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ABSTRACT

The rapid deployment of fifth-generation (5G) wireless communication systems has
raised questions regarding the potential biological impacts of prolonged exposure to radiofre-
quency electromagnetic (RF-EM) radiation. Due to the sensitivity of ocular tissues, this study
investigates the interaction between 5G electromagnetic waves and the human eye. A two-
dimensional computational model of the human eye was developed and subjected to EM
exposure at various 5G operating frequencies. The resulting electric field distribution, spe-
cific absorption rate (SAR), and temperature increase caused by RF energy absorption were
evaluated. A coupled multiphysics approach was implemented using Maxwell’s equations
to simulate EM wave propagation through the eye tissues and the Pennes bioheat transfer
equation to estimate temperature variations within different ocular layers. The coupled EM—
thermal analysis was performed using the finite element method (FEM). The results indicate
that, under certain exposure conditions, the resultant SAR and temperature values exceeded
the threshold values.

Keywords: 5G radiation; Human eye; Finite element method; Specific absorption rate; Tem-
perature increase
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1. Introduction

The ongoing debate surrounding the
potential harmful effects of microwave ra-
diation exposure has sparked significant in-
terest. Microwave radiation, a type of
non-ionizing radiation operating within the
300 MHz to 300 GHz frequency range, is
prevalent in our daily lives through vari-
ous devices, including cell phones, wire-
less routers, and microwave ovens. While
generally considered safe due to its non-
ionizing nature, concerns about its im-
pact on health have arisen, with reports of
headaches, nausea, and confusion among
those frequently exposed [1, 2]. To ad-
dress these concerns, organizations like IC-
NIRP and IEEE have established guidelines
to limit human exposure to EM radiation.
These guidelines use Specific Absorption
Rate (SAR) as a measure, which tells us the
absorbed electromagnetic (EM) radiation in
the tissues per unit mass. The ICNIRP
has set a threshold SAR value of 2 W/kg
for 10-gram tissues. Furthermore, exces-
sive thermal elevation in ocular tissues may
lead to adverse effects, where an increase
of approximately 3—4 °C has been associ-
ated with cataract development, while tem-
peratures reaching around 41 °C may con-
tribute to posterior capsular opacities (PCO)
formation [3, 4].

With the advent of high-speed 5G ra-
diation, there are new installations of high-
powered radio stations and new devices en-
tering the market. 5G radiation comes un-
der the non-ionizing spectrum of EM radi-
ation, as shown in Fig. 1. Though it is
non-ionizing and very low in comparison to
the ionizing radiations such as x-rays, and
gamma rays, the frequency used for the 5G
radiation is very high [2]. The human eye
is considered a highly sensitive organ due
to its complex structure and limited exter-
nal protection. Among all 5G radiation-
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emitting devices, mobile phones are likely
the most commonly used by humans to-
day. Therefore, evaluating the possible ef-
fects of 5G radiation absorption in eye tis-
sues is important for understanding poten-
tial exposure-related thermal and biological
responses.

Awada et al [5], investigated the pos-
sible biological implications of exposure
to 5G electromagnetic fields; using a Spe-
cific Anthropomorphic Mannequin (SAM)
phantom and CST software, they simulated
the SAR on the human brain due to 5G
exposure for two frequency candidates (29
and 33GHz). Their findings indicated that
the SAR for both candidates exceeded the
safety exposure limit, suggesting potential
health concerns. However, the study em-
phasized the need for further research to de-
termine the SAR values for more individu-
als and to study the impact of 5G waves on
the human head under various conditions.

Kaburcuk, F. et. al [6] investigated
the influence of 5G electromagnetic expo-
sure on the absorption characteristics and
thermal response of the human head. Us-
ing a Multiphysics model, they analyzed
the SAR and temperature rise distributions
in the head, considering factors such as
frequency and incident angle. The study
concluded that both SAR and temperature
rise were dependent on the frequency and
incident angle, with the maximum values
occurring in the eyes. The Multiphysics
model also proved to be computationally ef-
ficient for analyzing multiple frequencies.
However, the research does not include
electric field distribution.

