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A Comparative Study on the Induced Current
Density in Humans Exposed to ELF Electric Fields

Vitantonio Amoruso, Giovanna Calo, Francesco Lattarulo, Dragan Poljak, Andres Peratta, Cristina
Gonzalez

Abstract: A comparison between two theoretical methods,
recently adopted for evaluating induced currents in a human
body, is here presented. In both cases, a vertical ELF electric
field is assumed for the coupling to a standard human subject.
Specifically, the diakoptic method (DM), applied to a
homogeneous multi-sphere model of man with low partitioning
degree, and the Boundary Element Method (BEM), applied to a
non-homogeneous model with high partitioning degree, have
been selected. The analytical and numerical formulations,
respectively distinctive of the above methods, are carefully
described and a number of data are reported and commented
upon.

Index terms: Boundary Element Method, diakoptic method,
ELF human exposure, induced currents

1. INTRODUCTION

The electromagnetic fields produced at extremely low
frequency (ELF) by power installations, at radiofrequency for
radio and television broadcasting and at microwaves by GSM
mobile phones are of primary interest regarding
environmental problems involving human beings.

Assessing the radiation hazard is still an open problem at
ELFs since the currently claimed -correlation between
exposure and serious pathologies, such as neoplastic disease
[1]-[4], is still subject to debate. The above harmful
correlation essentially derives from some epidemiological
studies on involved population groups. On the other hand, a
large amount of laboratory research on ELF-field
carcinogenesis has so far produced controversial results.

A human body exposed to electric fields,is subject to an
induced current. In the high frequency range, specific
absorption rate (SAR) and temperature increase in the tissue
due to electromagnetic effects are good indicators of exposure
intensity. However, in the quasistatic case, the resultant
internal electric fields and current densities, mutually
correlated by means of the tissue conductivity, are often
considered as exposure indicators, this is due to the negligible
thermal effects at low frequency and field intensities.

The current distribution on the exposed surface of the
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human body is essentially non-uniform and strongly
dependent on the actual exposure conditions, namely on the
field orientation and magnitude and the human body’s size,
posture, connection to ground and relative position with
respect to influencing nearby conductors. In the following,
reference will only be made to the canonical case study of a
grounded man either isolated from or above a conducting
plane (no presence of nearby conductors appart from the
plane will be taken into account).

At ELFs, the human body behaves essentiatlly as a perfect
conductor from a point of view external to it, and as a pure
resistance from an internal point of view. Moreover, provided
that inner conductance inhomogeneities can be disregarded
(see, later, Sect V), the internal current density only results
dependent on the body configuration. This implies that the
prerequisite for a good reproduction of a human exposure to a
quasistatic electric field reduces to assigning an optimum
sophistication degree to a perfectly conducting model of man.

Either analytical [1]-[2], [5-6], or numerical techniques [7-
10] have previously been developed for evaluating, with
different degree of accuracy, the current density induced by
ELF exposures. To this end, oversimplified [6, 10] and, on the
other hand, computationally expensive solvers, the latter often
based on the Finite Element Method (FEM) [8] and Finite
Difference Time Domain (FDTD) method [7], [9], have been
adopted.

This paper aims to compare the features of a pair of so_far
overlooked, even though efficient, methods. One of them
applies the Diakoptic method (DM) [10]-[11] to the human
dosimetry after having adopted a low partitioning degree to a
human model externally behaving as a perfect conductor. The
assumed homogeneity of the internal conductivity also
contributes to make the computational effort required quite
modest. Such a performance especially promotes
investigations on the dynamic dosimetry, namely the
theoretical monitoring of the induced current distribution
when the human posture progressively changes.

The Boundary Element Method (BEM) [14], has also been
applied with success to the problem of human exposure to
ELF fields [13],[15]. BEM results more involved than a
computationally equivalent FDTD but less expensive than
FEM at equal sophistication degree assumed for the object
representation. Another attractive feature of BEM is that it
avoids a volume mesh discretisation. The formulation is based
on the quasi-static approximation of the electric field and the
related equation of continuity. The general continuity
equation is simplified to the Laplace equation form for the
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electric scalar potential, which is numerically handled via
BEM with the domain decomposition concept [14]. BEM will
accommodate inner conducting inhomogeneities, a
supplementary general feature which will be discussed with
specific application to ELF studies.

