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ABSTRACT
Due to the high level of magnetic stray field around high power electromagnetic systems, the human
exposure needs to be properly assessed in order to check the compliance with international standards
and guidelines. Such analyses are usually made in two steps: first a proper map of the magnetic field
in the vicinity area is computed, where, in a second time a human model is used to compute induced
dosimetric quantities. Unfortunately, such high power systems have a high computational cost in addition
to the complexity of 3D human models. Thus, this paper shows the useful combination of stochastic
tools with numerical solvers in order to build accurate predictors at a low computation cost in the case
of human exposure for various high power systems. These surrogate models can be used to accurately
analyze the sensitivity of the exposure problem regarding various input parameters at a low computation
cost. A dosimetric methodology for assessing the safety of a human body around an inductive power
transfer system for automotive applications, using an adaptive metamodelling algorithm coupled with a
voxelized 3D human model, has been developed. Such analysis has been successfully extended to a system
where human exposure assessment are crucially needed: medium-frequency direct-current welding guns,
treating the case of human exposure to a pulsed magnetic field. This methodology manages to reduce the
computation time by more than 99.9% compared to a classical analysis for both exposure problems.

INDEX TERMS Human exposure, stochastic methods, numerical dosimetry, metamodel, wireless power
transfer, spot welding.

I. INTRODUCTION

W ireless power transfer (WPT) systems are a key
factor in the development of electric mobility for

the near future. Such systems implies a high level of
magnetic stray field which exceed limits for occupational
and general public exposure [1]. Therefore, when designing
new systems, a great care should be taken when evaluating
the level of exposure in order to be compliant with the
relevant standards and guidelines [2][3] for human exposure.
Moreover, in the industry, a wider range of high-power
systems are present and need proper human exposure as-
sessment, such as medium-frequency direct-current (MFDC)
welding applications also investigated here.

To properly assess human exposure issues near a high
power system, some proper modeling tools have to be

developed. Usually for the aforementioned industrial ap-
plications, such analyses are made in two steps: first, the
magnetic field is mapped on a defined area, then, a voxelized
3D human model is placed in the magnetic flux density
in order to compute the induced electric field within the
human body. For the Duke’s model [4] considered here, the
resolution can go down to 0.5mm × 0.5mm × 0.5mm.
Thus, the computation grid is usually made of over 10
million cells depending on the posture. Moreover, due to
the complexity of most high power industrial devices, in
order to perform an accurate sensitivity analysis on the
human exposure (regarding the variations of several input
parameters), several accurate mappings of the magnetic
field would require too many calls of the computational
model. Thus, the computation for the assessment of human
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exposure cannot use only 3D solvers, which would take
too much time. For the computation of human exposure
to high power systems, many computational methods have
been recently developed which aim at reducing computa-
tion time. For automotive applications, Yavolovskaya et al.
developed an adapted method of moments using volume
integral equations to bypass the use of heavy computational
methods such as FDTD or FEM [5]. Using two-step scaled-
frequency FDTD methods for an inductive power transfer
system, Zang et al. managed to reduce their computation
time by two thirds [6]. For voxelized human models, a
great interest is to explore different postures, for example
in [7], the source terms are deformed in order to use a non-
postured body model to compute the exposure of a given
posture. In [8], by assigning an impedance at each edge of
each voxel, the induced E-field can be easily computed in
a complete realistic 3D human model. Finally, in the case
of pulsed magnetic fields (such as MFDC welding guns),
the Scalar-Potential Finite-Differences (SPFD) method [9]
has already been used successfully for computing induced
current densities in the human body [10].

A possible alternative approach is to combine the avail-
able solvers with some non-intrusive stochastic algorithms
to save a great amount of computation time by building
a metamodel: given an input dataset, a metamodel which
interpolates the real model given by the 3D solver can be
built. This metamodel is simply a mathematical function
which can be used instead of the real model to compute huge
amount of datapoints at a low computation cost. This makes
it possible to deal with the variability of all the parameters
describing the electromagnetic problem. Such surrogate
models and especially Polynomial Chaos expansion (PCE)
and Kriging methods have already been successfully used
for the exposure of a fetus to RF electromagnetic fields
[11] or for the determination of reference levels due to a
WPT system [12]. This paper shows that such an approach
coupled with an adaptive sampling algorithm is particularly
well suited for a dosimetric analysis for a high power system
where the whole human body needs to be considered.

