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This paper proposes a numerical study to simulate the effects of dielectric shield on the specific absorption
rate (SAR) and the temperature increase in the human body exposed to leakage microwave energy. In this
study, the effects of shield dielectric properties on distributions of SAR and temperature increase within the
human body at various operating frequency are systematically investigated. Based on the obtained results, the
installed dielectric shield strongly affects the SAR and the temperature increase in human body. The SAR and
the temperature increase in human body can be reduced simultaneously by setting the appropriate dielectric
properties of the dielectric shield. The appropriate dielectric properties of the dielectric shield greatly depend

on the operating frequencies. These fundamental data for the implementations of the radiation protection
shielding materials, with focusing on the human organism, are provided as well.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Microwave is a form of electromagnetic wave with wavelengths
ranging from 1 m down to 1 mm, with frequencies between 0.3 and
300 GHz. Microwave energy has proven to be an efficient and reliable
form of heating for a wide range of industrial processes such as
heating process [1], curing process [2], and melting process [3]. As
applications of microwave energy become widespread, adverse
effects caused by the leakage microwave energy are increasingly a
subject of concern [4,5]. In many countries, various studies on
biological effects have been made and many results have been
reported. There has been an intensive model analysis of the SAR of the
human body [6,7]. The protection is serious for researchers who work
with high-power electromagnetic waves. In connection with research
on human protection from electromagnetic field exposure, some
researches have been carried out on how effectively the human body
is protected from unwanted electromagnetic waves [8]. Furthermore,
fundamental analysis of shielding effects of lossy dielectric materials
located in front of a human body have also been carried out by some
researchers [9,10]. However, the heat transfer model has not been
included in the modeling analysis.

The computation of the temperature increase is one of the main
tasks in the evaluation of the risk related to the exposure of humans to
electromagnetic fields [11]. Nevertheless, most studies of human
protection from electromagnetic field exposure have not considered
the temperature increase within the domain of the human body
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especially in the human organism. There are few studies on the
temperature and electromagnetic field interaction in a realistic
physical model of the human body due to the complexity of the
problem, even though it is directly related to the thermal injury of
tissues [7,12,13]. Therefore, in order to provide information on
protection of the human body against electromagnetic fields
adequately, it is essential to simulate the coupled electromagnetic
field and heat transfer models to represent an actual process of shield
protection from possibly harmful effects of electromagnetic fields.
This research is a pioneer work on human protection from
electromagnetic field exposure that simulates the SAR distribution
and temperature distribution over an anatomically based human
body.

This work is extended from our previous work [7] in which the human
body exposed to leakage electromagnetic field is investigated. This paper
mainly analyzes the shielding effect of a dielectric shield being placed in
front of a human body. Specifically, lossy dielectric media are chosen as
the dielectric shield material. The local SARs and temperature increase of
human model are calculated for various operating frequencies. Three
shield dielectric properties at microwave frequencies of 300, 915, 1300,
and 2450 MHz are selected for the shielding investigation. The system of
governing equations, as well as initial and boundary conditions are solved
numerically, using finite element method (FEM). Moreover, this research
is also focusing on the interaction between electromagnetic field and
organs in the human trunk.

2. Formulation of the problem

Fig. 1 depicts a physical model of the problem. The incident plane
wave (TE wave) with a microwave power density of 5 mW/cm? is
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Nomenclatures

G specific heat capacity (J/(kg K))
E electric fields intensity (V/m)

f frequency of incident wave (Hz)
k thermal conductivity (W/m K)

H magnetic field intensity (A/m)
n refractive index (-)

Q heat generation term (W/m?)
s Poynting vector (W/m?)

