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Abstract. Based on the electrical properties of biological tissues, bioimpedance measurement technology can be employed to
collect physiologic and pathologic information by measuring changes in human bioimpedance. When an alternating current
(AC) is applied as a detection signal to a tissue, the current field distribution, which is affected by skin effect, is related to
both the bioimpedance of the tissue and the AC frequency. These relations would possibly reduce the accuracy and reliability
of the measurement. In this study, an electromagnetic theory-based method, in which cylindrical conductor were divided into
layers, was used to obtain current field distribution models of human limbs. Model simulations were conducted in MATLAB.
The skin effect phenomenon and its characteristics in human tissues at different frequencies were observed, thus providing
essential data on skin effect, which are useful in the development of bioimpedance measurement technology.
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1. Introduction

Bioimpedance measurement is a non-invasive testing technology that can obtain biomedical
information of human physiology and pathology by measuring the electrical characteristics of human
tissues or organs [1, 2]. When stimulating electrodes are placed on the surface of tissue and a small
alternating current (AC) signal is injected, impedance of the tissues can be calculated by current and
voltage signals received by the detection electrodes. The impedance data obtained using the non-
invasive, safe, and easy-to-operate bioimpedance measurement technology can be used in various
medical applications, such as cell measurement, tissue construction and composition analysis, and
electrical impedance tomography (EIT) [3].

Skin effect was first proposed by Horace Lamb in 1883 and was exclusively applied to spherical
metallic conductors. Oliver Heaviside further developed the theory that skin effect exists in conductors
of all shapes [4]. It was well known that electromagnetic fields decay upon entering conducting
regions [5].When an applied AC flows through a conductor, an electromagnetic field is generated
because of changes in current direction. The repulsive force from the electromagnetic field induces
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electric charges to move toward the conductor’s surface, leading to an uneven distribution of the
current density, resulting in a change in the bioimpedance of the conductor [6, 7]. Higher AC
frequency leads to a more obvious effect.

Impedance rheogram technology and EIT are the two most important applications of bioimpedance
measurement technology [8]. The principle of impedance rheogram technology is as follows: when a
high-frequency AC is applied in certain areas of the human body, the bioimpedance value of the
measured part changes, which is affected by vessel volume changes caused by heartbeat [9].
Corresponding changes in the blood flow can be obtained by measuring impedance changes. However,
if skin effect is generated by AC in the biological tissue, then only impedance changes of the tissue’s
surface can be measured, which could not reflect internal physiological state. EIT produces images of
biological tissues or organs based on the variation in impedances of biological tissues [10]. In EIT, AC
is applied to biological tissues by stimulating electrodes and the voltage of the cross-section of the
tissue is determined by detection electrodes. By considering the voltage around the cross-section as
boundary conditions, the spatial distribution of conductivity can be calculated by finite element
analysis iteration, forming a mathematical inverse question. Given the existence of skin effect, the
distribution of the current field is not only related to impedance distribution of the tissue, but also
affected by the induced current when AC reaches a threshold frequency. Therefore, impedance
imaging based on current field distribution will lose its desired function, and electrical conductivity of
the tissue calculated by the boundary voltage will include errors contrasting to the actual value; such
imaging technique is not reliable for clinical diagnosis [11].

Although skin effect in a metal conductor has been established, available studies on the skin effect
of biological tissues are insufficient. In general, metal conductors can be treated as homogeneous for
skin effect research. However, the human body has a complex structure and cannot be regarded as a
uniform conductor. Based on the electrical characteristics of human tissues, a method that divides
cylindrical conductor into layers is used to calculate the current density distribution in human tissues.
In this study, the skin effect phenomenon in human limbs is demonstrated at different AC frequencies.

