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Abstract: This contribution aims to analyze the hostile side effects of electromagnetic fields on living tissues as well as smart health tools that
work in proximity to living tissues. These include medical intervention tools, wearable devices, and imaging scanners. The evaluation, control,
and protection against these adverse effects are also targeted. The implicated physics and their corresponding ruling mathematics are
highlighted and discussed. Mathematical modeling using discretized local 3D numerical tools allowed the design, control, and validation
of the durability of the devices. These different themes are supported by illustrated cases and an overview of bibliographic examples.
The results of the investigation illustrate that the physical events involved in the origins of radiation and stray fields, as well as their
adverse effects on exposed materials and their protection, allow a thorough understanding and control of their management. Moreover,
the corresponding mathematical formulations dictating the behaviors of the involved fields allow their assessment according to
Responsible Attitude and One Health approaches that enable ecological biodiversity and ecosystem.
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1. Introduction

In modern societies, the increasing presence of tools for daily
life, combined with an increased use of electromagnetic fields
(EMFs), has improved human well-being. These tools, in addition
to their expected functions, can disrupt this well-being. These
disruptions can concern living tissues in general, health tools, and
other devices. The living tissues concerned are linked to
biodiversity according to the One Health approach [1, 2]. Such
approach refers to adverse effects of an artificial device on living
tissues of humans as well as those of other biodiversity partners
and hence the required protection impact also all. The health tools
worried mainly concern those that work in proximity to living
tissues such as medical intervention tools, wearable devices [3—6],
and imaging scanners [7, 8]. Other tools concerned are those
necessary for daily comfort, safety, etc. [9-12]. The involved side
effect disturbances are mainly related to electromagnetic (EM)
dissipated losses and EMF radiations. In addition to such
exposures, another mode of EMF noise could perturb tools using
EMF in their functioning. This is related to the introduction of
EMF-sensitive matters as magnetic or conductors in the EMF
scenery of the tool, for example the case of magneto resonance
imaging (MRI) scanner [13, 14].

The role of EMF in EM energy devices is mainly related to
energy conversion, transfer, or both actions. Most of such actions
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involve at once expected outcomes and unwanted effects. The
energy conversion mode involves mainly the transformations of
EM to mechanical (movement, deformation, vibration, etc.),
thermal, or chemical. In the case of energy transfer, wireless EMF
mode is mainly involved, which comprises radiofrequency (RF)
telecommunication as mobile phones or their tower antenna [15—
19] as well as charging systems as inductive power transfer (IPT)
devices including those aboard electric vehicle (EV) [20-23].
Note that the case of wireless battery charging involves both
conversion and transfer of energies.

As mentioned above, conversion modes can be expected or side
effects. For example, EM-mechanical conversions may involve
expected torque from electric motor or unwanted vibrations.
Similarly, EM-thermal conversion may be expected outputs from
heating systems or unwanted heat losses in materials. The case of
EM-chemical conversion may involve expected battery charging
or unsolicited corrosion of conductor or insulation defects.

A large part of the cases cited above contain stray fields that do
not participate in the expected actions and are responsible for side
effects. Normally, the fields are contained in the matter, which
allows an effective projected action. The stray fields are due to
the imperfection of the matter’s capacity to contain the fields
and could be reduced through design and optimization skills.
The part of persistent stray fields could be treated by shielding.
The stray fields as well as their shielding are related to the
topological and phenomenological characteristics of the devices
or shields.

A worthy management objective is to enhance intended
outcomes and decrease unintended effects. This could be achieved
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through a Responsible Attitude (RA) involving Eco-design, thus
improving intended performances and reducing unwanted side
effects responsible for disruptions of medical tools and living
tissues not only for humans but also for all biodiversity reflecting
the One Health (OH) approach. Generally, RA and OH are
approaches related to the protection of biodiversity and the
ecosystem in an ecological context (Ecology is the scientific study
of the processes influencing the distribution and abundance of
organisms, the interactions among organisms, and the interactions
between organisms). Note that the RA and OH approaches could
be applied to both radiating [24] and exposed [25] devices.

