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An examination of the percolation phenomenon in a system of straight nanotubes
has been conducted, and a tailored model for the process has been proposed. A
computational algorithm has been devised to determine the likelihood of nanotube
percolation, employing three-dimensional graphics visualization tools. The investigation
delves into the impact of geometric dimensions and nanotube concentration on
percolation probability. Through an exploration of the relationship between percolation
probability and dispersion angle values dictating nanotube orientation, fundamental
patterns in the formation of conductive clusters under the influence of an electric field
are identified. The optimum parameters for a nanotube system exhibiting field-
controlled percolation have been ascertained through this analysis.
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Introduction. The widespread adoption of percolation theory for modeling and analyzing
diverse systems stems from the significant impact of geometric characteristics on the
underlying processes within these systems [1,2]. A critical challenge lies in developing
innovative algorithms, grounded in the principles of geometry and discrete mathematics,
essential for the effective application of percolation theory in intricate systems boasting a large
number of elements.

Percolation theory, at its core, examines the connectivity of numerous elements, assuming
that connections between adjacent elements occur entirely at random [3,4]. Examples of such
systems range from crystalline semiconductors with impurities to composites comprising both
conductor and dielectric components or security systems within computer networks.
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A noteworthy application of percolation theory lies in unraveling the electrical properties
of disordered systems, where various components possess distinct electrical characteristics,
such as insulators and conducting elements [5]. Nanocomposites, specifically those featuring
metallic nanotubes dispersed in a dielectric matrix, present an intriguing avenue for exploration
due to their advantages over conventional electronic materials [6-8]. Theoretical and
experimental investigations into these composites, including computer simulations of charge
transfer processes within the percolation theory framework, are of paramount practical
significance [9-11].

Exploring percolation phenomena at the nanoscale within systems based on carbon
nanotubes reveals a profound influence of material anisotropy on the percolation threshold
[12,13]. Notably, the controlled manipulation of carbon nanotubes to create a conductive path
is of particular practical importance. For instance, in a groundbreaking study, thin film
composites comprising carbon nanotubes suspended in liquid crystal exhibited morphological
changes under the influence of an electric field. The nanotubes formed a conductive network
within the liquid crystal, allowing for rearrangement under voltage and adopting a prevailing
orientation aligned with the electric field.

Consequently, investigating the impact of the predominant orientation of nanotubes on
percolation network formation through computer modeling assumes significance as it sheds
light on the macroscopic electrical parameters of nanocomposites [14,15]. This study focuses
on the analysis of percolation phenomena within a three-dimensional nanotube system,
emphasizing the exploration of geometric sizes and spatial orientation's influence on the
probability of percolation cluster formation.

Approach and methodology. In the devised model, the nanotube system is
conceptualized as a volumetric element taking the form of a rectangular parallelepiped, with
nanotubes distributed in a random fashion (Fig. 1). To streamline the system's description,
nanotubes are treated as hollow cylinders possessing a length denoted as L and a diameter
denoted as D. Each individual nanotube is constructed from three fundamental constituent
elements: two hemispheres situated at the tube's ends and a cylindrical section connecting these
hemispheres. The spatial placement of each nanotube is defined by the coordinates of two
boundary points located at opposite ends of the tube. During the generation process of the
nanotube system, the volume's element count is computed based on the specified concentration
and geometric dimensions. Nanotubes within the system can exist either in isolation or in direct
contact with one another.

The simulation of the percolation of the tube system is executed by systematically
evaluating the distances between all nanotubes. The determination of contact between two
tubes relies on the condition that the distance between them does not exceed the diameter of the
nanotubes. Given the random positioning of the nanotubes, the existence or absence of a
connection between any two specific tubes is inherently a stochastic event. Nevertheless, as the
number of objects in the system increases, the system parameters cease to be random variables
and become contingent on both the concentration and geometric dimensions of the nanotubes.

In simulating the electrical properties of the system, solving the percolation problem
involves identifying current pathways through the electrically conductive nanotubes connecting
the two opposing sides of the rectangular parallelepiped (Fig. 1). The current flow between
these electrodes is contingent upon various parameters of the system under examination,
including the filling density, the ratio of conducting to non-conducting nanotubes, their
orientation, length, and diameter (or aspect ratio).
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Fig. 1. Nanotube system model: highlighting the conductive pathway across opposite sides of a
parallelepiped.

