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ABSTRACT

Background: Transcranial Magnetic Stimulation (TMS) is a non-invasive
and painless tool that utilizes coil induced electric fields to stimulate
certain areas of the brain. TMS on mice allows for the use of ex-
tra measuring tools normally not applicable to the human specimen,
such that the consequences of TMS can be analyzed. Development of
a coil suitable for TMS on mice is important as it offers rapid progress
in this research field.

Objective: Design a TMS coil suited for focal stimulation on mice.
Methods: The electric field induced in a spherical mouse head model
by seven different TMS coils are simulated with the finite element
method. For each coil design, we quantified the electric field penetra-
tion at the brain depth where the electric field is half its maximum
value (d,/,), the brain volume where the electric field is half its max-
imum value (V,/,), and the focality by the tangential spread defined

14 . . . .
as S;/, = d;// 2. The influence of coil geometry parameters like wire

thickness, inner coil radius, and number of turns on the focality are
studied. Besides that, heating and force are taken into account based
on calculations and simulations.

Results: The figure-8 and the overlap figure-8 coil prove to be the most
focal coils that can reach 110 Vm ™! with a focality of 49.62 mm? and
43 mm? respectively, lower than that of existing coils. Heat develop-
ment indicates the need for active cooling while the exerted forces
require epoxy to keep the coil in place.

Conclusion: A theoretical foundation has been set which paved the
way for a practical realisation of a focal coil suitable for TMS on mice.
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PREFACE

This thesis is our final work as partial fulfillment for the Bachelor of
Science in Electrical Engineering degree, at the TU Delft faculty of
EEMCS and was conducted from April 2016 to June 2016 for eight
weeks.

Working on this project for the past few weeks has been very in-
tensive, educational and interesting as well. We got the opportunity
to combine knowledge acquired during our bachelor together with
neuroscience, which was a totally new and challenging field for us.
It was also the final step towards a completed bachelor which was an
extra encouragement to do better.

We were also encouraged to work outside our comfort zone and
look at ethical issues in engineering design. This is especially ap-
plicable to our case because the system we developed is meant for
research on animals, which is a big ethical concern in our society. Fur-
thermore, we expanded our research and looked at the marketability
of potential applications of this technology. These parts however, are
not discussed in this report but will be presented in a business pitch
at the final symposium.

Altogether we thoroughly enjoyed the experience of acting like a
small business and developing our own product. It was a nice way
to apply the accumulated knowledge throughout the past few years
into a practical design. We hope our final product will comply to the
standards set by the TU Delft and Erasmus MC and can contribute to
research on Transcranial Magnetic Stimulation.
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INTRODUCTION

Nowadays, in a world of increasing life expectancy, human kind has
been on a slow but steady transition from a predominantly youth-
ful population to an older one. As no transition happens without
any implications, the number of neurological disorders has also in-
creased. A lot of research is done on these conditions for the sake
of earlier diagnosis and better treatment methods. However, most of
these studies are done using invasive techniques or other techniques
that are not yet as effective as we would like them to be. Transcra-
nial Magnetic Stimulation may offer a novel solution to the problems
regarding neurological disorders.

Transcranial Magnetic Stimulation (TMS) is a relatively new and
non-invasive tool used by researchers for electrical stimulation of cer-
tain brain regions, mainly different areas of the cerebral cortex [1].
This technique is based on the principle of electromagnetic induction,
whereby an electric field is produced due to time varying magnetic
field generated inside the brain. The induced electric field, in turn,
generates an electric current that modulates neurological activity.

As with any new medical tool we ought to ask ourselves what these
new techniques have to offer that established methods do not offer for
prognostic, diagnostic and therapeutic applications in clinical neurol-
ogy. TMS is currently FDA approved for treatment of migraine and
depression [2] [3]. Researchers think TMS can also be used to explore
various neural processes and treat a larger variety of neuropsychi-
atric illnesses [4] [5]. However, the specific underlying mechanism by
which one can activate neurons is still unknown [6]. More research
on TMS is needed for both improvement of the stimulating device,
mostly the behavior of the coil, as well as for a systematic approach
for using results acquired through TMS for proper diagnosis and bet-
ter treatment methods. The development of systems suitable for TMS
on mice are important as this offers rapid progress in this research
field. This is because TMS on mice could be combined with more
invasive methods for measurement of neuronal activity, which is not
applicable on the human specimen.

Existing TMS coils are not suitable for use on mice as they are
limited by non-focal electric field profiles and depth of stimulation
due to a trade-off between these two factors. Current coils can thus
either be used for the stimulation of quite large areas deep inside the
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brain or relatively small regions on the brain cortex. The figure-8 coil
geometry is known for its relatively small stimulating focal point.

The focus of this project is to design a focal coil appropriate for
mice such that research on potential medical benefits associated with
TMS can be conducted. By simulating different coil configurations,
the magnetic and electric field distributions inside the brain for each
of these coils are studied. The different coils are then compared on
aspects such as electric field strength and their focal point to find the
one that is most suitable for this application.

In part one, background information to the subject of neuroscience,
electromagnetic induction and TMS is given, which should provide
the necessary basis in order to understand concepts concerning this
technique and the development of the coil. Also, a state of the art
analysis is given.

Part two starts off with the system requirements. Furthermore we
describe the implementation of the coil using COMSOL Multiphysics
Modeling Software 5.2, which is a finite element method (FEM) solver
and simulation software package for various physics and engineer-
ing applications where different physic phenomena are coupled. The
focus will be on the simulation of the electric and magnetic field dis-
tribution to be able to quantify the performance of different coils for
comparison with each other. Besides that, heat development and ex-
erted forces are studied. We conclude this part by describing the final
coil design and reflect on whether this design meets the requirements.

Part three documents the strategy that will be used to test the coil
in practice.

Lastly, the thesis will be completed by an overall conclusion.



PROJECT DESCRIPTION

3.1 PROBLEM DEFINITION

TMS has been in use for at least three decades but the operating
principles behind this technique are still widely unknown. Invasive
extra-cellular recordings are necessary to gain a deeper understand-
ing. This could potentially lead to a better and more reliable ap-
plication of this technique. These recordings however can not be per-
formed on the human specimen and need to be performed on animals
like mice. Mice however, have significantly smaller brains and thus
require more focal stimulation. To accomplish this, smaller coils are
necessary. Because stimulation requires large coil currents, heating
issues arise. An optimum has to be found between focal stimulation
and a coil that does not overheat. This leads to the following problem
statement:

Can we develop a coil suitable for TMS on mice?

3.2 PROPOSED SOLUTION

The complete system consists of software, hardware and the coil.
Each of these sub-parts are subsequently divided among our team.
We are devoted to coil design. Designing the coil requires study of
magnetic and electric fields, heat development, interactive forces and
the skin effect inside the wire. Apart of that a casing has to be de-
signed. With the use of COMSOL Multiphysics, a FEM analysis tool,
the magnetic and electric field will be modelled to get an understand-
ing of their distributions inside the head. This way we can vary the
coil’s geometry characteristics and observe its influence. Heat devel-
opment and interactive forces are two other quantities that will be
calculated or modelled with COMSOL Multiphysics. This will allow
us to determine whether active cooling is necessary to prevent over-
heating. We may also conclude measures are necessary to ensure the
coil does not break under its own force. The skin effect, the tendency
of AC current to flow unevenly inside a conductor such that the cur-
rent density is larger near the surface of the conductor, can be studied
by applying the Fourier Transform on the applied pulse in MATLAB.



