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Fundamental Study on Measurement of ELF Electric
Field at Biological Body Surfaces

KOICHI SHIMIZU, MemBER, 1EEE, HIDETO ENDO, axpD GORO MATSUMOTO. FELLOW,

Abstract—In .the study of biological effects of extremely low fre-
quency (ELF) electric fields, a few techniques were developed which
enable us to measure the electric field at a biological body surface with
practical accuracy and spatial resolution. They are: pressing down a
field sensor against the body surface, using a thin flexible sensor, and
covering the body surface with a conductive layer while leaving the
point of measurement uncovered. The characteristics of these tech-
niques were also examined with a view toward practical applications,
such as the measurement of the electric field at a human surface located
under high voltage transmission lines.

I. INTRODUCTION -

JITH THE rapid increase in the power of electric

Y facilities and electric equipment in our environ-
ment, there has been a growing interest in the biological
effects of extremely low frequency (ELF) electric fields.
The safety assessment of high voltage transmission lines
has been considered to be urgent and many studies have
. been conducted [1]-[3]. The World Health Organization
(WHO) has published the health criteria for exposure to
ELF electric fields [4]. However, many important points
concerning the biological effects such as the threshold and
the mechanism remain unknown. In order to investigate
the biological effects and to set up safety standards, an
accurate measurement of the electric field at a biological
body surface is essential. However, there seem to be few
-techniques available which are suitable for the field mea-
surement at the geometrically complex surface of a bio-
logical body. Most of the field meters currently available
[5] are large relative to the size of the morphological ir-
regularity of the biological body. This causes a pertur-
bation of the field around the point of measurement and
results in erroneous measuremenits. This restriction makes
field measurements with high spatial resolution on body
surfaces difficult. To solve these problems, some tech-
niques are developed which give better results in the mea-
surement of the ELF electric field at a biological body
surface. This paper presents the principle of the newly
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developed techniques and thf: results of

: the evaluation of
these techniques.

II. PrINCIPLE OF FIELD MEASUREMENT

A displacement current flows into a bioloe] dy i
. gical body in
the ELF electric field. The current 7 induced in the arga S
of the body surface is given as

I = L waEE(s).flfs (1)

where

f . frequency of the field (e.g., 50 'I-Iz'},
€ ' permittivity of air (8.85 X 10712 F /)
E(s) surface field strength at the position s. }

When E(s) is constant over the ares S, such as on the

ground plane in a uniform electric field, the current is
given by | | '

I = 2=nfeSE. (2)

When an object is placed in the uniform field, the E(s)
1s no longer constant. For example, the electric field £ at
the surface of the half cylinder placed on the ground plane
with the round face up (Fig. 1) is given by the following

equation, e.g., and the induced current has to be calcu-
lated using the (1):

E(8) = 2E, cos 8, (3)
where

E, unpeﬁurbed field,
fs circumferential angle shown in Fig. 1.

The length of the half cylinder in an axial direction is
assumed to be infinite. |

Conventionally the field measurement at an object sur-
face has been performed using a disk-shape sensor which
consists of two layers with a conductor and an inguiamr
[6]. Fig. 2 shows a schematic view of the sensor with a
guard-ring. Usually the guard-ring is kept at the same po-
tential as the object and serves to eliminate the field con-
centration at the edge of the sensing part. Although the
guard-ting is useful for this purpose, it inevitably makes
the sensor large which degrades the Spatial resolution and
makes it unsuitable for the measurement at curved sur-
faces typical of biological bodies. Therefore, a few tech-
niques which enable us to measure the electric field dis-
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Fig. 1. Electric field at conductive half-cylinder surface placed on the
ground plane. 6, is a circumferential angle.

Sensor guard ring

e

[ 1 conductor
I insulator

Fig. 2. Top and front (vertical cross section} views of the sensor with a

guard-ring: R = sensor radius, W = guard-ring width, T = sensor thick-
ness, Lg = sensor guard- ring spacing.

tribution at a biological body surface with reasonable
accuracy and spatial resolution were developed. They are

pressing down the sensor against the soft body surface,
~ using a thin flexible sensor, and covering the body surface
with a conductive layer leaving the point of measurement
uncovered. -

Fig. 3 shows schematic views of these methods for
measurements at a ground plane. The induced current or
the displacement current flows through the conductor and
insulator of the sensor to the ground plane. The vertical
lines in the right figures are lines of electric force. The
direction of electric field is given as that of the tangent of
the force lmes As can be seen in the case of the sensor
on the ground (Fig. 3(a)), an unnecessary field concentra-
tion occurs around the edge of the sensor, and the ob-
tained field value is larger than the true field. However,
in the case of the sensor pressed on the soft surface (Fig.
3(b)), the obtained field value is close to the true field,
because the ground plane serves as the guard-ring. When
the surrounding area is covered with a conductive layer
(Fig. 3(c)), the field concentration occurs at the edge of
the covering around the méasurement parts, and the ob-
tained value is less than the true field. Using both tech-
niques shown in Fig. 3(a) and (c), the upper and lower
limits of the field strength are given, and the true field
strength can be estimated with a known error boundary.
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Fig. 3, Schematic views of three methods of field measurement, (a] With
a sensor on the object. (b) With a pressed sensor. (¢) With covering

conductor. (Vemcal lines in the nght figures are elcctnc lines of force.)

