controlled 50°C for two consecutive 2-hour intervals.

During this process, the current density ranged from 30 to 100 mA while maintaining a
constant voltage of 2 V. The thin initial seed layer was not strong enough to reliably hold the
thicker subsequent electroplated layer. To ensure proper adhesion and prevent peeling, the
substrate underwent a thermal annealing process in a nitrogen environment at 200°C for 1
hour. Annealing the substrate at the optimal temperature improves its adhesion, as verified

using the standardized (JIS H8504) tape test [211, 212]. Fig. 4-8 shows the prepared
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substrates.
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Fig. 4-7: The proposed circuit in operation, both (a) AC and (b) DC setups achieved a 10-fold current boost,
amplifying the 100 mA input to 1 A in the target micro-coil

Figure 4-8 reveals the impact of current density on electroplating quality. Initially, after
depositing seed layers, the substrate had a smooth, reflective surface. However, applying a
low current density (30 mA) led to an uneven coating (indicated by the oval in Fig. 4-8b).
This non-uniformity, with areas of detachment or extreme roughness, might be attributed to
the formation of a film of the native oxide during the early stages of electroplating [213].
Higher current densities (100 mA) produced uniform electroplated films (Fig. 4-8c), which
remained consistent after annealing. Seeking a thicker film, the process was repeated with
identical parameters after the first annealing. The repeated 100 mA process (Fig. 4-8d)
delivered a thick, uniform layer. After optimising the electroplating conditions, the prepared
substrate was laser-cut to create micro-coils on its gold-plated polyimide surface, as shown
in Fig. 4-9. However, two challenges were encountered with the electroplated substrates after
analysing the electroplated substrate using Dektak surface profilometer as shown in Fig. 4-

10.
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Fig. 4-8: Polyimide substrates prepared through various electroplating and annealing steps; (a) after deposition of
seed layers (Ni-Cr and Au-Au), (b) electroplated at 30 mA for 2 hours, (c) electroplated at 100 mA for 2 hours and

annealed at 200°C for 1 hour, (d) second electroplating on the substrate (c) at 100 mA for 2 hours and annealed at
200°C for 1 hour

Fig. 4-9: A set of laser-cut micro-coils onto the electroplated polyimide substrate using an LPKF laser machine

Firstly, the electroplated layer was found to be less than 100 pm in thickness, which did not

meet the minimum requirement for this study. This could be addressed using longer
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electroplating process. Secondly, there was a considerable variation in the thickness of the
electroplated layer across the substrate, with a maximum difference of approximately 20 pm

between coated layers.

H H

Surface Roughness (um)

Surface Roughness (um)

T T 1 . T ]
1.5 2.0 25 3.0 1.0 15 20
Distance (mm) Distance (mm)

Fig. 4-10: Graphs of surface roughness measurements across the electroplated substrate

It has been reported that the B-field strength of a coil does depend on the current flowing
through it and the number of turns in the coil [195]. The conductivity of the wire material
has a minor effect on the current than results from a given voltage applied across the coil.
This is because the main limitation to the current flow is the resistance of the wire, which is
determined by its length, cross-sectional area, and resistivity [214]. While conductivity plays
a role in determining resistivity, it is not the only factor, and its influence on the current is

usually minor compared to the other factors (e.g., cross-section area, length etc) [214, 215].

This research investigated the use of copper instead of gold for the conductive layer due to
two main considerations (i) similar electrical properties; at room temperature (20 °C), both
copper and gold exhibit almost similar electrical conductivity and resistivity, where copper
possesses slightly better conductivity (5.96 x 107 S/m) and lower resistivity (1.68 x 107
Q-m) compared to gold (4.10 x 107 S/m and 2.44 x 107® Q-m, respectively) [216]. (ii)
Manufacturing limitations; the electroplated gold layer on the polyimide substrate displayed
inconsistent thickness as shown in Fig. 4-10, hindering precise laser cutting of these layers.
Therefore, the study employed two commercially available substrates; (i) Substrate type 1,
consists of a polyimide substrate coated with copper and topped with a polyimide film.

