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Chapter 1

Overview

1.1 Introduction

The purpose of this thesis is to consider externally activating a fibre inside the
alveoli of a human lung. The primary concern is to examine the current available
theories in field energy dissipation. It is hypothesized that the control of energy
deposition inside the fibre in vivo is feasible given an oscillating magnetic field and
ferromagnetic studs embedded inside the fibre. This work is inspired by the need for
targeted, controlled release of drugs and general nanotechnology. The current
nanotechnology initiatives are motivated by the added functionality derived from
reducing the overall size of working systems. Targeted, controlled drug delivery
deploys drug intact to specifically targeted parts of the body through a medium that
can control the object’s administration by means of either a physiological or a
chemical trigger. A general overview of the current field energy dissipation theories is
presented in the first section. Next, theories of magnetic field energy dissipation are
explored. Following is a general description of Multiphysics coupled analysis. FEM
model are introduced with parametric studies. Finally, the end discussion summarizes
results and provides recommendations for future research.

1.2 Background

The word fibre depicts an object which has a high aspect ratio with axisymmetric
or near axisymmetric cross-section. Due to its special geometry, fibres are usually

pliant and can stand a bending deformation of large curvature. Natural fibres are
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mainly composed of cellulose, while synthetic fibres have been made of nylon,
polyester, acrylic and polyethylene, etc. Typical cotton fibre dimensions are 25 mm x
22 pm. The fibre being studied in this thesis is categorized as fibre fines, 0.1~0.5 pm
in diameter and dozens of micrometers in length.

Actually, we eat lots of fibres everyday. The two types of fibre in food are soluble
and insoluble. Soluble fibre, found in bean, fruit and oat products, dissolves in water
and is thought to help the digestive process, lower blood fats and control blood
glucose. Insoluble fibre, found in whole grain products and vegetables, passes directly
through the digestive system, helping the body to get ride of waste products.

Synthetic fibre offers superior strength, dimensional integrity and weatherability
in applications as diverse as plastic molded items, batteries and upholstery. Optical
fibre can transmit nearly 80 gigabits of digital information per second; short synthetic
fibres are woven into clothes. But their application in bio-engineering is still very
limited. Fibres can bring adverse side effects to human body, e.g., they are
carcinogenic when inhaled. Though of these concerns, externally activation of a fibre
may introduce new applications otherwise hard to achieve.

From the point of view of mechanical engineering, to activate a fibre means to
enforce the deformation of the fibre, i.e., extension, bending and cracking. If the fibre
is isotropic in thermal expansion, the heating will result in a uniform volume
expansion. However, if the fibre is composed of several materials with different
thermal expansion ratio, the fibre will bend or even twist during heating. In this paper,
we will study a way of externally induced fibre thermal bending.

The target is to externally induce heating inside a piece of fibre for the purpose of

thermal bending. The fibre is 20 micrometers in length and airborne inside the
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alveolar duct of a human lung. Direct heating of the fibre is difficult to manipulate, as
the cross-section of the fibre is sub micrometer and it is inside the human body.
Externally inducing heating of a fibre obviously involves the transmitting of energy
through field propagation. This method implies several constraints on the energy
source. First, the energy source must apply differential heating of the fibre and
surrounding human tissues; second, field energy propagation must bring no biological

side effects to the human tissue except insignificant thermal heating.

1.3 Sources of Field Energy

There are several mature technologies for transmitting energy through field
propagation. Among them, ultrasonic, microwave and laser technologies are already
available in clinical applications.

Ultrasound stands for the sound waves having frequencies higher than those to
which the human ears can respond (about 16kc/s). They are usually divided into two
categories according to their usage, low-amplitude propagation and high-energy [1].
Low-amplitude propagation can be used for the non-destructive testing of materials
(e.g. ultrasonic imaging). The characteristic impedances and absorption coefficients
of different material or the same material in different status render these applications
highly successful. High-energy ultrasonic waves will cause a nonlinear relationship
between the applied stress and resultant strain to the media it passes through.
Ultrasound can be explored to derive therapeutic results by using its bio-effects such
as creation of mechanical vibrations, localized cavitations, micro stream formation,
physicochemical changes and thermal energy. As an application, high energy

ultrasonic is used to disrupt cells by cavitation, damage body tissues by agitation, and
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heat bone and muscles. Extensive in vitro and animal investigations during the last
several decades have laid a foundation for ultrasound energy to be used for treatment
purposes in various medical specialties. An important advantage of high-energy
ultrasonic waves is that they are easy to focus. Obviously, the high-energy waves
have the potential to be the source of the field energy for fibre thermal bending
Electromagnetic waves are normally composed of electric and magnetic vector
(Figure 1-1). The TM mode depicts a mode for which the magnetic vector is zero; the
TE mode depicts the mode whose electric vector is zero. The applicable
electromagnetic wave composes a frequency range of 300KHz to 100GHz [2]. This
range will then be divided into three sections. RF is typically used to refer to
frequencies ranging from 300KHz to 300MHz; microwave is usually used for the
range of 300MHz to 1GHz. And over 1GHz, we usually call them infrared or laser
waves (figure 1-2) [2]. Current utilization of electromagnetic waves includes:
noninvasive sensing, radiometry and thermograph, diagnostic imaging and

hyperthermia treatment for cancer.

b4

Figure 1-1 The electromagntic wave propagation [3].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Frequency (Hz)

310! 3103 3.409 3.107 310 3-0!! 3.j0H4 30010 >3-1024
> 18 o = e 1E
2122153 & 12| & |38t Es 2.
EE|o8I&E & |89 5 |SE|2E|2s|g]| 5 2| & E2
5 50 nzl 2 |8 & lenslusins|ls|l 9 | v | &= EE
SEIGET TS |E g |PEPE|PTIET R E 82| RCE
M - N1 E 28| 5%
jant S k= - g
CrOWAVES” [ = SoE
audio frequencies RE: AM/ FM_ rf‘dio’ I?I;;lrl?r?lgrveer?’ = g
VHF television | o\bmillimeterwaves
1 T ¥ T ] T
107 wé 105 1t 103 102 10 1 ot 102 103 3105 100 4107 108 <016
Wavelength (m)

Figure1- 2. Electromagnetic frequency spectrum and associated wavelength [3]

1.4  Comparing of Field Energies

Table 1-1 list the general characteristics of ultrasonic and electromagnetic waves.

The ultrasonic wave is good at focusing and easy to manipulate. Exposure to
ultrasound dissipates more energy to tissue than exposure of tissue to other types of
radiation such as infrared radiation, diathermy or ultraviolet radiation. Absorption of

energy transmitted by ultrasound depends on the attenuation coefficient «,, which is

specific to the tissue. Tissue with high protein content usually absorbs more ultrasonic
energy while tissue with high water content absorbs little. However, most ultrasound
field energy is reflected when encountering an ait/solid interface. The reflection rate
is calculated as:
R=[(z,-2)/(2,+2)] (1-1)
The characteristic acoustic impedance Z of air is around 0.34, while it is over
1000 for human tissue. A reflection factor of R=1 means approximately no ultrasonic
energy can penetrate an air/solid interface. Obviously, ultrasonic waves are not

suitable for heating a fibre inside the alveolar duct of the human lung.
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Table 1-1 List of field energy resources and governing Equations
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Laser systems within the wavelengths range of 800-1100 nm are used to denature
pathiligical tissue by local thermal effects. Other application includes cutting tissue
by vaporization.

Lay[4], reported a model to efficiently absorb impinged laser energy in a slab by
doping it with impurities for which the electrons have a resonance at the laser
wavelength. His model showed, as an example, a laser wavelength of 248nm, a
resonance  width  of  0.005nm, and  impurity  concentration  of
5 =10"(N =1.43x10"cm™), the energy absorption efficiency becomes a maximum
of A~ 85%. In his model, even with the laser frequency at a rather large deviation of
1% from the resonant line, 10% of laser energy may still be absorbed.

The absorption properties for human tissue in the near infrared are mainly
determined by the absorption of water and endogenous constituents such as
hemoglobin, melanin, bilirubin, etc. The scattering is caused by inhomogenity of the
refractive index of cellular structures. The scattering coefficient decreases from
visible to infrared light. The optical properties of material can be defined by
absorption coefficient u_[mm™'], the scattering coefficient [ mm™] and the phase
function with anisotropy factor g [-1<g<1] [5]. For human tissues, g is known to

range from 0.80 to 0.95. The scattering coefficient x_can then be defined as[5]:

#o=p(1-g) (1-2)

The infrared rays will penetrate the human tissues at a wavelength near 600nm
with a minimum water absorption rate (Figure 1-3) [6]. While the water absorption
rate increases from the visible spectrum to the infrared region, for most other tissues it

decreases in this range. This leads to an optical window, where the energy absorption
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of biological tissue is relatively low. The effective penetration depth d,; of laser light
in the near infrared can be approximated by an analytical expression:
dy =1/ (Sqrt (3, (12, + 2, ))) (1-3)

This equation gives a penetration depth of less than 12mm of human tissues. So,
the fibre inside the lung will hardly be heated by the commonly used laser sources

since the penetration required is at least100mm .