To discern the conductive cluster within a nanotube system between two electrodes and
calculate the percolation probability, an algorithm rooted in graph theory is employed. In this
algorithm, all tubes within the system are represented as vertices of a simple graph, with edges
corresponding to the connections between the tubes. Nanotubes in contact with the opposite
sides of the parallelepiped form two subsets representing the electrodes. Subsequently, a
component combining these subsets is sought through the application of the union-find
algorithm, thereby forming a conductive path in the nanotube system.

For the practical implementation of the algorithm modeling percolation phenomena in the
nanotube system, a high-level programming language, C++, and the Qt cross-platform toolkit
were utilized. To optimize computational efficiency, a multithreaded implementation of the
algorithms was employed. The 3D visualization of the nanotube system model was
accomplished through OpenGL, employing a virtual camera that generates a raster image of the
object on a flat surface using specialized procedures for graphic rendering. Consequently, for
each image pixel, color and intensity, reflected from the object under light, are determined.
These visualization tools served the dual purpose of model testing and displaying the
conductive path between the two electrodes [16].

Results and discussion. The investigation into percolation phenomena within a nanotube
system was conducted utilizing a bespoke program designed to determine percolation
probability. The program interface offers the flexibility to manipulate model parameters
influencing the percolation threshold value. Through numerous numerical experiments,
dependencies of percolation probability on the concentration, geometric dimensions of
nanotubes, and their spatial orientation were established. The nanotubes' percolation
probability denotes the percentage of successful calculations, where a conductive path is
established. The calculations also delved into examining the impact of applied voltage on the
probability of forming a conductive network from straight nanotubes.

Fig. 2 illustrates the dependency of percolation probability on the concentration and
geometric dimensions of nanotubes, considering their uniform and isotropic distribution in 3D
space. Analysis of these dependencies reveals a reduction in the percolation threshold with an
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increase in the length of nanotubes, ranging from 0.5 to 2.5 microns. The minimal
concentration of nanotubes required for forming a conductive cluster decreases from 9 to 2.5%.
Conversely, an increase in the radius of nanotubes from 20 to 110 nm results in a
corresponding elevation of the percolation threshold. This observation may be attributed to the
decreased number of nanotubes within a given volume and the increase in their diameter,
maintaining constant volumetric concentrations.

These findings offer valuable insights into the intricate relationship between nanotube
characteristics and percolation behavior, providing a foundation for understanding the system's
response to changes in concentration, length, and diameter. Furthermore, the study sheds light
on the dynamic interplay of these factors in the presence of an applied voltage, contributing to
a comprehensive understanding of nanotube system behavior under varied conditions.

Fig. 2. Variation in percolation probability on the nanotube concentration and length (a), and nanotube
concentration and radius (b).

The introduction of anisotropy in the system involved imposing constraints on the angles
a and B between the nanotube axis and the normal to the electrodes, as illustrated in Fig. 3. The
primary objective was to explore the impact of nanotube orientation on percolation probability
within the 3D model of the system. In a fully anisotropic system, all nanotubes align
exclusively along the normal, leading to o = = 0. On the other hand, an isotropic distribution
of nanotubes spans the range of -90° < a < 90° and -90° < 3 < 90°. The absence of restrictions
on nanotube orientation corresponds to the scenario where the applied voltage is O.
Furthermore, in cases where o = 0 or f = 0, with an arbitrary dispersion of the other angle, a
2D model of the percolation system can be derived.

This deliberate introduction of anisotropy adds a nuanced layer to the investigation,
allowing for a comprehensive examination of how nanotube orientation, characterized by « and
B angles, influences the percolation behavior within the 3D framework. The defined constraints
offer a spectrum of scenarios, ranging from complete alignment to unrestricted orientations,
facilitating a nuanced understanding of the system's response under varying degrees of
anisotropy. This approach enhances the study's capability to uncover the intricate interplay
between nanotube orientation and percolation probability in the broader context of the 3D
nanotube system.
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Fig. 3. Determining the orientation of nanotubes in 3D space analyzing the isotropic (a) and anisotropic
(b) distribution of nanotubes with specific angular dispersion constraints: -90 degrees < a. < 90 degrees, -
90 degrees < B < 90 degrees (a); -15 degrees < a < 15 degrees, -15 degrees < < 15 degrees (b).

