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Abstract—Electrocutaneous sensations, perceptions of prick-
ling or itching as a result of a non-adequate stimulation of skin
receptors by an electrical current, have been investigated for more
than one century. The results were taken into consideration when
limiting values of so-called leakage currents were specified by
legal regulations. But these current thresholds depend on other
parameters, especially the area through which the current is
introduced to the body. Intracorporeal thresholds at the origin
of the non-adequate stimulation are independent from these
parameters, but cannot be measured in an examination with
volunteers.
Using a microscopically detailed, multi-layer electrical inho-

mogeneous volume conductor model of the skin, the tissue-
internal threshold was numerically determined. The value found
is 0.449Am−2 at 50Hz (the Asian and European power net
frequency). This value is significantly higher than earlier estima-
tions, but is comparable with values of other excitable tissues.
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I. INTRODUCTION

Electrical charges passing the skin can trigger a perception
of prickling or itching: best known example is the “carpet
stroke”, which is a spontaneous discharge of a static charge.
The electrocutaneous sensations can also be caused by leak-
age currents (tiny currents passing from electrically powered
devices through the human body) — for which a great number
of legal regulations have established safety limits.
But the underlying current thresholds depend on external

parameters, especially on the area through which the current
flows. Since the skin is known as one of the most sensitive
organs regarding electromagnetic fields in the low frequency
range [1], we try to find the independent, tissue-internal current
density threshold of the electrocutaneous sensations.
We focus on the skin of the fingertip, because the fingertips

are highly perceptive [2][3]—they have a high innervation
density [4]—and because the hand as our primary manipu-
lating tool can easily come into contact with a live wire while
not shielded or protected by insulating clothes. To calculate
the intracorporeal current density distribution, we describe six
high resolution, inhomogeneous electrical volume conductor
models of the index finger in section III.

But before that, it is necessary to summarise our experi-
ments results and to narrow down the place of action (where
the non-adequate stimulation origins) which is the region of
interest. This is done in the subsequent section. The calculated
current density distributions are given and discussed in the
section IV, where the demanded current density threshold is
finally evaluated.

II. THE PLACE OF THE NON-ADEQUATE STIMULATION

To determined the tissue-internal current density threshold,
we have to know the place of origin of the non-adequately
triggered perception. Using our experimental findings, we can
describe this place as follows:
In volunteer studies, we found a prolonged adaptation

behaviour on the non-adequate stimulus. This means, the a
direct stimulation of the nerves as well as the nocireceptors can
be excluded, because both do not show adaptation behaviour
[5]. (Besides, a feeling of pain results only from higher amper-
ages.) A feeling of heat or cold could never be achieved, so we
deny any participation of the thermoreceptors. Moreover, the
quality of the perception is clearly mechanical which indicates
that the mechanical receptors are involved. The frequency
dependency on the non-adequate stimulus is comparable to
that one of the adequate, mechanical stimulus of the Vater-
Pacini corpuscles, especially the sensitivity maximum at about
300Hz matches [6][7].
So we conclude that the non-adequate stimulus caused by

the electrical current takes place at the Vater-Pacini corpuscles,
which are situated at the border of the subcutis. For com-
parison, we also indicate the situation in the corium where
a second type of mechanoreceptors, the RA receptors, are
situated.
Main input value from the experimental studies is the

current threshold. This threshold not only depends on the
experimental setup as described above, but on the decision
behaviour of the test candidate as well. We try to eliminate
personal behaviour by using the confidence rating procedure
deriving from the signal detection theory. As far as we know,
this was the first time that the confidence rating procedure
was applied to determine a safety limit based on non-adequate
stimulation.
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Fig. 1. Elevation of the skin model including the positions of the active and
passive electrode.

Using a vast number of blind trials, the signal detection
theory allows to “separate” individual judgement and the
reproducible lower limit where a current first influences the
perception, the so-called stimulus limen [8][9].
This stimulus limen can be calculated from trials with non-

adequate stimuli of different strength (amperage) [10][11]. Us-
ing our setup, we determine the lower limit of the 95% range
(worst-case estimation) at 179.45µA. This value will be used
to calculate the tissue-internal current density distribution.

III. THE INHOMOGENEOUS ELECTRICAL VOLUME
CONDUCTOR MODEL OF THE SKIN

To seek the current density distribution inside the skin,
we created a model appropriate for numerical calculation.
The actual calculation is done by using the finite element
method (FEM). The skin model is based on the setup of our
experimental investigations with volunteers on the one hand,
and on anatomical and physiological data like microscopic
slice photos and conductivity values of the different skin
tissues on the other hand.
To obtain the final current density threshold, the experimen-

tally found current threshold value (or, to be more precise: the
stimulus limen) is used. The correspondence of the experimen-
tal setup and numerical model allows to gain realistic values.
In our experimental investigations, the active electrode with a
current introducing area of 1 cm2 was placed onto the fingertip
of the left index finger. The passive electrode was placed onto
the palm of the hand. Our initial model therefore only includes
the index finger and the palm of the hand, because the current
does not flow through the other fingers or any other parts
of the body. Only regions with high current density values,
containing mechanical receptors, are regions of interest. Since
high current density values are only found in the vicinity to the
active electrode, the palm of the hand and even the proximal
phalanx were removed to save computer memory and CPU
time. The skin models comprise five layers, cf. figure 1:
The top layer represents the stratum corneum. The subse-

quent layer consists of the stratum lucidum, the stratum granu-
losum, and the stratum germinativum—three layers which are
only distinguishable on the physiological level but not with
respect to their conductivities.

