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ABSTRACT This article shows the use of a high-frequency Full-Bridge inverter to design an alternating
magnetic field generator for experimental studies on anti-cancer treatment with magnetic nanoparticles.
In magnetic hyperthermia, nanoparticles are used to raise the pathological cancerous cell’s temperature
high enough to induce their death by apoptosis, but not as high as to destroy them by thermal ablation
of the whole tissue volume, consequently leaving healthy cells alive. Conventionally, sinusoidal alternating
magnetic fields are used to heat the nanoparticles, which can be more easily produced than other waveforms.
However, there are no theoretical nor experimental reasons to choose the sinusoidal waveform. This work
aims to develop an improved power system to study the effect of different waveforms of the magnetic field on
heat production when exciting magnetic nanoparticles, aiming at demonstrating that other waveforms can be
much more efficient in producing heat than conventional sinusoids. To prove our hypothesis, we designed
an inverter able to generate four waveforms at high frequencies and a fifth sinusoidal signal derived by a
resonant capacitor, in the range of 100 kHz to 1 MHz and up to 10 mT of peak intensity. Also, we used
SiC devices to process high currents at high switching frequencies efficiently. Additionally, to enhance the
system efficiency, Zero-Voltage Switching is used to reduce switching losses and minimize electromagnetic
noise and interference. The experimental results obtained with non-sinusoidal waveforms have shown a
remarkable performance improvement compared to classical sine wave excitation. The nanoparticles’ heat
dissipation depends on the applied alternating magnetic field’s signal slope, signal frequency, and peak field
intensity. We conclude that further work deserves to be done to find the optimumwork conditions in function
of the used particle and biological environment to test if this type of magnetic field generator could overcome
the conventional system’s performance.

INDEX TERMS Hyperthermia, magnetic nanoparticles, DC-AC power converters, SiC, nanomedicine,
alternating magnetic field.

I. INTRODUCTION
The global burden of cancer is estimated to have risen to
18.1 million new cases and 9.6 million deaths in 2018. One
in 5 men /6 women worldwide develop cancer during their
lifetime, and one in 8men /11women die from the disease [1].
With the increasing number of cancer cases every year,
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various treatments are being investigated to aid in the fight
against this threat, especially nanomedical treatments, where
nanoparticles are being used more and more in medical diag-
nostics and therapies. This article introduces the inverter used
to experiment on a nanomedical cancer treatment technique
named Magnetic Hyperthermia (MHT) based on alternating
magnetic fields.

Magnetic Hyperthermia (or Hyperthermia with magnetic
nanoparticles) is a modern method that aims to target cancer
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cells selectively, provided that the nanoparticles are success-
fully delivered to the targeted biological tissue, where their
excitation will result in raising the environmental tempera-
ture to 43◦C to 45◦C, causing cancer cell damage due to
their low resistance to heat [3], hence destroying cancer
cells by apoptosis, leaving normal cells intact due to their
high resistance to heat [4]. In experimental in-vitro set-ups,
the Nanoparticles (NPs) are suspended in the same medium
as the cancer cells. An external electromagnet is placed (see
Fig. 1), where a high-frequency (usually between 100 kHz
and 1 MHz) Alternating Magnetic Field (AMF) is generated
(hence the need for a high-frequency AMF generator). The
magnetic excitation results in the rotation of the nanoparticles
and/or of their magnetic moment as well, resulting in heat
generation (see Fig. 2). It is important to note that alternating
magnetic fields at a frequency below 1 MHz and a magnetic
field less than 1 T are considered harmless when exposed to
biological tissues or processes [2]. This technique does not
exceed these limits.

FIGURE 1. (Figure 1 changed) Particles are delivered inside the body and
they reach the target tissue chemically driver. Afterward, the treatment
with alternating magnetic fields can be applied to damage the tumor cells.

Currently,MHT is being used in various anti-cancer related
studies, where it is also being used as a trigger to release
therapeutic molecules due to temperature increase [6], like
in the case of [8], where they used AMF and nanoparticles to
trigger the drug-release using thermoresponsive matrices. [7]
describes the current state and challenges of MHT, especially
in nanoparticle reproduction. However, it also shows the new
monitoring techniques that are being combined with MHT,
like thermal imaging and magnetic particle imaging (MPI),
which are vital since they allow us to monitor the distribution
and heat dissipation from inside the cell.

Besides AMF, ultrasound and light have been used in
thermal therapies, and drug release triggering [9], [10]. Ultra-
sound is used at high frequencies to ensure high penetration
depth [11], damaging healthy tissues [9], while ultraviolet
light suffers from low penetration depth.

