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DEVELOPMENT OF AN ALGORITHM AND SOFTWARE FOR MODELING THE STRUCTURE AND
MECHANICAL BEHAVIOR OF AEROGELS

Aerogels, known for their ultra-low density and exceptional physical properties such as high porosity, low thermal conductivity, and large specific
surface area, represent a promising class of materials for a wide range of technological applications. These include insulation systems, catalyst
supports, acoustic dampening, and even aerospace engineering. Despite their advantages, the complex and highly porous internal structure of aerogels
poses significant challenges when it comes to accurately predicting their mechanical behavior under different loading conditions. Therefore, the
development of computational models that realistically capture the microstructure of aerogels is a critical step in optimizing their performance and
extending their practical use. This paper presents a comprehensive approach to modeling the structure and mechanical response of silica-based
aerogels. At the heart of the modeling process lies the Diffusion-Limited Cluster-Cluster Aggregation (DLCA) algorithm, which is employed to
generate computational representations of aerogel structures that closely mimic their real-world microarchitecture. The algorithm simulates the
formation of aerogels by modeling the random motion and aggregation of primary particles into larger clusters, eventually forming a fractal-like
porous network characteristic of aerogels. A dedicated software tool was developed to implement the DLCA algorithm and generate digital models of
aerogel structures. To enable mechanical analysis, the output of this modeling process is converted into a finite element mesh using APDL (ANSYS
Parametric Design Language) scripts. These scripts automate the creation of finite element models, which are then imported into the ANSYS
simulation environment. Within ANSYSS, the mechanical behavior of the generated structures is analyzed by applying simple loading conditions to
assess displacements and stress distributions. The results of these test simulations provide valuable insights into how the internal geometry of aerogels
influences their overall mechanical performance. This methodology not only aids in understanding the structure—property relationships in aerogels but
also supports the design of improved materials tailored to specific engineering needs.
Keywords: acrogels, DLCA, computer modeling, software development.
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PO3POBKA AJITOPUTMY TA HNPOI'PAMHOI'O 3ABE3INEYEHHA 4 MOJIEJIOBAHHSA
CTPYKTYPU TA MEXAHIYHOI IIOBEJIIHKH AEPOT'EJIIB

