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Abstract: In this study, the human exposure to the magnetic field emitted by a wireless power transfer
(WPT) system during the static recharging operations of a compact electric vehicle (EV) is evaluated.
Specifically, the influence of the posture of realistic anatomical models, both in standing and lying
positions, either inside or outside the EV, is considered. Aligned and misaligned coil configurations
of the WPT system placed both in the rear and front position of the car floor are considered as well.
Compliance with safety standards and guidelines has proven that reference levels are exceeded in the
extreme case of a person lying on the floor with a hand close to the WPT coils, whereas the system is
always compliant with the basic restrictions, at least for the considered scenarios.

Keywords: electric vehicle; EMF safety; numerical dosimetry; wireless charging; wireless power
transfer

1. Introduction

Due to the increasing environmental concerns, renewable energy sources have recently
attracted a great deal of attention from both industry and academia [1]. A key technology
following this trend is the usage of electric vehicles (EVs), whose widespread diffusion
is still limited by the charging infrastructure and their on-board energy storage systems,
mainly batteries [2]. To overcome so-called “range anxiety”, static or dynamic wireless
power transfer (WPT) systems have been proposed to recharge EVs either while they are
parked or in movement [3]. However, one of the main issues related to EV-WPT systems
is the large electromagnetic field (EMF) emissions during recharging operations. Indeed,
the demand for fast charging has increased the power level of WPT systems from 3.3 up
to 22 kW [4], yielding an EMF leakage larger than in conventional wireless systems used
to recharge consumer devices. This leakage in the neighborhood environment of the car
(outside and inside) has increased the need to determine the compliance of WPT systems
with international safety standards and guidelines [5,6].

The exposure assessment of static and dynamic EV-WPT systems has been widely
investigated [7–15]. However, while the influence of the car chassis material has been
investigated in [14,15], the effect of the human posture and related positions against the
WPT coils has not rigorously been addressed. Such an influence is therefore investi-
gated in this work for a large variation of anatomical models, postures and WPT coil
position/configurations. Specifically, the magnetic field emitted by a static WPT system
operating at the intermediate frequency (IF) of 85 kHz and engaged in recharging the
battery of a compact car, namely a FIAT 500, has been considered.

The compliance assessment of EV-WPT systems is not straightforward. Indeed, while
the standalone design of the recharging system could be easily performed with classical
numerical approaches, the presence of the car body, which is more difficult to take into
account, has been shown to play an important role [14,15]. However, the presence of
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the human body does not affect the source field up to some megahertz [16,17], making it
possible to separate the overall compliance procedure into two steps: (1) the simulation
of the magnetic field source (WPT system and car body) and (2) numerical dosimetry
(human body subject to the previously evaluated IF field). Step (1) is solved with an ad-hoc
hybrid scheme coupling the boundary element method (BEM) with the surface impedance
boundary conditions (SIBCs) in order to fit both the multiscale open-boundary (WPT
system) and thin-sheet (car body) characteristics of the problem [18]. Step (2) is instead
performed with the commercial software Sim4Life (https://zmt.swiss/sim4life, accessed
on 26 October 2021), which relies on a Virtual Population (ViP). This allowed us to achieve
the non-trivial task of assessing the numerical dosimetry on realistic anatomical models
with different postures resembling those of a driver, of a person lying on the ground floor
or in the rear-seats and of bystanders near to the car, while the WPT coils (both aligned
and misaligned) were placed either in the rear or front position of the car floor due to the
presence of the battery pack between the wheels.

2. Materials and Methods
2.1. Car Modeling

The compact vehicle considered in this paper is the FIAT 500, as described in [15] and
freely accessible at this link https://github.com/cadema-PoliTO/vehicle4em (accessed on
26 October 2021). Once again, onlythe chassis of the car was considered and modeled as
a surface mesh in order to exploit the capabilities of the numerical formulation, which is
based on the hybrid BEM/SIBC method [18].

In contrast to [15], where the material properties of aluminum and carbon fiber were
selected for the car body, in this study, a conductivity of σ = 2× 106 S/m and a relative
magnetic permeability of µr = 300 have been adopted. These values correspond to common
steel with moderate shielding capabilities, as suggested in [19].

