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IMAGE-DRIVEN MODELING OF PERCOLATION NETWORKS
IN CARBON-BASED CONDUCTIVE POLYMER COMPOSITES

The functionalization of thermoplastics through the incorporation of conductive carbon fillers has
revolutionized the field of electromagnetic interference (EMI) shielding and antistatic packaging. The precise
detection of percolation thresholds in Conductive Polymer Composites (CPCs) remains a significant scientific
challenge due to the stochastic nature of filler dispersion and the complexity of microstructural interactions.
This article presents a comprehensive software engineering study focused on the automated quantification of
microstructural topology in heterogeneous materials. Addressing the limitations of subjective manual analysis
and low-throughput electrical testing, the authors introduce a deterministic, image-driven modeling pipeline
for detecting percolation thresholds in High-Density Polyethylene (HDPE) reinforced with hybrid fillers.
The study utilizes a dataset of HDPE composites filled with varying ratios of Copper-coated Graphite and
Carbon Nanotubes (CNTs) to investigate the synergistic "Double Percolation" effect. This metric provides the
prediction of material behavior solely from optical micrographs.

The experimental validation confirms that the software successfully models the synergistic percolation
transition. Specifically, at a hybrid filler ratio of 25 wt.% Graphite to 5 wt. The Connectivity Index (CI) reached
a peak of 0.88, which strongly correlates with the experimentally measured minimum specific volume electrical
resistance of 1.48 x 10~ Ohm-m. Conversely, at higher CNT loadings (20 wt. %), the software detected a decrease
in connectivity (CI = 0.76) due to agglomeration, which corresponded to an increase in electrical resistance.
The developed system reduces analytical latency compared to traditional manual methods while achieving a
signal-to-noise ratio superior to standard global thresholding techniques. The proposed methodology offers a
rapid, non-destructive alternative to traditional electrical characterization.

Keywords: Python, image-driven modeling, percolation theory, PyQt6, computer vision, morphological
skeletonization, software engineering, carbon nanotubes.

Formulation of the problem. The development
of advanced composite materials for the shielding of
electromagnetic radiation is a critical task in modern
materials science. Conductive Polymer Composites
(CPCs) have emerged as the dominant solution due
to their light weight, corrosion resistance, and tun-
able electrical properties. The performance of these
materials is strictly governed by the formation of an
infinite conductive network of fillers within the insu-
lating polymer matrix, a phenomenon known as the
percolation threshold [1]. The precise manipulation
of this microstructure allows engineers to tailor mate-
rials for specific applications, ranging from antistatic
packaging to complete EMI shielding.
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However, a significant gap remains between the
manufacturing of these composites and their quality
control. The characterization of percolation networks
is traditionally performed using electrical conductivity
measurements, which provide only a global average
of the material's properties and fail to identify local
structural defects [2]. Furthermore, microscopy anal-
ysis, which could provide this local data, is typically
performed manually. This process is slow, subjective,
and prone to significant inter-operator error. There is
an urgent need for both scientific and practical reasons
to automate this analysis using computer vision.

Analysis of recent research and publications.
The mathematical modeling of percolation systems
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has been extensively studied since the foundational
works of Kirkpatrick [3] and Stauffer [1]. These
early studies established the power-law relationship
between filler concentration and conductivity. How-
ever, these classical models often assume an ideal,
random dispersion of spherical particles, which does
not accurately reflect the reality of modern high-as-
pect-ratio fillers, such as Carbon Nanotubes (CNTs).

Recent reviews, such as those by Zhang et al. [4],
have highlighted a significant shift towards Monte
Carlo simulations. Zhang discusses how modified
Bethe lattice methods can be used to approximate the
behavior of hybrid carbon nanotube/graphene sys-
tems. While Monte Carlo methods are powerful, they
are computationally expensive and require predefined
parameters that may not match experimental reality.
For instance, simulating the rotation and translation
of fibers during foam injection molding, as described
by Shaayegan et al. [5], requires complex physics
engines that are not suitable for rapid quality control.

Conversely, direct digital image analysis offers
a data-driven approach. Bauhofer and Kovacs [6]
demonstrated in their comprehensive review that the
aspect ratio of CNTs is a critical factor in lowering the
percolation threshold. However, they also noted the
difficulty in quantifying this aspect ratio from micro-
graphs due to entanglement. Standard image process-
ing techniques, such as those surveyed by Sezgin and
Sankur [7], often fail to correctly segment these thin
fibers from the polymer background, especially when
using global thresholding methods, which are sensi-
tive to uneven illumination.

A specific unresolved problem is the accurate
detection of 'double percolation' or synergistic effects
in hybrid systems (e.g., Graphite + CNTs). Wang et
al. [8, 9] showed through theoretical modeling that
CNTs can bridge the gaps between larger graphite
platelets, creating a synergistic effect that lowers the
percolation threshold more than either filler could
achieve alone. However, current software tools can-
not easily distinguish between this synergistic bridg-
ing and simple particle agglomeration, which results
in reduced conductivity, as noted by Peng. This arti-
cle addresses this gap by proposing a morphological
skeletonization approach that specifically quantifies
connectivity [10, 11].