(i1)Substrate type 2, which comprises an FR-4 substrate with a copper film.
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Fig. 4-11: Optical images of fabricated micro-coils using LPKF laser machine on FR-4 substrates at different powers
of (a) 2.5W, (b) 2.6 W, and (c) 2.7 W. (magnification 10X)

Laser parameter optimisation was conducted for fabricating micro-coils on substrate types 1
and 2 using an LPFK laser machine. Three power levels between 2.5 and 2.7 were employed,
each paired with a unique pulse setting and a wavelength (section 3.2.4). Visual
representations of the resulting micro-coils from each parameter combination are depicted
in Fig. 4-11. Fig. 4-11 reveals that lower laser powers (2.5 W) resulted in incomplete copper
cutting from the substrate, leaving visible copper traces (marked by boxes) between the
micro-coil wires. Conversely, using the higher power settings (2.6 and 2.7 W) achieved
complete copper removal from the upper surface of the substrate, eliminating any residual

copper and creating clear separation between the coils.

However, the highest power (2.7 W) caused unwanted burning of the wires (marked by a
box). Analysis of substrate 1 yielded identical trends as observed in substrate 2, justifying
the exclusion of redundant data for clarity and conciseness. To assess the precision of laser
cuts under different employed power settings surface roughness measurements were

conducted, as shown in Fig. 4-12.
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Fig. 4-12: Graphs of surface roughness measurements in micro-coils fabricated at different laser powers of (a) 2.5
W, (b) 2.6 W, and (¢) 2.7 W

Fig. 4-12 quantitatively validates the visual observations in Fig. 4-11. It confirms that higher
laser power settings (2.6 and 2.7 W) completely remove the copper layer from the substrate's
surface. The measured depth matches the known thickness of the copper on the FR-4
substrate, indicating clean separation between the micro-coils with no residual copper
remaining. To further investigate and better visualise the quality of the laser cut process using

different employed powers SEM analyses were conducted and shown in Fig. 4-13.
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Fig. 4-13: Scanning electron microscope images of fabricated micro-coils at different laser powers (a) 2.5 W, (b) 2.6
W and (¢) 2.7 W

Fig. 4-13 demonstrates that the lower laser power (2.5 W) was insufficient to fully cut
through the copper and forms areas with narrow spacing between coils (indicated by arrows).
Conversely, employing the higher power settings (2.6 W and 2.7 W) successfully removed
all copper from the substrate's upper surface, leaving no residue and creating distinct gaps
between the coils. Considering Fig. 4-13c, it is clear that wider spaces between the coil wires
were created using 2.7 W. These findings align with the observations made in optical

microscopy images and roughness measurements.
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The electrical characteristics of the fabricated micro-coils were characterised by measuring
their impedance, inductance, phase angle, and resistance using an LCR meter across a

frequency range of 0 to 550 kHz at 1 V and is shown in Fig. 4-14.
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Fig. 4-14: The measured electrical properties of the fabricated micro-coils using three different laser powers (2.5 W,
2.6 W, and 2.7 W); (a) impedance, (b) inductance, 9c) phase angle, and (d) resistance, across a frequency range of 0
to 550 kHz at 1 V

In Fig. 4-14a, graphs show the impedance of micro-coils fabricated using different laser
powers increases with increasing frequency for all three laser powers. The rate of increase
is slightly different for each power, with the coils fabricated using 2.7 W having the highest
impedance at all frequencies. Briefly, the impedance of the micro-coils starts at around 1.36
Q, 0.76 Q, and 0.90 Q at 20 Hz and increases to around 24.10 Q, 19.44 Q, and 17.34 Q at
550 kHz for coils fabricated using 2.7 W, 2.6 W, and 2.5 W, respectively. This behaviour
aligns with the inherent characteristic of inductive components like coils, which oppose

changes in current flow and their opposition increases with increasing frequency [217-219].

