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Abbreviations & Symbols
Abbreviations

Definition

Abbreviation

Alternating Current

AC

Alternating Magnetic Field

AMF

Demineralized

DM

Extracellular Polymeric Substance

EPS

Implant-Associated Infections

IAIs

IH

IH

Magnetic Field Hyperthermia

MFH

Magnetic Nanoparticles

MNPs

Material quantities

Physical properties

Unit

Density

kg -m3

Electromagnetic properties

Electrical conductivity

Ol mlorS-mt

Electrical resistivity

Magnetic properties

Relative magnetic permeability

Uy

Thermal properties

Thermal conductivity

Specific heat

Magnetic / Electric field quan

tities

Symbol

Magnetic field amplitude
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Magnetic field (vector)

Frequency

Frequency

Electric field (vector)

Power

Current

Resistance

Magnetic permeability
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Electromagnetic properties
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Abstract

Implant-associated infections are a severe concern affecting 1 — 3 % of patients undergoing
primary joint arthroplasty [1]. Magnetic hyperthermia, which can be non-invasively induced by applying
an alternating magnetic field (AMF) around a metallic implant, is a new approach with great potential.
This research project explores the application of non-contact induction heating (IH) of metallic implants
in orthopedic surgery. It focuses on the heating behavior of paramagnetic biomaterials relevant to this
application in alternating magnetic fields.

Empirical testing plays an inherent role in research. However, it is often very time-consuming,
especially when assessing many specimens. With /n silico simulations, data can be yielded much faster.
An analytical model simulating the heating dynamics of paramagnetic materials in the AMF was
constructed to provide a tool for faster suitability assessment of metallic biomaterials for magnetic
hyperthermia. The model was then compared with empirical data obtained in a controlled environment.

The empirical data showed a quadratically increasing temperature rise with the field amplitude
and a linearly growing temperature rise with the frequency. The constructed analytical model confirmed
that the heat generated in the materials increases quadratically with the increasing AMF amplitude.
Additionally, increasing the frequency of the AMF also affects heat generation. The model predicted
different trends depending on what domain a material is assigned to. However, empirical data indicates
a consistent linear relationship across several assessed frequencies and materials.

Based on the obtained knowledge of the material's behavior in AMF, a new hip implant intended
for magnetic hyperthermia treatment was designed. It utilized a coating on the neck of the femoral
stem, designed to enable targeted IH, particularly to regions most susceptible to bacterial infections.
The experiment featured a multi-material specimen consisting of Ti Gr. 23 and ST. 37, which mimicked
the neck of a hip implant, the proof of concept was successfully demonstrated, showing a significant
temperature increase for specimens with coating compared to the ones without at high magnetic field
strength and frequency. However, targeted IH was not detected.

Better computational models can further explore the obtained knowledge, and the proof-of-concept
can be further tested to investigate its contribution to treating resistant bacterial biofilms.



1 Introduction

1.1 General Background

Yearly, millions of people receive metallic prosthetic joint replacements as a result of
skeletal fractures, osteoarthritis, or other injuries [2]. In the Netherlands alone, over 80.000
joint arthroplasties were performed in 2022 [3]. Although performed under strict safety
measures and having a relatively low risk of failure, infections still occur in 1 - 3 % of primary
arthroplasties and up to 30 % of orthopedic trauma implants [1], [4], [5]. Due to the increasing
demand for receiving implants, the number of people suffering from implant-associated
infection (IAI) is rising as well.

Most IAIs are caused by the Staphylococci family, most commonly by Staphylococcus
aureus and Staphylococcus epidermidis. Together, they account for two-thirds of infection
isolates [6]. In addition, Pseudomonas aeruginosa has made a significant contribution to IAIs
as well [6]. These infections usually begin with planktonic cells that can migrate through the
body in various ways until they adhere to an implant and form a biofilm. This biofilm consists
of complex bacterial clusters embedded in an extracellular polymeric substance (EPS), which
confers enhanced mechanical stability and protection [7]. The EPS effectively blocks the
penetration of antimicrobial agents, making the biofilm substantially more resistant to
treatment than individual bacterial cells and requiring potent antibiotics. In cases involving
antibiotic-resistant bacterial strains, clinicians face an even more significant challenge [8].
Mainly, Staphylococcus aureus is well known for having developed resistance to multiple
antibiotics [9]. Epidemics of infections, especially those caused by Methicillin-resistant
Staphylococcus aureus (MRSA), often begin with a few resilient strains and can spread widely,
with MRSA now being a worldwide issue due to its resistance to several common antibiotics

[9].

Given these difficulties, there is an active pursuit of alternative methods to treat IAIs,
a field that has become increasingly vital in medical research. A novel treatment of IAIs may
employ magnetic field hyperthermia (MFH), a technique already established as a treatment
method in oncology. In MFH cancer treatments, magnetic nanoparticles (MNPs) are
administered into tumor regions. Subsequently, these particles are heated by exposure to an
alternating magnetic field (AMF). This induces a rise in temperature within the tumor tissue
and affects vital molecules of the cancerous cells, leading to their denaturation and ultimately
resulting in cell death [10].

MFH approach can be directly applied to metallic orthopedic implants, which inherently
heat up during exposure to AMF [11]. Heat can disrupt biofilms and eliminate bacteria similarly
as it does tumorous cells, as has been shown in several studies [11], [12], [13], [14], [15],
[16], [17]. These studies utilized non-contact induction heating (IH) to directly increase the
surface temperature of metallic implants, effectively breaking down biofilms and eliminating
the bacteria attached to the implants. The technique could, therefore, provide additional
means for treating biofilm and could be used in combination therapies together with antibiotics
to improve the treatment outcomes in challenging cases of IAIs [11], [13], [14], [15].



Figure 1.1 Infection regions on femoral component of a hip implant visualized with pseudo fluorescence imaging
[18].

If proven sufficiently effective alone, MFH treatments could also be used to eliminate
biofilms in regions that systemically administered antibiotics cannot reach due to no contact
with bone tissue, such as the neck of a hip implant. Research by Welling et a/. [18]
demonstrated that biofilms are more likely to develop in specific regions of artificial hips, such
as the transition zone between the head and neck and within the screw holes of the femoral
component, shown in Figure 1.1. Therefore, incorporating an induction-susceptible material
into these critical areas and using AMF to induce hyperthermia may represent a new treatment
approach.

Little is reported, however, in the literature about the heating behavior of orthopedic
biomaterials in AMF. Large-scale experimental testing of various biomaterials can be very time-
consuming, especially when comparing several specimens, offering an opportunity window for
in silico studies. Although literature studying the heating behavior of orthopedic implants in
AMF through computational finite element method (FEM) exists [17], these models are often
not validated, and their analytical foundations yielding the output are missing. In addition,
FEM models do not give insight into how parameters exactly influence the thermal response
of the implant. Therefore, analytical models validated by empirical data, which would then
accelerate the selection of biomaterials, are stringently needed. Moreover, such models would
also strengthen the understanding of the parameters relevant to MFH and thereby assist in
optimizing the method for clinical use.



1.2 Thesis Goal & Research Question

This study aims to identify the influence of material properties and AMF parameters on
the heating of biomaterials when exposed to AMF by developing an analytical model. An
analytical approach applied to a simple geometry is preferred over a complex geometry solved
in a FEM model. The analytical solution offers better control over the parameters affecting the
thermal response and avoids complex calculations inherent in FEM. This understanding will
then be used to optimize implant IH by selecting well responsive materials and appropriate
field parameters, thereby increasing the efficiency of treatments and reducing adverse effects,
such as tissue damage. Therefore, the following research question was formulated:

“How can magnetic field hyperthermia be applied to metallic implants to treat
and prevent implant-associated infections?"

The primary research question will be addressed by exploring the following sub-questions:

What is the analytical solution describing the heating response of an implant during IH
in AMF?

What is the relationship between the heating responses of various (metallic)
biomaterials and the AMF parameters (frequency and amplitude)?

What parameters and materials should be selected for MFH treatment for high
infection-risk areas of orthopedic implants?

The thesis is divided into three phases (Figure 1.2). In Phase I, the experimental
groundwork is laid by defining the experimental setup and collecting empirical data on the
behavior of different materials exposed to AMF under different magnetic field amplitudes and
frequencies.

In Phase II, the focus shifts to building and validating the analytical model. The main goal
is to deepen the understanding of how magnetic field strength and frequency influence the IH
process. This phase is crucial for identifying key material properties variables (e.g., electrical
resistivity) and assessing their effects, providing vital insights to refine the model further.

Phase III of the project extends the groundwork laid in the earlier phases, shifting focus
to clinical application. A new design is proposed, introducing an implant equipped with an iron
coating on the neck of the femoral stem, designed to enable targeted IH. It aims to deliver
magnetic field hyperthermia to the most susceptible bacterial infection region. A prototype
mimicking the implant's neck was constructed and tested for a proof-of-concept assessment.
This is critical for demonstrating that the theoretical models developed in Phase II can be
successfully used for extensive scale testing of biomaterials in AMF. By implementing a
targeted heating mechanism within the hip implant, the project seeks to offer a novel
therapeutic approach that could improve post-surgical outcomes and increase the overall
success of hip replacements.



Phase I: Induction Experiment
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Figure 1.2 Research flowchart describing the individual phases of the research: Phase I) Setup selection and
collection of experimental data; Phase II) Construction of an analytical model and its validation with the
experimental data from Phase 1I; Phase III) Application of the model in the assessment of proposed implant design.
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1.3 Theoretical Background

Magnetic field hyperthermia is a form of IH, which is a multifaceted process involving
a combination of electromagnetism, heat transfer, and material science, each contributing to
the performance [19]. The upcoming section aims to provide essential insights into
electromagnetic phenomena and the influence of material properties, laying the groundwork
for understanding IH simulations.

Electromagnetism Theory

Maxwell's equations lay the electromagnetic foundation for the IH process [20]. They
describe how an alternating current (AC) in an induction coil generates a fluctuating magnetic
field, a principle central to this technology. While all of Maxwell's equations contribute to our
understanding of IH, the third equation is primarily used in this study to construct the analytical
model. Nonetheless, a brief overview of the other equations is presented for completeness.

Gaus’s law (Equation 1.1) postulates that electric charges produce electric fields,

V.E = ﬁ (1'1)
€o

Gaus's law for magnetism (Equation 1.2) clarifies that magnetic monopoles
do not exist, indicating the absence of isolated magnetic charges,
V-B=0 (1.2)

Faraday’s law (Equation 1.3) describes how a varying magnetic field
induces a circulating electric field and vice versa,

6B .
VXE = — (1.3)
ot
Ampeére’s law with Maxwell’s correction (Equation 1.4) reveals that
magnetic fields are generated by electric currents and changing electric
fields,
6E 1.4
VXB = o] + oy = (4

0 6t

where, E is the electric field, p is the electric charge density, ¢, is the permittivity of free
space, B is the magnetic field, J is the current density and p,Is the permeability of free
space, t represents time. This framework underpins the theoretical analysis of IH mechanisms
explored in this study.
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IH involves induced current in a conductor via an inductor [19]. The efficiency of the
IH process largely depends on the uniformity of the magnetic field generated within the
workpiece. This uniformity is influenced by the dimensions and material properties of the coil
(inductor) and the workpiece (conductor). Consequently, the induced current may not be
uniformly distributed across the workpiece's surface, leading to uneven heating patterns on
the workpiece's surface [19]. When a workpiece is placed near this coll, it is subjected to the
magnetic field, inducing currents within it. The induced heating of the workpiece is primarily
driven by two mechanisms: eddy current losses and magnetic hysteresis [19]. Eddy current
heating is the predominant mechanism of the two. They can be induced in any conductive
material, while hysteresis losses, on the other hand, are relevant only for ferromagnetic
materials. The coil's magnetic field induces Eddy currents in the workpiece, which have the
same frequency as the coil current but flow in the opposite direction. The Eddy currents
generate heat due to the material's resistance [21]. Heat is generated by the eddy currents
due to the material’s resistance (/.e., resistive loss), given by Equation 1.5,

P=1I%*R (1.5)
where P is the generated power, I is the current, and R is the resistance.

Material Science Theory

In this thesis, attention is dedicated mainly to the electromagnetic properties of
materials, especially magnetic susceptibility, electrical resistivity, and magnetic permeability.
These represent the most critical properties affecting both the electromagnetic attributes of
metals and the IH process. The most relevant material properties are highlighted and explained
in the upcoming paragraphs. These properties are crucial for predicting and explaining why
one material might react differently from another material [19].

Magnetic susceptibility

Magnetic susceptibility indicates how a material responds to an external magnetic field.
Three primary types have been identified: ferromagnets, diamagnets, and paramagnets, each
displaying unique behaviors [22]. An overview of the magnetic susceptibility and the alignment
of the magnetic domains is given in Figure 1.3.

This property is a reason why hysteresis loss takes place only in ferromagnets. Due to
the permanent magnetization of these materials, the domains in a ferromagnetic material
realign with the magnetic field, leading to energy dissipation in the form of resistive losses,
which manifest as heat within the material [21]. Ferromagnetic materials exhibit a non-linear
relationship between B and H, characterized by the hysteresis loop shown in Figure 1.4. This
loop represents the energy lost during one complete cycle per unit volume of the material.
This loss is significant only in ferromagnetic materials due to their domain structure and the
substantial internal resistance to domain movement [23].

12
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Figure 1.4 Ferromagnetic materials exhibit a non-linear relationship
between B and H, characterized by the hysteresis loop shown in Figure 1.4.
This loop represents the energy lost during one complete magnetic fiela
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H curve represents the energy lost per cycle per unit volume of the
material, This loss is significant only in ferromagnetic materials due to their
domain structure and the substantial internal resistance to domain
movement.
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Electrical Resistivity (Conductivity)

Metals and alloys are generally relatively good electrical conductors, offering
significantly lower electrical resistance than non-metallic materials like ceramics or plastics.
While most metals are conductive, they can be categorized into different groups based on
their electrical resistivities. Some metals and alloys, such as silver, copper, gold, magnesium,
and aluminum, are known for their low resistivity (p < 5.0- 1078 2 - m) . In contrast materials
including titanium, carbon steel, stainless steel, and Ni-based superalloys are recognized for
their higher resistivity (p > 5.0- 1078 2 - m) [19].

Several factors influence the electrical resistivity of metallic materials, including
temperature, chemical composition, microstructure, and grain size. Typically, the resistivity of
metals increases with rising temperature [19].

Relative Magnetic Permeability

Relative magnetic permeability u, reflects a capacity to conduct magnetic flux more
effectively than a vacuum or air. A non-dimensional parameter indicates how a material
compares to a vacuum or air in conducting magnetic and electric fields. Relative magnetic
permeability significantly influences the choice of process parameters in electrical phenomena,
such as the skin effect, electromagnetic edge and end effects, and ring effects [19].

Additionally, the product of the magnetic permeability u,- and the constant permeability
of free space u, is equal to the ratio between the magnetic flux density (B) and magnetic field
intensity H [19]:

B (1.6)
g~ BT HrHo
Although relative magnetic permeability plays an essential role in the IH process, this
constant will be mostly neglected since the main focus is identifying paramagnetic materials
with a relative permeability of almost equal to 1.0. However, when considering ferromagnetic
materials, this property cannot be overlooked.

Specific Heat

Specific heat ¢ is defined as the heat capacity per unit mass of a material, indicating
the energy needed to raise the temperature by one degree Celsius. It is typically measured in
J/(kg -°C). A Material with a higher specific heat value requires more energy to heat a unit
mass by a unit temperature increment. Thermal conductivity x and specific heat ¢ are
influenced by various factors, including chemical composition, residual elements, grain size,
plastic deformation, previous heat treatments, and similar aspects [24]. In addition, the
specific is temperature dependent.

Thermal Conductivity

Thermal conductivity k measures the speed at which heat moves through a thermally
conductive material. Materials with higher k-values transfer heat more quickly than those with
lower k-values and facilitate the achievement of a uniform temperature distribution throughout
the workpiece, which is crucial in applications that require heating the material through its
entire thickness [19].

14



Side Effects During Induction Heating
This section discusses the most relevant side effects during the induction heating
process. These effects are crucial for explaining the object's behavior exposed to the AMF.

Skin Effect

Alternating current (AC) tends to concentrate at the surface of a workpiece, a
phenomenon known as the skin effect. For instance, the current does not flow at the center
of a cylindrical workpiece. Instead, the current intensity decreases exponentially from the
surface towards the center [19]. The current distribution through the thickness of a cylindrical
billet, as shown in Figure 1.5, can be calculated using equations 1.7 and 1.8:

-Y
o g et (1.7)
§=503- |- (1.8)
W f

The skin effect is characterized by the reference depth §, indicating the depth at which
the current strength decreases by a factor of e. The penetration depth § is determined by
various factors, including the electrical resistivity p, the relative magnetic permeability u., and
the frequency f. Since these material properties can vary with temperature, the value of §
also changes as the workpiece is heated [19].

End & Edge effect

A similar effect can be seen in the ends and edges of the workpiece (Figure 1.6). The
end effect arises from the spreading of the electromagnetic field at the ends of the workpiece
leading non-uniform heating profile, with higher temperatures reached at the ends and edges.
The edge effect often causes more concentrated heating at the edges due to the
electromagnetic field interactions. The end and edge effect create challenges in achieving
uniform heating, necessitating careful system design and adjustments in coil design, power
settings, frequency, and workpiece positioning to mitigate these uneven heating patterns and
ensure effective and consistent heating throughout the workpiece [19].

Ring Effect

If we insert a workpiece shaped like a ring/tube, its current distribution shifts (Figure
1.8). In this new configuration, the magnetic flux lines become more concentrated within the
inner part of the ring, leading to an increase in magnetic flux density there. Conversely, outside
the ring, these flux lines are more dispersed. Consequently, most of the current prefer to travel
along the thin inner surface layer of the ring. This preference arises due to this path's shorter
distance and lower impedance. This phenomenon is known as the ring effect. In the ring, the
currents on the inner surfaces of the ring's opposite sides flow in opposing directions, attracting
each other due to their orientation [19].

15
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2 Methods & Materials

2.1 Phase I: IH trials

Specimen Geometry Selection

The analytical model defined in this thesis was applied to a symmetrical, one-
dimensional, infinitely long cylindrical coordinate model. This geometry was approximated for
the experiments with a thin-walled, quasi-endlessly long hollow cylinder. This geometry (Figure
2.1), is characterized by a length-to-outer-diameter ratio of 10:1 and a wall thickness of
0.5 mm (4:1 ratio of radius to wall thickness), can be aligned with the analytical model and
thus is more suitable for validation.

Figure 1.5(b) demonstrates that edges and other sharp features lead to a non-uniform
heating pattern due to disturbances in the magnetic field. Consequently, the geometry chosen
for this experiment is cylindrical, which can be accurately described using cylindrical
coordinates and lacks sharp edges. Additionally, the elongated geometry ensures that the
central portion is relatively far from any edges, further promoting uniform heating conditions.
This proposed analytical model considers edge effects negligible, as temperature
measurements are conducted centrally away from the specimen's edges. Additionally, the thin
walls allow us to assume uniform current density across the wall thickness in the analytical
solution.

