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A B S T R A C T

Carbon foam materials exhibit useful characteristics for unique and diverse applications. However, accurately
modeling three-dimensional carbon foam remains a significant challenge. This paper introduces a novel
technique for transitioning atomistic-scale models of porous carbon, obtained via molecular dynamics sim-
ulation, to continuum-scale carbon foam models suited for finite element simulations. We present our method
using the fractal properties of porous media, specifically carbon foams. The resulting models demonstrate
testable properties consistent with those derived from computed tomography (CT) scans and experimental
data. Stress–strain curves obtained from finite element analysis (FEA) calculations of our models correlate
well with experimental measurements from dogbone testing samples of carbon foam sourced from CONSOL
Innovations LLC, WV, USA, as well as CT scan models derived from the carbon foams. Our approach presents
a computationally efficient alternative and encourages innovation in modeling porous media, particularly in
extracting physical properties from an ensemble of models.
1. Introduction

Carbon foams are porous structures rendering appealing for diverse
engineering applications, as their thermal, electrical, and mechanical
attributes can be tailored by adjusting manufacturing parameters [1,2].
However, the inherently stochastic pore geometry poses challenges in
analyzing the material’s properties and behavior for applications [3,4].
Finite Element Analysis (FEA) is a continuum-scale simulation method
(refer to Fig. 1) that aids in the study of the engineering (macroscopic)
properties of materials. FEA is a computational technique to predict
how materials respond to vibration, heat, fluid flow, and other physical
phenomena. Predicting and understanding the properties of carbon
foams hinges on the availability of computer models that offer realistic
descriptions of the material useful for FEA.

Earlier research on carbon foams has often relied on simplified
geometries with periodically distributed pores to approximate its mi-
crostructure [5–8]. However, these models frequently fall short of
accurately predicting foam properties and performance in practical
engineering contexts due to their failure to account for the distribution
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of pore sizes and the role of rare features that may determine prop-
erties like brittle tensile response. Efforts have been made to address
this randomness in pore distribution. One method employs Voronoi
tessellation to study carbon foam properties [9–11]. Another approach
utilizes computer-aided design (CAD) to construct computer models of
carbon foam with varying pore distributions, achieved by manipulating
spherical geometries and their intersections to form ‘‘bubbles’’ and
pores [12,13]. Additionally, Yue et al. constructed 3-D micro-structure
models based on the nucleation and growth process of pores to match
certain geometrical features of an actual carbon foam [14].

In recent years, CT (Computed Tomography) scanning has emerged
as a promising technique for constructing models of foam materials use-
ful for finite element simulations [15–17]. CT scanning offers numerous
advantages, including nondestructive and non-invasive imaging; this is
necessary for preserving the intricate pore network that is essential for
mechanical and thermal analysis. Furthermore, it produces 2D images
to facilitate 3D reconstruction of the foam’s microstructure. The digital
nature of CT data also simplifies manipulation and conversion into
finite element meshes for further analysis. However, CT scanning has
vailable online 2 August 2024
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Fig. 1. Schematic illustration of the simulation time scale and the corresponding system
size across different computer simulation techniques. The arrow signifies the goal of this
study: transitioning atomistic to continuum models suitable for finite element analysis.

limitations. The limited resolution of CT scans may overlook small-scale
features, like micro- and mesopores, within the foam structure. Inter-
preting CT images requires addressing image artifacts and noise, which
can impact model accuracy. Finally, analyzing large CT datasets and
generating finite element meshes demand significant computational
resources and processing time, especially for complex foam geometries.

Acknowledging these limitations, this study proposes an alternative
approach. By leveraging atomistic models of porous carbon constructed
from molecular dynamics (MD) simulation [18], a framework is de-
vised to transition from the atomistic-scale models to continuum-scale
models suitable for finite element simulations. Fig. 1 illustrates the
disparate time scales of computer simulation techniques and their
corresponding system sizes, with the arrow indicating the objective of
this study. A substantial body of research has been focused on transi-
tioning from atomic to continuum models [19–23], and the invention
of high-resolution imaging techniques also serves to bridge the gap
in research between the computational scales [24,25]. The vast range
of length scales displayed in Fig. 1, prompts a fundamental question:
Can atomistic-scale structures be employed for finite element simulation?
Porous media, such as carbon foams, exhibit statistical self-similarity
which constitutes a characteristic trait of fractal geometries [26–31].
Thus, we show that it becomes possible to extrapolate nanoscale to
macroscale structures in diverse circumstances. We elucidate this with
mathematical analysis and compare it to experiments.

We summarize our approach as follows: (1) We describe a pathway
for investigating nano-scale properties derived from chemically and
structurally realistic atomic porous carbon models alongside macro-
scopic properties derived from associated continuum models of carbon
foams. (2) The computational overhead associated with MD simulation-
derived models is notably lower compared to representative volume
elements (RVE) obtained via CT scan while offering a more compre-
hensive portrayal of porosity and pore distribution than idealized or
mathematically derived carbon foam models. (3) The seamless con-
struction of these models enables the generation of a large ensemble
with diverse structures, ensuring statistical accuracy in the analysis of
carbon foam properties.

