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Electromagnetic Deposition in an Anatomically
Based Model of Man for Leakage Fields
of a Parallel-Plate Dielectric Heater

JIN-YUAN CHEN, STUDENT MEMBER, IEEE, AND OM P. GANDHI, FELLOW, IEEE

Abstract — The three-dimensional finite-difference time-domain (FDTD)
method has been used to calculate the local layer-averaged and whole-
- body-averaged specific absorption rates (SAR’s) and internal RF currents
in a 5628-cell anatomically based model of man for spatially variable
electromagnetic fields of a parallel-plate applicator representative of RF
dielectric heaters used in industry. Included in the calculations are the
shape and dimensions of the applicator plates as well as a typical spacing
of 21 cm to the human operator. The calculated leakage fields are in
agreement with the experimentally measured values. The conditions of
exposure of the man model considered are: isolated from ground, feet in
contact with ground, and an additional grounded top plate 13.1 cm above
the head to simulate screen rooms that are occasionally used for RF
heaters. Also considered is the model with a separation layer of rubber
(¢, = 4.2) of thickness 2.62 cm between feet and ground to simulate the
shoe-wearing condition. For peak E fields as high as 1000~2700 V /m that
have been measured at the locations of the operator, significant internal
RF currents on the order of 0.5-23 A are projected for the operator.
Laboratory measurements of the foot currents at 27.12 and 40.68 MHz for
a human subject are in agreement with the calculated values.

I. INTRODUCTION

F DIELECTRIC heaters operating typically at the

ISM frequencies of 13.56, 27.12 or 40.68 MHz are
used in industry for a variety of dielectric heating applica-
tions. Some of the typical uses are sealing or welding of
plastics, drying glue to join pieces of wood, curing particle
boards, etc. [1]. Depending upon the materials that are to
be processed. the output power of the heaters may range
from a few hundred watts to tens of kilowatts. The mate-
rial heating is obtained by using shaped parallel-plate
electrodes forming a capacitor-type applicator for RF
power. Significant leakage electric (E) and magnetic (H)
fields with values as high as 1000-2700 V/m and 1-5
A /m, respectively, have been measured at the location of
the operators of RF dielectric heaters [2], [3]. These fields
are considerably in excess of even the most lax of the RF
safety guidelines used anywhere in the world. By one
estimate, over 40 000 workers are exposed in the United
States alone to the leakage fields from the RF dielectric
heaters [1].
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In the past we have tried to examine the coupling of
electromagnetic fields to an inhomogeneous model repre-
sentation of the human body for near-field irradiation
conditions [4]. We have also attempted to characterize the
magnitudes of the RF currents that flow through the
operator’s feet while working with some typical dielectric
heaters [5]. In previous work [4] a relatively crude 180-cell
model representation of the human body could only be
used because the method of moment (MOM) procedure
used at that time used the matrix-inversion technique for
which the computational time requirements increased
rapidly as N3, where N is the number of cells. Also, the
plane-wave-spectrum approach that was used to character-
ize the incident fields was not flexible enough to permit a
detailed modeling of the applicator and the surrounding
boundaries. Similarly, while we have characterized the
magnitudes of the RF currents through the feet [5], no
information is available on the distribution of currents
induced in the body, particularly the torso, which is closest
to the parallel-plate applicator that is the source of the
leakage fields.

We have recently developed the finite-difference time-
domain method for bioelectromagnetic dosimetry prob-
lems and have used it for calculations of specific absorp-
tion rates (SAR’s) for anatomically based models of a
human being for far-field irradiation conditions [6], [7] and
for near fields of multiaperture or multidipole annular
phased arrays used for hyperthermia [8]. In this paper we
present the results for the SAR and current distributions
for a 5628-cell model of a human being subjected to the
leakage fields of a parallel-plate applicator with dimen-
sions that are typical of heaters used for plastic sealers.
Grounded and ungrounded conditions are used for the
anatomically based model. To simulate screen rooms that
are occasionally used for the RF sealers, an upper grounded
plate is used for some of the calculations. The calculated
results are compared with some of the experimental data
that have been obtained.

