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An analysis and design ofmagnetic shielding system are presented for breast cancer treatment with hyperthermia inductive heating.
It is a technique to control magnetic field intensity and relocate the heating area by using a rectangular shielding with aperture.The
distribution of the lossy medium was analyzed using the finite difference time domain method. Theoretical analyses investigate
whether a novel shielded system is effective for controlling the magnetic field distribution or heating position. Theoretical and
experimental investigations were carried out using a lossy medium.The inductive applicator is a ferrite core with diameter of 7 cm,
excited by 4MHz signal and a maximum output power of 750W. The results show that size of heating region can be controlled by
varying the aperture size.Moreover, the investigation result revealed that the position of heating region can be relocated by changing
the orientation of the ferrite core with shielded system in 𝑥-axis direction. The advantage of the magnetic shielding system is that
it can be applied to prevent the side effects of hyperthermia cancer treatment by inductive heating.

1. Introduction

At present, cancer is one of leading causes of population death
worldwide. Cancer is the uncontrolled growth and spread of
cells. It can affect almost any part of the body, especially breast
cancer because breast cancer has been increasing worldwide
every year.Therefore, it is desirable to remove the cancer from
the human body as soon as possible. Cancer can be treated
effectively by various methods such as surgical excision,
chemotherapy, and radiotherapy including hyperthermia [1–
5] which is one of noninvasive techniques. The demands
for noninvasive cancer treatment by hyperthermia heating
are rapidly growing [6–13]. There are few techniques for
noninvasive deep hyperthermia [14–17]. Most of microwave
heating methods could not be used for deep hyperthermia
due to skin depth effect. Low frequency technique is possible
for deep treatment, though. The temperature in a cancer
cell can be increased by induction [18–26]. To induce heat
in the cancer cell, strong magnetic field has to penetrate
the cancer cell to generate eddy current in the cell which
can be visualized as electric loss. The eddy current will
increase the cell temperature. The temperature of normal

cells due to eddy current is constant since the cancer cell is
lower than conductive than normal cell. Nevertheless, the
direction of magnetic field is important for localizing the
heating region. Because of high intensity magnetic field will
have side effects on neighbouring normal cells, which can
be devastating to normal cells [27, 28]. A magnetic shielded
system has become an important topic for hyperthermia
inductive heating because it can reduce the side effects on
neighbouring normal cells from magnetic field.

Moreover, the magnetic field intensity is crucial for
hyperthermia treatment since it controls tissue temperature.
It has been shown thatmagnetic core orientation and position
can control the field distribution in both horizontal and
vertical directions [29]. To concentrate magnetic field in
a specific region, a shielding system was installed at the
magnetic core. The location of heating can be controlled by
moving the ferrite core.The shielding system in [29] utilizing
two metal plates to control the vertical magnetic field to
controlling heating position. One metal plate was placed
between two ferrite cores, and the other twometal plates were
placed close to the ferrite cores. This configuration provides
control over the vertical field, and hence, the heating location
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can be determined by the ferrite cores location. However, the
magnetic field will leak through the unshielded side of the
ferrite cores.The leakage of magnetic field results in difficulty
of controlling the heating area and also affects normal cells
nearby. Radiotherapy for breast cancer requires regional
heating with specific temperature [30]. The temperature is
directly proportional to magnetic field intensity.

