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Abstract— This paper calculated and measured the VxB= j@ (1)
characteristics of current density induced inside human body
under 60 Hz extremely low frequency magnetic fields. Human V-J=0 (2
model was composed of several organs and other parts, whose J =0oF 3)

shapes were expressed by spheroids or cylinders. Organs such as
the brain, heart, lungs, liver and intestines were taken into
account. Applying the boundary element method to the human
model, we estimated effects on the induced current distribution
due to differences of the organ conductivity and shape.
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I. INTRODUCTION

Though a large number of epidemiological studies have
been carried out to assess possible links between exposure to
ELF fields and cancer risk [1]-[3], there are concern on
possible health effects from exposure to electric and magnetic
fields because research results are somewhat inconsistent. The
International Commission on Non-lonizing Radiation
Protection (ICNIRP) has set international guidelines for
limiting the exposure in 1998 [4].

Exposure to time varying electric and magnetic fields result
in induction of internal body current, and the known adverse
effects are associated with nerve excitation. ICNIRP’s basic
limit is set at 2 mA/m? (rms, averaged over a cross-section of
1 ecm’ perpendicular to the current direction) for general
public exposure, a value not to be exceeded at any time.

To investigate current densities inside human body under
60 Hz ELF magnetic fields, we applied the boundary element
method to calculate current densities induced in organs and
measured them by the use of a phantom experiment.

II. CALCULATION

A. Method

Basic equations related with a magnetic fields induction
current analysis are as follows.
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Where E: induced electric field, B: magnetic flux density, w:
angular frequency, o : conductivity, J: induction current
density, and time differential is transformed into j .

It is known we can solve these equations using various
numerical methods such as impedance method [5], finite
differential time domain method [6], finite element method [7],
boundary element method [8], etc. In this paper we use a
"Faraday 3D" program of 3 dimensional boundary element
method which is made by IES (Integrated Engineering
Software) in Canada because this is easy to make input data
and calculation time is short. Human 170 (cm) tall is modeled
in the brain, heart, lungs, liver, intestines, and other parts as
Fig. 1 whose shapes are spheroids or cylinders as in [9] and

organ conductivity is assigned to human model as shown in
Tab. 1 [8].

a) Front view b) Side view

Fig. 1 Surface meshes of human model
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TABLE1

ORGAN CONDUCTIVITY ASSIGNED TO HUMAN MODEL.

Organ Conductivity (S/m)
Brain 0.75
Heart 0.70
Lungs 0.10
Liver 0.10
Intestines 0.03
Other parts 0.11

B. Results

Uniform magnetic fields were applied in the direction of 3
orthogonal axis(x axis; a direction from the abdomen to the
back, y axis; the lateral direction, z axis; a direction from the
head to the leg), respectively. Magnitude and frequency of
magnetic fields density was 10 uT and 60 Hz.

Fig. 2 shows the distribution of current density induced at a
cross section (y-z plane) of brain (x=0 cm) and heart (x=4.5
cm) when magnetic fields entered from the abdomen. The
maximum current density of 0.126 mA/m* was induced in a
brain because conductivity of brain was highest. Meanwhile,
0.056 mA/m* was in lungs because conductivity and radius of
lungs was smaller than a brain.
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a) x=0 cm b) x=4.5 cm

Fig. 2 Distribution of current density induced at a cross section of brain
and lungs when magnetic fields were incident from the abdomen

Fig. 3 shows the distribution of current density induced at a
cross section (z-x plane) of brain (y=0 cm) when magnetic
fields entered from the lateral direction. The maximum current
density of 0.164 mA/m’ was induced in a heart because
conductivity and radius of heart was high.

