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Abstract: It has been well recognized that interactions between electromagnetic fields and metals
are very strong. The consequence of human tissue in contact with metal, when subjected to an alter-
nating electromagnetic field, is an increase in tissue temperature, which results from metals absorb-
ing the energy obtained through induction. However, the electromagnetic induction characteristics
and tissue energy absorbed caused by various electromagnetic field exposure conditions have not
been well understood. A computational model was developed and employed in this study to assess
the temporal and spatial temperature increases in skin due to contact with a highly conductive me-
tallic plate while subjected to a high-intensity electromagnetic field. The effects of plate material,
plate thickness, coil distance, and exposure time on temperature increase in the skin were compu-
tationally investigated. The electromagnetic and temperature distributions in skin layers during ex-
posure to electromagnetic fields were achieved using models of electromagnetic wave propagation
and an unsteady bioheat transfer. The modeling approach used indicates that the plate thickness,
plate material, coil distance, and exposure time have a significant impact on the temperature change
in the skin. The most important parameter was found to be the metal type. Iron has the greatest
effect on skin temperature increase when subjected to external electromagnetic induction. These
results allow the researchers to estimate more precisely the exposure limits for induction coils.

Keywords: electromagnetic field; induction; skin tissue; bioheat transfer; wearable device

1. Introduction

Electromagnetic induction heating is a complex phenomenon in which electrically
conductive material is placed nearby an alternating magnetic field source and heated by
hysteresis (only magnetic materials) and/or induced electrical current (all conductive ma-
terials). An alternating current (AC) is fed via an electrical winding (coil/inductor) to pro-
duce the alternating magnetic field. One widespread misconception is that electromag-
netic induction heating can only be used to heat magnetic components. However, induc-
tion heating can be used to heat any electrically conducting substance. Moreover, induc-
tion heating occurs without any physical contact between the material and the induction
coil. The induction cooker is one example of an invention that makes use of induction
heating. The coil is located at the base of the cooker, and its electromagnetic fields interact
with the metal container. Because only high-conductivity materials can really be heated
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in this way, the container warms up, whereas the hand on the cooktop remains comforta-
ble. However, if wearing a wearable gadget or implanting highly conductive materials,
the user may encounter undesired thermal consequences.

Wearable electronics and accessories, such as smart watches, bracelets, and earrings,
are commonly utilized daily. These devices are made of highly conductive metal material,
which generates an induced current when exposed to a strong electromagnetic field, pro-
ducing induction heating, and potentially harming exposed areas such as the skin (Figure
1). As the popularity of wireless wearable and implantable devices grows, so does the
requirement to address their safety [1]. Wearable gadgets containing metal may pose a
danger of thermal harm from the electromagnetic induction effect, mostly owing to direct
physical contact with human skin [2].

Figure 1. Wearable electronics and accessories made of highly conductive materials exposed to a
strong electromagnetic field, resulting in induction heating.

In the past, comprehensive approaches for investigating heat-related skin injuries
have been investigated. The researchers reported that the severity of the burns evaluated
was impacted by both the temperature and the duration of exposure time. According to
Johnson et al. [3], and the International Electrotechnical Commission (IEC) [4], the thresh-
old temperature for producing skin damage is 43 °C. Some investigation has been con-
ducted to attribute skin burn problems [5]. During simulated fires, the estimates of skin
temperature distribution and heat flow were examined [6]. Heat stress and skin burns in
firefighters” exposure to low-level thermal radiation were examined by Yang et al. [7].
Abraham et al. [8] provided a numerical method for estimating the depth of burns in-
duced by high-temperature water exposure on human skin. According to the model, the
burn extent appeared to spread into the epidermal and dermal layers at higher tempera-
tures and longer exposure durations. Log [9] studied the temperature buildup and skin
burning damages generated by simulated flare thermal exposures to exposed skin.
Greater flare rates, corresponding to maximal flare heat transmission to the skin, were
found to result in higher basal layer temperatures. Researchers have previously investi-
gated skin injuries caused by contact with hot metal items [10-12]. Subramanian and
Chato [10] developed thermal safety criteria for a general situation corresponding to skin
interaction with a heated plate. Ng et al. [11] modeled the distribution of skin temperature
during an interface with a heated object. Abraham et al. [12] investigated temperature
distribution in skin because of heat exchange with a heated metallic medium.

