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ABSTRACT: The paper investigates the physical and mechanical
properties of structures with the geometry of triply periodic minimal
surfaces (TPMS). Test samples were made from polyamide using SLS
(selective laser sintering) 3D printing technology, from polylactide
using FDM (Fused deposition modeling) 3D printing technology, and
from a photopolymer based on acrylates using LCD (liquid crystal
display) technology; samples were made in the form of a cube with
edge size 30 mm. The strength and energy-absorbing properties of
TPMS-based cellular samples have been determined. To analyze the
features of the geometry of the samples, the skeletal graph method was
used. It is shown that this approach makes it possible to predict the
physical and mechanical characteristics of products with TPMS
geometry.

1. INTRODUCTION
Cellular materials have been actively used in industry for many
decades, with the most widespread structures being in the form
of hexagonal “honeycombs” that were borrowed from nature.
The honeycomb geometry effectively fills the space and has a
large surface area inside a certain volume, thanks to this
geometric configuration, the products have sufficiently high
physical and mechanical characteristics.1,2 Materials with the
geometry of “honeycomb” are actively used in the aviation and
space industry, shipbuilding. Academician V. Ya. Shevchenko
showed in their works3,4 that due to the unique structure,
products with the geometry of triply periodic minimal surfaces
(TPMS) have highermechanical characteristics and significantly
exceed classical cellular structures.5 It is also significant that the
structures used are often found in nature, which makes it
possible to count on higher performance characteristics. In
particular, the high efficiency of products with TPMS geometries
for operation under extreme loads is shown. The use of cellular
structures with the geometry of TPMS will allow engineers to
significantly expand the possibilities and efficiency of topological
optimization in the creation of new equipment. Due to the triply
periodic structure, materials with the geometry of TPMS have
significantly less anisotropy of mechanical properties, which
expands the scope of their application, in particular as energy-
absorbing materials.6,7

Thanks to the development of modern technologies, the
creation and operation of products with the geometry of TPMS
is becoming more and more accessible.8,9 To date, the most
technologically advanced method of obtaining products with
such a complex geometric structure is the 3D printing

method.9−12 For a reasonable choice of materials with the
geometry of the TPMS, it is necessary to be able to predict their
characteristics based on the features of the topology. However,
to date, there are practically no theoretical approaches to
predicting the mechanical properties of such materials. The
presented work shows how the geometric characteristics of the
TPMS affect the mechanical properties.13,14 In the work,15 the
influence of skeletal geometric parameters on the mechanical
characteristics of cellular materials with the geometry of TPMS
was evaluated and a new approach was proposed for
comparative analysis and prediction of the properties of
materials with the geometry of TPMS. This approach is based
on the evaluation of the influence of geometry on themechanical
properties of materials. In this paper, this approach is extended
to a higher number of topologies and materials.

2. MATERIALS AND METHODS
2.1. Creation 3D Models. Physical and mechanical

properties of products whose topologies are based on TPMS
were experimentally investigated. At the first stage of the work,
3D models of samples with the geometry of various TPMS
instruments were created: Schwartz Primitive (Figure 1a),
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Gyroid (Figure 1b), Diamond (Figure 1c), Neovius (Figure 1d),
and I-WP (Figure 1e).

The forming surface of 3Dmodels of samples is described by a
mathematical equation, unique for each type of TPMS.

Figure 1. (a) 3D model of the sample with the geometry of the Schwartz primitive. (b) Gyroid. (c) Diamond. (d) Neovius. (e) I-WP.
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• P-surface (Schwarz Primitive):

x y z tcos( ) cos( ) cos( )+ + = (1)

• D-surface (diamond):
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• N-surface (Neovius):
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• I-WP surface:

x y y z z x tcos( )cos( ) cos( )cos( ) cos( )cos( )+ + =
(4)

