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ABSTRACT

In the present work we consider a theoretical representation of an 
electrical circuit equivalent to a multilayer biological system. The 
proposed system is of the skin type, containing epidermis, dermis 
and the subcutaneous tissue. Electrical circuit theory is used, and the 
behavior of the system is shown in the form of Nyquist and Bode plots. 
The proposed theoretical approach is a general treatment to describe 
the bioelectrical transport in a three-layered system, especially in the 
electrical impedance spectroscopy studies.
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RESUMEN

En el presente trabajo se considera una representación teórica de un 
circuito eléctrico equivalente a un sistema biológico de múltiples capas. 
El sistema propuesto es del tipo piel, que contiene la epidermis, la dermis 
y el tejido subcutáneo. Esto se realiza mediante la teoría de circuitos 
eléctricos, y el comportamiento del sistema se muestra en forma de 
diagramas de Nyquist y Bode. El enfoque teórico propuesto es un trata-
miento general para describir el transporte bioeléctrico en un sistema 
de tres capas, especialmente en los estudios de espectroscopia de 
impedancia eléctrica.

Palabras clave: Teoría de circuitos, transporte bioeléctrico, respuesta 
en frecuencia.
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INTRODUCTION

According to Rigaud1 who at the beginning of the 
20th century began to study the structure of biological 
tissues based on their electrical properties, biological 
tissues are conductors and their resistance varies with 
frequency. The electrical property of any biological tis-
sue depends on its intrinsic structure. In the case of hu-
man skin, the impedance can vary with the thickness 
and moisture content of the organ, the concentration 
and activity of sweat glands, injuries, age of subject 
and environmental factors such as temperature and 
humidity. Electrical impedance studies in biological 
systems, including human skin, generally, relate to di-
rect measurements of impedance and phase angle 

as functions of frequency, voltage or current applied2-6. 
In 1974, Burton7 applied the Bode analysis to mea-
surements of impedance and phase angle of the skin. 
Through this method, a passive equivalent circuit can 
be using and considered as a «black box» to plot its 
impedance and phase angle versus frequency. The 
only necessary assumption is that the system consists 
only of linear passive elements7-8. Although the result-
ing model is not necessarily unique7, it describes the 
system with great precision in the range of frequen-
cies studied. The electrical impedance spectroscopy 
(EIA) has proven useful in the characterization of 
biomaterials, recording the behavior of their intrinsic 
properties by applying a sinusoidal excitation signal. 
The application of this technique evaluates the bio-
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electrical response of the system taking into account 
the frequency and the output stage9. It has also been 
used to measure biological tissues in which the electri-
cal impedance depends on water content and ionic 
conduction in the body. It should be noted that the 
electrical impedance and resistance terms are used 
without distinction in literature, since the value of the 
capacitive reactance is very low in humans for the 
frequencies under study10. In terms of frequency, some 
researches have reported that when the frequency is 
less than or equal to 10 kHz, the current does not cross 
the cell membrane, and thus the resistance obtained 
is relative only to the extracellular mass11. This electrical 
conductivity is greater in adipose tissue compared to 
fat-free tissue. The resistivity of components such as 
blood (1.42 /cm) or urine (2 /cm) is low, muscle 
(20 /cm) and bone (100 /cm) are intermediate, 
and fat (50 /cm) is high. In the measurement of 
bioimpedance an electrical stimulus is applied and 
then the response it produces on a specific region 
of the body is analyzed. Usually, the stimulus is an 
alternating current signal of low amplitude intended 
to measure the electric field or potential difference 
generated between different parts of the tissue. The 
relationship between the data of the stimulus applied 
and the response obtained as a function of frequency 
provides the impedance spectrum of tissues studied. 
To extract useful information from the EIA it is necessary 
to correlate the experimental data with a physiological 
mechanism, directly, or fit a model with the param-
eters to establish this relationship with the physiology12.