This proposed model considers edge effects negligible, as temperature measurements
are conducted centrally away from the specimen's edges. The slim, thin walls also enable the
assumption of uniform current density across the wall thickness, facilitating a more
straightforward analytical approach.

Material Selection and Preparation

In this study, four metallic materials were compared. Copper SF-Cu / Cu-DHP was
selected to explore the thermal response of metals with lower electrical resistance. Low-carbon
ST.37 steel was used as a substitute for pure iron, a potentially new biodegradable biomaterial.
Stainless steel 316L and CP titanium Gr. 2 were included due to their everyday use in
orthopedic applications. The SF-Cu / Cu-DHP, Stainless steel 316L, CP titanium Gr. 2 were
supplied by (Salamon’s Metalen B.V, The Netherlands), Low-carbon ST. 37 steel was supplied
by (CM Staal, The Netherlands).

Before the experiments, each specimen was cleaned using a two-step ultrasonication
process. First, it was sonicated in isopropanol for five minutes, followed by another cleaning
in demineralized (DM) water for five minutes. Afterward, it was air-dried.

40.0 mm
< >

A

Figure 2.1 Specimen geometries quasi-endless thin-walled hollow cylinder for validation experiment.
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Material Properties Analysis

To ensure the model's accuracy, the assessed materials were characterized to
compare, and the values obtained were compared with the values of their properties obtained
from the literature.

X-ray fluorescence (XRF) spectroscopy was used to validate the chemical composition
of all samples. The measurements were performed with an Axios Max WD-XRF spectrometer,
and data analysis was done with SuperQ5.0i/Omnian software (Malvern Panalytical, United
Kingdom).

Due to the narrow geometry, even minor dimension deviations can affect the results
of the analytical model predictions. Therefore, the specimen’s outer diameter was measured
at three random locations and averaged. The specimens were weighed, and the results were
used to calculate the density and resistivity. The diameter of the specimens was measured
using the Digital ABS AQS Caliper (Mitutoyo, Japan), with an accuracy of 0.01 mm. The scale
used for weighing the specimens was an EMS 6KO0.1 digital scale (Kern, Germany), with an
accuracy of 0.1 grams.

A four-point resistance test was performed to validate the resistivity values found in
the literature. This method applies a known current between two outer probes placed on the
material, and the potential difference (voltage) is measured between two inner probes. The
four-point resistance test minimizes the impact of contact resistance, which is particularly
beneficial when assessing materials with very low resistivity. A schematical representation of
the four-point resistivity test is shown in Figure 2.2. A power supply D 050_10 (DELTA
ELEKTRONIKA, The Netherlands) generated the current for the four-point resistivity test. Two
digital multimeters, GDM-8135 (GW Instek, Taiwan), were used to measure the current with
an accuracy of 0.01 A and voltage with an accuracy of 0.001 V.

A

(V)
N\

R

Figure 2.2 schematical four-point resistivity test setup.
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Experimental Setup for IH

This study selected the MagneTherm device (Nanotherics, United Kingdom) for the
validation experiments (Figure 2.3(f). The device offers three coil configurations: an external
planar coil with a core composed of three copper wires (Figure 2.3A), which can be used for
live imaging (e.g., by employing a thermal camera), an eighteen-turn solenoid coil (Figure
2.3(b)), and a nine-turn solenoid coil (Figure 2.1(c)). The system offers a set of frequencies
and magnetic field strengths predetermined by combining the selected capacitor and the coil.
The available parameters are listed in Appendix I.

For these experiments, an 18-turn coil configuration was used (Figure 2.3(g)). The
temperature generation by the specimens was tested at magnetic field strengths of 2, 4, and
8.0 mT and frequencies of 103.5,155.3,262.7,371.6,and 601.6 kHz (Table 2.1). Each specimen
was exposed to the AMF for 300 seconds, with the temperature recorded every 6 seconds
using optic fiber probes (part of the MagneTherm system). These probes were arranged as
depicted in the schematics in Figure 2.3(d) and(e). One probe (T1) was positioned centrally
inside the specimen, and the other (T2) at the wall of the tube, both at the same height and
away from the specimen's edges, to minimize the edge heating effects neglected in the
analytical model. Moreover, it is essential to note that the probes have an upper limit of
temperature detection at 80 °C.

Every combination of field parameters and materials was tested in triplicates (n = 3).
The average % standard deviation was calculated to compare the data with the analytical
model predictions.

Each cleaned specimen was positioned inside a tube to keep the specimens centered
and upright. The tube was then filled with 3.15 mL of demi water to submerge the specimen
fully. This full submersion was crucial to ensure that the optical probes could accurately
measure temperature since they do not perform well in air and to allow water to circulate the
specimen, preventing any heat buildup in water trapped within any hollow sections of the
specimen. The analytical model relied on the assumption of complete submergence for
accurate heat flow calculations. Finally, the tube assembly was carefully placed at the center
of the induction coil and secured by an insulating specimen holder. A safety protocol for
handling these materials is included in Appendix II.

Table 2.1 Alternating magnetic field parameters

AmF;filtctllde AMF frequency (kHz)
(mT) 103.5 155.3 262.7 371.6 601.6
2 X X X X X
4 X X X X X
8 X X X X X
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Figure 2.3 Experimental setup for IH trials: (a) planar coil option (eight-turn three core planar coil), (b) eighteen-
turn double wounded solenoid coil, (c) nine-turn double wounded solenoid coil, (d) schematical cross-section of
the experimental setup, (e) custom designed tube filled with demi water, the specimen and temperature probes,
(f) MagneTherm test setup, (g) close-up of the eighteen-turn configuration on the MagneTherm.
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An analytical method was chosen instead of the finite element method (FEM). Although
FEM is frequently employed to simulate these disturbances, it cannot often offer detailed
insights into the specific parameters that influence the thermal response. The analytical model
was developed using Python within Anaconda's Spyder environment.

The analytical model considered only the phenomenon of Eddy current heating to
maintain simplicity and clarity. Furthermore, a steady state was assumed, neglecting the
influence of the transient. Secondary effects, such as hysteresis, were intentionally excluded.
Regarding the geometry of the specimen, two models were created. The first model, “Model
1” was based on an infinitely long tube with an infinitely narrow wall, neglecting the edge
effects. The second model, referred to as “Model 2", considered a geometry with a finite wall
thickness and served as a validation of “Model 1”. The validation FEM analysis was performed
in Freefem++ [25]. A summarized derivation of the analytical model is described below. A
complete step-by-step derivation can be found in Appendix IV and the Python code of this
model can be found in Appendix V.

Equation 2.1 describes the magnetic field inside the specimen.
B(t) = By sin (wt) + uy j(t)d (2.1)

The magnetic field inside the specimen consists of two parts. The first part is the external
magnetic field applied by the MagneTherm function generator. It has the field amplitude (B,)
of a sinus waveform and a frequency w in radians (i.e., w = f2m). Because the specimen is
exposed to a constantly changing magnetic field, it generates a counteracting magnetic field.
The magnetic permeability of free space describes this. p,, Multiplied by the current density
that runs through the specimen wall and is a function of time. Multiplied by the thickness of
the tube d.

Equation 2.2 describes the electric field. E(t),

1 dB
E(t) = —ER dit) (22)

Which is given by the factor —0.5 multiplied by the radius of the specimen. Since an infinite
narrow tube thickness is assumed the average radius of the specimen is selected R =

0.5 (Router + Rinner)- The equation's last component is the magnetic field's time derivative.
dB(t)
at '

Equation 2.3 is the equation for the current density j(t),

ByoR w .
j) =E®)o=— 2 cos| wt + tan™!| ———— (2.3)
Rt N2 Uo ORd
(#og t) 0?2 +1 =w

2
which is given by the electric field E(t), multiplied by the electrical conductivity of the
specimen. Once all the variables of this equation are filled in, this formula becomes an ordinary
differential equation. This formula is rather complicated because it is a solution of a differential
equation.
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Finally, the power density P, can be calculated in equation 2.4,

1
P4(t) =J'(t)2; (2.4)

which is essentially the same as the equation 1.5 given in chapter 1. However, since our model
assumes an infinite tube length, the power density is calculated instead of the power. The
power density is a product of the current density j(t) squared multiplied by the electrical
resistivity (in equation 2.4 it is expressed as its inverse relationship with electrical conductivity

%). With the power density, the power produced by the specimen can be calculated by

multiplying it with its volume. Note that this model only describes a steady state; it does not
describe the initial state (transient state).

The model's accuracy in representing an infinitely narrow tube was evaluated by
comparing it against the model developed by James R. Nagel [26], which describes a cylinder
with finite wall thickness. This comparison focuses specifically on vector potentials because
using vector potentials simplifies the analysis by reducing the number of equations and
unknowns involved, thus making comparison easier. The vector potential A, (r) of “"Model 1”

was defined by equations 2.5 and 2.6 respectively,

. 7By (2.5)
r<R. A0 = owdr
R?B, iuyowdR (2.6)

1
if r >R, A =—=71By + -
iyr o) 270 T T 2 ifgowdR

where B, is the field amplitude, R is the radius of the tube, u,is the permeability of free space,
o is the electrical conductivity, w is the field frequency in radians, d is the thickness of the
tube.

Additionally, Prof. Dr. Ir. L. Abelmann has developed a simplified version of a solid
cylinder model and has implemented a FEM analysis in Freefem++ [25]. This FEM analysis
extends the complexity of the scenario by considering not only finite wall thicknesses but also
finite lengths, which introduces a closer approximation to real-world conditions.

By comparing the outcomes from Abelmann's FEM analysis, which includes both finite
wall thicknesses and finite lengths, with those from the analytical models, which assume
infinite length, the analytical models were critically assessed on how accurately they represent
finite physical systems. The comparison aimed to identify potential discrepancies and provide
insights into whether modifications to the traditional models were necessary to better mirror
real-world systems' behavior.

The final step of Phase III was the verification of the analytical models by comparing

the computationally generated data of temperature increase with the experimental data
obtained in Phase I.
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This study aimed to investigate whether hyperthermia can be applied locally in the
regions of interest, /.e., the neck of an implant, through the combination of materials with
different heating responses. This would limit the undesired heating of the whole implant, which
may result in tissue damage. In the proposed strategy, a low-carbon steel ST. 37 coating with
a high thermal response was integrated into the critical regions of an implant.

Specimen Geometry and Material Selection

The neck of a hip implant has a cylindrical geometry, which can be translated into the
analytical model constructed to describe that geometry. The results from the previous phases
of this study were used to select suitable materials for this targeted heating strategy.

The proposed strategy integrates a material with high IH-susceptibility into these
critical areas as a coating. An alternative approach to coating was placing a ferromagnetic
element in the core of the neck and heating it from within. However, this approach is more
technologically challenging and was not further investigated in this study. Figure 2.4(a) further
illustrates the proposed concept of a hip implant with integrated ST. 37 coating. A medical-
grade Ti6Al4V alloy (Gr. 23) round bar (ACNIS International, France) was used to mimic the
neck. Low-carbon steel ST. 37 (CM Staal, The Netherlands) was used as a ferromagnetic
coating material. The diameter and height of the sample were both 10 mm. The ring coating
was fitted around the sample, as depicted in Figure 2.4(b). The dimensions of the ring coating
are 10 x 0.3 x 2 mm (inner diameter x thickness x height). The components were machined to
their required dimensions and then press-fitted together. After assembly, the samples were
sintered at 1200 °C for two hours with argon gas to prevent oxidation and form a solid
structure. The same titanium specimen lacking the St. 37 ring was used as a negative control.

Experimental Setup

The specimens were placed in MagneTherm with the eighteen-turn coil and exposed
to the AMF at several combinations of magnetic field strengths (2.0 and 4.0 mT) and field
frequencies (103,371, and 601 kHz) for 60 seconds. After that, the specimens were removed
from the coil, and the temperature was immediately measured using a thermal camera. To
account for any differences in emissivity that could lead to misreading with the thermal
camera, the specimens were coated with Hammerite heat-resistant mat black paint. Figure
2.4(d),(e) shows the real-life test setup.

Figure 2.4(c) depicts a schematic cross-section showing the placement of the specimen
within the MagneTherm. A specially designed specimen platter ensured the specimen remained
centered within the coil, where the magnetic field is most uniform. The platter included a
pocket designed to accommodate a 36 mm Petri dish. This dish is positioned in a water pocket,
which cools the plastic petri dish and prevents overheating due to the induced heating in the
specimen. A heat-resistant rubber mat was also placed on the bottom of the dish to provide
further insulation from the induced heat.
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18-Turn coil

» Specimen

Petridish
»Heat resistant mat
Water

Figure 2.4 (a) neck of femoral stem with a ferromagnetic iron coating applied to the critical region for infection, (b,
specimen for the targeted induction heating, (c) schematical cross-section of the experimental setup, (d) real-life
experimental setup close up, (e) real-life experimental setup.
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3 Results
3.1 Phase I: Preparatory Research

Chemical Composition Analysis of the Assessed Materials

The elemental compositions of the investigated materials (copper, Stainless steel, Low-
carbon steel, CP titanium Gr. 2) obtained from the X-ray fluorescence (XRF) analysis are
presented in Table 3.1. All material compositions were standardized to a total weight
percentage of 100 %. It must be noted that carbon cannot be detected through XRF analysis
and, therefore, is not reflected in the obtained results.

Physical Properties of the Assessed Materials

Table 3.2 presents the material properties of the specimen materials as documented
in the literature, while Table 3.3 shows the material properties obtained through direct
measurements. The two data sets have a noticeable discrepancy, particularly in the density
and electrical resistivity values.

Table 3.1 XRF analysis: chemical composition per specimen material (without carbon): (a) Copper SFU-CU /

DHP-CU, (b) Stainless steel 316L, (c) Low-carbon steel ST. 37, (d) CP titanium Gr. 2.

(a) Copper SF-Cu / DHP-Cu (b) Stainless steel 316L
Sum before normalization: (109.8 wt%) Sum before normalization: (98.7 wt%)
Element Conc. Absolute Error Element Conc. Absolute Error

(Wt%) (wt%) (wt%) (wt%)
Cu 97.634 0.4 Fe 69.14 0.5
Al 1.811 0.04 Cr 16.098 0.2
Si 0.138 0.01 Ni 10.576 0.3
c 0.1 0.01 Mo 1.979 0.04
Ca 0.084 0.01 Mn 0.71 0.04
P 0.065 0.008 Si 0.524 0.02
Fe 0.063 0.008 Co 0.353 0.03
Ti 0.053 0.009 Cu 0.327 0.04
S 0.052 0.007 Ta 0.105 0.04
V 0.096 0.01

Al 0.092 0.009

(c) Low-carbon steel ST. 37 (d) CPtitanium Gr. 2

Sum before normalization: (88.2 wt%) Sum before normalization: (105.6 wt%)
Element Conc. Absolute Error Element Conc. Absolute Error

(wt%) (wt%) (wt%) (wt%)
Fe 99.287 0.5 Ti 99.314 0.4
Mn 0.487 0.04 Fe 0.291 0.04
Si 0.104 0.01 Al 0.205 0.01

Cr 0.044 0.008 c 0.082 0.009

Al 0.036 0.006 Si 0.05 0.007

S 0.028 0.005 Ca 0.029 0.005

P 0.015 0.004 S 0.023 0.005

P 0.005 0.002
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Table 3.2 Thermal, electric, and magnetic material properties at 20°C, obtained from literature [27]

Density Thermal Specific heat Electrical Magnetic Magnetic
Material 3 conductivity L1 tr-1 resistivity Permeability -
(Kg-m™) (W-m K1) (I'kg* K1) (mQ'mm) (H'm) Susceptibility
Copper SF-Cu / Cu-DHP 8890 388 385.0 1.70- 1072 0.999994 Diamagnetic
Low-carbon steel ST.37 7850 56.91 4611 1.83- 10714 X Ferromagnetic
Stainless steel 316L 8000 16.3 500.0 7.40 - 1071 1.008 Paramagnetic
CP titanium Gr. 2 4510 16.4 523.0 5.60 - 1071 1.00005 Paramagnetic
Table 3.3 Experimentally obtained thermal, electric, and magnetic material properties at 20°C.
Material Density Thermal Specific heat  Electrical Magnetic Magnetic
(Kg'm3) conductivity (I'kgt K1) resistivity Permeability  Susceptibility
(W'm1K1) (mQ'mm) (H'm1)
Copper SF-Cu / Cu-DHP 8683 X X 2.14-1072 X X
Low-carbon steel ST.37 7892 X X 1.54- 1071 X X
Stainless steel 316L 7942 X X 7.48-1071 X X
CP titanium Gr. 2 4614 X X 4,64 -1071 X X

[1] source: https://matmatch.com/materials/minfm94285-en-10025-grade-rst-37-2-untreated



https://matmatch.com/materials/minfm94285-en-10025-grade-rst-37-2-untreated

Induction Trials

This section presents the outcomes of the heat induction trials. Table 3.4 and Figures
3.3 and 3.4 show the experimental results. It is important to note that some results are
highlighted in the table in specific colors for clarity. Results highlighted in orange were obtained

through extrapolation. The data for the row marked in red could not be obtained because the
temperature rapidly exceeded the 80°C Ilimit, thereby preventing any possibility of

extrapolation.

Table 3.4 4 Experimental results from AMF induced heating of the assessed materials. The results present the mean value (n=3) +£standard deviation.

Material Field Amplitude AT (°C) over 300 seconds
(mT) 103.5 kHz 155.3 kHz 261.7 kHz 371.6 kHz 601.6 kHz
Stainless steel 2 22+04 3.3+0.2 5.9+04 7.6+05 11.0+0.7
316L 4 7.4+0.4 1331 0.2 23903 31915 453+0.6
8 28.6+1.1 44.6+1.9 65343 95.7+2.2 168.3 £ 5.4
SF-Cu / 2 0.6+0.2 0.8+0.2 1.0£0.2 1.2+0.2 1.5+ 0.4
DHP-Cu 4 24402 24+0.1 42+02 43+1.0 8.0+ 0.4
8 11.2+0.2 12.8£0.5 17.7£0.3 22307 352+1.2
Low-carbon 2 28.4+0.3 28.3+2.0 34.4+1.4 37.2£0.8 47.6+1.0
steel 5t.37 4 1032+36 1227469  1542+7.6  1849+39 32124365
I
CP titanium 2 23+0.6 3305 57+0.7 7.3+0.3 9.9+0.4
Gr. 2 4 7.6+0.3 9.0+0.2 15.8+0.3 20.8+0.6 30.2+2.3
8 28.2+0.7 46.1+1.2 63.2+0.9 91.4+1.0 176.5+ 11.6

Mean value obtained by extrapolation
Mean value could not be obtained
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There is a clear difference among the materials. Each material demonstrated a rise in
temperature as the frequency and field amplitude increased. Results indicate that copper is
the least responsive among the four tested materials. The copper specimen reached a peak
temperature rise of 47.6 °C at the maximum field amplitude and frequency, while the other
three materials achieved similar temperature increases at significantly lower amplitudes and
frequencies.