3.2 PROPOSED SOLUTION

The skin effect might play part in heating, force and field distribu-
tions. Lastly, we will design a casing in CAD Tools with the help of
Ron van Puffelen and 3D print it afterwards.

Following these steps we aim to design a focal coil exempt from
heating issues, capable of stimulating a mouse brain.
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THEORETICAL FRAMEWORK

4.1 NEUROSCIENCE

Neuroscience is a research field concerned with the workings of the
nervous system and impact on behavioral and cognitive functions.
The nervous system is comprised of a large set of neurons that allows
communication between different parts of the body [7]. The human
brain alone contains about 86 billions neurons [8]. As seen in figure
a single neuron consists of a cell body, dendrites, and an axon. The
cell body contains the nucleus that is necessary for cellular function.
Dendrites are responsible for receiving signals while an axon trans-
mits signals.
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Figure 2.: A neuron consists of a nucleus, an axon, and dendrites [9].

Interconnected neurons can relay signals over a minuscule gap be-
tween a dendrite and axon known as the synapse. Signal generation
occurs whenever a neuron is properly stimulated. TMS allows for
such stimuli, due to the creation of an electric field inside the brain.
Stimulation causes an electric current to flow down the axon towards
the synapse. Molecules known as neurotransmitters cross the gap to
relay signals from one neuron to an other.



4.1 NEUROSCIENCE

The inner and outside of a neuron are separated by a cell membrane
as represented in figure [2| by the green layer. Due to different ion
concentrations a potential difference of -yo mV on the inside with
respect to the outside over the membrane is registered. This poten-
tial difference is called the resting potential and can be disturbed by
a stimulus to trigger an action potential that travels down the axon.
Figure 3| shows that in case a stimulus manages to reach the -55 mV
threshold, depolarization occurs. This irreversible process causes the
voltage to reach up to 40 mV whereafter it repolarizes back to the rest-
ing potential. For a small period in time hyperpolarization occurs, the
voltage will drop below -70 mV during which no other action poten-

tials can be generated while the potential increases back to the resting
potential [g].
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Figure 3.: After a couple of failed initiations the threshold is reached which causes

an action potential to be generated. Before returning to rest potential,
hyperpolarization occurs [9].
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Figure 4.: The membrane voltage is stimulated which leads to an action potential
that subsequently travels down the axon of a neuron [Zo].



4.2 ELECTROMAGNETIC INDUCTION

4.2 ELECTROMAGNETIC INDUCTION

The fundamentals of TMS are based on the principle of electromag-
netic induction. Faraday’s law, as stated in equation implies that an
electric field (E) is induced in a closed circuit, equal to the negative
of the time rate of change of the magnetic field (B) enclosed by this
circuit.

VXE:_%? (1)

In the case of TMS, the closed circuit is brain tissue whereby the
currents induced are called eddy currents. These currents are in the
same direction as the induced voltage. Lenz’s law in equation [2] states
that the direction of the induced voltage (¢), and thus the eddy current
is in such a way as to oppose the varying magnetic flux (®).

0P
“or (2)

Following the Biot-Savart law seen in equation 3} an electric current
(I) generates a magnetic field [11].

& =

1l x &
=2 )
It's important to note that the magnetic field distribution is only
reliant on the current path (d¢). According to Ampere’s law, a closed
contour (Amperian loop) should be drawn around the current source
as seen in figure 5| In accordance with equation |4/ this means that the
magnetic field is only reliant on the current enclosed by the Amperian
loop. Therefore only the amount of current through the Amperian
loop and not the wire characteristics are relevant for determining the
magnetic field [12].

dB
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Figure 5.: The blue contour indicates the Amperian loop around the red current
carying wire. The black arrows indicate the direction of the magnetic
field [13]].

7%3 ~dl = polc (4)

By combining these laws it can be seen that a coil with sufficient
varying electric current passed through it, placed above the head of a
mouse, causes an electric field inside the brain.

The quasistatic domain is concerned with systems that are small
compared to the electromagnetic wavelength. As we will see in Sec-
tion the highest frequency component in the current signal is
approximately 10 kHz. The associated wavelength is 30 km and thus
significantly bigger than the coil dimensions. Under quasistatic con-
ditions EM fields can be considered as being static. This allows for
the use of simpler static field equations like the Biot-Savart law.
Retarded time is left out of consideration because it’s assumed that
the EM field at a short distance of the coil instantaneously changes
with the EM field at the coil [14] [15].

4.3 TRANSCRANIAL MAGNETIC STIMULATION

The field of electrophysiology, which studies the electrical properties
of biological tissue, was born in 1771 with the discovery of bioelec-
tricity by the Italian physician Luigi Galvani. Since then, several tools
have been developed to exploit this technique, culminating into the
tirst reliable and non-invasive brain stimulator developed by Anthony
Barker in 1985 [3].

Unlike Transcranial Electrical Stimulation (TES) and Deep brain
stimulation (DBS), TMS is a rather safe and painless method to study
the integrity of the brain. This technique is used in diagnostics to eval-

10



4.3 TRANSCRANIAL MAGNETIC STIMULATION

uate damage from injuries and other disorders as well as treatment
of these injuries and brain mapping [6].

4.3.1  Stimulation

With TMS, strong magnetic pulses penetrate through scalp and skull
to reach the brain without significant attenuation. These pulses gener-
ate secondary currents inside the brain that modulate neuronal activ-
ity. The induced electric field causes ions to flow in the brain without
the need for current to flow across the skull, and without charged
particles being injected into the scalp [16].

The ability of TMS to depolarize neurons depends on the activat-
ing function, which causes transmembrane current to flow and can
be described mathematically by the spatial derivative of the electric
tield along a nerve [1]. As a result, the point of stimulation will be
at the point along the nerve where the spatial derivative of the elec-
tric field is maximum. The situation is a bit different for bent nerves.
Here, nerves bend across the induced electric field so that the induced
currents flow through the membrane, causing bent nerves to be pref-
erential points of stimulation. This principle is illustrated in

figure [6]

Coil C) Electric
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Figure 6.: "Principle of TMS. Left: the current flowing briefly in the coil generates
a changing magnetic field that induces an electric current in the tissue,
in the opposite direction. Middle: schematic illustration of the current
flow due to the induced electric field that changes along the length of a
nerve fibre and results in a transmembrane current. Right: a bent nerve
and the uniform current in the uniform electric field also results in a
transmembrane current” [l].
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4.3.2 TMS protocols

Multiple TMS protocols have been developed which show specific
advantages for different applications of this technique. The effects of
TMS can be divided into three types depending on the used protocol
for stimulation.

4.3.2.1  Single Pulse TMS

The single-pulse TMS protocol is used for depolarization of neurons
in de neocortex to unload an action potential. A single current burst
is released into the stimulating coil to stimulate neurons only once.
If the stimulating neurons lie in the motoric cortex, muscle activity
is produced, which is referred to as motor evoked potential (MEP).
MEP intensities vary depending on the strength of the stimulating
electric field.