II. ANALYTICAL AND NUMERICAL MODELS OF THE HUMAN
Boby

A. Diakoptic Theory

The DM applied to the analysis of composite electrode
structures offers an efficient and effective solution to
electrostatic or quasi-static problems, regardless of the
complexity of the system under examination and the low
degree of partialisation a priori adopted. According to the
original Greek word diayonto (to cut), the diakoptic method
is based on initially tearing a connected structure into large
dimensioned elemental blocks. In other words, the exposed
human body is assimilated to a multi-element receiving
antenna whose elemental blocks are electrically small
although comparable with the main anatomic parts. The
current contribution of each single element, represented by an
equivalent capacitance, takes into account the influence of the
remaining elements which compose the overall structure. In
fact, the analogical network representation is simply given by
the parallel of a set of equivalent capacitances to ground Ceg;,
therefore, each fed by a driving voltage taking into account
the electrostatic height of the overall system.

The human body has been modelled by considering
eleven perfectly conducting spheres arranged, as depicted in
Fig.1 (a), to simulate any articulate human attitude.

v

»

i

(a) (b)

Fig. 1. Diakoptic model of the human body: a) multi-sphere
assembled structure, b) i-th and j-th spherical element after
diakopting the wiring terminal.

The model requires to be imaged owing to the presence of the
conducting plane. Each sphere is dimensioned according to
anthropometric criteria applied to a 1.75-m tall subject. The
connection between nearby spheres are ensured by
unperturbing wires, see Fig. 1 a).

By virtue of the diakoptic theory, the originally
assembled structure, represented by eleven spheres, is
subdivided into as many elements by cutting the wiring
terminals.

More precisely, Fig. 1 (b) shows two generic spherical
elements, numbered with i and j (i, j=1..11), obtained by
diakopting, i.e. cutting, the connecting wire (dashed line).
Therefore, each current-carrying junction is replaced by two

terminals, to which a pair of unphysical currents, I, and I

n+l
feeding the i-th and the j-th spherical elements, respectively,
are impressed. According to the adopted numbering, the

currents I impressed at the diakopted connecting wires are

specified by n= 1...N,, with N; > N. A further feeding
terminal attached to the i-th spherical element, see Fig. 1 (b),
is accounted for by the partial current I ; capacitively
collected by each i-th portion composing the body exposed to
an ELF field. Of course, owing to the electric image of the
multi-sphere model, the overall number of impressed currents
becomes 2N;.

The performances of the diakopted structure are restored
by imposing equality of the scalar potentials at the
interconnected terminals and current continuity at each
junction. An interconnection matrix [M] enforces the relation

[1]=[m] [1] (1)
between the sets of currents I, impressed at the diakopted

terminals and that of unknown junction currents I,..

The generic element of [M] is 1 (or -1) if the current enters (or
leaves) the terminal, otherwise it is zeroed.

Similarly,

VI=[M]" [V'], @)

where the transposed matrix [M]" allows the equality between
the scalar potentials [V] and [V’], at the interconnected and
diakopted terminals, respectively, to hold.

Furthermore,

vi=[z] [1] )
relates the impressed current and corresponding scalar
potential vectors [IJ and [Vv], respectively, by the
impedance matrix [Z7.

After denoting with m and n two generic terminals of the
diakopted structure,

.1
" jeC,,

(4)
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can be written to represent the relevant element of the matrix
[Z]. Here,

—  Cpn is roughly set equal to the self capacitance C; = 4me,r;
if the m-th and n-th terminals lie on the same i-th sphere (r;
is the radius of the i-th sphere);

—  Cun is roughly calculated as Cjj = 4me,d;; if the m-th and
n-th terminals lie on i-th and j-th spheres, respectively (d;;
is the inter-centre distance between the i-th and the j-th
elements).