II. DESCRIPTION OF THE METHOD AND THE MODEL

The finite-difference time-domain (FDTD) method was
first proposed by Yee [9] and later developed by Taflove
et al. [10]-[12], Holland [13] and Kunz and Lee [14]. As
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Fig. 1. Geometry of the applicator and man model. The separation

between each of the layers is § = 2.62 cm.

aforementioned, we have recently used it for bioelectro-
magnetic problems [6]-[8]. In this method, described in
detail in [6]-[8], the coupled Maxwell’s equations in the
differential form are solved for various points of the scat-
terer as well as its surroundings in a time-stepped manner
until converged solutions are obtained. To ensure stability,
the time step 8t is given by 8/2v, where § is the cell size
and v the maximum velocity of the electromagnetic (EM)
wave encountered anywhere in the modeled space which
includes the human model, the intervening space, the ap-
plicator, and the surroundings. For our application v =c
which is the velocity of the EM wave in air. The entire
modeled space is divided into cubical cells with the cell
size & which should be smaller than or equal to one-tenth
of the smallest wavelength of EM energy encountered
anywhere in the modeled space. This would imply a cell
size 6 < A,./10 where A, is the wavelength at the irradia-
tion frequency in high-water-content tissue such as muscle.
Since the modeled space must be restricted in size because
of the computer limitations, absorption boundary condi-
tions are therefore used at the boundaries of the modeled
space to simulate radiation into space.

A sectional view of the geometry of the modeled space is
shown in Fig. 1. Consistent with the inhomogeneous,
anatomically based model of the human being [7], a cell
size of 2.62 cm is used to subdivide the total interaction
volume of Fig. 1, which yields a total of 36x32X82 or
94 464 cells. To simulate an RF sealer, a parallel-plate
applicator of dimensions 57.64X15.72 cm (226 X 68) with
an interplate separation of 2.62 cm and a thickness for
each of the metallic plates of 2.62 c¢m is assumed as the

175

leakage source at a distance of 20.96 cm (88). These
dimensions are quite representative of the kind of RF
sealers used in industry. The external absorbing bound-
aries are placed at a distance of 578 (13.1-18.34 cm) on
all sides of the man model except the head where a
somewhat larger separation of 88 is taken to allow place-
ment of a top metallic plate (assumed grounded) for condi-
tions where the whole system may be located in a screen
room. For conditions of ground contact a metallic plate is
assumed under the feet of the model. To reduce the
modeled space it is desirable to bring the absorbing
boundaries as close to the region of interest as possible.
We have verified the adequacy of 5--78 for separation from
the absorbing boundaries by running a two-dimensional
lossy slab model in the interaction space shown in Fig. 1.
Results of the calculated SAR variation for 58 separation
from the absorbing boundaries were found to be within 5
percent of the values obtained for 108 separations. Separa-
tions of 58 have therefore been used for the absorbing
boundaries from the outer edge of the parallel plates on
one side and from the back of the human model on the
other side. A separation of 78 to the absorbing boundary
has been used under the feet for conditions of remoteness
from the ground or “isolated” exposure conditions. To
simulate the shoe-wearing condition a separation layer of
rubber (¢, = 4.2) that is one cell thick (2.62 cm) is assumed
between the feet and the ground plane. This value of the
dielectric constant has been estimated by measuring the
equivalent capacitance of an electrical safety shoe (size 11,
Vibram Manufacturing Company) with a Hewlett-Packard
model 4815A vector impedance meter over the frequency
range 0.5-60 MHz. Also ¢,=4.2 is close to the values
given in reference handbooks for Neoprene rubber.
Similar to [6] and [7], the inhomogeneous model of the
human body is taken from the book A Cross-Section
Anatomy by Eycleshymer and Schoemaker [15]. This book
contains cross-sectional diagrams of the human body which
were obtained by making cross-sectional cuts at spacings
of about one inch in human cadavers. The process for
creating the data base of the man model was the following:
first of all, a quarter-inch grid was taken for each single
cross-sectional diagram and each cell on the grid was
assigned a number corresponding to one of the 14 tissue
types or air given in Table I. Thus the data associated with
a particular layer consisted of three numbers for each
square cell: x and y positions relative to some anatomical
reference point in this layer, usually the center of the
spinal cord; and an integer indicating which tissue that cell
contained. Since the cross-sectional diagrams available in
[15] are for somewhat variable separations typically 2.3-2.7
cm, a new set of equispaced layers was defined at 1/4-in
intervals by interpolating the data onto these layers. Since
the 1/4-in cell size is too small for the memory space of
present-day computers, the proportion of each tissue type
was calculated next for somewhat larger cells of 1-in size
combining the data for 4X4X4 = 54 cells of the smaller
dimension. Without changes in the anatomy, this process
allows some variability in the height and weight of the



