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Abstract

This study presents an in-depth dosimetry analysis of energy assimilation from EM waves
and increase in the temperature during mobile phone usage within an elevator cabin.
The cellphone operates at two different frequencies (1000 MHz and 1800 MHz) and is
simulated at three different talk positions vertical, tilt, and cheek. Realistic numerical
models of a woman in the third trimester of pregnancy and a girl at the age of 5 years
are employed. The analysis highlights the necessity of a comprehensive approach to fully
grasp the complexities of EM exposure.

Keywords: finite-difference time-domain (FDTD); realistic human body; pregnant woman
model; Pennes equation; specific absorption rate (SAR); power absorption

1. Introduction
It is undeniable that the invention of the mobile phone was a turning point in modern

history. It has offered people numerous advantages by bringing wireless communication
into everyday life and allowing for immediate and continuous communication between
people being some meters or hundreds of kilometers apart. Nowadays, it is an essential
part of everyday life.

Since the first use of cell phones, extensive research is being conducted [1–12], because
of the emitted electromagnetic energy, that has become an aspect of public issue of health
and safety. Research studies were able to determine the relation of the rate of absorption
energy with permittivity-related behavior, the spatial mass distribution, and the biological
structure of the tissue itself, and also the power, the frequency, and the distance of the
radiation source [13–21].

In several studies, the examination of specific absorption rate (SAR) is combined with
temperature variations [22–28] to achieve a more holistic and detailed insight into the
subject. As [29–34] suggest, it is essential to conduct thermal analysis alongside dosimetry
analysis to gain a better understanding of the relationship between radiation from a mobile
phone and human tissues.

While cell phones have become an integral part of daily routine, the age of their
users is reduced, bringing forward the importance of electromagnetic microwave effects
investigation by the scientific community at vulnerable population groups such as chil-
dren [35–40], who might show greater sensitivity to EM exposure than adults [41–43]. And
of course, high attention is paid to pregnant women [44–47] that should take extra care to
be protected from the radio frequency [48,49].
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Nowadays, wireless devices play a crucial role in daily tasks and activities, leading
to their frequent use in enclosed spaces like transport vehicles and elevators [50–54]. In
that sense, it is important to investigate real-life exposure scenarios of sensitive population
groups in special environments. In this paper, we examine EM radiation exposure and
heat-related distribution of a girl at the age of five and a woman in the third trimester of
pregnancy inside an elevator cabin. In contrast with our prior work [55], in this research
we changed the numerical humans’ configurations in order to examine how exactly, and on
which scale, the positioning of humans affects the quantities measured for all the utilized
anthropomorphic phantoms, including the seven-month fetus. In order to explore how the
fetus’ measurements of thermal increase and electromagnetic absorption rate are affected
by the child’s body and if it plays a crucial role in the levels of electromagnetic exposure,
we rotate the pregnant woman around eight different positions of the child with reference
to the pregnant navel point. The pregnant-woman phantom was uniformly affixed at the
umbilicus, selected as a consistent reference point across all experimental configurations,
whereas in our previous investigation, the numerical Pregnant II model was centered
within the metallic enclosure and subsequently rotated about its vertical axis through eight
distinct orientations, each employing a different attachment point on the phantom. By
employing a single attachment point that is chosen based on its provision of one of the
highest exposure measurements in our prior work, we are able to isolate and evaluate the
influence of varying handset–speaker positions relative to the maternal abdomen. This
methodology permits a more precise assessment of how the measured parameters fluctuate
with device placement, thereby enhancing our understanding of the positional effects of a
child-held mobile phone model on fetal exposure.

SEMCAD-X software was used to carry out the dosimetry analysis [56], which relies
on the finite difference time domain method for computation [57]. We used a numerical
model of a cell phone [58] that operates at two frequencies of 1000 MHz and 1800 MHz and
placed it at vertical, tilt, and cheek talk positions according to the standards of IEEE 1528
std and CENELECEN 62209 [59,60].

