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ABSTRACT. Numerous reports have described biological effects in animals exposed to
electrostatic fields. Present equilibrium theory does not envision such effects because the
bulk conductivity of biological tissue is generally held to prevent penetration of the applied
electric field. Employing a two-layer mathematical model of an animal exposed to an
electrostatic field we show thst if the transient response of the animal is considered, then
electric fields of significant strength and periodicity can occur inside the animal. We show
also that the total energy avsilable to an animal in an electrostatic field is extraordinarily
small, and therefore that the biological effects associated with such exposure are not
energetically driven by the applied field.

Introduction

Interest in the biological effects associated with exposure to electrostatic
fields is increasing.!® Such effects are of interest for both theoretical ard
practical reasons. In the former instance, mathematical calculations on
biological systems exposed to electrostatic fields generally lead to the
conclusion that no effects are likely.®!!  Consequently, there is no
theoretical framework within which the biological reports may be analyzed.
In the latter instance, health and safety issues arise with regard to exposure
of the public to electrostatic fields.

In this paper we will analyze the response of a mathematical animal model
to an imposed electrostatic field. The model permits the calculation of the
energy and internal fields which arise as a consequence of exposure to an
electrostatic field of arbitrary orientation for a wide variety of assumed
tissue electrical parameters. Based on this analysis, we will propose a
possible explanation for the existence of electrostatically induced biologicul
effects.

Animals are composed of tissues with differing dielectric constants and
conductivities. When an animal is placed in an electrostatic field, interfaces
between regions characterized by differing electrical parameters become
charged if they dre normal to the field lines. The energy stored in the fields,
the energy dissipated in the charging of interfaces, and the internal electric
fields may be calculated as functions of time. If the orientation of the
interfaces relative to the field lines changes periodically while the applied
field remains constant, the interfaces will periodically charge and discharge.

L
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Energy is thereby dissipated, and corresponding internal voltage pulses are
produced. Such periodic changes in interfacial orientation will occur far
more frequently in horizontal (i.e., horizontal to the earth’s surface) than in
vertical fields. '

The electrical conductivity and dielectric constant of animal tissue
depends strongly on its water content. The physical model discussed below
considers an animal to be composed of tissue layers with differing electrical
properties. Because of the complexity of the mathematical analysis, a simple
two component model is employed.

Theory

Figure 1 illustrates the physical model used for an animal placed in a
rectangular enclosure with sides S, and S,. An electrostatic field is applied
across S,. The animal’s interior layer is regarded as a rectangular solid of
length L with square cross-section of side W. A rectangular shell of
thickness T forms an outer layer surrounding the inner layer. The arimal is
separated by distances W, and W, from the electrodes. Although Figure 1
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Fig. 1. Two layer physical model for an animal placed in an electros:atic ficld.
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illustrates the mode!l for an horizontally applied field, the same model may
be used for a vertical field if W, = 0. The inner layer, outer layer and air
have dielectric constants and conductivities K,, G,; K;, G, ; and K;, G,
respectively. :

Suppose that voltage step V is applied at time t = 0. The electric fields F,
and the electric displacements D, are instantaneously established in the
rcgion between the plates. At t =0, D is uniform and would remain so if all
media were perfect insulators. In real media however, currents begin to flow
upon application of the step. At equilibrium, the current density J is
continuous. As a result of these processes, the various interfaces become
charged. Energy is dissipated during the charge flow required for the
attainment of equilibrium, and energy is also stored in the fields existing in
the inner and outer layers.

