Transactions on Electrical Engineering, Vol. 7 (2018), No. 1

14

Physical Analysis of Low-dynamic Magnetic
Field Impact on Human Tissue

Ales Richter Y, Zelmira Ferkova ? and Vaclav Bittner

D Technical University of Liberec, Institute of Mechatronics and Computer Engineering, Liberec, Czech Republic,
e-mail: ales.richter@tul.cz
2 Technical University of Kosice, Department of Electrical Engineering & Mechatronics, Kosice, Slovakia,
e-mail: zelmira.ferkova@tuke.sk
3 Technical University of Liberec, Faculty of Science, Humanities and Education, Liberec, Czech Republic,
e-mail: vaclav.bittner@tul.cz

Abstract — This article makes an effort to explain physical
aspects of low-dynamic magnetic field in the human tissue.
The principles of electromagnetic induction in the muscle
tissue as a typical example of parts of human body are briefly
presented. The problems are indicated by modelling. One of
the goals is to warn about different distribution of magnetic
field in parts of body caused by metal implants. Another
analyse introduces physical and energy differences among
individual types of power sources of magnetic field and their
dynamic behaviour.
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I. INTRODUCTION

Every living creatures by own activities produce
electromagnetic field. Has external low frequency magnetic
field influence on living structure?

In comparison with Reference of ICNIRP committee,
e.g. [2], the value of the induced current density ranges
from 0.01 to 0.1 [A-m?] in the human body and can
influence the nervous system. The range from 0.1 to 1
[A-m?] is able to cause health hazard and the changes in
stimulation of the nervous system were detected.

For this reason it is important to investigate distribution
of magnetic field in the human body.

This article does not solve medical problems in any case
and presents mainly theoretical physical point of view, e.g.
[1, 2]. The following text makes an effort to explain
possible practical aspects of the low-dynamic magnetic
field in the human tissue. The principles of electromagnetic
induction in the anisotropic muscle tissue as a typical
example of parts of the human body are briefly presented.

Il. OVERWIEW OF THEORETICAL PHYSICAL CONDITIONS

In theory the induced energy of magnetic field in the
tissue is shown. The fundamental description of magnetic
effect on the living organism is described in many articles
and books. These texts, particularly medical literature, very
often present the studies in different physical units.
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A. Determination of PhysicalUnits
For unified description it is very important to present the
definition of physical quantities and units in international
system of units (SlI), e.g. [4, 5].
vt — conductivity of the tissue
Ji — current density in the tissue
E: — electric field intensity in the tissue
[VIm], [m.kg.s3A]
Wm — density of magnetic energy coming into the tissue
[3/m?], [m1kg.s?]
[A/m]

[S/m], [m3kg1siA?]
[A/m?]

Hm — external magnetic field intensity
w; — density of energy absorbed by the tissue
[3/m?], [m?kg.s3]

Bm — external magnetic flux density in the tissue

[T]. [kg.s2AY]
W, — total magnetic energy coming into the tissue [J]
Pmmax — maximum magnetic power coming into the tissue
(W]

p: — density of power absorbed by the tissue [W/m?]

B. Energy Balance

The tissues and human and animal bodies mainly consist
of diamagnetic substances. The magnetic fields penetrate
through all parts of the body without difficulty and external
magnetic field intensity Hn is slightly attenuated. The
fractional reduction of the magnetic field in the living tissue
is caused by a variation of electron orbits of atoms or
molecules and it is less than 10 millionths. The variable
external magnetic field is transformed into the electric field
intensity E: in the tissue. According to Ohm’s law the
electric field intensity produces current density J because
the tissue is adequately conductive y;, e.g. [6]. The product
of the electric field intensity E and current density J
indicate power density w; which is absorbed in the tissue.
We suppose that external magnetic field is low frequency
up to IMHz and therefore dielectric losses are not taken
into account.

It seems it is possible to use the 2" Maxwell equation or
Faraday’s induction law for the deduction of theory. These
rules can offer optimal and good solution in electrical
machines but they are not suitable for electromagnetic
circuits with distributed parameters, e.g. [4]. We take these
arguments into consideration and for that reason we used
energy conversion principle (see equation 1).
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The third part of the right side of the previous equation
(1) presents time derivation of energy density of the electric
and magnetic fields in the matter (1.1).

