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FOREWORD 

This report is a theoretical study of the possible biological hazards_ which could 

arise when individuals are exposed to ELF electromagnetic environments. It was 

prepared by Dr. H. P. Schwan, Head of the ·Department of Biomedical Electronic 

Engineering, University of Pennsylvania while he was employed by the Naval 

Weapons Laboratory. 

The work was funded as part of an ongoing effort to establish a basis for 

using the electrical impedance of the human body as a major factor in· hazard 

prediction. 

Acting Head, Test and Evaluation 
Department 
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ABSTRACT 

This report presents a theoretical study of biologj.cal hazards ansmg from 

exposure to extra low frequency (ELF) electromagnetic environments, It includes an 

annotated bibliography, the derivation of appropriate mathematical formulae for 

hazard determination, and presents .several recommendations for further studies. 

The report especially stresses the need for accurate, experimentally verified, 

measurements of the electrical impedance of the human body in the frequency range 

of interest. 
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I. INTRODUCTION 

Hazards resulting from exposure of the human body to electrical fields and 

potentials may be conveniently divided into three operational categories: 

1. The human body is exposed to an electrical field without any contact (no 

con tact case); 
2. The body establishes at one point only contact with a dangerous electrical 

potential (one contact case); 

3. The body connects two different potentials (two contact case). 

These .cases will be discussed separately. It will be shown that for low frequencies 

only the third . case is of practical interest. A survey of the perth1ent literature has 

been conducted and .the most significant results are presented. 

Practically speaking, an ELF (extra low frequency) electromagnetic environment 

does not produce any hazards of the sort falling into above categories 1 or 2. 

However, care ought to be taken to .provide for an installation which cannot induce 

in fences and other metal structures potentials in excess of approximately 1 to 10 

volts. Experimental and theoretical evidence in support of this conclusion is 

available. However, work on body impedances at low frequencies is needed to 

provide for more accurate statements on dangerous potentials. 

We shall first consider hazar.ds falling in categories 1 and 2. Next a section 

dealing with physiological and biophysical principles basic to the nature of tissu,e 

excitation by electrical currents is provided. Its purpose is to relate dangero~s 

membrane excitation current densities to bulk tissue current densities. Next follows a 

section reviewing pertinent literature on hazardous body currents. A concluding 

section pulls all the important conclusions together to provide a guide to electrical 

hazards and final recommendations. 
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II. EXTERNAL ELECTRICAL FIELDS AND EVOKED BODY CURRENTS 
(No contact case) 

Whaf electrical currents are caused to flow in man's body· tissues by external 
alternating electrical fields? In this case, no direct contact between the human body 
and the source of the electrical field is assumed. For mathematical simplicity the 
human body's shape is assumed spherical. Similar but somewhat more complex 
calculations can bt carried out for better approximating shapes such as spheroids. 
However, the magnitude of the .results is not critically dependent on the chosen 
shape and · the simpler model is therefore 
chosen. The situation under consideration 
is indicated in the figure. A uniform 
external electrical field E0 . is assumed. 
This assumption is justified if _the 
variation of the external field occurs -over 
distances which are large in comparison to 
the hum~n body. For non uniform field 
strength the highest possible field strength 
value may be taken to set · a con·servative 
limit with regard to exposure. The human 
body is taken to have isotropic uniform 
electrical characteristics. This is somewhat 
in violation of the facts. However a 
detailed perusal of all electrical tissue 
properties, extending from DC to 
microwave frequencies, reveals that the 
majority of all tissues, such as muscle and 
most ~ody organs have fairly high water 

'f E 
·. 0 

content with similar dielectric constants € and conductivities µ. The effects of the 
less well conducting subcutaneous fat has been considered, but is not dealt with in 
this discussion. It can only · reduce the internal field strength values and can be 
appropriately considered by choosing a model where the spherical or spheriodal body 
is surrounded by a shell whose dielectric properties are those of fat. An even more 
sophisticated analysis, still possible, may consider the properties of skin. 

It can be shown that the internal electrical field strength Ei is given by 
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1, Ei = 3EOAO 
(1) A.+2A 

I O 
where 

A. = "i,o + jw€r€i,o (2) 1,0 

are the complex conductivities inside (i) and outside ( o) the sphere and 

Bio electric field strength 
' 

€i,o dielectric constants 

1li,o conductivities 

j y- 1 

w 211f, f frequency 

€r 8.84 X 10- 14 F/cm 

i,o subscripts denoting in-and outside of sphere 

Since the electrical conductivity of air can be safely neglected and its dielectric 
constant €

0 
= 1 equation (1) reduces to 

Ei = __ 3_E __ o..___ • _3E_o jwe 
2 + A./jwe A. r 

I r I 

(3) 

or 

3E
0 

3E
0 Ei = -----"'---- • 

2 + ei(l - j tan c5i) ei(l - j tan c5) (4) 

where 

(5) 

is the dielectric loss tangent of the body tissues and usually larger than unity at the 
frequencies of present interest here. Since the dielectric constant ei of body tissues 
is very large at low frequencies, in the thousand to 106 range dependent on 
frequency, the 2 in the denominator can be neglected in equations (3) and (4) as 
indicated. 
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The current density inside the body is uniform as is the electrical field strength 
Ei. Current density i and field are related by Ohm's law 

= E. A. 
1,0 1,0 (6) 

Introducing (6) into (3) 

fEo 
6.1011 (7) 

where I is the magnitude of the current density inside the body and length 
dimensions in cm. 

Conclusions 

* 

I. For a given external field strength E
0

, the current density I decreases 
rapidly and in proportion with frequency. 

2. Assuming tissue current densities of 0.1 and I mA/cm as limits of safe 
exposure,* the field strength values quoted in Table 1 are needed to evoke 
this current density. Clearly it is virtually impossible to evoke dangerous 
cullent densities in the human body by external low frequency fields. 