If the applied voltage is suddenly switched off, or if the animal moves so -

that the charged interfaces are no longer normal to the field lines, the
interfaces discharge. The energy stored in the fields decreases toward zero,
and energy is dissipated during the accompanying flow of charge. Any
activity of the animal which results in alternéting motion of the interfaces
relative to the field lines produces interfacial charging and discharging with
the accompanying dissipation of energy. Such motion of the .interfaces
relative to the field lines occurs far more often in horizontal than in vertical
fields. Hence it is assumed for simplicity that in a vertical field the
interfaces remain normal to the field lines and that they retain the charges
acquired during the attainment of equilibrium. In this case. significant
energy may be dissipated by charge flow only during the initial period of
interfacial charging.
A. Interfacial Charging. Consider interfaces normal to the field lines.
Figure 2 depicts the current densities, fields, and interfacial charge densities
at time t. The contributions of the front and back outer layers and the side
walls to both the dissipated and stored energies can be found by using the
equations derived below. Fringing of the field lines is neglected, and it is
assumed that there is no net space charge present in any region-

The total vdltage_ drop across the plates equals the sum of the voltage
drops across the individual regions,

V = F(W, + W,) + F (2T) + F,(W) (1)

where F,,, F,, and F, are the electric fields in the air, outer, and inner layers
respectively. This equation may be rewritten as

V = D(W, + W,)/y, + D, (2TV/K,1, + D, (W)/K,1, (2)

where D,, D,, and D, are the electric displacements in the air, outer, and

inner layers respectively; v, is the permittivity of free space, and K, = 1.
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In each region, the total current density has two components: the

conduction current density J, = GF, and the displacement current density
Jg = dD/dt.

Jo = Dy/By + dD,/dt (32)
J, =D, /g, +dD, /dt (3b)
J, = D,/g, +dD,/dt (3¢)

where 8, = K v,/G, is the electrical relaxation time for region i.

Equations (2)-(3) form a set of four, coupled, first order differential
equations which may be solved subject to the following boundary conditions.

Dy -D, =0y (4a)
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Fig. 2. Electrical parameters associated with each region in the physical mocel. Air is
denoted by 0, the outer layer by 1, and the inner layer by 2. .
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D, -D, =0y, (4b)
dg = J; = ~dag, /dt (52)

J, = d, = o, /dt (3b)

0o, and o,, are respectively the charge densities at the airouter layer and
outer-inner layer interfaces near the negative plate. The corresponding
interfaces near the positive plate carry charge densities equal in magnitude
but opposite in sign.

Manipulation of the above expressions leads to the following second
order differential equation which may be solved for o, :

d2001/dt2 + QdoOI/dt + R'OOI =g (6)
where

Q= (Wy + Wy )(1/8y + 1/8,) + 2T(1/Bo + 1/6,)/Ky + W(1/B + 1/64)IK,
2(W, + W, + 2T/K, + W/K,)

(W‘ + wz mﬂ * ZTﬁ{/KI * \‘.’{32/[{2
48,8,8,(W, + W, + 2T/K, + W/K,)

(ﬁo = 61)70\/

S =
48,8,8, (W, + W, + 2T/K, + W/K,)

The solution is

0py = S/R + Hje®1' + H,yeP2! (7)
where
P,, P, = (Q +(Q? - 4R)")/2 (8)

P -1 and P2-1 represent electrical relaxation times associated with the
interfacial charging, Substitution of this result into equations (4) and (3)

yields .

uyg = (K /W)(=7 \V =NS/B, R)+(MP, - N/ ,)H,c™1t + (MP, - N/, )H,e™"2*

(9)
where

M = 28,8,(W, + W, + 2T/K, + W/K,)/(3, - B,) (10)

N = 3,8o(W, + W, + 8, (2T/K, + WK, VB8, - Bq)  (11)
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The constants H, and H,, which arose from the solution of equation
(6), may be evaluated by requiring that at t =0, 6y, = 0,,and 0,, =¢,.
At the instant when the field is first applied, o, = 0, =0. As the interfaces
are repeatedly charged and discharged by the animal’s motion in a horizontal
field, the beginning of a new charging cycle at t = 0 may occur when there
exists residual charge on the interfaces as a consequence of a preceding
incomplete discharge. This situation would occur if the electrical relaxation
time for discharge were not small compared to the time interval during
which the discharge was taking place. In that case o,, 0, # 0. One then
obtains '

H, = [(0,W/K, + (N/B, - MP,)o, + 7,V + MP,S/R)]/M(P, - P,)
(12a)

H, = [(o,W/K, +(N/B, - MP,)o, + 7,V + MP,S/R)]/M(P, - P|)
(12b)