2. Methods

2.1. The Gaussian approximation potential for carbon

As depicted in Fig. 1, the constraints of molecular dynamics sim-
ulations become apparent when striving for the precision of density
2

Fig. 2. Construction of the porous carbon models. [LEFT] The initial configuration
with artificial pores distribution. [RIGHT] The final configuration after heating in NVT
ensemble and energy optimization. The atoms are free to occupy some regions in the
initial pore volume to achieve an optimized configuration.

functional theory (DFT) calculations [32]. These constraints derive
from the system size and the simulation time scale [33]. Recent ad-
vances in machine learning applications have paved the way for the
development of novel inter-atomic potentials capable of simulating
thousands [34–36], if not millions [37,38], of atoms. Among these
potentials, the Gaussian Approximation Potential (GAP) stands out and
is utilized in this study [39]. The GAP potential for carbon interactions
is trained using the conventional approach, involving fitting to an
extensive dataset derived from DFT simulations [40–44]. For this work,
it was implemented within the ‘‘Large-scale Atomic/Molecular Mas-
sively Parallel Simulator’’ (LAMMPS) software package [45]. We note
that GAP has proven effective in the exploration of amorphous phases
across various carbon allotropes, including amorphous graphite [46,
47], multi-shell fullerenes [48], and multi-wall carbon nanotubes [49].

2.2. Protocol for constructing atomistic models

The method for constructing porous carbon has been detailed in
Ref. [18]. However, for completeness, the methodology is recapped
here, with some variations. Initially, carbon atoms and spherical void
regions are randomly distributed in a cubic box at a chosen density,
as depicted in Fig. 2 [LEFT]. Pore radii are sampled from a uniform,
chi, or beta distribution, extending maximally to half the bounding
box length (𝐿) to prevent finite-size artifacts. The system density is
set by specifying the system size, bounding box volume, and porosity.
For convenience to the interested reader, we built a Web App, Porous
Carbon Constructor, that generates initial porous carbon models which
can then be used for MD simulation. The URL to the Web App, deployed
on Streamlit [50], is provided in Ref. [51], and the open-source code
is available on GitHub (accessible via the app). The procedure for
obtaining the porous carbon model is outlined below:

1. Determine the desired initial porosity (𝜉𝑖) using the equation
below [18]:

𝜉𝑖 =
𝑁
∑

𝑛=1

𝜈𝑛
𝑉

(1)

where 𝑁 , 𝜈𝑛, and 𝑉 are the total number of pores, the pore
volume sampled from a uniform, chi or beta distribution, and
the bounding box volume, respectively.

2. Select the pore centers if pore overlaps are to be avoided. This
aims to maintain the initial porosity.

3. Randomly distribute carbon atoms in the simulation box, en-
suring they do not fall inside the pore volume. Apply periodic
boundary conditions [52] throughout this process.

4. Perform molecular dynamics (MD) simulation using GAP to ob-
tain optimal porous carbon configuration (see example in Fig. 2
[RIGHT]).
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Fig. 3. (a) Flowchart of the protocol to construct macroscopic (solid) carbon from models starting from atomistic model construction; (b) a depiction of the various stages. (c)
Common problematic features observed during the surface reconstructed atomistic models. These features include (i) poor surface mesh (left) and outcome after mesh refinement
(right), (ii) isolated shells or volumes (indicated by the brown arrows), and (iii) open surfaces (holes) in solid carbon foam models. The region around the holes is shaded in
brown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
5. Construct surface manifold (with vertices and faces) from the
3D morphology of the connected carbon network utilizing the
alpha-shape method [53] on a constructed Delaunay tessella-
tion [49,54,55]. This generates a geometric mesh describing
the interior and exterior spatial boundaries of the atomistic
structure.

In Step 4, the MD simulation to construct the models, using GAP,
was conducted under fixed conditions of particle number (N), volume
(V), and temperature (T), representing canonical (NVT) thermodynamic
conditions. A timestep of 1 fs was applied to update atomic positions
and velocities. The Nosé–Hoover thermostat [56,57] was utilized in
rescaling the temperature every 100 fs (100 timesteps). Initially, the
starting models were equilibrated at 550 K for 50 ps. The temperature
was then increased to 1500 K over 100 ps and maintained at this
temperature for 60 ps, allowing the atoms to adequately sample the
configuration space and initiate crosslinking of carbon atoms without
graphitization [18,46]. The temperature was then reduced to 1000
K, close to foaming temperature [58], over 100 ps and equilibrated
for another 120 ps to ensure convergence of the total system energy.
Finally, the system was cooled to 300 K over 70 ps and relaxed to an
energy-optimal configuration using the conjugate gradient method in
LAMMPS.

For surface reconstruction in step 5, a probe sphere radius (𝑅𝛼)
of 3 Å was set for the alpha-shape method in OVITO [59], and a
maximum of 30 iterations of the smoothing and fairing procedure [60]
was applied to remove atomically sharp surface steps. The final surface
manifolds were saved in VTK (Visualization Toolkit) file format [61].
Although alternative 3D graphics or volume rendering file systems
can be employed, VTK is recommended owing to its adaptability and
facile conversion to Stereolithography (STL) file format [62], which is
imperative for representing 3D surfaces in triangular facets.

2.3. Protocol for constructing FEA models

A flowchart for constructing carbon foam models for FEA, origi-
nating from atomistic porous carbon models, is delineated in Fig. 3a.
Beginning with the relaxed atomistic porous carbon network, solid
models are derived through surface reconstruction, solid body pre-
processing, and solid mesh refinement, as depicted in Fig. 3b. Hereafter,
3

the FEA models constructed from atomistic molecular dynamics simu-
lation will be referred to as the MD models. Subsequent discussions will
focus on three carbon foam MD models. As shown in Table 1, The first
model, MD1, has 64,000 atoms, and the other two models, MD2 and
MD3, both have 10,000 atoms each. The models’ initial porosities (𝜉𝑖)
were set at 70%, for MD1 and MD2, and at 80% for MD3. The MD
models are shown in the top panel of Fig. 4 and the structure files (in
STL format) of the MD models are provided as supplementary material,
and on our website [63].