II. SURROGATE MODEL
A. HUMAN EXPOSURE ASSESSMENT
The direct model considered here for the computation of
human exposure assessment consists in a classical two-
step analysis: first, the distribution of the magnetic field is
computed in a defined volume, then, the induced electric
field within the human body is computed.

For both exposure problems presented here, the inves-
tigated frequencies are falling in the low frequency range:
f = 85 kHz in section III and f < 5 kHz in section IV. This
enables us to simply the first electromagnetic problem by
assuming that the induced currents in the body are negligible
regarding the current source [13]. Therefore, the magnetic
field distribution is not modified by induced currents and
can be computed independently of the conducting body. This
computation can be made by any solver: a specific Boundary

Element Method solver for the WPT case [14] or a classical
FDTD Low-Frequency solver using the Sim4Life software
from SPEAG [4] for the MFDC spot welding gun case.

In a second step, once the magnetic field distribution
along with its corresponding magnetic vector potential is
known in the investigation volume. The induced electric
potential in a 3D human body is computed using the Scalar-
Potential Finite Difference Method [15] from the Magneto
Quasi-Static Solver in Sim4Life. The solution equation
within a voxel with the quasi-static approximation can be
written as followed [16]:

∇ ·
(
(σ + jωεrε0)∇φ

)
= −jω∇ · ((σ + jωεrε0)A0) (1)

where φ is the induced electric potential, A0 the magneto-
static vector potential, and ω the angular frequency. The
dielectric properties of the tissue at the angular frequency
ω are noted by σ, the tissue conductivity, and εr its relative
permittivity, which both varies with the frequency [17]. As
the magnetic field has been supposed independent from the
conducting body, the source term A0 in equation 1 is fully
known from the previous step. This equation can be solved
to obtain the electric potential and by integration the induced
electric field in the targeted voxel.

B. PCK METAMODEL
Polynomial Chaos-Kriging (PCK) metamodelling combines
both PCE and Kriging to build an exact interpolator of an
output model M(x). Kriging is used to interpolate the local
variations of the output model while PCE is useful for the
global approximation. A PCK metamodel is defined by [18]:

M̂(x) =
∑
α∈A

yαψα(x) + σ2Z(x, ω) (2)

where
∑

α∈A yαψα(x) is a weighted sum of orthonormal
polynomials describing the trend of the PCK model, σ2

and Z(x, ω) denote the variance and the zero mean, unit
variance, stationary Gaussian process, respectively. This
metamodel will be used to build a predictor of the heavy
computational direct model previously presented for human
exposure assessment.

Based on various prior analysis discussed in [19], the
Matérn-5/2 covariance function along with a Legendre poly-
nomial basis gave the best results in terms of accuracy
of our PCK metamodel. Similarly, a maximum polynomial
degree of 10 has been chosen in order to avoid useless time-
consuming computations. All the development made on the
surrogate models in this article have been made in the case
of frequencies falling in the low frequency range only. For
higher frequencies problems, these base parameters would
have to be changed and therefore various prior analysis on
simple higher frequency systems are required.

C. A POSTERIORI ERROR ESTIMATION
In order to greatly reduce the number of computed input
datapoints, the aforementioned surrogate process has been
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coupled with an active learning sampling method based
on the quad-tree algorithm [20] with a defined consistency
metric. Starting from a low number of samples and thus an
inaccurate metamodel, the algorithm is enriching sequen-
tially the training dataset in the regions of interest (where
the consistency of the metamodel is the lowest), in order to
build an accurate metamodel [21].

Let us consider a training set {(x1,y1), . . . , (xn,yn)} of
n various input datapoints and their corresponding outputs.
The consistency of the metamodel is calculated using the
mean Leave-One-Out error (LOO):

LOO =
1

n

n∑
i=1

(
||M̂/i(xi)− yi||

||yi||

)2

(3)

where M̂/i is the metamodel that was trained using all
(x,y) but (xi,yi). The LOO enables us to evaluate the
consistency of the metamodel considering its build. If the
LOO is close to 1, the predictor is highly inaccurate outside
of the training dataset, whereas the smallest it is, the more
accurate the predictor is, outside of the training dataset.