2.2. WPT System Configuration

In this paper, we have considered a WPT system classified as WPT2/Z3 by the
standard SAE J2954 [4]. The input power is set to 7.7 kVA and the operational frequency
is fixed to 85 kHz. For the assessment of these kinds of WPT systems, a time-harmonic
formulation is sufficient because the harmonic content is negligible [19]. Furthermore, it is
possible to assume a continuous sinusoidal wave even in the case that the actual waveform
would be a sinusoidal burst [10].

The clearance between the receiving coil and the ground is set to 200 mm. Each coil is
made of 8 turns, and the current flowing into a single turn is 26 A for the transmitter and
j26 A for the receiver. Both coils are shielded by two thin layers of aluminum and ferrite
with an outer dimension of approximately 420× 420 mm2, as shown in Figure 1.

In order to investigate the worst exposure scenario, both the case of perfect alignment
(see Figure 1a,b) and of maximum misalignment, as suggested by SAE J2954 [4]—i.e.,
dx = −75 mm and dy = 100 mm (see Figure 1c,d)—were considered.

In contrast with [15], where the WPT system was placed below the car floor on the
driver’s side, two different locations were selected: one under the bonnet (see Figure 2)
and the other under the baggage compartment (see Figure 3). This was done to avoid inter-
ference with the battery pack, which is normally placed between the rear and front wheels.

https://zmt.swiss/sim4life
https://github.com/cadema-PoliTO/vehicle4em
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(a) (b)

(c) (d)

Figure 1. WPT2/Z3 system with perfect alignment (a,b) and maximum misalignment (c,d).

2.3. Exposure Scenarios for Numerical Dosimetry

Compared to [15], where a driver and a bystander were investigated (called expo-
sure scenario #1 from here on), two further exposure scenarios, each consisting of two
realistic anatomical models and two coil positions, have been considered, as illustrated
in Figures 2 and 3, respectively. In particular, exposure scenario #2 consists of two adult
males: one lying on the ground floor with a hand stretched towards the coils (worst-case
scenario) and the other standing in front of the car. Exposure scenario #3 consists of two
females: one child sleeping on the rear seats and one adult standing at the back of the car.
All the anatomical human models are taken from the ViP 3.0 provided by the IT’IS Foun-
dation (https://itis.swiss/virtual-population, accessed 26 October 2021), with a posable
model for Duke lying on the floor.

Tissue dielectric properties of the human models were assigned from the IT’IS database [20],
with the exception of the skin, where a higher conductivity value was adopted, as described
in [21]. A uniform grid size of 2 mm was used to discretize the computational domain
embedding the anatomical models (see Figures 2a and 3a).

https://itis.swiss/virtual-population
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(a)

(b)

Figure 2. Exposure scenario #2: Duke lying on the ground floor and Fats standing in front of the car
for the aligned (a) and misaligned (b) coils.

(a)

(b)

Figure 3. Exposure scenario #3: Roberta sleeping on the rear seats and Ella standing at the back of
the car for the aligned (a) and misaligned (b) coils.

2.4. IF Dosimetry

It is well known that numerical dosimetry up to intermediate frequencies (10 MHz)
can exploit the fact that the induced currents in the human body do not perturb the external
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magnetic field [16,17]. For this reason, the simulations of the external magnetic field source
can be separated by the evaluation of the electric field induced inside the human bodies.
This division makes it possible to select the most suitable formulations for the two steps.

In this paper, the simulation of the WPT system and the car body is handled by a
numerical hybrid formulation based on BEM and SIBC methods [18]. This formulation is
particularly suitable to handle the multi-scale problem as the car body has a significant
surface with a very small thickness.

The numerical dosimetry computations are instead performed using the Scalar Poten-
tial Finite Element (SPFE) method, which is implemented in the commercial software tool
Sim4Life. Based on the magneto-quasi-static (M-QS) approximation and the conduction-
current-dominant characteristics of biological tissues in the IF region, a simplified scalar
potential equation is given by

∇ · σ∇φe = −jω∇ · σA (1)

where A is the magnetic vector potential, φe is the scalar electric potential, ω is the angular
frequency, and σ is the conductivity. Due to the fact that the magnetic field source is
handled by a hybrid formulation based on BEM/SIBC, we cannot directly compute the
necessary magnetic vector potential A on the right hand side of Equation (1). Therefore,
the magnetic flux density B is computed via step (1), and a compatible magnetic vector
potential A is then evaluated by using one of the curl-inversion procedures described
in [22–24]. Specifically, Sim4Life implements the curl-inversion procedure based on Laakso
et al. [22], though different schemes can be exploited by providing an external text file.