To investigate field-controlled percolation within a 3D system of straight carbon
nanotubes, the relationship between the orientation limitation angle and the applied voltage U
was examined, as illustrated in Fig. 4. The initial distribution of nanotubes in the disordered
system at U = 0 adheres to an angular dispersion limitation of -90° < a < 90° and -90° < B <
90°. As the voltage applied to the percolation system increases, the orientation limitation angle
nonlinearly decreases. At U = 10 V, the nanotube orientation is restricted by an angle of
approximately 15°. The formulation of the dependence of the orientation limitation angle on
the applied voltage is informed by experimental findings related to field-controlled
nanocomposite morphology changes [16]. Fig. 3,b provides visual representations of both
isotropic and anisotropic nanotube distributions with an angular dispersion of 15°.
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Fig. 4. The relationship between the limitation angle of nanotube orientation
and the applied voltage

Simulation results underscore that percolation probability is significantly influenced not
only by the concentration and geometric dimensions of nanotubes but also by their
predominant orientation, a characteristic that can be manipulated through the application of an
electric field. Fig. 5 depicts the dependencies of percolation probability on the applied voltage
for different nanotube lengths, with calculations conducted at a fixed concentration of 3% in
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the composite. These findings illuminate the intricate interplay between applied voltage,
nanotube length, and percolation probability, providing valuable insights into the dynamic
behavior of the system under varying conditions.
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Fig. 5. Variations in percolation probability with applied voltage across distinct nanotube lengths (with a
constant nanotube concentration, C, set at 3%).

In scenarios where no electric field is applied (o = B = 90°), the percolation probability for
nanotubes with lengths up to 3 nm approaches zero. However, an increase in the applied
voltage results in a reduction of the orientation limitation angles (o and ), consequently
leading to an increase in the percolation probability. These findings align well with the results
from studies conducted on carbon nanotube systems in 2D models [17]. Specifically, for
nanotubes ranging from 3 to 4 nm in length, the percolation probability reaches high values,
ranging between 0.8 and 1.0, under a voltage of 5 V. It is noteworthy that even without an
applied electric field, at a 3% concentration, nanotubes longer than 3 nm can form a conductive
network.

Conversely, for nanotubes in the 0.5-1.5 nm length range, the efficiency of conductive
cluster formation is low when oriented randomly (Fig. 5). Therefore, the optimal length for
nanotubes in an electrically controlled percolating system appears to be around 3 nm. Fig. 6
illustrates the results of calculations depicting the dependence of percolation probability on
voltage for different concentrations of nanotubes, all with a fixed length of 3 nm.

The analysis of these results reveals a weak dependence of percolation in the system of
straight nanotubes on the level of distribution anisotropy within the concentration range of 0.5—
1.5%. Notably, efficient switching to a conductive regime under applied voltages exceeding 5
V is achievable in nanocomposites with nanotube loadings of approximately 3-4%. These
findings provide valuable insights into the conditions favoring the electrically controlled
percolation behavior of nanotube systems.
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Fig. 6. Percolation probability plotted against applied voltage for various nanotube concentrations, with a
fixed nanotube length of 3 nm.

Conclusion. This paper presents a comprehensive analysis of percolation phenomena
within a three-dimensional system of straight nanotubes. The investigation delves into the
impact of geometric dimensions and spatial orientation of nanotubes on the probability of
conductive cluster formation, employing a model environment for detailed exploration.
Furthermore, the study explores the potential for controlling nanotube orientation through the
application of an electric field.

The conducted simulations reveal dynamic variations in the percolation probability of
nanotubes, highlighting the sensitivity of the system to parameters such as angular dispersion
limits. Notably, the results provide insights into optimal values for nanotube length and
concentration, crucial factors for efficiently controlling the states of the percolating system
under the influence of an electric field.

In essence, this research contributes to a deeper understanding of the intricate interplay
between nanotube characteristics and external influences, offering valuable knowledge for the
design and optimization of systems where electrically controlled percolation is a key
consideration.
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JocrmimkeHHs SBUIA TEPKOJMII B CHUCTEMi MNPSAMHX HAHOTPYOOK 1 3ampoOIOHOBAHO
aJanToBaHy MOJENb mpolecy. Po3po0ieHO OOYMCITIOBANBHUII QITOPUTM JUISL BHU3HAYCHHS
HMOBIPHOCTI TIEPKOJIALii HAHOTPYOOK, BUKOPUCTOBYIOUH iHCTPYMEHTH Bizyali3alii TpUBUMIpHO1
rpadiku. MojemoBaHH TMEPKOJIALIi CHCTEMH TPYyOOK BHKOHYBAIOCS IIIIXOM CHCTEMAaTHYHOL
OIIHKH BiJICTaHEH MiXk yciMa HAHOTPYOKaMH.