The corresponding conductivity values are borrowed from
the literature [12][13][14][15][16][17][18][19][20][21] and
listed in table I. They are assigned to the corresponding skin
layers in the numerical model.

TABLE I
THE CONDUCTIVITY VALUES OF THE SKIN TISSUE LAYERS AT 50Hz.

tissue conductivity κ/Sm−1

stratum corneum 1, 667 · 10−5
stratum lucidum 0.22
stratum granulosum 0.22
stratum germinativum 0.22
corium 0.22
subcutis (fatty tissue) 0.02
bone 0.02

The skin layers develop differently depending on mechani-
cal strain, leading to different individual anatomy of the skin.
Thereby, the epidermis shows the widest range of variation,
cf. table II.

TABLE II
THE SKIN LAYER THICKNESSES OF EPIDERMIS UND CORIUM.

skin layer epidermis corium
body part finger tip finger
minimum 176µm 1127.8µm
maximum 485µm 1185.8µm
average 369µm 1156.8µm
standard deviation 111.9µm –
source [22], [23] [24]

In order to examine how different tissue thicknesses in-
fluence the current density distribution, several models were
created and the layer thicknesses of epidermis and corium were
varied systematically, see table III.

TABLE III
TO OBTAIN A WORST-CASE ESTIMATION, THE THICKNESSES OF THE
TISSUE LAYERS IN THE MODELS WERE VARIED SYSTEMATICALLY.

model no. epidermis corium
1 average average
2 average minimum
3 average maximum
4 minimum average
5 maximum average
6 maximum maximum

IV. THE INTRACORPOREAL THRESHOLD DERIVING FROM
THE CURRENT DENSITY DISTRIBUTION

That mechanoreceptor with the highest current density in
its immediate vicinity will be the first to be non-adequately
stimulated. Therefore, we focus on the peak values of the
current density in the individual tissue layers. For a worst-case
estimation, it must further be assumed that even the smallest
current density (of all models) can already trigger a receptor
reaction.
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Fig. 2. Sagittal slice image of the current density distribution of the worst
case model.

The peak values are summarised in table IV.
The calculation is actually done using the finite element

method, splitting the geometrical model into tetrahedra to
gain the numerical mesh, and re-meshing in the regions of
high errors. The final meshes of all models consist of about
200 000 tetrahedra. Each tetrahedron contains 10 nodes since
the quadratic formulation was used.

TABLE IV
MAXIMUM CURRENT DENSITY VALUES INSIDE THE CORIUM AND THE

SUBCUTIS RESULTING FROM MODELS WITH DIFFERENT SKIN LAYER

THICKNESSES. THE EXCITATION AMPERAGE IN THE NUMERICAL
CALCULATION IS 1A.

model no. Jmax(corium) Jmax(subcutis)
1 32.4 kA m−2 24.5 kA m−2
2 31.9 kA m−2 25.0 kA m−2
3 31.8 kA m−2 23.7 kA m−2
4 41.5 kA m−2 25.1 kA m−2
5 30.7 kA m−2 24.1 kA m−2
6 29.0 kA m−2 2.5 kA m−2

Our calculations show that the peak values of the current
densities decrees with increasing thickness of corium or epi-
dermis; the most promising model is the one where both
epidermis and corium have maximum thickness. The current
density distribution of this worst-case model, model number
six, is shown in figure 2 as a sagittal slice. The excitation
current for all models is 1A(= Ical), so the result must simply
be scaled using the experimentally determined amperage ISL

JSL =
ISL
Ical

· Jcal
The current introduced by the active electrode flows close to

the skin surface but less in the first skin layer, which consists
of dead, dried, high-impedance tissue. As expected, the region
of higher current densities is right beyond the active electrode.
The scaled current density maximum value in the subcutis,

this means: in the vicinity to the Vater-Pacini corpuscles,
is 0.449Am−2. An irritation of the Vater-Pacini will be

triggered with higher values, as explained in section II. Thus
we conclude that the lower limit or worst-case limit to trigger
an electrocutaneous sensation is 0.449Am−2, which is 200
times higher than the recommended base value for the general
population of 2mAm−2 [25] and comparable to values of
other excitable tissues like nerve and muscle tissue at about
500mAm−2 [1][26].

V. CONCLUSION
We have introduced six detailed electrical inhomogeneous

volume conductor models of the skin of the index finger fol-
lowing the anatomical structures. This model was used to de-
rive the worst-case intracorporeal current density distribution
which leads to a non-adequate stimulus of the mechanorecep-
tors, a so-called electrocutaneous sensation. The tissue-internal
current density threshold of the electrocutaneous sensation is
determined to be 0.449Am−2.
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