TABLE 1 

E
0

(1 = lmA/cm2 ) E
0

(1 = 0.lmA/cm2) 

60Hz 10 MV/cm I MV/cm 
60KHz IO KV/cm I KV/cm 
60MHz IOV/cm 1 V/cm 

See the section on "Physiological Considerations About Dangerous Current and Current Density" for 
justification. 
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Remarks 

It is of some interest to compare the values quoted in Table 1 with results 

presented by Barnes, Elroy and Charkow in 1967 and a: frequency of 60 Hz for 

spheroids. 

1. For a spherical spheroid these authors' results indicate a current density of 

1.0 X 10- 7 A/cm2 for E
0 

= 1 KV/cm which is in agreement with the 

prediction from equation (7). The agreement of the data indicates that the 

specific impedance value of the tissues does not matter since Barnes, et al 

(1967) has assumed somewhat unrealistic data, in particular erroneous 

dielectric constants. The insensitivity of the results to tissue data is of 

--course apparent from equation (7). 

2. The agreement of the data obtained by Barnes, et al ( 1967) for spheres 

with those presented above indicates that the data presented by Barnes for 

the spheriod approximating man can be applied to other frequencies using 

the rule stated in conclusion 1. 

3. For a spheroid which somewhat better approximates man (ratio 1 :4), 

current densities vary between two-thirds and four times those in a sphere 

exposed to the same field, depending on the direction of the incident field 

with regard to man. This follows best from a perusal of the data of 

Barnes, et al (1967). The results indicate that the values given in Table 1 

above provide values for man of the right order of magnitude. 
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III. HAZARDS FROM ONE POINT CONTACT WITH HIGH POTENTIALS 
(One Contact Case) 

Consider for simplicity the case where man is represented by a surrounding 
sphere of a radius of 0.9 m. The capacity of this sphere against space is C = 100 
pF = 10- 1 °F, and is an upper limit for man's capacity. Thus the impedance of 
man against space has a lower limit of 

1 1010 
Z = - = --Ohm we 21Tf 

(8) 

and the current resulting from man being in contact with a high potential V is 
limited by 

V 0.6fV 
i=-=--

z 109 (9) 

i(mA) = 0.6V(KV) x f(KHz) (10) 

Table 2 summarizes some typical values of V for currents of approximately 10 mA. 
These total body currents correspond approximately to dangerous current densities as 
used in Table 1 and are equal to typical "let go" currents. Conclusion: Since total 
body currents in .excess of 10 mA are potentially dangerous (see literature survey) 
potentials in excess of 300 KV are hazardous at 60 Hz. 

TABLE 2 

f V(lO mA) 

60Hz 300KV 

600 Hz 30KV 

6KHz 3KV 

60KHz 300V 
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IV. PHYSIOLOGICAL CONSIDERATIONS ABOUT .~DANGEROUS CURRENT 
DENSITY 

The literature on electrical hazards provides guide lines of safe exposure in 

terms of total body currents. However, at the cellular level it is the current density 

which is of significance. Ac.cidents and fatalities from low freq1:1ency electrical 

currents arise from undue accidental excitation of cellular membranes which, for 

example, in the case of the heart, interfere with normal function and can cause 

fibrillation. The following discussion relates bulk body tissue current densities with 
membrane current densities. 

A. Cell Membrane Current Density 

Only a fraction of the current passing through tissue enters into cells (see 

B below). This fraction which penetrates the cell membranes can excite the 

membranes if unduly strong, and thus interfere with the ordered time sequence of 

the heart's electrical activity. Membrane conductance Gm, membrane current density 

jm and the potential change evoked by jm across the membrane ~ V m are related 
by 

(11) 

Membrane conductances per cm 2 membrane surface range from 1 to 

1000 mMho/cm2 . Evoked membrane potential changes ~ V must be a noticeable 
·- m 

fraction of the resting membrane potential of about 100 m V if the current is to 

induce excitation of the membrane. Thus, from equation (1) and for ~ V m = 1 m V, 

the current needed to .cause excitation is of the order of 10 µA./cm2 for 

Gm = 1 mMho/cm2 and 1 mA/cm2 for Gm = 100 mMho/cm2 • The details of 
excitation are complex and Gm is known to increase considerably during excitation. 

However, the estimate is only made to indicate that excitation current densities are 

in the µA/cm 2 range. 

B. Contribution of Membrane Currents to Tissue Impedance 

The conductivity " of a suspension of spherical cells at low freguencies is 

given by 

7 



where 

1 - p 

1 + p/2 

9 
+-

4 
p RG 

( P)2 m 
1 + -

2 

Ka conductivity of electrolyte surrounding cells 

p volume fraction occupied by cells 

R radius of cells 

Gm membrane conductance per cm2 membrane surface 

(12) 

Similar equations have been derived for other cellular shapes, such as cylinders and 
spheroids. In all cases, the relative contribution of the cell membrane term (second 
term of equation ( 12)) to the extracellular conductance term (first term of 

· equation (12)) is similar in magnitude. Hence the equation is useful for 
interpretation of tissue data. Its derivation is based on the assumption of low 
cellular volume fraction, but it has been experimentally demonstrated recently to 
apply to fairly high p-values as well. 

The ratio which characterizes the relative change in the bulk tissue 
conductance as isolating membranes (Gm = 0) are replaced by conducting ones is 

r = 
K(Gm) - K(Gm = 0) 

K(Gm = 0) 
(13) 

and may be taken as a measure of the contribution of cellular conductance. This 
ratio derives from equation (12) 

r = 9p RGm 

4(1 - p)(l + ~) Ka 

(14) 

Typical cellular volume packing factors are between 0.7 and 0.9, · say near 0.8. For 
values R = I 0µ, Gm = IO mMho/cm2 ; Ka = 15 mMho/cm, r is less than one 
percent. The example is chosen to demonstrate that the contribution resulting from 
membrane conductance to the total conductance K is usually small. From this it 
might be inferred that the membrane current density is smaller than the bulk tissue 
current density. That this is tme will be shown now. 
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C. Membrane Current Density and Bulk Tissue Current Density 

Equation ( 1) can be applied to the case of cells of radius R; surround.~d 
by membranes of conductance Gm and suspended in a tissue electrolyte ·o·f 
conductivity "a. KP is introduced to denote the effective cellular conductivity and Ki 
the conductivity of the cell interior. Then the average field strength Ei inside the 
homogeneous particles of conductance "P c~'losen to represent the cells is 

E. = 
I 

(15) 

where E
0 

is the external field. The current density inside the homogeneous 
equivalent cell of conductivity "P 

(16) 

The bulk tissue conductivity on the other hand is given by the Maxwell equation 
(derived from equation (12), neglecting the second term as justified in 11) 

K = "a 

and the bulk tissue current density by 

1 - p 

1 + £ 
2 

1 - p 

1+£ 
2 

(17) 

(18) 

The optimal membrane current must be the current entering the cell where it faces 
the field: Hence it is equal with ji and the ratio 

ji 
1+£ 

3 2 
= -- (19) 

jb K 1 - p 
I+ 22.. 