W=We+wm:%(E-D+H-B) (L1)

Let’s assume that the part of the body is penetrated by
the external source of magnetic field; only on that account
we can simplify the general energy conversion principle.
The result is presented as equation (2).The partial equation
(2) shows the power density p; in the tissue induced by the
time variable current of the external magnetic field.
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One of the important parameter how to define the effect

of the variable magnetic field in the tissue is electric field
intensity E; (see equation 3).
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Medical literature defines this biophysical effect with the
current density in the tissue J; [A/m?] or [Alcm?] (4),
1 [A/m?] correspond to 100 [pA/cm?] or 0.1 [mA/cm?].
This parameter is significant for statement of non-
hazardous levels of magnetic field e.g. [1, 2]. We can
describe the local current density in the tissue as follows:
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The important parameter how to evaluate the impact of
the external magnetic field is energy density absorbed in the
tissue. This situation is presented by the following
equations (5). The density of energy in the tissue w: (see
equation 5) is a local parameter valid for actual time
intervals and space in the part of the body.

The variable external magnetic field is transformed into
the electric field intensity E; in tissue. The product of
electric field intensity E; and current density J; indicate
power density w; which is absorbed in the tissue. This
follows from 2" Maxwell equation or Faraday’s induction
law.

According to Ohm’s law

Jt = Yt Et (5)

the electric field intensity produces current density Ji
because the tissue is adequately conductive v, e.g. [7].

t, t, t,
w = [J -Edt=y[E dt=lij dt  (6.1)

t t tt
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(6.2)

Equation (6.2) applies solely provided that:

— Vector Hm and its time derivations have in the point
identical direction.

— The scalar function Hpn and its time derivation are
continuous in the time interval [ty; t2].

We expect that this power-producing parameter would
be more important for evaluation of the magnetic field
efficiency.

It is evident that the magnetic field impact depends on
the content of the tissue which is inserted into the space of
the operating external field. This situation is described by
equation (7).

W, = [w,dv W

This relation represents the total energy loss and it is
given by cubic integral (7), e.g. [4, 5].

Other way how to define impact of the magnetic field in
the human body is expression of the instantaneous power.
This situation is described by equation (8).

P :Iptdvzilwmdvzth-Eth ®)

Equation (8) is derived from the integral representation
of energy conversion principle which is presented in
equation (1). Equation (2) is transformed in this way.

C. Electromagnetic Properties of Tissues in Frequency
Range upto 1MHz

The tissues and human and animal bodies mainly consist
of diamagnetic substances. The diamagnetism is too weak,
that is why we can count in permeability of vacuum po. The
frequency of the external magnetic field is low and
therefore dielectric losses are not taken into account. The
following Table I. presents conductivity of selected typical
tissues only [7].

TABLE I.
THE CHARACTERISTIC CONDUCTIVITY OF REPRESENTATIVE TISSUES [']
Conductivity v [S/m]
Blood 0.43-0.94
Cartilage 0.90-1.10
Muscle along 0.15-0.67
Muscle across 0.04-0.42
Bone (Cancellous) 0.04 -0.17
Subcutaneous fat 0.02-0.17
Brain 0.11-0.45

The examples of the tissue conductivity show that the
human or animal body is strongly heterogeneous
surrounding from electromagnetic view. We can speculate
about a low intensity of external electromagnetic field so
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the conductivity of an individual tissue is linear. The ones
of tissues (particularly muscle and brain) are anisotropic.
The magnetic field direction has substantial influence on
physical effect in each tissue point.

I11. MODELLING OF ELECTROMAGNETIC EFFECT IN
LEAVING TISSUE

The classic examples of a low frequency magnetic field
impact on the human body are application in physiotherapy
and rehabilitations.

Physiotherapy and rehabilitation use several types and
sizes of magnetic applicators for magneto therapy
application. These magnetic adapters can be classified as
the applicators with open or closed magnetic circuit.
Comparatively great cylindrical coil is very popular in
medical offices, that is why we chose these types for our
experiments. These coils do not include ferromagnetic core
and the magnetic field is continuous.