2. Specific Absorption Rate (SAR)
Concerning the exposure of humans to EM fields, guidelines have been established

to prevent potential health risks. The parameter used to quantify these exposure limits
is quantified by the Specific Absorption Rate (SAR), and it measures the rate at which
biological tissues absorb electromagnetic energy deposited in biological tissue per unit
mass. The spatial distribution of specific absorption rate is given by the following equation:

SAR =
σ|E|2

ρ
[W/kg] (1)

where σ (Si/m) represents the tissue’s electrical conductivity, ρ
(
kg/m3) denotes the mass

density of the biological tissue and E (V/m) represents the effective induced electric field.
The specific absorption rate at the whole body is evaluated by the following equation:

SARWB =
Pabs
m

[W/kg] (2)

where Pabs(W) denotes the power that is absorbed, while m (kg) corresponds to the ab-
sorber’s entire mass

According to international standards for safety, the maximum permissible spatial peak
SAR, averaged over 10 g of biological tissue, is 2.0 W/kg, and the whole-body averaged
SAR is constrained to 0.08 W/kg. These values are typically computed for a continuous
exposure duration of 6 min [61,62].
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3. Bioheat Equation and Boundary Conditions
The steady-state distribution of temperature in tissues is determined using the follow-

ing Pennes bioheat equation [63]:

ρc
∂T
∂t

= ∇·(k∇T) + ρQ + ρS − ρbcbρω(T − Tb) (3)

where ρ
(
kg/m3) represents the medium’s density, c (J/(kg·◦C)) is the specific heat capac-

ity, T (◦C) denotes the temperature of the tissue, t (s) refers to time, k (W/(m·◦C)) indicates
the efficiency of heat conduction within the tissue, Q (W/kg) refers to the rate of metabolic
heat generation, S (W/kg) corresponds to specific absorption rate (SAR), ω

(
m3/(kg·s)

)
represents the rate of blood flow through tissue, ρb

(
kg/m3) is the density of the mass, cb

(J/(kg·◦C)) indicates the thermal capacity of the material, and Tb (◦C) is the heat level
of blood [64].

When the bioheat equation is used in a simulation that aims to determine the tempera-
ture rise (Tincr) from SAR exposure, and SAR-induced temperature rises are expected to
remain below 1 ◦C, all tissue and boundary parameters (ρ, c, k, ω, Q, Tn, h, and Tb) can
be treated as temperature and time independent. We therefore write the total temperature
as follows:

T = Tbase + Tincr

Substitute into the following standard Pennes equation:

ρc
∂Tincr

∂t
= ∇·(k∇Tincr) + ρS − ρbcbρωTincr (4)

The following boundary conditions were applied in this study to determine the
temperature distribution [65,66]:

Mixed boundary condition:

k
∂Tincr

∂n
+ hTincr = 0 (5)

where h denotes the coefficient of the heat transfer, Tincr represents the rise in temperature,
and n is the unit normal vector directed outward from the surface interface. Mixed bound-
ary conditions were implemented at the tissue–air interfaces. The heat transfer coefficient
(h) between the skin and the surrounding air was defined as hskin-air = 8

(
W/

(
m2·K

))
and

between the cornea and the external air h was set as hcornea-air = 20
(
W/

(
m2·K

))
[65].

The boundary condition of Neuman:

k
∂Tincr

∂n
= 0 (6)

The boundary condition of Neumann was enforced at the interfaces of biological
tissues and air-filled cavities, covering the internal passages of the pharynx, bronchi,
trachea, and esophagus.

The boundary condition of Dirichlet:

Tincr = 0 (7)

The Dirichlet boundary conditions were defined at the interface adjoining the circula-
tory system that includes the veins, arteries, the umbilical cord and all the tissues that are
surrounded by blood-perfused, excluding air-filled tissues, maternal and fetal cerebrospinal
fluid (CSF), maternal and fetal vitreous humor, amniotic fluid, teeth, stomach lumen, and



Telecom 2025, 6, 52 4 of 19

the small intestine lumen. Additionally, the ambient external temperature was steady set to
Texternal = 24 ◦C, and the human’s temperature fixed at Thuman = 37 ◦C.

A non-uniform grid mesh was utilized, and the minimum grid resolution of 1 mm was
applied in proximity to the source and within specific tissues of the anatomical phantoms
of humans for both electromagnetic and thermal simulations. In the surrounding environ-
ment, representing free-space air, the maximum grid resolution was set at 30 mm for both
considered frequencies. This resolution was achieved by adjusting the maximum step at
the two frequencies, corresponding to the distinct wavelengths (λ) in free space, which are
λ = 299.79 mm at 1000 MHz and λ = 166.67 mm at 1800 MHz. The full FDTD simulation
computational domain encompassed between 46.5456 million and 116.345 million cells,
depending on the specific simulation configuration and the operational frequency of the
cellular device.

