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Abstract: This study focusses on a low-frequency induction heating (LFIH) effect in a thermoplastic polymer (acrylonitrile
butadiene styrene, ABS) filled with iron oxide magnetic particles. The LFIH effect in such ferromagnetic composites appears
as soon as the sample is exposed to an alternating magnetic excitation field and is mainly due to the so-called "microscopic"
eddy currents linked to the motions of the magnetic domain wall. To generate an AC magnetic field with significant
amplitude under a low-frequency range of a few thousand Hz, a specific test bench has been designed using a rotating motor
and strong permanent magnets. Theoretical hysteresis modeling, together with thermal transfer based Comsol simulation and
experimental tests, demonstrated the feasibility of significantly increasing the temperature of a magnetic composite through a
simple induction heating effect. To better highlight such an effect, a comparison with conductive but non-ferromagnetic
samples was performed. As opposed to the ferromagnetic composite, its conductive counterpart exhibited a very weak
response to the magnetic field excitation, and no temperature effect was achieved. This observation can be explained by
"microscopic" eddy currents (i.e., the fact that domain wall motions are predominant mechanisms under low frequency),
leading to local temperature variations inside the ferromagnetic particles. These preliminary results seem to be promising,
and this effect could be exploited in a medical application, especially for treatment of superficial venous insufficiency, where
local heating remains a true challenge. As normal tissues and muscles are conductive, it is necessary to bring the heat "where
it is needed". We believe that LFIH would be able to destroy varicose veins without damaging the neighboring tissues.

Keywords: Ferromagnetic composites, hysteresis loss, microscopic eddy current, low-frequency induction heating, thermal
transfer modeling, treatment of superficial venous insufficiency, medical applications.

I INTRODUCTION

Ferromagnetic composites with magnetic particles embedded in a polymer matrix are currently of great interest
from a scientific viewpoint. Incorporation of particles, fibers or nanomaterial reinforcements into polymers
permit the fabrication of polymer matrix composites, which can be characterized by high mechanical
performance and excellent functionality [1]. Particle reinforcements have been developed to improve
mechanical properties: enhance tensile/storage modulus by adding glass beads [2], iron or copper particles [3],
and enhance wear resistance by adding aluminum and aluminum oxide (Al,O3) [4]. Combining ferromagnetic
particles with a polymer matrix creates an opportunity for potential enhancements in both mechanical and
magnetic properties. Among applications based on ferromagnetic composites, induction heating is currently one
of the hot topics related to numerous fields, such as self-healing polymers, thermal welding, and magnetic
hyperthermia. The main benefits over other heating methods include the selectivity of the heated area, the fast
response time, and good efficiency [5].

The induction heating effect of ferromagnetic materials, which appears when such materials are exposed to an
alternating (AC) magnetic field, is based on the so-called "macroscopic" eddy currents and "microscopic" eddy
currents (i.e., hysteresis loss). The frequency dependence of these two contributions differs in that: The so-
called "microscopic" eddy currents originate from the interactions between the walls of the magnetic domains
and the microstructure during the magnetization of the sample [6]; whereas the so-called "macroscopic" eddy
currents are linked to the diffusion equation [7] of the magnetic field and are strongly dependent on the physical
properties of the material (e.g., conductivity and permeability).

In the case of low-frequency induction heating (LFIH), only the so-called "microscopic" eddy currents exist
inside the ferromagnetic composite, and this paper will demonstrate such an effect through experimental
investigation. Induction heating phenomena were highlighted and validated via both empirical tests and thermal
transfer modeling based COMSOL simulation. The final goal of this research is aimed at employing the
developed composite for medical purposes, particularly in the minimally invasive endovascular treatment of
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superficial venous insufficiency. The new concept proposed here is to introduce a biocompatible magnetic
composite into an abnormal vein and heat it under high-temperature thanks to an external AC magnetic field.
Due to the dominant hysteresis loss, only particles under magnetic excitation would be active, making it
possible to locally heat the pathologic vein without damaging the surrounding healthy tissue.

Historical treatment of superficial venous insufficiency is stripping of the incontinent vein with or without
phlebotomy of varicose veins. In the last few years, several minimally invasive, endovenous, procedures have
been developed . These endovenous thermal ablation (EVTA) consists of endovenous laser ablation (EVLA),
endovenous steam ablation (EVSA), and radiofrequency ablation (RFA). Compared to classical surgery,
minimally invasive treatment highly benefits patients, with less pain and overall easier recovery [8]. Of all the
thermal ablation practices, EVLA is the most frequently used technique, followed by RFA, whereas EVSA is a
new technique that has not yet been extensively studied. To effectively treat incontinent veins, most of the
endovenous ablation need to reach a temperature of 120°C [9], except for RFA procedures performed with the
VNUS® Closure Plus system [10], which heats local tissue to only 85-90°C at the site of direct contact. This
lower maximal temperature probably results in less postoperative pain than EVLA. However, the main
drawback of RFA is related to its instructions for use. For instance, it is impossible for segmental RFA
(performed by VNUS® Closure Fast which is currently the most popular method) to treat veins with a length
smaller than 7 cm [9] or veins with a diameter greater than around 15 mm. Furthermore, this technique does not
allow for varying the energy delivered, as opposed to EVLA where the total amount of supplied energy per
centimeter can be changed by simply adjusting the pullback speed/power. For small veins, only 20 J/cm is used,
whereas higher energy (i.e., 60 J/cm) is needed when treating large veins. Moreover, all the endovenous
techniques exhibits some serious weakness. Indeed, the fact of implanting guidewire to introduce thermal
probes induces a risk of vessel perforation, especially in very tortuous veins [9]. Another disadvantage in these
techniques is the need to perform an injection of bicarbonate serum in the subcutaneous tissues between the
vein and the skin, called swelling technique, in order to prevent the risk of burns of these tissues. This step of
the surgical intervention is tricky and very time-consuming.