For all three laser powers, the inductance decreases as the frequency increases as shown in
Fig. 4-14b. This is because the reactance of the inductor increases with frequency, causing

the inductor to oppose the flow of alternating current more effectively at higher frequencies
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[217-219]. This is a well-established phenomenon observed in inductors and is described by

the inductive reactance equation for a coil:
X, = 2nfL 4-1)

where, X7 represents the inductive reactance in ohms, 7 (pi) denotes a mathematical constant
approximately equal to 3.14, f signifies the frequency in hertz (Hz), and L represents the
inductance in henrys (H) [220]. The inductance appears to be relatively constant across the
frequency range, remaining around 5 pH. This suggests that the ability of the micro-coils to
store energy in a magnetic field is not significantly affected by the frequency of the applied

voltage.

Graphs in Fig. 4-14c show that the phase angles of all three micro-coils increase with
increasing frequency. This is a typical characteristic of inductive materials, such as coils
[221, 222]. As the frequency of the applied voltage increases, the inductive reactance of the
coil increases, which causes the phase angle to increase [222, 223]. The graph confirms that
the phase angle of all three micro-coils increases with increasing frequency. While the trend
is consistent, the phase angle exhibits minor differences based on the laser power used for
fabrications. To be more quantitative, at 550 kHz, the micro-coils manufactured with a laser
power of 2.7 W have a phase angle of 80.85°, while the micro-coils manufactured with a
laser power of 2.5 W have a phase angle of 81.12°. This is a difference of 0.27° and that the
laser power used to fabricate the micro-coils can slightly affect their phase angle. However,

the overall trend of the phase angle response is similar for all three laser powers.

As shown in Fig. 4-14d, the resistance increases slightly with increasing frequency for all
three powers. The resistance of the micro-coils manufactured with a laser power of 2.7 W is
the highest, ranging from 1.36 Q at 20 Hz to 3.83 Q at 550 kHz. The resistance of the micro-
coils manufactured with a laser power of 2.5 W is in the middle, ranging from 0.89 Q at 20
Hz to 2.65 Q at 550 kHz. The resistance of the micro-coils manufactured with a laser power
of 2.6 W is the lowest, ranging from 0.76 Q at 20 Hz to 3.04 Q at 550 kHz. It is important
to note that the difference in resistance between the micro-coils fabricated with different
laser powers is relatively small. For example, at 550 kHz, the difference in resistance

between the micro-coils fabricated with a laser power of 2.5 W and 2.7 W is only 1.18 Q.

Overall, the graphs show that the electrical properties of the micro-coils can be controlled
by the laser power used to fabricate them. This information is important for the design and

development of micro-coils in this study. In summary it can be concluded from the Fig. 4-

67



14, the impedance of the micro-coils is much larger than their resistance at all frequencies.
This indicates that the inductive reactance is much larger than the resistance, and the micro-
coils behave predominantly as inductors. Furthermore, the phase angle of the micro-coils is
close to 90 degrees at high frequencies, which is another indication that the micro-coils

behave predominantly as inductors.

The minimal differences observed in the measured electrical properties between the micro-
coils fabricated using different laser powers is likely due to differences in their physical
properties. These differences can be attributed to several factors, including (i) variations in
geometry; higher laser power led to wider spaces between the micro-coil wires, resulting in
a larger cross-sectional area for current flow as it has been shown in Figs. (4-11, 12 &13).
This can increase the inductance and consequently, the impedance. (ii) changes in material
properties; the laser cutting process can alter the electrical conductivity of the material due
to localized heating [224]. Higher laser powers might lead to more significant changes in
conductivity, which can also affect the electrical resistivity [224]. The increase in resistance
with increasing frequency is likely due to the skin effect. The skin effect is a phenomenon
that occurs in conductors at high frequencies. [225, 226]. This can increase the effective

resistance of the conductor [227, 228].

It is important to note that the observed differences in electrical characteristics are relatively
small across the range of laser powers investigated. Future studies could explore the specific
mechanisms by which laser power affects the material properties of micro-coils, leading to

these observed changes.

Fig. 4-15 represents the influence of varying frequencies (10 Hz, 10 kHz, and 100 kHz) on
the magnetic field strength (B-field density) within manufactured micro-coils. All
measurements were conducted with a constant current of 100 mA. The x-axis of the graph

represents the radial distance outward from the centre of the coil.

