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In this paper, the analysis of percolation phenomena in the system of straight nanotubes is
carried out and appropriate model is proposed. The algorithm for finding the probability of nano-
tubes percolation is implemented using a three-dimensional graphics visualization tools. The in-
fluence of geometric sizes of nanotubes and their spatial orientation on the probability of a perco-
lation cluster formation is studied. Based on the analysis of the dependence of percolation prob-
ability on the limiting values of the dispersion of the polar and azimuthal angles determining the
nanotubes orientation in the 3D space, the basic regularities of the conductive cluster formation in
isotropic and anisotropic nanotubes systems are established. The optimum values of the investi-
gated system parameters for discovering percolation are found.
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Widespread use of the percolation theory in the modeling and analysis of various phe-
nomena is due to the influence of geometric characteristics on the physical properties of mate-
rials or physical processes course. The development of new algorithms that combine ideas on
geometry and discrete mathematics is an important task for the practical application of the per-
colation theory in various fields.

The theory of percolation considers the connectivity of a large number of elements, pro-
vided that the connection between adjacent elements is completely random in nature [1-3].
Such systems are the crystalline semiconductor with impurities, composites consisting of two
materials: conductor and dielectric, models of the spread of fires and epidemics, and security
systems of computer networks.

The most widespread application of percolation theory is the study of electrical properties
of disordered systems, which are a mixture of substances with different electrical properties, in
particular, dielectric and conductor [4, 5]. Such systems include nanocomposites based on con-
ducting nanotubes in a dielectric matrix [6, 7]. Composites have a number of advantages over
traditional electronic materials and today are intensively investigated experimentally and theo-
retically [8-10]. In particular, computer simulation of charge transfer processes into such func-
tional materials within the percolation theory is of great practical importance.

The study of percolation phenomena in the nanosystems based on carbon nanotubes
shows a significant influence of the anisotropy level of the material on the threshold value of
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percolation [11]. Therefore, the study of the influence of the nanotubes predominant orienta-
tion on the percolation network formation by computer modeling is an important task of study-
ing the electrophysical parameters of a nanocomposite. In this work, an analysis of percolation
phenomena in a three-dimensional system of nanotubes is carried out. Particular attention was
paid to exploring the influence of geometric sizes of nanotubes and their spatial orientation on
the probability of percolation cluster formation.

In the proposed model, the nanotube system was represented as a volume element in the
form of a parallelepiped, in which nanotubes are located chaotically (Fig. 1). Nanotubes are
considered as hollow cylinders with length L and diameter D to simplify the description of the
system. In the graphic representation, the nanotube is constructed of three primitive constituent
elements two hemispheres at the ends of the tube, connected by a cylinder. The position of
each nanotube in space is given by the coordinates of two boundary points on the opposite
ends of the tube. During the process of generation of the nanotubes system, their number in
this volume is calculated according to the given concentration and geometric sizes. Nanotubes
can be isolated or in contact with each other. The simulation of percolation of the tube system
is provided by alternating checking of distances between all nanotubes. The contact of two
tubes is determined by the condition that the distance between them does not exceed the di-
ameter of the nanotubes. Since the position of the nanotubes is random, the presence or ab-
sence of a connection between two specific tubes is also an accidental event. However, for a
large number of objects, the system parameters are no longer random variables but depend on
the concentration and geometric dimensions of the nanotubes.

Fig. 1. Model of nanotubes system with a highlighted conductive path between two opposite sides of
parallelepiped.

In the simulation of the electrical properties of the system, the solution of the percolation
problem is aimed at finding the paths of current passing through the connected electrically con-
ductive nanotubes between the two opposing sides of the parallelepiped (see Fig. 1). The pas-
sage of current between these electrodes depends on such parameters of the investigated sys-
tem as the density of parallelepiped filling with nanotubes, the ratio of conducting and non-
conducting nanotubes, their orientation, length and diameter.

To find the conductive cluster in nanotube system between two electrodes and to calcu-
late the probability of percolation, an algorithm based on graph theory is used. According to
the algorithm, all tubes of the system are represented as vertices of a simple graph whose edges
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correspond to the connections between the tubes. Nanotubes that come in contact with the op-
posite sides of the parallelepiped form two subsets corresponding to the electrode. At the next
stage, a component that combines these subsets is sought by means of the union-find algo-
rithm. Thus, a conductive path in the nanotubes system is formed.

For the implementation of the algorithm for modeling percolation phenomena in the
nanotubes system, a high-level programming language C++ and a Qt cross-platform toolkit
were used [12]. In order to reduce computing time, multithreaded implementation of algo-
rithms is used. The 3D visualization of the model of a nanotubes system was performed by
means of OpenGL using a virtual camera that generates a raster image of an object on a flat
surface using special procedures for drawing graphics [13]. As a result, for each image pixel,
the color and intensity reflected from the object of light are determined for each image pixel.
These visualization tools were used for model testing and displaying of the conductive path
between two electrodes.