Many other metrics can be used such as the k-fold or
RMSE. But the LOO does not require additional calls of
the input model, thus, saving a lot of computation time
for an expensive computational model. Moreover as the
main goal of this work is to perform sensitivity analysis
and draw tendencies for the field exposure, the constraints
on the safety areas around the considered devices do not
impose heavy accuracy of our predictors. Therefore, given
the dimensionality and the size of the training datasets used
for the systems considered here, the LOO represents a good
compromise as it is extremely fast to compute for a low
number of input samples while being an excellent quality
tracker for low dimensionalities [22].

Although, for higher dimensionalities and bigger number
of samples, the LOO is not suited anymore, and a proper
analysis with a new definition of an adapted quality tracker
is required. A possibility is to compute a validation set
uncorrelated with the training dataset on which the max-
imum error for the predictor could be computed. Additional
developments can be found here [19].

D. SENSITIVITY ANALYSIS
One of the main advantages of building a consistent sur-
rogate model for the expensive computational model with
only a handful of training samples nsamples, is that many
datapoints can be computed at a low computation cost for
mapping areas or performing accurate sensitivity analysis.
For the following models, our sensitivity trackers are the
variance-based Sobol’ indices [23]:

SP =
V ar[E[Y |P ]]
V ar[Y ]

(4)

where Y is an output of the model and P a given parameter.
Considering the variation of several input parameters at
once: if SP ∼ 1, Y is highly dependent on P , whereas

(a)

(b)

FIGURE 1: Cut plane (a) and 3D view (b) of the WPT3
(class Z3) system taken from from the SAE J2954 standard
[25]

if SP ≪ 1, P has almost no influence on Y . The definition
of this first order index SP can be extended to higher
interaction orders between parameters similarly. For the
following sensitivity analysis, the total-order index ST

P will
be considered which takes into account all interaction orders
for the given parameter P [24].

III. EXPOSURE TO A STANDARD WPT CHARGER
A. THE WPT3 (CLASS Z3) SYSTEM
Firstly, the exposure to a typical WPT charger has been
assessed: the WPT3 (11.1 kVA at 85 kHz) class Z3 (Z
height ∈ [170mm, 250mm]) from the SAE J2954 standard
[25] displayed in Fig. 1. The dimensions of the WPT
system are detailed in table 1 along with the electromagnetic
properties of the ferrites used in the design in table 2. The
ferrite layers in the Ground Assembly are constructed of
ferrite tiles of dimensions 100mm × 150mm × 5mm and
100mm× 100mm× 5mm.

In order to assess the worst case scenario in term of
exposure, the car body is not modelled to avoid any shield-
ing effect. Moreover, the WPT system has been modelled
with the maximum misalignment allowed by the standard
between the receiving and transmitting coils (∆x = 75mm,
∆y = 100mm, ∆z = 250mm), thus creating a high level
of magnetic flux density in the surrounding area exceeding
the reference levels.

The magnetic vector potential for this system has been
computed using a hybrid method coupling the surface
impedance boundary conditions with the boundary element
method [14]. It has been computed only in a vicinity volume
(see Fig. 2), where x is the direction of motion for the car,

VOLUME 4, 2016 3

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3366654

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



Lagouanelle et al.: Fast and Reliable Human Exposure Assessment Around High Power Systems Using Surrogate Modelling

TABLE 1: Dimensions of the Vehicle and Ground Assembly
from the SAE J2954 standard [25]: length (L), width (W)
and height (H) in millimeters

Coil and
Ferrite Only Housing

Vehicle Assembly
L x W x H 334× 334× 12.6 350× 350× 20

Ground Assembly
L x W x H 650× 510× 21.5 750× 600× 60

TABLE 2: Ferrite material used in the Vehicle and Ground
Assembly from the SAE J2954 standard [25]

Material MnZn
Initial Permeability (25 ◦C) > 1000
Flux Density, BS (100 ◦C)
(H = 1200Am−1, 10 kHz) > 400mT

Core Loss, PV

(100 kHz, 200mT, 100 ◦C) < 350 kWm−3

y is the orthogonal direction and z the gravity axis.