T temperature (°C)

t time (s)

dielectric loss coefficient (-)

Greek letters

€ permittivity (F/m)

u magnetic permeability (H/m)
v velocity of propagation (m/s)
p density (kg/m>)

o electric conductivity (S/m)

0] perfusion rate (1/s)

Subscript

b blood

ext external

met metabolism

incident on the dielectric shield in front of the human model and
penetrated into the human model. A human model including ten
kinds of organs is used for our analysis.
2.1. Human model

Fig. 2 shows a vertical cross section through the middle plane of

the human trunk model. A two-dimensional human body model used
in this paper is obtained by image processing technique from the work
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Fig. 1. Human model with dielectric shield.
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Fig. 2. Human body in vertical cross section plane [12].
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of Shiba and Higaki [12]. The human model has a dimension of
300 mm in width and 525 mm in height. This human model
comprises 10 types of tissues which are the skin, fat, muscle, bone,
large intestine, small intestine, bladder, blood, stomach, and liver,
respectively. These tissues have different dielectric and thermal
properties. The thermal properties and dielectric properties of these
tissues at the frequencies of 300, 915, 1300, and 2450 MHz are given
in Table. 1 and Table 2, respectively.

2.2. Modeling of electromagnetic fields

A mathematical model is developed to calculate the electric field,
SAR, and temperature distribution within the human model. To
simplify the problem, the following assumptions are made; electro-
magnetic wave propagation is modeled in two dimensions over the
y-z plane, in which waves and object interaction proceed in the open
region, and the computational space is truncated by scattering
boundary condition. The propagation of an electromagnetic wave is
characterized by transverse electric fields (TE-Mode). The dielectric
properties of human tissues are frequency dependent as shown in
Table 1. Since the temperature increase in the human model is slightly
changed, the model assumes that the dielectric properties of tissues
are independent to temperature change for the specified frequency.

The electromagnetic wave propagation is calculated by Maxwell's
equations [6], which mathematically describe the interdependence of

Table 1
Dielectric properties of tissues.
Tissue 300 MHz 915 MHz 1300 MHz 2450 MHz
o (S/m) e o (S/m) e o (S/m) e o (S/m) e
Skin 0.35 4841 0.92 4486 1.25 43,56 2.16 41.79
Fat 0.06 6.55 0.09 597 0.10 580 0.13 5.51
Muscle 1.08 5545 1.33 50.44 1.42 4896 1.60 46.40
Bone 2.10 4480 2.10 4480 2.10 4480 2.10 44.80
Large 2.04 53.90 2.04 53.90 2.04 53.90 2.04 53.90
intestine
Small 3.17 5440 3.17 5440 3.17 5440 3.17 54.40
intestine
Bladder 0.69 18.00 0.69 18.00 0.69 18.00 0.69 18.00
Blood 2.54 5830 2.54 5830 2.54 5830 2.54 58.30
Stomach  2.21 62.20 2.21 6220 2.21 6220 2.21 62.20
Liver 1.69 43.00 1.69 43.00 1.69 43.00 1.69 43.00
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Table 2

Thermal properties of tissues.
Tissue p k G [N Q met

(kg/m3)  (W/m-K) (J/kg - K) (W/m?)

Skin 1125 0.35 3437 0.02 1620
Fat 916 0.22 2300 4.58E-04 300
Muscle 1047 0.6 3500 8.69E-03 480
Bone 1038 0.436 1300 4.36E-04 610
Large intestine 1043 0.6 3500 1.39E-02 9500
Small intestine 1043 0.6 3500 1.74E-02 9500
Bladder 1030 0.561 3900 0.00E4+00 -
Blood 1058 0.45 3960 - -
Stomach 1050 0.527 3500 7.00E-03 -
Liver 1030 0.497 3600 0.017201 -

the electromagnetic waves. The general form of Maxwell's equations
is simplified to demonstrate the electromagnetic field of microwave
penetrated into the human model as the following equations:

1 2( jo)
Vx|—VXE|)—kyjle,——]E=0 1
< ) 0 T e, ()

-
g = n? (2)

where E is electric field intensity (V/m), p, is relative magnetic
permeability (H/m), n is refractive index, ¢, is relative dielectric
constant, &= 8.8542x 10~ '2 (F/m) is permittivity of free space, and
o is electric conductivity (S/m),j = v—1.