Further manipulation of equations (4), (5), (7), and (9) leads to the
following expressions for the electric fields:

F, = A, + ByeP1t + CeF2t (13a)
F, = A, +B,efit+CeP2! (13b)
F, = A, +Bye™1'+ Cpe2t (13¢)
where
Ay = (BoS)roR(By - B,) (14a)
Ay = (B,S)K,v,R(8, - 8,) (14b)
A, = (B,S)KyyoR(By - 8y) (14¢)
By = BoH, (1 - 2P 8, )78y - B;) (15a)
B, =8, H (1 - 2P,8,)/K, 7,8, - 8,) (15h)

B, = (H,/Ry7vo)[(1 - 2P, B,)8, /(By = By) + (Ko /WYN/B, ~MP )l (15¢)

Co = BoHa(1 - 2P,8,)/7v,(8y - 8)) {16a)
Cl = ﬁl H2(1 - 2P2’30)/K| Yo (6() - ﬁ‘) (l(ih)
C2 = (H2/K2‘7o)[(1 ‘2Pg.-30)_31 /(Bo “Fil)"'(Kg/“')(N/Sl -MP._,)] (lﬁ("

The energy dissipated in the animal’s inner layer during charting from
time t = 0 is given by : '
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t
Ey, = szcszg dt
0

Substitution of equation (13c¢) and integration yields

Ey; = LW2G, (A%t + (B2/2P, )(1 - e7?P1%) + (C2/2P,)(1 - e72P2%) +
(2A,B,/P)(1 - ePf1t) + (2A,C,/P,)(1 - eF2!) +
(2B,C,/(P, + P,))(1 - ef1tFaity) (17)
The electrostatic energy stored in the inner layer at time t is given by
E,, = K,7,F2LW?/2
E,, = K,vo,LW?[AZ + Bie"”l" +C2e P2t 424 B,e 1t +
2A,C,e"2t + ZBzCze"”l:"’2"]/2 (18)

Similar expressions may be obtained for the energies dissipated and stored in
the outer layer, E,, and E:

E;, = 2TLWG, [Aft + (Bf/ZP‘ )1 - e?f1Yy + (Cf/zpz )1 - e-2P2t)

+ (2A;B, /P)(1 - eP1)+ (25, C, /P, (1 -2
* (2B,C, /P, + By))(L - PR (19)

E, = K;7,LWT[AZ + Bfe?P1t + Cle?"2t + 27 B,e®it +

sl
2A,C,e*2' + 2B, C,e"P1°F2] (20)

Since for vertical fields the motion of the charged interfaces relative to
the field lines is being neglected, o, and ¢, must both he zero. Electrical
equilibrium is approached for times t > P!, P7. In that case

Fo+ Ay = BoS/70(8 -B)R - (21)
Fl ” A1 = 515/K;7o(5o - ﬁ] ]R (22)
F‘2 * Az = st/Kz'Y olBo - B,y JR {23y

The results of the derivation mav be checked by noting that the correct
limiting case values are obtained.
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Use of equations (15¢) and (16c) to evaluate F, in equation (13c) is
often difficult because of the complicated structure of the expre:sions for
B, and C,. As indicated in the Appendix, evaluation of these expressions
involves the subtraction of nearly equal terms. The consequent loss of
precision in their evaluation may lead to spurious results for the field in the
inner layer. For example, although manipulation of the exact expressions
leads to the correct limiting case at t = 0, substitution of numerical values
into equations (15c¢) and (16¢) leads in some cases to negative values for
small F, at t = 0.

