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ABSTRACT. Numerous reports have described biological effects in animals exposed to 
electrostatic fields . Present equilibrium theory does not envision such e!fec~ 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 that if the transient response of the animal is considered. then 
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small. and therefore that the biological effects associated with such exposure are not 
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Introduction 

Interest in the biological effects associated with exposure to electrostatic 
fields is increasing. HI Such effects are of interest for both theore~:cal ar.d 
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 .9 ·11 Consequently, there is no 
theoretical framework within \'r"hich 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 propos!' a 
possible explanation for the existence of electrostatically induced bio logiL~ •. d 
effects. 

Animals are composed of tissues with differing dielectric constants and 
conductivities. When an animal is placed in an electrostatic field, interfat:cs 
between regions characterized by differing electrical parameter!\ be<:oml' 
charged if they are normal to the field lines. The energy stored in the fit>lds. 
the energy dissipated in the charging of interfaces, and the internal clec.:Lri<.: 
fields may be calculated as functions of time. If the orientation of lhl• 
interfaces relative to the field lines changes periodically while thl' appliL'<.l 
fielq remains constant, the interfaces will periodically charge and diseharf.!<•. 

* ~arne and address for all correspondence. 
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Energy is thereby dissipated, and corresponding inte:-nal voltage pu!~.:~ an: 

produced. Such periodic changes in interfacial orientat.ion will occ.:ur far 
more frequently in horizontal (i.e., horizontal to the earth's surface) than in 
vertical fields. · 

The electrical conductivity and dielectric const.m t of animal tissue 
depends strongly on its water content. The physical model discussed below 
considers an animal to be composed of tissue layers \\ith 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 S1 and S2 • An electrostatic field is applied 
across 8 2 . 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 animal is 
separated by distances W 1 and \V 2 from the electrodes. Although Figure 1 

s,-------------------
F •9· 1. Two layer physical model for an animJI placed in an elec tros: ;,tic held . 
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i\lustr:.ltcs the mode~ for an horizontally applied field, the same model may 
be: m!.•d for a vertical field if W 1 = 0. The inner layer, outer layer and air 
have dielectric constants and conductivities K 2 , G2 ; K1 , G1 ; and Ko, G0 

res pccti vely. 
Suppose that voltage step V is applied at timet= 0. The electric fields F, 

and the electric displacements D, are instantaneously established in the 
region between the plates. At t = 0, Dis uniform and would remnin so if all 
media , ... ·ere perfect insulators. In real media however, currents begin to flow 
upon application of the step. At equilibrium, the current d_ensity J is 
continuous. As a result of these processes, the various interfaces beeome 
charged. Energy is dissipated during the charge now required for the 
attainmf'nt 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 accomp~nying flow of charge. Any 
activity of the animal which results in alternating motion of the interfaces 
relative to the field lines produ(;es 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 horizon tal 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 rcgion.-

The total voltage_ drop across the plates equals the sum of the volli.lge 
drops across the individual regions. 

(1) 

where F 0 , F 1 , and F 2 are the electric fields in the air, outer, and inner layers 
r('~pt>ctively. This equation may be rewritten as 

where D 0 • D 1 , and D 2 are the c_lectric displacements in the air. outer. and 
inner layers respectively; "Y 0 is the permittivity of free space, and K 0 = 1. 
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In each region, the total current density has two components : the 
conduc:lion current density Jc = GF, and the displacement current density 
Jd· = dD/dt. 

where ~ 1 = ~"1 0 /Gi is the electrical relaxation time for region i. 