The following sections discuss the physics of EMFs, the
corresponding mathematical equations, protection from exposure
to EMFs, and examples of adverse effects of exposure to EMFs.
This will be followed by a discussion and conclusions.

2. Governing Physics of EMFs

Regarding the role of EMF in EM energy devices, related to
energy conversion or transfer and possible adverse effects on
matters due to losses dissipation or exposure to radiated fields, the
governing physical phenomena involved in these processes are
concerned in this section.

The different magnetic and electric physical quantities are
interconnected and formulated by the Maxwell equations as
will be shown in Section 3 (governing equations). Actually, the
magnetic and electric fields H (A/m) and E (V/m) are related to the
magnetic and electric inductions B (Wb/m? = T) and D (C/m?) by
the magnetic permeability 4 = B/H and the electric permittivity
& = D/E. And, the electric current density J (A/m?) is related to the
electric field by the electric conductivity ¢ = J/E. These magnetic
and electric three-dimensional (3D) vectors H, E, B, D, and J are
as abovementioned, interconnected by the Maxwell equations. B, D,
and J characterize surface densities related to the matter parameters
u, €, and o (respectively in H/m, F/m, and S/m). These depend on
the nature of the material and the pulsation frequency f (in Hz) of
the fields. For a high magnetic parameter, ¢ with small air gaps the
magnetic field is theoretically contained in the material. The
electrical parameters ¢ and o in the material behave according to the
range of f as the ratio of ¢ to @ X € (in F/(m X s) = S/m) where
@ = 2xf. Thus for very small values of £, the dielectric effect w. € is
negligible compared to the conductive effect o and the matter
behaves as conductor, while for very large values of f, X € >> ©
and the material behaves as a dielectric. Moreover, in conductive
materials the distribution of induced currents is closely related to
the frequency, the higher the value of f, the more the current
density will be focused closer to the surface (skin effect), which
reflects a shielding barrier effect for external magnetic fields.

The above-discussed physical occurrences dictate EMF behaviors
including EM radiation and stray fields and their adverse effects on
exposed matters. The articulation of the link between such theoretical
approach and practical applications will be illustrated in Section 5.

2.1. Evaluation of EMF expected outcomes and
side effects

The EMFs Maxwell equations function of the 3D vector
variables H, E, B, D, and J and the material parameters y, &, and
o as well as the operational frequency f permit for given source
field value and topological features of the concerned device, to
obtain the different induced fields in matter and airgap (outside
matter) space fields. The induced matter fields allow the
determination of global quantiles as forces, dissipated losses, etc.

02

Such quantities can be used in EM energy conversion devices,
associated with the conversion energy form, equation to determine
the expected outcome or the side effect. For example, the EM
forces permit associated with mechanical equation the calculation
of expected torque and unwanted vibrations. As well, dissipated
EM energy enable associated with heat transfer (HT) equation to
obtain the expected temperature rise in heating systems and
unsolicited heating. In addition, the obtained space fields permit
the determination of expected power transfer (in transmission
systems) as well as stray or radiated fields.

2.2. Evaluation of adverse effects due to stray or
radiated fields

The evaluation and control of different adverse effects involving
perturbation of medical tools or biological effects (BEs) in living tissues
in general require the solution of EMF equations with HT or bio-heat
(BH) equations according to the corresponding situation. Actually, the
paper analyzes the physical effects of EMF. When these effects present
threat or harm to human or more generally biodiversity and ecosystem,
the goal is to investigate the evaluation, control via standard safety
guidelines, and protection from these effects.

3. Governing Equations

Concerning the projected effects and adverse effects of EMFs
on living tissues and health devices, the involved governing
equations are the object of this section.

