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INTRODUCTION

Abstract

The development of magnetic hyperthermia machines is also necessary in the exact
description of the heating performance of the magnetic nanoparticles (MNPs) in
the presence of alternating magnetic fields (AMFs). The paper presents a report
of the design, fabrication, and validation of a low-set up cost, versatile AMF
system designed to produce sinusoidal and non-sinuoidal waveforms (triangular,
trapezoidal, trapezoidal- triangular and sawtooth). The fabricated apparatus
incorporates a full-bridge inverter AMF generator, maximized copper induction
coil, fiber optic temperature detection apparatus as well as a thermally insulated
three-layer calorimeter to be precisely measured. Superparamagnetic iron oxide
nanoparticles (SPIONs) produced through Massart co-precipitation technique
was assessed on heating performance under controlled conditions of AMF.
Findings indicated how the non-sinusoidal waveforms greatly increased the
heating efficiency such that the SAR was up to 45 percent higher than when
using the conventional sinusoidal waveform with 200 kHz and 2.14 mT. This
system showed a linear behaviour to the change in magnetic field intensity,
frequency and concentration of nanoparticles, which demonstrates high stability
and reproducibility of the system. Also, the analysis of waveforms indicated that
it was logarithmically correlated that field rise rate was related to thermal power
dissipation. Proved to be a cost-effective as well as flexible substitute to commercial
systems, this open-source and modular format can allow promote deeper studies
into magnetic heating systems and AMF optimization aimed at biomedical and
material science purposes.

Improvement of the medical and materials research is
more and more reliant on more accurate and
dependable instrumentation that has the ability to
recreate complex physical situations. A particularly
popular of these is magnetic hyperthermia experiment
which uses precise systems to produce, direct, and
measure alternating magnetic fields (AMFs) in order

to determine the efficiency of magnetic nanoparticles
(MNPs) in heating [1,2]. The performance of
hyperthermia can generally be related to the specific
absorption rate (SAR) that is the amount of thermal
energy emitted by the nanoparticles at a given mass
when subject to an AMF. Measurement of SAR is thus
critical in determining performance of materials,
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testing of theoretical models and enhancement of
syntheses of magnetic nanoparticles [3].

Most current hyperthermia systems, however, typically
use limited-frequency AC generators, traditional
sinusoidal magnetic fields and error-prone low-tech
temperature measuring tools [4]. Such systems are
largely unbendable in generating waveforms, in field
intensity regulation and long duration thermal
stability thus, inefficiently estimating efficiency.
Additionally, the majority of commercial devices are
costly, complicated, thus, hampering customization
that should be easily done, thus making them less
applicable in academic and experimental laboratories
(5]. There is, therefore, an increasing need to come up
with a designing and production of an effective cost
and flexible measurement of the therm efficiency that
is able to give a high precision and reproducibility in
the laboratory scale studies [6].

Alternating magnetic field (AMF) is an important
aspect of the thermal behavior of the materials which
are  magnetic materials. The characteristics
influencing heat are the amplitude of the field,
frequency, and characteristics of the waveform [7].
Although sinusoidal waveforms are standard,
according to the recent findings, signals that are not
sinusoidal like square or triangular waves also can be
used to optimize heating, since they may contain high-
frequency harmonics [8,9]. But still, no experimental
systems have been developed to able to generate such
variable AMF profiles and be able to remain able to
monitor the induced temperature increase with
adequate precision [10]. This inspires the design of a
system that is capable of producing different field
patterns to study their impact on performance of
heating magnet materials [11].

An electrical, electronic, and thermal system should
also be well incorporated to create such a system. The
AMEF generator, copper induction coil, cooling parts
that also provide stability to the system and
temperature sensing modules that also perform real-
time monitoring are its main components [12]. The
AMF generator should be designed to operate in the
range of several hundreds of kilohertz to few kilohertz
with amplitude that is variable such that it operates
with different magnetic nanoparticles [13]. Power
amplifier, signal control interface and shielding are
also expected to be in the system, so as to diminish the
impact of the electromagnetic interference [14].