Aruet. al. [7] utilized machine learn-
ing techniques to study the potential health
risks of 5G radiation exposure. They used
artificial neural networks to model the ab-
sorption and penetration of 5G EM energy
into human DNA. Their results suggested
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Fig. 1. Electromagnetic spectrum.

that the non-ionizing radiation emitted by
5G technology is not powerful enough to
break DNA chemical bonds or cause cellu-
lar changes leading to cancer or viral dis-
eases. However, the study does not focus on
the absorption of the radiation in the human
eye. Aricioglu et. al [8], studied the effect
of 5G radiation on human eye tissues. They
calculated the electric field and temperature
distribution in a 2D eye model using the
Transmission Line Model (TLM) and the
Finite Element Method (FEM). The tem-
perature in the eye exceeded the threshold
value for cataract formation at a 3.8 GHz
frequency.

While previous studies have pro-
vided valuable insights into the effects
of 5G EM radiation on the human eye,
several aspects remain insufficiently ex-
plored. Many existing studies have eval-
uated the electric field, specific absorp-
tion rate (SAR), and thermal response un-
der selected exposure conditions, typically
considering a limited number of operating
frequencies or fixed radiated power lev-
els. In contrast, the present study system-
atically investigates the combined effects
of multiple 5G frequency bands and radi-
ated powers on the electric field distribu-
tion, SAR, and temperature increase in a re-
alistic heterogeneous 2D human eye model.
This comprehensive assessment provides
a clearer understanding of how both fre-
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quency and radiated power influence EM
energy absorption and the resulting thermal
response in ocular tissues.

2. Physical Model

Mobile Phone

Fig. 2. Human eyes getting exposed to the 5G
radiation from a cell phone.

The 5G radiation source irradiates
the eye model from the left side, as shown
in Fig. 2, with the help of a port boundary
condition. The distribution of electric field
intensity, Specific Absorption Rate (SAR),
and temperature variation within the indi-
vidual layers of the eye was evaluated using
acoupled EM and thermal analysis based on
the finite element method (FEM). The di-
electric and thermal parameters assigned to
the eye tissues are provided in Table 1 [5,
9] and Table 2 [10], respectively. The ob-
jective of this work is to analyze the inter-
action between 5G EM exposure and differ-
ent anatomical regions of the human eye. A
2D human eye model is modelled consist-
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ing of — cornea, lens, anterior chamber, iris,
posterior chamber, vitreous, and sclera, as
shown in Fig. 3 [8]. Although the adopted
2D model captures the essential trends of
electromagnetic energy absorption and heat
transfer in the eye, it cannot fully repre-
sent the complex three-dimensional (3D)
geometry of the human eye or the inher-
ently three-dimensional exposure produced
by a mobile phone. Therefore, the results
should be interpreted as simplified numer-
ical investigation, and future work will ex-
tend the present analysis to a realistic 3D
computational model.

Fig. 3. Heterogenous model of human eye.

Five 5G operating frequencies (2.6,
3.6,4.4, 18, and 30 GHz) are considered in
this study. The eye is exposed to these fre-
quencies at a radiated power of 0.1 W for
the frequency comparison, while additional
simulations are performed at radiated pow-
ers o 0.05 W, 0.1 W, and 1 W to investigate
the influence of input power on SAR and
temperature rise. The EM field distribution
was obtained by solving Maxwell’s equa-
tions, whereas the corresponding thermal
response was evaluated using the Pennes
bioheat transfer Eqgs. (3.4)-(3.5).

3. Mathematical Model
3.1 Electromagnetic wave propagation
model

The propagation of electromagnetic
waves through the ocular tissues and the
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surrounding medium was analyzed numeri-
cally by applying Maxwell’s equations. A
2D computational approach was adopted
to decrease the simulation complexity and
computational cost while maintaining suf-
ficient accuracy of the obtained results. For
the EM analysis, the following assumptions
were considered:

(1) The interaction between the incident
EM wave and the eye tissues is rep-
resented using a 2D model.

(2) The computational domain surround-
ing the eye structure is terminated us-
ing a scattering boundary condition to

minimize reflections.

The dielectric characteristics of the
eye tissues are assumed to be homo-
geneous and remain unchanged dur-
ing the simulation.

3)

The EM excitation is considered to
operate in the Transverse Electric

(TE) mode [4]
(Sr - .]_0') =0,

2
)_ ko wEe(
(3.1)

where E refers to Electric field (V/m), u,
is relative magnetic permeability, &, is the
relative dielectric constant, &g = 8.8542 X
1012 F/m is permittivity of free space, o de-
notes electrical conductivity (S/m), and kg
refers to free space wave number (m1).