B. POSTURE ANALYSIS
Based on already analyzed exposure situations in the litera-
ture [26][27], using the unperturbed source field computed
in the vicinity volume, the goal has been to try various
realistic postures for the human body around this WPT
charger. The FDTD Low-Frequency Magneto Quasi-Static
solver has been used to compute the induced E-field in
the whole body and inside the pelvis area, which is known
to be extremely sensible to electromagnetic fields [9]. The
model resolution has been set to 2mm × 2mm × 2mm
and three different postures (displayed in Fig. 3) have
been investigated in this analysis and placed within the
investigation volume (considered as vacuum):

• standing posture for the human body aside the charger,

FIGURE 2: WPT3/Z3 system model from SAE J2954 (max-
imum misalignment between the coils) with an investigation
volume (blue box of 1.2m× 1.2m× 1.8m along the x, y
and z axis)

(a) (b) (c)

FIGURE 3: Investigated positions for the human expo-
sure around the WPT3 (class Z3) charger displayed with
Sim4Life: standing posture (a), bent over posture (b) and
crouching posture (c).

TABLE 3: Maximum, 99th percentile and average induced
E-fields (Vm−1) in the whole body and the pelvis area
along with the nearest distance to the system for the three
studied postures exposed to the WPT3/Z3 charger

posture max E 99th E < E > distance

Whole body
standing 3.66 0.54 0.015 60 cm
bent over 0.59 0.58 0.0033 54 cm
crouching 6.07 0.68 0.012 15 cm

Pelvis
standing 3.59 0.42 0.033 81 cm
bent over 0.16 0.10 0.16 96 cm
crouching 1.09 0.52 0.032 60 cm

the normal position for a bystander;
• crouching on the side of the charger, which embodies

for example an operator working on the car while it is
charging;

• standing posture but bent over with hands opened
towards the car, like someone ready to open one of
the doors.

The choices for the investigated postures is purely arbitrary
and could have been made differently but these postures
made the most sense for us regarding possible situations of
a practical WPT system.

The maximum, 99th percentile and average induced E-
fields in the whole body and the pelvis area for the three
studied postures exposed to the WPT3/Z3 charger are dis-
played on Table 3. For the induced E-field in the whole
body, the 99th percentile is the highest for the crouching
posture next to the WPT charger. The average E-fields are
logically similar for the standing position and the crouching
position, while the bent over position has a lower one as
some part of the human body are further from the charger
compared to the other two positions. This is also the reason
why the maximum E-field value in this case is close to
the 99th percentile value. The same analysis can be made
for the critical pelvis area, where the crouching position
seems the worst. In this case the difference in terms of 99th

percentile E-field value is even greater. Therefore for the
remaining posture analysis, the crouching posture will be
the one further investigated.
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C. CHOICE OF AN EXPOSURE FACTOR
According to the ICNIRP guidelines [2], for a specific tissue
i, the 99th percentile E-field (Ei

99th ) is the relevant value to
compare with the restrictions in terms of exposure. Given a
frequency value (e.g. 85 kHz) and using the reference levels
provided by the ICNIRP, an exposure index EIi can be
defined for each tissue i within the human body:

EIi =
Ei

99th

Ei
lim

(5)

where Ei
lim is the basic restriction for general public

exposure for the induced E-field in tissue i at the given
frequency.

It is worth noting that the 99th percentile E-field rec-
ommended by the ICNIRP can cause underestimation of
the case of localised exposure [28, 29, 30, 1]. However, in
this paper the attention is mainly focused on the method
used to perform the exposure assessment. The proposed
model performance is independent of the metric used to
remove numerical artifacts. Therefore, in order to provide
results compliant with the ICNIRP guidelines, we adopted
the standard output provided by Sim4Life that is the 99th

percentile E-field.
For quantifying the safety of a position (x, y) regard-

ing the WPT system, the chosen exposure criteria is the
maximum among all exposure indices available: EImax =
max

(
{EIi,∀i tissue}

)
. When this value exceeds the unity,

the basic restrictions are violated in at least one part of the
human body, thus, the given position is not compliant with
the standard. The goal of the analysis is to build a consistent
predictor for EImax(x, y) using the aforementioned adaptive
surrogate modelling, which could then be used to define a
safety area around the WPT system.