Once the magnetic vector potential A is provided, Equation (1) is discretized using
the Galerkin Finite Element Method and linear nodal basis functions on a rectilinear grid.
The resulting linear equation system is then solved using a conjugate gradient solver with
a stopping criterion of 10 orders of magnitude reduction for the initial residual. Upon
solving the unknown scalar potential φe, the induced electric field E can be computed from

E = −∇φe − jωA. (2)

3. Numerical Dosimetry Results

The aforementioned two-step approach is hereby undertaken to conduct the compli-
ance assessment of the investigated WPT system against the EMF limits for the general
public provided by the International Commission on Non-Ionizing Radiation Protection
(ICNIRP) [6]. First, the B-field is computed outside and inside the car (without the human
models) by means of step (1) and compared with the reference level (RL). Then, by means
of step (2), the E-field induced inside the human body is evaluated for comparison with
the basic restriction (BR).

3.1. RL Numerical Dosimetry

Figures 4 and 5 illustrate the magnetic field distributions (both aligned and misaligned
coil configurations) inside the computational domains of the considered exposure scenarios
#2 and #3, respectively. In these figures, the anatomical models are overlaid on the exposure
scenario only for the sake of clarity; i.e., to facilitate the understanding of the compliance.
As can be observed, the ICNIRP-RL is never exceeded in the sleeping Roberta model.
Instead, it is barely (aligned) or moderately (misaligned) exceeded in the feet of the standing
models (both front and back of the car) and is greatly exceeded in the hand (up to the
wrist area) of the lying Duke model. Thus, compliance with BR is necessary only in these
latter cases where the RLs are exceeded.
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(a)

(b)

Figure 4. B-field distributions for exposure scenario #2 in the aligned (a) and misaligned (b) coil
positions. Blim is the RL = 27 µT (the green area is the portion where the RL is exceeded).

(a)

(b)

Figure 5. B-field distributions for exposure scenario #3 in the aligned (a) and misaligned (b) coil
positions. Blim is the RL = 27 µT (the green area is the portion where the RL is exceeded).

3.2. BR Numerical Dosimetry

The induced electric field distributions inside the different anatomical models for
both exposure scenarios (#2 and #3) and both coil positions (aligned and misaligned) are
reported in Figures 6 and 7, respectively. These figures show that the ICNIRP-BR is never
exceeded, except for a small portion of the wrist when the lying posture on the ground floor
is considered. However, it is worth noting that ICNIRP suggests determining compliance
against a 2 × 2 × 2 mm3 average volume and the 99th percentile of the peak induced
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electric field [6]. In this work, anatomical models with a voxel resolution of 2 mm have
been considered, and therefore the only 99th percentile has to be computed. Nevertheless,
the 99.9th percentile is evaluated as well since the 99th percentile has sometimes been shown
to underestimate the compliance, especially in the case of localized exposures [13,25–30].

(a)

(b)

Figure 6. E-field distributions for exposure scenario #2 in the aligned (a) and misaligned (b) coil
positions. Elim is the BR = 11.48 V/m (the green area is the portion where the BR is exceeded).

(a)

(b)

Figure 7. E-field distributions for exposure scenario #3 in the aligned (a) and misaligned (b) coil
positions. Elim is the BR = 11.48 V/m (the green area is the portion where the BR is exceeded).
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To better quantify these results, the values of the exposure assessment are summarized
in Table 1, where Emax is the peak induced electric field, whereas E99.9 and E99 are the 99.9th
and 99th percentiles, respectively. As can be observed, when comparing the latter with
the BR, the overexposure is always negative (at least −6 dB), meaning that the considered
exposure scenarios are far from exceeding the ICNIRP-BR.

Table 1. Summary of the compliance with the BR for the considered exposure scenarios.