In this paper, we presented an analysis and design of
magnetic shielding system for breast cancer treatment with
hyperthermia inductive heating. This paper will analyze the
effects of magnetic shielded system on heating area and
location of induction heating for breast cancer hyperthermia
treatment; what the articles presented here consists of numer-
ical simulations and experiments. The distribution of the
lossy medium was analyzed using the finite difference time
domainmethod.The inductive applicator is a ferrite corewith
diameter of 7 cm, excited by 4MHz signal and a maximum
output power of 750W. These theoretical and experimental
investigations were carried out using an agar phantom. It
is difficult to limit heating area when the applicator’s ferrite
cores are unshielded.The results show that the size of heating
region can be controlled by varying the aperture size of the
shielded system. However, the heating efficiency is reduced
as the aperture size decreases. If the small heating area is
needed, it may require longer treatment time. In addition,
the heating location can be varied by changing ferrite core
orientation. By moving the orientation of the ferrite core in
𝑥-axis direction, the heating location and area were altered
dramatically for unshielded ferrite cores, whereas the heating
position and area are slightly different for shielded cores.
The results show that the heating position can be relocated
from the left to the right of the agar phantom by changing
the orientation of the ferrite core with shielded system. The
cores’ vertical position has almost no effect on the heating
area and position for shielded cores. In contrast, heating area
and position are difficult to predict when unshielded cores
are used. The proposed magnetic field shielding system is
suitable for preventing the side effects of hyperthermia cancer
treatment by induction heating.

2. Concept and Construction of
Shielding System

Theproposedmagnetic shielding system consists of two rect-
angular shielding plates as shown in Figure 1. The shielding
system in [29] consists of ametal plate to control themagnetic
field from a single side of the core. Unlike the regional heating
system in [29], the proposed shielding system controls the
vertical by enclosing the ferrite core with a rectangular shield
with aperture. Since placing the shielding plate at only one
side of the ferrite core in [29] can control themagnetic field of
only one side, it will cause magnetic field leak in the opposite
side of the shielding plate. Thus, it is difficult to control the
heating area. This magnetic field leakage results in spreading
of the heating region that has an effect on other nearby tissues.

In this figure, a two-dimension cross-section of the ana-
lytic region is represented in order to easily understand the
configuration of the shielding system analysis. The proposed
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Figure 1: Schematic of shielding system. The shielding system
consists of two rectangular shielding plates and controls the vertical
by enclosing the ferrite core with a rectangular shield with aperture.

shielding system limits the magnetic field around the ferrite
cores to confine the field in the horizontal direction. Most
of the vertical magnetic field will penetrate into the heating
body via the aperture, and hence the heating region size can
be determined by the aperture size. Moreover, the heating
position which can be relocated from the top to the bottom
and the left to the right of the breast bymoving the orientation
of the ferrite core with rectangular shield in 𝑥-axis direction
is illustrated in Figure 1. In addition, the design of magnetic
field shielding system is necessary to take into consideration
the attenuation of the magnetic field properties of the various
materials used in order to spread the magnetic field over the
specific area and leakage of magnetic field to the nearby areas
to the fewest.

A major shielding technique used to reduce the magnetic
field was divided into two ways as follows. Ferromagnetic
shields give good results for small and closed shields, and they
also give large field attenuation at close range to the source
for open shield geometries. Highly conductive materials, on
the other hand, are found to be suitable for large shield
sizes. The attenuation is, however, reduced in the close
vicinity of the source. In this investigation, we have selected
a highly conductive material to studies, and their different
materials are shown. We can regard the magnetic field as
a result of the electric current flow and the magnetization
of surrounding materials. The magnetic field is excited by
source currents carried by conductors of various geometries.
With a highly conductive shield, eddy currents arise in the
metal. These currents create a field opposing the incident
field. The magnetic field is in this way repulsed by the metal
and forced to run parallel to the surface of the shield, yielding
a low flux density outside the metal [31, 32]. Therefore,
we have to consider effects of magnetic field shielding of
various materials that were tested, such as copper (Cu), lead
(Pb), steel (Fe), and transformer steel (Ck-37), which have
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Table 1: Properties of various materials.

Materials Conductivity (S/m) Permeability
Copper (Cu) 59.6 × 10

6 1
Steel (Fe) 7.14 × 10

6 700
Lead (Pb) 4.55 × 10

6 1
Transformer steel (Ck-37) 2.17 × 10

5 4000

conductivity, relative permeability, and relative permittivity
and are illustrated in Table 1.

The investigation of the effective reduction of the mag-
netic field for various materials was carried out in the study.
To analyse the effectiveness of magnetic field shielding of
materials, we specify a current source of the magnetic field
(𝐽
𝑠
) of 1 A/m2. The dimensions and schematic details of the

shielding plate for analyzing the magnetic field intensity of
various materials are shown in Figure 2.

