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Objectives: The purpose of our study was to estimate skin structure and conductivity distribution in a cross section of local
tissue using non-invasive measurement of impedance data. The present study was designed to evaluate the efficiency of skin
depth information through computer simulations. The multilayer tissue model was composed of epidermis, dermis tissues,
and subcutaneous. Methods: In this study, electrical characteristics of skin models were used for conductivity of 0.13 S/m,
0.26 S/m, 0.52 S/m, permittivity of 94,000 F/m, and a frequency of 200 Hz. The effect of the new method was assessed by
computer simulations using three-electrode methods. A non-invasive electrical impedance method has been developed for
analysis using computer simulation and a skin electrical model with low frequency range. Using the three-electrode method
differences through the potentials between measurement electrodes and reference electrodes can be easily detected. The Cole
electrical impedance model, which is better suited for skin was used in this study. Results: In this study, experiments using
three-electrode methods were described by computer simulation based on a simple model. This electrical impedance model
was fitted and developed in comparison with our model for measurement of skin impedance. Conclusions: The proposed
electrical model for skin is suitable for use in interpretation of changes in impedance characterization of the skin. Using the
computer simulation method, information on skin impedance depth can be more accurately developed and predicted.

Keywords: Non-invasive, Skin Electrical Model, Multilayer Tissue Model, Cole Model, Three Electrode Method

l. Introduction
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physiological states and functions [1]. Several authors have
used impedance spectroscopy in their study of the electrical
properties of skin [2-4]. Skin impedance can be investigated
using different conditions and methods. It is inexpensive,
not harmful to patients, and convenient for image monitor-
ing. This is determined in subjects by the ratio of the voltage
to the current.
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Electrical impedance tomography has been used for imag-
ing of both geometry and skin impedance (conductivity)
distribution in internal tissues through non-invasive mea-
surement of skin impedance on the body surface [5-7].

This research employs an electrical impedance model,
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which includes constant phase element (CPE). In general,
this model is better suited for tissue and cell suspensions,
and, its use has often been implicit. The impedance model
was developed gradually in the 1930s until complete with the
mathematical equation. In 1941, Cole introduced a similar
model for dielectric permittivity, the Cole-Cole model [8].

Using this two-point method for non-invasive measure-
ment of skin measurement; measurement can be made be-
tween two electrodes by application of a small alternating
current, and comparison of the measured voltage with the
current according to Ohm’s law. Depth penetration of the
currents in skin and other biological materials is correlated
with frequency, distance between, and size of electrodes, as
well as physical properties of the tissue under study, in particu-
lar multi layered structure with different electrical properties.

Measurement electrode systems include two-electrode,
three-electrode, and four-electrode methods. Three-
electrode methods [9,10] and a four-electrode method [11]
have been developed for measurement of impedance. The
three-electrode method can measure the impedance value of
particular positions. In this study, experiments using three-
electrode methods can be described by computer simulation
based on a simple model.

The purpose of the present study was to evaluate the efhi-
ciency of skin depth information through computer simula-
tions, using a typical multilayer tissue model consisting of
epidermis, dermis tissues, and subcutaneous. The proposed
skin electrical model is discussed with regard to different
values of skin impedance and frequency using Cole-Cole.

Il. Methods

1. Configuration of the Skin Model

In the present study, each skin layer was assumed to be
homogeneous. Measurement of tissue conductivity was
predicted on the basis of the two dimensional model. As
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Figure 1. Three-electrode measurement method.
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shown in Figure 1, values for conductivity o,, 0,4, o, for the
epidermis, dermis and subcutaneous tissue were 0.13 S/m, 0.26
S/m, 0.52 S/m respectively. The skin model structure was 80
mm in width and 24 mm in height. The distance between
the current electrodes (I+, I=) was 60 mm, and that between
the reference electrode (V—) and the measurement electrode
(V+) was 26 mm. The depth of each tissue layer was 2 mm
for the epidermis and 4 mm for the dermis. Electrode width
was 4 mm and height was 2 mm.

