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ARTICLE INFO ABSTRACT

Keywords: Wearable metal objects with high electromagnetic reflection characteristics can cause interfer-
Electromagnetic waves ence with the incident waves during exposure to the electromagnetic (EM) radiation. Therefore, it
SAR

is of interest to investigate the effect of metal objects capable of increasing the absorption of EM
energy and temperature within the tissues when get exposed to EM radiation. A numerical
analysis of increase in specific absorption rate (SAR) and temperature distribution in a human
head model when metal objects are placed between the head and radiating source is performed. A
realistic three-dimensional heterogeneous human head model, metal objects of different shapes
and sizes, and spectacles with different lenses are used. A half-wavelength dipole antenna
operating at 1800 MHz served as an EM radiation source. Results show that the presence of metal
objects in proximity to the head alters SAR and temperature increase within the tissues. In most
cases, metal objects redistribute the EM field incident upon them to a smaller region increasing
power absorption, thereby increasing SAR and temperature in that region. The power absorption
in head layers is found to be sensitive to metal object’s size and shape, and distance of the antenna
from the objects.

Temperature
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1. Introduction

The concern that EM waves are affecting human tissues adversely has been widely discussed over a decade. The matrix which is
used to show the amount of absorption of electromagnetic (EM) radiation in the tissue is known as Specific absorption rate (SAR) [1].
SAR can be determined by dividing the power dissipation normalized in the tissue to the density of the tissue. Organizations, such as
ICNIRP and IEEE have released guidelines based on the SAR values to limit the exposure of EM waves [2-4]. However, the absorption
of EM radiation in the tissues increases the temperature within it which is known to be the main cause of biological hazards [5,6].
There have been researches discussing the importance of studying SAR as well as temperature increase inside the tissues exposed to EM
radiations [7-9]. Hirata et al. [10], in their numerical analysis, irradiate the human eye using plane wave of 600 MHz to 6 GHz and
showed that SAR and temperature can have different hot spot regions inside the tissues which depend on the size of the tissues and the
radiating frequency used. Bernadi et al. [11], exposed human head model to different types of mobile phone antennas and found that
SAR and temperature do not correspond to each other. Dielectric properties, thermal properties as well as the anatomy of the tissues
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Nomenclature

specific heat capacity (J/(kg C))
electric field intensity (V/m)
frequency of incident wave (Hz)
current density (A/m?)

thermal conductivity (W/(m C))
normal vector

heat source (W/m>)

temperature (o

time
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have their influence on them. Our research group has also been studying the distribution of electric field, SAR, and temperature in the
different parts of the human body including the torso, head, liver, etc. caused by in getting contact with near and far-field EM radiating
sources. It has been found that structure of the radiating source, and distance of the radiating source from the tissue plays an important
part in the absorption of EM radiation [12-14].

Among all the EM radiation emitting sources humans get exposed to in daily life, mobile phones have been the most frequent source
of near field exposure, and hence the reason for concern for our health. There has also been a concern that the metallic implants in the
presence of EM radiation can alter the absorption of EM energy in the tissues [15-21]. McIntosh et al., studied the exposure of mobile
phone radiation for cochlear implant users and discussed the resonance effect and constructive interference effect for titanium cra-
nioplasty plate inside the head. They found no significant difference in the EM absorption in presence of the implant plate [16,17].
Olteanu et al. studied metallic carotid stent implant effect in a simple spherical head and did not find temperature to exceed above
safety threshold 1°C [18]. Virtanen et al. investigated the effect of varying size, position and orientations of implants on the SAR in the
tissues. They found that implant situated deeper in the tissue cause more absorption than situated on the surface of the skin [19,20].
Fernandez et al. studied the effect of the ear-piercing metals exposed to a near field EM radiating source and found an increased value
of SAR [21]. Joo et al. [22], also found an increased value of SAR in a child and an adult head model wearing spectacles and implant
behind the ear.
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Fig. 1. Boundary conditions applied for the analysis of EM wave propagation and heat transfer on the heterogenous head model surrounded by