Figure 2 represents the model of rectangular shield plate
and distance tomeasure the intensity of themagnetic field [31,
33]. After that, we analyzed the effectiveness of magnetic field
shielding (SE) of various materials in the following equation
[34]. The shielding results are all given for a shield thickness
of 1mm at the frequency of 4MHz. Consider,

SE (dB) = 20 log [
𝐻unshield
𝐻shield
] , (1)

where𝐻unshield is the rms flux density without shield plate and
𝐻shield is the rms flux density with shield plate. Analysis of the
effective shielding of magnetic field in our study is illustrated
in Figure 3. The material used in the analyses consists of
copper, lead, steel, and transformer steel, asmentioned above.
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Figure 3: The effectiveness of magnetic field shielding of various
materials that were tested. The horizontal axis represents the
distance of the rectangular shielding plate, and the vertical axis
shows the effectiveness of the shielding for various materials.

Figure 3 represents the effectiveness of magnetic field
shielding of variousmaterials that were tested.The horizontal
axis represents the distance from the edge of the rectangular
shielding plate, and the vertical axis shows the effectiveness
of the shielding for various materials. The analysis found
that the copper materials will be provided the most effective
shield of approximately 25.47 dB.Therefore, we chose copper
as the material used for the analysis and design of magnetic
shielding system.Copper is amaterial that can be reduced to a
maximummagnetic field in order to study the characteristics
of magnetic field shielding system which are applied with
various aperture sizes to control the magnetic field density
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Figure 4: Analytical model of magnetic field shielding system, which represented the parameter details of the ferrite core and magnetic
shielding plate for an analysis of electric loss density and temperature distribution.

and heating position appropriately. The schematic of the
analytical model of magnetic field shielding system is shown
in Figure 4.

Figure 4 represents the heating model which is made
from agar phantom (the phantom model size is equal to 25 ×
20 cm) with conductivity, relative permeability, and relative
permittivity of 0.62 S/m, 1, and 130, respectively. A phantom
simulating a humanbreastwas placed between a pair of ferrite
cores with magnetic shield (the parameter details of ferrite
cores and shielding plate are shown in Figure 4).The distance
between both ferrite cores is equal to 18 cm, by selected from
a distance at the magnetic field were reduced the most from
consideration of shielding plate design in Figure 3mentioned
above. The magnetic shield plate is a rectangular metal
with conductivity of 59.6𝑒6 S/m. The ferrite core is a highly
magnetic material with 0.001 S/m conductivity and relative
permeability at 200.

3. Analysis of Temperature Distribution

To determine a method of heating induction and controlling
heating position, we solved Maxwell’s equation and analyzed
by using the three-dimensional finite difference time domain
method [35–40] the following equations [41–46]:

∇ × 𝐸 = −𝑗𝜔𝜇𝐻,

∇ × 𝐻 = 𝐽
0
+ 𝑗𝜔𝜀𝐸 + 𝜎𝐸,

(2)

where 𝐸 is the electric field,𝐻 is the magnetic field (A/m), 𝜔
is the radian frequency, 𝜇 is the permeability, 𝐽

0
is the forced

current density (A/m2), 𝜀 is the permittivity, and 𝜎 is the
electrical conductivity (S/m). In this analysis, the following
fundamental equation for vector potential𝐴, which takes the

eddy current into consideration, is used [28, 45]. Solving the
following equation for𝐴, themagnetic field and eddy current
distribution are calculated as follows:

∇ × (]∇ × 𝐴) = 𝐽
0
− 𝐽,

∇ × (]∇ × 𝐴) = 𝐽
0
− 𝜎

𝜕𝐴

𝜕𝑡

− 𝜎∇𝜙,

(3)

where ], 𝐽, and 𝜙 represent the magnetic reluctance, and
the current density (A/m2) can be calculated from mag-
netic field and the electric potential (V), respectively. In
the electromagnetic analysis, we derive the lowest resonant
frequency of the applicator. Subsequently, the temperature
distributions are observed. The temperature changes depend
on the output power from the high power oscillator into the
applicator systems and treatment time. The power losses in
the lossy medium can be calculated from the relationship
of the magnetic field and current density. Moreover, we can
control the heating temperature from the external power
into the applicator systems. The temperature distribution in
lossy media can be calculated from bioheat transfer equation
by assuming that the lossy media is human tissue or breast
replica. It can be expressed as [25, 47–54]