In this paper, we propose an alternative endovenous approach to treat superficial venous insufficiency based on
LFIH mechanism which is similar to technique of endovenous thermal ablation. The purpose here is not to
make a competition to the current EVTA methods, but rather to show some further benefits induced by LFIH as
well as to demonstrate a feasibility to heat the ferromagnetic composite by using an alternative low-frequency
magnetic field. Simulation and experimental results are very promising, showing high potential of the proposed
approach for medical application especially in thermal treatment of superficial venous insufficiency. The LFIH
principle is related to the so-called microscopic eddy current, which appears inside the magnetic particles when
excited by an alternative magnetic source. As this source is implemented outside the patient who has no
physical connection to the composite introducing into the vessel, LFIH leads to a much easier procedure
relative to existing techniques. However, the distance between the source and heated target should be carefully
controlled as it can greatly affect the magnetic intensity. Another advantage of LFIH is its “selective” heat that
only occurs on ferromagnetic material, thereby making it possible not to burn or hurt neighboring tissues.
Consequently, the LFIH method will probably be safer for patients and can avoid some postoperative
complications, such as nerve damage, skin burns and bleeding (which can occur with EVLA) [11]. Additionally,
with LFIH we might not need to perform swelling technique, allowing to considerably reduce the surgical time
as well as the global costs. Moreover, this technique uses ferromagnetic composites involving ABS polymer
matrix doped with magnetic filler, so it has high potential to be combined with 3D printing technology [12,13].
Adapting 3D-printing to additive manufacturing creates the possibility of achieving smart material with various
special shapes and sizes suitable for multiple diameter and length of veins, which will be one of our top
priorities for future research. Finally, a linear dependence of magnetic intensity on the rotational motor
frequency provides an easy way for LFIH to vary energy delivery during a medical procedure, which is
impossible in the case of RFA.

In an era of health technology assessment and cost-effectiveness analyses, treatment-related costs become
increasingly important. EVLA is the least expensive endothermal treatment, and the cheapest laser disposables
cost approximately 120 Euros [9]. Throughout the treatment, patients must wear special goggles or eyeglasses
to protect their eyes from the laser light. The RFA Procedure-related costs are higher due to the higher cost of
the catheter [14]. Generally, the additional cost of $110-$220 per patient is mainly related to the cost of
consumables [15]. Although it is too early to estimate the total costs of using LFIH, we believe that this method



will be cost-effective due to cheap commercially available materials, such as thermoplastic (ABS) and magnetic
powder (iron oxide), together with its simple fabrication process.

In conclusion, the proposed approach, based on the LFIH effect, can be an interesting solution for endovenous
thermal ablation, which might enable a safer and easier procedure than EVLA; thereby lowering costs and
increase applicability compared to RFA.

II MANUFACTURING OF MATERIAL

Since the final goal of this work was medical applications, the magnetically reinforced material should be
biocompatible. Among several magnetic particles, iron oxide (Fe3sO4) seems to be a promising candidate thanks
to its confirmed biocompatibility [16]. Also, this material has been widely studied in recent years due to its
interesting magnetic properties, making it potentially interesting for numerous applications [17]. Regarding the
polymer matrix, the thermoplastic ABS (acrylonitrile butadiene styrene) was considered a suitable choice due to
its widespread commercial use, particularly in injection molding and 3D printing [18,19].

The elaboration procedure of the ferromagnetic composite is illustrated in Figure 1. First, ABS granules were
dissolved in acetone with vigorous stirring at room temperature during 2 h until the ABS went completely into
solution. Second, a spherical powder (5 pm in diameter) of the Fe;Os (SIGMA-ALDRICH) was added, and
stirring was continued for 1 h to achieve a perfectly homogeneous solution (Figure 1 (a) —A). The volume
content of Fe3O4in the ABS varied from 3% to 17%, which was sufficiently small to avoid the percolation
threshold of the composite. Considering that the particle distribution was homogeneous, each particle was
assumed to be electrically insulated. Such electrical insulation will prevent the formation of a macroscopic eddy
current, and consequently, the ferromagnetic losses will be limited to the domain wall motions, resulting in
microscopic eddy currents and a local induction heating effect.
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Figure 1. a) Fabrication process of the composites. b) Three groups of samples (from left to right):
ferromagnetic composites, two conductive composites filled with copper and carbon black, and pure ABS.