2.2.1. Boundary condition for wave propagation analysis

Microwave energy is emitted by a microwave high power device
and strikes the dielectric shield in front of the human model with a
microwave power density of 5mW/cm? The microwave power
density in terms of mW/cm? in 2D model can be presumed by
dividing the microwave power (mW) by a frontal area of the incident
microwave (cm?). Therefore, boundary conditions used for electro-
magnetic wave, as shown in Fig. 3, are considered in the following.
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Scattering boundary condition

It is assumed that the uniform wave flux strikes the left side of the
human model, where the dielectric shield is located and then
penetrates into the human model. From the viewpoint of convergence
of the electromagnetic field, only the TE wave is used as the incident
wave. Therefore, at the left boundary of the considered domain, an
electromagnetic simulator employs TE wave propagation port with
specified power density:

S= [(E—E) E | [EE,. (3)

Boundary conditions along the interfaces between different
mediums, for example, between air and tissue or tissue and tissue
(with different dielectric properties), are considered as continuity
boundary condition:

n x (Hy—H,) = 0. (4)

The outer sides of the tissue boundaries are considered as
scattering boundary condition:

n x (V x E,)—jkE, = —jk(1—k-n)Ey, exp(—jk-r). (5)

2.3. Interaction of electromagnetic waves and human tissues

Interaction of electromagnetic fields with biological tissues can be
defined in terms of the SAR. When EM waves propagate through the
dielectric shield and then penetrate into the human tissues, the
energy of EM waves is absorbed by the tissues. The SAR is defined as
the power dissipation rate normalized by tissue density [14]. The SAR
is given by:

SAR = %\E\z 6)

where E is the root mean square electric-field (V/m), o is the
conductivity (S/m) and p is mass density of the tissue (kg/m?).

— Scattering boundary condition
i

inx(VxE_)-jkE_=—jk(1-k-n)E, exp(—jk-r)

Thermal insulation

n-(kNT )=0

Fig. 3. Physical model and boundary condition used for analysis.
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2.4. Modeling of heat transfer

The heat transfer analysis is considered only in the human body
domain, which does not include parts of the surrounding space as well
as the dielectric shield. To reduce complexity of the problem, the
following assumptions have been introduced.

1. There is no phase change and mass transfer in the human model.

2. The human tissues are bio-material with constant thermal
properties.

3. There is no chemical reactions occuring within the human model.

4. The initial temperature through the human model is uniform.

The heat transfer analysis of the human model is modeled in two
dimensions over the y-z plane. The temperature distribution inside
the human model is obtained by using the Pennes' bio-heat
equation [15]. The transient bioheat equation effectively describes
how heat transfer occurs within the human model, and the equation
can be written as:

oT
PCap = V- (kVT) + ppCop(Ty=T) + Qurer + Qexe )

where p is the tissue density (kg/m>),C is the heat capacity of tissue
(J/kg - K), k is thermal conductivity of tissue (W/m - K), T is the
temperature (°C), T, is the temperature of blood flow (°C), py is the
density of blood before entering ablation region (kg/m?), C, is the
specific heat capacity of blood (J/kg - K), wy, is the blood perfusion rate
(1/5), Qmer is the metabolism heat source (W/m>) and Q. is the
external heat source (microwave heat-source density) (W/m?).

In the analysis, heat conduction between tissue and blood flow is
approximated by the term p,C,w,(T,—T). In this analysis, the
thermoregulation mechanisms and the metabolic heat generation of
each tissue have been neglected to illustrate the clear temperature
distribution. The metabolism heat source is negligible and therefore
Qinec=0.

The external heat source is equal to the resistive heat generated by
electromagnetic field (microwave power absorbed):

1 =2
Qex = jo—rissuelE‘ (8)

where Oyjssye = 21fE}-€p.