(3a) 

(3b) 

(3c) 

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

(4a) 

+ + + + + + + + + 

=v 

F-ig. 2. Electrical parameters associated with each region in th; physical model. Air is 
denoted by 0, the outer layer by 1, and the inner layer by 2. . 
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Jo - Jl "' -dao~ /dt 

j1 - J2 = -da12/dt 

( 4b) 

(5a) 

(5b) 

a 01 and a 12 are respectively the charge densities at the air-outer 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 o01 : 

(6) 

where 

(W1 + W2 )(1/13 1 + 1/13 2 ) + 2T(l/130 + 1/13 2 )/K 1 + W(1/13, + 1/p0 )/K 2 

Q = 2(\V1 + W2 + 2T/K 1 + W/K2 ) 

R = 

The solution is 

where 

(W1 + W'l. )13 11 + 2TI3;/K 1 + WiJ'l./K 2 

40 0 (3 1 13 2 (\V 1 + W'l. + 2T/K 1 + W/K 2 ) 

(7) 

(8) 

P 
1 

-1 and P 
2

-1 represent electrical relaxation times associated with the 
interfacial charging, Substitution of this result into equations (4) and (5) 
yields 

11
12 

= ( K 
2 

/W )( --y 0V - NS/JJ 1 R) + ( T\1 P 
1 

- N /JJ 
1

) H 
1 
c-P 1 t + ( \1P 

2 
- N ffJ 

1 
) H 'l. e _,, :z t 

(!-I' 
where 

N = J 10 0 (W 1 + W2 + 01 (2T/K 1 + W/K2 l/60 l/U3 1 -13 0 ) (11) 
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The constants H1 and H2 , which arose from the solution or equation 
(6), may be evaluated by requiring that at t = 0, o01 = o ~·and o 1 ~ = u". 
At the instant when the field is first applied, o, = ob = 0. As the :nterfaces 
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 rrec('di ng 
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&, ob t- 0. One then 
obtains · 

H 1 = [(ob\V/K 2 + (N//3 1 -l\1P 2 )o. + -y 0 V + !\1P2 S/R)]/l\t(P 1 - P:z) 

(12a) 

H 2 ·= [(obW/K 2 +(N//3 1 -MP1 )o
8 

+-y 0 V+MP 1S/R)]fl\I(P 2 -P 1 ) 

(12b) 

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

Fo = Ao + B e -P t ' + C e -P 2' 
0 0 

Fl = A1 + B e-Ptt + C e-P2t 
1 1 

F2 = A2 + B e -P 1' + C e -P 2 ,. 
. 2 .2 

where 

C1 = 13 1 H2 (1 - 2P 2 /l0 )/K1 1oWu - 13 1 ) 

C2 = (H 2 /K 2 )' 0 )((1-2P2 ,3 0 )J 1 /(f3 0 -J3 1 )+(K:)\\')(N!J 1 -~1P:!)] 

(13a) 

(13b) 

(13c) 

(14a) 

(1-tb) 

(He) 

( 1 Sa) 

(15h) 

(15c-) 

{16a) 

( 1 {)b) 

The energy dissipated in the animal's inner layN during cha~:;ing from 
time t = 0 is given by 
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Substitution of equation (13c) and integration yields 

Ed 2 = LW 2G2 (A~t + (B~/2P1 )(1- e·2Ptt) + (C~/2P2 )(1- e·2P2t) + 

(2A2 B2 /P1 )(1 - e·Ptt) + (2A2 C2 /P2 )(1 - e-~'2t) + 

(17) 

The electrostatic energy stored ~n the inner layer at time t is given by 

E.2 = K2 'Y 0 F~LW2 /2 

E,
2 

= K2 1 0 L\V2 [A~ + Bie·2 Ptt. +C~e·2 P2t+2A2 B 2 e-Ptt + 

(18) 

Similar expressions may be obtained for the energies dissipated and .stored in 

the outer layer, Edt and Est : 

Ed1 = 2TLWG 1 [A~t + (B~/2P 1 )(i - e·2Ptt) + {C~/2P2 )(1- e-2P2t) 

+ (2A1 B1 /P1 )(1 - e · Ptt) + (2A1 C 1 /P2 )(1- e·"2 1
) 

+ {2B
1 

C
1 

/(P
1 

+ P
2 

))(1 - e· <Y1 +I' 2ll)l (19) 

(20) 

Since for vertical fields the motion of the charged interfaces relat"ivc to 

the field lines is being neglected, o
1 

and ob must both he zero. Elt!clrical 

equiiibrium is approached for times t ~ Pi.1 , P;' . In that case 

Fa+ ~ = f3oSf'roWo - ~~ )R 

F 1 .. A 1 = ~ 1 S/K 1 1 0 W0 - ~ 1 )R 

F2 ~ A2 = tl2S/K21'oWo - tlt )R 

(21) 

