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A B S T R A C T   

Metal implants are typically used in medicine and body modifications to repair or replace 
damaged tissues, bones, or organs. However, they can cause complications, such as pain, 
inflammation, and tissue damage, when exposed to strong electromagnetic fields. This study is 
performed to examine the effect of high-intensity near-field electromagnetic exposure on the 
thermal effects of metal implants in human tissues. Maxwell’s equations and a bioheat model are 
employed in a numerical simulation to determine the electromagnetic field and temperature 
distributions in implants and surrounding tissues during exposure to high-intensity electromag
netic fields in close proximity. Various factors are examined, including the implant shape, size, 
material, and insertion depth. A physical model comprising layers of tissue and metal implants is 
employed, which is subjected to an alternating electromagnetic field generated by an induction 
coil. Results show that the implant shape, size, and depth affect tissue heating. Stainless steel 410 
implants result in higher tissue temperature increases owing to their greater sensitivity to elec
tromagnetic induction compared with Ti–6Al–4V implants. The findings from this study provide 
valuable insights into the thermal behavior and electromagnetic interactions of metal implants in 
human tissues, thus contributing to the advancement of implant design and human safety in 
electromagnetic environments.   

1. Introduction 

The use of implants in numerous applications has increased significantly in recent years. Metal implants have become widely 
adopted in the fields of medicine and body modification as they offer effective solutions for repairing or replacing damaged tissues, 
bones, or organs [1]. Metal implants include joint implants, plates, screws, rods, dental implants, pacemaker leads, brain and cranial 
implants, stents, cochlear implants, and subdermal implants. They serve various medical purposes such as replacing joints, fixing 
fractures, supporting cardiac devices, and enhancing body modifications. Fig. 1 shows the various applications of metal implants. 
Titanium, and stainless steel are used frequently in metal implants [2]. However, metal implants can impose adverse effects when 
subjected to strong electromagnetic fields (EMFs). 

EMFs generated by various sources such as television transmitters, and mobile phones can interact with metallic implants in human 
tissues [3]. Meanwhile, devices such as electromagnetic induction heaters, induction cooktops, transformers, and electromagnetic coils 
can induce electrical currents in metal objects via electromagnetic induction [4]. Electromagnetic induction can generate an EMF that 
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heats the implant and surrounding tissues. This can result in pain, inflammation, and tissue damage of varying severity levels based on 
factors such as the EMF magnitude, implant type, and individual sensitivity of the patient [5]. 

Studies regarding the mechanism by which EMFs generated by diverse sources interact with metallic implants in human tissues are 
limited by the scarcity of precise and realistic body parts and EMF models [6]. In addition, the direct testing of the effects of elec
tromagnetic waves on patients presents ethical limitations. Thus, determining the effect of EMF exposure on patients with implants is 
difficult. Researchers have proposed various novel methods to overcome issues associated with interactions between EMFs and 
metallic implants, including computational modeling [7,8], experiments [9], and cadaveric studies [10]. Previous research has mostly 
concentrated on the influence of EMFs on implants and currents induced within implants without considering heat transfer [11]. Some 
studies have focused on the relationship between EMFs generated from diverse sources and metallic implants placed in human tissues 
[12]. 

