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Abstract: In this paper, we continue using the theoretical model describing 3D-branching
systems that is applied to describe the living system, such as the silkworm butterfly cocoons
(Bombyx mori). The proposed fitting function that follows from the applied model allows us
to describe completely with high accuracy (the fitting error is less than 0.1%) the whole stage
of the temporal evolution of the silkworm cocoons in room conditions (during 13 days of the
experiment the lowest temperature noted was 27 °C and the highest temperature was 29 °C)
and with relative humidity located in the interval [Hmin 54% < H < 76% Hmax] during 13 days
(13 November 2023 to 25 November 2023) of the impedance measurements. The selection of
this biological object is related to the fact that all possible conducting channels formed inside
the given cocoon have 3D structures. Analysis of the measured impedance data shows that the
measurements at the beginning of each day have a monotone character, while each
measurement after the first measurement of each day has chaotic behavior. It means that
during the night a cocoon “has a rest”. After this resting period, the applied voltage disturbs
internal processes that are reflected in the behavior of the measured impedance. It has an
oscillating character. These oscillations reflect the “regrouping” of conducting channels that
take place inside the measured cocoon.

Keywords: 3D-branching/fractal systems; impedance measurements in silkworm cocoons;
new fractal element with complex-conjugated power-law exponents in 3D systems

1. Introduction

The mathematical model describing 3D-branching systems of a complex living
system is the continuation of the previous modeling of leaves and mushrooms [1,2].
A whole stage of the temporal evolution of the silkworm cocoons in room conditions
and with relative humidity has been examined by analyzing the impedance of
cocoons for 13 days. Silkworm cocoons, most commonly Bombyx mori, are human-
cultivated composite materials that are known as the commercial source of silk [3,4].
Apart from silk production, Bombyx mori is frequently used as a research model in
life science [5], drug discovery, antiviral agents [6], environmental and food safety
[7], drug screening [8], and toxicological research [9,10]. Researchers also produced
electricity from the cocoon membrane. Tulachan et al. show that a dry cocoon
behaves as an insulator, whereas it generates an electrical current when it is exposed
to moisture [11]. Silk-based materials for biomedical applications are gaining
momentum as a research topic [12,13].
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In this paper, a novel 3D-structured conducting channel is discovered inside the
cocoon, and a mathematical model of the 3D branching is explained with the
complex conjugated power law of exponents. The total number of impedance
measurements equals 76. The detailed time intervals of these experiments are shown
in Table 1. The set of these experimental measurements covers all stages associated
with the transformation of a “freshly” formed cocoon to the adult silkworm moth.
The other three days are associated with the adult moth sitting on the cocoon shell
after coming out from it. The fitting parameters that follow from the model enable
the demonstration of at least three stages. These stages are seen in Figure 1.
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Figure 1. The real and imaginary parts of the measured impedance data.

This figure demonstrates the distribution of the ranges corresponding to real
(red triangles) and imaginary (blue triangles) impedances, correspondingly. One can
select approximately at least three regions where the values of impedances are
different from each other. They are closed in the corresponding rectangles.

2. Experimental details

This section describes the experiments carried out with the cocoon of the silk
fly. 25 numbers of two-day-old cocoons are collected from the Debra Sericulture
Department, Debra, West Medinipur, India. In Figure 2a, the electrode connection is
shown. Two gold electrodes are connected at the two ends (lengthwise) of the
cocoon. To keep the position fixed, it is inserted inside a perforated plastic tube and
placed on a petri dish using thermocol packing (Figure 2b). The remaining cocoons
are kept in the same environmental condition on a different petri dish, and no
excitation is applied to them. In Figure 2c, the pupa inside the cocoon can be seen.
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Figure 2. Photograph of the electrode connection and experimental set-up at the start
of the experiment. (a) Photograph of fresh cocoons; (b) cocoon with electrical
connection for impedance measurement; (c) photograph of the living pupa inside the
cocoon’s shell.