T |
©OMLC
10,000 F 4 um
- P —_
T 1,000F L T 4 um E
£ A - 2
=  100F [ - 100um £
£ it g
T 104 h{ 4 1mm &
E ] S
= S
p=S 1 » = 10mm "a'
L n} .
- R
S 01F 4 100mm 2
= 4 g
N, 3 a
s oolf \ / ] Im
g ¢ Hale & Querry,
0.001 F y \) Applopt, 12,555(1973) {  10m
i 1 1
100nm Ium 10um 100um

Wawvelength {(nm})

Figure 1-3 linfrared rays wavelength dependent absorption
The dielectric properties of human tissue make it unsuitable for the TM model of
EM waves. The dielectric permittivity of biological materials in the RF and

microwave range is largely determined by cell membranes and tissue’s water content.
The permittivity of human tissue is in the range of 100 to several thousand in the RF
range [7]. “Electric fields are greatly diminished by many orders of magnitude inside
biological tissues from their values in air external to the tissues. For example, an

external field of 14V /mmay induce an electric field within the body of
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aboutlmV /m. It is observed that electric fields induced inside the bodies of humans
and animals are generally less than 107 of the field outside the body and rarely

exceed about 107 of the external field “ [8]. This strength is near the typical strength
at ground level beneath a high-voltage power line. This low-level voltage will
generate currents, which are orders of magnitude weaker than the currents induced
naturally from the function of heart, nerves, and muscles [9]. Electrical properties of
tissues are frequency dependent in that, dielectric constant decrease and
conductivities increase with increasing frequency.

Biological tissues behave like solutions of electrolytes that contain polar
molecules at radio frequency electromagnetic field. The electrical component of EM
waves will interact with biological system by ways of 1onic conduction (oscillation of
free charges) and rotation of polar molecules of water and protein relaxation. The
absorption of RF energy is transformed into kinetic energy of molecules, which is
associated with a rise in temperature of the irradiated tissues. Thus if being impinged
on by a microwave, the human tissue will absorb much of the electrical field energy.

Human tissues are of comparably high electrical resistivity, but their magnetic
permeabilities are equal to that of free space. This means magnetic waves can pass
through human tissue in a far less attenuated way. Thus the electromagnetic TE wave
is by far the best candidate as the energy field source for this specific application. In a
historic perspective, the nineteenth century saw rapid development in medical
applications and physiological effects of magnetism. But speculations regarding bio-
effects due to exposure to electromagnetic field also began. In the next section, we
will review the biomedical safety issue regarding electromagnetic human tissue

interactions.
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1.5 Bio-effects of Electromagnetic Tissue Interactions

Many researches are actively working to explain the interaction of EM fields with
biological systems. The basics of EM interaction with materials were elucidated over
a century ago and stated as the well-known Maxwell and Faraday’s equations.
Application of these theories to biological systems, however, is very difficult because
of the extreme complexity and multiple levels of organization in living organisms, in
addition to the wide range of electrical properties of biological tissue. Tissue
interaction with EM fields have been extensively studied in terms of several quite
different endpoints; in their thermal effects, in the magnetic force in microscopic level
and in ionization of atoms in bimolecular systems [10].

In an oscillating magnetic field with a frequency up to MHz, a biological material
is regarded as a conducting medium. As in the microscopic level, all tissues are
composed of cells and extra cellular fluids. A cell has two parts: the outer insulating
membrane and the inner cytoplasm and nucleus. The extra cellular fluid has high
conductivity. Cells appear to be insulators and almost all the currents induced in
tissues by EM fields will flow around the cells. The insulating membrane, which
completely surrounds the conducting core, makes the cell itself a series combination
of the membrane capacitance and the cytoplasm resistance.

Oscillating magnetic fields will generate eddy currents at cell membranes and in
tissue fluids, which will circulate in a closed loop that lies in a plane normal to the
direction of the magnetic field. The current density in a circular path perpendicular to

a sinusoidal magnetic field is derived from Faraday’s law of induction [11]
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J =norBf (1-4)
where J is the current density in Amperes/meter’ (A/m), o is the conductivity

of the medium in siemens/meter (S/m), ris the radius of the loop for inductive of

current in meters (m), Bis the magnetic flux density in teslas (') or

Webers | meter’ (Wb/m*), and f is the frequency in Hz.

Due to the comparably low electrical resistivities of human tissues, a very high
frequency (up to100MHz ) will induce eddy currents that may cause damage to
biological systems. At a frequency below approximately 100 kHz, currents necessary
to heat biological systems are usually less than currents necessary to stimulate
neurons and other electrically excitable cells [8].

Thermal effects can be defined as energy deposition rate higher than the
thermoregulatory capacity of the human body. The heat generated by the basal
metabolism for a 70- kg man is approximately 1.2 W / kg . For adverse health effects,
such as eye cataracts and skin bumns, to occur from exposure to RF fields at high
frequencies, power densities above 1000 / m* are needed.

There are speculations over biological effects that occur under circumstance of no
evident change in temperature or the exposure level is low enough not to trigger
thermoregulation in the biological body. Literature shows an exposure to low level
EM waves (less than 2 /kg) could affect the nervous system [12]. Also, a
magnetic oscillation field might affect the immune system, gene and chromosomal
morphology, enzyme activity, neurological function, cell morphology, etc. But,
literature on these effects are usually contradictory and the mechanisms of the effects

are not well understood.
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Biological magnetisms, the essentially components of living system, are usually
found in single domain units, wrapped with thin magnetosomes. These
microstructures behave like small magnets and are influenced by external fields to
change their energy contents. It is believed also that they will orient with the applied
magnetic fields. Magnetosomes exist in the interior of cells bound to cell bodies
through cytoskeleton. In such gathering, torque generated by the action of the
magnetic field acts to rotate the whole cell through forces on the individual
magnetosomes that are magnetically lined up. Magnetosomes may reorient in the cell,
which may create biological effects because they are not rigidly bound to the whole
cell structure [8].

Free radicals are atoms or molecules with at least one unpatred electron. These
unpaired electrons will change the structure of other molecules and cause them to also
become free radicals if collide. Free radicals are remarkably short lived, existing for
less thanlns. Their effect is extreme in terms of cell aging and various kinds of
cancer because of the damage they do to DNA, cells and tissues. Static magnetic
fields may influence the response rate of chemical reactions involving free-radical
pairs Since the lifetime of these free radicals is short compared to the cycle time of
the RF field in general, the applied fields act like static fields during the time scale
over which these reactions occur. Biological effects due to fields less than 507 are
not significant because any effect of field would be additive with a
30—-70uT geomagnetic field [8].

Brocklehurst [13] studied the reactions of radical pair under the effects of external
magnetic field. He anticipated that such effects are theoretically conceivable down to

fields of strength as low as0.1m7T . However, the effect observed was very small at 12
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0.1 mT (1%increase in free radical concentrations). The fact is that the body
possesses sophisticated defense mechanism to cope with these radicals under normal
conditions.

Ionizing radiation poses hazards to living organisms through its destructive effects
on key macromolecular system, where damage to DNA in the cell nucleus, for
example, may cause permanent genetic changes transmitted as mutations to
succeeding generations of cells. But as we are utilizing the eltromagnetic wave with
only the magnetic component, the ionizing radiation is ignored. The nonionizing
radiation of magnetic field is not known to damage DNA in the way ionizing
radiation does. The investigations of exposure to magnetic fields are also
contradictory and usually the data are not replicable. Two reviews [14, 15] concluded
that Radio frequency magnetic field is not directly genotoxic, but there may be other
indirect effects on the replication and /or transcription of genes under relatively
restricted exposure conditions.

Litovitz [16] hypothesized that AC electromagnetic waves need to be steady for
certain period of time (up to the order of second) for a biological to respond. This
allows cells to discriminate external fields from thermal noise fields, even though
they might be smaller than the noise shields.

Melatonin is a hormone produced by pineal gland. It helps destroy the free
radicals and cell division to take place with undamaged DNA. Melatonin also assists
in regulating the female menstrual cycle and circadian rhythms. There are results
from five cellular studies showing the EM fields will reduce the growth inhibitory

action of melatonian on human breast cancer cells in culture [8]. In 2000, Graham
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[17], found no effects on melatonin levels among young men volunteers exposed to 4

continuous night of 60- Hz fields at 28.3 uT .

It is concluded from the three main biophysical mechanisms (induced electric
currents, direct effect on magnetic biological materials, and effects on free radicals)
that high field strength is needed to produce noticeable biological effects in living
systems. However, we need also an understanding of how EM fields affect life
process to understand the bio-electrochemical mechanism.

“Other studies on calcium transport, cell proliferation & differentiation, enzyme
activity, hormones, immune system, etc. have also been reported. Overall, the
literature shows that while some bio-effects of exposure to low frequency electric and
magnetic fields take place. They are usually field amplitude dependent. It is unknown
what the long-term effects of EM are and whether they are cumulative. It is important
to note that modulated or pulsed EM waves seem to be more effective in producing an
effect” [8].

From a large number of studies, it is concluded that electric and magnetic field
exposures delivered at field strength similar to those measured for typical exposure
below 0.1 mT do not produce any significant cellular effects such as genotoxic and
epigenetic activity. It is generally accepted that the applicable range of frequencies

and amplitudes in human cells is considered to be f =0.05~1.2MHzand
H =0-15K4Am™" [18]. Atkinson concluded a field with H - f product lower than

4.85x10° Am™"is safe and tolerable [19]. Recently, Hergt [20], proposed a limit of

H - f <3x10° A/(ms) (suitable for breast tumor treatment). That is, a field amplitude of

10kA4/m would allow a maximal frequency of 300kHz .
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1.6 Experiments and Clinical Applications of Magnetic Field and

Ferromagnetic Materials

The application of magnetic field and magnetic particles in vitro has been
practiced for decades. Magnetic particles with size ranging from a few nanometers up
to micrometers offer attractive opportunities in applications in magnetic resonance
imaging (MRI), controlled drug delivery, hypothermic treatment of tumor cells, etc.