Furthermore, magnetic nanoparticles (MNP), specifically
iron oxide, which are the nanoparticles used in MHT, possess

FIGURE 2. A. Different heat generation mechanisms of magnetic
nanoparticles in response to a high-frequency AMF B. Nanoparticles heat
generation representation inside the tumor.

high biocompatibility properties and are approved by the food
and drug administration (FDA) [12] as magnetic resonance
imaging contrast agents and heat mediator for either drug
release triggering or cancer treatment using AMF [13], [14].
There are different sizes and shapes of Iron Oxide nanopar-
ticles. The shape is categorized so that <10 nm are consid-
ered small nanoparticles, Néel Relaxation dominates their
heating process; hence, it is frequency-dependent. On the
other hand, particles larger than>10nm are regarded as large
nanoparticles; their dominant heating process is Brownian
Relaxation; hence, they are dependent on magnetic field
strength [38]. These phenomena are represented in Fig.2
As for the shapes, there are various shapes of Iron Oxide
nanoparticles, i.e., spherical, flower-shaped, etc. [19], [38].
In this study, the iron oxide magnetic nanoparticles that are
employed have a diameter of 10.6 nm, having a standard devi-
ation in the size of σ = 3.5, and a 75 mg/ml concentration,
because they are expected to offer an excellent response in
terms of thermal power dissipation [38].

When an AMF is applied to the NPs, they heat
based on Néel and Brownian relaxation [3]. Commonly,
Rosensweing’s model is used to calculate the nanoparticles’
heat dissipation following its excitation by a sinusoidal alter-
nating magnetic field [40]. The power dissipation formula is
expressed by:

Pdissipated = π · µ0 · χ0 · H2
ac · f ·

2 · π · f · τ
1+ (2 · π · f · τ )2

(1)

whereµ0 (H ·m−1) is the vacuum permeability,χ0 is the equi-
librium susceptibility, f (s−1) is the frequency, Hac (A · m−1)
is the amplitude of the magnetic field and τ (s) is the
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relaxation time. However, the model was made for sinusoidal
AMF signals, and no further models were developed using
other waveforms.

It is essential to point out that all MHT experiments in the
literature are conducted using sinusoidal AMF signals. To the
best of the author’s knowledge, there are no other available
systems capable of providing different waveforms. However,
these sinusoidal AMF face some limitations. In [15], MHT
in Vivo problems emerged; the homogeneity of the heating
inside the organ was highly dependent on the distribution
of the NPs. Furthermore, MHT studies report that MNPs,
once internalized in cells, show lower energy absorption
per unit mass or specific absorption rate (SAR), ranging
from 90 % to 50 % depending on particle size, shape, and
composition [16], [17].

On the other hand, the aggregation effect was shown
in [18], where the inefficiency of NPs to respond to AMF
was observed due to the compaction of NPs as large
aggregates with random NP orientation in lysosomes of
tumor cells. In contrast, other studies attribute this effect
to Brownian mobility restriction [17], [20]. Nevertheless,
in [21] the decline in the effect of Brownian dynamics
on NPs heating was studied; it was concluded that the
magnetic moment of each constituent particle could suffi-
ciently respond to the change in the magnetic field when
the particle-field interaction is significantly more dominant,
which leads to a larger area of the hysteresis loop, hence a
better heat production performance. Therefore, a more con-
siderable efficacy in producing heat could solve most of the
above-described problems, either improving the nanoparti-
cles’ behavior, which is the line of research followed by most
scientific community, or improving energy delivery from
the exciting magnetic field, which is the main aim of this
work.

Our background hypothesis follows that the most effective
heat production occurs during the transients phase (which
refers to the transitional phase of the AMF signal when it
is changing its polarity), where the particle magnetization
changes, and physical miss-orientation relative to the field
direction are more considerable. Transients take place mainly
around the zeros of the magnetic field. The particle magneti-
zation (that follows the exciting field almost without memory
effect since they are superparamagnetic) is high around the
field peaks, so the particle strongly tends to stay oriented in
the direction of the exciting field without producing further
heat dissipation. On the contrary, when the magnetic field is
changing, the dissipation would be much higher. Instead of
reaching a steady-state in magnetic momentum and particle
rotation, the heat dissipation could be considered a series of
transients taking place around the zeros. Thus, high magnetic
field peak values would not be as useful as sharp slopes when
the field changes its direction in its zeros to dissipate energy
as heat. The optimum sharpness needed could depend on the
experimental conditions. Since sinusoidal waveforms slope
and peak value are dependent on each other, it is impossible
to clarify this hypothesis. There is no commercially available

system capable of producing alternating magnetic fields of
enough intensity within the frequency range of interest other
than following sinusoidal waveforms. And, although we can
theoretically increase the efficiency of the sinusoidal wave-
form by increasing its magnetic field intensity and/or fre-
quency, we must consider the risks of biological damage
to the patient due to induction phenomena in the tissues
[44]–[47]. Hence, there is a limit for the operating magnetic
field intensities and frequencies, making it vital to seek new
waveforms able to reach similar efficiencies while requiring
lower intensities and frequencies.

