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Abstract – To investigate the perception of ELF electric field, a 
fundamental study was conducted on the movement of body hair 
in field exposure. The electric force exerted on a hair was given 
from the force component at dielectric discontinuity. With this 
force, the equation of the hair displacement in field exposure was 
derived. The displacement evaluated by the equation agreed well 
with experimental results. Finally, the hair movement in field ex-
posure was formulated theoretically. The derived equation well 
describes the real movement of body hair in field exposure. In this 
analysis, the mechanisms of the threshold variation in the field 
perception was made clear. 

I.  INTRODUCTION 

he biological effects of ELF electric field have been 
studied extensively, and the safety standards have been 

established [1-2]. However, many important points concerning 
the biological effects of ELF electric fields, such as threshold 
and mechanism, remain unknown. 

Among several possible mechanisms, there is a mechanism 
to produce apparent biological effects [3]. This mechanism is 
the stimulation of neural receptors at the surface of the skin [4]. 
In an electric field, an electric force is exerted on body hair, 
which causes hair movement and the sensation. In Japan, the 
safety standard for the field exposure was determined based on 
the perception threshold. The threshold values of field percep-
tion have been investigated and different values have been re-
ported [5-7]. 

Considering the importance of this problem, we have in-
vestigated the cause of this variation in field perception [8-9]. 
Here we report theoretical and experimental study on the 
movement of the body hair in ELF electric field exposure. 

II.  ELECTRIC FORCE ON BODY HAIR

For a theoretical analysis, a hair on the body surface is 
modeled as shown in Fig.1. A dielectric cylinder is standing 
obliquely (with its axis of rotation in a vertical plane) on a 

horizontal conductor plane. The permittivity of the cylinder is
0 r where 0 is the permittivity of vacuum and r is the dielec-

tric constant of hair. The parameter is the angle of the axis in 
the vertical plane.  

The force applied on a hair is the total sum of the force 
components exerted along the surface of the hair. First, let us 
consider a small cross sectional cut of a hair with a thickness dl
as shown in Fig.2. The total force F is given as, 
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where L, dl, r, , f( ,l, ) are the length along a hair, the length 
of the volume element (the small cross sectional cut), the ra-
dius of the hair, the angle measured from the sagittal plane and 
the electric force at hair surface, respectively.

The total force is obtained by the vector sum of the elec-
tric force exerted at the interface of the dielectric discontinuity. 
The electric force exerted on the small unit area of hair surface
f( ,l, ) is given by [10], 
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where E( ,l, ) is the electric field at hair surface. 
Considering the cylindrical symmetry, this equation can 

be approximated in the following two conditions, i.e. 
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where Ea and Eb are the electric fields at the top and the bottom 
parts of the hair cross-section. The difference between Ea and 
Eb increases as r increases. Therefore, Eqs. (3) and (4) show 
that the electric force increases as the dielectric constant of the 
hair increases. 

Hair

E0

Body

r

Fig.1. Theoretical model of body hair in E field. 

Fig.2. Principle of calculation of electric force on a hair ; 
(a) integration along axial direction, 
(b) integration along peripheral direction. 
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Fig.3. Distributed force along the hair above body surface. 
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Fig. 4. Estimation of hair displacement.  

III.  DISPLACEMENT OF HAIR IN FIELD EXPOSURE

It is clear that the movement of the body hair plays the 
key role to cause the perception of the electric field exposed to 
the outside of the body. Therefore, to study the perception 
threshold, it is necessary to examine the movement of the body 
hair by the electric force derived above. As the first step, we 
have evaluated the displacement of a hair in field exposure to 
find out whether the hair moves over sensible distance or not.  

To analyze the movement of a hair, we modeled a hair as 
an elastic rod sticking out obliquely from a visco-elastic bed of 
a skin tissue as shown in Fig.3. The deflection of the hair is 
given by [10], 
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where E and I are the Young’s modulus and the moment of 
inertia for the hair. f1 and f2 are the values of the distributed 
force at the bottom and the top ends of the hair. La and Lb are 
the hair lengths above and below the surface, respectively. 

Fig. 4 shows the displacement with different initial angle 
of the hair. To estimate the effect of the resistance caused by 
the part under the skin surface, the displacements for the two 
extreme cases (zero and infinite resistance in the body) were 
evaluated. The true displacement should exist between these 
two cases. In this result, we found that the horizontal hair is 
raised up several millimeters. This agreed well with experi-
mental results. 

Through this study, it became clear that the study of the 
electric force exerted on the hair is not sufficient. For the 
analysis of perception threshold, we have to study the hair 
movement in field exposure. 

IV.  HAIR MOVEMENT IN FIELD EXPOSURE

To analyze the movement of a thin object such as a hair, 
we have to take the air viscosity into account. The equation for 
the angular movement of a column is given by,  
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where , R, mh, f, max and L are the angle of the hair column, 
the mechanical resistance coefficient of a column moving in 
viscous fluid, the mass of body hair of a unit length, the elec-
tric force averaged over the hair length, the final displacement 
of the hair-tip, and the length of the hair over the body surface, 
respectively. The resistance coefficient R is given by [10], 
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where  and Re are the viscosity(1.81 x 10-5 Ns/m2)  and 
the Reynold’s number, respectively. 