different types of metal objects and a dipole antenna in the voice and video calling positions.
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Not only metals situated inside the tissues, but the effect of metal objects outside of the tissues has also been studied. Whittow et al.
[23-26], have extensively investigated the effects of metals mainly jewelry and spectacles, on the human tissues by both experimental
and numerical methods. In their studies, they irradiate the head from in front like a personal data assistant device and calculate the
SAR in the eyes for with and without spectacles. SAR obtained in the eyes for both cases showed that wearing spectacles can increase or
decrease the SAR in the eyes, which depends more on the shape of the spectacles and the frequency used and less on the lens of the
spectacles. They also investigated change in SAR when metal pins and rings were situated in the proximity of the head. The head was
irradiated with microwave communication equipment at different frequencies. They found that pins and rings of resonant sizes can
double the SAR in the head. Lan et al. [27], found that using eyewear devices such as Bluetooth with glasses can form new hotspot
regions in the ocular tissues which increase the SAR in the eyes.

However, the investigation of temperature increases inside the tissues due to metal objects in its proximity is limited. The models
considered for the study are either very simple or do not discuss in detail the power absorption in the different layers of the head.
Hence, in this paper, a detailed study on the EM absorption inside the different layers of the human head when metal objects of
different sizes and shapes are present is studied. A realistic heterogeneous model of the human head including 4 layers of skin, fat,
bone, and brain and 3 layers of eyeball including sclera, cornea, and vitreous has been used from our previous studies [9,14,28]. A
half-wave dipole antenna operating at 1800 MHz is used for the EM radiation source. The attention is paid on the increase in SAR and
temperature in the head model layers by the metal objects (jewelry and spectacle) situated nearby the head. The metal objects are
placed 2 cm away from the head and the dipole antenna is placed at various distances from the metal. Two cases, voice calling and
video calling, are considered depending on the dipole position around the head. The coupled model of EM wave propagation and
bioheat transfer are numerically solved by FEM (finite element method). Maxwell equations are used to determine the absorbed EM
wave and Pennes’ bioheat equation is used to study the temperature increase in different tissue layers.

2. Problem formulation
2.1. Head, metal object, and dipole antenna models

A 3D heterogeneous head consists of skin, fat, bone, brain, sclera, vitreous, and cornea. Metal objects used are of four types: a pin, a
ring, a square and a spectacle, shown in Fig. 1. In the analysis, the size of the metal objects varies while thickness 2 mm stays constant.
Metal objects of these shapes can be related to the jewelry worn near to the head area such as earrings, and hairpins. A spectacle of two
types of lenses namely, PVC (6 = 4.46 x 107*S/m, &, = 2.46) and glass (¢ = 0.00545/m,e, = 4.82) has also been included in the study.
The material used for all the metal objects is copper which is a PEC (perfect electric conductor) metal. Copper and other materials, such
as gold and silver do not differ much in their conductivities and are equally used in making jewelry and spectacle frames [25]. For EM
radiating source, half-wave dipole antenna operating at 1800 MHz frequency and 1 W radiating power has been used (Fig. 1). The
frequency used for the analysis comes under the Global System for Mobile (GSM) Communications, hence can be related to the cases
when a person talks on the phone or surfs the internet.

2.2. Elements of study

The objective of this study is to find out the effect of metal objects such as earrings, hairpins, spectacles worn in our daily life on the
SAR and temperature increase in the head when exposed to near field radiation. For the analysis, metal objects of different shapes and
sizes are placed at a distance of 2 cm from the head, as shown in Fig. 1. The dipole antenna radiating at 1800 MHz frequency is placed
at various distances (d1 and d2) from the metals. Here, dipole antenna placed on the right side of the head model can be related to the
voice calling position and when placed in front of the eyes can be related to the video calling position. Radius r of the ring, side s of the
square, and length [ of the pin, in voice calling position, are varied to find out the worst shape and size of the metals that affects the SAR
and temperature most. Likewise, in video calling position, two types of lenses are used to see which lens affects the SAR and tem-
perature most. Dielectric and thermal properties of tissues used in the numerical analysis are shown in Tables I and II, respectively, [6,
29]. COMSOL™ Multiphysics software based on FEM analysis [30], has been used for solving the coupled model of EM wave prop-
agation and bioheat transfer. For reducing the computation time, the head model has been simplified. Head model without eyeball and
spectacles is used when the head is irradiated from the ear side i.e. voice calling position. Spectacle with only one lens has been used
out of the whole spectacle model when the head is irradiated from in front i.e. video calling position.