The design of the induction coil which would control
the field distribution and the field strength at the
sample position is one of the most significant aspects
of the process of fabrication. The coil geometry in
relation to the number of turns and the radius of wire
and radius of space has a direct effect on the
uniformity of the magnetic field and homogeneous
heating [15]. Analytical modeling and simulation can
be used to guide the optimization of these parameters
with the aid of the tools of COMSOL Multiphysics or
ANSYS Maxwell before the experimental assembly is
invested in [16]. It is also essential to take into
consideration thermal management in a way that does
not allow hot coils to function and allows stable
functioning even in case of long test time [17].

A non-contact, infrared sensors, fiber optic probes
and digital thermocouples can be included to the
system in order to get temperature [18]. These sensors
have an interface with microcontroller or data
acquisition system (DAQ) to PC interface which in
turn measures and logs the changes in real time in
temperature or logs them to PC system [19]. It is not
only more accurate, but also this automation can
allow monitoring at any time and conducting
comparative research on different samples and AMF
conditions [20].

After being fabricated, the system has to be calibrated
and validated with reference to standard magnetic
materials which have known sizable SAR values [21].
This guarantees that the generated AMF is reflective
of the field strength as calculated on theory as well as
temperature measurements are known to be both
physically consistent. Frequency behaviour of the
system to different frequencies of the variable under
test as well as field intensities must also be defined so
as to establish that the system is linear and reliable in
its operation [22]. The characteristics that are essential
are the efficiency and stability of the AMF source since
distortion or instability may cause large deviations to
thermal measurements [23].

Besides testing it experimentally, the fabrication
efficiency and cost-effectiveness of the system should
also be measured. The design with simple
components, which are easily accessible like electronic
parts, modular circuit design, and open-source control
software minimizes the production cost of using
commercially available hyperthermia systems by a
large margin [24]. These are accomplished by the
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capability of modifying or upgrading subsystems, i. e.
waveform control modules or temperature sensors, to
improve the research value of the system in the long
term [25]. Moreover, the modular design allows
solving the extension to the biomedical or materials
testing in the future [26].

The major aim of the current study is thus to design,
manufacture and test an alternating magnetic field
with variable waveform control and a scale size
laboratory complete system to measure the efficiency
of heat generation. The developed artificial system is
out to generate AMF fields of adjustable frequency
and intensity, quantify the related thermal reaction of
organic materials, and develop a reasonable
relationship between the magnetic parameters and
warming proficiency [27]. In the end, this system
offers an easy and cost effective means of examining
thermal characteristics in nanoparticles, magnetic

Signal and Frequency Control -

composites and ferrofluids and thus it will help in
generating better materials engineering techniques
and applied magnetic studies [28-30].

2. Materials and Methods

2.1. Materials

The measurement system of hyperthermia efficiency
that was invented in this research is made up of an
alternating magnetic field (AMF) generator, an
optimized induction coil, a fiber optic system of
temperature measurement, and a multilayer
calorimetric sample holder. The system is set up in
such a way that the efficiency of heating magnetic
nanoparticles (MNPs) in different waveform
excitations can be assessed. The whole setup layers in
real-time temperature, controlled waveforms with
precision and thermal isolation in properly
characterizing magnetic hyperthermia performance.

User PC

IL:“T‘

N
r) !

Measurment data

P
Fiber optic sensors § :
.
Fiber Optic
Temperature measurement
Alternating Magnetic Field Generator
Water trajectory
Water Pump

Figure 1. Hyperthermia system workflow.

2.1.1. Strong magnetic field (AMF) Generator.
In this study, the AMF generator that was used was a
full-bridge inverter-based generator created in the

laboratory. It can generate four non-standard
waveforms, such as triangular (TR), trapezoidal-
triangular (TT), trapezoidal (TP) and trapezoidal-
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square (TS) waveforms as well as a normal sinusoidal
(SN) waveform in order to provide a point of
comparison. The highest current that the generator
can give is 100 Apk-pk and the range of frequencies
that can be applied can be in between 1 MHz and 100
kHz with the step size being 100 kHz. The irregular
waveforms were produced in the study of the effects
of variations in slope of the magnetic fields to the
heating efficiency of nanoparticles.

Design Coil In design Optimization was performed
on the design of coils previously optimized, resulting
in an AMF method that is up to 3.2 mT with an input
current of 30 Apkpk. Yet because of thermal
considerations, which were met through the current
limitation, the current was used in a stabilized
manner. The coil and AMF generator specifications
have been tested by waveform technology using
oscilloscopes to see that the generator was capable of
creating steady signal at all frequencies processed.