In our first attempt [22] of using non-sinusoidal waveform,
with non-coupled slopes and peak intensities, we observed
that the heat production does not follow the rule (1) for low
magnetic intensities. On the contrary, the heat production is
higher than expected, pointing to a more relevance of the
slopes over the peaks for heat production. In our second
attempt [23], [24], with a better prototype, we could demon-
strate that, contrary to the conventional rule (1) the frequency
is not enough to define the heat production; all the rest of the
variables kept equal. Furthermore, with just square signals
of changing duty cycles, it is possible to change the heat
production, again pointing to the transients around the zeros
as the leading cause of heat dissipation. However, in both
attempts, the developed devices had severe technical issues.
The instrument used in the first attempt was a signal amplifier
used for antennas, which unfortunately, taught us that only
sinusoidal waveform could be amplified. In contrast, the rest
of the waveforms were generated with severe distortion. The
device used in the second attempt was much better than the
previous one, yet it still lacked significant measures to make
it reliable. As a result, it suffered from constant component
overheating and malfunctioning. Therefore, in this paper,
we present the last prototype with which we have gained a
much larger control on the variables to produce signals with
slopes, peak intensities, and frequency decoupled, including
a sinusoidal waveform for the sake of comparison with the
conventional case of magnetic hyperthermia with nanopar-
ticles, again, all the rest of variables kept unaltered among
different experiments. Also, better layout practices and safety
measures were taken while designing this device to ensure
a more stable performance during the experiments, allowing
it to withstand the generation of high-current AC output at
high frequencies and for an extended period without any
component overheating issues.

Rosensweig connected the magnetic field to the1T in NPs
[40]. However, our previous results [22]–[24] showed that the
type of the AMF signal, signal frequency, and even particle
size (tiny particles <10 nm) conditions the proportionality
between 1T and B.

This paper shows the design and experimental validation
of an AMF device based on a full-bridge inverter to study the
effect that different shapes for the magnetic field have on iron
oxide superparamagnetic nanoparticles (SPION) heat dissi-
pation.We aim to prove that the AMF signal’s slope increases
the NPs heating efficiency and that unconventional signals
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contribute more to magnetic hyperthermia than conventional
sinusoidal signals.

The paper is organized as follows. Section II will discuss
the prototype design, explaining design features, the control
chip used, and the device selection. Next, Section III will
describe the experimental protocols and the measurement
method. Finally, Section IV includes the device characteri-
zation, AMF output waveforms, and experimental results.

II. INVERTER FOR MAGNETIC HYPERTHERMIA
This section will discuss the inverter’s essential design details
that drive the air coil where the sample is placed and disposed
to a high-frequency magnetic field.

First, the specifications for the MHT device are covered.
It has to generate four unconventional signals with different
slope angles, namely: Square-to-Trapezoidal, Trapezoidal,
Triangular-to-Trapezoidal, and Triangular, at several frequen-
cies going from 100 kHz to 1 MHz in 100 kHz steps. Also,
a sinusoidal signal is derived for comparison with the conven-
tionalmethod. The inverter has to generate a peak load current
of 100 Apk−pk . However, this value is not achievable in all
the experiments because, at high frequency and the selected
inductance, the input voltage must be high as well, thus
limiting the coil current. This phenomenon will be discussed
in Section II-A.
The load used in this work is an air coil made of a

single-strand wire consisting of 30 wires of 0.55 mm radius
each. It has 14 turns, 5.5 cm height, and an internal and
external radius of 2.85 and 3.25 cm, respectively. The coil is
described in detail and optimized in [23]. The NPs used, and
their characteristics are described in the previous section.

FIGURE 3. a) The air coil used in this study after while being
manufactured in [23] b) Thermal photo of the coil while operating during
a hyperthermia inert experiment.

Since the goal is to generate waveforms other than sinu-
soidal signals, conventional AMF devices are not applica-
ble. It is difficult to find in the literature the devices used
by researchers to perform their hyperthermia test as they
are often published in biology-related magazines where the
deceive itself is not of interest. Some AMF generators are
available in the market, like the CELES MP Generator (Five
Celes, Lautenbach, France). However, they are designed to
produce exclusively conventional sinusoidal signals from

50 kHz to 400 kHz, in addition to their financial requirement.
Which is why we developed our own device.