Rearranging egs. (1) - (4), gives

Vi=MT [2'] MIDT =[z] ]

which represents the governing matrix relation for the
assembled multi-element body.

Therefore,
[1=[z]" [v]=[¥] [V] (6)

is the relation giving the vector of junction currents.

Assessment of the current induced in the human body by
ELF exposure requires evaluation of the partial currents I;
capacitively collected by each i-th portion composing the
body. Therefore, a set of equivalent capacitances to ground
Ceqi» each corresponding to a diakopted element, can be
calculated to ultimately give the set of collected partial
displacement currents.

Imposing Kirchhoff’s current law to the terminals feeding
the i-th sphere gives

e I, -1
Ceqi — zi =2 n+l n
aV aV,

[o] [¢]

Here, Cg; denotes the imaged equivalent capacitances in
function of the previously calculated junction currents. Note
that such currents are related, by eq. (6), to the self and
mutual capacitances of the eleven spheres.

Since the multi-sphere system, equivalent to a person
grounded through an impedance Z, is exposed to an
undisturbed uniform vertical electric field of magnitude E,,
the antenna reciprocity theorem can be evoked under quasi-
static conditions for removing the above incident field and
impressing a feeding total current I, equal to that capacitively
drained by the system. The current I could also be given by
applying to the assembled structure a suitable floating voltage
V. Accordingly,

Vo = ho Eo @)
where

h, =—1— ®)

denotes the electrostatic (or effective) height of the structure.
Here,

Co = Zceq, (9)

1
is the total capacitance to ground of the structure and h; is the
electrostatic height of the i-th element. If the structure element
issubstantially elevated above the grounded plane, then h;
reduces to the elevation of the geometrical centre. Otherwise,
the electrostatic height decreases owing to the proximity to
the plane. Using spherical blocks makes such an evaluation
quite a canonical exercise.

Accordingly,

(10)

represents the total current, where hy and Z, =1/joC, are
derived from Egs. (8) and (9).

After some manipulations, here omitted for the sake of
brevity (see [5-6] and [10] for details),

o _ _ Vo = Cea (11)
I sc CI)VO z Ceq, CO

is the displacement current distribution normalised to the total
current.

It is worth conclusively considering how

e the overall calculation (which include partial equivalent
capacitances to ground representative of each element of
the assembled structure, the total capacitance to ground,
the voltage acquired by the assembled structure
disconnected from ground and exposed to a uniform
electric field, the collected total current and the
distribution of junction currents) results developed by an
analytically-based, thus inherently self-consistent,
method;

e in spite of a preliminary calculation of capacitances Cpp,
affected by first-order error, the method gives a final set
of capacitances Ceq, representative of each anatomical
block, affected by second-order error (see [10] for more
detailed considerations);

e the method inherently neglects internal non-
homogeneities, which implies that the final evaluation of
the internal current density is only related to cross-
sectional data distinctive of a realistic human body.

B. Boundary Element Method for ELF human body exposure

The continuity equation is usually written as follows:

v.3+2 g (12)
ot
where J and p represent the current density and the volume

charge density, respectively. If the latter is expressed in terms
of the scalar potential,

- (13)
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in accordance to the differential form of Ohm’s Law, in which
case o denotes the conductivity of the medium.

The volume charge density p and scalar potential ¢ are
related through the Poisson equation

V- (eVp)=-p (14)
where ¢ is the permitivity of the medium.
Rearranging egs. (12)-(14) yields:
V-[(o+ joeVe]=0, (15)

where time-harmonic ELF exposures with angular frequency
®=2nf has been considered.

In the above frequency range, all organs behave as good
conductors, while the surrounding air is a lossless dielectric
medium. Solving the Laplace equation (15) in the body
region, the induced current density can be obtained from
Ohm’s Law (13).

The condition for the tangential component of the electric
field at the interface between the two media is given by

ix(E,~E,)=0 (16)

where fj denotes the unit normal to the interface, while the
quantities E_and E, represent the fields just outside and
inside the human body, respectively.

Expressing the electric field in terms of scalar potential
gives

(17)
If p; is the surface charge density, then the equality
(18)

holds as an interface condition for the normal component of
the induced current density at the body-air interface.