Concerns have also been expressed that metal objects and devices in the vicinity of
electromagnetic radiation might alter the absorption of electromagnetic energy and lead
to temperature increases in the human body. Virtanen et al. [13,14] studied the influence
of implant size, position, and orientation on the energy absorbed in tissues. They observed
that implants inserted deeper into the body absorb much more than implants inserted
close to the surface of the skin. Whittow et al. [15-18] conducted considerable research on
the effects of metals on human tissue, primarily jewelry and spectacles. They observed
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that depending on the shape of the glasses and the operation frequency, wearing specta-
cles can alter or boost the specific absorption rate in the eyes. Our previous works have
also looked at the distribution of electric field, specific absorption rate (SAR), and heat
transfer in different parts of the human body, such as the torso [19,20], head [21,22], eye
[23,24], and so on [25-27], caused by encountering near- and far-field radiative elements.
It has been revealed that the form of the radiating source, as well as its distance from the
tissue, have an important influence on the absorption of electromagnetic radiation. Our
previous work [22] discovered that the metal items near the head during electromagnetic
field exposure change energy absorption and raise tissue temperature. Mathematical bio-
heat transfer modeling [28] has become essential in studying temperature in the human
body. It finds application in various fields, including microwave liver ablation (MWA) [29]
and simulating controlled drug delivery with thermo-sensitive liposomes [30]. Addition-
ally, coupled models for tissue heterogeneity enhance pain relief techniques such as ra-
diofrequency therapies [31]. Accurate heat transfer prediction through bioheat modeling
advances medical techniques and mitigates unwanted thermal effects from different
sources. However, research on the temperature of tissues in contact with metal objects
during exposure to high-intensity electromagnetic fields is still sparse.

The contribution of different metals in contact with skin exposure to electromagnetic
fields is essential for an adequate assessment of the temperature rise in tissue in associa-
tion with metal induced by electromagnetic field exposures. The thermal response of skin
in contact with a metal plate to electromagnetic energy was computed in this work. Based
on the work of Ng et al. [11], a human skin model was built to determine the temperature
increase during contact with metal induced by electromagnetic energy. A three-turn coil
that generates electromagnetic fields at a frequency of 100 kHz was used. The temperature
increases in metal plates and skin tissue during electromagnetic field exposure were cal-
culated using a numerical simulation of Maxwell’s equation and the bioheat model. The
effects of plate material, plate thickness, coil distance, and exposure time on skin temper-
ature increases were systematically investigated. Three different types of materials,
namely iron, aluminum, and copper, were chosen for this study. The highest temperature
increases in the skin in relation to the threshold temperature for generating skin injury
were investigated.

2. Formulation of the Problem

A time-varying electromagnetic field is caused by alternating currents. This field in-
duces currents in neighboring conductors. Eddy currents are the name given to induced
currents. Different metals and exposure distances result in differences in the resulting
electromagnetic distribution pattern and power absorption in nearby metal objects. How-
ever, the heat transfer characteristics and tissue temperature increase caused by contact
with electromagnetically heated metal are not well established. A systematic study of dif-
ferent metals exposed that interact with body tissue is required to adequately explain the
thermal effects of tissue, which are associated with the electromagnetic energy absorption
of the attached metal. Figure 2 shows the skin heating caused by contact with highly con-
ductive metallic material during exposure to near-field electromagnetic energy from elec-
tronic equipment. The tissue that was in contact with the metal plate was placed over an
induction coil, which produces time-varying electromagnetic fields. They were sur-
rounded by air, and there was an air gap between the coils and the tissue. The consequence
of tissue in contact with metal, when subjected to an alternating electromagnetic field, is
an increase in tissue temperature, which results from metals absorbing the energy ob-
tained through induction. This study aimed to assess the spatial and temporal tempera-
ture increases within skin tissue due to thermal contact with highly conductive metallic
materials when subjected to high-intensity electromagnetic energy exposure. Heat ex-
change between the human body and the surrounding thermal environment encompasses
conduction, convection, radiation, and evaporation as the primary mechanisms, while
contact conductance facilitates heat transfer between the metal plate and the skin surface.
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Figure 2. Skin heating due to contact with a highly conductive metallic material while exposed to
high-intensity electromagnetic fields.