Aeporeni — 1e MaTepiany 3 HaA3BUYAHHO HU3BKOIO I'YCTHHOIO Ta YHIKaIbHUMH (i3HYHHMH BIACTHBOCTSMH, TAKUMH SIK BUCOKA IIOPUCTICTh, HU3bKA
TEIUIONPOBIAHICTE 1 BeJIMKa MHTOMA ILIONIA MOBEPXHi. BOHM € IMepCHeKTHBHEMH IS MIMPOKOTO CIIEKTpa TEXHOJOTIYHHX 3aCTOCYBaHb, 30KpeMa B
TEIUIOi30JIA1i], HOCISX KaTani3aTopiB, HOIIMHAYAX 3BYKY Ta HABiTh B a6POKOCMIUHil ramysi. OHaK CKJIaJHA Ta BHCOKOIIOPUCTA BHYTPIIIHS CTPYKTypa
aeporeiiB CTBOPIOE CEpHO3HI TPYIHOLI MPU MOETIOBAaHHI IX MEXaHIYHOI IOBEIIHKU 3a PI3HMX HAaBaHTaXeHb. TOMY pO3pOOKa OOYMCIIFOBAIBHUX
MOJIeJIel, L0 JOCTOBIPHO BiZIOOpakaroTh MIKPOCTPYKTYpPY aeporeniB, € KIFYOBHUM €TAalOM JUIs ONTHMi3aulii iX BIaCTUBOCTEH 1 pO3MIMPEHHS
MO>XIUBOCTEH IIPAKTUYHOTO 3aCTOCYBaHHA. Y Liif poOOTi IpeCcTaBIeHO KOMILIEKCHUM IiIXiJ 1O MOJCTIOBAHHS CTPYKTYPH Ta MEXaHIYHOI IIOBEIIHKU
aeporeliB Ha OCHOBI JiokcuIy KpeMHil0. OCHOBOIO MOJETIOBAHHS € allOPUTM KiIacTep-KIacTepHoi arperaunii 3 qudysiiaum oomexxenusm (DLCA), 3a
JIOIIOMOTOI0 SIKOTO CTBOPIOIOTHCS OOYHCIIIOBAIBHI HMPECTABICHHS aepOTeNeBUX CTPYKTYp, IIO IMITYIOTh iX pealbHy MiKpOapXiTeKTypy. AJNTOPHTM
MOJICITIFOE YTBOPEHHS aeporeiliB Yepe3 BUIIAJAKOBHI PyX i arperaiiro NepBUHHUX YaCTHHOK Y OLIbIII KiacTepH, o GopMyroTh (GpaKkTalbHONOMIOHY
MIOPUCTY MEpEeKy — XapaKTepHy O3HaKy aeporeniB. [l peamizanii anrropurmy DLCA Gyno po3po0ieHo crenianbHe IporpamMHe 3a0e3nedeHHs, SKe
reHepye HU(POBI MOAENi CTPYKTyp aeporeiiB. 3 MeETOI0 IPOBEJCHHS MEXaHIYHOTO AaHANi3y OTPHMAaHI CTPYKTYypH II€PETBOPIOIOThCSA Ha
CKIHYEHHOEIIEMEHTHY CITKY 3a JormoMoroio ckpuntiB Ha MoBi APDL (ANSYS Parametric Design Language). 1{i ckpunti aBTOMaTH3yIOTh CTBOPEHHS
MoJiernielt uis iMnopty B cepenosuiie MoaentoBaHas ANSYS. V ANSY'S npoBoauThes aHai3 MEXaHIYHOI IOBEIHKY MOJIEIICH HIJISIXOM MPUKIIaACHHS
IPOCTUX HABAaHTAXEHb JUIS OLIHKM IepeMillleHb i PO3NOJidy HampykeHb. Pe3ynbraTH CHMyISLiH MO3BOIAIOTH Kpalle 3pO3YMITH, SK BHYTPINIHS
TeoMeTpisl aeporeliB BIUIMBAa€ Ha IX 3araibHi MEXaHIYHi XapaKTEePHCTHKH. 3alIpOIOHOBaHA METOAMKA HE JHIIEC IIOTIHOIIOE YSBICHHS PO
B33a€EMO3B 30K MK CTPYKTYpOIO Ta BJIIACTHBOCTSMH aeporelniB, a i crpuse po3poOLi BIOCKOHAJICHUX MaTepialiB, ONTHMIi30BaHHMX IIiJi KOHKPETHI
iHKEHEepHI 3a1aui.
Kurouosi cioBa: aeporeni, DLCA, koM’ I0TepHe MOJIETIOBaHHS, PO3p0oOKa IPOrPaMHOTO 3a0€3MeIeHHS.

1. Introduction. Aerogels, particularly silica heavily influenced by density [2].

aerogels, exhibit exceptional properties, making them
attractive for applications such as thermal insulation,
space dust collection, and drug delivery. Investigating
their mechanical properties is a critical research area,
utilizing experimental, numerical, and Al-driven
approaches.

Experimental studies examine key parameters like
density, porosity, and microstructure, which significantly
influence mechanical behavior. Techniques such as Small-
Angle X-ray Scattering (SAXS) and Small-Angle Neutron
Scattering (SANS) provide insights into the fractal nature
of aerogels and their mass distribution [1].

The elastic modulus of aerogels often follows a
power-law relationship with relative density, with
exponents ranging from 2 to 4 depending on
microstructural characteristics [2]. High porosity and low-
density render aerogels brittle, with mechanical behavior

Numerical modeling enables a deeper investigation
of mechanical properties, employing molecular dynamics
simulations, aggregation models, and multiscale
techniques [1-4]. DLCA and Reaction-Limited Cluster
Aggregation (RLCA) models simulate particle clustering
processes, aiding in replicating experimental scattering
curves and exploring mechanical properties [1-4].