2. Theory and method
2.1. Electrical characteristics of human tissue

Given the water content and relative density of human tissue, its conductivity is considered variable
in different studies. Human body fluid, which contains a large number of charged particles, possesses
strong electrical conductivity. Therefore, blood, lung, and muscle are all good conductors, whereas
tissues with low fluid content, such as fat, bone, and skin, possess low electrical conductivity and
dielectricity [12]. Tissues with strong electrical conductivity and dielectricity that are composed
adjacently can be regarded as capacitor circuits [13]. Given the capacitance characteristics, the
impendence values of human tissues depend on the frequency of stimulating current.

Studies showed that biological tissues remain safe and represent resistance characteristics under the
action of a stimulating current with frequency ranging from 10 kHz to 10 MHz. In general,
bioimpedance measurement technology uses a stimulating AC with a frequency of 100 kHz and
strengths that are lower than 5 mA, which satisfy the requirements of the measurement without
harmful effect on the human body. Peter, et al.[14] provided accurate conductivity data through tissue
resistivity measurement in a test tube, and Table 1 shows the conductivity data of different tissues at
different frequencies under normal conditions.
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Table 1

Conductivity values of human tissues at different frequencies (all units in S/m)

Tissue 0 kHz 10 kHz 100 kHz 1 MHz 10 MHz 1 GHz
Muscle 0.3 0.35 0.4 0.5 0.6 1.1
Skin 0.0007 0.004 0.06 0.3 04 1.2
Fat 0.022 0.023 0.023 0.024 0.025 0.0375
Bone 0.06 0.07 0.08 0.1 0.12 0.36

AN -

Fig. 1. Simp_l_if:l_ea model of h{l_man tissues. Fig. 2. Layering pattern of the model’s cross-section.
2.2. Simplified model of human tissues

The combined form and conductivity of human tissue is simplified as a cylinder composed of
several homocentric circles crossing the section. As shown in Figure 1, each circle represents one kind
of tissue. A1, h2, h3, and h, represent the thickness of each tissue, with corresponding conductivities of
Y1, ¥2, ¥3, and yn; [ is the axial length.

2.3. Simulation algorithm

Analytical equations for cylindrical conductor are currently unavailable, and a numerical calculation
method was used in this study. Finite element method was the most commonly solution, but the
process is complicated and difficultly deals with a cylindrical conductor composed of concentric rings
with different resistivities [15, 16]. On the basis of elementary electromagnetic laws, a different
solution that divides the cylindrical conductor into layers and treats each layer as a separate object is
proposed in the current paper, thereby computing current density of each layer and obtaining the skin
effect depth. The programming for this method is considerably simpler than that of finite element
method; more divided layers produce more accurate results [17].

2.3.1. Layering for conductor

The simplified cylinder model is composed of several concentric rings. Therefore, rings
representing different tissues can be layered further. Consider a ring conductor with an external radius
of R, and inner radius of Ry; Ry, = 0 for solid conductor. An AC with frequency of fis applied along
the axial direction. Assume that the conductor is sufficiently long that the current density is axi-
symmetric and only related to the distance from the axis of the conductor. Hence, only the current
distribution of the cross-section is studied here [18]. The cross-section of the cylindrical conductor is
shown in Figure 2.

The cross-section is divided into NV concentric rings with the same thickness, 4, which is expressed
as h = (R. — Ry)/N. The radius r; of the layer i is the distance from the center of the cylindrical



S432 X. Fan et al. / New derivation method and simulation of skin effect in biological tissue

conductor to the center line of the layer i, which is expressed as »; = Ry, + (i — 0.5)h. When the
cylinder is layered sufficiently, resulting in a sufficiently small thickness, the length of the center line
of the layer i can be set to the perimeter c¢;, which is expressed as ¢; =2z [Ry + (i — 0.5)h]. In the
calculation, given that the thickness of each layer is sufficiently small, the self-skin effect, which will
not cause considerable errors, is disregarded.

