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ABSTRACT

This study explores the mechanical properties of porous structures derived from 15 triply periodic
P-surfaces (TPS(P)) originally modeled on zeolite atomic frameworks. Elastic characteristics were
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computed for representative volume elements (RVEs) of these surfaces, revealing significant varia-

tions in elastic moduli and pronounced anisotropic behavior. From the RVEs of the most mechan-
ically robust structures, larger-scale architectures were fabricated using PLA+ material via additive
manufacturing (AM). These specimens underwent thorough mechanical characterization, integrat-
ing numerical simulations with experimental tests, including load curve analysis. Computational
predictions showed strong alignment with experimental data. A key finding is that some struc-
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tures exhibit compressive strength surpassing that of the base material, underscoring the excep-
tional load-bearing capacity of these engineered porous structures.

1. Introduction

Nowadays porous structures based on triply periodic surfa-
ces (TPS) and triply periodic minimal surfaces (TPMS) with
various topological and geometric parameters are being
actively studied and utilized across diverse fields of science
and engineering [1-15]. Such structures exhibit remarkable
mechanical [1-5], thermal-conductive, and hydrodynamic
properties [6,7], as well as the ability to absorb deformation
energy [8,9]. The literature actively discusses the use of peri-
odic porous structures in biomedicine for bone implant
applications (see, e.g. [10-13]). Porous structures based on
TPS/TPMS can serve as an excellent foundation for creating
interpenetrating phase composites (IPCs) [14,15] as well as
metamaterials [16-19]. Triply periodic TPS/TPMS-based
structures have gained particular importance due to
advancements in additive manufacturing (AM), which ena-
bles their integration into numerous engineering solutions,
thereby increasing interest in their theoretical and experi-
mental investigation [8,11,14,17,18]. It should be noted that
AM has naturally evolved into so-called 4D printing with
the use of shape memory materials. In this regard, we high-
light the studies [20,21], which investigate the influence of
external conditions and printing parameters on the shape
memory properties of samples made from PLA-based
plastics.

A broader adoption of TPS/TPMS-based porous struc-
tures is hindered by the limited number of known TPS con-
figurations, despite their long research history [22].
Typically, studies and applications focus on a very narrow

range of TPS/TPMS (e.g. [10]). This limitation underscores
the need to develop new methods for generating TPS with
diverse topological and geometric properties (see, e.g. [23]).
Among recent studies focusing on the development of new
TPS/TPMS structures, we highlight in Felix et al., Yu.
Arsentev et al., and Castaneda et al. [23-26].

Recently [27,33], we proposed a novel approach to design
porous structures based on TPSs derived from topological
network representations of crystalline chemical compounds,
in particular zeolites [28] and metal-organic frameworks
(MOFs) [29]. Based on the relations between TPSs and crys-
tal structures [30], this method allows generating an infinite
set of TPSs and the corresponding porous materials using
periodic network templates and the ToposPro software pack-
age [31]. Once a surface has been given finite thickness, it
can be fabricated via 3D printing, and its physical properties
can be simulated using standard computational tools like
ANSYS [32] or investigated experimentally. Our method is
based solely on the geometric and topological properties of
periodic networks [27,33] and can be applied to frameworks
with nonstandard nodes, enabling the use of both real crys-
tal structures and a wide array of artificially designed net-
works as templates for generating TPSs.

The method developed in Smolkov et al. [27,33] was
applied to analyze the atomic frameworks of 253 zeolite
crystals. From this set, 98 TPS/TPMS and a corresponding
number of porous structures were obtained, differentiated
by topological type, genus, space group symmetry, labyrinth
network topology, Hopf network topology, and balance
property [33]. It should be noted that the most widely used
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TPMS in current literature are surfaces such as the primitive
surface (Schwarz P), gyroid surface (Schwarz G), and dia-
mond surface (Schwarz D). Within the entire collection of
surfaces derived from zeolite atomic frameworks, we identi-
fied 15 surfaces as primitive surfaces (P-type), which will be
referred to as TPS(P). In this work, we focus on a compara-
tive analysis of the mechanical properties of porous struc-
tures based on these 15 surfaces, leaving surfaces of other
types beyond the scope of our study. Notably, this set of P-
surfaces includes both novel configurations and well-known
structures such as the widely used Schwarz P-surface (see,
e.g. [10]), which was obtained in our approach through
topological analysis of the sodalite crystal lattice and is des-
ignated as SOD.

All TPS(P)s in this study share several key characteristics
prior to smoothing:

i. They are composed of planar quadrilaterals and hexa-
gons (4- and 6-membered rings).
ii. They possess identical dual labyrinth network topolo-
gies (pcu).
ili. They have a genus of 3.
iv. They are balanced surfaces.

The surfaces differ primarily in their derivation from
atomic lattices of varying symmetry - ranging from mono-
clinic to cubic systems.

In this study, we employ ANSYS to compute mechanical
properties of TPS(P)-based porous structures, specifically:

i.  Effective values of elastic compression moduli.
ii.  Shear moduli.
iii. Poisson’s ratios.
iv. Their dependence on relative density via the Gibson-
Ashby scaling law [34].
v. Von Mises stress distribution across the structures.
vi. Distribution of the third invariant of the stress tensor.

The calculated properties are compared with those of the
Schwarz P-surface (SOD), with particular attention to surfa-
ces exhibiting extreme mechanical characteristics. Next,
more complex porous structures were assembled from the
representative volume elements (RVEs) of the selected con-
figurations with optimal properties. These structures were
fabricated using PLA+ material via 3D printing for experi-
mental measurement of compression moduli and derivation
of corresponding stress-strain curves. The measured mech-
anical properties of the complex porous samples were then
compared with those of structures commonly used in con-
temporary research.

