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Abstract: In this study, the experimental studies on
the design, installation, and standardization of
magnetic field systems suitable for animal
experiments which are currently used in researches
on “Biological Effects of Magnetic Fields’ in the
Bioelectromagnetic Laboratory of Gazi Biophysics
Department have been presented. Helmholtz coils
pair was selected as the system to supply a
homogeneous magnetic field. System was composed
of two coils with 42.75 cm diameters consisting of
154 loops each made from insulated copper wires
with a distance of 21.375 cm between them, and
positioning them parallel each other with centersin
the same direction. Specifications of system were
tested experimentally with measuring the changes
in the field intensity at horizontal, vertical, and
angle-dependent distances from the axis of the
system. From these measur ements, the area that the
field within the coil system changed the least was
found; and the dimensions of the cage placed were
determined. Homogeneity and temperature
characteristics were determined. After design and
installation of “Homogeneous Magnetic Field
System” was completed, two additional systems
were installed and the total number of systems was
increased to threeto the number of animals exposed
to ELF magnetic fields. Standardization was
ensured by repeating the measurements of
homogeneity and temperature for all the three
systems.

Introduction

After the Second World War, background levels of
Electromagnetic (EM) fields in urban domestic and
industrial environments have increased exponentially
in parallel with growing technology and electricity
consumptions. This increase has prompted the
evaluation of effects of electromagnetic fields
(EMFs) on biological systems. The number of
investigations about the biological effects of EM
fields has been carried out due to the growing public
concerns. In many epidemiological and laboratory
studies, low frequency EM field exposure have been
linked to increased cancer risk [1-5].

Biological effects of EMFs have been investigated
in Bioelectromagnetics Laboratory in Biophysics

Department of Medical Faculty. In this study, design
and construction of the magnetic field exposure
system, which is suitable for animal experiments,
have been planned in our laboratory.

The best-known homogeneous magnetic field
sources in the electromagnetic theory are solenoid
and Helmholtz coil systems. In the literature, it is
noticed that various EM field systems have been
developed for the exposure of humans and
experiment animals, and organs, tissues, and/or cell
cultures for using in bioelectromagnetic studies. In
general, these systems are developed according to
the basic principles of solenoid or Helmholtz coil
systems. It is seen that experiment animals (guinea
pigs, rats, mice, etc) are exposed to EM fields as a
whole are in coil pairs constructed in circular,
square, or rectangular shapes [5-12]. In the study of
Shigemitsu et al., it has been reported that the
amount of deviation of the B field in the cage of the
experiment animal is less than 2% in an EM field
system created by square Helmholtz coil pairs
(Modified Helmholtz coils) [7].In bioelectromagnetic
studies, systems called experiment modules that
consist of more than one coil pairs that are suitable
for working on more than one animal cage have also
been used. It has been reported for similar
experiment modules that the amount of deviation
from the B field targeted in areas that the cages of
animals have been placed are approximately in levels
of +10-15% [6,8].

In this study Helmholtz coils’ pair has been chosen
for homogenous field configuration. Following design
procedure, pair of circular coils of either 42.7 cm
diameter and 21.375 cm clearance was constructed by
insulated copper wire and made of 154 turns.
Sinusoidal current of frequency 50 Hz was generated
by the specially designed variable transformer, 2.7
kVA in power.

Variations of magnetic fields obtained from coils
have been measured in the vertical, horizontal and two
different angular directions, 30 and 45 degrees, in the
centre of the Helmholtz coils in order to determine
field homogeneity. Dimensions of animal cages, which
have been used between the coils during experiment
and homogeneity percentage in this cage, have been
determined. The heat characteristics of experimental
system, which has been worked continuously during 8
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hours, were obtained by temperature measurements in
the room and between the coils. Temperature changes
in the animal cage were calculated by taking a
difference between room and coil temperatures.

Three exposure systems which is suitable for animal
experiments and harmonisation studies between these
systems have been realized under working conditions.

Materials and M ethods

A homogeneous magnetic (B) field throughout the
axis is obtained with the “Helmholtz Coil Pair”.
Homogeneity of the magnetic field can be shown
mathematically by the equality of the first and second
derivatives of B field expression at the midpoint of an
axis of the coils to zero.The point where the first and
second derivatives of the B field are equal to zero (z =
1/2) shows that a B field of high homogeneity can be
obtained around the axis in the centre of the system.