2.4.1. Boundary condition for heat transfer analysis

At the skin-air interface, the insulated boundary condition has
been imposed to clearly illustrate the temperature distribution. As
shown in Fig. 3, the boundaries of human body are considered as
insulated boundary condition:

n.(kVT) = 0. 9)
Table 3
Dielectric properties of shield and penetration depth.
Operating D, (cm)
frequency Low lossy Medium lossy High lossy
(MHz) 10-j5 10-j10 20-j20
300 10.36 5.53 391
915 3.40 1.81 1.28
1300 2.39 1.28 0.90
2450 1.27 0.68 0.48

Fig. 4. A two-dimensional finite element mesh of human cross section model.

It is assumed that no contact resistant occurs between the internal
organs of the human body. Therefore, the internal boundaries are
assumed to be in a continuity boundary condition between the tissue
layers within the human model:

n-(k,VT,—k,VT;) = 0. (10)
2.4.2. Initial condition for heat transfer analysis
For this analysis, the temperature distribution within the human

body is assumed to be uniform. Therefore, initial temperature of
human body is defined as

T(ty) = 37°C. (11)

0.0311

0.0310 |

0.0309 +

0.0308 A

Temperature increase of skin [°C]
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Fig. 5. Grid convergence curve of the 2D model.
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Fig. 6. Geometry of the validation model [9].

2.5. Penetration depth

The penetration depth (Dp) is defined as the distance at which the
microwave power density has decreased to 37% of its initial value at
the surface [16]:

N 2 ,
e )1+ <i> 1 onf sr< 1+(tan6)2—1>
2m € 29
7f T v 2

(12)

where &/ is the relative dielectric loss factor and v is the speed of
microwave (m/s).

The penetration depth of the microwave power is calculated using
Eq. (12), which shows how it depends on the dielectric properties of
the dielectric material. The shield dielectric properties and the
penetration depth of the dielectric shield are summarized in Table 3.

It is shown that the Dp is greatly dependent on the shield dielectric
properties as well as the operating frequency. With high lossy of
dielectric shield typically shows greater potential for absorbing

microwaves in dielectric shield, while an increase in operating
frequency typically decreases in Dp.

3. Numerical procedure

The coupled model of bioheat equation and Maxwell's equation
are used to simulate the SAR and temperature increase in the human
model. The computational scheme is to first assemble a finite element
model and compute a local heat generation term by performing an
electromagnetic calculation using tissue properties. In order to obtain
a good approximation, a fine mesh is specified in the sensitive areas.
This study provides a variable mesh method for solving the problem
as shown in Fig. 4. The coupled model of electromagnetic field and
thermal field is solved by FEM. The model is implemented using
COMSOL™ Multiphysics 3.4, to demonstrate the phenomenon that
occurs within the human body exposed to leakage microwave energy.
The study employs an implicit time step scheme to solve the electric
field and temperature field. The 2D model is discretized using
triangular elements and the Lagrange quadratic is used to approxi-
mate the temperature and SAR variation across each element.
Convergence test of the frequency of 2450 MHz are carried out to
identify the suitable number of elements required. The number of
elements where solution is independent of mesh density is found to
be 92,469. The convergence curve resulting from the convergence test
is shown in Fig. 5.

4. Results and discussion

In this section, the couple of the mathematical model of bioheat
transfer and electromagnetic wave propagation as well as an initial
temperature of 37 °C for all cases is used for the analysis. For the
simulation, the thermal properties and dielectric properties are directly
taken from Table 1 to Table 3, respectively. The influences of shield
dielectric properties and operating frequency on SAR and temperature
increase within the human model are clearly investigated.

4.1. Numerical validations

It must be noted in advance that it is not possible to make a direct
comparison of the model in this study and the experimental results
due to the medical ethics. In order to verify the accuracy of the present
numerical model, the simple case of the simulated results is then
validated against the numerical results with the same geometric
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Fig. 7. Comparison of the calculated SAR distribution to the SAR distribution obtained by Nishizawa et al. [9].
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Table 4
Comparison of the results obtained in the present study with those of Nishizawa et al.
[9].