Substituting eq. (13) into (14) yields

Ax(Ve,-Ve,)=0

fi-J=—jop,

(19)

where o, is the corresponding tissue conductivity, and ®, is

O-bﬁv¢b = _ja)ps

the scalar potential at the body surface.

The interface condition for the normal component of the
electric flux density at the body surface is

i-B=p, (20)

Representing the electric flux density in terms of scalar
potential yields

&V, = p, @n

where ¢, denotes the outer potential in close proximity of the
body.

At extremely low frequencies, the dielectric properties
can be neglected, i.e. >>we (all organs behave as good
conductors; see Table I where the electrical conductivities for
various tissues are summarised) and, accordingly, the Laplace
equation in the body reduces to

V-(oVp)=0

The body is conceived being located between a pair of
parallel conducting plates, in the middle of the earthed lower
one (upper electrode connected to a high voltage power line).
A calculation domain with the related boundary conditions is
shown in Fig. 2.

(22)

TABLE 1
TISSUE CONDUCTIVITIES
Tissue o[ S/m]
Brain 0.12
Eye 0.11
Heart 0.11
Liver 0.13
Kidney 0.16
Intestine 0.16
Muscle 0.5
et
)

Fig. 2. Calculation domain with the specified boundary conditions.

The different representations of the human body
considered are shown in Fig. 3 which shows the main features
and dimensions of each model.

Both armless and arms-up models shown in Figs. 3 b)-c)
(see [16]) are here taken into account. The prescribed
boundary conditions are identical to those used in the case of
human being’s axialsymmetric multidomain representation.

The Laplace equation, solved by BEM with multi-domain
decomposition [13-14], is considered in this section (see [15],
[16] for details). The numerical implementation of the BEM
requires the discretisation of the domain boundary into
elements, and employs the fundamental solution of the
leading differential operator. This are the two most powerful
advantages of the method, since volumetric discretisations are
avoided, and existing knowledge on the equation is
incorporated.

By using Green’s theorem for scalar functions, the
integral representation of eq. (22) applied to a single domain
becomes:
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c(§)¢(§)+.|.¢ai;]dl": jg—f(p"dr
f (23)

Here ¢ is the three dimensional fundamental solution of
6()/ on is the derivative of (-)in n
direction, where n is the outwards normal to the boundary (I")
of the integration domain (Q), and c(&) is the geometry-

dependent term by which the Cauchy type singularity is taken
into account.

Laplace equation,

D=0 72T

E=EE

Fig. 3: Meshes and dimensions for the realistic human body models.

The boundary discretisation of eq. (23) into Ny boundary
elements yields:

Ny * Ny
cn+Y [ 0 Lar=3 | Z—(:go*df (24)

=T on =l

where i and [7; stand for source point and j-th boundary
element of (), respectively.

The present implementation of BEM is based on the
isoparametric approach with quadratic interpolation functions
defined for triangular elements.

The potential, or its normal derivative, at any point of the
j-th boundary element, can be written as a linear combination
of their corresponding values at the collocation nodes n and
the interpolation functions f:

S p(8) <
NEERACTITALES SR PRNED
a=l1 a=1
The dimensionless coordinate & spans from the

computational square domain to the triangular element.

Rearranging eqs. (24) and (25) gives the system of
equations

o[o]

H)le]-{S]5 =

for each subdomain; [H] and [G] are matrices defined as

follows
op
H'=| f || dl
-2 j

Ty j

(26)

@7

Gj= [ f, ¢dl (28)

Iy i
if n stands for the collocation nodes inside the j-th observation
element. Then, the system of equations arising from each
subdomain are assembled in order to build up a closed linear
system of equations.

IIT1. RESULTS

On the basis of the above analytical and numerical
approaches, different approximation models of the human
body, have been considered. The proposed examples are
referred to a 1.75-m tall person exposed to a vertically
impinging uniform electric field of magnitude E/~10 kV/m at
frequency f=60 Hz. Such a situation typically resembles
exposure to overhead power lines.