The data underlines a relationship between the B-field and both the applied frequency and
the distance from the coil's centre. Overall, at the frequency of 10 Hz the strongest B-field
range was observed. The B-field values ranged from a minimum of 429.26 nT at the centre
of the coil to a maximum of 1678.01 nT at a distance of 25 mm from the centre. Interestingly,
the peak B-field was not located directly at the centre and the highest B-field was 2169.71
nT at 15 mm. Compared to 10 Hz, at 10 kHz a weaker B-field was observed. The range
observed is between 296.58 nT and 655.60 nT. Similar to 10 Hz, the peak B-field of 1303.39

nT occurred at 15 mm from the centre, not directly in the middle. The frequency of 100 kHz
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produced the weakest B-field among the three. The B-field values ranged from 803.89 nT to
515.11 nT. Notably, the peak B-field of 1084.86 nT was observed at 10 mm from the centre.
Increasing the frequency (from 10 Hz to 100 kHz) leads to a general decrease in the overall
B-field strength at a constant current. The location of the peak B-field does not necessarily

coincide with the centre of the coil and shifted based on the applied frequency.

2200 B 100 kHz
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20004 7 10 Hz
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Fig. 4-15: A comparison of the measured magnetic field strength changes across frequencies from 10 Hz to 100 kHz,
all measured with a constant current of 100 mA

In this case, the peak B-field tends to move closer to the centre as the frequency increases.
Fig. 4-14 demonstrated how the inductive reactance of the coil increases as the frequency
rises. Higher reactance, as shown in Fig. 4-14, signifies greater opposition to current flow at
higher frequencies. This translates to a decrease in the current flowing through the coil
(according to Ohm's Law: V =1R) [164]. Consequently, Fig. 4-15 illustrates a corresponding
reduction in the magnetic field strength of the coil as the frequency increases. This aligns
with the well-established principle that a weaker current in a coil leads to a weaker magnetic
field being generated [90-92]. While simulations predicted the highest B-field to be on the
coil's surface, the experimental results in Fig. 4-15 show a different distribution. However,
at higher frequency the trend aligns with simulation data. This discrepancy could be
attributed to some factors such as sensor sensitivity, environmental interference, 1/f noise,

and electromechanical noise. The B-field sensor used in the experiment might not be
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sensitive enough to accurately capture the strongest field at the coil's surface. A higher-
sensitivity sensor could potentially yield results closer to the simulations. External magnetic
fields or other environmental factors from the surrounding area could be influencing the
measurements. Implementing shielding materials around the micro-coils during
experimentation could minimise these external influences and improve the accuracy of the
B-field data. By employing a high-sensitivity sensor and incorporating shielding techniques,
future experiments could potentially achieve closer agreement between the measured B-field

distribution and the simulation predictions.

4.4 Conclusion

In this chapter, the design and fabrication of a micro-coil system capable of independent
current control for each micro-coil using AC and DC currents were illustrated. The design
utilises MOSFETs within a custom current mirror circuit to achieve a 10-fold current boost,

amplifying the input current to 1 A.

The fabrication process of the micro-coils began with gold electroplating on a polyimide
substrate, involving the deposition of Ni-Cr and Au-Au seed layers followed by
electroplating with 24k gold solution. Control over current density and annealing processes
were critical to ensuring uniform and adherent coatings. Despite challenges such as initial
non-uniformity and thickness variations across the substrate, optimisation efforts led to the
production of consistent electroplated layers. However, challenges persisted, including the
need for thicker electroplated layers to meet study requirements, and addressing variations
in coating thickness across the substrate. These issues highlight areas for further refinement

and optimisation in future fabrication processes.