• G-surface (gyroid):

x y y z z x tcos( )sin( ) cos( )sin( ) cos( )sin( )+ + =
(5)

where t is a parameter of the unit cell size.
3D models have been created by parametric modeling

methods in the Rhinoceros 6 CAD Software with the
Grasshopper plugin and stored in STL format; this format is
compatible with 3D printers. Errors in the geometry of the
model were corrected with the Autodesk Netfabb Software.
The prototypes are macroporous cubes consisting of two

intersecting phases−polymer and air. In the samples, the volume
of voids (air phase) is 2−4 times higher than the volume
occupied by the polymer solid phase. The proportion of the
space filling factor (φ) varies from 0.182 to 0.33. The samples
consist of elements continuously repeating in space with the

smallest possible area, which combine surfaces with positive and
negative curvature.16

2.2. 3D Print. In accordance with the created 3D models, 3
series of samples were fabricated. Samples of energy-absorbing
structures were made by 3D printing using FDM (fused
deposition modeling), SLS (selective laser sintering), and LCD
(liquid crystal display) technologies (Figure 2).
The samples were made in the form of a cube with edge size

30 mm and consisted of 27 elementary cells (3× 3× 3 cell). The
wall thickness of the samples is 0.8 mm.

2.2.1. Series (SLS). For the final preparation of models and the
formation of a control program (g-code) for SLS printing, the
EOS Parameter Editor was used. The samples were obtained by
selective laser sintering SLS (selective laser sintering) on an EOS
3D printer (FORMIGA P110 model). SLS 3D printing
technology is based on sequential sintering of powder material
layers by using high-power lasers. Printing conditions: layer
height 100 μm, table temperature 169.5 °C, camera temper-
ature: 150 °C. After printing, the samples were cleaned from the
remnants of the unsealed powder by processing in a sandblasting
machine. The printing material is polyamide-12 (PA2200).
Polyamide-12 is a product of polymerization of dodecalactam,
and it is a structural crystallizing material with increased
elasticity. It is characterized by high cracking resistance, high
wear resistance, low moisture absorption, high dimensional
stability, and good dielectric properties.17

2.2.2. Sample Series (FDM). For the final preparation of
models and the formation of a control program (g-code) for
FDM printing, Cura 3.6.0 software was used. Samples were
obtained by layer-by-layer deposition of thermoplastics (FDM
technology) on an Anet A6 3D printer. Modeling by layer-by-
layer deposition FDM (Fused deposition modeling) is the most
common technology of additive manufacturing, based on
sequential layer-by-layer deposition of molten filament. Printing
conditions: layer thickness: 0.2 mm, extruder temperature 210
°C, table temperature 60 °C. The printing material is polylactide
(PLA), polyester of lactic (2-hydroxypropionic) acid. Due to the
presence of an ester group in its composition, polylactide is able

Figure 2. Samples made using 3D printing.
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to gradually hydrolyze. During the hydrolysis of polylactide,
lactic acid is formed; therefore, the use of polylactide-based
materials does not damage the biosphere. In addition, it is cheap,
nontoxic, and environmentally friendly.18 This material has
great application prospects. The work19 shows that cellular
materials with the TPMS geometry made of PLA have shape
memory.
2.2.3. Series of Samples (LCD). For the final preparation of

models and the formation of a control program (g-code) for
LCD printing, Photon Workshop 2.1.24 software was used.
Samples were obtained by layer-by-layer growth of models from
liquid photopolymer (LCD technology) on a 3D printer
Anycubic Photon S. In the process of 3D printing using LCD
(liquid crystal display) technology, ultraviolet radiation from the
LCD matrix is selectively directed to a tank with a photo-
polymer. The screen acts as a mask, showing only the pixels
needed to form the current layer. The resin in the tank
polymerizes in layers, and the table slowly rises as the part is
formed.20 The advantage of LCD 3D printing is high print
quality.21 Photopolymer compositions based on acrylates are
actively used in 3D printing. Polyacrylates are widely used as
varnishes, binder components for highly filled plastics processed
by injection molding and pressing, adhesives, and sealants. On
the basis of epoxyacrylates, high-modulus fiberglass plastics are
obtained, characterized by increased chemical resistance.22