176 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 37, NO. 1, JANUARY 1989

TABLE 1
DIELECTRIC CONSTANTS, CONDUCTIVITIES, AND MASS DENSITIES OF
THE TISSUE TYPES USED IN CREATING THE HUMAN MODEL AT

27.12 AND 40.68 MHz
mass density
27.12 MHz 40 68 MHz I

Tissue Type &  OSm € OSm Units of 1000 k&G/m3
Awr 1.0 0.0 10 0.0 0.0012
Muscle 106 0.74 92 0.77 1.05
Fat, bone 29 0.04 22 0.04 1.20
Blood 102 0.28 a3 0.48 1.00
Intestine 60 029 53 0.32 1.00
Cartilage 29 004 22 004 100
Liver 132 051 115 054 1.03
Kidney 209 079 170 084 1.02
Pancreas 206 069 175 0.74 1.03
Spleen ' 206 0.69 175 0.74 1.03
Lung* 34 017 31 0.20 0.33
Heant 210 064 164 0.68 103
Nerve, brain 155 0.45 132 0.46 106
Skin 106 0.74 92 0.77 1.00
Eye 155 0.45 132 0.46 1.00

* We have used 33 percent lung tissue and 67 percent air for the dielectnc properties of the lung.

body. We have taken the final cell size of 2.62 cm (rather
than 1 in or 2.54 cm) to obtain the whole-body weight of
69.6 kg for the model.

We have used the commonly used industrial heater
frequencies of 27.12 and 40.68 MHz for all our calcula-
tions. The lower ISM frequency of 13.56 MHz has not
been used for calculations since for comparable £ and H
fields the SAR’s would be considerably lower at this
frequency. The dielectric constants and conductivities taken
for the various tissues are given in Table I [16], [17].

The calculations are started with an initial sinusoidally
varying electric field with uniform amplitude and phase
assumed for all the cells in the parallel-plate applicator. A
magnetic field of 1/377 of the electric fields is similarly
taken for all the cells. The fields are calculated for all
94 464 cells with the various components of E and H
fields calculated at points that are separated one-half cell
distances apart in a given cell [6], [7]. Consistent with the
requirement 8¢ =8/2¢, a time step of 4.367 <10 s is
taken for calculations at both 27.12 and 40.68 MHz. Con-
verged solutions at all points of the interaction volume are
obtained in interaction times typically on the order of
three time periods of oscillation.

Iterations of 2500 and 1700 time steps have been found
to be quite adequate to obtain the converged solutions at
27.12 and 40.68 MHz, respectively. The calculations have
been made using CRAY XMP computer requiring CPU
times of three to six minutes, depending upon the number
of iterations.
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Fig. 2. Vertical and horizontal components of E field calculated
(smooth curves) and measured for points along the central vertical axis
(x = 0) in vertical planes at distances of 20.96 (88) and 31.44 cm (128)
from the parallel-plate applicator. Frequency = 27.12 MHz. (a) Vertical
component E,. (b) Horizontal component E,.

III. TesT RuNs

A set of test runs has been made to obtain the field
distributions from a parallel-plate applicator without the
operator for a couple of vertical planes at distances of
20.96 (88) and 31.44 cm (128), respectively. For these
calculations a ground plane was assumed at a distance of
89.1 cm underneath the lower plate of the applicator. The
calculated vertical and horizontal E-field components and
the total E field are shown in Figs. 2-4. These are com-
pared with the measured values that were obtained using
Holaday Industries model HI 3003 E-field probe. The
relative magnitudes and spatial variations of the calculated
ficlds are in excellent agreement with the measured values.
The third ficld component E, was considerably smaller
than the other two components and hence has not been
plotted nor compared with the experimental data. Similar
agreements between calculated and measured variations of
the E fields have also been obtained for 40.68 MHz.