The article is structured as follows. Section 2 provides a
concise description of the methodology for generating triply
periodic networks using the ToposPro software package,
along with the technique and Porous 3D software for creat-
ing the corresponding TPS structures with finite thickness in
formats to be suitable for 3D printing. Section 3 is devoted
to the numerical modeling of effective elastic moduli of
TPS(P) elementary cells used in this study. Section 4

simulates the mechanical properties of more complex sam-
ples of porous structures assembled from TPS(P) unit cells
with extreme mechanical properties, which are made of
PLA+ plastic. Section 5 presents the results of experimental
studies of samples from Section 4, manufactured using addi-
tive technology. The Conclusion summarizes the key find-
ings of the study.

2. Triply periodic surface generation

Recently [27], we introduced a universal method designed to
generate TPSs, which can be applied to any periodic lattice
of crystal structures that admits a natural tiling. The main
idea of the method is to use crystals as natural periodic tem-
plates for TPSs. The atomic structures of some crystals have
configurations similar to the labyrinth networks of TPSs
(e.g., the atomic lattice of sodalite, see Figure 1).

The atomic network of such crystal decorates the corre-
sponding TPS, and we find the decoration through con-
structing tiling [35], which represents a partitioning of the
crystal space into generalized polyhedra (tiles) that fill this
space without gaps or self-intersections. The faces of the
tiles are formed by rings of the atomic network; hence, the
tiles can be non-convex and can contain two-coordinated
vertices [36]. Out of all possible tilings, the so-called natural
tiling can be identified [37], in which the tiles are minimal,
i.e. they cannot be split to smaller tiles. Such natural tiles
act as fundamental building blocks for constructing larger
tiles. Using this method, 98 TPSs based on zeolite crystal
structures were generated [27]. Their topological descriptors
were calculated revealing 55 distinct topological classes of
surfaces. Among these, 12 surfaces were found to be iso-
morphic to already known TPMSs, while four out of the 98
surfaces represented new TPMSs. Additionally, 39 surfaces,
though not minimal, were classified as TPSs.

Interestingly, several zeolites enabled generating 15 TPSs
to be geometrically and topologically resembling the
Schwarz P-surfaces. The resulting TPSs can be categorized
into three subclasses (Table 1, Figure 2). The P class

Figure 1. Atomic lattice of SOD zeolite (sodalite).



Table 1. Schwarz P-Surfaces subclassification by their geometrical parameters.

P-type Zeolites (Figure 2)
Schwarz P SOD (Sodalite),
B RHO (Rhodenite).
P-like (P) LTA (Linde Type A),
B ATN (MAPO-39).
P-disp (Pp) MER (Merlinoite),
SAS (STA-6),
BCT (Mg-BCCT),

JSW (CoAPO-CJ62),

HEU (Heulandite),

CGF (Cobalt-Galiium-Phosphate-5),
ITW (ITQ-12),

EDI (Edingtonite),

UEIl (Mu-18),

BRE (Brewsterite),

LAU (Laumontite).

The P class represents surfaces that align with the classical Schwarz classifica-
tion, the P-like class united surfaces that bear a resemblance to P surfaces
but can undergo compression or stretching, P-disp class is a set of surfaces
which are topologically identical to P surfaces yet they have different unit
cells because these unit cells are extracted from another segment of an
infinite triply periodic structure.

represents surfaces that align with the Schwarz classification.
P (P-like) surfaces are those that bear a resemblance to P
surfaces but can undergo transformations such as compres-
sion or stretching. Meanwhile, Py (P-disp) surfaces are
topologically identical to P surfaces, yet they have different
unit cells because these unit cells are extracted from differ-
ent segments of the same infinite triply periodic structure
and these surfaces can also undergo transformations.

We follow the three-step workflow proposed in [33],
schematically shown in Figure 3:

1. Generation: TPSs are computationally generated via
ToposPro [31]. Using previously discussed network
approach and net partitioning into natural tiles TPS
generation is achieved by removing some tile faces
under three conditions: all nodes and edges must lie on
the TPS (decoration condition); each edge is shared by
exactly two remaining faces (edge condition); edges
meeting at a node belong to different face pairs (node
condition). All valid face-removal combinations are and
archived in the .t3g file format (Figure 4).

2. Processing and refinement: The TPS models undergo
spatial adjustments, smoothing, and thickening (Figure
5) using Porous 3D [38] algorithms, with the final out-
put exported as an .stl file for further use. Spatial
adjustments incorporate a model translation algorithm.
To generate an infinite TPS, the method analytically
implements parallel translation in a rectangular coordin-
ate system, enabling seamless boundary connections
between adjacent unit cells. The facet smoothing algo-
rithm combines Laplacian and optimization-based
approaches to minimize the difference between max-
imum and minimum mean curvature values across sur-
face mesh vertices, achieving TPMS-like smoothing.
Mean curvature calculation employs Delaunay triangula-
tion and normal cycle theory from differential geometry
[39]. Surface thickening algorithm creates volumetric
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structures by offsetting the surface by a specified
thickness.

3. Analysis and validation: The porous material model is
either simulated in ANSYS [32] to evaluate its physical
properties or fabricated via 3D printing for the subse-
quent experimental investigation.

3. Effective elastic moduli of TPS(P) unit cells

For the comparative investigation of mechanical properties
in TPS(P) porous structures, we computed the compression
moduli, shear moduli, and Poisson’s ratios of their unit cells
(Figure 2) under multidirectional loading, along with von
Mises stress distribution analysis. Each TPS(P) structure was
constructed by tessellating the unit cells along three orthog-
onal directions, with all unit cells designed within a
20 X 20 x 20mm cubic envelope and featuring 2mm wall
thickness. The digital twins of these unit cells were con-
verted into RVEs.