Furthermore, this chapter explored the feasibility of using copper as a substitute for gold in
the fabrication of micro-coils. The investigation was motivated by two key factors (i) similar
electrical properties and (ii) manufacturing challenges. Copper offers comparable electrical
conductivity to gold, potentially maintaining functionality while reducing costs.
Inconsistency in the electroplated gold layer thickness on polyimide substrates hindered
precise laser cutting. Therefore, a commercially available prefabricated substrate,
constructed with an FR-4 substrate featuring a pre-deposited copper film, was employed:
This pre-made substrate provides a more reliable and consistent platform for micro-coil

fabrication compared to the previously encountered challenges with electroplating.
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Laser parameter optimization was undertaken to fabricate micro-coils on different substrate
types using an LPFK laser machine. This involved testing three power levels ranging from
2.5 to 2.7 W, each coupled with specific pulse settings and wavelengths. Results revealed
that the lower laser power (2.5 W) resulted in incomplete copper removal, leaving unwanted
traces between the micro-coil wires (confirmed through surface roughness measurements
and visually by optical and SEM analyses). Higher laser power settings (2.6 W and 2.7 W)
achieved complete copper removal, creating clean separation between the coils. However,
the highest power setting (2.7 W) caused minor burning of the wires. Laser cutting power of

2.6 W effectively removed the copper layer while minimising damage to the micro-coils.

The electrical properties of micro-coils fabricated using different laser cutting power levels
were also investigated. Measurements of impedance, inductance, phase angle, and resistance
were conducted across a frequency range of 0 to 550 kHz using an LCR meter showed that
the impedance increased with frequency for all power levels, with coils fabricated at 2.7 W
exhibiting the highest values. This aligns with the expected behaviour of inductive
components. The inductance remained relatively constant across the frequency range at
around 5 pH, indicating the ability of the micro-coils to store energy in a magnetic field is
not significantly affected by the frequency of the applied voltage. Phase angles increased
with frequency for all coils, demonstrating their inductive nature. Minor differences in phase
angle were observed between different power levels (e.g., 0.27° at 550 kHz). The resistance
increased slightly with frequency for all coils. While the power level affected the overall
resistance values, the differences were relatively small (e.g., 1.18 Q at 550 kHz between 2.7

W and 2.5 W coils).

Furthermore, the influence of varying frequencies (10 Hz, 10 kHz, and 100 kHz) on the
magnetic field strength within manufactured micro-coils were measured with a constant
current of 100 mA. The results indicate that the magnetic field (B-field) exhibited variability,
ranging from 429.26 nT at the coil's centre to 1678.01 nT at a distance of 25 mm from the
centre for a frequency of 10 Hz. The maximum recorded B-field intensity reached 2169.71
nT at a distance of 15 mm from the coil centre. For a frequency of 10 kHz, the B-field ranged
between 296.58 and 655.60 nT, peaking at 1303.39 nT at a distance of 15 mm. At 100 kHz,
the B-field spanned from 803.89 to 515.11 nT, with the highest intensity recorded at 1084.86
nT, located 10 mm away from the coil's centre. In summary, the optimal laser cutting power
was identified as 2.6 W and the results demonstrate that the electrical properties of these
micro-coils can be influenced by the laser power used during fabrication. Notably, the
impedance values were significantly higher than the resistance across all frequencies,
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indicating that the micro-coils primarily behave as inductors.
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5 Conclusion and future works

In this chapter, the key insights gained from both computational and experimental studies
throughout this thesis were summarised. Then potential future research directions to advance
the field were discussed. The initial findings are promising and suggest further exploration
through in vitro, and in vivo studies. Finally, the steps necessary to translate these findings

into practical applications were outlined.

5.1 Conclusions

Neurostimulation techniques play a critical role in both advancing neuroscience research and
developing treatments for neurological disorders. Among these techniques, magnetic
neurostimulation offers distinct advantages compared to conventional methods like electrical
stimulation. While magnetic neurostimulation offers improved selectivity in targeting brain
regions due to its non-invasive nature, achieving high spatial resolution, particularly in the

depth of the brain, remains a significant challenge for precise stimulation of sub-regions.

The current research involved designing a spiral circular micro-coil and incorporating it into
a system with two such coils for computational studies using two EM modelling software
Sim4Life and COMSOL Multiphysics. To simulate the DBS system, a human head model
was constructed, representing it as a conductive medium. The micro-coils were positioned
on the skull's surface. Additionally, simulations were conducted in free space. The magnetic
fields generated by the system were analysed with a current of 100 mA at frequencies
between 1 and 3 kHz and a wider range of currents (1 mA to 5 A) and frequencies (5 Hz to
100 kHz). In addition, COMSOL Multiphysics was used to perform heat transfer

simulations.