Some challenging aspects commonly encountered in the construc-
tion of MD models are illustrated in Fig. 3c. These include: (3c-i)
Inadequate surface mesh quality, as depicted in the left figure, and the
subsequently improved outcome after mesh refinement shown in the
right figure; (3c-ii) Presence of disjointed or isolated shells or volumes
(indicated by brown arrows) in the STL file, which are artifacts of
the surface reconstruction of the atomistic model; (3c-iii) Occurrence
of open surfaces (holes) within solid carbon foam models, visually
highlighted by a brown shading around the affected regions. Below,
we discuss solutions to address these issues, alongside the procedure to
build the MD models:

1. Convert the initial VTK file of the surface reconstructed atomistic
model into STL file format. This step facilitates mesh refinement
of the solid and can be accomplished using the Paraview
software package [64,65].

2. Delete isolated shells in poorly connected regions in the network
and remove disconnected mesh regions. This is done using the
Autodesk® Meshmixer software package and aims to resolve
surface mesh overlap.

3. Optimize the solid mesh by refining or coarsening it according
to the specific area of interest and by varying loading condi-
tions. Adaptive meshing enhances computational efficiency by
adjusting mesh size, allocating fewer resources to areas of lesser
interest or anticipated lower complexity in loading scenarios.

4. Address any open surfaces or holes by filling them and by
refining the mesh in the affected areas (if necessary). Note that
repairing the holes may remove geometry from the model.

5. To ensure the adequacy of mesh quality for FEA, the following
criteria should be satisfied:
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Fig. 4. [Top] The MD models, MD1, MD2, and MD3. [Bottom] The CT models, CT1,
CT2, and CT3, derived from the CFOAM® carbon foam material.

(a) The aspect ratio of each mesh, defined as the ratio of the
longest side to the shortest, must be less than 10.

(b) The mesh dihedral angles must fall within the range of
30◦ to 150◦ to ensure adequate element volume and
mitigate element ‘‘flatness’’.

6. Upload the final solid model to any FEA software, such as
Abaqus® (used in this study), for testing, validation, and char-
acterization.

2.4. Tensile properties

To validate the MD models, we computed their tensile properties
and compared the results with experimental tensile data obtained
from a carbon foam material. The carbon foam material used in this
study is a coal-derived carbon foam, CFOAM®, sourced from CONSOL
Innovations LLC (WV, USA). Additionally, we constructed carbon foam
models from 3D reconstructions of CT scanning of the CFOAM® ma-
terial, henceforth referred to as CT models. Although five CT models
were constructed and included as supplementary material, we focus
on discussing only three: CT1, CT2, and CT3 for consistency with the
MD models. These models are depicted in the lower panel of Fig. 4.
Collectively, the MD and CT models will be referred to as FEA models.

The CT models were generated in Amira-3D software utilizing
these modules (in the order): Extract Subvolume → Auto Thresholding →
Generate Surface → Scan Surface to Volume → Compute Volume Fraction
→ Generate Tetrahedral Mesh. The criteria for an acceptable mesh are
outlined in step 5 of the description on how to build MD models (Sec-
tion 2.3). This methodology in Amira-3D was employed exclusively
for processing the CT scan data.

2.4.1. Experiment
Fifteen CFOAM® dogbone samples were cut from sheets using a

ProtoMAX waterjet and designed to a uniform thickness with the NANO
1000T Grinder/Polisher from Pace Technologies. Tensile tests were
conducted using a 1.6 kN Psylotech Micro-testing (𝜇Ts) device. The
samples were subjected to uniaxial tension until failure under a mono-
tonic increasing load at 2.5 μm∕s (0.15 mm/min), with data acquisition
at a sampling rate of 20 Hz. To minimize surface effects on the grip
section, the samples were further sanded with 600-grit sandpaper. A
Linear Variable Differential Transformer (LVDT) [66], attached to and
positioned near the crosshead of the Psylotech testing device, was used
for strain measurement.
4

Fig. 5. A schematic illustration of the geometry (in mm) of the CFOAM® dogbone
samples used for tensile testing. The cross-sectional area (𝐴e) for the dogbone is
6.5 × 5 mm2.

In the absence of an ASTM standard for monotonic tensile testing of
brittle carbon foam, the sample geometry (dogbone) for the tensile tests
was designed to meet the specifications of the Psylotech device [69],
as illustrated in Fig. 5. The 25◦ grip region was optimized to enhance
the tension grip feature of the Psylotech device. To ensure the bulk
response of the carbon foam, we increased the recommended sample
thickness from 3 mm to 6.5 mm. This adjustment was made because a
thinner gauge section does not sufficiently represent the foam structure
in tension, as it does not include enough struts.

2.4.2. Finite element simulation
Finite element simulations were conducted on a VRLA Tech work-

station with an AMD Ryzen Threadripper 5965WX 3.8 GHz 24-Core
CPU, 256 GB DDR4 3200 MHz ECC RAM, and an Nvidia RTX4090
24 GB GPU.