Magnitude of the B field generated in the centre of a
Helmbholtz coil pair can be found with the formula,

_ 8N,

B= eI z0.72/JO¥ where N is the

number of turns, r is the radius and I is the current
flow.

Two coils’ pairs with different sizes (Prototype I and
Prototype II) were wrapped to obtain homogeneous
magnetic field. Electrical characteristics of the coils
were measured and after the determination of the
consistency of the measured values with the designed
values, Prototype II suitable for animal experiments
was constructed. In this study pair of circular coils of
either 42.75 cm diameter and 21.375 cm clearance was
constructed by insulated copper wire and made of 154
turns. The electrical parameters of each coil were
resistance, 1.2 ohms (Q); and inductance, 19.6
milliHenry (mH) (Figure 1). The magnetic field
generated by the coils was classified as vertical field
(field lines perpendicular to the bottom plane of the
animal's cage). Three coil pairs with these
characteristics were prepared in order to minimize the
level of being affected of the animals from seasonal
conditions and circadian rhythm changes and to
perform the study under standard conditions,
consequently, to be able to work on as much animals as
possible. The names, System I, System II and System
IIT will be used in this manuscript for these coil pairs.
Specifications of the coils and electrical properties of
the systems are given in Table 1 and Table 2
respectively.

Coils were fed with VARIAC (Variable Transformer)
with a power of 2.7 kVA. Since the output voltage of
VARIAC could be reduced as low as about 3 Volt
under load, it was possible to obtain magnetic fields
with rather low intensities, and the magnetic field limits
of the systems constructed were determined to be 0.4 G
- 100 G. Magnetic field was measured with a Hall-
Effect Gaussmeter. Frequency and waveform of the
magnetic field were monitored over an oscilloscope.

Figure 1: Helmholtz coils pair

Homogeneity Measurements

Measurements of the B field created in the axis
centre of the magnetic field systems according to the
distance in horizontal, vertical, and angular directions,
and the change of the magnetic field intensity within
the volume created by the Helmholtz coil pair was
determined. Reference system used in homogeneity
measurements is given in Figure 2.

e
A

Figure 2: Reference system used in homogeneity
measurements

Table 1: Specifications of Helmholtz coils

Resistivity p (Q.m) 1.72x 1078
Conductor diameter (mm) 22
Number of turns - N 154

Inner diameter - a (mm) 400

Outer diameter - b (mm) 455
Average diameter - r (cm) 21.375

R (Q)*/ coil 0.936

R (€)* / coil pair 1.872

*) calculated value

Table 2: Electrical properties of System I, System II
and System II1

SYSTEM I SYSTEM 11 SYSTEM
11
R (€2)/coil pair 2.40 2.57 2.51
Lt (mH)/coil pair 39.15 39.69 39.98
Voltage (V) 25.35 24.90 25.10
Current (A) 2.50 2.50 2.50
Bineasured (G) 16.40 16.60 16.50
Bialculated (G) 16.30 16.30 16.30

Magnetic field B was found to be 19.95 + 0.37 G as
a result of 23 measurements performed in positive and
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negative directions on the axis z according to the
distance on the axis of the coils (6=0°) (Table 3).
Amount of deviation of the magnetic field was found to
be an average -2.83 %. To System I, 48.6 Volt and 3.78
Ampere was applied, and the change in the intensity of
the 20.5 G magnetic field created in the axis centre was
determined with measurements.

It was found that the average magnitude of the
magnetic field in the space created by the coils, B =
18.05 = 3.60 G by measuring the change in magnetic
field intensity in 22 points in +y direction (Table 4),
and deviation from the magnetic field intensity in the
axis was found to be an average of -11.94 %.

Table 3: Deviations of B field in the vertical (6=0°)
direction (Bgeo=0.33G)

Distance on B (Gauss) Deviation (%)
Z-axis (cm)
+11.25 19.6 -4.40
+10.25 19.7 -3.90
+9.25 19.9 -2.90
+8.25 20.0 -2.44
+7.25 20.0 -2.44
+6.25 20.0 -2.44
+5.25 20.0 -2.44
+4.25 20.1 -1.95
+3.25 20.1 -1.95
+2.25 20.2 -1.46
+1.25 20.5 0.00
Midpoint of 20.5
axis
(Center)
-0.75 20.3 -0.97
-1.75 20.1 -1.95
-2.75 20.1 -1.95
-3.75 20.0 -2.44
-4.75 20.1 -1.95
-5.75 20.1 -1.95
-6.75 19.9 -2.90
-7.75 19.8 -3.40
-8.75 19.7 -3.90
-9.75 19.0 -7.30
-10.75 19.0 -7.30

Changes of the magnetic field on axes changing
angles to 6=30° and 06=45° with the z axis, in the
counter clockwise directions, were measured on 30
points according to the distance (r) starting from the
centre (Tables 5 and 6).