4. Models and Method
To compare with our previous work [55], we use the same computational humans

from the Virtual Population (VP) [67] and the same mobile phone model [58]. Cell phone
modeling and its performance are discussed in [55]. The anthropomorphic phantoms were
selected in such a way that the height of the gestating woman’s navel, the child’s head, and
the mobile phone edge source were at the same height. For simplification, we refer to the
numerical female at the seventh month of gestation as Pregnant II and to the 5-year-old
numerical child as Roberta.

We also kept the same metallic cabin elevator with the roof opening as in [55], following
the standards set by Greek building legislation [68] and the regulations for ventilation at
elevators [69] (Figure 1).

 

Figure 1. The numerical phantoms configuration 1: inside the metallic cabin of the elevator, with the
cellular device positioned next to the right side of Roberta’s head, at her ear place, aligned parallel.

Roberta is placed at the center of the metallic cabin, and the Pregnant II is placed at
eight different configurations around Roberta with her navel as a connection point to each
position; so that we can examine especially the fetus dosage by the emitted radiation at
different explosion configurations. The portable device is aligned to Roberta’s right ear
(left area in the overhead view). The configurations of computational humans with more
details are discussed below (see Figures 2 and 3).

The eight different configurations of the human models are shown in Figure 3. The
configurations of the models were chosen so that the distances between them are minimum.
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Figure 2. Points A, B, are the points of connection between the child and pregnant woman virtual
humans (A fixed—navel point; and B each time the points 1 to 8), C is the wireless device source point.

 
Figure 3. All eight configurations of the two virtual humans. The numbers 1–8 represent the phantom
placement scenarios.

The portable device consistently remains on Roberta’s right side and is positioned in
three distinct talking configurations (see Figure 4), following the guidelines set by IEEE
1528 and CENELECEN 62209 [59,60] that is as follows: (a) aligned along the z-axis (parallel)
(b) tilted with an angle relative to the z-axis (tilt), and (c) positioned near the cheek with
angles relative to both the z-axis and x-axis (cheek).

 
Figure 4. Handset placements relative to Roberta: (a) parallel, (b) tilt, and (c) cheek.

By following the IEEE Std 1528-2013 [70] instructions, we validated our measure-
ment system using a flat phantom that eliminates the confounding effects of complex
head geometries. The phantom comprises an inner liquid block (225 × 150 × 150 mm3)
whose dielectric properties mimic tissue (εr = 41.5, σ = 0.97 S/m at 1000 MHz; εr = 40.0,
σ = 1.40 S/m at 1800 MHz) and a uniform 2 mm thick outer shell (εr = 3.7, σ = 0.0016 S/m
at both frequencies). To evaluate positional sensitivity, we performed measurements in
three phone-to-phantom configurations, always maintaining a 2 mm separation from the
phantom surface: once aligned to the speaker aperture (the S-point), once to the geometric
center of the phone’s outer case, and once to the RF source point on the outer case. This
consistent spacing and repeatable alignment ensure that any variation in the measured
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fields reflects the device’s radiation characteristics rather than differences in positioning
or anatomy.

5. Results
For the two frequencies under consideration, 1000 MHz and 1800 MHz, the numerical

results are presented individually for every figure. Average specific absorption rate over
10 g tissue mass, whole body energy absorption, and temperature increase are calculated
at free space and at a closed area. For comparison reasons, we kept the same format of
presentation as [55]. Additionally, electromagnetic dose rate over 10 g and thermal rise
surface images of the pregnant woman are provided for the phone position where their
maximum values were observed. Pin, the input power, is assigned a value of 1 W.

5.1. Specific Absorption Rate over 10 g (SAR10g) and Temperature Variations
5.1.1. Cell Phone Transmission Frequency of 1000 MHz (SAR10g &Tmax)

For the model Roberta, electromagnetic deposition rate over 10 g measurements and
thermal variations at 1000 MHz are shown in graphical form at Figure 5.
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Figure 5. Chart display of SAR10g [W/kg] and peak temperature increase (Tmax) [◦C] values in the
Roberta model at 1000 MHz with the cellphone operating at an output power of 1 W. Eight different
anatomical phantom setups and three mobile phone placements, inside an elevator and at open
space were assessed. The bar graphs indicate specific absorption rate values, whereas the line plots
represent temperature data.

