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ABSTRACT

This research investigates the effects of the frequency components of the lightning
First Short Stroke (FSS) on the current pathway through human tissues using fre-
quency domain analysis. A Double Exponential Function (DEF) is developed to
model the FSS with frequency components in the range 10Hz ~ 100kHz. Hu-
man tissues are simulated using Finite Element Analysis (FEA) in COMSOL and
comprises of two types of models: Single Layer Cylindrical Model (SLCM) and
Multi-layered Cylindrical Model (MLCM). The SLCM models 54 human tissues in-
dependently and the MLCM models the human leg with five tissue layers: bone

marrow, cortical bone, muscle, blood and fat.

Three aspects are analysed: current density, complex impedance and power dissipa-
tion. From the SLCM results, aqueous tissues have the lowest impedances and tissue
heat dissipation is proportional to tissue impedance. Results from the MLCM show
that 85% of the FSS current flows through muscle, 11% flows through blood, 3.5%
through fat and the rest through cortical bone and bone marrow. From the results,
frequency dependent equivalent circuit models consisting of resistors and capacitors

connected in series are proposed.

The simulation results are correlated with three main clinical symptoms of lightning
injuries: neurological, cardiovascular and external burns. The results of this work are

applicable to the analysis of High Voltage (HV) injuries at power frequencies.
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Chapter 1

Introduction

The First Short Stroke (F'SS) is considered an impulse current with several frequency
components associated with it [1]. This work uses frequency domain analysis to
investigate the effects of these frequency components on the current pathway through
the human body when struck by the FSS. The frequency components are extracted
from an existing FSS model and applied to the proposed human tissue models,
and the frequency dependant impedances are calculated. The current pathway is

determined to be inversely proportional to the impedances.

Simulated models of various human tissues for the evaluation of tissue impedances
under different frequency conditions are proposed. Two types of tissue models are
developed: Single Layer Cylindrical Model (SLCM) and Multi-layered Cylindrical
Model (MLCM). SLCMs are used to simulate 54 human tissues individually whereas
MLCM is used to simulate a human leg and examines the effects of multiple tissues
on the current pathway. Two simulation approaches, Electric and Magnetic Field
(EMF) and Electric Field (EF), are performed on the SLCM. The results from the
simulations of the SLCM and MLCM are compared with symptoms of lightning

injuries and correlations are discussed.

Chapter 2 discusses the background on FSS waveforms, lightning injuries and human
body models. The different FSS models are described and compared. The waveform,
current magnitude and duration of each model is detailed. Lightning injuries are
compared with HV injuries and possible causes are discussed. Present modelling

techniques of the human body are mentioned.

Chapter 3 outlines the approach taken in the design and simulation of the human
tissue models. The rationale for this research is discussed along with the research

objectives.



Chapter 4 examines the FSS model and details the simulation designs for both
the SLCM and the MLCM. The EF and EMF simulation approaches are pre-

sented.

Chapter 5 discusses simulation results of the SLCM and the MLCM. Comparison
between the EF and EMF simulation approaches are conducted. The feasibility of
using the simulation results in the prediction of current pathway is described. The

results are compared with existing studies and findings of lightning injuries.

Chapter 6 and 7 concludes the work by reviewing the study along with future rec-

ommendations and a summary of the findings.

Appendix A derives Maxwell’s Equations for the use in FEA. The differential equa-
tions required to solve the electromagnetic fields for the specific application of this

work is given.

Appendix B includes results obtained from the SLCM. Three aspects of the results

are presented: current densities, complex impedances and power losses.

Appendix C details the image segmentation process in which the structure of the
MLCM is derived. This includes the construction and volumetric analysis of human

leg Magnetic Resonance Imaging (MRI) images and models.

Appendix D presents a published conference paper that was submitted to the In-
ternational Conference on Lightning Protection in October 2014 [6]. This paper
provides a background on the use of dielectric properties of human tissues in the

analysis of lightning injuries.



Chapter 2

Background

Overview

This chapter discusses the background and existing research on the consequences
of lightning strikes on humans as well as approaches to explain these phenomena.
This chapter consists of four parts. Firstly, the lightning current waveform is dis-
cussed and existing models are presented. Secondly, lightning injury mechanisms
are detailed with analysis of causes and consequences of lightning injuries. Thirdly,
lightning injuries are compared to HV injuries with a discussion on the differences
and similarities between them. Lastly, various approaches of modelling the human

body are considered.

Section 2.1 discusses two popular models of the lightning short stroke as well as

current methods in lightning simulation.

Section 2.2 presents statistics on the fatalities of lightning injuries. Six lightning
injury mechanisms are discussed followed by a few case studies. Clinical symptoms of

lightning injuries are discussed and categorised based on medical case reports.
Section 2.3.1 details the differences and similarities between lightning injuries and
HYV injuries.

Section 2.4 discusses the electrical properties of human tissues. Existing human
body models including electric circuit models of the human body and the numerical

dosimetry models of the human body are considered.



First Short Stroke

Long Stroke

Subsequent Stroke

t t

Figure 2.1: Various types of stroke components of downward flashes. Adapted from
Figure A.3 [1]

2.1 Lightning Model

In essence, lightning is a visual manifestation of an extremely large electric discharge
[7]. According to the IEC-62305 Std. [1], a lightning flash to earth is composed of
one or more short strokes and/or long strokes. A short stroke is defined as part of the
lightning flash which corresponds to an impulse current, and a long stroke is defined
as part of the lightning flash which corresponds to a continuing current [1]. The
different stroke combinations within cloud-to-ground negative downward flashes are
shown in Figure 2.1. Only the cloud-to-ground negative downward lightning flash
is considered as this is the most frequent type of lightning that results in lightning

injuries [8].

Lightning is considered and modelled as a current source which suggests that the
magnitude of current is independent to the resistance of the object that is struck
[9]. Golde [10] referred to the current of lightning as the most crucial parameter
of the lightning discharge. The FSS is considered the most significant part of the
lightning flash as it causes most of the destruction to electrical systems [11]. From
Figure 2.1, it can be seen that the FSS has a much higher peak value compared to
the other strokes. F'SS is known to be the most powerful lightning process in terms
of the local energy dissipation and electromagnetic radiation [12]. Due to this, when
a person is struck by lightning, the effects of the FSS on lightning injuries may be

expected to be the most important aspect of the investigation.



Current (kA)

Figure 2.2: Typical lightning short stroke current waveform

To investigate the effects of the FSS on lightning injuries, the FSS current waveform
needs to be surveyed and modelled. Since the FSS resembles an impulse as seen in
Figure 2.1, there are multiple frequency components associated with it. A model
in the time domain needs to be established such that a subsequent model in the
frequency domain can be derived and the frequency components analysed. From
this, the effects of the frequency components on the current pathway of the FSS can

be examined.

2.1.1 Lightning Current Waveform in the Time Domain

Not all lightning occurrences are the same; the shape and magnitude of the light-
ning current waveform depends on various factors: terrain, electrical properties of
the object that is struck and the charge contained within the cloud [4]. Since all
occurrences of lightning events are different, it is important to develop a model of
the lightning strokes which best describes natural lightning and can be used for

analyses.

According to IEC-62305 [1], lightning short stroke waveforms are described using the
following nomenclature: 71 /T s as depicted in Figure 2.2. Ty is the time interval
between the instants where the current reaches 10% and 90% of the peak current.
T5 is the time interval between the origin and the instant when the current drops to
50% of the peak current.



There are numerous methods to model the lightning short stroke. Rakov and Uman
[13] defined four classes of return stroke models: gas dynamic models, electromag-
netic models, distributed-circuit models and the engineering models. Engineering
models include functions which describe the spatial and temporal distribution of the
FSS current at the base of the channel [13]. This allows for the calculations of the
Lightning Electromagnetic Pulse (LEMP) and the lightning stroke electromagnetic
fields [14]. Other return stroke models primarily represent the formation of the
lightning channel and the current distribution along the channel [13]. As this work
concerns the current pathway of the FSS through the human body after attachment,
only the channel base current is of importance and only the engineering models are

considered.

Cooray [11] compares in detail the various mathematical return stroke models used
in engineering models to describe the channel base current. The most popular being
the Double Exponential Function (DEF) developed by Bruce and Golde [15] and the
Heidler Function [16].

Double Exponential Function (DEF)

The DEF developed by Bruce and Golde [15] is shown in Equation (2.1), where I,
is the peak current multiplier, & and (8 are parameters that are obtained from the
electrical charge density along the path, return velocity and the charge compound

ratio and ¢ is the time variable.

i(t) = In(e™ ™ — e P (2.1)

There are two major limitations of the DEF waveform [17]. Firstly, the parameters
Iy, a and B do not provide obvious meanings to the characteristics of the DEF
waveform. Secondly, the DEF waveform produces an unrealistic rise at t = 0 as seen
in Figure 2.3. The most significant advantage of using the DEF is that analytical
integration using the Fourier transform is possible such that the waveform can be

analysed in the frequency domain.
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Figure 2.3: Lightning stroke model: DEF of 200kA, 10/350 us

Heidler Function

The Heidler function is used by the IEC-62305 to define the lightning short stroke
waveform for the FSS of 10/350 us and subsequent short stroke of 0.25/100 us as
shown in Equation (2.2) [1]. In this equation, I is the peak current, k is the correction
factor, ¢ is the time variable, 71 is the front time constant and 7 is the tail time
constant. This current waveform is based on the Heidler function [16] and is plotted

in Figure 2.4.

i(t) = I M . e(—t/T2) (2.2)
k14 (t/m)'0

Heidler function is widely used as it presents several improvements over other channel

base current models [16]. The most significant improvement over the previously

popular DEF is that the time derivative of the Heidler function at ¢ = 0 does

not have a discontinuity [16]. The disadvantage of the Heidler function is that

it cannot be analytically integrated using Fourier transformations, only numerical

approximations can be carried out to estimate the integral of the Heidler function
[16].

Several studies have been conducted in the approximation of the Heidler function
such that it can be transformed into the frequency domain. Slavko and Lovric [18]
approximate the Heidler function by linearly combining exponential functions in the
time domain which can then be analytically transformed into the frequency domain.

Similar work include: Javor and Rancic [19] who introduced the CBC function
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Figure 2.4: Lightning stroke model: Heidler Function of 200 kA, 10/350 us

with Javor [14] further defines the NCBC function; Feizhou and Shanghe [20] who
proposed the Pulse function which is time integrable. These studies mostly use the

DEF as the foundation for the approximation of the Heidler function.

2.1.2 Lightning Studies in the Frequency Domain

Since the FSS resembles an impulse as seen in Figure 2.1 and Figure 2.2, multiple fre-
quency components are associated with it. These frequency components arise from
the rapid rate of change of current in a short duration. The FSS can be decomposed

into these frequency components and analysed from the frequency spectrum.

The frequency domain transformation of the lightning stroke is required in calcu-
lations of the transient analysis of electromagnetic phenomena such as lightning

protection and grounding grid analysis [18].

Several studies have focused on analysing the lightning strokes in the frequency
domain [21-23]. These studies have primarily focused on the atmospheric measure-
ments of the electromagnetic radiation from the lightning strokes during lightning

events.



2.2 Lightning Injuries

A topic that has fascinated scientists and engineers for years is the mechanisms
by which objects are struck by lightning, particularly when the consequences are
human injuries. The effects of lightning strikes on humans have been surveyed on
a broad scale and a myriad of findings as well as postulations have been suggested.
These findings include work from both the medical field as well as the engineering
field.

2.2.1 Statistics

Holle [24-26] estimates that lightning results in 6 deaths per million per year world-
wide which translates to 24,000 deaths and 240,000 injuries per annum. In South
Africa, there are limited published data on lightning morbidity [27]. Blumenthal
et al. [27] estimated that there are up to 100 lightning related fatalities per annum
in South Africa. They also estimated that there are at least 400-500 clinically
admitted lightning strike survivors annually. This may be due to the considerable
distribution of the rural population and the result of weakly constructed dwellings.
The Highveld region of South Africa, which is a predominantly urban region, has an

annual incidence of 6.3 deaths per million [28].

2.2.2 Mechanisms of lightning injuries

Extensive studies have been undertaken on the mechanisms of lightning strikes and
related injuries. The four well known classic mechanisms of lightning injuries are:
direct strike, contact voltage, side flash and step voltage [29]. In the analysis of
these mechanisms, the electrical impedance of the body and the current pathway
established has been the main focus from the electrical and medical perspective
respectively [29]. Anderson [30] and Cooper [31] described a fifth mechanism of
lightning injury, which is a result of the discharge of a weak upward streamer through
the body due to an unsuccessful attachment process. A sixth mechanism has been
suggested by Blumenthal et al. [32], which details a blast effect termed lightning
barotrauma. The first five mechanisms can be described electrically by means of
voltage and current. The sixth mechanism, however, is described as a result of the
shock-wave phenomenon [32]. It is important to note that since all lightning flashes
are unique, injuries from lightning vary for each lightning incident. This variation is
also dependant on the environment, activity of the people and the medical treatment

of the injuries [4].



According to Rakov and Uman [33], lightning damage is defined by the charac-
teristics of the lightning discharge as well as the properties of the object that is
struck. When considering the characteristics of the lightning discharge, the cur-
rent waveform of the lightning discharge has been the centre of interest along with

electromagnetic radiation.

Rakov and Uman [33] further describe four distinguishable properties that the light-
ning current waveform possesses which are significant in causing lightning dam-

age:
e Peak Current
e Maximum rate of change of current
e Integral of current over time (Charge transferred)

e Integral of current squared over time

Andrews et al. [5] state that lightning is hazardous to the human body for four
reasons: high voltage, secondary heat production, electromagnetic cellular effects
and explosive force. They further stipulated that the factors which result in the
severity of electrical burns are, frequency, voltage, current magnitude, resistance,

current pathway and duration.

The five mechanisms of lightning injuries which involve current and voltage are
detailed below:

Direct Strike

This is the mechanism of injury in which the attachment process occurs directly
between the upward streamer from the victim and the downward leader of the light-
ning stroke [29]. The entire current discharge is delivered to the victim, however,
external flash-overs may occur depending on the body resistance of the victim [9].
This is a result of the breakdown of air, in which case, the current discharge occurs

over the external surface of the victim rather than internally [9].

Contact Voltage

This is the mechanism of injury in which the victim has direct contact with the
conductive object that has been struck. A potential difference between the contact
point of the victim with the conductive object and earth is produced [29] which

results in a current flow.
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Side Flash

This is the mechanism of injury in which the victim stands in close proximity to
the point of strike and the current travels across the air gap and conducts through
the victim to earth [29]. This occurs as the developed voltage of the object which
is struck causes electrical discharge due to the electrical breakdown of air. This is

dependent on the air-gap distance and the body resistance of the victim [9].

Step Voltage

According to Darveniza [9], when a strike occurs near the victim, the current dis-
charge flows into the earth and away from the point of strike. This initiates concen-
tric equipotential lines around the point of strike. The adjacent points of contact of
the victim with the ground will have differing potentials with respect to the point
of strike. This difference in potential between the adjacent points of contact results
in current flowing through these points. The magnitude of the potential difference
depends on the current magnitude, the soil resistivity, the radial distance from the

point of strike and the length of the step.

Upward Streamer

As the downward leader progresses towards earth, there may be instances in which
several upward streamers are formed. However, as the attachment process occurs
with one of these upward streamers, the unattached upward streamer/s flows back

down the victim/s which initiated the upward streamer [30, 31].

2.2.3 Current Discharge Pathways and Duration

From the five mechanisms of lightning injuries mentioned above, it can be seen
that the current magnitude and the current pathway is the main cause of lightning
injuries.

According to Lee [29], the extent of lightning injuries is dependent on the current
discharge pathway through the body when struck by lightning. Hence, the analysis
and identification of the critical structures (organs) which are affected along this
pathway is necessary. In the case of a direct strike or side flash, the current generally

traverses the body from the head, neck and shoulders to the feet.
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According to Andrews et al. [5], there are two routes for the lightning current path-
way: through and over the human body. The latter is the external flash-over men-
tioned in Section 2.2.2. While the occurrence of the external flash-over is only
speculation and can be mathematically modelled, no human body model consider-
ing the flash-over has been developed which can quantify the current through and

over the human body.

