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ABSTRACT: The search for load-bearing, impact-resistant, and
energy-absorbing cellular materials is of central interest in many  Daabase
fields including aerospace, automotive, civil, sports, packaging, and
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biomedical. In order to achieve the desired characteristic geometry — ‘ ) B | 5
and/or topology, a perspective approach may be used, such as \ comcootay T L
utilization of atomic models as input data for 3D printing of ‘ S—— T
macroscopic objects. In this paper, we suggest a new approach for L

the development of advanced cellular materials—crystallomorphic Denei) Mangagurng | Tosng |

Properties

design based on selection of perspective crystal structures and
modeling of their electron density distribution and utilization of
isoelectronic surfaces as a generatrix for 3D-printed cellular Heen e

materials. The ATLAS database, containing more than 10 million

existing and predicted zeolites, was used as a source of data. Herein, we introduced a high-throughput screening of a data array of
crystalline compounds. Several perspective designs were identified, implemented by 3D printing, and showed high characteristics. A
linear correlation was found between the strength of the samples and the minimum angle and minimum bond length in the
simplified crystal structures. A new cellular geometry with reinforcement struts and increased strength was discovered. This property
was found by us independent of the other works, in which the cellular structures were developed by an explicit method. Thus, the
developed approach holds perspective for the design of new cellular structures with increased characteristics and for the prediction of
their properties.

1. INTRODUCTION TPMS are a class of mathematically defined surfaces that
exhibit 3D periodicity and zero mean curvature and are
composed of repeating elements with the smallest possible
area. The Fermi surfaces of metals and equipotential surfaces

Cellular materials with low weight have a number of interesting
properties, such as high specific strength, rigidity, and large
compaction deformations, which make these materials

promising in various engineering problems. For example, are important examples of minimum energy thrice-periodic
cellular structures are used in protective structures,l heat surfaces. Nature gives many examples of labyrinth geometries
exchangers,” highly loaded load-bearing structures, and based on thrice-periodic surfaces of minimum energy. For
biomedical irnplants.3’4 example, in the wings of Callophrys rubi butterflies, chitin is
In some cases, the desired mechanical response is achieved organized in the form of a gyroid, where it functions as a
by changing the composition of the material. Other possible photonic crystal to scatter light and create a characteristic
routes are inspired by nature, where geometry and/or topology iridescent appearance.”
determgine most of 6the observed m7echanical propgerties, such as The formation of structures with the TPMS geometry in
bones,” sea shells,” ladybug feet,” shark teeth,” woodpecker lipid—water systems,”’ synthetic surfactants,”* alveolar struc-

endoskelet,” and beaks of a kingﬁsher.10 However, geometry-
controlled structures are not easy to reproduce due to the lack
of appropriate synthesis methods. Recent advances in additive -
manufacturing (AM) techniques have paved the way toward Received: February 10, 2023
the efficient fabrication of complex geometries."' ™" AccePted: June 26, 2023

In the works of Shevchenko, it was shown that structures Published: July 6, 2023
based on triply periodic minimal surfaces (TPMS) are superior
in the conditions of extreme mechanical loading due to their
physical nature.””*!

. 25 L .
tures of rabbit lungs,” and in inorganic mesoporous systems
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Figure 1. Algorithm of the crystallomorphic design of new cellular structures.

synthesized in the presence of amphiphilic components”® has
been shown.

Von Schnering in his early work®” showed the existence of
TPMS in crystals of a certain symmetry as a surface of zero
potential. The analysis of literature sources showed that there
are only a few publications on the presence of TPMS in the
structures of zeolites. For example, in?® the formation of
gyroid channels was experimentally observed. In,” the authors
showed that decorated carbon with a zeolite template divides
space into two nonintersecting labyrinths that describe a three-
times periodic minimum energy surface.