Besides computational studies, the research also involved experimental work to explore the
fabrication of micro-coils using different substrate materials and fabrication methods. The
first fabrication method employed a two-step process. Initially, a gold layer was deposited
on a polyimide substrate using electroplating. Two current levels were tested: 30 mA and
100 mA. Subsequently, precise laser cutting defined the desired coil geometry. Alternatively,
for rapid prototyping, commercially available multilayer substrates, consisting of a copper-
coated FR-4 base, were directly laser-cut. To achieve precise cuts through the metal layers
on the polymer substrates and create the intended spacing between micro-coils, laser cutting

was employed with varying laser power levels ranging from 2.5 W to 2.7 W. A stylus
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profilometer was used to assess the evenness of the electroplated film and the depth of the
laser cuts. Optical and scanning electron microscopy were employed to examine the quality
of the laser-cut micro-coils. The electrical (impedance, inductance, phase angle, and

resistivity) and magnetic properties of the fabricated micro-coils were also measured.

Simulations revealed that the self-inductance of the coils remained relatively unaffected by
the chosen frequencies. These frequencies closely matched the quasi-static solution,
resulting in improved design stability — a crucial factor for neurostimulation applications.
The simulations further highlighted a dual dependence of the B-field strength: it's strongest
near the centre of each coil, and it's maximised between the coils when currents flow in the
same direction. Both distance from the centre and opposing current directions lead to a
decrease in B-field strength. The study found that using frequencies between 1 and 3 kHz
and a stimulation current of 100 mA resulted in average magnetic field values ranging from
0.1 to 0.8 mT. The calculated B-field strength at position (1; x = 3014 um, y =4138 um, z =
0) ranged from 8.41 mT to 42.05 mT, regardless of whether the current directions were the
same or reverse. At point (x = 8150 um, y = 4138 um, z = 0), the B-field with same current
inputs ranged from 4.58 mT (1 A) to 22.92 mT (5 A), while reverse current inputs yielded a
significantly weaker range of 0.99 mT (1 A) to 4.95 mT (5 A). This trend held true for all
tested currents and frequencies. Position 3 (1.99 mm above the surface) showed similar B-
field strengths for both current configurations, ranging from 1.44 mT (1 A) to 7.20 mT (5
A). However, position 4 exhibited a dramatic dependence on current direction. With the same
current input, the B-field increased modestly, ranging from 0.31 mT (1 A) to 1.56 mT (5 A).
Conversely, the reverse current input resulted in a stronger B-field, ranging from 2.04 mT (1
A) to 10.18 mT (5 A). The study successfully achieved its primary goal of generating a
magnetic field strength of approximately 10 mT at a depth of 2 cm. This was accomplished
at specific positions on the coil's surface by utilising increased input currents. The research
observed a temperature rise across the entire coil surface with increasing applied current
ranged from 30.42 °C to 165.38 °C for currents between 1 A and 5 A, regardless of the

chosen frequency.