MRI technologies utilize the different signal each tissue produced in response to
the applied pulses of radio frequencies. The MRI image of anatomical structure
depends on collecting the induced magnetic moment of proton, which is different
from tissue to tissue. Due to the small effect of magnetic field on collection protons,
roughly equal to only three of every million proton moments m, a contrast agent will
sharpen the contrast by affecting the behavior of protons in their proximity. The most

common contrast agents currently used are colloidal iron oxides in size varying from

10 to 500nm.

Text resume at page 17.
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Figure 1-4 Microcapsule contains immiscible liquid phases. The first phase
consists of spheroids containing a prodrug or a proenzyme. The second
phase is the surrounding liquid containing an activating agent. Exposure to
electromagnetic or energy would cause activation, after which the drug would
diffuse through outer membrane to act on surrounding tissues.[21]

Figure 1-5 Functional nanometer magnetic particle [18]

16
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Targeted drug delivery aims to promote active compound accumulation in the
body target zone independent from the method and route of drug administration (i.e.
Figure 1-4). Amongst the current principles of drug targeting is magnetic targeting,
i.e. the drug or radionuclide can be immobilized in biocompatible magnetic nano or
microspheres or in magnetoliposomes. Generally, the magnetic component of
particles is coated by a polymer of dextran or PVA. The carrier usually is made of
one of the following forms: (i) a particle core of magnetic ( Fe,O, or Fe,O,) coated
with biocompatible polymer (Figure 1-5) ; (ii) magnetic nanoparticles precipitated
porous polymer [18]. The carrier is often associated with another molecule capable
of specific recognition and binding to the target site, i.e. binding for a given organ or
on individual component characteristics such as cell surface. Lubbe [22], explored
the first clinical magnetic drug targeting by using a Ferro fluid (100 nm) to which the
drug was chemically bound. Current technologies can achieve the localization of up
to 70% of the functional dose in the target tissue, with minimal interaction and
toxicity to normal cells. An up to eight-fold increase in drug concentration after

administration of only one third of the drug dose has been observed [23].

Text resume at page 18
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Figure 1-6 Endocytosis of albumin coated iron oxide nanoparticles (see
arrow) attached to the cell membrane [22]

Hyperthermia is a promising approach to cancer therapy based on the fact that
the tumor cells are ten times more sensitive to temperature rise than normal cells.
Hyperthermia therapy heats the target tissue to temperatures between 42 to
46°C thus reducing the viability of cancer cells, increasing their sensitivities to
chemotherapy and radiation or enhancing the capability of anti-tumor drugs [23]. In
the past, external means of energy dissipation such as ultrasonic or microwave
treatments were used, but more and more experiments are employing magnetic
particles as a media to heat the target cells. Magnetic hyperthermia is based on the
theory that magnetic particles will produce heat through various kinds of energy
losses when placed in an external AC magnetic field (Figure 1-6). The heating
capability of these particles is proportional to the strength of external magnetic field,
the particle size and the AC frequency. In most cases, the controlled heating can also

be achieved by controlling the material Marie Curie temperature, that is, the
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temperature above which the material lose its magnetic property and thus its ability
to heat.

Gilchrist [24], succeeded in heating 20-100nm y - Fe,0, particles by exposing
them to a 1.2 MHz magnetic field. Gordon [25], was the first to use a magnetic fluid
based on dextran magnetite nanoparticles to treat malignant tumor on rats. Other
authors have studied suspensions of magnetic particles for treatment of malignant
cells [26, 27]. Hamad-schifferli [28],linked DNA and protein with a 1.4 nm gold
particle. By exciting eddy currents in the latter through a 1GHz magnetic field, he
succeeded in dehybridizing the DNA in a manner that is localized and reversible.

There are also fundamental problems associated with the use of magnetic
particles in the above applications. There is a size dependent collection mechanism:
nanoparticles with diameters of 30 nm or more are rapidly collected by the liver and
spleen, while particles with sizes of 10 nm or less are not so easily collected. These
small particles, finally collected by the reticuloendothelical system, will have a
longer half-life time in the blood [18]. Targeting to some specific cell types, in
retaining the particles localized at the cell membrane, is difficult as the cell tends to
instigate receptor-mediate endocytosis [22]. The applied magnetic field strengths
may not be strong enough to build up and sustain field strength sufficient to
counteract the linear blood flow rates in tissues so as to effectively retain the drug
carrier at a specific place. There are also potential downfalls of the toxicity of the
iron, which directly relates to the body’s ability to rid itself of excess iron.

Hyperthermia requires an AC magnetic field applicator system. This system must
match the limitation of field strength and field-frequency as the highly conductive

tissue will also be heated during the therapy [29]. The first prototype of clinical
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hyperthermia clinical system was set up in Charité Medical School, Campus
Virchow-Klinikum, Clinic of Radiation Oncology in Berlin. Figure 1-7 shows their
latest model. This ferrite-core system operates at a frequency of 100kHz with

adjustable field strength from 0 to 15kA/m.

Figure 1-7 The Hyperthermia applicator system [30]

Sterevtaws Niobe™ System

(a) (b)

Figure 1-8 (a) The latest magnetic guidance system. (b) Guidance of
0.014inch wire using Stereotaxix system [31].
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There are two FDA approved magnetic systems available on the market. The
latest prototype magnetic guidance system is a 6-coil superconducting multicoil
helmet built by Wang NMR as a fifth generation device (Figure 1-8). The next

generation of magnetic Stereotaxix system is more compact and more cost effective.

*Neodymium parmanant magnet
Smallsize .20 % 2.5 inch

«Capture depth up to 1 cm

Powerul - § kyauss fleld

+Shielded when stowed

“Compatible wiaidiology instrumentation

Figure 1-9. FERX permanent magnetic guidance system by £ eRx™ and

application [32].

Another FDA approved system is f¢Rx o (Figure 1-9). The mechanism and
apparatus of this machine are shown in Figure 1-9. The FERX system is applied on
the target organ and interrupted every 15 minutes to ensure blockage of the main
arteries has not occurred.

The experimental measurement of heating capacity of ferromagnetic materials in

an oscillating magnetic field usually adopts the configuration shown in Figure 1-10

[33].
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Figure 1-10 Typical experiment setting of a calorimetric measurement. (a)
experimental setup. (b) Schematic temperature curve [33].

In Figure 1-10. T, I, d, and c stands for thermosensor, isolation, suspended ferro
oxide particles, vacuum vessel, and the coil, respectively. The special absorption rate
(SAR) of the ferrofluid in the alternating magnetic field was measured
calorimetrically by registration of the temperature increase in the ferrofluid after

applying the AC-field.
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Chapter 2

The Electromagnetic Field Energy Deposition

2.1  Basic Concept of Magnetic Materials and Magnetic Field

If a piece of magnetic material is placed in a magnetic field of strength H, the
individual atomic moment in the material contributes to its overall response. The
magnetic induction B is given by:

B=uH=pH+ puxH (2-1)

where g,is the permeability of free space, x is the dimensionless susceptibility.

When x falls in the range of 10°~10"', these materials are called paramagnets; when
x falls in the range of -10°~10", these materials are called diamagnets.
Ferromagnetic materials exhibit a large susceptibility of 10~10*. Ferromagnetism is
one of magnetic state of the substances characterized by parallel orientation of the
magnetic moments of nuclear carriers of magnetism. It is caused by positive values
of energy of inter-electronic exchange interaction. The magnetization, M=uuxH,

grows not linearly with increase of magnetic field / and achieves a limit value M
(magnetic saturation). Values of M, depend also on "magnetic history” of the

sample. It makes the dependence of M _on H ambiguous, so that a magnetic

hysteresis curve is observed.

Ferromagnetic hysteresis is characterized by several parameters: coercivity,

remanence (or remnants magnetization), magnetization of saturation, maximum
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energy product (or strength of the magnet). Coercivity H, is the field which has to

be applied to ferromagnetic material to make magnetization equal to zero.

Remanence, M,, is residual magnetization of a ferromagnetic material in the

absence of external magnetic fields (after the external magnetizing field has been
turned off). This parameter is convenient to use for comparison of the relative
strength of different magnets. It depends greatly on magnet composition and method
of manufacture. Magnetization of saturation is magnetization of ferromagnetic
material in very strong (infinite strong) magnetic fields. All the atoms in this case are
magnetized in one direction. Strength of the magnet is the area of hysteresis loop.

This gives a measure of the energy stored in the magnet. The usual unit is the Mega

Gauss-Oersted (MGOe). The SI unit is kJ/m’. [1 MGOe = 8 kJ/m’].

Table 2-1: the list of magnetic field flux density [34].

Application B field (Teslas)
Sensitivity of a scanning SQUID microscope 107
Human Brain 107
Intergalactic and interstellar magnetic fields 10717
Human heart 10°-10®
Earth’s magnetic field 0.5x10”
Refrigerator magnets 10%-8x10°
Electron beam of CRT 5% 10%10°
Magnetic read switch 10°-2x 107
1-horsepower electric motor 0.1-0.2
Rare-earth permanent magnets 2
Magnetic Resonance Imaging 0.5-5
High-energy particle accelerators 10
World Record Continuous Field 45T
Long-Pulse Magnet (800 ms) 60
Strongest Destructive Pulsed Magnet at NHMFL-Los | 850
Alamos (4-8 us)
Neutron Stars 108
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The susceptibility in ferromagnetic material depends not just on temperature, but
also on magnetic field intensity and material atomic structure. For ferromagnetic
materials, it displays no net magnetic poles without external influence, as the atomic
magnetic moments align themselves in their least-energy state and cancel each other
internally. Atomic magnetic moments are partially the result of electron orbits, so as
temperature rises the orbital path lengthens and the strength of the magnetic moment
decreases [35]. At high frequency, the permeability of bulk magnetic material, which
is given by Snoek’s law, also decreases [36]:

pu=l+ydzM_/f (2-2)
where y 1s the geomagnetic ratio (0.8661x10’at 3.231 MHz for iron), f is the
operation frequency. The eddy current, in the high frequency, will cause a reduction
in permeability. It is assumed that a decrease in electrical resistivity of material will
enhance the eddy current loss and thus reduce permeability. Thin films of magnetic
materials also show advantages in achieving high values of permeability [37, 38].
Iron-based ferromagnetic materials with high saturation and high permeability have
been developed. They can achieve an electrical resistivity of 100~300u.cm and a

relative permeability of 3000 over MHz frequency [39, 40].