Based on the Maxwell’s microscopic local comportment, the
differential structure of the general EMF 4 equations [26] and the
general HT equation in its differential formulation are given by:

V x E = — §,B (Maxwell — Faraday) 1)
V x H = oE + 9,D (Maxwell — Ampere) ()
V -D = p, (Maxwell — Gauss) 3)

V - B = 0 (Maxwell — Thomson) (4)

The HT equation in its differential formulation is given by:
cpdT/ot =V - (kVT) (5)

In the case of EMF radiation of living tissues or objects in general, the
equations of the EMF harmonic fields, of BH and of its heat source
Py, corresponding to the dissipated EM energy allowing the EMF-
BH coupling are given as follows:

VxH=] (6)
J=J + 0E + joD )

E= —VV —joA ®)

B=VxA )

cpdT/0t =V - (kVT) + Py + P + cepps (T — T) (10)
Py=w-€"-E/2 (11)

In Equations (1)—(11), the previously defined symbols are the vectors
H, E, B, D, and J as well as the parameters u, €, and o besides the
operational frequency f. In addition, A and V" are the magnetic vector
and electric scalar potentials in Wb/m and volt. J. is the vector of the
source current density in A/m?, p, is the volume density of electric
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charges in C/m3. The symbol V is a vector of partial derivative
operators. The symbol J, is the operator of partial time derivative.
The parameters ¢” is the imaginary part of the complex permittivity
of the absorbing material and p is the material density in kg/m®. E
is the absolute peak value of the electric field strength in V/m, c is
the specific heat of the substance in J/(kg °C), k is thermal
conductivity in W/(me °C), and T is the substance temperature in °C.
The power dissipation in W/m® given by Equation (11) relates to
principal dielectric heating of EMF energy loss. Notice that the
imaginary part &¢” of the (frequency-dependent) & denotes an ability
scale of a dielectric to convert EMF energy into heat. The power
dissipation volume density given by Equation (11) will be used in
the coupling of EMF and BH equations. In the case of living
tissues, Equation (10) includes a term of self-tissue heat source Py, a
term of external heat source related to the EMF exposure Py and a
term of convective heat transfer via irrigating fluid of tissue. P, and
Py are heat sources in W/m®, Ty and T are respectively the fluid
temperature and the local temperature of tissue in °C, and cg, pg, pr
are respectively fluid, specific heat in J/(kg °C), density in kg/m?,
perfusion rate in 1/s.

Note that the source term in Equation (7) is the source current
density J. = o E,. In addition, the specific absorption rate (SAR) in
biological tissues is equal to Py/p in W/kg. In addition, Equation (10)
corresponds to bio-heat living tissues allowing for the EMF exposure.
Such representation is comparable to the Penne’s bio-heat equation
[14, 27, 28] linked to living tissues of human and animal including
blood convective heat transfer. Equation (10) is generalized to
biodiversity tissues. The plant sap fluid plays the role of blood and
Phloem and Xylem walling sap accomplish the duty of veins and
arteries confining blood. The term P, in Equation (10) is related to
animal metabolic heat or to internal heat in plant tissues. In addition,
the last term in Equation (10) relative to convection heat transfer in
fluid relates to human-animal blood or plant sap.

3.1. EMF Source and target living tissues or
medical tools

EM devices in general, as mentioned before, are energy conversion
or transfer devices, characterized by expected and undesired actions. In
these situations, an EM device includes both actions. Regarding their
side effect action, these devices could act as a source for nearby

materials or tools. These would be disturbed due to exposure to the
side effects of EM devices. The stray fields of these will disturb the
operation and heat these nearby objects due to the energy dissipated
by EM radiation added to the heat conduction and convection caused
by the thermal side effect of EM devices.

In the case of radiating EM devices, the geometric structure
involved in the mathematical model is that of the EM device for
the determination of expected actions and side effects for energy
conversion and transfer devices. The source term corresponds to
the input voltage or current of the device. The concerned
equations in this task are those of Equations (6)—(9).

In the case of target objects for EM exposure such as living tissues
or medical tools, the geometry concerned corresponds to these objects
and the source term relates to the radiation field of the exponent or the
heat source, both resulting from the side effects of EM devices. The
solution of Equations (6)«(11) permits the evaluation of the
different induced fields in living tissues or medical tools.

Due to the geometrical complexity and non-linear behavior of
modeled entities (radiating source device, radiated tissue, or medical
tool), local solution specifying the practice of discretized 3D
methods as finite elements or equivalent methods [29-35]
associated with appropriate coupling strategies of equations [36].