3. Methods and Model

Electromagnetic induction heating is comparable to the Joule heating effect, but with
one significant difference: The currents that heat the material are induced through elec-
tromagnetic induction. This process is a nonlocal, or no-contact, heating process. A time-
varying magnetic field is produced by delivering a high-frequency alternating current via
an induction coil. The material to be heated is positioned in the magnetic field without
being in contact with the coil. It is important to note that not all materials can be heated
by induction; only those with high electrical conductivity can (such as copper, gold, and
iron). The alternating electromagnetic field induces eddy currents in the material, result-
ing in resistive losses that heat it up. Electromagnetic induction heats ferrous metals more
effectively than other materials. This is due to their high permeability, which increases the
production of eddy currents and skin effects. Furthermore, another heating mechanism
takes place. The iron crystals in the material are magnetized and demagnetized repeatedly
by the alternating magnetic field. This causes the magnetic domains to flip back and forth
rapidly, resulting in hysteresis losses and additional heat.

The objective of this research was to estimate the thermal response of the skin when
in contact with metal under the influence of electromagnetic energy. Figure 3 shows the
physical representation of this study, where interactions between the tissue model and the
electromagnetic field emitted by the induction coil took place. The first step in assessing
the effects of electromagnetic fields is to determine the induced and spatial distribution of
the fields in the model generated by the induction coil. After that, energy absorption,
which causes a temperature increase in the metal plate and tissue, as well as other inter-
actions, could be evaluated.

Axisymmetic T >

10 mm

Subcutaneous Fat

.
Dy
ermis leS mm
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Metal Plate
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|

| 14mm

1 Induction Coil

Figure 3. Physical model of the problem.
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3.1. Physical Model

To investigate the thermal response of skin tissue in contact with a metal plate to
electromagnetic energy and the temperature increase in tissue, a multi-layered skin model
was exposed to an induction coil. To decrease processing time while maintaining resolu-
tion, a 2D axisymmetric model was employed in this work to represent a vertical cross-
section of a 3D model. The multi-layered skin model had dimensions of 14 mm in width
and 11.575 mm in height [11]. This model was comprised of three types of tissues: Epider-
mis, dermis, and subcutaneous fat. These tissues differ in their dielectric and thermal
properties. Table 1 shows the dielectric and thermal properties of the tissues based on a
comprehensive literature review. Each tissue was assumed to be homogeneous, as well as
electrically and thermally isotropic. The chemical reaction and phase change within the
tissue were unaffected. The metal plate in contact with the skin was 10 mm wide. The
induction coil is in front of the skin segment at different distances. The alternating current
signal excited the induction coil, resulting in Joule heating and hysteresis loss. The induc-
tion coil delivered 5 W of power at a frequency of 100 kHz. The induction coil configura-
tion had three turns and a coil diameter of 2 mm. Copper was used for the induction coil
fabrication because of its high electrical conductivity (low power losses), high thermal
conductivity (easily cooled with water), and inexpensive cost. The physical model and
specifications of the induction coil used in this study are depicted in Figure 3.

Table 1. Material properties [2,11,32].