𝜕𝑇

𝜕𝑡

= 𝑅
𝑇
∇
2

𝑇 +

𝜀]

𝐶
𝑝

𝐿
ℎ
(

𝜕𝑀
𝑙

𝜕𝑡

) +

𝑃

𝜌𝐶
𝑝

, (4)

𝑃 = 𝐽 ⋅ 𝐽
∗

, (5)

𝐽 = −𝜎

𝜕𝐴

𝜕𝑡

− 𝜎∇𝜙, (6)

𝑅
𝑇
=

𝑘
𝑡

𝜌𝐶
𝑃

, (7)
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Table 2: Evaluating the electric loss density from changing the aperture sizes.

Aperture sizes of
shield plate (cm)

Electric loss density
(W/m3) Temp. (∘C) Magnetic flux density

(A/m)
Effectiveness of magnetic

field shielding (dB)
Without shielding 295 70.5 433 —
10 174 41.6 309 2.93
9 169 40.4 295 3.33
8 154 36.8 279 3.82
7 148 35.4 278 3.84
6 134 32.0 276 3.91
5 132 31.5 275 3.94
4 129 30.8 273 4.00
3 108 25.8 271 4.07

where 𝑇 is the temperature (∘C), 𝑡 is the heating time (s),
𝑅
𝑇
is the distribution temperature (m2⋅s−1), 𝜀] is the liquid

water flow ratio to the moisture transfer (kg−1), 𝐶
𝑝
is the

specific heat capacity of an object (4.18 J⋅kg−1 ⋅ ∘C−1), 𝐿
ℎ

is the latent heat of vaporization (kJ⋅kg−1), 𝑀
𝑙
is the mass

of liquid (kg), 𝑃 is the heat source of distribution (W⋅m−3)
calculated from current density of magnetic field, and 𝜌 is the
local physical density of tissue (1000 g⋅m−3).The simulation of
induction heating was conducted by analyzing eddy current
distribution of the inductive applicator which is a ferrite core,
and it will be discussed in the next section.

4. Numerical Results

In this section,we investigate themagnetic flux density, which
can be controlled by varying the aperture size. In order
to resolve the problem of heating region local heating can
be controlled by varying the aperture size of the shielded
system. Moreover, the investigation showed that the position
of heating region can be relocated by changing the orientation
of the ferrite core with shielded system in 𝑥-axis direction.
For the construction of magnetic shielding system to verify
the field distribution on the heating model, full wave 3D
numerical simulation was performed using finite difference
time domain method.

4.1. Evaluating Electric Loss Density. To find out how to
control the magnetic flux and heating region, we will change
aperture size to get themost excellent heating efficiency, while
causing smallest magnetic flux leakage to another nearby
tissue. The proposed shielding system limits the magnetic
flux around the ferrite cores to confine the field between
two ferrite cores. It is a technique to control magnetic field
intensity and relocate the heating area by using a rectangular
metal shielding with aperture.The demonstration shows that
the magnetic field intensity can be regulated by varying the
aperture size.

From these theoretical investigations, one effective
method to control a heating region in the breast was found.
Hence, the temperature in the heating body can be controlled
by the size of shielding aperture. Electric loss density for
the heating model was evaluated. The ferrite core is excited

by 4MHz signal. The aperture sizes in the simulation are
5 cm, 7 cm, and 8 cm. Electric loss density images for heating
region of the ferrite core without shield and with rectangular
shield with all aperture sizes are shown in Figure 5.