2.2.4 Clinical symptoms of lightning injuries

Two fatal consequences of lightning strikes are considered: ventricular fibrillation'and
respiratory arrest. The onset of ventricular fibrillation is the result of current passing
through the heart; respiratory arrest is the result of current traversing the brain stem
(respiratory centre). Ventricular fibrillation and respiratory arrest are the results of
functional disturbances and usually are not associated with structural changes. Due
to this, post-mortem examinations do not always suggest the exact mechanisms of
death [29].

Andrews and Cooper [34] classified the clinical symptoms of lightning strike victims
into nine categories. The categories which constitutes the majority of clinical symp-
toms and worth mentioning are: neurological, cardiovascular and external burns
related injuries. This is in accordance with the findings of Pfortmueller et al. [35],
stating that the three most common sites of lightning injuries are the nervous system,
cardiovascular system and skin respectively. Several medical studies show similar
findings [36, 37]. Internal tissue breakdown resulting in damage is rarely found, the
most likely medium for current conduction is via the vascular tree or through other
channels containing ionic fluid [2]. The common types of lightning injuries are listed
in Table 2.1.

2.3 Comparison between High Voltage (HV) injuries

and lightning injuries

Current flows through the path of least impedance. The establishment of this current
path depends on various factors: the frequency of the current, the electrical prop-
erties of the encountered tissues and the points of contact with the current source
[38]. In the examining of electrical accidents, it is critical to determine the current

pathway through the tissues in order to determine the severity of the injuries.

One of the main causes of cardiac arrest. A condition in which the contraction of the ventricles
are uncoordinated due to the random quivering of the cardiac muscles.
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Table 2.1: Types of lightning injuries and death. Adapted from Table A.1 [4] and

Andrews et al. [5].

Lightning Death

Asystole, seldom ventricular fibrillation

Cardio-respiratory progression

Immediate Neurological Effects

Loss of consciousness

Brain stem dysfunction

Cerebellar and basal ganglion haemorrhage
Peripheral neurovascular spasm

Seizures

Long Term Neurological Effects

Pain syndromes
Dysthesia, neuropathy
Parkinsonism
Neuropsychological

Spinal cord change

Burns and Cutaneous Markings

Entry and exit burns
Linear burn
Lichtenberg figure (arborescent burn)

Contact burn

Contusive Blast Injury

Exploded, torn and shredded clothing

Body contusion (skin, brain, lung, bowel, etc.)

Trauma

Blow bruise laceration

Fractures

Special senses

Ear and hearing injury

- Tympanic membrane rupture
- Tinnitus and vertigo

- Deafness

Eye injury

- Blindness

- Retinitis

- Cataract

- Uveal inflammation

According to Sutherland et al. [39], even though lightning injuries may resemble

symptoms similar to those of HV power line injuries, they are not the same. This is
further differentiated in detail by Andrews and Cooper [34].

Sutherland et al. [39] mentioned that when considering power frequency electri-

cal injuries, human sensitivity to electric current is dependent on both the current

magnitude and duration, which is similar to lightning injuries. Even though the

mechanisms of injury may be similar, they are fundamentally different due to the

characteristics of the current waveform. Lightning is characterised as an aperiodic
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and transient impulse whereas HV electrical injuries are results of power frequency
periodic sinusoids. Hence, the most important factor in discerning HV electrical

injuries is the duration of exposure to the current [5].

In HV injuries, currents up to a few amperes lasting more than a few seconds may
result in internal injuries as well as surface burns [40]. However, lightning injuries
are normally result from stroke currents lasting a few microseconds, only the stroke
currents which lasts several milliseconds (long strokes) are associated with major
injuries [5]. Long strokes are able to explode trees, start fires and produce injuries
similar to HV injuries [5]. The short and long term sequelae of lightning injuries
tend to be of a neurological nature rather than external burns [4]. The comparison

between lightning injuries and HV injuries is shown in Table 2.2.

Table 2.2: Comparison between HV injuries and lightning injuries. Adapted from
[4] and [5].

Hv Lightning
Voltage > 1000 V Alternating Current | 30 MV Transient
(AC)
Current Waveform | 50/60 Hz AC Impulsive discharge with mul-

tiple strokes

Duration of contact

Prolonged, Short if thrown

Impulsive, continuing current

may occur

Pathway

Deep, internal

Flash-over

Mode of death

Ventricular fibrillation

Asystole 1° and 2°, respira-

tory paralysis

Burns Severe, deep and extensive Superficial, Minor
Lichtenburg figure | Can be present Common
Muscle damage Can be present Rare
Renal consequences | Myoglobinuria and renal fail- | Rare
ure
Fasciotomy Common and extensive Rare

2.3.1 HYV Electrical Injuries

Despite the differences, there are many similarities between the injury mechanisms
of HV injuries and lightning injuries. Experiments conducted under power frequency
electrical currents should not be disregarded and careful considerations are required

when using HV electrical injuries data in the analysis of lightning injuries.
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Two standards are used to describe the current pathway through the human body
in HV injuries: IEC-60479 [40] and IEEE Std. 80 [41]. Grounding of structures are
commonly designed for power frequencies since the human body is more susceptible

to 50/60 Hz current than high frequency currents [41].

Bracken et al. [42] examined the current pathways through the body for electrical
utility workers and developed statistical distributions of the electrical impedance
of the human body. When describing the pathway impedance of the human body,
there are two impedances which are considered: the impedance of the skin at the
contact point and the impedance of the internal body [43]. The impedance of the
internal body is lower than the impedance of the skin and can be considered as only
resistive at 60 Hz [44]. The impedance of the skin at the contact point is dependant
on voltage, frequency, contact area and the skin moisture and can be both resistive
and capacitive. The total impedance of the body is the vectorial combination of the

impedance of the internal body and the impedance of the skin [42].

IEEE Std. 80 approximates that the body has a resistance of 1k{2 for hand-to-feet
and hand-to-hand pathways depending on environmental conditions [41]. Lee and
Sakis Meliopoulos [45] compared the IEC-60479 with IEEE Std. 80 and found that

the IEC-60479 gives a more concise electrical shock model.

IEC-60479 [40] states that after the skin has broken down, the total body impedance
approximates to that of the internal impedance and only depends to a small extent
on the surface area and the dampness of the contact area. If the contact voltage on
the skin rises above 200V, the skin typically breaks down and the total impedance
of the body tends towards the impedance of the internal body [44].

According to TEC-60479 [40], ventricular fibrillation threshold depends on physio-
logical parameters (such as condition of cardiac function, structure of the body)
and electrical parameters (current pathway, duration and magnitude). Besides ven-
tricular fibrillation, mechanisms affecting respiration are fatal as well. Death may
occur when current traverses the spinal cord or the respiratory control centre in
the brain. Contact with high magnitude and short duration currents can damage
cells through a non thermal effect called electroporation. Electroporation is caused
from the breakdown of the cell membrane as a result of high transmembrane electric

fields. Cell necrosis may occur and tissues may be irreversibly damaged.

Data from extensive work done by Dalziel and Lee [46] [47] on electric shock hazards
is still used today. Two fatal injuries from HV contact are: respiratory paralysis
and wventricular fibrillation. Human susceptibility to electric current depends on
the current magnitude which is determined by factors such as body weight and
shock duration. Currents flowing through nerve centres in the brain may inhibit
respiratory functions which do not recover for a long time even when the current

source is removed.
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Dalziel [48] believed that the danger of impulse currents is essentially the result
of the energy contained in the discharge. Factors such as the wave front of the
current impulse and the duration of the impulse are of less importance. Although
HV injuries result in the immense destruction of tissues at contact locations, the
most crucial property that results in fatality is the current that flows through the
body.

2.4 Human Body Model

2.4.1 Circuit Model of the Human Body

The human body is often modelled using electric circuit analogy [39, 44, 49, 50].
Modelling the human body using electrical circuit theory simplifies the human body
and allows analysis from a purely electrical perspective. The total body impedance
is a combination of the impedances of various parts of the body. Hence, the equiva-
lent circuit model of the human body is the representation of the electrical current

pathway through the body.

Human Circuit Model at Power Frequencies

Some studies only consider currents flowing through the human body at power fre-
quencies (50/60 Hz) [39, 42, 51]. This may not be adequate in the analysis of light-

ning injuries as the FSS has multiple frequency components associated with it.

The TEC-60479 [40] describes the effects of AC on the human body in the range of
15 ~ 100 Hz and considers the body impedance to be dependant on multiple factors:
current path, touch voltage, current flow duration, frequency, amount of moisture
on the skin, contact surface area, contact pressure and temperature. The electrical
impedance of the human body within this frequency range is also detailed. The
initial resistance of the human body Ry can be considered as 10002 for 95% of the

human population.

Sutherland et al. [39] considers the simple human body model with two types of
impedances: skin and internal. The skin has both resistance and capacitance due to
its layered structure. The skin impedance Z, is considered as a network of resistances
and capacitances [40]. Hence, Z, decreases as current or frequency increases. The
current and voltage relationship is nonlinear as the impedance of the human body
varies depending on the touch voltage. The internal impedance is resistive and
comparable to saline at human body concentration. This value essentially depends
on the current path [40]. From this model, the skin capacitance causes the impedance

to decrease with increasing frequency.
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Figure 2.5: Simplified model of the human body

Gordon et al. [44] state that at lower frequencies such as power frequencies, the
impedance of the body is primarily resistive and it is thus adequate to model the
body as a single resistor or a network of resistors. The impedance is a function
of frequency and voltage and a circuit model shown in Figure 2.5 is proposed [44],
where R, represents the resistance of the skin and Cj represents the capacitance
of the skin while R; represents the internal impedance of the body. This model
illustrates that as frequency increases, the total body impedance approaches that of

the internal impedance.

Kanai et al. [49] proposed a more sophisticated model which determines the average
body impedance as a function of frequency in the Very Low Frequency (VLF) to
Medium Frequency (MF) range (10kHz ~ 3 MHz). The proposed equivalent circuit
model for individual tissues in the 10kHz ~ 10 MHz range is shown in Figure 2.6.
R, represents the resistance of the extracellular fluids measured at VLF such as
10kHz; C), and R,, respectively represents membrane capacitance and intracellular
fluid resistance of muscle tissues and describes the $-dispersion? in the frequency
range 10 ~ 500kHz; C}, and R; represents the membrane capacitance and intracel-
lular fluid resistance of red blood cells respectively and describes the g-dispersion
in the frequency range 500 kHz ~ 10 Mz; C represents the tissue capacitance and is
significant in the total impedance for frequencies above 10 MHz. It must be noted
that all the values of R and C are nonlinear and depend on frequency and current
density (mA/cm?).

An intricate aspect in circuit modelling of the human body is considering the dy-
namic nature of the human body impedance. According to Gordon et al. [44], studies
under household voltages at power frequencies have shown that the human body ex-
hibits a high impedance initially as a result of the presence of skin; this impedance
rapidly decreases as the skin begins to breakdown. The total impedance of the hu-

man body continues to decrease in the next tens of seconds, this may be due to

2The ability of a biological cell to filter out low frequency currents and allow high frequency
currents to pass through.
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Figure 2.6: Simplified model of the human body under high frequency currents

the thermal runaway® process in which internal tissues are broken down by Joule
heating. Finally, an increase in impedance can be seen which may be attributed to
the dehydration of the tissue at the point of contact with the electrode. Present
models of the human body usually comprise of resistive and capacitive properties,

however, inductive properties are seldom considered in the model.

Human Circuit Model Considering Lightning

Andrews [2] theorises that the duration of the lightning current which flows internally
through the human body is short as external flash-over occurs before internal damage
can occur. The majority of the lightning current flows through ionic fluids such as
blood and cerebrospinal fluid. Muscle is the tissue with the next lowest impedance.

The circuit model proposed by Andrews [2] is shown in Figure 2.7.

Several lightning injury studies are based on the circuit model proposed in Figure 2.7.
Misbah et al. [53] used the model to investigate several mechanisms of lightning
injuries by calculating the current travelling in each component. Gazzana et al. [54]

used the model to simulate lightning transients on grounding systems.

Even though studies exist which uses electrical components to model the human
body, these values are based on speculation and minimal measurements. They do not
explain the intricate relations of human tissues and the way in which the lightning

current flows through the human tissues.

3A process in which resistance is lowered due to the increase in internal temperature. This is
a result of positive feedback whereby an increase in current flow increases power dissipation which
further increases the temperature which further increases the power dissipation [52].
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Figure 2.7: Equivalent Circuit Model of the Human Body proposed by Andrews [2]

2.4.2 Electrical properties of Human Tissues

Gordon et al. [44] studied the electrical properties of biological tissues using living
hogs by using a 60 Hz AC current of 100 mA. The results show that the nerves and
arteries have the highest conductivity whereas muscles, fat and bone have consid-
erably lower conductivity. It is noted from all tested tissues that the phase angles
between measured voltages and currents are no more than five degrees which suggests
that the overall capacitive effects of the tissues are of minor significance. However,
these tests were carried out under a frequency of 60 Hz and are thus insufficient in

explaining high frequency effects on human tissues.

The dielectric properties of human tissues are extensively examined and utilised in
the study of electromagnetic effects on the human body [55]. In order to under-
stand and investigate the physical phenomena of electromagnetic fields on biological
tissues, the dielectric properties of the relevant tissues need to be known. Electro-

magnetic propagation through any medium is calculated using the dielectric prop-

19



erties of the medium as defined by Maxwell’s Equations [55]. This is significant in
quantifying characteristics such as current densities, current pathways and specific

absorption rates (SAR) in tissues and organs.

It should be noted that most cylindrically shaped tissues have a higher resistivity
in the transverse direction compared to the longitudinal direction [38]. This shows

that human tissues are anisotropic?.

Electrical Properties of Human Cells

The human body in most situations cannot be modelled simply by a single lumped-
element impedance since the electromagnetic properties of the human body are non-
linear, time-varying, temperature dependant and inhomogeneous [44]. Therefore,
it may be significant to examine human body tissues at a cellular level including

analysis of cellular interactions and cellular contents.

Human cells are considered to be capacitive due to the dielectric nature of the cell
membranes [56]. When a low frequency current flows through a cell, the capacitive
reactance of the cell membrane is high. This causes the bulk of the current to flow in
the extracellular fluids. When the current is at a high frequency, the impedance of
the cell membrane is much less and the current thus flows through the intracellular
fluid in addition to the fluid surrounding the cell [38].

According to Talaat [57], as current flows through the tissue, depending on the du-
ration, it results in Joule heating which subsequently alters the resistivity of the
tissue. The impedance of the tissue is also affected by the exposure to high electric
fields which results in the breakdown of cellular membranes. The breakdown of
cellular membranes involves two mechanisms: dielectric breakdown and electropo-

ration.

2.4.3 Voxel Model of the Human Body

The advances in computing power has allowed accurate numerical simulations to be
a viable option in analysing and visualising realistic and complex structures. MRI
can be used to obtain physical structures of human organs in which accurate and
realistic models can be constructed [58]. However, despite the image processing
techniques which can be used to differentiate tissue types, medical staff are still
required to identify anatomical structures on the scan and rectify the identification

process [58].

“The material property differs at different locations of the tissue.
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Numerical Dosimetry

Numerical dosimetry is the calculation of the energy absorbed by human and an-
imal models from electromagnetic radiation through solving Maxwell’s Equations
by numerical means such as Finite Element Analysis (FEA) [59]. Earlier works
include planar [60], spherical [61] and cylindrical human models [59]. With the ad-
vancement in medical imaging, numerical dosimetry has been extended to the use
of accurate human models obtained from MRI and X-ray computed tomography
[58, 62-64].

The energy absorbed by the human tissues are measured in terms of Specific Ab-
sorption Rate (SAR) as shown in Equation (2.3), where o and p are the conductivity
and density of the tissue respectively [65].

SAR = oE?/p (2.3)

According to Gandhi and Chen [66], two popular numerical methods are used in
numerical dosimetry at power-frequencies: Finite Difference Time Domain (FDTD)
and Impedance Method (IM). FDTD solves the coupled differential form of Maxwell’s
Equations for every point in the model in the time domain, assuming ¢, and o,
remains constant. IM presents the model as a network of impedances which are

calculated from the complex conductivities o + jwe.