2.3.2. Formula derivation of numerical calculation

When an AC is applied in a cylindrical conductor, the changes in magnetic flux inside and outside
the conductor that are caused by changes in magnitude and direction of AC will generate induced
electromotive force of different values in the layers. All ring conductors are in parallel and thus the
induced voltage values in layers caused by external magnetic flux are equal. The following equations
are the derivation of the calculation formula of internal mutual inductance and internal self-inductance
between the layers caused by changes in internal magnetic flux.

We assume that the AC vectors applied from inside to outside of the conductor are respectively
1,1, ..., Iy , with corresponding root-mean-square (valid value) values of 11, I, ..., Ix.

Magnetic fluxes generated by /; in layer i, i+1..., N are all linked to the AC of layer i. In detail, a
part of magnetic flux Y;;; generated by /; in layer i is linked to a part of /;, which is expressed as

Y = L,ul -. The magnetlc fluxes in layer i+/, i+2..., N generated by /; are all linked to /;, which is

expressed as lleii = [;ul C— (k=i+1, i+2, ..., N). Therefore, the total flux linkage ;; can be expressed
k

as Eq. (1), where 4 is the thickness of the ring, u is the magnetic permeability of the conductor, and c;
is the perimeter of the layer i.

h
Wi = D= Vi = Ll ( + XR=is1 ) (1
Moreover, internal self-inductance in layer i can be obtained using Eq. (2).
Yii
Lig =58 =l (5= + Zheiin ) @)
To calculate the mutual flux linkage and internal mutual inductance of layers i and j, two situations

should be considered: i>j and i<j were respectively calculated.
When i>j, leakage fluxes generated by /; in layer i+/..., N are linked to /;, which is expressed as

Ypij = ]ul (k i+1, i+2, ..., N). Meanwhile, the magnetic flux ys;;; generated by /; in layer i are

linked to part of /;, which is expressed as Y;;; = [ ,ul Therefore the total internal flux linkage ¥;;

generated by /; and linked to /; can be expressed as:

Wiy = il (3= + Zhia ) 3)

The internal mutual inductance is:

Yij h h
My =50 = ul (5 + Sl ;) )
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When i<j, the magnetic fluxes generated by /; in layer j+/......, N are linked to /;, expressed as
h . . . . .
Wi = Ll - (k=j+1, j+2, ..., N), whereas part of the magnetic flux Y ;; generated by /; in layer j are
k
. S h . . .
linked to /;, which is expressed as j;; = [jul—. Therefore, internal total flux linkage that is
2¢cj

generated by /; and linked to /; can be expressed as:

T | L A
Yij = Lipl (2c,- + Xk=j+1 Ck) )
From Eq. (5), the internal mutual inductance can be obtained using:
_Yij _ h N h
My =2 = (4 3 1) ©

The voltage drop of layer i includes self-resistance voltage drop, internal self-inductance and mutual
inductance voltage drop, and induced voltage of the external magnetic flux. The sum of these voltage
drops are equal to terminal voltage U;, which is expressed as in the following equation:

Ui = S iwMadi + Ry + jwLi)l; + jwMienylivs + Xi=is2 WMyl + Up (7
Uy represents the induced voltage caused by external magnetic flux, w is the angular frequency of
the AC current, which conforms to the equation w=2zf, and R; gained by calculation is the direct

current (DC) resistance value of layer i. Assuming that the conductivity of layer i is y, R; can be
expressed as:

R; = (8)

Similarly, layer i—/ also conforms to Eq. (7):

U1 = YA iwM—nyicdi + (Ri—1 4 JwWL—1yi-1))lim1 + JWM_1yili + ZReis2 WM a— 1yl + Up
)

From Eq. (6), we know that when j>i, M;; is only related to j rather than i. Therefore,
Yh=iv1 M-yl = Zh=iv1 Mily (10)

All layers are parallel with each other, thus U; = Ui;. By combining Egs. (7), (9), and (10), the
following recurrence equation can be obtained:

2w (M yk—Mi) e+ (R 1) WL G- 1) (i—1) = JWMii—1)) i1

I; - -
: Ri+jwLij—jwM i-1)i

(11)

This recurrence equation is only applicable when 7 > 3. When [/ = 2, a separate calculation is
required:
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_ (Rqy+jwLy—jwM, )]y

2 Ry+jwLa;—jwMy, (12)

On the basis of the above recursive equations, when /; is assumed, /> can be obtained by Eq. (12),
and /3 can be obtained by Eq. (11). Therefore, the AC value of each layer can be obtained using these
recurrence equations. Similarly, the recursive Eq. (11) can be changed into the equation of /; and I;.
We learn that the modulus proportion relation between I; and ; is unrelated to the modulus value of ;.
Therefore, I; can be set to any number except 0, without affecting AC distribution.

Then, we can calculate the valid values Iy, I, ..., Iy of AC vectors Iy, I,, ..., Iy. The current density
Ji of layer i can be obtained by density equation .J;=I;/S;, where S; is the cross-sectional area of the
cylindrical layer i.

The above derivation shows that, at any given current value, corresponding equations are available
for calculating other current values, that is, the current densities of layers are proportional. Therefore,
the current values do not influence the skin effect, and the current value of the first layer can be
optionally set.

2.3.3. Algorithm validation

The algorithm above is first verified by a metal conductor that is composed of a single material.
Copper, with electrical conductivity of 5.8x107 and magnetic permeability of 47x10~7 H/m, is the
selected material. The outer diameter (R,) is 20 mm, and the inner diameter (Ry) is 15 mm. The
conductor is divided into 500 layers with 0.01 mm thickness for each layer. The current density of the
outer layer and frequency are assumed to be 11 A/S? and 5 kHz, respectively.

When the electromagnetic wave propagates from the surface to the inside of the conductor, skin
depth d is defined as the passing distance when the electric field intensity or current density is 1/e of
the electric field intensity or current density of the surface [19]. The obtained current densities of the
408™, 409™, and 410" layers by input data and Egs. (11), (12), and density equation, which are carried
out in MATLAB, are 0.3649, 0.3690, and 0.3731A/m?, respectively. The 409" layer possessed a value
that most closely approximates the 1/e of the surface, from which the skin depth can be calculated with
the number of layers and layer thickness, that is, d = (0.01 mm)%(91) = 0.91 mm. Meanwhile, the
value of skin depth obtained by Eq. (13) is 0.935 mm. The two results obtained by different methods
are basically the same, indicating the feasibility of the layer-dividing algorithm.

2
A= |— (13)

Where A is the skin depth (m), u is the magnetic permeability (H/m), y is the conductivity (S/m), and
w 1s the angular frequency (rad/s).

3. Results and discussion

Human limb was selected in this study, which is shaped like a cylinder, as a research object (Figure
2). From inside to outside, human limb consists of bone tissues, muscular tissues, fat, and skin [20],
with corresponding conductivity of 1, v2, v3, and y4, and thickness of 41, 42, 3, and h4, as shown in
Figure 3.
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Skin
Muscle Fat

Fig. 3. Structure and size of the human limbs in the simulation.

Table 2
Current density in specific layers of upper limb (all units in A/m?)
Frequency 300t 900t 1280 1368
0 Hz 0.0509 0.2546 0.0187 0.0006
10 kHz 0.0509 0.2546 0.0167 0.0029
100 kHz 0.0509 0.2546 0.0146 0.0038
1 MHz 0.0509 0.2546 0.0122 0.1693
10 MHz 0.0509 0.2546 0.0106 0.1698
1 GHz 0.0509 0.1643 0.0075 0.2651

The assumed values are as follows: ;= 15 mm, 4= 15 mm, A3 =4 mm, and 44 = 0.4 mm, and the
length of limb / = 400 mm. The human body, given its relative magnetic permeability of u, = 1, is non-
magnetic and its magnetic permeability 1 = u, xuy = 4nx1077 H/m (uo is the magnetic permeability of
vacuum). The conductivity values of different tissues at different frequencies were based on the data
presented in Table 1. In the simulation, the cylindrical limb conductor was divided into N = 1376
concentric rings with same thickness. The 1% to 600" layers represent bone tissues, the 6015 to 1200
layers represent muscular tissues, the 1201% to 1360™ layers represent fat, and the 1361% to 1376™
layers represent skin.

