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Currents Induced in an Anatomically Based
Model of a Human for Exposure to

Vertically Polarized Electromagnetic Pulses
Jin-Yuan Chen, Member, IEEE, and Om P. Gandhi, Fellow, IEEE

Abstract —The finite-difference time-domain (FDTD) technique is used
to calculate the internal fields and the induced current densities in
anatomically based models of a human using 5628 or 45024 cubical cells
of dimensions 2.62 and 1.31 cm, respectively. A layer of dielectric
constant er = 4.2 and thickness 2.62 cm is assumed under the feet to

simulate a human wearing rnbber.soled shoes. The total induced cur-

rents for the various sections of the body and the specific absorption

for several organs are given for two representative electromagnetic

pnlses. The calculated results for the induced currents are in excellent
agreement with the data measnred for a hnman subject. The FDTD
method is ideally suited for exact representation of the pnlse shapes and
offers numerical efficiency to allow detailed modeling of the hnman body

and the various organs.

I. INTRODUCTION

H IGH-INTENSITY electric and magnetic fields associ-
ated with an electromagnetic pulse (EMP) have re-

sulted in public concern regarding the potential health ef-
fects. Electric fields as high as 60–100 kV/m and magnetic
fields that are approximately 1/377 times lower have been
measured close to EMP generators. The fields are, of course,
considerably lower at larger distances from these generators.
The EMP’s are marked by rise times of the order of 10-30
ns with pulse durations of the order of 100-300 ns.

Approximating the human body by three cylinders of uni-
form conductivity, one vertical and two horizontal to repre-

sent shoulders, Gnzmhaug has calculated currents induced
for exposure to an EMP [1]. Guy, on the other hand, has
used a model consisting of 12 cylindrical sections, each
representing approximately a 15 cm height of the human
body [2]. These sections are loaded with parallel RC circuits
representing the measured impedance for a human #ubject
for the corresponding sections of the body. Approximating
the incident EMP by an expression E(t)= KIz”l – z~’ ], cur-

rents for various frequency components (75 frequencies cov-
ering the range 100 Hz to 300 MHz) are calculated using the
NEC 2D code detailed in Burke and Poggio [3]. The induced
current in the time domain for the minimum area section
representing the feet and ankles is then obtained from the
Fourier transform of the currents calculated for the various
frequencies.
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Since these models are fairly gross approximations, we
have used the previously described anatomically based model
of a human to calculate currents induced in the human body
for exposure to a few representative EMP’s. The finite-dif-
ference time-domain (FDTD) technique [4]–[10] was used to
calculate the internal fields (E) and the current densities (~)
for each of the cubical cells of dimensions 2.62 cm (5628
cells) or 1.31 cm (45024 cells) that are used to describe the
human body. As previously described [4]–[61, the volume-
averaged dielectric properties and mass densities were ob-
tained from the contents of these subvolumes in terms of the
16 tissues and air. The information on the tissue contents
was obtained with a resolution of 1/4 in. from the anatomi-
cal diagrams [11]. The models were assumed with a layer of
dielectric constant e,= 4.2 of thickness 2.62 cm under the
feet to simulate a human wearing rubber-soled shoes. This
assumed thickness corresponds to the width of one or two
cells for the two models, respectively.

Being a time-domain technique, the FDTD method is
ideally suited for calculations involving EMP’s. Exact pulse
shapes can be modeled by using small time increments. This
method does, however, require that the dielectric properties
of the body be nondispersive, i.e., independent of frequency
in the band representing the frequency content of the EMP.
This requirement, unfortunately, is not met for the human
tissues which are known to be dispersive. A rigorous ap-
proach to this problem using the FDTD method would
therefore require the solution of Maxwell’s equations cou-
pled to the polarization equations in the time domain for the
various tissues. Since the scope of the present project did not
call for a full-blown effort in this regard, we have used an
approximate model that uses the dielectric properties at 40
MHz. This is somewhat justified since the predominant com-
ponents of the induced current are at frequencies close to
40-50 MHz, which is near the’ resonant frequency of an
adult human standing on a ground plane [12].

H. FDTD METHOD

The FDTD method was first proposed by Yee [7] and later
developed by Umashankar and Taflove [8], Holland [9], and
Kunz and Lee [10]. As mentioned above, we have recently
used it for bioelectromagnetic problems [41–[6], [ 13], [14]. In
this method, described in detail in [8]–[10], 13], and [14], the
coupled Maxwell equations in the differential form are solved
for various points of the scatterer as well as its surroundings
in a time-stepped manner until converged solutions are ob-
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tained. To ensure stability, the time step bt is given by
6/211, where 6 is the cell size and L) the maximum velocity of
the electromagnetic (EM) wave encountered anywhere in the
modeled space, which includes the human model and the
surroundings. For our application, u = c, which is the velocity
of the EM waves in air. We have taken St= 8 /2c to be
0.04367 and 0.02183 ns for the 2.62 cm and 1.31 cm cell size
models, respectively, These time steps are quite small com-
pared with the duration of the EMP and are therefore able
to represent the exact pulse shape very accurately.

