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Abstract: The use of electromagnetic systems in daily life is on the rise. The immediate environment,
of these electromagnetic energy devices, is exposed to their emitted fields. Environmental distur-
bances from such exposure could be severe in many ways; one of the most important is health. This
could be directly related to the human body or to healthcare sensing and interventional devices. The
review of the biological effects and disturbances of medical instruments due to electromagnetic field
exposure is the subject of this article. The analysis of the different types of exposure as well as their
control to meet safety requirements are investigated involving energy devices covering wide ranges
of power and frequency. Thus, biological effects of both wireless telecommunications tools and
inductive charging systems are reviewed. Next, we survey electromagnetic disturbances in sensing
and stimulation instruments joint to the human body as well as devices used in medical interventions.
Means of evaluating and controlling the effects of electromagnetic fields, through electromagnetic
compatibility analysis, experimentally and by numerical modeling are conferred and assessed.

Keywords: energy devices; radiated fields; electromagnetic field exposure; biological effects; medical
instruments disturbance; EMC

1. Introduction

With the increase in the practice of electromagnetic fields (EMFs) in daily life, many
research efforts regarding their effects have been devoted in different fields. One of the
most important is the area of health. The investigations focused on the interactions between
electromagnetic (EM) sources and, the human body on the one hand and health instruments
on the other. Three issues generally motivate assessments of EMFs exposure effects. The
first is to evaluate the fields induced in the human body at the frequency and power of the
source in order to assess the potential effects on health in accordance with the international
standards [1–3]. The second issue is to evaluate the risk of disturbance of medical devices,
integrated (or combined) with the body, used in therapeutics or involved in interventions.
The last issue concerns the evaluation of the influence of the source on the radiation levels
permitting to stipulate the data to determine the degree of freedom in the design and the
optimization of the source systems. The effects of EMFs exposure are strongly related to
both natures of the EMF and the matter exposed. The EMF nature, for a given radiated
power, concerns the field strength and its wave frequency and form. The matter-exposed
nature is related to its physical properties and geometric aspect.

Regarding the human body exposure to the EMF environment, generally the most
concerned devices are those exercising important stray fields like wireless energy trans-
fer apparatuses. These involve wide ranges of power and frequency. Two key cases are
concerned that, telecommunication and wireless inductive energy transfer. The case of
telecommunications involve common sources such as RF radiation emitted by antennas,
Wi-Fi access points, smartphones, tablets, portable phones and Bluetooth devices. As the
used frequencies in these apparatuses are relatively high and the exposed object concerns
the human head and body, we have to control the security conditions of these devices,
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see e.g., [4–9]. The second case relates to wireless inductive charging systems for appli-
cations ranging from small appliances as e.g., phone sets and electric toothbrushes to
high power devices as e.g., electric vehicles and other industrial mobility systems. Safety
analysis can be performed in the case of small device such as handset antennas and wireless
resonant power systems, see e.g., [10–13]. In the case of high power devices as electric
vehicles, e.g., [14–20], since the strong near EMFs can induce, important fields in the body
of close persons, we require to detect the circumstances where the system can comply with
safety atmospheres, see e.g., [21–24]. The exposure to EMFs has different effects in these
two cases. As mentioned before these effects are strongly linked to both natures of the EMF
and the matter exposed. The field strength and its wave frequency and form characterize
the EMF nature while the matter-exposed nature is related to biological properties and
geometric characters of different parts and tissues of the body. In the case of wireless
communication tools (WCT), the field strength is relatively moderate but the operated
frequency is high, radiofrequency (RF), and the exposed body part is mainly the head zone.
In this case, the most significant biological effect (BE) is focused on brain. This effect is of
two types, thermal and non-thermal. In the case of wireless or inductive power transfer
(WPT or IPT), the field strength could be strong with high stray level, the frequency is
relatively low and the exposure concerns bodies nearby the device. In these circumstances,
the BE regards the induction of different fields in the body, which is limited by international
standards [1–3]. Note that, BEs due to EMFs exposure could be investigated in other
situations than WCT and WPT such as for example in the case of THz EMFs exposure in
wireless communication systems [25] and high voltage transmission lines, see e.g., [26].