The experiments were conducted for 13 days. A sinusoidal excitation of
amplitude 0.5 V is applied to the electrodes connected to the shell using an
impedance analyzer (make: Novocontrol, model: Alpha A). The frequency is varied
from 4 MHz to 10 mHz and impedance is noted at 86 points equally distributed to
the frequency range. After 10 days, the moth (the white-colored one sitting on the
yellow-colored shell) came out from one side of the shell, as can be seen in Figure
3a. At the same time, the moths from the other cocoons that were not under test also
came out (Figure 3b). That means the cocoon under test and the other cocoons had
taken the same time for the evolution from pupa to silk-fly. The experiment was
continued for 3 more days while the silk fly was sitting on the broken shell. The
experimentally obtained impedance data is provided in Table 1.

Figure 3. Photograph of the moth that came out of the shell after the 10th day of the
start of the experiment. (a) White-colored moth came out of the cocoon which was
under test; (b) moths that came out of the cocoons which were not under test.
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Table 1. The distribution of the impedance measurements over the overall period.

noted was between 54% and 76%.

Experiments were conducted inside a controlled laboratory environment, and
the humidity and temperature were noted at the beginning of each trigger given to
the cocoon. The temperature varied between 27 °C and 29 °C. The relative humidity

Day Time Time Time Time Time Time Time Number of experiments

13.11 7.45 9.00 10.00 - - - - 3

14.11 10.20 11.45 12.45 16.15 18.00 - - 5

15.11 11.00 12.30 13.45 16.30 17.45 19.15 20.30 7

16.11 10.45 12.00 13.30 15.45 17.15 19.00 20.30 7

17.11 10.45 12.00 13.30 15.45 17.15 18.45 - 6

18.11 10.30 12.00 13.40 16.00 17.00 19.00 - 6

19.11 10.15 11.45 13.25 16.45 18.15 19.45 - 6

20.11 9.45 11.30 13.00 14.45 16.15 18.00 19.30 7

21.11 10.15 11.45 13.15 14.45 16.15 18.00 20.00 7

22.11 10.30 11.45 13.00 14.30 17.00 - - 5

23.11 10.00 11.30 13.00 15.45 17.15 19.00 - 6

24.11 10.15 11.30 13.00 14.45 16.15 18.00 - 6

25.11 11.30 13.00 17.00 18.30 20.00 - - 5
Note: The last column determines the number of experiments performed on each given day.
3. Mathematical appendix

A. Complete theory of the branching systems in the frequency domain:

In this appendix, we outline in brief the results obtained previously for the
propagation of the blow-like signals in fractal media [14] analyzed previously in the
time domain for the complex impedance measured in the frequency domain. We start
with the mathematical expression that can describe the complex impedance in fractal
media and take into account the branching structure of electric signal/current
propagation under the applied voltage.

N

@ =[] (r

n=-N

the product (1). A schematic model of a branching system is shown in Figure 4.

(an)n‘)(b(z))n) = exp [no
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Here the independent variable z = iw is associated with complex frequency,
relaxation/transfer the microscopic function f(z) describes the microscopic
impedance of some independent block of a complex circuit; the log-periodic function
b(z&) = b(z) describes a possible branching structure that exists in the complex circuit
considered. We take into account the appearance of the branching factor nob(z)" in
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Figure 4.
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Schematic presentation of a model of a 3D-branching system.

Note: On the left cross-section of the bundle of active electric circuits. The same cross-section of
electric circuits forming a connected bundle presents this system on the opposite line. Each arrow
represents itself a self-similar fractal circuit or a long line of the Cauer/Forser’s type with complex RC
elements with nominals Zx(z) = Zo&, bk(z) = bo&, (k=0, 1, 2, ...). Here &is the scaling factor, z = iw.
This relaxation/transfer line has a random length and can be connected randomly with other similar
lines, filling all 3D space.
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™, =

The bio-models considered in detail in the review [15] are presumably in
consideration of 2D-plain RC models. Highly likely, the electric circuits
corresponding to a large number of bio-models should have distributed conducting
channels. Expression (1) can serve as a specific “reflection” of the 3D electric
branching structure in the frequency domain. We accept it as the working hypothesis
and pay attention to our readers that a possible scenario when this branching or
percolation factor is important can be frequently realized in nature. We discuss its
significance in the last section. When the branching factor is absent, we obtain the
general result discussed in the paper [14].

hllimo P (2)=P(z)=z"Pr(In(z)),

Re(z)>>1 (2)
v=In(g)/In(¢), f(z) = 7.