The area outside the eye model is
truncated using the scattering boundary
condition [4], Eq. (3.2).

“4)

1
w(_
uVxE

n(VXE) - jknx (E xn)
nx (Eg X jk(n—k)exp(—jk -r)), (3.2)
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Table 1. Diclectric Properties of the eye at different 5G frequencies [5, 9].

Tissues 2.6 GHz 3.6 GHz 44 GHz 18 GHz 30 GHz
&r o(S/m) g, o(S/m) &, o(S/m) g, o(S/m) &, o (S/m)
Cornea 514 24 498 326 486 401 303 222 209 342
Lens 338 116 328 176 32 232 191 142 13 214
Vitreous 68.1 2.6 673 358 665 456 429 334 267 532
Iris 525 184 513 265 503 341 33 221 232 355
Aqueous Lo o 36 644 469 63 ST3 392 299 266 46
humor
Sclera 524 215 51 301 499 383 312 225 215 35

Table 2. Thermal properties of the eye [10].

Tissue p(kg/m®)  k(W/°C) Cp(JI/kg®)
Cornea 1050 0.58 4178
Lens 1000 0.4 3000
Vitreous 1100 0.603 4178
Iris 1050 1.0042 3180
Aqueous humor 996 0.58 3997
Sclera Layers 1050 1.0042 3180

where k is the wave number (m1), o is the
electric conductivity (S/m), n is normal vec-
tor, j = V1, and E; is the incident plane
wave (V/m).

The incident EM wave travels
through the surrounding medium before
interacting with the eye, where a portion of
the EM energy is absorbed by the eye. This
absorbed power deposition is quantified
using SAR, which represents the rate of
EM energy absorbed per unit mass of
tissue: [6].

SAR = Z|E2. (3.3)
Ie,

3.2 Bioheat transfer model

For calculating the temperature dis-
tribution, thermal properties of the eyes
from Ooi E-H et. al [10] are used, shown
in Table 2.

The temperature variation within the
eye tissues was determined by applying the
classical heat transfer equation. The initial
temperature of the eye model was consid-
ered to be 37 °C. To simplify the thermal
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simulation and reduce computational com-
plexity, the following assumptions were ap-
plied:

1. The thermal characteristics of the eye
tissues are considered homogeneous
and constant throughout the analysis.

. The biological tissues are treated as
thermally active biomaterials.

3. No additional effects such as internal
energy generation, phase transforma-
tion, or chemical reactions are con-

sidered during the simulation.

The transient heat conduction formu-
lation was employed to estimate the tem-
perature distribution inside the eye tissues.
This approach provides an effective method
for evaluating heat transfer mechanisms
within biological materials [11], Eq. (3.4)

oT
pC— =

i (kVT) + ppCpwp (T = T)

+ OQmer + Qext> (3.4)

where p refers to tissue density (kg/m?), C »
is the heat capacity of tissue (J/kg °C), k
is the thermal conductivity of tissue (W/m
°C), T is the tissue temperature (°C), and
Q. 1s the external heat source term (EM
heat-source density) (W/m?), defined as

[11]:

1
S O0tissue |E|2 =

Qext = B

g .SAR. (3.5)
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A thermal insulation boundary con-
dition was imposed on the external bound-
ary of the eye model to prevent heat ex-
change with the surrounding environment

[11]:

n- (kVT) = 0. (3.6)

A continuous thermal interface is as-
sumed between adjacent ocular layers, in-
dicating that heat transfer occurs directly
across the tissue boundaries without any ad-
ditional contact resistance [11].

VT, = VT,
1 (kyVT, — kgVTy) = 0

(3.7)
(3.8)

The finite element method (FEM)
was employed to solve the coupled EM and
transient thermal problems in the 2D hu-
man eye model. First, Maxwell’s equa-
tions were solved to determine the elec-
tric field distribution and the corresponding
EM power absorption within the ocular tis-
sues. The calculated absorbed power was
subsequently used as the heat source in the
Penne’s bioheat transfer equation to predict
the transient temperature distribution. A re-
fined mesh was employed in regions of in-
terest to ensure numerical accuracy. The
coupled EM—thermal simulations were per-
formed using COMSOL Multiphysics. The
transient thermal analysis was carried out
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over an exposure duration of 30 min using
the COMSOL time-dependent solver with
automatic time stepping. The temperature
distributions presented in this study corre-
spond to the final simulation time at the end
of the 30 min exposure period.