With the aim of improving the dispersion of the iron powder in the ABS matrix, the solution was scattered by
ultrasound treatment (Hielscher Ultrasonic Processor UP400S) with powerful impulsion during a few minutes
(Figure 1(a)-B). Subsequently, precipitation of the solution in ethanol was carried out within 30 min to freeze
the composite in a good dispersion state, avoiding sedimentation of the particles in the polymer solution. Next,
the obtained solution was transferred into an evaporating dish, and the collected supernatant liquid was
withdrawn (Figure 1(a)-C). The sample was then put in the oven (Memmert Typ: VO 400) at 56°C
(corresponding to the acetone volatilization temperature) for 2h to totally evaporate the solvent (Figure 1(a)-D).
The powdered composite was then slowly hot pressed (Figure 1(a)-E) at 220°C under a pressure of 1300 Psi in
a hydraulic press (CARVER 3851CE). Such a temperature is closed to the melting temperature of ABS
thermoplastic (~ 210°- 230°) so that to ensure perfectly compact homogenous block. Finally, the quality of the
fabrication process can be verified by measuring the density of the sample and comparing it to the theoretical
value obtained by the mixture rule as described Eq. (1). It should be ensured that there are no air bubbles inside
the sample because such micro “holes” can significantly alter the magnetic line.
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prom/ms[le = (1 - x)pABS + xpparl[c[e (1)

where x is the volume fraction of the particle; peomposites PaBs (1.05 g-cm™), and ppanile (5.17 g-cm™) denote the
volumic masses of the composite, the ABS thermoplastic, and the iron oxide microparticle, respectively.

All samples were a rectangular shape with dimensions of 60 x 14 x 4 mm, as illustrated in Figure 1(b). Three
groups were performed, comprising the ferromagnetic composite reinforced by Fes;Os particles, two conductive
composites respectively filled with 15% vol. of copper and 5% vol. of carbon black, and the pure ABS sample.

III HYSTERESIS MODEL BASED LUMP MODEL

Many articles discuss the magnetic behavior of Fe3O4 nanoparticles [20-22]. It is demonstrated that particles
larger than 15 nm diameter exhibit a ferrimagnetic behavior. For such particles, even if the experimental
process is complex, a classic quasi-static hysteresis cycle signature can be plotted. Usually, coercive field
values are close to 30,000 A/m (H.), remnant inductions (B,) close to 0.04 T, and saturation inductions (Bsa)
slightly higher than 0.1 T [23]. At this size, the particle is supposed to be large enough, to be organized into a
large number of magnetic domains. The hysteretic behavior comes from the energy required to modify the
domains’ shapes and organization.

In the first results coming (microscopy), we noticed a homogeneous distribution of the particles; small
agglomerates can also be observed. As the particles (Sigma-Aldrich) used in the composite are spherical, and
their diameters are approximately 5 pm, it is possible to assimilate its magnetic behavior as barely similar to a
macroscopic bulk ferrite [24]. Figure 2 gives a schematic illustration of the magnetic composite.

Fe;0,

- Multi Domain

Figure 2. Schematic illustration of the magnetic composite.

Bulk ferrites are ceramic materials made by mixing large proportions of iron oxide and additional metallic
elements, such as barium, manganese, nickel, and zinc. One notable characteristic of ferrites comes from their
ability to be both electrically non-conductive and ferromagnetic (i.e., ferrites can be magnetized and attracted to
permanent magnets). Soft ferrites can have relatively low coercive fields. Their natural weak electrical
conductivity forbids macroscopic eddy currents even under large frequency levels, and in such ceramic
compounds, the magnetic skin effect is always absent. Thus, bulk ferrites are particularly useful for applications
where magnetic conversions are required under large frequency solicitations (high-frequency inductors and
transformers, switched-mode power supplies, loop stick antennas, microwave components, and so on).

Even if macroscopic eddy currents cannot develop inside bulk ferrites, their magnetic behavior is still frequency
dependent. This dependence comes from the amplitude and density of microscopic eddy currents (linked to the
magnetic domain wall motions), which vary versus the magnetic excitation dynamic. By plotting a ferrite
hysteresis area versus frequency (Figure 3a), low variations can be observed from very weak frequency levels
to a cut-off frequency value called the quasi-static threshold. Once this threshold frequency is overpassed, the



hysteresis area roughly increases meaning that, to be magnetized, larger energy is required. The hysteresis area
is supposed to reach a maximum for extremely high-frequency values, then to sharply decrease, but set-up
limitations never allowed experimental confirmation of this behavior. Based on the result of Figure 3a, the
normalized hysteresis power can be deduced as described in Figure 3b.
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Figure 3. Logarithmic frequency dependence of a) normalized hysteresis area and b) normalized hysteresis
power for a ferrite bulk (simulation result).

As commented already, the weak conductivity of ferrite ceramics forbids the development of macroscopic eddy
currents. This absence means there is no magnetic skin effect and a homogeneous distribution of the magnetic
fields (H and B). From the simulation point of view, this means that space discretization schemes are not
necessary and lump approaches will be accurate enough. The best results for the simulation of a ferrite
hysteretic behavior using the lump model is the sum of two contributions: A quasi-static contribution, frequency
independent and unique below quasi-static threshold; and a dynamic contribution, a product of a dissipative
constant p to the time derivation of the induction field dB/dt.

Different options are available in the literature for a phenomenological simulation of the quasi-static
contribution [25]. Among all, the Preisach and the Jiles-Atherton (J-A) models are the most popular [26-30].
Both exhibit the property of being reversible. H or B can be used as the model input according to the
experimental situation simulated. The Preisach model seems a little more accurate, but the intrinsic congruency
issue and memory management are major limitations. The J-A model relies on physical fundaments; each of the
five parameters has a physical meaning. On the one hand, such a physical-based approach is certainly a major
positive aspect of the model and helps the user establish physical interpretations of their simulation results. On
the other hand, the accommodation issue and the fastidious and hazardous quest for the perfect parameter
combination reduce the convenience of this model.