IV. SAR’s anp INDUCED RF CURRENTS

Because of the time and spatial stepping in the FDTD
calculations, the actual locations of the calculated E,, E,
and £, are somewhat different and correspond to
(+1/2,j,k), (i, j+1/2,k) and (i, j, kK +1/2), respec-
tively, for the (i, j, k) cell. Somewhat different values are
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Fig. 3. The total electric field calculated (curves) and measured for
points along the central vertical axis (x=0) in vertical planes at
distances of 20.96 and 31.44 cm from the parallel-plate applicator.
Frequency = 27.12 MHz.
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Fig. 4. The total electric field calculated (curves) and measured for

points along the central horizontal axis (z =350 =91.7 cm) at dis-
tances of 20.96 and 31.44 c¢m from the parallel-plate applicator. Fre-
quency = 27.12 MHz.

correspondingly involved for the various parameters such
as ¢, o, and the mass density p. From converged solutions
the SAR for the (i, j, k) cell is obtained from the equa-
tion:

SAR(i, j, k)
.y 0, (i> J, k) B e (i 15 ) = By (i J, )]
X, ¥,z 8px(i’j’k) '

1)

The layer-averaged and whole-body-averaged SAR’s are
subsequently obtained by averaging over the correspond-
ing local values of the SAR’s. The layer-averaged SAR
distributions calculated for a peak vertical electric field of
1 V/m (rms) measured anywhere for a vertical plane 20.96
cm in front of the parallel-plate applicator (generally the
central point corresponding to maximum field in Fig. 2(a))
are shown in Figs. 5 and 6 for irradiation frequencies of
27.12 and 40.68 MHz, respectively. The whole-body-aver-
aged SAR’s for the various conditions of exposure of the
model—isolated, shoe-wearing, grounded, and bottom
ground and a grounded top plate 13.1 cm above the head
(ground-topped)—are given in Table II for the two irradi-
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Fig. 5. Layer-averaged SAR distributions for an isolated, shoe-wearing,
grounded, and ground-topped man model at 27.12 MHz under near-
field exposure condition. Maximum E. =1 V/m at 21 cm in front of
the parallel-plate applicator.
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Fig. 6. Layer-averaged SAR distributions for an isolated, shoe-wearing,
grounded, and ground-topped man model at 40.68 MHz under near-
field exposure condition. Maximum E, (=1 V/m at 21 cm in front of
the parallel-plate applicator.

TABLE II
THE WHOLE-BODY-AVERAGED SAR’S FOR THE MAN MODEL FOR THE
VARIOUS EXPOSURE CONDITIONS: ISOLATED, SHOE-WEARING,
GROUNDED, BorTOM GROUND, AND A GROUNDED TOP PLATE
13.1 cm ABOVE THE HEAD. A SPATIALLY MAXIMUM,
VERTICAL E FIELD OF 1 V/m (rms) IS ASSUMED INCIDENT
ON THE MODEL.

SARs in pW/kg
Condition of exposure for the modet

Shoe- With grounded
Frequency Isolated Wearing Grounded top plate:
27 12 MHz 0.118 0180 0.245 0.263
40 68 MHz 0.322 0.638 0.698 0754

ation frequencies. The SAR’s calculated for the grounded
conditions are over two times higher than those for the
isolated model (no ground underneath) conditions. Also
somewhat higher SAR’s still are calculated for conditions
of exposure where a grounded top plate 13.1 cm above the
head is used as well. It may be recalled that this condition
has been studied since RF dielectric heaters are occasion-
ally placed in screen rooms to prevent radiation into space.
From Table 11, the whole-body-averaged SAR’s calculated
for the rubber-sole shoe-wearing condition are 73.5 and
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Fig. 7. SAR distribution in nW /kg for ankle and knee sections and for
the section of the torso in front of the parallel-plate applicator for
grounded condition of the model. Frequency =27.12 MHz; E .o =
1 V/m (rms).

6815
7267

91.4 percent of those calculated for the grounded condition
at 27.12 and 40.68 MHz, respectively. It is interesting to
note from Figs. 5 and 6 that the highest layer-averaged
SAR’s are calculated for the sections of the body corre-
sponding to the knee and the ankle, respectively, even
though these parts of the human anatomy are located in
regions of lower incident fields (see Figs. 2 and 3). The
reason for higher SAR’s for the knee and ankle sections is,
of course, the high amount of bone content which forces
the induced currents to flow through relatively small con-
ducting sectional areas, thereby giving high current densi-
ties and hence high SAR’s. A similar phenomenon has
been previously reported for plane-wave irradiation condi-
tions [5]. The SAR distributions for the ankle and knee
sections as well as the section of the torso directly in front
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Fig. 8. SAR distribution in nW /kg for ankle and knee sections and for
the section of the torso in front of the parallel-plate applicator for
grounded condition of the model. Frequency = 40.68 MHz; E, =
1 V/m (rms).

of the applicator are shown in Figs. 7 and 8§, respectively,
for the grounded condition of the model for irradiation
frequencies of 27.12 and 40.68 MHz.