To ensure safety, the International Commission on Non-Ionizing Radiation Protection specifies limitations for EMF exposure in 
terms of the specific absorption rate but does not define the specific temperature guidelines directly [13]. Even a slight increase in 
tissue temperature caused by the interaction between EMFs and implants is detrimental to health [14]. Moreover, the heating of tissues 
surrounding implants caused by EMF exposure can impose adverse effects. Individuals may experience tissue damage, inflammation, 
and discomfort because of these effects [15]. Although the temperature increase may appear insignificant, it may disrupt the normal 
functioning of tissues [16] and degrade the functionality of the implant [17]. Consequently, even slight temperature increases 
generated by EMF-induced heating should not be disregarded as they can adversely affect the overall health and well-being of patients 
with implants. Thus, the hazards associated with EMF exposure must be understood and reduced [18]. Tissue thermal models, 
including the Pennes bioheat equation [19] and its derivative, the Chen and Holmes model [20], are pivotal in understanding the 
thermal effects of metal implants. Additionally, a more recent addition to this field is the Porous Media model [21,22]. Previously, we 
extensively examined the effects of EMFs on human body exposure [23–25]. Recently, we focused on investigating the effects of 
external metal objects on energy absorption and temperature distribution within the human body [26]. However, their effects on the 
thermophysiological responses of tissues embedded with various metal shapes in different tissue layers are yet to be elucidated. 
Moreover, studies regarding the effects of electromagnetic induction in the vicinity of implants within the body is limited. A 
comprehensive understanding of the thermal and electromagnetic effects that occur in human tissues when metal implants are exposed 
to high-intensity EMFs is crucial. This study directly extends from our prior research [27] by further investigating the interaction 
between electromagnetic fields and metals, with a specific focus on the thermal effects of metal implants in human tissues exposed to 
high-intensity near-field electromagnetic fields. 

This study highlights the significance of implant characteristics in determining the extent of tissue heating and the resulting 
complications. The aim is to examine the effect of high-intensity near-field electromagnetic exposure on the thermal effects of metal 
implants on human tissues. Mathematical modeling is employed to investigate the thermal effects on the tissue surrounding metal 
implants while considering various factors such as the implant geometry, size, material, and insertion depth. Mathematical 

Fig. 1. Metal implanted in various parts of the human body.  

T. Wessapan and P. Rattanadecho                                                                                                                                                                                 



Case Studies in Thermal Engineering 53 (2024) 103771

3

characterization of the EMF is achieved using Maxwell’s equations, which are then coupled with the bioheat model to quantify the heat 
generation and subsequent transfer processes. A physical model comprising layers of tissue and metal implants subjected to an 
alternating EMF generated by an induction coil is employed. The accuracy of the numerical model is validated by comparing the 
temperature values with those reported in relevant studies. The analysis reveals significant associations between implant character
istics (particularly the implant material, geometry, size, and depth) and tissue heating. The results of this study provide invaluable 
insights into the intricate thermal behavior and electromagnetic interactions of metal implants in human tissues. 

2. Problem formulation 

When metals are embedded in tissues, high-intensity EMFs can induce significant thermal effects. The interaction between these 
metals and EMFs can result in the generation of eddy currents, thus resulting in the absorption of electromagnetic energy and the 
subsequent heating of surrounding tissues. However, the precise characteristics of this induction heating phenomenon, particularly in 
terms of distributions of skin temperature, are yet to be elucidated. Fig. 2 illustrates the induction heating process, in which a scenario 
involving metals embedded beneath the skin and subjected to high-intensity EMFs is depicted. The heating patterns and temperature 
changes within the skin tissue caused by the embedded metals require further investigation. 

3. Methods and model 

This study investigates the thermal effects of metal implants embedded in various layers of human tissues when subjected to high- 
intensity near-field electromagnetic exposure. The numerical simulation model employed in this study comprised a tissue layer and an 
induction coil. Various geometries of metallic materials embedded in tissues, such as plates, spheres, and pins, were considered to 
represent different implant scenarios. To assess the effects of EMFs, the induced and spatial distributions of fields generated by the 
induction coil in the model were first determined, which enables a comprehensive understanding of the EMF behavior within the 
tissue. Subsequently, the energy absorption process was evaluated to analyze the resulting temperature changes in the metal implants 
and surrounding tissues. Additionally, other interactions were considered to provide a holistic assessment of the thermal effects. 