Due to good mechanical properties, recently, there have
been a number of publications on TPMS-based materials. At
the same time, a number of known TPMS are quite small, and
in order to further develop these fields, scientists need new
perspective TPMS-like geometries. Since well-known 3D
structures are crystal ones, atomic models as in%)uts for 3D
printing of macroscopic structures may be used.”*°~** The
surface is obtained by interpolating all of the positions of the
atoms and creating a mesh, which is subsequently used as input
for the manufacture of 3D printing. Some 3D-printed
structures have been found to have excellent mechanical
performance in uniaxial com;)ression and ballistic impact while
being extremely lightweight.”> This opens up new perspectives
for applications that require strong and lightweight materials in
structural applications such as aircraft and spacecraft. In
particular, schwartzites®® and tubulanes® are two families of
carbon-based materials that have demonstrated the effective-
ness of the concept of atomic 3D-printed structures mentioned
above. Schwarzites are three-dimensional crystalline materials
resembling triply periodic minimal surfaces (TPMS) in
shape.”” These are three-dimensional porous solids with
periodic minimal surfaces having a negative Gaussian
curvature, which can have unusual mechanical and electronic
properties. The results show that these structures have great
prospects as load-bearing and impact-resistant materials due to
the unique lamellar deformation mechanism that occurs in
these structures during loading.’® Tubulanes are also three-
dimensional crystalline structures based on cross-linked carbon
nanotubes.’® Recent studies have shown that many of the
features observed in molecular dynamics (MD) simulations of

carbon-based schwarcites and tubulanes are translated into
their respective 3D-printed structures.”>*** In particular,
tubulanes have incredible ballistic impact characteristics when
a high-velocity projectile stops at a depth of S mm in one of the
studied 3D-printed structures.”> Schwarzites and tubulanes
also share a common feature: they have a cellular or porous
structure, which makes them potential options for structural
purposes.’”*! Additionally, the deformation mechanisms and
behavior at high strength are similar for atomic and 3D-printed
macroscopic architected materials.*® Hence, other porous
structures with cavities may be of interest: zeolites, organic
framework structures, crystalline sorbents, metal—organic
frameworks (MOFs), porous polymer groups, and frameworks
of ionic conductors. The use of the Atlas of Prospective Zeolite
Structures (ATLAS) database,* containing more than 10
million predicted porous zeolite structures, opens up prospects
for obtaining a diverse array of surfaces. In this work, we use
topology generation based on the construction of isoelectronic
surfaces for crystal structures available in the ATLAS database.

In this paper, we suggest a new approach for the
development of new cellular structures—crystallomorphic
design based on the selection of perspective crystal structures,
modeling of their electron density distribution, and utilization
of isoelectronic surfaces as a generatrix for 3D-printed cellular
material. Herein, we introduce a high-throughput screening
approach consisting of analysis of a data array of crystalline
compounds and surfaces based on them. Further, we
demonstrated correlations between basic crystallochemical
data of simplified crystal structures and curvature of generated
surfaces with mechanical properties of 3D-printed functional
cellular materials.

2. MATERIALS AND METHODS

In this work, the ATLAS** database was used to create cellular
materials.

As an alternative path, researchers use a range of methods,
from intuitive to fully computerized, e.g., a method based on
splitting the zeolite structure into sheets or blocks and
assembling new zeolite structures based on them,* using an
annealing simulation algorithm,44 as well as machine learning

https://doi.org/10.1021/acsomega.3c00874
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Table 1. Samples, Distinguished by Corresponding Sample IDs from the ATLAS** Database

sample sample ID from ATLAS* database space group (s.g. #) number of Si atoms lattice parameter (a, nm)
200 tmp_200_2_776_pPPIWO Pm3 (200) 8 9.781
202 tmp_202_2_31854 FTWU7K Fm3 (202) 32 13.415
208 tmp 208 1 231 3tBAji P4,32 (208) 8 7.675
214 tmp_214_1 2241 _eeUbn9 14,32 (214) 12 9.739
221 tmp_221_1_1_3sg5b9 Pm3m (221) 48 14.835
222 tmp_222 2 1 1331 _4vfhyH Pn3n (222) 12 8.968

methods.”> However, for the most accurate study, it is
important to have a complete database containing all possible
structures of zeolites based on all possible combinations of
atomic arrangements in a unit cell. It is this combinatorial
approach that is partially implemented in the ATLAS
database.*”” Tt should be noted that in our work, only cubic
crystal structures from the database were considered for
analysis.