CP titanium and Stainless steel 316L exhibited similar patterns in temperature
response. Although these materials showed nearly identical behaviors at 2.0 and 8.0 mT
amplitudes, the response of titanium at 4.0 mT was markedly less than that of Stainless steel
316L, with a maximum temperature difference of 15.1°C at the highest frequency of
601.6 kHz.

Low-carbon steel was found to be the most responsive material. Due to its high
reactivity, temperature measurements exceeded the 80 °C detection limit already at 2.0 and
4,0 mT, preventing further data extrapolation. The extrapolation of the data showed an
extreme temperature increase of 321.23 °C at just 4.0 mT and a frequency of 601.6 kHz;
however, the data were burdened by a high standard deviation.
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Statistical analysis

To identify the influence of the three parameters, a three-factor ANOVA was performed
to explore the interactions between these three factors. Through this statistical analysis, the
main effects of each independent variable (material, frequency, and amplitude) can be
determined on the dependent variable (the temperature increase)

If any factor or interaction had a high p-value, it would suggest that changes in that
factor do not significantly affect the response variable. However, the p-values for all factors
(material, frequency, amplitude) independently indicate a statistically significant effect on the
response variable. In the three-factor ANOVA (Table 3.5), the effects of material, frequency,
amplitude, and two-way interactions were assessed to determine their impact on the response
variable. The analysis revealed the following significant results:

Independent factors:
e Material: The effect of material was highly significant (F(3,20) = 49.06,p <
0.00001), suggesting substantial variability in the response depending on the material
type used.

e Frequency: Frequency also showed a significant effect (F(4,20) = 11.40,p <
0.0001), indicating that the response variable is sensitive to changes in frequency.

e Amplitude: The effect of amplitude was significant (F(2,20) = 43.68,p < 0.00001),
demonstrating that different amplitudes affect the response variable notably.

Interactions:
e Material and frequency: The interaction between material and frequency was not
statistically significant (F(12,20) = 2.16,p = 0.061), suggesting that the effect of
material on the response does not differ across frequencies.

e Material and amplitude: There was a significant interaction between material and
amplitude (F(6,20) = 14.16,p < 0.00001), indicating that the impact of amplitude
on the response varies with different materials.

e Frequency and amplitude: The interaction between frequency and amplitude was also
significant (F(8,20) = 3.59,p = 0.009), showing that the response to amplitude
changes depending on the frequency.

Table 3.5 Three-factor ANNOVA results

sum_sq df F PR(>F)
C(Material) 76292.12974 3.0 49.05575 2.098917E-09
C(Frequency) 23647.76824 4.0 11.40412 5.503604E-05
C(Amplitude) 45285.18196 2.0 43.67748 5.035919E-08

C(Material):C(Frequency) 13465.976 12.0  2.164652 6.115023E-02

C(Material):C(Amplitude) 44029.66876 6.0 14.15551 5.467926E-06

C(Frequency):C(Amplitude) | 14886.86824 8.0 3.58959 9.664482E-03
Residual 10368.08455 20.0 NaN NaN
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Based on the analytical solution, two domains for optimal conditions for the highest
power densities can be identified, each characterized by equations 3.1 and 3.2, respectively:

BZ

. 0

= —— 3.1

if upodrw > 2, then (p) AT w > w, (3.1)
B 2, . RZ .02

if ypodrw < 2, then (p) = 0 08 @ w K W, (3.2)

= : 3.3

wc_,uO'O"d'R (3:3)

In the presented scenario, u, was a constant, and with the assumption of a constant
geometry for all the specimens throughout phase I, parameters R and d were also constants.
Thus, the only variables were B, and w. Note that the power density is independent of the
frequency in the first domain but grows quadratically with the field amplitude. In contrast, the
second domain is quadratically dependent on the frequency and field amplitude. Assigning
materials to specific regimes enables a more accurate prediction of their behavior under
varying frequencies and field strengths. The equation 3.3 describes the critical frequency w,.

Each material and frequency combination could be assigned to the correct domain
depending on the selected frequency. Note that SF-Cu / DHP-Cu could be assigned to Domain
1, since w > w, for all available frequencies in this experiment. Also, note that the critical
frequency was never exceeded for Stainless steel 316L and CP Titanium Gr.2; therefore, they
can be assigned to Domain 2. Low-carbon steel ST.37 was in the same range of the used
frequencies and, therefore, fell between the two domains. The overview of the w, for each
material is in Table 3.6.

Table 3.7 displays the results from the analytical model with parameters found in the
literature and experimentally determined parameters, respectively. These tables present the
temperature rise of the assessed materials over 300 seconds of AMF exposure. Each entry
corresponds to a specific condition of a material exposed to a combination of a particular
magnetic field strength and frequency. The data in those tables indicate that Stainless steel
316L is expected to undergo the most significant temperature rise over 300 seconds. CP
titanium also shows a considerable increase in temperature. Low-carbon steel generates about
one-third of such a temperature increase. Copper exhibits the least overall temperature
increase and a frequency-independent trend. Both data sets showed a similar trend in
temperature rise with increasing frequency and magnetic field strength; however, the material
properties caused some discrepancies in the results between the two models.

Table 3.6 Domain differentiation of the included materials.

Material Critical frequency (kHz)
SF-Cu / DHP-Cu 61.11
Stainless steel 316L 2.137-103
Low-carbon steel ST.37 440.0
CP titanium Gr.2 1.326°10°
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Table 3.7 Analytical model predictions with parameter values found in the literature, predictions with experimentally obtained material properties and the error

31

Magnetic AT (°C) over 300 seconds
Field 103.5 kHz 155.3 kHz 262.7 kHz 371.6 kHz 601.6 kHz
strength
Material [mT] = 3 = 3 = 3 = 3 = 3
Stainfess 2 412| 3.31[+0.11| 7.17| 6.05|+0.21| 11.68| 10.61|+0.36 | 14.05| 13.30 | £0.45| 16.06 | 15.78 | £0.53
steel 4 16.47 | 13.26 | £+0.45 | 28.69 | 24.21|+0.82| 46.71 | 42.44 | +1.44| 56.19| 53.21 | +1.80| 64.25| 63.10 | +2.14
316L 8 65.88 | 53.03 | £1.80 | 114.76 | 96.84 | £3.28 | 186.83 | 169.77 | £5.75 | 224.76 | 212.85 | £7.21 | 256.99 | 252.42 | 8.55
2 041 0.51]+0.02| 041] 0.51]+002| 041| 0.51]+002| 041| 0.51|+0.02| 0.41| 0.51]0.02
wmnamm 4 163| 2.05|+0.06| 163| 2.06|+0.06| 163| 2.06|+0.06| 163| 2.06|+0.06| 163| 2.06]| +0.06
8 6.52| 8.21]+0.25| 653 8.23[+025| 653 8.23[+0.25| 6.54| 8.24|+0.25| 6.54| 8.24|+0.25
Low 2 3.65| 3.11[+0.02| 4.03| 3.41|+003| 4.25| 3.58]|0.03| 432| 3.64|+0.03| 4.36| 3.67|+0.03
Carbon 4 14.61 | 12.44 | £0.10 | 16.10| 13.63 | £0.11| 17.01 | 14.34 | +0.11| 17.27 | 14.54| +0.12| 17.43| 14.67 | £0.12
Steel 8 58.42 | 49.77 | £0.39 | 64.40 | 54.52| +£0.43| 68.02| 57.36 | £0.45 | 69.07 | 58.17 | £0.46 | 69.73 | 58.69 | £0.46
- 2 4.76| 4.22]+0.19| 7.46| 6.48|+0.29| 10.60| 8.98|+0.40| 11.95| 10.02|+0.44| 12.97| 10.79 | +0.48
titanium 4 19.02 | 16.88 | £0.75 | 29.85| 25.93 | £1.15| 42.39| 35.93 | £1.59 | 47.79| 40.09 | £1.77 | 51.87 | 43.17 | £1.91
Gr. 2 8 76.08 | 67.54 | £2.99 | 119.39 | 103.71 | £4.59 | 169.56 | 143.72 | £6.36 | 191.14 | 160.34 | +7.10 | 207.46 | 172.69 | £7.64




FEM Analysis

Although FEM (Finite Element Method) analysis is typically complex and can be
challenging to interpret, an FEM analysis of the geometry used in Phase I was conducted. This
analysis allows for the evaluation of the analytical models by comparing their outcomes with
those derived from the FEM model. Figure 3.1(a) depicts the simulation space. The geometry
is modeled in 2D, with a cross-section of half the hollow cylinder displayed; since the specimen
is symmetrical around the central axis (the left border of the simulation space shown in Figure
3.1(a)), the image can be rotated around this axis, to give the full 3D analysis. The source
code for the FreeFEM++ is given in Appendix VI.

Figure 3.1(b) shows the vector potential and magnetic field. Note that the vector
potential increases as it moves away from the center (/e., the center of the cylindrical
specimen).

Figure 3.1(c) shows the magnetic field distribution around the specimen. Inside the
specimen, the magnetic field shows uniformity (cyan blue region). However, it becomes
nonuniform around the ends and edges.
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Figure 3.1 FEM of the specimen geometry used in Phase 1: (a) Simulation space and cross-section of the specimen,
where ry is the radius of the simulation space, hy is the length of the simulation space, h is the height of the
specimen, R; is the inner radius of the specimen, and R, is the outer radius of the specimen, (b) Vector potentia
distribution, (c) Magnetic field distribution

32



Evaluation of the Analytical Model

The vector potentials of the FEM analysis, “Model 2” and the "“Solid rod model”
mentioned in section 2.2 are plotted in Figure 3.2(a), and the vector potentials of “Model 1”
and “Model 2" are plotted in Figure 3.2(b). In both figures, the schematical wall is plotted with
the value for R;,,,,., at r = 1.5 mmand R,,,;., at r = 2.0 mm. Note that for the infinitely narrow
wall thicknesses R = 0.5 - (Ryyter + Rinner) = 1.75 mm.

Examining the graphs in Figure 3.2(a), it is evident that the vector potentials of the FEM
analysis, “"Model 2,” and the “Solid Rod Model” all follow the same trend. Similarly, Figure
3.2(b) shows that “Model 1” and “Model 2” exhibit similar vector potentials. However, “*Model
1" displays a sudden drop in vector potential. The source code for calculating and plotting the
powerdensit
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Figure 3.2 Vector potential plots with field parameters for Copper at 2.0 mT and 601 kHz (Real, Imaginary, ana
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To validate the accuracy of the analytical model in predicting the temperature rise, the
obtained computational data was compared with the experimental data presented in section
3.1 (and summarized in Table 3.4).

The data obtained from the experiments were compared with the analytical model
“Model 1”. The comparison is shown via the factorial difference of the experimental data
divided by the analytical model results (Table 3.8). Note that the data for Low-carbon steel
St.37 at 8mT could not be obtained. With a perfectly accurate model, the values in Table 3.8
would all equal one, indicating a match between predicted and observed temperature
increases. However, the actual results deviated from this ideal.

For the materials Stainless steel and CP titanium, the factorial difference showed some
consistency, with the model overestimating the temperature increase by a factor ranging
between 1.5 and 3. This implies that while the model did not perfectly predict the outcomes,
it consistently estimated the temperature increase to be two to three times higher than
experimentally observed. As the magnetic field frequency increased, the model's predictions
showed a slight improvement in accuracy, with the factors moving closer to one. In contrast,
the model significantly underestimated the temperature increases for Low-carbon steel, with
deviation factors ranging from 8 to 18. The discrepancy between the model's predictions and
the actual measurements for these materials grew as the frequency increased. The analytical
model predicted frequency-independent values for copper, while the experiment's results
clearly show frequency-dependent behavior. This is demonstrated in the factorial difference
for copper, in which temperature and frequency rise.

To further evaluate the discrepancies between the analytical and experimental data,

the temperature rise was plotted against the field frequency (Figure 3.3) and magnetic field
strength (Figure 3.4).

Table 3.8 Factorial difference (experimental values / analytical model values)

Field Factorial difference (experimental/analytical model values)
Material Ampli
ateria m[ﬁq'%'de 103.5 kHz | 155.3 kHz | 262.7 kHz | 371.6 kHz | 601.6 kHz
Stainl 2 0.66 0.55 0.55 0.57 0.70
ainless
steel 3161 4 0.56 0.55 0.56 0.60 0.72
8 0.54 0.46 0.38 0.45 0.67
SF-Cu / 2 1.20 1.51 1.93 2.29 2.92
-Cu
DHP-CU 4 1.15 1.18 2.05 2.10 3.87
8 1.36 1.55 2.15 2.71 4.27
L b 2 9.12 8.31 9.58 10.24 12.98
ow-carbon
steel St.37 ;l 8.29 9.00 10.76 12.72 21.89
L 2 0.53 0.51 0.64 0.72 0.92
o Stanium 4 0.45 0.51 0.65 0.76 1.06
' 8 0.42 0.44 0.44 0.57 1.02
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The plotted data in Figure 3.3 confirm that the trends vary as the factorial difference
indicates. The trends predicted by the model do not correspond with the experimental
observations. For Stainless steel, Low-carbon steel, and CP titanium (Figure 3.2 A, (c), and
(d), respectively), the model (dotted lines) predicts sublinear growth. In contrast, the
experimental data (solid lines) show linear growth. This discrepancy in trends becomes more
pronounced at 8.0 mT.

Similarly, the same methodology is applied to Figure 3.4, plotting temperature against
the field amplitude. The data suggest that the trend predicted by the analytical model does
align with the experimental results. Both the model and the experimental results show
superlinear growth. However, discrepancies between the analytical model and the
experimental results can be identified.

Due to the inconsistencies in the factorial difference, the correction factor could not be
implemented in this model.

35



CP titanium Gr.2

350
~==~ Analytical: 2 mT
200 === Analytical: 4 mT
-=-- Analytical: 8 mT
- 2mT
250 1 - amT
~§- 8mT
200 A T
150
100 -
MO P
0
100 200 300 400 500 600
Field Frequency [kHz]
(a)
SF-Cu / DHP-Cu
350
35
300 4 30
25
250 1 D20
M 15
200 1 10
5
150 - o
100 -
UO -
ol hazzzzzzzz Jpwe=—ge==—t————
100 200 300 400 500 600
Field Frequency [kHz]
(c)

AT [°C]

350

Low-carbon steel St.37

350

Field Frequency [kHz]
(b)

Stainless steel 316L

300 1

250 A

200 1

150 1

100 A

Field Frequency [kHz]
(d)

Figure 3.3 Temperature increase over the field frequency for different materials: (a) Stainless steel, (b) SF-CU / DHP-Cu,
(c) Low-carbon steel ST. 37 (Note that the values for 8.0 mT could not be obtained), (d) CP titanium Gr. 2.
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This section presents the results from the targeted induction experiment. The
procedure involved recording the initial temperature of the specimen (titanium rod with low-
carbon steel ST. 37 ring) and comparing it with a temperature after a 60 seconds exposure to
an AMF. The corresponding field parameters are also provided. The experiment utilized a multi-
material specimen of Titanium Grade 23 and Low-carbon steel ST. 37. A control test was
conducted using a pure Titanium Gr. 23 cylinder without any Low-carbon steel St. 37 ring. The
results are shown in Figure 3.5.

The experimental data reveals temperature differences between the negative control
test and the multi-material specimen. The most significant differences were with higher field
parameters. At the settings 4.0 mT and 371 kHz, the temperature difference surpasses 11 °C.
This difference between the negative control and the multi-material specimen becomes even
more noticeable with the settings 4.0mT and 601 kHz, here the difference is more than 22 °C.
These differences were calculated based on the average surface temperatures recorded for
each specimen.

The temperature response to magnetic fields is intensity-dependent. However,
significant temperature differences were only discernible at the highest field settings explored
in this study. At lower field settings, the temperature variations between the negative control
and the multi-material specimens were either negligible or completely absent.

Although a temperature gradient across the multi-material specimen was also
hypothesized, thermal readings over 60 seconds demonstrated even temperature distribution
across its surface. This uniformity indicates that the multi-material specimen does not exhibit
localized heating or cooling in response to the applied field conditions within the observed time
frame.
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Figure 3.5 Thermal readings with mean value of the surface temperature of the targeted induction heating
experiment before the exposure and after the AMF exposure at various magnetic field strengths and frequencies.
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4 Discussion

4.1 Phase II: Induction Trials

Material Properties Analysis

The observed deviations between documented material properties and experimental
measurements are a stark reminder of the importance of comprehensive characterization and
understanding of material behavior. In scientific literature, material properties are often
generalized based on average compositions and processing methods, overlooking the inherent
variability introduced by different suppliers and manufacturing processes. This underscores
the necessity for further research in this area [28].

The discrepancy in copper specimens, where higher aluminum content was detected
through XRF analysis, underscores the necessity for thorough material analysis. The presence
of aluminum, as an impurity, significantly impacts the electrical resistivity of the alloy [29].
This finding aligns with the well-established principle that impurities in metals can hinder
electron mobility, thereby reducing conductivity [30]. The higher resistivity observed in the
experimental measurements compared to literature values can be attributed to this deviation
in chemical composition[31].

Furthermore, the influence of heat treatments on material properties might also explain
the observed deviations between the reported and experimentally determined properties in CP
titanium Gr. 2 specimens [32]. Heat treatments can induce changes in microstructure and
crystallographic properties, affecting mechanical, thermal, and electrical characteristics [33].
In the case of CP titanium, the lower resistivity observed may be attributed to the specific heat
treatment regimen employed, altering the material's conductivity [32].

Incorporating measured material properties into the analytical model can achieve a
more accurate model of the system's behavior. This emphasizes the importance of
experimental validation and calibration, ensuring that models accurately reflect the
experimental conditions.

IH Experiments

The induction trials were performed with Stainless steel 316L, Low-Carbon Steel ST.
37, SF-Cu/DHP-Cu, and CP titanium Gr. 2. Other relevant biomaterials, such as medical-grade
CoCr alloy and Ti6AL4V (Ti Grade 23) [34], were not included due to limited specimen
availability.

SF-Cu/DHP-Cu was the least thermally responsive among the four tested materials.
This low responsiveness can be attributed to copper's low electrical resistivity [35]. In equation
1.5, resistivity linearly influences the power generated by a workpiece during the IH process.
Copper's measured resistivity at 2.14 - 1072 Ohm - m, is lower than the resistivity of other
materials included in the study (Table 3.3).

CP titanium and Stainless steel 316L exhibited similar behavior during the IH process,
although titanium, on average, had 9.89 % lower response than stainless steel. The electrical
conductivities of these two materials are within the same order of magnitude, with the
measured resistivity of CP titanium at 4.64 - 10~ Ohm - m and that of stainless steel at 7.48 -
10! Ohm - m. Therefore, their comparable responses may be attributed to the similarity in
resistivity levels, later demonstrated by the analytical “Model 1,” with CP titanium showing a
slightly lower overall response.
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However, a closer examination reveals a more pronounced discrepancy at a field
amplitude of 4.0 mT. This variation suggests that other factors beyond resistivity, possibly
involving CP titanium's magnetic properties or microstructural characteristics, may influence
its heating behavior at specific field amplitudes [36], [37].