Exposure Chassis Coil Emax E99.9 E99 Overexposure
Scenario Material Position (V/m) (V/m) (V/m) (dB)

aluminum Aligned 8.26 1.84 0.71 −24.17
#1 Misaligned 7.69 1.36 0.57 −26.08

(from [15]) carbon fiber Aligned 19.21 5.86 1.71 −16.48
Misaligned 24.01 6.94 1.76 −16.23

#2
steel

Aligned 31.84 10.39 5.65 −6.15
Misaligned 33.51 10.52 5.73 −6.03

#3 Aligned 1.30 0.39 0.21 −34.75
Misaligned 2.68 0.61 0.28 −32.25

4. Conclusions and Discussions

In this paper, the influence of posture and coil position on the human safety of a WPT
system engaged in recharging a compact electric vehicle was studied. The dosimetric anal-
ysis was performed by selecting a suitable mix of tools capable of analyzing the magnetic
field source and evaluating the induced electric fields. The former was handled by ad-hoc
software based on a hybrid scheme, whereas the latter was carried out using commer-
cial software. This combination allowed us to handle the complex shape of the compact
vehicle (namely a FIAT 500) and realistic anatomical models with different postures in a
seamless way.

In order to investigate the effect of the posture and body–coil positions, a large
variation of anatomical models (age, sex and body mass index) and exposure scenarios
have been considered. Specifically, different postures resembling those of a driver, a lying
person on the ground floor or rear-seats and bystanders near to the car were employed,
while the WPT coils (both aligned and misaligned) were placed below the car floor before
either the rear or front wheels due to the presence of the battery pack between the wheels.

From the analysis of the obtained results, it has been shown that the considered
exposure scenarios are not compliant with the reference level, especially for a lying person
with their hand close to the WPT system. Instead, compliance with the basic restriction is
always satisfied, at least for the considered cases. In future, different exposure scenarios
could be investigated, including heavier vehicles, such as SUVs and buses, or different
anatomical models for the same exposure scenario. In the former cases, a higher power
of the WPT system, together with a taller car floor, would lead to larger EMF leakages,
whereas in the latter cases, different postures or anatomical details could yield higher
induced fields.

Finally, it is worthy of mention that the influence of the chassis material could play
a relevant role on the exposure assessment. While current steel with moderate shielding
capabilities has been considered in this work, lower shielding performances have been
found in previous papers by the authors when considering a futuristic chassis made of
composite materials.

Author Contributions: The authors contributed equally to this work. All authors read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Energies 2021, 14, 7248 9 of 10

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Donato Manesi (Politecnico di Torino) for the
support given in the CAD modeling and Alessandro Franceschini (University of L’Aquila) for his
valuable support with the dosimetric simulations.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. IEA. Global Energy and CO2 Status Report. 2019. Available online: www.iea.org/reports/global-energy-co2-status-report-2019

(accessed on 8 October 2021).
2. IEA. Global EV Outlook. 2020. Available online: www.iea.org/reports/global-ev-outlook-2020 (accessed on 8 October 2021).
3. Machura, P.; De Santis, V.; Li, Q. Driving Range of Electric Vehicles Charged by Wireless Power Transfer. IEEE Trans. Veh. Technol.

2020, 69, 5968–5982. [CrossRef]
4. International SAE J2954. Wireless Power Transfer for Light-Duty Plug-In/Electric Vehicles and Alignment Methodology; SAE Interna-

tional: Warrendale PA, USA, 2019. [CrossRef]
5. IEEE C95.1-2019. IEEE Standard for Safety Levels with Respect to Human Exposure to Electric, Magnetic, and Electromagnetic Fields,

0 Hz to 300 GHz; IEEE Press: Piscataway, NJ, USA, 2019. [CrossRef]
6. ICNIRP. Guidelines for Limiting Exposure to Time-Varying Electric and Magnetic Fields (1 Hz–100 kHz). Health Phys. 2010,

99, 818–836. [CrossRef] [PubMed]
7. Park, S.W.; Wake, K.; Watanabe, S. Incident electric field effect and numerical dosimetry for a wireless power transfer system

using magnetically coupled resonances. IEEE Trans. Microw. Theory Tech. 2013, 61, 3461–3469. [CrossRef]
8. Sunohara, T.; Hirata, A.; Laakso, I.; Onishi, T. Analysis of in situ electric field and specific absorption rate in human models for

wireless power transfer system with induction coupling. Phys. Med. Biol. 2014, 59, 3721. [CrossRef] [PubMed]
9. Shimamoto, T.; Laakso, I.; Hirata, A. In-situ electric field in human body model in different postures for wireless power transfer

system in an electrical vehicle. Phys. Med. Biol. 2015, 60, 163–173. [CrossRef] [PubMed]
10. Cirimele, V.; Freschi, F.; Giaccone, L.; Pichon, L.; Repetto, M. Human Exposure Assessment in Dynamic Inductive Power Transfer

for Automotive Applications. IEEE Trans. Magn. 2017, 53, 1–4. [CrossRef]
11. Park, S. Evaluation of electromagnetic exposure during 85 kHz wireless power transfer for electric vehicles. IEEE Trans. Magn.