Assuming that the valid value of current density of the first layer (J;) is 107'°A/m?, the valid value
of current density of the second layer J, was calculated using Eq. (12) and density equation. In
addition, the valid values of current density of the other layers were obtained using recurrence Eq. (11)
anddensity equation . Simulation results at different frequencies are shown in Figure 4, in which the
horizontal axis represents the divided layer quantities from inside to outside, whereas the vertical axis
represents the corresponding valid current density values. The valid current density values of the 300™,
900", and 1368 layer are shown in Table 2.

The frequencies of 0 kHz, 10 kHz, 100 kHz, 1 MHz, 10 MHz, and 1 GHz were employed in this
study, as shown in Figure 4. Under the action of AC with frequency ranging between 0 and 10 MHz,
the current of each tissue is uniformly distributed. Under the action of DC, the distribution of current
density is only related to the conductivity of the tissue. With the increase in frequency, the current
density of skin increases, whereas the current density of bone, muscle, and fat are relatively stable,
indicating that the skin have exhibited the skin effect, which becomes evident with the increase in
frequency. When the frequency of AC reaches 1 GHz, the tissues that are distant from the axis present
obvious skin effect, where the current density is unevenly distributed inner portions of the same tissue
and density is higher near the tissue surface.
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Fig. 4. Simulation results of the current density distribution of human limb at different frequencies.

The current densities of the limb model in different depths are shown in Table 2. The 300%™, 900%™,
1280™, and 1368" layers are the midpoint of bone, muscle, fat, and skin, respectively. When the
frequency of the applied AC ranged between 0 MHz and 10 MHz, the current density of bone is
constant at 0.0509 A/m? and that of muscle is at 0.2546 A/m?. By comparison, the current density of
fat decreases and that of the skin increases from 0.0006 A/m? to 1.4885 A/m?. These findings indicate
that the current transfers from fat into skin because of skin effect. When the frequency reaches 1 GHz
(i.e., the threshold value), current distribution is dominated by skin effect, thereby resulting in the
maximum outer current density.

For a current flowing through the complex human structure, the current density of DC is only
related to conductivity, whereas that of AC is influenced by skin effect to a certain extent. When the
frequency of AC reaches the threshold value, skin effect exerts considerable influence on density
distribution. In bioimpedance measurement, the change in bioimpedance is the basic foundation for
pathological diagnosis. In traditional measuring methods, such as two-electrode and four-electrode
systems, AC is applied into the target by using an electrode in the skin, and then voltage is received by
the detection electrode. Skin effect must be considered in selecting a proper frequency to reduce this
influence. These methods are unsuitable for use at excessively high frequencies.

4. Conclusion

Bioimpedance measurement technology is widely used in clinical medicine, in which high accuracy
of measurement is necessary. The layer-dividing algorithm proposed in this paper has solved the
difficulties encountered in studies of the current distribution of complex structures. The layer-dividing
algorithm produces accurate results, by which the existence of skin effect in complex human structures
under high AC frequency is verified. The algorithm is substantially simpler than finite element method
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with regard to programming and calculation. However, there are still some potential limitations for
this algorithm. Firstly, it is only applied in the constructions with regular shapes, but most of human
structures are irregular and their compositions are not homogeneous and continuous. Secondly, the
self-skin-effect of each layer was not considered in this study. Further studies should consider all these
factors and combine multiple methods to develop a novel model for the simulation of skin effect in
biological tissue.
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