Figure 5 represents the heating region of the ferrite cores
with and without rectangular shield. The heating region has
spread over the large area when the ferrite core is unshielded
with rectangularly shield as shown in Figure 5(a). When the
ferrite core is rectangularly shielded with various aperture
sizes, the heating region size is confined in smaller area as
shown in Figures 5(b)–5(d), but in Figures 5(e) and 5(f)
the heating region size began to spread in wide area. It is
difficult to limit or control heating area when the ferrite cores
with shielding plate have the large aperture size. The heating
region size is reduced when the aperture size is smaller. It can
be seen that the heating region is controlled by varying the
aperture size as illustrated in Table 2. The results in Table 2
are expressed in terms of the electric loss density. However,
replacing the electric loss density mentioned above into the
last term of (4), the heating temperature in Celsius degrees
unit per time will be obtained. For example, the aperture
size of 8 cm when changing the value of electric loss density
from 154W/m3 to the form of temperature will be equal
to 36.84 Celsius degrees. Nevertheless, in experiment and
measurement result if the small heating area is needed, it may
require longer treatment time. More treatment time may be
required to heat the cancer cell to the desired temperature.

The simulations show that the heating area can be
effectively controlled by using the rectangular shield with
adjustable aperture size as mentioned above in Table 2. The
heating area was determined by the aperture size of the
rectangular shield because the heating area is proportional
to the aperture size. In unshielded cores, the heating area
spreads unpredictably, and, hence, it is difficult to limit the
heating areawhen the cores are unshielded. Simulations show
that the heating area can be controlled by the aperture size
of rectangular shield. In contrast, heating area is difficult to
predict when unshielded cores are used. From Table 2, we
found that the aperture size of 8 centimeters can perform
the best results because the electric loss density is high.
Furthermore, it can control the leakage of the magnetic field
or the effectiveness of magnetic field shielding (SE) more
effectively [33]. Considering the results of Table 2 shows that
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Figure 5: Electric loss density of the heating model for (a) ferrite core without shielding, (b) rectangular shielding with 5 cm aperture, (c)
rectangular shielding with 7 cm aperture, (d) rectangular shielding with 8 cm aperture, (e) rectangular shielding with 9 cm aperture, and (f)
rectangular shielding with 10 cm aperture.
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Figure 6: Electric loss density of the heating model for ferrite cores orientations (a) 45 degrees (b) 90 degrees.

the aperture sizes of 9 and 10 centimeters the electric loss
density are having highly values. But it is difficult to limit
or control heating area when the ferrite cores with shielding
plate have the large aperture size. So we selected the aperture
size of 8 cm which can perform the best results because the
electric loss density is high. Furthermore, it can control the
leakage of the magnetic field or the effectiveness of magnetic
field shielding (SE) more effectively.

4.2. Investigating the Heating Orientation. We further inves-
tigated the heating location by changing shielded ferrite cores
orientation. The ferrite cores changing the angle orientation
are investigated as shown in Figure 6. For investigated the
heating location by changing shielded ferrite cores orien-
tation from original cores orientation (0-degree) to 90-
degree. By investigated the electric loss density or heating
distribution, it will be changing the angle orientation of the
ferrite core in the left hand each once equal to 5 degrees.
Which in Figure 6, we have shown only two positions is 45
degrees and 90 degrees. From changing the angle orientation
of the ferrite core with shielding system at 45 degrees it
was found that the electric loss density is the most valuable.
Furthermore, the effect of distance of the ferrite core was
investigated in 𝑥-direction to the heating location. The result
shows that the heating location can be relocated by changing
the position of the ferrite core with rectangular metal shield
as shown in Figure 7.