Table 1

Dielectric properties of tissues at 1800 MHz [6,9].
Type of tissues & o (S/m)
Skin 325 0.52
Fat 5.35 0.078
Bone 8.0 0.16
Brain 53.0 1.7
Sclera 52.70 1.68
Vitreous 73.70 2.33
Cornea 55.0 2.32
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Table 2

Thermal properties of tissues [6,9].
Type of tissue /J(kg/m3 k (W/m°C) C (J/kg°C) Qmet(W/m3) wp(1/s)
Skin 1125 0.42 3600 1620 0.02
Fat 916 0.25 3000 300 4.58 x 107* [fx]
Bone 1990 0.37 3100 610 4.36 x 1074
Brain 1038 0.535 3650 7100 8.83 x 1073
Sclera 1050 1 3180 0 0
Vitreous 1100 0.60 4178 0 0
Cornea 1050 0.58 4178 0 0

2.3. Equations for ELECTROMAGNETIC wave propagation analysis
To simplify the computational analysis, following assumptions have been made for the wave propagation analysis [14].

. The propagation of the electromagnetic wave is modeled in three dimensions.

. Electromagnetic wave interacts directly to the human head in the open region.

. The region outside the head model is truncated by using scattering boundary condition.
. The dielectric properties of tissues are uniform and constant.

A WN =

Electromagnetic wave propagation in the human head and free space around it is solved by using Maxwell’s equation, as expressed
Eq. (1).

1 - N
V X~V xE—keE=0 (6D)

r

& =n’

where E is electric field intensity (V/m), . is relative magnetic permeability, ¢, is relative dielectric constant, and ky is the free space
wave number (m1).

2.3.1. Boundary condition for wave propagation
A half-wave dipole antenna is employed to generate EM waves. The actual part which radiates the EM wave with a specific radiated
power is called lumped port (Fig. 1). The boundary condition for the EM wave propagation is shown in Eq. (2).

Vi El
Zin: - 0 = 2
I, I, (2)

where Zj,is the input impedance (ohm), V;is the voltage along the edges, I is the electric current magnitude (A), El is the electric field
along the source edge (V/m) and [; is the edge length.

The boundary conditions along the interfaces between different mediums, namely, between air and tissues (skin, fat etc.), are
considered as a continuity boundary condition:

nx (E, - Ez) -0 3

A 3-D perfectly matched layer (PML) has been created outside the model to avoid reflections from emitted electromagnetic wave.
Scattering boundary condition is applied on the outer surface of the PML domain, as expressed in Eq. (4)

nx (V X E) — jkn x (EX n) = —nx (Eo Xjk(nfk)>exp( —jk.r) “4)
where k is the wavenumber (m~!), n is the normal vector, j = v/—1 , and Eo is the incident plane wave (V/m).

2.4. Interaction of electromagnetic waves and human tissues

When the electromagnetic waves propagate through the human head tissues, the energy of electromagnetic waves gets absorbed by
the tissues. This absorbed energy is measured in terms of specific absorption rate (SAR). SAR is defined as the power dissipation rate
normalized by material density and is described by the following equation [31]:

SAR :‘pf EP (5)
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where E‘is electric-field (V/m), o is electric conductivity (S/m), and p is the tissue density (kg/m®>).