The analysis of percolation phenomena in the nanotubes system was carried out with the
help of the developed program for finding the percolation probability. The program interface
allows changing the model parameters that affect the percolation threshold value. As a result of
multiple numerical experiments, dependencies of the probability of percolation cluster forma-
tion on the concentration and geometric sizes of nanotubes and their spatial orientation were
found. The nanotubes percolation probability is the percentage of positive results of the calcu-
lation that is when a conductive path is established.

The dependence of the percolation probability on the concentration and geometric dimen-
sions of nanotubes in the conditions of their uniform and isotropic distribution in 3D space is
shown in Fig. 2. Analysis of the obtained dependences indicates a reduction of the percolation
threshold due to an increase in the length of nanotubes from 0.5 to 2.5 microns. The minimal
concentration of nanotubes for forming of the conductive cluster decreases from 9 to 2.5%. An
increase in the radius of nanotubes from 20 to 110 nm leads to an increase in the percolation
threshold. It may be related to decreasing in the number of nanotubes in a given volume at
increasing in their diameter for constant volumetric concentrations.
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Fig. 2. Dependence of the percolation probability on the concentration and length of nanotubes (a), on the
concentration and radius of nanotubes (b).
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Anisotropy was introduced by limiting the angles a and B between the nanotube axis and
the normal to the electrodes as shown in Fig. 3 to study the influence of nanotubes orientation
on the percolation probability in the 3D model of the system. For a completely anisotropic sys-
tem, all nanotubes are oriented along the normal and o = § = 0. The isotropic distribution of
nanotubes corresponds to a limit of -90° < o < 90°, -90° < B < 90°. In the case where a = 0 or §
= 0 and an arbitrary dispersion of another angle, a 2D model of the percolation system can be
obtained. Fig. 3 illustrates the isotropic and anisotropic distribution of nanotubes with different
angular dispersion.

Fig. 3. Determination of the nanotube orientation in 3D space (@) and the isotropic () and anisotropic (c),
(d) nanotubes distribution with angular dispersion limitation:
-90° < < 90° -90° < B < 90° (b); -30° < . < 30° -30° < B <30° (c); -5° < 0 < 5° -5°< B < 5°(d).

The simulation results of the system show that the percolation probability significantly
depends not only on the concentration and geometric sizes of nanotubes but also on their ori-
entation. Thus, with a fixed angle o = 90°, the greatest probability of formation of a percola-
tion cluster is observed for a 2D system corresponding to the angle B = 0 (Fig. 4). Such result
may be related to the placing of all nanotubes in the plane (i.e. in a thin layer of the compos-
ite). An increase in the angle B corresponds to decrease in the anisotropy of the system and
reduces the formation probability of percolation cluster. In addition, with a high mass concen-
tration of nanotubes a maximum percolation probability for nanotubes in the 2-3 microns
length is observed, which may be related to an increase in their number at a fixed mass.
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Fig. 4. Dependence of the percolation probability on the nanotubes length for different limitation of the
angular dispersion: =0 (a), p=45 (b), p=90 (c).

Dependence of the probability of indivisible structure formation on the limitation angle of
the nanotubes orientation was investigated for a fixed length of nanotubes L = 2.5 microns,
which corresponded to a low percolation threshold. Fig. 5a shows that the percolation prob-
ability increases with the decrease in the anisotropy degree and acquires maximum values at
angles of limitation greater than 45° for systems with high nanotubes content. The similar val-
ues of the angle of the orientation limitation in the 30—60° range were observed for the maxi-
mum probability of nanotubes percolation in the length of 3—6 microns (Fig. 5b).

Reducing the anisotropy level increases the probability of contact between randomly ori-
ented nanotubes and as a consequence reduces the effective percolation threshold. The ob-
tained results are in good agreement with the data of studies of the carbon nanotubes system
2D model [14].

Thus, the algorithm for finding the percolation probability in the system of straight nano-
tubes was implemented. The interface of the developed program provides the possibility of the
various parameters changing of the percolation system, in particular, the concentration of
nanotubes, their diameter, length and orientation in the given size space. The influence of
nanotubes geometric sizes on the percolation threshold was studied on the basis of computer
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simulation of the system. It was established that increase in the length of nanotubes from 0.5 to
2.5 microns leads to the decrease in concentration threshold of percolation from 9.0 to 2.5%
and increase in their radius causes the increase in the percolation threshold.
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Fig. 5. Dependence of the percolation probability on the angle of the orientation limitation («) and on the
nanotubes length (b).