In amorphous solids the magnetocrystalline anisotropy is equal to zero,
eliminating the main material dependent contribution to the coercivity 7. . At low

frequency, the coercivity follows Sharrock’s Law [41]:

oG e G [ e
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2.2 B-H Curves and Hysteresis Losses
The B-H curves of ferromagnetic particles are size dependent. Figure 2-1
shows the floated magnetic particles with respect to blood cell and their different B-

H curves [18].

Figure2-1: Magnetic responses with respect to different size of magnetic materials,
illustrated for a hypothetical situation in which particles of a range of size from
nanometer up to micron scale are injected into a blood vessel. The response of
ferromagnetic particles with response to magnetic field H can be either multi-domain
(-—---- in FM diagram), single-domain ( in FM diagram), or superparamagnetic
(SPM), depending on the size of the particles [18].

The hysteresis loop showed in Figure 2-1 was first studied more than one century
ago. The hysteresis behavior can be one or a combination of nucleation processes
by the domain wall propagation or by retardation of the magnetization due to
fluctuation [37]. In the framework of this study we study ferromagnetic material
subjected to a field up to 4x10~° Tesla at a frequency of MHz. Generally, the

nucleation and domain wall phenomenon will be dominant. When the frequency and

domain wall length are higher, the hysteresis area will be smaller in a domain wall
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moving. The existence of defects in the magnetic materials brings the rise of
nucleation hysteresis losses. This mechanism only works when the nucleation is the
longest process or the average reversal time of nucleation is rather large in
comparison to the oscillation period. The nucleation mediated hysteresis loop has a
rectangular shape, whereas a curved shape indicates that the hysteresis is associated
with the domain wall propagation or with strong oscillation of magnetization.

In large particles, of the size of micrometers and beyond, there exists a multi-
domain wall state which leads to a narrow hysteresis loop since it takes relatively
little field energy to move the domain walls; while in a smaller particle there exists a
single domain wall which leads to a broad hysteresis loop, whereas nucleation of
hysteresis will be dominant [18]. At even smaller size, of tens of nanometers or less,
the magnetic moment of the particles is free to fluctuate with the thermal energy,
while the individual atomic moment retains its order state. This leads to a hysteretic
curve (SPM) shown in figure 3-1.

The hysteresis loss, which is nonlinearly dependent on the field amplitude, is
usually referred to as a square law in the literature [42].

2 ft

1+Q2x fr)’ -4)

B = ”ﬂoZOHgf

where 7 is the relaxation time, y, is the actual field dependent susceptibility.

Hysteresis loss is particle size dependent as the relaxation time 7 is exponentially

proportional to particle volume [43]:

=7, explkV /(kT)] (2-5)
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(tr ~107s), where V is the particle volume, K is the anisotropy energy density and

kT is thermal energy. The remnant magnetization M, and coercivity H_ will both
decrease abruptly at some critical grain wherew -7 =1.

M, =M, exp(-t/7) (2-6)

H,=QK/M)1-WV, V)LV >V, (2-7)

Figure 2-2 shows in a magnetocrystalline anisotropy energy density level of

10*J /m® and10°J /m’ , the critical particle size ranges from 30nm~5nm in up to

10’ frequency.
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Figure 2-2. The Ferro particle critical size vs. magnetic field frequency.

Magnetocrystalline anisotropy energy density is of 10°J/m’ and10°J/m’

In particles with size greater than the critical value, the theoretically predicted
energy dissipation value is very high (Figure 2-3), if neglects the fact that the unit

heating capacity decreases due to the multi-domain wall state in the larger particles.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

28



{J/kg)

Wloss

Figure 2-3 Energy deposition rate. Material

sample Il, 250nm; sample llI, 60x250nm. Frequency 50Hz [43].

Experiments have been designed to investigate the heating capacity of
ferromagnetic materials in an clinical approximation situation[20, 33, 43]. Table 3-1

shows a list of results from the literature. Obviously, experiment data show the
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accepted hysteresis energy loss is below 500W/g.

The sample III in Figure 2-3, with size of 60x250nm, is dominated by single
domain behavior processes with large coercivity of 34kA/m and thus showing very
high hysteresis losses [43]. However, because of the limitations on the amplitude of

magnetic field to which human tissue exposing, only a portion of the hysteresis loop

will be utilized in the hyperthermia.
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Table 2-2. List of Ferro energy deposition experimental data

Author Material size Field Frequency Energy
(nm) intensity (KHz) density
(kA/m) Wlg)
Hergt et al. Fe,0,,>1000 14 300 75
[43]
Fe,0,,250 14 300 42
Fe,0,, 60x250 14 300
Hilger et al. Fe,0,,>350 6.5 400
[33]
Fe,0,, 100 6.5 400 6
Hergt et al. Fe,0,, 15 6~12 327~410 150~500
[20]
Toshifumi Mg, Fe, , Ti O, | 0.8~8 230 4~16
et al [44]
Chenget al. | Iron oxide, 1000 5 1 0.15x107°
[45]
Ma et al. Fe,0,,7.15~416 | 32.5 80 15.6~75.6
[46]

2.3  Néel Relaxation Losses

Ferromagnetic particles of the size approximately one nanometer are called
“superparamagnetic” particles. These particles still possess considerable heating
capabilities. The energy deposition is based on the theory that there are only two

antiparalle] orientations of the particle magnetic moment m. The corresponding two

energy levels, namely n, & n_are separated by an energy barrier given by the

particle anisotropy energy kV [47]. In an external oscillation magnetic field, the

transition probabilities are given as:

o, =(1/27)exp| +mH /(kT)] (2-8)
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The exponential part may be replaced by a first order approximation for small fields

when mH < kT . The magnetization is then given by [43]:

M(t)= (nm2 /kT)(l +iot) ' H,exp(iot)

The specific power P for small field amplitude is [48]:

P=(mHor) /| 2ck1V (1+ 0’7’|

(n=n,+n)

(2-9)

(2-10)

At low frequency, the losses increase with the square of frequency, a

superparamagnetic regime; while forw-r=1, the losses saturate at
P=(mH*)/(2cTV)
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Figure 2-4 Grain size dependent loss power density of Néel relaxation. Field

_ 5
amplitude 6.5K4/m M, =4Tx10°4/m o4 K =10*J /m’ [43].

Both hysteresis loss and Né€l relaxation loss are grain size dependent. Figure 2-5

shows the

comparison between

these two

losses,

assuming M, = 0.5M

H=65KA/m,0=2x10°/s ,M,=47x10°A/mand K =10*J/m’.
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Figure 2-5. Comparison of size dependent of hysteresis and Néel relaxation
losses [43].

From Figure 2-5, as the grain size decreases, the hysteresis losses increase until
they decline abruptly at some critical grain size. The remanence Mr and Hc
coercivity vanish depends on the oscillation frequency (Formula 2-6 & 2-7). In
Figure 2-5, the critical grain size is around 9nm. Where the hysteresis losses nearly
vanish, the Néel relaxation losses dominate and extend to even smaller particle size.
By theoretical calculation the maximum Néel relaxation loss is only a fraction of

hysteresis losses.

2.4 Brownian Relaxation Losses

Besides the above two heating mechanisms, the ferro fluids also involve
relaxation loss due to rotational Brownian motion of magnetic particles. The
Brownian relaxation losses will become essential if the magnetic moment direction is
strongly coupled to the particle itself, e.g., by a large value of the intrinsic magnetic

anisotropy, combined with easy particle reorientation due to a low viscosity 7 of the
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suspension medium. For a spherical particles with the hydro dynamically radius r the

relaxation time and power loss are given as [43]:

8xnr’
T

P=(mHor)' /| 20TV (1+01")]
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Figure 2-6 Brownian relaxation with respect to grain size and viscosity

Figure 2-6 shows the Brownian relaxation time 1 is a weakly dependent on

particle size. For a ferro fluid has a broad distribution of particle sizes with a mean

size of ~10 nm, the Brownian and Néel relaxation process will both occur. The

effective relaxation time t is given by [42]:

1 1 1
—_—=
T Ty, T,
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Figure 2-7. Time constant vs. particle size [42].

The Figure 2-7 illustrates that the shorter time constant tends to dominate in

determining the effective relaxation time for any given size of particle.

2.5 Eddy Current Losses

The laws which describe the behavior of the electromagnetic force were first
compiled into a self- consistent theory in 1864 by the Scottish physicist James Clerk
Maxwell (1831-1879), and since then the theory of electromagnetism has been called
Maxwell theory, and the four key equations of electromagnetism called Maxwell's

laws or Maxwell's equations [3].