The high-throughput screening approach followed in this
study is represented as a schematic in Figure 1, where four
phases are highlighted: extraction of files from the database;
simplification of structures; their crystal chemical analysis;
generation of surfaces based on structure files and analysis of
their curvature; sample design; sample manufacturing; sample
testing; and numerical simulations.

2.1. Methods for the Analysis of Inorganic Crystalline
Compounds. Using the ATLAS database, an array of cubic
zeolite compounds was obtained, consisting of 279687
structures. The array was processed and sorted according to
the number of nodes (1—6) belonging to the same elementary
cell and space group. A statistical diagram of the distribution of
structures is shown in Figure S1 (Supporting materials).

The complexity of calculating and rendering the electron
density isosurface is related to the number of atoms in the cell
(Figure S1). With an increase in the number of atoms, the area
of the isosurface increases proportionally. This property of the
studied objects directly follows from eqs 1 and 2. This
ultimately leads to an increase in the size of the grid, which
plays a key role in the computer-aided design (CAD) system.
Because of this, it was decided to analyze structures with only
1—4 Si atoms (first selection).

The task of the analysis is to obtain a data array, which
includes information about the space group of the compound;
the number of silicon atoms (number of nodes); the number
of bonds; the unit cell volume; the maximum, minimum, and
average value of the bond length between atoms; and the
maximum, minimum, and average value of the angle between
silicon atoms. For automated search, sorting, structure
simplification, and crystallographic analysis of zeolites, the
ToposPro™® software package, a program for geometric and
topological analysis of crystal structures, was used.

The analysis process begins with the import of zeolite
database files in the Crystallographic Information File (CIF)
format. Then, within the framework of the task, three modules
were used (AutoCN, ADS, Dian) (the detailed description is
presented in the Supporting Materials, section “Crystal
chemical structure analysis using ToposPro”). Our method-
ology here is based on considering simplified structures as they
ultimately determine the shape of the isoelectronic density and
the 3D model for printing.

One sample from each space group (six in total) was
selected and analyzed (Table 1). For convention, we will
assume that the sample number corresponds to the space

24867

group number. Information on the number of atoms and the
volume of the unit cell, the number of bonds, the length of
bonds, and the values of the angles between atoms were
extracted (Table S1). For statistical data processing of a large
number of structures, a script written using R programming
language*” was developed.

2.2, Method of Modeling of the Surface. When
modeling cellular structures, the method of “crystallomorphic
design” was used, the main stages of which are shown in Figure
2.

214 221

202 208

214

221

Figure 2. Process of “crystallomorphic design”: (a) original crystalline
3 X 3 X 3 supercells (200, 202, 208, 214, 221, 222), (b) CAD model
of electronic density, (c) 3D-printed samples.
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We considered two approaches to obtain isoelectronic
density distribution. The first one, which is more accurate, but
requiring large computing power, is based on the application of
the density functional theory (DFT).**** The second
approach, fundamentally different and less accurate, is based
on the Fourier transform of the structure factors F(h), which
are calculated from the structure parameters and atomic
scattering factors of free atoms using VESTA software.” In X-
ray diffraction, the reflectance structure factor F with
diffraction indices hkl is formulated as

E(h) = gf, (W T(Wexp2ri(h; + ky, + Iz))]
j=1 (1)

where n is the total number of atoms in a unit cell, j is the
index of the atom, g; is the coefficient filling (settlement), f;(h)
is the atomic form factor, T](h) is the Debye—Waller factor,
and x;, y;, and z; are the atomic coordinates. For the studied
compounds, the difference between the methods is insignif-
icant, so calculation of the electron density was carried out
using VESTA software.”'