Using the three-electrode method differences through
potentials between measurement electrodes and reference
electrodes can be easily detected. Voltages are obtained
from voltage electrodes separated by a known distance. Skin
depth measurement can be defined by electrode dimensions,
inter-electrode spacing, and the distance from measuring
electrodes. By varying the distance between electrodes, it is
therefore possible to control the measuring depth. Depth is
measured as a function of electrode dimensions, constant
distance between electrodes centers. With large electrodes
and a narrow space, total electrode current is not necessarily
dominated by the small zone between electrodes.

2. Skin Model Theory

In this study, living local tissues have a structure that can be
divided into dermis, and subcutaneous tissue. However, liv-
ing tissues contain complex structures without homogenized
parallel layers. Each tissue layer is assumed to be homoge-
neous; however, different tissue layers have different conduc-
tivities.

In all cases, tissues to be stimulated are, surrounded by
an extracellular fluid with a relatively high conductivity.
Electrodes used for electrical stimulation are always placed
in this “volume conductor”, and an understanding of how
currents and electric fields are distributed is essential [12].
Current density and electric fields can be easily calculated in
a simple case model, such as a homogeneous and isotropic
medium.

Electrical fields generated by an electrode located in a con-
ducting volume conductor can be calculated by solving Max-
well’s equations. Frequencies used for electrical stimulation
are generally under 10 kHz, and, therefore, a simplified set of
equations known as the quasi-static formulation can be used
[13].

Conservation of charge: VV.J=0 (1)
Gauss’ law: V .E = -g (2)
Ohm’s law for conductors: ] = oE 3)
Electric field: E= -V ¢ (4)

Here, E is the electric field (V/m), defined as the gradient of
the scalar potential ¢. J is the current density (defined as the
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current crossing a given surface in A/m’). o is the conductiv-
ity in s/m. p is the charge density in C/m’. ¢ is the permittiv-
ity of the medium, and V.A is the divergence of vector A.
We assume an infinite homogeneous conducting medium
with conductivity o and a single point source. As shown in

Figure 2. By spherical symmetry, the current density J at a point
P located at a distance r from the source is equal to the
total current crossing a spherical surface with radius r.
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Figure 2, the current density J at any point is the sum of a
source term J; and an ohmic term oE:

J=oE+],. (5)
Using eq. (1),
V.J=V.6E+V.].=0. (6)

Since the volume conductor is homogeneous, V.(0E) =
oV .E, and we have

oV.E=-V]. 7)

Since E= -V ¢ and VV.(VA) is by definition the Laplacian
of A, VV’A, we then have

Vi =V.Jlo=-110. (8)

where 1, is a source term (in A/m”). The source term I, is
zero everywhere, except at the location of the sources. This
equation is nearly identical to the Poisson equation derived
from eq. (2) for dielectric media:

vig=-£. )

Using the equivalence p - I, € > o, the solution to the Pois-
son equation for dielectric media can then be used to obtain
the current in volume conductors.
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Figure 3. (A) Three-layer finite element model showing current distribution. Each current electrode is 4 mm in width. (B) Comparison
of skin impedance with measuring position. (C) Comparison of skin impedance with the measuring distance. (D) Compari-

son of skin impedance with the measuring depth.
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Given a monopolar point source in an infinite homoge-
neous and isotropic volume conductor connected to a cur-
rent source I, the potential and current at any point can be
easily derived. By spherical symmetry, the current density J
at a point P located at a distance r from the source is equal to
the total current crossing a spherical surface with radius r

(10)

Where, u, is the unit radial vector, and r is the distance be-
tween the electrode and the point of measurement. The elec-
trical field is then obtained from eq. (3):

1
4mor’

E=

u,. (11)

The electrical field is the gradient of the potential. In spher-
ical coordinates,

E—ﬁu,.