Low-carbon steel ST. 37 exhibited the most significant thermal response among the
four materials tested in this study. Despite having a lower electrical resistivity than stainless
steel and CP titanium, which, according to equation 1.5, would typically result in a lower power
output and consequently less temperature increase, low-carbon steel demonstrated the
highest thermal response. This higher response can be attributed to low-carbon steel being
the only ferromagnetic material in this study, paramagnetic stainless steel, CP titanium, and
diamagnetic copper. Ferromagnetic materials are subject to Eddy current heating and
magnetic hysteresis [16]. Combining these two mechanisms contributes to the substantial heat
production in low-carbon steel.

As a material for MFH, low-carbon steel ST. 37 (as a substitute for pure iron) could
enhance the efficiency of MFH in eradicating bacterial biofilms. Research indicates that
achieving a temperature of 70°C for 210 seconds is necessary to kill a colony of
Staphylococcus aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa, Bacillus
cereus, and yeast Candida albicans completely [13]. The experimental data confirm that low-
carbon steel 37 most swiftly achieves this 70 °C thermal threshold. The exposure time also
dramatically influences the efficiency of the MFH treatment. Research showed that at 60 °C
Candida albicans can be reduced with factor 8 — log after 30 seconds [13]. This same
reduction (factor 8-log) of pathogens can be achieved after 120 seconds for Staphylococcus
epidermidis, Pseudomonas aeruginosa, and Bacillus cereus (at 60 °C) [13]. Staphylococcus
aureus could be reduced with factor 8 — log after 180 seconds [13]. The reduction of
Staphylococcus epidermidis was even more efficient with the combination of MFH and
antibiotics [11].

Not all materials included in this study could reach the limit of 60 °C after 300 seconds;
The SF-CU / DHP-Cu specimen could only achieve a temperature of 35.2 + 1.2 °C at the
amplitude of 8.0 mT and frequency of 601.6 kHz. Stainless steel 316L and CP titanium Gr. 2
reached this threshold with medium settings of amplitude 8mT and frequency 261.7 kHz after
300 seconds, Low-carbon steel ST. 37, however, reached this limit amply, with an amplitude
of only 4.0 mT and frequency of 103.5 kHz. Therefore, ST. 37 proved to be the most responsive
material.

A temperature range of 60 to 80 °C is most effective for killing bacteria while minimizing
tissue damage [11], [12], [13], [17]. Theoretically, all the materials studied can achieve this
optimal temperature with sufficient exposure time. However, the duration of exposure is also
crucial in determining the extent of tissue damage, which can be calculated using the
CEM(Temp) for different tissues [12], [38]. Therefore, materials with a higher thermal
response, such as CP titanium Gr.2, Stainless steel 316L, and ST. 37, are preferred over SF-
Cu / DHP-Cu. Although all these materials can reach temperatures exceeding the optimal range
of 60 to 80 °C applying a pulsed AMF can help maintain the desired temperature. This approach
allows the implant to cool down between pulses, reducing the risk of overheating and enabling
the dissipation of possible hot spots into the bulk of the implant.

It is critical to note that this study's conclusions are drawn under assuming the
geometry described in Figure 2.1 specifically. This assumption is a notable limitation, as an
implant's thermal response can vary significantly with changes in its geometry and volume
[19].
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Moreover, magnetic hyperthermia's applications extend beyond thermal ablation, such
as drug release mechanisms [14]. For these applications, a lower thermal response might be
preferable to prevent the denaturation of the released drugs [39]. In addition, studies have
demonstrated the efficacy of treatments that employ lower temperatures with longer exposure
times in combination with antibiotics [11], [15], suggesting that high thermal responsive
materials might not always be the most appropriate choice. Thus, while ST. 37 shows high
thermal responsiveness; this does not imply that it is universally the best material for all types
of implants and applications.

Furthermore, during the IH experiments conducted in this study, a catalyzed corrosion
process was observed in low-carbon steel, raising concerns about its long-term viability and
performance in clinical settings. In using pure iron as a biomaterial, it is considered that it
corrodes and eventually dissolves in the human body [40]. The process of magnetic
hyperthermia raises the corrosion rate due to the raised temperature, which increases electron
movement and, thus, corrosion [41]. This increased corrosion rate should be taken into
account. This finding underscores the complexity of material selection for magnetic
hyperthermia and highlights the necessity of a comprehensive evaluation that includes thermal
properties and the material's behavior under operational conditions.

Statistical Analysis

The significant main effect of material on the response confirms that different materials
can have different thermal responses with the same field parameters. This underlines the
importance of selecting a suitable biocompatible material for orthopedic implants.

The lack of a significant interaction between Material and Frequency suggests that
biocompatible materials' response to different AMF frequencies is stable. This stability is
particularly beneficial in a medical context, as it allows for greater flexibility in choosing
operating frequencies that minimize interference with other medical devices or patient
discomfort without requiring extensive recalibration for different implant materials.

The significant interaction between Material and Amplitude highlights the critical need
to adjust amplitude settings to the specific material properties of the implant. In the sensitive
environment of a living patient, precise control over the amplitude is necessary to prevent
overheating, which can lead to tissue damage or other adverse effects.

This interaction underlines the need to carefully coordinate these factors to optimize
heating efficiency without compromising patient safety. For orthopedic implants, where
uniform heating is critical for therapeutic effectiveness, adjusting these parameters to match
the specific thermal characteristics of the implant material can enhance treatment outcomes
and minimize risks.

For medical applications involving IH of orthopedic implants, advanced control systems
that can dynamically adjust both frequency and amplitude based on real-time feedback
regarding the temperature of the implant and surrounding tissues are recommended. Multiple
studies presented an example of such a system [17], [42]. This system acts as an automatic
safety switch when boiling is detected, preventing thermal damage to biological tissues and
potentially leading to implants specifically designed for optimal response to IH.
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The results in section 3 stress the criticality of precise parametric inputs in accurately
predicting outcomes. Such inputs include the specimen’s geometries, chemical composition,
and postprocessing techniques (such as heat treatment), which may then profoundly influence
other material physical properties like resistivity and thermal conductivity [18]. Even minor
quantities of alloying elements can dramatically alter these properties [18]. This study's model
predictions aligned more closely with the experimental results observed in the induction trials
by measuring these parameters.

The evaluation of the models via vector potentials allows for comparing all included
models. Since all models followed similar trends, it can be assumed that the models are
correctly derived. Furthermore, as the FEM analysis best represents the real-world scenario,
the comparison between “"Model 2" and the FEM analysis demonstrates how well the analytical
model matches the real-world scenario. Given the similarity in vector potentials, it can be
concluded that “Model 2” is a good approximation of the real-world problem. Additionally,
since the vector potential of "Model 1” aligns well with “Model 2,” it is also considered a good
approximation.

The comparison between the induction trials and analytical *Model 1" aimed to assess
the accuracy of a one-dimensional analytical model describing the heating of an infinitely long
and infinitely thin-walled tube. While the model theoretically describes this ideal geometry, it
is essential to note that our experimental setup approached this by selecting a quasi-endless
long tube with a ratio of 1: 10 diameter x length with a thin wall ratio of 1:4 wall thickness x
outer diameter, but inevitably deviated from it. Consequently, differences between the
analytical model and real-life experiments are to be expected. Reducing the discrepancies
observed between the models could potentially be achieved by using a specimen that is both
longer and has thinner walls. However, practical constraints posed by the inner setup of
MagneTherm and the limitations of the fabrication processes did not allow it.

Analyzing the factorial difference, it becomes evident that the model performs most
accurately for Stainless steel and CP titanium. The values for these two materials are
approaching 1.0 as the frequency increases, this suggests the model becomes more reliable
at higher frequencies, although it still does not achieve perfect accuracy. This alignment is
logical since stainless steel and CP titanium are the only two paramagnetic materials
considered. Still, the model exhibited discrepancies with factorial differences ranging from 1.0
to 3.0. This is expected given the model's simplified nature for these two materials. However,
upon inspecting the graphs in Figure 3.2 (a) and (d), it is apparent that the correlation between
frequency and temperature increase for both the analytical model and real-life measurements
is wrong. This discrepancy indicates that the model is unsuitable for precise predictions. A
more in depth comparison study on these two particular materials is presented in Jusoh et al.
[43].

Since the material properties used in this study have inherent uncertainties, the
propagated error in the calculation of the temperature increase is also provided. Consequently,
the factorial difference can vary based on the actual error. This variation underscores the
importance of considering measurement uncertainties when interpreting the results, as they
can significantly impact the accuracy and reliability of the thermal response predictions.
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Notably, the analytical model doesn't incorporate hysteresis, leading to
underestimating the Low-carbon steel experiment due to its ferromagnetic nature. The low-
carbon steel specimen undergoes two different heating mechanisms, namely Eddy current
heating and hysteresis loss, for which hysteresis loss is not accounted. This explains why the
model underestimates the temperature increase for this particular material. The experimental
results exhibited significant deviations from the predicted values, with a maximum factorial
difference of 18.0, underscoring the model's inadequacy for ferromagnets.

The model predicts a frequency-independent temperature increase for copper,
consistent with its placement in the first domain as described in Equation 3.1. However, the
real-life experiments demonstrated frequency-dependent behavior in temperature increase, as
evidenced by both the factorial difference table (Table 3.7) and the temperature increase over
the frequency graph (Figure 3.3 (b)).

Moving on to Figure 3.4, the model demonstrates its ability to predict the correlation
between field amplitude and temperature increase. Nonetheless, variations are still observable,
suggesting that while the model captures the general trend, it lacks precision in predicting
specific outcomes. This trend indicates that the model's predictive capability varies significantly
across different materials and is influenced by the frequency of the applied magnetic field,
with notable implications for its applicability and reliability in accurately forecasting
temperature dynamics under varying conditions.

When analyzing the factorial difference, it becomes evident that the model performs
most accurately for Stainless steel and CP titanium. The values for these two materials are
approaching 1.0 as the frequency increases, this suggests the model becomes more reliable
at higher frequencies, although it still does not achieve perfect accuracy. This alignment is
logical since stainless steel and CP titanium are the only two paramagnetic materials
considered. Still, the model exhibited discrepancies with factorial differences ranging from 1.0
to 3.0. This is expected given the model's simplified nature for these two materials. However,
upon inspecting the graphs in Figure 3.2 (a) and (d), it is clear that there is very little
correlation between the analytical model and real-life measurements. This discrepancy
indicates that the model is unsuitable for precise predictions of this scenario.

One of the likely limitations is the absence of a hysteresis mechanism in the analytical
model, leading to an underestimated heating potential of Low-carbon steel. Due to its
ferromagnetic nature, the low-carbon steel specimen undergoes both heating mechanisms:
Eddy current heating and hysteresis loss [44]. The experimental results of this material
exhibited significant deviations from the predicted values, with a maximum factorial difference
of 18.0, featuring the model's inadequacy for ferromagnets.

The model predicts a frequency-independent temperature increase for copper,
consistent with its placement in the first domain as described in Equation 3.1. However, the
real-life experiments demonstrated frequency-dependent behavior in temperature increase, as
evidenced by both the factorial difference table (Table 3.7) and the temperature increase over
the frequency graph (Figure 3.3 (b)).

Finally, the model demonstrates its ability to predict the correlation between field
amplitude and temperature increase. Nonetheless, variations are still observable, suggesting
that while the model captures the general trend, it lacks precision in predicting specific
outcomes for various materials of different properties.
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This phase aimed to explore the feasibility of applying targeted IH to hip implants,
explicitly focusing on the neck of the femoral component. However, this technique could also
be used for other (cylindrical) metallic implants, e.g., external fixators.

This research introduces a refined method for selectively heating specific regions of an
implant, building on the foundational work of Pijls et a/. [12]. Their study demonstrated the
effectiveness of concentrating the magnetic field on designated areas. However, that
approach's precision to target specific regions remains relatively low, affecting more extensive
areas than intended. Additionally, their method requires invasive surgery to position a coil
close to the targeted area. The concept proposed in this thesis aimed to concentrate the
heated region into smaller areas by materials selection, thereby reducing the potential for
damage to surrounding tissues. Additionally, this enhanced method could be implemented
non-invasively.

An alternative approach to achieve localized implant heating involves strategically
placing ridges, edges, or other structural modifications. These features are designed to induce
current peaks, which result in localized hotspots due to the edge effect, as outlined in section
1.3 of our analysis. This effect has been shown through both FEM analysis and practical
experiments conducted in the study by Chopra et a/. [17], but has not yet been strategically
used for targeted induction heating. Such targeted heating may improve the precision of
thermal therapies and minimize the thermal impact on adjacent non-targeted tissues [12].

In the thermal data illustrated in Figure 3.5, the control test demonstrated a similar
pattern of increased heating with rising field frequency and amplitude, with field amplitude
exerting a more pronounced influence on the thermal response. This observation aligns with
theoretical expectations, as field amplitude impacts the thermal response quadratically (a
relationship confirmed through induction trials and Analytical “"Model 1”). However, a notable
divergence of over 11 °C was observed between the negative control and the multi-material
specimen under higher field settings, especially at 4.0 mT amplitude and frequencies of 371
and 22 °C at 601 kHz with the same amplitude, where the multi-material specimen exhibited
a significantly higher thermal response than the control.

This more significant response was anticipated due to the ferromagnetic coating on
the multi-material specimen, which benefits from a dual heating mechanism detailed in Section
4.1. The ferromagnetic properties of the coating enable it to respond more robustly under
higher field amplitudes. The total power generated by the hysteresis loop is proportional to
the area enclosed by this loop (Figure 1.4). The hysteresis loss is maximized at saturation,
which for ST. 37 lies around 2.2 T [45], because the loop area is the largest. As in this study,
the hysteresis loss is minimal when operating at small amplitudes, well below saturation.
However, as the amplitude increases towards saturation, the loop area expands, leading to
more significant energy loss as heat [46]. This relationship highlights the increasing impact of
hysteresis loss with higher amplitudes.

However, it is crucial to consider specific safety limits when applying an alternating
magnetic field (AMF) to patients. The Atkinson—Brezovich limit, which sets a maximum product
of AMF frequency and field amplitude at 4.85-108 A-m~1-s71, is generally accepted as a
threshold for human application without causing discomfort [47]. Other research suggests that
this limit can be increased to 9.59-10°A-m~!-s~! [48]. However, these studies do not
account for scenarios involving larger metallic implants, which could significantly affect the
treatment's safety and efficacy. These limits will need to be established.
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Although an increased temperature rise was observed, a differentiation in temperature
between the Ti bulk and ST. 37 was not observed. This lack of observed temperature
differentiation at low field parameters could be attributed to several factors. Firstly, the
absence of real-time thermal imaging meant that any transient heat generated by the
ferromagnetic coating could have rapidly dissipated into the titanium bulk and vice versa, given
the coating's thinness and high thermal conductivity. Therefore, while the initial hypothesis
has not been proven untrue, the experimental setup may have been inadequate to detect such
subtle variations in temperature. Further investigations, possibly incorporating real-time
thermal imaging, are necessary.

Moreover, the coating's volume was significantly lower than the overall specimen. The
efficiency of IH depends on material responsiveness and the volume of the material present
[19]. The reduced volume of the low-carbon steel coating meant that even if the induction
process adequately heated it, the absolute quantity of heat generated would be insufficient to
show a significant effect compared to the larger mass of the titanium cylinder.

While there are significant benefits to combining ST. 37 with an implant to locally heat
the area via IH, there are also notable downsides. One primary concern is the risk of galvanic
corrosion when pure iron is combined with Ti6Al4V [49]. The different electrochemical
potentials of these metals create a significant risk of galvanic corrosion [49], especially under
induction heating conditions [50].

This corrosion risk is catalyzed by induction heating, which increases the flow of
electrons and raises the temperature of the implant. The elevated electron flow accelerates
the anodic reaction on the iron's surface, leading to a faster corrosion rate [50]. Additionally,
the localized heating can enhance the reactivity of the metals and increase the conductivity of
the electrolyte, further accelerating the corrosion process [50].

The formation of corrosion products, particularly iron oxide, can significantly weaken
the structural integrity of the implant [51]. This weakening can compromise the implant's
mechanical stability and longevity [51]. Moreover, high doses of iron oxide released into the
body can have local toxic effects [52].

In summary, while the use of ST. 37 for induction heating in implants shows potential
in achieving targeted induction heating; it is crucial to address and mitigate the risks associated
with galvanic corrosion to ensure the safety and effectiveness of the implant. Options might
include using ferromagnetic materials with closer electrochemical properties (standard
electrode potentials), applying protective coatings to inhibit corrosion, or redesigning the
implant to minimize direct electrical contact between the different metals [49]. These
measures would help ensure the durability and safety of implants under conditions where IH
is used.
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5 Conclusion

To apply magnetic field hyperthermia for biofilm eradication in IAI, understanding the
thermal response of implants under various conditions is essential. Critical parameters,
including field amplitude, field frequency, and implant material, significantly affect the
technique's effectiveness and safety. This study used /n silico models, analytical models, and
FEM analysis to investigate these influences.

The study found that simplified analytical models could approximate the thermal
response of metallic implants, especially those made of paramagnetic materials with simple
geometries. For instance, Low-carbon steel ST. 37 demonstrated rapid heating, with a
temperature rise of 321.2 + 36.51°C at 4.0 mT and 601.6 kHz, making it highly suitable for
magnetic hyperthermia. However, materials with lower electrical resistivity, such as copper,
produced forty times less heat (a temperature increase of only 8.0 + 0.4 °C at the same
settings).

The study highlighted that analytical models could only predict simple implant
geometries within two to three orders of magnitude, recommending FEM analysis for more
complex geometries and precise predictions. The amplitude and frequency of the AMF play
crucial roles, with increasing field amplitudes increasing heat generation quadratically.

Furthermore, while a temperature difference between the coating and bulk material
was not observed in targeted induction heating experiments, more research with real-time
thermal imaging is necessary to validate the hypothesis. The effectiveness of AMF for non-
contact induction heating of metallic implants depends on carefully selected frequencies and
amplitudes, as well as the specific geometrical attributes of the implant.
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6 Recommendation

Thermal ablation of biofilms through non-contact IH is viewed as a promising solution
for enhancing the antimicrobial properties of implants. Yet, to fully harness its potential, further
research is necessary. Insights gained from understanding the impact of material properties
and field parameters on the thermal response of workpieces are invaluable. A focused research
effort should be undertaken where both the coil and the implant are designed simultaneously.
The implant's geometry can be tailored to suit selected materials. At the same time, the coll
should be capable of generating a sufficiently strong magnetic field at the right frequency to
induce the desired thermal response.