The ANSYS [32] simulations employed structural steel
[40] as the model material due to its well-defined linear
elastic properties (Table 2), using finite element (FE) meth-
ods, which are commonly used for the calculation of mech-
anical properties of porous structures (e.g. [41]). In our
work, the FE method incorporated Dirichlet periodic bound-
ary conditions. Loading was applied through prescribed dis-
placements equivalent to 3% of the corresponding RVE
dimension. We utilized SOLSH190 continuum solid ele-
ments with 8-node connectivity and three degrees of free-
dom per node [32]. These conditions were selected for their
capability to handle geometric nonlinearity while maintain-
ing uniform mesh distribution that is a critical requirement
for accurate elastic property analysis. The multi-zone mesh-
ing approach generated quadrilateral elements with a charac-
teristic size of 1.7 mm throughout the models.

The simulated effective elastic properties of the TPS(P)-
based porous structures are presented in Table 2. Our ana-
lysis revealed that all of them demonstrated maximum stiff-
ness when compressed along the z-axis direction, while
exhibiting their lowest compression modulus under x-axis
loading. Notably, the z-axis compression moduli significantly
mostly exceed those of the commonly used porous structure
based on the Schwarz P-surface (labeled SOD in our
approach as derived from the sodalite atomic network [23]).
The averaged compression moduli along the remaining two
principal directions also surpass the corresponding values
for the Schwarz P-surface structure. The analysis of
Poisson’s ratios (Table 2) identifies the ATN, BRE, and LAU
TPSs with anomalously high values exceeding 0.5.

We calculated the Pearson, Spearman, and Kendall corre-
lations between the values of mechanical parameters in
Table 2 and topological-geometrical characteristics of the
porous structures. All correlations rather weak
(r<0.5). This result indicates that reliable correlations
between topological-geometric characteristics and mechan-
ical properties in TPS/TPMS-based porous structures may
require alternative descriptors more intrinsically related to
the surface geometry and topology [42].

were



4 M. A. FROLOV ET AL.

P surfaces P-like surfaces

LTA

RHO

P-disp surfaces

BCT
ITw

SAS

ATN
JSwW

SOoD
MER
HEU

CGF

2 g

Figure 2. Unit cells of 15 TPS(P)s from Table 1 obtained from zeolites.
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Figure 3. The computational workflow for modeling porous materials, as implemented in reference [33].

1 CGF: 3D surface formed by rings: ¢ 4a,< 4b, @ 6b, © 8a

2 15.50100 (a) 16.90200 (b) 7.27300 (c)

3 90.00 (a) 96.07 () 90.00 (y)

4 RING4 a

X z
5 0.30770 0.90890 0.93830
6 0.42090 0.76570 0.84390
7 0.25850 0.67350 0.73510
8 0.17670 0.84130 0.63880
9

Figure 4. t3g File generated by ToposPro for TPS represented by eight (4a) and eight (4b) different independent 4-membered, eight (6b) 6-membered, and four
(8a) 8-membered rings of periodic net obtained from Co-Ga-P-5 zeolite (CGF) crystal structure as well as the dimensions and angular parameters of unit cell.

a) Exctracted TPS b) Smoothed TPS

c) Translated smoothed TPS d) Print-ready TPS

Figure 5. Generated TPS from Co-Ga-P-5 zeolite (CGF) before and after processing with porous 3D. a) Extracted from ToposPro CGF TPS. b) Smoothed CGF TPS. c)

Translated and smoothed CGF TPS. d) Print-ready CGF TPS.

Figure 6 presents the simulated von Mises stress distribu-
tion patterns across the samples. The results demonstrate
generally uniform stress distribution with limited high-stress
concentration areas. The BRE structure shows particularly
notable behavior, exhibiting exceptionally low stress concen-
trations. In contrast, several structures display more pro-
nounced high-stress regions, including ITW, LAU, RHO,
SOD (Schwarz P-surface), and UEI configurations.

The elastic parameters of the RVEs for porous structures
in Table 2 were obtained using a model where steel was
specified as the base material. To extend the applicability of
these calculations - ie. to assess the elastic properties of
porous structures made from materials other than steel - a

Gibson-Ashby analysis was performed So, the analysis of the
compression moduli E3; for the porous structure unit cells
shown in Figure 6 are presented on Figure 7 according to
the Gibson-Ashby dependence [34]:

P* ,0* o

P mat P mat

where P* is Young’s modulus or shear modulus of the por-
ous structure, Py, is the corresponding value of the initial

material, p* is the average density of the porous material,
Pma i the density of the initial material, o is a parameter
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Table 2. Normalized elastic moduli and Poisson’s ratios of triply periodic P-surface porous structures fabricated from structural steel [32].