3.1. Physical model 

In this study, a two-dimensional (2D) axisymmetric model was employed to represent the vertical cross-section of a three- 
dimensional model. The physical model comprised a multilayered tissue model measuring 14 mm wide and 11.575 mm high [27]. 
The tissue model comprised four types of tissues: epidermis, dermis, subcutaneous fat, and muscle. Each tissue layer featured distinct 
dielectric and thermal properties, which were determined based on a comprehensive literature review (see Table I) [28,29]. To 
simplify the analysis, each tissue layer was assumed to be homogeneous, electrically isotropic, and thermally isotropic [27]. Chemical 
reactions and phase changes within the tissues were not considered. Fig. 3 shows the physical model used in the numerical simulation. 
Two main elements were present, i.e., the tissue layer model and induction coil (Fig. 3 a); additionally, metal materials of different 
shapes (plate, sphere, and pin) wee embedded within the tissues (Fig. 3 b). The metal materials exhibited specific geometries: the plate 
had a diameter of 5 mm and a thickness of 0.2 mm, the sphere had a diameter of 2 mm, and the pin had a diameter of 0.5 mm and a 
length of 5 mm. The induction coil was positioned in front of the skin segment, at a fixed distance of 20 mm from the skin surface. When 
an alternating current is generated, the metal undergoes electromagnetic induction heating. The coil configuration comprised three 
turns with a diameter of 2 mm, which delivered 5 W of power at a frequency of 100 kHz. This physical model provides a basis for 
conducting numerical simulations pertaining to the thermal effects of metal implants under the effect of EMFs. 

3.2. Equations for EMF analysis 

To simplify the problem, certain assumptions were introduced in the mathematical model. These assumptions are associated with 
the representation of the EMF and its oscillations, along with the resulting physiological processes arising from the interactions 

Fig. 2. Induction heating of metals embedded under the skin from high-intensity electromagnetic fields.  
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between the EMF and materials.  

1. The EMF is modeled using a 2D axisymmetric geometry.  
2. The interaction between the EMF and metal and tissue occurs within an open space.  
3. The free space is truncated using an infinite element domain.  
4. The dielectric properties of both the metal and tissue are constant. 

Maxwell’s equations were employed to elucidate the propagation of EMFs through the medium. These equations mathematically 
express the interrelated characteristics of electromagnetic phenomena. To illustrate the EMF that permeates the medium during in
duction heating, we employed simplified Maxwell’s equations [30] as follows: 

∇× H = J, (1)  

B= ∇×A, (2) 

Table 1 
Material properties [28,29].  

Material Density 
(ρ) 
(kg/m3) 

Thermal 
conductivity (k) 
(W/m.K) 

Heat 
capacity (C) 
(J/kg◦C) 

Blood perfusion 
rate (ωb) 
(1/s) 

Electrical 
conductivity (σ) 
(S/m) 

Relative 
permittivity (εr) 

Relative 
permeability (μr) 

Epidermis 1200 0.21 3600 0.024 1.18 38.9 1 
Dermis 1200 0.37 3600 0.024 1.18 38.9 1 
Subcutaneous 

Fat 
900 0.16 2500 0.00058 0.19 11.0 1 

Muscle 1090 0.49 3421 0.000565 0.34 53.5 1 
Air 1.29 0.025 1004 – 0 1 1 
Titanium 

Ti–6Al–4V 
4500 6.7 5263 – 5.62e5 1 1.00005 

Stainless Steel 
410 

7880 25 460 – 1.74e6 1 700  

Fig. 3. Physical model used in numerical simulation: (a) Tissue layer model and induction coil, (b) Different shapes of metal materials embedded in tissues.  
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E = − jωA, (3)  

J= σE + jωD, (4)  

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/m2), J is the electric current density (A/m2), σ is the 
electrical conductivity of the material (S/m), j =

̅̅̅̅̅̅̅
− 1

√
, and ω = 2πf is the angular frequency of the magnetic field (rad/s). 