VXE:—J,,,—#O%I{— (2-14)

v.E=Fe (2-15)
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oF

VxH=J, +¢g, — (2-16)
ot
v.Hg =L (2-17)
H,

where : E(r,t): Electric field vector
H(r,t): Magnetic field vector

g, :Permittivity

4, ‘Permeability

p, : Electric charge

J, : Electric current density

p,, - Magnetic charge

J,, - Magnetic current density

Because the divergence of curl of any vector is equal to zero, one can obtain the

current continuity equation, i.e.,

9
v-J,+%e g (2-18)
ot
op
V.-J +2m—¢ 2-19
nt S (2-19)
35
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Figure 2-8. Magnetic flux and infinity conductor

Figure 2-8 shows a slab, with resistivity p, lying close to a sinusoidal varying
field of amplitude H,. The pulsating H, will produce eddy current in the y direction
inside the slab. The propagation of low frequency (up to 10 GHz) magnetic fields
can be described by the diffusion equation [49]:

_p1oH
p ot

V2 H (2-20)

With A, =H, =0 and by defining J as the skin depth, §*=2p/0u , equation (2-20) can

be re-written as:
2 2
dHy —21(-1—) H,=0 (2-21)

It is easy to get the final solution:

o
H, (y)=H0m exp —\/;z exp(ja)t) (2-22)

At a depth z inside the slab, the real part of H#_ can be obtained as:
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H,(Z)=H, exp(—%Z)cos(a)t—éZ) (2-23)
The current density J at position z in the slab is given by Faraday’s law of
induction[50] [51]:
J(Z)=wu,H, ! p (2-24)
The total loss per square meter of surface to a depth of &, can be defined by
integrating J, over the depth[11, 50, 511:

P =[S pJidz(x1x1) (2-25)

_ m0'EH, [1 ) exp(_ﬁﬂ (2-26)
0 J

The power dissipated at the magnetic skin depth, £=8, accounts for 96.2% of
the total field energy. Figure 2-9 shows that when the frequency is of the order of
MHz, the skin depth of pure iron is less than one millimeter, while that of skin tissue
is several meters. Therefore, the field energy can be concentrated in a thin layer of

iron, with little dissipation in the surrounding tissue.
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Figure 2-9. The skin depth of skin tissue and iron as a function of frequency.

Resistivity is 2.53 and 1.84x10°Qm for skin and iron. The relative
permeability of tissue and iron is set at 1 and 300, respectively.

Bozorth [52], gave similar equations for the eddy current in sheets or cylinders

after defining @ as:
O=2x5\luf ! p (2-27)

When 6>>1, the formulas yield:

_B® AR L, 78BS’

P=Wf="".
=S 4pu 2xfL, L 6p

(Sheets) (2-28)

For cylinder and spheres of diameter d the corresponding expressions are:

7T252B2f2

w.f (Cylinders) (2-29)
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ﬂ.2§232f2

Spheres 2-30
200 (Sp ) (2-30)

w.f

When 0<<1, the formulas yield:

1/2

_ B'Z _ ”B'ZfS/Zé‘ i BZIOI/Zfl/Z B HZ (#pf)

P=Wf="x:= = = 2-31
e ef 4# 2/11/2101/2 8”#3/25 872.6 ( )
for sheets and:
. . 1/2
P_Wf_Bz _ﬂBsz/zﬁ_szmfm_Hz(/lpf) (2-32)
e e T T 12 12 3/2 -
4u  2u’p dmu'*d 47d

for cylinders.

2.6 Comparing Heating Capacity for Various Mechanisms

The heat generation capacity of magnetic particles is usually quoted in the terms
of SAR in units of W/ g. In the above sections we give four main induced heating

mechanisms, covering the size range from nanometer to micrometer. We neglect the
magnetic resonance, which usually requires an excitation frequency into the GHz
range [53]. The total loss in a conductor media is [45, 54]:

P

oa =5+ L+ L (2-33)
where F,, P, and P. stand for hysteresis, eddy current, effective Néel and Brownian

losses, respectively. Thus the total loss per unit frequency can be expressed as [55]:

2
P - B H’ B y§H2f+ B (mH)
total — 2
T P kTz,

€

(2-34)
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where 7,and 7, stand for hysteresis and effective relaxation time, respectively. As

we mentioned before, the coercivity of most ferromagnetic materials of sub-
micrometer requires field strength of 100kA/m or more to reach a fully saturated
status. Thus only a portion of hysteresis loops can be utilized given the operational
physical constrain of around 15k4/m field amplitude [43]. Thus hysteresis heating
will give rise to low SARs of ferromagnetic particle. The Superparamagnetic
particles in nanometers would be a proper candidate for hyperthermia. In vivo, these
could generate much more heat compared to conventional ferro/ferri magnetic
particles exhibiting hystersis losses.

According to Formula 2-34, the heating capacity of eddy current is linearly

dependent on frequency and conductivity. Most ferromagnetic oxides have a very

high resistivity of over10*Qm. Thus traditional clinical hyperthermia application
utilizing ferro oxides will see minimal eddy current thermal dissipation effect.
Actually, the eddy current will excite more energy dissipation in human tissue than
in ferro oxide particles as the former has a resistivity of less than 20Qm . Obviously,
the eddy current will provide the highest level of heating capacity among the above
mechanisms by utilizing ferro conductor particles, e.g., iron with an electrical
resistivity of 10°~10 Qm or less.

Given that the energy source is concentrated within a small spherical with radius
R and surrounded by a homogeneous medium with thermal conductivity of A, a
mass density of o, and specific heat capability of c. The equilibrium temperature
(i.e., t > o), as a function of the distance r from the center and counted from the

starting temperature before heating is given by [43]:
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AT = PJR* —r* +2R?A,1 2, |((64,)  (r<R) (2-35)

AT = PR* I(3,r) (r>R) (2-36)

Thus a micrometers or even large metal particle will be several orders more
efficient in hyperthermia applications than nanometer particles. Theoretically, the
size of the particle, utilizing eddy current loss, can be of sub-millimeter, a size
comparable to the magnetic skin effect depth. That the larger micrometer size particle
can be used in the eddy current energy dissipation will bring new applications

otherwise hard to achieve with the traditional nanometer sized particles.

2.7  Energy, Thermal, and Solid Modeling

The incurrent time-average surface eddy current loss in a conductor can be

calculated by the following formula [56]:
0 =Re( [[P1{/, HV.} &) (2-37)

where Q' , [p], {Ji} and {Ju}* are the Joule heat per unit volume, resistivity, current
density and virtual current density at the integration point, respectively.

The thermal heating per unit volume will be used to calculate the temperature
gradient inside the fibre. Consider a general temperature distribution in a three-
dimensional body. Inside the body, the temperature field is space- and time-

dependent [57].

T=T(xy,z1t)
VTEE—G—Z+}6—T+;§T~ (2-38)
ox oy oz
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Fourier’s law summarizes the heat flux Egradient as:

q=-kVT (2-39)
or
qxz—ka—T q :—ka—T qzz__ka_T
Ox 7 oy 0z

The thermal conductivity k depends on position and temperature in the object. But in
most materials, the thermal conductivity is nearly homogeneous. Under the
condition that the temperature distribution is approximately uniform, e.g. the fibre in
our model, the thermal conductivity can be considered a constant. The first law of
thermodynamic for a closed system takes the form of [57]:

_4u

==

(2-40)

where Q, and dU / dt are the heat transfer rate, and the change of internal thermal

energy rate, respectively. Considering the heat generated within the region R, the

heat flows out and generates in a surface dS can be expressed as:

0, = [,(-hVT)-(nds)+ [ gaR (2-39)

dU or
av _ T Vir 2-40
dt L(/’ ¢ 6t)d (2-40)

Formula 2-38 can be rewritten as:

- or -
~kVT)-\ndS )= c——¢q dR 2-41
[ (9T )L[pat q}d (2-41)
The Gauss’s theorem will enable to convert a surface integral into a volume integral

as:
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LZ-ZdS:LV-ZdR

The formula 2-41 can be expressed as:

or -
V-kVT - pc—+q dR=0
L( P q)d
Since the region R is arbitrary, the integrand must vanish identically. Therefore, we

get the heat diffusion equation in three dimensions [57]:
VAVT +g= ,oc—aaI (2-42)
t

The assumption for the above equation is that: first, the object is an
incompressible medium; second, no convection exists at the boundary. In our model,
the energy loss occurs at the human skin-air interface. As the heating interval in the
model is of the order of several milliseconds, thermal radiation and convection due to
body fluid circulation is neglected.

Convection and radiation are the main modes of energy loss occurring at the

boundary interface. Heat transfer rate due to radiation and convection can be written

as: [49].
5.67
P= 5 e[ T'-T;' ] (2-43)
—1.54*(ATY} 2-44
E,

where P, and P, are radiation and convection losses, respectively; ¢ is the emissitivity
coefficient of the surface; and AT is temperature rise above ambient in Kelvin.
From Figure 2-11, thermal radiation will transfer several times more heat than

convection at the interface when the temperature variation is within a few degrees
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Celsius above ambient. Thus we choose convection as the sole mode of heat transfer

and use an ambient temperature of 37°C.

4.50E+02

TTTT

4.00E+02

T

3.50E+02
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3.00E+02
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1.50E+02 [
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. ol e
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Temperature (Celsius)
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Figuré 2-11. Energy dissipation due to convection and radiation. Emissitivity
is 0.98. Ambient temperature is 37°C[58].