TPS E11/Emar Ez2 /Emar E33 /Emat G12 /Gmat G23/Gmat G31/Gmat Vi2 V23 V31

SOD 0.026 0.026 0.026 0.029 0.029 0.029 0.366 0.366 0.366
RHO 0.026 0.026 0.026 0.027 0.027 0.027 0.367 0.367 0.367
LTA 0.073 0.073 0.073 0.027 0.027 0.027 0.223 0.223 0.223
ATN 0.012 0.012 0.073 0.043 0.029 0.029 0.529 0.518 0.518
MER 0.036 0.036 0.069 0.088 0.071 0.071 0.434 0.133 0.133
SAS 0.026 0.026 0.089 0.082 0.069 0.069 0.448 0.131 0.131
BCT 0.028 0.028 0.082 0.089 0.064 0.064 0.476 0.148 0.148
JSW 0.043 0.047 0.090 0.070 0.047 0.047 0.184 0.174 0.341
HEU 0.031 0.039 0.167 0.069 0.045 0.043 0.151 0.251 0.143
CGF 0.001 0.001 0.100 0.058 0.001 0.001 0.193 0.348 0.348
ITW 0.001 0.068 0.070 0.060 0.002 0.034 0.234 0.391 0.396
EDI 0.017 0.018 0.164 0.105 0.042 0.044 0.241 0.259 0.388
UEI 0.019 0.029 0.058 0.053 0.015 0.028 0.186 0.347 0.527
BRE 0.012 0.031 0.052 0.026 0.015 0.032 0.183 0.129 0.530
LAU 0.051 0.060 0.077 0.043 0.074 0.076 0.215 0.485 0.679

Bulk material properties: Young's modulus e, = 200 GPa, shear modulus g,,, = 76.92 GPa, and poisson’s ratio v, = 0.33.

that depends only on the geometrical-topological properties
of the porous material.

As evidenced in Figure 7, the logarithmic plots demon-
strate strictly linear scaling behavior with parallel trendlines
for all porous structures, confirming the ratio of their mech-
anical properties to be invariant across the studied density
range. The complete set of Gibson-Ashby scaling relations
for all other elastic moduli and Poisson’s ratios from Table
2 can be found in Appendix A.

Table 3 presents the geometric characteristics of the por-
ous structures listed in Table 2. The porosity ¢ was calcu-

lated as follows:
Vstr
=1 ———)-100,
Vcell

where Vg, is the solid framework volume and V. is the
enclosing cube volume [43].

Table 3 demonstrates that the P-frameworks maintain
exceptionally high porosity even with a 2mm wall thickness.
However, both this parameter and pore dimensions can be
varied within the limits constrained by topological preserva-
tion, specifically, avoiding structural anomalies like self-
intersections. Notably, pore sizes can be systematically
reduced to produce candidate structures suitable for bone
implant applications [10].

As established in our earlier discussion of Table 2, the
majority of TPS(P)-based structures in this study demon-
strate a significantly higher compression resistance along the
z-axis compared to other directions, while showing no
strong dependence in their shear moduli. For a detailed
investigation, we have focused on three particularly z-axis-
resistant configurations: CGF, HEU, and SAS.

The HEU structure displays pronounced mechanical
anisotropy across all three principal axes, emerging as the
stiffest configuration under compressive loading in any dir-
ection. Its compression and shear moduli substantially
exceed those of the reference SOD structure (Schwarz P-
surface) in all measured parameters. In contrast, the CGF
material exhibits isotropic behavior under x- and y-axis
compression, recording the lowest in-plane moduli among
all studied structures (with the only exception of ITW’s E;;
value). This structure demonstrates extreme z-axis domin-
ance, with its longitudinal compression modulus surpassing

2)

transverse values by about 100 times, while simultaneously
showing the lowest shear moduli (G,; and G3;) in our data-
set. The SAS structure presents an intermediate case, closely
matching the SOD configuration’s behavior under x- and y-
axis compression while outperforming it significantly in all
other mechanical properties.

These selected representative structures span the spec-
trum from full anisotropy (HEU) through extreme unidirec-
tional reinforcement (CGF) to modified conventional
behavior (SAS) and form the basis for our subsequent inves-
tigation of more complex architectures in Section 4, where
we analyze mechanical properties of porous structures con-
structed from their unit cells (Figure 2).

4, Finite element modeling of CGF-, HEU-, and SAS-
based porous structures

Following the identification of mechanically promising CGF,
HEU, and SAS unit cell configurations in Section 3 (Figure
6, Table 2), we performed detailed FE analysis of extended
porous structures constructed from these unit cells. The
complex architectures were generated by spatially replicating
STL-modeled unit cells in 2 x 2 x 2,3 x3 X 3, and 4 x4 x
4 arrays along three orthogonal axes, preserving the original
cellular dimensions established in Section 3. Numerical sim-
ulations were implemented in ANSYS 2018 R2 using PLA+
(due to its high stiffness compared to alternatives) parame-
ters (Table 4) to match subsequent 3D printing
requirements.

As was well-established, PLA+ plastic exhibits elastic-
plastic behavior. Consequently, it is necessary to employ a
multilinear isotropic plasticity model to accurately represent
the material’s mechanical response in our simulations. The
corresponding multilinear isotropic hardening curve for
PLA+ plastic used for this constitutive model is presented
in Figure 8.

The unit cell geometries were initially designed in STL-
format (Figure 9(a)). For FE analysis, each STL-model
underwent reverse engineering conversion into surface
bodies (Figure 9(b)), which were then stitched to form solid
volumetric representations (Figure 9(c)). These solid frames
were subsequently replicated and spatially arranged along
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Figure 6. Von mises stress distribution in RVEs of 15 TPS(P)s from Table 2.
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Figure 7. Logarithmic-scale plot of normalized compression moduli E3s/epq;
versus relative density (1) for unit cells of porous structures (Table 2 and
Figure 3).

Table 3. Geometrical properties of porous structure unit cells (Figure 2).