2.1.2. Fiber Optic Temperature Metering
Schematic.

An AMF environment results in the need of non-
metallic and interference-free sensors to determine
temperature. Therefore, Luxtron 3300 fiber optic
sensors were used in the determination of thermal
values with greater precision. The temperature
variations present in a set position, in each sensor
channel are all recorded simultaneously in multiple
positions of the sensor channels; in the nanoparticle-
sample, in the encircling fluid and in the
surrounding environment.

The sample was placed in a sample tube and a
Pasteur pipette was inserted to keep the fiber optic
sensor in the geometrical centre of the sample so that
the temperature would be measured consistently
regardless of the gradient in the convection. Also
with this design immunity to cable bending and
reproducibility with tests is possible.

......

Figure 2. AMF generator waveforms.

2.1.3. Calorimeter Design

An instrument of tri-layers calorimeter was designed
to remove the presence of outside heat in the coil, and
create the required controlled environment. It
consisted of: an outer water circulation system kept at
37 degC by a constant supply of water pump. A

vacuum insulation to reduce heat transfer and a
suspension chamber of nanoparticles on the inside are
also present. This system prevented the test sample to
be subjected to effects of third parties with regard to
temperature variation. The confirmation of validation
with the deionized water at constant temperature of
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the coil showed that the temperature of the coil
increased to 150 degC, and the temperature of the
sample was constant at 37 degC, converting to
50
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chemical signal that also indicates that there was good
isolation performance.
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Figure 3. Sample temperature isolation test using de-ionized water

2.1.4. Nanoparticle Synthesis

Ten nanometers Massart co-precipitation method of
synthesizing SPIONs with an average diameter of 10
nm was used. An aliquot of 0.09 of ferric chloride
(FeCI36H20, 0.09 mol) and 0.054 mol of ferrous
chloride (FeCl24H20O) was added to the stirring of the
3.4% ammonium hydroxide to a standing with a very
violent stirring. The precipitate was ground in trio of
pipettings of distilled water, later shaken decantedly
(still in 2M-NO3) and precipitate in regard was
subjected to 2ZM nitric acid two musings after which
IM Fe(NO3)3 was added to ascertain the purity of the
particles.

Sonication in water was harshly used to redispersed
the final product resulting in colloidal suspension of
75 mg Fe/mL. The hydrodynamic diameter of the
particles was 47.6nm, PDI=0.23, and the zeta
potential was +21 mV at pH 3. The sphericity and
steep size assessment were verified by transmission
electron microscopy (TEM).

2.2. Experimental Methods

2.2.1. Sample Preparation

For each test, 500 pL of the SPION suspension was
transferred into a 177.8 mm x 5 mm glass tube.

Samples were ultrasonicated for 90 s at 37 °C to
disperse agglomerates before placement into the
calorimeter. The sample position was carefully aligned
with the coil center to ensure uniform magnetic
exposure. Water circulation maintained the sample at
37 °C prior to the start of measurements, simulating
physiological conditions.

2.2.2. Exposure to Alternating Magnetic Field

Once temperature stabilization was confirmed, the
AMF generator was activated with the selected
waveform and frequency. Simultaneously, the fiber
optic sensors recorded temperature data at 1 s
intervals for a total duration of 900 s. After field
exposure, temperature recording continued during
the natural cooling phase to generate the full heating-
cooling cycle curve.
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2.2.3. Data Acquisition and Processing

All recorded temperature data were exported to
Microsoft Excel for organization and subsequently
analyzed using OriginPro software for curve fitting.
The temperature evolution was modeled using the
exponential fitting function:

[T=T 0+ \DeltaT(1-eMNt/ \tau}) |

where T is temperature at time t, Ty is the initial
temperature, AT is the steadystate temperature
change, and T is the characteristic time constant. A
cast-out approach was applied to determine a
representative T value for all curves, improving the
reliability of fitting results.