The step response of this differential equation is given as 
the solution for the over-damping case of the second order sys-
tem,  
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With practical parameters of a hair, the temporal change of the 
hair angle in field exposure is obtained [10] as 

)0345.003.11(5.21)( 3352.11 tt eet       (9). 
This equation shows that when the step-wise electric field is 

applied, the hair angle increases exponentially with the 
time-constant of 0.0893 seconds. This means that a body hair 
stands up with the time scale of 0.1 seconds which is easily ob-
servable with the naked eye. The Eq.(9) can also describe the 
hair movement when an AC electric field with the frequency of 
50 or 60 Hz is applied. The hair stands up with the 0.1 sec 
time-constant accompanied by the 100 or 120 Hz vibration of a 
few percent amplitude.  

In the study of the field perception under high-voltage 
power transmission lines, the movements of body hair have 
been reported [5, 6]. The above mentioned movement esti-
mated by the Eq.(9) agreed well with the movement in these 
reports.

V.  DEPENDENCE OF FORCE ON DIELECTRIC CONSTANT 

   We showed above that the hair displacement and the hair 
movement are directly affected by the electric force exerted on 
the hair. The electric force is dependent on the dielectric con-
stant as shown in Eq.(2). Therefore, we examined the depend-
ence of the electric force on the dielectric constant of the hair 
to explore the connection between the humidity and the hair 
movement. 
    The electric force distribution along the hair was obtained 
using the finite element method [10], and the electric force was 
calculated using Eq.(2). Figure 5 shows the result. The electric 
force increases almost linearly as the dielectric constant in-
creases. The rate of this increase is common in both cases of 
small and large initial angle of the hair. However, the magni-
tude of the electric force is different between these cases. Fig-
ure 6 shows the dependence of the force magnitude on the ini-
tial angle of the hair. The force decreases as the hair angle ap-
proches to perpendicular. These results suggest that strong 
electric force is exerted on the lying hair and that the force de-
creases as the hair stands up. The larger force is exerted on the 
hair with the larger dielectric constant. 

VI.  DEPENDENCE OF HAIR MOVEMENT ON HUMIDITY

We have reported that the perception threshold of electric 
field changes in different humidity. Through theoretical and 
experimental study, we have shown that with the increase of 
relative humidity the dielectric constant of body hair and con-
sequently the electric force exerted on the hair increase. To  
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Fig. 5  Dependence of electric force on dielectric constant of body hair.  
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Fig. 6  Dependence of electric force on standing angle of body hair. 
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Fig. 7. Temporal change of hair angle for step-wise electric field exposure.

examine the effect of humidity on the field perception, the 
amount of movement-change due to this force-change was 
evaluated with the Eq.(7) derived above. Fig.7 shows the dif-
ference in the hair movement in different humidity. In the high 
humidity the hair stands up faster and to larger angle than in 
the low humidity. This theoretical calculation agreed well with 
the result of measurement [10]. 

VII. CONCLUSIONS

The stimulation at body surface is one of the clear effects 
of ELF electric field. It was shown that we perceive the field 
by the movement of body hair. The movement of hair caused 
by electric field exposure was analyzed theoretically and ex-
perimentally. The force and the movement of the hair were 
formulated. The derived equation explained well the real 
movement of the body hair in field exposure.  

The variation of perception threshold in different humidity 
had been reported. As the mechanism of this variation, we had 
shown that the electric force exerted on the hair increases with 
the increase of the relative humidity. In the present study, the 
sequence of the mechanisms of this threshold variation was 
made clear. When the humidity increases, the dielectric con-
stant of body hair increases, and consequently the electric force 
on the hair increases. Then, the amplitude of the hair move-
ment increases and the time-constant of the movement de-
creases. 

These results are useful not only for the analysis of per-
ception threshold but also for establishing appropriate safety 
standards for each country with different climate and for each 
nation with different body conditions. 
    This work was supported in part by the Grant-in Aid for 
Scientific Research from the Ministry of Education, Science 
and Culture, Japan. 

REFERENCES

[1] WHO, Environmental Health Criteria 35, World Health Organization, Ge-
neva, 1984. 

[2] ICNIRP (International Commission on Non-Ionizing Radiation Protection), 
Health Physics, vol.74, no.4, pp.494-522, 1998. 

[3] M.G. Mogan, H. K. Florig, I. Nair and D. Lincoln, “Powerline fields and 
human health,” IEEE Spectrum, vol.22, pp.62-68, 1985. 

[4] J.P. Reilly, “ Electrical Stimulation and Electropathology,” Cambridge 
University Press, New York, 1992. 

[5] J. Cabanes and C. Gary, “La perception directe du champ electrique,” Proc. 
Int. Conf. Large High Voltage Electric Systems, CIGRE, Paris, pp.1-6, 
1981. 

[6] D. Deno and L. Zaffanella, “Field effects of overhead transmission lines 
and stations”, Transmission Line Book 345kV and above, 2nd edn., EPRI, 
Palo Alto, pp.374-379, 1982. 

[7] M. Kato, S. Ohta, K. Shimizu, Y. Tsuchida and G. Matsumoto, “Detec-
tion-threshold of 50-Hz electric fields by human subjects,” Bioelectro-
magnetics, vol.10, pp.319-327, 1989. 

[8] H. Odagiri, K. Shimizu and G. Matsumoto, “Fundamental analysis on 
perception mechanism of ELF electric field,” IEICE Trans. Commun., 
vol.E77-B, no.6, pp.684-692, 1994. 

[9] H. O. Shimizu and K. Shimizu, “Experimental analysis of the human per-
ception threshold of a DC electric field,” Med. & Bio. Eng. & Comp., 
vol.37, no.6, pp.727-732, 1999. 

[10] H. O. Shimizu and K. Shimizu, “Analysis of electric force exerted on 
body hair in ELF electric field exposure,” IEICE Trans. Commun., 
vol.J86-B, no.7, pp.1225-1233, 2003. 

22S2-4