2.5. Equation for heat transfer analysis

For solving the thermal problem, the temperature distribution within the head model is obtained by solving bioheat equation,
which takes into consideration heat conduction, blood perfusion, and external heating. The initial temperature is set to 37°C . Heat
transfer analysis is modeled in 3D. To simplify the problem, following assumptions have been made for heat transfer analysis:

1. The human head tissues are biomaterial with uniform and constant thermal properties
2. There is no phase change of substance within the tissues.

3. There is no energy exchange throughout the human head model.

4. There is no chemical reaction within the tissues.

Temperature distribution in the layers of the human head is analyzed by solving Pennes’ bioheat equation [14,32,33]. The transient
bioheat equation, shown in Eq. (6), efficiently describes how the heat transfer occurs inside the human head.
oT
PCEZ V- (kVT)+ pyCows(Ty — T) + Ouer + Qe (6)
where p is the tissue density (kg/m>), C is the heat capacity of tissue (J/kg C), k is thermal conductivity of tissue (W/m C), Tis the tissue
temperature (°C), Tj is the temperature of blood (°C), p,, is the density of blood (kg/rn3), Cy is the specific heat capacity of blood (J/kg
&), wy is the blood perfusion rate (1/s), Qme: is the metabolism heat source (W/m®) and Q.xt is the external heat source term (elec-
tromagnetic heat-source density) (W/m3).
The heat conduction between tissue and blood flow is approximated by the blood perfusion term, p, Cywp,(Tp — T). The external heat
source term is equal to the resistive heat generated by electromagnetic field (electromagnetic power absorbed), which is defined as:

2

Qex[ = FOissue E = g .SAR (7)

2

Where 6yissue = 2.7f€r€0

2.5.1. Boundary condition for heat transfer analysis
In this simulation heat transfer is considered only in the human head, which does not include parts of the surrounding space. As
shown in Fig. 1, the outer surface of the human head corresponding to assumption (3) is considered to be a thermally insulated
boundary condition.
n.(kVT)=0 ®)

It is assumed that no contact resistance occurs between the tissue layers of the human head. Therefore, the internal boundaries are
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assumed to be continuous.
VT,=VT, 9
n.(k, VT, —k,VT;) =0 (10)
3. RESULTS and discussion

3.1. Numerical validation

To validate the accuracy of the results obtained from this study. Numerical validation of a previously published work of Whittow
et al. [25], has been performed. The model consisting of a cube (brain), copper pin, and a dipole antenna working at 1800 MHz is
shown in Fig. 2 (a). The box is irradiated by the dipole antenna from a distance of 100 mm. The pin moves towards the antenna, and for
every distance that pin travels its length varies. SAR for each combination of pin’s length and position are calculated in the cube. The
resultant value of SAR from validation is shown in Fig. 2 (b). The maximum value of SAR obtained in the work of Whittow et al., shown
in Fig. 2(c), was found when the pin had 0.421 length and was at 12 mm distance from the cube. Comparing Fig. 2 (b) from Fig. 2(c), it
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Fig. 3. SAR and temperature in the head when dipole antenna move towards the metal objects in voice calling state: pin (a and b), ring (c and d),
square (e and f).
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can be seen that the obtained SAR results show good agreement with the literature and so builds up confidence in the way of simulating
the models for this study.