On the other hand, the transfer function analysis is a 
mathematical approach to relate the system response 
and an input signal (or excitation). The ratio formed 
by the pattern of the output over the signal by input 
makes it possible find the zeros and poles, respectively. 
That is, it represents the boundary region that must not 
be reached either by the system response or by the 
excitation signal, at the same time12. A state-space 
representation is a mathematical model of a physical 
system described by a set of inputs, outputs and state 
variables related by first order differential equations 
that are combined in a matrix differential equation 
of first order. To ignore the number of inputs, outputs 
and states, the variables are expressed as vectors, 
and algebraic equations are written in matrix form. 
The transfer function of a state space model and 
continuous time-invariant can be obtained as follows: 
Taking the Laplace transform  of (1)

  (1)

it leads to

  (2)

solving for X(s), we have

  (3)

where, I is the identity matrix. This is replaced by 
X(s) in the output equation

  (4)

The transfer function is defined as the rate of output 
over input of a system, that is

  (5)

substituting the expression (5) in (4), we have

  (6)

To analyze the behavior of the transfer function in 
the frequency domain, several graphical methods 
were used such as the Bode plot, which provides 
a graphical representation of the magnitude and 
phase versus frequency of transfer function12. The 
Nyquist plot is a polar plot of impedance modulus 
and phase lag. Its usefulness is related to the stabil-
ity analysis and it is studied with a model described 
in complex analysis12. The Nichols method consists 
of superimposing the graph of the transfer function 
in the Nichols chart, thus, it is easy to obtain the 
maximum amplitude, and the frequency at which it 
is present, as well as the corresponding point in the 
phase. One of the biggest drawbacks of working in 
polar coordinates is that the curve no longer retains 
its original shape when a modification to the system 
is made, such as changes in the loop gain. This 
requires a complete reconstruction of the Nyquist 
diagram of the system. Then the loop gain is al-
tered, the graphs complete magnitude-phase, run 
up and down vertically without distortion. When the 
properties of the phase are changed independently 
without affecting the gain, the magnitude-phase 
trace is affected only in the horizontal direction.

In this work we propose an analysis of an electri-
cal circuit equivalent to a three-layered biological 
model consisting of epidermis, dermis and the 
subcutaneous tissue. The study is made using the 
transfer function analysis.
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METHODOLOGY

In order to apply the general theory to the skin type 
system, we propose an equivalent electrical circuit for 
each component of the skin. The equivalent circuit 
is the RC circuit with the corresponding values as re-
ported in the literature13. Figure 1 shows the schematic 
diagram to describe the proposed model of the skin, 
where Ra and Rb are the contact resistances of the 
electrodes, De represents the equivalent circuit of the 
dermis (R1, C1, R2, C2, R3, C3, G corresponding to 
the fat equivalent circuit (R4, C4, R5, C5, R7, C7), and 
finally, the circuit for the muscle (R6, C6). Dividing the 
equivalent circuit in the corresponding layers: dermis, 
subcutaneous tissue (fat) and muscle, we will consider 
it as an electrical network with the following parameter 
values, which in Figure 1 appear as per unit values12, 
and correspond to R1=Rb=0.2, R1=R2=R3=0.4, 
C1=C2=C3=0.2, R4=R5=R7=0.7, C4=C5=C7=0.3, 
R6=0.5, C6=0.5. 

It is known that in biological systems, the module of 
the impedance is inversely proportional to frequency 
and does not show phenomena of conversion of 
electrical energy to magnetic energy14. Therefore, 
it is considered appropriate to model a biological 
system considering only the capacitive and resistive 
behavior. Figure 2, shows the circuit equivalent to 
the first layer of the system; then, applying Kirchhoff’s 
Laws the following representation of state equations 
is obtained:

  (7) 

  (8)

where  

 is called the state vector, y is the output vector 
and u is a vector of inputs (or control). A is the matrix 
of states, B is the input matrix, x is a column vector 
representing the voltage on the capacitor, C is the 
matrix output (voltage on the capacitor that models 
the dermis), C1=1 and D are the feedforward matrix, 
for this model D=0. The values   of the parameters 
of the circuit in Figure 2, correspond to Ra=Rb=0.2, 
C1=0.2 and R1=0.4. 

Figures 3, 4 and 5 shows the graphs correspond-
ing to the Bode, Nyquist and Nichols plots. The circuit 
corresponding to the first layer is shown in Figure 1. 
The transfer function of the first layer is 

  (9)

Following the above procedure, we obtain the 
equations of state for the first two layers and for the 
three layers, with the corresponding Bode, Nyquist 
and Nichols plots, showing the effect of each layer. In 
equations (10) and (11) the matrices and vectors for 
A, B, C and D, for the first two layers and three layers, 
respectively, are shown.

The matrix representation is a two-dimensional table 
of numbers consisting of abstract quantities that can 
be added and multiplied. Equations (10) and (11) 
describe the system of linear equations and keep 
track of the coefficients of linear recording data that 
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Figure 4. Nyquist diagram corresponding to the first layer.
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Figure 5. Nichols chart for the first layer.
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Figure 3. Bode diagram for the first layer.
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Figure 6. Bode diagram for the first, second and third layers.
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depend on various parameters. The choice of the 
values   of the circuit parameters is performed taking 
into account that the array is not indeterminate and 
that if any row of the matrix is zero, that means that a 
branch of the circuit has been removed in Figure 1.