D. SAFETY AREA AROUND THE WPT SYSTEM
The active learning metamodelling algorithm has been
used to compute a predictor for EImax(x, y) around the
WPT3/Z3 system. The resulting metamodel needed only
nsamples = 35 with a consistency of LOO = 0.1945. The
result is shown in Fig. 4 by means of a color map. Different
levels for the exposure index (EImax = [0.3, 0.5, 0.7]) are
also shown.

The analysis of Fig. 4 shows that there is no need to define
a safety area for the operator around the WPT system as
even close to the device the exposure index does not exceed
0.9. Moreover, when looking at the contour levels in Fig. 4,
inside the main part of the investigation volume the exposure
index does not exceed 30%. Since the coil misalignment is
the greatest, and the posture leading to the worst exposure
scenario has been considered, it can be assumed that the
WPT3/Z3 device is compliant for all postures presented in
this paper.

E. SENSITIVITY ANALYSIS AND DISCUSSION
A Sobol’-based sensitivity analysis with respect to the
x and y position of the human body has been carried
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FIGURE 4: PCK metamodel (nsamples = 35, LOO =
0.1945) of EImax(x, y) for various positions of a crouched
operator around the WPT3/Z3 system (black rectangle)

out. The following sensitivity indices have been obtained:
ST
x = 0.432 and ST

y = 0.777. It is apparent by qualitative
considerations that the y position has more influence than
the x position. The Sobol’ indices confirm this aspect by
providing a quantitative information.

An important thing to notice is the high value for the
LOO, with almost 20%. This can be explained by the fact
that EImax is not a regular scalar output but the maximum
of a list of different values. For two different sampled
positions for the human body, the maximum of the list(
{EIi,∀i tissue}

)
can be obtained for two different tissue

types. Yet, this consistency is sufficient enough to draw
tendencies on the safety of the WPT system regarding the
position of the human body.

Finally, considering the mesh size (200×200) of the color
map displayed in Fig. 4, a classical analysis would have
required 40000 calls of the computational model instead
of only nsamples = 35 for the training of our metamodel.
On an Intel Core i7-10610U, 1.80GHz, 8 GB of RAM,
one datapoint takes 71 s. As the computation time of the
metamodel itself and the grid plotting time can be negligible
regarding the induced E-fields computations, a classical
analysis would take around 33 days, while our algorithm
took only 42min to build an accurate predictor. Therefore,
even if the system considered here is completely safe,
the developed methodology is of great interest to reduce
computation time of exposure problems.

IV. EXPOSURE TO AN MFDC SPOT WELDING GUN
The previously developed dosimetric protocol has been
extended to an MFDC welding gun (see Fig. 5a) in order to
investigate the human exposure of resistance spot welding
processes (see Fig. 5b). This resistance welding process
consists in heating the metal at the joint using a high current
pulse. Thus, the levels of stray magnetic field generated by
this device are extremely high compared to WPT systems.
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(a)

(b)

FIGURE 5: An MFDC welding gun (a) used to perform
welding operations in a working area (b), taken from [31]

Moreover, because the generated magnetic field comes from
a current pulse, the device does not work at a fixed frequency
unlike the WPT3/Z3 system studied earlier. Therefore, the
challenge is to properly assess the human exposure of the
gun while taking into account all the frequencies in the pulse
spectrum, indeed, the reference levels are dependent on the
body area but also on the input frequency.

A. SIMPLE MODEL FOR A WELDING GUN
The welding pulse taken into account in the analysis has
been measured during our previous works [10, 32]. The
considered current pulse (shown in blue in Fig. 6a) is a
rectangular pulse with 5ms of raising time, an amplitude
of 15 kA and a weld time of 200ms. As observed on
its spectrum (displayed in Fig. 6b), many harmonics are
irrelevant in the analysis and are making it extremely dense,
thus, difficult to work with for the analysis. Therefore, all
the harmonics below 1% of the fundamental (black line in
Fig. 6b) have been considered negligible and removed from
the spectrum. The resulting spectrum is displayed in red in
Fig. 6b, with the corresponding signal computed with an
inverse fast Fourier transform displayed in Fig. 6a in red.
This signal will be the one considered in this analysis.