The entire modeled space is divided into cubical cells with
the cell size 8, 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
8< A, /10, where Ac is the wavelength at the highest irradia-
tion frequency in high-water-content tissue such as muscle.
Referring to wavelengths A, within muscle and high-water-
content tissues [15], the models with cell sizes of 2.62 and
1.31 cm are therefore capable of representing frequencies up
to 110 and 260 MHz, respectively. These frequency limita-
tions are not unduly restrictive for the EMP’s that have been
considered to date. Since the modeled space must be re-
stricted in size because of the computer memory limitations,
absorption bounda~ conditions are used at the boundaries
to simulate radiation into free space.

A sectional view of the geomet~ of the modeled space is
shown in Fig. 1. The modeled space (along xyz directions,
respectively) is divided into 38x26x 78 = 77064 cells for the
2.62 cm resolution (nominal 1 in.) model and 76X52X 156 =
616512 cells for the 1.31 cm resolution (nominal 1/2 in.)
model. Of these, a total of 5628 cells or 45024 cells are
either totally or partially within the human body, respec-
tively. To simulate plane-wave irradiation uniform in phase,
incident fields (vertically polarized E fields and x-directed
H fields) of prescribed time variation are defined over a
source plane located at a distance 38 to the left of the
absorbing plane in front of the model. The external absorb-
ing boundaries are placed at a distance of 73 or more (143’
or more for the 1.31 cm model) on all sides of the human
model. To reduce the modeled space, it is desirable to bring
the absorbing boundaries as close to the region of interest as
possible while still adequately simulating the actual interac-
tion in question, We have verified the adequacy of the above
separations from the absorbing boundaries by modeling
plane-wave irradiation of lmsy homogeneous and layered
spheres at 27 and 100 MHz, Results of the calculated E2

variations for 58 (13.1 cm) or larger separations from the
absorbing boundaries on all sides were found to be in excel-
lent agreement (within 5%) with the analytic Mie solutions
for the spheres [16].

To simulate the shoe-wearing condition, a separation layer
of rubber (~, = 4.2) that is 2.62 cm” thick is assumed between
the feet of the model 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, c, = 4.2 is close to the values given
in reference handbooks for neoprene rubber.

The perfectly conducting ground plane underneath the
rubber is modeled in one of two ways: 1) by cells of high
conductivity, m = 3.72X 107 S/m, corresponding to that of

aluminum, or 2) by assuming that the tangential fields E,
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Fig. 1. Geomet~ of the modeled space for irradmtion by EMP. 6 =
2.~z cm for the 5(j2&~ell coarser mode] and ~’= 1.31 cm for the higher
resolution 45 024-cell model of the human.

and EY are always zero at the ground plane. Both proce-
dures yield identical results for the fields and the currents
calculated within the body.

For the present calculations, several steps have been taken
to improve the efficiency of the FDTD code compared with
the procedure described in the past [13], [14]. A major
problem with this code is the large amount of memory
storage that is needed. This is of the order of MN, where M
is the number of parameters that need to be stored (for the
algorithm used in the past [13], [14], M = 27) and N is the
number of cells into which the interaction region is divided
(N= 77064 for 2.62 cm resolution model and 616512 for
1.31 cm resolution model). In modifying the FDTD code, we
have reduced the parameters (M) that need to be stored.
First, the tissue conductivities o-,, cr,, m, and permittivities
~X,~Y,e, that were previously stored for all N cells at half-cell
intervals have been replaced by single volume-averaged val-
ues of u and ● for each of the cells, resulting in a consider-
able reduction in the number of parameters that need to be
stored. This step has also resulted in the intermediate prop-
erty-dependent Pactors such as CA,, CA?, CA,, CB,, CB, ,

and CB= [14] being replaced by CA and CB for each of the
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cells, defined as follows:

[

C7(i, j,k)i$t
cA(i, j,k)= l– 1[ 1a(i, j,k)~t ‘1

1+
2f(i., j,k) 26(i, jjk)

(1)