_III . METHOD
A. Calculation
In order to obtain the theoretical values of the electric

field for the: evaluatmn of the pmpuscd techniques, the
field at the sensor is ca]culated using a numerical calcu- -
lation method such as the fimte difference method [7]. In -

this method an object region is divided into a rectangular

mesh of points, and the electrical potential of each point -
is obtained from the finite difference equation using the

potentials of the surrounding points. The field was cal-
culated for the case of a three dimensional axially sym-
metric field and with a regular grid configuration.

B. Measurement

In- nrder to analyze the accuracy of the proposed tech-
mques the following experiments were performed. Fig.

4-shows schematic views of the experiments. The 50-Hz
unperturbed electric field E, (0-50 kV /m) was generated
between two circular plane parallel electrodes (0.5 m in
diameter) with 0.1-m separation. In the experiments, the
electric fields were measured in the different conditions of
the sensor and compared against the theoretical values.
The different conditions are as follows. 1) A sensor with-
out a guard-ring was placed at the center of the lower
electrode surface (Fig. 5(a)). 2) In order to simulate the
field measurement at the soft surface of a biological body,
the same sensor was pressed down on the lower electrode

made of a soft conductive material (Fig. 5(b)). 3) A flex-

ible sensor was placed along the curved surface of the half
cylinder (3 cm in radius and 50 cm in length) which was
placed on the lower electrode with the round face up (Fl_g-

B s R ooy A
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Fig. 4. Schematic view of the experiments. (a) With a sensor. (b) With a cover.
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Fig. 5. Schematic front view of experiments. (a) Sensor on the lower electrode. (b) Sensor on the soft
body (sponge with conductive water). (c) Sensor on the object surface. (d) Covering conductor on the

object surface.

5(c)). 4) Using a cover instead of the fiexible sensor, the
curved surface of the half cylinder was covered with a
conductive layer leaving the point of measurement uncov-
ered (Fig. 5(d)). Since in the ELF range, a biological body
is considered to be a conductor and a scaling effect in the
size can be neglected [8], the above conditions are con-
sidered to represent the field measurement at the surface
of a biological body in a uniform electric field such as that
under transmission lines,

In the experiments, the current induced in the sensor
(in cases 1), 2), and 3)), and in the object (in case 4))
were respectively measured, and the electric field was cal-
culated according to (1) and (3). The current induced in
the sensing part was fed to the following circuit through
a shielded wire with a diameter of 2 mm and a length of
about 0.5 m. The distortion of the field caused by the wire
was negligible small (less than 1 percent), since the di-
ameter of the wire was small enough compared with the
dimensions of the object. As the induced current is gen-
erally very small, it was amplified after the current-volt-

100 pF
1 L
LI |
10 Mg
AVAVAY
In 10 kp
O AN
1CL7611 Qut

Fig. 6. The circuit for the current-voltage conversion.

age conversion. Fig. 6 shows the circuit for the current—
voltage conversion used in the measurements.

IV. REsSULTS AND Discussion
A. Pressing Sensor

A field sensor, which is usually disk-shaped and mea-
sures an induced current has a peripheral guard-ring to



782 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 37, NO. 3, JUNE 1989

200 @
SEensor
& D)
—
s Mmeasuira
{} e guard ring i
- — CIFZar]
2150 | 5 @
= @
N
= soft body
2 Theory
5 100 F e B
[
=
ak
o
pan }
hw )
B
50
'I:I 1 | 1 1 1 I
0 10 20 30 40 50 60

Unperturbed field Eo(kV/m)

Fig. 7. Effect of pressing field sensor on soft surface. (R = 1.8 mm, Lg
=0.1mm, W=20mm, 7 = 0.2 mm.)

prevent unnecessary field concentration in the field sens-
ing area of the sensor. With wider guard-rings, higher ac-
curacy of the measurement is expected. According to our
analysis, the width of the guard-ring has to be larger than
the size of the sensing area 1o guarantee practical preci-
sion. Since the biological body surface is somewhat flex-
ible, pressing the sensor down against the surface is one
of the ways to increase the accuracy while keeping the
size of the sensor small enough to assure good spatial res-
olution. _ 2

Fig. 7 shows the measured results of the field at the
sensing area. They are for (1) a sensor without a guard-
ring, (2) a sensor with a guard-ring, and (3) a pressed sen-
sor without a guard-ring. The abscissa is the unperturbed
field £, generated between the two circular plane parallel
electrodes. The lower electrode was made of soft conduc-
tive material similar to that of a biological body. The or-
dinate is the current induced in the sensing area. The the-
oretical curve, that is, the ideal case with no perturbation
is shown by the broken line in the figure. As expected,
the results of (1) show a considerable error, while those
of (2) show the effectiveness of the guard-ring. Case (3)
shows better results than the sensor with the guard-ring,
since it uses the peripheral soft body as a guard-ring and
causes less perturbation to the field being measured.