4.3.2.2 Paired-Pulse TMS

In paired-pulse TMS, two different current pulses, are sent through
the coil, each with different intensities and varying time intervals
(1 —20ms) also known as the interstimulus interval (ISI). This tech-
nique can be used to study dynamical aspects of neuroactivity.

For example, inhibitory and facilitatory interactions in the cortex can
be studied by combining a subthreshold conditioning stimulus with a
suprathreshold test stimulus at different short interstimulus intervals
through the same TMS coil [1].

4.3.2.3 Repetitive TMS (rTMS)

The first two protocols were most used a few decades ago. However,
due to advancements in the development of magnetic stimulation de-
vices, r'TMS has become possible and is currently the most common
technique [17]. rTMS consists of a train of stimulating pulses (1-20
pulses per second), all with the same intensity. rTMS can produce
long lasting effects that are not only limited to the period of stimula-
tion. Most of these effects are related to the excitability of the treated
areas and are highly dependent on stimulus frequency and intensity.
However, the exact mechanisms behind these effects is still not clear.

Present TMS devices can produce two different stimulus waveforms,
where the induced current is either monophasic or biphasic.

Studies done with single pulse TMS show biphasic pulse are more ef-
fective for stimulation in the sense that they are more powerful than
monophasic waveforms [18].

12
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4.3.2.4 Adverse Effects

Although TMS is generally regarded as safe, there are still a few po-
tential side effects associated with this technique. These side effects
are more common in high frequency rTMS. The most obvious and
dangerous side effect of rTMS is the provocation of epileptic seizures
and experience shows that currently available equipment is powerful
enough to produce these [16].

Different studies suggest that even at dangerous TMS intensities
and long treatment durations, there is a very small possibility of struc-
tural brain damage [19]. More research needs to be conducted to see
if there are any possible long-term side effects, however for now, there
is no indication that this is the case.

13



STATE OF THE ART COIL DESIGN FOR TMS

Because TMS has been in development since the 80’s, a lot of research
has been conducted on this concept. This ranges from the possible
treatment of various illness, to the electrophysiological workings, but
also the design of coils. Back in 1985, Anthony Barker and colleagues
developed the first coil suitable for TMS on the human specimen
[20][z1] as seen in figure El This involved a circular coil capable of
nerve stimulation. These coils stimulate a rather large area though as
the magnitude of the induced eddy current is the same everywhere.
The need for more focal stimulation lead to the development of new
coil designs, with the figure-8 coil being the most prominent. As the
name implies, the coil is shaped like a figure 8 and is shown in figure

Figure 7.: Anthony Barker and his colleagues proudly show their circular TMS
coil.

As the idea behind TMS is to induce eddy currents in the brain
according to the physics described in Section 4.2} the idea behind the
figure-8 coil is to add up two eddy currents in a small region of the
brain. The net result is that the stimulation is twice as strong right
under the area where the two circular coils touch, as compared to
elsewhere underneath the circular coils. For optimal stimulation one
also has to consider the right position and angle under which the

14
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coil is positioned above the head. The correct placement is shown in

figure [8b] two

Stimulatbng coil

Meuron

(0,0 /
——

- x

A

w

o

| 3 At

Top view

HEURO

(b) Positioning of a figure-8 coil above a neuron for excita-
(a) X-ray of a Magstim Coil [22].  tion [23]].

Figure 8.: Figure-8 coil

Because of its focality and ability to create strong magnetic fields,
the figure-8 coil is the most popular and commercially available TMS
coil. Besides the circular coil, almost no other TMS coils are sold.
For the more specific application of Deep TMS whereby stimulation
occurs deeper into the brain, so called H-coils are available. These
however, are not of interest to us because our stimulation point is not
considered deep with just a 5mm distance from the coil.

A lot of other coil designs have mainly been considered in theory
and simulation. Zhi-De Deng et al. considered 50 different coil de-
signs, figure [g] shows some of these coils [24]. From the research they
have conducted it became clear that the figure-8 based coils have the
highest focality. For this reason we decided to base our simulations
on the figure-8 geometry.

(b) V-coil, a bend (c) Circular coil with
(a) Slinky figure-8 coil figure-8 coil multiple layers

Figure 9.: A grasp of the simulated coil geometries by Zhi-Deng et al. [22]].
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An important distinction between these existing coils and the coil
we are ought to design is the scale. Existing TMS coils are designed
for the human specimen or on rare occasion for rats [25]. A mouse
brain is a lot smaller than a human brain and weighs only 0.4g
whereas a human brain weighs about 1320g [26]. Even though the
required electric and magnetic field strengths are approximately the
same, the stimulation area is a lot smaller. This requires much smaller
coils as that reduces the stimulation area. Some problems arise from
this requirement, the first concern is about the feasibility of the re-
quired focality. Secondly, smaller wires lead to higher resistances.
And because heating can already be a concern for human specific
TMS coils, it could become even more of an issue. Thirdly, forces
come into play and one has to oversee that the coil does not succumb
under its own forces.

TMS coils suited for mice are therefore nearly non-existent, we

found only one design that was created by Iowa State University [27].
However, their settings differs from ours as they required the mouse
to wear a helmet.
Besides that, there was a different focality requirement as their ideal
focality was 115 mm?, much higher than we aspire. The design con-
sisted of two circular, so called “halo coils”, whereby the mouse head
is placed into one of the coils, and the other coil is placed on top of
the head as seen in figure

Horizontal
Coil

Figure 10.: Iowa State University coil design that includes a helmet (red) and two
circular coils (gold).

16
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SYSTEM REQUIREMENTS

The coil is the only part of the system that is near the mouse during
stimulation of the brain. Hereby, it is subjected to functional require-
ments as well as safety requirements which guarantee a safe environ-
ment for the mouse and user. In this chapter a description of the coil
specifications is given according to which the coil will be designed.

The coil specifications are shown in table [1] below.

Table 1.: Coil specifications

Nr.  Requirement Requirement/Wish
1 All system components in contact with the user Requirement
and patient should be electrically isolated
2 The coil should have a suitable casing Requirement
3 The coil should be able to handle paired pulses Requirement
with interstimilus interval (ISI) of 3 ms
4 The coil should be able to handle paired pulses Wish
with an interstimulus interval (ISI) programmable
between 1.5ms and 3ms
5 The coil should be able to handle a paired pulse Requirement
followed by another paired pulse five seconds later
repetitively for 200 times.
6 The casing should be kept at a temperature lower Requirement
than 41 °C at the surface in contact with the mouse
head
7 The induced electric field 5mm deep inside the Requirement
head should be at least 110V m ™!
8 The electric field should stimulate a maximum Requirement
area of 1mm x I mm
9 The electric field should stimulate a maximum Wish
area of 0.5mm x 0.5mm
10 The designed coil must be a figure-8 coil Requirement
11 Alternative coil geometries derived from the Wish

tigure-8 coil may be designed as well

18
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As specified by requirement 7, an electric field of 110 Vm~! should

be induced 5 mm deep inside the head. We did our own research on
this requirement and discussed it with the supervisors as it was not
specified upfront. This value was based on different studies [28] [29].
Lower electric field intensities can be controlled by varying the cur-
rent through the coil, this is regulated by the hardware [30] and soft-
ware [31].
The stimulus area, as specified in requirement 8 and 9 defines a
square area to be stimulated. However, an absolute specification on
how this area should be calculated is loosely defined. For our com-
parisons we shall use the definition described in Section to give
us a standardized way for comparison. This definition however can
not be directly compared to the stimulation area set in these require-
ments. It allows us to quantify focality and compare it with existing
TMS coils. Improvement on this parameter would therefore indicate
improved focality compared to existing TMS coils.