Cylindrical Human Model

When using the FEA approach, cylindrical models are commonly selected to model
the human body as it is the simplest to mathematically calculate using numerical
methods [59].

Ruan et al. [67] analysed the electrical properties of human tissues and organs by us-
ing a cylindrical model of the human body. Werner and Webb [68] used a six-cylinder
model of the human body in the study of human thermoregulation. Muramatsu et al.
[69] calculated the impedance of the human arm in human body communication by
developing a multilayered cylindrical model of the human arm. Ho et al. [70] pre-
sented a triple-layered dielectric cylindrical model of the human limb composed of
fat, muscle and bone. The human limb model is exposed to a direct contact aperture

source and microwave heating effects are examined.
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Human Body Voxel Model Considering Lightning Strikes

Gao et al. [71] used a voxel model of the human body to simulate the effects of the
lightning step voltage on the human body. The results show that the largest current
density appears in the leg muscles and bladder. Current density is much weaker in

bones and bone marrow.

Poljak et al. [72] modelled the vertically standing human body as a cylinder with
uniform cross section and conductivity. The current density induced in the human
body due to electric field coupling of a lightning rod struck by lightning is investi-
gated.

Summary

The DEF model can be integrated by analytical means while the more accurate
Heidler function cannot. There are five classical mechanisms of lightning injuries,
all of which are characterised by the current magnitude, duration and pathway. The
clinical symptoms of lightning injuries can be classified into three main categories:
neurological, cardiovascular and external burns. A comparison of HV injuries and
lightning injuries yield similar injury mechanisms, however, the fundamental differ-
ence is the current duration. The human body is usually modelled using electric
circuit theory, but when frequency components are considered, using electric circuit
components may not be applicable. Present computing power allows the use of FEA
and numerical dosimetry which solves Maxwell’s Equations in a simulated environ-
ment. This type of simulation has been widely adopted and applied to human body

modelling in various fields.
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Chapter 3

Methodology

Overview

This chapter describes the rationale and research objectives of this work. An
overview of the design and approaches taken to simulate the effects of the FSS fre-

quency components on the current pathway through human tissues is given.

3.1 Problem Statement

Previous studies on lightning injuries using circuit models of the human body are
based on time domain analysis and assume human tissue properties to be uniform.
The FSS of the lightning flash is a current impulse with multiple frequency compo-
nents associated with it. Impedances of human tissues are frequency dependant and
should not be treated as constants in the analysis of the FSS current through the
human body. Simply modelling the human body as a resistor may not be adequate

in evaluating phenomena resulting from these frequency components.

The five classic mechanisms of lightning injuries are results from current pathway,
current magnitude and current duration. The current pathway through the body is
determined by the impedances of various tissues. Current magnitude and current
duration are dependant on the FSS itself. Human tissue impedances derived from
dielectric properties are frequency dependent and time domain analysis (such as
FDTD) is not viable. Frequency domain analysis is required as multiple frequencies

need to be examined.
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This work provides an initial step in the analysis of the effects of the frequency
components of the FSS on the human body using FEA. A human body model
is required which accounts for these frequency components. This model needs to
provide a more thorough representation of the human body than simple electrical
components. To understand the FSS current pathway through the human body, the
FSS current pathway through human tissues must be first investigated. A human
body model can then be constructed from the cascade of various human tissue

models.

3.2 Research Objectives

The scope of this work consists of three main aspects:
e Investigate the frequency components of the FSS.

e Develop human tissue models which take into account the frequency compo-
nents of the FSS.

e Investigate the effects that the frequency components of the FSS have on the

current pathway through human tissues.

A model of the FSS is needed to investigate and define the frequency compo-
nents of the FSS. The frequency components must be accurately extracted from
the model.

Human tissue models are required to describe the effects of the frequency components
of the F'SS on the current pathway through human tissues. The dielectric properties
of human tissues are frequency dependant [55], therefore the electrical properties of

human tissues vary depending on the frequency components of the FSS.

Cylindrical models are commonly used in human modelling (Section 2.4.3) and se-
lected as the basis of the human tissue models. The FSS model is directly attached
to the human tissue models which present the models as three-dimensional near-
field problems. FEA is used as the solution to the human tissue models by solving

Maxwell’s Equations for the electromagnetic fields and related effects.

Aspects that need to be considered include tissue impedances, current densities and
power dissipation. Tissue impedances and current densities determine the current
pathway through human tissues, while power dissipation accounts for heating effects.
This work considers the current pathway of the FSS through human tissues and is

applicable in the analysis of all five classical lightning injury mechanisms.
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Figure 3.1: Overview of model simulation

3.3 Simulation Overview

This work investigates the effects of the FSS frequency components on the current
pathway through the human body. This is carried out by simulations of human tissue
cylindrical models using FEA. Two types of cylindrical models are simulated: Single
Layer Cylindrical Model (SLCM) and Multi-layered Cylindrical Model (MLCM). An

overview of the simulation of the models is depicted in Figure 3.1.

Each model type consists of three phases as shown in Figure 3.1. Phase I defines
and constructs the human tissue models and applies the dielectric properties and
the FSS model to the tissue models. Phase II investigates two simulation ap-
proaches for the simulation environment: EF and EMF. EF considers only electric

fields while EMF considers both electric and magnetic fields as will be discussed in
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more detail. Both simulation approaches are undertaken for the SLCM. Based on the
results of the SLCM, the more applicable simulation approach is then implemented
on the MLCM model. Phase III analyses and compares the results obtained
from the EF and EMF simulation approaches as well as the SLCM and MLCM

simulations. The results are correlated with lightning injury mechanisms.

3.4 Phase I: Models

Two types of models are used to represent human tissues: SLCM and MLCM. SLCM
is the modelling of tissues individually without the presence of other tissues. This
determines the impedances of individual tissues on a per unit volume basis such
that the current pathway can be predicted. MLCM is the modelling of tissues in
the presence of adjacent tissues. This determines the effects of tissue interfaces on

the current pathway. In this work, the human leg is selected as an application of
the MLCM.

FSS The FSS is modelled and the frequency components extracted. These fre-
quency components are individually used as sinusoidal current sources to determine

the tissue impedances at respective frequencies.

Dielectrics In order to solve for impedances using FEA, the dielectric properties
of the tissues are required. This allows the models to be defined from the electrical
perspective. These properties are obtained from Andreuccetti et al. [73] which are

further conditioned and analysed.

SLCM 54 human tissues are modelled individually without the presence of other
tissues. The F'SS model is passed through each SLCM to determine the impedances
of the tissue models. The obtained tissue impedances are compared in order to

analyse the current pathway through the human body.

To compare the impedances between various tissues, the dimensions of the cylindrical
models need to remain constant such that the comparison can be carried out on a
per unit volume basis. Each SLCM has a diameter of 10.5 cm and a height of 10.5 cm

as shown in Figure 3.2.
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Figure 3.2: Schematic of the SLCM

MLCM The human right leg is modelled as the MLCM. The MLCM is a cylin-
drical model consisting of multiple tissue layers constructed to examine the effects
of tissue interfaces on the current pathway. The human leg is chosen since current
must travel through the leg as it is the direct connection between ground and the

upright human body.

The tissue layers of the MLCM include bone marrow, cortical bone, muscle, blood
and fat. The volume of these tissues are estimated from the human right leg model
obtained from BodyParts3D [74] and the Visible Human Project ® [75]. The height
of the cylinder is selected to be the same as the height of the human right leg model:
89 cm and the thickness of each tissue layer is calculated from the respective tissue

volume. Figure 3.3 shows the schematic of the MLCM.
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Figure 3.3: Schematic of the MLCM
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3.5 Phase II: Physics

Currents at various frequencies which represent the FSS are injected into the cylin-
drical models to calculate the impedances. The impedances are obtained by means of
FEA with the use of Maxwell’s Equations. Once the impedances are calculated, the
current pathway at various frequencies can be determined as current takes the path
of least impedance. Two simulation approaches are taken to calculate Maxwell’s
Equations: EF and EMF.

EF is the simulation approach which assumes that magnetic fields and related effects
are negligible in human tissues and only solves for the electric fields. EMF is the
simulation approach which considers both the electric and magnetic fields and any

induced effects.

The top ends of the SLCM and MLCM are connected to sinusoidal current sources
and the bottom ends are connected to ground terminals. The sinusoidal current
source is simulated to only supply current in the i, direction (vertically downwards)

as shown in Figures 3.2 and 3.3.

The results from the two simulation approaches are compared to determine which
approach is feasible in the analysis of the current pathway through human tissues.
From the impedances and current densities, the resistive power dissipation is calcu-
lated.

3.6 Phase III: Results and Analyses

The EF and EMF simulation results of the SLCM are compared. These results
include current densities, tissue impedances and power dissipation. From the com-
parison and error analysis, the most accurate and least time consuming simulation
approach is then applied to the MLCM.

The SLCM simulation results are adapted to the dimensions of the MLCM such that
the SLCM results can be used to predict the MLCM results. Tissue impedances
obtained from the SLCM and MLCM are compared with documented lightning

injuries and the correlations discussed.
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Summary

The effects of the F'SS frequency components on the current pathway through human
tissues are investigated. Human tissue properties are frequency dependant and the
F'SS has several frequency components associated with it. Time domain analysis is
not applicable in this work due to its limitations and frequency domain analysis is

required.

Two human tissue models are simulated using FEA: SLCM and MLCM. To solve
for Maxwell’s Equations in FEA, two simulation approaches are proposed: EF and
EMF. The two simulation approaches are conducted on the SLCM and compared,

the more applicable simulation approach is carried out on the MLCM.

The simulation results consist of current densities, tissue impedances and resistive
power dissipation. The tissue impedances from the SLCM are used to predict the
current pathway of the FSS through the human body. The tissue impedances be-
tween the SLCM and MLCM are compared and correlations investigated to examine
whether the results from the SLCM can be used to predict the MLCM results.
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Chapter 4

Simulation Design

Overview

This chapter describes the design of the simulation environment, which is separated
into a series of phases and adopts a modular approach. This research consists of
three phases, with the first two phases detailed in this chapter and the third phase
detailed in Chapter 5.

Phase I is the Models phase which describes the three models used in this work: FSS
model, SLCM and MLCM. Section 4.1 details the model chosen for the FSS and
the frequency components obtained from it. Section 4.2 details the human tissue
dielectric properties which are crucial in defining the material electrical properties of
the SLCM and MLCM. Section 4.3 and 4.4 describe the structures and the designs
of the SLCM and the MLCM respectively.

Phase II is the Physics phase which describes the FEA simulation approaches used in
this work: EF and EMF. The simulation approaches are based on Maxwell’s Equa-
tions and Section 4.5 details the differential equations required for the simulation

environment of each simulation approach.

4.1 FSS Model

The DEF is used to model the FSS. This model is selected instead of the more
accurate Heidler function as the frequency components of the DEF can be obtained

by analytical means as detailed in Section 2.1.
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Table 4.1: Parameters of the DEF for various FSS waveforms at 4 kA

| Parameter | 1.8/30 s | 8/20 s | 10/350 pss |

1 4600 12000 4280
o 30060 50000 2171
B 889600 125000 | 180000

The DEF is decomposed into its basis functions through the use of the Fourier
transform. These basis functions characterise the frequency components of the DEF'.
The magnitudes of the frequency components represent the sinusoidal peak current
amplitudes at those specific frequencies. Sinusoidal waveforms at various frequencies
can then be used as individual current sources for the analysis of the impedances of

human tissues.

The DEF used is chosen to have the waveform: 4kA, 1.8/30 us as this FSS waveform

is the most common waveform and has a 95% probability of occurrence in nature
[1].

The DEF which satisfies 4 kA, 1.8/30 us is shown in Equation 4.1. The parameters of
various standard waveforms are given in Table 4.1. The DEF for the 4kA, 1.8/30 us

waveform from Table 4.1 is obtained heuristically and plotted in Figure 4.1.

i(t) = I(e” ™ — e P

(4.1)
Z(t) — 4600(6—3006075 _ e—889600t)

4.1.1 Frequency Components

The frequency components of the DEF can be obtained with the use of the Fourier
Transform as shown in Equation (4.2). Expanding Equation (4.2) and separating
the equation into its real and imaginary components yields Equation (4.3) where w

is the angular frequency.

1 1 (4.2)
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Figure 4.1: DEF 4kA, 1.8/30 us

The magnitude and phase of the current waveform at each frequency can thus be

calculated using Equation (4.4) and plotted in Fig 4.2 as a bode plot.

[i(jw)| = Iv/Re(i(jw))? + Im(i(jw))?

_, \/ (a =By

(a2 + w?) (B2 + w?) (4.4)

1, Im((jw
From Figure 4.2, the —3 dB point is at 2.7 kHz which indicates that frequency com-
ponents below this frequency constitute half of the total energy of the DEF. The
DEF model has a frequency range below 100 kHz before attenuating approximately
to —104 dB. This shows that most of the energy of the FSS current is distributed
across frequency components below 100 kHz. This concurs with the findings of Wei
et al. [17] that the DEF model has a frequency distribution in the range less than
100 kHz. This bandwidth is considered to be in the VLF range.

Chatterjee et al. [50] found that the threshold for human perception of current in
the frequency range of 10 Hz ~ 100 kHz varies nearly linearly and then saturates to a
constant value for higher frequencies. From Figure 4 and 6 in [50], this constant value

is approximately 50 mA. An attenuation of —104 dB for a maximum magnitude of
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Figure 4.2: Bode plot of the DEF
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4kA yields a current of 5mA calculated using Equation (4.5). A current of 5mA
at 100 kHz is well below the human current perception threshold, therefore only the
frequency range 10 Hz ~ 100 kHz is investigated in this work.

Gain[dB] = 10log(1?) (4.5)

4.1.2 Normalised FSS

The DEF describes a model of the FSS which is derived from measurements of
lightning strokes in nature. The FSS current may not have the same magnitude
or waveform as the measurements when attached to the human body. Rakov and
Uman [13] assume that the human body resistance is 700 €2, which attenuates the
short stroke current to a mere 4 A in the case of a direct strike due to the occurrence
of the external flash over. For the purpose of this research, the validity of modelling
the human body to be purely resistive is investigated as frequency components are
involved. If the human body is not purely resistive, existing reactance may have a
filtering effect on the waveform of the lightning short stroke. Therefore, not all the

frequency components of the FSS traverse the human body.

Since the frequency components which pass through the human body are unknown
and may have been attenuated, the DEF waveform is used in its entirety to account
for the full frequency range. The proposed human tissue models account for the
attenuation of current at different frequencies by calculating the impedances at these

frequencies.

The magnitude of the FSS current traversing the human body is unknown and can
only be estimated [5]. For simplicity, the DEF is normalised to have a peak current
of 1 A while maintaining its waveform. This way, the calculated currents traversing
the tissues are proportional to the actual current travelling through the body. This
is valid assuming that tissue breakdown does not occur and tissue impedance is

independent of current magnitude.

The frequency components of the normalised DEF are selected to be in the range up
to 100kHz. A scaling factor 7 is then added to Equation (4.4) to normalise the DEF
model as shown in Equation (4.6). Equation (4.1) is normalised using n = 3947.9 to
yield a final normalised F'SS model shown in Equation (4.7). This value is obtained
heuristically. The normalised DEF of Equation (4.7) is plotted in Figure 4.3.
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4.1.3 Currents

The frequency components obtained from the DEF model are used individually.
This is carried out by treating each frequency component as an individual current
source. The sinusoidal currents which are passed through the SLCM and the MLCM
are in the range of 10 Hz ~ 100 kHz.

The magnitudes of current at various frequencies are obtained from the normalised
DEF in Equation (4.7) and shown in Figure 4.3.

The current at various frequencies is injected into the top terminal of the SLCM. A
ground plate is defined at the bottom of the SLCM. Equation (4.8) is used as the

current boundary feed for the current source.

li(jw)] = /a T (4.8)

The direction of current flow (77) is in the direction of i, as shown in Figure 4.4 as

arrows pointing vertically downwards.
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Figure 4.4: Direction of current flow in cylindrical model
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4.2 Dielectric Properties

In order to understand and investigate the physical phenomena of electromagnetic
fields on biological tissues, the dielectric properties of the relevant tissues need to be
known. Electromagnetic propagation through any medium is calculated using the
dielectric properties of the medium as defined by Maxwell’s Equations [76]. This is
significant in quantifying characteristics such as current densities, tissue impedances

and power losses in tissues and organs.