The gun body along with the MF transformer is con-
sidered shielded [32]. Therefore, the welding gun has been
modelled in Sim4Life as a simple rectangular current loop
(0.5m×0.2m, in blue in Fig. 7), as made in [10]. The gun
is simulated at a fixed height (z = 1.25m in the different
simulations). At a given frequency, the magnetic vector
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FIGURE 6: Real welding current pulse measured at PoliTO
(in blue) with the simplified pulse considered in our simu-
lation (in red) (a), original and simplified spectrum of the
measured current pulse with the black line at 1% of the
fundamental (b)

potential and the Magnetic Flux density can be computed
using the built-in FDTD LF Magneto Static Vector Potential
solver and then, the Duke’s model is placed in the vicinity
area considered as vacuum (see Fig. 7).

B. MULTI-FREQUENCY EXPOSURE FACTOR
Unlike a WPT system, the waveforms generated for MFDC
welding guns are pulses, thus, producing non-sinusoidal
fields. Therefore, the computation of the exposure index can
be performed using the weighted peak method (WPM, [33])
as suggested by the ICNIRP [2]. For a given tissue i in the
human body, EIi must verify:

EIi =

∣∣∣∣∣∣
∑
j

Ei
99th

Ei
lim(fj)

cos(2πfjt+ θj + φj)

∣∣∣∣∣∣ < 1 (6)

where (Ei
99th , θ) is the 99th percentile of the induced E-

field RMS value and its phase, (Ei
lim, φ) the corresponding

reference level and phase at the given frequency fj . The
WPM behaves like a low-pass filter whose magnitude is
1/Ei

lim and the phase is φj at the given frequency fj [34].
These parameters are defined in the ICNIRP 2010 guidelines
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FIGURE 7: Duke’s model for the operator facing the rect-
angular current loop (in blue) from the MFDC spot welding
gun
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FIGURE 8: Gain (a) and phase (b) of the WPM filter for
CNS tissue of the head in the case of an occupational
exposure (blue) and general exposure (red) for the induced
E-field

[2]. The characteristics of the filter for a central nervous
system (CNS) tissue of the head in the case of occupational
and general public exposure are displayed in Fig. 8.

Similarly as the previous analysis, for assessing the safety
of the given position for the operator of the welding gun,
the chosen exposure criteria is the maximum among all ex-
posure indices available: EImax = max

(
{EIi,∀i tissue}

)
.

TABLE 4: Relevant tissues considered in our WPM analysis
with the number of studies in the literature used to build the
low frequency dielectric model in the IT’IS database [17]

Tissue number of studies
Bone Marrow (Yellow) 25
Cerebellum 33
Brain (Grey Matter) 214
Brain (White Matter) 194
Fat 91
SAT (Subcutaneous Fat) 91
Skin (Dry) 7
Spinal Cord 60

C. FREQUENCY SCALING
In order to compute the total exposure index EImax for a
single position (x, y) of the human body around the welding
gun, a lot of computation would be needed due to all the
frequencies in the pulse spectrum and all the different tissues
in the human body. Therefore, the goal is to simplify the
electromagnetic problem in order to compute the dosimetric
quantities only at a given frequency. At each position (x, y)
investigated in the active learning algorithm, only one call
of the Sim4Life model is made. The resulting dosimetry
quantity can then be used to compute the total exposure
index EImax at this single position by post-processing.

The computation of the induced E-field in a given tissue i
can be performed at a single frequency f :

−→
E

i
(f). Then, this

result can be transposed to any frequency using frequency
scaling with the quasi-static approximation [35]:

∀f ′,
−→
E

i
(f ′) =

(
f ′

f

)(
σ + jωε

σ′ + jω′ε′

)(
I ′

I

)
−→
E

i
(f) (7)

with (σ, σ′) and (ε, ε′) the conductivity and permittivity
of tissue i at the frequencies f and f ′, and I , I ′ the
amplitude in the simplified spectrum of the current pulse at
the angular frequencies ω = 2πf and ω′ = 2πf ′. The quasi-
static approximation is valid here as for fmax = 4kHz,
λ ≃ 7.49 × 105 m which is huge compared to the size of
the body. The variation of the dielectric properties regarding
the frequency for all considered tissues have been computed
using the values from the IT’IS database [17].