3.2. RA and OH approaches in device design

The RA and OH approaches permit, through Eco-design,
enhancing expected outcome and reducing side effects of radiating
EM devices as well as protecting the exposed tools. Thus, such
Eco-design includes optimization of device construction as well as
its protection [37] as discussed in Sections 4 and 5. These tools, in
addition to their reduced radiation, could be constructed of EMF-
insensitive matters or shielded. Figure 1 [37] summarizes the role
of the RA and OH in the management of EMF exposure of an
onboard tool [37].

4. Protection Against EMF Exposure

EM interference (EMI), which contains various unwanted
emitted signals, can be checked by EM compatibility (EMC)
analysis. Shielding equipment generally uses substances that
absorb or redirect the radiated electromagnetic wave to inhibit its

Figure 1
RA and OH approaches involving the Eco-design and use of onboard tool considering urban
biodiversity via handling of adverse EMF effects
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path between the two sides of the shielding layer. EMI shielding,
which retains EMF radiation, is essential for protecting human
health and devices. An EMF generally involves H and E fields
directed perpendicularly in space. Thus, EMI shielding schemes
are classified into magnetic, electric, and coupled EMI shielding.
In addition, the high-frequency waves that characterize radiation
contain interdependent H and E fields. Therefore, shielding one of
the two fields would result in the reduction of the other.
Therefore, EMI shields are generally made of conductive
substances for simplicity. The type of shielding material is related
to the application concerned, it can be clothing, rubbers,
adhesives, or coatings. These are related to the required flexibility,
fixing capacity, ease of processing, and consistency, their worth
could be found, e.g., in references [38—46].

4.1. Smart shielding strategies

As mentioned above, shields made of conductive material have
the advantage of simplicity. However, such simple shields would
involve heating of their material due to internal induced currents.
Such heating would increase the temperature of the adjacent
shielded device or the living tissues in contact with it. If such a
temperature increase is intolerable, we are forced to adapt the
conductive nature of the shield. In fact, two basic types of losses,
reflection and absorption losses support the shielding against
electromagnetic radiation. In the case of conductive shielding, the
surface electrical impedance function of the EM parameters is
Z, = (o - p/o)"?. Such impedance is greatly inferior to the
impedance of free space Zy = (uo/eg)'? ~ 376.7 ohm. When a
plane wave field strikes a shielding layer, the encountered high
impedance difference generates large reflections. The remaining
field is sent through the layer after partial absorption. A
high-frequency radiated field would only penetrate the near-surface
edge of a conductor, due to the last-mentioned skin effect. The
associated skin depth is given by 6 = (@ - u - 6/2)""2. Note that
this formula is only valid for § greater than the electron mean free
path in the substance. Regarding reflection and absorption losses,
the former decreases with frequency while the latter, which is
related to the thickness of the shielding layer, increases with
frequency. Together, the two losses denote the total shielding
effectiveness (SE), which is labeled as the ratio of EMFs without
and with the shielded device. Thus, the abovementioned adaptation
of the conductive nature of the shielding could be achieved by the
use of multifunctional materials suitable for low-reflectivity EMI
shielding. Such material customization can reduce the strong
reflection due to the high conductivity of the material. Moreover, a
particular manufacturing process can decrease the reflected power
coefficient of the material, added to losses reduction, improved
thermal protection and environmentally friendly shielding
materials, can be very effective. Quantitative assessments of their
effectiveness could be found, e.g., in references [47-53]. The
control of SE could be realized with the solution of Equations (6)—+9).

5. Examples of Adverse Effects of EMF Exposures

In this section, we consider the cases of evaluation and
management (control of device integrity or BEs) of the adverse
EMF effects on health devices and living tissues illustrated
through two applications. The first is related to the case of
EMC analysis for the control of the integrity of the RF field
involved in an MRI due to the introduction of external EMF-
sensitive matter in the imager. The second concerns the case of
safety control of an EMF exposure of an IPT via its inductive
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coupler transformer (ICT) on living tissues of a human body.
The numerical technique used in both applications is finite
element method, the practical details, and accuracy of the
method are demonstrated in references [29-36]. These cases
considered in these two examples are among others, e.g.,
exposure of different types of 5G communication devices on
surrounding biological tissues under long-term low-intensity
exposure, EMF exposure impact for emerging wearable medical
devices such as implantable heart monitors, etc.