The conventional current generation methods into coils are
based on radio frequency (RF) power amplifiers or waveform
amplifiers, as in [35] or [36] respectively. RF amplifiers can
reach a very high bandwidths, but they are lossy, bulky,
expensive, and are limited to low currents. For instance,
a class-B amplifier generating a sinewave for an inductive
load would have a power loss given by Ploss = Vin ·Ipk−pk/π ,
where Ipk−pk is the peak to peak current of the sinewave
and Vin the input voltage (positive or negative). Considering
Vin = ±100 V with the load referred to the midpoint,
to obtain 20 Apk−pk , the losses would be 637 W.

Another common solution is to use a Full-Bridge with a
capacitor in series with the load switched at the resonant
frequency, commonly found in induction heating devices.
In [25], an inverter is also used to develop an AMF generator
using a Full-Bridge with Zero-Current Switching (ZCS). Due
to the resonance of the inductive load with the resonant
capacitor, relatively low voltages can be used to obtain high
current. As a result, low voltage devices can be employed.
The advantage of such solution is the simplicity of the design
and that much lower losses are achieved compared to power
amplifiers. However, this solution is only valid for sinusoidal
excitation, at a single frequency. As the frequency is changed,
the capacitor must be changed as well.

Also, there are solutions based on multicell converters.
For example in [41] and [42] multicell converters were
designed to be used in pulsed electroplating anti-cancer treat-
ment applications. However, due to the complexity of these
designs, they cannot be justified very well; hence we chose
to move towards simpler designs.

FIGURE 4. Schematic of the full-bridge inverter.

A. OPERATION OF THE INVERTER
The inverter designed in this work has the structure shown
in Fig. 4, composed of 4 SiC MOSFETs, the load, the input
power supply, and an additional resonant capacitor that is
added only for sinewave signals.

The primary objective is to generate an AC output current,
allowing the user to configure its amplitude, frequency, and
shape. Controlling both legs, the shape of the AC current in
the load can be adjusted, and the DC voltage of the power
supply controls the amplitude of the inverter’s output current.

The different shapes for the load current can be obtained
with conventional phase-shift control. A constant duty cycle
of 50% is used for each leg, switching at the same frequency
as the target output shape. Changing the phase-shift (φ) from
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FIGURE 5. Inductive load output signal generation. a) for piecewise
functions, at 90◦ phase-shift in the example b) for sinusoidal signals,
adding Cr .

Q1 to Q3 from 0◦ to 180◦ controls the shape of the current
waveform as shown in Fig. 5 a). When the phase-shift is
φ = 180◦, the waveform is triangular. When it is 90◦, it is
trapezoidal. And, as it gets closer to 0◦, the squarer the signal
becomes. In this work, φ takes the values 180◦, 135◦, 90◦ and
45◦ for the Triangular, Triangular-Trapezoidal, Trapezoidal,
and Trapezoidal-Square, respectively.

Then, the amplitude is controlled with the input voltage.
The relation between the input voltage, Vin and the peak to
peak current in the inductor Ipk−pk , is given by (2) if losses
are neglected.

Ipk−pk =
Vin
L

φ

180◦
T
2

(2)

From this equation, it is clear that the highest input voltage
is reached when the waveform tends to be a square and the
switching frequency is increased. For instance, in the case
of the almost square signal (Trapezoidal-Square), which has
the most significant phase-shift value between the 4 gener-
ated signals (φ = 45◦), and for an inductance of 10 µH ,
the required input voltage to reach 60 Apk−pk at 100 kHz is
480 V. In contrast, at 1 MHz, 4800 V is needed to achieve the
same output current value. Since our power supply is limited
to 500 V, we are only able to generate 7.5 Apk−pk in the latter
case.

To obtain sinusoidal shapes, a resonant capacitor is added
in series with the load, as in [25]. A large current can be
obtained even with relatively low input voltage values if the
switching frequency is selected near the resonant frequency
of the resonant tank formed by the load and the additional
capacitor. The same driving signal as for the triangular shape
is used, as shown in Fig, 5 b). Moreover, Zero-Voltage
Switching (ZVS) can be obtained if the switching frequency
is above the resonant frequency, as discussed next.

One advantage of the Full-Bridge with phase-shift modu-
lation is that ZVS can be achieved in all switches using the
inductive load current, reducing switching losses [31].

For ZVS, the inductor current has to discharge the parasitic
capacitance of the MOSFET, Coss, that is going to be turned
on during the dead time between the signals Q1 and Q2, and
between Q3 and Q4. This is only possible if the dead time is
long enough and the inductor current is high enough. For the
piecewise functions, the current in any transition is directly
given by Ipk−pk/2 (2). A reasonable approximation for the
minimum dead time for ZVS is given in (3) when the current

in the transition is high enough, this is, when (4) is met [37].