The complexity discussed above originates in the decision to solve
equations (2) — (5) for g,,. N, is then expressed as the difference hetween
D, and 0,, which are themselves functions of v, . A simpler expression for
D, can be obtained by solving equations (2) — (5) for-0,, and then using
D, = §,8,(2do,/dt +0,,/8,)/(B, -8,) to find N, subject to the conditions
that ast » 0, 0,, » 0,,2and D, » D, where D,, = y,V/(\V, + W, + 2T/K, +
W/K,). This approach yields

A2 = 625'/K270(ﬁ1 - 62)R (248)
B, = 8,H,(1 - 2P 8,)/K,7,(8, - 8,) (24b)
Cz = .82H4(1 - nggl)/xg'fo(ﬁl - B2) (24¢)

where

S' = (61 - 62)5/(60 - 61)

Hy = [(By - B2)Py/B, - 2P,6,S'/R -0, (1 - 2P,5,)1/28,(P, - P,)

H4 - [(ﬁ] - 62)”20/62 - 2P1ﬁlSI/R - Uy (1 - 2P|B‘ )]/2-3,”)| - P_;)

Equations (24a) — (24c) yield the correct limiting behavior, with no loss of
precision in their numerical evaluation. The inner layver field can be found
using these expressions.

B. Interfacial Nischarging. In a horizontal field, the animal may turn so that
its charged interfaces are suddenly no longer normal to the field lines.
Energy is dissipated in the charge flow which accompanies the resulting
discharge. The energy stored in the fields decreases towards zero. Suppose
that the discharge begins at time t' = 0, with charge densities v, and uy
residing on the air-outer and outer-inner layer interfaces respectively.
Equations (2) — (5) still apply, but with V = 0. Since S = 0. equation (6)
becomes

d'zoi)1 idt’? + anbl du o+ Rc'm =0

whose solution is

0o = Hyet1t + H eT2t (235
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where P, and P, are given by equation (8). Substitution of this result into
equations (4) and (5) yields

0l = (Ko /W)[HgeP1'(MP, - N/8,) + HeeT2(MP, - N/3,)] (26)

where M and N are given by equations (10) and (11). H, and H, are
evaluated by recalling that 0, * 0., and 0;2 » g4,as t' + 0. One thus obzains

H, = [(N/8, - MP,)o, + Wo,/K,]/M(P, - P,)

He = [(N/8, - MP,)o, + Wo,/K,]/M(P, - P,)

The electric fields in the air, outer, and inner layers at time t' afier the
interfaces begin to discharge are given by

Fi = Bpef1V + Cpetzt (27a)
F'l - B'le-Pl{' + C'le’Pz" (27b)
F, = Bje™1t + Cjer2! (27c)

where

o
o=
I

= 60H5(1 - 2P151)/70(Bo = ﬁ])
Bl] = ﬁl H5(1 - 2P160)/K170(ﬁ0 —ﬁl)
= BoHg(1 - 2PyB81 1By = By)

Cy = B He(1 - 2P,30)/K, v, (8, - B,)

Q
o~
|

To avoid spurious results for the inner layer fields, an approach similar to

that which led to equations (24b) and (24c) must be again used. At time
t' after discharge,

0}, = Hye1¥ + H e P2t
n; = 5132(2d“'|2/dt' * ”’12/[31)/(61 -8y)
The constants H, and H; are found bv requiring thatas t’ + 0, a',:, * Oy
and D, = D,,, where D,, is the electric displacement in the inner laver at

the instant when the discharge begins. In this wav one finds

B,

B, H,(1 - 2P131)/K27o(ﬁl - B,)

C, BaHg(1 - 2P,B8,)/Kovo(By = 220
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If E, and Ej}, represent the energies dissipated in the outer and inner
layers respectively during the discharge from t' = 0 to t', then

E;, = 2LWTG, [(B}2/2P,)(1 - e?P1¥) + (C}2/2P,)(1 - e?"2Y) (28)
+ (2B{C/(P, +P,))(1 - eXP1+F2)]

Ej, = LW2G,[(B}2/2P,)(1 - e271¥) + (C,2/2P,)(1 - e?2t) (29)
+ (2B,C,/(P, + P,))(1 - eXP1*P2)y]

Similarly, if E, and E, represent the energies stored in the electrostatic
fields still present at time t' in the outer and inner lavers respectively, then

Eq

K, 7o LWT(B;2e?"1¥ + Cj2e"?P2' + 2B Cje*P1'P2Y) (30)