3.2. Effect of metal OBJECT'S size and dipole ANTENNA'’S position on SAR and temperature increase in the head model

The size of the metal objects (pin, ring, and square) is varied to investigate its effect on SAR and temperature increase in the head
model. The metal objects are placed at a distance of 2 cm from the head model. Dipole antenna is placed at a distance of 5 cm from the
metal objects as shown in Fig. 1. Dipole antenna moves towards the metal objects from 5 cm distance to 1 cm distance while metal
objects change their size remaining at the same place. This dipole position can be represented as the voice calling position where the
ear side of the head gets exposed to the mobile phone. Contour graph of this situation for SAR and temperature increase in the skin
layer due to all metal shapes are shown in Fig. 3. The results are obtained for an exposure time period of 30 min from dipole antenna.
Electromagnetic radiation generated from the dipole antenna strikes the metal objects and then the head behind the metals. As the
metal objects are perfect electric conductor, a secondary current generates on their surfaces. The PEC metals now act like a weak
antenna themselves which further irradiates the head. The absorption of electromagnetic energy is then used to calculate the SAR in
the head layers as shown in Eq. (5). Dielectric and thermal properties from Tables I and II influence the electromagnetic absorption in
the head layers which will later be discussed in detail in section 3.3. The absorbed electromagnetic energy in the layers then gets
converted into thermal energy which increases the overall temperature in the head. For pin metal, the highest increase in SAR and
temperature are found when pin had the length of 7.2 cm and antenna is 2 cm away from the metal (Fig. 3 (a) and (b)). As the antenna
moves further to 1 cm distance, the SAR and temperature decrease in the head layers. This pin length is half of the wavelength of the
frequency used, (0.42 x 0.166 m = 7.2 cm) and only cause the highest value of electromagnetic absorption when antenna is 2 cm
away from it. For ring metal, the highest value of SAR and temperature are found when the radius of the ring is 3.4 cm and dipole
antenna is 1 cm away from the metal (Fig. 3 (c) and (d)). However, when the ring circumference is of the size of 1 wavelength of the
frequency (2 x 3.14 x 2.6 cm = 0.16 m), which is 2.6 cm radius of the ring, the power absorption in the head is higher for the 2 cm
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Fig. 4. Maximum SAR and Temperature in the head for (a) no metal, antenna 3 cm away from head, (b) no metal, antenna 4 cm away from head, (c)
pin length 8.2 cm, antenna 1 cm away from pin, (d) pin length 7.2 cm, antenna 2 cm away from pin, (e) ring radius 3.4 cm, antenna 1 cm away from
ring, (f) ring radius 2.6 cm, antenna 2 cm away from ring, (g) square side 6 cm, antenna 1 cm away from square, (h) square side 9 cm, antenna 1 cm
away from square.
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distance and gets lower for 1 cm distance of antenna from the ring. Similar to the pin in size of half of the wavelength of the frequency
used. Lastly, for the square metal, the SAR and temperature were highest when the side of the square is 6 cm (Fig. 3 (e) and (f)), and
dipole antenna is 1 cm away from the metal. Unlike pin and ring metal, square metal of all sizes causes the highest EM absorption when
dipole antenna is 1 cm away from the metal. Comparing the maximum SAR value caused by pin metal in this study with the SAR value
from previous published work of Whittow et al. [25],. In both the cases, pin causes highest value of SAR when was of 7.2 cm length i.e.
half of the wavelength of the frequency used.

3.3. Maximum value of SAR and temperature caused by the different sizes of metal objects and their effect on the distribution pattern of the
absorbed energy on the head model

Fig. 4 (a) and (b) show SAR and temperature distribution, respectively, in the human head when metal objects are absent. In Fig. 4
(a), the antenna is placed at the place where it would have been 1 cm away from the metals (metals being placed at 2 cm away from the
head). Now in the absence of the metal object the distance is measured from the head i.e. antenna is 3 cm away from the head model.
Likewise, in Fig. 4 (b), the antenna would have been 2 cm away from the metals, now in absence of the metals it is 4 cm away from the
head model. When the antenna is 3 cm away from the head model, in absence of metal objects (Fig. 4(a)), the maximum value of SAR
and temperature increase in the skin layer are 4.66 W/kg and 37.08 °C , respectively. Whereas, when the antenna is 4 cm away from
the head model, in absence of metal objects (Fig. 4(b)), the maximum value of SAR and temperature increase in the skin layer are 2.54
W/kg and 37.04 °C, respectively. Looking at Fig. 4 it is clear that the presence of metal objects influences the SAR and temperature
increase as well as the distribution pattern of the absorbed EM energy in the head region. Fig. 4 (d), (e), (), (g), (h) show increase in the
SAR and temperature in the head model when metal objects are present. Fig. 4 (a) is compared with Fig. 4 (e), (g), and (h) when
antenna is 3 cm away from the head. Fig. 4 (b) is compared with Fig. 4 (d), (f) when antenna is 4 cm away from the head. This shows
presence of metal objects increases the SAR and temperature in the head model. However, presence of metal object also seems to
decrease the SAR and temperature in the head. Comparing Fig. 4 (a) with Fig. 4 (c), it can be seen that the pin metal of length 8.2 cm
decreases the absorption of energy in the head model. There is also a difference in the energy absorption pattern for different shapes
and sizes of the metal objects. Metal objects in Fig. 4 (d), (e), and (g) concentrate the electromagnetic radiation incident on them and
then to the head to a smaller area on the head model. This absorption of power increases the SAR and temperature on the head model.
Fig. 4 (c) show spreading out of the absorption of energy to a wider area on the head which decreases the SAR and temperature on the
head model. Fig. 4 (f) show energy gets absorbed behind the two sides of the ring metal (ring radius 2.6 cm) in which right side of the
absorption cause higher value of SAR and temperature. Whereas, Fig. 4 (h) make a triangular shape absorption of power on the head
model.