The fibre consists of bi-layers of iron and polymer. During heating, the polymer
will be pulled into tension by the iron, which in turn will be restrained by the
polymer and is under compression. These two forces produce a moment that will
cause the composite fibre to bend into a uniform arc. The model of double layer
cantilever was developed by using the models of Judy [59] and Timoshenko [60].
Combining the above two methods, Edmon[61] gave a model to compute the radius

of the cantilever due to thermal and evenly distributed surface forces:

aIAT+g—'+i+t—‘=aZAT+2—i~ : (2-45)
E Etb 2p, E, Etb 2p,

where p,and p, are the curvatures at initial and final temperatures, respectively. AT
is the temperature variation.«,(i=1,2) is the thermal expansion coefficient of

polymer and iron in the temperature range. E,(i=1,2) is the modulus of elasticity of
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the two components, and ¢ (i=1,2) is the corresponding layer thickness. P (i=1,2)
and b are the distributed surface force and cantilever width. o, (i=1,2) is the residual
stress within the two components. When P is zero, the Formula 2-45 can be
expressed as:

0-2

o
| (az_al)AT_Ei+Ez
1

;_a1+a2+2 Ea -E,a 1
2 12 Ea E,a,

(2-46)

?
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Conventional strain &

Figure 2-12. Stress & strain relation of plastic engineering material.

Most engineering materials exhibit complicated stress-strain relationship as
shown in Figure 2-12. The plastic behavior, characterized by nonrecoverable strain,
begins when stress exceed the material’s yield point. Plasticity is a nonconservative,
path-dependent phenomenon. The sequence in which loads are applied and in which
plastic responses occur affects the final solution results. For large strain analysis, a

bilinear Isotropic hardening using Von Mises yield criteria coupled is preferred[56].
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Chapter 3

FEM Multiphysics Model

3.1 Coupled Electromagnetic-thermal Analysis

The magnetic saturation value of ferromagnetic material is nonlinear magnetic flux
intensity dependent. The magnetic saturation value of pure iron at Ok is maximum of
2 Tesla, while it is near zero at a Curie temperature of 1043K [62]. For iron, thermal
conductivity and electrical resistivity are both temperature dependant.

There are two approaches to the solution of the multi-physics nonlinear problems.
Either an electromagnetic solver performs co-simulation of both electrical and
thermal subsystems, or an electromagnetic solver and a thermal solver couple to
complete relaxation iteration. We prefer to use the relaxation method for that the
electromagnetic and thermal models can differ in their numerical domain size. Figure

2 shows such an iteration flow.

Start from Temp. Of 37 C

Renew material Properties l

Harmonic electronagnetic analysis

<
v

Transient thermal analysis

Upgrade solution

v

Static thermal- stress analysis

Figure 3-1. The relaxation iteration flow.
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ANSYS® 8.0 Multiphysics™, a popular finite element method software, was used to
model the electromagnetic-thermal multiphysics process. ANSYS® 8.0
Multiphysics™ provides coupled physics tools combining structural, thermal, CFD,
acoustic and electromagnetic simulation. ANSYS® 8.0 Multiphysics™ provides two
approaches for the Multiphysics domain problems, a coupled analysis and multi-field
solver.

A coupled-field analysis involves the interaction between two or more
disciplines of physics. In our case, it is an electromagnetic-thermal-structural
analysis. Two distinct methods, sequential and direct, can be employed in the
coupled-field analysis in ANSYS® 8.0 Multiphysics™. In a sequential coupled
method, one will use results from one analysis as the input for another analysis to
couple the two fields. In this specific model, the induced energy from the
electromagnetic field is applied as “body force” in the subsequent thermal analysis.
Then the temperature distributions are input in the solid stress analysis. Physics files
from both electromagnetic and thermal analysis are used to perform coupled-field
analysis. These physics files are individually created. Harmonic electromagnetic and
thermal solutions proceed in a sequential manner. First the harmonic electromagnetic
physics file is read to configure the database, a solution is performed, then the
thermal physics field is read into the database, coupled-field loads are transferred,
and the second physics is solved. The results from the thermal analysis will then
trigger the configuring adjustment in the electromagnetic physics files. Coupling
occurs by issuing commands to read the coupled load terms from one physics to

another across a node-node similar mesh interface [56].
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“The direct method usually involves just one analysis that uses a coupled-field
element type containing all necessary degrees of freedom. Coupling is handled by
calculating element matrices or element load vectors that contain all necessary terms.
Direct coupling is advantageous when the coupled-field interaction is highly
nonlinear and is best solved in a single solution using a coupled formulation.
Examples of direct coupling include piezoelectric analysis; conjugate heat transfer
with fluid flow, and circuit-electromagnetic analysis. Elements are specifically

formulated to solve these coupled-field interactions directly” [56] .

The multifield solver is also available since ANSYS® 8.0 for almost all of the
coupled problems. “The multifield solver is an automated tool for solving
sequentially coupled field problems. It is a superset of the Fluid Solid Interaction
solver and is an alternative for the physics file based procedure. It provides a robust,
accurate, and easy to use tool for solving sequentially coupled physics problems. The
solver is built on the premise that each physics is created as a field with an
independent solid model and mesh. Surfaces or volumes are identified for coupled
load transfer. Coupled loads are automatically transferred across dissimilar meshes
by the solver. The solver is applicable to static, harmonic, and transient analysis,
depending on the physics requirements. Any number of fields may be solved in a
sequential (staggered) manner. The stagger solver has three nested loops: time,

stagger and field” [56]. The figure 3-2 shows the implementation of stagger loop.
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Frhryoion Faeld n

Figure 3-2 Flow diagram showing implementation of a multi-field solver [56].

The ANSYS® 8.0 Multiphysics™ does not provide a direct coupling element for
the magnetic-thermal interface. In our model, the air adjacent to the chest is modeled
in the electromagnetic analysis but will be removed in the thermal analysis. So, a
sequential coupled analysis is the best choice. The disadvantage of the sequential
analysis is that the time span for the initial several iterative steps will be reduced to a
certain amount to achieve a smooth temperature rise curve. But the small time step
will trigger a long processing time and require more storage capacities for
computation. The solution is recursive iteration with variable time step. As a result,
we can create very fine steps in the initial energy absorption process and use large
time span for the near-balance-temperature stage. This gives the model advantages of

both accuracy and efficiency.

In the fibre thermal transfer model, the initial and the final time step AT is 10~ and

10 seconds, respectively. There are 10 iterations in approximately 3x10™ seconds

of simulation.
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3.2 Model Overview

This study concentrates on the bending deformation of a fibre by the thermal
energies of induced eddy current inside the imbedded magnetic particles. The models
are shown in the figure 3-3 and 3-4. This research introduces a coupled
electromagnetic-thermal model to simulate the nonlinear characteristics of material

properties.

The fibre has a cross-section of 400x220 nm and its length is 20um (Figure 3-3).
It is floating inside an alveolar duct of lung. The length to height ratio of the fibre is
around 45. The main body of the fibre is polyethylene, while the middle upper
surface and embedded intrusions are epitaxial pure iron. The top thin layer of iron,
which is utilized for its mechanical properties, creates a differentiation in thermal
expansion and elastic modulus from the polymer. The cross-section and distribution
of the iron along the Z-axis, as well as the cross section of the fibre are designed to
achieve an uniform heating of the fibre.

The iron shell and iron particles are of thickness 20nm and 200nm, respectively,
both being greater than 2.5 nm, the single domain size of iron[63]. Energy losses due
to hysteresis and eddy current are predominant in the iron. Due to the low electrical
resistivities, the hysteresis losses of iron are a small fraction of those of eddy
currents. Therefore, in our model we will only compute the thermal energy

generated from eddy currents.
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Figure 3-3: fron embedded fibre and cross section

ANSYS® 8.0 Multiphysics™, is used to model the electromagnetic-thermal
process. The target fibre is placed in an evenly distributed magnetic field (Figure 3-
4). As the embedded iron studs are cubic, a 2-D model can be used to approximate
the 3-D geometry, with the assumption that the eddy-current flows only in the X
direction. A 2-D induced heat model is also assumed. The model is amenable to
several other assumptions. First the top iron shell surface of the fibre will remain
perpendicular to the magnetic flux. Second, the individual embedded iron studs are
approximated as infinite in length. Third, the iron studs and sheet are perfectly
electrically insulated. Iron nonlinear temperature dependant resistivity and B-H

curves are shown in the appendix[56, 64-66]. As the final temperature in the

simulation is approximately80°C, far below the Curie temperature, we assume that

the B-H curve remains unchanged during the temperature rise.
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Figure 3-4. Cross-sections of human torso placed in a magnetic field. The

fibre is airborne inside the alveolar duct of lung.

3.3 Material Properties

In the simulation, we set all the permeability of human tissue to be 1, while those

of electrical resistivity and other parameters shown in Table 3-1 are from literature

survey [7, 67].

Table 3-1: Material properties[7, 67]

Units Air _Tissue Iron _ Polyethylene

Relative Permeability 1 1 ~250 1
Resistivity Qm ~ 1.25~14 3~6.5x10° 10"
Conductivity W/ m°K 0.03 0.5 60.4 30
Specific Heat J/ (kg)°K 12 1256-3662 1500 1720
Density Kg/ m® 12 1058~1810 7800 940
Thermal expansion  M/m°K 16 150
Elastic Modulus Kg/ (m)(s)? 193x10° 4x10°
Yield Stress MPa 300 6
Passion Ratio 3 0.42
Melting Point °C 700 135
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The resistivity of metal is temperature dependent. According to the Matheissen’s
rule [68]:

p(T):p0+pph(T)+pmag (T) (3-1)
where p,is the residual resistivity, p,,(T)is the contribution from electron-

phonon interaction, and p,  (T)is the contribution from electron-spin wave

scattering. p,, (T)and Pag(T) dominate at different temperatures.