Recent advances in Al-driven methods, particularly
deep learning, facilitate material behavior prediction,
microstructure optimization, and the discovery of new
materials with unique properties [5,8-10]. Reinforcement
learning methods enable autonomous material exploration,
paving the way for rapid aerogel characterization and
synthesis optimization [5-6, 8-9].

A combination of DLCA and the Finite Element
Method (FEM) effectively evaluates the mechanical
properties of aerogels [1, 5]. The DLCA method simulates
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particle aggregation due to Brownian motion, forming
clusters that represent aerogel networks. Hasmy et al.
demonstrated that DLCA-generated structures closely
match silica aerogel scattering data, making it a suitable
modeling approach [1, 5, 10].

Following DLCA modeling, FEM is employed to
analyze mechanical properties. A Representative Volume
Element (RVE) based on DLCA-generated structures is
created, considering periodic boundary conditions. In this
model, particles serve as nodes, and the bonds between
them as beams, capturing bending, torsion, and stretching
deformations. The mechanical behavior of silica aerogels
is analyzed through RVE compression simulations.

Historical research on sol-gel chemistry and fractal
structures provided a theoretical foundation for modeling
aerogels [11]. Recent micromechanical experiments using
atomic force microscopy (AFM) have demonstrated
localized stress responses in silica aerogels, reinforcing
computational predictions [12]. At the same time,
innovations in Al-based modeling such as AlphaFold
illustrate the transformative impact of data-driven
approaches on structural science [13]. Earlier studies on
the production and properties of aerogels also remain
relevant  for  understanding  processing—structure
relationships [14]. Moreover, molecular dynamics
simulations have successfully captured the mechanical
behavior of nanoporous aerogels, consistent with the
results of this study [15].

2. Problem statement

e To develop computer models of aerogel
structures, the following tasks must be completed:

e Develop algorithms for aerogel structure
formation based on the DLCA algorithm.

e Implement software for executing the DLCA
algorithm and generating corresponding structures.

e Develop APDL scripts to construct finite element
models in ANSYS.

e Perform test calculations of displacements and
stresses under simple loading conditions.

3. Description of the algorithm. The DLCA
algorithm models aerogel structure formation by
simulating silica nanoparticle aggregation through
diffusion and adhesion dynamics. The process begins by
defining a periodic simulation box containing randomly
placed "walkers" and "seeds." Walkers follow a random-
walk trajectory until reaching a critical adhesion distance,
at which point they bond to a seed or another walker,
forming clusters. The modeling process takes into account
their random movement, diffusion, and adhesion. The
method is based on selecting a representative volume to
obtain a structure that matches experimental results.

The MATLAB-based modeling process allows
customization of parameters such as particle radius,
critical distance, seed and walker count, step size,
adhesion probability, and movement type. To ensure
periodicity, connections near box boundaries are adjusted
through projection rules.

At the beginning of the modeling, it is necessary to
set the boundary conditions in a periodic box, where
random "walkers" and "seeds" are initialized. They can be
placed randomly or in an orderly manner. In this specific
example, the "walkers" are placed randomly and move
according to the theory of random walks, with steps
defined for both "seeds" and "walkers". Outside the box, a
critical distance is defined, beyond which a "walker" starts
to attach to a "seed". If this distance is reached, the
movement stops, and the "walker" sticks to the "seed".
The probability of adhesion is set to the maximum value
to simulate diffusion.

The motion of individual particles or clusters is
modeled as Brownian motion. The diffusion coefficient
for a particle of radius 7; is given by the Stokes-Einstein
equation:

D - k,T
S (1)

where: - ks is the Boltzmann constant,
- T'is the temperature,
- 7 is the dynamic viscosity of the medium,
- ri 1s the radius of the cluster.