The elastic and plastic properties for the FEA models were computed
using the standard and explicit solvers in Abaqus®, respectively. Ex-
perimental parameters for carbon foam were used as input to compute
the FEA tensile properties. These parameters, presented in the lower
section of Table 1, include the elastic modulus, strength, strain to
failure (obtained from our experiment) and Poisson’s ratio (sourced
from literature [67,68]).

To validate the solid model on experimental data, we employed the
single-element-model method (typically described in introductory FEA
textbooks) to determine the hydrostatic cutoff stress. Specifically, we
utilized the hexahedral C3D8 element type, and based on experimental
strain-to-failure of 1.157%, a strength value of 5.88 MPa was obtained
from the model (see Table 1).

Given the phenomenological nature of finite element methods, the
parameters used in finite element simulations are dependent on exper-
imental data [70]. For the tensile simulation, a scaling factor (𝜁) is
required to relate the experimental forces to the input for FEA. The
governing equation becomes:

𝜁 ∝
𝐹e
𝐹m

=
𝐴e
𝐴m

𝜌𝑟 (2)

where 𝐹e is the average force obtained from experiment (≈20.5 N)
and 𝐹m is the force calculated for the FEA models. 𝐴e and 𝐴m are the
corresponding cross-sectional areas. The relative density, 𝜌𝑟, is defined
as:

𝜌𝑟 =
𝜌𝑒
𝜌𝑚

(3)

where 𝜌𝑒 and 𝜌𝑚 denote the density of the dogbone specimen and
the FEA model, respectively. Utilizing the defined variables, a uniaxial
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Table 1
Derived properties of the MD and CT modelsa, and carbon foam parameters used for FEAb.

MD1 MD2 MD3 CT1 CT2 CT3

𝜉 68.7 71.8 84.2 70.0 70.3 70
𝜆min 0.284 0.218 0.062 4.312 4.692 23.210
𝜆max 31.54 17.52 14.67 366.10 361.92 509.31
𝛾 0.009 0.012 0.004 0.012 0.014 0.046
𝐿 137.0 69.1 67.4 1661.8 1215.3 3685.3
𝛽min 0.002 0.003 0.001 0.003 0.004 0.006
𝛽max 0.230 0.253 0.218 0.220 0.298 0.138
𝑆2 1.26 1.25 1.41 – – –
𝑆3 2.49 2.42 2.53 2.60 2.47 2.68
𝐷 2.90 2.93 2.97 2.92 2.92 2.88
𝜏 1.49 1.44 1.62 1.65 1.50 1.50
No. of atoms 64,000 10,000 10,000 – – –
No. of Nodes 25,298 20,610 598,277 86,855 60,939 1,598,973
No. of Elements 106,068 78,812 1,818,852 377,153 193,804 7,069,336

Parameters Modulus Strength Poisson’s Ratio Strain-to-Failure

Values 1022.22 MPa 5.88 MPa 0.33 [67,68] 1.157%

a 𝜉 is the porosity (in %), 𝜆min and 𝜆max is the minimum and maximum pore size (in μm) with and 𝛾 taken as the their ratio. 𝐿 is the average bounding box length (in μm), 𝛽min
(𝛽max) is the minimum (maximum) pore-to-box ratio. 𝑆2 and 𝑆3 are the 2D and 3D box counting dimensions. 𝐷 is the pore fractal dimension, and 𝜏 is the tortuosity.
b Carbon foam properties (parameters) and their respective values.
tension equation for finite element simulation is then obtained as [71]:

𝜎(𝜖) = 𝐸
(

1.1𝜖 + 3.74𝜖2 + 0.0343𝜌−1𝑟 𝜖3
)

(4)

Here, 𝜎, 𝜖, and 𝐸 denote the stress, strain, and the experimental
elastic modulus, respectively, from which a stress–strain relation can
be inferred [72].

For the FEA implementation, we maintained uniform initial condi-
tions (i.e. geometrical ratio, boundary, and loading conditions) across
all models before adopting any computational or characterization pro-
cedures, thus ensuring the credibility of the ensuing results. Conse-
quently, all the models were assigned the same initial elastic and
plastic properties using data obtained from experimental testing. Linear
tetrahedral elements of type C3D4 were used for the models. The
loading regimen for the models is governed by displacement, wherein
the top surfaces of the models were equally displaced utilizing the
displacement ratio derived from the experiment. The number of nodes
and elements for each model are detailed in Table 1.

3. Results & discussion

3.1. Simulation of atomistic models

The manufacturing process of CFOAM® involves subjecting coal
to temperatures ranging from 500 to 800 K under a fixed pressure
of approximately 500 psi to obtain the green foam [58,73]. During
this process, volatiles are released, primarily composed of hydrogen,
carbon, oxygen, nitrogen, and sulfur, along with areas of the coal
becoming molten. Concurrently, carbon atoms undergo cross-linking to
generate three-fold coordinated structures reminiscent of sp2 hybridiza-
tion found in graphite. These synchronized reactions culminate in the
production of the final porous material – the carbon foam [58].

Given the complexity and time constraints associated with molecu-
lar dynamics simulation of these intricate reactions (refer to Fig. 1),
our approach to simplifying these processes involves initiating pore
formation at the outset of the simulation, thus circumventing the need
to model the devolatilization stage. Furthermore, we opted to disregard
the isobaric component, which primarily pertains to the release of
volatiles [73], as they are not integral to the initial configuration of our
models. Consequently, our simulation method predicts the dynamics of
pore formation and the subsequent cross-linking of the residual carbon
atoms to form the three-coordinated conformation in both the bulk and
surface regions, mirroring the properties of carbon foam. It is pertinent
to note that the fixed volume and atom count in the initial configuration
5

inherently set the density, which is intentionally fixed to align with
the experimental density of the final carbon foam (between 0.3 to 1.0
g/cm3). We included an animation (as supplementary material) that
depicts the pore formation and cross-linking of the carbon atom during
heating, starting from randomly distributed carbon atoms to form a
three-coordinated configuration on the pore surfaces.