RVE Seuris MM? Porosity, %
SOD 940.15 97.65
RHO 937.76 97.66
LTA 784.56 98.04
ATN 976.27 97.57
MER 939.97 97.66
SAS 946.18 97.64
BCT 940.21 97.66
JSW 12525 96.90
HEU 1317.9 96.73
CGF 1318.6 96.71
ITW 968.92 97.58
EDI 982.15 97.79
UEI 1252.6 96.90
BRE 1026.0 97.45
LAU 983.21 97.55
Ssurf 1s surface area per unit cell, wall thickness is 2mm (uniform).
Table 4. Mechanical parameters of post-processed PLA+ material.
Parameters Units Values
Density gl/cm?® 1.24
Compression modulus, Epqe MPa 2000
Poisson’s ratio, v/yq¢ 0.36
Yield strength, oy, MPa 60
Compressive strength, ays MPa 70
Elongation at break % 8
70 s
65 //
<
A
Em 60
&
55
50
0 0.01 0.02 0.03 0.04 0.05

Ept

Figure 8. Multilinear isotropic hardening curve for PLA+ plastic. ¢, is the rela-
tive plastic strain, oy is true stress.

three orthogonal axes (Figure 9(d)), culminating in a fully
integrated geometric assembly (Figure 9(e)).

For enhanced surface smoothing, we employed virtual
topology processing (Figure 9(f)). While more computation-
ally intensive than implicit TPMS generation methods [44],
this approach yields superior surface quality to be essential
for high-fidelity simulations.

To improve the modeling of plasticity during sample
compression, the nonlinear mechanics option was enabled.
This allowed us to use a finer FE mesh on the faces where
the unit cells are stitched together, providing more accurate
modeling of nonlinear deformation processes. The SOLID98
element type [32] was used for the FE analysis, which is a
tetrahedral element well-suited for accounting for geometric
nonlinearity. The characteristic FE size was set to 1 mm.

During the compression simulation, each FE underwent
deformation according to a uniaxial compression scenario.
The position of the lower boundary of the samples was fixed
in accordance with Dirichlet boundary conditions, while a
Neumann condition was applied to the upper boundary cor-
responding to the imposed compressive force. Friction was
not accounted for in the model. To enhance the modeling
of plasticity during sample compression, the nonlinear
mechanics option was activated. The convergence criteria
for the computational procedure were set as follows: force
tolerance — 0.5%, displacement tolerance — 5%, and energy
tolerance — 0.1%. Standard error control strategies for non-
linear materials were employed. For mesh sensitivity ana-
lysis, h-adaptation based on the Zienkiewicz-Zhu method
[54,55] was used, resulting in an additive FE mesh that
ensures the specified computational accuracy.

The modeled mechanical properties of the porous struc-
tures are presented in Table 5. These computational results,
alongside experimental validations in Section 5, establish
relationships between topological design and mechanical
performance in additively manufactured porous metamateri-
als. The methodology demonstrates how unit cell properties
can be effectively translated to functional engineering-scale
components while retaining designed anisotropic features.

As shown in Table 5, both HEU and CGF structures
demonstrate increased yield strength under z-axis compres-
sion compared to the base material (Table 4). The CGF con-
figurations show improvements of 4% (2 x2 x 2 CGF and
4x4 x 4 CGF) and 5.5% (3 x 3 x 3 CGF), while the HEU
structures exhibit enhancements of 2.8% (2 x 2 x 2 HEU),
11% (3 x 3 x 3 HEU), and 13.5% (4 x 4 x 4 HEU).

The observed mechanical behavior of the studied struc-
tures can be explained through von Mises stress distribution
patterns. Figure 10 presents the computed stress fields
obtained from the described numerical model, revealing crit-
ical insights into the structures’ performance.

Figure 10 clearly shows that in the SAS structure, the
stresses primarily concentrate at internal junctions while
remaining minimal at the pore boundaries. In contrast, CGF
and HEU structures exhibit maximum stresses at protruding
boundary features — precisely at the potential stitching
regions where additional unit cells would connect during
the structure expansion. During z-axis compression, internal
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Figure 9. The procedure of geometric modeling in the FE method using the example of a porous CFG structure. (@) STL-model of CGF-structure, (b) transitioning
from mesh data to surface body of CGF-structure, (c) solid body of CGF-structure, (d) 4 x 4 x 4 geometrical assembly of STL-models of CGF-structure, (e) 4 x 4 x 4
geometrical assembly of surface bodies of CGF-structure, and (f) 4 x 4 x 4 geometrical assembly of solid bodies of CGF-structure.

Table 5. Mechanical properties of HEU-, CGF-, and SAS-type porous structures
obtained by FE modeling.

Sample Axis TPS(P) Ec MPa ay, MPa ays, MPa
2Xx2x2 X CGF 805.10 27.53 39.01
HEU 885.07 19.01 35.69
SAS 337.36 24.47 24.48
y CGF 607.92 20.78 29.34
HEU 959.80 20.60 37.50
SAS 33736 24.47 24.48
z CGF 1902.04 62.42 67.80
HEU 1456.29 61.66 66.54
SAS 1388.41 40.76 45.75
3x3x3 X CGF 893.40 2475 33.60
HEU 981.52 17.09 30.74
SAS 323.62 20.96 23.97
y CGF 844.14 23.65 32.26
HEU 1332.75 23.45 41.23
SAS 323.62 20.96 23.97
z CGF 1818.82 63.28 66.98
HEU 1878.35 66.68 75.14
SAS 1335.25 39.65 43.54
4x4x4 X CGF 896.33 26.72 30.46
HEU 984.74 18.45 27.87
SAS 368.67 31.50 39.58
y CGF 840.43 25.19 28.72
HEU 1326.89 2497 36.71
SAS 368.67 31.50 39.58
z CGF 1355.39 62.40 65.71
HEU 1539.10 71.35 79.35
SAS 1529.77 35.01 41.96

Ec is young's modulus, ay is yield stress, ays is ultimate compressive strength.

areas of CGF and HEU maintain relatively low stress levels.
This stress distribution directly influences the failure behav-
ior. CGF and HEU structures should be failed progressively
through boundary fractures while preserving its internal
architecture intact. Since boundary damage minimally affects
overall mechanical properties, this creates a strengthening
effect, as evidenced by comparing strength limits in Tables 4

and 5. Conversely, SAS structures fail through internal frac-
tures which immediately compromise the entire architecture,
leading to failure at lower loads (Table 5). These computa-
tional predictions have been experimentally verified through
physical testing (Section 5), confirming the relationship
between stress localization patterns and structural perform-
ance. The findings demonstrate how topological design can
be optimized to control failure modes and enhance mechan-
ical properties in porous architectures.