2.2.4. Waveform Slope Analysis

The waveform slope (S) was determined using the
relation:

[S=H {ac} \times f \times S_f]

where Hac is the magnetic field amplitude, f is
frequency, and S_f is the waveform-specific slope
factor. The S_f values were experimentally determined
using an oscilloscope for each waveform type (SN, TR,
TT, TP, TS). These slope values quantified the
magnetic rise and fall times influencing heating
dynamics.

2.2.5. Normalized Thermal Power Increment

The normalized thermal power increment (Piy)
between two waveforms was calculated as:

[ P_{i,j} = \frac{\Delta T_i{{\Delta T _j}- 1]

This ratio represents the relative heating efficiency of
two different waveforms under similar experimental
conditions, providing insights into the influence of

magnetic field slope on nanoparticle heating
behavior.

3. Results

These experiments were done to test the ability of the
fabricated system of hyperthermia efficiency
measurement to work under different strength of
magnetic field, frequency and nanoparticle (NP)
concentration. This was aimed at analyzing the
heating response, thermal power and normalized
dissipation with the use of conventional(sinuoidal)
and non-conventional (triangular, trapezoidal and
sawtooth) AMF waves. Each test took a 900 s period
to operate the experimental setup, and the ultimate
increase in temperature was termed as power
dissipation and specific absorption rate (SAR) was
computed based on a formula (Equation 6).3.1.

Effect of Intensity of Magnetic Field.

The dependence of AMF strength versus temperature
increase was studied by changing magnetic field to 0.5
Mt up to 3.2 Mt with a constant frequency of 100 KHz
in nanoparticle suspensions of 75 mgFe/MI. The
findings included that there is an inverse relationship
between the strength of the magnetic field and a
decrease in temperature. Out of all the tested
waveforms the triangular (TS) and a trapezoidal (TP)
signals had better heating characteristics compared to
the 699inusoidal (SN) waveform. This verifies that the
slope of the waveforms has a vital effect on heating
efficiency because greater hexahedral induce a higher
level of the eddy currents and hysteresis throughput
in the nanoparticles as in table 3.1.
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Figure 4. Comparing the curve fittings of the T value generated by OriginPro (in green) to the one deduced
from the cast-out approach (in cyan) using the experimental results of the TP signal at 100 and 500 kH:z
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Table 3.1. Effect of AMF Intensity on Heating Efficiency (75 mgFe/mL, 100 kHz, 900 s)

AMF (mT) SN (°C) TR (°C) TP (°C) TS (°C) % Increase (TS over SN)
0.5 1.92 2.10 2.36 2.45 +27.6%
1.07 3.18 3.50 3.86 4.10 +28.9%
2.14 4.62 5.02 5.49 5.85 +26.6%
3.21 6.20 6.85 7.33 7.82 +26.1%

AMEF intensities of 0.5-3.2 mT. Results showed that
higher frequencies resulted in increased thermal
efficiency due to the greater rate of magnetic reversal
per unit time. However, at very high frequencies (>1
MH?z), coil overheating caused slight fluctuations,
indicating the need for further thermal insulation or
cooling improvements in the system design.

The increase in heating efficiency with higher AMF
intensities demonstrates the linear dependence of
SAR on field strength, confirming that the system
accurately maintains proportional control of AMF
amplitude during heating tests.

3.2. Frequency Effect
To analyze the effect of frequency, experiments were
conducted at 100, 200, 500 kHz, and 1 MHz with
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Table 2. Effect of Frequency on Heating Efficiency (75 mgFe/mL, B = 2.14 mT)

Frequency (kHz) SN (°C) TP (°C) TS (°C) % Efficiency Gain (TS over SN)
100 4.20 5.05 5.15 +36.9%

200 5.10 6.12 6.82 +33.7%

500 5.85 6.40 6.98 +19.3%

1000 5.25 5.41 5.38 -1.3%

At moderate frequencies (200-500 kHz), the TS

waveform provided maximum heat efficiency, while

at 1 MHz the efficiency decreased slightly due to

system up

system heating losses. This validates the reliability of
the fabricated

to 500 kHz under

continuous operation.

Magnetic field intensity effect of 76mgFe/ml nanoparticles at 100kHz

7 [~o—SN L +
4 TR
A TT °
o TP 7

§ 5 [/ L / ®
l_
< 4 /. pd .
5 7
8 /

3 ol A -
E i/ 7
= /|
8_ 2 + ./ //
x 7

.