Moreover, it is imperative to study the potential side effects of magnetic hyperthermia
for the application of thermal ablation of biofilms with implants in a living organism (in vivo).
One critical concern is the tissue damage from the implant heating up. The optimal conditions
for magnetic hyperthermia must be carefully selected to maximize bacterial eradication
efficiency. This involves determining whether IH should be applied in short pulses at higher
frequencies or as continuous periods at lower frequencies. Despite several studies exploring
these parameters, more research is needed to refine these approaches.

Patient safety considerations are paramount. Before advancing the design of any
magnetic IH system, it is crucial to establish and adhere to safety limits. These limits must
encompass all potential biological effects and ensure that the thermal management of the
implant does not compromise patient health.

Expanding the range of materials studied could significantly benefit this research. It is
recommended that Titanium Gr. 23 and Cobalt-Chromium (CoCr) alloys prevalent in orthopedic
implants be included. Moreover, exploring the use of 3D-printed titanium is suggested, given
the potential of additive manufacturing to create patient-specific implant designs that could
also optimize IH properties.

Despite initial setbacks with targeted IH experiments, this technique is believed to be
successfully implemented. Targeted IH might be achieved by strategically utilizing the 'edge
effect,' where grooves or edges on an implant increase the current density and thus create
localized hot spots. This approach, however, requires careful consideration, as bacteria tend
to colonize these grooves as well. Proper design and testing are crucial to balance the thermal
properties with geometric modifications to prevent unintended biofilm formation in these new
niches.

Finally, while the path forward involves complex challenges, the integration of tailored
material properties, optimized geometric designs, and precise control of induction parameters
may pave the way for breakthroughs in implant technology that can effectively combat
implant-associated infections.
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Appendix

Appendix I

8.

MagneTherm datasheet

nanoTherics MagneTherm ® Matrix Sheet Date: 15/12/2022
nanoTherics Ltd.
MagneTherm Serial #: 1800115-DS2 Single Fibre Optic Cond.Serial# 1122100064 Customer: Delft University of Technology, Brookside Farm, Dig Lane
PSU Serial # | QPX1200SP/571026 Fibre Opt.Probes Serial #]  21110276/21110272 Biomaterials and Tissue Biomechanics Section, Warrington, Cheshire WA2
Department of Biomechanical Engineering, 0SH
FG Serial #:| 1G2000/562861 Contact: Dr.ir. lulian Apachitei | F2¢Ulty of Mechanical, Maritime and Materials United Kingdom
Engineering Mekelweg 2,
OS Serial # N/A Capacitor SetID | DS2-0031 2628 CD Delft, The Netherlands
Heat/Chill Serial#|092245002/0D2239002 VT Pump 163675 l.Apachitei@tudelft.nl Tel: +44 1925 812554
Country: Netherlands
18 Turn 50 Coil Serial|l GH/1850-0830 HFS Coil Serial # N/A External Petri Coil N/A e: enquiry@nanotherics.com
GH950-0832 Supplementary fan unit N/A Other:
Mains V. 230V
! IR Coil (external) |N/A Live Cell LC9009 Rat Coil N/A www.nanotherics.com
Capacitor Oscilloscope Nominal DC DC Power
Coil array VOLTS/DIV . frequency Power Supply Max peak to peak voltage Vp-l cqij | T (milli Tesla) at max
Seq turns Type/Value setting, mV Range Switch KHz Supply Current P (Volts actual Vand | Current
voltage Oscilloscope mV) .
mm
1 9 200 nF 20 N/A 169.90 26.40 17.00 100 mV (2000 Vp-p) 44 23
2 9 88 nF 20 N/A 254.90 33.50 17.40 100 mV (2000 Vp-p) 44 23
3 9 30 nF 50 N/A 430.40 39.00 16.00 150 mV (3000 Vp-p) 44 19
4 9 15 nF 50 N/A 608.50 40.27 14.00 150 mV (3000 Vp-p) 44 15
5 9 6.2 nF 50 N/A 986.90 42.20 12.50 250 mV (5000 Vp-p) 44 12
6 18 200 nF 20 N/A 103.50 46.90 16.00 100 mV (2000 Vp-p) 44 30
7 18 88 nF 20 N/A 155.30 41.40 11.50 100 mV (2000 Vp-p) 44 22
8 18 30 nF 20 N/A 262.70 48.40 10.60 150 mV (3000 Vp-p) 44 19
9 18 15 nF 20 N/A 371.60 51.40 9.65 150 mV (3000 Vp-p) 44 16
10 18 6.2 nF 20 N/A 601.60 58.40 9.25 250 mV (5000 Vp-p) 44 12
" Live Cell 200 nF 10 N/A 210.80 31.50 13.75 100 mV (2000 Vp-p) 10 30
12 Live Cell 88 nF 20 N/A 315.70 33.30 12.00 100 mV (2000 Vp-p) 10 25
13 Live Cell 30 nF 50 N/A 534.10 36.40 10.75 150 mV (3000 Vp-p) 10 20
14 Live Cell 15 nF 50 N/A 754.60 37.20 9.75 150 mV (3000 Vp-p) 10 16
15 Live Cell 6.2 nF N/A N/A N/A N/A N/A N/A N/A N/A
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Appendix II: Planar Coil

According to theoretical expectations, thicker
specimens should generate more heat when exposed to
a uniform alternating magnetic field due to greater
volume [19]. However, since non-uniformity of the
magnetic field was expected, a worry about non-uniform
heating arose. The hypothesis was that the nonuniform
field heats only the bottom part of the specimen, while
the upper part, subjected (absorbing a weaker magnetic
field), acts as a heat sink.

Figure 2.2 Magnetic flux density
simulation of the Nanotherics 8-turn

planar coil [53]
Materials and Methods

To prove this hypothesis, a dedicated validation experiment assessed whether the
planar coil could reliably meet the study's requirements for generating a magnetic field with
enough uniformity. The thickness of the specimens was systematically varied, while all the
other parameters, such as exposure time, placement, field frequency, and field amplitude,
were kept consistent. The specimens were exposed to a 756 kHz AMF with a field amplitude
of 5.0 mT for one minute. The different thicknesses that were tested were 0.5 and 1.5 mm. In
addition, a non-conductive spacer was used to create the same thickness without the influence
of additional material heating up. Figure 2.3 shows the specimens respectively. The hypothesis
is rejected when the situation with the spacer can generate the same amount of heat as the
situation with only the thin metallic disk because slight variations in the Z-direction would not
matter. However, if the hypothesis of this experiment were confirmed with this experiment,
the planar coil attachment would not suffice for Analytical Modeling since thicker specimens
will be used to validate the model.

An experiment with samples of varying heights was
conducted to assess the uniformity of the magnetic field (in
the z-direction) generated by the planar coil. Cylindrical
samples with dimensions of 8.0 mm in diameter and
different heights (0.5 and 1.5 mm) were tested in the planar
coil setup with a thermal camera (Figure 2.3). To assess the
uniformity of the magnetic field in the z-direction, the 2
0.5 mm high sample was additionally tested with an insulting |
1.0 mm rubber spacer to prevent overheating of the plastic
dish. All samples were tested in the center of a Petri dish,
where they were placed on top of a rubber mat with a
thickness of 1.5 mm. The specimens were exposed to a
756 kHz AMF with a field amplitude of 5.0 mT for one
minute. Thermal camera PI450i (Optris, Germany) was
used for live imaging. It was mounted on an extended
tripod, which ensured a constant distance of 50 mm Figure II.2 Real-life experimental
between the camera's lens and the specimen. Additionally, setup
a cap was placed over the lens, preventing the camera from picking up emissivity noise from
the surroundings.
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Figure II.1 Schematical representation of the specimen setup: (a) thin single metallic disk, (b) thick single metallic
disk, (c) thin metallic disk with non-conductive spacer

i
<

¢05mm

The specimens were placed in the center of a Petri dish that fitted in the external coil
option of the MagneTherm by Nanotherics (United Kingdom) equipped with the live-cell option,
which features a three copper wire core eight-turn planar coil. Since high temperatures could
be reached, an insulating 1.5 mm rubber mat was placed in the Petri dish to prevent the Petri
dish from melting. Above the specimen is the PI450i thermal camera by Optris (Germany),
mounted on an extended tripod. The camera was mounted so that the distance between the
lens of the camera and the specimen would be 50 mm. This ensured the magnetic field would
not disturb the functionality of the thermal camera. The distance was ensured by placing a
cap over the lens, which prevented the camera from picking up emissivity noise for more
reliable measurements.

Results

The results from the measurement with the planar coil are depicted below. Figure 3.1
illustrates the average temperature within the region enclosed by the white circle, which is
visually aligned to match the contour of the specimen. Three scenarios are presented: heating
of a 0.5 mm Stainless steel disk, heating of a 1.5 mm Stainless steel disk, and heating of a
0.5 mm Stainless steel disk with a 1.0 mm nylon spacer placed between. It is evident that the
0.5 mm disk exhibits the highest average temperature, followed by the 0.5 mm Stainless steel
disk with the spacer, and finally, the 1.5 mm Stainless steel disk displays the lowest average
temperature.

o

Disk: @ 5 59°C

S

(a) (b) (c)

Figure I1.3 Planar coil non-uniform magnetic field test: (a) 0.5 mm Stainless steel disk, (b) 1.5 mm disk Stainless
steel disk, (c) 1mm nylon (spacer) disk + 0.5 mm Stainless steel disk
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Discussion

The experimental results examining the heating behavior of Stainless steel disks under
the influence of a planar coil attachment provide valuable insights into the intricacies of
magnetic field uniformity and its impact on heat generation within a specimen. The 0.5 mm
Stainless steel disk with a spacer exhibited significantly less heating than the 0.5 mm disk
alone. Moreover, thicker disks would be anticipated to generate more heat due to their
increased material volume under a uniform magnetic field. The experimental findings indicate,
however, that the distribution of heat within the specimen is influenced by the non-uniform
magnetic field generated by the planar coil. This validation experiment demonstrates that
subtle variations in magnetic field uniformity can have pronounced effects on heat generation
and distribution.

The experimental results confirmed the hypothesis: proposing that only the bottom
part of the specimen is significantly heated while the upper part acts as a heatsink. In light of
those findings, it was decided to discontinue the external planar coil attachment in favor of a
solenoid coil configuration. The solenoid coil offers a more favorable magnetic field uniformity
profile, which can be better represented through the analytical model.
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Appendix III: Safety Protocol

PROTOCOL CODE: 231127 SAFETY CATEGORY: 2

Name author: Tijmen Hartsuijker
Name supervisor:  Monika Salandova / Iulian
Name approver: Apachitei
Date approved: Sander Leeflang
27 11 2023

Signature approver:

o by

Testing the influence of magnetic hyperthermia on different biomaterials

Introduction:

In this experimental procedure, metallic specimens are subjected to heating using the
MagneTherm apparatus with the aim of determining the most effective operational parameters
for each material in the context of magnetic hyperthermia. The ultimate goal is to mitigate the
thermal effects induced by orthopedic implants instead of magnetic nanoparticles. The metallic
specimens are prepared and subsequently positioned within the MagneTherm apparatus to
undergo magnetic hyperthermia treatment. Throughout this treatment process, the
temperature is systematically monitored through the utilization of an infrared camera and/or
temperature probe(s). Multiple configurations and settings will be systematically explored to
ascertain the optimal magnetic field parameters specific to each material, thereby minimizing
the resultant temperature.

1. Requirements
1.1. Substances
e Isopropanol (C3HsO)
Supplier: T.B.D.
Product code: T.B.D.
Phase: Liquid
Storage location: 34.J-0-4408B (Bio Functionalisation lab) cabinet C3
CAS no. 67-63-0
Hazard statements: H225 - Highly flammable liquid and vapor.

H319 - Causes serious eye irritation.
H336 - May cause drowsiness or dizziness.
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e Tigrade 2 (cpTi)
Supplier:
Product code:
Phase:
Storage location:
CAS no.
Hazard statements:

o Tigrade 5 ((Ti6Al4V) (3D-printed))
Supplier:
Product code:
Phase:
Storage location:
CAS no.
Hazard statements:

Salamon’s Metalen B.V.

Titaan Naadloze buis "Grade 2"

Solid

34.F-0-221 (Bio Characterisation Laboratory) cabinet
7440-32-6

H228 - Flammable solid.

H251 - Self-heating: may catch fire.

AP&C

N/A

Solid (fused powder)

34.F-0-221 (Bio Characterisation Laboratory) cabinet
99906-66-8

N/A.

e Stainless steel 316L (FeCr18Ni10Mo3)

Supplier:

Product code:
Phase:

Storage location:
CAS no.

Hazard statements:

e Copper
Supplier:
Product code:
Phase:
Storage location:
CAS no.
Hazard statements:

All the solid materials are biomaterials and are suitable to be placed within the human body in

stable conditions.

Salamon’s Metalen B.V.

316(L) naadloos buis / capilair

Solid

34.F-0-221 (Bio Characterisation Laboratory) cabinet
65997-19-5

H332 - Harmful if inhaled.

H317 - This may cause an allergic skin reaction.

H350 - May cause cancer.

H372 - Causes damage to organs through prolonged or
repeated exposure.

H412 - Harmful to aquatic life with long-lasting effects

Salamon’s Metalen B.V.

DIN: SFCu - ECu57 industriepijp

Solid

34.F-0-221 (Bio Characterisation Laboratory) cabinet
7440-50-8

H411 - Toxic to aquatic life with long lasting effects
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1.2.

Equipment
MagneTherm from Nanotherics +
accessories
Infrared camera + accessories
Laptop/computer
Sonicate machine
Wire cutters
Tweezers
Air extraction tube/fume hood

Labware
Eppendorf tubes
beakers
Petri dishes
Pipet

Personal protection equipment
Lab coat
Disposable gloves, Nitrile
Safety glasses

Equipment
MagneTherm from Nanotherics +
accessories
Infrared camera + accessories
Laptop/computer
Sonicate machine
Wire cutters
Tweezers
Air extraction tube/fume hood
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2. Procedure

2.1 Preparing the samples

The samples undergo preparation within the Bio-Functionalization laboratory. Adherence to safety
protocols is imperative within this laboratory setting, necessitating the use of a lab coat at all times
while working in this area. Additionally, the mandatory utilization of disposable gloves is enforced
when handling substances. Given the use of wire cutters, the mandatory use of eye protection or
safety goggles is enforced during the manipulation of specimen materials. These materials are
systematically reduced to the required size using wire cutters and subsequently stored in hermetically
sealed zip-bags.

Following the cutting process, each specimen undergoes individual rinsing within beakers containing
isopropanol alcohol. During this rinsing step, the use of eye protection is once again obligatory, and
caution must be exercised to avoid proximity to open flames and other potential heat sources, while
also refraining from inhaling isopropanol fumes. It is recommended to carry out this process in a well-
ventilated area.

Subsequent to the isopropanol alcohol rinse, the specimens are subjected to a 5-minute sonication
process within the same isopropanol alcohol-filled beaker. Following sonication, the used isopropanol
is appropriately disposed of in the designated "waste without halogens" container. The specimens are
then rinsed in a beaker containing demi water and subjected to an additional 5minute sonication. The
contaminated demi water resulting from this step is also disposed of in the "waste without halogens"
container.

Upon completion of the cleaning procedures, the specimens are left to air dry on a paper towel.
Ensure to affix a warning note prominently as the specimens undergo the air-drying process, alerting
other laboratory users to potential risks.



2.2 Performing the experiment
When operating the MagneTherm, familiarize yourself with the instruction manual prior to usage,

and take heed of the subsequent warnings:

Do not operate this equipment or approach within two meters if you are wearing a heart pacemaker
or other implanted bio-medical device with high voltage!

The unit contains hazardous and potentially lethal voltages. There is an interlock system that prevents
the unit from operating unless the Front panel and Lid are in place. Do not attempt to bypass this
interlock or operate the unit without the front panel and lid fixed in position.

Do not heat samples in closed containers as they may rupture due to steam or gas build-up

Do not place metallic objects in the sample aperture of the magneTherm. Be especially careful not to
bring rings, bracelets, watches, etc. close to the aperture or near any external coils—metal will heat
VERY rapidly!

Do not switch off the power at the end of your experiment without first returning the DC Power Supply
voltage setting to zero.

Protocol: MagneTherm Coil Setup and Operation in the Bio Characterisation Laboratory

Objective:

Ensure safe and controlled operation of the MagneTherm with specific attention to the coil setup in
the Bio Characterisation Laboratory.

Coil Setup Options:

The MagneTherm provides three coil setup options: two internal and one external. To mitigate risks
and prevent hazards, the following protocol is established.

Safety Precautions:

a. Warning Sign Placement: Affix a warning sign on the door of the Bio Characterisation
Laboratory to alert individuals about the generated magnetic field.

b. Machine Activation: Turn on the MagneTherm following the labelled order on the
equipment itself.

C. Ensure at least one experienced person with knowledge of MagneTherm operations
is present in the room during machine activation.

d. Magnetic Field Generation: Once activated, a magnetic field is generated around the
coil.

Machine Tuning:

a. Always tune the machine before use.
b. Double-check that both the capacitor set and coil match with the settings in the
software.

Specimen Placement:

a. For the internal coil option, place specimens in Eppendorf tubes.
b. For the external coil option, use a petri dish.
C. Containers must not be completely sealed to prevent explosion hazards.



Safety Gear:

a. Wear a lab coat and disposable gloves during testing.
b. For experiments involving CoCr alloys and Tantalum specimens, safety glasses are
mandatory.

Temperature Monitoring:

a. Heat generated during testing can be observed using heat probes or a thermal
camera.

b. If temperatures exceed 200 °C, turn off the device by clicking the stop button in the
software.

C. Expected maximum temperatures are around 120 °C; all specimens are stable within
this limit.

Fume Extraction:

For testing with stainless steel, CoCr alloys, and Tantalum, place an air extraction tube over the test
setup to extract potential fumes.

Safety Signage:

Hang a safety sign on the door when the MagneTherm is in operation (available in the protocol
folder).

By strictly adhering to this protocol, the safe utilization of the MagneTherm in the Bio
Characterisation Laboratory is ensured, minimizing potential risks and promoting a secure laboratory
environment.

It is crucial to underscore the following guidelines for handling materials outlined in this protocol:

* Refrain from inhaling or ingesting any substances listed in the materials.

* Avoid exposing materials to open flames under any circumstances.

*  Extract the fumes, particularly when working with CoCr, Stainless Steel, and
Tantalum.

*  Wear the designated Personal Protective Equipment (PPE) for enhanced safety.

3. Disposal
. Organic solvents (isopropanol) used for cleaning should be disposed of in the organic
waste without halogens container.
. All chromium-containing waste must go into the acidic and neutral inorganic waste.
4, Transportation

Specimens should be transported in sealed zip bags at all times.

5. Safety Category

This experiment protocol involves materials with certain health hazards and involves high current
devices as well as a generated high frequency (low amplitude) alternating magnetic field. | would
categorize this experiment as Category 2.