The constitutive relationship between the electric field intensity and the electric displacement can be described in a generalized 
form as follows:  

D = ε0εr E,                                                                                                                                                                    (5) 

where ε0 is the permittivity of free space (8.8542 × 10− 12 F/m) and εr is the relative permittivity (dimensionless). 
Similarly, the constitutive relationship between the magnetic field intensity and magnetic flux density can be described in a 

generalized form as follows:  

B = μ0μr H,                                                                                                                                                                   (6) 

where μ0 is the permeability of free space (1.257 × 10− 6 H/m) and μr is the relative permeability (dimensionless). 
The current density in the direction of the wires for the inductor is expressed as 

Je =
N(Vcoil + Vind)

ARcoil
ecoil, (7)  

where Je is the externally generated current density (A/m2), N the number of turns in the coil, ecoil a vector field representing the 
direction of the wires, Vcoil the total voltage across the coil, and Vind the voltage induced by the integration of the electric field along the 
coil. 

EMFs propagate naturally in infinite space. To confine the calculations to a specific domain, such as free space, an infinite element 
was employed to truncate the outer layer. The outer boundary of the calculated domain was regarded as a magnetic insulation 
boundary condition to effectively suppress reflections. 

n × A= 0, (8)  

where n is the normal vector. 

3.3. Equations for heat transfer analysis 

In this study, we examined the heat transfer and the resulting temperature increase in tissues implanted with metals when exposed 
to electromagnetic near fields. The combined effects of the EMF and transient heat transfer were addressed by solving the associated 
equations. The temperature increase observed in the tissue was due to the absorption of electromagnetic energy by the metal, which 
was subsequently transferred to the surrounding tissue. To simplify the problem, we introduced the following assumptions:  

1. The heat transport is modeled using a 2D axisymmetric geometry.  
2. The thermal properties of the tissue and metal are constant.  
3. No material phase changes occur during the exposure.  
4. No chemical reaction or response occurs within the tissue.  
5. The tissue is homogeneous and exhibits thermal isotropy. 

Heat transfer through the implanted metal was modeled as heat conduction in a homogeneous medium. The transient conduction 
heat equation expressed in Eq. (9) was used to model heat transfer within the metal [27]. 

ρC
∂T
∂t

=∇ · (k∇T) + Qe, (9)  

In the heat equation, the electromagnetic heat source, denoted by Qe (W/m3), encompasses both resistive and magnetic losses [30].  

Qe = Qrh + Qml,                                                                                                                                                           (10) 

where the resistive loss (Qrh) is expressed as 

Qrh =
1
2

Re(J • E), (11)  

and the magnetic loss (Qml) is expressed as 

Qml =
1
2

Re(iωB • H). (12) 

Here, Re is the real part of imaginary number, and i is the imaginary unit 
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In the tissue model, the skin tissue is regarded as a biomaterial with circulating blood. To determine the temperature increase in the 
skin tissue, Pennes’ bioheat equation [19] was solved. The transient bioheat equation effectively captures the thermal energy exchange 
mechanisms within the tissue and can be expressed as follows: 

ρC
∂T
∂t

=∇ · (k∇T)+ ρbCbωb(Tb − T)+Qmet + Qe, (13)  

where ρ is the tissue density (kg/m3), C the heat capacity of the tissue (J/kg•K), k the thermal conductivity of the tissue (W/m•K), T the 
tissue temperature (◦C), Tb the temperature of blood (◦C), ρb the density of blood (kg/m3), Cb the heat capacity of blood (J/kg• K), ωb 
the blood perfusion rate (1/s), Qmet the metabolic heat source (W/m3), and Qe the external heat source (the electromagnetic heat 
source) (W/m3). The blood perfusion term ρbCbωb(Tb − T) approximates the heat conduction between the tissue and blood flow in this 
analysis. 

The skin surface, as illustrated in Fig. 3, was regarded as a convective boundary. A convection heat transfer coefficient of 7 W/m2⋅K 
was assumed between the skin and air. In addition, the cooling effect of sweat evaporation from the skin surface was quantified as 10 
W/m2. The ambient temperature was set at 25 ◦C [28]. Disregarding heat loss through radiation, the boundary condition can be 
expressed as follows: 

− n ⋅ (− k∇T)= ham(T − Tam) + Evap, (14)  

where Tam is the ambient temperature (◦C), ham the ambient convection coefficient (W/m2. K) and Evap the heat loss caused by sweat 
evaporation. 