5.1. EMC control of the integrity of the MRI RF-EMF

Disturbances in the image-related RF magnetic field
distribution inside an MRI tunnel are typically triggered by
external electromagnetic fields or by the introduction of
magnetic or conductive substances into the imager environment.
In MRI-assisted therapies and interventions, only actuation
devices constructed from non-magnetic and non-conductive
constituents such as piezoelectric materials are allowed.
Piezoelectric actuators [54—58] use thin conductive electrodes
for their excitation. The orientation of these thin electrodes with
respect to the field plays an important role related to the weight
of the conductive surface perpendicular to the field direction;
thus, the higher this weight, the higher the corresponding
disturbance will be. This phenomenon, which is related to
induced eddy currents, could be used in the context of actuation
to reduce disorder in the RF field distribution [7].

Figure 2 [27] shows, at 63.87 MHz (for static magnetic field
By of 1.5 T), the MRI RF magnetic field distribution (vertically
directed) in the birdcage axial section inside the tunnel of MRI
for the no-material case. Figure 3 [27] shows the case of a cubic
piezoelectric with relative permeability and permittivity, and

Figure 2
MRI RF (at 63.87 MHz, By 1.5 T) magnetic field (vertically
directed) distribution in the case of no material in the birdcage
inside the MRI tunnel
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Figure 3
MRI RF magnetic field distribution with the insertion of a piezoelectric coated by electrodes: (a) material outline, (b) field distribution
with electrodes perpendicular to the field, and (c) field distribution with electrodes parallel to the field

(a)

(b)

conductor

piezoelectric

conductivity of (u, =1, &, = [450,990,990], 6 = 0 S/m) covered on
two opposite faces by thin electrodes with (u, =1, &,=1, 6=3.77 X
107 S/m) (see Figure 3(a)). In addition, Figure 3(b) and (c) show
respectively the field distributions in the two situations where the
electrodes are perpendicular and parallel to the field direction. In the
last case, the effect of the conductors (parallel to the field) is
significantly reduced (see Figures 2 and 3(c)).

This example of MRI EMC monitoring illustrates an
analysis, control, and design policy related to possible disorders
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and their treatment in image-assisted interventions or integrated
therapies.

5.2. Control of IPT exposure BEs in living tissues

An example of ICT EMF radiation demonstration on living tissues
of a human body placed horizontally on the ground alongside an EV
during static charging of its batteries is presented in this section [27].
The ICT and its connected circuits were designed and controlled to

Figure 4
Activated field distributions in a body exposed to an ICT (3kW, 30 kHz) under an EV, for a horizontal ground
placed body beside the EV. (a) B (T), (b) E (V/m)
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maximize the transferred power and minimize stray fields.
Figure 4 [27] presents the distributions of the induced fields in the
body (B and E) due to exposure to ICT stray fields. A high-resolution
human anatomical model was used, compatible with the numerical
approach used, in these calculations. The results obtained in such a
case were compared to thresholds fixed by regulations and found to
be within standard safety guidelines (27 pT for magnetic induction B
and 4.05 V/m for electric field E) [59, 60].

6. Discussion

Following the analyses in the previous sections, several topics
deserve to be discussed in more detail:

Electromagnetic disturbances or noise in a device can be due
to radiation from an external source or to the presence or insertion of
materials sensitive to EMFs in the device. In fact, there are three
categories of devices. Those that have their own EMF in their
operation, those without fields but containing materials sensitive to
EMFs, and finally those without fields or materials sensitive to
EMFs. The latter are not disturbed by external fields. The second
must be shielded. In the first case, the effects of external fields and/
or the insertion of materials sensitive to EMFs must be circumvented.