0.0 0.5 1.0 1.5 20 25 3.0 35

3.3. Concentration Effect

Two nanoparticle concentrations, 75 mgFe/mL and
38.6 mgFe/mL, were tested under identical AMF and

Magnetic Field (mT)

Figure 5. Magnetic intensity effect experiments results of 75 mgFe/mL MINDPs at 100 kHz for 900 s at B going
from 0.5 to 3.2 mT. The Error bars are barely seen due to their small value.

frequency conditions. The results showed a

direct

linear

correlation between nanoparticle

concentration and temperature rise, confirming that
the fabricated system can distinguish heat variations

due to magnetic loading without significant signal

interference.
Table 3. Concentration Effect at 200 kHz, 2.14 mT
Concentration (mgFe/mL) SN (°C) TP (°C) TS (°C) % Difference (TS vs SN)
38.6 2.85 3.62 4.05 +42.1%
75.0 4.12 5.01 5.90 +43.2%
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Fractional loss of cooling efficiency at low
concentrations illustrates the correct system assembly
and constant thermal characteristics with respect to

changes in concentration.

3.4. Thermal Power and SAR Analysis
The values of power dissipation (P) and SAR have
been computed in all the types of waveforms using the

Table 3.4. Calculated SAR and % Power Increment

Equation (6). Findings have shown that the TS
waveform had a maximum 45 x higher power
dissipation than the SN waveform at 200 kHz and 2.1
mT. These results confirm that the modulation of a
waveform has a direct effect to the heating power and
the velocity at which a thermal energy can be
expended in the simulated AMF system shown in tale
3.4.

Waveform AMF (mT) SAR (W/g) % Increment Over SN
SN 2.14 0.47 —

TR 2.14 0.53 +12.7%

TP 2.14 0.59 +25.5%

TS 2.14 0.68 +44.7%

75mgFe/ml nanoparticles at 100, 200, 500kHz and 1 MHz

o

10 b—F—o

I

—o— SN
—a— TR
~3=TT
—0— TP
—f— TS5
==
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1
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Figure 6. Frequency effect experiments result of 75 mgFe/mL MNP:s at frequencies going from 100 kHz to 1
MHzfor900sat B going from 0.5 to 3.2 mT.
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75mgFe/ml nanoparticles at 100, 200, 500kHz and 1 MHz

2 o SN
a TR +
1T X TT o
6 o TP
~ +
g ==
55 -l - = <
1 500KkHz
=l A
q,_—_;) '- 200kHZ o
£ 100kHz X
8_ Frequencies
u>_<] h " [+)
2} a
L B
) ‘I ) |}
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Magnetic Field (mT)

Figure 7. Comparing the 900 s experiment results of all signals at 0.53, 1.07 (except for TS at 0.890), 2.14 and
3.21 mT and 1 MHz, 500, 200 and 100 kHz frequency, respectively

3.5. Power Dissipation Dependency on Waveform

Slope

In order to find the relationship between the slope on
the waveform and the normalized power dissipation,
the percent power dissipation divided by normalized
SN(%)PSN) was computed using Equation (7). The

findings demonstrate that thermal

power is exponentially correlated over the slope of the
waveforms, especially so when it comes to sawtooth
profile and trapezoidal profile. The dependence was
noted to have a logarithmic dependence whereby
sharper transitions of the slope give higher magnitude
of magnetic reversals which increases the heating
efficiency as shown in table 3.5.

Table 3.5. Normalized Power Dissipation Based on Waveform Slope

Waveform Slope (a.u.) %PSN,SN Normalized Power (log scale)
SN 1.00 100 2.00
TR 1.25 118.9 2.07
TP 1.45 1355 2.13
TS 1.60 145.7 2.16
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38.6mgFe/ml nanoparticles at 100, 200, 500kHz and 1 MHz

8
o SN (38.6 mg/mL)
7| & TR (38.6 mg/mL)!. i
x TT (38.6 mg/mL) ©
6| ¢ TP (38.6 mg/mL)
& + TS (38.6 mg/mL) .
55 (Il v X
S || sookHz #
c 4 i &
g - 200kHz
S 3 | roox=
Q‘ Frequencies + s g
W o X X
=
1
0
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5

Magnetic Field (mT)
Figure 7. Concentration effect experiments result of 38.6 mgFe/mL MNDPs at frequencies going from 100 kHz
to red 1 Hzfor 900 s at B going from 0.5 to 3.2 mT. The Error bars are barely seen due to their small value.