Figures 6, 7 and 8 shows the Bode, Nyquist and 
Nichols diagrams corresponding to the second and 
third layer, respectively. 

In (12), the transfer function of the second layer 
is shown and in (13) the transfer function to third 
layer appears.

 
  (12) 

Figure 7. Nyquist diagram for the first, second and third layers.
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Figure 8. Nichols chart for the first, second and third layers.
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  (13)

In each case, (12) and (13), the input passes through 
the circuit and reflects a capacitor voltage of study, 
which is always the farthest from the source. Thus, 
the transfer function is related to a different output 
in each case for the same input.

RESULTS AND DISCUSSION

In this work we have analyzed in detail the transfer 
function of a multilayer system. Figure 3 shows the 
Bode plot to the magnitude (top graph) and phase 
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(bottom graph). In the first graph of Figure 3, we see 
by increasing frequency, from the cutoff frequency 
(25 rad/s), the magnitude decreases at a rate of 20 
dB/decade, while for frequencies below the cutoff 
magnitude it is almost constant. This means that the 
current through the dermis is higher with decreas-
ing frequency and is lower when the frequency 
increases. The attenuation in the first layer is solely 
due to the resistance of the electrodes. The current 
flowing through these resistors at low frequencies 
causes a Joule effect, which raises the temperature 
and therefore the kinetic energy of the molecules 
that make up the layer. As the frequency increases, 
other phenomena occur, such as displacement cur-
rents, ionization, polarization, and so on. Concerning 
phase Figure 3 (bottom graph), we have that by 
increasing frequency the displacement current and 
polarization are also increased. This causes a de-
crease in phase 0° to -90° for very high frequencies. 
In Figure 4, we see that the spectrum is of the order 
of -20 dB and varies up to -10 dB. Figure 5, shows 
that at low frequencies, the attenuation and the 
phase is about +3 dB and +2.14 dB, respectively. 

Significantly, there is not a significant decrease 
in the rate of change of the magnitude on the fre-
quency, as can be seen from equations (10) and 
(11), where the number of poles subtracted from 
the number of zeros is 2. By increasing the number 
of layers, the output voltage in the layer farthest 
from the source is attenuated at a faster rat; this 
is due to the resistance of the previous layers and 
the increase in frequency, so that the current in the 
deeper layers of the skin decreases more rapidly 
with increasing of the frequency. In Figure 6 (bottom 
graph), the shift in the phase is due to the change 
in system frequency. Fig 6 shows that adding layers 
to the model changes the cutoff frequency and the 
magnitude decreases from 20 dB/decade to 40 
dB/decade. For the range of frequency 10 to 100 
rad/s a shift in the magnitude and phase is shown, 
which implies that the proposed circuit has a better 
definition on these frequencies. In Figure 7, we see 
that the spectra is of the order of -20 dB and varies 
up to -10 dB. In Figure 8, a variation of about 2 dB, 
between the model of one layer and two layers and 
a phase shift about 3 dB is shown. This difference 
tends to disappear when increasing the frequency.

The models for electrical impedance spectrosco-
py are assumed to be linear in their first approxima-
tion. The electrical parameters only take a nonlinear 
behavior in the case of tissue damage due to the 
excessive power in the supply or in the presence 
of physical and chemical reactions in the sample 

induced by the input current (exothermic processes 
or release of electrons). The electrical conduction, 
even for alternating current, has impedance that 
depends on the temperature, which turns the fre-
quency response into a function of temperature15.

These results suggest that this model can be 
used for the characterization of biological tissues, 
since, as shown in Figs. 6, 7 and 8, the Bode plots, 
Nyquist and Nichols are sensitive to differentiate and 
characterize the behavior of different bioelectrical 
layer sets. This include layers that can be described 
as subcutaneous abnormalities (eg., tumors).

CONCLUSIONS

We have developed the theoretical formalism for 
the representation of biological systems with suc-
cessive layers in terms of RC circuits. This model 
was applied to the description of a real skin system; 
epidermis, dermis and subcutaneous tissue. Shows 
the possibility of analysis of frequency response of 
a multilayer electrical equivalent circuit, taking into 
account the advantage of the sensitivity of the 
spectra of Bode, Nyquist and Nichols. 
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