The dielectric properties of human tissues are obtained from Andreuccetti et al.
[73] who developed an application which calculates the dielectric properties of 54
human tissues in the frequency range from 10 Hz ~ 100 GHz. The data used in this
application are based on the parametric models and measured values by Gabriel et
al. [55, 77-80]. This data is then processed such that it is usable by COMSOL.

These dielectric properties are frequency dependant and include: effective conduc-
tivity (o¢), relative permittivity (e,) and loss tangent (6). The DEF model consists
of frequencies up to 100 kHz, therefore, only tissue dielectric properties within this

range are examined.

It is possible to electrically define a material in COMSOL by using only the e,
oe and p,. Human tissues are assumed to have p, = 1. Air is modelled to have
e, = 0 and act as a perfect insulator. This prevents any leakage current from the
human tissue models into the surrounding air such that the tissue impedance can

be accurately calculated.

4.3 SLCM

In order to predict the current pathway of the FSS through the human body, the path
of least impedance must be determined. This is carried out by constructing simulated

models that are sufficient to describe the impedances of various tissues.

The SLCM represents a basic single human tissue in the form of a homogeneous and
isotropic cylinder. 54 SLCM of human tissues are simulated based on the dielectric
properties mentioned in Section 4.2. These are used to define the material properties
of the SLCM as required to solve Maxwell’s Equations in COMSOL.
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Figure 4.5: Single Layer Cylindrical Model constructed in COMSOL

4.3.1 Structure

It is difficult to estimate the dimensions of specific tissues in the human body,
especially when it comes to tissues such as nerves and blood vessels. The tissue
dimensions are required in the calculation of the tissue impedance, which in turn
is used to evaluate the current pathway by means of impedance comparison. Since
the dimensions of tissues in the human body are difficult to determine, tissues are
modelled according to a reference volume with known dimensions. This way, the

calculated tissue impedances can be compared on a per unit volume basis.

Liver is selected as the reference tissue as it is the largest internal organ in the human
body [81]. By modelling all tissues with the same dimensions as liver, the impedance
obtained for any specific tissue is the worst case impedance of that tissue at any given
point in the human body. This approach may not be valid in a realistic human body,
however, this allows for the volumetric impedance comparison of various tissues.

From this, the current pathway through the tissues can be predicted.

The mean length of liver is 10.5 cm [81], hence a cylindrical model is used to model
the liver with a diameter of 10.5 cm and a height of 10.5 cm. All SLCMs are modelled

in this way.
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The SLCM is enclosed in air to account for the electromagnetic fields around the
cylindrical model. The model assumes that all current flows through the SLCM
and no current flows in the surrounding air. The surrounding air has a thickness
of 2.25cm around the SLCM, this value is selected as it is the minimum value re-
quired for the accurate calculation of the electric and magnetic fields. The structure
constructed in COMSOL is shown in Figure 4.5.

Two terminal plates are attached to the top and bottom faces of the SLCM. The
top terminal is modelled as the sinusoidal current source which represent the FSS
current entry point. The bottom terminal is modelled as ground, where V = 0.
The two terminals are defined as perfect conducting boundaries that are directly

attached to the model without air gaps.

Boundary Conditions

Boundary conditions are specified as needed by Maxwell’s Equations. These are
specified at interfaces between materials and geometric boundaries. The details of
the boundary conditions defined by COMSOL can be found in the COMSOL manual
[76].

The magnetic insulation 7 X A = 0 is defined at the outer boundaries of the air
gap that encapsulates the cylindrical model as shown in Figure 4.6, where 77 is the
normal vector to the surface and A is the magnetic vector potential. This allows the

consideration of the the magnetic fields in the surrounding air.

The electric insulation 7 - J = 0 is defined at the outer boundaries of the SLCM,
where J is the current density. This restricts current flow in the surrounding air and

only allows the current to flow in the SLCM.

Mesh size

Points and edges are defined on the SLCM for numerical calculations of Maxwell’s
Equations. Free tetrahedral meshes are used to mesh the SLCM as shown in Fig-
ure 4.7.

The meshes are defined with a maximum element size of 1.5cm and a minimum
element size of 0.27 cm. These element sizes are defined in COMSOL based on the
wavelength of the current source, requirements of the physics module and the reso-
lution of the solver. These values are imposed by COMSOL such that the simulation

time is minimised without compromising the accuracy of the results.
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Figure 4.6: Boundaries of the SLCM

Figure 4.7: SLCM with Tetrahedral Meshes

4.3.2 Simulation

The simulation is carried out in the frequency domain in the range of 10Hz «
100kHz. In order to reduce processing time, not all frequencies are simulated. The
SLCM is simulated with a resolution of 10 Hz up to 2kHz and a resolution of 1kHz
thereafter. Higher resolution is chosen for lower frequencies as most of the energy
of the DEF is concentrated at these frequencies as detailed in Section 4.1.1. This

resolution allows for an accurate analysis on power losses.
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Only discrete values can be used in numerical calculations and a continuous fre-
quency spectrum can only be approximated. This introduces errors when evalua-
tions of continuous integrals are needed. These errors need to be considered during

the analysis of the results.

54 SLCM simulations are carried out, one for each of the tissue types for which
data is available. Each SLCM simulation consists of passing sinusoidal currents
at respective frequencies and magnitudes through the SLCM. The top and bottom
terminals of the SLCM are respectively connected to a current source terminal and
a ground terminal. From each sinusoidal current, a corresponding current density,

impedance and power loss is calculated.

4.4 MLCM

The human leg is selected to be the part of the body that is modelled since the
leg is the necessary path to ground regardless of the current pathway through the
body. The human leg is simplified and modelled to be cylindrically shaped instead
of its original geometry as the geometry is extremely complex. This assumption
is based on the circular shape of the leg shown in Figure 4.8a and the tubular
shape in Figure 4.8b and 4.8c. Additionally, the human leg can also be modelled
being composed of tissue layers arranged concentrically about the axis as seen in

Figure 4.8a.

(a) Axial view (b) Sagittal view (c¢) Coronal view

Figure 4.8: MRI scan of the male human right leg [3]
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Table 4.2: Layer thickness of the MLCM

Tissue Total Volume | Cross-sectional Thickness (mm)
(x10% mm?) Surface Area
(mm?)

Bone Marrow | 0.31 352.38 10.59

Bone 0.7 785.46 8.44

Muscle 3.67 4120.72 21.88

Blood 0.22 245.70 0.94

Fat 2.17 2438.20 8.40

A MLCM is used to model the human leg with five tissue layers: bone marrow,
cortical bone, muscle, blood and fat. For simplicity, tissues in the model are dis-
tributed uniformly in the form of layers. Tissues are assumed to be isotropic and
homogeneous, same as the SLCM. The MLCM is designed under the premise that
the F'SS current has already entered the human body, hence skin is not modelled as
one of the MLCM tissues. This essentially simulates the internal impedance of the

human leg.

4.4.1 Structure

The structure of the human leg used in the simulation are obtained and approx-
imated from two sources: Visible Human Project ® [75] and BodyParts3D [74].
Since neither two sources have the complete set of tissues for the human right leg,

complementary segments of images from both sources are combined.

The volumes of the bone marrow, muscles and fat are extracted using image seg-
mentation techniques on MRI scans of the male right leg supplied by the Visible
Human Project ® [75] using ITK-snap [3].
blood vessels of the leg are acquired directly from BodyParts3D [74] and the vol-

The geometry of the bones and the

umes are calculated from the volumetric meshes using MeshLab [82]. The length
of the leg used in the simulation is 89 cm. The tissues are layered along the z-axis
as shown in the longitudinal section of the MLCM of Figure 4.9. The thickness of
each tissue layer is then calculated from the respective volumes. Table 4.2 shows
the tissue thickness used for each layer on the cylindrical model and the diameter
of the MLCM is 10.5 cm. The details on the extraction of the tissue volumes can be

found in Appendix C.

The MLCM is immersed in air with a thickness of 2 mm, such that the current can
only travel in the MLCM. This thickness is selected as the minimum solvable value
and electric field effects around the MLCM can be accounted.
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Figure 4.9: Longitudinal section of the MLCM with dimensions

Figure 4.10: MLCM constructed in COMSOL
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Figure 4.10 shows the multi-layered cylindrical model constructed in COMSOL using
values from Table 4.2. No air gaps exist between the tissue layers and the tissues

are in direct contact with one another.

Mesh size

The mesh size used for the SLCM cannot be used for the MLCM. This is due to
the thickness of the blood layer in MLCM being thinner than the minimum mesh
size used in the SLCM. The MLCM has a maximum element size of 49.5 mm and a
minimum element size of 3.6 mm. The air surrounding the MLCM does not need to
have a high resolution and has a maximum element size of 135 mm and a minimum
element size of 25.2mm. These element sizes are selected to optimise calculation
and processing time by COMSOL.

Boundary Conditions

The material properties of the tissues are defined using the same method as the
SLCM in Section 4.2, however, multiple tissues now exist on the same model. The
boundaries at the material interfaces are defined by COMSOL [76].

Electric insulation 7 - J = 0 is defined at the outer boundaries of the outer most
layer of the MLCM (fat). Magnetic insulation @ x A = 0 is defined at the outer

boundaries of the surrounding air, same as in the SLCM.

4.4.2 Simulation

The simulation time required by the MLCM is much longer than the simulation of
the various SLCMs due to the structure size and the meshing element sizes of the
MLCM. To reduce processing time, a logarithmic scale of the frequency spectrum
is used for the MLCM instead of the frequency increments used for the SLCM as
detailed in Section 4.3.2. Due to the limitations of computing power, 100 frequencies,

spaced out logarithmically, are simulated for the MLCM.

The current magnitudes at various frequencies are calculated from Equation (4.7)
and applied to the MLCM. The top and bottom terminals of the MLCM are con-

nected to the current source terminal and the ground terminal respectively.

The overall MLCM impedance and power loss are investigated along with the impedances,
current densities and power losses of individual tissues. From these results the cur-
rent pathway through the MLCM can be predicted.
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4.5 Numerical Methods

The impedances of various human tissues are determined using FEA. This is carried
out by modelling the human tissues in a simulated environment in which currents
at various frequencies are passed through the tissue models and the impedances at

these frequencies are calculated with the use of Maxwell’s Equations.

From Section 2.4.1, most standards and studies model the human body using only
resistors and capacitances and disregard any magnetically induced effects. In order
to verify this, simulations are conducted using two different approaches: EMF and
EF. The EMF approach solves both the electric and magnetic fields and considers
all magnetically induced effects. The EF approach considers only the electric fields

and assumes that the magnetic effects are negligible.

To determine whether antenna and/or transmission line effects (such as reflections,
delays and losses) play a role in the model, the electrical length N of the model
needs to be determined [76]. Equation (4.9) shows the calculation of the electrical
length, where ¢ is the speed of electromagnetic waves (3 x 108 m.s~!). The electrical
length of an object is the ratio between the largest dimension of the object L. and
the wavelength \ of the operating frequency f, in free space [83]. According to Clark
[84], transmission line theory must be applied if N > 50. Calculating Equation (4.9)
using f, = 100kHz and the average human height L. = 1.8m yields N = 6 x 10~*
which is much less than 50. This shows that antenna and transmission line effects
can be disregarded for the human body. Since these effects can be disregarded
for the human body, it can be disregarded for human tissues (which have smaller
dimensions than the human body). The human tissues can therefore be modelled

using quasi-static approximation®.

7 (4.9)
N==
A

Internal damage due to tissue breakdown is rare in lightning injuries (Section 2.2).
Since the data for various human tissue breakdown voltages is unavailable and the
FSS current magnitude which traverses the human body is unknown, tissue break-

down can be disregarded in the simulations.

!Conduction currents are the only sources that need to be considered when evaluating the
magnetic fields [85].
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Under normal conditions, the electrical breakdown of air occurs when the electric
field strength reaches 26.6kV /cm [7]. The SLCM has a length of 10.5 cm, hence the
surrounding air has an electrical breakdown voltage of V = 26.6 x 10.5 = 279.3kV.
The normalised DEF has a peak current at 1 A and therefore an impedance of

Z = % = 279.3k is needed for breakdown of air to occur across the terminals of

the SLCM. The MLCM has a length of 89 cm and an impedance of Z = 2367 k{2
is required for air breakdown to occur. Air breakdown is only considered in SLCM

and MLCM when the impedances exceed these values.

The ACDC physics in COMSOL is used for the simulation [76]. The governing
Maxwell’s Equations for the EMF and EF approaches used in the ACDC physics is

described in the following section.

4.5.1 EMF Approach

The COMSOL physics module selected for the EMF approach is the ACDC, mag-
netic fields module. This module solves for both the electric and magnetic fields
and considers induced currents if present [76]. The governing differential equations
assuming quasi-static approximation for this module are shown in Equation (4.10)
[76].

E':jwf_l'

. L. (4.10)
Jiot =V x H=J, — (jwo — w?epe,) A

is the electric field

is the angular frequency

where
E
w
A is the magnetic vector potential
Jiot s the total current density in the cylindrical model
H  isthe magnetic field
Je

is the bound charge current density resulted from the current source terminal

The (jwo — w2epe,)A term in Equation (4.10) accounts for the conduction electric
current density and the displacement current density [85]. The derivation of these
equations and the use of quasi-static approximation in the models is detailed in
Section A.2.
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4.5.2 EF Approach

The COMSOL physics module used for this approach is the ACDC, electric currents
module. This module assumes the magnetic fields and magnetically induced cur-
rents are negligible [76]. The governing differential equations solved by this module
are shown in Equation (4.11), where V' is the scalar voltage potential, oE is the
conduction electric current density and jwﬁ is the displacement current density.
The magnetic filed H and the magnetic vector potential A are not considered. The

detailed derivation of these equations can be found in Section A.3.

E=-VV
Jiot = 0E + jwD + J, (4.11)
V- Jor =0

4.5.3 Power Dissipation

Only the total resistive power dissipation which results in heat loss is considered
as detailed in Section A.4. The total resistive power dissipation of tissues at each
frequency is calculated using Equation 4.12, where F,; is the total resistive power
dissipation calculated by integrating the total dissipated power density (o|E \2) over
the volume of the tissue (v). The power dissipation of both the EF and EMF

simulation approaches are calculated.

= /UE - Edv (4.12)
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Summary

The use of DEF to model the FSS waveform of 4kA, 1.8/30 us is detailed. The
DEF is normalised to 1 A peak and the frequency components of the waveform is
extracted to be in the range of 10 Hz ~ 100 kHz. Currents at these frequencies are
passed through the SLCM and the MLCM such that the corresponding impedances,
current densities and power losses of the tissues can be determined. The structures
of the SLCM and MLCM are designed and implemented in COMSOL. 54 SLCMs are
constructed with reference to the dimensions of liver with a diameter of 10.5 cm and
a height of 10.5cm. The human leg is modelled using the MLCM with a diameter
of 10.5cm and a height of 89 cm. The MLCM consists of five tissue layers: bone
marrow, cortical bone, muscle, blood and fat. Two simulation approaches, EMF
and EF, are considered and the differential equations required for the simulations
are discussed. The EF simulation approach only considers the electric fields and
neglects magnetic field effects while the EMF simulation approach considers both

the electric and magnetic field effects.
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Chapter 5

Results and Analysis

Overview

This chapter discusses Phase III of the work. This includes results of the SLCM
and MLCM simulations detailed in Chapter 4. Both the EF and EMF approaches
are used for the SLCM. The results include current densities, complex impedances
and resistive power losses of 54 human tissues. The complex impedances obtained
from the EF and EMF approaches are analysed and compared. The more applicable
approach (EF) is then used in the simulation of the MLCM.

Section 5.1 discusses the results of the 54 SLCMs obtained from the EF and EMF
simulation approaches. Current densities, complex impedances and resistive power

losses of all tissues obtained from the two simulation approaches are compared.