E,, = K,7,LW?(By2e?P1V + Cj2e2F2t + 2B, Ce<F1*P2)/2 (31)
C. Behavioral Model. To obtain an estimate for the amount of .energy
available to an animal as it moves in a horizontal field, consider the
following behavioral pattern. The animal is initially placed in corner (1)
of the enclosure illustrated in Figure 3: ¢, = ¢, = 0. At t =0, the voltage is
applied and the animal begins to walk at a speed v toward corner (2).
Interfaces parallel to side A gradually become charged with time constants
P,! and P,'. The energies dissipated and stored during charginz are given
by equations (17) — (20). Upon reaching corner (2) the animal turns
sharply and walks toward comer (3) at the same speed. Interfaces parallel
to side A then begin to discharge. The correspondinz enerzies are ¢iven by
equations (28) — (31). In addition. interfaces paraile] to side 8 become
charged with energies given bv equations (17) — (20). This process
continues as the animal walks around the perimeter of the enclosure. The
charge densities residing on interfaces parallel to sides A and B as the
animal turns each corner depend on the electrical relaxation times as well
as the time intervals during which charging and discharging occur (S, jv and
S,/v). An HP-2000F computer has been programmed to calculate the
cumulative energy dissipated in the animal as it walks around the enclosure
n times.

Results

To apply the two laver physical model described above, we must select
values for the dielectric constants and conductivities of the inner and outer
layers. Unfortunately, such values are difficult to measure and consequently
‘there is a paucity of such data in the literature. Some values have been
reported at very low frequencies (12-1.1), but their reliability is questionable
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because uf clectrode polarization phenomena and varizble tissue moisture
content. We have therefore assumed a wide range of possible combirations
of the electrical properties of each layer. Specifically, we have considered
values of K, in the range 80.- 8 X 108, ¥, in the range 10 - 7 X 10%, G,
in the range 0.02 - 1.0 mho/m, and G, in the range 0.01 - 0.10 mho/m.
Twenty-four combinations were analyzed, and in each case the dielectric
constant and conductivity of air were assumed to be 1 and 5 X 10°'* mho/m
respectively.

The model was applied to the case of a mouse (6 X 2 ¢m) housed in a
typical plastic mouse cage (37 X 20 X 17 c¢m) across which 1000 volts was
applied, resulting in an equilibrium electric field in the air of 5.5 kV/m in
the vertical case and 6.7 kV/m in the horizontal case.
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Fig. .3. Top view of an animal walking around the periphery of the cage while subject
10 a horizontal electrostatic field. A denotes the animal's side surface, 8 danciss the
front surface.
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Figures 4 and 5 illustrate the electric field and energy dissipated in the
outer layer for six choices of outer layer electrical parameters, with the inner
layer characterized by K, = 7 X 10% and G, = 0.01 mho/m. For times
t <P, 71, P,"!, the electric field is determined by the dielectric constant of
the outer layer; for times t > P,', P,”!, the field is determined by its
conductivity. The effects of only one time constant, which depends solely
on the electrical properties of the outer layer, are apparent. Figure 5
indicates that the cumulative energy dissipated is determined by the
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Fig. 4. Outer layer electric fields for an inner layer characterized by Ko = 7 x 105,
Gy = 0.01 mho/m. The outer layer parameters corresponding to each curve are:
3, K{ = 80 and Gy = 1 mho/m; b, 80 and 033;¢c, 8 x 10° and 02;
d, 8 x 108 and 0.2 e, 8 x 10° and 0.02; f, 8 x 10° and 0.02.
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Fig. 5. Energy dissipated in the outer layer for an inner layer characterized by
Ko =7 x 10°, Gy = 0.01 mho/m. The curves are lettered as in Figure 4.
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dielectric constant of the outer laver, and that it decreases as K, increases.
The time during which energy flow is appreciable is of course determined
by the relaxation time governing the behavior of the outer laver ficld.