Thermal Conductiv- Heat Capacity Blood Perfu- Electrical Con- Relative Per-

Density (p) Relative Per-

Material ity (k) ©) sion Rate ductivit mittivit -
(kg/m?) (w7m~1<) (J/kg:°C) (ws) (1/s) (0) (S/ng (&) Y meability (u)
Epidermis 1200 0.21 3600 0.024 1.18 38.9
Dermis 1200 0.37 3600 0.024 1.18 38.9
Subcutaneous fat 900 0.16 2500 0.00058 0.19 11.0
Iron 7870 71.97 448 - 1.17 x 107 1 300
Aluminum 2698 225.94 921 - 3.5 x107 1 1
Copper 8960 400 385 - 5.96 x 107 1 0.999994
Air 1.29 0.025 1004 - 0 1 1

3.2. Equations for Electromagnetic Field Analysis

The mathematical models represent the electromagnetic field and its oscillations, as
well as the physiological processes that result from interactions between the electromag-
netic field and materials. The following assumptions were made to simplify the problem:

1. The electromagnetic field was modeled in a 2D axisymmetric geometry.

2. The electromagnetic field was interacting with the metal and tissue in the open space.
3. The free space was truncated by an infinite element domain.

4.  The model assumes that the dielectric properties of metal and tissue are constant.

To explain the propagation of electromagnetic fields over a medium, Maxwell equa-
tions were used, which mathematically expressed the interdependence of electromagnetic
phenomena. To demonstrate the electromagnetic field that penetrates the medium during
induction heating, the simplified Maxwell equations [32] were adopted as follows:

VxH =] €))
B=VXxA ()
E = —jwA 3)

J=0E+ jwD 4)
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where H is the magnetic field intensity (A/m), B is the magnetic flux density (T), E is the
electric field intensity (V/m), A is the magnetic vector potential (Wb/m), D is the electric
displacement or electric flux density (C/m?), J is the electric current density (A/m?), o is
the electrical conductivity of the material (S/m), j = V-1 and w = 2nf is the angular fre-
quency of the magnetic field (rad/s).

A generalized form of the constitutive relationships between electric field intensity
and electric displacement can be described as:

D = coer E 5)

where ¢o is the permittivity of free space (8.8542 x 102 F/m), ¢: is the relative permittivity
(dimensionless).

Similarly, a generalized form of the constitutive relationships between magnetic field
intensity and magnetic flux density can be described as:

B = pour H (6)

where po is the permeability of free space (1.257 x 10 H/m), and ur is the relative perme-
ability (dimensionless).
For the inductor, the current density in the direction of the wires is defined as:

N(Vcoil + Vind)
]e ARcoil €coil ( )

Electromagnetic phenomena are inherently scattered over an endless space. The
outer layer of the calculated domain, i.e., the free space, was truncated by an infinite ele-
ment. The outer boundary of the calculated domain was considered a magnetic insulation
boundary condition to eliminate reflections:

nxA=0 (8)

where n is the normal vector.

3.3. Equations for Heat Transfer Analysis

The heat transfer and temperature rise of tissue in contact with metal caused by elec-
tromagnetic near-field exposures were investigated in this work. The coupled effects of an
electromagnetic field and transient heat transfer were solved. The temperature increase in
the tissue was caused by the absorption of electromagnetic energy by the metal. The ab-
sorbed electromagnetic energy in the metal plate was then transmitted to the skin tissue.
The following assumptions were made to simplify the complexity of the problem:

The heat transport was represented by a 2D axisymmetric geometry.
The tissue and metal had constant thermal properties.

During the exposure, no material phases changed.

There was no chemical response in the tissue.

The tissue was homogeneous and thermally isotropic.

AN

Heat transfer via the attached metal plate was considered heat conduction in a ho-
mogenous medium. The transient conduction heat equation, provided by Equation (9), is
employed to govern the transfer of heat in the metal plate.

pCI =V (kVT) +Q: )

The electromagnetic heat source, Q. (W/m?), in the heat equation combines resistive
and magnetic losses.