Section 5.2 discusses the results of the MLCM obtained from the EF simulation
approach. Current densities, complex impedances and resistive power losses of the
five tissues on the MLCM are detailed.

Section 5.3 compares the results from the SLCM and MLCM with the symptoms of

lightning injuries and the results are correlated.

5.1 SLCM Results

The results and analysis for the SLCM is discussed in this section. T'wo approaches
are taken to simulate this model: EF and EMF. Results from both approaches are
compared to determine the effects of magnetic fields on the SLCM.
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5.1.1 Results of the EF approach

Results obtained from the EF approach include current density, complex impedance

and resistive power loss.

Current Density

The tissues used in the SLCM are assumed to be homogeneous, uniform and isotropic,

hence the current density is uniform throughout the entire cylindrical model.

The current density J at the current source terminal of the SLCM satisfies Equa-
tion (5.1), where |i(jw)| is the current injected at the current source terminal of
the SLCM and A is the cross sectional surface area of the SLCM. Since the same
currents are injected into all 54 SLCMs, the current densities for all SLCMs are
identical. The measured currents are identical to Figure 4.3 for all 54 SLCMs and

not listed in this work.

Impedance

The impedance (Z.s) obtained from the EF approach in the frequency range 10 Hz ~
100kHz is calculated using Equation (5.2), where R,y and Xy is the resistance and
the reactance of the SLCM respectively.

Zef = Ref +lef
|Zef| = \/ Ref?® + Xof?

To clearly present the results, tissues are classified into five categories based on the

(5.2)

standard deviations of Z.; between various frequencies and shown in Figures B.1 -
B.5 in Appendix B. Since current flows in a path of least impedance, tissues with

the lowest Z.; are carefully examined.

Figure B.1 shows tissues that have |Z.s| with standard deviations less than 2 and
presented in Table B.1. Table 5.1 shows the average Z.; for several tissues from
Table B.1 which exhibit R.; in the m{ region.

The tissues presented in Table 5.1 have the lowest |Z.¢| out of all 54 tissues. These
tissues can be considered to be purely resistive as Ry > X.r. It should be noted

that these tissues are aqueous biological tissues except for Gall Bladder.
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Table 5.1: Tissues R.y in the m{) region

Tissue Average Z.5 () ‘
Cerebrospinal Fluid | 6.06 — 0.47 x 1073
Vitreous Humour 8.08 —0.75 x 1073
Gall Bladder Bile | 8.66 —1.05 x 1073
Gall Bladder 13.47 — 2.54 x 1073

According to Pethig and Kell [56], aqueous tissues contain mobile ions that are able
to move freely which result in constant conductivity and permittivity. Andrews
[2] suggests that most of the lightning current flow is via aqueous tissues such as
cerebrospinal fluid and blood. This concurs with the consistent Z.; for the aqueous
tissues presented in Table 5.1. The R.; of blood is not in the m{2 region, therefore
not presented in Table 5.1. However, blood has the fifth lowest impedance as seen

from Figure B.1.

Gall bladder exhibits the same properties as aqueous tissues which may be attributed
to the bile contained within the gall bladder.

From the Z.; results, given the same volume for all 54 tissues, tissues shown in
Table 5.1 are the top four tissues that the F'SS current is most likely to traverse due

to the extremely low |Z.¢|.

An equivalent circuit model can be developed for each SLCM from the Z,; as shown
in Figure 5.1, where Cy is the capacitance of the SLCM and can be calculated using
Equation (5.3). This circuit model is frequency dependent and R.y and C.y differs

depending on the frequency of the current source.

|i(jw)]

Lz

Figure 5.1: Equivalent Circuit Model of the SLCM
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JwXef

Cef (53)

Power Dissipation

Only the total resistive power dissipation (Pes) is considered as this term relates
to heat dissipation and resistive losses [86]. The calculated P.; of the SLCM is
indirectly proportional to Z.; as shown in Figures B.6 ~ B.10. The proportionality
arises from the conductivity (o) of the SLCM as seen in Equation (5.4), where Zs

is dependant on the tissue resistivity (1/0).

Py / T Edv
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5.1.2 Results of the EMF approach

In order to examine the magnetic effects on the SLCM, the magnetic fields are
considered along with the electric fields. The computation of the EMF simulation
takes significantly longer compared to the EF simulation. It takes on average eight

times more simulation time for the same SLCM.

Impedance

The impedance (Zp,r) obtained from the EMF approach in the frequency range
10Hz ~ 100kHz is shown in Equation (5.5), where R, s and X, are the resistance

and reactance obtained from the EMF approach respectively.

Zemf = Remf +lemf

‘Zemf‘ = \/Remf2 + *X'emf2
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Table 5.2: Tissues with errorx > 0.1

Tissue ‘ errorxy ‘
Cerebrospinal Fluid | 1.3
Vitreous Humour 1.6

Gall Bladder Bile 2.08
Gall Bladder 8.67

An error analysis is conducted to compare Z 5 and Z,, s as detailed in Section B.3.
The error between the EF and EMF results are calculated as shown in Equa-
tion (5.6), where errory, errorg and errorx is the absolute error of the impedance

magnitudes, resistances and reactances respectively.

errorz = (| Zemgl — | Zeg|) /| Zemp||
errorg = |(Rems — Ref)/Remy| (5.6)
errorx = |(Xems — Xep/Xemy)|

From Table B.3.1, most tissues exhibit errorg ~ 10™° and errorx ~ 1073. Since
Remyp > Xemyp and Rep > Xy, the overall errory for all tissues depend largely on

Repp and Ry and results in errory ~ 1072,

Table 5.2 shows all tissues with erroryx > 0.1. The |Zy,¢| for these tissues are
plotted against |Z.f| in Figures 5.2 ~ 5.3. The average Z,,s of these tissues are
shown in Table 5.3.

Table 5.3: Average Zc,s of tissues with errorx > 0.1

’ Tissue Average Zem s () ‘

Cerebrospinal Fluid | 6.06 4+ 1.6 x 1073 j
Vitreous Humour 8.084 1.3 x 1073
Gall Bladder Bile | 8.66 + 1 x 1073
Gall Bladder 13.47 — 0.5 x 1073

Table 5.1 shows tissues which have capacitive reactances (X.¢ < 0) whereas Table 5.3
presents the same tissues (except Gall Bladder) but with inductive reactances (Xep
> 0). This indicates that these aqueous tissues are susceptible to magnetic field
effects within the FSS frequency range. This may be attributed to the aqueous

nature of these tissues.
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Figure 5.2: EMF and EF tissue impedance comparison for Vitreous Humour and
Cerebrospinal Fluid
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It should be noted that X.; and X, s are in the m {2s and have insignificant con-
tributions to the overall Z.; and Z,,y. From Figures 5.2 ~ 5.3, X.y and X,y only
begin to deviate for frequencies above 1kHz. Most of the energy of the DEF is con-
centrated at frequencies below 2.7kHz, therefore the deviations do not contribute

significantly to the overall impedance calculation and power losses.

From Table B.3.1, all 54 tissues have errory < 107* except tissues in Table 5.2.
This shows that the differences between the EF and EMF approaches are negligible.
Since the simulation time required by the EMF approach is eight times more than
the EF, the EMF approach can be disregarded.

5.2 MLCM Results

The MLCM is simulated using the EF approach since the EMF approach can be
disregarded as detailed in Section 5.1.2. The MLCM consists of five tissue layers:
bone marrow, cortical bone, muscle, blood and fat. The current density and the
power dissipation of each tissue on the MLCM is discussed. The individual tissue
impedances are not analysed as the current pathway can be predicted from the tissue
current densities. However, the overall impedance of the MLCM is calculated and

compared with exiting studies.

5.2.1 Current Density

Compared to the current densities of the SLCM (which are the same for all tissues),
the current densities of the MLCM tissues are vastly different due to the different
tissue surface areas. The current densities of the MLCM tissues over the DEF
frequency range are only dependent on the magnitude of the current source, hence

only the 60 Hz frequency component is discussed in this section.

From Equation (4.6), the 60 Hz frequency component of the normalised FSS model
has a magnitude of 37uA. A current source of 37 uA at 60Hz is connected to
the top terminal of the MLCM. The current densities measured along the layers
of the MLCM is shown in Figure 5.4. The current density is the highest in blood
(1.71 x 1072 A/m?) and lower in muscle (0.76 x 1072 A/m?). The current densities of
the other tissues are less than 0.1 x 1072 A/m2.

Using the surface area of each tissue from Table 4.2 with the current density shown
in Figure 5.4, the current travelling through each tissue is calculated and shown
in Table 5.4. The summation of the tissue currents yields the same current at the
current source, indicating that there are no leakage currents and the power losses

are minimal.
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Table 5.4: Current traversing the MLCM tissues at 60 Hz

Tissue ‘ Current (pA) ‘
Fat 1.30
Blood 4.21
Muscle 31.63
Cortical Bone 0.39
Bone Marrow 0.019

From Table 5.4, it can be seen that 85% of the current travels through muscle,
11% through blood, 3.5% through fat and the rest through cortical bone and mar-
row. This current distribution is dependent on the tissue volumes and the tissue
impedances. Muscle contributes to 51% of the total volume of the MLCM and has
a relatively low impedance compared to other tissues as seen in Figure B.2. Blood,
having the lowest impedance out of all MLCM tissues as seen in Figure B.1, only
contributes to 3% of the total volume of the MLCM.

The calculated current densities between 10Hz ~ 100kHz for the MLCM are all
proportional to Figure 5.4, yielding the same results and not presented in this

work.

5.2.2 Power Dissipation

The total power dissipated by each tissue (Py;) on the MLCM is calculated from
the volume integration of the total power dissipation density of the tissue (Qg;) and
plotted in Figure 5.5. The Py; of each tissue is proportional to the current travelling
through the tissues in Table 5.4.

The total power dissipated by the MLCM (P;) is calculated from the summation of
the Py; for all tissues and represented in Figure 5.6. From the figure, Py is negligible
at frequencies above 10kHz; this is due to the attenuation of the FSS current at

high frequencies.
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5.2.3 Impedance

The overall impedance Zy;rconr of the MLCM is shown by Equation (5.7), where
Ryrronr is the total resistance of the MLCM and X /10 is the total reactance of
the MLCM.

Zyvrem = Ryrem +iXvoom
(5.7)

| Zmrem| = \/RMLCM2 + Xnmrom®

Figure 5.7 shows the simulated impedance of the MLCM in the frequency range
10Hz ~ 100kHz. From Figure 5.7, |Zynom| decreases with increasing frequency
and is mainly dependant on Rjs;ron whereas X yrron does not significantly con-

tribute to the overall |Zasronr|-

From Figure 5.7, Xyrron exhibits a minimum at 1.2 kHz and a maximum at 8.1 kHz
with a distorted wave shape between the two values. This may be due to the
cascade of different reactances of various tissues resulting in a filtering effect due
to different frequency responses. The tissue interfaces may have capacitive effects
due to the different material properties and alter the current magnitude at various

frequencies.
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Equivalent Circuit Model

An equivalent circuit model of the MLCM can be constructed from the simulation
results as shown in Figure 5.8. Equation (5.8) shows that the total impedance of
a single tissue (Z;) on the MLCM is calculated as a summation of all the tissue
impedances at various mesh points of the tissue. X;j can be calculated using Equa-
tion (5.9). Different currents flowing in the MLCM tissues result in voltages induced
at the tissue interfaces, these can be modelled as capacitances (Cj~;+1) as shown in
Equation (5.10).

n n
Zi=Y Rix+iY Xik (5.8)
k=1 k=1
Xip— (5.9)
ok JwCig '
n
Cimit1 = Z Cimit1,k (5.10)
k=1
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The MLCM equivalent circuit model shown in Figure 5.8 can be collapsed and
simplified into an equivalent circuit model similar to Figure 5.1. A frequency depen-
dant equivalent circuit model of the MLCM shown in Figure 5.9 can be constructed.
Chrrron is the overall capacitance of the MLCM calculated using Equation (5.11)

where w is the angular frequency.

1

Jw C]i“CM (5.11)

Jw Xyvrom

Xpmrem =

Cyvrom =

i, Ryrem

— — Cumrcum

Figure 5.9: Equivalent Circuit Model of the MLCM

5.3 SLCM and MLCM Results Comparison

5.3.1 Impedance

The MLCM tissues impedances cannot be directly compared with the same tissues
from the SLCM since the tissue surface areas are different. Z.; of each tissue is
normalised by scaling the tissue surface area of each SLCM to the surface area of the

corresponding tissue in the MLCM. This normalisation is shown in Equation (5.12),
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where S Agro is the surface area of the SLCM; SF; is the scaling factor of the tissue;
S Anrrcu; is the surface area of the corresponding tissue on the MLCM; Norm(Z.y);
and Norm(X.y); is the normalised Z.¢ and X5 of the tissue respectively.

SAspom =7 X (52.5 mm)2

SAsLom
SAMLCM; (5.12)
Norm(Zey)i = SF; X Zey,

Norm(Xeyp)i = SF; x Xey,

SF; =

The calculated SF for each tissue of the MLCM is shown in Table 5.5. The
Norm(Z.s) of the SLCM for the corresponding tissues on the MLCM are shown
in Figure 5.10.

Table 5.5: The calculated SF for MLCM tissues

Tissue ‘ SF ‘
Bone Marrow | 24.57
Cortical Bone | 11.02

Muscle 2.10
Blood 70.48
Fat 3.55

The values of Norm(Z.s) in Figure 5.10 are arbitrary and is only used for impedance
comparison. From the Norm(Z.y) of tissues, it can be seen that the current mostly
travels in muscle, blood and fat and less in cortical bone and bone marrow. This
concurs with the results obtained from the MLCM as shown in Table 5.4.

From Figure 5.11, it can be seen that the Norm(X.s) graphs of cortical bone and fat
intersect at approximately 2 kHz. This may be the main attribute to the waveform
minimum of the X /7o as seen in Figure 5.7. Hence, the Norm(X.y) of the MLCM
tissues can be cascaded to yield Xy ronm.

From the above, the current pathway can be predicted from the SLCM without
simulating the MLCM. This is valid only if the tissues are cylindrically modelled
and the surface areas and volumes of all tissues are known. However, the current
densities, tissue impedances and power dissipated cannot be predicted in this way.
The SLCM results only serve as an indication as to the tissues that the current is

most likely to traverse.
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5.4 Lightning Injury correlation

5.4.1 SLCM

Section 2.2.4 classified major clinical symptoms of lightning injuries into three cat-
egories: neurological, cardiovascular and external burns. Tissues that are related to
these sites of injuries are analysed. Appendix D correlates the tissue impedances of

19 tissues to lightning injuries.

Table 5.1 shows that aqueous tissues have the lowest impedances out of the 54
SLCMs and can be approximated to be purely resistive. From this, it can be deduced
that most of the F'SS current travels through the aqueous tissues compared to other

tissues.

Neurological

Nerves are the main constituents of the nervous system [87]. Control and regulation
of different parts of the body are achieved by sending electrical signals through the
nerve fibres [87]. Neurological damage may occur if the FSS current disrupts the

transmission of electrical signals in the nerves.

The nerve and spinal cord of the SLCM are classified in the same category as fat,
which has a high impedance as seen in Figure B.4. From this, the FSS current
is unlikely to traverse through the nerve and spinal cord. However, it must be
noted that myelinated nerve fibres are wrapped around and protected by Schwann
cells which contain a lipid substance sphingomyelin which is an excellent electrical
insulator [87]. The measured ¢, and o, by Gabriel et al. [78] for nerve and spinal cord
may be the result of this lipid layer, therefore the impedance is categorised the same
as fat. From the SLCM simulation, the likelihood that the FSS current traverses
the nerve and spinal cord is inconclusive. This is in accordance with Andrews [2],

suggesting that the nerve tissue has a high impedance due to the lipid layer.

Accroding to Hall [87], even though electrical conduction is not possible through
the Schwann cells, it can occur at the nodes of Ranvier!. Hence, as the FSS current
traverses the extracellular fluid surrounding the nerves, the current may enter the

nerve fibre through these nodes and neurological damage can occur.