KP 
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gives the ratio of highest membrane current to bulk tissue current density. It can be 

shown that usually "P ~ 2RGm < < "a. Hence 

I+E 
ji = 3RGm 2 

jb "a I - P 
(20) 

or simply 

(21) 

for typical values of packing factor p ~ 0.8 and "a ~ IO mMho/cm. Table 3 lists 

· the ratio for several assumed cellular parameters. It is of the order of 10- 2 for 

p-values typical of tissues but can be easily ten times greater or smaller. Hence if 

the membrane current density is to be kept below a level of 10 µA/cm 2 in order 

to avoid excitation, the bulk tissue current density must be kept below 0.1 to 

IO mA/cm2 , say approximately below 1 mA/cm2 . The precise value is dependent on 

a variety of factors, such as precise p-value, Gm and radius R. It is also somewhat 

but not · crucially dependent on the assumed spherical cellular shape. For a 

cylindrical cellular shape, similar results are obtained. We conclude that the limit 

tissue cu"ent density for excitation is in the range 1 mA/cm2 but can be ten times 

larger or smaller. 

TABLE 3 

R G RGm jJjb 

10 µ 10 mMho/cm2 10-6 2.10- 3 

10 100 . 10-s 2.10- 2 

100 10 10-s 2.10- 2 

100 100 10-4 0.2 

10 
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V. LITERATURE ON ELECTRICAL HAZARDS 
(Considerations of 2 contact case) 

Body cullent densities in excess of approximately 1 mA/cm2 are potentially 

dangerous, but to induce such current densities by external low frequency fields is 

exceeding difficult, requiring field strep.gth values in excess of many KV/cm. 

However it is readily possible to induce such values in man's body if direct contact 

is established. The literature on electrical hazards is germane to electrical accidents 

which are caused by contact with electrical power sources. It includes of the order 

of about one hundred articles, a large part of which has been surveyed. "Guide 

numbers" of safe exposure are given in terms of the optimal potential which can be 

safely applied to the human body or, more frequently, since more significant, in 

terms of total cullent injected into the body by such potentials. The previous work 

is primarily concerned with: 

Threshold of perception; 

Threshold of "let-go" current; 

Threshold of fibrillation. 

The threshold of let-go current signifies the limit of painful exposure and loss of 

muscular control and the higher threshold of fibrillation, i.e., uncoordinated heart 

action, signals immediate danger to life. 

It is not intended to provide here a detailed survey of the literature but rather 

to summarize briefly the field and draw some general conclusions. The following 

listings should suffice to summarize the most important results achieved so far. We 

list particularly Dalziel's work. Dalziel incorporates that of Kouwenhoven. The earlier 

important work until 1939 is presented in Reference 1. Keesey and Letcher provide 

a review until 1969. The latest work which pertains appears to be that of Geddes'. 

et al. Abstracts are quoted for particularly important articles. The recessed comments 

are provided by this writer. The relationship between total currents entering the 

body and current densities dealt with elsewhere in this report. 

1. ELECTRIC SHOCK AS IT PERTAINS TO THE ELECTRIC FENCE 

H. B. Whitaker, Underwriters' Laboratories, Inc., Bulletin of Research, #14 

( 1939) 

This bulletin describes an investigation, occupying about three years, of electric 

shock as it pertains to the electric fence. The plan of the investigation included 
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studies of the nature of electric shock and its physical effect on animals and 

humans, including body electrical resistance, and factors such as voltage, frequency, 

amount and nature of current passing through the body, duration of current, 

duration of "off" period and element of anticipation. 

Data on each of these factors were compiled (a) from studies made by 

independent investigators, including accident records; (b) from tests on human beings 

performed by the staff of Underwriters' Laboratories, Inc.; (c) from a report of a 

fatal electric fence accident; (d) from a field survey of reported experience with 

fences in use. 

Safety for a two-year old child when exposed to contact with an electric fence 

is determined by the investigation, and is used as a criterion for Laboratories' 

recommendations as to safe characteristics and operation of electric fence controllers 

of both the alternating-current and battery-operated types. 

This is an excellent early study. It summarizes the state of the field to 1939 

and the literature until this time including 34 references. It has served for 
many years as a guide of safe exposure considerations and still is frequently 

cited. A partial list of some of the most important data include: 

DC body resistances of adults and children range from 0. 6 to 20 K Ohm 
depending on electrode area and state of the skin-electrode contact (I to 3 

KOHM wet contact, higher range for dry contact); 

Currents needed to electrocute animals (rats) range from 0.5 to 1.2 Amp. 
at 60 Hz; 

Minimum fibrillating current appears to change linearly with body weight, 
with a value of about 150 mA for man for long exposure (3 sec.); 

Percentage of total body current passing through dog hearts varies between 

7 and JO% provided the current passes the trunk; 

C~tact time strongly affects the allowable safe current; 

Recommendations for fence controllers which limit their current output in 

magnitude and time are stated. 