We have used the internal £ fields to calculate the local
current densities from the relationship

= Y. (o,+ joe,)E,.

x, ¥,z

(2)

Figs. 9 and 10 show the x-, y-, and z-directed currents for
the various sections of the body that are obtained by
summing up the individual current J82 for each of the
cells. Since the vertical current is by far the largest of the
three components, the calculated vertical current distribu-
tions are shown as a function of height in Figs. 11 and 12
for the various conditions of irradiation, identified earlier
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for a human subject: isolated (O), rubber-soled shoes (#), barefoot
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in Figs. 5 and 6. Torso currents as high as 0.5 and 0.86
mA /(V/m) have been calculated for irradiation frequen-
cies of 27.12 and 40.68 MHz, respectively. Since peak E
fields as high as 1000-2700 V/m have been measured at
locations typically occupied by the operator, significant
internal RF currents on the order of 0.5-2.3 A are pro-
jected for the operators.
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" Current Probe 7063
Amplifier Oscilloscope

Fig. 13. Block diagram of the induced RF current measurement system.

Since foot currents can be measured for a human sub-
ject, we have also compared a few of the calculated values
with the values that were measured for the leakage fields of
a parallel-plate applicator of dimensions used for the cal-
culations (plate dimensions 57.64X15.74 cm; interplate
separation = 2.62 cm). The current sensor and measure-
ment system used for these measurements is shown in Fig.
13. Even though, this measurement system is somewhat
different than that previously described in [5], the logic is
still the same. As in [5], the RF power to the parallel plates -
of the applicator (Fig. 1.) is provided using an MCL model
15122 power generator. The electric field intensity at the
intended position of the subject is measured using Holaday
Industries model 3003 probe. The subject stands on the
upper plate 4 of the bilayer sensor (Fig. 13) so that the
separation between the front of the torso to the applicator
aperture is 21 cm. The current passing from the feet of a
1.72-m-tall subject through the current sensor to ground is
measured by means of a Tektronix model P6042 current
probe which loops around the current carrying wire AB
(2 mm diameter) in Fig. 13. For grounded conditions, the
ground plane underneath the current sensor is provided by
a 1/16-in-thick aluminum plate of dimensions 1.2 X2.4 m’.
The foot currents have been measured for grounded condi-
tions and for a subject wearing electrical “safety shoes”
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(size 11, Vibram Manufacturing Company, 1.75-cm rubber
sole. thickness) as well as for conditions where the alu-
minum grounding plate was removed and the current
sensor was placed on the vinyl-covered floor. For the
so-called isolated condition, the foot currents were mea-
sured by using-a sufficient styrofoam thickness (typically
larger than 12.7 cm) under the feet to “isolate” the subject
from ground. For such thicknesses the currents were found
to be independent of styrofoam thickness. The measured
currents for these conditions are shown for comparison in
Figs. 9-12 for the corresponding irradiation frequencies.
The results are in reasonable agreement with the calculated
values.

V. CONCLUSIONS

We have used an anatomically based 5628-cell model of
man to calculate local, layer-averaged, and whole-body-
averaged SAR’s and internal RF currents at 27.12 and
40.68 MHz for spatially variable electromagnetic fields of
a parallel-plate applicator representative of RF dielectric
heaters used in industry. The conditions of exposure of the
man model considered are: isolated from ground, shoe-
wearing condition, feet in contact with ground, and an
additional grounded top plate 13.1 cm above the head to
simulate screen rooms that are occasionally used for RF
heaters.

Since peak E fields as high as 1000-2700 V,/m have
been measured at locations typically occupied by the oper-
ator, significant internal RF currents on the order of
0.5-2.3 A are projected for the operators. Measurements
of the foot currents at 27.12 and 40.68 MHz for a human
subject are in reasonable agreement with the calculated
values for the various conditions of exposure. -
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