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ABSTRACT  

The use of selective laser melting for the manufacture of metal cells with the geometry of a triply periodic 

minimal surface ‘gyroid’ are discussed. The samples were made of 12Kh18N10T stainless steel.  

To study the effect of wall thickness on the physical and mechanical properties of materials with a triply 

periodic minimal surface geometry, a series of samples with dimensions of 30 × 30 × 30 mm3, with wall 

thicknesses ranging from 0.1 to 0.8 mm and an elementary cell size of 10 × 10 × 10 mm3. During the study, 

the specific energy absorption of the developed volumetric product obtained using additive technologies 

was evaluated. It was shown that the products have high strength and energy absorption characteristics 

necessary for use in many industries, and can also be used in protective structures. 
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Introduction 

Cellular materials find application in various industrial fields, such as aerospace 

engineering, thermal systems, packaging, and medical implants [1–6]. Such structures 

exhibit high energy-absorbing properties due to their high specific strength and ability 

to undergo large compressive strains [7–13]. 

Current trends in improving metallic protective structures are associated with the 

development of cellular materials featuring topologically optimized geometry [14].  

One approach to optimizing lattice structures is the use of cellular materials with triply 

periodic minimal surface (TPMS) geometries, which enhance physical and mechanical 

properties [15–19]. Minimal surfaces are surfaces with zero mean curvature [20]; 

consequently, the load in such a system should be uniformly distributed, making TPMS-

based materials promising for use under extreme loading conditions. Academician 

V.Ya. Shevchenko has demonstrated the effectiveness of TPMS-based materials under 

extreme loading conditions [21,22]. 
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TPMSs were discovered and described by K.H.A. Schwarz in 1865 [23]. To control 

the mechanical behavior of cellular materials with TPMS geometry, the composition of 

the base material, the size and shape of the unit cell, and the wall thickness can be varied. 

It is known that such materials exhibit unique performance characteristics and are 

considered metamaterials, as their mechanical properties are largely determined by the 

geometry of the cellular structure [24]. However, the fabrication of components described 

by such complex curved surfaces remains a challenging task due to the technical 

limitations of conventional subtractive manufacturing methods [25]. The development of 

additive manufacturing technologies has made it possible to create and utilize 

components with TPMS geometry [26–28]. 

TPMS-based cellular materials can be used as a substrate in bilayer protective 

structures, the first layer of which may consist of ceramic materials. Ceramics possess 

high hardness [29,30] and, in such a composite, directly interact with penetrating objects 

such as bullets or fragments, effectively decelerating them, dissipating impact energy, 

distributing it over a larger area, and reducing localized effects. The ceramic layer absorbs 

a significant portion of the impact kinetic energy, often fracturing but preventing 

penetration or reducing the velocity of the projectile. Meanwhile, the metallic layer 

absorbs the remaining energy, as metals exhibit high ductility and can deform without 

fracturing [31]. Furthermore, the metallic layer provides structural support to the ceramic 

layer, which is more brittle and may crack or fracture upon impact. 

TPMS are nature-inspired structures. For example, in living organisms, similar 

hierarchies are found in bone structure or in the wing structures of butterflies and 

dragonflies [32]. D. Mahmoud and M.A. Elbestawi have shown that TPMS can be used  

to develop artificial orthopedic implants with porosity comparable to that of human 

bone [33,34]. The porous structure facilitates bone ingrowth and strengthens the bond 

between the implant and the bone [35].  

The aim of this work is to investigate the relationship between the wall thickness 

and the physical and mechanical properties of metallic energy-absorbing materials with 

"Gyroid" TPMS geometry. 
 

Materials and Methods 

Development of 3D Models 

For the "Gyroid" geometry, the surface equation can be defined analytically using the 

following expression: 

cos(𝑥) ∙ sin(𝑦)  +  cos(𝑦) ∙ sin(𝑧)  +  cos(𝑧) ∙ sin(𝑥)  =  0.        (1) 

To investigate the influence of the TPMS structure type and wall thickness on the 

properties of components with TPMS geometry, a series of 3D models of specimens was 

developed. The curved surfaces that define the 3D models with "Gyroid" geometry [36,37] 

were generated using parametric modeling in RhinoCeros 3D software (Figs. 1 and 2) in 

accordance with Eq. (1). The "offsetmesh" command was used to impart the required wall 

thickness to the specimens. RhinoCeros 3D is a software program for 3D graphics and 

computer-aided design (CAD), widely used in architecture, jewelry design, and industrial 

design. To investigate the influence of wall thickness on the physical and mechanical 

properties of materials with TPMS geometry, a series of specimens with "Gyroid" 
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Fig. 1. Gyroid unit cell 

 

   
(а) (b) (c) 

  

 

(d) (e)  
 

Fig. 2. 3D models of specimens with different wall thicknesses:  

(a) 0.1 mm; (b) 0.2 mm; (c) 0.3 mm; (d) 0.4 mm; (e) 0.8 mm 

 

geometry was manufactured with dimensions of 30 × 30 × 30 mm3, wall thicknesses 

ranging from 0.1 to 0.8 mm, and a unit cell size of 10 × 10 × 10 mm3. 