Figure 6 shows the heating region for the ferrite 45-
degree and 90-degree core orientation. In the shielded
cores, the aperture size is 3 × 8 cm in the simulation for
both orientations. The maximum electric loss densities for
the 45-degree and 90-degree orientation are 158W/m3 and
129W/m3, respectively. The maximum electric loss density
for the 45-degree orientation is more than that for the
parallel ferrite core configuration. In contrast, the electric
loss density is lower for the parallel ferrite core configura-
tion with 90-degree orientation. Moreover, the simulation
results in Figure 7 show that the heating locations can be
relocated from the left to the right of the breast model by

changing the orientation of the ferrite core with rectangular
shields in 𝑥-direction. The maximum electric loss density
for the orientation of the both ferrite cores with rectangular
shields which changed from original position to the 8 cm is
150W/m3. Further, the maximum electric loss density for
the orientation of both ferrite cores with rectangular shields
which changed from original position to 16 cm is 155W/m3.
In this case, the heating efficiency is similar for both positions
and for the original position in Figure 5(d) since the aperture
size is identical.

5. The Heating Experiment and
Measurement Results

To control the heating area andheating position, themagnetic
field distributions near the breast were analyzed using the full
wave 3D numerical simulation. Magnetic shielding systems
with a rectangular shield with aperture were introduced to
control the magnetic field and examine its shield effect.
The proposed shielding system limits the magnetic field
around the ferrite cores to confine the field in horizontal
direction. Most of the vertical magnetic field will penetrate
into the heated breast via the aperture. The construction of
applicator and shielding system for verifying the numerical
and simulation results is illustrated in Figure 8.

Figure 8 shows the construction of magnetic shielding
system to verify the field distribution on the heating model.
Shield effect of the magnetic flux density was investigated.
The proposed magnetic shielding system analysis consists
of high power oscillator, applicator, and agar phantom.
The first part is a high power oscillator, which consists of
source excited by 4MHz signal and power amplifier. The
second part is the applicators, which includes Ni-Zn type
ferrite cores covered with rectangular shielding box with
aperture sizes in the examination of 8 cm system model. The
demonstration revealed that we can control themagnetic flux
intensity and relocate the heating area by using a rectangular
metal shielding with aperture. The third part is the agar
phantom; it has an elliptic cylinder-like shape with a pair



8 International Journal of Antennas and Propagation

150

139

120

105

91.5

65

52

22.8

0

150W/m3

120W/m3

91W/m3

52W/m3

(W
/m

3
)

(a)

155

124

109

94.5

80.0

65.4

50.9

25.3

0

155W/m3

109W/m3

80W/m3

50W/m3

(W
/m

3
)

(b)

Figure 7: Electric loss density of the heatingmodel for changing both ferrite cores with rectangular shields in 𝑥-direction. (a)The orientation
of both ferrite cores with rectangular shields changed from original position to the 8 cm and (b) the orientation of both ferrite cores changed
from the original position to 16 cm.

Agar
phantom

Ferrite core Shielding box

Magnetic flux

Source excited signal

Power amplifier

Aperture

Moving 
direction

S/N

S/N

N/S

N/S 1 cm gap

x
z

Figure 8: The construction of applicator and shielding system for
verifying the numerical and simulation results.

of protuberances for the breasts model. The dimensions of
the longer and shorter axes of the elliptic cylinder are 30
and 20 cm, respectively. The properties of the agar phantom
or artificial breasts are presented in Section 2, as already
mentioned above. An agar phantom subject to the guideline
assigned by the Quality Assurance Committee, Japanese
Society of Hyperthermia Oncology (QAC, JASHO) was used
instead of the breast. During the inductive heating, it is
obviously defined according to the heating principle that only
a conductive material with loss is well heated.

For the treatment of cancer by using magnetic fields,
the applicator must be designed for use in spreading or
induction of magnetic field. Because the cancer treatment
is performed with hyperthermia inductive heating, a coil
applicator is needed. A ferrite core applicator system for
hyperthermia was first proposed by one of the authors to
achieve effective heating and to solve irradiation problems.
Since then, several kinds of ferrite core applicators have
been studied and developed [11–15]. By introducing a ferrite
core for the inductive applicator, a magnetic field can be
concentrated between a pair of poles. Accordingly, local or
regional heating becomes possible with a relatively low input
power, and irradiation around the applicator is decreased,
compared to the same kind of inductive applicator, which
is also agreeable from the viewpoint of electromagnetic
compatibility (EMC).