QL’ = th + le (10)

where the resistive losses (Qm) are

Qi = ~Re(J - E) (11)
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and the magnetic losses (Qui) are
1 .
Qmi = 2 Re(iwB - H) (12)

The skin model was considered a biomaterial with circulating blood. The tempera-
ture increase in skin tissue is determined by solving Pennes’ bioheat equation [28]. The
transient bioheat equation efficiently represents how thermal energy exchange occurs
within tissue and can be stated as follows:

aT
pCE =V- (kVT) + pbcbwb(Tb - T) + Qmet + Qe (13)

where p is the tissue density (kg/m3), C isthe heat capacity of the tissue (J/kg-K), & is
the thermal conductivity of the tissue (W/m'K), T is the tissue temperature (°C), 7, is the
temperature of the blood (°C), p, is the density of the blood (kg/m?), ¢, is the heat ca-
pacity of the blood (J/kg-K), @, is the blood perfusion rate (1/s), @, , is the metabolic

heat source (W/m?3), and Q- is the external heat source (the electromagnetic heat source)
(W/m?). The blood perfusion term, p,C,w, (T, — T ), approximates heat conduction be-

tween the tissue and the blood flow in this analysis.

The heat transfer analysis discarded the surrounding air and was limited to the skin
and metal plate. The skin surface, as shown in Figure 3, was considered the convective
boundary condition, where the convection heat transfer coefficient between the skin and
the air was 7 W/m2K. The cooling provided by sweat evaporation from the skin surface
was 10 W/m? at an ambient temperature of 25 °C [11]. Assuming that the heat loss due to
radiation was negligible, the boundary condition here can be written as:

-n- (_kVT) = ha.m(T - Tam) + Evap (14)

where Tun is the ambient temperature (°C), and han is the ambient convection coefficient
(W/m2K) and Euyp is the heat loss due to the sweat evaporation.

The heat was exchanged between the metal plate and the skin surface via contact
conductance. The contact conductance between tissue and metallic surface (hcontact) was set
to 9000 W/m2K [12] for all cases in this study. This value has been proven to be sufficiently
high to accurately represent the heat exchange between the tissue and metallic surfaces,
and it ensures that the resulting temperatures within the epidermis are well within an
acceptable range of accuracy. The boundary condition stated below is employed.

—n- (—kVT) = _hcontact(Tmetal - epidermis) (15)

where Twea is the metal temperature (°c), Tepidermis is the epidermis temperature (°c)and
hcontact is the contact conductance (W/m2K).

It is assumed that no contact resistance exists between the internal layers of skin tis-
sue. Therefore, the internal boundaries are assumed to be continuous:

n - (k VT, — kgVT,;) = 0 (16)

T.= T 17)

The boundaries on the left and right sides of the skin tissue are considered to be ther-
mally insulated [11]:

—n-(—kVT) =0 (18)

In the beginning, the temperature distribution within the tissue was assumed to be
uniform at the body core temperature of 37 °C. Therefore, the temperature boundary con-
dition of 37 °C is applied to the deep tissue surface, where the skin model was truncated.

3.4. Calculation Procedure
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The finite element method (FEM) was utilized to numerically solve the system of
governing equations and initial as well as boundary conditions. The numerical problem
was solved using the adaptive mesh refinement approach. The computational problem
was addressed using COMSOL™ Multiphysics (https://cn.comsol.com/, accessed on 24
June 2023) to investigate the processes that occurred in the skin model under exposure to
an electromagnetic field. Figure 4 demonstrates the computational domain using triangu-
lar element meshes with a boundary perfectly matched layer (PML) for effective trunca-
tion and absorption of electromagnetic fields (EMF). A mesh convergence analysis was
conducted to determine the optimal number of elements needed for the study. The con-
vergence curve, depicted in Figure 5, resulted from this analysis. Based on the conver-
gence test, a grid consisting of approximately 10,000 elements was deemed appropriate.
It can be reasonably assumed that, beyond this element count, the accuracy of the simula-
tion results remains unaffected by the number of elements. The time step was dynamically
determined by the Solver using an adaptive algorithm to ensure accurate and efficient
simulation results.

r=0

Figure 4. A two-dimensional axisymmetric finite element mesh of the model.