[ 1m(i, j,k)clt ‘i
Cl?(i,j, k)=? e(i, j,k)+ ~ (2)

where (i, j, k) corresponds to values of these parameters at
the center point of the cell at (ii3, j8, k8). Whereas CA,,
CA ~,,CA=, CBX, CBV, and CB= were stored for each of the N
cells in the past because of the different values of u and e
for the three directions, respectively, the new modified algo-
rithm does not store CA and CB but rather calculates these
parameters for each of the cells as needed with no de-
tectable loss in efficiency of the code. The steps taken to
date have reduced the memory-storage requirement by a
factor of 2.7 (M reduced from 27 to 10) so that it is possible
to solve the high-resolution 600000 cell problem within the
64 Mbyte memory of the APOLLO model 10000 workstation

(the actual memory used was 26.6 Mbytes). These improve-
ments have also reduced the computation time by roughly a
factor of 2, e.g., for the 2.62 cm model from 8 min to 5 min
using the CRAY XMP (available at the San Diego Super-
computer Center) while showing a negligible difference in
the calculated results.

The calculated electric fields are used to obtain the cur-
rents for the various layers and the energy, W, absorbed ,by
the model (or its parts) for the entire duration of the EMP,
The following relationships are used:

[

dE(i, j,k) 11k=a2~a(i,j,k)E(i,j,r%)+E06(i,j,/c)at,i,j
(3)

W= S3St~ ~ a(i, j,k)l E(i, j,k)12 (4)
n i,], k

where summation over i, j means summation for all cells in a
given layer k, and summation over n means summation for
all iterations in time for which E is nonzero.

111. AN ANATOMICALLY BASED INHOMOGENEOUS

MODEL OF THE HUMAN

As in [4] and [13], the inhomogeneous model of the human
body is taken from the book A Cross-Section Anatomy by
Eycleshymer and Shoemaker [1 I]. This book contains
cross-sectional diagrams of the hum”an body which were
obtained by making cross-sectional cuts at spacings of about
1 in. in human cadavers. The process for creating the data
base of the man model was as follows: a quarter-inch grid
was taken for each single cross-sectional diagram and each
cell on the grid was then assigned a number corresponding to
one of the 16 tissue types (muscle, fat, bone, blood, intestine,
cartilage, liver, kidney, pancreas, spleen, lung, heart, nerve,
brain, skin, eye) or air. 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 [11] are for some-
what variable separations, typically 2.3–2.7 cm, a new set of
equispaced layers was defined at 1/4 in. intervals by interpo-
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Fig. 2. The incident field and the current calculated for the section
through tht knees for a half-period sine wave pulse of duration 12.5 ns.
Peak incident field = 1 kV/m. (a) The pulse wave form (note the

considerably shorter time durdtion of the incident pulse compared with
the duration for the current given in Fig. 2(b). (b) Current for the

section through the knees.

Iating 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, 1/2 in. or 1 in., combining the data
for 2x2x2 = 8 or 4x4x4 = 64 cells of the smaller dimen-
sion, respectively. Without changes in the anatomy, this
process allows some variability in the height and weight of
the body. We have taken the final cell sizes of 1.31 or 2.62
cm (rather than 1/2 in. or 1 in. in the original model) to
obtain the total height and body weight of 175.5 cm and 69.6
kg, respectively.

IV. RESULTS

In this section, we give the calculated results for three
representative EMP’s, which are sketched in Figs. 2(a), 3(a),
and 5, respectively. All of the incident E fields at the initial
boundary plane (see Fig. 1) are assumed to be vertically
polarized to obtain maximum coupling to the body. The
EMP in Fig. 2(a) is an idealized sine wave with a duration of
one half the time period at 40 MHz. This gives a time
duration of 12.5 ns. A peak field of 1 kV\m is assumed for
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field = – 53,330 V/m. (a) Tbe measured pulse shane
(b) Simulated electric pulse (given by Eq. 5) plotted on an expanded scale, (c) Current ft;r the section through the ankles. (d)
Current for the section through the knees. (e) Current fur the section through the heart. (f’) Current tot” the sectmrr through
the neck.

this pulse. Using (3), vertical, or z-directed, currents are
calculated for each of the cells and summed up for a given
layer to obtain the total current for that particular layer of
the body. The time variation of current for the section
through the two knees is shown in Fig. 2(b). Fairly similar
ringing-type current variations were also obtained for the
sections through the ankles, the heart, and the neck even
though the ~eak magnitudes were somewhat different. For

the assumed incident peak field of 1 kV/m, peak currents of
3.9, 3.0, and 1.6 A were calculated for sections through the
ankles, the heart, and the neck, respectively. For each of the
sections it was interesting to note a ringing of the induced
current with an approximate time period of 23.5 ns corre-
sponding to a frequency of 42.5 MHz, which is close to the
resonance frequency of a human standing on a ground plane
[12].
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TABLE I
COMPARISON OF MEASURED AND CALCULATED VALUES

