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1. Introduction 

Energy absorbing structures are widely used to improve the 

crashworthiness of vehicles operating in various industrial fields 

such as automotive, aerospace, and defense. Nowadays, these 

structures appear as sandwich panels consisting of various types of 

metallic cellular porous core and surface plates in different engi-

neering applications, thanks to their lightweight and high specific 

energy absorption capabilities. The sandwich panels can also be 

preferred due to the ability to provide advantages such as superior 

energy absorption, outstanding sound, and vibration isolation by 

using low-density core structures and monolithic surface materials 

with high bending rigidity [1]. 

Hybrid sandwich composite panels are employed as a protective 

shield in armored military vehicles carrying personnel developed 

by different companies in the defense industry (see Figure 1). 

These panels are placed on the interior side, ceiling, and floor parts 

of the vehicle. They behave as secondary energy absorber in front 

of the main armor to increase the personnel safety against loads 
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such as crashes or explosions. Vehicle weight, maneuverability, 

and effective load capacity are important parameters in the design 

and fabrication of these panels. For this purpose, thanks to light-

weight and economical solutions and armor structures that can be 

easily mounted on the upper, side, and lower floor protections in-

side the vehicle higher protective levels against threats coming 

from outside can be achieved than those of STANAG 4569. The 

possibility of fatal injury is minimized by ballistic helmets and 

vests containing energy-absorbing materials, as well as using the 

sandwich panels for the military personnel transported in these ve-

hicles. On the other hand, homogeneous and single-layer ballistic 

coatings such as armor steel used in armored vehicles carrying mil-

itary personnel fail to provide sufficient protection in case of any 

explosion or shock waves. Therefore, this danger can be mini-

mized by using sandwich panels with cellular porous core struc-

tures which provide secondary protection against the impact loads 

in addition to the single-layered armor steel [2]. 

 

Fig. 1. Application on wheeled armored vehicles of sandwich panels with 

metal foam and cellular porous core [3]. 

 

 
(a)                   (b)                  (c) 

 

Fig. 2. Some cell examples of TPMS lattice structures: a) Gyroid, b) 
Schwarz Primitive, c) Schwarz Diamond cell geometries [6]. 

 

Some examples of cellular porous core structures are metallic 

foams in irregular form and systems that include honeycomb, 

auxetic, truss and triply periodic minimal surface (TPMS) lattice 

geometries in regular form. The cell sizes of these structures 

typically range from 0.1 to 10 mm. The lattice structures with a 

regular geometry draw attention as being lighter, more rigid, and 

durable than their foam counterparts. These structures are 

approximately three times stronger than their foam equivalents. 

One of the reasons for this difference in strength is that bending is 

dominant in the foam cell walls, whereas tension and compression 

are more dominant in the lattice cells. Moreover, it has been 

reported that the strength of cellular lattice structures under 

dynamic loading conditions increases due to the microinertia effect 

[4]. The microinertia effect in TPMS lattice structures is more 

dominant under dynamic loading conditions, and their strength 

increases due to the folding damage mechanism occurring during 

the deformation process [5]. Examples of truss lattice structures 

include cellular crystallographic (FCC, BCC, FCCZ) and unit cell 

geometries called tetrahedral beams. Gyroid, Schwarz Primitive, 

Schwarz and Diamond cell geometries shown in Figure 2 are 

widely used in TPMS lattice structures. 

The TPMS lattice structures consist of closed cells in unlimited 

connection including minimal surfaces periodically in three direc-

tions and have zero average curvatures at each point. Maskery et 

al. [7] determined that Gyroid celled structures with zero mean cur-

vature surfaces improve energy absorption behavior under com-

pression load. Their results showed that the specific energy absorp-

tion capacity of heat-treated double Gyroid (DG) lattice structures 

up to crushing strain of 50% was approximately three times that of 

the body centered cubic (BCC) lattice structures examined in a pre-

vious study [8]. In another study, the mechanical properties under 

compressive loading of Gyroid structures manufactured using 3D 

printer were examined experimentally and numerically. The 

study’s results demonstrated that Gyroid structure has comparable 

energy absorbing properties to those of Primitive, IWP, and Neo-

vius structures. It was also found that the continuity on the Gyroid 

cell surfaces doesn’t create stress concentrations in the structure 

[9]. Stiffness and strength properties of the TPMS lattice structures 

vary depending on relative density, beam or unit cell aspect ratio, 

unit cell geometry and material properties as well as test loading 

conditions (static/dynamic) [10]. The TPMS lattice structures 

show higher specific energy absorption performance compared to 

metallic foam, auxetic and beam-based cellular truss structures 

[11–13]. Moreover, the sheet based TPMS structures are superior 

to solid based TPMS structures in terms of stiffness, strength, and 

energy absorption properties. Similarly, the energy absorbing ca-

pabilities of cellular lattice structures, fabricated using AlSi10Mg 

powder with an SLM (Selective laser melting) type 3D metal 

printer were examined in low-velocity (4 m/s) impact conditions. 