In this scenario, no contact resistance was assumed between the internal tissue layers. Consequently, the internal boundaries were 
assumed to be continuous. 

n · (ku∇Tu − kd∇Td)= 0, (15)   

Tu = Td,                                                                                                                                                                      (16) 

Initially, the temperature distribution within the tissue was assumed to be uniform at the body core temperature of 37 ◦C. 
Consequently, a temperature boundary condition of 37 ◦C was imposed on the deep tissue surface, where the tissue model was 
truncated. This ensured that the starting temperature within the tissue was consistent with the core temperature of the body. 

3.4. Calculation procedure 

The finite element method was employed to solve the governing equations, initial conditions, and boundary conditions. The nu
merical problem was addressed using an adaptive mesh refinement approach to optimize the computational process. Tissue models 
implanted with metal and exposed to an EMF were investigated using COMSOL™ Multiphysics. Mesh convergence analysis was 
performed to determine the ideal number of elements required. Based on the analysis, a grid comprising approximately 10,000 ele
ments was considered suitable. Beyond this element quantity, the accuracy of the simulation results was unaffected. The time step was 
dynamically determined by the solver using an adaptive algorithm to ensure both the accuracy and efficiency of the simulation results. 

4. Results and discussion 

An EMF was generated using an induction coil (inductor) powered by an alternating current at a frequency of 100 kHz. The 
magnetic field, electric field, and temperature distributions within the tissue and metal implants during electromagnetic exposure were 

Fig. 4. Temperature values obtained from mathematical model at various depths compared with those obtained from Ng et al. [28].  
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calculated via numerical simulations using Maxwell’s equations and Pennes’ bioheat equation. An exposure setting exceeding the skin- 
damaging temperature threshold of 43 ◦C was selected [3,4]. The effects of the implant shape, size, material, and insertion depth were 
investigated through numerical simulations to determine the effect of electromagnetic induction on the temperature increase of the 
surrounding tissues. As presented in Section 4.1, the validation test confirms the accuracy of our numerical model. 

4.1. Model verification 

To validate the numerical model, the temperature values obtained in the present study and those obtained by Ng et al. [28] were 
compared based on the same geometric model. In the validation, the skin temperature in a three-layer skin tissue model in contact with 
a heated metal plate was emphasized. For this validation test, the temperature of the heating plate was set to 90 ◦C. Fig. 4 presents the 
results of the validation test, which show strong agreement between the steady-state temperatures obtained from the current model 
and those obtained by Ng et al. The graph reveals that the highest temperature was observed on the skin surface closest to the heated 
metal plate, and as the depth within the skin layers increased, the temperature gradually decreased. This favorable comparison 
provides substantial confidence toward the accuracy of the current numerical model, particularly in its ability to accurately represent 
the complex processes that occur during the interaction between the human skin and a metal object heated through electromagnetic 
induction from an external source. The validation results confirm the reliability of the model and enhance its credibility for further 
analysis and investigation. 

4.2. Effect of insertion depth 

Fig. 5 illustrates the magnetic flux density distribution within the tissue model exposed to the EMF generated by the induction coil. 
The highest magnetic flux density of 5.64e-3 T was observed at the bottom of the skin tissue model around the area exposed to the 
induction coil. The induction coil was positioned in front of the skin segment, at a fixed distance of 20 mm from the skin surface. The 
magnetic flux density gradually decreased as the distance from the exposure surface increased. This indicates that the intensity of the 
magnetic field diminished as it penetrated deeper into the tissue layers. Consequently, in the tissue model, the lowest magnetic flux 
density was observed at the greatest distance from the skin surface. This information pertaining to the magnetic flux density distri
bution is useful for analyzing the thermal effects of metal implants embedded in different layers of human tissues when exposed to 
EMFs. 