The simulation scheme we have been working with relies on the following equation:

dB(t) -
p- = erf (t) - quizsi—static (B(t)) (2)
dt
Here, p is the dissipative constant defined previously (p depends on the nature and geometry of the sample),
H,usis the surface tangent magnetic excitation field, and f ! the inverse quasi-static contribution function [6,31—
33]. It is worth noting that each term of this equation acts as an H equivalent contribution.

Eq. (2) has been used with success many times for the simulation of non-conductive magnetic materials [34],
but to go forward with our composite simulation process using this equation, several issues needed to be
addressed. One of them is the determination of the quasi-static threshold. This will indirectly set the value of p.
A combination of the f ! consistent parameter with the experimental hysteresis values given at the beginning of
this part (H., B, and By.) will also have to be set. After several tests, due to its physical fundaments, a B
imposed Jiles-Atherton model has finally been chosen for the expression of f .

Our experimental setup and the magnetic circuit geometry are very far from the ideal case of standard magnetic
characterization setups (e.g., its ring shape [35], Epstein bench [36,37], single sheet tester [38,39]). It is
consequently impossible to obtain accurate and reproducible sample magnetic signatures from this experimental



setup. To solve this, one option we have is to design a sample of geometry fitting the standard characterization
norms (by instance, like a ring shape) and surrounding it with excitation coils. But the extreme amplitude and
frequency of magnetic excitation provided by the combination permanent magnet/electric drill will be very
complex to reach with surrounding coils. Another option is to go through indirect thermic
experimental/simulation results and to fit the simulated hysteresis area with the amplitude of the thermal flux
sources.

The thermal simulation recreates the experimental situation through finite element discretization. Exchanges are
considered between the magnetic composite and the surrounding environment. The magnetic sample is
characterized by the given thermal conductivity and capacity. Magnetic heating power (MHP) simulating the
thermal behavior of the FesO,4 particles are considered inside the magnetic composite. The amplitude of this
source is set when the composite average temperature time variations match the experimental variations. More
details about the simulation based thermal transfer model are later reported in subsection IV.3. It will be shown
that the evolution of the magnetic heating energy remains relatively constant (around 20-25 kJ.m™) regardless
of the frequency. As this energy can be assimilated to the magnetic hysteresis area, this observation means that
even if the maximum frequency tested is relatively high (2300 Hz); the quasi-static threshold is still in a higher
range than this. Using the obtained information relating to H., B, Bsa, and hysteresis area, a hysteresis cycle
shape shown in Figure 4, can be determined.
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Figure 4. Hysteresis cycle-based modeling result.

To reach a hysteresis area matching the thermal simulation results, the induction levels have to be slightly
higher than the expected levels. This improvement in the magnetic behavior could be explained from the
geometrical scaling differences between the particles and the agglomerates.

J-A’s model optimized parameters were used for the simulation of the hysteresis cycle and are shown in Figure
4 and Table 1.

The Langevin function of Eq. (3) is used as an analytical expression of the anhysteretic curve:

H,
Manh(Hmrf) =M x.tan'l [&) (3)

a

By mixing thermal and magnetic simulation results, we succeed in recreating the magnetic signature of the
particle distribution. We notice that the current working frequencies are below the quasi-static threshold,



meaning that the current working frequencies are still in the weak variation part of the energy versus frequency
curve. This also means that large improvements in the temperature variations can be obtained by working in the
higher frequency ranges.

Table 1. J-A-s model optimized parameters.

J-A model parameters Optimized values
a (A/m) 5.0 10°
a 0.8
k (A/m) 1.2 10°
c 04
Ms (A/m) 8.510"

Finally, a compromise will have to be done between frequency limitations due to the surrounding tissue that
should not be burnt and the increasing of the working frequency, which is necessary to improve the amount of
magnetic energy converted (i.e., the energy required to reach the targeted temperature).

IV INDUCTION HEATING EFFECT: RESULTS AND DISCUSSIONS

IV.1 Experimental setup

For the validation of the induction heating effect, a specific experimental test-bench was developed (Figure 5).
To generate a significant AC magnetic field excitation, a 70mm-diameter magnetic inductor was assembled to a
DC drill motor that can generate variable speed. The magnetic inductor consisted of eight cubic permanent
magnets with 10 mm edge lengths. The pole distribution of the eight magnets was alternatively south and north,
as shown in Figure 6 a), enabling the production of a sinusoidal magnetic excitation whose frequency was four
times higher than the one driven by the DC motor. The following equation enables us to deduce the relationship
between the motor’s velocity (denoted v (RPM)) and the frequency (denoted f{Hz)) of the magnetic field
excitation:

_— -
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Based on the Fourier transformer of the measured magnetic field as displayed in Figure 6b), it is possible to
precisely determine its frequency. An experimental measure of the motor’s velocity together with the spectra
analysis of Figure 6b) allowed us to confirm the expression of Eq (3). Furthermore, the result revealed that the
magnetic excitation signal is purely sinusoidal as parasite harmonics are negligible compared to the principal
harmonics. Finally, the current test bench can drive a maximum rotating speed of 35 kRPM, leading to the
highest frequency of 2300 Hz for the magnetic field. The sample was fixed on the removable support, making it
possible to vary the distance to the magnetic inductor. Two thermal couples were coated on the sample via an
adhesive; one allowed us to measure the temperature of heat area corresponding to magnet’s passage, and the
other used to determine the temperature of the sample’s center. Both data sets were recorded in real time
through a DEWE card (Krypton). To obtain a more intuitive temperature image, a thermal camera (Optris
Xi400) was used during the experiment.