From Fig. 4, the specific sizes of the metal objects that cause highest value of SAR and temperature were known. It is also known
that pin and ring metals of resonant sizes show maximum absorption when antenna is 2 cm away whereas for square metal all sizes
shows maximum absorption when antenna is closest i.e. at 1 cm away from the metal. The absorption patterns of all three types of
metals that caused highest increase in SAR and temperature are shown in Fig. 4 (d), (e) and (g). Tables III and IV show the highest value
of SAR and temperature caused by those specific sizes of metal objects in the different layers of the head model. Highest value of SAR is
found in the skin layer in presence of pin metal (26.42 W/kg). Whereas, highest value of temperature increase is found in the bone layer
in presence of pin metal (37.50 C). Electromagnetic waves attenuate as they penetrate deeper into the head model. This is why SAR
values for the inner layers of the head model are lower. However, the electrical conductivity of brain layer is the highest among all the
layers (Table I). The reason even being the furthest tissue in the head model, the SAR value in it is higher than the fat and bone layer of
the head model. However, the temperature distribution in the head layers are different. It increases as it penetrates deeper into the
head. Skin layer has a higher blood flow (w;) that can release heat efficiently while the bone layer has a much lower blood flow that
results in poor heat dissipation from the absorbed electromagnetic energy. This shows SAR and temperature do not directly correlate to
each other but also depend a lot on the dielectric and thermal properties of the tissues. A bar graph showing EM energy absorption
pattern of resonant sizes of the metal objects on skin layer is shown in Fig. 5. The pin and ring objects have higher absorption of EM
waves at resonant sizes when the dipole antenna is 2 cm away from the metals. The absorption decreases as the dipole antenna moves
closer to the metal objects. This shows a specific distance between metal object and antenna is necessary to cause higher absorption of
power. By increasing or decreasing the distance between metal object and antenna causes the mutual coupling between them go out of
phase which decreases the power absorption. For square metal, perimeter equals to 1 wavelength of the frequency is chosen (4 x 4 =
0.16 m). However, power absorption due to all sizes of square metal objects is usual. The power absorption increases as the dipole
antenna gets closer to the square metal.