In expressions (1) and (2), & is the scaling factor, g is the asymptotic limit of
the function f(z) at large values of variable z. As it has been done in the time domain,
we want to show that on the intermediate limits of the frequencies, the specific
behavior of the microscopic relaxation/transfer function becomes unimportant.
Based on its asymptotic behavior, it becomes possible to evaluate the expression (1)
and derive a rather general expression. It is suitable for the description of the
complex impedances in the intermediate range of frequencies for a wide class of
biological systems having a branching structure. This possibility will also be
discussed in the last section. We suppose that the microscopic/transfer function has
the following asymptotic behavior:

Relz| K« 1
f(2) = c12% + ¢z 1% + - (3a)
f(z) =cy+ciz+..
Relz| » 1

(3b)
f(z) = Ajz7Vexp(—rz) + Az YV Lexp(=2rz) + -
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f(2) = Ay +Az71+..

In contrast to the asymptotic requirements considered in the paper [14], we
chose more general behavior at small and large values of variable z that are given by
expressions (3). In the asymptotic behavior of the function f(z) (the first line of (3b)),
we consider two possibilities. These are exponential and power-law scenarios,
simultaneously. Neglecting the second term in decompositions (3), one can obtain
the limiting frequencies that define the mesoscale frequency region where (1) is

valid.
, A_1| w max

In expression (4) we took into account both the decompositions in expressions
(3a) and (3b), which reflect a branching structure.
At N >> 1, the sum Sn(z) can be rewritten as:

44

4o

Co

G

C1

)

Wmin = (min( p )) = Wmax 4)

N N
Su(@) =10 ) @I Ilf @] +10 Y @I lf ™ ()
n=0 n=1
The second sum by replacement of 1/& — £1/b(z) — b(z) is reduced to the first
sum. Therefore, the second sum can be temporarily omitted. If we put z& — z in the
first sum, then one can receive the following equality:

1 no Inlf (2)|
@D b

We suppose that b(z¢&) = b(z) is a log-periodic function, and it can be presented
by the log-periodic decomposition. Therefore, the log-periodic function b(z) is
limited and lies in the interval:

S(28) = +no[b(2)]V In|f (25" D) (6)

K
b(z) = bcy + Z[bck cos(2, Inz) + bsy sin(2y In2)],

k=1 (7a)
0. = 2m -k
kT Ineg
|b(z)| < max b (z) — minb (z) = Range(b(z)) = by (7b)

If |br| < 1, then the contribution of the last term in (6) will be very small for any
values of z. Taking into account the asymptotic values of the function f(z) at small
and large values of z, we obtain the functional equation as in (8). This is valid for the
intermediate range of scales.

1
S(z€)=@5(z)+uln(z)+gz+Xo (8)
where the parameters z, g, and X, are defined by the following expressions:

a nyr

(9)

144 )

bmin b_ bmaxo In (anax
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The solution of Equation (8) obtained with the help of the uncertain coefficients
method can be written as:

S(z) = 2@ Pr(inz) + C,(2) Inz + C,(2) - z + C3(2),

-__# __ 9 _Xo=GE ¢
O T O T pe Y T TS RG T w)
In(b
V() = —%ﬂf)),b@f) = b(2).