Task statement. The objective of this article is to
design and implement an automated software pipe-
line for the topological analysis of composite micro-
structures. The specific tasks include:

1. Architecting a Python-based GUI application
using PyQt6 that prevents Ul freezing during heavy
image processing.
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2. Implementing a robust algorithm combining
Inverted Otsu’s segmentation with Zhang-Suen skel-
etonization to calculate a 'Connectivity Index' (CI).

3. Validating the system on experimental HDPE/
CNT/Graphite composites.

Outline of the primary material of the study.
To properly engineer a software solution, one must
first formalize the physical phenomenon. The perco-
lation network in a hybrid composite can be modeled
as a random resistor network. According to classical
percolation theory [1], the conductivity o scales as a
power law near the threshold:

cx(p-p.)

Figure 1 illustrates the sigmoidal probability of
an infinite cluster forming as filler concentration
increases.

The vertical red line represents the critical per-
colation threshold (p,), where the system transitions
from insulating to conducting.

In the image-driven model, we define the 'Connec-
tivity Index' (CI) based on the skeletal graph. If S is the
set of all skeletal pixels and S_max is the largest con-
nected component within S, then the index is defined as:

C[ — Smax

%S

The software was engineered using a Mod-
el-View-Controller (MVC) pattern. A key innovation
was the implementation of the Inverted Otsu method
[7]. Standard Otsu algorithms assume the foreground
is brighter than the background. In our case, the car-
bon fillers are black. Therefore, the image matrix I
is inverted (I new = 255 — I) prior to thresholding.
To ensure efficient matrix operations, we employed
NumPy array programming [12], which is essential
for processing resolution micrographs.

The architecture consists of a NumPy Model for
matrix operations, a PyQt6 View for rendering, and a
Controller that manages threading signals to prevent
GUI freezing, as illustrated in Fig. 2.

To validate the software, we compared the com-
puted Connectivity Index (CI) against actual physical
measurements of Specific Volume Electrical Resist-
ance obtained from the experimental dataset [10].
The results are presented in Table 1.

The bar chart in Figure 3 highlights the synergistic
effect. The green bar (25% Gr / 5% CNT) represents
the highest connectivity (0.88), corresponding to the
lowest electrical resistance. As CNT loading increases
beyond 5%, connectivity drops due to agglomeration.

As shown in Table 1 and Fig. 3, the software
correctly identified the optimal topological config-
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Fig. 1. Theoretical percolation phase transition
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Fig. 2. Component diagram

Table 1
Experimental composition and computed topological metrics
Sample Type Graphite (%) | CNT (%) | Resistance (Ohm-m) Connectivity (CI)
Pure Gr 30.0 0.0 1.59 - 10! 0.82
Hybrid Optimal 25.0 5.0 1.48 - 10! 0.88
Hybrid Excess 20.0 10.0 2.86- 10! 0.79
Hybrid Agglomerates 10.0 20.0 3.07 - 10" 0.76
Pure CNT 0.0 30.0 6.89 - 10° 0.65

uration. Sample 'Hybrid Optimal' (25% Graphite,
5% CNT) exhibited the lowest electrical resistance.
Our software calculated a maximum Connectivity
Index of 0.88 for this sample. This confirms the
'Double Percolation' mechanism where CNTs bridge
graphite platelets. Interestingly, increasing the CNT
content further (Sample 'Hybrid Excess') increased
resistance, which the software reflected as a drop in
CI to 0.79.

Conclusions. This research successfully demon-
strated the efficacy of image-driven modeling in
materials science. The PyQt6-based architecture pro-
vided a stable environment for analyzing high-res-
olution micrographs. The automated system con-
firmed the existence of a synergistic threshold at a
25/5 Graphite/CNT ratio. The computed connectivity
index showed an inverse correlation with physical
electrical resistance.
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Fig. 3. Connectivity Index for different filler ratios

Bibliography:
1. Zhang Z., Hu L., Wang R. Advances in Monte Carlo Method for Simulating the Electrical Percolation
Behavior. Polymers. 2024. Vol. 16, No. 4. P. 545. DOI.: https://doi.org/10.3390/polym16040545
2. Balberg 1. Tunneling and nonuniversal conductivity in composite materials. Physical Review Letters. 1987.
Vol. 59, No. 12. P. 1305. DOLI: https://doi.org/10.1103/PhysRevLett.59.1305

3. Kirkpatrick S. Percolation and Conduction. Reviews of Modern Physics. 1973. Vol. 45, No. 4. P. 574-588.
DOIL: https://doi.org/10.1103/RevModPhys.45.574

4. Stauffer D., Aharony A. Introduction to Percolation Theory. London : CRC Press, 2018. 194 p.
5. Shaayegan V., Ameli A., Wang S. Experimental observation and modeling of fiber rotation. Composites
Part A. 2016. Vol. 88. P. 67-74. DOL: https://doi.org/10.1016/j.compositesa.2016.05.02

6. Bauhofe W., Kovacs J. Z. A review and analysis of electrical percolation in carbon nanotube polymer
composites. Composites Science and Technology. 2009. Vol. 69. P. 1486—1498.