CATEGORY 1 CATEGORY 2 CATEGORY 3

zero risk low risk high risk

OFFICE HOURS

8:00-17:00

OUTSIDE OFFICE HOURS

not permitted

17:00 - 8:00 and weekends

Material Safety Data Sheets

Compact Safety Data Sheets (SDS) for each material referenced in this protocol are available in the
appendix. For comprehensive information, including supplier data sheets and complete material safety
data sheets, refer to the same folder as this protocol.



DISPOSAL CATEGORIES

FOR
LIQUID LABORATORY WASTE

ACIDIC AND NEUTRAL INORGANIC WASTE CATEGORY |
° Inorganic acids

e.qg.: hydrochloric acid, phosphoric acid, nitric acid,
. Metallic ions in agueous solution
e.g.: zinc, copper, lead, nickel

—

ALKALINE INORGANIC WASTE CATEGORY Il
. Inorganic hydroxides

e.g.: potassium hydroxide, sodium hydroxide
. Ammonia solution

° Sodium hypochlorite

ORGANIC WASTE WITHOUT HALOGENS CATEGORY lli

. Solvents without halogens
e.g.: acetone, ethanol

. Organic acids and bases

e.g.: acetic acid, methyl amine

CATEGORY IV
ORGANIC WASTE WITH HALOGENS

. Solvents with halogens
(contains: fluorine, chlorine, bromine, iodine)
e.g.: chloroform, dichloromethane

. Write the chemical name of your waste on the
cardboard tag
° Do not overfill the waste container (max 80%)

o When full, replace the container. Make sure it has
the correct waste category label. Place the funnel on

WASTE the empty container and the cap on the full one;
- don’t close it completely so that gas could escape.
CATEGORY ) y
Send email to m.a.leeflang@tudelft.nl with header

“waste container full”.




Chemwatch: 66-56739

MINI SDS

Chemwatch Hazard Alert Code:

Considered a hazardous mixture according to Reg. (EC) No 1272/2008 and their amendments. Not classified as Dangerous Goods for transport purposes.

316L Stainless Steel

INGREDIENTS

chromium
iron
nickel

molybdenum

X3
ESGNT

UN No: Not Applicable

DG Class: Not
Applicable

Subsidiary Risk: Not

Applicable

Packing Group: Not

Applicable

HEALTH HAZARD INFORMATION

Signal word:

Hazard
statement(s):

Danger

H317 May cause an allergic skin reaction.

H351 Suspected of causing cancer.

Causes damage to organs through prolonged
H372 o repeated exposure.

H412 Harmful to aquatic life with long lasting effects.

PRECAUTIONS FOR USE

O0CHO

Glasses:

Consider chemical goggles.

CAS NO
7440-47-3
7439-89-6
7440-02-0

7439-98-7

Gloves:

Respirator:

Storage and
Transportation:

Fire/Explosion
Hazard:

PROPERTIES

Solid.

EMERGENCY

¢

FIRST AID

Swallowed:

Skin:

Inhaled:

Advice To
Doctor:

Fire Fighting:

Spills and
Disposal:

% 8HR OEL
10-30 0.5 mg/m3
>60 -
10-30 -
1-10 -

Leather Gloves.

Type -P Filter of sufficient capacity. (AS/NZS 1716 &
1715, EN 143:2000 & 149:2001, ANSI Z88 or national
equivalent)

Store in cool, dry, protected area. Keep locked up.
Keep out of reach of children. Keep away from living
quarters.

Toxic smoke/fumes in a fire. In case of fire and/or
explosion, DO NOT BREATHE FUMES.

Give water (if conscious). Seek medical advice.

Remove contaminated clothing. Wash with soap &
water.

Fresh air. Rest, keep warm. If breathing shallow, give
oxygen. Medical attention.

Treat symptomatically. Supportive care. "metal fume
fever". Remove from exposure. Treatment is
supportive.

Dry agent. Do NOT fight fire with BCF extinguisher. Do
NOT fight fire with water.

Avoid dust. Sweep shovel to safe place. This material
and its container must be disposed of in a safe way. To
clean the floor and all objects contaminated by this
material, use water and detergent.

Chemwatch:
Print Date:
Issue Date:

This document is copyright. Apart from any fair dealing for the purposes of private study, research, review or criticism, as permitted under the Copyright Act, no part may be reproduced by
any process without written permission from CHEMWATCH. TEL (+61 3) 9572 4700



SAFE STORAGE WITH OTHER CLASSIFIED CHEMICALS
+

X — Must not be stored together

0 — May be stored together with specific preventions

+ — May be stored together

Note: Depending on other risk factors, compatibility assessment based on the table
above may not be relevant to storage situations, particularly where large volumes of
dangerous goods are stored and handled. Reference should be made to the Safety
Data Sheets for each substance or article and risks assessed accordingly.

66-56739
17/11/2023
23/12/2022

GHS

Chemwatch: 11-91313

DG

MINI SDS

Chemwatch Hazard Alert Code:

PRECAUTIONS FOR USE

Glasses:

Respirator:

Storage and
Transportation:

Fire/Explosion
Hazard:

Environment:

PROPERTIES

FETTS 0GOS0

Consider chemical goggles.

Type -P Filter of sufficient capacity. (AS/NZS 1716 &
1715, EN 143:2000 & 149:2001, ANSI Z88 or national
equivalent)

Store in cool, dry, protected area. Keep out of reach of
children.

Toxic smoke/fumes in a fire.

Harmful to aquatic organisms.

g Solid. Does not mix with water.

EMERGENCY

FIRST AID

Considered a hazardous substance according to Reg. (EC) No 1272/2008 and its amendments. Not classified as Dangerous Goods for transport purposes.

COBALT-CHROMIUM ALLOY
INGREDIENTS

cobalt-chromium alloy

UN No: Not Applicable
DG Class: Not
Applicable

Subsidiary Risk: Not
Applicable

Packing Group: Not
Applicable

HEALTH HAZARD INFORMATION

Signal word: Danger
H317 May cause an allergic skin reaction.
Hazard W33 May cause allergy or asthma symptoms or
statement(s):

breathing difficulties if inhaled.

H351 Suspected of causing cancer.

CAS NO

11114-92-4
Swallowed:

Eye:

Skin:

Inhaled:

Advice To
Doctor:

Fire Fighting:

Spills and
Disposal:

% 8HR OEL

>98 0,005 mg/m3

Give water (if conscious). Seek medical advice.
Wash with running water.

Remove contaminated clothing. Wash with soap &
water.

Fresh air. Rest, keep warm. If breathing shallow, give
oxygen. Medical attention.

Supportive care. "metal fume fever". Remove from
exposure. Treatment is supportive.

Dry agent. Do NOT fight fire with BCF extinguisher. Do
NOT fight fire with water.

Avoid dust. Sweep shovel to safe place. This material
and its container must be disposed of in a safe way. To
clean the floor and all objects contaminated by this
material, use water and detergent.

Chemwatch:
Print Date:
Issue Date:

This document is copyright. Apart from any fair dealing for the purposes of private study, research, review or criticism, as permitted under the Copyright Act, no part may be reproduced by

any process without written permission from CHEMWATCH. TEL (+61 3) 9572 4700.



SAFE STORAGE WITH OTHER CLASSIFIED CHEMICALS

X — Must not be stored together

0 — May be stored together with specific preventions

+ — May be stored together

Note: Depending on other risk factors, compatibility assessment based on the table
above may not be relevant to storage situations, particularly where large volumes of
dangerous goods are stored and handled. Reference should be made to the Safety
Data Sheets for each substance or article and risks assessed accordingly.

11-91313
17/11/2023
02/06/2023

GHS DG

Chemwatch: 13583

Chemwatch Hazard Alert Code:

PRECAUTIONS FOR USE

OO©GOE

Appropriate
engineering  o,qral Exhaust Ventilation adequate.
controls:
Glasses: Consider chemical goggles.
Type -P Filter of sufficient capacity. (AS/NZS 1716 &
Respirator: 1715, EN 143:2000 & 149:2001, ANSI Z88 or national

equivalent)

Storage and

Transportation:  Store in cool, dry, protected area.

Fire/Explosion

Hazard:  Toxic smoke/fumes in a fire.

PROPERTIES

Solid. Mixes with water.Combustible.

FIRST AID

Not considered a hazardous substance according to Reg. (EC) No 1272/2008 and its amendments. Not classified as Dangerous Goods for transport purposes.

GELATINE
INGREDIENTS

gelatine

UN No: Not Applicable

DG Class: Not

Applicable

Not ApplicableSubsidiary Risk: Not
Applicable

Packing Group: Not

Applicable

HEALTH HAZARD INFORMATION

Signal word:

Hazard

statement(s):  Not Available

This document is copyright. Apart from any fair dealing for the purposes of private study, research, review or criticism, as permitted under the Copyright Act, no part may be reproduced by

any process without written permission from CHEMWATCH. TEL (+61 3) 9572 4700.

CAS NO % 8HR OEL
9000-70-8 100 -
Swallowed: Rinse mouth with water.

Wash with running water. For discomfort seek medical
Eye:  advice.

Remove contaminated clothing. Wash with soap &

Skin:  water.
Inhaled: Fresh air. Rest, keep warm.
Advice To
Doctor: Treat symptomatically.
Fire Fighting: Water spray/ fog.
Spills and Eliminate ignition sources. Avoid dust. Sweep shovel to

Disposal: safe place.

Chemwatch:
Print Date:
Issue Date:



SAFE STORAGE WITH OTHER CLASSIFIED CHEMICALS

$SESBS

X — Must not be stored together

0 — May be stored together with specific preventions

+ — May be stored together

Note: Depending on other risk factors, compatibility assessment based on the table
above may not be relevant to storage situations, particularly where large volumes of
dangerous goods are stored and handled. Reference should be made to the Safety

Data Sheets for each substance or article and risks assessed accordingly.

GHS DG

Chemwatch: 35478

MINI SDS

13583
17/11/2023
20/06/2022

PRECAUTIONS

006

Glasses:

Respirator:

Storage and
Transportation:

Fire/Explosion
Hazard:

PROPERTIES

EMERGENCY

FIRST AID

Chemwatch Hazard Alert Code:

FOR USE

©0

Consider chemical goggles.

Type -P Filter of sufficient capacity. (AS/NZS 1716 &
1715, EN 143:2000 & 149:2001, ANSI Z88 or national
equivalent)

Store in cool, dry, protected area. Keep out of reach of
children.

Toxic smoke/fumes in a fire.

Solid. Does not mix with water. Sinks in water.

Not considered a hazardous substance according to Reg. (EC) No 1272/2008 and its amendments. Not classified as Dangerous Goods for transport purposes.

IRON

INGREDIENTS

iron, powder

UN No: Not Applicable

DG Class: Not

Applicable

Not ApplicableSubsidiary Risk: Not
Applicable

Packing Group: Not

Applicable

HEALTH HAZARD INFORMATION

Signal word:

Hazard
statement(s):  Not Available

CAS NO
7439-89-6
Swallowed:
Eye:

Skin:

Inhaled:

Advice To
Doctor:

% 8HR OEL
>99 -

Rinse mouth with water.

Wash with running water.

Wash with soap

Fresh air. Rest, keep warm. If breathing shallow, give
oxygen. Medical attention.

Treat symptoms NOT history. Emesis. Deferoxamine
may be antidotal. Supportive care. "metal fume fever".
Remove from exposure. Treatment is supportive.

Chemwatch:
Print Date:
Issue Date:

This document is copyright. Apart from any fair dealing for the purposes of private study, research, review or criticism, as permitted under the Copyright Act, no part may be reproduced by
any process without written permission from CHEMWATCH. TEL (+61 3) 9572 4700.



Chemwatch Hazard Alert Code:

Dry agent. Do NOT fight fire with BCF extinguisher. Do

Fire Fighting: NOT fight fire with water.
Spills and Avoid dust. Sweep shovel to safe place. This material
Disposal: and its container must be disposed of in a safe way.

SAFE STORAGE WITH OTHER CLASSIFIED CHEMICALS
<&> ’% ‘& ‘& ‘@ <:> ’ﬂ
+ + + + + + +

X — Must not be stored together

0 — May be stored together with specific preventions

+ — May be stored together

Note: Depending on other risk factors, compatibility assessment based on the table
above may not be relevant to storage situations, particularly where large volumes of
dangerous goods are stored and handled. Reference should be made to the Safety
Data Sheets for each substance or article and risks assessed accordingly.

35478
17/11/2023
23/12/2022

Chemwatch:
Print Date:
Issue Date:

This document is copyright. Apart from any fair dealing for the purposes of private study, research, review or criticism, as permitted under the Copyright Act, no part may be reproduced by
any process without written permission from CHEMWATCH. TEL (+61 3) 9572 4700.



Chemwatch: 1219

ISOPROPANOL

INGREDIENTS

isopropanol

GHS DG
UN No: 1219
DG Class: 3
Subsidiary Risk: Not
Applicable

Packing Group: Il

form explosive peroxides.

E@

Signal word:

Hazard
statement(s):

CAS NO

67-63-0

PROPERTIES

EMERGENCY

HEALTH HAZARD INFORMATION

Danger

H225 Highly flammable liquid and vapour.
H319 Causes serious eye irritation.

H336 May cause drowsiness or dizziness.

PRECAUTIONS FOR USE

OO OB OIS

Appropriate
engineering
controls:

Glasses:

Gloves:

Respirator:

Storage and
Transportation:

Fire/Explosion
Hazard:

Local Exhaust Ventilation recommended.

Consider chemical goggles.
1.NITRILE+PVC 2.PE/EVAL/PE

Type A Filter of sufficient capacity. (AS/NZS 1716 &
1715, EN 143:2000 & 149:2001, ANSI Z88 or national
equivalent)

Store in cool, dry, protected area. Restrictions on
Storage apply. Refer to Full Report. Keep out of reach
of children. Keep container in a well ventilated place.
Keep away from sources of ignition. No smoking.
Handle and open container with care.

HIGHLY FLAMMABLE. Vapours/gas heavier than air.
Toxic smoke/fumes in a fire. In case of fire and/or
explosion, DO NOT BREATHE FUMES.

E H "‘©l‘

Swallowed:
Eye:
Skin:
Inhaled:
Advice To
Doctor:
Fire Fighting:
Spills and
Disposal:

Chemwatch Hazard Alert Code:

% 8HR OEL

>99 -

Liquid. Mixes with water.Highly flammable. May

FIRST AID
Give water (if conscious). Seek medical advice.
Wash with running water.
Wash with soap

Fresh air. Rest, keep warm. If breath shallow, give
oxygen. Medical attention.

Severe exposure indicated by respiratory
distress/hypotension Managements is essentially
supportive.

Keep containers cool. Water spray/ fog. Foam - alcohol
type.

Eliminate ignition sources. Consider evacuation.
Prevent from entering drains. Contain spillage by any
means. Control vapour with water spray/ fog. Absorb
with dry agent. Stop leak if safe to do so. This material
and its container must be disposed of in a safe way. To
clean the floor and all objects contaminated by this
material, use water.

SAFE STORAGE WITH OTHER CLASSIFIED CHEMICALS

+ — May be stored together

+ X + + +

CROR RO

Must not be stored together

0 — May be stored together with specific preventions

Note: Depending on other risk factors, compatibility assessment based on the table above may not be relevant to storage situations, particularly where large volumes of dangerous goods
are stored and handled. Reference should be made to the Safety Data Sheets for each substance or article and risks assessed accordingly.

Chemwatch:
Print Date:
Issue Date:

This document is copyright. Apart from any fair dealing for the purposes of private study, research, review or criticism, as permitted under the Copyright Act, no part may be reproduced by
any process without written permission from CHEMWATCH. TEL (+61 3) 9572 4700



Chemwatch: 65527

Chemwatch Hazard Alert Code:

1219
17/11/2023
23/12/2022

Not considered a hazardous substance according to Reg. (EC) No 1272/2008 and its amendments. Not classified as Dangerous Goods for transport purposes.

PEEK
INGREDIENTS

PEEK

GHS DG
UN No: Not Applicable
DG Class: Not
Applicable
Not ApplicableSubsidiary Risk: Not
Applicable
Packing Group: Not
Applicable

HEALTH HAZARD INFORMATION

Signal word:

Hazard
statement(s):

PRECAUTIONS FOR USE

OO OGO

Not Available

Appropriate
engineering 5., eral Exhaust Ventilation adequate.
controls:
Glasses: Consider chemical goggles.
Type A-P Filter of sufficient capacity. (AS/NZS 1716 &
Respirator: 1715, EN 143:2000 & 149:2001, ANSI Z88 or national

equivalent)

Storage and

Transportation:  Store in cool, dry, protected area.

Fire/Explosion

Hazard:  Toxic smoke/fumes in a fire.

CAS NO % 8HR OEL
29658-26-2 >98 -
PROPERTIES

Solid. Does not mix with water. Sinks in water.Combustible.

EMERGENCY

FIRST AID

Swallowed: Rinse mouth with water.
Wash with running water. For discomfort seek medical
Eye:  advice.

Wash with soap For burns: Apply cold water. Do NOT
Skin: femove clothes from area. Cover wound. NO
" OINTMENTS.

Inhaled: Blow nose. Rinse mouth with water.
Advice To
Doctor:  Treat symptomatically.
Fire Fighting: Foam.
Spills and Eliminate ignition sources. Avoid dust. Sweep shovel to
Disposal: safe place.

SAFE STORAGE WITH OTHER CLASSIFIED CHEMICALS

POOOPLO

together
0 — May be stored together with specific preventions

x —
Must
not be
stored

+ — May be stored together

Note: Depending on other risk factors, compatibility assessment based on the table above
may not be relevant to storage situations, particularly where large volumes of dangerous
goods are stored and handled. Reference should be made to the Safety Data Sheets for
each substance or article and risks assessed accordingly.

Chemwatch:
Print Date:
Issue Date:

This document is copyright. Apart from any fair dealing for the purposes of private study, research, review or criticism, as permitted under the Copyright Act, no part may be reproduced by

any process without written permission from CHEMWATCH. TEL (+61 3) 9572 4700



Chemwatch Hazard Alert Code:

65527 10/10/2019
17/11/2023
Chemwatch: 32353

TANTALUM

AN UN No: 3089
: : ’
4

HEALTH HAZARD INFORMATION

INGREDIENTS CAS NO % 8HR OEL
tantalum 7440-25-7 >98 -
GHS DG PROPERTIES
DG Class: 4.1
Subsidiary Risk: Not
Applicable Solid. Does not mix with water. Sinks in water.Highly flammable. Packing Group: I
EMERGENCY
FIRST AID
Signal word: Danger @
H228 Flammable solid.
H315 Causes skin irritation.
Hazard
statement(s): H319  Causes serious eye irritation.
H335 May cause respiratory irritation.
Chemwatch:
Print Date:
Issue Date:

This document is copyright. Apart from any fair dealing for the purposes of private study, research, review or criticism, as permitted under the Copyright Act, no part may be reproduced by

any process without written permission from CHEMWATCH. TEL (+61 3) 9572 4700.