It was concluded that Gyroid cell based TPMS lattice structures 

show higher penetration depth and energy absorption ability than 

truss lattice structures (BCC, BCCZ, FBCC, FBCCZ). Further-

more, another advantage of the TPMS based lattice geometries is 

that they have the same rigidity in all directions [14]. The crushing 

and crash test studies performed on cellular lattice structures found 

that the TPMS lattice structures with gradually changing pore ratio 

absorb higher energy than homogeneous TPMS lattice structures 

with the same pore ratio. 

The TPMS lattice structures can be manufactured using additive 

manufacturing methods despite their complex geometric designs. 

For this reason, in recent years, several studies have been carried 

out on the microstructural properties [15], compressive strength 

[16] and toughness values [17] of the structures fabricated with 3D 

metal printers (SLM, SLS, EBM, and DMLS). Many experimental 

and numerical studies have been carried out on device fabrication 

parameters, cell patterns of TPMS lattice geometries and relative 

density (cell wall thickness, cell size and cell direction to volume 

ratio parameters) regarding samples manufactured by SLM tech-

nology using 3D printers [18]. However, especially in the fabrica-
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tion of metal structures via this technology, there are some limita-

tions such as high production and device costs, low production ve-

locity, dimensional accuracy, and metallurgical defects [19]. In or-

der to eliminate the defects that arise in the production of cellular 

lattice structures, there are detailed studies of the effect of pro-

cessing parameters such as laser speed, laser power, layer thick-

ness, distance between two laser scans in 3D metal printers on the 

mechanical properties [20]. However, the problems arising during 

fabrication vary depending on the powder material properties and 

the applied process parameters. There are limited types of metal 

powder available for 3D metal printers. Stainless steel (316L) [15], 

Ti6Al4V [21,22], Inconel 625 [23], AlSi10Mg [24], maraging 

steel [25] and CP-Ti [26] metal powders are commonly used for 

the TPMS lattice structure fabrication. Especially in studies done 

on the fabrication of aluminum alloys through SLM technology, 

there are some difficulties such as low fluidity [27], high laser re-

flection, high thermal conductivity [28], and oxidation risk [29]. 

Determination of the deformation damage mechanisms under 

static and dynamic loads of the TPMS lattice structures using 

closed-form analytical equations is limited in terms of engineering 

applications. It is possible to determine energy absorbing charac-

teristics as well as reveal deformation damage mechanisms in these 

structures by finite element (FE) analysis. Considering this situa-

tion, in this study, firstly, TPMS lattice structures with Gyroid and 

Diamond cells manufactured by powder bed fusion (PBF) technol-

ogy using AlSi10Mg alloy material, which is advantageous in 

terms of lightweight, were tested under compression load. Sec-

ondly, commercial Ls-Dyna finite elements software was utilized 

to reveal energy absorbing characteristics and deformation damage 

mechanisms throughout the crushing of the TPMS lattice struc-

tures designed at different relative densities according to the cell 

wall number and cell thickness. FE crushing analysis results of the 

TPMS lattice structures were verified with experimental crash test 

data. The stress-strain curves, energy absorbing characteristics and 

deformation damage mechanisms obtained in the result of crush-

ing analyzes were compared with each other. 