The effect of implant depth on the temperature distribution of tissues was investigated in this study to analyze the thermal effects of 
metal implants embedded in various layers of human tissues when exposed to electromagnetic near fields through electromagnetic 
induction heating. The metal plate used as the metal object had a diameter of 5 mm and a thickness of 0.2 mm. Fig. 6 shows a visual 
representation of the temperature distribution within the tissue surrounding the metal plate at different insertion depths. When the 
metal plate was in contact with the outer skin (see Fig. 6a), the maximum temperature recorded on the skin surface was 38.52 ◦C, 
which indicates that the plate was in direct contact with the outermost layer of the skin. As the insertion depth increased, the maximum 
temperature observed within the dermis was 37.80 ◦C when the metal plate was embedded in the dermis layer (see Fig. 6b). This 
indicates a decrease in temperature compared with the scenario in which the plate was in contact with the outer skin. When the metal 
plate was embedded deeper into the issue, i.e., in the skin’s fat layer, the maximum temperature recorded in the fat layer was 37.75 ◦C 
(see Fig. 6c). Hence, the temperature decreased as the insertion depth increased. Fig. 6d shows that when the metal plate was 
embedded in the muscle layer, the maximum temperature recorded in the muscle was 37.11 ◦C. This was the largest insertion depth 
considered in this study, which exhibited the lowest temperature among all the scenarios. The numerical results presented in Fig. 6 
clearly illustrate that as the insertion depth increased, the maximum temperature within the tissue decreased gradually. This trend can 
be attributed to the relationship between the insertion depth and the magnetic flux density generated from the induction coil, as shown 
in Fig. 5, where the magnetic flux density in the tissue decreased with the distance from the surface. Therefore, as the metal was placed 
deeper into the tissue, the level of electromagnetic induction decreased. Consequently, the heat generated within the metal decreased, 
thus resulting in lower temperatures exhibited by the surrounding tissues. 

Fig. 5. Distribution of magnetic flux density in tissue model exposed to electromagnetic field from induction coil.  
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Fig. 6. Temperature distribution within tissue surrounding metal plate when exposed to electromagnetic waves from induction coil located at the bottom: (a) metal 
plate is in contact with the outer skin; (b) metal plate is embedded in the dermis; (c) metal plate is embedded in the skin’s fat layer; (d) metal plate is embedded in the 
muscle layer. 

Fig. 7. Comparison of maximum increase in tissue temperature from implantation of stainless steel and titanium plates in the skin at different depths.  
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4.3. Effect of implant material 

The type of implant material significantly affects the thermal effects of electromagnetic induction, particularly in medical implants. 
In this study, the tissue thermal effects caused by metal electromagnetic induction were investigated by comparing two typically used 
implant materials: stainless steel 410 and Ti–6Al–4V. Stainless steel 410 is known for its resistance to staining and its ability to 
withstand harsh environments, thus rendering it suitable for various medical implants, such as orthopedic and dental components. 
Meanwhile, Ti–6Al–4V is recognized for its biocompatibility, high strength-to-weight ratio, and excellent corrosion resistance, thus 
rendering it ideal for orthopedic and dental implants. In this study, the thermal effects in tissues with implants fabricated using 
stainless steel 410 and Ti–6Al–4V were analyzed by considering the coupled effects of electromagnetic near-field distribution and 
unsteady bioheat transfer, as well as the effects of initial and boundary conditions. 