Table 3
Maximum SAR (W/kg) obtained in the head layers for voice calling position.
Head Layers 7.2 cm pin 3.4 cm radius ring 6 cm side square
Antenna at 2 cm Antenna at 1 cm Antenna at 1 cm
No metal Pin No metal Ring No metal Square
skin 2.54 26.42 4.66 12.38 4.66 9.51
Fat 0.44 4.25 0.79 2.13 0.79 1.63
Bone 0.33 3.10 0.60 1.59 0.60 1.14
Brain 2.77 20.68 3.91 10.37 3.91 7.38
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Table 4
Maximum temperature (C) obtained in the head layers for voice calling position.
Head Layers 7.2 cm pin 3.4 cm radius ring 6 cm side square
Antenna at 2 cm Antenna at 1 cm Antenna at 1 cm
No metal Pin No metal Ring No metal Square
skin 37.04 37.42 37.08 37.27 37.08 37.22
Fat 37.06 37.49 37.10 37.35 37.10 37.30
Bone 37.06 37.50 37.11 37.41 37.11 37.35
Brain 37.05 37.44 37.09 37.41 37.09 37.35
SAR in skin layer for resonance size of metals Temperture in skin layer for resonance size of metals
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Fig. 5. Comparison of the effect of resonant size of pin (7.2 cm length), ring (2.6 cm radius), and square metal (4 cm side) on (a) SAR and (b)
temperature distribution at various dipole position.

3.4. Effect of spectacle lenses on SAR and temperature increase in the eye ball layers

Eyes are the most sensitive part of the human body as they have an absence of blood flow which helps to cool down the temperature
in the layers. Effect of metal frame spectacles with different types of lenses (PVC and glass) exposed to dipole antenna radiation on
eyeball layers is studied. The metal frame (PEC) spectacles are placed 2 cm away from the eyeball. The dipole antenna is placed 5 cm
away from the spectacles (Fig. 1). To minimize the computation time, the head model has been simplified by just taking one eye frame
of the spectacle. Fig. 6 shows SAR and temperature distribution on the head model in absence and presence of spectacles when head is
irradiated from in front (video calling position). It has been found that in presence of spectacle, the SAR and temperature in the eyeball
layers decreases. Especially in presence of PVC lens the EM energy absorption is half compared to naked eyes expose to the antenna.

Exposure to the antenna without Exposure to the antenna with spectacles
spectacles
SARmax= 50.43 (Wikg) Glass lens SARpmax= 31.53 (Wikg)

5043
45.11
36.55
27.21
18.01
2.02

Toax=43.66 [°C]

Glass lens Tyae=40.77 [[C]  FVClens Tmax=39.52 ['C]  Max

41.00 [°C]
41.00

39.50

" 3%.00

— i — T 38.50

38.00

37.50

43.66
43.10
4221
41.05
40.10

3930

38.20
37.00

@ (v) ©

Fig. 6. SAR and temperature increase in eyeball at 1800 MHz in the presence of (a) no spectacles, (b) spectacle with glass lens, (c) spectacle with
PVC lens.
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The SAR and temperature in the eyeball layers were highest when dipole antenna is 1 cm away from the spectacles and 3 cm away from
the eyeball in absence of spectacles. However, for the skin around the eyes, the SAR and temperature increase were highest when
dipole antenna is 2 cm away from the spectacle. Tables V and VI show the maximum values of SAR and temperature increase,
respectively, in the eyeball layers as well as the skin around the eyes. As can be seen from the tables, the spectacle increases the power
absorption in the skin layer and decrease it for eyeball layers. The highest SAR is found in the vitreous layer (196.87 W/kg) in the
presence of glass lens spectacle. This is because vitreous layer has the highest value of electrical conductivity among all the layers,
which makes it absorb more EM radiation (Table I). However, the highest temperature of 43.66 °C is found in the sclera and vitreous
layers for without spectacle (Table VI). The temperature increase among the eye ball layers has no major difference, as it has been
analyzed without considering the blood perfusion rate (Table II). The temperature generated in the outer layers does not dissipate and
transfer the heat to the next adjacent layers. Fig. 7 (a) and (b), respectively, show the comparison of SAR and temperature increase in
the skin layer for no spectacles and with spectacles cases. The maximum SAR and temperature increase in skin layer are 29.14 W/kg
and 37.12°C, respectively, due to PVC lens. As can be seen from the graphs, for every distance that dipole antenna makes towards the
eyes, the SAR increases in the head model. The highest SAR and temperature value in the skin layer occurred when antenna is 2 cm
away from the spectacle. This again shows how a specific distance is required between the EM radiating source and the metal to get the
highest absorption in the layers. The obtained SAR and temperature values in the eyeball layers exceed the safety limit of 2 W/kg and 1
&, hence, could lead to some serious damage such as cataract or posterior capsular opacification [9] when exposed to the dipole
antenna at the close distance as in this case.