2. Material and Method  

2.1 Design of the TPMS lattice structures  

TPMS is a class of mathematically specified surfaces that can 

be explained by the implicit method. It is also referred level set 

functions [30]. The functions used to create unit cells of the Gyroid 

(G) and Diamond (D) cell based TPMS lattice structures are de-

fined as below: 

 

Gyroid cell function: 

 

ΦG(x,y,z)=cos(ωx∗ x) ∗ sin (ωy ∗ y) 

 +cos(ωy∗y)∗sin(ωz∗z)+cos(ωz∗z)∗sin(ωx∗x)=0         (1) 

 

 

 

 

 

Diamond cell function: 

 

ΦD (x,y,z)= sin (ωx∗ x)∗ sin (ωy∗ y)∗ sin(ωz∗ z)+cos(ωx∗ x)∗ 

sin (ωy ∗ y) ∗ sin (ωz ∗ z) + sin (ωx ∗ x)∗ cos(ωy∗y)∗sin(ωz ∗ z) 

+ sin (ωx ∗ x) ∗ sin (ωy ∗ y) ∗ cos (ωz ∗ z) = 0             (2) 

 

where ωi is the function period taken account to create the unit cells 

and calculated as: 

 

ωi = 2π/li                                           (3) 

 

li respectively represents unit cell lengths in x, y, and z directions. 

In the present study, Gyroid and Diamond cell based TPMS lat-

tice structures were created in STL (Standard Triangle Language) 

format by utilizing Mathmod software. The cell geometries of the 

TPMS lattice structures were created as a surface and exported to 

in Solidworks CAD program. After these cell geometries were re-

produced in the Solidworks CAD program, the TPMS lattice struc-

tures designed for this study were drawn as 3D solid model. Then, 

the TPMS lattice structure designs used in the tests were fabricated 

by processing in the 3D metal printer. The TPMS lattice structure 

samples were cut as symmetrical in sizes of 50 mm x 50 mm x 25 

mm to reduce the analysis time and fabrication costs. One of the 

original aspects of this study is to determine the effect on relative 

density of cell wall thickness and cell number. Therefore, the 

TPMS lattice structures were designed in three different relative 

densities using the same cell sizes.  

Fig. 3. Designs of Gyroid (a) and Diamond (b) celled TPMS lattice 

structures (j=1, 2, 3). 

 

The design parameters in terms of relative density of the Gyroid 

and Diamond cell based TPMS structures are given in Table 1. 3D 

designs according to cell numbers of these structures are shown in 

Figure 3. Relative density is a very important design parameter in 

terms of performance evaluation for TPMS lattice structures [31]. 

Relative density of a lattice structure is the ratio between its cellu-

lar porous volume and cubic bounding box, and it is calculated as 
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follows: 

𝜌
=

𝑚𝑠

𝑚𝑏
                                   (4) 

where 𝑚𝑠 is lattice structure mass and 𝑚𝑏 is mass of the cubic 

bounding box.  

The relative density values according to unit cell dimensions 

(wall thickness, width, and height) of the TPMS lattice structures 

can be obtained from their FE crushing models. As a result, the 

relative density of the TPMS lattice structures depends on the cell 

wall thickness, as seen from Table 1. From here, it can be under-

stood that there is a linear relationship between the relative density 

and cell wall thickness. It is possible to manufacture the TPMS 

structures designed for this study in practice. For the specific en-

ergy absorption value at the desired level, relative density values 

that vary depending on cell wall thickness and number of cells 

have been generally preferred in the range from 7% to 30% in the 

literature studies [21,31,32]. 
 

Table 1. Relative densities based on cell design parameters of the TPMS lattice structures. 

Cell geometry Cell numbers 
Thickness 

(mm) 

Width 

(mm) 
Height (mm) 