The initial data from the experimental phase revealed that the thin seed layer was insufficient
to reliably adhere to the thicker layer subsequently deposited through electroplating and this
was addressed by a thermal annealing process a multi-step electroplating using higher
current densities (100 mA). The electroplating process yielded two primary challenges. First,
the deposited layer measured less than 100 um, falling short of the minimum requirement
for this study. Second, the thickness of the electroplated layer exhibited significant variations
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across the substrate, with a maximum difference of about 20 um between different areas
making it challenging to cut the substrate using the laser machine. To address the challenges
of achieving the desired micro-coil thickness and uniformity with electroplating, laser
parameter optimisation was conducted for fabrication of micro-coils using FR-4 substrates
with copper cladding. The experiment revealed that lower laser powers (2.5 W) were
insufficient to completely cut through the copper layer on the substrate. In contrast,
employing higher power settings (2.6 and 2.7 W) achieved complete removal of the copper
from the substrate's upper surface, eliminating any leftover copper and ensuring clear
separation between the coils. The application of the highest power setting (2.7 W) led to
unintended burning of the wires. The conducted LCR measurements across a frequency
range of 0 to 550 kHz at 1 V revealed that the impedance values started at around 1.36 €,
0.76 Q, and 0.90 Q at 20 Hz, respectively, and increased to approximately 24.10 Q, 19.44
Q, and 17.34 Q at 550 kHz for coils fabricated at 2.7 W, 2.6 W, and 2.5 W, respectively.
Across all three laser power settings, the inductance values exhibited a decreasing trend with
increasing frequency. Conversely, the phase angles for all micro-coils demonstrated a
consistent rise with frequency, ultimately reaching around 80° regardless of the laser power
used in fabrication. Additionally, the resistance values displayed a slight upward trend with
increasing frequency for all power settings. This observation is consistent with the well-
known behaviour of inductive components, such as coils [217-219, 221, 222]. In light of all
the collected data, micro-coils fabricated using a laser power of 2.6 W emerged as the
optimal choice for further development. Evaluations of the influence of varying frequencies
(10 Hz, 10 kHz, and 100 kHz) on the magnetic field strength (B-field density) within
fabricated micro-coils at a constant current of 100 mA revealed that the B-field strength
within the micro-coils was dependent on the applied frequency. The strongest B-field range
(429.26 nT to 1678.01 nT) was observed at the lowest frequency of 10 Hz. Compared to 10
Hz, both 10 kHz and 100 kHz resulted in weaker B-field values. At 10 kHz, the B-field
ranged from 296.58 nT to 655.60 nT, and at 100 kHz, it further decreased to a range of 803.89
nT to 515.11 nT. As shown already, the resistance of coils increased with rising frequency.
This rise in resistance signifies greater opposition to current flow at higher frequencies.
Consequently, the current flowing through the coil decreases. This translates to a
corresponding reduction in the magnetic field strength of the coil as the frequency increases.
This aligns perfectly with the well-known principle that a weaker current in a coil leads to a
generation of a weaker magnetic field [90-92, 164]. This choice of parameters for magnetic
fields measurements stemmed from the limitations of the available experimental setups, as

the available power supply could only generate a maximum current of 100 mA. Therefore,

75



the study's initial goal of producing a magnetic field strength of around 10 mT at a 2 cm
depth was not met. Further investigation using higher current inputs is necessary to achieve
the desired field strength. However, this research is demonstrating the application of laser
cutting for micro-coil fabrication. It highlights the significant influence of carefully selected
parameters on the final characteristics of the coils and paves the way for future optimisation

tailored to specific application needs.

5.2 Future research directions

In the current work, analysis of the COMSOL results suggests minimal variation in response
across the employed frequencies. This could be attributed to residual errors arising from the
frequency domain iterative solver employed in the simulation [191-194]. For improved
computational accuracy, it is recommended to utilise direct solvers and refine the mesh at
the boundaries. This refinement will enable a more precise capture of the skin depth effect,
a crucial factor in electromagnetic simulations. Popular choices include the FDTD and DIE
approaches [229-231]. Besides this, analysing spiral micro-coils, featuring various designs
(i.e., triangular, rectangular, and pentagon) will be helpful in reaching a conclusion on most

proper designs for DBS neurostimulation applications.

Beyond maximising the B-field, designing optimal coils for magnetic neurostimulation
necessitates balancing this goal with minimising heat generation within and around the coils
[135]. Therefore, evaluating temperature gradients using both computational modelling and
experimental measurements is crucial for optimising coil designs. This combined approach
will ensure compliance with established medical safety guidelines regarding heat generation

during magnetic neurostimulation [232].

Various actuation methods need to undergo in vitro testing in neuronal cells using
electrophysiology and calcium imaging. Actuation-induced and spontaneous activity at the
network-level needs to be examined in primary cells. Following the biocompatibility
confirmation in both in vitro and in vivo settings, the system needs undergo testing as a
therapeutic approach for treating for instance a fragile X syndrome mouse model. The
therapeutic effectiveness will be determined by examining alterations in the animal

behaviour (e.g., social novelty preference, and social approach) [233-236].
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