Figures 6 and 7 depict the electric field and energy dissipated in the inner -
layer for the same six choices of outer layer electrical parameters, with the
inner layer characterized by K, =7 X 10®, and G, = 0.01 and 0.1 mho/m.
Note that the inner layer field is the same for all choices of outer layer

electrical parameters. Thus, the energy dissipated must also be the same for
0r
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Fig. 6. Inner layer electric fields. For curve a, Ky = 7 x 105, Gp = 0.1 mho/m.
For curve b, Ko =7 x 105, G9 = 0.01 mho/m. Since the outer and inner layer fields
are decoupled, the inner layer fields are identical for all six sets of outer layer parameters
shown in Figure 4, and are represented by the same curve.
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Fig. 7. Energy dissipated in the inner layer. The curves are lettered as in Figure 6.
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each case. The outer and inner lavers are therefore decoupled. Tke temporal
variation of the fields in each layer is governed by the electrical parameters
of that layer.

Note that the dissipated energies are quite small —at most 1.84 X 10"
joules — and for large t depend only on the dielectric constant of the laver
in question. Although the stored energies are not presented graphically,
the maximum stored energy for these cases is also on the order of 107!
joules.  Nevertheless, use of the literature values for tissue electrical
parameters: leads to fields on the order of tens to hundreds of micro-
volts/em existing in the tissue for times on the order of microseconds to
milliseconds. '

Similarresults are obtained for the other choices of inner laver parameters:
K, =10; G, =0.1 and 0.01 mho/m. It should be noted that smaller **kneces”’
appear in the inner layer fields for these two sets of inner layer parameters.
These small pertubations are due to a weak coupling of the inner and outer
layers which occurs with large differences in the dielectric constant of these
layers. Since the field pertubations are weak, they make no significant
contribution to the dissipated energy. '

A commonly employed model of biological systems exposed to electric
fields is that of a bulk region of high conductivity surrounded by a shell of
insulating material. When applied to an.individual cell, the two regions
correspond to the cell cytoplasm and cell membrane respectively. When
applied to an animal, the internal milieu is characterized as a region of high
conductivity as a consequence of vascularization and the presence of
interstitial fluids, and the skin is viewed as an insulaiing layer. We have
considered this model for the assumptions listed in Figures 8 and 9. The
figures illustrate the electric field and energy dissipated in the animal’s
interior for a very thin (1072 cm) outer layer characterized by K, =10,and
G, =0.1 mho/m. The inner and outer layers are again essentially decoupled.
The response of the interior is determined by its own electrical properties.
For small t the field is determined by its dielectric constant, for large t by
its conductivity. The cumulative energy dissipated depends only on the
dielectric constant. This energy is again small (about 107! joules), while
fields on the order of ten microvolts/cm can exist for times on the order of
microseconds to milliseconds. Essentially the same results are obtained with
a larger dielectric constant (7 X 10%) for the outer layer. Variations in the
thickness of the skin layer do not lead to significantly different values.

Several representative sets of values for the elcctrical parameters charac-
terizing the inner and outer layers were chosen for the calculation of the
cumulative energy dissipated as the animal walks twice around the periphery
of the enclosure (37 X 17.cm), at a speed of 10 cm/sec. The potential of
1000 volts is applied across the shorter side. The results of the calculation
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Fig. 9. Energy dissipated in the interior for a very thin (10'2cm) outer layer charac-
terized by Ky = 10, Gy = 0.1 mho/m. The curves are lettered as in Figure 3.
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are presented in Table 1. The first six sets of values are selected from the
model in which the outer and inner layers have equal thicknesses, and the
last three are chosen {rom the thin outer layer model. The cumulative energy
dissipated listed in the last column is the sum of the energies dissipated in the
inner and outer layers as the animal traverses eight sides. As previously
noted, the dissipated energy is independent of the conductivity and varies
inversely with the dielectric constant of the medium. In the first six sets,
the cumulative energy dissipated is thus determined primarily by the layer
with the lower dielectric constant. This energy is essentially the same for
the first five sets where it is determined primarily by K,. Only in the fifth
set, where K, is also relatively small, is there a contribution from the outer
layer. This energy is smallest in the sixth set, where both dielectric constants
are large. In the last three sets, the dissipated energy is determined mainly
by the interior since the volume of the outer layer is very small.