!Uninsulated area between Schwann cells where ions can flow between the extracellular fluid and
the intracellular fluid of the nerve fibres [87].
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Cerebrospinal fluid has the lowest impedance out of all 54 SLCM as shown in Ta-
ble 5.1. According to Hall [87], the cerebrospinal fluid is produced by the brain
and circulates within the brain and the spinal cord. It is possible that the FSS cur-
rent traverses the cerebrospinal fluid and thus through the nerves and spinal cord
contained within the cerebrospinal fluid. This may contribute to the neurological

symptoms that are observed in lightning injuries as listed in Table 2.1.

Cardiovascular

The heart tissue of the SLCM has a wide impedance range 55 €2 ~ 185 () as seen in
Figure B.3 and has a relatively high impedance compared to other tissues. From
this, the current is unlikely to travel through the heart and cause cardiovascular

damage.

Ventricular fibrillation, asystole and cardio-respiratory progression are the most
likely causes of cardiovascular fatalities as shown in Table 2.1. However, these
are results of functional disturbances (uncoordinated heart rhythm) rather than
structural changes (damages to the heart muscle itself) as detailed in Section 2.2.3.
These may be caused by the disruption of signal transmission between the brain and
the heart or the interruption of intracardiac conduction pathways. Therefore, the
impedance results of the heart SLCM is not applicable in the analysis of cardiovas-

cular injuries.

The disruption of the signal transmission between the brain and the heart may be
result from neurological damage as explained in Section 5.4.1. According to Hall [87],
the disruption of the intracardiac conduction pathways result in the block of heart
signals. Various types of heart signal blocks that are fatal have been mentioned, all
of which may be the results of the FSS current traversing the structures around the
heart [87].

External Burns

During attachment to the human body, the first tissue that the F'SS current encoun-
ters is skin. Dry and wet skin of the SLCM have the highest impedances as seen
in Figure B.5. Due to this, the resistive power dissipation (P,.s) of these tissues are
also the highest as seen in Figure B.10. P,y quantifies heat dissipation and is used to
explain the external burns of skin in lightning injuries. It should be noted that the
impedance of the dry skin SLCM is high at frequencies below 1kHz and decreases
exponentially for higher frequencies as seen in Figure B.5. Half of the energy of the
DEF is concentrated at frequencies below 2 kHz; this along with the high impedance
of skin results in high heat dissipation and may be the cause of external burns due

to skin breakdown.
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5.4.2 MLCM

Lightning step voltage simulation on a voxel model of the human body conducted by
Gao et al. [71] found that the highest current densities occur in the leg muscles and
blood while weaker current densities are observed in bone and bone marrow. From
Section 5.2.1, 85% of the FSS current flows through muscle and 11% flows through
blood with the rest flowing through fat, bone cortical and bone marrow. Therefore,
the results from the MLCM concur with the findings of Gao et al. [71].

Summary

The EF and EMF simulation approaches are carried out on 54 SLCMs and the results
compared. Since the average absolute maximum errors between the two simulation
approaches for all SLCMs are under 1074, and the simulation time for the EMF
approach is on average eight times longer than the EF approach, the EF approach
is preferred over the EMF approach.

From the SLCM simulations, the FSS currents are most likely to traverse aqueous
tissues since these tissues have the lowest impedances. Only four tissues are found
to be susceptible to magnetic field effects: cerebrospinal fluid, vitreous humour, gall
bladder bile and gall bladder. However, the magnetic field effects have a minimal
impact to the overall impedance and can be disregarded. Resistive power dissipations
of the SLCMs are calculated and found to be proportional to the tissue impedances

and current.

The EF simulation approach is applied to the MLCM. The current densities of the
MLCM tissues are simulated and the current traversing through each tissue is cal-
culated. 85% of the F'SS current travels through muscle with 11% travelling through
blood, 3.5% through fat and the rest through cortical bone and bone marrow.

Frequency dependent equivalent circuit models have been developed for the SLCM
and the MLCM consisting of a resistor and a capacitor. The impedance results from
the SLCM can be used to deduce the current pathway of the MLCM by scaling
the impedance results from the SLCM. However, the exact values of current densi-
ties, tissue impedances and resistive power dissipation cannot be determined in this

way.
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The results of the simulations are used in the analysis of lightning injuries. Neuro-
logical injuries may be a result of the FSS current traversing the cerebrospinal fluid
and entering the nervous tissue in this way. Cardiovascular injuries are functional
disturbances and the results presented in this work are inconclusive in explaining
the injury mechanism. External burns may be the result of the high heat dissipation

of skin due to high skin impedance, resulting in breakdown of the tissue.
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Chapter 6

Review and Future Work

Overview

This chapter reviews and critically analyses the findings of this work. Individual
models used in this work including the FSS, SLCM and MLCM along with the
physics modules are discussed. Recommendations of future work and the application

of this work are given.

6.1 FSS

The FSS is modelled using the DEF as the frequency components can be obtained
by analytical means. However, other models such as the Heidler function give a more
realistic F'SS waveform in the time domain. The frequency components of the Heidler
function can be obtained by methods of numerical approximation and used in this
work [88]. Further, the FSS waveforms obtained from lightning measurements in
nature can be considered instead of mathematical models for realistic simulations.
The frequency components of these measured FSS waveforms can be numerically

approximated by using the fast fourier transform.

The FSS is only the initial part of the total lightning flash. Subsequent short strokes
as well as long strokes should be investigated to examine the overall effects of the
lightning flash. Viewing the FSS as a pre-stressing mechanism to the human tissues

before tissue breakdown should also be considered.
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6.2 SLCM

Human tissues are heterogeneous and anisotropic. This is too complex to incorporate
into a simplified model of human tissues. Therefore, SLCM represents various human

tissues as homogeneous and isotropic materials to simplify the FEA approach.

The SLCM is modelled with reference to the dimensions of human liver. This ap-
proach allows the tissue impedances of the SLCM to be compared on a per unit
volume basis. However, tissue impedance is not calculated on volume alone as the

current density is mainly reliant on the surface area.

Tissues such as the viterous humour, gall bladder, blood vessel and skin do not
exist in the human body with volumes and dimensions that are comparable with
liver. The actual dimensions and volumes of these tissues are not well known, hence
the SLCM are constructed for these tissues. However, the analysis of these tissue

geometries should not be disregarded.

Since a cylinder has a constant cross-sectional surface area, SLCM does not consider
complex tissue surfaces. Therefore, the tissue impedances obtained from the SLCM
are approximations and only used for impedance comparison between the tissues

and do not represent the actual tissue impedances.

The actual impedance of the tissue can be modelled by only replacing the cylin-
der of the SLCM with the actual geometry of the tissue or organ. The proposed
SLCM methodology remains the same. Since the simulation of the SLCM with the
actual tissue geometry is difficult using FEA, the computing power required for the
numerical simulations can only be realised with a computing cluster using parallel

computing.

6.3 MLCM

The cylindrical structure of the MLCM is based on the structure of the SLCM. Even
though the human leg is approximately cylindrically shaped, using a cylindrical
model as the human leg may not be an accurate representation. A more detailed
model of the human leg can be constructed using the complex geometric models as
detailed in Section C. However, due to computing and image segmentation limits, a
simplified cylindrical model (MLCM) is implemented and the results obtained are

considered to be rough approximations.

The cross-sectional surface area of the tissue is significant in determining the impedance
and the current pathway. However, the surface areas of real human tissues are not
constant and complicates analysis, therefore the volume approach of the MLCM is

used instead with reasons similar to the SLCM.
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The EMF approach is not carried out on the MLCM as the cylindrical geometry
is simple and the results from the EF approach are sufficient. For accurate results,
the EMF approach should be used for all models rather than the EF. This considers
magnetically induced effects but requires more numerical calculations. This requires

high end computing power such as the use of a computing cluster.

The MLCM can be applied to various parts of the human body. More tissue layers
such as nerves and lymph can be added to the MLCM to better represent the

corresponding part of the human body.

An accurately segmented full human body model can be used instead of the MLCM.
However, an accurately segmented full human body model requires an experienced
medical staff to conduct the time consuming process of manually inspecting the
MRI/CAT scans of the entire human body. The same simulation procedures con-
ducted on the MLCM can be carried out on the fully segmented voxel model of the
human body.

If high end computing power is available, human tissue models can be examined at
a cellular level as described in Section 2.4.2. This accounts for the inhomogeneous

and non-linear properties of real human tissues.

6.4 Physics

The EF approach is preferred over the EMF approach as the results from both
approaches are similar with absolute maximum errors in the 104 region. The
simulation time needed by the EMF approach is on average eight times more than
the EF approach, hence it was judged that the return is not worth the computational
effort. If the computing power were available, such as the use of a computing cluster,
the EMF approach should replace the EF approach. Frequency components can be
simulated with a finer resolution to accurately represent the continuous frequency

spectrum.

Power dissipation is the only quantifiable measure if continuous sinusoidal waves
are utilised to model the frequency components of the FSS. However, the FSS is a
transient waveform and energy dissipation is a more applicable measurement. This
is not implemented as this research focuses on the effects of the FSS frequency
components on the current pathway, power loss is sufficient in explaining these

effects.

Energy loss can be obtained by integrating the FSS waveform in the time domain
to determine the total charge of the FSS. An energy spectral density analysis can
then be performed in the frequency domain of the FSS and the frequencies with the

most energy can be calculated.
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The heating effects of the FSS can also be modelled by obtaining the thermal prop-
erties of human tissues along with the dielectric properties. The thermal properties
include: specific heat (J.g7!1.K~1), tissue density (m/v) and thermal conductivity
(W.m~L. K1) [70].

The tissue SAR can be determined to observe temperature changes as a result of
the FSS current. From this, damages to the tissue due to heating effects can be

examined.

6.5 Application

This work lays a theoretical foundation for future experimental work. Even though
the results concur with established research, experiments pertaining to this work
should be conducted. An impulse generator with standard waveform can be con-
nected to the top and bottom metal plates of a perspex cylinder filled with a sub-
stance of known dielectric properties. This can be simulated using the SLCM and

the results compared with the actual measurements.

The results of this work are applicable in the analysis of HV injuries. Since continu-
ous sinusoidal currents at various frequencies are simulated individually, the results

at power frequencies can be isolated and analysed.
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Chapter 7

Conclusion

The FSS frequency components are analysed and extracted using the DEF model.
The frequency components are in the range 10 Hz ~ 100 kHz. Each frequency com-
ponent is modelled individually as a continuous sinusoidal current source and passed
through human tissue models. Two simplified human tissue models are developed:
SLCM and MLCM. The models are simulated in COMSOL using FEA.

54 human tissues are modelled using the SLCM, each defined using the respective
dielectric properties. All SLCMs are constructed to have the same dimensions as
liver. Two simulation approaches, EF and EMF, are conducted on the SLCM. Three
aspects are considered in the result analysis: current densities, power dissipation
and tissue impedances. The tissue impedances obtained from the EF approach have
maximum absolute errors in the 1075 region compared to the EMF approach. The
results from the SLCM show that for the same tissue volume, the F'SS current prefers
the route of aqueous tissues compared to other tissues. Power dissipation is used to
quantify heat dissipation and is directly related to the tissue impedance. Since the
simulation time required by the EMF approach is on average eight times more than
the EF approach, the EF approach is used in the simulation of the MLCM.

A human right leg is modelled using the MLCM. Five tissue layers are modelled:
bone marrow, cortical bone, muscle, blood and fat. The results from the EF ap-
proach show that 85% of the FSS current flows through muscle with 11% travelling
through blood, 3.5% flowing through fat and the remainder through cortical bone

and bone marrow.

The results from the SLCM are used to predict the current pathway in the MLCM
through impedance comparison. The scaling of the SLCM impedances yields pro-
portional impedances to the MLCM tissues allowing the current pathway to be

predicted.
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Three main categories of lightning injuries: neurological, cardiovascular and external
burns are compared with results from the SLCM and MLCM simulations. Neuro-
logical injuries may occur from the FSS current travelling through the cerebrospinal
fluid before entering the nerve fibres. Cardiovascular injuries may not be a result
of damage to the heart tissue itself, but rather functional disturbances which dis-
rupts the coordinated rhythms of the heart. External burns may be due to the
high impedance of skin which results in high heat dissipation and causes external

burns.

This work can be applied to the analysis of HV injuries by examining the results
at power frequencies. Greater computing power is required for the simulation of
an accurate voxel human body model rather than cylindrical models. Thermal
properties of human tissues can be incorporated with dielectric properties to examine
heating effects and determine physical tissue damage. All results are obtained via
simulation and experimental results are required to validate the findings of this

work.
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Appendix A

Maxwell’s Equations

A.1 Introduction

This appendix details the derivations of Maxwell’s Equations for FEA simulation of
the SLCM and MLCM. The EMF and EF approaches are discussed and the final

differential equations used for each model type is presented.

A.2 Maxwell’s Equations

Point form of Maxwell’s equations [89]:

V- [j = Pv (A 1)
V-B=0 (A.2)
. 0B
E=— A3
V X 5 (A.3)
. 9D -
H=— A4
V x 5 +J (A4)
where
D electric flux density
P total charge

B magnetic flux density
E electric field

H magnetic field

J

conduction electric current density



J, D and B are each defined as [90]:

J=0oE (A5
D=c¢E (A.6
B=uH (A7)

The FSS current traversing the tissue is the main focus in this research. Hence,
Maxwell-Ampere’s equation shown in Equation (A.4) is used. Frequency domain
analysis is conducted on the SLCM and the MLCM, hence the time-harmonic form
of Equation (A.4) is transformed and shown in Equation (A.8).

— - —

V x H=J+ jwD (A.8)

A.2.1 Current calculation

The current flowing through a surface S with cross sectional surface area a is defined
as shown in Equation (A.9) [85]. Given the current density and the dimensions of

the model, current travelling through the model can be calculated.

mm:ij (A.9)

Charge conservation

In a closed system, the law of charge conservation needs to be obeyed [85]. The total
charge in the system therefore needs to remain constant. The total charge inside an
enclosed volume is sz p dV,; and since Equation (A.9) is the instantaneous rate at

which charge is leaving an area in the system, Equation (A.10) can be derived.

As the geometry of the human tissue model is much smaller than the wavelength of
the current, it can be assumed that the propagation speed of electromagnetic fields
is instant; this assumption is called the quasi-static approzimation [85]. Using this
approximation, (A.10) can be further collapsed to form the equation of continuity
as shown in Equation (A.11) [85].

t/f@ﬁ:/jpma (A.10)
S dt Vo

V-J=0 (A.11)
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Current density calculation

The current that is flowing through a medium depends on the current density as
shown in Equation (A.9). The total current density needs to satisfy Maxwell-
Ampere’s law as shown in Equation (A.8). From Equation (A.8), the current density
J consists of two parts [85]. The first part is the bound charge current density J.
which results from an external excitation of a source to the medium. The second
part is the free charge current density described in Equation (A.5) as the conduction
electric current density. The displacement current jwﬁ term takes into account any
capacitances that may exist in the medium [90]. The total current density in the
system is thus shown in Equation (A.12) as the sum of the aforementioned current

densities.
V x H = Jiptal = Jo + 0E + jwD (A.12)

A.2.2 Voltage Calculation

For the ease of calculation of the electrodynamic fields, a magnetic vector potential
A is defined such that [85]:

E=-VV —juwA (A.14)

Equation (A.12) can be rewritten as Equation (A.15). Equation (A.14) can then be
substituted into Equation (A.15) to yield Equation (A.16).

Jt;tal =J +0E+ jweﬁ (A.15)
Jt;tal = fe +o(-VV — jw/_f) + jwe(=VV — jw/_f) (A.16)

Equation (A.16) is equivalent to Equation (A.8) and Equation (A.17) can be derived.
This differential equation can thus be used to calculate the scalar voltage V by

solving for both the electric and magnetic fields.

—

V x H = J, — VV (jwe + o) + A(w?e — jwo) (A.17)
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A.3 Maxwell’s Equations Considering only Electric Fields

The use of Maxwell’s Equations in the calculation regarding only electric fields is
mostly identical as Section A.2. The only difference is in the voltage calculation as
detailed in Section A.3.1.