Concerning the risk of disturbance of medical devices in healthcare, investigations
were devoted to the exposure to the electromagnetic environment of human body on-board
devices in general and of piloted therapeutics and interventions. The case of on-board
devices involves the static fixed-function case such as wearable sensing devices, e.g., [27–29]
and the active devices case such as organ stimulating tools, e.g., [30,31]. The case of
piloted operations could be assisted by imaging in particular if it involves displacement
or localization. Representative situations in this case are image-guided interventions,
as well as image-assisted active drug delivery therapies, e.g., [32–38]. This assistance
provides an excellent localization tool improving therapeutic or interventional outcome and
allowing precise minimally invasive procedures. The choice of imaging technology follows
different criteria depending of the exercised case. The most common biomedical imaging
technologies can exert X-rays, ultrasound, magnetism, or radioactive pharmaceuticals.
In the last technology, the two most common techniques are scintigraphy and positron
emission tomography (PET). The first consists in administering to the patient a small
quantity of a radioactive substance emitting gamma rays (or “radioactive tracer”), which
attaches itself to the organ or tissue to be explored. The imagers involved in each of these
cases are more or less suited to a given situation. These imagers could be used in addition
to diagnostic tools, in image-assisted therapy sets or for image-guided interventions as
mentioned before. For standard imaging conditions where exposure to the imager is of
restricted duration, there are no restraints related to the type of these imagers. Thus, the
issue of ionizing radiation implicated in some of these imagers does not inflict any critical
restriction. On the other hand, in the occurrence of prolonged exposure to the imager as
in the case of image-assisted treatments, only the Magnetic Resonance Imager (MRI) and
the Ultrasound Imager (USI) are free of ionizing radiation critical disadvantage [34–38].
Nevertheless, these two imagers undertake particular constraints. The MRI is subject to a
protected electromagnetic environment, electromagnetic compatibility (EMC) [39–45] and
the USI can only exercise in an ultrasound window (without air or bones).

This contribution aims to analyze and review the effect of, EMFs emitted by energy
devices, on BEs in human tissues and on disturbances of medical instruments for health-
care. In the article, the effects of EMFs exposure and their BEs in both cases of wireless
telecommunications tools and inductive WPT charging systems are analyzed and assessed.
Then, we examine the electromagnetic exposure troubles in the instruments incorporated
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in the human body as well as in those used in medical care. The means of evaluating,
controlling and adjusting the EMF effects through EMC analysis by numerical modelling
are discussed and reviewed.

2. Biological Effects Due to EMFs Exposure

Considering exposure to EMFs, scientific investigates, observational practice and
data from patients clearly show the relationships between exposure to EMFs and health
problems. These BEs due to exposure to EMFs are obviously related to the nature of
such fields.

2.1. Characteristics of EMFs

Exposure to EMFs produces different BEs that depend on the type of the field. EMF
involves different characteristics related to the field strength and the frequency range
used. The frequencies are divided in static (0 Hz), alternating (1 Hz–10 THz) and specific
pulsated fields. The alternating one is often classified as Low (1–300 Hz), Intermediate
(300 Hz–100 kHz), Radio and microwave (100 kHz–300 GHz), Terahertz (100 GHz–10 THz).

2.2. Introduction of BEs of Different Types of EMFs

In this section, we will discuss the BEs of the static fields, the alternating frequency
fields and the specific pulsated fields (as e.g., MRI pulsed field gradients).

2.2.1. Static Fields

In theory, the safest of the various EMFs is the static field. According to literature,
only the presence of ferromagnetic substances in onboard devices or cardiac pacemakers in
the exposed subject’s body could cause comfort risks linked in particular to contact with a
static field of relatively important value, e.g., in the case of the principal magnet in MRI
(0.2–10 T).

2.2.2. Alternating Frequency Fields

RF sources act for the most danger to human safety. The specific absorption rate (SAR)
operated in these sources could reach in some applications ten W/kg depending on the
amplitude of the field and its frequency. For a short interval, this is sufficient to generate a
rise in body temperature of 1 ◦C, which in a healthy subject is completely away of risk and
below the limits stated by the international safety references. The higher the SAR and the
longer the exposure time, the temperature rise will be more important and dangerous.

Many new technologies, from induction heaters to wireless energy transfer, produce
EMF in the intermediate frequency (IF) and the radio frequency (RF) ranges (300 Hz–3 GHz).
The effects of these fields on biological organisms, however, have been insufficiently in-
vestigated (see Section 5. Discussion). For example, the first generation of several new
wireless technology devices was released without any certainty about their health effects,
causing new social and medical challenges. Typical applications in this category concern
wireless communication tools as mobile smart phones and wireless inductive power trans-
fer systems as battery chargers from small devices to electric vehicles (EV). Details of these
applications will be extended later in the paper.