D. CHOICE OF CRITICAL TISSUES
The frequency scaling is relying on the known variation of
the dielectric properties (σi, εir) against the frequency for all
considered tissues. Unfortunately the frequency dependency
of most tissue properties is not yet fully reliable for frequen-
cies below 1MHz. Thus, for the exposure assessment of the
MFDC spot welding gun, the weighted peak method has
only been applied to a handful of tissues. The chosen tissues
are the ones among the IT’IS database with many studies
conducted on it. Moreover, a second selection of critical
tissues has been done, which are known in the literature to
exceed exposure limits in the vicinity of MFDC welding
guns [36]. This enables us to compute fewer dosimetric
quantities and speeds up at the same time the complete
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FIGURE 9: Vicinity area considered for the exposure prob-
lem behind the MFDC welding gun

computation of the metamodel by preventing to compute
irrelevant data regarding the safety of the device. The chosen
tissues with the number of samples used for building the
dielectric model against the frequency are displayed in Table
4.

E. EXPOSURE FACTOR METAMODELLING
The welding gun is considered at a stationary position
throughout the analysis and the Duke’s model is moved
in a vicinity area behind the gun (see Fig. 9) along the
x and y axis. The possible ranges of variations for the
(x, y) position of the human body (center of the box
surrounding the Duke’s model) are x ∈ [140mm, 640mm]
and y ∈ [−700mm, 700mm].

For a given position (x, y), the 99th percentile induced
electric field is computed in each of the 8 considered tissues
at a single frequency f . A datapoint for the metamodel is
therefore the position (x, y) and the corresponding 8 by
1 vector for the induced E-fields. Thus, using the active
learning metamodel algorithm, 8 different metamodels are
computed for the 99th percentile induced electric field for
every tissue type considered at the frequency f against
the position of the human body. The resulting sensitivity
analysis is displayed on Table 5.

The active learning metamodelling algorithm has been
successful at building the various predictors for all consid-
ered tissues with only nsamples = 28. The resulting LOO
values are not exceeding 10% apart from the metamodel for
the skin at 11.5%. Therefore the resulting predictor for each
tissue are consistent enough to be used for sensitivity anal-
ysis but also exposure factor computations. As for the WPT
structure, regarding the sensitivity analysis, the conclusion
is similar with the x axis being the most important direction
for most tissues while the y position being not negligible.

TABLE 5: Sensitivity analysis for the 99th percentile in-
duced E-field in the relevant tissues considered in our WPM
analysis against the position of the human body behind the
welding gun (nsamples = 28, mean LOO = 0.0545)

Tissue ST
x ST

y LOO
Bone Marrow (Yellow) 0.789 0.391 0.04790
Cerebellum 0.775 0.272 0.00930
Brain (Grey Matter) 0.918 0.151 0.00624
Brain (White Matter) 0.872 0.186 0.01140
Fat 0.683 0.478 0.09430
SAT (Subcutaneous Fat) 0.696 0.478 0.0695
Skin (Dry) 0.610 0.539 0.11500
Spinal Cord 0.907 0.190 0.08230
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FIGURE 10: Variation of the exposure index and safety
area (max(IiWP ) < 1) behind the MFDC welding gun for
occupational exposure (a) and general public exposure (b)

Thus, the operator is safer at standing on the side of the gun
instead of in front of it.

F. SAFETY AREA BEHIND THE GUN
For a given position (x, y) of the Duke’s model, using
the available consistent predictor on each of the 99th per-
centile induced E-field at f , with 7, the 99th percentile
induced E-field can be computed at every frequency of
the pulse spectrum. Then the weighted peak method (see
section 6) can be applied to the 8 different tissues where
8 peaks IiWP = max(EIimax,∀t) can be detected. This
leads to the definition of a safety area when analyzing
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(x, y,max(IiWP ,∀i)) if all peaks do not exceed one.
The variations of max(IiWP ) behind the gun and the

safety area where max(IiWP ) < 1 are displayed for occu-
pational exposure in Fig. 10a. Considering our computation
box (see Fig. 9), most of the vicinity area of the welding
gun is safe for the operator. Close to the gun, the exposure
index is exceeding 1, meaning the 99th percentile induced
E-field is above the limit for at least one of the 8 tissue
types considered. Therefore, the safety area on all sides is
at least 250mm behind the gun. From the industrial point
of view, this safety area correlates the observation already
made on existing operating devices in [31]. Indeed, in the
case of general public exposure (see Fig. 10b), this system
might be more dangerous. This time the safety area on all
sides is at least 325mm behind the gun. That is why some
protections have been developed especially for the arms
around the welding device.