A.3.1 Voltage calculation

As the magnetic fields and any magnetically induced currents are assumed negli-
gible in human tissues, it is not necessary to solve for H in Equation (A.8). The
divergence of any curl is zero [89], hence the divergence of Equation (A.8) can be
represented as Equation (A.18). Substituting Equation (A.8) into Equation (A.18)
gives Equation (A.19).

V-VxH=0 (A.18)
V- (jwD+J)=0 (A.19)

J and D of Equation (A.19) are replaced with Equations (A.5) and (A.6) such that
E is the only vector. This yields Equation (A.20).

V- (E(jwe+0)) =0 (A.20)

From Faraday’s law, the curl of the electrostatic field is zero and an electric potential
can be defined as shown in Equation (A.21) [85]. This equation is the same as
Equation (A.14) but with A = 0.

E=-VV (A.21)
Replacing E in Equation (A.20) with Equation (A.21) yields Equation (A.22). This

differential equation is used to solve for the scalar voltage V in the frequency do-

main.

V- (=VV(jwe+0)) =0 (A.22)
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A.4 Electromagnetic Energy Losses

Py = P, + Py+ ju(W, + Wy,) (A.23)
Pezf/ﬁxﬁ-dﬁ (A.24)
Py = /E-j: /ae|ﬁ|2dv (A.25)

W, = /Mﬁ]de (A.26)
W, = /e|ﬁ]2dv (A.27)

The total power transferred and absorbed by the medium can be defined by Equa-
tions (A.23) ~ (A.27) [91] where:

P total supplied power v volume of the medium
P,  transmitted power S surface of the medium
P;  dissipated power W, stored electric energy

Wy, stored magnetic energy

This equation is valid if complex permeability is ignored and the human tissue
relative permeability g = 1 is assumed. As the power loss in the form of heat is the

primary concern, only the resistive dissipated power Py is analysed.

A.5 Conclusion

The current density calculation for both the EF and EMF approaches are identical.
The only difference between the EF and EMF is the voltage calculations. The EMF
considers the magnetic vector potential in the calculation of voltage while this term
is neglected in the EF approach. Only the resistive dissipated power is considered

as this describes heat dissipation in the tissues.
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Appendix B

Simulation Results of SLCM

B.1 Introduction

The simulation results of the Single Layer Cylindrical Model (SLCM) are detailed in
this chapter. The impedances obtained from the Electric Field (EF) and the Electric
and Magnetic Field (EMF) approaches of 54 SLCMs are listed and compared and
the error analysis for the comparison is presented. These results are categorised and

analysed in terms of impedances and resistive power dissipation.

B.2 Simulation Results from the EF approach

These results are obtained from the EF simulation approach, where magnetic fields

are assumed to have negligible effects on the SLCM models.

B.2.1 Impedance

The tissue impedances obtained from the EF approach is represented in Equa-
tion (B.1), where Z.¢ is the impedance magnitude determined from the resistance

R.; and reactance X,;.

Zef = Ref +J Xef
|Zes| = \/ Rey? + Xey?

Figures B.1 «~ B.5 show the |Z.¢| of 54 tissues obtained from the EF simula-

tions.

(B.1)
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Figure B.1: Tissues with starting |Z.s| less than 802 and a standard deviation
less than 2. (Legend is arranged according to the graphs in descending order of
impedance at 20 Hz)
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Figure B.2: Tissues with starting |Z.f| less than 802 and a standard deviation
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Table B.1 «~ B.5 show the standard deviations of the Z.; of 54 tissues in the 20 Hz -~
100 kHz range. The tables are separated based on the categorisation of Figures B.1

~ B.5.

Table B.1: Mean Z.; of tissues with o < 2 and starting Z.; less than 802

Tissue Mean (€2) Real part | Imaginary

Std.Dewv. part

(Q) Std.Dev.

()

Cartilage 69.16-1.91i 0.92 1.48
Bladder 57.38-0.97i 1.42 0.44
Tongue 43.5-1.36i 0.99 1.12
Ovary 36.85-0.59i 0.75 0.32
Lens 36.63-0.671 0.79 0.22
Prostate; Testis 28.27-0.671 0.43 0.6
Dura 24.2-0.03i 2-1072 3-1072
EyeSclera; Retina 23.81-0.391 0.28 0.36
Duodenum; 22.96-0.27i 0.24 0.18
Oesophagus; Stomach
Gland; Lymph; 22.95-0.3i 0.25 0.22
Pancreas; Thymus;
Thyroid
Smalllntestine 21.93-1.071 1.15 0.75
Blood 17.31-0.18i 31072 0.23
GallBladder 13.47-2.54e-3i | 7.62-107* | 2.82-1073
GallBladderBile 8.66-1.05e-31 | 2.48-107% | 1.33.1073
BodyFluid 8.08-0.75e-3i | 2.39-107% | 9.49-1074
CerebroSpinalFluid 6.06-0.47e-3i | 1.82-1076 5.92-1074

Table B.2: Mean Zs of tissues with ¢ > 2 and Starting Z.; less than 802

Tissue Mean (©2) | Real part | Imaginary
Std.Dev. part
Q) Std.Dev.
(€)
LungDeflated 52.06-3.34i | 5.77 1.08
Aorta; Bloodvessel 39.42-1.31i | 1.67 1.03
Trachea 38.67-1.11i | 1.85 0.95
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Table B.2 — continued from previous page

Muscle 37.12-3.63i | 3.75 1.75
Tendon 32.29-1.83i | 2.51 2.19
Cornea 27.01-1.3i | 1.89 1.09
Uterus 25.17-3.57i | 4.73 4.17
Cervix 23.35-1.68i | 2.22 1.94

Table B.3: Mean Z; of tissues with Starting Z.; 150 -~ 300 Q2

Tissue Mean () Real part | Imaginary

Std.Dev. part

(Q) Std.Dev.

(€)

BrainWhiteMatter 177.46-18.84i | 22.39 11.6
CancellousBone 147.36-2.231 | 2 1.23
LungInflated 138.22-15.271 | 20.6 7.03
Spleen 111.16-12.4i 10.2 9.13
BrainGreyMatter 110.69-14.47i | 16.16 12.98
Cerebellum 93.63-10.381 | 12.1 7.93
Kidney 93.09-14.11i | 19.27 6.38
Heart 90.24-17.23i | 29.89 5.7
Colon 51.35-11.97i 4.5 24.98

Table B.4: Mean Z.; of tissues with Starting Z.; 300 «~ 800 2

Tissue Mean (€2) Real part | Imaginary
Std.Dev. part
(Q) Std.Dev.
(€2)
CorticalBone; Nail; 595.28-11.83i | 8.52 10.86
Tooth
Fat 529.64-28.1i 31.51 28.18
BreastFat 497.99-15.31i | 12.57 17.42
Nerve; SpinalCord 297.61-54.49i | 131.29 22.77
Liver 227.86-44.29i | 77.91 15.7
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Table B.5: Mean Z.y of tissues with Starting Z.; more than 800 €2

Tissue Mean (£2) Real part | Imaginary
Std.Dev. part
(Q) Std.Dev.
(€2)
SkinDry 30714.73-7990.161 | 28564.19 6014.29
BoneMarrow 4786.81-785.93i1 989.91 324.85
MucousMembrane; 4209.43-4640.7i 6269.09 4512.78
SkinWet

B.2.2 Resistive Power Dissipation

The resistive power dissipation P,y are shown in Figures B.6 ~ B.10. From the
figures, the P.; of various tissues correspond to the |Z.¢| shown in Figures B.1 ~

B.5. The results are as expected from Py in Equation (A.23).

B.3 Simulation Results of the EMF approach

The results are obtained from the EMF simulation approach, where both the electric

and magnetic fields effects are considered.

B.3.1 Impedance

The EMF simulation results are the same as the EF simulation results except for a
few tissues due to the dielectric nature of human tissues. The maximum absolute
error between the simulations are calculated for each tissue and shown in Table B.3.1.
The absolute error is calculated using Equation (B.2). The maximum absolute error

is calculated by finding the maximum value of the absolute errors.

errory = |(Zmf — Zec) | Zm§|
errorg = |(Rms — Rec)/ Ry | (B.2)
errprx = |(Xmp — Xee/ Xing)|
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Table B.6: Comparison of |Z.f| between simulation results of EMF and EF ap-
proaches. The maximum absolute error is shown.

Tissue Impedance Resistance Reactance
Magnitude error error error
(x107°) (x107°) (x1073)
Aorta 1.48 14 13.98
Bladder 1.08 1.06 5.33
Blood 2.14 0.44 16.89
BloodVessel 1.48 1.4 13.98
BodyFluid 0.46 0.47 1597.8
CancellousBone 3.46 3.39 3.62
CorticalBone 1.03 2.46 4.04
BoneMarrow 25.87 52.02 7.33
BrainGreyMatter 4.12 4.25 0.93
BrainWhiteMatter 2.7 2.74 0.78
BreastFat 1.21 1.21 13.36
Cartilage 1.14 0.94 1.82
Cerebellum 4.91 5 1.05
CerebroSpinalFluid 0.43 0.46 1302.1
Cervix 2.39 2.23 21.09
Colon 4.6 3.01 2.2
Cornea 4.13 1.9 2.91
Duodenum 2.31 2.37 12.35
Dura 2.05 2.04 103.53
EyeSclera 2.28 2.28 6.96
Fat 1.12 1.12 10.1
GallBladder 3.74 3.74 8673.6
GallBladderBile 0.47 0.47 2079.5
Gland 2.31 2.33 10.73
Heart 4.53 4.51 0.67
Kidney 4.85 4.78 0.58
Lens 1.53 1.55 7.1
Liver 1.84 4.31 0.21
LungDeflated 2.13 1.08 1.88
LungInflated 3.34 3.42 0.86
Lymph 2.31 2.33 10.73
MucousMembrane 4.69 6.91 7.57-1072
Muscle 3.23 1.49 2.05
Nail 1.03 2.46 4.04
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Table B.6 — continued from previous page

Nerve 1.36 3.54 0.3
Oesophagus 2.31 2.37 12.35
Ovary 1.49 1.46 7.51
Pancreas 2.31 2.33 10.73
Prostate 2.32 1.81 4.18
Retina 2.28 2.28 6.96
SkinDry 77.03 155.01 0.79
SkinWet 4.69 6.91 7.57-1072
Smalllntestine 5.28 2.36 3.14
SpinalCord 1.36 3.54 0.3
Spleen 4.33 4.33 0.63
Stomach 2.31 2.37 12.35
Tendon 1.67 1.74 41.04
Testis 2.32 1.81 4.18
Thymus 2.31 2.33 10.73
Thyroid 2.31 2.33 10.73
Tongue 1.94 1.34 2.27
Tooth 1.03 2.46 4.04
Trachea 1.72 1.4 3.86
Uterus 2.16 2.23 10.12

From Table B.3.1, it can be seen that all tissues have errorg ~ 107°. The reactance
plays a more significant role since errorx ~ 1073. X << R,y for all tissues as
seen in Tables B.1 ~ B.5, hence errory ~ 107° for all tissues. The tissues that have

errorx > 0.1 are shown in Table B.7.

Table B.7: Tissues with errorx > 0.1

Tissue ‘ errorx ‘
Vitreous Humour 1.6
Cerebrospinal Fluid | 1.3

Gall Bladder 8.67
Gall Bladder Bile 2.08
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B.3.2 Resistive Power Dissipation

The resistive power dissipation of the EMF approach is the same as Figure B.6 ~

B.10 since errorz < 1074, therefore not presented in this work.

B.4 Conclusion

The SLCM tissue impedances obtained from both the EF and EMF simulation
approaches are presented. Z.y and Z,,; are compared and an error analysis is
conducted. It is found that errory < 10~* for all tissues. Tissues with errory >
0.1 and show inductive reactances are: vitreous humour, cerebrospinal fluid, gall
bladder and gall bladder bile. Xy and X,y for other tissues display capacitive

behaviour.
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Appendix C

Image segmentation of the Male
Right Leg

C.1 Introduction

This appendix serves as a reference to the image segmentation techniques imple-
mented to model the human leg using Multi-layered Cylindrical Model (MLCM). The
image segmentation is performed on data provided by the Visible Human Project
® (VHP) [75] and BodyParts3D (BP3D) [74]. This data includes MRI images and
established voxel models of the human right leg. The tissues that are segmented

include: bone marrow, bone, muscle, blood vessel and fat.

C.2 Segmentation of models obtained from BP3D

Three tissue voxel models of the human leg are obtained from BP3D [74]: blood
vessels, bone, and muscle. BP3D does not supply the fat and bone marrow voxel
models. Only the surface meshes of the voxel models are available from which the
tissue geometries are obtained. The blood vessels voxel model include all main
arteries of the leg as shown in Figure C.la. The voxel model of the veins of the
human leg is unavailable and not considered. The bone voxel model includes all the
bones of the human leg as shown in Figure C.1b. Figure C.1c shows the muscle voxel
model and includes all the muscles of the human leg. A mesh processing software,
MeshLab [82], is utilised to simplify, repair and calculate the volumetric meshes of

the voxel models. The calculated tissue volumes are presented in Table C.1.
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(a) Blood Vessels

(b) Bones (¢) Muscles

Figure C.1: Tissues of the human right leg from BP3D

Table C.1: Volumes of tissues obtained from BP3D

Tissue Volume (%105 mm?) |
Bone 1.01
Muscle 3.67
Blood Vessels | 0.13
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4

Figure C.2: Muscles, fat and bone marrow of the human right leg

Table C.2: Volumes of tissues obtained from the VHP

Tissue Volume (x105 mm?) ‘
Fat 2.91
Muscle 4.92

Bone Marrow | 0.42

C.3 Segmentation of images obtained from the VHP

Three tissues of the human leg are segmented from the MRI scans provided by the
VHP [75]: bone marrow, muscle and fat. The bones and the blood vessels are not
segmented due to low resolutions of the images. A medical image segmentation tool,
ITK-Snap [3], is utilised to condition and segment the MRI images to obtain the
tissue volumes. Since the resolution of the images is low, the segmentation results are
coarse with low accuracy. The segmented 3D voxel model is depicted in Figure C.2

and the tissue volumes are shown in Table C.2.

C.4 Combination of Tissue Volumes from VHP and BP3D

The image data used to calculate the tissue volumes are from two different sources.
This results in discrepancy of various tissue volumes as the models and images are
not based on the same human leg. However, since both sources have the volumetric
data of muscle, other tissues are scaled according to the difference in muscle volume.

The data from the two sources are combined to yield a complete tissue model.
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Table C.3: Final volumes of all five tissues of the human leg

Tissue Volume (x105 mm?) ‘

Bone Marrow | 0.31
Cortical Bone | 0.7

Muscle 3.67
Blood 0.22
Fat 2.17

Muscle volume obtained from the VHP shown in Table C.2 is 1.34 times more than
the muscle obtained from the BP3D shown in Table C.1. All tissues from the VHP
are scaled accordingly by a factor of 1.34.

The volume of bone calculated in Section C.2 is the total bone volume of the right
leg. The bone marrow volume in Section C.3 is subtracted from the total bone
volume in order to obtain the volume of cortical bone (cancellous bone is ignored in
this work).

The total blood vessel volume is used to calculate the total blood volume. For
muscular artery, the vessel wall thickness is approximately % of the diameter of
the artery [92]. Assuming that all blood vessels in the voxel model are muscular
arteries, the total volume of blood contained in the arteries is % of the total blood
vessel volume. Since the voxel model of veins in the leg is unavailable, the volume
of blood in veins is assumed to be identical to the volume of blood in the arteries.

Therefore, the blood volume is doubled to account for blood in the veins.

The final volumes of the tissues are shown in Table C.3.

C.5 Conclusion

Tissue volumes of five tissues of the human leg are obtained from image segmentation
of two sources: VHP and BP3D. These tissues are: bone marrow, bone, blood vessel,
muscle and fat. From these tissues, assumptions and approximations are carried
out to yield the final volumes of: bone marrow, cortical bone, blood, muscle and
fat.
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Appendix D

Lightning Injury Analysis using
SLCM

D.1 Preface

This appendix is a conference paper that was accepted and presented at the In-
ternational Conference on Lightning Protection (ICLP) held in Shanghai, China in
October 2014. The paper is titled: Use of dielectric properties in the analysis

of lightning injuries.