Mesh Convergence Study
57.14

57.13 {

57.12 A

57.11

57.10

Skin Temperature (°C)

57.09

57.08

0 5000 10000 15000 20000

Number of Elements

Figure 5. Mesh convergence study of the model.
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4. Results and Discussion

The induction coil (inductor) to which the alternating current was applied was uti-
lized to generate an electromagnetic field with a specified pattern that heats an electrically
conductive item such as a metal plate. All the analysis and corresponding results pre-
sented in this study were obtained using a frequency of 100 kHz. The magnetic field, elec-
tric field, and temperature distributions in the skin tissue and metal plate during exposure
to electromagnetic energy were obtained by the numerical simulation of Maxwell’s equa-
tion and Pennes’ bioheat equation. The exposure condition considered in this study re-
ferred to the threshold temperature for producing skin damage of 43 °C [3,4]. The effects
of plate material, plate thickness, coil distance, and exposure time on the temperature in-
crease in the skin tissue were numerically investigated.

4.1. Verification of the Model

To validate the model proposed here, the simple case of the simulated results was
validated against the numerical results obtained by Ng et al. [11] using the same geometric
model. The skin temperature was determined in a three-layered skin tissue model in con-
tact with a heated metal plate. The temperature of the heating plate was set to 90 °C in the
validation case. The validation test result is shown in Figure 6 and indicates strong agree-
ment of the steady-state temperature with the distance between the current solution and
that of Ng. The temperature was highest on the skin’s surface closest to the heated metal
plate (on the right side of the graph) and gradually decreased as skin layer depth in-
creased. This favorable comparison strengthens our confidence in the accuracy of the cur-
rent numerical model, particularly in faithfully representing the intricate processes that
occur during the interaction between human skin and a metal plate heated through elec-
tromagnetic induction from an external source.

Present Study ®  Ngetal 2010
85
75
65

55

Temperature (°C)

45

35
0 1 2 3 4 5 6 7 8 9 10 11

Distance (mm)

Figure 6. Comparison of the calculated temperature distribution to the temperature distribution
obtained by Ng et al. [11].

4.2. Effect of Plate Material

The coupled effects of electromagnetic near-field distribution and unsteady bioheat
transfer as well as initial and boundary conditions were investigated to analyze heat trans-
fer in skin tissue. Due to these coupled effects, the intensity of the electric field in Figure
7a and the magnetic field in Figure 7b were converted into heat in Figure 7c by hysteresis
and Joule heating from eddy currents. In the condition of skin contact with the 1 mm metal
plate, 1 cm exposure distance, and 5 W of power, the high-temperature zone in Figure 7c
went deep into the dermal layer but did not penetrate through the dermis to the subcuta-
neous fat.

The effect of plate material was investigated for three different sample materials. The
dielectric and thermal characteristics of the plate are crucial parameters in the increase of
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skin temperature during electromagnetic field exposure. Figure 8 shows the variation of
skin surface temperature with different plate thicknesses and materials. According to the
graph, iron was the most sensitive material to heat via electromagnetic induction, fol-
lowed by aluminum and copper. To obtain the same temperature as iron for aluminum
and copper, several times as much power would be necessary. The main causes of the
differences were variations in the electrical resistivity and magnetic permeability of the
metals. Copper’s lower resistivity (high conductivity) requires substantially more current
to provide the same transmission losses or resistive losses (Joule heating) as iron. Copper
has excellent electrical conductivity with low electrical resistivity. As a result, it exhibits
minimal Joule heating effects since it conducts current efficiently, leading to lower electri-
cal resistance and less heat generation. Aluminum alloys typically have a higher electrical
resistivity than pure copper, but a lower one than iron. Consequently, they generate in-
termediate Joule heating effects. Iron has moderate electrical resistivity, which results in
moderate Joule heating effects. Iron also has a higher magnetic permeability (Table 1),
allowing it to be heated using hysteresis in addition to Joule heating.