12 
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2. ELECTRIC SHOCK 
C. F. Dalziel, J. B. Lagen, J. L. Thurston, AIEE Trans., 60;1073-1079 (1941) 

a. The maximum safe noninterrupted electric current is that value which can 

be released by using the muscles directly affected by it. For man, the safe 60-cycle 

current is eight to nine milliamperes. 

b. Muscular reactions are proportional to the peak value of the.· wave and not 

to the rms value. 

c. The let-go current is affected by frequency. Unfortunately for man, the · 

minimum values are in the range of commercial power frequencies. 

d. The let-go current is unaffected by the surface condition of the hands or 

the size of the electrodes. 

e. The voltages which correspond to the limit of m'uscular control are 

relatively low. For a current pathway between the hands, with the hands moist but 

skin intact, the minimum observed 60-cycle value was only 20 volts. 

f. It is possible for man to develop a degree of immunity to electric shock, 

however the increase is negligible from a practical standpoinL 

g. The results of the investigation emphasize the importance of continual 

vigilance and education of both the public and the electrical workers with regard to 

hazards and safe procedures in the use of electrical apparatus. 

An excellent and important study of "let-go" currents at various 

frequencies. 

3. EFFECT OF FREQUENCY ON LET-GO CURRENTS 

·-C. F. Dalziel, E. Ogden and C. E. Abbott, AIEE Trans., 62:745-750 (1943) 

Riis paper on electric shock covers the subject of sine-wave let-go currents for 

both men and women and contains an analysis which permits improved accuracy in 

predicting the response for large. groups based on experiments made on a relatively 

small number of subjects. It sho~ld be of especial interest to persons who have had 

accidents in which they barely escaped "freezing" to an electrified conductor and 
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also to those interested in electrical safety. The range of frequencies covered is from 

S to 10,000 cycles and also direct· current. The paper is the most comprehensive 

treatment of the subject yet published as the analysis permits predicting currents of 

a specified degree of safety for both men and women for this wide frequency 

range. 

a. A reasonably safe electric current for normal healthy adults is the let-go 

current which 99-1 /2 per cent of a large group .can release by using muscles directly 

affected by that current. 

b. The reasonably safe 60-cycle current for most normal healthy adult men is 

about nine miliamperes; the reasonably safe. 60~cycle current for most normal 

healthy adult women .is. about. six millamp.eres. 

c. Let-go currents are affected by frequency. Unfortunately the power 

frequencies appear. to be the most dangerous. Larger currents may be tolerated for 

both the higher and the lower frequencies .and for direct current. 

d. The public must be warned continually of the danger of accidental contact 

with power circuits and against using defective home appliances. 

An extension of the earlier let-go studies by Dalziel (reference 3) 

providing further data over. the frequency range from 5 to 10, 

000 Hz on a large number of individuals. 

4. REEVALUATION OF L.ETHAL ELECTRIC CURRENTS 

C. F. Dalziel, and W. R. Lee, IEEE Trans .. on Ind .. & Gen. Appl., Vol. IGA-4, 

No. 5, Sept/Oct. (1968) and Vol. IGA-4, No. 6, NovJDec. (1968) 

Low-frequency .electric currents of a few milliamperes flowing through the body 

can cause muscular contractions. In the arm such an effect may make a subject 

unable to let go of a live conductor. The. highest currents which 99.5 per cent of 

men and 99.5 per cent of women are able to let go have been shown to be 9 and 

6 mA, respectively. Currents somewhat larger than this, in the range of 20 to 

40 mA, passing across the chest may arrest respiration leading to .. asphyxia, 

unconsciousness, and even death. 

14 



. .The most common cause of. death in electric shock probably is ventricular 

fibrillation, a condition in which the circulation is . arrested and d~ath ensues very 

rapidly. An analysis of available. experimental data indicates that body weight and 

shock duration are important factors in determining the maximum .current not likely 

to. cause ventricular fibrillation.. Taking a weight of 50 kg ,as -the average __ for a 

human victim it is suggested that the relationship between curr~nt and sh.ock 

duration is given by I = 116/ y T, where. I is the current in milliamperes a~d T is 

the time in seconds. It must be stressed that this has only been shown to be valid 

within. the range of 8 ms to 5 seconds. 

Currents flowing through the nerve centers controlling respiration may cause 

respiratory inhibition, which sometimes persists for a long time after the current has 

been interrupted. Other effects produced by high currents, such as burning, etc., are 

not discussed in this paper. 

A further important extension and summary of the previous work 

of Dalziel, incorporating now with let-go current studies extensive 

studies of fibrillating current, using the extensive literature 

available including the works of Ferris, Kiselev and Kouwenhoven 

in great detail. 

5. MINIMUM THRESHOLDS FOR PHYSIOLOGICAL RESPONSES TO FLOW OF 

AL TERNATIN,G ELECTRIC CURRENT THROUGH THE HUMAN BODY AT 

P0WER-TRANSMISSION··FRE0UENCIES 

J. C. Keesey, M.D .. and F. S. Letcher, M.D., Res. Rept #1, Naval Medical 

Research Institute, Bethesda, Maryland, (Sept. 1969) 

A. survey has been made of all .available information about electric shock. to 

humans, including children, at power transmission frequencies of 50 and 60 Hz. 

Reliable quantitative data at these frequencies are. available for three measurable 

physiologicaLresponses to electrical stimulation: 1) the perception of electric current 

flow; 2) uncontrollable muscular contraction; and 3) death. Relevant threshold 

conditions for response to minimum currents include the size and resistance of the 

body and the duration and pathway of current flow. 

One percent of the general populace can perceive from 0.1 to 0.5 mA of 

50-60 Hz current, depending upon the type of hand contact made with an 

electrically-energized circuit. A safety threshold of · 5 mA, r~commended for the 

general population including children, is based upon the conclusion that arty 
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50-60 Hz current in excess of the release threshold of an individual should be 

regarded as · hazardous and potentially ·lethal. Ninety-ni~e· percent of adult male 

workers should be able to release 9 mA of 50-60 Hz current. Voltages calculated 

from reliable experimental data on effective currents and expected resistances are 

lower than voltages generally recommended to be safe. 

A fairly detailed and recent review of the physiological effects of 

electrical currents includes the following sections: 

Minirrium threshold' 

Physiological responses 

Psychological factors 

Body size, sex and age 

Alternating current frequencies (rather brief and not exhaustive) 

Duration of current flow 

Current path through body (200 µA entering the heart can cause 

ventricular fibrillation irt humans) 

Total resistance 

Perception threshold 

Release threshold 

Lethal threshold 

Safety considerations 

,,fhe · article lists nearly 90 references of the field, including most of the 

important contributions of Kouwenhoven and of Dalziel. 