When calculating the density, it is necessary to set the
resolution in units of A. The resolution sets the number of grid
nodes N along each crystallographic axis in such a way that the
distance between each node is close to the set value. The
electron density p is determined at each point (x, y, z) in the
entire volume of the unit cell V by the formula

N./2 N,/2 N,/2

pan =< X Y X Hbew

h=-N,/2 k==N,/2 I=—N,/2
[27i(hx + ky + I2)] 2)

The described method is implemented in the VESTA
software package,”’ which allows one to visualize the structure
and three-dimensional grids, such as electron/nuclear
densities.

2.3. Adding Shell Thickness. Regardless of the method
used to calculate the electron density, the visualization of the
isoelectronic surface was carried out in VESTA. In the
stereolithography (STL) format, the model was exported and
imported into Rhinoceros CAD, where the Offset Mesh tool
was used, which set the indent of the original polygonal mesh
to 0.4 mm in both directions, which leads to the creation of a
wall with a thickness of 0.8 mm.

2.4. Sample Manufacturing and Printing Parameters.
Selective laser sintering (SLS technology) was used for 3D
printing of samples as it is a high-throughput high-quality
process, which is the most frequently used in the industry for
structural parts. Printing was carried out on the EOS Formiga
P110 machine. The polyamide-12 (PA2200, PA12) polymer
was used due to its high elastic and plastic properties. Printing
conditions were as follows: height of the layer: 100 ym; table
temperature: 169.5 °C; camera temperature: 150 °C. To
determine the elastic and plastic properties of the material,
cylinders were tested in accordance with ISO 604:2002 Tables
2 and 3.

2.5. Mechanical Testing. The samples were tested for
compressive strength on a universal testing machine Shimadzu
AG-S0kNXD at an air temperature of 25 °C and a loading
speed of S mm/min in accordance with ISO 604:2002
“Plastics—Determination of compressive properties”. It is
known that 3D-printed products are characterized by high

Table 2. Linear Mechanical Properties of 3D-Printed
Polyamide-12

Young’s yield
densitzr modulus Poisson’s strength compressive
(g/cm?) (MPa) ratio (MPa) strength (MPa)
1.00 1440 0.33 27 44

anisotropy that occurs due to the layered construction of
samples. In this regard, the tests were carried out along the
growth axis (along the z-axis).

To assess the prospects of using designed samples as energy
absorbers, the characteristics were analyzed according to.””

The damping characteristic of cellular materials in the form
of impact absorption energy A from stress—strain curves was
calculated as

€max
A= f ode
0 (3)

where ¢,,, and o, are the maximum deformation before the
beginning of the compaction area and the stress of the ultimate
strength of the sample, respectively.

The effective impact absorption energy E” can be calculated
as

E = (/(;gnm Gd€)/(5max€max) (4)

where o,,,, is the maximum stress achieved during the test of
the samples in sections of linear and elastoplastic deformation
on the stress—strain curve.

2.6. Surface Curvature Measurement Methods. To
measure the curvature of surfaces, a script was developed and
used (Supporting Information), which allows one to find the
minimum, maximum, Gaussian, and mean curvature of the
model’s surface. According to Alain McKay, TPMS-based
structures are c_aépable of dissipating mechanical energy quite
efficiently."***~>° One of the most important properties of
TPMS, which provides them with high mechanical properties,
is the zero mean curvature.””” The mean curvature of a surface
is an extrinsic measure that comes from differential geometry
and that locally describes the curvature of an embedded
surface.”® Thus, it can be assumed that structures with mean
curvature values tending to O have better mechanical
properties.

The script allows one to display the distribution of the mean
curvature on the surface in the form of a color map, which can
be used to determine areas of a sharp change in magnitude.

3. RESULTS AND DISCUSSION

3.1. Results of Crystallographic Structural Analysis.
As a result of crystallographic analysis, about 39 000 structures
were processed. As mentioned in Section 1, the structural
diversity of the zeolite structures is so large that for the
convenience of maintaining statistics, one can use the so-called
counting diagram: namely, the point size on such types of
graphs indicates the number of structures with the same value
along the y-axis (Figure 3). This graph was generated using
Ggplot2,*” a data visualization package for the statistical R
programming language.