The data analysis shows the greatest specific power density over 10 g value inside the
elevator cabin, which is observed at the cheek phone position for configuration, while the
minimum is recorded at the tilt phone position (configuration 1 of Figure 5). In free space,
the highest specific dose rate over 10 g occurs at the vertical orientation of the cellular
device for humans in configuration 3, and the lowest is found at the tilted phone orientation
(configuration 1 of Figure 5).

Regarding the induced temperature rise (Tmax), the maximum value within the
elevator is observed at the cheek phone position (configuration 7), and the minimum occurs
at the tilt phone position (configuration 1). In free space, the maximum Tmax is recorded at
the parallel phone position (configuration 7 of the models), while the minimum is observed
at the parallel phone position (configuration 5).

The tissue absorption intensity over 10 g and the peak temperature increase in the
seventh month pregnant woman (Pregnant II) and the fetus at the 1000 MHz are presented
in Figures 6 and 7, respectively.
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Figure 6. Chart display of SAR10g [W/kg] and peak temperature increase (Tmax) [◦C] values in
the Pregnant II model at 1000 MHz with the cellphone operating at an output power of 1 W. Eight
different anatomical phantom setups and three mobile phone placements, inside an elevator and at
open space were assessed. The bar graphs indicate specific absorption rate values, whereas the line
plots represent temperature data.
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Figure 7. Chart display of SAR10g [W/kg] and peak temperature increase (Tmax) [◦C] values in the
fetus model at 1000 MHz with the cellphone operating at an output power of 1 W. Eight different
anatomical phantom setups and three mobile phone placements, inside an elevator and at open
space were assessed. The bar graphs indicate specific absorption rate values, whereas the line plots
represent temperature data.

At this chart peak values occur when the phone is in the tilted position on compu-
tational human Pregnant II, configuration 2 for both electromagnetic energy absorption
over 10 g and thermal measurements. Raised values are also noticed for configurations
1 and 3. For the fetus, the maximum electromagnetic power density over 10 g and Tmax
values at 1000 MHz are found at human configuration 2, at tilt phone position for both
open-air setting and the interior environment of the elevator cabin. In essence, the absorbed
energy rate over 10 g and peak thermal distributions of fetus are very similar to those
of the Pregnant II figure. Both Pregnant II and fetus maximum values are found at the
configuration of the models’ number three and at tilt phone position, and minimum values
are found at cheek position of the handset and computational human configuration 6.



Telecom 2025, 6, 52 8 of 19

5.1.2. Cell Phone Transmission Frequency of 1800 MHz (SAR10g &Tmax)

For the child, Roberta, the absorption intensity over 10 g analytical results and heat
changes under 1800 MHz mobile frequency, are graphically presented in Figure 8.
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Figure 8. Chart display of SAR10g [W/kg] and peak temperature increase (Tmax) [◦C] values in the
Roberta model at 1800 MHz with the cellphone operating at an output power of 1 W. Eight different
anatomical phantom setups and three mobile phone placements, inside an elevator and at open
space were assessed. The bar graphs indicate specific absorption rate values, whereas the line plots
represent temperature data.

At 1800 MHz, in Roberta the highest local absorption density over 10 g and tempera-
ture peak values occur when the mobile phone is used in the vertical position, both in an
open environment and enclosed elevator cabin. The tilt placement of the phone, however,
results in the lowest peak rate of electromagnetic absorption over 10 g values and the
smallest maximum temperature increases in both environments of dosimetry scenarios.
Notably, the Tmax values in the vertical position are marginally higher than in the cheek
position, in both open-air setting and interior of the elevator cabin.

The maximum electromagnetic dose rate over 10 g value is measured at configuration
8 in free space and at configuration 4 within the elevator cabin. The minimum absorption
rate 10 g values at 1800 MHz found at configuration 1 in free space and at configuration
3 inside the elevator cabin. The induced elevation of the temperature reaches its highest
value in free space at configuration 1, while inside the elevator cabin, the peak occurs at
configuration 8. In both environments, the lowest Tmax is observed in configuration 1.