(22) 

.The results of the derivation mav be checked hv notin~ that the eorr(•tt 

limiting cas<' values are obtained. 
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Use of equations (15c) and {16c) to evaluate F2 in equatio!1 (13c) is 
often difficult because of the complicated structure of the expreosions for 
B2 and C2 • As indicated in the Appendix, evaluation of these expressions 
involves the subtraction of nearly equal terms. The conseque:1t loss of 
precision in their evaluation may lead to spurious results for the f:eld 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 {16c) leads in some cases to negative values for 
small F2 at t = 0. 

The complexity discussed above originates in the decision to solve 
equations {2) - (5) for 001. n2 is then expressed as the difference between 
D1 and a 12 which are themselves functions of v 01 . A simpler expression for 
0 2 can be obtained by solving equations (2) ~ (5) for·o 12 and then using 
n2 = ~1 ~2 (2do12 /dt + 012 /~1 )/()31 - )32) to find n2 subject to the conditions 
that as t + 0, a 12 + ab, and 0 2 + D20 where 0 20 = ;- 0 V/(\\' 1 + 'Y2 + 2T/K 1 + 
W /K 2 ). This approach yields 

where 

B2 = i32H3(1 

C2 = JJ 2 H 4 (1 

S' = W1 - iJ2 )S/Wo - iJ1) 

(24a) 

(24b) 

(24c) 

~ 2 )D 20 /)3 2 -2P2 e 1 S'/R-ob(l-2P2 ~ 1 )]/23 1 (P 2 -P1 ) 

Equations (24a) - (24c) yield the t:orrect limiting behavior. wilh no lo~ . .; of 
precision in their numerical evaluation. The inner layer field can he found 
using these expressions. 
B. Interfacial Discharging. In a horizontal field, the animal may turn so thnt 
its charged interfaces are· suddenly no longer normal to the fit'ld lines. 
Energy is dissipated in the charge flow which accompa.nies 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 v d 

residing on the air-outer and outer-inner layer interfaces res~ct:tivelv. 

Equations (2)- (5) still apply, but with V = 0. Since S = 0. eqcatiun (I) I 
becomes 

whose solution 1s 
I :!51 
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w!;.~re P1 and P2 are given by equation (8). Substitutio:1 of this res:;!t into 
eqt;3.tions(4) and (5) yields 

a~ 2 = (K 2 /\V)fH 5e·P1t'(l\1P1 - N/13tl + H 6e-P 21·(~1P 2 - ~//3 1 }] (2fi) 

where 1\1 and N are given by equations (10) and (11). H~ and H 6 are 
e,•aluated by recalling that o~1 .. oc, and a;2 + od, as t' .. 0. One thus ob~ins 

H::, = [(N//3 1 - :MP2 )oc + Wod/K 2 ]/M(P1 - P2 ) 

H6 = [(N//3 1 - MP 1 )oe + Wod/K 2 l /M(P2 - · P1 ) 

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

where 

F' = B' e·P1 ,• + C' e·P2c' 
0 0 0 

F' = B' e·P1c' + C' e -P2t' 
1 1 1 

F' = B' e-P1 t' + C' e:.P2c' 
2 2 2 . 

B; = 131 H5 (1 - 2Pt t3o )/Kt "f o<t3o - (31) 

C~ = (3 0 H 6 (1- 2P2 i\)1-y 0 ((3 0 - t3 1 l 

c; =t31H6(1- 2P2J3ol/Kt-ro<J3o -~~) 

(27a) 

(27b) 

(27c) 

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, 

The constants H7 and H11 are found hv requiring that as t' • 0, a~ 2 .. a,
1

• 

and n; .. D~0 , where o;o is the electric displacement in t.tw inner byer al 
the instant wh('n the discharJ;!e begins. In this wa',' one finds 