G. DISCUSSION
These simulations are all based on the current pulse of
Fig. 6 and the results provided here could be different for
another pulse. This simulation has been performed in order
to display the tendencies of such an high-power device and
to show the use of the various methodologies coupled with
a metamodelling process.

Again, considering the mesh size (200 × 200) for the
various color maps displayed in Fig. 10 and 11, as for
this system one datapoint takes around 3min, a classical
analysis would take around 84 days, while our algorithm
took only 84min to build an accurate predictor. Compared
to the existing methodologies for the exposure assessment of
MFDC welding guns cited earlier, our development brings a
great decrease in computation time for this complex system.
Thanks to the reliable computed predictor, various mitiga-
tion solutions for the welding gun could be analyzed fastly
along with the influence of various welding parameters such
as the rising time of the pulse or the peak current [32].

Using the predictors available for the 8 different tissues
previously considered, the same safety area analysis can be
performed on each tissue separately to see which tissues are
the most solicited during the welding process. The resulting
safety areas for each tissue (for general public exposure) are
displayed in Fig. 11. The critical tissues in our simulation
are the skin along with the fat and subcutaneous fat as their
safety area are the largest, while the other five tissues are
perfectly safe during the magnetic pulse. These results could
help in developing new protecting clothing or devices to
reduce the exposure of specific tissues.

V. CONCLUSION
Our goal was here to demonstrate the usefulness of adaptive
surrogate techniques and of metamodelling in general for
complex electromagnetic problems in the case of human
exposure. These analyses are more difficult to compute than
classical problems as the magnetic field need to be computed
in the first place then a voxel-based 3D human model can be
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FIGURE 11: Variation of the exposure factor and safety area
(IWP < 1) behind the MFDC welding gun for different
tissues investigated in the case of general public exposure

placed within and the dosimetric analysis computed. Then,
the results can be used to try out mitigation solutions or
define safety area around high-power devices.

The algorithm has been first successful at estimating
exposure around the simulated WPT3 (class Z3) from the
Standard SAE J2954 on its worst case (maximum misalign-
ment between coils). Even if the interest is of no use as the
system is perfectly safe (the exposure index did not exceed
0.45), the methodology employed here can be of use for
future exposure analysis around high-power systems. The
combination of the quad-tree algorithm for samples with
Sim4Life for datapoints computation on a provided B-field
managed to provide a consistent predictor for the exposure
regarding the position of a crouching posture (worst posture)
around the working WPT device. Then, this dosimetric
protocol has been extended to a system where the human
exposure problem is more critical: MFDC welding guns,
another high-power system. By using just a simple model
(planar coil) for the gun with a magnetic current pulse, a
multi-frequency metamodel for the exposure factor on some
critical tissues has been obtained for any relative distance of
the human body behind the gun. Using the corresponding
predictor, some compliance safety areas around the device
have been defined using the WPM for 8 particular tissues.

TABLE 6: Estimated gain in computation time for the two
exposure analysis

Analysis LOO
(averaged)

brute-force
analysis

(estimated)

computation
metamodel

time
reduction

WPT3/Z3
system 0.1945 33 days 42 min 99.91%

MFDC spot
welding gun 0.0545 83 days 84 min 99.93%
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Our methodology based on metamodelling has been
proven quite useful for fast and reliable computation in
terms of exposure assessment. It proposed an alternative to
existing time reducing solutions mentioned earlier. Com-
pared to a classical brute-force method, the gain in com-
putation time is over 99.9% for both analysis as shown in
table 6. Even if some better sampling methods could be use
for a classical analysis, our methodology would still require
far less calls of the heavy computational model. The main
advantages of using our metamodelling algorithms instead
of other numerical methods is first its overall simplicity in
its setup: the model definition itself is needed along with
the input parameter space, once a consistent metamodel
has been built, no additional computations are required.
Then, the resulting predictor can be used easily for various
other applications such as optimisation or global sensitivity
analysis. But using such an adaptive algorithm brings also
a potential drawback as a tweak of the active learning
parameters might be needed if different high-power systems,
in terms of exposure scenario or model complexity, are to
be studied. This would take several roll of the algorithm to
compute a consistent metamodel, thus increasing the global
computation time while still being lower than classical
numerical methods.
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