In this paper, based on the minimal values of the fitting errors (the order of it is
0.1%), we chose the solution of (A10) as the fitting function by replacing b(z) — bes.
This effective value for each experiment can be found find from the fitting procedure
explained below. The proposed fitting function can be written as:

S(z)=z"Pr(lnz)+ CiIlnz+ C,z + C3,

_ U _ 9 _Xo—CIné
Cl —_ _—, CZ - _ y L3 — _ )
1—1/besy & —1/besr 1—1/besy (11)
__ In(berr)
Iné -
Here Pr(In z) is the log-periodic function that is defined by the following
expression:
K
Pr(lnz) = Acy + ) [Aci cos(y Inz) + Asy sin(Q Inz)],
k=1 (12)
2w - k
0y = W,Pr(lnz +iné&) = Pr(lnz).

Taking into account the value of the complex variable z = i®, and selecting the
real and imaginary parts from (11) and (12), we get the following expressions:
Re(S(iw)) = exp(vx)

K
Ay + Z(Ack cos(2,x) + Asy sin(Qx)) | + Cyx + C3,

k=1
K
N (T . (13)
Im(S(iw)) = (E Cl) + exp(vx) (ACy cos(yx) + AS), sin(Q,x)) | + C, exp(x),
k=1
0. = 2ok ]
k= lnf , X = nw.

We will choose the hypothesis providing the most accurate fit with a minimal
number of K. After realization of the fitting of expressions in (13), the final fit is
expressed as:

Re(Z(w)) — iIm(Z(w)) =

= exp(ReS (iw)) — iexp(ImS (iw)) a4

The proposed algorithm is reduced to the initial fit of the real part Re(S(iw)).
After evaluation of the fitting constants Ci, C,, and Cs, one can fit the function
Im(S(iw)). Five key fitting parameters v, Cy, Cy, Cs, and Qi = 2n/In(&) can be
calculated from (13). This allows us to evaluate the asymptotic values of the function
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f(z) figuring in (3), and the value of the bett becomes,

berr = exp(—viné)

C
Dy =a—-y= —1(1 — beff),atno =2,

2
1 )
be”

™mgo = Cz(l - Ebeff).

For obtaining these expressions, we replace minimal and maximal values of
bminmax DY its effective parameter ber in expressions (9). It will be evaluated from the
fitting procedure. Expression (15) allows us to evaluate the difference between the
power-law exponents D, the values of the Xo and parameter r that enter the
asymptotic decompositions (3).

We should highlight here the meaning of the parameters that figured in
expression (15). The basic power-law parameter, v reflects the fractal dynamic
structure that is formed by percolation currents. Two other power-law parameters, a
and y determine the dynamic size of the structure at small and large frequencies,
correspondingly. Parameter, & determines the value of the scaling factor, and
parameter, no determines the number of possible neighbors in the percolation system
that enable the conduction of an electric current. Actually, we found a general
mechanism for conducting electric current in a wide class of living systems, such as
leaves and mushrooms. In this paper cocoons also form a specific branching system,
as well.

Besides the fitting constants, the coefficients are evaluated by the linear least
square method (LLSM). We cannot show them for all the 76 experiments (see Table
1). However, one can select the most interesting temporal stages of the cocoon
impedance evolution. We analyze 6 measurements reflecting the evolution of the
impedance data. We select three experiments: from the first block we choose day
15.11 (11.00 (m = 1), 17.45 (m = 5)), from the second block 17.11 (10.45 (m = 1),
17.15 (m = 5)) and, finally, from the third block 23.11 (10.00 (m = 1), 17.15 (m =
5)). We note also that the measured impedance at the beginning of each day (m = 1)
has a monotone character. At the end of the day, the monotone behavior is destroyed
(m = 5) and replaced by a chaotic character. However, the proposed branching model
enables us to fit these data with high accuracy, including the chaotic behavior as
well.

(15)

X0=CllnE+C3<1_
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Figure 5. Fit of the real and imaginary parts of the impedances corresponding to the
beginning of the experiment on 15.11.2023.