132 

c· = 2 
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If E~ 1 and E~ 2 represent the energies dissipated i:a t:-.c ot.::cr and inner 
layers respectively during the discharge from t' = 0 to t', thE:1 

E~ 1 = 2LWTG 1 [(B~ 2 /2P 1 )(1-e·2 P1 11 ) +(C~ 2 ;2P2 )(1-e·2 ?2 1 .) (28) 

+ (2B~C;/(P 1 + P2))(1- e-<P1•P2>1')] 

E~ 2 = L\V 2 G2 [(B; 2 /2P1)(1- e-2 P1t') + (C; 2/2P
2
)(1- e·2P2t') (29) 

+ (2B;C~/(P 1 + P2 ))(1- e-<P1•P2>t')] 

Similarly, if E:1 and E:2 represent the energies stored in the electrostatic 
fields still present at time t' in the outer and inner lavers respecti•;ely, then 

:: K ... L\VT(B' 2e·2P1t' + c' 2e·2P2t' + 2B'.c' e-<P1 +P2>t') 
1'0 . 1 1 1 I 

= K ... L\V2(B'2e·2P1t' + c'2e·2P2t' + 2B'C'e-<P1+P2lt')f? 
210 2 2 2 2 -

(30) 

(31) 

C. Beha\oioral ~'odel. To obtain an estimate for the amount of .energy 

available to an animal as it moves in a horizontal fie lei, CO!isider the 

following behavioral pattern. The animal is initially placed in corner (1) 

of the enclosure illustrated in Figure 3: aa = ab = 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 1 -
1 and P 2 - 1 • The energies dissipated and stored during cb.argin;: are given 

by equations (17) - (20). Upon reaching corner f2) the an!:nal turns 
sharply and walks toward corner (3) at the same speed. Interfaces par:J.Jlcl 
to side A then begin to discharge. The corrcspondin':! enerzies a~e !!ivcn by 
equations (28) - (31 ). In addition. interfaces par~ilel to side 3 become 
charged with energies given bv equations (17) - (20). Tl".:~ process 
continues as the animal walks around the perimeter 0f the cnc:lv~ure. 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 dischargingoccur (S 1 jv and 
8 2 fv). An HP-2000F computer has been programmed to cakulatc the 
cumulative energy dissipated in the animal as it walks around the enclosure 
n times. 

Results 

To apply the two layer physical model described above. we must select 

values for the dielectric constants and conducti\'itics of th~ innc~ and outer 

layers. Unfortunately, such values are difficult to me:tsure ;;md consequently 

there is a paucitv of such data in the literature. Some values: have be!'n 
reported at verv low frequencies (12-H ), but their reliabili~y is questionable 
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becaw.~..· •Jf ,.Jt.:ctrode polarizatfu11 )Jhenomena and variable tissue m::iislur~ 

content. \\'e have therefore assumed a wide range of possible conbir:ations 
o~ the electrical properties of each layer. Specifically, we have cons:dered 
values of 1<1 in the range 80 - 8 X 106 , K2 in the range 10 - 7 X 105 , G1 

in the range 0.02 - 1.0 mho/m, and G 2 in the range 0.01 - 0.10 rr.ho/m. 
Twenty-four combinations were analyzed, and in each case the dielectric 
constant and conductivity of air were assumed to be 1 ar.d 5 X lo-u mho/m 
respectively. 

The model was applied to the case of a mouse (6 X 2 em) housed in a 
typical plastic mouse cage (37 X 20 X 17 em) across which 1000 volts was 
applied, resulting in an equilibrium electric field in the air of 5.5 k\' /m in 
the vertical case and 6.7 kV/m in the horizontal case. 

[4) 

[IJ 

---1 

I 
t 

Bl 

[31 

A I 
__ _J 

[2J 

~------------------s~--------------------~ 

Fig. 3. Top view of an animal walking around the periphery of the cage while ~:Jbi~ct 

to i:l " horizontal electrostatic field. A denotes the animal's side Sl.'rface, i3 c~no:~s ;he 

fron~ surface. 