Of particular interest are the small values obtained for the dissipated
energy. If a daily schedule of activity in which the animal makes 200
circuits is assumed and the values of the fifth set are used, the energy
is small in comparison with its daily food intake (on the order of 100,000
joules). '

The electric field and energy dissipated in the front and back end faces
are determined by the electrical parameters characterizing the medium.
Essentially the same results are obtained as for the outer-inner laver

TABLE 1
Cumulative Energy Dissipated in a Horizontal Field

Cumulative

Set K, G, K, G, W T Energy
(mho/m) (mho/m) (ecm) (cm) - Dissipated
(joules)
1 8x10¢ 0.2 10 001 067 0.7 9.04x10°
2 8x10¢ 0.02 10 001 0.67 067 9.04x10"°
3. 8x105 0.2 10 001 067 067 - 9.04x107°
4 8x10¢ 0.2 10 0.1 0.67  0.67 9.04x107°
5 80 1 10 001 0.67 0.7 9.37x10 *
6 8x106 0.2  7x10* 0.01 0.67  0.67 1.40x10 °
i 10 0.1 8x108 02 2 102 1.08x10 *°
8 10 0.1 80 0.33 2 1h* 3.20x10°°
g

X100 001 8 033 2 10 2.00x10 *
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calculations. Since there is only one interface (air-end face}, only one time
constant appears. The dissipated energies are comparable to those discussed
above and are thus small relative to the energy value of the daily food intake.

Discussion

The results of the calculations as illustrated in Figures 4 —9 appear much
simpler than might be expected from the complexity of equations (13),
(17) and (19). Inthe Appendix it is shown that for 8, » 8,,8, the fieldsin
each region are characterized by only one time constant which depends on
the electrical properties of the region. It is further shown that the cumula-
tive energy dissipated depends only on the dielectric constant of the region.

~ Within the framework of the model which is analyzed here, the total
energy available to an animal exposed to an electrostatic field is extra-
ordinarily small. Even if more complex multi-interfacial models are
considered however, the total energy available remains quite negligible in
comparison with metabolic energy consumption. Thus it is concluded that
the biological effects associated with exposure to electrostatic fields are
informational in origin. That is, the electrostatic field controls or triggers
the observed effect, but does not drive it energetically.

The calculations reveal-the existence of significant electric fields in the
animal for times on the order of microseconds to milliseconds (Figures 4,
6 and 8). An animal exposed to a horizontal field will be subjected far
more frequently to the field transients as compared to an animal exposed
to a vertical field. Such a differential may be responsible for the directionally
dependent biological effects ohserved recently (1).

Any reasonable generalization or variation of the model employed, such
as a multi-interfacial - model or a model in which the electrical constants
of each layer are allowed to vary from point.to point, will also predict the
existence of significant electric fields for times on the order of microseconds
to milliseconds. Thus the apparent inconsistency between the reports of
electrostatically induced biological effects on the one hand, and the
theoretical arguments against the existence of such effects on the other
hand, may find its resolution in a consideration of the transient response
of the system. That is, normal animal experimentation ordinarily does not
require that the animal under study remain motionless. Our calculations
show that any periodic motion of the animal relative to the applied ficld
will produce transient periodic electric fields within the animmal of signifi&.mt
strength.  Such fields may be responsible for the obscrved biological
effocts (1-8).
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Appendix

For all the models discussed in this paper B, = 177 seconds and
By,8, < 3.54 X 1073 seconds. The air gap between the electrodes is much
greater than the thickness of either the inner or outer layer for all models.