3.2. Fractal and pore characteristics of the models

A dramatic assumption of our method to use atomistic models as
representative structures of carbon foam for continuum scale simula-
tion hinges on the conjecture that the pore shape and pore size of any
porous medium have statistically self-similar fractal geometries [26,28,
29]. In this section, we analyze the fractal characteristics of the MD
models using the box-counting method. We extend the discussion to in-
clude the pore fractal dimension which sets the stage for the applicabil-
ity and justification of fractal geometry for our atomistic-to-continuum
approach.

3.2.1. 2D and 3D box-counting dimensions
Fractal dimension quantifies the complexity and space-filling at-

tributes of patterns or structures, indicating their non-integer scaling
behavior across different measurement scales. To assess the fractal
properties of the FEA models, we calculated the box-counting (or
Minkowski) dimension [74,75] in 2D (for the MD models alone) and
in 3D using the equation:

log𝑁(1∕𝜙) ≈ −𝑆𝑑 log𝜙 (5)

Here, 𝑁 is the number of boxes of side length 𝜙, required to cover the
filled region of the carbon foam unit cell, while 𝑆𝑑 , the slope, is referred
to as the 2D (𝑑 = 2) or 3D (𝑑 = 3) box-counting dimension. The log–log
plots of 𝑁 versus 𝜙, for the 2D box-counting calculations, are shown in
the left panels of Fig. 6a, b, and c for MD1, MD2, and MD3, respectively.
The slope of the regression line (black dashed line) indicates the 2D
box-counting dimension for MD1 (1.26), MD2 (1.25), and MD3 (1.41).
To obtain 2D images for the fractal analysis, the 3D models were sliced
into 2D, with each slice having a thickness of 5 μm, as depicted in
Fig. 6a (inset). The box-counting method was applied to each slice,
as illustrated in Fig. 6b (inset). The 2D box-counting calculation was
implemented using the PoreSpy toolkit [76].

The viability of the box-counting method for assessing the fractal
properties of the MD models was gauged by tracking the convergence
of the box-counting dimension across varying box sizes (𝑆 versus 𝜙).
These convergence plots for MD1, MD2, and MD3 are portrayed in the
right panels of Fig. 6a, b, and c, respectively. The horizontal regions of

the curves indicate the range where the box-counting method remains
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Fig. 6. The box-counting method employed to analyze 2D fractal characteristics of MD models. The left and right plots in a, b, and c represent the Log–log plots of filled boxes
versus box sizes, and the convergence of the box-counting dimensions for MD1, MD2, and MD3, respectively. The 3D solid models were sliced into 2D images of varying thicknesses
(inset in (a)) for box-counting (inset in (b)). The pore distributions of MD models (d) MD1, (e) MD2, and (f) MD3 are illustrated using spheres to represent pores and color-coded
by sizes. The throats of the pore network are depicted as connecting gray wires. Similar representations of the pore distribution of the CT models are shown in Figure S1. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
applicable. Beyond this threshold, the finite size of the model begins
to influence the analysis, leading to the divergence observed in the
plots for larger box sizes. Notably, the box-counting method can be
effectively applied to more than half of the bounding box length in
MD1, MD2, and MD3, which is 137.0, 69.1, and 67.4 μm, respectively,
as detailed in Table 1.

We abstained from computing the 2D box-counting dimensions for
the CT models, opting instead to obtain the 3D box-counting dimension
for all the models (as detailed in Table 1). The process for comput-
ing the 3D box-counting dimension closely resembles that of the 2D
method, without the need for slicing; cubes are employed instead
of squares for binning to ascertain the count 𝑁 . Our algorithm for
computing the 3D box-counting dimension of the models, facilitated by
Wolfram Mathematica [77], is provided as supplementary material
and available on our website [63].

The mean 3D box-counting dimension for the FEA models is de-
termined to be 2.5317 ± 0.0386. Interestingly, the MD models exhibit
a consistent pattern across both 2D and 3D box-counting dimensions,
with MD1 and MD2 displaying closer values than MD3. This observa-
tion suggests a persistent fractal nature, as anticipated, regardless of
system size. However, it also implies the potential influence of porosity
and pore distribution on the fractal properties of the carbon foam.
Thus, exploring an alternate mode of fractal characterization becomes
imperative: the 3D pore fractal dimension of the models.

3.2.2. Pore fractal dimension
Katz and Thompson experimentally showed that the pores in sand-

stone samples exhibit fractal characteristics with self-similarity across
length scales ranging from 10 Å to 100 μm [28]. They established a
correlation between porosity (𝜉) and the pore fractal dimension (𝐷) of
sandstone as:

𝜉 = 𝐴
(

𝑙1
)3−𝐷

(6)
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𝑙2
where, 𝐴 is a constant typically of order one, while 𝑙1 and 𝑙2 denote the
lower and upper limits of the self-similar regions, respectively. Theo-
retically conceived but empirically validated for predicting the fractal
dimensions of structures like the porous textile fabric and Serpiǹski
carpet and gasket, Yu and Li introduced the unified model for the
fractal characterization of porous media [29]:

𝐷 = 𝑑 −
ln 𝜉
ln 𝛾

∶ 𝛾 ≈
𝜆min
𝜆max

(7)

Here, 𝛾 represents the pore ratio, defined as the ratio between the
minimum (𝜆min) and maximum (𝜆max) pore sizes and 𝑑 (assumed as
2 or 3) signifies two- or three-dimensional space. Notably, Eqs. (6) and
(7) are equivalent when 𝐴 = 1, 𝑑 = 3, 𝑙1 = 𝜆min, and 𝑙2 = 𝜆max. In our
examination of the pore fractal dimension for the FEA models using the
unified model, we define 𝜆min and 𝜆max as the minimum and maximum
pore sizes within the representative volume element [29], as shown in
Table 1 for the MD and CT models.