2.2.3. Specific Pulsated Fields

Regarding the case of specific pulsated fields, one may consider the example of MRI
pulsed field gradients. The conforming gradient coils are conceived to produce a field
gradient (position dependent magnetic field). Proper design of the dimension and contour
of the coils is necessary to engender an adjusted and heterogeneous 3D gradient [43]. Due
to the growing demand for shorter cycles with bigger temporal and spatial resolutions,
the enhancement of modern gradient structures has guided in the recent years to amplify
significantly the gradient output (strength and slew rate) that lower imaging time.
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Due to the intensification of the source output, one can expect the arrival of unpleasant
side effects for the exposed subjects. High efficiency sources cause a fluctuating electric
field, which can produce unpleasant peripheral nerve stimulation (PNS) and/or cardiac
stimulation [46]. These fields, if of sufficient intensity and interval, can cause PNS with
spatially restricted symptomatic sensations of muscle compression, irritation, or astrin-
gency. Alternatively, PNS, which can be uncomfortable however if not worrying to the
subject, has a border inferior than the intensity estimated for possibly life-alarming cardiac
stimulation [46]. Therefore, a high output source could cause harmful biological effects. It
is worth mentioning that from the last lines we are in incidence of an optimization defy.
Most of clinical researches on PNS are experimental but this could be modeled.

2.2.4. Concluding Remarks on BEs of Different Types of EMFs

The preceding discussion shows that safety awareness of EMF effects can help optimize
both the safety and efficiency of the structural process. Industrial systems involving such
EMFs are supposed to comply with universal standards allowing restricting the exposure
level to meet safety requirements. Hence, the design, the optimization and the verification
of these systems are tightly related to such exposure.

2.3. Evaluation of Interaction of EMF and Objects

The evaluation of the effects of EMF on tissues or objects in general can be exercised
experimentally or by mathematical modeling. In such evaluation, we need a representation
of human body involving a detailed knowledge of the dielectric properties of human tissues
at the frequency of operation frequency. For experimental evaluation, due to security issues,
such representation (phantom) is built of a physical model that involves the same geometry
and matter properties of the considered part of the body. As well, for mathematical
modeling evaluation, a numerical phantom is used accounting for geometrical and material
proprieties aspects in the numerical representation. Such a phantom corresponds in general
to a high-resolution human anatomical model that is compatible with the digital approach
used. It is built from a human MRI model (see Section 4.3).

2.4. EMF in Wireless Energy Transfer

The two theories governing wireless energy transfer are Ampère’s Law of 1820 and
Faraday’s Magnetic Induction Principle of 1831. These foundations later enabled Nikola
Tesla (1856–1943) to introduce wireless energy transfer for the first time in the 1890s [47–49].
The technology of wireless energy transfer has been first established for transmission of
power over long distances using microwave rays [50,51]. Likewise, the notion of wireless
power transfer WPT forecasts electric power generation from solar energy in space, through
solar-power satellites and microwave power transmission for use on earth [52,53]. It is
only recently that near-field close-range inductive WPT (IPT) technology has been widely
exploited for charging the batteries of many everyday devices as mobile phones, domestic
stuffs, drones, and electrically powered vehicles [14–20]. Inductive power transfer (IPT),
inductive coupling, and resonant power transfer, generally refer to wireless power transfer
(WPT). These different terms refer to the same process-the contactless transfer of energy
from a power source to a load through an air gap. A wireless power transfer system consists
of two coils-a transmitter and a receiver.

2.5. BEs Produced by Wireless Devices

Two considerations motivate research efforts on the interactions between wireless
structures and the human body. The first is to evaluate the electromagnetic fields provoked
in the human body. These fields are magnetic flux density, electric field and current density.
Such estimate makes it possible to assess the potential effects on health besides to inspect
agreement with the standards defined by the International Commission for the Protection
against Non-Ionizing Radiation (ICNIRP) [1,2]. The other aspect is to assess the impact of
the input of the wireless device on the radiation levels and thus manage the design and
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optimization of systems. Next, we will discuss the BEs due interactions with WCT and
IPT devices.

2.5.1. BEs Due to Interaction with WCTs

As mentioned before EMF exposure in RF range is quantified by the SAR. In the case
of WCTs, the energy absorption is concentrated near to the head zone of human body
and the SAR in this case is generally limited to a value of (0.5–2.0) W/kg. This permits to
restrict the temperature rise in the head zone. Note that the SAR limits are 2.0 for the head
and body and 4.0 W/kg for the limbs. Details of the SAR and thermal effects [4–9] will be
extended later in the paper.

BEs involve in addition to the thermal effect other effects due to EMF for RF and
other frequency ranges. These so-called non-thermal effects are potential long-term effects
from exposure to slight amounts of EMF (see Section 5 Discussion). These relate to the
effects of common sources such as RF radiation emitted by antennas, Wi-Fi access points,
smartphones, tablets and Bluetooth devices. As well low frequency (LF) EMF emitted
by electrical wiring, lamps and appliances. Similarly, fields due to voltage and current
harmonics from electrical wiring, fluorescent lamps and electronic devices.