For 6 =30°, the average of all the measurements were
found to be B=21.00+0.05 G. The average of deviation
amount of the magnetic field intensity from the field
intensity in the centre of the axis (B=20.5 G) was
calculated to be +2.44% (Table 5).

For 6=45°, the average of all the measurements was
found to be B= 21.43t 0.83 G. The average of
deviation amount of the magnetic field intensity from
the field intensity in the centre of the axis (B=20.5 G)
was calculated to be +4.52% (Table 6).

Magnetic field homogeneity test was repeated for all
three systems. The change of the magnetic field of 30
G created in the axis centre of the coils according to the
distance in given directions were recorded by field
strength measurements in a total of 225 separate points
on the systems.

In conditions of high homogeneity, since it is
required that all parts of the body of the animals should
be exposed to magnetic field, these measurements were
used to determine the areas where homogeneity is high,
and the dimensions and standard positions of the cages
that the animals will be put in.

Determinationof the Cage Dimentions

The amount of deviation of the magnetic field
intensity (B=20.5 G) in the axis in vertical direction
was calculated to be —2.83%. However, this figure falls
to —1.94% at points on the axis between -8.75 cm and
+8.25 cm. Thus, it was understood that the height of
the cage selected for the animal should be 17 cm at the
most. In this area (between —8.75cm and +8.75c¢m), the
average magnetic field intensity, B was calculated to be
=20.11£0.19 G.

Table 4: Deviations of B field in the horizontal (6=90°)
direction (Bgeo=0.33G)

Distance of B (Gauss) Deviation (%)
y-axis
(cm)
Center 20.5

1 20.5 0.00

2 20.6 +0.49

3 20.6 +0.49

4 20.6 +0.49

5 20.6 +0.49

6 20.5 0.00

7 20.5 0.00

8 20.3 -0.98

9 20.1 -1.95
10 20.0 -2.44
11 20.0 -2.44
12 19.8 -3.41
13 19.0 -7.32
14 18.5 -9.76
15 18.0 -12.20
16 17.0 -17.07
17 16.0 -21.95
18 14.5 -29.27
19 13.0 -36.59
20 11.0 -46.34
21.5 8.0 -60.98

Table
5: Deviations of B Field in the direction of 6=30°
(Bgeo=0.33G)

Distance B (Gauss) Deviation (%)

r (cm)

Center 205
1 21 +2.44
2 21 +2.44
3 20.9 +1.95
4 20.9 +1.95
5 21 +2.44
6 21.1 +2.93
7 21.1 +2.93
8 21 +2.44
9 21 +2.44
10 21 +2.44
11 21 +2.44
12 21 +2.44
13 21 +2.44
14 21 +2.44
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The amount of deviation of the magnetic field
intensity in the y-direction was found to an average of
—11.94%. However, since it had been observed that the
change in the intensity of the magnetic field increased
rapidly starting from 13 cm, it was determined that the
distance of movement of the experimental animal in
the cage should be maximum of 13 cm. Deviation of
the magnetic field intensity within 13 c¢cm from the
magnitude of the magnetic field in the axis (B=20.5 G)
was found to be an average of —0.77%. According to
this, it was determined that the width and length of the
cage could be 26 cm each at the most, provided that the
centre of the cage would be localized so as to coincide
with the centre of the axis of the Coils. Within this
distance, the magnitude of the magnetic field, B =
20.3440.29 G was found to be very near to the value in
the axis.