To better highlight the induction heating effect of the proposed ferromagnetic composites, a comparison with
respect to conductive but non-ferromagnetic samples (e.g., carbon black or copper) was performed based on the
thermal images of Figure 7. As opposed to the ferromagnetic composite, the conductive sample exhibited a very
weak response to the magnetic field excitation, and no temperature effect was achieved. This observation was
explained by the "microscopic" eddy-current consideration (i.e., domain wall motions were the predominant
mechanisms under low frequency), leading to local temperature variations inside the ferromagnetic particles.
Finally, experimental results revealed that the frequency dependence of the hysteresis losses only appeared
through the ferromagnetic composite, but no reaction was observed on the conductive composites. Similar
conclusions have also been reported in [40]. It is interesting to note that the temperature at the center of the
ferromagnetic composite (Figure 7a) is lower compared to those at the two sides. This result was consistent
with the circular design of the magnetic inductor where the magnetic field was stronger at the periphery
(position of 8 permanent magnets) than the one at the center (containing no magnet as shown in Figure 6a).
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Figure 7. LFIH observation under 2.3 kHz AC magnetic field excitation. a) Ferromagnetic composite with17%
vol. of iron oxide. b) conductive composite with 15% of copper oxide.

1V.2 Experimental results

In this study, we discuss the influence of three relevant parameters including fraction content of fillers,
frequency, and strength of the magnetic fields on the LFIH effect of ferromagnetic composite. In each analysis,
for a better assessment and for an easier understanding, one parameter is varying whereas the two other are
fixed and set to be maximum in order to achieve the most optimal condition. For instance, when the volume
fraction is changing, the motor is tuned at a full speed (i.e. 35 kRPM) and the distance between the sample and
the inductor is as closed as possible in order achieve an alternative field with maximum strength and frequency.
Similar approach is applied to the other analyses where the frequency or the amplitude of magnetic source is
fixed, sample with highest filler fraction (i.e. 17% vol.) is used. Indeed, based on experimental result that will
be shown below, this composite leads to the best induction heating response.

Figure 8a) displays the time evolution in temperature of ferromagnetic composites elaborated with different
volume concentrations of 0%, 3%, 6%, 10%, 14%, and 17%. As expected, the temperature remained constant
for the pure ABS thermoplastic, whereas this increases for samples with higher magnetic powder content.
Indeed, polymer filled with sufficient ferromagnetic particles led to substantially improved permeability, as
well as hysteresis losses, giving rise to a drastically increased magnetic power density and therefore, boosting
the induction heating effect. Figure 8 b) illustrates the temperature in steady state versus volume fraction of the
composite, together with the normalized temperature change (7Tomaiizea) that can be calculated by:

= T Lot (5)

normalized — T _T
17% ambiant

where T, Ti7% denotes the final temperature of a given sample and the 17% sample, Tunpian: Was the ambient
temperature. The result of Figure 8 b) allowed us to confirm the quasi-linear behavior of the temperature
variation as a function of the particle content. Consequently, increasing the magnetic concentration seems to be
an easy way to considerably enhance the induction heating performance. Nonetheless, particle percentage
should be limited to avoid heterogeneity and percolation threshold that can occur at high filler content (i.e.,
more than 20% vol.) [41].
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Figure 8. a) Evolution of the temperature with time at different particle fraction. b) Maximum temperature and
normalized relative temperature change versus volume fraction concentration.

Figure 9a shows the rise in temperature of the composite with 17% vol. iron oxide filler for several DC motor
speed from 5 to 35 kRPM, resulting in variation of the magnetic frequency from 300 to 2300 Hz (cf. Eq. (4)).
The results demonstrate a significant temperature increase of the ferromagnetic samples when they were
exposed to an alternating magnetic field. As expected, the heating effect was found to be greatly dependent on
the frequency. For instance, under the highest frequency of 2300 Hz, the temperature in steady state rose up to
65°C, whereas only 30°C was attained in the case of 300 Hz. This effect can be explained by the fact that the
ferromagnetic particles convert the energy of the AC magnetic field into heat based on the physical mechanisms
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of the so-called "microscopic" eddy currents. Obviously, the transformation efficiency is strongly depended on
the frequency of the external field. The heating experiments confirmed the feasibility to create a hysteresis loss
by an electromagnetic field of low frequency using polymers filled with micro-sized magnetic particles.