(PEAK E = 55.4 KV/M)

TABLE II
SPEclElcADSORPTIONS (SA) IN MJ\KCI WR rtm VARIOUS ORGANS

AND rtw WHOLE BODY FOR TIIU EMP’s cw FIGS. 3 AND 5

Peak Current
Measured* Calculated

Section of ,Body A A

Both ankles 220 192
Both knees 244 235
Both thighs 284
Neck 100 81

Measured values are for a 5 ft, 6 in. female with shoes.
Time duration for half cycle of current is -17 ns both for

EMP EMP
of Fig. 3* of Fig. 5*’

SA SA
Organ mJ /kg mJ /kg

Brain 0.026 0.016
Heart 0.05 0.029
Lung 0.053 0.029
Liver 0.068 0.034
Kidnev 0.067 0.037

measured and calculated currents. Ankle- 8.55 4.31
“Data courtesy of Wayne Hammer Naval Surface Warfare Whole body 0.43

Center, White Oak, MD.
0.22

“E.,.,,k = – 53.5 kV/m.

55,55

3.7.7

18.85

–18 85

0.0 500 1000 1500

Time (ns)

Fig. 4. The prescribed electromagnetic pulse. Peak Incident field = 41.5 kV/m.

Next, a curve-fitting procedure was used to prescribe the and neck sections are given in parts (c) through (f) of Fig. 3.

time variation of the experimentally determined field shown Peak induced currents calculated for the various sections of

in Fig. 3(a). The following closed-form equations were ob- the body are compared in Table I with measured data [17].

tained (where c is in ns): For comparison the calculated values are scaled from 53.33

f -53330 sin(() .1374275 t), ()<t<ll.43ns

I
-53330 +33822 sin [0.0911664(f -11 .43)], 11.43 <t<28.66ns

E(t)lv/m= – 19684+ 19684 sin [0.03915245(t –28.66)], 28.66< t <68.78 ns (5)

70f)f)sin [0.15707963( t– 68.78)], 68.78< t<78.78 ns

\7000e-[(),5{),,-7878,,, 78.78<t <114.78 ns.

The time dependence prescribed by the above equations is kV/m to 55.4 kV/m, which was typical of the values used
sketched on an expanded time scale in Fig. 3(b). The time for measurements. For the first set of comparisons, the

variations of currents calculated for tbe ankle, knee, heart, agreement is fairly good.
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For the EMP of Fig. 3(a) approximated by the time depen-
dence shown in Fig. 3(b), we have calculated the total energy
absorbed by the model to be 30.2 mJ. Shown in Table II are
the specific absorption (SA’S) for the various organs as well
as the whole body in mJ/kg for the EMP’s of Fig. 3(b) and
Fig. 5. The SAS are fairly small compared with whole-body-
averaged values of the order of 28.88 J/kg per pulse that
have been proposed for the 1990 revision of ANSI C95. 1
Radiofrequency Protection Guide (RFPG) based on up to
five pulses per 6 min.

Yet another, and perhaps the most convenient and accu-
rate, procedure for these calculations was used for the mea-
sured EMP waveform sketched in Fig. 4. In this case the
data were provided on a floppy disk, which made it very
convenient to read it into the computer. The E field data as
read into the computer are shown in Fig. 5. The time t = O in
Fig, 5 was started with the initial rise of the pulse. Since very
low fields are involved beyond the first zero crossing and
these result in relatively weak currents, the pulse was trun-
cated at t = 356 ns to save computation time.

The electric field values sketched in Fig. 4 as a function of
time were available at 2 ns intervals on the floppy disk. For
the FDTD method, the time step St at which the data are
needed is S/2c (where 8 is the cell size and c is the velocity
of electromagnetic waves in air). For these calculations, we
have used both the 5628 and the 45024 cell models of the
human body, where cubical cells of dimensions 2.62 cm and
1,31 cm, respectively, are used to describe the volume-aver-
aged tissue dielectric constants and conductivities for the
various regions of the body. The values of St needed for the
two models are 0.04367 and 0.02183 ns, respectively. Since
the provided data were available at 2 ns intervals, linear
interpolation was used to obtain the incident E fields at
these finer intervals of 8t.

The time variations of currents for the ankle, knee, thigh

(23.6 cms above the knee), heart, and neck sections are given
in, respectively, parts (a) through (e) of Fig. 6. As previously

observed from the measured data in Table I, albeit for a

slightly different pulse shape (of Fig. 3), the highest peak

currents are calculated for the section through the thighs. It

is also interesting to note in parts (a)–(e) of Fig. 6 that there

is little or no variation in the current profiles for the impor-

tant initial peak current region between the 1.31 cm and 2.62

cm resolution models. This is especially surprising since

some of these sections contain relatively few cells.