Regarding shielding, a source and a target characterize an
EMF exposure. A shield placed between the two could ensure the
protection of the target from the source. Such a shield could be
placed anywhere along the entire distance between the sides of the
source and the target. However, this is not always possible. For
example, in protecting people or animals inside an EV from the
ICT placed under the vehicle, the shielding would be easy, while
for those outside close to the vehicle, it is more complicated or
even impossible, due to the structure of the ICT (one coil under
the vehicle bottom separated from the other on the ground).
Another issue is the placement of the shield on the source or
target. If the shield is on the source device, it can prevent the
device from working. If the shield is on the target, it should not
be simply conductive but a more expensive smart shield to
prevent the target from heating up due to dissipation in the conductor.

Exposure to EMFs of sufficient magnitude (intensity and
duration) can be harmful to living organisms. Generally, the
interaction of EMFs with a matter because of field exposure triggers
a dissipation of EM energy in the matter. Different effects are
initiated in living tissues due to this dissipation, generally correlated
with the strength and frequency of the EMF. Such exposure can lead
to heating of living tissues, causing an increase in temperature, which
can initiate tissue damage. Such thermal BEs due to EMF exposure
include tissues of human, fauna, and flora. Two factors aggravate
this phenomenon. The first is related to the ability of high-frequency
energy to rapidly heat biological tissues. The second is related to the
inability of tissues to tolerate or dissipate the heat that can be created.
In addition, the parts of tissues least protected from heating by EMFs
are those that lack available fluid circulation (blood or sap), which is
the primary mode of coping with intense heat. The extent of this
heating is related to a number of factors, including field strength,
frequency, duration of exposure, heat dissipation capacity of the
tissues, surrounding environment, and the size, shape, and location of
the exposed tissue. In fact, typical thermal BEs on tissues usually
occur in cases of reduced radiation due to normal shielding, short
exposure time, and long distance from the source. In contrast, living
tissues irradiated at disproportionate SAR values, field strengths,
frequencies, or time intervals can lead to non-thermal effects and
undergo unalterable molecular disturbances that can stimulate nerves,
muscles, and generally excitable organisms. One of the most
common effects in this context is the disruption of brain electrical

06

Figure 5
Summary illustration of onboard device control strategies and
EMF exposure behaviors

Onboard device EMC analysis control
Separately to guarantee the proper functioning
Device + virtual phantom = realistic conditions

EMF exposure thermal effects
Biological
Device, malfunction or conductor shielding, heating
Short interval EMF exposure
Insensitive EMF materials or smart shielding = safety
Long interval EMF exposure
(EMC + thermal) control - coupled solution
Equations: EMF + bio thermal heat transfer

Solution domain: device + virtual phantom

waves due to altered cellular secretion. Also, EM-induced membrane
electroporation can disrupt cellular activation as well. Figure 5
illustrates a summary diagram of onboard device control strategies
and EMF exposure behaviors.

The practice of RA and OH approaches allows for better
sustainable device performance, enhanced well-being of
biodiversity, and protected Eco-system. Moreover, in all device
circumstances, a prognostic check could be experienced by means
of EMC control counting disturbs, design, shielding, etc., thus
adopting the roles of RA and OH approaches.

The different models used in this contribution may involve
uncertainty and hence need error estimation and possible
experimental validation. Such uncertainty could be treated through
management of procedures control via matching digital twins
allowing for physical and model uncertainty reduction [61-67].

7. Conclusions

In this contribution, the assessment of risk and protection against
the adverse effects of EMF on living tissues and near-tissues health
devices has been carried out. The results of the investigation
illustrate that the physical events involved in the origins of
radiation and stray fields, as well as their adverse effects on
exposed materials and their protection, allow a thorough
understanding and control of their management. Moreover, the
corresponding mathematical formulations dictating the behaviors of
the involved EMFs allow their assessment by 3D local calculations
according to RA and OH approaches that enable ecological
biodiversity and the ecosystem. Future research prospects could be
the management of procedures control via matching digital twins
allowing for physical and model uncertainties treatments.
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