Present work Published work [9] % Difference

SARax in skin 0.212 0.220 3.63
SAR .« in fat 0.198 0.206 3.88
SAR a2« in muscle 0.116 0.120 3.33

model presented by Nishizawa et al. [9]. The horizontal cross section
of the three layer human tissues as shown in Fig. 6 is used in the
validation case. In the validation case, the leakage microwave power
density of 1 mW/cm? at the electromagnetic frequency of 1300 MHz
is considered. The results of the selected test case are illustrated in
Fig. 7 for SAR distribution in the human body. Table 4 clearly shows a
good agreement of the maximum value of the SAR of tissue between
the present solution and that of Nishizawa [9]. This favorable
comparison lends confidence in the accuracy of the present numerical
model. It is important to note that there may be some errors occurring
in the simulations which are generated by the input dielectric
properties data base and the numerical scheme.

4.2. The effects of shield dielectric properties and operating frequency

Fig. 8 shows the meshes of the human model as well as the SAR
and temperature distribution in the case of unshielded human model
exposed to the microwave power density of 5mW/cm? at the
frequency of 300 MHz. It is found that the temperature distributions
are not proportional to the local SAR values. Nevertheless, these are
also related to the parameters such as thermal conductivity, dielectric
properties, blood perfusion rate and etc.

In the case of using dielectric shield, the dielectric properties for
the shield are chosen as (low-loss; 10-j5), (medium-loss; 10-j10), and
(high-loss; 20-j20). The shield gap distance and shield thickness are
set to 0.5 cm and 0.3 cm, respectively. Fig. 9 and Fig. 10 show the
maximum SAR and maximum temperature increase, respectively, in
the human model with the test frequencies of 300 MHz, 915 MHz,
1300 MHz and 2450 MHz.

In this section, we illustrate the maximum value of SAR and
temperature increase in the human model without attention to the
organism. In the unshielded case, the maximum SAR value appeared
at 1300 MHz as shown in Fig. 9, while the maximum temperature
increase appeared at 915 MHz as shown in Fig. 10. This is because the

SAR [W/kg]
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Fig. 9. Comparison of the maximum SAR in the human model at the frequencies of
300 MHz, 915 MHz, 1300 MHz and 2450 MHz.
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Fig. 10. Comparison of the maximum temperature increases in the human model at the
frequencies of 300 MHz, 915 MHz, 1300 MHz and 2450 MHz.

differences of dielectric and thermal properties of tissues cause spatial
distortions of the resonance excitation.

Since in this study, the thickness of the dielectric shield is less than
the penetration depth, only a part of the supplied microwave energy is
absorbed by the dielectric shield, and the other parts are allowed to
penetrate further through the dielectric shield. This causes the
interference of waves to penetrate further into the human model to
be reflected from the human skin and travel back to the dielectric
shield. Consequently, the reflection and transmission components at
each interface contribute to the resonance of standing wave within
the gap and the human model.

T[°C]

Max: 0.338 C Max: 37.038

37.035

37.03
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37
Min: 37.0

0
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Fig. 8. Analysis of SAR and temperature distribution in the human model exposed to the microwave power density of 5 mW/cm? at the frequency of 300 MHz, (a) An initial finite
element meshes of human cross section model (b) SAR distribution of the shieldless case (c) Temperature distribution of the unshield case.
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Fig. 11. Comparison of the maximum SAR in human organs of the unshielded and
shielded human model at the frequency of 300 MHz.

It is evident from Fig. 9 and Fig. 10 that in the higher frequency of
1300 and 2450 MHz, when using dielectric shield, a significant
reduction of SAR and temperature increase within the human
model is achieved because of its smaller penetration depth. However,
in the lower frequency of 300 MHz corresponding to a long
wavelength, the SAR and the temperature increase have higher
value than the values of the unshielded case. The reason behind this
result is that the penetration depth of the dielectric shield at 300 MHz
is much greater than the dielectric shield thickness. This increases a
larger part of the incident wave to penetrate further through the
dielectric shield and also penetrate into the human model. The great
value of SAR and temperature increase in human model is caused by
stronger resonance effects that occur at the low frequencies.