2.5.2. BEs Due to Interaction with IPT

An important application of IPT concerns recent researches on the development of
electric vehicles. In this instance, due to electromagnetic compatibility and energy efficiency,
the IPT in EV normally works in inferior frequency scale (from a little kilohertz to about
100 kHz). In this frequency range, exposure investigations to wireless inductive charging
structures have not been sufficient so far (see Section 5 Discussion). The assessment of
human tissue EMF exposure from IPT requires generally either experimental precise sensing
covering the whole elements of the involved scenery or numerical simulation emulating
such scenery. This last relates appropriate and sufficient modeling methodologies based
on the application of 3D calculations to solve the electromagnetic problem including the
IPT set, the vehicle and the human body (in the vehicle or located on the side) see for
example [21,54,55]. In this 3D model, the human body can be represented by the equivalent
phantom mentioned in (Section 2.3). The global 3D numerical approach encompassing
the phantom and the IPT system as well as the vehicle provides an evaluation of human
exposure to such system. Electromagnetic exposure assessment should be performed for
worst body case configurations.

3. Disturbance of Health Instruments Due to EMF

In this section, we will assess the risk of disruption of medical devices incorporated
(into or touching) the body or used in healthcare. This involves two categories: static devices
and dynamic therapeutic or interventional devices. The static one involves integrated
embedded devices, wearable and removable devices. The second one concerns integrated
therapeutic drug delivery as well as interventions and surgeries devices. High precision,
accurate localization and minimally invasive operations suggest for the last category image-
guided practice.

3.1. Static Devices

We will examine first the case of static devices. Recently, many advances in biocom-
patible materials have led to the development of implantable devices that enable diagnosis
and prediction through small sensors and biomedical devices, dramatically improving
the quality and efficiency of healthcare. Another type of static implantable devices that
can insure stimulation or activation of an organ such as pacemakers, neuro stimulators or
pumps, we call this category active implants [30,31]. Additionally, wearable biosensors
and devices that are real-time non-invasive instruments allow continuous monitoring of
individuals and thus provide enough information to determine health status or even a
preliminary medical diagnosis [27–29]. Additionally, removable and connectable smart
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sensing devices that are real-time health monitoring systems for physiological signals
closely associated with physical conditions. Such real-time disease monitoring for per-
sonalized healthcare involves detecting signals such as heart rate, blood pressure, and
respiratory rate to extract clinically relevant information [56–58]. Additionally, implantable
devices, wearable biosensors, and smart removable devices allow healthcare providers
to monitor the physiological characteristics of patients after therapy or treatment [59,60].
These three types of devices correspond to on-board autonomous static devices involving
active implants such as pacemakers or pumps.

Note that commitments from health care organizations increase support for inte-
grated and connected personalized care to support the delivery of health services. Thus,
using Hospital at home and connected ambulance paradigms instead of face-to-face
care. The implantable, portable and removable technologies mentioned are part of this
personalized care.

The protection of these static devices against electromagnetic fields can be ensured in
different ways. Thus by avoiding ferromagnetic parts in their construction, by shielding,
or by avoiding exposing them to strong EMFs such as the insertion in the DC magnet of
an MRI.

3.2. Image-Guided Therapeutic and Interventional Devices

The case of dynamic therapeutic devices concerns mainly, image-guided therapies.
These are integrated therapies that expending locally constrained dynamic active drug
delivery tools. Such therapeutic configurations could practice active implant supports. In
the case of image-guided interventions, robotic surgical arms or needles can be used assisted
by the imager. These two cases, the dynamic active implant and the surgical robot perform
a minimally invasive process. They are supposed to be interconnected to the imager via a
two-way sense-control link. Such a link involves image processing, control management
and information matching. Figure 1 shows an interactive real-time autonomous image
guided drug release system. Besides the minimally invasive advantage, we can improve
the smoothness of imaging by using non-ionizing devices that use universal sensing. As
discussed before the MRI seems to be the suitable candidate. The only restriction on this
imager, which uses different fields, is its sensitivity to outer EM noise causing severe
operational disturbances. This requires avoiding external EMF radiations and minimizing
ferromagnetic and conductive materials in the imager landscape. Thus, the imager must
be shielded and the auxiliaries must be constructed of compatible materials and powered
by shielded connections. These auxiliaries involve in the present case robotic arms and
dynamic implant supports as well as their actuating devices. The control of the mentioned
operational disturbances and the compatibility of materials can be achieved by means of
EMC analysis.