Based on the result of Figure 9b, a simple linear regression can be used to fit well the experimental data
comprising heating temperature versus magnetic frequency. Such a relationship was modeled in accordance
with the linear predictor function whose rising slope was estimated to be approximately 1°C/60 Hz. To reach
the maximum temperature required for the treatment of superficial venous insufficiency (i.e., 120°C [9]), it was
essential to excite the composite with a magnetic field of about 7000 Hz, which was three-fold higher than the
maximum frequency generated by our current setup. Two solutions can be envisaged in future work to enhance
device performance. First, increasing the pole number of the permanent magnet (although the size and weight of
the inductor should be considered so as not to disturb the motor rotation). Second, using a three-fold higher
motor speed (e.g., 100 kRPM), which is probably feasible because a few companies have already achieved
speeds of approximately 200 kRPM [42]. Many factors are involved in designing and achieving various speeds
that now makes these kinds of motors extremely costly. For instance, the expensive dental handpiece is very
high speed and can spin at more than 100 kRPM, with some even boasting speeds over 400 kRPM [43]. The
highest speed from electrical motors can be achieved by reducing their size to very small and drive negligible
loads.
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Figure 9. a) Temperature versus time at different motor speeds (kRPM). Continuous lines relate to the T° of hot
source, whereas dotted lines referred to the T° at the center. b) Temperature versus frequency of alternative
magnetic excitation.

The above experiments highlighted the frequency dependence of the induction heating effect and determined
how to improve it. It was clear that such an effect also depended on the strength of the magnetic field. To vary
the magnetic intensity driven to the sample, it is not necessary to change the permanent magnets. Instead, an
easier way was to modify the distance between the magnetic source and the sample. Figure 10a shows the time
evolution in temperature for several distances under 2300 Hz magnetic excitation. As expected, the temperature
drastically dropped when the distance increased, which was because the strength of the magnetic field
decreased quadratically with increasing distance, as described in Figure 10b. Figure 10c illustrates the final
temperature in term of the field amplitude, showing how important it is to bring the magnetic source close to the
target object.
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Figure 10. Time evolution of temperature at different distances between the composite and the magnetic
inductor. Continuous lines show to the T° of hot source whereas dotted lines show the T° at the center. b) The
amplitude of the magnetic field as a function of distance. c) Final temperature versus magnetic intensity.

Accordingly, all previous analyses demonstrated the feasibility to attain a high enough temperature for
endovenous thermal ablation that depends on relevant parameters, such as fraction content of fillers, frequency,
and strength of the magnetic field. Beside the temperature value, another factor plays a key role in varicose
treatment success is the response time of the device, which should not exceed a few seconds in order not to
deteriorate the vessel and limit procedure duration. Actually, endovenous procedure obliged that the heating
device should deliver an impulsion at maximum amplitude of 120° for less than 5s when treating one segment
of varicose vein. In reality, the main limitation of current endovascular therapy is that it cannot heat portion of

veins larger than 11 mm for radiofrequency (RFA) and 20 mm for laser (EVLA), leading to increasing
treatment time.

Figure 11 displays the evolution of the time constant, where the system has changed about 63% toward its
steady-state value. It is noteworthy that the time constant slightly changed as a function of the filler’s volume
fraction, as well as the frequency and the amplitude of the magnetic field. However, this value is still high

relative to the one imposed by treatment of superficial venous insufficiency. A discussion on this issue is
presented below.
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IV.3 Analyzing thermal effects based heat transfer modeling

For a deeper analysis of the pertinent parameters affecting the thermal behavior of the ferromagnetic composite,
this subsection investigates the finite element modeling-based Comsol Multiphysics simulation. The imaging
result from the thermal camera of Figure 6a revealed that the thermal transfer phenomenon could be considered
to be symmetric with respect to the center of the sample. In other words, it can be assumed that both sides of the
composite were driven by two identical heat sources, as displayed in Figure 12, for the different volume particle
contents of 3%, 10%, and 17%. Before investigating each pixel region at a microscopic scale, the whole
homogeneous sample with radiation and air convection surfaces were simulated to obtain the average magnetic
heating power (MHP) and temperature distribution in the length direction of the sample. The MHP value of the
heat source at both sides was estimated by fitting the theoretical average temperature distribution to the
experimental temperature measurements at the hottest area of the sample. Indeed, the MHP of the 17% vol.
sample was equal to 1.3 x 10° W.m™, which was determined by parameter scanning until the average surface
temperature at both sides approximately equals 65°C, as detected by the thermal camera.

The result in Figure 13 highlights the excellent agreement between the theoretical and the empirical
temperatures at the center, as well as at the heating zone, achieved for the polymer doped with 17%vol. of iron
oxide powder, thus confirming the high reliability of the proposed simulation model together with the
calculation of the MHP. A similar behavior was obtained with the 3% and 10% samples.

Table 2 summarizes the setting parameters used for the macroscopic composite model with different volume
fractions. The material was supposed to be applied under a magnetic intensity of 160 kA/m at 2300 Hz.
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Figure 12. Spatial evolution of temperature for the macroscopic scale of the ferromagnetic composite with a) 3%
vol. fraction, ¢) 10% vol. fraction and c¢) 17% vol. fraction.
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Table 2. Simulation thermal parameters of the macroscopic composite model with different contents of the

particle.
3% vol. 10% vol. 17% vol.
Surface :mission 0.9 0.9 0.9
CSppac.li(f;lflle(ﬁf) 1260 1040 900
s il e 0.2 10° 0.7 x 10° 1.3 x10°
Thef?g;igﬂéﬁf%V“y 032 036 0.4
i S I B

The thermal radiation effect of the surface was taken into account, where the emissivity € is equivalent to 0.9.
The heat transfer coefficient of convection in the air was maintained equal to 20 W.m2.K! [44]. As reported in
[41], the specific heat capacity (Cp) of a composite below 50% wt. (~ 20% vol.) can be fitted by Eq (6), and is
actually equal to the weighted average C,, composic Of €ach constituent heat capacities in the case of an isotropic
material with constant pressure and volume (negligible thermal expansion) with no local strain or stress [45].