Eyoy = 82.94 Vim

By =14T
1.1 81.23
1.03 75.53
0.96 69.83
= 0.89 64.13
1 0.83 58.43
0.76
Do 52.73
0.62 47.03
1055 41.33
1 0.49 35.63
10.42 29.93
E 8-;2 24.23
021 18.53
0.15 12.83
0.08 7.13
0.01 1.43

T, =5841°C

Max

58.53
56.31

1 54.1
] 51.89
L 49.67
] 47.46

1 45.25
43.03
40.82

38.61
36.9

()

Figure 7. Distribution of magnetic field (a), electric field (b), and temperature (c) when skin is in
contact with a 1 mm-thick iron plate for 10 s.
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35
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Figure 8. Skin surface temperature variation with different plate thicknesses and materials.

4.3. Effect of Plate Thickness

The effect of plate thickness was also studied. Figure 8 shows a comparison of skin
temperature with different plate thicknesses. For the iron plate, the maximum skin tem-
perature increases are 46.7 °C, 54.6 °C, 65.4 °C, 79.4 °C, and 96.5 °C for the plate thickness
of 1 mm, 2 mm, 3 mm, 4 mm, and 5 mm, respectively. It was found that the larger plate
thickness corresponds to a higher temperature increase in skin tissue. This was because,
during electromagnetic energy exposure, the metal plate acted as a thermal energy trans-
mitter, transferring heat to the skin tissue. The higher metal thickness allowed a greater
amount of heat generation in the metal object due to Joule and hysteresis losses. Moreover,
the greater the metal thickness, the greater the amount of heat generated and transferred
to the skin tissue due to Joule and hysteresis losses during electromagnetic energy expo-
sure. In all cases, the highest skin temperature occurred near the skin surface, close to the
metal plate, where heat transfer mechanisms transmitted energy from the surface into the
inner layer of skin tissue, as shown in Figure 7c. It can be concluded that when skin tissue
is in contact with the metal plate while exposed to an electromagnetic field, the metal plate
thickness influences skin tissue temperature increases.

4.4. Effect of Coil Distance

In the model, the effect of distance from the coil on skin tissue temperature increase
was systematically studied. Figure 9 shows the temperature of the skin in contact with
metal during exposure to an electromagnetic field from an induction coil at various expo-
sure distances. Near-field electromagnetic absorption is different from far-field absorption
and varies with distance from the source. According to Figure 9, the exposure distance
between the coil and the skin tissue had a strong influence on skin temperature. The
amount of electromagnetic heat generated in a metal plate was proportional to the inten-
sity of the electric field (E) and magnetic field (H), as represented by Equations (10) and
(11). As a result, the temperature induced in Figure 7c was strongly influenced by the
magnetic field distribution in Figure 7a and the electric field distribution in Figure 7b. The
temperature increases in the skin, as shown in Figure 9, were substantially dependent on
the distance from the coil to the skin for all metals. In close proximity to the coil at 1 cm,
skin temperatures rose to 57.14 °C, 56.24 °C, and 48.62 °C when contacted with iron, alu-
minum, and copper, respectively. The temperatures obtained at 1.0 cm exposure distances
were higher than the 43 °C threshold temperature of the IEC for causing skin injury [4].
The skin temperature reduced sharply as the distance from the coil increased. This was
due to the strong inductive effects in the near-field region, which increased the amount of
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energy absorbed very quickly with distance. Furthermore, the shorter exposure distance
resulted in stronger electric and magnetic fields, and the intense heat generation in the
metals distributed thermal energy to the skin tissue.

—&—Ilron — > = Aluminum —-+ - Copper
60
T 55
S
g
2 50
o
]
o
;c') 45 —
it . N IECGuideline:43°C| |
= N
& 40 :
- v
35
1 1.5 2 2.5 3

Coil Distance (cm)

Figure 9. Skin surface temperature variation with different coil distances and materials.