Tdead min =
4 · Qoss|Vin
Ipk−pk

(3)

L ·
I2pk−pk

4
� 2 · Qoss|Vin · Vin (4)

Using the Qoss at Vin reasonably accounts for the effect
of the dependency of Coss with vds, based on [37]. A more
accurate model that accounts for the evolution of the inductor
current in the dead time is out of the scope of this paper.

This limit is harder to meet at a maximum frequency or
lower phase shift. Similarly, at low input voltage, as Qoss|Vin
is commonly steeper, the ZVS condition is more challenging
to meet due to the low current. The minimum current to be
tested is Ipk−pk = 5 A, for Trapezoidal-Square at 1 MHz. For
this test,Vin is equal to 400V andQoss|400 V ≈ 250 nC. In this
case, applying (4) ZVS cannot be achieved. ZVS imposes an
additional limitation to the tests that can be performed, as the
tests performed without ZVS generate too much noise due to
the high dv/dt that impairs the measurements.

For the Sinewave signal, ZVS is simply obtained by select-
ing fsw > fr to ensure that the transition is done with enough
current in the inductor.

For this application, GaN or SiC devices are preferred
due to the high switching frequency operation, and the high
current [43]. However, since the maximum voltage is 500 V,
using 650 V GaN devices is not safe due to the ringing in
the drain-source voltage. Therefore, 1200 V SiC devices are
selected for this inverter. The use of Full-Bridge inverter
switching at such high frequency (1 MHz) is only possi-
ble thanks to the use of SiC devices due to their reduced
Rdson · Qg figure of merit [32], which enables fast switching
transitions and low conduction losses at the same time. The
selected SiC MOSFET is the Cree C3M0016120K, rated to
1200 V and 115 A. It is driven with the SI8233BB isolated
driver. A DC bus with a capacitor bank was placed tightly
close to the MOSFETs, to avoid voltage ringing [33]. Also,
to prevent ringing in the gate, ferrite beads were used as
gate resistors [34]. They proved effective at eliminating par-
asitic oscillation while minimizing switching losses because
they act like frequency-dependent gate resistors. To supply
the gate drivers, 3 separated 12 V power supplies are used,
one for each high-side MOSFET and one for both low-side
MOSFETs. Common-mode chokes are used in the supply to
avoid common-mode current at switching frequency due to
the external power supply’s parasitic capacitance to ground.
Also, a Schottky diode was placed in parallel with the gate
resistor of 3� to provide a strong pull down to avoid spurious
turn-on when the complementary switch is closed. Finally,
a Faraday cage was placed around the MHT device case to
ground any electromagnetic waves generated by the circuit.
A picture of the inverter is shown in Fig. 6.

B. CONTROL CARD AND INTERFACE
To generate the driving signals, the STM32-F446RE control
card is employed. It has anAdvanced Timer that can operate in

VOLUME 9, 2021 105809



M. Zeinoun et al.: Configurable High-Frequency AMF Generator for Nanomedical MHT Applications

FIGURE 6. Prototype picture highlighting the different parts of the circuit.

ToggleMode, which generates signals at 50% duty cycle at all
times, having to only phase-shift the pulses from 0◦ to 180◦

to acquire all the five signals listed in the previous section.
As mentioned earlier, the current amplitude is controlled
by the DC power supply; however, the signal’s shape and
frequency are configured by software. The Nucleo-F446RE
has a clock speed of 180 MHz, which is more than enough
for this application since the highest switching frequency
is 1MHz. As for the gate pulses generation, although the
circuit consists of 4 MOSFETs requiring 4 gate inputs, it was
unnecessary to program all 4 STM32-F446RE output chan-
nels. Instead, we set only 2 channels to generate the desired
pulses. In contrast, the other two were easily obtained as
the STM32-F446RE provides every channel with an inverse
channel. That way, a channel is connected to the high-side
MOSFET and its inverse to the low-side MOSFET. Further-
more, the STM32-F446RE allows us to introduce a dead-time
between the main channel and its inverse. As a result, only
the high side switches are controlled, namely CH1 and CH2
(see Fig. 4). The Nucleo generates 3.3 V pulses that go into
isolated gate drivers. A TTL serial was added due to the high
noise, to isolate the Nucleo from the PC (see Fig. 7).