Cp.composite =1~ W)Cp,ABS + WC;J.F8304 (6)

where w denotes the weight concentration of the iron oxide, and Cp’ aps and ¢ -are the specific heat
capacity of the ABS polymer (~ 1600 J.kg'.K™') and the FesO4 particles (~ 450 Jkg.K™') respectively.
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Accordingly, the C, coefficient decreases from 1600 J.kg™!.K™! to 1260, 1040, and 900 J.kg'.K! with a magnetic
fraction in the polymer at the volume concentrations of 3%, 10%, and 17% respectively.

On the other hand, the thermal conductivity of the composite (Acomposicc) tends to enhance when increasing the
ferromagnetic content. The Maxwell model is tailored for composites composed of a dispersed and a continuous
phase, and gives the following expression for the thermal conductivity in the case of dispersed iron oxide
particles in ABS polymer matrix [46]:

_ /]Fe304 + 2,55 +2x (/]Fe304 = Aups)

composite — 7'ABS _ _
AF@OA + 2AABS x(/]F6304 /]ABS)

)

where 4 - and /]ABg are the thermal conductivity of the ABS polymer (~ 0.2 W.m.K™') and the Fe;Os

30
particles (~ 3 W.mL.K™!). According to [47], the thermal conductivity of iron oxide Fes;O4is considered to be
constant at a temperature range of 0°~100°C.

To better understanding the induction heating in a microscopic scale, Figure 14 illustrated the thermal transfer
of ferromagnetic particles inside a polymer matrix with three different volume fractions of 3%, 10%, and 17%.
Assuming that each particle behaved as a heat micro-source with a constant power density (MHP) whose value
can be estimated based on the average surface temperature (which was determined previously in the macro
model of Figure 12). Consequently, the temperature distribution in the scale of several microns can be mapped
by the finite element modeling of thermal transmission and the theoretical estimation of the magnetic heating
power. As expected in Figure 14, the sample with high volume fraction (i.e., 17%) possessed a very small inter-
particle distance compared to the other, leading to a more regular induction heating effect and thus significantly
increasing the temperature of the whole polymer composite. On the other hand, in case of the composite with
low magnetic content (i.e., 3%), the inter-particle distance is too important with respect to the particle size, so
that thermal transfer among heat sources cannot be assumed to be homogenous, resulting in a decreased global
temperature of the entire sample.

Figure 14. a) Microscopic scale of the ferromagnetic composite. Heat transfer of particles with b) 3% vol.
fraction, c) 10% vol. fraction, and d) 17% vol. fraction.

Figure 15a displays the simulating heat power driven by a ferromagnetic particle in a low-frequency excitation.
A perfectly linear relationship between the MHP and the frequency was observed, confirming that the energy
density corresponding to the hysteresis cycle air of the particle is almost constant (around 20-25 kJ.m™) in such
a frequency range. This simulation result has been used to theoretically draw the hysteresis cycle previously
described in subsection III. A similar behavior was also obtained in the case of entire homogenous composite
where its MHP value linearly increases as a function of the frequency (Figure 15b).
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Figure 15. Magnetic heat power (MHP) versus frequency a) of Fe;O, particle and b) of composite doped with
17% vol.

So far, with the experiment result of subsection IV.2, it can be concluded that the current setup together with the
proposed composite leads to an achievement of maximum temperature around 65° within approximately 3 min.
This result confirms the feasibility of inductively heating the composite elaborated with magnetic particles
through the use of a rotating magnetic excitation under somewhat low frequency. However, our system
performance needed to be dramatically improved to meet the medical requirement for varicose vein operation,
where the temperature should rise to 100—120°C for a very short elapse time (usually less than 5 s) to avoid skin
burns, hematoma, and nerve injury. Typically, the diameters of varicose veins vary widely due to diversities in
individuals, the types of sick veins, and the different location of the human body. Diameters data of varicose
veins reported in [48] [49] were collected from the records of several groups of patients. According to these
data, we can assume that the maximum varicose veins are about 8 mm. The amount of energy necessary to
obliterate the vein was empirically determined by [50], based on previous experience, to be a maximum of 80 J
per linear centimeter for a duration not exceeding 4-5 s. Thus, the heating source should generate an average
power of about 20 W. According to our simulation result in Figure 15a, the equivalent MHP released by a 17%
vol. composite under 2300 Hz frequency was equal to 1.3 W/cm®. Consequently, to drive enough energy to
destroy a 1 cm long vein, the necessary volume of the material is nearly 15 cm?®. This dimension, which is
clearly too important compared to the vein’s diameter and the incision’s size of minimally-invasive procedure,
seems to be unrealizable in practice. Another option is to enhance the composite’s MHP by increasing its
magnetic concentration and/or the alternating frequency of the magnetic source. The following simulation
provided a deeper analysis of these relevant parameters that strongly affect the induction heating behavior.