Relative density 

(%) 
Cell label 

Gyroid 

2 x 2 x 1 

0.6 25 25 7.4 G2R1 

0.9 25 25 11.2 G2R2 

1.2 25 25 14.8 G2R3 

3 x 3 x 1.5 

0.4 16.7 16.7 7.4 G3R1 

0.6 16.7 16.7 11.2 G3R2 

0.8 16.7 16.7 14.8 G3R3 

4 x 4 x 2 

0.3 12.5 12.5 7.4 G4R1 

0.45 12.5 12.5 11.2 G4R2 

 0.6 12.5 12.5 14.8 G4R3 

Diamond 

2 x 2 x 1 

0.6 25 25 9.2 D2R1 

0.9 25 25 13.8 D2R2 

1.2 25 25 18.4 D2R3 

3 x 3 x 1.5 

0.4 16.7 16.7 9.2 D3R1 

0.6 16.7 16.7 13.8 D3R2 

0.8 16.7 16.7 18.4 D3R3 

4 x 4 x 2 

0.3 12.5 12.5 9.2 D4R1 

0.45 12.5 12.5 13.8 D4R2 

 0.6 12.5 12.5 18.4 D4R3 

2.2 Fabrication of the TPMS lattice structures 

G2B1 and D2B1 labeled TPMS lattice structures were fabri-

cated using a 3D metal printer (EOS M290). The direct metal laser 

sintering (DMLS) method, a special additive manufacturing 

method utilizing powder bed fusion (PBF) technology, were em-

ployed in fabrication process. The fabrication process parameters 

are shown in Table 2. AlSi10Mg powder, which is supplied by 

EOS Aluminum Company (Germany), with an average diameter 

of 43 µm, was used for this fabrication process (see Table 3). To 

improve fabrication quality of the 3D metal printer, the oxygen 

content was kept below 0.1% and the platform temperature was set 

to 180°C. The TPMS lattice structure samples were removed from 

the substrate via the EDM (Electro Discharge Machining) process 

to obtain a smooth surface quality and decrease the stress concen-

tration effect. Afterwards, the specimens were exposed to a heat 

treatment process at 500 °C for 4 hours to reduce the effect of re-

sidual stresses. 

2.3 Material characterization 

To obtain the mechanical properties of the AlSi10Mg alloy 

specimen, tension tests were conducted with an MTS universal 

testing machine with load measuring capacity of 100 kN. The me-

chanical properties obtained from the tensile test were used as ma-

terial properties for the FE crushing model of the TPMS lattice 

structures. Three tensile specimens were manufactured with the 

DMLS method under the same conditions according to the ASTM-

E8/E8M standard [33]. The effective stress-effective plastic strain 

curve of the AlSi10Mg alloy material, which was obtained from 

the tension tests, is depicted in Figure 4. Moreover, the mechanical 

properties of the AlSi10Mg alloy material are listed in Table 4. 

 
Table 2. Parameters for the PBF fabrication process. 

 

Parameter Value 

Average powder diameter (µm) 43 

Laser power (watt) 200 

Layer thickness (µm) 25 

Hatch distance (µm) 130 

Scanning speed (mm/s) 500 

 

Table 3. Chemical contents of the AlSi10Mg powder. 
 

Material Al Si Cu Mn Mg Zn Fe 

AlSi10Mg 

powder 

Wt% 

Res. 9-11 ≤0.05 ≤0.45 0.25-0.45 ≤0.1 ≤0.55 
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Table 4. Material properties of the AlSi10Mg alloy specimen. 
 

Density 

(g/cm3) 

Young modulus 

(GPa) 

Poisson’s 

ratio 

Yield strength 

(MPa) 

2.65 68.5 0.33 242.71 

 

Fig. 4. Effective engineering stress curve versus effective plastic strain 

of the AlSi10Mg alloy specimen. 

 

2.4 Crushing test 

Crushing tests of the TPMS lattice structures under quasi-static 

compressive loads were carried out using the MTS universal test-

ing machine. The loading plate was set to a constant velocity of 1 

mm/min at room temperature (see Figure 5). A camera system was 

used to take images of the deformations that occurred in the sam-

ples throughout the test. The stress (engineering stress, σ) value 

was calculated by dividing reaction force on the loading plate by 

the top cross-section area of the TPMS lattice structure samples. 

The strain (engineering strain, ε) value was obtained by dividing 

the crushing distance in the loading direction by the initial height 

(50 mm) excluding the upper and lower surface plates of the TPMS 

lattice samples [34].  
 

Fig. 5. Crushing test setup of the TPMS lattice structures: a) G2B1 la-
beled Gyroid and b) D2B1 labeled Diamond samples. 

 

2.5 FE crushing model of the TPMS lattice structures 

A commercial Ls-Dyna finite element software was employed 

to numerically model crushing behavior of the TPMS lattice struc-

tures under compression load. Since the Gyroid and Diamond cell 

based TPMS lattice structures have complex surface geometry, it 

is very laborious and time-consuming to model as solid of these 

structures using general CAD programs. Therefore, firstly, the sur-

faces of these TPMS lattice structures were drawn using Mathmod 

software [35] and exported to the SolidWorks’ CAD program after 

saving them in STL format. After 3D solid models of these TPMS 

lattice surfaces were created in the SolidWorks CAD program, 

these models were imported in the Ls-Dyna program.  

 

Fig. 6. FE crushing models of the Gyroid and Diamond celled lattice 
structures. 

 

Figure 6 shows the details with boundary conditions and mesh 

structure of the FE crushing model created in the Ls-Dyna program. 