As far as the Pregnant II and its fetus, respectively, are concerned, in Figures 9 and 10
the specific deposition rate is over 10 g and the Tmax are displayed under the operating
condition of 1800 MHz frequency.

Similarly to 1000 MHz case, the maximum absorption rate over 10 g and thermal zenith
values for pregnant woman are found at the numerical human’s configuration 2 occurring
at the tilt placement of the phone, in both open environment and enclosed elevator cabin.
The lowest local absorption density over 10 g values is found in parallel phone position,
at configuration 7 in free space and at tilt position at configuration 6 inside the elevator
cabin. Among the eight configurations of the anatomical replicas, the configurations 1, 2,
and 3 consistently result in higher values for the pregnant woman, with the tilt phone posi-
tion producing higher values compared to the other two positions. Notably, the maximum
recorded temperature increases in the two environments is measured in tilt phone position,
configuration 2, while the minimum is found at parallel position, configuration 8.
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As far as the fetus is concerned, the specific energy absorption over 10 g and Tmax
distributions align closely with those at 1000 MHz across all simulation scenarios. The
highest tissue energy density over 10 g and Tmax values both occur at configuration 2 in the
tilt phone position. The lowest local absorption over 10 g peak and the lowest temperature
rise measured at configuration 6, positioned parallel in an open environment and tilted
within the elevator cabin.
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Figure 9. Chart display of SAR10g [W/kg] and peak temperature increase (Tmax) [◦C] values in
the Pregnant II model at 1800 MHz with the cellphone operating at an output power of 1 W. Eight
different anatomical phantom setups and three mobile phone placements, inside an elevator and at
open space were assessed. The bar graphs indicate specific absorption rate values, whereas the line
plots represent temperature data.
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Figure 10. Chart display of SAR10g [W/kg] and peak temperature increase (Tmax) [◦C] values in the
fetus model at 1800 MHz with the cellphone operating at an output power of 1 W. Eight different
anatomical phantom setups and three mobile phone placements, inside an elevator and at open
space were assessed. The bar graphs indicate specific absorption rate values, whereas the line plots
represent temperature data.

5.2. Whole Body Specific Absorption Rate—SARwb
5.2.1. Cell Phone Transmission Frequency of 1000 MHz (SARwb)

The results of the whole-body-specific absorption rate for the child mobile phone user,
Roberta, are graphically presented in Figure 11. As seen, the maximum specific absorption
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rate of the whole body at 1000 MHz is found at cheek phone position, at configuration 3,
under conditions of open space and within the elevator cabin.
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Figure 11. Chart displays specific absorption rate of the whole body [W/kg] values in the Roberta
model at 1000 MHz with the cellphone operating at an output power of 1 W. Eight different anatom-
ical phantom setups and three portable device placements, inside an elevator and at open space
were assessed.

For the anatomical phantom of the pregnant woman, the whole-body RF absorption
rate results, are graphically presented on Figure 12. At 1000 MHz, similarly to local absorp-
tion coefficient, the highest values can be found at the tilt phone position (configuration 2)
in both the free space and the elevator cabin. The lowest of these values can be found at the
parallel phone position, configuration 7 both in free space and elevator scenarios.
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Figure 12. The chart displays specific absorption rate of the whole body [W/kg] values in the
Pregnant II model at 1000 MHz with the cellphone operating at an output power of 1 W. Eight
different anatomical phantom setups and three portable device placements, inside an elevator and at
open space were assessed.

The whole-fetus rate of electromagnetic absorption results, shown in Figure 13, present
almost the same distribution as the rate of electromagnetic absorption over 10 g and peak
temperature point for all the configurations of the performed simulations, in contrast to
the Pregnant II model where the distributions of absorption dose rate over 10 g are quite
different from those of whole body.
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Figure 13. Chart displays specific absorption rate of the whole body [W/kg] values in the fetus
model at 1000 MHz with the cellphone operating at an output power of 1 W. Eight different anatom-
ical phantom setups and three portable device placements, inside an elevator and at open space
were assessed.

5.2.2. Cell Phone Transmission Frequency of 1800 MHz (SARwb)

Results of the whole-body energy absorption for Roberta, Pregnant woman, and fetus
are graphically presented in Figures 14–16, respectively.
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Figure 14. Chart displays specific absorption rate of the whole body [W/kg] values in the Roberta
model at 1800 MHz with the cellphone operating at an output power of 1 W. Eight different anatom-
ical phantom setups and three portable device placements, inside an elevator and at open space
were assessed.