19



FIELD SIMULATIONS

In this chapter, the influence of coil parameters like number of turns,
wire thickness and coil diameter on focality and intensity of the in-
duced electric field are studied. Afterwards, seven different coil ge-
ometries are simulated and their performance parameters are com-
pared in order to decide which one is the most suited for TMS on
mice.

7.1 SIMULATION METHODS

The TMS coil and mouse head model were implemented with COM-
SOL Multiphysics Modeling Software 5.2. Because of the intended
coil casing, the mouse head was placed 2 mm away from the coil and
was modeled by a homogeneous sphere with a 1 cm radius and elec-
trical conductivity of 0.33Sm™! [24]. The mouse brain was modelled
as a sphere with a 0.5 cm radius placed at the center of the head and
with the same conductivity. The simulation setup is depicted in fig-
ure [11] for the case of a figure-8 coil. The distinct head tissue layers
(scalp, skull, corticospinal fluid, and brain) were not differentiated,
since magnetically induced electric field in a sphere is insensitive to
radial variations of conductivity[32].

Figure 11.: Simulation setup displaying the coil 2 mm above the head model.

20
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Coil geometries were drawn as current carrying line elements to
analyze the electric and magnetic field distributions inside the head
model. These line elements represent the current path and do not
take wire thickness into account. This however has negligible influ-
ence on the magnetic and electric field distributions, as explained in
section which is why we approximate realistic wires by these line
elements. To analyze the influence of wire thickness, we will vary the
distance between the inner and outer radius of the coil assuming the
wires are tightly wound together. Figure [12|illustrates this idea.

Outer Radius

Inner Radius

Figure 12.: Left: Figure-8 coil of seven turns with inner radius of 3mm and outer
radius of 10 mm, indicating a wire thickness of 1 mm.
Right: Figure-8 coil of seven turns with inner radius of 3 mm and outer
radius of 13.5 mm, indicating a wire thickness of 1.5 mm.

For each coil geometry, we measured the maximum electric field
Emax at the brain surface. This value was used to calculate the half-
value volume V,,,, which is the volume of the brain exposed to an
electric field stronger or as strong as half the value of Enax. The half-
value depth d,,, was also calculated, which is the radial distance
from the brain surface to the deepest point where the electric field is
stronger or as strong as the half value of Enax. It is important to note
that the deepest point where the electric field is half the value of Enax
does not necessary fall beneath the same radial line as Epax. These
definitions are illustrated in figure|13} In the rest of this paper we will
be referring to these parameters as performance parameters. All these
parameters were calculated 10 ps into the current pulse described in

section

These parameters are used to define focality by the tangential

1 . .
spread as S;/, = dl// 2 and it has units of area.
1/2

It is important to note here that this definition of focality is not the
same as the 1 mm x 1 mm stimulation area set by the the requirements.
This is due to the fact that little is known about the actual area of
stimulation and the specific thresholds for stimulation of different
brain regions. However, measuring focality as the tangential spread
S,/. allows us to quantify electric field hotspots inside the brain so
that different coil geometries can be compared in terms of focality.
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7.2 CURRENT PULSE ANALYSIS

B 7 W e E=E,, oncorical surface
E. ©DeepestE=£/2
Electric figld BESE_1°?
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@ Half-value depth, d,,

Figure 13.: "Focality parameters are illustrated here. The left column shows the
electric field strength contour and color map on the quarter-sphere seg-
ment of the brain. The right column shows the location of the maximum
induced electric field on the brain surface, Emax (green circle), and the
location of the deepest point where the electric field strength is the half
value of Epayx (yellow circle). The yellow arrow represents the half-value
depth, d,;,, which is the radial distance from the cortical surface to the
deepest point where the electric field strength is half of its maximum
value on the brain surface. The red portions of the quarter-sphere in-
dicate the regions of the brain exposed to electric field as strong as or
stronger than Ey,y; the total volume of these regions is V,,," [24].

7.2 CURRENT PULSE ANALYSIS

The hardware team concerned with the system delivering the current
pulse through the coil is aiming to deliver a current waveform as
shown in figure This waveform however represents the worst
case scenario, as the duration might be shorter leading to less heating
issues. It is a current waveform commonly used in TMS and will be
used as the current through the coil in the simulation.

Important properties of this waveform are the small rise time of
70ps up to 2500 A and the relatively large decreasing time until no
current flows through the coil anymore. This current waveform gives
a baseline for the required electric field intensity while the desired
location is determined by the coil geometry. The frequency spectrum
of this current waveform is shown in figure
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7.2 CURRENT PULSE ANALYSIS
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Figure 14.: Current pulse waveform through wires used for simulation. This is a
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Figure 15.: Frequency spectrum of the current waveform depicted in ﬁgure
The DC component of this signal was subtracted from the current pulse
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7.3 SKIN EFFECT

7-3 SKIN EFFECT

As frequencies increase, the current inside a conductor begins to
move from a homogeneous distribution through the conductor cross
section towards current flow almost exclusively near the conductor
surface. This phenomena is called the skin effect and is caused by
circulating eddy currents reducing the current flow in the center of a
conductor and enlarging it on the surface. Skin depth (J) is a measure
of the depth at which the current density falls to e~ of its value near
the surface and is calculated with equation

_ [ e
6= T (5)

and is dependent on the resistivity of the conductor (p), the
frequency (f) and the absolute magnetic permeability () of the con-
ductor. The skin depth for a copper conductor as a function of fre-
quency is shown in figure

Skin Depth for different frequencies
7000 T . . .
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Figure 16.: Frequency spectrum of the current waveform depicted in figure
The DC component of this signal was subtracted from the current pulse
for better insight in low frequency components.

Considering the frequency spectrum of the current pulse as shown
in figure [15| we can conclude that skin effect is not a problem as the
skin depth is much larger than the wire thickness which is between
0.5mm and 1.5mm. This is an advantage considering heating and
force on the wire as will be discussed in section[g]and [10} respectively.
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7-4 MAGNETIC AND INDUCED ELECTRIC FIELDS

7-4 MAGNETIC AND INDUCED ELECTRIC FIELDS

The intensity of the magnetic field and induced electric field in the
head are dependent on the coil geometry. However, the waveform of
these fields, as depicted in figure [17] and figure [18| are the same for
all coils and only dependent on the current pulse. These fields were

calculated 5mm inside the head for the the figure-8 coil described in
the next section.