Fig. 4 shows the distribution of current density induced at a
cross section (x-y plane) of brain (z=125 cm) when magnetic
fields entered from the head. The maximum current density of
0.120 mA/m* was induced in a heart and vector fields were
concentrated in a heart because conductivity of heart was
higher than the other circumferential organ.
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Fig. 3 Distribution of current density induced at a cross section of brain
when magnetic fields were incident from the lateral direction
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a) contour map

b) Vector fields

Fig. 4 Distribution of current density induced at a cross section of heart
and lungs when magnetic fields were incident from the head
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III. MEASUREMENT

A. Method

To measure the induced currents in human body magnetic
fields generation apparatus is designed as in Fig.5. 4 groups of
coils are positioned to make uniform vertical fields varying
from 100~300 pT. A Schematic view of the measurement
system is shown in Fig. 6.
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Fig. 5 Apparatus for uniform field generation
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Fig. 6 Schematic of the measurement system

The human body is mocked up with a silicon frame and the
molds of other organs are made as in Fig. 7. As a result the
filled with Agar

mock-up can be
conductivities.

having different

F;

Fig. 7 The mock-up of human body and organs
B. Results

* Homogeneous brain model

Fig.8 shows current densities measured in the head having
homogeneous conductivity (0.2 S/m) with different measuring
points according to depth (6¢cm, 8cm) when exposed to 100,
200 and 300uT. The magnitude is slightly higher at 8cm depth
than at 6¢cm depth and the magnitude at back of head is also
higher than that of the front.
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Fig.8 Current densities measured at different depth

in homogeneous head model

* Inhomogeneous brain model

Fig. 9 shows the brain model which has 2 conductivities as
shown in Table 1 (0.75 S/m for brain and 0.11 S/m for the
surrounding). The measuring points were distributed along the
sagittal and coronal plane at the 2 different depth level from
the top of the head (6¢cm, 8cm).

The induced current densities were measured along the
midfrontal and sagittal plane at 6 and 8cm depth when
exposed to 100, 200 and 300 uT as in Fig. 9, 10.

.
£ 0.4 .\ ® ./ L \\x
0.3 ! \\
0.2 f“ /:\ 1\\ 14 ‘/:\ ‘\
01 —o \ i . 5
o 1% eyt i
8 -6 -4 -2 0 2 4 6 8 10

[em]

Fig. 9 Current density along the sagittal plane
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Fig. 10 Current density along the midfrontal plane

* Inhomogeneous abdomen model
Fig. 11 shows the abdomen model which has 2
conductivities as shown in Table 1 (0.03 S/m for intestines
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and 0.11 S/m for the surrounding). The measuring points were
distributed along the sagittal and coronal plane at Scm, 8cm
depth level from the plane Scm above navel position.

The magnitude is slightly higher at 8cm depth than at Scm
depth and the magnitude of front is higher than that of rear as
in Fig. 11..
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Fig. 11 Current density along the sagittal plane at different depth

* Inhomogeneous chest model

Fig. 12 shows the chest model which has 2 conductivities
as shown in Table 1 (0.7 S/m for heart and 0.11 S/m for the
surrounding). The measuring points were distributed along the
sagittal and coronal plane at 10 and 15cm depth level from the
collarbone position.

The induced currents were measured along the midfrontal
plane at 15 cm depth. The current density at heart is relatively
higher than that of surrounding due to the high conductivity.
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Fig. 12 Current density along the midfrontal plane at 15 cm depth

IV. CONCLUSION

This paper calculated and measured the characteristics of
current density induced inside human body under 60 Hz
extremely low frequency magnetic fields.

As results of study, we found the maximum current density
of 1.3 mA/m” was calculated in a brain surface when magnetic
field of 83.3 uT entered from the abdomen, which was
ICNIRP’s guideline for 60 Hz magnetic fields. This could
satisfy the ICNIRP’s basic limit of 2 mA/m”. In homogeneous
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mock-up human model current density at the larger area of
cross section is higher than that of smaller one. The maximum
densities are 0.8 and 1.7 mA/m* respectively in head and
abdomen when exposed to 300 pT. In inhomogeneous model
current density are dependent on conductivity. The current
density at area of higher conductivity is larger than that of
lower conductivity. Conductivity and area of cross section are
the important factors in making the field distribution. But the
position and difference of conductivity of neighboring
material are also important. To estimate the precise field value
in much more complex human body correct conductivity and
position of each part should be known.
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