The main criteria by which candidates for the study of
mechanical properties were selected were the number of nodes
in the simplified structures (the detailed description is
presented in the Supporting Materials, section “Crystal

https://doi.org/10.1021/acsomega.3c00874
ACS Omega 2023, 8, 24865—24874
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Table 3. Nonlinear Mechanical Properties of 3D-Printed Polyamide-12

true stress (MPa) 27.12 30.00 34.09 37.00 40.01 43.02 46.00
true plastic deformation 0 0.002 0.007 0.011 0.016 0.023 0.032
100000 4 I was used for 3D printing. Further, the designation of the
i sample corresponds to its spatial group.
SHE E i 3.3. Mechanical Testing of 3D-Printed Cellular
300001 | i l‘ te Materials. 18 samples were printed with a TPMS-like
= LN IS F X topology, three for each surface under study. Deformation
i1 4 ! curves and specific strength of the 3D-printed samples are
< 100001 B shown in Figure 4. The parameters of 3D-printed samples are
§ ’ shown in Table 4.
S 30001
@
19007 84> 00— 202 208
—214——221 222
300- Quantity ® 5 @ 10 @ 15 @ 20 .
0 100 200 300 400 500 600 700 800

Number of nodes

Figure 3. Relationship between the number of nodes of the simplified
structure and cell volume.

chemical analysis using ToposPro”) and the cell volume.
Figure 3 shows the statistics of these parameters.

Information on the statistics of other structure parameters,
such as maximum, minimum, and average values of bond
length and angle between bonds in the simplified structures,
may be found in the Supporting Information (Table S1).

3.2. Results of Rapid Screening of Crystal Structures.
It was found that crystalline compounds of zeolites from
different space groups could form the same isotype structure.
This is due to the peculiarity of database generation, which
does not take into account all sorts of permutations, shifts, and
transfers.

Many zeolite frameworks with gyroid channels have been
found. Since the isoelectronic density follows the shape of the
channels, this leads to the fact that many different structures
give the same TPMS-like gyroid geometry.

In spite of the fact that in ref 59 for the Schoen gyroid the
corresponding TPMS-forming crystalline materials were not
found, such a surface can be easily obtained on the basis of
zeolites with gyroid channels, both from experimental
structures and from theoretically predicted ones, which is
demonstrated in this work.

This observation shows that, as a result of studying the
extensive crystal databases, it is possible to find structures that
make it possible to generate all known TPMS, and moreover,
new TPMS-like surfaces may be founded.

Due to the presence of a large number of chemical
restrictions, many structures are nevertheless eliminated.

Since only structures with a unique geometry are of the
greatest interest, six compounds were selected from all cubic
space groups, whose isosurfaces were not similar to each other.

The results of the computational screening are presented in
the Supporting Information, along with the parameters of
crystalline compounds.

The 214 and 200 space group isoelectronic surfaces are
gyroid- and IWP-like (types of TPMS geometries), respec-
tively. The structure 208 of the group forms two inter-
penetrating, without intersection, surfaces, so only one of them
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Figure 4. (a) Experimental deformation curves and (b) histogram of
the specific strength of six 3D-printed cellular samples.

It can be seen that the transition to the plastic region is
performed for all samples at 4% strain, which corresponds to a
compression of 1.2 mm. The sample on the basis of the crystal
structure from space group #202 has a distinctive curve, which
can be interpreted as follows: when the ultimate strength is
reached, there is a sharp decrease in the load associated with
the fluidity of the cellular layer. As soon as one layer has
completely collapsed (the first minimum on the curve), the
material has partially compacted and is able to continue to
resist the load. A similar behavior is observed for the second
and third layers. As soon as complete compaction occurs, a
gradual increase in stress occurs. The same interpretation also
works for other samples, where, taking into account the

https://doi.org/10.1021/acsomega.3c00874
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Table 4. Comparison among the Designed Relative
Densities, Weighted Relative Densities, and Array Size for
the Complex Geometries®

weight (g)
space designed relative
group #  size (mm) 1 2 3 density (%)
200 30 + 0.1 8.2 8.1 83 30
202 11.2 10.4 10.3 39
208 4 3.9 4.1 15
214 6.4 6.8 6.5 24
221 9.3 9.5 8.9 34
222 7.8 8.1 7.3 29

“All cubes are designed to have 30 mm sides.

characteristics of the sample, another characteristic curve is
observed.