0.4 Magnetic Field 5mm inside mouse head

Magnetic Field [ T ]
o
V]
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Figure 17.: Magnetic field 5 mm inside mouse head model

80 Induced Electric Field 5mm inside mouse head
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Figure 18.: Electric field 5 mm inside mouse head model
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7.5 COIL GEOMETRY COMPARISON

7.5 COIL GEOMETRY COMPARISON

We considered different coil configurations based on the figure-8 coil
and analyze their performance parameters. All coils were driven by
the same current, had seven turns of 1 mm thick wire, and an inner
radius of 3mm. Only the slinky coil has quite a different geometry

compared to the rest as it has 32 turns spread out around its axis.

The different models are depicted in figure The intensity of the
magnetic and induced electric field at a surface 5mm inside the head
are shown in appendix

For all these coils the performance parameters were calculated. The
results are shown in table

Figure 19.: Models compared on focality and intensity performance parameters.
A: Butterfly Coil. B: Figure-8 Coil. C: Orthogonal Figure-8 Coil.
D: Owverlap Figure-8 Coil. E: Slinky Coil. F: Square Figure-8 Coil.
G: Binocular Figure-8 Coil.
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76 INFLUENCE OF WIRE THICKNESS AND INNER RADIUS ON PERFORMANCE PARAMETERS

Table 2.: Performance parameters for different models with 7 turns, inner radius of
3 mm and 1 mm wire thickness.

Models Figure 8 | Butterfly | Overlap | Orthogonal | Square | Slinky | Binocular
Emax[V /m] 72.51 139.87 68.83 105.45 86.28 27.93 | 23.23
Half Value Volume [mm?] | 214.16 261.38 147.26 245.73 250.39 | 505.63 | 123.9
Half Value Depth [mm] 4.54 5.01 3.69 4.88 4.88 8.02 3.69
Focality [mm?] 47.20 52.13 39.92 50.32 51.31 63.03 | 33.56

From these results it becomes clear that the binocular figure-8 coil
is the best in terms of focality. However, the induced electric field in-
tensity set by the requirements is not met. As more layers are added,
the distance to the aspired stimulation point increases. Because of
this distance, extra layers have no significant influence on the mag-
netic field strength [33], and thus neither on the induced electric field.
We can thus conclude that the figure-8 and overlap coils are most
suited in terms of focality and intensity.

76 INFLUENCE OF WIRE THICKNESS AND INNER RADIUS ON
PERFORMANCE PARAMETERS

Coil geometry parameters like wire thickness, inner radius and num-
ber of turns determine the magnetic field intensities and distributions
inside the brain and thus the performance parameters. To analyze
this influence, we calculated the performance parameters for a figure-
8 coil with a 0.5 mm diameter wire and seven turns while varying the
inner radius of the coil. This was also done for 1 mm and 1.5mm, the
results are depicted in figure

27



76 INFLUENCE OF WIRE THICKNESS AND INNER RADIUS ON PERFORMANCE PARAMETERS

Tangential spread for different coil parameters
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Figure 20.: Calculated S,,, as a function of the coil inner radius for different wire
diameters.

The outer radius of the coil, as shown in figure is dependent
on the inner radius, number of turns and wire thickness, this relation
becomes clear from equation [6]

Router = Rinner + (Nturns * Wirediameter) (6)

From these results it becomes clear that smaller figure-8 coils, with
thinner wires and smaller inner radius are more focal. However,
the induced electric field intensity decreases with thinner wires and
smaller inner radius as illustrated in figure
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7.7 INFLUENCE OF THE NUMBER OF TURNS ON PERFORMANCE PARAMETERS
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Figure 21.: Calculated E,;ax as a function of the coil inner radius for different wire
diameters.

The ideal figure-8 coil would have thick wire to induce the neces-
sary electric field intensity, but also be small enough to meet the fo-
cality criteria. However, it’s not physically possible to make a figure-
8 coil with 1.5 mm wire, and an inner and outer radius of 3mm and
1omm respectively. Therefore we must find the right balance between
focality and intensity of the electric field.

INFLUENCE OF THE NUMBER OF TURNS ON PERFORMANCE
PARAMETERS

77

The number of turns increases the magnetic field, and therefore has
an effect on the intensity of the induced electric field. We studied
this influence for a standard figure-8 coil by varying the number of
windings and calculating the performance parameters. The inner and
outer radius were left unchanged while varying the number of turns.
The results are shown in table [3|

Table 3.: Performance parameters for the figure-8 coil, with an inner radius of 3
mm and outer radius of 6 mm, with different number of windings.
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Turns

2 Turns

3 Turns

4 Turns

5 Turns

6 Turns

7 Turns

8 Turns

Emax [V /m]

11.58

17.942

24.38

30.24

36.56

42.70

4978

Half Value Volume [mm?3]

9459

98.128

97-27

98.14

98.86

100.19

98.54

Half Value Depth [mm]

307

2.94

2.03

3-09

3-05

3-03

3.07

Focality [mm?]

30.81

3340

33.22

31.78

32.47

33.11

32.14




7.8 FINAL MODELS

7.8 FINAL MODELS

As mentioned in section the two best models in terms of focality
are the figure-8 coil and the figure-8 overlap coil. However, a higher
electric field must be induced, so more turns must be added.

Here, these two models are analyzed for a different number of turns.
Even though the results in figure |20/ and 21| show that thinner wire
leads to better forcality, 1 mm wire is used in these simulations due
to heating and force issues explained in section [g] and The inner
radius is chosen to be 2mm, because a smaller inner radius leads
to better focality but it is not made smaller due to the inability to
properly bend the wire. The results are shown in tables [4] and

Table 4.: Figure-8 coil performance parameters with 1 mm wire and inner radius of

2 mm.
Number of turns 8 9 10 11
Emax [V/m] 74.122 | 91.36 | 109.77 | 128.84
Half Value Volume [mm~3] | 241.86 | 250.26 | 281.69 | 319.12
Half-value depth [mm] 4.857 | 4.9 5.677 | 6.121
Focality [mm"2] 44.24 | 51.07 | 49.62 | 52.14

Table 5.: Figure-8 overlap coil performance parameters with 1 mm wire and inner
radius of 2 mm.

Number of turns 8 9 10 11

Emax [V/m] 65.55 | 82.80 | 102.00 | 122.56

Half Value Volume [mm"3] | 141.31 | 162.23 | 181.35 | 202.89

Half-value depth [mm] 3.91 4.21 447 4.718

Focality [mm”2] 36.18 | 38.53 | 40.60 | 43.00
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WIRE CHOICE

To choose the right wire there are a couple of parameters to consider.
Those are: electrical and thermal conductivity, flexibility, stiffness,
and electrical insulation thickness. Copper is the standard wire for
many applications as it has a higher electrical and thermal conductiv-
ity than nearly every other metal. Only silver does better in terms of
these characteristics but is also a lot more expensive [34][35]. Higher
electrical conductivity would lead to less heat generation while higher
thermal conductivity leads to more dissipation of heat. Copper has
a higher Young’s modulus than silver, meaning that it’s more stress
resistant [36]. This could prove useful against forces generated inside
the coil. Even though silver has a slightly higher electrical and ther-
mal conductivity than copper, copper is cheaper and readily available
and thus the preferred choice.