The position (xi(?)) of each walker is updated using a
discrete random walk:

X,(t+At)=x,(t)+/2D,At -R ()

where R is a random unit vector representing
isotropic diffusion.

When a walker reaches a distance ¢ from an existing
cluster, it adheres irreversibly. The aggregation rule
follows:

Ix,—x; <t 3)

Cluster formation occurs when condition (2) is met.
It means all "walkers" move towards the "seeds" and
combine into a cluster. Clusters also join when two
"walkers" exceed the critical distance between each other.
Figure 1 shows the step-by-step construction of the model.
All parameters, such as particle radius, critical distance,
number of "seeds" and "walkers", their steps, box size,
adhesion probability, and type of movement, can be
adjusted. The structure modeling is implemented using
MATLAB.
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a —"Walkers" and "Seeds"

b —"Seeds"

¢ — Final model in MATLAB

Fig. 1 — I llustration of the model construction. The "seeds" are shown in red, and the "walkers" in blue. Gradually, all the "walkers"
merge with the "seeds" and form clusters.

To construct a periodic structure, it is necessary to
separate the connections near the walls of the box. To
build correct connections, the rules of projecting points in
the cube onto its faces are applied. A macro has been
created to implement the model in the finite element
method (FEM) numerical simulation software — ANSYS.
The script configures material parameters, defines element
and cross-section types for modeling a beam in ANSYS,
and then creates the mesh and graph for visualizing the
model.

Special attention is given to setting up the stress field
and applying boundary conditions. The strain values for
the strain components: &xx has a non-zero value, while the
other strains are set to zero. Load tables are created for
each displacement component (UX, UY, UZ). Boundary
conditions define the displacements for the nodes of the
cube at its boundaries. The displacement tables specify the
displacement values for each component UX, UY, UZ
depending on the coordinates. These conditions allow
modeling the deformation of the cube according to the
specified strains (exx, &yy, €zz, Exy, €yz, €xz), €NSUTINg proper
loading and analysis of the model in ANSYS. Figure 2
shows the block diagram of the algorithm implementation.

Based on the approach described above, we
implemented deformation and load modeling in ANSYS.
Using the created load tables and defined boundary
conditions, it was possible to successfully reproduce a
realistic aerogel microstructure. The next step is to
analyze the stress results in the model.

The von Mises stress criterion was used to evaluate
the stress-strain state. This criterion is an effective method
for determining the strength conditions of a material under
complex loads, since it takes into account the influence of
all components of the stress state.

Next, the modeling results are presented, including
the distribution of von Mises stresses throughout the
model volume. The zones of maximum stresses are also
analyzed, which may indicate possible places of damage
or material failure.

The results allow us to draw conclusions about the
material's behavior under specified loading conditions and
determine the key parameters that affect its strength and
stability.

For FEM-based analysis, an APDL script translates
DLCA-generated structures into ANSYS. The script
configures material parameters, assigns element and cross-

section types (BEAMI188, CSOLID), and applies
appropriate boundary conditions for stress analysis.

The material parameters used include:

e Young’s modulus: 2.1 x 107 Pa

e Poisson’s ratio: 0.3

Finite element modeling employs a two-node beam
element with six degrees of freedom per node.
Simulations are conducted for aerogel concentrations of
10% and 25%, with node and element counts summarized

in Table 1.

Table 1 — FE Models parameter for different concentration

Concentration, % Nodes Elements
25 7130 7994
10 2623 2648

4. Result of modelling.The results of DLCA-based
modeling provide insight into the microstructure (fig. 3)
and mechanical behavior of aerogels at different
concentration levels (fig. 4). The generated aerogel
structures exhibit fractal-like networks, consistent with
experimental scattering data.

Stress distribution and displacement calculations
reveal distinct mechanical responses for different acrogel
concentrations:

10% concentration: The generated structure
exhibits a highly porous network with long inter-cluster
connections, leading to increased overall displacement
under load. Maximum displacement is observed at the
edges of the RVE, while stress distribution is relatively
uniform.