At first, a simplified geometrical equivalent of the
human-body has been considered by roughly approximating
the exposed person by a cylinder of height L and radius
a=0.14 m, as shown in Fig. 4.

The enhanced sophistication degree distinctive of the
model shown in Fig. 2 consists in the fact that a body of
revolution with nine blocks, whose overall geometry
reproduces a standing person, has been adopted. With respect
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to the former oversimplified model, more accurate result
derive owing to the anthropomorphic proportions adopted for
the different blocks. Therefore, head, neck, torso, legs, ankles,
and feet are easily identified whereas the arms are tacitly
embodied in the block representative of the torso.

—= e
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Fig. 4: Cylindrical model of the human body.

Furthermore, two realistic models of human body,
without and with arms, are considered in Fig. 3. The accuracy
of the model depends on the fact that the system can assume
all the possible postures, for example those including side
rotation of the arms.

It is worth noticing that dividing the DM-calculated
current of each block by its anatomical cross-sectional surface
gives the current density averaged in the block volume.

Instead, application of BEM to realistic, anatomically
based body models gives the opportunity to capture the
position of peaks in the current distribution curve.

A. DM-based results

Fig. 5 shows the calculated current distribution I (circles)
and the interpolating curve (solid line), induced in the
exposure case of a perfectly grounded person standing with
the arms down (a=0) on an earth plane.

In order to compare the results obtained by applying DM
and BEM, the current density J has been calculated from the
induced current I for the four proposed human models,
provided the cross sections are appropriately established on
the basis of anatomical data.

Fig. 6 shows the current density J as a function of height
h from ground for three human models as specified

1) cylindrical model (dotted curve);

2) revolution-solid model (solid curve),

3) realistic model with arms down: DM-calculated values
(asterisks) and corresponding interpolation (dashed
curve).

The comparison between the curves in Fig. 6 clearly shows
that the cylindrical model of the human body (dotted curve)
neglects, as expected owing to its constant cross-section, the
high current-density peaks corresponding to the narrow parts,
namely neck and ankles. Conversely, both cylindrical (solid
curve) and realistic (asterisks and dashed curve) models of the
human body manifest an increased current density due to the
narrowing sections. On the other hand, the current density
increases in the leg region, from h = 0 to 0.8 m, when
reference is made to the realistic human body.

0.2
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0.16f

Induced Current | { mA )
e o o _ o o
2 8 8 = & =
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0 02 04 06 08 1 12 14 16 18
Height ( m )

(=]

Fig. 5: Induced current I as a function of height from ground,
calculated by diakoptic theory (dots) and interpolating curve
(solid curve).
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Fig.6: Current density J versus height from ground: calculated
values for the cylindrical model (dotted curve), for the revolution-
solid model (solid curve), for the realistic model with arms down
(asterisks) and corresponding interpolation (dashed curve).

By assuming different postures of the arms, namely a side
rotation of angle o, a variation in the induced current density
is promoted. Accordingly, Fig. 7 shows the induced current
density J, in the region corresponding to head and torso, from
h=0.8 to 1.75 m, for two different positions of the arms: arms
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down with a=0° (triangles and interpolating dashed curve),
arms up with a=120° (circles and interpolating solid curve). It
is clear that the side rotation of the arms causes a reduction of
the current-density peak in correspondence of the neck,
whereas the current density increases in the torso. As a result,

the arms can be regarded as causing a screening effect on the
head.

Accordingly, it is of remarkable interest to consider the
electric field coupling pertaining to animated bodies exposed
to ELF. Fig. 8 shows the polar diagrams of the induced
current density J in the neck (solid curve), ankle (dashed
curve), and elbow (dash-dotted curve) of a standing person
whose arms are rotated progressively from a=0° to a=180°.

pemmmm =B
S

Current DensityJ ( Alm2)

10

08 1 11 12 13 14 15 16 17
Height ( m )

Fig. 7: Induced current density J, in the region corresponding to head

and torso, from h=0.8 m to h=1.75 m, for two different positions of

the arms: arms down with a=0° (triangles and interpolating dashed

curve), arms up with a=120° (circles and interpolating solid curve).