To determine 𝜆min and 𝜆max, the pore distributions within the
models were computed utilizing the Pore Network Module integrated
within Avizo®. These distributions are presented in the right panel of
Fig. 6d, e, and f for MD1, MD2, and MD3, respectively. Corresponding
representations for the CT models can be found in Figure S1. In these
depictions, the pores within the models are visualized as spheres of
different sizes, each color-coded to indicate specific size categories.
The interconnecting gray wires represent the throats of the network,
facilitating transport between interconnected pores. It is worth noting
that, aside from MD3, which has a porosity of 84.2%, the porosities
observed for MD1, MD2, and all CT models approximate 70%. It is
reiterated that the porosities for the MD models were predetermined
during the construction of the models.

Table 1 shows the models’ mean pore fractal dimension of
2.92 ± 0.0124. Despite variations in the average length of the bounding
box enclosing the FEA models (indicated as 𝐿 in Table 1), the pore
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Fig. 7. Contour plots depicting the relationship between porosity, pore ratio, and pore fractal dimension across the models. The lower panel showcases a narrow range of the
pore ratio. These plots delineate the characteristics of the models within the pore configuration space (a), with annotations ‘‘1’’ through ‘‘6’’ corresponding to MD1 through CT3 as
organized in Table 1. Panels (b) and (c) illustrate the sensitivity of the pore fractal dimension to changes in the pore ratio and porosity, respectively. Full and dashed lines denote
positive and negative contours, respectively, while the color bar signifies regions within a specified range. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
fractal dimensions remain closely matched. This observation suggests a
fundamental statistical self-similarity within the structure of the carbon
foam – a concept pivotal for validating the atomistic-to-continuum
approach implemented in this study and discussed in the subsequent
section.

To further elucidate the nature of pore fractals in the models, we
introduce a parameter, the pore-to-box ratio, denoted as 𝛽m, where:

𝛽m =
𝜆m
𝐿

(8)

Here, m represents the minimum or maximum pore size. Although
individual values of the parameters in Eq. (8) exhibit considerable
variability across models, 𝛽min and 𝛽max closely match for all models,
as outlined in Table 1. Furthermore, the interrelationship among the
pore ratio (𝛾), porosity (𝜉), and pore fractal dimension (𝐷) in Eq. (7) is
visually depicted using color-filled contour lines in Fig. 7a. The plot in
the upper panel of Fig. 7a shows that the pore fractal dimension varies
smoothly with the porosity and sharply with the pore ratio. The first-
order derivative of Eq. (7) with respect to 𝜉 (Fig. 7b), while maintaining
𝛾 constant, and vice versa (Fig. 7c), both illustrates the sensitivity of the
pore fractal dimension to small changes in 𝜉 and 𝛾. The consistency in
values for the 2D box-counting dimensions of the MD models, the 3D
pore fractal dimension, and the pore-to-box ratios of MD models and
the CT models, provides evidence for statistical self-similarity and the
fractal nature of the MD models [27]. This observation strengthens the
validity of the atomistic-to-continuum carbon foam modeling approach
discussed in Section 3.2.3 and employed in this study.

We note that the advantage of using the MD model over CT models
for FEA is readily apparent upon examination of the significantly
reduced node and element counts necessary for finite element calcu-
lations, as illustrated in Table 1. In contrast to CT models, MD models,
even with dense meshing, require only approximately one-third of the
nodes and elements. This reduction is attributed to the MD models’
capability to employ smaller RVEs than CT models. Consequently,
the computational costs associated with utilizing the MD model are
substantially lower than those of the CT model, with virtually no
compromise in accuracy.

3.2.3. Analysis of the atomistic-to-continuum transition
We defer the detailed discussion on fractal theory in porous mate-

rials to the works presented in Refs. [29,31]. Here, we summarize the
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argument of Yu and Li [29] on the criterion for characterizing prop-
erties of porous media by fractal theory, which has been implemented
for carbon foams [31].

Majumdar and Bhushan derived the power law relation [78]:

𝑀(𝐴 ≥ 𝑎) =
(𝑎max

𝑎

)𝐷𝑓 ∕2
(9)

that accounts for the total number of contact spots (𝑀) on a surface of
area, 𝐴, greater than a given value, 𝑎, given the fractal dimension of the
surface, 𝐷𝑓 [79]. Subsequently, Yu and Li formulated a similar equa-
tion for the cumulative number of pores (𝑁) within porous media [29]:

𝑁(𝑙 ≥ 𝜆) =
(

𝜆max
𝜆

)𝐷
∶ 0 < 𝐷 < 𝑑 (10)

Here 𝑙 and 𝜆 denote the length scale and pore size of the porous
medium, respectively. Other variables retain their existing definitions
(see Eq. (7)). From Eq. (10), the total number of pores, 𝑁t, from the
minimum to maximum pore size can be calculated as:

𝑁t(𝑙 ≥ 𝜆𝑚𝑖𝑛) =
(

𝜆max
𝜆min

)𝐷
(11)

Taking the pore distribution to be a continuous and differentiable
function, one can obtain an equation for an infinitesimal change in 𝜆:

− 𝑑𝑁
𝑑𝜆

= 𝐷
𝜆𝐷max
𝜆(𝐷+1)

(12)

Dividing Eq. (12) by Eq. (11) leads to:

− 𝑑𝑁
𝑁t

= 𝐷
𝜆𝐷min
𝜆(𝐷+1)

𝑑𝜆 = 𝑓 (𝜆) 𝑑𝜆 (13)

𝑓 (𝜆) can be taken as a probability density function for pores in the
porous medium, as such, the normalization condition requires that:

∫

+∞

−∞
𝑓 (𝜆)𝑑𝜆 = ∫

𝜆max

𝜆min

𝑓 (𝜆)𝑑𝜆 = 1 −
(

𝜆min
𝜆max

)𝐷
(14)

≡ 1 ⟺

(

𝜆min
𝜆max

)𝐷
≅ 0 (15)

As inferred from Eq. (15), the viability of applying fractal geometry
to a porous medium pivot on the condition 𝜆max ≫ 𝜆min. Typically,
in porous media (and carbon foams), it is observed that 𝜆 ∕𝜆 <
min max
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Fig. 8. (a) Experimental stress–strain plots of 15 dogbone samples. (b) The smoothed average of experimental tensile data and FEA tensile data for CT1, CT2, MD1, and MD2.
The interquartile range (IQR), represented by the gray overlay, is the difference between the third (𝑄3) and first (𝑄1) quartiles. (c) Stress distribution in MD models M1 and M2.
10−2 [29,31,80–82], thus validating the applicability of fractal proper-
ties in such contexts.

Given the key role of pore characterization in validating our
atomistic-to-continuum modeling approach, we present a detailed dis-
cussion of our implementation to obtain pore properties of the models
using Avizo® in Section S2 of the supplementary material. Further-
more, we offer an explanatory video of this procedure utilizing the MD1
model, available as supplementary material, and on our website [63].
We aim to provide clear and comprehensive instructions to ensure
replicability and facilitate the expansion of our methodology to other
porous media.

3.3. Tortuosity analysis

Tortuosity is a morphological feature that describes the limiting
influence of pore structure on the transport properties of porous materi-
als. it represents the complexity of pore connectivity (e.g. sinuosity) in
these materials and influences their electrical, thermal, and mechanical
properties [83–85]. It is worth noting that tortuosity measurements
should ideally be consistent. Still, discrepancies may arise due to the
property studied, measurement techniques (i.e. geometric, hydraulic,
conductive, diffusive...), and the material structure model [85,86].
Thus, interpreting tortuosity relies heavily on the chosen methodology,
including 3D imaging, simulation, or laboratory experiments. In this
work, hydraulic tortuosity (𝜏) for the MD and CT models was computed
utilizing the following formula:

𝜏 =
𝑛
∑

𝑖=0

‖𝐯𝐢‖
𝐯 ⋅ 𝑧𝑖

(16)

Here, 𝑛 denotes the number of throats in the network, 𝐯𝐢 represents
the fluid velocity passing through the 𝑖th throat, and 𝐯 ⋅ 𝑧𝑖 signifies the
velocity projection along the flow direction (designated as 𝑧) through
the 𝑖th throat. The velocities were derived from the absolute permeabil-
ity obtained using the pore network model developed by Laroche and
Vizika [87] for two-phase flow, albeit implemented here for a single
phase, assuming the network is filled. The permeability computations
were performed using Avizo®, and additional methodological details
can be found in Ref. [88]. As shown in Table 1, the hydraulic tortuosity
obtained for MD1, MD2, and MD3 are 1.49, 1.44, and 1.62, respec-
tively, and 1.65, 1.50, and 1.50 for CT1, CT2, and CT3, respectively.
The tortuosity values obtained for all the models are close and within
the range obtained experimentally for carbon foam materials [85,89].

3.4. Tensile and deformation behavior

[90,91]. The stress–strain plots obtained for the 15 dogbone carbon
foam samples are illustrated in Fig. 8a. Due to the brittle nature of
carbon foam, variations in its mechanical properties are expected and
have been well-documented in the literature [90,91]. The early failure
observed in Fig. 8a can be attributed to defects or large pores in
the specimen. For comparison with FEA tensile data, we computed
the average stress and strain in the elastic region of the experimental
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dataset, excluding data points at and after failure. Fig. 8b illustrates
the (smoothed) average stress for the 15 experimental datasets and
the computed stress–strain curves for CT1, CT2, MD1, and MD2. CT3
and MD3 were intentionally left out since this study intends to explore
model construction with fewer nodes and elements that can be pro-
cessed in a modest workstation. Additionally, MD3 serves to show that
bulk representation is also achievable using our method.

Given the variation in failure strain among specimens, alongside the
mean stress–strain curve, we present the interquartile range (IQR) as a
gray overlay, representing the difference between the upper and lower
quartiles (𝑄3 - 𝑄1). The IQR is a measure of data dispersion, crucial
for identifying outliers that could distort traditional metrics such as
range or standard deviation. The mean experimental and FEA strain-
strain curves fall within the plotted IQR for the 15 datasets, confirming
the absence of significant outliers.