Figures 4 and 5 illustrate the electric field and energy dissip:lted in the 
outer layer for six choices of outer layer electrical parameters, with the inner 
la~er characterized by K2 = 7 X 10~ and G 2 = 0.01 mho/m. For times 
t < P 1 -

1 , P 2 ·I , the electric field is determined by the dielectric constant or 
the outer layer; for times t )> P1 -

1 , p~·-1 , the field is determined by its 
conductivity. The effects or onlv one time constant, which depends solely 
on the electrical properties or the outer layer, are apparent. Figure 5 
indicates that the cumulative energy dissipated is determined by the 

+2 

0 

-2 
E .... 
:! -4 
i 
lo.- -6 

! 
-8 

•10 

·12 
-10 ·B ·6 -4 

lo9 I ( ucond&l 
-z 0 

Fig. 4. Outer layer electric fields for an inner layer characterized by K 2 = 7 X 1 o5 • 

G2 = 0.01 mho/m. The outer layer parameters corresponding to each curve are: 

a, K1 = 80 and G1 = 1 mho/m; b, 80 and 0.33; c, 8. x 105 and 02; 
d, 8 x 106 and 0.2; e, 8 x 105 and 0.02; f, 8 x 105 and 0.02. 

-10 

·12 ~ -• .. 
l ·14 

25 

"' -16 
0 

!l 
-18 

-20 
-10 -z o 

LoQ 1 I ucondal 

F1g. 5. Ener~y dissipated in the .outer layer for an inner layer characterized by 

K2' = 7 x 10 , G2 ,. 0.01 mho/m. The curves are lettered as in Figure 4. 
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dielectric constant of the outer layer, and that it drrrra~t·s a:' K, iJH'rt'ast•s. 

The time during which energy flow is appret:iable is of cour~e determitwd 
by the relaxation time governing the behavior of the outer bver fil'lcL 

Figures 6 and 7 ~epict 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 K2 = 7 X 10~, and G 2 = 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 

0 

-2 

-4 

E ..... 
Ill 

0 
> 

N 
u.. 
co 
0 _. 

-12w,_ _ __, __ ...L...-_....1..,. _ __,L __ .L-....,_....L..,_ _ _1., ___ _.2 __ _.___~0 
-10 -8 -6 -4 

Lo9 (seconds) 

Fig. 6. Inner layer electric fields. For curve a, K2 = 7 x 105 , G2 = 0.1 mhofm. 

For curve b, K2 = 7 x 105• G2 = 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. 

-10 

-12 

Lo9 (seconds l 

F1f) . 7. Energy d•ssipilted in the inner layer . The curves are lettered as in Figure 6. 
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each case. The outer and inner layers are therefore decoupled . The temporal 
variation of the fields in each layer is governed by the electrical pL!r~metc:>rs 
of that layer. 

Note that the dissipated energies are quite small -at mo5t 1.84 X 10·11 

joules -and for large t depend only on the dielectric constant of the layer 
in question. Although the stored energies are not presented graphically, 
the maximum stored energy for these cases is also on the a"rder of 10-11 

joules . Nevertheless, use of the literature values for tissue electrical 
parameters · leads to fields on t.he order of tens to hundreds of micro
volts{c.:m existing in the tissue for times on the order of microseconds to 
milliseconds. 

Similar results are obtained for the other choices of inner layer parameters: 
K 1 = 10; G 2 = 0.1 and 0.01 mho/m. It should be noted that sm~ller "knees" 
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 surroundc>d 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 insula:ing layer. \\'e 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 (10-2 em) outer layer characterized by K

1 
= 10, and 

G 1 = 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 depenps only on the 
dielectric constant. This energy is again small (about 10·11 joules), while 
fields on the order of ten microvolts/em can exist for times on the order of 

microseconds to milliseconds. Essentially the same results are obtained with 

a larger dielectric constant (7 X 105 ) for the outer layer. Variations in the 
thickness of the· skin layer do not lead to significantly diff(>rent values. 