 

3D printing of specimens 

The fabrication of products with complex geometric shapes based on designed digital 

models is of high practical and scientific interest. One of the promising methods for their 

fabrication is the additive technique of selective laser melting (SLM) of powders [38,39]. 

This method involves the layer‑by‑layer synthesis of metallic components. Laser radiation 

selectively melts a layer of metal powder according to the specified model, ensuring the 

formation of parts with a microstructure distinct from that produced by conventional 

metalworking technologies. The application of this technique enables the production of 

structures with complex configurations and optimized mechanical characteristics, which 

is finding widespread application in various industries. 
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Powder of 12Kh18N10T stainless steel manufactured by Polema JSC, Tula (TU 14-

22-266-2016), was used as the raw material for specimen fabrication. A micrograph and 

the particle size distribution curve of the powder are presented in Fig. 3. Table 1 presents 

the properties of the steel powder used. 
 

 

  
(а) (b) 

 

Fig. 3. Metal powder of 12Kh18N10T steel: (a) SEM image of particles; (b) differential particle size 

distribution curve 

 

Table 1. Properties of 12Kh18N10T steel powder 

Parameter 
Quantile, µm 

Flowability (50 g), s ρb, g/cm³ 
D10 D50 D90 

Value 9.70 30.90 80.40 19.39 4.78 

 

Table 2. Tensile test results according to GOST 1497-2023 

Specimen 

No. 
Build direction 

Ultimate tensile 

strength, MPa 

Yield 

strength, MPa 
Elongation, % 

Area 

reduction, % 

1 
Horizontal 

(perpendicular to 

the loading axis) 

530 330 27 50 

2 540 340 36 67 

3 550 350 33 63 

Average 540 340 32 60 

4 

Vertical (along the 

loading axis) 

530 340 46 70 

5 520 340 44 49 

6 460 300 51 58 

Average 503 327 47 59 

 

Table 3. Impact bending test results according to GOST 9454-78 

Specimen No. Build direction Impact energy, J Impact strength, J/cm² 

1 

Vertical (along the loading 

axis) 

146.6 182 

2 132.7 164 

3 126.3 157 

4 122.8 155 

5 127.4 158 

6 140.5 176 

Average 132.7 165 

0
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The powder particles are predominantly spherical with a regular shape; however,  

a small number of defective granules are present. On the surface of these defective 

granules, satellites (small particles that adhere to larger ones as a result of collisions 

during powder manufacturing) are present, along with granules having a non‑spherical 

shape. The physical and mechanical properties of specimens fabricated from 

12Kh18N10T steel without additional heat treatment are presented in Tables 2 and 3. 

The specimens were fabricated using an EOSINT M270 system by the SLM method 

in accordance with the developed digital models (Fig. 2). Powder melting was carried out 

in a nitrogen atmosphere using a laser power of 195 W and a scanning speed of 800 

mm/s; the thickness of the melted layer was 40 µm [40,41]. To investigate the physical 

and mechanical properties of metallic specimens with “Gyroid” geometry, specimens with 

wall thicknesses of 0.1, 0.2, 0.3, 0.4, and 0.8 mm were printed using the described 

technology. To determine the mechanical properties of the Gyroid structures, quasi-static 

compression testing was performed. The tests were conducted using a Zwick Z400E 

universal testing machine in accordance with GOST 25.503‑971, at a constant loading rate 

of 5 mm/min (approximately 20.8 % strain per minute) at room temperature. The load 

was applied along the build direction of the specimens, since specimens produced by 

additive manufacturing exhibit their highest strength in this direction. 