Lastly, insulation thickness and wire shape is important because
tightly wound wire leads to a better magnetic field distribution.
Rectangle wire has shown to outperform round and square wires for
smaller coils [33]. Therefore we decided to use rectangular copper
magnet wire as it has a very thin layer of electrical insulation, and
can be tightly wound.
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HEATING

A primary concern with the development of small coils that have to
handle such large currents is the inevitable heat generation. Consid-
ering that the coil casing is in contact with the mouse head, it’s impor-
tant that the heat dissipation is within safe limits for the mouse. As
specified in the system requirements, the maximum allowed casing
temperature is 41 °C.

Close temperature monitoring is therefore important. To achieve
this we will place a MCPg700-E/TO temperature sensor [37] close to
the coil. The sensor accuracy is sufficient at 1°C which is the most
important parameter.

The RMS value of the current (I,s) as displayed in figure [14]is calcu-
lated via MATLAB to be 993 A. Via equation [7} the power dissipation
(P) is calculated. It should be noted that this current is a worst case
scenario with actual current flow until 1 ms. Depending on the final
hardware it might very well be possible to have a shorter current flow
duration. The coil resistance (R) varies per coil but is calculated as
24 mQ) for a coil with ten windings leading to a wire length of 106 cm
with the wire having a 1 mm diameter. Because there is no skin effect
at play, the effective resistance is not lowered.

pP= Irzms R (7)

The result indicates 23.67 kW of power dissipation. Release of en-
ergy occurs only for a period of 1000 ps equaling 23.67] (Q). The coil
mass (m) can be calculated with the total wire volume and the volu-
metric mass density of copper: 8.94 gcm 3, equaling 28 gram. In com-
bination with the specific heat of copper (c) equaling 0.386]Jg 1K1,
the temperature increase (AT) can be found with equation

Q = cmAT 8)

The temperature increase associated with one pulse is found to be
2.2°C. Assuming an initial coil temperature of 25 °C, the coil can han-
dle a maximum of seven consecutive pulses before the temperature
limit of 41 °C is exceeded. It should be noted that the wire insulation
is made out of polyurethane. The maximum heat handling capacity
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HEATING

of this insulation is 150 °C, therefore the operating temperature of the
coil will remain well below this limit.

According to general coil requirement 4, the lowest possible ISI is
1.5 ms. Coil requirement 5 states that paired pulses could follow each
other up every five seconds. Therefore it has to become clear how
much the coil cools down over time. There are three types of heat
travel: conduction, convection and radiation. In this case convection
is dominant because the heat transfer is from a solid (coil) to a fluid
(air). This allows us to use equation [g] here Newton’s law of cooling
is referenced which can be used to calculate the cool down duration.

AQ = hA(T() = Teno) ©)

The total energy dissipated into air over time (AQ) is expressed as
a function of the heat transfer coefficient (h), the surface area of the
object (A), and the temperature difference between the object and
the environment. The heat transfer coefficient for air varies greatly
depending on the speed of the air. The casing will have vents on top
to allow coil heat to escape into the air. Without active cooling we can
assume a heat transfer coefficient of 5Wm~2K~! [38]. The total sur-
face area of the wire is 3.14 x 10~>m?. As the wire and environment
temperature are 41 °C and 25 °C respectively, the power dissipation
equals 0.25W. Because the released energy equals 23.67], it can be
calculated that it takes about 95 seconds for the wire to cool back
down to 25 °C.

It should be noted that this is merely the case for a single pulse.
Paired pulse TMS utilizes two pulses meaning that double the amount
of energy (47.34]) is released. Using equation [§|it can be found that
after a paired pulse the wire temperature has increased by 4.4 °C. The
heat loss is recalculated with equation [g] as 70mW at a temperature
of 29.4°C. This means that in the following five seconds only 0.35]
can be dissipated into the air, equaling a mere temperature drop of
0.03°C. When the coil reaches 41 °C, the temperature after five sec-
onds has fallen down a bit faster but still only by 0.1°C. As there
is virtually no cool down five seconds after a paired pulse the tem-
perature rise will still amount to about 4.4 °C. Therefore three is the
maximum amount of paired pulses allowed through the coil.

According to these calculations a coil without cooling would not
comply to coil requirement 6. Thinner wire thus therefore not seem
feasible. Practice will have to determine whether the heating concerns
are legitimate. In case they are, cooling measures have to be explored.
The objective is to increase the heat transfer coefficient because this
leads to more heat transfer. An import factor is the velocity of air,
higher velocities lead to higher heat transfer coefficients. One way to
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achieve this is with the use of axial fans.

It is hard to determine an exact heat transfer coefficient so its effect
will need to be studied once the whole system is complete. Two fan
cooling concepts are considered for the coil. Option 1 would be to
have two fans, one for each circular coil. Option 2 is one big fan
for both circular coils. However, because axial fans are square while
the coil casing’s length is twice its width, not the complete fan ca-
pability would be used. Therefore option 1 is preferred, hereby two
30mm x 30mm fans as displayed in figure [22| will be ingrained next
to each other in the coil casing. Disadvantages are the noise gener-
ated and the airflow that is caused which could startle the mouse.

Figure 22.: A 30 mm x 30 mm fan to be used for coil cooling.

Another option is water cooling which requires a water block, ra-
diator, reservoir, pump, tubes and fans as seen in figure [391. It's
an extensive system that might be hard to install and might limit
coil manoeuvrability. However two advantages are a noiseless coil
system and excellent cooling because of the relatively high thermal
conductivity of water as opposed to air.
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Figure 23.: Water cooling setup for coil [39]].
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A water block usually consists of metal which could influence the
magnetic field, besides that it might be hard to find a water block in
the right size. Therefore we consider removal of the water block and
have the tubes go over the coil directly instead.

An unsuitable option is the heat sink. Heat sinks are simply not
suitable because they are made out of metal.

If additional cooling is considered necessary, air cooling will be tried
first. Even though the cooling capability might be worse than water
cooling, if it proves to be sufficient while the noise is not an issue for
the mouse, then it will be preferred because it’s easier to install and
has less components that might break down. In case air cooling is not
sufficient, the fans necessary for water cooling are already available
while the rest of the equipment can be ordered.

To see how heat influences the casing we set up a simulation. An
actual test would have been ideal but was not possible yet because the
required hardware was not available yet. Other equipment capable
of delivering the current displayed in figure |14} or similar, to the coil
was not within our reach either. Therefore the coil is simulated with
a heat gun, while the 3D printed coil casing was available already.
A limiting factor of the heat gun is that the minimum temperature
is 50 °C and moves up with steps of 10°C. Therefore the coil was
simulated as having a temperature of 50 °C while not further increas-
ing in temperature. The ambient and initial coil temperature were
measured to be 24 °C and 26.1°C, respectively. Figure |24/ shows the
casing’s heating process. The upper left picture displays the starting
condition whereby the coil is held steady by pliers. Subsequently the
upper right picture shows the heat gun positioned behind the casing
while it provides heat. The bottom pictures then show the cool down
process whereby the heat gun is removed.
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Figure 24.: The upper left picture shows the initial coil temperature and experiment
setup. The upper right picture shows the heat gun applied to the casing.
The bottom pictures show the casing as it cools down.