The following table summarizes in much abbreviated form the main 

· conclusions and is reproduced from the article. 

16 

! ' 



Category General Perception General Safety Worker Safety 

based upon practical leakage safety threshold 99.5% adult male 
current maximum. for children ·release threshold 

of O.SmA SmA 9mA 

Internal 
resistance: 

200 ohms 0.l0V l.0V 1.8 V 

Nominal wet 
resistance: 

500 ohms 0.25 V 2.5V 4.5V 

1000 ohms 0.50V 5.0V 9.0V 

Nominal dry 
resistance: 

1500 ohms 0.75V 7.5V 13.5V 

These recommendations appear somewhat conservative since lowest 
voltage fatalities reported in the literature (references 24,25) occurred 
with voltages of 46 and 4 7 volts. Internal resistances of the order of 
200 Ohm are probably too low and a value between 600 and 1500 Ohm 
appears more warranted as a lower limit. From this the reviewer would 
conclude a voltage guide number of safe exposure of 6-15 volts. 

6. RATIONAL ANALYSIS OF ELECTRIC FIELDS IN LIVE LINE WORKING 
H. C. Barnes, A. J. McElroy and J. H. Charkow, IEEE Trans. on Power 
Apparatus and Systems, PAS-86: 482-492 ( 1967) 

As voltage of electrical transmission systems increases, live line maintenance by 
the bareh.and method becomes increasingly necessary to meet the requirements of 
system reliability. Of more importance is its value to the workman in permitting 
him to use power and hand tools without the strain which would be encountered 
with the long, heavy, hot line tools required at these voltages. Protection of the 
workman from exposure to high-voltage gradients and body currents is easily 
attained through Faraday cage-type shielding, as has been proved by an extensive 
test program described in this and companion papers. This paper develops a method 
of predicting voltage gradients and body currents utilizing both analytical and 
numerical techniques in the solution of Laplace's equation. The results are 
compared with field measurements and excellent agreement is obtained. The method 
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described can therefore be used to predict both currents and gradients for new 

designs and voltage levels as well as for existing designs and voltages. 

This is an excellent theoretical study, approximating man by a 

spheroid and calculating body currents and current densities 

induced by exposure to an external electrical field. The electrical 

properties of man's body tissues are somewhat unrealistic. 

However this should not matter much since, from equation 7 

above, these properties are not having much effect on the 

calculated currents and current densities. The values for a 

spherical body are identical indeed with those provided by 

equation 7. For a spheroid of man's shape, current densities are 

between 0.6 and 4 times those obtained for a sphere depending 

on the direction of the external field. Thus the simple solution 

presented in equation 7 is demonstrated to provide current 

densities of the right order of magnitude. 

7. THE MEASUREMENT OF ELECTRIC FIELDS IN LIVE LINE WORKING 

C. J. Mu 11 er, Jr., I EE E Trans. on Power Apparatus and Systems, 

PAS-86:493-498 (1967) 

Several devices are described that have been used recently in studying electric 

currents induced by 60 Hz electric fields in the bodies of linemen working on 

energized power lines using both the conventional hot stick method and the 

barehand method. These devices include: 1) the gradient meter, used to measure the 

intensity of electric fields impinging on different areas of the lineman's body; 2) the 

icosahedron, used to demonstrate that total body current is the summation of unit 

area char.ging currents resulting from the electric field impinging on unit areas over 

the entire body; and 3) the dipole, used to measure the magnitude of electric 

currents flowing in an isolated conducting body located in an electric field. Typical 

measurements obtained with each of these devices are included. 

"When a lineman is exposed to an electric field, the charging 
current entering each 11.82 in2 of his body is 1 µA for a field 

intensity of 1 kV/in, the coefficient for the gradient meter. This 

corresponds to a charging current density of 0.0846 µA/in 2 for a 

unit gradient of 1 kV/in." This result compares with the 

prediction of equation 7 above. 
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8. EXPOSURE OF MICE TO A STRONG Ar; ELECTRIC. FIELD--AN 
EXPERIMENTAL STUDY 
G. G. Kni.ckerbocker, W. B, Kouwenhoven and H .. C .. Barnes, IEEE Trans. on 
Power Apparatus and Systems, PAS-86:498-505 (1967) 

Twenty-two male mice were exposed to a 60 Hz ac electric field by placing 
them, in cages, between. parallel plates energized to create a field, initially 
unperturbed of 4 kV /in. In the course of I 0- I /2 months each animal .had an 
accumulated exposure time of nearly 1500 hours. These animals, and a parallel 
control group (essentially identically handled but receiving no exposure to electric. 
fields), were repeate<;ilY, bred , and observed to determine whether there were any 
effects, harmful or beneficial, as a result of the exposure. 

The overall condition of the exposed mice, their ability to reproduce and 
pathological changes, as well as growth patterns in their offspring, were observed. No 
observable changes in the primary group of males were detected, and there. was. no 
effect upon their ability to reproduce. There is. evidence of modified growth of male 
progenies. Further studies are suggested. 

The results of this study w.ere largely negative .. However, several points require 
further discussion. 

As far. as the exposed males themselves are concerned, there is no demonstrable 
marked effect upon them . after nearly 1500 hours of exposure to a rather strong 

· electric field. Their general behavior, their ability to reproduce, and the state . of 
their . health at autopsy are all unaffected. What appeared to be suppression of 
a~ility to reproduce in .the s cond month after exposure began was clearly shown to 
be a chance event when that portion of the study was repeated. 

The statistically insignificant difference in weight of the exposed males at the 
termination of exposure can be easily accounted for in light of the more frequent 
rate of subacute endemic infection existing in the control colony. 

The only observable difference raising the possibility of a demonstrated effect . 
of ·exposure to electric fields, is. that male progenies of exposed animals are smaller 
in weight when compared with male progenies of the control group .. This diff~1;ence, 
statistically significant on the basis of the data from this experiment, is of Jtiknown 
biological significance or origin. The percentage difference is small. The meaphig is 
questioned. 
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With what might be called such a remote effect, there is always the tendency 
to review the protocol to see whether the experiment really achieved what it set 

out to do. The first place one naturally looks is to see whether the controls really 
were a control in every sense of the word - - identical to the studied 

animals - - except in the matter of exposure to the electric field. 