The strengthening effects observed in CGF and HEU por-
ous structures compared to the base material (Tables 4 and
5) can be further analyzed by examining the asymmetry of
stress states, specifically the distribution of compressive and
tensile stresses within the samples. For this purpose, we cal-
culate the third invariant of the stress tensor I:

I3 = det(aij), (3)

where 11, 022, and o33 represent the normal stresses along
the x, y, and z axes, respectively, while 7;, 023, and o3
denote the corresponding shear stress components.

The spatial distribution of the third stress invariant I3
from Eq. (3) in the studied samples is presented in
Figure 11.

The color scale in Figure 11 indicates that stress values
close to zero are represented by bright green. The figure
reveals that in the HEU porous structure, mechanical
stresses near pore walls remain relatively low, with a similar
but slightly less pronounced effect observed in the CGF
structure. In contrast, the SAS structure experiences signifi-
cantly higher stresses in these regions. These observations
clearly illustrate the strengthening effect occurring in HEU
and CGF structures, which is notably absent in SAS (see
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Figure 10. Von mises stress distribution in SAS (a — deformation on z-axis, b — deformation x-axis), CGF (c — deformation on z-axis, d — deformation x-axis) and HEU
(e — deformation on x-axis, f — deformation z-axis), and g — von mises stress distribution at the boundary of HEU cells.



e

e EEEES]

:

[ __SEERNEEN: |
Losilatinty
gesis
EEREEE

ShEs
Lttt

Sobibiibts il
2y

Sasoage

8
§
£

S

2

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES . 1"

Figure 11. The distribution of the third stress tensor invariant /5 from Eq. (3) under z-axis compression. (a) SAS-, (b) CGF-, and (c) HEU-structure.

Table 5). This demonstrates that creating porous materials
based on P-surfaces (Table 1 and Figure 2) can, in certain
cases, enhance the material’s ultimate strength compared to
the base solid material. The conclusions presented in this
section are experimentally verified in Section 5 through
comparative mechanical testing and failure analysis. The
results confirm the relationship between stress distribution
patterns and the observed strengthening effects in some
architectural configurations.

5. Experimental investigation of SAS, CGF, and HEU
porous structures

5.1. Additive manufacturing of SAS-, CGF-, and HEU-
structures

For experimental investigation of the previously selected
SAS, CGF, and HEU structures complex samples were fabri-
cated using AM techniques. These specimens were produced
from PLA+ plastic by stitching together corresponding STL-
models of unit cells along three orthogonal directions, fol-
lowing the methodology described in Section 4 where their
properties were numerically simulated. The mechanical
parameters of the PLA+ material after passing through the
printing device are presented in Table 4 and Figure 5.

The samples were printed using a Bambu Lab X1 Carbon
3D printer, with the specific printing parameters provided
in Table 6.

The quality of 3D printing was controlled by optical
methods. Figure 12 shows images obtained with an optical
microscope for CGF, HEU, and SAS samples.

Based on the images in Figure 12, the quality of the
printing of the pores and walls, which characterize the
geometry of the frameworks, as well as the adhesion quality
of the layers, can be assessed. It is evident that the SAS,
CGF, and HEU frameworks exhibit dense and high-quality
layering in the upper sections (Figure 12(a-c)). The layer
thickness also shows a sufficiently high-quality microstruc-
ture, although some inclusions of string sludge are present
(Figure 12(e,f)). Additionally, defects are observed in the
uppermost layers of the components, which is a common
issue in 3D printing and is attributed to the overheating of
the extruder (Figure 12(d)). However, it is important to note
that the defects identified through optical methods are

Table 6. Specific printing parameters of bambu lab X1 carbon
3D printer used to manufacture samples.

Parameters Units Values
Nozzle temperature °C 220
Printing speed mm/sec 200
Infill speed mm/sec 300
Layer height mm 0.16
Infill density % 100
Build plate temperature °C 42

isolated and do not critically affect the mechanical properties
of the examined samples.

5.2, Compression tests of SAS-, CGF-, and HEU-
structures

Uniaxial compression tests of SAS, HEU, and CGF lattice
structures made of PLA+ plastic were performed on an IR
5143-200 200kN testing machine. A compressive force of
I0N was applied at room temperature with a constant
deformation rate of 2mm/min, corresponding to an axial
strain rate of 0.001s™'. The appearance of the samples after
compression is shown in Figure 13.

Figure 13 reveals residual deformations and signs of fail-
ure in the tested structures. The experimental results
confirm the conclusions drawn in Section 4 based on
the numerical modeling of the mechanical properties of the
samples. Specifically, we observed failures occurring at the
protruding boundary areas of the CGF and HEU structures,
aligning with the stress distribution according to the von
Mises criterion (Figure 10). In contrast, the boundary fail-
ures in the SAS structure are considerably less pronounced,
with more extensive failures occurring in the internal
regions, resulting in the samples breaking under lower loads.

5.3. Results of compression tests

The experimental loading curves are depicted in Figure 14.
The loading values on the curve were measured with an
accuracy of 1%.