For Roberta, the whole-body specific absorption rate exhibits little variation between
parallel and cheek placements of the phone among all considered digital humans’ configu-
rations. The highest EM rate of the whole body at 1800 MHz is observed at parallel phone
orientation for both simulated environments. In an open environment it is measured at
configuration 1 and within the elevator at configuration 6. The minimum value from the
calculated maximum measurements of whole-body specific power density is at a tilted
orientation of the cell phone for both configurations of open space and metallic enclosure.
In free space, whole body specific absorption rate is found at configuration 4, and within
the metallic cabin at configuration 6.
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Figure 15. Chart displays specific absorption rate of the whole body [W/kg] values in the Pregnant
II model at 1800 MHz with the cellphone operating at an output power of 1 W. Eight different
anatomical phantom setups and three portable device placements, inside an elevator and at open
space were assessed.

 

0.000
0.005
0.010
0.015
0.020
0.025
0.030

1 2 3 4 5 6 7 8

SA
R

 [W
/k

g]

Human Models Configuration

Whole fetus SAR 1800 MHz

Parallel  - Free Space Tilt  - Free Space  Cheek - Free Space
Parallel - Elevator Tilt - Elevator  Cheek - Elevator

Figure 16. Chart displays specific absorption rate of the whole body [W/kg] values in the fetus
model at 1800 MHz with the cellphone operating at an output power of 1 W. Eight different anatom-
ical phantom setups and three portable device placements, inside an elevator and at open space
were assessed.

The maximum values of the whole-body RF absorption rate for Pregnant woman are
found at the orientation tilt of the cell phone, at configuration 2 of the virtual humans,
under both free-space and enclosed elevator conditions. The minimum whole-body rate of
RF absorption is calculated in the parallel portable device placement at configuration 6 in
free space and at configuration 8 in the enclosed cabin area, respectively.

Notably, the whole-fetus electromagnetic energy absorption highest values occur at
configuration 2 at the tilted orientation of the handset at both environment configurations. The
lowest of the peak whole-body specific absorption rate values is found in the parallel phone
position, at configuration 7 in free space and at configuration 6 inside the elevator cabin.

5.3. SAR10g Surface Images

For further analysis and understanding, specific absorption rate over 10 g and maximal
temperature surface images of the Pregnant woman are provided for the tilt phone place-
ment, where the highest values across all measurements were recorded for both frequencies
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for both the woman and the fetus. The surface patterns are shown with a gradient of black,
blue, purple, orange, and yellow, where yellowish white denotes the highest values.

The specific absorption rate of over 10 g surface images (Figure 17) in the provided
images is normalized to 1 mW/kg to enhance the visibility of detailed variations. Clearly,
the configurations 1, 2, and 3 exhibit the highest values for all dosimetry scenarios. Con-
versely, in the elevator environment at 1000 MHz operational frequency (Figure 17B), and
at 1800 MHz as well (Figure 18B), the specific absorption rate pattern shifts significantly,
with minimal representation of black and blue regions, indicating that the lowest specific
absorption rate values are nearly absent in this enclosed space.

 

Figure 17. Surface image representation of SAR10g [W/kg] normalized over 1 mW/kg, in the
Pregnant II model with the cellphone operating at an output power of 1 W, at tilt position and for
both frequencies utilized (1000 MHz—(A,B); 1800 MHz—(C,D)). Eight virtual subject configurations
in free space (A,C) and within the metallic cabin (B,D) are presented. Images presented with scaling
from 0 dB white color to −50 dB black color. In this view, white through yellow to red marks the
hottest, most-exposed spots, magenta through blue indicates moderate to low exposure, and very
dark blue or black corresponds to effectively negligible values.

 

Figure 18. Surface image representation of Tmax [◦C] increase, normalized over 0.1 ◦C, in the
Pregnant II model with the cellphone operating at an output power of 1 W, at tilt position and for
both frequencies utilized (1000 MHz—(A,B); 1800 MHz—(C,D)). Eight virtual subject configurations
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in free space (A,C) and within the metallic cabin (B,D) are presented. Images presented with scaling
0 dB white color to −50 db black color. In this view, white through yellow to red marks the hottest,
most-exposed spots, magenta through blue indicates moderate to low exposure, and very dark blue
or black corresponds to effectively negligible values.