Figure 5 demonstrates the fit of the real and imaginary parts of the impedances
corresponding to the beginning of the experiment on 15.11 at 11.00 AM. In the
central figure, we demonstrate the fit of the functions expressed in the form of the
natural logarithm (13). On the small figure (taking into account the negative sign),
we show the fit of the measured impedances in a semi-logarithmic scale. As one can
notice from this figure, the behavior of the measured impedances looks like a
monotone function.
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Figure 6. Fit of the real and imaginary parts of the impedances corresponding to the
5th experiment on 15.11.2023.

Figure 6 demonstrates the fit of the real and imaginary parts of the impedances
corresponding to the 5th experiment on 15.11 (17.45_m = 5). In the central figure,
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we demonstrate the fit of the functions expressed in the form of the natural logarithm
(13). On the small figure (taking into account the negative sign), we show the fit of
the measured impedances in a semi-logarithmic scale. One can notice from this
figure that the behavior of the measured impedances is changed considerably. In the
range of small frequencies (1072-0.5 Hz) the curves look chaotic; however, the
proposed model provides an accurate fit.

The dependence of the modulus values for real and imaginary parts of Z(w) are
shown in Figure 7. Whereas, the dependence of phase values for real and imaginary
parts is shown in Figure 8.
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Figure 7. The dependence of the modulus values. (a) For real and imaginary parts of Z(w) corresponds to the
experiment performed on 15.11 (11.00_m = 1); (b) for real and imaginary parts of Z(®) corresponds to the experiment
performed on 15.11 (17.45_m =5).
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Figure 8. The dependence of the phase values. (a) For real and imaginary parts of Z(w) corresponding to the
experiment performed on 15.11 (11.00_m = 1); (b) for real and imaginary parts of Z(w) corresponding to the
experiment performed on 15.11 (17.45_m = 5).
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Figure 9. Fit of the real and imaginary parts of the impedances corresponding to the
beginning of the experiment on 17.11.2023.

Figure 9 demonstrates the fit of the real and imaginary parts of the impedances
corresponding to the 1st experiment on 17.11 at 10.45 AM. In the central figure, we
demonstrate the fit of the functions expressed in the form of the natural logarithm
(13). On the small figure (taking into account the negative sign), we show the fit of
the measured impedances in a semi-logarithmic scale. One can notice from this
figure that the behavior of the measured impedances has changed considerably. In
the range of small frequencies (102-10° Hz), the curves look monotone, and the
proposed model provides an accurate fit.
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Figure 10. Fit of the real and imaginary parts of the impedances corresponding to
the 5th experiment on 17.11.2023.

Figure 10 demonstrates the fit of the real and imaginary parts of the
impedances corresponding to the 5th experiment on 17.11.2023. In the central figure,
we demonstrate the fit of the functions expressed in the form of the natural logarithm
(13). On the small figure (taking into account the negative sign), we show the fit of
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the measured impedances in a semi-logarithmic scale. One can notice from this
figure that the behavior of the measured impedances has changed considerably. In
the range of small frequencies (1072-10%® Hz), the curves look chaotic, and the
proposed model provides an accurate fit.

Figures 11 and 12 show the dependence of the modulus and phase values for
the measurement on 17.11.2023.

—— Md,_ReZ(w) m=1 —a— MdRem5
—4— Md,_ImZ(w)_m=1 —*— Mdimm5
3000000

N

a

o
1

2500000

N

o

s}
1

2000000 -

=

13

o
1

1500000 -

=

o

s}
1

1000000

(») and ImZ(w)_for 17.11(10.45)
(w) and ImZ(w)_for 17.11(17.15)

a1
o
1

’H‘) N 500000 -
(0]
Dil o
|
T 0+
= s 07
T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
1<k<43 Nk
(@ (b)

Figure 11. The dependence of the modulus values Md,, = /Ac,i + Asj. (a) For real and imaginary parts of Z(w)

corresponding to the experiment performed on 17.11 (10.45_m = 1); (b) for real and imaginary parts of Z(w)
corresponding to the experiment performed on 17.11 (17.15_m =5).
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Figure 12. The dependence of the phase P#j, = tan™! (%) values. (a) For real and imaginary parts of Z(w)
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corresponds to the experiment performed on 17.11 (10.45_m = 1); (b for real and imaginary parts of Z(w) corresponds
to the experiment performed on 17.11 (17.15_m =5).
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Figure 13. Fit of the real and imaginary parts of the impedances corresponding to
the beginning of the experiment on 23.11.2023.