 

Results and Discussion 

As a result of 3D printing, TPMS specimens with high fidelity to the intended geometry 

were fabricated. A noticeable deviation of the actual mass from the calculated value, up to 

30 %, is observed only for specimens with the minimum wall thickness (0.1 mm), which is 

attributed to the fact that the wall thickness corresponds to approximately 2…3 particle 

diameters of the powder used. For the remaining specimens, the actual and calculated 

masses differ insignificantly (less than 3.5 %) (Fig. 4), which confirms the high accuracy of 
 

 
 

Fig. 4. Calculated and actual mass of specimens fabricated with different wall thicknesses:  

0.1, 0.2, 0.3, 0.4, and 0.8 mm  

 
1 Interstate Standard. GOST 25.503‑97. Design calculation and strength testing. Methods of mechanical testing 

of metals. Method of compression testing. Minsk, Belarus Republic: Interstate Council for Standardization, 

Metrology, and Certification; 1999.  
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the SLM method. This indicates that the printing process is capable of reproducing complex 

geometric structures with minimal deviations from the pre‑designed parameters, which is 

critically important for applications requiring strict dimensional and mass conformity. 

The stress-strain curves of the specimens are presented in Fig. 5. All curves can be 

divided into three characteristic regions: (1) a linear region (elastic strain zone), (2) a long 

wavy region (elastoplastic strain zone), (3) an exponentially increasing curve (plastic 

deformation zone – densification). 
 

  
(a) (b) 

 

Fig. 5. Compressive stress-strain curves of specimens with "Gyroid" geometry and different wall 

thicknesses: (a) 0.1, 0.2, 0.3 mm; (b) 0.4, 0.8 mm 

 

The linear‑elastic region is observed up to 3–5 % strain; then the cells of  

the "Gyroid" geometry specimen undergo plastic deformation, resulting in a characteristic 

wavy region on the strain curve. The shape of the plateau region characterizes the 

progressive collapse of the unit cells and depends on the type of structural material and 

the cell geometry. After reaching the densification point (εd), a sharp increase in stress is 

observed, caused by the transition from deformation of the structure to deformation of 

the monolithic material. Thus, the densification point characterizes the limiting state of 

suitability of the structure as an energy‑absorbing element. 

Analysis of the stress-strain curves (Fig. 5) shows that they exhibit repeated stress 

maxima, the number of which depends on the wall thickness of the specimen. Thus, 

specimens with a wall thickness of 0.1 and 0.2 mm exhibit five maxima, those with a wall 

thickness of 0.3 mm exhibit four, those with 0.4 mm exhibit three, and the specimen with 

a wall thickness of 0.8 mm exhibits a single maximum, making its deformation behavior 

comparable to that of a monolithic specimen. Increasing the wall thickness of the unit 

cell leads to an enhancement of the strength properties of the specimen. Consequently, 

under compression, specimens with Gyroid geometry are characterized by layer‑by‑layer 

deformation, which is attributable to the features of the TPMS cellular structure. This 

structure ensures a uniform distribution of mechanical stresses throughout the volume of 

the material, resulting in sequential bending and collapse upon application of  

a compressive load. Such behavior is reflected in the formation of multiple maxima on 

the stress-strain curves, demonstrating the high energy absorption capacity of the 

material and its effectiveness under dynamic loading conditions. Crushing of the 

metamaterial begins when the ultimate strength σ is reached and ends upon final 

“collapse” and densification of the specimen (εd) (Fig. 5). 
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It is known that materials with TPMS geometry possess a high capacity for dissipating 

various forms of energy, including mechanical energy [42,43]. In [43], it is shown that such 

materials can be used to create passive safety components in various modes of transport. 

To evaluate the energy‑absorbing capacity of cellular materials, the value of "energy 

absorption at 30 % strain" A30, normalized to the mass of the tested specimen, is often used. 

The strain degree of the specimen is calculated using the following equation: 

  𝜀 =
𝜀1 

𝜀0
∙ 100%.              (2) 

The specific energy absorption (normalized by mass) is calculated using the equation [43]: 

𝐴𝑚 =
1

𝑀
∫ 𝑁

𝜀1

𝜀0
 𝑑𝜀,              (3) 

where N is the load, ε is the strain, M is the mass of the specimen. 

From Eq. (3), it follows that the amount of energy absorption is the area under the 

stress-strain curve; therefore, for efficient operation of energy absorbers, both high 

strength and the ability to undergo large deformations are required. From the analysis of 

the stress-strain curves, the effective elastic and strength characteristics of the 

metamaterials under consideration were obtained (Table 4). 
 