3.3. EMC Analysis in MRI

The MRI imaging system uses three devices producing EMFs. A static magnetic
field magnet, magnetic field gradient coils and a source of radio frequency pulses. The
constant magnetic field must be uniform and the position-dependent field gradient must
be regulated and homogenous. These two fields require compensation and rectification
to meet the typical functioning of the imager. The RF source has a frequency identical to
that of Larmor of the protons, which is dependent on the value of the static field and given
by 42.5 MHz per tesla. The RF EMF is the most vulnerable of the three involved fields.
The BEs of these fields have been shortly reviewed concerning the gradient field [46] in
Section 2.2., more general review could be found in [61].
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Figure 1. Collaborative simultaneous self-ruling image guided drug release system.

The MRI apparatus as mentioned before is very allergic to electromagnetic noise, which
can generate image degrading. The incorporation of magnetic or conductive components
into the environment close to the MRI participates considerably to this noise. The definition
of MRI compatibility is related to such an environment.

Therefore, in image-assisted processes for integrated therapies as well as interven-
tions, the devices involved must use MR-compatible materials [39–45] and must use MR-
compatible actuation [62–68].

EMC analysis targets to control the effect of hosting in the MRI environment, different
materials and structures, on the imaging performance. Such analysis could be generally
exercised experimentally or with the help of mathematical modeling. The experimental
issue to control the compatibility uses high precision-networked sensed measurements
covering the involved scenery. In the case of MRI scenery, this task is very complicated
and represent a serious risk for the imager installation due to the introduction of foreign
matters. Therefore, the modeling focus through numerical simulation of the functioning of
the imager seems more adequate for verifying the compatibility. This will be detailed in
the next section—Modeling of EMF.

4. Modeling of EMF Exposure and EMC

In order to model the interactions between systems emitting EMF and the human
body or health instruments, we need to solve locally the governing equations. Three
questions generally motivate the analyses: estimating the fields induced in the human body,
assessing the danger of disturbance of medical devices (integrated or not) through EMC
computations and the last issue regarding the design, optimization and monitoring of the
emitting systems and exposed devices.

4.1. EMF Equation System

The system of EMF equations that is based on Maxwell equations can be expressed
mathematically in diverse forms depending on the problem under consideration. Moreover,
the numerical treatment necessary for locally solving the problem as well as the nature of
the used discretization elements influence the choice of such form. One of the most familiar
is the fundamental full-wave electromagnetic formulation given by:

∇ × H = J (1)

J = σ E + jω D + Je (2)

E = −∇ V − jω A (3)

B = ∇ × A (4)

where H and E are the magnetic and electric fields, B and D are the magnetic and electric
inductions, A and V are the magnetic vector and electric scalar potentials. J and Je are
the total and source current densities, σ is the electric conductivity andω is the frequency
pulsation. The symbol ∇ is a vector of partial derivative operators, and its three possible
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implications are gradient (product with a scalar field), divergence and curl (dot and cross
products respectively with a vector field).

The magnetic and electric comportment laws respectively between B/H and D/E are
represented by the permeability µ and the permittivity ε.

The solution of Equations (1)–(4) allows to determine in a system the EMFs for a
given frequency pulsation taking into account the behaviors of magnetic materials via
permeability, the eddy currents in electrical conductors across electrical conductivity and
the displacement currents in dielectrics thru permittivity.

The induced EMF in the body tissues can be obtained from the solution of (1)–(4). As
well, the SAR and its thermal effect can be computed using the fields resulting from such
solution (see the next section). Also, the EMC analysis checking the perturbations due to
EMF exposers of instruments (embedded or not) can be verified from such solution.

4.2. SAR and Thermal Effect

As mentioned before SAR quantifies the energy absorbed in an element of the tissue.
It can represented by:

SAR = P/ρ = σ E2/(2 ρ) (5)

where, SAR is specific absorption rate in (W/kg). P is the power loss density in (W/m3),
ρ the density of tissue (kg/m3), E the electric field strength in (V/m), σ the conductivity
(S/m). Note that the conductivity is matter and frequency dependent. In human tissue, the
conductivity is generally constant with augmenting frequency until megahertz frequencies,
and then it increases, often in an approximately linear manner.

The RF EMFs exposed object concerns the human head and body, we have to control
the security conditions of emitting devices [4–9]. The temperature distributions in tissue
exposed to these fields can be determined by solving the equation of bio-heat transfer [69].
Primarily, the SAR distribution due to exposure to external source is calculated, and then
geometrical parameters and thermal properties are included in model.