A. Specification of Experiment, Source of Magnetic Field

This presented magnetic applicator type is the bigger one
which is used in magneto therapy and rehabilitation care.
The large profile along with relatively short length of the
open air coil does not allow creating inside sufficient large
space of homogenous magnetic field. The magnetic
applicator (according to Fig. 1) is the open air coil without
ferromagnetic pole extension. The device design is
frameless and therefore the profile of the coil is slightly
ellipsoidal.

TABLE 1.
THE CIRCUIT PARAMETERS OF MAGNETO THERAPY COIL
Inner Inductance L=0.05 [H]
DC resistance Roc =15 [Q]
Number of turns n=335 [1
Winding length | =340 [mm]
Ellipse axis 600 x 560 [mm]

B [mTeslal

2. SBODE+000
! 2. 2500 +000
2. 0PODE +000

1. 7500E+000

1. SBODE+000
1, 2500E+000
1, 0000 +000
7.5002E-001
5. 0003E-001

2. 5603E-001

3, 4915E-005

Fig. 1. Magnetic field of elliptic magnetic coil (Tab. I1).

In this case the maximum current in the coil (Fig. 1) is
chosen 2 A. The distribution of the magnetic flux density is
shown in Fig. 2.
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Fig. 2. Distribution of magnetic flux density B inside cylindrical
magnetic coil (input current 2 A).

Violet curve shows distribution along the x axis on
periphery of the coil and red curve is according the x axis
in the centre.

The simulation verifies our assumption that the lowest
field intensity is right in the point of intersection between
the axis y and axis z in the center. The level of magnetic
flux density B can range in units [mT]. In comparison with
the geomagnetic flux density (Bgeomg ~ 30+50 [uT]) this
application of the magneto therapy used more than
hundredfold more powerful magnetic flux density, [3].

B. Simple Model of Leg and his Location and
Orientation in Magnetic Field

In our simulation is used simple model of a leg which is
placed off-center (Fig. 3). This approximation is imperative
to indicating energy effects in the model of a leg.

The position of the treated body part in the center of coil

is not optimal for therapy but we can see this positioning in
medical praxis very often.

The low-frequency magneto therapy uses particular
sequences of rectangular voltage pulses generated on the
input of a coil. For this reason the simulation is
implemented on one pulse of the therapeutic sequence only.

N

Fig. 3.1. Location of the leg in modelling and magnetic vectors
specification. Model of a leg in accordance with 166 cm stature and
66 kg weight of woman figure.
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Fig. 3.2. Location of a leg in modelling, rotation 30° in the x,y lines.
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Fig. 4.1. The time form of individual current pulse (red) in coil of
cylindrical applicator. The blue time form of induction losses in tissue
of a leg in along direction. Pmmax~ 1,3 [uW].
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Fig. 4.2. The time form of individual current pulse (red) in coil of
cylindrical applicator. The blue time form of induction losses in tissue
of a leg, rotation 30° in the x,y lineS, Pmmax~ 1,75 [uW].

1V. DISCUSSION

This paper does not solve medical clinical problems but
emphasis is put on physical aspect. For future research is
important to find appropriate model of the body reflecting
differences among inductivity of fatty tissue, muscle,
blood, bone etc.
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The total energy impact of the low frequency artificial
magnetic flux density in range of [mT] units is insignificant
and it does not achieve increasing local temperature in the
body. Thermoregulatory system of the body is much
effective and this energy allowance is compensated in other
parts of the body. The current density is continuously
distributed in the body and therefore it is impossible to
focus on the right place. Unfortunately, they cannot be
found in analytical form, since the human body is a very
complicated medium. More information about the field in
the body can be found by the use of FEM methods. But its
use is not simple and the extraction of practical results from
the solution is complicated.

Electromagnetic theory only gives the fields in the body
with certain accuracy. They affect the ions in the body. It is
possible to describe the forces acting on the ions and its
motion. It is the purpose of the paper. The understanding of
medical effects needs a close cooperation of physical and
medical specialists.

Approximate solution describes the induced electric
field.

The location and orientation of the body, volume
exposed tissue and their composition have strong effect on
distribution of the induced field and its energy impact. The
metal implants in the body pose health hazard.
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