Table 4. Effective elastic and strength characteristics of the tested specimens 

Wall thickness, 

mm 

Ultimate strength σ, 

MPa 

Young's modulus E, 

MPa 

Energy absorption at 30 % 

strain A₃₀, MJ/m³ 

0.1 3.25 211.5 0.97 

0.2 7.80 541.2 2.27 

0.3 16.85 865.4 4.84 

0.4 28.20 1250.7 8.04 

0.8 95.00 1999.3 22.95 

 

From the image of the macroetched section of the tested specimen (Fig. 6), it 

follows that during testing the specimen deformed layer‑by‑layer, and the structure of 

the specimens exhibits virtually no internal defects. This explains the formation of 

multiple peaks on the stress‑strain curve. 
 

 
 

Fig. 6. Macroetched section of the specimen after compression (wall thickness 0.8 mm) 

 

As the wall thickness increases, the energy‑absorbing capacity (the amount of 

energy absorption normalized by mass) of the cellular structure with TPMS geometry 

increases according to a power‑law relationship (Fig. 7). When the energy absorption of 

3 mm 
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the material is normalized by volume, the exponent changes (> 1), reflecting the nature 

of the increase in energy absorption (Fig. 8). According to Fig. 8, the dependence of  

 

 
 

Fig. 7. Specific energy absorption of specimens at 30 % strain as a function of the wall thickness 
 

 
 

Fig. 8. Volumetric specific energy absorption of the material with "Gyroid" geometry at 30 % strain as  

a function of wall thickness 

 

the volumetric specific energy absorption AV30 on the wall thickness of the cellular material 

follows a power law, as do many other physical and mechanical characteristics that can be 

described by the Gibson‑Ashby equation [44]. The Gibson–Ashby equation is used to 

describe the mechanical properties of porous materials, such as foams or cellular structures. 

It relates the mechanical properties of a material (e.g., Young's modulus or strength) to its 

relative density (the fraction of solid material within the structure). The Gibson–Ashby 

equation is widely used in materials science for the design and analysis of porous materials. 

The basic form of the Gibson–Ashby equation for the Young's modulus E is as follows: 
𝐸

𝐸𝑠
= С (

𝜌

𝜌𝑠
)

𝑛

,               (4) 

where E is the Young's modulus of the porous material (apparent modulus), Es is the 

Young's modulus of the solid matrix material (solid phase), ρ is the density of the porous 

material, ρs is the density of the matrix material. 
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Based on Eq. (4), it can be concluded that the relationships presented in 

Figs. 7 and 8 express the Gibson–Ashby equations for cellular materials with "Gyroid" 

geometry. According to the test results, the energy absorption at 30 % strain of  

the studied metallic specimens with "Gyroid" geometry reaches 23 MJ/m³ (0.012 MJ/kg) 

at a wall thickness of 0.8 mm, which is higher than the known values for classical cellular 

structures in the form of honeycombs — 15…18 MJ/m³ [45]. 

 

Conclusions 

As a result of 3D printing, TPMS specimens with high fidelity to the intended geometry 

were obtained. A noticeable deviation of the actual mass from the calculated value is 

observed only for specimens with the minimum wall thickness (0.1 mm). For the 

remaining specimens, the actual and calculated masses are virtually identical, which 

confirms the high accuracy of the SLM method as well as the comparable density of the 

material. Consequently, the printing process is capable of reproducing complex geometric 

structures with minimal deviations from the pre‑designed parameters, which is critically 

important for applications requiring strict dimensional and mass conformity. Within the 

framework of this study, SLM technology was successfully implemented as a tool for 

manufacturing 3D metallic periodic structures possessing low weight and high strength 

and energy‑absorbing characteristics. 

It has been shown that SLM is an effective method for creating cellular materials 

with "Gyroid" TPMS geometry from 12Kh18N10T steel powder. The materials exhibit high 

energy absorption capacity due to the alternating processes of bending deformation, 

crushing, and compression. It was determined that the wall thickness of specimens with 

"Gyroid" geometry affects their strength, specifically, the greater the wall thickness, the 

higher the strength and the greater the energy absorption. Thus, by varying the wall 

thickness of the metamaterial, the desired specific parameters can be achieved. It has 

been shown that, along with the strength and the Young's modulus, the specific energy 

absorption of the cellular material also follows the Gibson–Ashby equation. 

Given that the specific energy absorption of the developed material is significantly 

higher than the known values for classical cellular structures with hexagonal cells, it can 

be concluded that the developed materials can be used in ballistic protective systems due 

to their high energy‑absorbing properties and ability for layer‑by‑layer deformation. These 

characteristics enable Gyroid structures to effectively dissipate impact energy, making them 

suitable for use in lightweight armored structures where a combination of low weight and 

high strength is essential. However, for implementation in ballistic protection, such cellular 

structures must be further optimized with respect to wall thickness and the materials used 

to ensure adequate protection against penetrating impacts. 
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