The disparity in tissue temperature between stainless steel and titanium implants can be attributed to their differing responses to 
induction heating, as described in Table I. Fig. 7 shows a comparison of the maximum increase in tissue temperature resulting from the 
implantation of stainless steel and titanium plates at various depths within the tissue layer at a steady-state temperature. The findings 
show that the stainless steel implants induced a greater increase in tissue temperature than the titanium implants at all insertion 
depths. This disparity in the tissue temperature increase can be attributed to the differential sensitivities of the two materials to heat 
generated via electromagnetic induction. Stainless steel 410 is a martensitic stainless steel containing high amounts of iron and carbon, 
which renders it more responsive to induction heating. In this study, stainless steel 410 exhibited higher hysteresis losses when exposed 
to alternating magnetic fields, owing to its higher relative permeability (Table I). By contrast, Ti–6Al–4V exhibited lower hysteresis 
losses owing to its lower relative permeability (Table I). Consequently, the higher hysteresis losses exhibited by stainless steel 410 due 
to its greater sensitivity to alternating magnetic fields resulted in more heat generated during electromagnetic induction. Hence, the 

Fig. 8. Comparison of temperature distribution in tissue surrounding metal implants based on different geometries: (a) plate, (b) sphere, and (c) pin.  
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temperature increase of the tissues surrounding the stainless-steel implants was higher than that surrounding the titanium implants. 

4.4. Effect of implant geometry 

The effect of the implant geometry on the tissue thermal effects caused by electromagnetic induction was investigated. Fig. 8 shows 
a comparison of the temperature distribution in the tissue surrounding metal implants with different geometries under steady-state 
conditions. The different geometries include a plate (Fig. 8a), sphere (Fig. 8b), and pin (Fig. 8c). The implants were fabricated 
using Ti–6Al–4V. The plate had a diameter of 5 mm and a thickness of 0.2 mm, the sphere had a diameter of 2 mm, and the pin had a 
diameter of 0.5 mm and a length of 5 mm. The centers of all the implants were set at the same depth within the tissue. 

Based on the temperature distributions, the plate-shaped implant resulted in the highest tissue temperature (Fig. 8a). The larger 
surface area of the plate-shaped implant parallel to the skin layer facilitated more effective heat generation via induction within the 
plate. Additionally, the larger surface area allowed for enhanced heat dissipation from the plate to the surrounding tissue. Meanwhile, 
the parallel orientation of the plate to the induction coil enhanced electromagnetic coupling, thus increasing heat generation within 
the tissue. By contrast, the pin-shaped implant in the vertical position exhibited the lowest tissue temperature (Fig. 8c). The small 
diameter of the pin (0.5 mm) limited its surface area for heat transfer. Furthermore, the vertical position of the pin implant relative to 
the induction coil reduced the electromagnetic coupling, thus resulting in lower heat production within the pin and hence a lower 
tissue temperature. The sphere-shaped implant exhibited a moderate temperature increase in the surrounding tissue as compared with 
the plate- and pin-shaped implants (Fig. 8b). The surface area of the sphere (whose diameter was 2 mm) was between those of the plate 
and pin, which enabled moderate heat generation and dissipation, thus resulting in a moderate temperature increase. Additionally, the 
rounded shape of the sphere facilitated reasonable electromagnetic energy absorption and heat generation within the object, as well as 
heat dissipation to the surrounding tissue. 

4.5. Effect of implant size 

The effect of the implant size on the tissue thermal effects caused by electromagnetic induction can be discussed by referring to the 
values provided in Fig. 9. Fig. 9 shows a comparison of the steady-state temperature distribution in the tissue surrounding titanium 
sphere implants with different diameters: 2 mm (Fig. 9a), 3 mm (Fig. 9b), and 4 mm (Fig. 9c). The spherical implants were fabricated 
using titanium (Ti–6Al–4V), which is a typically used biocompatible material. In this study, the centers of all spherical implants were 
set at the same depth, and the variation in implant size was the primary factor contributing to the obtained temperature differences. 