Several repres<>ntative sE'ts of \'alues for the ('kctrirnl parametE.>rs charac:
trrizi'ng the imwr and outer layf'rs were chosen for the calcubtion of the 
cumulative energy dissipated as the animal walks twice around the periphery 
~'f the enclosure (37 X 17. em), at a speed of 10 em/sec. The potential of 
1000 volts is applied across the shorter side. The results of 'the calculation 

F. X. Hart & A. A. Marino . Animal Respome 137 



-t-2 

0 

-2 

E -4 ...... 

0 
> 

N 
LL. 

g' -8 
...J 

-10 

a 

-12_LIL0--~-----L8--~-----6L---~-----~4~--~---~2~--~~0 

Log t (seconds) 

Fig. 8. Interior electric fields for a very thin (1 o-2cm} outer layer characterized by 

K 1 = 10, G 1 = 0 .1 mho/m. The interior parameters corresponding to these curves are : 
a, K2 = 80 and G 1 = 1 mho/m; b, 80 and 0.33; c, 8 x 106 and 0.2; d, 8 x 106 and 0 .02 . 
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Fig. 9. Energy dissipated ir. th~ interior for a very thin (10-2cm) outer layer charac· 

terized by K 1 = 10, G1 = 0.1 mho/m. The curves are lettered as in Figure a. 
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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 from the thin outer layer model. The cumulati\'e enfrgy 
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 \'aries 

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 K2 • Only in the fifth 
set, where K 1 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 fo! the outer-inner layer 

TABLE 1 
Cumulative Energy Dissipated in a Horizontal Field 

Cumulative 
Set K1 G1 Kz Gz 'v T Energy 

(mho/m) (mho/m) (em) (em)· Dissipated 
(joules) 

1 8)(106 0.2 10 0.01 0.67 0.67 9.04x}Q"9 

2 8xJ08 0.02 10 0.01 0.67 0.67 9.04xl0"9 

a. SxJ05 0.2 10 0.01 0.67 0.67 9.04x1Q"9 

4 gx1QS 0.2 10 0.1 0.67 0.67 9.04xlO ., 

5 80 1 10 0.01 0.67 0.67 9.37xJO .g 

6 8x!OS 0.2 7xJ05 0.01 0.67 0.67 1.4Qx10 ·13 

7 ·to 0.1 Sx 106 0.2 2 10"2 1.08xlO -IO 

8 10 0.1 80 0.33 2 10"2 3.20xlO ·!I 

H· 7x. }()f· 0.01 RO o.:t:t 2 to~ :tO!lx 10 ~ 
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calculations. Since there is only one interface (:lir-end face), only one liml' 
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). In the Appendix it is shown that for (J 0 )> (3 1 , ~ 2 the fields in 
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 su hjeeted 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 observed recently (1). 

Any reasonable generalization or variation of the model employed, such 
as a multi-interfacial · model or a model in which the electrical co:1stants 
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 ~>n 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 t:alculations 
show that any periodic motion of the animal rebtivc to the applil-d field 
will producl' transient periodic eleetric fields within the animal of .sih•nificant 
strrngth. Such fields may be responsible for the observed biological 

cffi!t'ts 11-S). 
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Appendix 

For all the models discussed in this paper ~0 = 177 seconds and 
(3 1 , ~'l < 3.54 X 10-3 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 ~0 ~ 13 1 , /3 2 , and (W1 + W2 ) )> 2T/K1 , W/K2 

Q ~ (~2 + 131 )/2/31132 

R • 1/413 1 ~ 2 

S • roV/4~1~2(W1 + W2) 

S/R • r 0 V /(W 1 + \V 2 ) 

M • -213 1 (W 1 + W 2 ) 

N • -~1 (W 1 + W 2) 

<1J2 + 13tl + (~~ - .2~1132 + e~>.., 
p 1' p2 + 4fl 

~'1/32 

Thus for 13 2 > 131 , P1 • 1hl3 2 and P2 • 11:!~1' whereas for 13 1 > ~ 2 • P1 • 11:!/3 1 
and P 2 • 1h/3 2 • In determining the electric field and energy dissipated in each 

region as functions of time, it is assumed that a = a = 0. Thus for 
n h 

13 2 > 13 1 , H1 + 0 and H 2 • -r 0 Vj(\V 1 + W2 ), whereas for 13 1 > ~'l• 

H 1 • -'Yo V/(W 1 + W2 ) and H 2 + 0. One thus obtains 

A0 • S/r 0 R • V/(\\'t + \V 2 ) 