Table 6: Deviations of B Field in the direction of 6=45°
(Bgeo=0.33G)

Distance B (Gauss) Deviation (%)

r (cm)

Center 205
0.5 20.5 0.00
1.5 20.7 +0.98
2.5 20.9 +1.95
3.5 20.9 +1.95
4.5 20.9 +1.96
5.5 21.0 +2.44
6.5 21.0 +2.44
7.5 21.0 +2.44
8.5 21.1 +2.93
9.5 21.3 +3.90
10.5 21.5 +4.88
11.5 22.0 +7.32
12.5 22.5 +9.76
13.5 22.9 +11.70
14.5 232 +13.17

Temperature Changesin the Systems

Temperature measurements of the systems were
recorded at 2 separate points .

1) Cage Temperature: Point of measurement of
temperature change in the cage.

2) Room Temperature: Point of measurement of
temperature change in the room within the working
period of time.

For each working magnetic field intensity and
application time, net temperature change in the cage
were calculated from the difference of the cage
temperature and room temperature values.

Net temperature change in the cage = Cage
temperature — Room temperature

Room temperature changes and temperature
measurements for each system at 10 G, 20 G and 30 G
field strengths were recorded on three different days for
8 hours. Daily changes of the room temperature are
given in Figure 3, and cage temperature differences for

System I, System II, and System III obtained from data
recorded at different magnetic field strengths are given
in Figure 4 — Figure 6. Net temperature differences in
the cages in the systems (mean + standard deviation)
are given in Table 7 according to the magnetic field
strength and the application time.

Table 7: Net temperature changes in the cages

Exposure Net
B(G) Periods Cage temp (°C) Temperature
(hours) change in the
cage (°C)
S 10 4 + 0.00
18.68 £ 0.20 °C
Y 10 8 n 0.02
19.320.20°C
S 20 4 i 0.20
19.07 £ 0.20 °C
T 20 8 n 0.40
19.76 £ 0.20 °C
E 30 4 i 0.52
19.82F0.30 °C
M 30 8 n 0.98
20.65 £ 0.30 °C
I
S 10 4 0.00
18.87 £ 0.20 °C
Y 10 8 0.01
1937+ 0.20 °C
20 4 028
S 18.96 £ 0.30 °C
T 20 8 i 038
19.68 £ 0.20 °C
E 30 4 0.50
19.80 £ 0.30 °C
M 30 3 i 1.00
20.68 030 °C
il
10 4 0.00
S 19.28 +0.20 °C
Y 10 8 n 0.04
19.72 £ 0.20 °C
S 20 4 021
19.08 £ 0.20 °C
T 20 8 n 0.42
19.78 £ 0.20 °C
E 30 4 i 0.70
19.38 £ 0.30 °C
M 30 8 n 1.06
20.36 £ 0.30 °C
I
Results

Following design procedure, three pairs of circular
coils of either 42.75 cm diameter and 21.375 cm
clearance was constructed with insulated copper wire
made of 154 turns. Deviation amounts between the
calculated values of the systems and measured values
were calculated to be respectively 0.61% for System I,
1.81% for System II, and 1.21% for System III.

Data obtained at the homogeneity measurements
performed for System I, System II and System III are
given in Table 8 after taking the mean value for each
system. The changes of the field within the space
created by the coils with a strength of 30 G created in
the center of the axis were found to be 29.55 +1.29G,
30.55+1.19 G and 30.1 £ 1.16 respectively.
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Table 8: Variations of B field in the coils
(mean + standard deviation)

Horizontal Vertical Angular  Direction
s
Q=0° Q=90° | Q=45° Q=60°

System 28.243.3 28.7x1.2 | 30.5+0.9 30.8+0.3
I*
System 29.2+2.9 29.9+0.7 | 31.4+0.6 31.720.2
1>
System 28.8%3.1 29.5+0.9 | 30.7+0.7 31.440.1
=

*)B=30 G

From all the wvertical, horizontal and angular
measurements taken, it was calculated that the widest
cage in the magnetic field system to keep the
experiment animals in that the homogeneity changed
least could have the dimensions of 26 cm x 26 cm x 17
cm, and the centre of this cage should coincide with the
centre of the axis. For the mentioned cage dimensions,
the deviations of the magnetic field in angular
directions were found to an average of + 3.3% and +
2.44% for 30° and 45° respectively.

According to the homogeneity records of the system,
the amount of deviation of the magnetic field strength
within the space created by the coils from the magnetic
field strength in the centre of the axis was calculated
from the arithmetic average of all the measurements
performed in horizontal, vertical and angular directions
to be —1.95%. This value was to be +1.06% for the
widest cage (26 cm x 26 cm x 17 cm).