PRECAUTIONS FOR USE

0000

Glasses:

Respirator:

Storage and
Transportation:

Fire/Explosion
Hazard:

SAFE +

%

Swallowed:
Eye:
Skin:
Consider chemical goggles.
Inhaled:
Type -P Filter of sufficient capacity. (AS/NZS 1716 &
1715, EN 143:2000 & 149:2001, ANSI Z88 or national .
: Advice To
equivalent)
Doctor:
Store in cool, dry, protected area. Keep out of reach of
children. Keep container tightly closed. Keep container Fire Fighting:
dry.
HIGHLY FLAMMABLE. Toxic smoke/fumes in a fire. In
case of fire and/or explosion, DO NOT BREATHE
FUMES. Spills and
Disposal:
X + X + + +

SLOPLE

X — Must not be stored together

0 — May be stored together with specific preventions

+ — May be stored together

Chemwatch Hazard Alert Code:

Rinse mouth with water.
Wash with running water.

Remove contaminated clothing. Wash with soap &
water.

Fresh air. Rest, keep warm. If breath shallow, give
oxygen. Medical attention.

Supportive care. "metal fume fever". Remove from
exposure. Treatment is supportive.

Foam. Dry agent. Do NOT fight fire with BCF
extinguisher. Do NOT fight fire with water.

Eliminate ignition sources. Avoid dust. Prevent from
entering drains. Contain spillage by any means. Sweep
shovel to safe place. Never spray with water. This
material and its container must be disposed of in a safe
way. To clean the floor and all objects contaminated by
this material, use water and detergent.

STORAGE WITH OTHER CLASSIFIED CHEMICALS

Note: Depending on other risk factors, compatibility assessment based on the table above may not be relevant to storage situations, particularly where large volumes of dangerous goods
are stored and handled. Reference should be made to the Safety Data Sheets for each substance or article and risks assessed accordingly.
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Chemwatch: 18-3811

WERKPLEKINSTRUCTIEKAART (MINI SDS)

Chemwatch Gevaar Alarm Code: 2

Niet beschouwd als een gevaarlijke stof volgens Reg. (EG) nr. 1272/2008 en de bijbehorende amendementen. Niet geclassificeerd als gevaarlijke goederen voor

transportdoeleinden.

TITANIUM VANADIUM METAL ALLOYS

INGREDIENTEN

titanium vanadium metal alloys

GHS DG

UN-Nr.: Niet van
Toepassing Transportklasse: Niet van Toepassing
Niet van Toepassing
Secundair Risico: Niet van Toepassing Verpakkingsgroep: Niet van
Toepassing

INFORMATIE MBT GEZONDHEIDSRISICO'S

Signaalwoord:

Gevarenaanduiding:  Niet Beschikbaar

Voorzorgsmaatregelingen voor het gebruik

OGCH

Bril:  Chemische veiligheidsbril.

Handschoenen: Leren handschoenen.

Particulate Filter met voldoende
capaciteit. (AS /NZS 1716 &
1715, EN 143:2000 en 149:001,
ANSI Z88 of nationaal equivalent)

Ademhalingstoestel:

Sla op koele, droge, beschermde
plaats op. Buiten bereik van
kinderen bewaren.

Opslag en transport:
BRAND-/ONTPLOFFINGSGEVAAR:

Schadelijk voor in het water
Milieu:  |evende organismen.

KENMERKEN

Vaste stof.

Giftige rook/dampen in een brand.

CAS NR % 8HR OEL

Niet Beschikbaar >98 -

NOODSITUATIE

Geef water (indien bij bewustzijn) Raadpleeg

INSLIKKEN:  een arts.

Oog: Was met stromend water.
Huid:  Was met water en zeep.

Frisse lucht. Rusten, warm houden. Indien
oppervlakkige ademhaling, zuurstof toedienen.
Medische zorg.

Inademen:

Behandel de symptomen. Behandel de
symptomen, NIET de geschiedenis. Laten
braken. Deferoxamine is een mogelijk tegengif.

advies voor de arts:

Bluspoeder. NIET blussen met een BCF (halon)

BRANDBESTRIJDING:  prandblusser. NIET blussen met water.

Vermijd stof. Veeg/schuif naar een veilige
plaats. Deze stof en de verpakking op veilige
wijze afvoeren.

Opruimen van
gemorst materiaal:

VEILIGE OPSLAG MET ANDERE GEKLASSEERDE
CHEMICALIEN

POOOeLO

X — Niet bij elkaar opslaan
— Kan bij elkaar opgeslagen worden na het treffen van specificke

0

voorzorgsmaatregelen

+ — Kan bij elkaar opgeslagen worden

Opmerking: Afhankelijk van andere risicofactoren is het mogelijk dat
compatibiliteitsbeoordeling op basis van bovenstaande tabel niet relevant is voor
opslagsituaties, met name wanneer grote hoeveelheden gevaarlijke goederen worden
opgeslagen en gehanteerd. Verwijs naar de veiligheidsinformatiebladen voor elke stof of
elk voorwerp en beoordeel de risico's dienovereenkomstig.

Chemwatch: 18-3811
Afdrukdatum: 17/11/2023
Publicatiedatum: 20/06/2022

Dit document valt onder het auteursrecht. Afgezien van gebruik voor privéstudie, onderzoek of recensie, zoals beschreven in de Auteurswet, mag geen enkel deel op welke wijze dan ook
worden vermenigvuldigd zonder schriftelijke toestemming van CHEMWATCH. TEL (+61 3) 9572 4700.



Chemwatch: 2878-3

TITANIUM
UN No: 2546
DG Class: 4.2
Subsidiary Risk: Not
Applicable
Packing Group: I
Signal word:
Flammable solid.
Hazard
statement(s):
Self-heating: may catch fire.
INGREDIENTS CAS NO % 8HR OEL
titanium 7440-32-6 >95 -
GHS PROPERTIES

Solid. Does not mix with water. Sinks in water.Highly flammable. Liable to spontaneous ignition. Spontaneously flammable in air.

HEALTH HAZARD INFORMATION

EMERGENCY



FIRST AID

H,0 I

Swallowed: Rinse mouth with water. PRECAUTIONS FOR USE
Eye:  Wash with running water (15 mins). Medical attention. \’Tﬂ @
Flood body with water. Remove contaminated clothing.
) Wash with water For burns: Apply cold water. Do NOT Glasses: Consider chemical goggles.
Skin:  remove clothes from area. Cover wound. NO
OINTMENTS. Type -P Filter of sufficient capacity. (AS/NZS 1716 &
. . . Respirator: 171_5, EN 143:2000 & 149:2001, ANSI Z88 or national
Fresh air. Rest, keep warm. If breathing shallow, give equivalent)
Inhaled:  oxygen. Medical attention.
Store in cool, dry, protected area. Keep out of reach of
Treat symptomatically. Supportive care. "metal fume Storage and  children. Keep container tightly closed. Keep container
Advice To  fever". Remove from exposure. Treatment is Transportation:  dry.
Doctor:  supportive.
Fire/Explosion  HIGHLY FLAMMABLE. In case of fire and/or explosion,
) o Foam. Dry agent. Do NOT fight fire with BCF Hazard: DO NOT BREATHE FUMES.
Fire Fighting: extinguisher. Do NOT fight fire with water.
Eliminate ignition sources. Avoid dust. Prevent from
entering drains. Contain spillage by any means. Sweep
. shovel to safe place. Never spray with water. This
SP'"s and material and its container must be disposed of in a safe
Disposal:

way. To clean the floor and all objects contaminated by

this material, use water and detergent. SAFE STORAGE WITH OTHER CLASSIFIED CHEMICALS

POOLPTY

Note: Depending on other risk factors, compatibility assessment based on the table above may not
be relevant to storage situations, particularly where large volumes of dangerous goods are stored and handled. Reference should be made to the Safety Data Sheets for each substance or
article and risks assessed accordingly.

X — Must not be stored together
0 — May be stored together with specific preventions

+ — May be stored together

Chemwatch: 2878-3
Print Date: 17/11/2023
Issue Date:  20/06/2022

This document is copyright. Apart from any fair dealing for the purposes of private study, research, review or criticism, as permitted under the Copyright Act, no part may be reproduced by any
process without written permission from CHEMWATCH. TEL (+61 3) 9572 4700.

Chemwatch: 80-9381 Chemwatch Hazard Alert Code: 2

MINI SDS

Considered a hazardous mixture according to Reg. (EC) No 1272/2008 and their amendments. Not classified as Dangerous Goods for transport purposes.

AP&C Advanced Powders Spherical APA Ti-6Al-4V Powder (Coarse) Print

INGREDIENTS CAS NO % 8HR OEL
titanium 7440-32-6 >88.75 -
aluminium 7429-90-5 5.5-6.75 -
vanadium 7440-62-2 3.5-4.5 -

GHS DG



UN No: Not Applicable DG Class: Not
Applicable

Subsidiary Hazard: Not

Applicable

Packing Group: Not

Applicable

HEALTH HAZARD INFORMATION

A |

2

Signal word: Warning
Hazard May cause damage to organs through
statement(s):  H373 prolonged or repeated exposure.

PRECAUTIONS FOR USE

OGCHO

Glasses: Consider chemical goggles.
Gloves: Leather Gloves.
Type -P Filter of sufficient capacity. (AS/NZS 1716 &
Respirator: 1715, EN 143:2000 & 149:2001, ANSI Z88 or national

equivalent)

Store in cool, dry, protected area. Dispose of this
material and its container at hazardous or special
waste collection point. Keep out of reach of children.

Storage and
Transportation:

Toxic smoke/fumes in a fire. Dispose of this material
and its container at hazardous or special waste
collection point.

Fire/Explosion
Hazard:

PROPERTIES

Solid.

EMERGENCY

<Hof

FIRST AID

Swallowed:

Give water (if conscious). Seek medical advice.
Eye:  Wash with running water.
Wash with soap For burns: Apply cold water. Do NOT

Skin: 'emove clothes from area. Cover wound. NO
’ OINTMENTS.

Fresh air. Rest, keep warm. If breathing shallow, give

Inhaled:  oxygen. Medical attention.
Treat symptomatically. Supportive care. "metal fume
Advice To fever". Remove from exposure. Treatment is
Doctor:  supportive.
. L Dry agent. Do NOT fight fire with BCF extinguisher. Do
Fire Fighting: NOT fight fire with water.

Avoid dust. Sweep shovel to safe place. Dispose of
this material and its container at hazardous or special
waste collection point. This material and its container
must be disposed of in a safe way. To clean the floor
and all objects contaminated by this material, use
water and detergent.

Spills and
Disposal:

SAFE STORAGE WITH OTHER CLASSIFIED CHEMICALS
+ X + o + + +

X — Must not be stored together

0 — May be stored together with specific preventions

+ — May be stored together

Note: Depending on other risk factors, compatibility assessment based on the table
above may not be relevant to storage situations, particularly where large volumes of
dangerous goods are stored and handled. Reference should be made to the Safety Data
Sheets for each substance or article and risks assessed accordingly.
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Appendix IV: Step By Step Derivation of the Analytical Model *“Model 1”

d
VE————gﬁEdl —EffB-dA
e $E-dl > Line integral of the electric field around the closed loop. Also
known as the electric field induced in the loop
° - %ff B-dA > time derivative of the magnetic flux. The magnetic flux

through a closed loop bound a surface. “dA”.

1. Determine the heat production by multiplying the current density with the resistance
heat production. This is the heat production per meter. Now we can calculate the power
density e = j(t)?p

2. Derive the formula for the current density

JO=E@®)-o=0-" (—E'dt(ﬂol(t) te + By - sin (wt))) =
%(— (Wﬂ_ott> j(t) — (Tar> sin (wt)) Cy d]d( ) — Cyw cos(wt)
Uo OTty Byor
€1 = 7 2 = 2

C,—— Y (t) + j(t) = —C,wcos (wt) > first order differential equation > Solve with

integrating factor

fidt t
u(t) = e’ = e€1 - integrating factor

(O =
e C; It + j(t) | = —C,eC1wcos (wt)

d dv+ du ct ,
dtv u-udt vd 2 u=-el,v=j)

d{ Lt L
a(ecl + j(t)) = —C,eC1w cos(wt)

d( L L
J-E(ecl + j(t)) dt = f —CyeC1w cos(wt) dt

t t

t C,C,w?eCrwsin(wt) C,weCrw cos(wt)
etj(t) = — T - 5
Cfw?+1 Ciw? +1
C,C,w?sin(wt) C,wcos(wt _t
j(t)=—1222 (wt) 22 ( )+CeC1
Cfw?+1 Ctw? +1
C,C,w?sin(wt) C,w cos(wt _t _t
ji) =— 12 ( )— 2 ( )+Ce Ci,if t > oo,thanCe €1 -0

Ciw?+1 Ciw?+1
Find the amplitude and phase.



Cw
jt) =— w (Ciw sin(wt) + cos(wt))

Write in the form R - cos(wt + @), where “R” Is the Amplitude, and “¢” the Phase shift

Crow
jt) =— ﬁ (Cw sin(wt) + cos(wt))

R = sgn(a) -+v/a? + b2 > where R is the amplitude
@ = tan" (- 2) - where “@” Is the phase shift
sgn(a) = =1-ifa<0
sgn(a) = 1-ifa>0

C,Cyw? C,Cow? \° Co \

R = sgn CCo2+1) N\ CCwzr1 T\~ 2.7
fw*+1 Ciw*+1 Ciw*+1

Cz(l)
Ciw?+1
C1C2(1J2
Ciw?+1
a-cos(x)+ b -sin(x) =R -cos (x + @)

© = C,Crw? C,Cow% \ . Co \
S =S 292 1+ 1 CZw? + 1 CZw? + 1

Cz(l)
| CEw?+1 _

C,C,w?
Ciw?+1

C,Cow? C,2w?
= sgn . - cos (wt + tan 1 (C;w
g <C12w2+1> ,’wa2+1 ( (10))

Substitute C1&C; in the final equation.

@ = tan™!

*cos| wt + tan™

C,C,w? C,2w?
C

i(t) = sgn - cos(wt + tan~1(C -
j® g<63w2+1 22 + 1 (e (C10))

ord \ (Byor B 2
(Ho 2 ) ( 02 ) w* ( Ozar) w? U ordw
i = . . -1
j(t) = sgn FIC 2 cos| wt + tan ( > )
(%) w2 +1 (%) w2+ 1

_ Uo AByo?r?w? BZo2%r2w? (o ordw
j(t) = sgn . 0 - cos| wt + tan™?! (—)
pdo?rid?w? + 4 pdo?rid?w? +4 2



1 dB(t)

3. Derive formula for the electric field > E(t) = — T
1_dB(t) _ :
Et)= —sr—== —5 E(Mol(t) tn + B - sin (wt))

.th-dl ff dA——— B-dA

¢E -dl > E [ dl -» E = uniform/contstant
fdl = | = 2nr - for a circle, the circumference

SE -dl > E2nr > for a cylinder

d d
—d—ff B-dA - —&BJ‘ dA —» B = uniform/contstant

[f dA = A = nr?-> for a circle
—2(B-dA=-LBnr? > foracirde
at™ at

d
E2nr = ——B nr?
dt

1 dB

4. Derive formula for the magnetic field > B(t) = ug j(t) t; + By - sin (wt)

B(t) = Binduceda + Bexternat

%Binduced dl = py fjj'dA

Binducea ' L = poj (O)t:L
Binducea = Hoj (H)t:

Bexternar = Bo " sin (wt)

Bexterna/
<+ +—
+— +— <+—
PN
AN ) l
B/nduced
“— —> <+ —>
r
<+ —> <+ ¢
P Py
Z 9.9) (X
Ttn



Appendix V: Analytical "Model 1” Python Code

import numpy as np

import sympy as sm

import sympy.physics.mechanics as me
from scipy.integrate import quad
import pandas as pd

# Define print settings
me.init vprinting(use latex='mathjax')

# Create an empty list to store the data
data = []

# Define symbols
t = me.dynamicsymbols. t

sigma, rho, C, k, x = sm.symbols('sigma rho C k x')

# Define constants

r outer = #outer radius of the tube [m]

r inner = # inner radius of the tube [m]

r tube = (r outer + r inner)/” # average radius of tube in [m]

d = # thickness of tube in [m]

L = # length of the tube in [m]

volume specimen = np.pi * (r outer**2 - r inner**2) * L # volume of
the specimen in [m"3]

t exp = 300 # exposure time in [s]

mu 0 = 4e-7 * np.pi # permeability of free space [N/A"2]

# Surrounding medium constants

C water = 4184 # specific heat capacity of water in [J/ (kg*K)]
density water = 998.2 # [kg/m"3]

volume water = 3.15e-6 # volume of water in [m"3]

mass water = density water * volume water # mass of the water in

[kg]

# Materials properties

materials = |

{'name': 'Copper SFCu - ECu', 'sigma': 1/(2.14e-8), 'rho': 8683,
'c': 385, 'k': 388},

{'name': 'Low Carbon Steel ST37', 'sigma': 1/(1.54e-7), 'rho':
7892, 'C': 461, 'k': 76.2}%,

{'name': 'Stainless Steel 316L', 'sigma': 1/(7.48e-7), 'rho':
7942, 'C': 500, 'k': 16.3},

{'name': 'Ti grade 2', 'sigma': 1/(4.64e-7), 'rho': 4614, 'C':

523, 'k': 16.4},
]

frequencies = [103.5e3, 155.3e3, 262.7e3, 371.6e3, 601.6e3] #
frequencies in [Hz]
Field strengths = [2e-3, 4e-3, 8e-3] # field strengths in [T]

# Loop over materials, frequencies, and field strengths
for material in materials:
for freq in frequencies:



for B 0 in Field strengths:
sigma val = material['sigma']
rho val = material['rho']
C val = material['C']
k val material['k']

omega = 2 * np.pi * freq

Critical Frequency = 2/(mu 0 * sigma val * d *
r tube)/2*np.pi

# Calculate current density

j = -(B 0 * sigma val * r tube * 0.5 * omega) / ((((mu O
* sigma val * r tube * d * 0.5)**2) * omega**2 + 1)**0.5) *
sm.cos (omega * t + sm.atan(-1 / mu 0 * sigma val * r tube * d * 0.5
* omega) )

# Calculate power density

p = (3J**2) / sigma val

# Calculate average power density

p _av = (sm.integrate(p, (t, 0, t exp))) / t _exp

# Calculate power of specimen

P spec = p av * volume specimen

# Calculate the energy produced by the specimen

E spec = P spec * t exp

# Calculate the temperature rise of the specimen
including the water surrounding it

dT min = E spec / ((C _val * volume specimen * rho val) +
(C_water * mass water)) # minimal temperature increase

# Append numerical results to data list including
Critical Frequency

data.append([material['name'], float (sigma val),
float (E _spec), float (P _spec), float(dT min), freq / 1000, B 0 *
1000, float(Critical Frequency)])

# Print statement with formatted Critical Frequency

print ("{:<25} {:<15.2e} {:<20} {:<20} {:<20} {:<20.1f}
{:<20.1f} {:<20.2f}".format (material['name'], sigma val, '%.2f' %
E spec, '%.2f' % P spec, '%.2f' % dT min, freq / 1000, B 0 * 1000,
Critical Frequency))

# Create dataframe

df = pd.DataFrame (data, columns=["Material", "Sigma", "Energy (J)",
"Average Power (W)", "Temperature Rise (°C)", "Frequency (kHz)",
"Field Strength (mT)", "Critical Frequency"])

# Write and save the Excel file
with pd.ExcelWriter ('Specimen data.xlsx', engine='openpyxl') as
writer:

df.to_excel (writer, index=False, sheet name='Specimen Data')

print ("Data exported to Excel sheet successfully.")