Figure 13 demonstrates the fit of the real and imaginary parts of the
impedances corresponding to the 1st experiment on 23.11. 2023 at 10.00 AM. In the
central figure, we demonstrate the fit of the functions expressed in the form of the
natural logarithm (13). On the small figure (taking into account the negative sign),
we show the fit of the measured impedances in a semi-logarithmic scale. One can
notice from this figure that the behavior of the measured impedances is changed
considerably. In the range of small frequencies (1072-10° Hz), the curves look as
monotone, and the proposed model provides an accurate fit.
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Figure 14. Fit of the real and imaginary parts of the impedances corresponding to
the 5th experiment on 23.11.2023.

Figure 14 demonstrates the fit of the real and imaginary parts of the
impedances corresponding to the 5th experiment on 23.11 (17.15_m = 5). In the
central figure, we demonstrate the fit of the functions expressed as the natural
logarithm (13). On the small figure (considering the negative sign), we show the fit
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of the measured impedances in a semi-logarithmic scale. It can be noticed from this
figure that the behavior of the measured impedances is chaotic in nature in the
frequency range (1072-10° Hz). However, the proposed model provides an accurate
fit.

4. Analysis of the measured data and discussion of the obtained
results

The question is, how to understand the impedance behavior of the measured
cocoon (at least qualitatively) based on an analysis of the total set of 76 experiments?

We suppose that the structure of a living cocoon is similar to some complicated
heterogeneous semiconducting structure and contains a random system of
open/closed channels. All experiments can be divided approximately into three
stages. For the separation of these stages, we use Figure 1, where the range
distribution of all the impedances is shown. We notice the following peculiarity in
the analysis of these measured impedances. At the beginning of each measurement
of a particular day, the impedance has a monotone character (see the fit of
impedance curves in double log scale in the central figures 5, 9, 13). On the same
small figures, we demonstrate the fit of impedances in the semi-log scale. In Figures
6, 10, and 14, we show the quasi-chaotic behavior for the impedances realized at the
end of the day. This peculiarity allows us to conclude that the applied external
voltage strongly disturbs the internal processes that take place in the transformation
of the cocoon into the adult moth. This peculiarity is confirmed by the set of Figures
7a,b, and 8a,b and 11a,b and 12a,b and 15a,b and 16a,b. In these figures, the
frequency responses (modulus and phases) are shown for the beginning (m = 1) and
at the end (m = 5) of the measurement on a particular day. One can notice that for m
= 1, these dependences are not chaotic, while for m = 5, these dependences are
chaotic. On the figures from 17 to 20, we demonstrate the calculated parameters:
Q1(N) (Figure 17), Ci(N) (Figure 18), N) (Figure 19), D,(N) (Figure 20). The
parameters are evaluated from the Equation (15).
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Figure 15. The dependence of the modulus Md; = /Ac,f + As? values. (a) For real and imaginary parts of Z(w)

corresponds to the experiment performed on 23.11 (10.00_m = 1); (b) for real and imaginary parts of Z(w)
corresponds to the experiment performed on 23.11 (17.15_m = 5).
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corresponds to the experiment performed on 23.11 (10.00_m = 1); (b) for real and imaginary parts of Z(w)
corresponds to the experiment performed on 23.11 (17.15 m =5).
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Figure 17. The distribution of the frequencies Q: = 2n/In& over all 76 experiments.

As one can see from this figure, the behavior of these frequencies is not
monotone. This frequency distribution is located in the interval 0.51 < (); <1.0.
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Figure 18. The distribution of the fitting parameter C: and power-law exponent (v).