The experimental results confirm the conclusions drawn
in Section 4 based on the numerical modeling of the mech-
anical properties of the samples. Specifically, we observed
failures occurring at the protruding boundary areas of the
CGF and HEU structures, aligning with the stress
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CGF

HEU

Figure 12. Optical microscopy images of 3D-printed SAS, CGF, and HEU porous structures with different magnification: (a) top-view of SAS-structure, (d) bottom-
view of SAS-structure, (b) top-view of CGF-structure, (e) side-view of CGF-structure, (c) top-view of HEU-structure, and (f) side-view of HEU-structure.

distribution according to the von Mises criterion (Figure
10). In contrast, the boundary failures in the SAS structure
are considerably less pronounced, with more extensive fail-
ures occurring in the internal regions, resulting in the sam-
ples breaking under lower loads.

Figure 14 shows that the loading curves for all tested
samples demonstrate a smooth transition without abrupt
changes. The curves feature a clearly defined linear region
preceding the compressive yield point, followed by a short
plastic deformation phase before reaching the compressive
strength limit, after which the ultimate strength is attained
immediately. The HEU 2 x 2 x 2 sample shows the lowest
stiffness among the tested samples. It is noteworthy to men-
tion that the SAS structure, whose compression properties
are closer to those of SOD compared to CGF and HEU
(Table 2), fails at stresses significantly lower than the yield
strength and tensile strength of the original PLA+ material.
The behavior of the HEU and CGF structures under com-
pression is particularly interesting. Firstly, linear deforma-
tions for these samples occur at stresses exceeding the yield
strength of the original material. For instance, the yield
strength of the CGF 2 x2 Xx 2 sample is 66.20 +0.66 MPa,
which exceeds the yield strength of PLA+ by approximately
10%. Linear deformations are observed up to this loading
value. For the HEU 3 x 3 x 3 and HEU 4 x 4 X 4 samples,
linear deformations persist almost until the loading
value corresponding to the ultimate strength of the original
material, with observed ultimate strength values of
73.96 £0.74 MPa and 75.64+0.76 MPa, respectively, which
are about 6% and 8% higher than the ultimate strength of
PLA+. The extended linear deformation regions and high
ultimate strength in the CGF and HEU structures can likely
be attributed to the low stress concentration in internal
RVEs (as shown in Figures 10 and 11). It is important to
note that the exceedance of the yield and strength limits of
the porous CGF and HEU structures over the corresponding
values for the original material (Figure 8) is significantly

greater than the relative error in our compression experi-
ments, indicating that these results are statistically
significant.

The mechanical parameters of the samples, calculated
from the experimental loading curve, are presented in
Table 7.

It is noteworthy that the experimental values presented in
Table 7 are in good agreement with the results of the
numerical modeling conducted in Section 4 (Table 5). Thus,
the porous structures based on TPS(P) of the HEU and
CGF types exhibit strengthening properties compared to the
characteristics of the original solid material. They show sig-
nificant potential for creating structures with optimal mech-
anical properties and relative density, as well as for
developing composites based on interpenetrating phases
(IPC) [45].

5.4. Comparison of mechanical properties of SAS-, CGF-,
and HEU-structures with mechanical properties of
known structures

The Gibson-Ashby model [46] was used for comparison of
our results for mechanical properties SAS-, CGF-, and
HEU-structures with that of well-known TPS/TPMS. This
model predicts the properties of cellular structure based on
their relative density. Equations (1) and (2) show Gibson-
Ashby’s formulae for Young’s modulus and yield strength.
We employed formulas from the Gibson and Ashby [46]
that are similar to Eq. (1):

E* *\ M1
— =G (”—) , (4)
Ey Po

* *\ M5
7 ¢ (”—) , 5)
0] Po

where ¢* is the yield strength of the porous structure, gy is
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Figure 13. The samples of the CGF, HEU, and SAS structures after compression. In the HEU and CGF structures, damage is evident at the boundaries, while the
internal points remain intact in corresponding with Figures 7 and 8.

the yield strength of the base material; C;,Cs,n;,ns are compression deformation show remarkable similarities
parameters determined experimentally. between metal and polymer lattice structures. The principal

For our comparative analysis, we rely on Laban et al. distinction lies in the significantly higher load-bearing cap-
[47], which demonstrates that the general patterns of acity of metal frameworks, attributable to their superior
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Figure 14. Stress-strain curves of PLA+-based HEU, CGF, and SAS porous struc-
tures under compression along z-axis. oy is yield strength of PLA+, gys is ultim-
ate strength of PLA+ (Table 4). Solid lines are 4 x 4 x 4 samples, dashed lines
are 3 x 3 x 3 samples and dotted lines are 2 x 2 x 2 samples. Stress measure-
ment accuracy is 1%.

yield strength. Furthermore, polymer lattices exhibit a ten-
dency for brittle fracture, while metal samples display exten-
sive plastic deformation leading to ductile fracture
characteristics. Notably, this behavior pattern precisely
matches our experimental observations for PLA+ porous
samples (Figure 11). Consequently, we present our uniaxial

Table 7. The mechanical characteristics of the structures, derived from the
experimental loading curve (Figure 11).

Sample TPS(P) Ec, MPa oy, MPa oys, MPa
2x2%2 HEU 1469.14 £ 14.64 61.10+0.61 67.72+0.68
CGF 1800.56 + 18.01 66.20 + 0.66 67.21+0.67
SAS 1380.18 + 13.80 39.68 +0.40 46.07 £ 0.46
3x3x3 HEU 1865.50 + 18.66 67.24+0.67 73.96 +0.74
CGF 1725.28 £17.26 63.37 +0.64 66.76 + 0.67
SAS 1279.43 +12.80 37.21+0.37 41.04+£0.41
4x4x4 HEU 1460.25 + 14.61 68.08 +0.68 75.64+0.76
CGF 1283.56+12.84 64.72 +0.65 65.25 +0.66
SAS 1469.52 +£14.70 33.44+0.34 40.00 +0.40

Ec is the compression modulus, oy is yield strength, and oys is compressive
strength. The measurement errors are 1%.

compression test results for SAS-, CGF-, and HEU-
structures in Figure 15 alongside a comprehensive compil-
ation of experimental data for metal lattice structures fabri-
cated via selective laser melting (SLM) technology from
reference [48].