3.6 Thermal Power Ratio

Equation (1) was used to obtain the thermal power
dissipation of the nanoparticles (NPs). Nonetheless,
the difference between the temperature (DT) found
with the calorimeter calibration camarader elicited by
Rosales et al. [27] against the estimated temperature
(DT) through the current error-based method
indicated a huge difference. The comparison in terms
of obtaining the fitting based on the best covered
experimentally calculated DT (Figure 7, blue) and the
one calculated based on the calibration obtained in
the form of DT (Figure 12, violet) revealed that the
latter could obtain the credible temperature data. This
is why direct calculation of power dissipation, until
the calorimeter calibration is better and a repeatable
temperature output pressure equal to the
experimentally determined DT is obtained can not be
regarded as totally reliable.

In a bid to resolve this drawback, a different form of
comparative measure was applied to assess the

heating capabilities of every waveform. To measure
the relative efficiency of an unconventional waveform
as compared to the conventional sinuoidal waveform
(SN), a thermal power increment ratio

(percent Pi, j ) was computed using Equation (6).
Positive values of the percent change of the system
depending on the position of positive value of
varigence is a sign of increased efficiency whereas
negative values which depict negative signifier are
other signs of decreased heating capacity. The
computations of the specific absorption rate (SAR)
were also performed based on the Box-Lucas method
outlined by Wildeboer et al. [31] where the values
concerning the error were computed and corrected to
obtain the DT values. Even though the value of
thermal capacitance (CT) was taken as the one derived
by Rosales et al. [27], it had been observed with an
uncertainty. Table 2 in the appendix gives the
resulting SAR and efficiency ratios.
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Table 3.6. Thermal power increment ratio calculation based on SAR values for different AMF waveforms at

various frequencies and magnetic field intensities.

Frequency | Waveform | AMF | AT (°C) SAR % Pi,j | Waveform | AMF | AT (°C) SAR % Pi,j
(kHz) (mT) (W/mg) (mT) (W/mg)
75 38.6
mgFe/mL mgFe/mL
100 SN 321 |4.79 0.56 — SN 321 |2.38 0.54 —
TR 321 | 4.42 0.52 +7.79 | TR 321 | 193 0.44 +18.95
TT 3.21 | 4.36 0.51 +898 | TT 3.21 | 2.09 0.47 +12.46
TP 321 | 6.34 0.74 +32.12 | TP 3.21 | 2.63 0.60 +10.20
TS 3.21 | 6.99 0.82 +45.73 | TS 3.21 | 3.79 0.86 +59.10
200 SN 2.14 | 3.99 0.47 — SN 2.14 | 2.74 0.62 —
TR 2.14 | 3.03 0.35 +24.04 | TR 2.14 | 2.02 0.46 +26.15
TT 2.14 | 3.54 0.41 +11.32 | TT 2.14 | 2.78 0.63 +1.65
TP 2.14 | 4.89 0.57 +22.46 | TP 2.14 | 3.51 0.80 +28.09
TS 2.14 | 6.85 0.80 +71.49 | TS 2.14 | 441 1.00 +61.00
500 SN 1.07 | 2.40 0.28 — SN 1.07 | 1.85 0.42 —
TR 1.07 | 2.01 0.23 +16.24 | TR 1.07 | 1.83 0.41 +1.25
TT 1.07 | 2.26 0.26 +595 | TT 1.07 | 2.02 0.46 +9.22
TP 1.07 | 3.28 0.38 +36.50 | TP 1.07 | 2.75 0.62 +48.26
TS 0.89 | 2.52 0.29 +5.08 | TS 0.89 | 2.49 0.57 +34.18
1000 (1| SN 0.53 | 1.32 0.15 — SN 0.53 | 1.27 0.29 —
MHz)
TR 0.53 | 1.14 0.13 +13.29 | TR 0.53 | 1.39 0.32 +9.67
TT 0.53 | 1.26 0.15 +440 | TT 0.53 | 1.51 0.34 +19.44
TP 0.53 | 1.15 0.13 +4.64 | TP 0.53 | 1.97 0.44 +55.46
TS 053 | 1.22 0.14 +7.86 | TS 0.53 | 1.54 0.35 +21.52
Table 2 analysis indicates that with the NP Comparison shows too that higher frequency and