A1 + iJ1S/~oK1roR • VGo/G1(\\'1 + Wz} 

A2 • ~2 S/f3 0K 2-y 0R • VG0 /G 2 (\V 1 + W2 } 

Since H1 • 0 for 13 2 > 13 1 , B~, B0 .. 0 . For 13 1 > 13 2 , B0 • 0 and 
B1 + V{K1 (W1 + W2 ). Since H 2 • 0 for (3 1 > ~2 , Cn, C 1 .. 0. For 
13~ > (3 1 , C 0 • 0 and C1 • V/K1 (W 1 + \V 2 ). 

Evaluation of the expressions for B2 and C 2 is more complicated. For 
13 2 > 131 , one finds that 

One would expect that B2 • 0, since H1 .. 0. However H 1 .. 0 as the 
difference of two nearly ~qual terms. Loss of precision in the subtraction 
by the computer can yield a very small, but nonzero resul.t for H1 , which 
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in turn leads to a non-negligible value for B 2 when multiplied by the 
second term in the above expression. A similar pr<?blem arises in the evalua
tion of C2 when ~~ > 62 • To overcome these difficulties in the numerical 
evaluation of the coefficients B2 and C 

2
, it was necessary to re-express them 

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

and 

Hoe • 'ro V(~t - P2)/21J1/J2(Wt + W2)(Pt - P2) 

For (J 2 > {j 1 , H 3 • -r 0 V/(W 1 + W2 ). Thus 82 + V/~ (\V1 + W2 ) and C2 + 0. 
For (J 1 > {j 2 ,H.c • -')' 0 V/(W1 +W2). ThusB2 • Oand C2 • V/K 2 (W 1 +W2 ): 

The expressions for the fields. in each region then reduce to 

Fo .. Ao. + V/(W 1 + W2 ) 

For {j1. > fjl 

F1 • A 1 
+ C e·~'1.t • 1 (V/(W 1 + W:.! ))(G 0 /G 1 

+ (1/K, )e-tt:lllt) 
. 

F:.!+ A"J. + B:.!e-P1 t • (V/(W 1 + \V 2 ))(Go /G2 + {1/K:.!)e-t/:.!ll:.!) 

For {Jl > p2 

Ft + At + B e·Pt t + 
1 (V/(W 1 + \V 2 ))(Go /G1 + (1/K 

1 
)e-t121lt ) 

F2 • A2 + B e·P2t • 
2 (V/(W 1 + W2))(Go/G2 + (1/K

2 
)e·ti21J"J.) 

Note that the same E'xpressions are obtained for F 1 and F 2 whether 
13 2 > {J 1 , or 13 1 > 13~. 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 

fJ1/;Jo or fJ2/6o· 

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 ~ 2 > 01 • as t ~ ..., 

Ed 2 .. LW2 G2 B~/2P 1 • (LW 2 -y 0 /K 2 ){V/(W 1 + W2 ))
2 

E 111 2L\\'TO,C;!2P:! • (2I.\\'T-y,,fK 1 HV/(\\' 1 + W2 )):.! 

For ~ 1 > 11 2 • as t · \,)0 

142 

Ed:! • LW 2 G 2 Ci/2P~ • (L\\' 2 -y 0 /K 2 )(V/(W 1 + W2 ))~ 

Ed 1 • 2L\\'TG 1Bif2P 1 • (2LWT) 0 /K 1 )(V/(\\'1 + \.\' 2 )):.! 
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The cumulative energy dissipated thus depends onlv on the dielectric 
constant of the region and varies inversely with it . 

A similar analysis applied to the discharge process indicates that for 
(3 2 > (3 1 , both H~, H7 .,. 0, H6 - ~ oc, H11 • ad. While for t3 1 > t3 2 , 

H 6 , H 8 + 0, H~ + ac, H 7 ~ad. Since oc )> ad, 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 comparable. 
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