The influence of nanotubes spatial orientation on the probability of conductive cluster
formation in the model environment by changing polar and azimuthal angles in the spherical
coordinate system was investigated. It is shown that 2D percolation systems provide lower
values of the percolation threshold compared to the volumetric environment. In addition, the
optimal for the percolation cluster formation values of the nanotubes length and boundary an-
gles of the orientation limitation were determined which were 2.5-6 microns and 30-60 de-
grees, respectively.
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MOJEJIOBAHHSA NEPKOJALIMHUX SIBUIL Y 3D CACTEMI HAHOTPYBOK

10. Ostenny’, 1. Kapﬁonﬂnkl, SI. Imurensebkuii', I'. Kionv?
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3anporoHOBaHO MOJIEJIb Ta BUKOHAHO aHalli3 HePKOIIIHHNX SBUI Y CHCTEMI MPSMUX HAHO-
TpyOyk. CrcTeMa po3risiiaeThes sIK eJIeMeHT 00°eMy y hopMi napanerneninena, XaOTHYHO 3aI0B-
HEHOTO LWJIIHAPUYHUMH €JICKTPONpPOBiAHUMH TpyOKkamu. BinbHuii mpoctip Mik HaHOTpYOKaMu
BB@KAETBCS EJIEKTPUYHO HEHPOBIIHUM. 3a MEBHUX YMOB MiXK HPOTHIEKHHMH I'PAHAMH TaKOTO
napanesmninea iCHyaTUMyTh POBiAHI HUISIXH. J[Jst JOCIIKEHHST BIaCTHBOCTEH CHCTEMH pealti-
30BaHO AJITOPUTMH T'€HEPYBAHHS BUIIQJIKOBO PO3TAIIOBAHUX y MOJEIBHOMY 00’€Mi HAHOTpYOOK
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Ta 3HAXO/DKEHHS HMOBIPHOCTI MepKoJsiLii HAHOTPYOOK 3 BUKOPHCTAHHSM 3ac00iB TPHBHUMIPHOL
rpadivynoi Bisyamizamii. s morryky WMOBIPHOCTI MEpKONALil 3aCTOCOBAaHO EJIEMEHTH Teopii
rpadis, a iMIUIEMEHTALlisl AITOPUTMIB MPOBE/ICHa 3 BUKOPUCTAHHIM MOBH BHUCOKOro piBusi C++
and Ta KpocruaTGOpPMHOro iHCTPYMEHTY po3poOku Qt. BuBueHO BIUIMB reOMETpUYHHUX PO3MIpIB
HaHOTPYOOK, 30KpeMa, CepeHbOr0 BiJHOLICHHS JOBXHHU TPYOOK J0 IXHBOIO AiaMeTpa, i IXHbOT
MPOCTOPOBOI OpieHTALlil Ha HMOBIPHICTH YTBOPEHHS HEepKOILLiiHOrO Kiactepa. Ha ocHoBi anai-
3y 3aJIeKHOCTI IMOBIPHOCTI MEPKOJISILIT Bifi FPAHUYHKX 3HAYCHBb AWCIEPCIl MOJSIPHOTO Ta a3uMy-
TaJIbHOTO KYTIB, sIKi BU3HAYAIOTh OPIEHTALII0 HAHOTPYOOK y TPUBUMIPHOMY MPOCTOPi, BU3HAUCHO
OCHOBHI 3aKOHOMIPHOCTi YTBOPEHHS IPOBIHOrO KJIacTepa B 130TPOIMHIiil Ta aHi30TPOIHIil cucTe-
Max HaHOTPYOOK. 3HalEHO ONTHUMAbHI 3HAYCHHS ApaMeTPiB JOCIIIKYBAHOI CUCTEMH ISl BU-
3HaueHHsI epKoysLil. OTprMaHi pe3ysIbTaTé U100 3HAYCHHS OPi€HTALIHHUX KYTiB € BAXKIMBUMHI
3 TOYKH 30py MOJAJBLUIMX JOCII/UKEHb BIUIMBY 30BHILIIX MMOJIB HA MPOBIIHICTh CHCTEMH «HAHOT-
PYOKH-IieIeKTPUYHHII HALIOBHIOBAYW, & TAKOXX BHBYCHHS MOKJIMBOCTEH MaHIMy il eleKTpud-
HUMH BJIACTUBOCTSMH LIi€i CUCTEMH 3a JOIIOMOTOI0 30BHILIHIX 30ypeHb.

Kniouogi crosa: nepkossiniiina cuctemMa, HAHOTPYOKH, HMOBIPHICTh TEPKOJISILIi, TPUBUMIpHA
Bi3yaJti3aris.