Printing conditions: layer thickness: 0.05 mm, layer illumination
time: 8 s, and illumination time of the first layers: 70 s. The
printing material is a photopolymer resin of the composition:
polyurethane acrylate 55%, acrylate monomer 40%, photo-
initiator 5%.
To assess the print quality, the surface of the samples was

examined by using a confocal laser microscope LEXTOLS5000.
2.3. Mechanical Tests. To study the influence of geometry

on mechanical properties, the loading curves of samples during
compression were taken in accordance with ISO 604:200223 on
an electromechanical machine Walter+ bai with a maximum
possible load of up to 400 kN, at an air temperature of 25 °C and
a loading speed of 5 mm/min. As mentioned earlier, products
made by 3D printing have anisotropy of mechanical proper-
ties,24,25 therefore, strength tests for all samples were carried out
in the growth direction (along the Z axis). According to the data
obtained, the main physical and mechanical characteristics were
determined, the Young’s modulus was determined according to
Hooke’s law:

E =
(6)

where σ is stress, ε is deformation

3. RESULTS AND DISCUSSION
To assess the print quality, the surface of the samples was
examined using a confocal laser microscope LEXT OLS5000.

According to the results of microscopy, no significant defects
were found during printing. Renders of 3D models of surfaces
are shown in Figure 3. According to the obtained 3D models of
the surface, it is possible to evaluate the surface quality
(roughness) of the printed samples. The layered structure of
the samples is clearly visible on the samples made using FDM
and LCD technologies, and the layer height during printing
corresponds to the specified 50 and 200 μm for LCD and FDM
3D printing, respectively.26 This structure determines the
anisotropy of the physical properties of 3D printed products,
including mechanical ones. Samples manufactured using SLS
technology do not have pronounced layers, due to which the
anisotropy of the properties of products manufactured using SLS
technology is less pronounced. But the surface of such products

Figure 3.Renderings of 3Dmodels of the surface of samples, samples made using (a) LCD technology, (b) FDM technology, and (c) SLS technology.

Table 1. Properties of Materials for 3D Printing

Polyamide-
12 (PA
2200) Polylactide

Photopolymer
composition

Compressive strength σB
(MPa)

57.3 ± 0.7 78.7 ± 1.1 58.3 ± 0.8

Compressive modulus of
elasticity E (MPa)

1260 ± 15 1832 ± 20 1287 ± 17

Density ρ (g/cm3) 1.01 1.21 1.18
Melting point t (°C) 182 175 -
Residual elongation at break δ
(%)

12.9 ± 0.3 5.2 ± 0.2 1.86 ± 0.1

Residual relative narrowing of
the cross-sectional area at
break ψ (%)

9.3 ± 0.2 2.3 ± 0.1 1.7 ± 0.1

Figure 4. Deformation curves of compression-tested samples
manufactured by using various 3D printing technologies.
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has increased roughness, this is due to the technological feature
of this technology, in which a powder with a dispersion of 60 μm
is sintered.26−28

Nature of the destruction of materials under external load
(plastic or brittle) can be estimated by such characteristics as δ,
residual elongation at break, andψ, residual relative narrowing of
the cross-sectional area at break, which are calculated by the
following formulas:

l
l

b

0
=

(7)

where Δlb, elongation of the sample during testing and l0 is the
initial length of the sample

F F
F

0

0
=

(8)

where F is the area of the minimum cross-section of the neck of
the sample after rupture and F0 is the initial cross-sectional area
of the sample.
To determine δ and ψ, the materials used in the work were

tested for tensile strength, and the values of δ and ψ for the
materials under study are shown in Table 1.
To determine the tensile strength σB and the elastic modulus

E, the materials were tested for compression; the resulting
deformation curves are shown in Figure 4.
Samples from polyamide-12 showed the greatest value, δ =