4. Conclusion

This study investigated the SAR and temperature increase inside a heterogeneous human head model when metal objects of various
shape and sizes were present in the proximity. The results show different important features to be discussed in the paper. The metal
objects definitely alter the absorption of EM radiation in the tissues. In most of the cases, presence of all shapes of metal objects increase
the SAR and temperature in the head model for voice calling position. Among all the metal objects, pin metal (7.2 cm length) causes
highest increase in energy absorption in the head layers. However, pin metal having a length of 8.2 cm also decreases the energy
absorption in the head model compared to when there is no metal object at all. For video calling position, both types of spectacle lenses
(glass and PVC) decrease the power absorption in the eye ball layers. There is no major difference in the power absorption for both
types of lenses. The skin around the eyes, however, has increased value of SAR and temperature in presence of spectacle lenses. The
distance between the dipole antenna and metal objects also affects the energy absorbed in the tissue layers. The power absorption in
the tissue layers increases as the dipole antenna moves closer to the metal objects. However, for resonant sizes of pin and ring, the head
layers had highest power absorption when dipole antenna is 2 cm away from the metal objects. Skin around the eye area also has
higher power absorption when dipole antenna is 2 cm away from the spectacle lenses. It is observed that a specific distance between the
antenna and metal objects is necessary to have strong current coupling. Moving the antenna far or closer to that specific position makes
the coupling go out of phase which results in low energy absorption in the tissue layers. The size of metal objects affects the distribution
of power absorbed in the tissues of the head. In presence of metal objects, the energy gets concentrated to a smaller region on the head
which increases the power absorption there, hence, increase in SAR and temperature. The SAR and temperature do not directly
correlate with each other and highly depend on the dielectric and thermal properties of tissues. For voice calling position, the
maximum value of SAR is found in the skin layer, whereas, bone had the maximum value of temperature increase. For video calling
position, SAR is maximum in the vitreous layer of the eyeball, whereas, sclera and vitreous had the maximum value of temperature
increase. The maximum SAR and temperature obtained in the voice calling position due to pin metal were 26.42 W/kg and 37.42 C,
respectively, in the skin layer. Here, the SAR exceed the ICNIRP/IEEE (2 W/kg) limit of general public exposure. For video calling
position, the maximum SAR and temperature increase were 196.87 W/kg (glass lens in vitreous) and 43.66 C (no spectacle in sclera
and vitreous), respectively. Here, both SAR and temperature obtained were higher than the thresholds for the induction of cataract and
opacification formation. This paper, hence, shows how important it is to study temperature distribution along with the SAR distri-
bution to clearly understand the effect of EM radiation on the tissues. Results obtained from this study can help spread awareness
among the people who often get exposed to EM radiation wearing some type of metal objects. If the metal objects have size and
distance in the range of generating strong coupling interaction with the EM radiation source, this could cause a harmful effect on the
health.
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Table 5
Maximum SAR (W/Kg) obtained in the head layers for video calling position.
Head Layers Spectacles
Antenna at 1 cm
No spec Glass PVC
skin 2.51 14.03 21.81
Sclera 50.43 31.53 22.95
Vitreous 195.94 196.87 114.75
Cornea 33.25 24.69 14.50

Table 6
Maximum temperature (°C) obtained in the head layers for video calling position.
Head Layers Spectacles
Antenna at 1 cm
No spec Glass PVC
skin 37.04 37.05 37.08
Sclera 43.66 40.77 39.52
Vitreous 43.66 40.77 39.55
Cornea 43.54 40.68 39.48
SAR in skin layer Temperature in skin layer
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Fig. 7. Comparison of the effect of spectacle lenses on (a) SAR and (b) temperature distribution at various dipole antenna position.
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