A small current transformer was added in series with the
load to calculate the magnetic field flux based on the current
in the coil. The current is obtained by measuring the voltage
across a shunt resistor in the secondary side of the trans-
former.With the selected values, the obtained gain is 0.1 V/A.
EB, on the other hand, is estimated using the Bio-Savart for-
mula, which in the case of our coil at z = 0 is calculated by:

EB(t) =
µ · I (t) · N
2 · (r2 − r1)

ln
r2 +

√
(l/2)2 + r22

r1 +
√
(l/2)2 + r21

. (5)

where themagnetic permeability isµ = µ0 = 4π ·10−7 H/m
since the coil is air core, N is the number of turns, r2, and r1

FIGURE 7. Magnetic hyperthermia connection diagram.

FIGURE 8. a) The sample holder b) Detailed drawing of the sample
holder’s layers.

are the outer and inner radius of the coil, respectively, and l
is the length of the coil.

However, to determine the validity of (5), a simulation in
Ansys Maxwell was conducted in [23]. First, we introduced
the same current values used in the simulation. Then, we com-
pared the calculated EB to the one acquired by the simulation.
Both values were almost identical, which means the formula
is valid.

III. EXPERIMENTAL SETUP
The purpose of this study is the measurement and analysis of
the temperature curves of the NPs, for which a rigorous exper-
imental protocol was developed. We have set a globalized
initial condition for all the samples used in all experiments
to make a valid comparison of the maximum temperature
reached.

Fig. 9 shows the entire setup, which is divided into 2 parts:
The electronics part and the experimental part.

The electronics part consists of the high-frequency AMF,
which is placed inside a box designed by a 3D imprinter
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FIGURE 9. Hyperthermia set-up.

covered in Faraday cage and a RF plate on the top. Next to
it we have the 500 V/60 A power supply on one side and
the inductor coil placed inside a second Faraday cage. The
experimental part, on the other hand, consists of the sample
itself, which is placed inside a sample holder (see Fig. 8;
described thoroughly in [23] and [22], divided into 3 layers:
• Sample in the middle.
• Vacuumed layer that surrounds the sample.
• Water layer that surrounds the vacuumed layer con-
nected to a pump by tubes and throughwhich 37◦Cwater
is continuously pumped.

The purpose of the continuous flow of water at a constant
temperature is the total thermal isolation of the sample to for-
bid any external heat to affect the temperature measurement,
especially the heat generated by the losses in the coil. Then,
we have the Luxetron fiber optic temperature measurement
tool, which is connected to the user computer via a LabView
platform. In addition, an ultrasonic bath is available, which
is used before every experiment to neutralize any present
aggregation in the sample.

Hence, the experimental protocol goes as follows:
-First, a 500 µl sample containing the nanoparticles is

placed inside a 177.8 mm × 5 mm tube. Next, the tube is
placed for 90 seconds in the ultrasonic bath, set at 37◦C,
to neutralize any aggregation that might have occurred. After-
ward, the sample is placed in the sample holder found in the
Faraday cage. The sample must coincide at the very middle
of the coil (defined as z = 0), which is why the sample holder
and coil’s initial position are fixed accordingly.

-Although the external temperature is isolated from the
sample, the water temperature continuously going through
the sample holder affects the sample’s temperature, which
is set at 37◦C to represent the temperature of the human
body. Therefore, after placing the sample inside the holder,
the temperature will be stabilized at 37◦C. This procedure is
done in all the experiments; hence, creating almost the same
initial condition and initial temperature.

-Meanwhile, three fiber optic cables are placed at three
different measuring points:
• The first measures the ambient temperature through a
cup of water at room temperature.

• The second measures the temperature of the part of the
tube found outside the sample holder’s chamber.

• The third is for the NPs sample’s temperature
measurement.

However, it is essential to point out that the temperature
should be recorded at the z = 0 point of the sample. Since the
cables have a curved end, a Pasteur transfer pipette is used,
through which the fiber optic is introduced, and only a few
millimeters of the tip of the cable meets the sample. Initially,
the 177.8 mm × 5 mm tube is cut short by a diamond head
pen so that the Pasteur pipette’s tip, hence the fiber optic’s tip,
is at z = 0 of the sample.

-Once the fiber optics measures the sample temperature at
37◦C, the required voltage on the DC power supply is set
to reach the desired peak-to-peak AC load current, which is
measured by a current probe connected to an oscilloscope,
allowing us to visualize the shape and amplitude of the
current. High-power RF cables were used to connect the
inverter output to the load to reduce electromagnetic inter-
ference produced by the AC output passing through the
load.

-During the 15 mins, the fiber optic temperature measure-
ment is sampled every 1 second, and only the last measured
value is used after the 900-second mark is reached.

FIGURE 10. Trapezoidal signal characterization curve.