In this paper, the design of the induction coil or an
applicator, which the applicator above mentioned is ferrite
core types of 2 poles. The equation could be good series
resonance in order to determine the answer by the frequency
of 4MHz. The basic principle of the series inductor, which
is the total value of inductor, is equal to the sum of both
inductors as shown in Figure 9.

Figure 9 shows that a typical series inductance of the
inductor value is equal to the sum of the total values of each
inductor. The resonance frequency is 𝐿

𝑡
= 𝐿
1
+ 𝐿
2
. The

winding number of each pole coil is𝑁 turns and adjusts the
value of the capacitor to be in good resonance, in which the
capacitor value is 𝐶. The resistance is approximately 0 ohms
so that the resonant circuit gets the most excellent efficiency.
Furthermore, it helps in easily understanding analysis and
design of the induction coil or an applicator. The induction
coils as above will spread the magnetic field between both
poles. The magnetic flux moves back and forth alternately
between the two poles, in which the abovementioned spread
is the alternating magnetic field. In this paper we define
resonance frequency of 4MHz and the number of pole coils
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R
f = 4MHz

L1 L2

Lt = L1 + L2

Figure 9: The RLC resonance equivalent circuits with the two
inductors being connected in series. The resonance frequency is
4MHz and the two pole coils are connected in series in conditions
of resonance, it will have a total inductance is 𝐿

𝑡
= 𝐿
1
+ 𝐿
2
=

1918.96 𝜇H and adjusts the value of the capacitor to be in good
resonance, in which the capacitor value is 𝐶 = 0.825 pF.

The parallel ferrite
core configuration

An agar phantom
subject

Rectangular shielding
plate with aperture

Figure 10: Constructions of shielding system for verifying the
numerical and simulation results, in which the experiment of
proposed system consists of high power oscillator, induction coils
applicator with shielding plates, and agar phantom. The distance
between both ferrite cores is equal to 18 cm from consideration of
shielding plate design mentioned above.

in two series, in which the resonance frequency of the total
inductor coil value is 𝐿

𝑡
= 𝐿
1
+𝐿
2
= 1918.96 𝜇H.The copper

wire for inductive coil applicator design is number 13-SWG,
which has cross-sectional area equal to 4.15mm.

The winding number of each pole coil is 14 turns and
adjusts the value of the capacitor to be in good resonance,
in which the capacitor value is 𝐶 = 0.825 pF as shown
in Figure 10. The construction of parallel ferrite cores and
rectangular shielding plates with aperture is shown. To
examine these theoretical results of heating characteristics,
a heating experiment was conducted. The magnetic field
intensity around the ferrite cores will be limited by shielding
system to confine the field in horizontal direction. Most of
the vertical magnetic field will penetrate into the heating
agar phantom via the aperture. The experiment of proposed
system consists of high power oscillator, induction coils
applicator with shielding plates, and agar phantom. The agar
phantom used for the experiment is the same substance.

Figure 10 shows the construction of magnetic shield-
ing system for breast cancer treatment with hyperthermia
inductive heating. The paper experiments presented here
consist of high power oscillator, induction coil applicatorwith
shielding plates, and agar phantom. It is the experimental
construction of magnetic shielding system that verifies the
field distribution on the heating model. These theoretical

and experimental investigations were carried out using an
agar phantom.The magnetic flux density and its shield effect
were investigated. The inductive applicator is a ferrite core
with diameter of 7 cm and length of 20 cm, excited by 4MHz
signal, and high power oscillator hasmaximumoutput power
of 750W (input voltage is 50V and input current is 15 A).
The distance between both ferrite cores is equal to 18 cm,
considering the shielding plate design in Section 2.

To examine these heating characteristics, a heating exper-
iment was conducted. The experimental method is the same
as the case mentioned above in numerical section. Figure 11
shows an experimental result of the temperature character-
istics for heating region and changing distance from the
initial positions of the ferrite cores. It is suggested that the
magnetic shield plate plays an important role in controlling
the heating region and heating position. In this experiment,
the temperature distribution or the distribution of heat in
the breast model can be measured by using thermograph
to measure the heat value inside the breast model. After
magnetic field energy flows through the lossy medium or
breastmodel for 20minutes, wewill stop generatingmagnetic
field (in order to prevent the magnetic field from the excited
source to disturb with the thermograph used for thermal
imaging). Subsequently, the temperature distribution was
observed by using a thermograph (FLIR SYSTEMS Model
T360).