12.9%, the lowest value δ = 1.86% have samples from
photopolymer material, and residual elongation at rupture δ of
samples from polylactide is 5.2%. Therefore, we can say that
polyamide-12 is the most plastic of the studied materials, and
photopolymer composition based on acrylates is the least plastic
material, which confirmed the behavior of samples with TPMS
geometry during compression testing.
The features of the behavior of polymer materials subjected to

forced elastic deformations are usually considered using stress−
strain curves. To study the influence of geometric skeletal

characteristics on the mechanical properties of materials with
the geometry of TPMS, samples were tested for compressive
strength (Figures 5 and 6).
As a result of the tests, the stress−strain curves of the samples

were obtained (Figures 7 and 8).
In accordance with the requirements of ISO 604:2002,23 the

first peak on the stress−strain curve was taken as the strength of
the samples.
The destruction of samples during compression testing is

presented in Figures 5 and 6. It can be seen that the destruction
of the studied samples occurs layer-by-layer, which is due to the
geometry of the samples. Layer-by-layer collapse during
compression can be observed on the stress−strain curves of
samples with a large unit cell size; for example, samples with the
“Schwartz Primitive” geometry have 3 pronounced peaks on the
graphs. And for samples with a small unit cell size, and
accordingly with a small layer thickness, the peaks are less
pronounced or completely absent, for example, a sample with a
Diamond geometry has a smooth stress−strain curve, there are
no peaks on it (Figure 7).
The obtained stress−strain curves of samples of the same

topology are similar to each other regardless of the method and
material of 3D printing.
Samples made using the FDM technology pass into the area of

stain-hardening earlier than SLS and LCD samples (SLS εB>
LCD εB > FDM εB). εB is the deformation of the sample at which
the ultimate strength is reached (Figure 8). The obtained
deformation curves are very close to the dependencies
characteristic of classical cellular energy-absorbing structures.29

The deformation curves of the tested samples have three
characteristic sections, and the same sections have ideal energy-
absorbing structures (Figure 8). Consider the deformation
curves of the samples with the geometry “Gyroid”.
To assess the prospects of using products with the TPMS

topology as energy absorbers, the characteristics of the samples
were analyzed according to.29,30 The shock-absorbing character-
istics of cellular materials can be calculated on the basis of known

Figure 5. Compression test of a sample with a Diamond topology made using FDM technology: (a) deformation 5%, (b) deformation 30%, (c)
deformation 60%.

Figure 6. Compression test of a sample with the “Schwartz Primitive” topology manufactured using FDM technology: (a) Deformation 10%, (b)
Deformation 25%, and (c) Deformation 40%.
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deformation diagrams in the form of shock absorption energy A
and effective shock absorption energy E′′. Impact absorption
energy (A), Figure 9:

A d
0

=
(9)

The effective absorption energy of the sample impact E′′:

E ( d )/( ( ) )
0

max=
(10)

where σmax(ε) is the maximum stress reached in the range from 0
to ε.
To assess the energy-absorbing properties of materials, the

characteristic A30 is energy absorption at 30% deformation (ε =
30%) (Table 2).
It can be seen that the dependence of the specific energy of

shock absorption from deformation in samples made using SLS
and FDM technology is almost linear, which indicates the
uniformity of energy absorption during deformation of samples
under the influence of external forces; the energy-absorbing
curves of samples made using LCD technology are nonlinear
(Figure 9), this is due to the fact that this material is less plastic
and collapses, as a brittle material, unlike polyamide-12 and
polylactide. Samples made using LCD technology tend to crack
during testing, the samples begin to actively crack and collapse,
and when deformed about 20% (Figure 10), while this is not
observed in samples made of other materials.
The effective energy of shock absorption E″ is convenient for

a comparative assessment of the energy-absorbing properties of
cellular structures. It is known that for an ideal energy absorber
E′′ for an elastic section of the deformation diagram is 0.5, and
for a section with a constant stress E′′ is 1. To calculate the
damping characteristics of cellular structures, their stress−strain
curves must be known for large plastic deformations and
compaction. This allows us to choose a cellular energy-
absorbing structure with rational shock-absorbing properties
when developing single-action shock absorbers. According to
the graphs shown (Figures 11 and 12), it can be seen that
samples made using LCD technology absorb mechanical energy
less efficiently. Unlike samples made using FDM and SLS
technologies, E′′ for LCD samples decreases sharply when
deformed by more than 20%, which is due to the peculiarity of
the behavior of such samples; when they are compressed, the
brittle character prevails destruction (Figure 12).
Based on the results obtained, it can be argued that

polyamide-12 and polylactide are more promising materials
for the manufacture of energy-absorbing structures than
photocured polymers based on acrylates.31