In the peak thermal surface images, the dB scaling is normalized to a low threshold of
0.1 ◦C to enable clear detection of minor temperature changes. Like the local absorption
density over 10 g images, the Tmax images reveal that the highest temperature increases
occur at the configurations of human Figures 1–3 across all configurations. The peak
thermal pattern shows that, for certain numerical phantom configurations, temperature
increase is minimal, indicated by black areas (no increase) and limited blue areas (indicating
a slight increase). The presence of the elevator alters this temperature pattern, producing
higher temperature values across the entire body of the digital human in all configurations.

6. Discussion
The specific absorption rate over 10 g results indicates that Roberta is more influenced

by phone positioning than by the configurations of the virtual humans at both frequencies.
Similarly to [55], phone placement is the primary factor affecting variations in specific
absorption rate over 10 g, whole body, and highest thermal level for Roberta. Lastly, the
metallic cabin elevator increases measured values [53,71] for almost all the configurations
of Roberta and the rest of the numerical phantom. In fact, for the human child figurine,
Roberta, whole body electromagnetic deposition rate has higher values at the cellphone
operating frequency of 1000 MHz than 1800 MHz for most of the simulating scenarios [11].
For both operating frequencies and both experimental environments the maximum temper-
ature is rising to almost 1 ◦C but does not exceed it [27], and it is found in the ear skin tissue
of Roberta. At 1000 MHz, the specific power density over 10 g values is primarily influenced
by phone position [12,14,25], and it is increasing as the phone position shifts from a tilt to a
parallel orientation and then to the cheek, with only slight variations based on the specific
configurations of the virtual human. Additionally, the maximum temperature variations
for Roberta are comparable to the absorption dose rate over 10 g values when comparing
free space scenarios with similar conditions inside the elevator. However, in this case, the
temperature increases from the parallel position to the tilt and then to the cheek position.
Lower-frequency EM waves (1000 MHz) reach greater depths than higher-frequency waves
(1800 MHz), and that is why at 1000 MHz max values or specific absorption rates over
10 g are found at ear cartilage tissue, and at 1800 MHz they can be found at ear skin tissue
under parallel and tilted phone orientations. In the cheek phone position, the maximum
SAR10 g values are observed in the muscle tissue at both frequencies. It is evident that the
position of the phone affects the tissues involved as the antenna shifts and the placement
of the phone on the cheek brings the EM directly to the muscle tissue. When exposed to
1800 MHz in an open environment, Roberta experiences a SAR10g increase when shifting
from the tilt to the cheek position, followed by a further rise from cheek to parallel. Also, in
most configurations, the energy absorption rate of the whole body for a child phone users
is generally higher at 1000 MHz than at 1800 MHz.

While the specific absorption of 10 g and maximal heat point values for Roberta seem
to be affected mostly by the orientation of the mobile, for the Pregnant II mannequin,
the key factor are the human configurations. Notably, the metallic cabin has an elevated
effect on SARwb for Pregnant at 1000 MHz and even more at 1800 MHz. This might be
a consequence of the multiple reflections of electromagnetic waves that can spread to the
whole cabin and affect the whole body in total, and especially at 1800 MHz, where the
wavelength is shorter. Still, SARwb variations are more associated with phone and human
figure configurations and less with the inclusion of the metallic structure. As seen, the
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human configurations 1, 2, and 3 give the higher values of all measurements for Pregnant II.
This is expected since at these three configurations of virtual humans, the Pregnant II model
has the closest distance to the portable device [21,31]. Yet, configuration 5 does not have
higher values, even though the wireless phone at this configuration is at almost the same
distance as configuration number 1. This is happening because Roberta intervenes between
the pregnant woman and the cell phone and absorbs the EM radiation. The surface images
vividly display the microwave reflections within the metal enclosure and the resulting
impact on the exposed human body within these reflections. It is worth mentioning that
the presence of the elevator cabin increases measurements, impacting not only the peak
values but also measurements in the whole body of Pregnant II. The Tmax pattern closely
aligns with the SAR10g surface pattern, showing similar influences from electromagnetic
reflections. Distinctively, the presence of the elevator notably alters the electromagnetic
absorption rate and temperature distribution patterns.