The experiment results of the temperature distributions
when the ferrite cores applicator is without shielding plates
are shown in Figure 11(a). The temperature distributions
at the starting position when the ferrite cores applicator
is with shielding plates at the original position and the
temperature distributions in the cross-section are illustrated
in Figures 11(b) and 11(c), respectively.The experiment results
of the temperature distributions when ferrite cores applicator
with shielding plates offsets from original position in the
𝑥-direction by a value equal to 16 cm are illustrated in
Figure 11(d).

Figure 11(a) shows the temperature distributions of the
ferrite cores’ applicator without shielding plate. Figures 11(b)
and 11(c) represent the experimental result of the temperature
distributions at the initial positions of the ferrite cores
with shielded plates and the temperature distributions of
the ferrite cores with shielded plates in the cross-section,
respectively. Further, Figure 11(d) represents the temperature
distributions when the ferrite cores applicator offsets from
initial positions in the 𝑥-direction by a value equal to 16 cm.
Themaximumvalue of temperature of 45.5∘C, 45.1∘C, 44.9∘C,
and 45.8∘C is shown in Figures 11(a)–11(d), respectively; it
is the temperature at the cursor position. The temperature
of the thermograph imaging camera setting at the starting
position is in the range of 20∘C to 46∘C, in which the
magnetic energy was generated by the high power oscillator
of 750W, excited by 4MHz signal.Thewhite portion near the
breast in these figures represents the highest temperature. It
was found that these heating characteristics demonstrate the
theoretical results.The experimental result of the temperature
distributions observed by using a thermograph which is con-
sistent with the numerical calculations results. The electric
loss density of the heating model is a part of the magnetic
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45 ∘C
39 ∘C

33 ∘C

30 ∘C

21 ∘C

(a)

45 ∘C
39 ∘C
34 ∘C
31 ∘C
25 ∘C

(b)

45 ∘C
37 ∘C

32 ∘C
29 ∘C

21 ∘C

Cross sectioned

The cross sectioned

(c)

45 ∘C
37 ∘C
31 ∘C
27 ∘C
23 ∘C

(d)

Figure 11: The temperature of the agar phantom: (a) the temperature distributions for the ferrite cores applicator without shielding plates,
(b) the temperature distributions with shielding plates at the original position, (c) the temperature distributions in the cross-section, and (d)
the temperature when the ferrite cores applicator offsets from original position in the 𝑥-direction by a value equal to 16 cm.

field energy from the external source excited by 4MHz signal
because the energy of the external electromagnetic field is
directly proportional to the internal temperature of the breast
model obtained from the thermograph imaging camera.

6. Conclusion

The effect of magnetic shielding system on heating area and
the location for breast cancer treatment with hyperthermia
inductive heating are presented. It is a novel technique to
control magnetic field intensity and relocate the heating
area by using a rectangular shielding with aperture. The
distribution of the lossy medium was analyzed using the
FDTD. From these investigations, we found that the aperture
size of 8 × 3 centimeters could perform the best results
because the electric loss density is high to equal, 154W/m3.
Furthermore, it can control the leakage of the magnetic field
more effectively. In addition, the heating location can be
varied by changing ferrite core orientation. The results show
that the heating position can be relocated from the left to
the right of the agar. Subsequently, the heating experiment
was conducted. The inductive applicator is a ferrite core with
diameter of 7 cm and length of 20 cm, excited by 4MHz
signal, and amaximum output power of 750W. From heating
experiment by using a thermograph, we found that the
value of the temperature distribution in the breast model is
approximately 45∘C. The proposed magnetic field shielding

system is suitable to prevent the side effects of hyperthermia
cancer treatment by inductive heating.
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