In the low temperature domain, the resistivity of magnetically ordered materials
arises due to electron-electron scattering, electron-spin wave scattering and electron-
phonon scattering [69]. Mannari [70] showed that, at low temperature, the
contribution from the electron-phonon scattering is found to be small compared with

the other two contributions. The temperature dependence of resistivity due to the

electron-electron and electron-spin wave scattering follow a 7> behavior, where T is

in the range of ~50K [65, 71-73].

p(T)=p, +AT? (3-2)

The value of 4 reflects either electron-electron scattering or electron-spin
scattering or both play a significant role in the determination of resistivity [74]. The
value of 4 should be small (of the order of 2.5x107° uQcmK *) when the electron-
electron interaction dominates, which is the case of pure metal. The value of 4 will be

quite high (of the order 4 ~5x107° zQcmK ), in the case of compound alloys [69].
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The high temperature domain usually refers to 100-400K. In this domain, the
electron-phonon interaction is found to be dominant, which gives a near linear
increase in the resistivity with temperature [75]. This relation can be rewritten in a

more general forms as [69]:

p(T)= A+ BT -DT? (3-3)

As D is of the order107, so in the 100~400K range, the resistivity curve is still

positive.

The iron particles in the model are around 200nm in size. The resistivity of the
iron particle is not uniform through the dimension. The small iron particles are

usually covered by several nm thickness of Fe,O, . The resistivity of an iron particle,

of the size less than micrometer, can be described by conduction theory in which
large conducting regions are separated by small insulating barriers [76]. Zhang
measured a resistivity of 10°of crystalline Fe of about 100nm in diameter.
Nanocrystalline Fe (100nm to 200nm) under quasi hydrostatic pressure of 6 GPa
shows a 55% higher resistivity than polycrystalline Fe [66]. This increasing resistivity
of the nanocrystalline metals is due to additional electron scattering on the grain
boundaries since the grain boundary density there is much higher compared with the

polycrystalline solids.

We speculate that the 20nm thick iron on the fibre surface would be of great
variation in composition. However, in our simulation, we will assume uniformity of

composition both in this thin layer and studs. The thin layer of iron oxide at the
54
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surface provides a perfect electrical insulation for the iron in the core. An assumed

temperature dependent resistivity of the iron is showed in Figure 3-5.
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Figure 3-5: Micron size iron particle temperature dependent resistivity

Barton [77] measured the iron permeability in a magnetic field with oscillation
frequency between 300-1300MHz. He used iron wire with a resistivity of
32x107Qm and found the relative permeability range between 30 to 9. Wait [78]
showed the permeability of iron to be around 120 at 1.0MHz field. In our simulations,
we assume a B-H curve as in Figure 3-6, with a permeability value of ~250. The
relative permeability of iron is almost independent of the energy dissipation rate in

the iron, while a large relative permeability value of tissue will definitely increase its

energy dissipation.
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Figure 3-6: Iron B-H curve in 1MHz field

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

56



Chapter 4
FEM Simulation

4-1 2-D Modeling

The ANSYS® 8.0 Multiphysics™ provides 2-D and 3-D simulation capabilities
of electromagnetic related problems. The 2-D elements can simulate none-linear
material properties, while 3-D elements are only suitable for linear material property
[s561.

The geometry of the 2-D simulation follows the theoretical assumptions. The 2-D
model is placed in a magnetic field with uniform magnetic flux. A 2-D FEM model is

shown in Figure 4-1.

. A
Skin ’ Fat
Muscle - . |

““Bone
lung ...

Alveolar duct and the fiber

Infinite Elemer/ﬁ & boundary
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Figure 4-1 Model of 2-D simulation

In ANSYS, a 2-D plain element 13 (Plane 13) is chosen to build the
electromagnetic model. PLANEI13 has a 2-D magnetic, thermal, electrical,
piezoelectric, and structural field capability with limited coupling between the fields.
PLANE13 is defined by four nodes with up to four degrees of freedom per node. The
element has nonlinear magnetic capability for modeling B-H curves or permanent
magnet demagnetization curves. INFIN110 is used to model the open boundary of the
2-D model. A single layer of elements is used to represent the exterior sub-domain of
semi-infinite extent. This element has 2-D (planar and axisymmetric) magnetic
potential capability. The largest meshing size of the fibre and tissue is 0.02x0.02
micron and 4x8 mm, respectively. These sizes are far smaller than the corresponding
skin depths shown in figure 2-10. There are a total of 21814 nodes in 35786 elements.
Convergence tests show that varying the number of nodes from a total of 5873 to
532498 (corresponding to 3706 to 867122 elements) results in less than a 0.1%
difference in induced energy density indicating the sufficiency of our grid resolution.
We set the permeability of human tissue to be 1. Magnetic flux intensity and
frequency are 2.6kA/m and 1.0MHz, respectively. The magnetic flux intensity is
applied on the upper air surface.

Figure 4-2 and 4-3 show the distribution of magnetic flux with and without the
infinite element. The magnetic field intensity near the skin surface in Figure 4-3 is
approximately half of the applied oscillation magnetic flux. But the magnetic flux

intensity in Figure 4-2 seems distorted. These two magnetic flux intensity give two
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energy dissipation densities with the latter being a factor of 4 bigger than the former.
By using equation in Chapter 2 form 2-26 to 2-34, it is found that Figure 4-2 with

infinite element gives the approximate energy density level.

Figure 4-2. The magnetic intensity of the cross-section with infinite element,
Magnetic flux intensity and frequency are 2.6kA/m and 1.0MHz

Figure 4-3. The magnetic intensity of the cross-sectn ithout infinite
element. Parameters are the same as Figure 4-2
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Table 4-1 lists the results of energy density given by the simulation. Figure 4-
4(1) shows the induced heat power density of the iron, polyethylene and surrounding
human tissues. The data shows an up to 7 order of magnitude difference in unit
energy density between iron and human tissue. Due to the high resistivity of
polyethylene, its energy absorption rate is minimal. These are predicted by equation

(2-26).

Table 4-1 Energy depositions rate of the tissues Units:w , w/n’

IRON PFOWER SN FAT MBQE BONE LUNG
Poaer (aciuel) 161 16E2 5873 3B 18 1886 8ram
Foner creity 840EH3 49800 19807 122E07 21007 180E408 1.366:07
IRON
POLYMER

SKIN

FAT

MUSCLE

BONE

LUNG

ALVEOLAR DUCT

100000 1E+0086 1E+007 1E+008 1E+009 41E+010 1E+011 1E+012 1E+013 1E+014
Energy density W/n$

Figure 4-4(1). Induced heat power of embedded iron studs and human
tissues at 1.0MHz, 2.6kA/m field.
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Figure 4-4(2) Comparing of energy density in various mechanisms.
Hysteresis and relaxation data are from Hergt [43].

Figure 4-4(2) shows the energy dissipation of eddy current is over three orders
higher than that of theoretical hysteresis and relaxation losses. Especially, the

H . f product is much lower in the eddy current settings when compared to the other

two.
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Figure 4-5 Temperature distribution of the tissues and fibre 61
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Figure 4-5 shows the temperature distribution in the model after 0.002 seconds of

heating. The highest temperature area is approximately the fibre cross-section. The air

within a radius of 100 pm around the fibre is heated up to approximately 47°C.
Figure 4-6 shows the temperature distribution in the fibre cross-section. The
temperature distribution in the fibre cross-section shows a 0.5 Celsius spatial
variation. This contributes to a low thermal conductivity of the polymer and the
surrounding air. Figure 4-7 shows the fibre temperature rises very quickly vs. those of

the human tissues. The temperature rise in human tissues falls in the same pattern and

is less than 0.07°Cat the simulation end. The temperature rise patterns meet our

theoretical expectations.
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Figure 4-6 The temperature distribution of fibre section after 0.002 second of
heating.
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Figure 4-7 Temperature rise vs. time due to magnetically induced heating in

magnetic field of 2.6kA/m and 1.0MHz. Heating time is 0.002 seconds.

Figure 4-8. Thermal bending of the fibre at 80°C, units in pm.
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The electromagnetic-thermal simulation predicts a nearly uniform temperature
distribution in the fibre cross-section. In the model, the separation between two iron
studs is 0.3um, while the side wall thickness is 0.2um. From figure 8 we find the
temperature curve is fairly flat around 80°C. Thus it is reasonable to assume the
temperature distribution is independent of the longitudinal direction in the mechanical
deformation analysis. Structure 42 element is employed to construct a 3D model, of
half of the fibre, fully constrained at the middle plane. Isotropic strain hardening
models were employed in constructing both materials, which use the Von Mises
stress to define the onset of yielding. The yielding stress for iron and polyethylene is
set at 300 MPa and 6 MPa, respectively [67]. Another assumption is the residual
stress inside the fibre vanishes at 25°C . Figure 4-8 shows the tip displacement of the
fibre as a result of a uniform temperature of 80°C. As the melting temperature of
polyethylene is around 135°C, over heating the fibre, say over 80°C , may cause the
fibre to creep.

4-2  3-D Modeling

A 3-D simulation is important for two reasons. First in the 2-D simulation, we
assume the eddy currents only exist in one direction. Second, the finite length of iron
particles are infinite in length. A 3-D simulation will verify the above assumptions.
The nodal based 3-D simulation in ANSYS® 8.0 Multiphysics™ is only suitable for
linear material properties. Strictly, the 3-D nodal based simulation is not applicable
for the above electromagnetic-thermal coupled analysis.

However, the temperature dependent resistivity can be assumed approximately
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constant as the temperature rise in the simulation is limited t080°C . According to
equation 2-26, the energy deposition is approximately independent of iron
permeability because of the large difference of magnetic skin depth and the iron
geometry size. The material permeability can also be fixed as the outside magnetic
field intensity is fixed. Figure 4-9 shows the 3-D model of the fibre. The cross-section
is 200x400 nm with a 20 pm length. There are 40 iron particles (200 x200x200nm)

evenly distributed along the longitudinal axle (Figure 4-10).
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Figure 4-9 Fibre model used in 3-D FEM analysis
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Figure 4-10 (a) A simplified cross-section of human torso. (b) The Fibre with
embedded iron studs 6
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Figure 4-11 A comparison of energy density of fibre components and tissues
in two models, using the same initial resistivity of 0.3x10°Qm of iron. Other

parameters are the same as Figure 4-6.