The physical and mechanical properties of the tested samples
are presented in Tables 3−5.
The difference in the mechanical properties of the tested

samples is explained by different geometries. The skeletal graph
approach can be used to describe complex geometric objects.
Skeletal graphs represent the median axes of the figure. Skeletal
graphs for the surfaces of the Schwartz Primitive, Gyroid, I-WP
are shown in Figure 13.

Figure 7. Stress−strain of samples: (a) 1 series, SLS; (b) 2 series, FDM;
and (c) 3 series, LCD.

Figure 8.Deformation curves of samples with a “Gyroid” type structure
made of different materials.
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The result of an object skeletonization is a set of skeletal
geometric parameters. Each type of TPMS has a unique set of
skeletal parameters that reflect the geometric features of a
particular TPMS. Currently, we are searching for new topologies
based on skeletal graphs, in particular, it is proposed to use
cellular materials of “Crystallomorphic design”.32 However, an
approach is needed for the preliminary screening of promising
topologies. Skeletonization can be a good tool for screening new
structures of cellular materials. For the studied types of TPMS,
skeletonization was carried out according to the work.33 The
results of the skeletonization of the samples are shown in Table
6.
Among the parameters proposed in,33 correlation with

mechanical properties is observed for the following parameters:
the total length of arches per unit cell L, the number of arches in
unit cell n, the surface area in unit cell S. Then you can enter an
effective parameter to

K LSn= (11)

Application of the K parameter allows us to accurately predict
the physical and mechanical properties of structures with the
geometry of TPMS. In accordance with expression,14 the
coefficient K has a high degree of correlation with the specific
strength σ of the tested samples, regardless of the material of the
samples and the 3D printing technology (Figure 14):

aK b
spec = (12)

where a is the angular coefficient, b is the power coefficient, 0 < b
< 0.5.
Test results of samples with the TPMS topology made using

the SLS technology from polyamide-12, obtained in ref 34, also
correlate with the value of the K parameter, which confirms the
effectiveness of this approach (Figure 14). The specific strength
characteristics of the materials under study with TPMS are quite
high and grow with increasing values of parameter K. It can be
seen from Figure 14 that the dependence is nonlinear, and at low
values of the parameter K, the increase in specific strength with

Figure 9. Dependence of energy absorption A30 on deformation: (a) 1
series, SLS; (b) 2 series, FDM; and (c) 3 series, LCD.

Table 2. Ranking of Samples by Energy Absorption at 30% Deformation

SLS FDM LCD

Topology A30 (MJ/m3) Topology A30 (MJ/m3) Topology A30 (MJ/m3)

1 I-WP 1.76 ± 0.04 Diamond 2.04 ± 0.06 Diamond 1.70 ± 0.05
2 Neovius Surface 1.76 ± 0.05 I-WP 1.63 ± 0.06 Neovius Surface 1.14 ± 0.03
3 Schwartz Diamond 1.67 ± 0.04 Neovius Surface 1.58 ± 0.04 I-WP 1.02 ± 0.03
4 Gyroid 0.90 ± 0.02 Gyroid 1.13 ± 0.03 Gyroid 0.84 ± 0.01
5 Schwartz Primitive 0.65 ± 0.01 Schwartz Primitive 0.32 ± 0.02 Schwartz Primitive 0.28 ± 0.01