It is noteworthy that the compression modulus and yield
strength of our CGF and HEU structures fabricated from
plastic demonstrate comparability with corresponding
parameters of metal-based structures.

6. Conclusion

This study presents a comparative investigation of porous
structures derived from 15 triply periodic P-surfaces
(TPS(P)). These P-surfaces were generated through the topo-
logical representation of atomic frameworks of zeolites.
Numerical modeling of the mechanical properties of the
porous structures was conducted, revealing structures that
were more elastic and stronger than the materials from
which they are fabricated. For instance, the yield strength of
the CGF porous structure, produced from PLA+ plastic,
exceeds that of the original material under compression
along one of the axes by approximately 10%. Similarly, the
ultimate strength of the HEU porous structure surpasses
that of the original material by about 8%. The experimental
validation of these strengthening effects is statistically
significant.

The newly discovered triply periodic porous structures
presented in this work open several promising research direc-
tions that merit deeper exploration. A critical avenue involves
investigating how static mechanical properties depend on
geometric parameters, particularly pore dimensions. Equally
important would be complementing these static mechanical
studies with dynamic characterization, especially of acoustic
properties. Another significant research direction concerns
developing IPCs by infiltrating the pores with polymers hav-
ing different mechanical properties than the framework
material. This approach could yield novel composite materi-
als with tailored performance characteristics. Furthermore,
the mechanical properties of related porous structures based
on G- and D-type surfaces derived from zeolite atomic
frameworks represent a natural extension of this work. Such
studies would provide a more comprehensive understanding
of structure-property relationships across different TPMS
geometries. These investigations would advance both
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Figure 15. Summary of comparison between experimental data and the
Gibson-Ashby model for (a) compressive strength and (b) Young's modulus.
Multi-colored dots are values taken from sources [49-52], where BCC: BCC lat-
tice structures; Diamond: Diamond skeletal-TPMS based cellular structures,
FBCCXYZ: FCC lattice structure combined with BCCZ (BCC combined with Z
struts) lattice structure with X- and Y-structures; FCC: FCC lattice structure;
Gyroid: Gyroid structure, Schwartz diamond: Schwartz Diamond structure; BCCZ:
BCC lattice combined with Z struts; dodecahedron: dodecahedron surface;
FBCCZ: FCC lattice structure combined with BCCZ; FCCZ: FCC with Z-structures,
octet-truss — lattice structure, simple cubic — lattice structure [53]. Multi-colored
diamonds are the values obtained in this work.

fundamental knowledge and potential applications of these
porous materials, particularly in areas requiring optimized
mechanical performance and multifunctional material sys-
tems. The zeolite-inspired approach to TPMS generation
offers rich opportunities for developing new materials with
precisely controlled pore architectures.

The abundance of TPS/TPMS configurations generated by
our approach presents both an intriguing and challenging

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES . 15

problem: selecting the most suitable TPS structure for a given
application. This raises fundamental questions about correlating
topological/geometrical features with functional properties (e.g.
mechanical behavior) of triply periodic structures. A particularly
compelling aspect is the determination of relative contributions
of surface topology/geometry versus bulk material properties in
governing mechanical performance.
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Appendix A. Complete set of Gibson-Ashby scaling relations for all elastic moduli and Poisson’s ratios of
15 TPSs
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Figure A1. Logarithmic-scale plot of normalized compression moduli £33/e,,4 versus relative density (1) for RVEs of porous structures from Table 2 and Figure 3.

Figure A2. Logarithmic-scale plot of normalized compression moduli E;y/€q:
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versus relative density (1) for RVEs of porous structures from Table 2 and
Figure 3. Legend is the same as in Figure A1.
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Figure A3. Logarithmic-scale plot of normalized compression moduli E;;/€pq:
versus relative density (1) for RVEs of porous structures from Table 2 and
Figure 3. Legend is the same as in Figure A1.
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Figure A4. Logarithmic-scale plot of normalized shear moduli G;,/gma; versus
relative density (1) for RVEs of porous structures from Table 2 and Figure 3.
Legend is the same as in Figure A1.
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Figure A5. Logarithmic-scale plot of normalized shear moduli G,3/gq: versus
relative density (1) for RVEs of porous structures from Table 2 and Figure 3.
Legend is the same as in Figure A1.
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Figure A6. Logarithmic-scale plot of normalized shear moduli Gs;/gmqa versus
relative density (1) for RVEs of porous structures from Table 2 and Figure 3.
Legend is the same as in Figure A1.
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Figure A7. Logarithmic-scale plot of normalized Poisson’s ratios v, versus rela-
tive density (1) for RVEs of porous structures from Table 2 and Figure 3. Legend
is the same as in Figure A1.
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Figure A8. Logarithmic-scale plot of normalized Poisson’s ratios v,3 versus rela-
tive density (1) for RVEs of porous structures from Table 2 and Figure 3. Legend
is the same as in Figure A1.
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Figure A9. Logarithmic-scale plot of normalized Poisson’s ratios v3; versus rela-
tive density (1) for RVEs of porous structures from Table 2 and Figure 3. Legend
is the same as in Figure A1.
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