4.5. Effect of Exposure Time

To investigate the effect of exposure time, the skin was exposed to an electromagnetic
field for 20 min, the metal plate with a thickness of 1 mm was attached to the skin, and the
coil was fixed at 2 cm. Figure 10 shows the comparison of skin temperature increases
caused by contact with three different plate materials during exposure to electromagnetic
fields at various exposure times. In all cases, it took approximately 5 min to achieve a
steady-state temperature. The skin temperature in contact with the iron plate was contin-
uously the highest, followed by the aluminum plate, and the copper plate was the lowest.
In this situation, the heat of iron and aluminum caused the skin temperature to exceed the
IEC guideline of 43 °C [4] after more than 2 min, whereas copper caused the skin temper-
ature to always remain below the acceptable values. The temperature increases were as
expected and correspond with the results in Figures 8 and 9. According to the results,
exposure time has a substantial influence on the temperature increase in the skin. The
longer the exposure time, the more heat accumulates inside the skin, raising its tempera-
ture.

Figure 11 depicts the distribution of skin tissue temperature following a 20 min ex-
posure to electromagnetic energy while in contact with different metal plates: (a) Copper
plate, (b) aluminum plate, and (c) iron plate. In all scenarios, the epidermis and dermis
layers experienced the most significant temperature increase due to direct contact with
the metal plates and the resulting heat conduction. Notably, only a small fraction of the
temperature rise extended into the subcutaneous fat layer, indicating that the majority of
the temperature elevation resulting from the interaction between electromagnetic energy
and the metal plates was confined to the superficial layers of the skin. However, it is im-
portant to mention that the iron plate exhibited a higher capacity for heat generation com-
pared to the other two metals, allowing a larger proportion of the heat to penetrate into
the subcutaneous fat layer, thereby resulting in a deeper impact on temperature.
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Figure 11. Skin tissue temperature distribution after 20 min of exposure to electromagnetic energy
in contact with different metal plates: (a) copper plate, (b) aluminum plate, and (c) iron plate.

5. Conclusions

In this work, numerical simulations of the electric field, magnetic field, and temper-
ature distributions in the skin in contact with metal during electromagnetic field exposure
were performed. Due to the coupled effects of electromagnetic near-field distribution and
unsteady bioheat transfer as well as initial and boundary conditions, the intensity of the
electric field and magnetic field were converted into heat by hysteresis and Joule heating
from eddy currents. The high-temperature zone reached far into the dermal layer but did
not penetrate through the dermis to the subcutaneous fat in the cases examined here. At
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very high frequencies, such as those considered in reference [19], the electromagnetic field
(EMF) would indeed primarily heat human tissues. In this frequency range, the coupling
between the electromagnetic heating (dielectric heating) and the bio-heat transfer becomes
significant, as the EMF directly affects the temperature distribution within the human
skin. However, at low frequencies in this study, the coupling primarily concerns the me-
tallic plate itself. Electromagnetic induction heating primarily affects the temperature dis-
tribution and heat transfer within the metallic plate and surrounding tissue, while the
dielectric heating of human skin becomes less significant.

The results demonstrated various essential facts relating to energy absorption and
temperature increase in the multi-layered human skin in contact with different metals
during electromagnetic field exposure. The energy absorbed and skin temperature in-
crease were strongly influenced by plate material, plate thickness, coil exposure distance,
and exposure time. The most important parameter was found to be the metal type. Iron
had the greatest effect on skin temperature when subjected to external electromagnetic
induction. The higher metal thickness allowed for a greater amount of heat generation in
the metal plate. Moreover, the greater the metal thickness, the greater the amount of heat
generated and transferred to the skin tissue due to Joule and hysteresis losses during elec-
tromagnetic energy exposure. The skin temperature reduced sharply as the distance from
the coil increased. In all cases, the skin temperature in contact with the metals took ap-
proximately 5 min to reach a steady-state temperature. Skin temperatures at 1.0 cm expo-
sure distances or closer are higher than the threshold temperature for inducing skin injury
for all metals when 5 W of power is applied at a frequency of 100 kHz. These results allow
the researchers to estimate the exposure limits more precisely for induction coils. The find-
ings of this study may be useful for estimating exposure limits for the power output of
electromagnetic devices and their interactions with humans.
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