concentration (75 mgFe/mL and 38.6 mgFe/mL) the
triangular-sawtooth (TS) and triangular-pulse (TP)
waveforms gained steady and increased ratios of
thermal power over the conventional sinuoidal
waveform. This improvement was realized at the
frequencies at all the field amplitances, except the 1
MHz signal in the 75 mgFe/mL sample where TS/TP
and SN difference were not very great (about 5.12 and
3.4, respectively). TS waveform showed the maximum
overall efficiency, indicating the greatest thermal
power increment in both concentrations, that is,
reaching a maximum of about 74 per cent when the
frequency was 200 kHz and 2.1 mT. These are the
conclusions which prove that there are waveforms
with steeper slopes and sharper magnetic transitions
which are much more effective in heating magnetic
nanoparticles (MNDPs).

steepness of the waveform enhances energy transfer
efficiency by increasing magnetic hysteresis losses and
contributions of eddy currents. Accordingly, the data
may clearly prove that the heating efficiency of MNP
hyperthermia cannot be determined by the amplitude
or the frequency itself, but it is highly affected by the
temporal slope and a geometry of the signal waveform
of the applied alternating magnetic field (AMF).

4. Discussion

The fabrication of a viable quantification framework
of hyperthermia and the switches of an effective
magnetic field is a tremendous discovery on the cost-
effective laboratory devices in the fields of study of the
magnetic organic matter [21]. Spread attention paid to
the design procedure on the implementation of
controllable frequency and amplitude was such that
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the magnetic field was controllable to fit the broad
spectrum of test samples. The designed system can
personalize the waveforms, and can be modulated, in
contrast to the conventional AMF generators which
in the vast majority of cases are fixed-frequency. This
becomes a necessity because of this versatility to
decode the determination needed concerning a
particular rate of absorption (SAR) in field practice
[22]. Tt was also found that the induction coil
consisting of copper and optimization of turns and
distance also helped in greater uniformity of magnetic
field at the length and breadth of the chamber of the
sample which enhanced reproducibility in 2 instances
when trial practices were repeated [23].

When testing, it was identified that the system went
to stable magnetic strengths at frequency up to 500
kHz with low distortion rates. This was achieved by
having a good design in power supply and active
cooling systems to avoid heating of the coils [24]. Not
only has the rise of temperature in magnetic samples
been found to be tightly related to the strength of the
field as well as the frequency but also supports the
theoretic prediction on the instances of hysteresis and
Neel relaxation-driven heating processes [25]. The
findings indicate that a fabricated system has the
potential to constitute the vital thermal process of
experiments involving heating nanoparticles, without
involving highly expensive commercial instruments to
achieve this [26]. In addition, relation of field and
temperature assumed a near rapid trend at medium
field strengths which means that signal control is
accurate and electrical noise is minimal [27].

The calibration was important in order that the actual
temperature increase had been representative of the
thermal behavior of the evaluation materials and not
from the spillover effect of ambient or resistive
heating [28]. The calibration curve was done by using
the readings against a known standard reference
nanoparticles with less than +-3% variance against the
expected values of SAR values and camera confirmed
accuracy of the field intensity generation and
temperature sensing element [29]. The digital
thermocouples and microcontroller-based logging
employed in the data acquisition module allowed the
observation of the process in real time with the high
temporal resolution and limited lag errors [30]. The
combination of a sensing system with a control
mechanism proves that it is indeed possible to

perform such careful thermal characterization using
affordable components provided that the system is
designed accordingly [31].

The major benefit of the constructed arrangement is
that it provides the flexibility of the quality of the
waveform. An evaluation of the sinuoidal and
triangular and square waveforms revealed tremendous
disparity in the heating rates that verified that the
form of the waveforms influences the power loss and
energy dissipation efficiencies [32]. Square waves in
particular were more heated with higher harmonics
added since it was more effective [this] gave rise to
more magnetic hysteresis area [33]. This is not typical
of commercial hyperthermia systems that tend to
restrict the attitude control of the waveforms since the
control in the attitude is often easier. Incorporation
of a function generator to be employed in signalling
intricate signals will enable any further study to
examine unconventional excitation modes and thus
extend the study of efficiency of hyperthermia into a
wider context [34].