2017, 54, 1–8. [CrossRef]
12. Miwa, K.; Takenaka, T.; Hirata, A. Electromagnetic dosimetry and compliance for wireless power transfer systems in vehicles.

IEEE Trans. Electromag. Compat. 2019, 61, 2024–2030. [CrossRef]
13. Arduino, A.; Bottauscio, O.; Chiampi, M.; Giaccone, L.; Liorni, I.; Kuster, N.; Zilberti, L.; Zucca, M. Accuracy Assessment

of Numerical Dosimetry for the Evaluation of Human Exposure to Electric Vehicle Inductive Charging Systems. IEEE Trans.
Electromag. Compat. 2020, 62, 1939–1950. [CrossRef]

14. De Santis, V.; Campi, T.; Cruciani, S.; Laakso, I.; Feliziani, M. Assessment of the Induced Electric Fields in a Carbon-Fiber
Electrical Vehicle Equipped with a Wireless Power Transfer System. Energies 2018, 11, 684. [CrossRef]

15. De Santis, V.; Giaccone, L.; Freschi, F. Chassis Influence on the Exposure Assessment of a Compact EV during WPT Recharging
Operations. Magnetochemistry 2021, 7, 25. [CrossRef]

16. Laakso, I.; Tsuchida, S.; Hirata, A.; Kamimura, Y. Evaluation of SAR in a human body model due to wireless power transmission
in the 10 MHz band. Phys. Med. Biol. 2012, 57, 4991–5002. [CrossRef] [PubMed]

17. Hirata, A.; Ito, F.; Laakso, I. Confirmation of quasi-static approximation in SAR evaluation for a wireless power transfer system.
Phys. Med. Biol. 2013, 58, N241–N249. [CrossRef]

18. Freschi, F.; Giaccone, L.; Repetto, M. Algebraic formulation of nonlinear surface impedance boundary condition coupled with
BEM for unstructured meshes. Eng. Anal. Bound. Elem. 2018, 88, 104–114. [CrossRef]

19. 16ENG08 EMPIR MICEV Consortium. Best Practice Guide for the Assessment of EMF Exposure from Vehicle Wireless Power
Transfer Systems. 2021. Available online: www.micev.eu/ (accessed on 8 October 2021).

20. Hasgall, P.A.; Di Gennaro, F.; Baumgartner, C.; Neufeld, E.; Lloyd, B.; Gosselin, M.; Payne, D.; Klingenböck, A.; Kuster, N. IT’IS
Database for Thermal and Electromagnetic Parameters of Biological Tissues. 2018. Available online: www.itis.swiss/database
(accessed on 8 October 2021).

21. De Santis, V.; Chen, X.L.; Laakso, I.; Hirata, A. An equivalent skin conductivity model for low-frequency magnetic field dosimetry.
Biomed. Phys. Eng. Express 2015, 1, 015201. [CrossRef]

22. Laakso, I.; De Santis, V.; Cruciani, S.; Campi, T.; Feliziani, M. Modelling of induced electric fields based on incompletely known
magnetic fields. Phys. Med. Biol. 2017, 62, 6567. [CrossRef]

23. Freschi, F.; Giaccone, L.; Cirimele, V.; Canova, A. Numerical assessment of low-frequency dosimetry from sampled magnetic
fields. Phys. Med. Biol. 2018, 63, 015029. [CrossRef]

24. Conchin Gubernati, A.; Freschi, F.; Giaccone, L.; Campi, T.; De Santis, V.; Laakso, I. Comparison of numerical techniques for the
evaluation of human exposure from measurement data. IEEE Trans. Magn. 2019, 55, 1–4. [CrossRef]
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