Figure 10. Compression test of a sample with a “Gyroid” topology: (a)
12% deformation and (b) 19% deformation.
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an increase in the value of the parameter K is strong; at large
values of the parameter K, saturation is observed.
As a result of the tests, the high-energy-absorbing properties

of products with TPMS topology were revealed, which also
correlate well with the value of the K parameter (Figure 15). It
can be seen from the graph that the higher the value of the

parameter K, the higher the energy-absorbing properties (A30).
The large value of parameter K indicates the geometric
“complexity” of the topology, which favorably affects the
physical and mechanical properties. Due to the high energy-
absorbing properties, products with a TPMS structure are very
promising and will find application in various industries.
There is a tendency to increase the level of deformation

corresponding to the ultimate strength (εB) with an increase in
theK parameter regardless of the sample manufacturingmaterial
and 3D printing technology (Figure 16). As noted earlier,
samples made using LCD technology later reach the tensile
strength of σB, this is due to the fact that there is practically no
area of pure sealing-plastic deformation; brittle fracture prevails.
Due to the early onset of brittle fracture of the material, the first
peak on the curve is wider, and the maximum stress is achieved
with greater deformation, unlike SLS and FDM samples (LCD
εB > SLS εB > FDM εB).
The elastic modulus E is one of the main mechanical

characteristics of the material, showing its ability to resist the
development of longitudinal deformations when testing the
sample for axial tension and compression within its elastic
operation. The dependence of the elastic modulus on the
coefficient K is shown in Figure 17.
An increase in coefficient K indicates an increase in the

mechanical properties of the samples, including an increase in
elastic modulus E, which means that the ability of the sample to
maintain its shape under the influence of external mechanical
loads increases. This effect is observed due to an increase in the
degree of space filling and the complexity of the geometry, which
becomes more complicated with an increase in the value of
parameter K.
In the work35 it is shown that classical honeycomb elements

have a sufficiently low density and high deformation under load,
depending on the properties of the plastic material:
With a density of aluminum honeycombs p = 0.38 g/cm3, σB =

6 MPa, σspec = 15.8 MPa.
With a density of aluminum honeycombs p = 0.73 g/cm3, σB=

13 MPa, σspec = 17.8 MPa.
Cellular materials studied in this work with the geometry of

TPMS have advantages compared with the properties of classical
cellular elements. Cellular materials with the geometry of TPMS
are more promising as energy absorbers compared to cellular
structures since their specific characteristics are higher. It should
be noted that, unlike classical honeycomb structures, materials

Figure 11. Effective shock absorption energy: (a) 1 series, SLS; (b) 2
series, FDM; (c) 3 series, LCD.

Figure 12. Effective shock absorption energy for samples with
“Neovius” geometry.
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with the geometry of TPMS have significantly less anisotropy of
properties.

■ CONCLUSIONS

• The strength and energy-absorbing properties of cellular
samples with the geometry of TPMS are determined.
According to the test results, the sample having the
structure of TPMS diamond has the greatest strength, the
specific strength was: 25 MPa cm3 g−1 for polylactide, 20
MPa cm3 g−1 for polyamide, 15 MPa cm3 g−1 for
photopolymer material. The high ability of samples with

the TPMS geometry to resist deformation under the
influence of compressive load was noted, samples made of
polylactide using FDM technology have the largest
Young’s modulus E, and the largest Young’s modulus
recorded during tests is 134 MPa for the Diamond
topology.

• All tested samples demonstrated high energy-absorbing
characteristics, but the greatest energy absorption at 30%
deformation is possessed by I-WP and Neovius, 1.76 MJ/
m3 for polyamide, and for polylactide and photopolymer
material based on polyacrylates, the best topology is
Diamond, energy absorption at 30% deformation is 2.04

Table 3. Properties of Structural Elements with TPMS Topology (1 SLS Series)

Type of
TPMS

Degree of
space filling

Strength σB
(MPa)

Specific strength
σspec (MPa cm

g

3
)

Deformation
corresponding σBεB (%)

Young′s modulus
E (MPa) εmax (%)

Energy absorption at ε =
30%A30 (MJ/m3)