4. Results and Discussions
4.1 Validation with literature

from the literature is followed step
by step. A 2D eye model, same as in the
study of Aricioglu et. al [8], is exposed
to an EM source radiating at 700MHz fre-
quency, and 0.35mW radiated power. The
temperature distribution obtained from the
current simulation was compared with the
reported results, as presented in Fig. 5. As
can be seen, the present study shows good
results when compared with literature. This
indicates that the method and model in the
proposed study are reliable. Additionally, a
mesh independence analysis was conducted
to evaluate the influence of mesh density on
the simulation outcomes. Fig. 6 illustrates
the generated 2D mesh of the eye model
along with the variation of temperature re-
sults corresponding to different mesh ele-
ment counts. After 4562 mesh elements,
the temperature becomes independent and
shows steady results.
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4.2 Electric field distribution

EM radiation in TE mode propagates
from the left side and is incident on the eye
(Fig. 4). The propagation of these EM
waves in the outer space of the eye and in-
side the eye tissue is obtained by solving
Maxwell’s equation, Eq. (3.1). Upon inter-
action with the eye tissues, part of the radia-
tion is absorbed, while some is reflected and
refracted. Fig. 7 illustrates the electric field
distribution in the eye tissues at various 5G
frequencies. The results indicate that the
electric field is primarily concentrated in the
outer layers - cornea, aqueous humor, and
lens. The observed electric field distribu-
tion is governed by the dielectric proper-
ties of the ocular tissues (Table 1), the dis-
tance from the EM source, the operating fre-
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quency, and the geometry of the eye. The
outermost layers of the eye exhibit the high-
est electric field intensity. The highest elec-
tric field value, 34.95 V/m, is observed at a
frequency of 30 GHz. This is attributed to
the shorter wavelength of higher frequen-
cies, which are unable to penetrate deeper
into the tissues, causing the radiation to be
largely absorbed at the surface and resulting
in increased absorption in the outer layers.

4.3 SAR distribution

The specific absorption rate (SAR) in
the eye is calculated from the electric field
distribution using Eq. (3.3). The reported
SAR values correspond to the local peak
SAR obtained from the numerical simula-
tion. The maximum local SAR values at
five 5G frequencies - 2.6, 3.6, 4.4, 18, and



D. Bhargava et al. | Science & Technology Asia | Vol.31 No.3 July - September 2026

Euax=1.44 V/im V/m  Epee=152Vim

14
12
10

08
0.6

04

0.2

2.6 GHz

Eppqe=32.66 Vim

18 GHz

Epgx=34.95Vim

30 GHz
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30 GHz - are 0.018 W/kg, 0.0049 W/kg,
0.0048 W/kg, 11.15 W/kg, and 19.66 W/kg,
respectively. Notably, the SAR distribution
in the eye does not uniformly follow the
electric field distribution across all frequen-
cies. At the lower frequencies (2.6, 3.6, and
4.4 GHz), EM waves have a greater pene-
tration depth, allowing energy to propagate
into deeper ocular tissues. Consequently,
the maximum SAR occurs in the aqueous
humor, whose relatively high electrical con-
ductivity (o), as shown in Table 1, further
enhances EM energy absorption. In con-
trast, at the higher frequencies (18 and 30
GHz), the penetration depth decreases with
increasing frequency, resulting in most of
the EM energy being absorbed in the super-
ficial tissues. Consequently, the SAR distri-
bution closely follows the electric field dis-
tribution, with the highest SAR values ob-
served in the cornea. This behavior is con-
sistent with the frequency-dependent atten-
uation of EM waves in biological tissues.
Although the calculated local peak SAR
values at 18 and 30 GHz are higher than
the ICNIRP reference level of 2 W/kg (10
g averaged SAR), direct comparison should
be made with caution because the present
study reports local peak SAR rather than
spatially averaged 10 g SAR. Therefore, the
present results should be interpreted as in-
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dicators of localized EM energy absorption
and thermal behaviour rather than as a reg-
ulatory compliance assessment under real-
istic exposure conditions [4, 8].