Cdr (12

Therefore, the potential at point P is obtained by integra-

tion:
: (13)
¢= 4mor
I1l. Results

Figure 3A shows the results of finite-element analysis (FEM)
analysis based on the three-electrode method using finite
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Figure 4. Result of impedance values when the edge measuring
electrodes using four electrode.
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element simulation for the epidermis, dermis and subcuta-
neous In Figure 3B, which shows the results of the computer
simulation, current density as the edge of the electrode is
higher than that under the electrode. Sections immediately
below and at the edge of the measurement electrode were
measured at six different depths, revealing that impedance
was lower at the edge of the electrode than immediately be-
low it. This is because the current density was higher at the
edge of the electrode.

Figure 3C shows how impedance changed with measure-
ment distance at different depths, revealing that impedance
increased as the measurement distance increased for all
depths. Figure 3D shows the results obtained when imped-
ance was measured at different depths; here impedance
decreased as measurement depth increased. This is because
deeper tissues are characterized by lower resistance. In deep
layers, the measured impedance was small; in shallow lay-
ers, the measured impedance was large. The increment of
measuring depth was 2 mm, and the maximum measuring
depth was 12 mm. Figure 4 shows results from comparison
of skin impedance according to the measuring depth (four
electrodes). When the measuring depth is deep, impedance
measurement is small and when the measuring depth is
shallow, the value for impedance measurement is large.

In this paper, the electrical skin model used (Figure 5) was
the one proposed by Grimnes and Martinsen [14]. In this
electric model, R, represents the resistance of internal tissue,
the R, model the resistance of external tissue, and C repre-
sents the electrode/tissue interface and constant phase ele-
ment model. The equivalent circuit that describes the imped-
ance of skin consists of a CPE with Zc,; =Y '(jw) ™, where a
is related to the fractal dimension of the skins surface and
can be regarded as a measure of the roughness of the skin’s
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Figure 5. Skin impedance is estimated using skin electrical model.
CPE: constant phase element.
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Table 1. Components of parameters for the equivalent electrical
circuits used for simulation of skin

Component R (kQ) C(uF) CPE a(CPE)
Skin R,=1.15
1.5 0.25x10° 0.93
R,=2,500

CPE: constant phase element.

surface, w is the angular frequency, and Y is the admittance
of the CPE. Values of the chosen components were deter-
mined via a non-linear least-squares fit to the equivalent cir-
cuit using the Z-view program. Results of this fit are shown
in Figure 5 and Table 1. This electrical impedance model was
fitted and developed in comparison with our model for mea-
surement of skin impedance. We obtained accurate results
from our developed electric model.

IV. Discussion

In conclusion of simulation, an increase or decrease in impe-
dance in the region between the voltage electrodes produced
a corresponding increase or decrease in voltage, which is a
measurement of the change in impedance within this region.
When the conductivities of the different tissue layers are es-
timated, the tissue layer depth can also be estimated simulta-
neously by increasing the distance between the current elec-
trodes. For simultaneous estimation of the tissue structure
and conductivities of different tissue layers, the impedance
should be sensitive to changes in the conductivity of each tis-
sue layer and changes in each layer depth. Determination of
the sensitivity of the change in the conductivity of the tissue
to the measured impedance may be possible at some special
locations by use of acupuncture points, which have low resis-
tance [15]. Voltage can also be increased in order to increase
the measured impedance. However, the distance between the
current electrodes is more important since the current can
flow in the deep layers, which provides information on these
layers.

In the present study, the skin impedance measurement
method is easily applied and skin impedance depth infor-
mation is based on simulations by FEM computer calcula-
tion. The effect of the new method is assessed by computer
simulations using a typical two-dimensional (2-D) model.
Electrical equivalent circuit is defined as the skin model
most similar to that of our proposed Cole mode. From the
results obtained, we propose that the report observed in the
literature on large dispersion of non-invasiveness impedance

Vol. 16 ® No.3 ® September 2010

Non-Invasive Measurement of Skin

characteristics of the human body. Another conclusion that
can be deduced from these measurements is that, to better
locate the exact position of an area of skin with low-frequen-
cy, measurements in the range of about 200 Hz offer a better
opportunity. In the future more in depth research as well as
additional studies using other methods of skin impedance
should be conducted.
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