Figure 4-11 shows the energy density of 2-D and 3-D modeling are approximately
the same. Figure 4-12 shows the final temperature of iron inside the fibre with 3-D
modeling is 96°C. This temperature is roughly 20% higher than that in the 2-D
simulation. The temperature distribution in the cross-section has a minimal difference
of 0.1°C, less than the 0.5°Cin the 2-D simulation. This verifies our second

assumptions in the previous solid thermal simulation.
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The difference in the final temperature can be explained by the fixed electrical

resistivity in the 3-D simulation and the nonlinear temperature dependent resistivity

in the 2-D simulation. By adaptation a higher resistivity of 0.43x10°Qm, the

simulation gives a temperature rising shown in Figure 4-13. A resistivity of 0.32x107
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Qm is corresponding to the starting resistivity in a 2-D simulation, while 0.43x107
Qm is almost equal to the resistivity of 80°C (refer to Figure 3-6). By theory, the
thermal dissipation rate is linearly proportional to electrical conductivity. By fixing
the resistivity in the 2-D model, we achieve almost the same energy dissipation rate
(Figure 4-11). By adaptation an resistivity the same as that of 80°C in 2-D model, we
get approximately the same temperature distribution (Figure 4-13). These results
show the energy dissipation is independent of 2-D or 3-D modeling and the validity
of our assumption on temperature distribution in the longitudinal direction of 2-D

model.

The physical properties of air in 2-D and 3-D simulation are those of dry air with
an estimation of 0.61 in thermal conductivity and 1.026 (kJ/kg.K) of specific heat
capacity. Parametric studies, combinations of thermal conductivity up to 20 and
specific heat capacity up to 4000 (kJ/’kg.K), show a fibre final temperature variation
of less than 0.5°C, comparing to that of dry air. The distribution of temperature of air

surrounding the fibre of the above situation is also almost unchanged.
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Chapter 5

Parametric Study

The induced temperature rise in the fibre is a function of material property,

frequency, magnetic flux density and time.

350 |
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Figure 5-1. The fibre temperature as a function of iron resistivity magnetic
field flux intensity 2.6kA/m, frequency 1.0 MHz. Heating time is 0.002
seconds.

Equation 2-26 shows the energy dissipation rate is inversely proportional to the
electrical resistivity. Figure 5-1 shows the temperature rise of the fibre as a function
of different resistivity of iron after 0.002 seconds. Here, we assume the resistivity of
iron is temperature independent. The model shows that embedded iron will allow an
electrical resistivity up to 10°Qmwhile keeping a differential temperature rise

pattern.
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Figure 5-2. The temperature of fibre and tissue as the resistivity of the tissue
changes, with other parameters as in Figure 5-1.

Figure 5-2 shows the skin tissues temperature curve as a function of its resistivity.
The curve shows that as the tissue resistivity decreases, the human tissue will absorb
more of the magnetic field energy. The resistivity of human tissue will decrease as the
magnetic field frequency rises [7]. However, Gabriel also reported that up to MHz, of
all the human tissues, eye cells show the lowest resistivity (0.9Qm); while for
frequencies range up to the GHz, the lowest human tissue resistivity will be higher
than 0.3 Qm. Figure 5-3 shows that the temperature rise in the iron is nearly linear
with frequency in the 0.5-3.0MHz ranges, while the overall rise in the temperature of
the tissue is less than 1.0°C. The temperature rise pattern can differ significantly for
different nonlinear temperature dependant iron resistivity curves. Nevertheless, the

highest temperature rise of tissue is still in the range of safety. Figure 5-4 shows the
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tip displacement of the fibre as a function of temperature, which is predicted by

equation (8).

300 S U e

250 -
L == Fibre

200 -
C ewammuan Tissue

150 |-

100 -

Temperature (Celcisus)

[4.]
[-3
T

E'.‘l.-....‘-.-n-...;-..----nli!llllll'-llllllIIIIIIIIIIHI 37,6

»
N
o
o

L

PR R OO Y SU S A S WY WO S SO SO TR S S|

o 1 1 1 L 1
0.5 1 1.5 2 2.5 3
MHz

Figure 5-3. The temperature of iron fibre and tissue with respect to different

frequency. The other parameters are the same as that of Figure 5-1.

Table 5-1 Energy deposition at different settings:

1 2 3 4 5 6 7 8
H (kA/m) 26 5.2 2.6 2.6 5.2 2.6 1.3 0.43
f (MHz) 0.1 0.5 1 2 1 20 40 6

Wim3 8.43E+13|/8.43E+13| 8.43E+13|3.37E+14| 3.37E+14| 3.37E+14| 3.37E+14| 8.30E+13

Table 5-1 shows energy deposition at different frequencies and magnetic flux
intensities. Results shows the energy deposition rate relations of p ~ ( f-H )2 . This is
predicted by equation 2-26.

The above parametric study demonstrates the validity of the model with respect to
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different frequency settings and resistivity allowances. The simulation applied a value
of H.f=2.6%10"A4/m. From equation 2-34, the frequency and the magnetic flux

intensity are both second order proportional to the energy deposition rate. As a
contrast, the hysteresis and Néel losses are both magnetic flux intensity second order
and frequency first order dependent. Thus to achieve the same level of energy
deposition rate as that of eddy current, the hysteresis and Néel relaxation losses
require a higher magnetic flux intensity than seen here.

Nanotechnology can manipulate material at the nanoscale, typically having
dimensions up to 100nm. The technologies for building a physical model are also
available. Molecular beam epitaxial (MBE) iron can be grown on substrate with
thickness from 2.5 to 30 nm [63]. MRI (Magnetic Resonance Imaging) technology
can achieve a field density of a dozen Tesla at a frequency range of 1~100Mhz,

scanning in the order of 1~2 milliseconds.

Tip displacement

1.4 a0 | ool e L
60 65 70 75 80

Fiber Temperature (Celsius)

Figure 5-4. The tip displacement (um) of the fibre as a function to

temperature. The other parameters are the same as that of Figure 5-1
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There are still a few questions to answer for this study, e.g., what are the smallest
particle size, highest frequency and highest magnetic field intensity that eddy current
works the way predicted by equation 2-26?

The author of the thesis cannot find literature on the lower limits of the particle
size where eddy current theory is still valid. However, Hamad-schifferli linked DNA
and protein with a 1.4 nm gold particle. By exciting eddy currents in the latter
through a 1GHz magnetic field, he succeeded in dehybridizing the DNA in a manner
that is localized and reversible [28]. Particle approaching this size is within the limit
that hysteresis losses diminish and relaxation losses of Néel and Brownian dominate.
This give us ideas on limit of smallest particle size.

The author also can not find literature about the upper frequency limit where eddy
current losses are second order both frequency and magnetic field intensity
proportional. The available literature [52] confirms the validities when the frequency
is within several hundred Hz. However, the studies on up to MHz range is equivocal

and ambiguous even it gave the approximation equation as in this study[45, 79].
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Chapter 6

Conclusion and Future Work

Current interest in building fibres with microstructure results from their potential
application in various area such as materials and biomedical sciences, energy storage
and electrochemistry. This is the first attempt to model fibre deformation in the
human lungs induced by an oscillating high frequency magnetic field.

The results from the modeling demonstrate that a high frequency magnetic filed
can cause thermal deformation of a fibre inside a human lung. Magnetic field flux
intensity, frequency and material resistivity are the main determinants of the energy
dissipation rate. The difference in electrical resistivity between iron and human tissue
is the main reason for the difference in energy deposition between the two. The model
is valid for frequencies between 0.5~3MHz, where the human tissue shows a minimal
temperature rise since human tissues have a comparably high resistivity in this
frequency range. In particular, a much lower magnetic field intensity in the model
compared to those in the literature on hyperthermia[24, 29, 80] can be utilized to
successfully deform a fibre, making this approach suitable for special absorption rate
critical situations.

Overall, this is a 2-D nodal based model with nonlinear material properties. A 3-D
edge-based model could incorporate the nonlinear material property and would give

more accurate predictions of the magnetic flux distribution.
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Traditional hyperthermia use ferromagnetic oxide particles in the form of either
single domain or superparamagnetic materials. Synthetic nanomaterials, available in
the form of magnetic fluids, have already found many interesting applications. Due
to the high coercivity of the large particles, only a small portion of the hysteresis loop
can be utilized in clinical application. This leads hysteresis losses are less than that of

the Néel & Brownian relaxation, in vitro. Theoretically prediction of energy

deposition level of Néel & Brownian relaxation losses are around 1x10'°W /m’® or
2000W/g (magnetite). FEM simulation in this study numerically predicts an energy
density of 1x10"*W/m>. The results show that metal particles can be a good candidate
in hyperthermia related applications. The results from the simulation shows that iron
particles can achieve several orders higher energy density than that of the accepted

peak hysteresis and Néel relaxation losses with a much lower f - H input. Especially,

other metal particles, e.g., gold, which has a lower resistivity than iron, have a higher
heating potential.

A practical experimental model could be explored by adaptation of existing MBE
and MRI technologies to obtain experimental confirmation of the results. The key
issue of the experiment is to verify the energy dissipation capacity of ferro conductors
with respect to particle electrical conductivity, magnetic flux intensity and frequency.
I would suggest starting simple model with reference to Figure 1-5 since the structure

and particle size distribution can be accurately measured.
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