The heat simulation results are displayed in figure [25/ As seen, the
critical 41 °C temperature is reached after approximately 14 seconds.
From there on it takes about 33 seconds for the casing to reach its
maximum temperature of 49.2°C. Subsequently the heat gun was
removed and it can be seen that the temperature falls down exponen-
tially. 114 seconds later the casing temperature was back to 29.6 °C. It
can be observed that the rate of temperature drop depends on the cas-
ing temperature relative to the ambient temperature. As the casing
temperature gets closer to the ambient temperature the rate of tem-
perature decrease lessens. For example, five seconds after a casing
temperature of 41 °C the temperature has dropped by 1°C. However
at a casing temperature of 32 °C the temperature has dropped by only
0.3°C.

From this experiment we can observe that the casing will definitely
absorb heat. It does take a while before the casing temperature would
match the coil heat though. In this case it took about 23 seconds to
reach 90% of the applied temperature, after which it took another 37
seconds to reach 98%. Short lasting coil temperature spikes above
41 °C should therefore not interfere with coil requirement 6. Another
interesting note is that the casing started to deform as it reached 70 °C.
To be within safe levels for the casing, the coil temperature should
therefore never reach close or higher than 70 °C.
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Figure 25.: For about 65 seconds a heat gun provides a 50 °C airflow to the coil
casing. Thereafter the heat gun is removed which causes the casing
temperature to fall off exponentially.
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FORCE

TMS coils are bound to experience strong forces during operation.
This is due to the magnetic field intensity and current flow through
the coil. The Lorentz force density (f) shown in equation [10|is depen-
dent on the current density (J) and the magnetic flux density (B).

f=]xB (10)

The skin effect could influence the current density because current
would be forced to flow through a smaller area leading to a higher
current density. However as shown in the skin effect is not of
concern.

In COMSOL we modeled a circular coil in the 2D axisymmetric inter-
face, figure [26{shows a plot of the cross section and the magnetic flux
density. The corresponding Lorentz force density is shown in figure
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Figure 26.: Magnetic flux distribution in the coil.
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Surface: Lorentz force contribution, r component (N/m?)
Arrow Surface: Lorentz force contribution
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Figure 27.: The Lorentz force causes the coil to compress itself on the outer side.

It can be observed that the largest Lorentz force density is a bit

higher than 4 x 10° Nm~3. This is about 1 x 10° Nm~3 higher than
the force density value as reported in [40] which did not cause coil
cracking. Therefore it’s still unsure whether this force will cause big
issues as it has not been tested.
As this is a circular coil model instead of a figure-8 model, caution
has to be taken when considering these results. However this gives
us a rough figure for the force and it appears that the coil is not to far
off from force values that did not cause any issues.

Nonetheless, measures against the influence of force have to be
taken as the wires are not allowed to move around. Therefore we
will fill up the casing with epoxy to ensure the wires stay in place.
The specific heat, indicating the amount of heat required to change a
unit mass of substance by one degree in temperature [41], is virtually
the same for air and epoxy. Whether epoxy will cause extra heating
issues remains to be seen but it does not appear to be a big issue.
Reality will have to show whether this solution is sufficient. If not,
other measures such as thicker wire might be necessary as this leads
to a lower current density.
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COIL CHOICE

In the previous sections many calculations and considerations have
been made. From Section [7]it has become clear that the figure-8 and
overlap geometries have the highest focality. According to the results
in figure thin wire leads to better focality. Section [g] suggests
that 1 mm wire might already lead to heating issues and thus thinner
wire would not be favorable heating wise. A similar statement can
be made about the force experienced. Section [10|states that the force
experienced by the coil is right at a level the coil can still handle. We
are not sure how much stronger the force may be before mechanical
failure occurs. However via equation [10| it can be reasoned that be-
cause thinner wire would lead to a higher current density, the force
experienced by the coil would increase. Therefore thinner wire is not
desirable from a force perspective. Section [§| has indicated that cop-
per wire is the best fit. Based on this analysis and the results shown
in table [4] and table [5| we conclude that the most suitable coils are
the figure-8 coil and the overlap coil with 1 mm copper wire, an in-
ner radius of 2mm, and each with 10 and 11 windings respectively.
Additional measures such as epoxy are necessary to keep the wires
in place, while (water) cooling might be necessary to ensure a safe
operating temperature for repeated pulses.
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INTERFACE WITH HARDWARE

As the coil draws current from the hardware this forms an interface.
There are two ways to connect the coil to the hardware. Option 1 is
to use connectors such that there is a connector on the coil and on the
cable coming from the hardware. This would provide the benefit of
having a detachable coil, allowing the use of different coils. However,
suitable connectors are hard to find. Connectors usually have a spec-
ified (continuous) current limit, deriving the maximum current just
for the short pulse the hardware sends is difficult. Connectors rated
up to 1000 A which seem likely to work are usually scarce, large,
and expensive. A possible solution might be the XT150 connector as
shown in figure [28} with a rated current limit of 150 A, provide a low
resistance and are steadily available.

Figure 28.: The XT150 connector to detach the coil from hardware.

Option 2 is to crimp the coil wire onto the hardware wire. This
would not allow for detachability from the coil side. It could be pos-
sible to detach the wire on the hardware side meaning however that
every coil would have a long wire attached to it. Crimping wires
might provide a higher chance of operation than XT150 connectors as
both wires are connected right onto each other without intervening
equipment like a connector.

The first objective will be to use connectors. The coil wire should
extend a bit more than usual so that the connector might be cut off in
case of malfunctioning. In that case we move over to crimping.
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COIL CASING

The TMS coil must be isolated from the environment to avoid electri-
cal contact and burns. As this is the part of the system being most
exposed to the patient and user, a proper coil container should be
designed. Heating issues and the influence of the container materi-
als on the magnetic and electric field distribution must be taken into
account. In this chapter we discuss the design of the casing for the
figure-8 coil to be build.

13.1 BUILD MATERIAL

The coil is designed to induce a specific magnetic field inside the
head. The container should therefore have minimal influence on the
magnetic field distribution. Most plastics have low relative permeabil-
ity, which is a property suited for this application. For the creation
of these containers we had 3D printers available that printed models
out of polyactic acid (PLA).

PLA has a melting point between 150-160 °C, which is sufficient in
this case considering the coil won’t reach such temperatures.

It should be noted that PLA based products can not be exposed to
high humidity and therefore must be stored properly.

A model of the figure-8 coil casing is depicted in figure below.
The base of the casing has prints on it that resemble the location of
the wire. This allows us to wind the coil inside the casing by placing
the wire in these prints. The 3D printed casing for the figure-8 coil is

illustrated in figure
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13.1 BUILD MATERIAL

(a) Casing Model (b) 3D Printed casing

Figure 29.: Figure-8 coil casing

This model will be used to test coil heating without any external

cooling. Casing for the figure-8 coil with fans and the overlap figure-
8 coil are still being designed.
Another potential material is Acrylonitrile Butadiene Styrene (ABS).
Benefits of ABS over PLA are the higher melting point and stiffness.
Therefore this material might be better suited for this application. For
us printing with ABS however was less accessible but might be possi-
ble in the future. Therefore PLA was the first option but we are now
looking at using ABS.
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DISCUSSION

In this chapter we will reflect on the specifications given in Section [}

Below table [1]is displayed supplemented with a check mark indicat-
ing whether the requirement is theoretically met or not.