In the limit g, » §,, B,, and (W, + W,) » 2T/K,, W/K,

Q » (B +6,)/28,8,

R » 1/48,8,

8+ 1oV/4By 6, (W, + Wy)
S/IR » vo VI(W, + W,)

M > 28, (W, + W,)

N+ -§,(W, +W,)

(B, + By) T (B2 - 28,8, +£2)"
46,6,

Py Py

Thus for g, > g, , P, ~ %p, and P, » %A8,, whereas for §,> §,,P, - %f,
and P, » %f,. In determining the electric field and energy dissipated in each
region as functions of time, it is assumed that o =0 = 0. Thus for
g, > By, Hy » 0 and H, - -70\//(\\/1 + W,), whereas for g, > 8,,
Hy » 7 V/(W, + W,) and H,» 0. One thus obtains

Ag * S/7gR * VI(W, + W,)
Ay * ByS/BoK,7oR * VG, /G, (W, + W,)
Ay > B,SIBoK, 7R » VG, /G,(W, + W,)

Since H, » 0 for 8, > g,, B,, B, ~ 0. For g, >§,, B+ 0 and
B, » V/K,(W, +W,). Since H, » 0 for 8, > §,, C;, C, »+ 0. For
8, > B,, Co >0 and C, » V/K (W, + W,).

Evaluation of the expressions for B, and C, is more complicated. For
B4 > B,, one finds that

B2 * (Hi/Kz'Yo)("al/Bz + (Kzl\v)(‘v] + ‘vz)(ﬁl/ﬁg' 1))
C, » -H, /Ky, + V/K (W, + W,)

One would expect that B, +~ 0, since H, = 0. However H; » 0 as the
difference of two nearly equal terms. Loss of precision in the subtraction
by the computer can yield a very small, but nonzero result for H,, which
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in turn leads to a non-negligible value for B, when multiplied by the
second term in the above expression. A similar problem arises in the evalua-
tion of C, when f, > 8,. To overcome these difficulties in the numerical
evaluation of the coefficients B, and C,, it was necessary to re-express them

in equations (24b) and (24c). Using those equations, one finds that in the
same limits

Ha * 7ov(31 - Bz)/zﬁlﬁz(\vl + \vz)(Pz = Pl)
and '
H4 * 7ov(ﬁ1 - ﬁz)/zﬁlﬁg(wl + ‘vz)(Pl - Pz)

For 8, > By, Hy » =7, V/(W, +W,). Thus B, » V/K, (W, + W,) and C, » 0.
For f;> By, Hy» =7oV/(Wy +W;). Thus B, > 0and C, » V/K, (W, +W,).
The expressions for the fields.in each region then reduce to

Fo = Ag > V/(W, +W,)
For g, > B, .

Fl +A 4+ Cle'l’zt > (VI(W, + "V'Z))(GO/GI + (I/K,)e""‘”l)

F,» A, + B,ef1t> (VIW, + W,))G,/G, + (1/K,)e/262)
For 8, > §,

F, » A, + BeT1t » (V/(W, + W,))G, /G, + (1/K,)et/?1)
F,» A, + ByeP2ts (V/(W, + W,))G,/G, + (1/K,)et/282)

Note that the same expressions are obtained for F, and F, whether
B, > By, or g, > Pa. The electrical response of each region is characterized
by a time constant which depends only on the electrical parameters of that
region. The inner and outer layers are essentially decoupled. The second
time constant which appears in Figure 8 is due to terms on the order of
By/20 OF By/Bg-

Since the A coefficients are small in comparison to the B and C
coefficients, the energy dissipation given by equations (17) and (19) will
be determined by the B or C terms. Thus for f, > §,,ast » =

E,, = LW2G,B2/2P, » (LWZy /K, (V/(W, + W,))?
E, - 2LWTG,C?/2P, - (2LWTy, /K, AV/(W, + W,))?
For g, > pg,.as t = o
Egs » LW?*G,C3/2P, = (LW2y /K, )(V/(W, + W,))*
Eq * 2LWTG,B2/2P, » (2LWTyo/K, (V/(W, + W,))?
142 J. Biol. Phys. Volume 4, 1976



The cumulative energy dissipated thus depends only on the dielectric
constant of the region and varies inversely with it.

A similar analysis applied to the discharge process indicates that for
g, > B,, both Hy, H, » 0, Hg'» o,, Hg* 04. While for g8, > 8,,
Hq, Hg » 0, Hg » 0, Hy; » 04. Since o, » oy, the energy dissipated in the
outer layer during discharge is much greater than that dissipated in the inner
layer if the dielectric constants of the two media are comparzable.
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