25% concentration: Higher density results in more
interconnected clusters, increasing stiffness and reducing
overall displacement. Stress is concentrated in regions
with high connectivity, indicating load-bearing paths
within the structure.
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Fig. 2 — Block diagram of DLCA

a — 10% Concentration

b —25% Concentration

Fig. 3 — Geometrical model: @ — 10% Concentration,
b —25% Concentration
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a — 10% Concentration

b —25% Concentration

Fig. 4 — Total displacement: a — 10% Concentration, b — 25% Concentration

Von Mises stress analysis highlights the correlation
between structural density and mechanical response. The
peak stress values increase with aerogel concentration due
to the stronger inter-cluster connections. These results
validate the DLCA-FEM approach for modeling aerogels,
demonstrating its capability to capture structural and
mechanical characteristics essential for material design
and optimization (fig. 5).

In the case of 10% concentration, the maximum total
displacements are observed near the corner of the RVE,
but if the concentration is higher, the maximum
displacements are observed near the center of the RVE.

Also, in Figure 6 the two-dimensional graph
represents the centrality metrics for both configurations.

a — 10% Concentration

b —25% Concentration

Fig. 5 — Von Mises stress distribution: @ — 10% Concentration, b — 25% Concentration
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A

a — 10% Concentration

(8

b — 25% Concentration

Fig. 6 — Centrality metrics: a — 10% Concentration, b —25% Concentration

5. Acknowledgements. This work has been
supported by the Ministry of Education and Science of
Ukraine in the framework of the realization of the research
project “Algorithms, models, and tools of artificial
intelligence for two-level modeling of complex materials
behavior for dual-use technologies” (State Reg. Num.
0124U000450).

6. Conclusions. This work developed algorithm and
software for modeling the structure and mechanical
behavior of acrogels.

It has been established algorithms that effectively
simulate the formation of aerogel structures using the
well-regarded DLCA approach.

A software tool has been created to execute the
DLCA algorithms, enabling researchers to readily
generate diverse aerogel structures for analysis.

The APDL scripts for translate the generated
structures into finite element models compatible with
ANSYS software is developed.

Initial calculations have been performed on these
models to assess displacements and stresses under simple
loading conditions, demonstrating the capability for
mechanical behavior analysis.

Future work will involve:

e Expanding the analysis capabilities to encompass

more complex loading scenarios and material

properties.

e Further validation by comparing simulation

results with experimental data on real aerogels.

e Exploring the applicability of this framework to

model the structure and mechanics of other porous

materials.

Overall, this work provides a powerful tool for
researchers in the field of aerogel design and paves the
way for further advancements in understanding and
optimizing these materials.
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yHiBepcUTET «XapKiBCBKUM IIONITEXHIYHWN I1HCTUTYT», 3aBigyBad Kadeapu MaremMaTHdyHOrO MOJETIOBAHHS Ta
IHTeNeKTyanpHNX oOunciieHp B imkeHepii; M. XapkiB, VYkpaina; tem.: +38 (057) 707-68-79; ORCID:
https://orcid.org/0000-0002-4462-9869; e-mail: oleksii.vodka@gmail.com

Iyxkoé Muxaiino (Itskov Mikhail)— noxrop TexHi4YHHMX HaykK, npodecop, PeliHcbko-Bectdanbepkuii TexHIuHMN
yHiBepcuTeT AaxeHa, mnpodecop Kadeapum MeXaHIKHM CymiabHuUX cepenosumr; M. AxeH, Himewumna; ORCID:
https://orcid.org/0000-0002-2146-0589; e-mail: itskov@km.rwth-aachen.de

88 Bicnux Hayionanvrnozo mexuniunozco ynisepcumemy «XI11».
Cepin: [lunamixa i miynicmo mawun. Ne 1. 2025
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