While in the frequency of 915 MHz, an insignificant shielding
effect of medium lossy dielectric shield is illustrated. It is found that by
using low lossy dielectric shield at the frequency of 915 MHz, SAR as
well as temperature increase is higher compared to values of the
unshielded case. This is because the resonance phenomena between
the low lossy dielectric shield and human model is displayed stronger.
The multiple reflections within the gap and the human model caused
the accumulation of microwave energy in the gap which leads to an
increase in the SAR and temperature in human organism by which the
reflection rate of microwave strongly depends on the dielectric
properties of the dielectric shield. By using the high lossy dielectric
shield, the shielding effect is significant. This is because of a large
reduction of microwave power density within the human model due
to the weakness of resonance, corresponding to the lowering
penetration depth of microwave. It is confirmed that the appropriate
dielectric properties of the dielectric shield greatly depend on the
operating frequencies.
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Fig. 12. Comparison of the maximum SAR in human organs of the unshielded and
shielded human model at the frequency of 2450 MHz.

4.3. SAR in organs

As shown in Fig. 11, based on the results of the local maximum SAR
of the unshielded case, at a low frequency of 300 MHz, peak values of
SAR occurred, found both in the small intestine and the muscle. With
the use of the low lossy shield, the greater values of SAR occurred as
compared to the unshielded case. This is because of a larger part of the
incident wave that penetrates further into the gap and human model.
This caused the accumulation of microwave energy in the gap and the
human model. Fig. 12 shows the maximum SAR in organs at a high
frequency of 2450 MHz. It is clearly evident from Fig. 12 that a peak
value of local SAR is found only at the skin due to a smaller
penetration depth at high frequency range. However, large reduction
of the SAR value is achieved when using the same dielectric shield
(low-loss shield) with the case of 300 MHz due to the weakness of
resonance.

Fig. 11 and Fig. 12 show the maximum SAR and the maximum
temperature increase in the human model, while focusing on the
human organism. It is found that the SAR and the temperature
increase primarily depend on the penetration depth of microwave
which corresponds to the operating frequency as well as the dielectric
properties of the dielectric shield. As the dielectric properties of a
dielectric shield vary, the penetration depth will be changed and the
electric field passing through the dielectric shield is altered. If the
penetration depth is changing, a fraction of the microwave energy
absorbed is also changed which related to the resonance within the
model. Consequently, the shielding effect of dielectric shield is
changed.

5. Conclusions

This paper presents the simulations of SAR and heat transfer in the
human model, where microwave energy strikes the dielectric shield
in front of the human model. The SAR and temperature distributions
in the human model are governed by the electric field as well as the
dielectric properties of tissue.

The results show an interaction between physical parameters:
operating frequencies and shield dielectric properties. For human
exposure to microwave energy, the installed dielectric shield
strongly affects the SAR and the temperature increase in the
human body. Actually, the microwaves can transmit through the
dielectric shield, and can penetrate into the human model that
contribute to the resonance of standing wave within the gap and
human model.

Since the frequency increases, the penetration depth for micro-
wave gets smaller and resonance effect becomes weakness. Conse-
quently, the shielding effect is significant. Therefore, the appropriate
dielectric properties, which can effectively reduce the SAR and the
temperature increase in human body of the dielectric shield, are
greatly dependent on the operating frequency. Additionally, this
paper presents an interesting viewpoint on the microwave shielding
properties of dielectric shields at various operating frequencies, while
focusing on the human organism.

Future work will extend the calculations of the SAR and the
temperature increase for a three-dimensional model. Moreover, it will
be carried out to study the effect of wave pattern, namely, TM wave
and TE wave on a realistic model.
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