In addition, it was found that the dependence of the relative
strength vs relative density of our samples obeys the Gibson—
Ashby law®® (Figure 5). The relative strength here means the
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Figure S. Relative strength Ashby charts of our samples in
comparison to that of TPMS-%* and strut-based®" lattices.

ratio of the strength of the cellular material to the strength of
the solid material. It can be seen from Figure S that the error of
the linear approximation is small. The parameters of the
obtained samples were compared with the parameters of
several experimental works found in the literature.”"®* Khiavi
et al.®" studied the mechanical properties of PA12 strut-based
cellular materials. Shevchenko et al.%* studied the mechanical
properties of PA12 TPMS-based cellular materials. Addition-
ally, it also follows from Figure 5 that the approximating lines
for our structures and materials based on TPMS are close to
each other, which allows us to conclude that using the
“crystallomorphic design” it is possible to obtain a TPMS-like
topology. In general, sheet-based cellular structures (ours and
TPMS) have superior mechanical properties compared to
strut-based cellular materials.

The values of the specific strength in relation to the filling
factor from Table 4, which takes into account the weight of the
product, are presented in Figure 4b.

As a result, the most durable, considering the weight of the
material, is the 200 sample from the space group #200 with an
IWP-like topology. The sample from s.g. #208 turned out to be

less durable. Among the structures with a new unique
topology, the 221 sample can be distinguished.

In accordance with eq 3, impact absorption energy A was
determined at 30% deformation. The results are presented in
Table 5.

Table 5. Energy-Absorbing Properties of the Samples

space group #

200 221 214 202 222 208
A (MJ/m?) 1.57 1.65 1.07 1.67 0.84 0.37

Samples 200, 221, and 202 can be singled out as the most
preferred structures in terms of mechanical energy dissipation
(Figure 6a, Table S). Among the studied samples, the 221
sample has a preferred combination of high strength, efficiency,
and energy-absorbing properties.

@) .

3.0+

T
0 10 20 30 40 50
Deformation, %

T T T T T

10 20 30 40 50
Deformation, %

Figure 6. (a) Dependence of impact absorption energy and (b)
effective impact absorption energy on deformation of the samples.

It can be seen that the graph of the specific impact
absorption energy from deformation for all samples is almost
linear, which indicates the uniformity of energy absorption
during deformation of the samples under the action of external
forces. Such energy absorption curves are characteristic of
classic honeycomb materials used for single action energy

absorbers.®> Samples 200 and 202 absorb more energy when
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Figure 7. Mean curvature distributions, plotted as histograms and color-encoded surfaces, for the samples 200, 202, 208, 214, 221, and 222 (images

a—f, respectively).

Table 6. Values of the Correlation of the Specific Strength and Parameters of the Crystal Structure

correlation of structure parameters with specific strength

Nuodes Noonds v (&%) in (A)

e (A)
0.40 0.50 0.52 0.81 021

dog (A) Ponin () Prnax (°) Pavg ()
-0.58 0.87 0.56 -0.56

deformed than the other samples because the slope of the
energy absorption curve of samples 200 and 202 is higher than
that of the other samples.

To evaluate the shock-absorbing characteristics of cellular
materials, it is convenient to use the effective impact
absorption energy E”. For an ideal energy absorber, E” = 1.
All of the studied samples except for #208 have a high effective
impact energy E” (Figure Sb), and the maximum value of E”
for samples 200 and 214 exceeds 0.8, which is a high value.