JlociiPKeHO BIUIMB T€OMETPUYHHMX PO3MIpIB i KOHIEHTpanil HaHOTpyOOK Ha HMOBIpHICTBH
MePKOIALIT. AHaNI3 3aIeXHOCTel HMOBIPHOCTI MEPKOJIALIT BiJi KOHIEHTPALl Ta T€OMETPUIHHX
po3MipiB HaHOTPYOOK 3a yMOB IX PiBHOMIpPHOTO Ta i30TpomHOro posmoniny B 3D mpocropi
CBIIYHUTH MPO 3HWKEHHS MMOPOTY MEPKOJISMLIi 3aBISKN 30UTBIICHHIO TOBKHHNA HAaHOTPYOOK Bif 0,5
10 2,5 mxM. MiHiMalbHa KOHIICHTpAIlisl HAHOTPYOOK, 10 3a0e3Meuyr0Th YTBOPEHHS MPOBiIHOTO
KJacTepa, 3MeHIIyeTscst 3 9 1o 2,5%. 36inmpmeHHs pagiyca HaHOTpyOOK Big 20 mo 110 HM
MPHU3BOAUTH O BIATIOBITHOTO MiABUINIEHHS MOpory mepkommii. Lle mMoxke OyTm moB’s3aHO 3i
3MEHIIEHHSM KiJBbKOCTI HaHOTPYyOOK y 00’eMmi Ta 30imbLIEHHAM iX Jiamerpa Juisi MOCTiHHMX
00’€eMHHUX KOHIICHTPAITii.

[Toka3aHo, 110 11 HAHOTPYOOK AOBXKHHOI 3—4 HM HMOBIPHICTh HEPKOJISLIT JOCsATaE 3HAYCHD
(0,8-1,0) mig Hanpyroto 5 B. Ipu 3% KoHIEHTpaIlil HAHOTPYOKH TOBKHHOIO MOHA 3 HM MOXYTh
YTBOPIOBATH IPOBIIHY MEPEXy HaBiTh 03 NMPHUKIAAECHOTO eNeKTPUIHOrO Mojs. 3 iHmoro 60Ky,
e(eKTHBHICTh YTBOPEHHS MPOBIIHUX KJIACTEPIB y CHCTEMi HAHOTPYyOOK noBxkuHOW0 0,5-1,5 HM €
HH3BKOIO ISl BUIIAJKOBOI OpieHTalii. TOMy BCTaHOBJICHO, 110 ONTHMaJIbHA JOBXHHA HAHOTPYOOK
UL eJIEKTPUYHO KEPOBAHOT MEPKOJIFOI0Y0i CHCTEMH CTAHOBHUTH OJIU3BKO 3 HM.
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Ha ocHOBi aHamizy pe3ynbTaTiB pO3paxyHKIB 3aJeXHOCTI HMOBIPHOCTI NEpKOJALIl Bilx
HanpyTd Uil pi3HOI KOHIIEHTpAIlil HalOBHIOBAa4iB HAHOTPYOOK (ikcoBaHO! MOBXMHHU (3 HM)
BCTAHOBJICHO CJTa0Ky 3aJeXKHICTh IEPKOJLMii B CHCTEMi MpPSAMHUX HAHOTPYOOK BiX piBHA
aHi3oTpomii po3moAidy MAnsd KOHIEHTpauii HaHOTpyOok B miamaszoni 0,5-1,5%. EdexruBhe
MePEMUKaHHS MEPKOJIFOI0U0i CUCTEMH B KOHIYKTHUBHHI PEXUM NPH NPUKIAIEHIH HAanpy3i BUIIE
5 B 3abe3mneuyeThesi B HAHOKOMITO3UTAX 13 3aBaHTaKEHHSIM HAHOTPYOoK Ha 3—-4%.

3aBISKH TOCTIHKEHHIO B3a€MO3B 53Ky MK HMOBIPHICTIO NMEPKOJIALI] Ta 3HAYCHHSAMH KyTa
Jcnepcii, o BU3HAYAIOTh OPi€HTaNil0 HAHOTPYOOK, BHSBIICHO ()yHJIaMEHTAIbHI 3aKOHOMIPHOCTI
(opMyBaHHS TPOBIAHUX KJIAacTepiB I BIUIMBOM EJIEKTPUYHOIO TOJIS. 3a JOMOMOTOI0 IIHOI0
aHaJIi3y OyJo BCTaHOBJICHO ONTHMAJbHI MapaMeTpH Ul CUCTEMH HAaHOTPYOOK, IO JEMOHCTPY€
HEPKOJIALII0, KEPOBaHY MOJIEM.

Knrouoei cnosa: HaHOTPYOKH, IEPKOIIALISL, HIMOBIpHICTD epKoysinii, 3D Bizyamizaris.
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