Two items are subject to question. First, exposed males were essentially 
deprived of water while the field was on, whereas the controls had -a:ccess to water. 
Secondly, in the room where the .animals were housed, the exposed growth curve 
animals were kept in a rack spearate from the control growth curve animals. One 
group (the exposed) faced a window, whereas the other faced a wall. This raises the 
question of whether more. direct exposure to daylight and the opportunity to lose 
slightly more heat . by .radiation loss may be implicated. 

In this regard, it is obvious that further stµdy must be undertaken to clarify 
whether or not the difference is. real or apparent. The answer at this time cannot 
be considered to be conclusive. 

. It has been suggested that future study should include such factors as 
interchange of colonies in the housing quarters, closer control of lighting, and 
monitoring of food and water intake. Studies of adrenal weights, observat.ion of 
pituitary and hypothalamic . tissues, and cytogenetic evaluation have also been 
suggested. 

It was rtot possible, in projecting this initial study, to anticipate all the· poss1ble 
01:1tcomes and make provision for them. Compromises by virtue of time and money 
have had to be exercised. It is .hoped that any further study will be able to answer 

the unanswered questions regarding this . weight difference. 

From· this study of 22 mice exposed for- approximately 1500 hours over a 
period of 10.5 months to a field, initially uniform of 4~kV per inch, there have 
been no signs of a detrimental .effect of this field on the· animals. Likewise, there is 
no significant beneficial effect. Male progenies of these animals did not grow to be 
quite as . heavy as progenies of control animals, the difference being small but 
significant and the reason not evident. Further studies may clarify this. 

An excellent study. No effects of prolonged exposure to the high 
field of 4 kV /inch is observed. The small effect on growth is 
statistically· not necessarily convincing . and may well be due to 
part-time unavailability of water to the expqsed mice and their 
handling. Statistics are superb. 
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9. MEDICAL EVALUATION OF MAN WORKING IN AC ELECTRIC FIELDS 

W. B. Kouwenhoven, O. Ro Langworthy, Mo L. Singewald and G. Go 

Knickerbocker, IEEE Trans. on Power Apparatus and Systems, PAS-86:506-511 

(1967) 

This paper covers an investigation of the effects of HV 60 Hz ac fields on 

human beings. Experimental results of the intensity of the electric fields to which 

linemen are subjected when doing maintenance work on energized HV lines are 

presented. The protection offered by Faraday screens is discussed. The results of a 

series of physiological examinations that were carried out on 11 linemen, some of 

whom used conventional hot stick methods and others worked barehanded from 

aerial bucket connected to .an energized conductor, are presented. The examinations, 

which extended over a 42-month period, were conducted by members of the. staff 

of the Johns Hopkins Hospital, Baltimore, Mdo 

The results of this investigation of the characteristics of intense ac electric 

fields and their effects on human beings when exposed to them developed the· 

following facts. It is of interest that two of the linemen became fathers. during the 

study. 

a. No X~ray radiation is produced on a properly designed and constructed HV 

transmission line. 

b. Electric . currents are induced m a conducting body when in an ac electric 

field. 

c. The currents that are induced in a lineman's body, when working 

barehanded, may reach high values if the lineman i.s not shielded. 

d. The currents that are induced in a man's body, when exposed to an ac 

electric field, are essentially sinusoidal. 

e. Rubber gloves and similar protective equipment offer no shielding from 

electric fields. 

f. Properly designed metallic Faraday screens will protect a lineman working 

barehanded on an energized line, and will reduce the induced current in his body to 

a negligible value. 
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g. Faraday screens can be constructed for aerial buckets, cages, etc. Proper 

conductive clothing will provide an effective Faraday shield. 

h. At low field intensities the upper shielding may be omitted. However, in 

order to effectively shield the lineman from the waist down the bucket shielding 

(screening) should be complete. 

i. Medical Findings. Considering the period of observation (3-1 /2 years) and 

the method of study, it can be reported that the health of the 11 observed linemen 

was unchanged by the exposure to HV lines. Also no evidence of malignancy was 

found. There was a decrease in the sperm count of two of the 11 subjects. The 

significance of this is not clear and warrants further study; but no correlation has 

been found between exposure to HV lines and any effect on the. health of 

individuals in this investigation. 

Among the 11 men tested, there were four who had had many hours of 

barehand work during the period of this investigation. Not a single one of these 

men showed any change in his physical, mental, or emotional characteristics. Their 

laboratory studies remained entirely normal. No evidence was found that an 

adequately shielded lineman is endangered in any way by working barehanded in a 

HV ac electric field, within the limits of this study. 

A study of linemen exposed to high fields near 345 KV lines. No 

observable effect on the health of the individuals is noticed. 

Total body currents range from 85 to 340 µA during periods of 

exposure. 

10. HAZARDS IN THE USE OF LOW FREQUENCIES FOR THE MEASUREMENT 

OF PHYSIOLOGICAL EVENTS BY IMPEDANCE 

L. A. Geddes, L. E. Baker, A. G. Moore and T. W. Coulter, Med. & Biol. 
Engng., 7:289-296 (1969) 

Experiments were conducted in man and the dog to determine the safe levels 

of sinusoidal alternating current which can be passed through the thorax. The 

sensation current threshold was determined over a frequency range of 20 Hz to 

20 kHz in 8 normal adult males for two different electrode arrangements. The 

thresholds for vagal stimulation and ventricular fibrillation in the frequency range of 

20 Hz to 3 kHz were determined in the dog for the same electrode arrangements, 

and the data obtained for fibrillation was extrapolated to estimate the comparable 
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leve.ls for man. The results indicate that the magnitudes of the current thresholds to 

produce these phenomena increase with an increase in frequency; Currents higher 

than 5 kHz. in frequency are recommended for the measurement of physiological 

events by electrical impedance techniques. 