7. Sezgin M., Sankur B. Survey over image thresholding techniques. Journal of Electronic Imaging. 2004,
Vol. 13, No. 1. P. 146-165.

8. Wang S., Huang Y., Zhao C. Theoretical modeling and experimental verification of percolation threshold.
Composites Science and Technology. 2020. Vol. 199. P. 108345.

9. Peng X. Theoretical Modeling and Numerical Simulation of Electrical Conductivity of Porous Composites.
Zhengzhou : Zhengzhou University, 2020.

10. Summerfield M. Rapid GUI Programming with Python and Qt. London : Prentice Hall, 2015. 650 p.

11. Zhang T. Y., Suen C. Y. A fast parallel algorithm for thinning digital patterns. Communications of the ACM.
1984. Vol. 27. P. 236-239.

12. Harris C. R., Millman K. J. Array programming with NumPy. Nature. 2020. Vol. 585. P. 357-362.

272 | Tom 37 (76) N2 12026



InpopmaTuKa, 06uKCII0BAIbHA TEXHIKA Ta aBTOMAaTH3aLlis

Hosax J1.C., I'yiina O.I. MOJAEJIOBAHHS MEPKOJISILIMHUX MEPEX Y BYIVIELIEBUX
HOJIMEPHUX KOMIIO3UTAX HA OCHOBI AHAJII3Y 30BPA’KEHb

Qyuxyionanizayis mepMoniIacmie WIAXoM B8Be0eHHs CMPYMONPOBIOHUX 8y2lleyedux HANOBHIOB8AYI8
3pobduna peeontoyilo 8 2any3i eKpamy8amnHs eirekmpomazHimuux nepewxoo (EMI) ma anmucmamuunozo
nakysauHs. Toune eusAeienHs NOpo2ié neproaayii 8 cmpymonpogionux nonimeprux xomnozumax (CPCs)
3AIUUAEMBCST 3HAYHOIO HAYKOBOI0 NPOOLEMOIO depe3 CMOXACMUYHY Hpupody Oucnepcii Hanoguosawa ma

CKILAOHICMb MIKPOCMPYKIMYPHUX 83AEMOO0I. Y cmammi npedcmaesiieHo KOMNAEeKCHe 00CAI0NCeH S 3 THoceHepil

NpoSpaAMHO20 3a0e3neyeHHts, NPUCBIUeHe A8MoMAamu308anill KilbKICHItl oyinyi mononozii MiKpoCmpyKkmypu

2emepoceHHux mamepianis. Bupiwyiouu npoonemy obmedcensb cy6'eKmusHO20 pyuHo20 aHanizy ma HUu3bKoi

NPONYCKHOI 30AMHOCMI  eleKMPUYHUX BUNPOOY8AHb, dABMOPU NPONOHYIOMb OemepMIiHO8AHUL KOHBEED
MOOENI08AHHsL HA OCHOBI 300padicetb 05 BUABLEHHS NOPO2i6 NePKONAYIL Y noliemuneni 8UcoKoi WintbHoCmi
(HDPE), apmosarnomy 2ibpuonumu HanosHiosayamu. ¥ 00CaiodiceHHI BUKOPUCTAHO HADIP OaHUX KOMNO3UMIG
HDPE, nanosnenux piznumu cniggioOHOWEHHAMU 0OMIOHeHo20 epagimy ma eyeneyesux nanompyoox (BHT),
07151 QOCTIOINCEHHSI CUHEP2EMUYH020 egheKmy «noo6ilHol nepronsyiiy. Llell nokasnux 0036015€ NPOSHO3Y8AMU
NOBEOIHKY Mamepiany GUKIOYHO HA OCHOBL ONMUYHUX MIKPO2PAIll.

Excnepumenmanvna eanioayis niomeepodcye, wo npocpamue 3a0e3nedenHs YCHIWHO MOOeioe
CUHepeemuYHULL NePKOAYIHUL nepexio. 3okpema, npu chiesioHoweHHI 2iopudHo2o Hanosniosaya 25 mac.%
epaghimy 0o 5 mac.% BHT, indexc 36’ sznocmi (CI) oocsie niky 0,88, wo cunbho Kopenoe 3 eKkchepumeHmanibHo
BUMIDSHUM MIHIMATbHUM NUMOMUM 00 emHum enekmpuunum onopom 1,48-107" Om-m. Hasnaxu, npu 6invu
sucoxkomy Hasanmadxcenni BHT (20 mac.%) npoepamme 3abe3neyeHHs SUABUNO 3HUJICEHHS 38 SI3HOCHI
(CI = 0,76) uepe3 acnomepayiro.

Kniouoesi cnosa: Python, mooenioeanus Ha ocHOBI 300padiceisb, meopis nepxonayii, PyQt6, komn'romepruii
3ip, Mop@onoziuna ckeremoHizayis, iHdceHepis NPoepamMHo20 3abe3neuents, gyeieyesi HaHompyoKu.
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