The mean experimental stress–strain curve closely aligns with the
behavior observed in both CT and MD models, albeit with a mi-
nor deviation where CT2 and MD2 exhibit slightly higher stiffness.
This discrepancy arises from variations in the structural attributes
of the models’ struts. Specifically, the orientation of the struts in
CT2 and MD2, parallel to the loading direction, enhances stiffness.
A limitation of our method, as well as CT-scan-based modeling, lies
in the inability to predetermine strut orientation. To address this, we
propose generating ensembles of MD models and selecting optimal
orientations—a computationally efficient alternative to constructing
multiple CT models. Furthermore, our analysis suggests that stiffness is
largely unaffected by foam porosity, as evidenced by similar porosity
levels across all models (Table 1).

Fig. 8c illustrates the stress distribution on MD models, MD1 and
MD2. Stress tends to accumulate at locations with abrupt geometry
changes and in regions featuring thinner struts. Conversely, areas with
closely interconnected struts exhibit more uniform stress distribution,
often approaching zero. In contrast, less dense regions or isolated
struts experience higher stress concentrations. These localized stress
variations are crucial for evaluating overall structural integrity and
identifying potential failure zones.

Understanding the deformation (failure) behavior of carbon foam,
particularly its brittle tensile response, is crucial for elucidating its
mechanical properties. Fig. 9 illustrates the simulated deformation
response of the MD2 model, with an accompanying animation detailing
the timeline of the brittle tensile response available as supplementary
material, and on our website [63]. We reiterate that the damage cutoff
stress was set to 5.88 MPa, which is the strength value in Table 1,
determined based on the failure analysis of a single-element model.
During the stages of brittle tensile response, rapid deformation and
failure of the model were observed with minimal plasticity, as depicted
in the middle panel of Fig. 9 (and the supplementary animation).
This behavior aligns with experimental observations of carbon foam
deformation, typically due to inherent defects such as voids, pores, and
structural irregularities within the foam matrix, serving as initiation
points for crack formation and propagation [90]. Further investigations
into the factors influencing deformation, including foam density, pore
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Fig. 9. The process of brittle tensile failure for the MD2 model is depicted. An animation showcasing the progression of the failure is provided as supplementary material, and
also on our website [63].
structure, and the presence of additives, are reserved for future studies
utilizing the MD models constructed herein. Thus, we present only
preliminary findings on the deformation behavior of the MD models.

4. Conclusions

We integrated the precision of molecular dynamics simulation with
the scalability and temporal efficiency of continuum modeling to de-
velop models capable of accurately representing carbon foams, crucial
for finite element analyses. Beginning with atomistic structures delin-
eating a porous carbon network, the methodology involves a series of
steps encompassing surface reconstruction and solid mesh processing
to yield models suitable for finite element simulation. The justification
for transitioning from atomistic to continuum models hinges on the in-
herent statistical similarity observed in porous media, including carbon
foam, permitting the application of fractal geometries and properties
to carbon foam. The comparison between the 2D Minkowski (box-
counting) dimension and the 3D pore fractal dimension, based on a
porosity power law relation, indicates comparable results for the two
discussed models in this study. We showed that, despite variation
between the length scales of the MD models and the CT model, the
values obtained for the pore fractal dimension, as well as the ratio of
the pore size to bounding box size, remain consistent across models.
This further supports the statistical self-similarity of carbon foams.

To validate the MD models, 15 dogbone samples of coal-derived
carbon foam (CFOAM®, sourced from CONSOL Innovations, WV, USA)
were fabricated, and 3D models were obtained from computed tomog-
raphy (CT) scanning of the CFOAM®. Tensile tests were conducted and
the stress–strain curve obtained from averaging of the experimental
dataset was shown to closely align with the FEA-calculated stress–strain
curve for the MD models. Lastly, the deformation (or tensile brittle)
response was discussed. This study presents a computationally efficient
and statistically robust approach for deriving the desired macroscopic
properties of carbon foam through finite element simulations.

We curated a set of supplementary materials to enhance the repro-
ducibility and refinement of our methodology. An overview of what is
included follows:

1. A traditional supplementary material document (PDF file) offer-
ing explanations for key discussions in this study.

2. A Web-App, Porous Carbon Constructor, that generates initial
models of porous carbon before MD simulation [51].

3. A tutorial video showing how we compute pore properties in
Avizo®.

4. All six configuration files of the FEA solid models featured in this
study, provided in .stl format. We provided two extra CT models
as well.

5. The Mathematica script used in computing the 3D box-
counting dimensions of the models.

6. An animation illustrating the evolution of pores and the cross-
linking of carbon atoms on pore surfaces during MD simulation
to generate the MD porous carbon models.
9

7. An animation showcasing the brittle tensile response for the
MD1 model.

Finally, we note that a promising application of our methodology
is in examining high-temperature thermal conduction in carbon foams,
where in-situ measurement methods are currently lacking [92]. Current
simulation approaches via FEA [5,8,31,93] consider macro-porosity
due to radiation propagation but overlook atomistic contributions from
carbon–carbon interactions. Our method addresses this gap by devel-
oping integrated atomistic and continuum models for specific carbon
foams. This allows for the simultaneous examination of carbon network
instability, carbon–carbon vibrations (using atomistic representations
and vibrational modes), and radiative contributions (using constructed
FEA models). This dual modeling strategy provides a comprehensive
understanding of the behavior and stability of carbon foams at high
temperatures, offering valuable insights for both research and industrial
applications.
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