In general, the amount of heat quantity absorbed by a tissue or more generally of a
lossy dielectric can be given as:

∆Q = c m ∆T (6)

where Q is the heat energy absorbed or dissipated in joule (J), m is the mass of the substance
(kg), ∆T is the change in substance temperature (◦C), c is the specific heat of the substance
(the heat required to change a substance unit mass by one degree) in J/(kg ◦C).

The power absorbed per unit mass of substance exposed to RF radiation (SAR) in
W/kg, which corresponds to the time derivative of the energy in J absorbed per unit mass
in kg of substance can be given for an exposure time ∆ t in (s) by:

SAR = ∆Q/(m ∆t) = c ∆T/∆t = σ E2/(2 ρ) (7)

This expression implies that the SAR value of substance depends on the induced
electric field intensity, the exposure time, and the tissue electrical-thermal properties. The
energy absorbed by the substance is converted to thermal energy causing to increase
the temperature.

The temperature rise ∆T due to power dissipated by an electric field interacting with
a lossy dielectric material specimen given for an exposure time ∆ t is given by:

∆T = σ E2 ∆t/(2 c ρ) (8)

Penne’s bio-heat equation [69] is usually used to determine heat transfer in living tissues:

c ρ ∂T/∂t = ∇ (k ∇T) + qex + qmet − cb Wb (T − Tb) (9)
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In bio-heat equation, SAR is associated as follows:

c ρ ∂T/∂t = ∇ (k ∇T) + ρ (SAR) + qmet − cb ρb
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where k is tissue thermal conductivity, T local temperature of tissue, qex and qmet are
respectively the exposure heat source and basal metabolic heat source in W/m3, cb and
Wb are respectively blood specific heat in J/(kg ◦C) and perfusion coefficient in kg/(m3.s).
In addition, ρb is blood density in kg/m3,
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b is blood perfusion rate (1/s), Tb blood
temperature. ∇ (k ∇T) represents simple heat equation in differential form and ρ (SAR)
represents the influence of electromagnetic energy absorbed in the human tissues.

Thermal behavior in tissues due to EMF exposure, for a given frequency and a denoted
duration, is governed by Equations (1)–(5) and (10). The EMF equations and the heat
transfer equation must be solved in a coupled fashion. Due to slow thermal time behavior
compared to fast EM time behavior, i.e., very high thermal time constant versus very
small for EM, we can use weak coupling. Thus, the two systems of equations are solved
successively [9,70,71].

4.3. Body Models

Substantial research has gone into building models of human bodies. In general, the
use of numerical simulations to calculate electromagnetic fields in human body models
necessitates appropriate computer models of the body and complete data of the dielectric
properties of tissues at the operating frequency. The models are generally categorized
into homogeneous and non-homogeneous. For the first, the dielectric properties of the
human body are habitually designated as a 2/3 equivalent muscle model [72]. For non-
homogeneous ones, layered tissue phantom models are centered on data acquired from
MRI, computed tomography and numerical imaging procedures, offering tissue outline
precision on the order of mm [73,74]. Figure 2 shows a structural body model and its
diverse tissues and organs. Such a high-resolution human model is harmonious with the
numerical approaches used for the determination of induced fields in human’s tissues.
The dielectric properties of biological tissues are widely tabulated in [75,76]. A detailed
picture of accessible measurement information for dielectric permittivity and electrical
conductivity for an indicated frequency is provided in [76].
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4.4. Solution Approach

The Equations (1)–(4) relative to EMF as well as (5) and (10) regards SAR and its
thermal effect must be solved locally in the 3D domain signified by the phantom conforming
to the tissue of the body part concerned. This could be done by using a solution in
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discretized reduced elements resulting from the cutting of the studied 3D domain. Different
methods can be used such as finite differences or finite elements [77–85].

The output of the calculations are the local values of the various fields and their
distributions in the 3D domain. These also make it possible to determine global quantities
such as energy, power, losses, etc. In addition, consistency with the thresholds linked to
health issues and EMC constraints can be checked from field values.

For example, consider the case of EM exposure of IPT involved in EV. Figure 3 shows
an example of the distributions of induced fields in human body in the case of exposure
to an IPT in EV. The corresponding configuration involves the human body horizontally
laying on the ground beside the vehicle, the IPT coils with ferrites and the EV chassis [54].
The human body corresponds to the high-resolution human anatomical model, compatible
with the used numerical approach, shown in Figure 2. The related results are in agreement
with international safety guidelines (27 µT for the magnetic induction B and 4.05 V/m for
electric field E).
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4.5. Design, Optimization and Monitoring of Interacting EMF Concerns

The reduction of the effects of EMFs emitted by energy devices could be achieved in
two ways. The first is related to the shielding technologies used both on the exposed side
(for devices and instruments) and on the emitting side. The second relates to the adaptation
of the structure, materials and control of the emitting devices by using computer aided
engineering (CAE) tools. Moreover, the monitoring of these effects in the exposed devices
could be exercised by EMC analysis.