Measurements include the frequency spectrum from 10 Hz to 

10 kHz, and thresholds are for presumably infinite exposure, 

extending the work of Dalziel and others which did· not go 

beyond 3 sec exposure; This ·· supports that prolonged exposure 

beyond 3 seconds exposure time does not strongly affect 

threshold values. The data on sensation and fibrillation roughly fit 

with those presented by Dalziel (Reference 4) for 3 sec shbcks. · 

The following values apply approximately at 60 Hz: 

sensation threshold 
vagal stimulation in dogs 
fibrillation in dogs 

03mA; 
50 mA; 

100 mA. 

However the detailed data are dependent on electrode size as 

they should be. 300 mA through the right arm left leg circuit is 

estimated to cause fibrillation in calf, and perhaps, to man. The 

values quoted increase fairly rapidly as the frequency approached 

values of 1 kHz and more. 

Some additional important articles are provided next without abstract, since 

most important results are incorporated in above quoted references. Others are listed 

since referred to in this report. 

11. EFFECT OF ELECTRIC SHOCK ON THE HEART, LP, Ferris, B. G. King, P. 

W. Spence and H. B. Williams, AIEE Trans., 55:498-515 (May 1936). 

12. THE CURRENT FLOWING THROUGH THE HEART UNDER CONDITIONS 

OF ELECTRIC SHOCK, W. B. Kouwenhoven, D" R. Hooker and 0. 

R. Langworthy, Am. J. of Physiol., 100:344-350 (1932). 

13. -EFFECTS OF ELECTRICITY ON THE HUMAN BODY, W" B. Kouwenhoven, 

Electrical Engineering, 68: 199-203 ( 1949), 
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14. A-C SHOCKS OF VARYING PARAMETERS AFFECTING THE HEART, W. 

B. Kouwenhoven, G. G. Knickerbocker, R. W. Chestnut, W. R. Milnor and D. 

J. Sass, AIEE Trans. (Comm. & Electronics) 78:163-169 (1959). 

15. THRESHOLD 60-CYCLE FIBRILLATING CURRENTS, C. F. Dalziel, AIEE 

Trans. Power Apparatus and Systems, 79:667-673 (Oct. 1960), 

16. THRESHOLD VALUES OF SAFE CURRENT AT MAINS FREQUENCY, A. 

P. Kiselev, Probl. of Elec. Equipment, Elec. Supply and Elec. Measurements (in 

Russian), Sb. Ml IT, 171 :47-58 (1963). 

17. A PRELIMINARY REPORT ON EFFECTS OF ELECTRIC FIELDS ON MICE, 

W. S. Moos, Aerospace Medicine. 35:374-377 (April 1964). 

18. BODY CURRENTS IN LIVE WORKING, W. B. Kouwenhoven, et al, IEEE 

Trans. Power Apparatus and Systems, PAS-85:403-411 (April 1966) 

The following references pertain to electrical properties of body tissues. 

19. ELECTRICAL PROPERTIES OF TISSUE AND CELL SUSPENSIONS, in 

"Advances in Biological and Medical Physics", H. P. Schwan, J. H. Lawrence 

and C. A. Tobias, Eds., Vol. V, p. 147 (1957), Academic Press. 

20. THE CONDUCTIVITY OF LIVING TISSUES, H. P. Schwan and C. F. Kay, 

Ann. of N. Y. Acad. of Sci., 65:1007-1013 (1957), 

21. CAPACITIVE PROPERTIES OF BODY TISSUES, H. P. Schwan and C. F. Kay, 

Circulation Research, Vol. V:439-443 (July 1957). 

22. El,ECTRICAL IMPEDANCE OF THE HUMAN BODY, H. P. Schwan, NWL 

Tech. Reprt. TR-2199, Naval Weapons Lab, Dahlgren, Virginia (Aug. 1968). 

23. ELECTRICAL IMPEDANCE OF THE HUMAN BODY FOR HF (2-30 MHz) 

BAND (INITIAL RESULTS), R. W. Carson and W. E. Innis, NWL Tech. Reprt. 

TR-2481, Naval Weapons Lab, Dahlgren, Virginia (October 1970). 

24. W; B. Kouwenhoven, Electrical Engineering (March 1949). 

25. GROUND FAULT INTERRUPTER INCREASES SAFETY, C. F. Dalziel, IAEI 

News (July 1969). 
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VI. COMMENTS AND CONCLUSIONS 

A. Threshold Values of Total Current 

Typical threshold values for man and for a frequency of 60 Hz are of the 
are of the order 

I mA for sensation 

IO mA for "let-go" current 
I 00 mA for fibrillation 

This clearly demonstrated by Table 4 and Geddes' work (Reference 10) 

TABLE 4 

Let-go current 

50% Women IOmA 
50% Men 16 
1/2% Women 6 
1/2% Men 9 

Fibrillation 

A. Dogs (3 to 5 sec exposure) 

50% 
1/2% 

Kouwenhoven 
83mA 
25 

B. Sheep (3 sec exposure) 

50% 240 mA 
1/2% 120 

C. Calves 

50% 300mA 
1/2% 150 

Ferris 
90 
50 

Kiselev 
70 
30 

A Summary of the results of Kouwenhoven, Ferris and Kiselev (see 
Reference 4 ). The percentage figures characterize figures of response. Thus the 50% 
are averages, while the I /2% values mean that 99.5% of all cases did not respond. 
The calves' values are thought to be typical of men, frequency 60 Hz. 
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However lower limits are more than twice lower in some instances than these guide 

numbers. Clearly, the limit of sensation is not only a function of current, but also 

of current density and, therefore, electrode size is of importance in sensation work. 

This is less true for let-go current and almost completely unimportant for fibrillation 

current statements if fibrillation is evoked by currents entering the body away from 

the heart (arms, legs). 

B. Frequency Dependence 

Frequency dependence of above quoted results is not pronounced between 

DC and 100 Hz. Above 100 Hz all threshold currents increase at first slowly and 

eventually rather rapidly with frequency. Absolute minimal values are obtained for 

frequencies near 50 or 60 Hz. 