After checking the effectiveness of this technique, the
dependence of the accuracy in the measurement on the
sensor thickness was analyzed. The determination of the
thickness is important in practice to satisfy both the ac-
curacy and the physical strength. Fig. 8 shows the cal-
culated result of this dependence. The conditions of the
sensor are illustrated in the figures in the upper left cor-
ner, namely the sensor without and with the guard-ring
placed on the surface, and those pressed on the soft sur-
face. The abscissa is the total sensor thickness 7 and the
ordinate is the field strength E normalized to the unper-
turbed field E;. In case (1), the error grows rapidly as the
sensor thickness increases. As can be seen, the guard-ring
suppresses this effect considerably, but still some error

was left. Case (4) shows better characteristics than case
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Fig. 8. Calculated electric field strength with different sensor thickness. #
is the angle between the edge of the sensor and the pressed soft body.
(R=18mm,L; =0.1mm, W =2.0 mm, § = 45°.)
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Fig. 9. Measured electric field strength with different sensor thickness. (R
= 1.8 mm, Lz = 0.1 mm, W =2 2.0 mm.)

(3), since the gap between the sensor and the guard-ring
is narrower than that between the sensor and the body-
Although case (3) is not as good as case (4), this is ade-
quate for most of the applications and has much better
spatial resolution than case (4). These calculated results
were verified by the experiment. Fig. 9 shows the results
of the measurements corresponding to Fig. 8. They show
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(T,. T, = conductor thickness.)

good agreement with the calculated results qualitatively
and quantitatively as well.

B. The Thin Flexible Sensor

The above technique is not applicable to the measure-
ment of the hard parts of a human body, such as at the
top of the head. For such an application, the usage of a
thin flexible sensor without a guard-ring was considered.
As a metallic sensor becomes thin, it becomes flexible and
the accuracy of the measurement at a curved surface
should be improved. Fig. 10 shows the results of the mea-
surement at the conductive half cylinder placed on the
lower electrode. The inserted figure (1) shows a disk-shape

sensor placed on the cylinder, and the figure (2) shows the

same sensor bent to fit the cylinder surface. The theoret-
ical curve is obtained from (1) and (3). The ordinate is
the current induced in the sensor. As can be seen in the
figure, case (2) shows better results than case .

C. Determination of Lower Limit

In_ the above techniques, the sensor is generally pro-
truding from the object surface and the measured values
are always larger than a true field strength. Since the de-
gree .Df the augmentation in the field strength varies de-
Pendmg upon the shape of the object, general calibration
is difficult. Therefore, a technique was developed which
gives a lower limit of the field strength. Using both tech-
niques, the upper and lower limits of the field strength are
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given, and a true value can be estimated within a known
error boundary.

Fig. 11 shows the results of the calculation with the
sensor and the cover placed on the ground plane as shown
in Figs. 3(a) and (c). The abscissa is the conductor thick-
nesses T, (Fig. 11(a)) and 7, (Fig. 11(b)) normalized by
the total sensor thickness 7, respectively. As can be seen,
when R /T is small, the error in the field strength becomes
large as T, and T, become large. However, if R /Tis more
than 10, the field strength does not significantly depend
on the conductor thicknesses, I, and T,. Therefore,
if the ratio R /T is designed to be large enough, the mea-
surement error should be small irrespective of the ratio of
the conductor and the insulator thicknesses. With the sen-
sor and the cover of more than R /T = 100, an error of a
few percent should be expected.

Fig. 12 shows the results of the measurement with the
half cylinder model. They are with the flexible sensor
placed on the measurement part of the curved object (O),
and with the cover on the object surface leaving the mea-
sureément part uncovered (@ ). As can be seen, the error
decreases as the radius R of the measurement area be-
comes large. The theoretical value exists between the
boundaries obtained in the two cases. In the above anal-
ysis, it was verified that the electric field at the surface of
a biological body can be measured with a known error
boundary.

V. CONCLUSION

In order to evaluate the field exposure to biological bod-
les more accurately, the characteristics of electric field

measurement were investigated, and new techniques were
proposed. They are pressing the sensor without a guard-
ring against the soft surface of the body, using a thin fiex-
ible sensor along the curved surface of the body, and cov-
ering the body surface leaving the sensing part uncovered.
According to the analysis, they improve the accuracy and
the spatial resolution in the measurement of the electric
field at a biological body surface. Their usefulness for the
measurement of the electric field at the body surface hag
been shown. The first technique is simple to use and is
useful for the mapping of the field distribution along soft
parts of the body surface. The second technique enables
us to measure the field at the spot where accurate mea-
surement could not otherwise be expected. The third tech-
nique gives the lower limit of the true field and enables
us to estimate the field strength with a known error bound-
ary. Using these techniques it is possible to measure the
field distribution over a biological body surface, and they
provide useful tools for the investigation of biological ef-
fects of ELF electric fields.
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