Schwartz
Primitive

0.18 2.67 ± 0.12 14.6 ± 0.45 6.9 ± 0.7 62.8 ± 3.2 52.2 ± 1.2 0.65 ± 0.01

Schwartz
Diamond

0.33 5.90 ± 0.19 20.2 ± 0.81 10.2 ± 0.5 105.4 ± 4.1 71.7 ± 1.3 1.67 ± 0.04

Gyroid 0.24 3.10 ± 0.15 14.0 ± 0.51 10.4 ± 0.6 68.9 ± 3.7 69.7 ± 1.6 0.90 ± 0.02
Neovius
Surface

0.27 6.25 ± 0.16 18.0 ± 0.77 11.7 ± 0.6 134.2 ± 3.3 64.3 ± 1.7 1.76 ± 0.05

I-WP 0.28 6.00 ± 0.12 19.6 ± 0.43 11.2 ± 0.3 129.4 ± 3.1 70.0 ± 1.4 1.76 ± 0.4

Table 4. Properties of Structural Elements with TPMS Topology (2 FDM Series)

Type of
TPMS

Degree of
space filling

Strength σB
(MPa)

Specific strength
σspec (MPa cm

g

3· )
Deformation

corresponding σBεB (%)
Young′s modulus

E (MPa) εmax (%)
Energy absorption at ε =

30%A30 (MJ/m3)

Schwartz
Primitive

0.18 1.72 ± 0.15 8.6 ± 0.36 5.1 ± 0.5 38.3 ± 2.1 44.8 ± 1.9 0.317 ± 0.02

Schwartz
Diamond

0.33 8.13 ± 0.21 24.79 ± 0.71 9.3 ± 0.7 134.1 ± 4.2 51.7 ± 1.9 2.044 ± 0.06

Gyroid 0.24 4.73 ± 0.16 18.25 ± 0.51 7.7 ± 0.3 79.2 ± 2.2 55.1 ± 2.2 1.127 ± 0.03
Neovius
Surface

0.27 6.16 ± 0.17 20.52 ± 0.40 6.8 ± 0.4 124.4 ± 3.3 57.6 ± 1.9 1.579 ± 0.04

I-WP 0.28 6.49 ± 90.18 21.48 ± 0.51 8.7 ± 0.7 132.2 ± 4.1 51.4 ± 1.8 1.629 ± 0.06

Table 5. Properties of Structural Elements with TPMS Topology (3 LCD Series)

Type of
TPMS

Degree of
space filling

Strength σB
(MPa)

Specific strength
σspec (MPa cm

g

3
)

Deformation
corresponding σBεB (%)

Young′s modulus
E (MPa) εmax (%)

Energy absorption at ε =
30%A30 (MJ/m3)

Schwartz
Primitive

0.18 1.86 ± 0.07 7.31 ± 0.21 11.1 ± 0.1 31.3 ± 0.8 78.8 ± 0.4 0.28 ± 0.01

Schwartz
Diamond

0.33 6.40 ± 0.11 15.43 ± 0.36 16.7 ± 0.2 113.9 ± 2.1 68.0 ± 1.9 1.70 ± 0.05

Gyroid 0.24 3.88 ± 0.06 11.56 ± 0.24 11.1 ± 0.1 68.4 ± 0.9 71 ± 0.3 0.84 ± 0.01
Neovius
Surface

0.27 5.54 ± 0.05 14.82 ± 0.19 11.1 ± 0.1 90.4 ± 1.7 75.7 ± 0.9 1.14 ± 0.03

I-WP 0.28 6.14 ± 0.09 16.43 ± 0.32 15.7 ± 0.2 90.7 ± 1.9 69.6 ± 0.8 1.02 ± 0.03

Figure 13. Skeletal graph for (a) Schwartz primitive, (b) Gyroid, and (c) I-WP.
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MJ/m3 for polylactide and 1.70 MJ/m3 for photopolymer
material.

• Positive correlation has been established between the
mechanical characteristics of cellular materials and
geometric skeletal characteristics. Thanks to the proposed
approach based on the skeletonization of complex
geometric objects, it is possible to predict the mechanical
characteristics of other cellular structures. Also, topo-
logical optimization of the geometry of cellular materials
allows for improvement of the geometric characteristics,
which in turn will increase the physical and mechanical
properties of cellular materials with complex geometry.
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