The dimensions of the cages used were reduced to 26
cm x 22 cm x 10 cm after taking the sizes of the guinea
pigs and the fact that magnetic field showed minimal
deviation from the value in the axis. For a dielectric
cage in these dimensions, the amount of deviation was
calculated to be an average of +0.44%.

Helmholtz coil system was operated continuously for
8 hours at 10 G, 20 G and 30 G magnetic field
strengths, and temperature data were recorded every
half hour. According to these records, temperature in
the cage did not change at the end of 4 hours at 10 G,
and the net temperature change in the cage was found
to be 0.02 °C at the end of 8 hours. For 20 G, the net
temperature changes at the end of 4 and 8 hours were
found to be 0.2 °C and 0.4 °C respectively. When the
system was operated continuously at field strength of
30 G, it was found that the net temperature change in
the cage was 0.52 °C at the end of 4 hours, and 0.98 °C
at the end of 8 hours.

Discussion

The system established in our laboratory is
compared to the similar systems in the literature and
it was seen that our system is the one with a rather
high homogeneity and it is suitable for working only
with less numbers of experimental animals. Yasui et
al had ensured the simultaneous exposure of 24
separate cages in a system consisting of 4

rectangular coils with dimensions 3.85 m x 1.8 m x
0.66 m, with 50 Hz frequency, and capable of
creating fields in 5 G-50 G range. They managed to
obtain a deviation of +15% from the targeted field
strength in the region where the cages were placed
[6]. Gauger et al. performed the design and
establishing of a laboratory where 1200 mice and
1200 rats were exposed to EM fields simultaneously,
and reported the deviation amount to be +£10% in the
area where 20 mice and 20 rats were kept [8].
Shigemitsu et al. composed a system that exposing
96 mice to a magnetic field simultaneously, and
reported that homogeneity was higher than 98% [7].
We planned to create the experimental conditions
that will make working with high numbers of
experiment animals by increasing the number of
systems to three with dimensions of diameter was
0.4275 m and height was 0.2137 m, with which we
were able to obtain a field of high homogeneity. This
way, it was ensured to work with at least 12 mice or
6 guinea pigs in one application according to the
sizes of the experiment animals.

Room Temperature

«=O=Day 1
O —o—Day 2
o 22
E %(1) =/ Day 3
£ 19
a 18
5 14
&
Q

Time (hours)

Figure 3: Daily changes in room temperature for 3 days

System I —0—10 G
—~ ——20 G
&)
© 23 ——30 G
)
: 3
in
17
o
N

Time (hours)

Figure 4: Temperature changes in System |
Conclusion

Three of Helmholtz coil systems with the
specifications given in this manuscript for investigating
the biological effects of ELF Magnetic fields were
established in Gazi Bioelectromagnetic Laboratory.
Homogeneity and temperature measurements of the
systems that will ensure application of magnetic fields
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with 50 Hz frequency in 0.4 Gauss-100 Gauss range to
experimental animals with high level of homogeneity
were performed, and standardization of the
experimental conditions were ensured.

System 11 —o—10G

——20 G
2
2
2
<
5]
o
£
(0]
[

NI SR S
Time (hours)
Figure 5: Temperature changes in System II

System 111 —o0—10G

—_——20 G

—tr—30 G

Temperature ( 0C)

Time (hours)

Figure 4: Temperature changes in System III

It was found according to the results of the
homogeneity measurements that the actual field
strength to be applied to the experimental animals
during the study, each system would be reduced about
1.5% as compared to that found for System I. For
System II and System III however, the field to be
applied to the experimental animals would be greater
than those found with ratios of 1.83% and 0.3%
respectively.

Standardization of the test conditions was completed
with a total 360 temperature measurements for all three
systems together with homogeneity tests for the
systems, and compliance with animal experiments were
ensured.

From the temperature measurements for Helmholtz
coil systems of 10 G, 20 G and 30 G, it was found that
the temperature in the cages of the animals would
increase for about 1 °C at the most with the
uninterrupted application of a magnetic field of 30 G.
Since it would be rather difficult to decide whether the
biological effect observed during the experiment is
caused by the field itself, or by the rise in temperature
arising from the heating of the Coils, it is understood
that a temperature control unit should be added to
system whenever the intensity of the magnetic field is
selected over 30 G.
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