In order to understand the difference in mechanical
properties, some analytic approach should be used. For
example, in paper,”* skeletal graphs are used. Here, were
implemented two approaches: (1) to estimate the mean
curvature of the generatrix; and (2) possibly find the
relationship between the parameters of the crystal cell used
as a source for modeling and the strength of the derived
samples.

3.4. Mean Surface Curvature. Let us consider the
isosurface obtained for the #200 sample. Figure 7 shows the
mean curvature distribution, which can be attributed to the
Gaussian type (normal). Mathematical expectation of the
mean curvature g = —0.03. The image shows that the surface
does not contain areas of a sharp change of curvature values.

As a result, these surfaces are very close to minimal ones and
they can be considered TPMS-like. For sample 208, the mean
curvature is positive (Figure 7c), and it turned out to be weak
(Figure 4b). Samples with mean curvature equal to 0 or a
negative curvature show the best results.

3.5. Parameters of Crystalline Compounds. Further, it
was assumed that mechanical properties should correlate with
some parameters of crystalline compounds. The correlation
coefficients of specific strength with values of studied

parameters are shown in Table 6 and Figure 8. Here, N4,

24871

is the number of nodes; Ny 4 is the number of bonds between
atoms in the unit cell; dpyy diey and d,,, are the minimal,
maximal, and average distances between nodes, respectively;
Prminy Pmaw aDd @y are the minimal, maximal, and average
angles between bonds in the structure simplified by the
ToposPro*® software package, respectively; and V is the cell
volume.

From Table 6 and Figure 8, it follows that the highest
correlation is observed for the minimum angle and the
minimum bond length in the simplified crystal structures.

According to Table 5, sample #202 is the most energy-
absorbing. Compared to the others, one can see that #200 has
a large number of struts (ribs) (Figure 2c), so its specific
strength is also higher. Similar strut-reinforced TPMS-based
lattices were designed and tested in Cai’s work.”> From his
results, it was found that for the case of a vertical ribbed
structure, the effective uniaxial modulus of the primary
primitive sheet-based TPMS structure can be significantly
improved. Thus, independent of Cai’s work, using our high-
throughput screening approach, the cell-based arrays with a
similar topology and high specific mechanical characteristics
were found. This demonstrates the potential of the proposed
approach in the search for new topologies of cellular materials
with improved mechanical properties.

4. CONCLUSIONS

For the design of new high-strength cellular structures with
increased energy-absorbing properties, a high-throughput
approach has been developed. The method is based on
extraction of structures of cubic zeolites from the extensive
ATLAS database and processing them by the ToposPro
software package. This made it possible to obtain complete
statistics of cubic zeolites from the ATLAS database, which was
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Figure 8. Correlation between the specific strength of the sample and
minimum angle and minimum bond length in the simplified
structures.

subsequently used in the study of correlations. The approach
used in the work made it possible to find analogues of IWP and
gyroid, which makes this technique promising for the search
for new TPMS and TPMS-like structures. A study of the
mechanical properties of thus-designed samples proved its
validity. It is shown that specific strength has a linear
correlation with the mean curvature. The surfaces of the
structures under study do not contain areas with high positive/
negative mean curvature, which means that the topology is
TPMS-like, but not minimal. The study of the parameters of
crystal structures, the isoelectronic surface of which is similar
to that of TPMS, revealed the presence of a linear correlation
between the strength of the sample and the number of atoms
in the unit cell. The maximum correlation coeflicient was
found to be 0.87 (vs minimum angle in the simplified crystal
structure). These findings allow one to predict the mechanical
properties of cellular structures. A new cellular geometry with
the structure reinforced by struts and increased strength and
energy absorption was found, sample #202. This property was
discovered by us independent of Cai’s works,”” in which the
cellular structures were developed by a more explicit method.
Our research demonstrates the potential of our approach in the
design, screening, and prediction of mechanical characteristics
of new TPMS-like cellular materials with superior perform-
ance.
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