Figure 16a illustrated the time evolution in temperature as a function of volume fraction under 2300 Hz
magnetic intensity. Interestingly, the composite doped with 30% vol. concentration allowed us to boost the
temperature to close to 100°C, as opposed to our current 17% vol. sample where only 65°C was achieved.
Figure 16b shows that the 30% vol. composite gives rise to a final temperature of 220°C at an input magnetic
excitation of 7000 Hz, which is higher than the medical need. Obviously, the temperature can be drastically
enhanced by increasing the particle concentration and frequency of the magnetic field. However, the filler
content of the material should not be above 30-40%vol. to neither exceed the percolation threshold nor favor
heterogeneity of the polymer matrix. As mentioned previously in subsection IV.2, the frequency of the
magnetic field was controlled by a DC motor whose speed was limited to a few hundred kRPM.

Figure 17a depicted the time evolution of the heating temperature with different sample thicknesses, from 0.2 to
3.2 mm. All composites were supposed to be filled with 30% volume content of iron oxide powdered and were
exposed to an alternating magnetic field of 7000 Hz and 160 kA/m amplitude. Interestingly, both final
temperature value and its time constant increased as a function of the thickness. After the elapse of three time
constants, which corresponds to a 95% change in state, the system is considered to practically achieve its final
heating temperature. To get the heating temperature value from 100° to 120° (see Figure 17b), the optimal
thickness of the composite should be between 0.7 and 1.2 mm, leading to a response time of about 60 to 90 s
(i.e., equivalent to the three-fold time constant). Therefore, by choosing an appropriate sample thickness, as



well as improved fraction content and magnetic source frequency, it is possible to drastically speed up the
temperature change, from 3 min (cf. Figure 11) to 1-1.5 min. Other pertinent parameters could affect the
heating time constant, and these should be effectively exploited in the next step of this work. For instance,
larger volumic masse p and larger heat capacity (Cp) lead to slower changes in temperature, while a larger
exchange surface area and better heat transfer (h) favors speedily temperature increases. Thereby, to further
reduce the time constant to meet medical needs, a possible solution is to use other polymers (thermoplastic or
elastomer) with smaller value of specific heat compared to the one of ABS used in this study (~ 1600 J.kgL.K™),
for instance, PMMA with C, ~ 1270 J.kg™'. K™}, or even silicon with extremely low C, (~ 710 J.kg'.K™'). These
polymers may lead to drastically decreased heat capacity of the whole composite, making it possible to enhance
the temperature’s response time. Another option involves in investigating influence of shape, nature, and size of
particles on induction heating behavior so that to obtain the most optimize ferromagnetic material that leads to
faster temperature changes. An alternative solution is to increase exchange surface of sample but this solution is
not well adapted for medical application where diameter of the heating wire should be sufficiently small to be
introduced inside the veins. Finally, a different possible technique is to inductively heat nano-particle materials
on very high frequency (HF), around hundreds of kHz at relatively high magnetic strength [51]. This method
leads to drastically fast temperature change, of approximately few second for an increase of 100°C, which can
match specifications entailed by endovenous procedure [52]. However, the alternative generator used to deliver
such high frequency and magnetic amplitude is quite complex and expensive compared to our developed setup
where only a DC motor and small permanent magnets were used. Based on very promising experimental and
simulation results, we believe that the cost-effective LFIH method can reach requirements endovenous thermal
ablation by enhancing the magnetic source as well as optimizing ferromagnetic composite properties. To the
best of our knowledge, this is the first time LFIH approach has been demonstrated to be high potential for
minimally-invasive therapies. Most recent researches based IH related to medical application (e.g. hyperthermia
cancer treatment) requires extremely high power supply up to a few MHz’s frequency [53], involving very
complex system where accurate power converters and control design become mandatory.

Figure 16. Performance of induction heating in terms of a) volume fraction and b) frequency of the magnetic
field.
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Figure 17. a) Time evolution of temperature with different sample thickness at optimal fraction and frequency
of the magnetic field. b) Time constant versus heating temperature for various thickness values.

Finally, further enhancement in terms of experimental setup, as well as material design, should be investigated
in future work. This work should aim to meet medical requirements so that varicose veins could be efficiently
heated within a very short time.

YV CONCLUSIONS

This paper demonstrated the low-frequency induction heating effect on ferromagnetic composites involving
ABS thermoplastic polymer filled with iron oxide particles. We found that the heating behavior could be
affected by diverse factors, including parameters related to the composites (e.g. content, nature, size of the
magnetic particles; dispersion and dimension of composite, homogeneity of the iron powder in the polymer
matrix, thermal conductivity and specific heat of both polymer and fillers, etc.), parameters related to the
external magnetic excitation (e.g. frequency, amplitude), and parameters related to the external environment
(e.g. heat dissipation, thermal exchange). Experimental and simulation results showed the feasibility to
inductively heat the ferromagnetic composite to 100-120°C by optimizing the magnetic source and the filler
concentration of the material. Another issue regarding the heating speed will be thoroughly investigated to
efficiently minimize the time constant (~ few seconds) that was identified as one of the most critical conditions
for the minimally-invasive procedure in varicose veins. An alternative aspect of this work focusses on
enhancing the mechanical properties of the magnetic composite to be adaptable to additive manufacturing and
3D printing. Finally, the initial experimental results reported in this paper were encouraging, especially for
application in thermal endovenous treatments based on the induction heating effect. To confirm the reliability of
the proposed approach for real clinical environments, further in vitro and in vivo tests are under consideration
for future research. The next step of this work is to compare the long-term efficacy and the risk-benefit ratio of
the LFIH method with those of existing endovenous techniques.
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