4.4 Temperature distribution

The EM energy absorbed by the oc-
ular tissues, as illustrated in Figs. 7-8,
is transformed into thermal energy, result-
ing in a variation of temperature within the
different eye layers. The initial and sur-
rounding temperature of the eye model was
considered as 37 °C, while tear evapora-
tion effects were neglected in this anal-
ysis. The temperature rise in the eye
is calculated using Pennes’ bio-heat equa-
tion (Eq. (3.4)) for an exposure du-
ration of 30 minutes. The maximum
temperature values for 2.6, 3.6, 4.4, 18,
and 30 GHz are 37.0006°C, 37.0006°C,
37.0005°C, 37.21°C, and 37.237°C, respec-
tively, as shown in Fig. 9. This behav-
ior is influenced by the dielectric charac-
teristics (Table 1) and thermal properties
(Table 2) of the ocular tissues, which af-
fect EM energy absorption and heat trans-
fer mechanisms. At 2.6 GHz, the higher
electrical conductivity of the aqueous hu-
mor leads to a greater temperature rise. The
temperature distribution at lower frequen-
cies penetrates deeper into the layers, while
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at higher frequencies it is mostly in the outer
layer. Significant temperature increases of
0.21°C and 0.23°C, are observed at 18 and
30 GHz, respectively. The highest tem-
perature rise among all frequencies occurs
at 30 GHz. However, the calculated tem-
perature variations remained within accept-
able limits and did not reach levels asso-
ciated with thermal damage [3, 12]. The
relatively small temperature rise obtained
in the present study compared with some
published studies can be attributed to dif-
ferences in exposure conditions, radiated
power, operating frequency, tissue dielec-
tric properties, and modelling assumptions
adopted in numerical simulations. In the
present model, tear-film evaporation was
neglected, and an insulated thermal bound-
ary condition was applied at the external
surface of the eye to simplify the thermal
analysis. Future work will incorporate these
limitations, to improve the physiological
accuracy of the predicted temperature dis-
tribution.

4.5 SAR and temperature in the eye at
different radiated power

The influence of different input
power levels on SAR and temperature vari-
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ation within the eye tissues was also investi-
gated. Three radiated power 0.05W, 0.1W,
and 1W are considered in this study. Fig.
10 presents the maximum SAR and tem-
perature values obtained for each applied
power condition. It is found that higher
power densities lead to higher value of elec-
tric field absorption and therefore higher
value of SAR and temperature in the eye.
SAR exceeds the limited value for 18 and
30 GHz frequencies at all three power den-
sities. The temperature, however, exceeded
the threshold value for 1W radiated power
for 18 and 30GHz frequencies.

5. Conclusion

In this research, the effect of 5G ra-
diation on a heterogenous human eye model
has been studied. From the results we can
conclude that

« SAR has exceeded the threshold
value of 2 W/kg for 18 and 30 GHz
frequencies.

* The threshold temperature increases
of 0.3 °C for the lens and 1°C for
the cornea were not exceeded for any
of the investigated 5G frequencies.
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Under the simulated exposure condi- + Effects of different radiated power on

tions, the predicted temperature rise
remained below these reported ther-
mal thresholds.

It was also observed that most of
the electric field was absorbed in the
outer layer (i.e. cornea layer) of the
eye.

The electric field absorption, SAR,
and temperature value seems to de-
crease as it goes deeper into the tis-
sues. This is because the cornea layer
is closer to the radiation source and
the dielectric properties of the cornea
layer are higher than the rest of the
layers.
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SAR and temperature were also stud-
ied and it is observed that at the SAR
and temperature in the eye increases
as the radiated power increases. The
SAR in the eye at 0.1W and 1W ex-
ceeded the threshold value, whereas,
for temperature the threshold values
were exceeded for the 1W power
only.

The present findings are based on a
simplified 2D numerical model of the
human eye. Therefore, the results
should be interpreted within the lim-
itations of the adopted modelling ap-
proach and should not be considered
a comprehensive assessment of the
safety of 5G exposure. Future work
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will extend the present study to re-
alistic 3D models, additional expo-
sure scenarios and realistic intermit-
tent exposure duration.

From a practical perspective, these
findings highlight the importance of
monitoring both SAR and tempera-
ture rise when assessing electromag-
netic exposure to ocular tissues, as
SAR characterizes electromagnetic
energy absorption while temperature
rise represents the resulting thermal
response.
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