C. Body Impedance 

Body impedance values are required to translate body current guide 

numbers of safe exposure into contact potential numbers. They vary considerably at 

low frequencies depending on wet or dry contact, the size of the contact area and, 

no doubt, electrode polarization impedance and frequency .. But little systematic and 

meaningful work has been carried out to separate the various contributions to the 

total body impedance and establish "true" body impedance values without 
incorporation of the electrode impedance and, sometimes, unusually high skin 

impedances. True body impedances, however, may be of particular importance in 

standard considerations. They are the minimal values which pertain under 

circumstances where electrode polarization and skin impedance are low and provide, 

for a given voltage, the optimal current values which must be compared to whatever 

threshold value one may care to apply to safety considerations. It is, therefore, 

strongly recommended that determinations of "true" body impedances are 

undertaken. 

In the absence of experimental true body impedance data, the following 

estimates may be advanced. The electrical properties of tissues are well known in 
their frequency dependence and well understood in terms of biological structure and 
function (References 20, 21 ). Most tissues of high water content, such as muscle 
and most body organs, have similar electrical properties. Exceptions are fatty tissue 
and bone. The abundant body tissues have a specific resistance p near 100 Ohm-cm 
in the frequency range from 100 to 1000 MHz. As the frequency decreases from 

100 to 1 MHz the values for resistivity increase two fold to 200 Ohm-cm. Between 
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1 MHz and 1 KHz a more pronounced increase occurs with further decrease in 

frequency, with values approaching 400 to 800 Ohm-cm. As frequency decreases still 

further, the specific impedance remains steady within a few percent. Thus, 

p = I 00 Ohm-cm 
200 • 100 

800 • 400 

for 100 to 1000 MHz 
1 • '100 MHz 

1 Hz • I ·MHz 

Total body impedance data at RF frequencies have been theoretically and 

experimentally investigated (References 22, 23) .. They range from 200 to 300 Ohm 

typically (for the hand to hand circuit). Hence, in consideration of the specific 

values provided above, "true" body jmpedance values between 600 to 1500 Ohm 

may be anticipated at low frequencies .. This range checks well with the. lower limit 

oL body impedance data already .quoted by. .Whitacker (Reference 1) and indicates 

that the rather high values up to 20 KOhm reported sometimes are caused b¥ 

electrode polarization, skin . impedance or may result from the application of 

unusually small electrodes as explained in detail somewhere else (Reference 22). 

D. Threshold for Current. Density 

Sensation, let-go currents and onset of ventricular fibrillation all relate tc, 

cellular membrane excitation phenomena. It is to be expected therefore that 

threshold current density levels in all these cases are similar and that different 

current thresholds merely reflect different spreading characteristics of the current 

before the object of excitation is reached. Indeed, the heart is more removed than · 

are musculature and. finger nerves . from the. current source in many typical 

experiments. 

In the case of .. fibrillation it is possible to estimate approximately the 

current density as follows: If the current through the trunk, .. for .example in the 

case of a current path from arms to legs, could be assumed uniform, current 

density figures would be about a thousandfold lower than total current values if 

area values are expressed in cm2 *. However the heart is a better conductor than 

lung tissue. It contains blood of high conductivity while lung's conductivity is about 

two orders of magnitude smaller than that of blood. One would therefore obtain a 

*This assumes a trunk cross section of about 1000 cm2 and is based on an upper estimate of the effeCtj:ve area 
passed by the current. 
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lower extreme for the effective area passed by the current from the heart's cross 

section. However measurements on dogs by Kouwenhoven (cited in Reference 1) 

indicate that only 7 to 10% of the total current penetrates the heart. Considerations 

of this sort of data and effective heart size lead one to estimate that for fibrillation 

onset current densities are required which are about 100-fold lower than total 

threshold body current flowing through the trunk. 

Threshold current densities are available from Geddes and others works. 

The following values summarize above considerations for a frequency of 60 Hz. 

Sensation 
Let-go current 
Fibrillation 

0.1 to 1 mA/cm2 

0.1 to 1 mA/cm2 

about 1 mA/cm2 

They are in support of the physiological and biological considerations stated 

previously and considered reliable within one order of magnitude. 

E. Duration of Exposure 

Dalziel (Reference 4) summarizes his survey in the following equation of 

potential electrocution for man at 60 Hz 

I = K/y' T (22) 

where K is 116 for highest "no effect" and 185 for lowest "effect" and where I 

bodr current in mA and T the shock duration in seconds. This equation holds for 

shock durations up to 3 sec. However for greater periods of exposure, it appears to 

be rather insensitive to duration as apparent from a comparison of the results of 

Geddes and Dalziel.* Hence it appears warranted to use Equation (22) with T = 3 

and to conclude that the threshold of fibrillation is 100 mA as concluded already 

above. 

* Dalziel states "There is little information about the effects of shocks of longer duration than 3 or 5 seconds. 

From S seconds to 20 or 30 seconds the threshold may remain fairly steady, dropping only slightly" and refers 

to pertinent work by Kiselev (Reference 16). He continues, however, "For longer periods, there is some evidence 

that asphyxia! changes may increasingly exert their influence and lower the threshold even further." 
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In Summary: 

Above presented data and evaluations are concerned with excitation threshold 

values· of: 

cellular current densities, 
bulk tissue current densities, 
total body currents. 

They are internally consistent in recommending a guide number of safe exposure in 

terms of current density of 

0.1 to 1 mA/cm2 at 60 Hz. 

Corresponding _total body current thresholds are for 60 Hz 

sensation 
let-go 
fibrillation 

1 mA 
10.mA 

100 mA. 

Body impedances are estimated to be at low frequencies larger than 600 Ohms. Thus 

gtlide numbers . for safe contact potentials are estimated .larger than 6 volts if a 

10 piA value is chosen for the current. However, measurements of "true body 

impedances" are needed at low frequencies to refine this statement. Kouwenhoven 

and Dalziel ~eport two accidents, believed to be lowest voltage fatalities which 

occurred with 46 and 47 volts, respectively (References 24, 25). 

Currents resulting from one point contact or exposure to a field are small at 

low frequencies and· hazards, and can be neglected, except in cases of exposure to 

extremely high fields and· potentials. 
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