D.2 Overview

This paper discusses the use of dielectric properties in simulation to determine the
tissue impedances and tissue power dissipation. The DEF is used to model the FSS
with frequency components up to 100 kHz. Nineteen human tissues are modelled as
SLCMs and simulated using the EMF approach in COMSOL.

The tissue impedances are correlated with lightning injuries and the results show

that the use of dielectric properties in lightning injury analysis is viable.
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Abstract—This paper focuses on the use of dielectric prop-
erties of human tissues in analysing injuries as a result of the
lighting short stroke current. The lightning short stroke current
is decomposed into its frequency components and the effects of
these frequency components on human tissues are analysed. The
dielectric properties of nineteen types of human body tissues are
examined and the correlations between the impedances of these
tissues and the lightning stroke current pathway are investigated.
The human tissues are modelled as cylindrical structures using
a FEA (Finite Element Analysis) approach and simulated using
the COMSOL Multiphysics software suite. The results obtained
from the simulations include: current density, complex impedance
and total absorbed power of the tissues. Only the first short
stroke of the lightning flash is considered as the test parameter.
The direct strike mechanism of lightning injury is examined in
this paper with the possibility of including other mechanisms
of lightning injury in the future. The first short stroke of the
lightning flash is modelled using a double exponential model and
exhibit a 4 kA 1.8/30us waveform. This waveform consists of
frequencies up to 100 kHz. The skin and bone marrow is found
to have the most varying impedances within this frequency range
and the heart is found to be the organ with the least impedance.
The results from the simulations depict physical properties of real
human tissues and hence are valid in the analyses of lightning
injuries.

Keywords—COMSOL; Dielectric properties; Lightning im-
pulse waveform; Lightning effects; Lightning injuries

I. INTRODUCTION

Lightning current waveforms can be described by its
similarity to impulse waveforms and hence several standards
require high voltage impulse testing as test parameters [1-3].
The resemblance of lightning current waveforms to impulse
waveforms is equally significant in the analysis of human
lightning injuries. Grounding of structures are commonly
designed for power frequencies as the human body is more
susceptible to 50/60 Hz current than high frequency currents
[4]. However, lightning injuries still occur and hence the re-
search into the frequency components of the lightning strokes
is necessary. The use of dielectric properties of human tissues
in analysing lightning injuries as a result of the lighting stroke
current is the main focus of this paper. The dielectric properties
of various human tissues are examined, and the correlations
between the tissue dielectric properties and the lightning stroke
current pathway are investigated. Only the first short stroke

of the lightning flash and the direct strike lightning injury
mechanism are considered. The effects of other components
of the lightning flash and other lightning injury mechanisms
can be analysed using the same approach described in this

paper.

In order to investigate the effects of lightning short stroke
current through the body, two principal aspects are surveyed:
the lightning first stroke current waveform and the dielectric
properties of human tissues. Since the lightning stroke current
exhibits the properties of impulse waveforms, frequency com-
ponents of the lightning stroke current need to be examined.
The double-exponential expression model of the lightning
current waveform proposed by Wang and Zhang [5] is used
in this paper due to its effective yet uncomplicated approach.
It is simpler to transform a double-exponential function into
the frequency domain than using the more common Heidler
function model such as proposed by Vujevi¢ and Lovri¢ [6].

The dielectric properties of human tissues are obtained
from the Italian Research Council - Institute for Applied
Physics [7]. The dielectric properties of the provided human
tissues include effective conductivity, relative permittivity and
loss tangent. These are used to define the material properties
of the tissues from the electrical perspective.

A finite element analysis (FEA) approach is adopted in
this paper with the use of the COMSOL Multiphysics software
suite as the simulation platform. Cylindrical models of various
human tissues are constructed in COMSOL Multiphysics. The
model of the lightning current waveform is applied to the
various human tissue models and the results are analysed and
correlated with lightning injuries.

II. BACKGROUND

The extent of lightning injuries is dependent on the current
discharge pathway through the human body when struck
by lightning [8]. Hence, it is crucial to analyse the critical
biological structures that are affected along this pathway. The
clinical symptoms of lightning injuries can be classified into
three major categories namely: neurological injuries, cardiac
injuries and external burns [9].



Rakov and Uman [10] describes the possibility that a direct
strike to a human body results in a flash over, which decreases
the peak current and voltage of the lightning stroke at the
attachment point. They further describe that the arc of the
flash over results in a decrease of the electric field to 2kVm ™!
and ultimately reduces the current flowing through the body
to 5 A. However, this is applicable only if the human body
is considered to be purely resistive. When analysing from the
frequency perspective, the human body may exhibit inductive
and capacitive properties which results in the change of the
total impedance of the human body.

A. Lightning short stroke current waveform

The lightning short stroke waveform is described by the
IEC-62305-1 [1] as shown in Equation (1). It is difficult to
obtain the frequency components of this equation as complex
mathematical procedures are required to transform the equa-
tion into the frequency domain [11]. A simpler version of
the lightning short stroke waveform that is commonly used is
the double exponential function shown in Equation (2). The
disadvantage for using the double exponential function is due
to its unrealistic instantaneous rise at time 0 [10]. Equation (2)
is used as a proof of concept in this paper albeit less accurate
than Equation (1) or the Heidler function [12].
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B. Dielectric properties of human tissues

The Italian Research Council - Institute for Applied
Physics devised parametric models for the dielectric properties
of human tissues [7]. Fifty six human tissues are available,
however, only nineteen tissues are examined in this paper.
Several tissues are disregarded as these are less significant
in the analysis of lightning injuries. The dielectric properties
given for each tissue include: effective conductivity, relative
permittivity and loss tangent. These material properties are
frequency dependant and therefore present different character-
istics at various frequencies. These parameters are required to
define the electrical properties of human tissues.

C. Human models in FEA

From literature, the human body is typically modelled as
cylindrical structures when using the FEA approach. Ruan
et al. [13] analysed the electrical properties of human tissues
and organs by using a cylindrical model of the human body.
Werner and Webb [14] used a six-cylinder model of the human
body in the study of human thermoregulation. Muramatsu et al.
[15] calculated the impedance of the human arm in human
body communication by developing a multilayered cylindrical
model of the human arm.

III. LIGHTNING SHORT STROKE CURRENT WAVEFORM

The first negative short stroke current waveform parameters
are taken from IEC-62305-1 [1] as a 1.8/30 us waveform with
a peak value of 4 kA. These values are chosen as they lie in
the 95% probability range. The double exponential function
waveform which satisfies these parameters is shown in Fig. 1.
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Fig. 1: Double exponential function

A. Frequency components of the lightning short stroke

The frequency components of the double exponential short
stroke model in Fig. 1 is calculated by the use of the Fourier
transform and shown in Equation (3). Expanding Equation
(3) and separating the equation into its real and imaginary
components yields Equation (4).
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The magnitude of the current waveform at each frequency
can thus be calculated using Equation (5) and plotted in Fig.
2.

i(jw)] = Tv/Re(i(2))? + Im(i())?
_ \/ (a—p)? )
R R Gy

The double exponential function model has a frequency
range below 100 kH z as shown in Fig. 2. This concurs with
the findings of Wei et al. [11]. For the purpose of this paper,
the double exponential model is sufficient in the analysis of
the dielectric properties of the human tissues. Real lightning

D-3



short stroke current waveforms can be applied to the model in
the future for more accurate results.
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Fig. 2: Double exponential function in the frequency domain

IV. SIMULATED MODEL

COMSOL Multiphysics is used for the simulation and
construction of the human tissue model. The frequency com-
ponents of the lightning impulse waveform are analysed sep-
arately. Coronal discharge and breakdown voltages are not
simulated as the lightning short stroke is assumed to have
already attached to the human body. Side flashes are assumed
to have taken place and hence not considered in the model.

A. Model Construction

1) Initial model: The various human body tissues are
initially modelled individually as cylindrical structures. Each
model is subjected to two contact points which are plates each
attaching to leads representing the lightning attachment point
and ground. The contact points and the model are connected
uniformly with no air gaps. This model consequently resem-
bles a capacitor as shown in Fig. 3. A region of surrounding air
is further implemented to account for the electric and magnetic
fields developed around the tissue.

I

-
I

Fig. 3: Initial Tissue model

2) Simplified model: After simulations of the initial model,
it is noted that the model introduces additional mesh points to
the geometry around the contact plates and the leads which
drastically increases simulation time. The model is simplified
by removing the contact plates and the leads to represent a
cylinder surrounded by air as shown in Fig. 4. The current is
injected into the model from the top end of the cylinder and a
ground plate is placed at the bottom end of the cylinder. The
cylinder is of a homogeneous medium and assumes uniform
distribution of voltage and current in a vertically downwards
propagation.

Fig. 4: Simplified tissue model

The liver is the largest organ in the human body with a
mean length of 10.5 ¢m [16]. Hence, all the human tissues
are modelled according to this size for the ease of comparison.
The cylindrical model thus is constructed with a diameter and
height of 10 ¢m. Nineteen models are constructed each con-
sisting of one type of human tissue and analysed individually.
Since alternating current (AC) waveforms are used, magnetic
fields and its induced currents are simulated in the model.

The size of the mesh is chosen such that it is uniform across
the entire model, this is done by setting the maximum element
size to be 1.4 cm and the minimum element size to be 0.25 cm.
Since the electric fields, magnetic fields and induced currents
are significant in the model, the Magnetic Fields module in
COMSOL Multiphysics is used for simulation in the frequency
domain.

V. RESULTS AND ANALYSIS

The developed model adopts a signal analysis approach
whereby each frequency is analysed individually irrespective
of the other frequencies. The modelling of each tissue may not
be a good representation of real life tissues; such as modelling
the skin as a cylinder. However, this is done such that the
comparison of the dielectric properties between tissues can
be carried out. The important results from the model are:
tissue impedance, current density and power absorbed. The
impedances of the tissues are used to analyse the current
pathway of the lightning short stroke current through the
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human body. The severity of the lightning injury to the tissue
is indicated by the power absorbed.

A. Current density

The current through the cylinder is obtained from the
surface integration of the current density over the cross section
of the cylinder. Since the model is a homogeneous medium,
the current density is uniform throughout the model and hence
the current waveform for all tissues conform with Fig. 2. This
result is as expected considering the current that is injected
into the model and forced to flow within the cylinder is
the current calculated using Equation (5). The electric field
fringing effects in the air around the contact points are not
considered and therefore do not contribute to the total current
density of the model.

B. Impedance

The complex impedance of the model is obtained from
the inverse of the admittance measured across the top and
bottom end of the cylinder. From the imaginary part of the
complex impedance, the inductive and capacitive properties
of the tissue model are derived. The total impedance of
the model is obtained by calculating the magnitude of the
complex impedance. The simulation results of the impedances
of various tissues at various frequencies are shown in Fig. 5-8.
The impedance of each tissue is used only for comparison and
do not describe the actual impedance of the tissue or organ.
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Fig. 5: Frequency vs Impedance of tissues which have average
impedances less than 100 €

1) Tissues with average impedance less than 100 €: This
section refers to Fig. 5. Aqueous tissues (blood, body fluid
and cerebrospinal fluid) show little or no change in impedance
over the entire frequency range. This is due to the mobility
of hydrated ions which results in constant tissue conductivity
and permittivity for all frequencies [17] and contributes to the
low overall impedance. Connective tissues except for bones,
fat and bone marrow (cartilage, muscle and tendon) have fairly
low and constant impedances. The electrical conductive fibres
within the cardiac muscle may attribute to the low impedance
of the heart as these conductive fibres allow current pathways
to be established. The low impedance of the kidney may be

a result of high concentrations of ions such as sodium and
potassium within the tissue [18] which increases electrical
conduction.
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Fig. 6: Frequency vs Impedance of tissues which have average
impedances 100 ~ 200 2

2) Tissues with average impedance between 100 Q and
200 §2: This section refers to Fig. 6. The spinal cord and nerve
tissues are inherently composed of the same biological materi-
als and hence exhibit identical impedances for all frequencies.
The grey matter of the brain consists of mainly cell bodies
and hence have a lower impedance than the white matter of
the brain which mainly consists of lipid tissue. This result
coincides with the findings of Latikka et al. [19]. Both grey and
white matter show identical graph shapes which indicates that
a scaling factor is the only difference between the impedances
of the two tissues. The cancellous bone is highly vascular and
filled with fluids which results in the constant impedance for
all frequencies.
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Fig. 7: Frequency vs Impedance of tissues which have average
impedances 200 ~ 700

3) Tissues with average impedance of more than 200 ():
Fat is considered an electrical insulator [20] and hence has a
high impedance as shown in Fig. 7. Cortical bone is compact
bone which consists of densely packed osteocytes with no
marrow spaces [21]. This contributes to the high impedance
of the tissue as shown in Fig. 7.

From Fig. 8, skin and bone marrow have the widest
impedance range. From the results, skin only exhibits low
impedances at high frequencies, this indicates that only the



high frequency components of the lightning stroke current can
penetrate the skin.
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Fig. 8: Frequency vs Impedance of tissues which have a wide
range of impedance
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Fig. 9: Frequency vs Power of tissues which have a wide range
of impedances

C. Power absorbed

The power absorbed by the tissue model at various fre-
quencies is calculated by the volume integration of power over
the cylinder. The power losses into the surrounding air is not
calculated as only the electromagnetic effects of the tissue
is concerned. The power absorbed corresponds to the current
waveform and impedance of the tissue. From the results shown
in Fig. 9, power absorbed by the tissue is proportional to
the impedance of the tissue. Skin and bone marrow have the
highest impedance and hence absorb the most power. The
tissues with average impedances less than 100 €2 are not shown
in Fig. 9.

D. Lightning injuries

The three main categories of lightning injuries are: neu-
rological injuries, cardiac injuries and external burns [9].
From the results of the tissue models, these injuries can
be correlated with the impedances of the tissues. Current
pathway is established along the route of least impedance
and hence tissues with low impedances are at more risk.

The brain and the spinal cord are immersed in cerebrospinal
fluid which has the lowest impedance out of all the tissues.
Hence, current is likely to cause neurological damage to the
brain and spinal cord by traversing through the cerebrospinal
fluid. All internal organs of the body are immersed in fluids
and since blood and body fluids have the second and third
lowest impedances, the lightning short stroke current can be
assumed to traverse all organs in the body. The heart has
the lowest impedance compared to other organs and hence
more current travels through the heart resulting in cardiac
injuries. Assuming attachment of the lightning short stroke has
occurred, the skin is the initial contact point. Since the skin
has a high impedance, large amount of energy is required to
establish a current pathway through the skin which results in
heat generation and causes external burns.

The severity of the lightning injury also depends on the
point of contact of the lightning stroke with the body. The
current pathway is dependant on the impedances of the tissues
and since the body is composed of heterogeneous tissues,
the point of contact is a significant factor in determining the
current pathway.

VI. FUTURE WORK

The simulation results are based on tissue models that have
the same size and shape. These results are then used to explain
the possible current pathway through the human body base on
different tissue impedances. However, real human tissues are
of various sizes and shapes and are mostly not homogeneous.
An anatomical voxel model of the human body using the
dielectric properties of tissues described in this paper can be
used to obtain more realistic results.

The power losses can be further analysed in terms of
energy by considering resistive losses. This can be used in
the analysis of heating effects of various tissues under various
frequencies of the lightning stroke.

Other mechanisms of lightning injuries such as side flash,
contact voltage and step voltage as described by Lee [8] can
be included using the same model and approach described in
this paper.

VII. CONCLUSION

The current waveform of the first short stroke of the
lightning flash is characterised by the use of the double
exponential model. Fourier transform is applied to the double
exponential model to obtain the frequency components. Only
the first short stroke of the lightning flash and the direct strike
mechanism of injury is considered in this paper. COMSOL
is used to construct nineteen cylindrical models using the
dielectric properties of various human tissues. AC waveforms
corresponding to the frequency components are passed through
the models and the current density, complex impedance and
power losses are calculated. The impedances of the tissues



reflect properties of real tissues which are used to explain
well known lightning injuries. The approach and results of
this paper can be applied to an accurate human body voxel
model to observe the current pathway through the human body.
Other lightning injury mechanisms can be analysed using the
approach and results of this paper.
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