Nr.  Requirement Requirement/Wish  //X

1 All system components in contact with user and Requirement Vv
patient should be electrically isolated

2 The coil should have a suitable casing Requirement V

3 The coil should be able to handle paired pulses Requirement v
with interstimilus interval (ISI) of 3 ms

4 The coil should be able to handle paired pulses Wish vV
with an interstimulus interval (ISI) programmable
between 1.5ms and 3ms

5 The coil should be able to handle a paired pulse Requirement ?
followed by another paired pulse five seconds later
repetitively for 200 times.

6 The casing should be kept at a temperature lower Requirement ?
than 41 °C at the surface in contact with the mouse
head

7 The induced electric field should be at least Requirement vV
110Vm~—!, 5mm deep in the head

8 The electric field should stimulate a maximum Requirement -
area of 1mm x Imm

9 The electric field should stimulate a maximum Wish -
area of 0.5mm x 0.5mm

10 The designed coil must be a figure-8 coil Requirement vV

11 Alternative coil geometries derived from the Wish vV

figure-8 coil may be designed as well
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DISCUSSION

Requirement 1 and 2 are met because the coil wire is electrically
isolated and encapsulated in a casing made out of PLA. Requirement
3 up to and including 6 are met, as in the case of heating issues,
active cooling can be employed. According to simulations, the in-
duced electric field will be at least 110 Vm~! or higher as specified
by requirement 7. As mentioned earlier, requirement 8 and 9 are not
uniquely defined and are therefore hard to comply with. We have set
out to increase focality compared to existing TMS coils. In that regard
we have succeeded. The two proposed coils are an actual and derived
figure-8 coil respectively, therefore requirements 10 and 11 are met.

Theoretically the answer to the problem stated in Section 3| can
be answered with yes. A dark horse might be force exerted on the
coil as it is not exactly clear what influence certain magnitudes have.
Therefore reality will have to confirm this answer.
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14.1 TEST PLAN

14.1 TEST PLAN

To verify the workings and safety of our product we will first put it
through testing. Unfortunately at time of writing it’s not yet possible
to test coils because the required hard- and software is not available
yet, therefore we will describe our proposed test plan.

The first step will be to put a low current pulse through the coil.
Depending on the hardware capability we will start off with the low-
est possible current, and gradually turn up the current until we reach
the specified 2.5kA. If the coil does not show any signs of tear down
or damage we can start measuring important parameters. These pa-
rameters are the magnetic field strength, heat generation, run time,
and durability. The following sections will describe how we plan on
doing that.

14.1.1  Magnetic field strength

The objective is to measure the magnetic field and compare it to the
simulated magnetic field. If the measured and simulated fields are
approximately the same we can infer the simulations are correct and
that the simulated electric field should translate to reality as well.
Hall probes provide an easy way of measuring the magnetic field,
ideally they can be connected to a computer so all data can be read
out and stored.

14.1.2 Heat and run time

Heat production will be measured by the temperature sensor build
into the coil casing. The coil will first receive a single pulse to observe
the heat generated. In case this is in accordance to our calculations
or lower, a paired pulse can be sent and the same procedure will ap-
ply. Hereafter its possible to check how many paired pulse with five
second period in between can be send before the temperature reaches
41 °C. Ideally this is possible for at least 200 consecutive pulses.

If this is not the case, the fans described in Section [§] will have to be
installed. Subsequently the maximum amount of pulses before reach-
ing 41 °C will have to be recorded again. If hereafter heating would
still be an issue, we might have to look into using thicker wire, this
would be at the expense of focality.

14.1.3 Durability

If previous tests have gone well it’s possible to test the coil’s durability.
This would mean sending 200 consecutive pulses through the coil
where after we wait until the coil reaches its initial temperature again.
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Subsequently another batch of pulses can be sent, this process
should be repeated at least twenty times to see whether the coil is
suitable for prolonged use.
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COMPARISON OF OUR MODEL WITH EXISTING
COILS

With the focality parameter S;,, we can now objectively compare our
design to existing coils. Figure 30| displays the focality of different
coils compared to our own design.

Coil Model Comparison
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Figure 30.: Comparison of different TMS coils in terms of focality defined by the
tangential spread Sy 5 in mm?.

It should be noted that except for the Iowa State helmet coil, all
of these coils are designed for the human specimen. Nonetheless we
can observe that the value of our focality is much lower as compared
to the rest, indicating that a smaller brain region is stimulated. Even
compared to the design of the Iowa State University coil for mice we
have realized a focality about three times better. As mentioned in
Section @ coil requirement 8 indicating a focality of 1 mm? is loosely
defined but we can conclude that we have reached the best focality of
TMS coils thus far.
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CONCLUSION

In about two months time we have set up the foundation for the re-
alisation of a focal TMS coil suitable for mice. The focality we have
reached is better than that of existing coils. The theoretical design
takes focality, heating, packaging and forces into account and adheres
to the requirements set in the system specifications. A path to the
practical realisation of the coil has been set. The possibility to carry
out tests is dependent on the realisation of the developed hardware
and software. Once the remaining equipment is realized, the coil can
be tested according to the test plan we have set up.

We thoroughly enjoyed the opportunity to apply our accumulated
knowledge throughout the years in a team setting to realize a product.
We hope that the hardware, software and coil combine into a solid
product capable of performing Transcranial Magnetic Stimulation on
mice. Furthermore we hope to have excited the reader for TMS and
hope they can benefit from the theoretical framework that has been
set.
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MAGNETIC AND INDUCED ELECTRIC FIELD FOR
DIFFERENT MODELS

In this appendix, we illustrate the magnetic and induced electric field
5mm inside the head for the different coil models. The illustration
aims to give better understanding of distribution of the fields inside

the head. These results were calculated 10 us into the current pulse
described in Section [7.2}
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Figure 31.: Magnetic field smm inside the head by the Butterfly Coil
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A.2 FIGURE-8 COIL
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Figure 32.: Induced electric field smm inside the head by the Butterfly Coil
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Figure 33.: Magnetic field smm inside the head by the Figure-8 Coil
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A.3 ORTHOGONAL FIGURE-8 COIL iv
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Figure 34.: Induced electric field smm inside the head by the Figure-8 Coil
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Figure 35.: Magnetic field smm inside the head by the Orthogonal Figure-8 Coil



A.4 OVERLAP FIGURE-8 COIL v
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Figure 36.: Induced electric field 5mm inside the head by the Orthogonal Figure-8
Coil
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Figure 37.: Magnetic field smm inside the head by the Overlap Figure-8 Coil



A.5 SLINKY COIL
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Figure 38.: Induced electric field 5mm inside the head by the Overlap Figure-8 Coil
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Figure 39.: Magnetic field smm inside the head by the Slinky Coil



A.6 SQUARE FIGURE-8 COIL
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Figure 4o.: Induced electric field smm inside the head by the Slinky Coil
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Figure 41.: Magnetic field smm inside the head by the Square Figure-8 Coil
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A.7 BINOCULAR FIGURE-8 COIL viii
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Figure 42.: Induced electric field smm inside the head by the Square Figure-8 Coil
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Figure 43.: Magnetic field smm inside the head by the Binocular Figure-8 Coil
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Figure 44.: Induced electric field smm inside the head by the Binocular Figure-8
Coil
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