4.5.1. Shielding Technologies

These technologies generally use materials that absorb or reflect the incident electro-
magnetic wave to prevent it from passing through the shielding layer. The EM interference
(EMI) shielding coatings, layers and devices that can withstand harmful electromagnetic
pollution are essential for the normal operation of medical devices and for ensuring human
health and safety. Generally, electromagnetic fields consist of magnetic fields and electric
fields perpendicular to each other. In this respect, EMI shielding mechanisms can be mainly
classified into electrical, magnetic, and electrical-magnetic coupled EMI shielding. Note
that the electric and magnetic fields of the RF waves that characterize the radiation asset are
interdependent; thus, the shielding of one of them can lead to the mitigation of the other.
This is the central cause why habitual EMI shielding materials are frequently conductive
materials. Function of the different necessities, materials could be split into cloth, rubbers,
adhesives and coatings. The flexibility, process ability, sealing ability and stability indicate



Energies 2022, 15, 4455 11 of 17

such material form. Due to the increasing EM pollution, investigations in EMI shielding
materials have been very active in recent years; see e.g., [86–97].

4.5.2. CAE and EMC Supervising

The calculations described in the last section make it possible to reduce the effects of
exposure to EMF either by optimizing the source structures or by improving the protection
of the exposed objects. This involves the use of CAE and optimization tools by iterative
procedure involving the solution of the equations described in the previous section. These
tools aim to manage the geometric and material properties of the structures concerned as
well as the behavior control thru consistency with the different thresholds. This consistency
can be checked from the supervision of adjusted field values concerning the associated
threshold. By following such a strategy, the various devices used by humans as WCT or
operating in close proximity as IPT can be designed to reduce emitted EMF respecting
threshold regarding BE in tissue, see e.g., [98,99].

In addition, EMF disturbances of medical devices combined with the human body or
used in healthcare can be monitored by EMC analysis. Thus, the effect of the introduction
of external sources or materials into a defined perimeter of the device can be evaluated and
therefore the acceptability of such an introduction. Such EMC analysis can be performed
for embedded, portable, and removable medical devices as well as for integrated thera-
peutic drug delivery and interventional devices. Moreover, the above discussed shielding
structures can be formulated based on the mentioned CAE tools and their shielding efficacy
can be controlled by EMC analysis.

4.5.3. Case of EMC Monitoring in MRI

Consider for example the case of disturbances in the distribution of the RF magnetic
field inside the tunnel of an MRI, which are generally caused by external EMFs or the
insertion of magnetic or conductive materials into the atmosphere of the imager. In MRI-
guided therapies and interventions, only tools and actuation devices made of non-magnetic
and non-conductive materials are permitted. Piezoelectric material is normally allowed and
actuators constructed of such material can generally be used. These actuators use electrodes
(very thin conductive layers) permitting the excitation of the piezoelectric material. The
monitoring of the disturbance due to the introduction of piezoelectric and conductive
materials showed that only the conductor is faulty [45]. Moreover, in the same work,
the case of a simple structure of piezo material coated with two electrodes of conductive
thin films was supervised by EMC analysis. Figure 4 shows the distribution of the MRI
RF magnetic field (directed vertically) in the axial section of the birdcage inside the MRI
tunnel for the reference case: no material. In Figure 5, the case of a cubic form piezoelectric
material (µr = 1, εr = [450 990 990], σ = 0 S/m) coated on two opposite faces by conductor
thin electrodes (µr = 1, εr = 1, σ = 3.77 × 107 S/m) is considered (see Figure 5a). The figure
shows the distribution of the field in the two cases where the electrodes are perpendicular
(Figure 5b) and parallel (Figure 5c) to the direction of the field.
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Figure 5. MRI RF magnetic field distribution in the case of the introduction of a piezoelectric with
electrodes (a) material configuration (b) field distribution with electrodes perpendicular to the field
(c) field distribution with electrodes parallel to the field [45].

Note that, the piezoelectric material is expected not to disturb the field and that the
direction of the thin conductors with respect to the field plays an important role, this is
related to the importance of the surface of the conductor perpendicular to the direction
of the field. In Figure 5 we see that only the conductors (with electrodes perpendicular
to the field) disturb the field and that the impact of the conductors can be significantly
reduced when they are parallel to the field. It may be noted that the field distributions
in Figures 4 and 5 are obtained for the same source condition and give a behavioral indi-
cation. Moreover, it is supposed that the other two MRI fields, the DC and gradient, are
compensated and shielded.