IV. RESULTS
After ensuring that all devices functioned correctly,
the inverter was tested.

A. DEVICE CHARACTERIZATION
First, the theoretical values acquired from the relationship
between Vin and Ipk−pk in (2) had to be compared to the
measured values. The measured values were slightly different
from the calculated values due to RF cables, which increased
the inductance of the load, resulting in a slightly higher
voltage requirement than the theoretical value to reach a
certain current amplitude. The results are shown in Fig. 10.
Then, applying the Ipk−pk values in (5) the magnetic field is
calculated for every given current. As for the output signals,
they are represented in Fig. 11 and Fig. 12.

At high frequencies, the losses are high because of the high
input voltage required to obtain the desired magnetic field
strength. Similarly, the phase-shift is also proportional to the
current, and a higher voltage is needed when the phase shift
is increased, as given by (2).
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FIGURE 11. Load current at 100 kHz for triangular, trap-triangular,
trapezoidal, trap-square and sinusoidal signals at 101 Apk−pk ,
88.9 Apk−pk , 82.8 Apk−pk , 41.7 Apk−pk and 60 Apk−pk respectively.

FIGURE 12. Load current at 1 MHz for triangular, trap-triangular,
trapezoidal, trap-square and sinusoidal signals at 10.1 Apk−pk ,
0.860 Apk−pk , 0.780 Apk−pk , 7.6 Apk−pk and 17.8 Apk−pk respectively.

B. VALIDATION EXPERIMENTS
The first experiment was conducted to ensure the sample was
isolated from external temperature, especially coil heating.
Hence, de-ionized water (also known as MiliQ water) was
placed in the sample, and various tests were conducted. For
example, Fig. 13 shows the results under a sinusoidal signal

FIGURE 13. Sample temperature isolation test using de-ionized water.

25 Apk−pk at 500 kH. The gray curve represents the ambient
temperature, whereas the orange curve represents the Pasteur
pipette temperature outside the sample holder, hence affected
by external heat interference. The Fig. 13 was chosen to show
that due to the overheating of the solenoid coil, the Pas-
teur pipette temperature raised to around 43◦C. However,
the blue curve that represents the sample temperature stayed
in both cases steady at 37◦C, proving that whatever is placed
inside the sample holder is totally isolated from external
interference.

FIGURE 14. Heating experiments with sinusoidal signal at 100 kHz,
200 kHz and 500 kHz for different magnetic field intensities.

Now that we are sure that the sample is isolated and
that any heat generated is due to hyperthermia, a series of
experiments are conducted. It is important to note that all
experiments were performed using the same nanoparticle,
a 10 nm Iron-Oxide non-biofunctionalized nanoparticle, at a
volume of 500 µl, at a concentration of 75 mg/ml. The
duration of all tests is set to 15 minutes. First, the effect of
the frequency on the nanoparticle’s heating was tested using
the conventional sinusoidal signals at 3 different frequencies,
100 kHz, 200 kHz, and 500 kHz, at different magnetic field
strengths. The results are shown in Fig. 14 and imply that
a higher temperature was reached at high frequencies for
the same magnetic field intensity. This result proves that the
power dissipation of the nanoparticles is proportional to the
AMF frequency and increases with increasing magnetic field
strength.
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FIGURE 15. Slope efficiency experiments results at 100 kHz and 3.21 mT.

Next, the effect of the slope of the signal was tested
by fixing the frequency of the signal at 100 kHz and
the magnetic intensity at 3.21 mT and varying the signal;
hence, varying the slope of the AMF waveform. The results
in Fig. 15 show that the highest heating efficiency is reached
using the trapezoidal-square signal, which is the signal with
the highest slope value, followed by the trapezoidal sig-
nal. The sinusoidal signal reached a lower heating value
than the previous signals. It marked a higher value than
the Trapezoidal-Triangular and triangular signs, respectively,
the latter being the signal with the smallest slope value. These
measurements prove that the nanoparticles’ power dissipation
depends on the slope of the AMF signal. The slopes and
frequency effects were studied at 3 different frequencies for
various magnetic field values to validate the previous conclu-
sions further. The results are shown in Fig. 16.
The Trap-square signal’s efficiency is superior throughout

all the magnetic field intensities and frequencies, always fol-
lowed by the Trapezoidal signal, except at 100 kHz/1.07 mT,
where the former scored a lower value than expected com-
pared to the latter and sinusoidal signal. It is essential to point
out that these experiments were repeated three times to ensure
that the data is correct, and all the results were in a 0.05◦C
range. Further investigations are being made to determine if
it is a particular case or a specific pattern for this unusual
phenomenon.