Since the time step, at,required for the 1.31 cm model is
exactly half that for the coarser 2.62 cm model and the
number of cells involved is almost eight times greater (600704

versus 77064), the calculations with the 1,31 cm model are
much more time intensive (by nearly a factor of 16) than
those for the 2.62 cm model. The major purpose of using the
1.31 cm model, therefore, was to obtain the calculated distri-
bution at the current peak with a higher resolution than that
possible with the 2.62 cm model. The calculated current
density contour diagrams are shown in parts (a) through (c)
of Fig. 7 for the neck section and for sections of the body
through the heart and the liver, respectively. These current
densities have been calculated using the 1.31 cm model for

times corresponding to the peak total current for the respec-

tive sections.

The total energy absorbed by the whole model for the
EMP of Fig. 5 is calculated to be 15.4 mJ. Shown in Table II
are the SA’S calculated for the various organs for this EMP.

l:L%
o 100 200 300 400

Time (ns)

Fig. 5. The truncated EMP as read into the computer,

As mentioned earlier, these SA’S are fairly small and consid-
erably lower than the values proposed for the 1990 revision
of ANSI C95.1 RFPG.

V. CONCLUSIONS

The finite-difference time-domain method has been used
to calculate coupling of an electromagnetic pulse to anatomi-
cally based models of the human body composed of cubical
cells of dimensions 1.31 or 2.62 cm. The time variations of
the induced currents are surprisingly similar for the 1.31 cm
and 2.62 cm resolution models for the important initial
region up to the current peak. Since the higher resolution
model requires a much larger number of cells for the interac-
tion space (almost 8: 1) and a stepping time period that is
half that for the coarser (2.62 cm cell size) model, it is very
time intensive for the calculations. The main role of the finer
model, therefore, is in calculating current distributions in the
various parts of the body at the respective current peaks, i.e.,
up to the time corresponding to the current peak for the
various sections. Since peak currents typically exist at times
of the order of 11–12 ns after the onset of the pulse, the
number of iterations needed for the higher resolution model
is relatively small. 1

Being a time-domain technique, the FDTD method is
ideally suited for calculations involving EMP, allowing us to
model the pulse shape exactly. Since the human body is
dispersive, it would be desirable to modify the program so
that time-domain descriptions of the tissue polarization can
be incorporated to account for the relaxation mechanisms
that are responsible for the frequency-dependent dielectric

properties. Because the scope of the present effort did not
call for a full-blown effort in this regard, we have used
dielectric properties at 40 MHz in the first instance to get an
estimate of the currents that are induced. This may, how-
ever, not be altogether erroneous since the predominant
components of the induced currents are at frequencies close
to 40–50 MHz because of the resonance of absorption of the
adult, 1.75-m-tall human standing on a ground plane.

1A total of 700” iterations (8[ = ().()21X3 ns) were used fur the 1,3 I cm
resolution rnociel. The computation time needed on the APOLLO
workstation was approximately 420 min.
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Fig. 6. Currents induced fortheprescribed EMPof Fig.5 using anatomically based models with cell sizes 2.62 cm(s{]lid

curve) and 1.31 cm(dots), respectively .Peakincident field =41.5kV/m. (a) Current fOrthesecti~~n thr(Jugh the ankles.(b)
Current forthesection through theknees. (c) Current for the section throughth ethighs(23. 6cmsabove the knees).(d)
Current for the section through the heart. (e) Current for the section through the neck

The calculated currents for one of the EMP’s are com-
pared with data measured for a human subject for the
various sections. The agreement for the first set of compar-
isonsis fairly good. This is encouraging and lends support to
the usefulness of an anatomically based model for obtaining
induced current distributions as well as specific absorption
for the various organs.

It is interesting to note that there is very little energy
absorbed by the human body because of the very limited
time duration (50 ns or less) for which significant currents

can reinduced. For the EMP’s sketchedin Figs. 3and4, we
have calculated the total energy absorbed by the human body
to be30.2 and 15.4 mJ, respectively, The SA’sfor the various
organs and the whole body are given in Table II. They are
considerably smaller than the value of 28.8 J/kg whole-
body-averaged SAperpulse that has been proposed for the
1990 revision ofANSIC95.1 RFPG. We are inno positionto
comment on the biological effects of high instantaneous
currents of time durations 50 ns or less since very little is
known about currentsof such short duration.
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