The last example of EMC Monitoring in MRI, illustrates a methodology for analyzing
and controlling possible disturbances in image-guided interventions or implants.

5. Discussion

In this contribution, the followed analysis and review of the impact of EMFs emitted
by energy devices have shown that such an impact cannot be neglected and must be
predicted and controlled to reduce its effects. At this stage, various subjects are worth
commenting on:

• Several actors are affected by the problems analyzed in this work and must remain
attentive to the relevant issues, each in their sector. These actors mainly concern the
public health sector, manufacturers of electromagnetic energy devices, manufacturers
of medical instruments, developers of digital models and of course patients. More
categories that are general, involve researchers, educators, and consulting engineers
in the electromagnetic energy industry. The issues concern the design and shielding of
electromagnetic energy tools, as well as the compensation, protection and proper use
of medical instruments. All of these aspects must meet safety standards.

• Maladies that are chronic or associated with unknown symptoms are on the increase
and medicine is gradually confronted with health problems with unknown causes.
In addition to general societal chronic stress, chemical exposures at home, at work
and during outdoor activities are sources of environmental stress that deserve medical
and health care consideration. The present contribution reinforce the necessity to
consider the exposure to EMFs. In addition, long-term exposure to certain electromag-
netic fields is widely recognized as a risk issue for diseases such as specific cancers,
Alzheimer’s disease and male infertility [100]. Due to this, different thresholds have
been established by safety standards. Moreover, the effects of EMFs on biological
organisms for frequency ranges involved in common applications and in particular,
the so-called non-thermal effects which are potential long-term effects of exposure to
low amounts of EMF, have not been sufficiently studied [100].

• In this work, we considered only the BEs due to EMFs that are recognized by the
scientific medical community. Actually, health authorities are increasingly recognizing
electromagnetic hypersensitivity (EHS) or idiopathic environmental intolerance (IEI)
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due to mainly RF EMF. Subjects undergoing EHS show symptoms even when the level
of this field is small enough not to produce noticeable BEs. At first, these symptoms
occur only sporadically, but later, over time, they can become more pronounced and
stronger. Even though these symptoms are real, the scientific medical community
does not recognize EHS as a disease and there is no scientific evidence of a causal
link with EMF exposure. Several investigations have been carried out to understand
this paradoxical situation, e.g., [101–107]. By reviewing the literature, we come to the
following inference: the symptoms are real and present in EMF-exposed subjects, even
though there is no evidence linking such low exposure to biological effects that exhibit
such symptoms. These symptoms are therefore linked to the exposure, but the latter
could not be responsible for the biological effects causing these symptoms. Thus, the
exposure indirectly induces via an unknown link the effects causing the symptoms.
This thesis of the unknown link is evoked in the literature in the form of phobia or
anxiety, e.g., [101]. Due to this difficult state, and pending further research, EHS could
reasonably be treated clinically as a chronic multisystem disease, recognizing that the
primary cause remains the EMF atmosphere.

6. Conclusions

This contribution carried out an assessment of the impact of EMFs emitted by energy
devices, on BEs in human tissues and on the perturbations of medical instruments for
health care. The consequences of exposure to EMFs and their BEs in both cases of wireless
telecommunications tools and inductive WPT charging systems have been analyzed and
evaluated. Then, the perturbations of electromagnetic exposure in instruments incorporated
in the human body as well as in those used in medical care were examined. Methods
for evaluating, controlling and adjusting EMF effects via EMC analysis by numerical
modeling were discussed and reviewed. In conclusion, this contribution illustrated the
next important points:

• The analysis carried out argues in favor of the importance of predictive modeling of
biological effects in human tissues due to emitted EMFs. The predicted values of the
fields induced in the digital phantom models make it possible to control the emitting
devices and to propose the reduction of their negative effects by optimizing their
structure, their material constitution and their shielding efficiency.

• In the case of disturbances of medical tools by emitted EMFs, prediction plays a role
not only in the control and optimization of emitting devices but also in the protection
of exposed instruments by effective shielding. In addition, predictive modeling via
EMC analysis has shown valuable efficiency regarding the monitoring and verification
of conditions allowing the acceptability of the introduction of external sources or
materials into or near the medical tool such as MRI.

• This article has described a non-exhaustive selection of recent advances developed
for the impact of electromagnetic fields emitted by electromagnetic energy devices.
Particular attention has been paid to wireless communication and energy transfer tools
as well as the monitoring of medical tools. The advances described have widened the
field of phenomena that can be explored and have made it possible to generalize the
study to a variety of devices that can interface with health.
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