Nevertheless, at 2.14mT, the desired results were acquired.
The conventional sinusoidal at 0.53 mT and 1.07 mT is
found behind Trap-Square and Trapezoidal signals; however,
at 2.14 mT, it is surpassed by Trapezoidal-Triangular sig-
nal at 200 and 500 kHz. The Triangular signal is the least
effective in all frequencies and magnetic field intensities.
Unfortunately, at 500 kHz, due to extreme coil heating, for
the moment, the experiments were limited to 1.07 mT in the
case of Trapezoidal and 0.53 mT in the case of Trapezoidal-
Square. Once a better coil is developed, experiments at high
frequencies and amplitudes will be explored.

The results prove that a considerable increase in heat
generation can be obtained with waveforms different from
conventional sinewaves. Nevertheless, the relation between
heat generation and the time-varying magnetic field must be

FIGURE 16. Hyperthermia experiments of all signals at a) 100 kHz
b) 200 kHz c) 500 kHz.

further studied. Furthermore, theoretical models that corre-
late the slew rate, amplitude, and frequency of the variable
magnetic field with generated heat must be developed.

On the other hand, the adjustments made to the previous
design, like the STM32F446RE control chip, new four-pin
Silicon-Carbide (SiC) MOSFETs, the capacitor bank the iso-
lated power supplies, Schottky diodes, and all the changes
made to the PCB design reduced oscillation and electro-
magnetic interference which resolved overheating problem
mainly when operating at a frequency of 1 MHz.

The coil is required to generate a value of at least 10 mT
up unto 30 mT, especially in future in Vitro studies, where
the nanoparticle concentration cannot exceed 0.1 mg/mL or
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less it will cause cell toxicity [38], [39]. Following the cal-
culations in (5), the magnetic field generated at 60 Apk−pk
was 6.42 mT. Consequently, further improvements on the coil
designs are necessary to improve the experimental apparatus
further. However, since our experiments are limited to inert;
hence no toxicity risks are taken, and on the other hand
our objective is to validate our initial hypothesis that the
lack of magnetic field was compensated by maximizing the
nanoparticles concentration.

V. CONCLUSION
In this paper, the use of Full-Bridge inverters to generate
high-frequency alternate magnetic fields for cancer treatment
has been discussed. An inverter with SiC devices switched at
a variable frequency and obtaining ZVS is proposed, making
it adequate for the high-frequency application. Adjusting the
phase-shift, different types of current shapes are obtained.
Thanks to the use of SiC devices, switching frequencies up
to 1 MHz have been reached at voltage levels as high as
200 V, which was unfeasible before, and forced these tests to
be done with a power amplifier, which are bulky, expensive,
and lossy. The prototype designed for this application was
able to handle high currents under a wide range of frequen-
cies. In addition, the prototype proved more efficient and
power-dense than conventional power amplifiers used for this
application.

Preliminary inert experiments were done at a similar
nanoparticle concentration at an equal AMF intensity for the
same period; the Square-Trapezoidal signal registered more
than +2◦C heat generation more than the sinusoidal signal
Trapezoidal signal reported almost +1.5◦C. These results
proved the effectiveness of the slope of the AMF signal on
the efficiency of hyperthermia and the power dissipation of
the nanoparticles next to the frequency.

However, all the experiments in this study are made using
75 mg/ml nanoparticle concentration exclusively. Therefore,
the next step will be to recreate the same experimental condi-
tion using lower concentration nanoparticles to demonstrate
the contribution of AMF waveforms with more significant
slopes in the nanoparticle concentration while maintaining or
even increasing the nanoparticle’s heat efficiency. This will
lead to a decrease in the nanoparticle requirement inMagnetic
hyperthermia significantly; hence, reducing cytotoxicity risks
in in-Vitro and in-Vivo experiments [22], [23], [38].

Also, we aim to numerically demonstrate the heat dis-
sipation caused by unconventional AMF signals, either by
adjusting the Rosensweig model or using our approach.

As for the system, it is imperative to develop a new coil
that would raise the magnetic field strength, allowing us to
reach even higher current amplitudes than those obtained so
far since we are using SiC MOSFETs that have pretty high
current capabilities. The coil is made of custom-designed Litz
wire, following our design specifications, optimizing it for
high-frequency applications. Also, a cooling water system
will be added, contributing even more to high-frequency high
current dissipation.

As for the magnetic field intensity measurement of the
new coil, althoughAnsysMaxwell simulations and theoretical
calculations are quite reliable; yet, a suitable hall probe will
be acquired for real-time magnetic field measurement.

All these upgrades will solve our current known limitations
and allow us to go forward with inert experimentation, all the
way to in Vitro and Vivo experiments.
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