[/ FEREEEK KKK AAALAA*K* FreeFEM++ Simple electrostatic problem ******%
// Induced current in hollow cylinder with uniform oscillating field
// parallel to long axis

// http://www.freefem.org/ff++/ for software and manual

// Simplest way to run is from command line:

// $ FreeFemt+ electrostatic example.edp

// Also interactive environments exist, try FreeFem-cs for example.
// Leon Abelmann, Apr 2024

// R R I 4 b e i b b b b S b db b 2h b db b 2 dh b g Sb I Jb S 2h b dh b b dh b R db b db Sh I dh Sh I dh b b dh b db db b 2b Sh I db S 3

// KAAKA A KA A A A A AKX KKK Geometry definition Rk b b b b b b b b b b b b b I b b b b b b O 3

// Dimensions of problem

// Simulation area, cylindrical coordinates
real hO = 60; //height (mm)

real rO0 = 20; // radius (mm)

// Cylinder

real h = 40; // Height of cylinder (mm)

real ri = 1.5; // Radius of inner wall of cylinder (mm)

real ro = 2.0; // Radius of outer wall

real sigma = 1/ (4.64e-7); // Conductivity of CP Ti Gr.2 (1/0Ohm.m)
real BO = 2e-3; // Uniform magnetic field BO*exp (i*omega*t)
real omega = 601e3*2*pi; // Drive frequency in rad/s

// Simulation parameters
real s = 15; // Mesh refinement
wait = false;

// Auxlilary variables
real muO = (4e-7)*pi;
real k = omega*sigma*mul * le-6; // muO*sigma*omega in /mm2

// Define simulation area
// The lines are parameterized with variable t, the direction is

important!

border bottom(t = 0 , r0 )y { x =t ; vy =-h0/2 ; }
border right( t = -h0/2 , h0/2 ) { x =r0 ; yv = t ;o
border top( t = r0 , O )y { x =t ; vy = ho/2 ; }
border left( t = h0/2 , -h0/2 ) { x =0 ; vy t ;)

// Cylinder wall has own area to allow for integration of A over
wall

border cbottom(t = ri , ro ) { x =t ; y=-h/2; }
border cright( t = -h/2 , h/2 ) { x = ro ; y = t ;)
border ctop( t = ro , ri ) { x =t ; y= h/2; }
border cleft( t =h/2 , -h/2 ) { x=1ri ; yv = t ;)

// Show simulation border

// wait: user has to hit return in output graph
// Type ? in graph window to access keyboard/mouse shortcuts (manual
page 166)

plot (bottom(s*r0)+right (s*h0) + top(s*r0) + left(s*h0)



+ cbottom(s* (ro-ri))+cright (s*h)
+ ctop(s* (ro-ri)) + cleft(s*h), wait=wait, ps="borders.eps");

// Mesh the simulation area
// Just mesh everything if you don't need to integrate A over wall:
//mesh Th = buildmesh (bottom(s*r0)+right (s*h0) + top(s*r0) +
left (s*h0));
// Mesh everything outside cylinder wall (note - sign):
mesh Thl = buildmesh (bottom(s*r0Q0)+right (s*h0) + top(s*r0) +
left (s*h0)

+ cbottom(-s* (ro-ri))+cright (-s*h)

+ ctop(-s* (ro-ri)) + cleft(-s*h));
// Mesh cylinder wall:
mesh Th2 = buildmesh (cbottom(s* (ro-ri))+cright (s*h)

+ ctop(s*(ro-ri)) + cleft(s*h));

// Combine both meshes
mesh Th = Thl + Th2;

// Show mesh
plot (Th, wait=wait, ps="mesh.eps");

// Define finite elements
fespace Vh(Th,P1l); // Pl FE-space (See manual 6.3)

// Define conductivity of cylinder with parameter k
// (outside cylihder sigma=0, so k=0)

func £ = k * (x < ro)*(x > ri)*(y < h/2)*(y > -h/2);
Vh kappa = £;

//Show kappa constant

plot (kappa, fill=true, wait=wait, ps="kappa.eps"):;

// *Ahhkkhk Kk hkkhkhhkkhkkKhkk*x Inductlon problem
R b b b b I b b b b d b b b b b b (b b b b b 4
// Define problem
Vh<complex> A,vh; // potential A and test function vh.
problem Induction (A,vh) = // definition of the problem
int2d (Th) (dx (A) *dx (vh) *x + dy(A) *dy(vh) *x + (A*vh)/x) // del x del
X A
+ int2d(Th) ( li*kappa*A*vh*x ) // induced current
intld (Th, right) (r0* (B0/2)*vh) // uniform background field B=BO0
+ on(left, A = 0); // ground somewhere

// *Frkkkkkkkkkkxxxx So]lvye
IR R I b IR I 2b b b db I db b b Ib I JR Ib i db S o

// Run FE simulation
Induction;

// // ER b b b b b b b b b b I I 3 Analyse Output
ER I b b b b b b b b b b b b b I b I b b b b b b

// Plot vector field A

Vh Areal = real (A), Aimag=imag(A), Aabs=abs (A);
//plot (Areal, wait=true);

//plot (Aimag, wait=true);

plot (Aabs, wait=wait, ps="Aabs.eps"):;



// Rotation in cylindrical coordinates
fespace Vi (Th,P1);

func rotAr = -dy(R) (x,V);

func rotAz = (x>0) ? (1/x)*A(x,y) + dx(A) (x,y) : 2*dx(A) (X,V¥);

// Plot abs value of vector field B = rot(A)

Vi<complex> Br=rotAr (x,y), Bz=rotAz(x,Vy):;

plot ([Br,Bz], coef=0.1, wait=wait); // coef: vector length

// Quantitative analysis and checks:

COU.t << LU e I e b b i b i b b b b b I b d b b i b b b I b b i b b b I b b i b ab b b b b b b b ab b L] << endl
<< endl;

// Print field at some location

real r = ri-0.01;

real z = 0;

cout << "at (r,z) = (" << r << " ,"<< z << ") Bz = " << Bz (r,z) <<
endl;

r = ro+0.01;

cout << "at (r,z) = (" <K r << " "< 7z K< ") Bz =" << Bz(r,z) <<
endl ;

r = ri+(ro-ri)/2;

z = 0;

cout << "at (r,z) = (" <K r << " " z <K< ") Aln = " << A(r,z) <<

endl<< endl;

cout << "Check for very thin wall:" << endl << endl;

// Check if B agrees with j, oint(B.dl) = muO*int2d(3j.dO):
complex Bin = Bz (ri-0.1,0);

complex Bout Bz (ro+0.1,0);

complex Ain
complex Aav
cylinder wall

A(ri+(ro-ri)/2,0); // A in center of cylinder wall
int2d(Th2) (A) / ((ro-ri)*h); // Average A over

cout << "These should be close: " << endl;

cout << "Aln : " << Ain << endl;

cout << "Aav : " << Aav << endl << endl;

cout << "These should be close: " << endl;

cout << "0Oint (B) = Bout - Bin : " << (Bin - Bout) << endl;

cout << "j*t = -1 kappa Ain t : " << -1i*k*Ain* (ro-ri) << endl;

cout << "j*t

-i kappa RAav t : " << -li*k*Aav* (ro-ri) << endl;

cout << endl KL Mhxkhrkhhkhdhrkhhhkhdhrhhkhkhdhrhhhkhhhrkrhkhhhrhkrhkrhhxkxn

<< endl;

// Write potential to file
{
ofstream gnu("FreeFemA.csv");
real n=100;
real t;
// Column headers
gnu << "r, Areal, Aimag, Aabs" << endl;
// Simulation parameters



gnu << "# kappa:
endl;

" k<", 5 "<Ks <", BO: " BO

// Data, comma separated

for (int 1=0; i<=

{
t = (i/n) * r0;
gnu << t << ",
, " << abs(A(t,0))
}
}

cout << "Press ESC
// For unix-savvy:

// See manual 7.2
// exec ("echo 'set

n; i++)

" << real (A(t,0)) << " , " << imag(A(t,0)) << "
<< endl;

in graph area to quit" << endl;
this is how you call gnuplot from inside freefem

datafile separator comma \

// plot \"plot.csv\" using 1:2 w p title \"real\",\"plot.csv\"
using 1:3 w p title \"imag\"\

// pause 5\

// set term post eps\
// set output \"gnuplot.eps\"\

// replot\
// set output\
// quit' | gnuplot"

) ;



Appendix VII: Source Code Calculating and Plotting Vector Potential “Model 1”

!/usr/bin/env python3

FHAFH A AR AR H AR E RS H AR E RS
# CompareVectorPotential

# Use: ./CompareVectorPotential <file.csv>

# Plot vector potentials and compare to output of FreeFEM++
calculations

# located in <file.csv>

# Generates <file>.pdf output file

# Leon Abelmann, April 2024
S i i i i kR
import sys # Enable reading parameters from command line

from pathlib import Path # To handle filenames from arg list

# Numerical Libraries

import numpy as np

from numpy import pi, sqgrt

# from scipy.special import jv, yv

# Plotting:

import matplotlib

import matplotlib.pyplot as plt

from matplotlib.ticker import (Multiplelocator, AutoMinorLocator)

# Vector field calculation for infinitely long hollow cylinder
from hollowcyl import Aphi, AphiThin

# Parameters used for the comparison with the analytical solution:

Rl = 1.5e-3 # Inner diameter hollow cylinder in m
R2 = 2.0e-3 # Outer diameter

sigma = 1 / (4.64e-7) # Conductance of CP Ti Gr.2 in 1/Ohm.m
omega = 601le3 * 2 * pi # Frequency of applied magnetic field in
rad/s

Bapp = 2e-3 # Applied magnetic field in T

d = 0.5e-3 # Example thickness or another relevant
parameter

mul = (4e-7) *pi # Vacuum permeability

kappa = sgrt(-1j*mulO*sigma*omega)

mul = (4e-7) *pi # Vacuum permeability

kappa = sgrt(-1j*mulO*sigma*omega)

print ("Kappa : %g + J%g, abs:
%g"% (kappa.real, kappa.imag,np.abs (kappa)))
print ("Kappa™2 : %$g"% (np.abs (kappa)**2))

FHH A R S S R R
# PlotComparison

# Generate graph

# Generates InfinitelyLongCylinder.pdf output file
igdsdsdsdtddstsssdsdsdgdadtatitaddadadndRia AR AR AR A ARk



def PlotComparison() :

# Setup figure

fig, axl = plt.subplots(nrows=1,ncols=1)
fig.set figwidth (4)

fig.set figheight (3)

# Set up axes

axl.set xlim(left = 0, right = 2.5)

axl.set xlabel("r / mm", fontsize=12)
axl.xaxis.set major locator (MultipleLocator (0.5))
axl.xaxis.set minor locator (MultipleLocator (0.1))

axl.set ylim(bottom=-0.001, top=0.002)

axl.set ylabel ("AS{ \phi}$ / (mVs/m)", fontsize=12)
axl.yaxis.set major locator (MultipleLocator (0.0002))
axl.yaxis.set minor locator (MultipleLocator (0.0001))

# Tics on all axes
axl.tick params (which="'both', top=True, right=True)

# Horizontal line at y = 0
plt.axhline(linewidth=0.5, color='k")

# Vertical line at x = Rl and R2
plt.axvline(x = R1*1000, linewidth=0.5, color='k")
plt.axvline (x R2*1000, linewidth=0.5, color='k")

#Text instead of legend
plt.text(4.5,0.6,"R$ 18", fontsize=12)
plt.text(4.5,0.2,"R$ 28", color = "r", fontsize=12)

# For model lines
x = np.arange (0.01le-3,2.5e-3,0.01e-3)

# Plot analytical for infinitely long hollow cylinder

plt.plot (x*1000, (1000*Aphi(x, kappa, R1l, R2, Bapp)).real, 'k',
linewidth=1, label="finite wall tichkness Real")

plt.plot (x*1000, (1000*Aphi (x, kappa, R1l, R2, Bapp)).imag, 'r',
linewidth=1, label="finite wall tichkness Imag")

plt.plot (x*1000, (1000*abs (Aphi(x, kappa, R1l, R2, Bapp))), 'b',
linewidth=1, label="finite wall tichkness")

# Plot approximation for infinitely long thin-walled cylinder
k = muO*sigma*omega
plt.plot (x*1000, (1000*AphiThin(x, k, R1l, R2-R1l, Bapp)) .real, 'k-

linewidth=1, label="infinite wall tichkness Real")
plt.plot (x*1000, (1000*AphiThin(x, k, R1l, R2-R1l, Bapp)) .imag,
r--"',
linewidth=1, label="infinite wall tichkness Imag")
plt.plot (x*1000, (1000*abs(AphiThin(x, k, R1l, R2-R1l, Bapp))),
'b__',
linewidth=1, label="infinite wall tichkness Abs")

# Plot legend



plt.legend(fontsize=14)

# Make sure everything fits
fig.tight layout ()

# Show on screen and/or pdf file
#plt.show ()

plt.savefig("InfinitelylLongCylinder.pdf", format="pdf")

PlotComparison ()



Appendix VIII: Source Code Calculating and Plotting the Vector Potential of Various
Models

#!/usr/bin/env python3
S i i i
#HAHHHEHH

# CompareVectorPotential

# Use: ./CompareVectorPotential <file.csv>

# Plot vector potentials and compare to output of FreeFEM++
calculations

# located in <file.csv>

# Generates <file>.pdf output file

# Leon Abelmann, April 2024
S i i
#HHHHEHE

import sys # Enable reading parameters from command line

from pathlib import Path # To handle filenames from arg list

# Numerical Libraries

import numpy as np

from numpy import pi, sqgrt

# from scipy.special import jv, yv

# Plotting:

import matplotlib

import matplotlib.pyplot as plt

from matplotlib.ticker import (Multiplelocator, AutoMinorLocator)

# Vector field calculation for infinitely long hollow cylinder
from hollowcyl import Aphi, AphiSolid

# Parameters used for the comparison with the analytical solution:
Rl = 1.5e-3 # Inner diameter hollow cylinder in m

R2 = 2.0e-3 # Outer diameter

sigma = 1 / (4.64e-7) # Conductance of CP Ti Gr.2 in 1/Ohm.m
omega = 601le3 * 2 * pi # Frequency of applied magnetic field in
rad/s

Bapp = 2e-3 # Applied magnetic field in T

d = 0.5e-3 # Example thickness or another relevant parameter
mu0 = (4e-7)*pi # Vacuum permeability
kappa = sgrt(-1j*mulO*sigma*omega)

B o o
FH# 4
# PlotComparison
# Generate graph
# filename : FreeFEM++ output file in csv format
# Generates <filename>.pdf output file
FHHfh a4 At h a4 A4ttt 4 A A4 A At a a4 H#H
$HHfHHHHH
def PlotComparison (filename) :
# Load data from simulation
data = np.genfromtxt (filename, delimiter=",", comments="#",
names=True)
# print (data)



r = data['r']

Areal = data['Areal']

Aimag = datal['Aimag']

Aabs = np.sqrt(Areal**2 + Aimag**2)

# Setup figure

fig, axl = plt.subplots(nrows=1l, ncols=1)
fig.set figwidth (4)

fig.set figheight (3)

# Set up axes

axl.set xlim(left=0, right=2.5)

axl.set xlabel("r / mm", fontsize=12)
axl.xaxis.set major locator (MultipleLocator (0.5))
axl.xaxis.set minor locator (MultipleLocator (0.1))

axl.set ylim(bottom=-0.001, top=0.002)

axl.set ylabel ("AS{ \phi}$ / (mVs/m)", fontsize=12)
axl.yaxis.set major locator (MultipleLocator (0.0002))
axl.yaxis.set minor locator (MultipleLocator (0.0001))

# Tics on all axes
axl.tick params (which='both', top=True, right=True)

# Horizontal line at y = 0
plt.axhline(linewidth=0.5, color='k")

# Vertical line at x = Rl and R2
plt.axvline (x=R1*1000, linewidth=0.5, color='k'")
plt.axvline (x=R2*1000, linewidth=0.5, color='k'")

# For model lines
X = np.arange (0.01e-3, 2.5e-3, 0.01le-3)

# Plot analytical

plt.plot (x*1000, (1000*Aphi(x, kappa, R1l, R2, Bapp)).real, 'k',
linewidth=1, label="finite wall thickness Real™)

plt.plot (x*1000, (1000*Aphi(x, kappa, R1l, R2, Bapp)).imag, 'r',
linewidth=1, label="finite wall thickness Imag")

plt.plot (x*1000, (1000*abs (Aphi(x, kappa, R1l, R2, Bapp))), 'b',
linewidth=1, label="finite wall thickness Abs")

# Plot analytical for solid

plt.plot (x*1000, (1000*AphiSolid(x, kappa, R2, Bapp)) .real,
'k:'", linewidth=1, markersize=1l, label="Solid Cylinder Real")

plt.plot (x*1000, (1000*AphiSolid(x, kappa, R2, Bapp)) .imag,
'r:', linewidth=1, markersize=1l, label="Solid Cylinder Imag")

plt.plot (x*1000, (1000*abs(AphiSolid(x, kappa, R2, Bapp))).,
'b:'", linewidth=1, markersize=1l, label="Solid Cylinder Abs")

# Plot simulation results

plt.errorbar(r, Areal, xerr=0, yerr=0, label='FEM Real',
fmt='k', linestyle='"', marker='s', markersize=1l, elinewidth=1,
capsize=2, capthick=1)



plt.errorbar (r, Aimag, xerr=0, yerr=0, label='FEM Imag',
fmt='r', linestyle='"', marker='s', markersize=1, elinewidth=1,
capsize=2, capthick=1)

plt.errorbar (r, Aabs, xerr=0, yerr=0, label='FEM Abs', fmt='b',
linestyle="'"', marker='s', markersize=1l, elinewidth=1, capsize=2,
capthick=1)

# Plot legend
plt.legend(fontsize=14)

# Make sure everything fits
fig.tight layout()

# Show on screen and/or pdf file

# plt.show ()

plt.savefig(filename.with suffix('.pdf'), format="pdf")
if name == " main ":

filename = Path(sys.argv[l]) if len(sys.argv) > 1 else
Path ("FreeFemA.csv")

print ("Processing", filename)

PlotComparison (filename)

for arg in sys.argv[l:]:
# Get filename with path and extension
filename = Path(str(arg))

print ("Processing ", filename)
PlotComparison (filename)