The results showed that the size of the spherical implants significantly affected the surrounding tissue temperature. The 2 mm 
sphere implants showed a maximum temperature of 37.3 ◦C (Fig. 9a). Increasing the sphere diameter to 3 mm resulted in a higher 
maximum temperature of 38.21 ◦C (Fig. 9b). Furthermore, the largest spherical implants with a diameter of 4 mm resulted in the 
highest maximum temperature of 40.14 ◦C (Fig. 9c). These results indicate that as the size of the spherical implants increased, the 
tissue temperature experienced during electromagnetic induction increased. The increased surface area enhanced the coupling of 
electromagnetic energy and hence heat generation within the metal, as well as the heat dissipated to the surrounding tissue. Notably, 
the temperature distribution is also affected by factors beyond size, such as the implant composition and depth. The findings revealed 
that larger sphere implants exhibited higher tissue temperatures than smaller ones. This is primarily attributed to the larger surface 
area of the larger spherical implants, which enables substantial heat generation and dissipation to the surrounding tissue. 

5. Conclusions 

In this study, a rigorous numerical analysis was conducted to investigate the thermal effects of metal implants on different layers of 
human tissues when exposed to high-intensity EMFs. The effects of various implant characteristics, including shape, size, material, and 
insertion depth, on tissue heating were investigated via numerical simulations. 

The results of this study provide valuable insights into the complex thermal behaviors and electromagnetic interactions of metal 
implants within human tissues under near-field electromagnetic induction. A comparison between stainless steel 410 and Ti–6Al–4V 
implants revealed that the stainless-steel implants resulted in higher tissue temperatures. This discrepancy can be attributed to the 
different responses of materials to electromagnetic induction, with stainless steel exhibiting greater sensitivity and generating more 
heat. Investigations into the implant geometry showed the significant effect of shape on the tissue temperature, where plate-shaped 
implants resulted in the highest tissue temperatures. Moreover, this study highlighted the effect of implant size, i.e. larger spherical 
implants resulted in higher tissue temperatures than smaller implants, thus emphasizing the importance of considering implant di
mensions in the assessment of thermal side effects. Moreover, as the implant insertion depth increased, the tissue temperature 
decreased. 

The findings of this study are useful for the design and implementation of metal implants for various applications. By considering 
the thermal behavior and electromagnetic characteristics of implants, designers can optimize implant design to minimize tissue 
thermal effects and mitigate potential complications. These insights can contribute to the development of improved safety guidelines 
to ensure user well-being in electromagnetic environments. In future studies, additional implant characteristics and parameters must 
be investigated to obtain a more comprehensive understanding of thermal behavior and to optimize the design and utilization of metal 
implants in medical procedures. The results of this study can facilitate the development of more efficient and reliable metal implants, 
thus benefitting patients. This study conducted simulations under steady-state conditions, which might not fully capture the dynamic 
changes in tissue temperature during electromagnetic exposure. Incorporating transient analyses could provide a more comprehensive 
understanding of the thermal response. Moreover, the effect of tissue heterogeneity, which can be significant in real human bodies, was 
not extensively explored in our study. Future research should consider a more detailed representation of tissue properties. 
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Fig. 9. Comparison of temperature distribution in tissue surrounding embedded titanium spheres with different diameters: (a) 2 mm, (b) 3 mm, and (c) 4 mm.  
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Nomenclature  

A magnetic vector potential (Wb/m) 
B magnetic flux density (T) 
C specific heat capacity (J/(kg K)) 
D electric displacement or electric flux density (C/m2) 
E electric field intensity (V/m) 
e vector field 
J electric current density (A/m2) 
H magnetic field intensity (A/m) 
h convection coefficient (W/m2.K) 
J electric current density (A/m2) 
i imaginary unit 
k thermal conductivity (W/(m K)) 
N number of turns in the coil 
n normal vector 
Q heat source (W/m3) 
T temperature (◦C) 
V electric potential (V) 
t time  

Greek letters 
μ magnetic permeability (H/m) 
ε permittivity (F/m) 
σ electric conductivity (S/m) 
ω angular frequency (rad/s) 
ρ density (kg/m3) 
ωb blood perfusion rate (1/s)  

Subscripts 
b blood 
e external 
met metabolic 
ml magnetic loss 
r relative 
rh resistive loss 
0 free space, initial condition 
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