A major issue of performance was that of thermal
management whenever conducting long experiments.
To reduce the temperature build-up, a forced-air
cooling mechanism was incorporated and covered the
coil and to enhance the stability the system [35]. The
efficiency of the system was also improved by the
incorporation of a ferrite core in the system because
the magnetic flux became concentrated minimizing
the eddy current losses [36]. All these design
optimizations formed the foundation of the fact that
the performance was consistent in the case of long-
duration tests and minimized the drift that is usually
encountered in an unregulated AMF system [37]. The
ability to stabilize the field conditions enables the
fabricated system to be used in not only heating
research of nanoparticles but also, electromagnetic
compatibility and induction heating research [36].
With regards to costefficiency, the fabricated
apparatus had shown a relative cost reductions of
about 70 percent of overall expenses over commercial
hyperthermia measurement devices and no cost
reduction to accuracy [33]. The modular design also
provides the researchers with the capability of
replacing, upgrading or adding functionality to
individual components including coil, amplifier or
control interface based on the experimental needs.

Stability and versability is enabled by this flexibility,
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coupled with utilization of locally-sourced electronic
parts, to allow sustainable and scalable infrastructure
of research solutions in resource-restricted spaces [24].
Moreover, with the help of open-source firmware
integration, giving an opportunity to customisation
and community-based development, employees are
certain that the system will be flexible and usable even
far in the future as a scientist will require it.

Last if not the most, the fabricated performance of the
Hyperthermia  efficiency measurement  system
through the evaluation of response is seen to be
reliable, precise, and versatile in its operation to be
used in academic and industrial research. The system
offers a workable and cost effective way to determine
the magnetic heating qualities and thermal energy
conversion effectiveness of different substances in
alternating magnetic fields. Careful adjustments e.g.,
integration of an automatic frequency sweep analysis
and feedback-controlled heating circuits might then
transform the system into one of the preferred tools
to investigate the energy losses, magnetic and
relaxation behavior and AMF maximization strategies
of sizable nanomaterials [21-40].

Conclusions

The work was effective in creating and developing a
cost effective, modular, and accurate system of
measuring hyperthermia efficiency at alternative
splitting magnetic field (AMF) waveforms with varying
amplitude. The artificial system showed both a good
reproducibility and reliability of the heating
behaviours of the magnetic nanoparticles over a wide
frequency and field strength. It was experimentally
found out that waveform modulation, especially
trapezoidal and sawtooth profiles, has a great increase
in heating efficiency over the traditional sinusoidal
waveform since it has steeper magnetic field slopes
and more powerful energy dissipation mechanisms.
The combination of fibrous optic temperature
detectors, full layer calorimeter, and a full bridge
inverter based generator ensured minimum level of
electromagnetic  disturbances, superior thermal
seclusion and correct temperature feedback. Linear
relationship between heating performance with the
AMF intensity and concentration of nanoparticles
confirmed the accuracy of the calibration and stability
of the system. In addition, active cooling was also used
and ferrite-core optimization contributed to this effect

so that it becomes possible not to overheat the coils
leading to disparate performance but to keep it
constant in the course of extended tests.

The resultant delivery of the designed apparatus, in
terms of economic and practical value, was about 70
percent of the cost of the theoretical commercial bases
of hyperthermia systems and method maximization
measurement and control precision were not affected.
Its modular design will enable it to be easily upgraded
with waveform control, coil geometry and sensing
modules, thus facilitating advanced research on AMF
optimization, SAR  evaluation and  the
characterization of magnetic nanoparticles.

In general, the system is effective and will be able to
offer a reliable and scalable to not only academic but
also industrial laboratories to investigate the nature of
magnetic heating in nanoparticles and composite
materials. Automatic frequency sweep analysis,
feedback-controlled heating loops, and software-based
real-time data acquisition will be conducted in future
studies to further improve the suitability of the system
in any research in biomedical, materials science and
nanotechnology.
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