This figure shows two distributions. Parameter C; (playing the role of the power
law exponent that stands before the exponential function; see expression (10)) and
power-law exponent (v). The interval for these exponents is for C; [-3.801, 0.868]
and v [-0.225, 0.707]. Again, one can say that the behavior of these distributions has
a non-monotone character.
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Figure 19. The distribution of the parameters best and C»

The distribution of the bei on the central figure and parameter C, on the small
figure above. Parameter C, accepts small values except for a group of measurements
associated with 56-59 experiments. This anomaly cannot be explained properly. The
parameter bes increases in the interval [21,34], for other measurements, it is close to
the unit value except for the 73rd measurement. Three stages can be seen clearly.
The most intensive stage covers the range of 15-40 experiments. Highly likely, this
stage reflects the most intensive stage in dynamic fractal behavior.

Parameter C, accepts small values except for a group of measurements
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associated with 56-59 experiments. This anomaly cannot be explained properly as
no direct measurement can be performed. However, on the 10th day of measurement
(56-59), the moth came out of the shell, and hence, a different behavior was
observed.

The parameter be increases in the interval [21,34], this is the 3rd to 6th day of
the experiment, and intuitively we can say that at this time the pupa inside the
cocoon may undergo drastic change. But for a confirmed conclusion, further
investigation is required.
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Figure 20. Distributions of the parameter D/(N).

This figure demonstrates two important distributions, D.,(N) (on the central
figure) and Xo(N), that are evaluated from (15). It is similar to the previous figure,
and the power-law parameters and y reflect the basic stages of the dynamic evolution
of the percolation phenomenon that takes place inside a cocoon.

All figures (more or less) reflect the common scenario—percolation of the
current over a random set of branching channels. Some specific details are reflected
by the specific figures. It depends on the conducting structure of the cocoon.

We would like to note that a large number of works can be found in the
literature on geometric fractals. Rami Ahmad EI-Nabulsi worked on the dynamical
properties of anisotropic media [16,17] and Chen on urban geometry [18,19]. He et
al. has described the energy bands using fractals in electronic systems to quantize
bulk dipole and quadrupole moments in crystalline structures [20]. Mittal et al.
realized a topological system using a 2D lattice of nanophotonic silicon ring
resonators and claim that this provides robust on-chip topological protection [21].
Shimada et al. worked on the Ising model in non-integer dimensions [22].

Unlike fractal geometry, which is static in nature, the present work is on the
analysis of fractal structure, which is formed inside the cocoon due to the conduction
of current. The paper also provides a mathematical expression that can describe the
complex impedance in fractal media and take into account the branching structure of
electric signal/current propagation under the applied voltage.
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Some of the works also can be found on the bio-impedance model of living
systems [23,24]. However, in this paper, the main emphasis is on the formation of
fractal structures in a living system due to the conduction of signals, which is
dynamic in nature.

5. Conclusion

The paper presents a 3D structured conducting channel inside the cocoon during
its transformation from pupa to moth. A mathematical model of the 3D branching is
explained with the complex conjugated power law of exponents.

The basic conclusions can be summarized as:

(1) Discovery of a new fractal element with complex-conjugated power-law
exponents that can exist in living systems.

(2) The proposed theory of the blow-like signals was applied successfully in the
frequency domain for the description of the evolution of a 3D-branching system
as a cocoon.

(3) AIll measured data (even including outliers) are fitted completely to the
proposed fitting functions with a value of a relative error of less than 0.1%.

(4) We give a qualitative explanation of the conductive processes that do not
contradict the measured impedance data.

(5) Three stages can be seen clearly by analyzing the experimental data. The most
intensive stage covers the range from experiment no. 15 to 40. These stages
reflect the most intensive stage in dynamic fractal behavior. In other words,
from the 3rd to the 6th day of the experiment, the cocoon displays rigorous
change.

(6) We discovered a general scenario for the random distribution of the current in
3D-living systems. Based on our previous results, one can say that the random
currents are distributed over conducting channels, and these channels can be
approximately characterized by the parameters that are given by relationships
(15). These parameters can characterize approximately the fractal structure that
is dynamic in nature and provides the current distribution over the formed
branching structure.
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