From the results obtained of the dosimetry study, the graphic distributions of specific
absorption rate over 10 g for fetus and Pregnant II have a similar pattern. The highest EM
power density over 10 g and highest temperature values across all scenarios taken, for both
the pregnant model and the fetus are recorded at configuration 2 with the phone in a tilt
position, emphasizing that positioning is the primary factor influencing these exposure
levels. The second highest SAR10 values indicate that the positioning of both the digital
humans and the phone has a greater impact on absorption rate levels of the fetus than the
presence of the elevator itself. While SARwb values are typically low for the fetus, most
measurements reveal a noticeable increase in the peak values inside the metallic elevator
cabin. The distance between the phone and the fetus, and the interference of other tissues
from the figures of Pregnant II and Roberta are the main factors affecting the absorption
rate level of the fetus. It should be underlined, that in all studied scenarios, the temperature
increase for pregnant women and fetuses remains well below 1 ◦C, the threshold associated
with health issues in animal fetuses, as noted by the WHO [72].

When comparing the results in this work with the previous study [55], differences
are noted. For example, in [55], Roberta SAR10g increases as the phone transitions from a
parallel position to a tilt and finally to the cheek. In the current study, however, specific
absorption rate follows a different pattern, rising from the tilt position to parallel and
then to the cheek. In addition, ref. [55] exhibits a higher peak local absorption density at
1000 MHz. Still, Tmax remains nearly identical between the two studies, with significantly
higher values at the cheek compared to the tilt and parallel positions. Additionally, the
maximum and minimum values across both studies are closely aligned. At 1800 MHz, both
SAR10g and Tmax follow the same trends, with identical maximum and minimum values
occurring at the same phone positions. As far as SARwb is concerned, similar values and
distribution in both studies for Roberta are calculated. Even if higher SARwb is found
in some measurements than [55], the differences are very small, and the values match
each other.

In contrast to Roberta’s calculations regarding the gestational body, the highest EM
absorption intensity and maximum thermal intensity values at 1000 MHz are found in the
same configuration for both studies; that is, when the handset is in a tilt position and when
the distance between the child and the pregnant numerical phantom is minimized. Yet, in
this study, the peak SAR and Tmax values are higher than those in the previous study [55].
Furthermore, the whole-body specific absorption rate for pregnant women is influenced by
the portable telecommunication device position and also by human position, while in [55]
it is influenced mostly by phone position. The values here are also similar to each other in
the two studies.
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Finally, for fetal exposure, this study finds higher maximum values across all frequen-
cies as compared to a previous study [55]. The distribution pattern mirrors that of the
Pregnant II model, whereas in a previous study [55], it differed. Notably, in both studies,
all fetal maximum values are concentrated in the amniotic fluid.

7. Conclusions
A comprehensive investigation into electromagnetic (EM) exposure and thermal safety

has been conducted, focusing on three distinct subjects: a girl of five years named Roberta,
a gestating female at seven months gestation known as Pregnant II, and her fetus. This
study employed anatomically precise computational virtual humans along with a cellular
device functioning at two different frequency bands, 1000 MHz and 1800 MHz. A total of
48 separate arrangements involving these numerical phantoms in various configurations
and with different phone orientations were meticulously analyzed. The study presented
detailed results of SAR10g, SAR-wb, and Tmax for every anatomical virtual human, includ-
ing the fetus within the confines of an elevator cabin. The results here add to the findings
in our prior work [55]. Here, contrary to [55], we examined how exactly, and in which scale,
the positioning of the humans affects the quantities measured for all the utilized models,
including the seven-month fetus.

Notably, it becomes evident that an integrated approach is essential to fully understand
the complexities of EM exposure. Each configuration offers unique insights into how
specific absorption rate values and temperature rises differ across subjects and settings. The
variations observed underscore the necessity of examining every possible configuration to
draw comprehensive conclusions about EM safety.

Moreover, the investigation highlights the importance of further exploring the effects
of EM exposure in elevator cabins under various occupancy conditions and at differ-
ent portable device frequencies. Such studies are crucial for developing targeted safety
guidelines and protective measures, particularly in environments where RF exposure is
compounded by enclosed spaces like elevators. This research not only enhances our un-
derstanding of EM field interactions with human tissues but also aids in the formulation
of better health and safety standards for vulnerable populations such as children and
pregnant women.
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