001 002 003 004
Current density J( AIm?)

Fig.8: Polar diagrams of the induced current density in the neck
(solid curve), ankle (dashed curve), and elbow (dash-dotted curve) of
a standing person whose arms are rotated from a=0° to a=180°.

Assuming side rotation of the arms, gives a current density
induced in the ankle (dashed curve), which is however a
dominant one, subject to a maximum variation of about 36 %.
The latter parameter increases with reference to the neck

(73 %, dashed curve) and elbow (82 %, dash-dotted curve)
sections. Additionally, notes how the curves corresponding to
the ankle and elbow assume a complementary behaviour due
to the screening effect of the upwardly extending arms.

B. BEM Simulation Results

The corresponding current density distribution for an
armless, even though realistic, human body model is shown in
Fig. 9. Resurgences of current density peaks, likewise the
body of revolution model, is invariably restricted to the ankle
and the neck.

A comparison of the current density values obtained via
different body models is shown in Fig 10. Analysing the
numerical results allows the following conclusions to be
drawn:

HEAD

« NECK

TORSO

0.8 F

Height [1mn ]

0.6 |

0.4 F
LEG

-
10"

B

107 107 10"
Cwmrent Density J [ A mz]

Fig. 9: Distribution of the internal current density.

e in correspondence to restricted cross sections of the
human body, a significant increase of the current
density occurs, as expected; this is the case for. the
discussed peaks in the neck and pelvis;

e extending the arms upwards results in a field
shielding at the top, thus causing reduction of current
density peak in the neck.

e oversimplified cylindrical representation of the
human body suffers from inability to account for the
significant increase of the described current density
where the cross section gets narrower.
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Fig. 10: Induced current density distribution for the various body
models.

V. CONCLUDING REMARKS

The current densities induced in the human body by a 10-
kV/m incident electric field at 60 Hz have been calculated by
BEM and DM. Although based on completely different
approaches, which are respectively numerical and analytical
in nature, both methods proved to be effective in assessing the
ELF-exposure effects.

Specifically, the DM allows the induced currents to be
evaluated by modelling the human body exposed to ELF field
with eleven perfectly conducting spherical elements
corresponding to the articulated basic parts of a human body.
Anthropometric data are somehow taken into account by
adopting surface-equivalent spheres as substitutes of
anatomical blocks.

Owing to the low discretization adopted, a feature
distinctive of DM, no significant computational effort is
required to simulate any articulate attitude. Such a
performance is especially suitable for a dynamic dosimetry, as
the example recently treated in [16] shows.

Conversely, by applying BEM, the exposed human body
has been discretized, as usually is the case when such a
method is adopted, by thousands of calculation elements
(about 20000), thus giving an extremely detailed description
of the induced-current distribution. Additionally, BEM takes
into account the electrical conductivities of the various tissues
forming a human body.

Tab. II highlights a substantial agreement between the
current densities, induced in different anatomical parts,
calculated by BEM and DM. Such models effectively
reproduce the current density peaks in the narrowing sections,
a crucial feature disregarded by oversimplified models. The
good reproduction of the results relevant to the neck and
pelvis especially proves the slight effect of inner
inhomogeneities at low frequency, a performance which has
by hindsight taken into account by the described DM. Rather,
the result comparison exhibits a moderate departure at the
knee and ankle level, namely where larger amounts of
capacitively collected upper currents convoy. Such a result

tacitly accounts, irrespective of the method and degree of
sophistication adopted for the body, for a significant
computational sensitivity to the assumed geometry. In fact,
adjusting by trial and error the dimensions originally assigned
to the single blocks, especially those of larger exposure
surfaces, easily gives rise to more impressive data agreements.
Such manipulations have deliberately been omitted here
owing to the final intent of better appreciating the model
features of the methods under examination.

TABLE 1II
COMPARISON BETWEEN BEM AND DM.
Induced current densities [ A/m? ]
DM BEM
neck 0.010 0.011
pelvis 0.002 0.002
knee 0.014 0.010
ankle 0.022 0.030
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