Since the ratio of cell wall thickness to other sizes (cell, width, and 

height) of the TPMS lattice structures is not small enough (<0.1), 

solid elements (element formulation = 1) were used in FE crushing 

models of these structures. Shell elements with 4 nodes (element 

formulation = 2) were implemented on the loading and fixing 

plates. Since the TPMS lattice structures have functionally defined 

curved surfaces, triangular prism elements were used in the finite 

element model of these structures [36]. To eliminate the effect of 

the mesh element size on the FE analysis results, FE crushing anal-

yses were carried out with the most appropriate mesh element sizes, 

confirming the experimental results. Therefore, element sizes in 

the range of 0.3-0.6 mm for the G2RJ and D2RJ designs, 0.2-0.4 

mm for the G3RJ and D3RJ designs, and 0.15-0.3 mm for the 

G4RJ and D4RJ designs were chosen to ensure converging inde-

pendently from the mesh. However, smaller element sizes were not 

preferred as they would increase solution cost of the FE analyses 

considerably.  

To determine the deformation damage mechanisms of the 

TPMS lattice structures with AlSi10Mg alloy material, the 

MAT24 (Piecewise Linear Plasticity) material card, which consid-

ers elastoplastic damage effects, was employed in the FE model. 

The MAT24 material card involves one effective failure strain pa-

rameter for element damage, and it also takes into account strain 

rate effects [37]. Since the tests under tensile and compression of 

specimens fabricated using AlSi10Mg material were performed at 
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very low loading speeds (1 mm/min), strain rate effects of this ma-

terial were not considered in the FE crushing analyses. The Pois-

son's ratio, elasticity modulus, yield strength values given in Table 

4 and the effective stress curve versus effective plastic strain 

shown in Figure 4 were used as input parameters for the MAT24 

material card. The effective failure strain parameter for the 

AlSi10Mg material was taken as 0.12. This parameter was verified 

by comparing the FE analysis and test results of the TPMS lattice 

structures under quasi-static compressive load. 

Contact algorithms were used to provide interactions with load-

ing/fixing plates of the TPMS lattice structure surfaces involving 

in the FE model. Therefore, “Automatic Surface to Surface” and 

“Automatic nodes to Surface” contact algorithms were defined be-

tween the loading / fixing plates and the TPMS lattice structures. 

Additionally, “Eroding Single Surface” contact was applied to the 

TPMS lattice structures to activate damage occurring in case of 

self-contact during folding of the cell surfaces. Static friction coef-

ficient for all contact interfaces was assumed 0.3 as reported in the 

literature [38–40]. As shown in the Figure 7, the experimental and 

numerical deformation images are compatible with each other. 

Therefore, it was also accepted as 0.3 in the FE analyses of the 

other TPMS lattice structures. Since a constant loading velocity of 

1 mm/min took too much time for an explicit solution in the FE 

crushing analysis, a constant velocity of 1 m/s was applied to the 

loading plate [39]. Moreover, the mass scaling (material density 

multiplied by 100) approach was applied to the FE crushing mod-

els to reduce the solution time [41]. 

3. Results and Discussion 

3.1 Validation of the FE crushing models of the TPMS lattice 

structures 

The stress-strain curves and deformation images determined 

from the crushing tests of G2B1 and D2B1 labeled TPMS lattice 

structures were benchmarked to verify the FE crushing analysis re-

sults, as shown in Figure 7. One of the possible reasons for the 

deviations among the numerically and experimentally designated 

stress-strain curves is that isotropic material properties could not 

be ensured homogenously at all cells of the TPMS lattice structures 

during fabrication. In other words, geometric defects such as resid-

ual powder particles adhering to the surface, surface roughness, 

pores, and uneven thickness of layer-based structures can influence 

the mechanical behavior of the TPMS lattice structures [42]. Fur-

thermore, deviations between the numerically and experimentally 

detected stress-strain curves were more dominant in the Diamond 

cell based TPMS lattice structure due to more drooping joints and 

surfaces among the two-unit cells, which can be referred to a 

higher possibility of causing stress concentration [43,44]. As seen 

in the Figures 7, 8, and 10, the maximum stress values were ob-

tained in the regions where stress concentrations occurred during 

the crushing analysis of the TPMS lattice structures, and these re-

gions are colored in red. Brittle damaged fractures occurred in re-

gions with the stress concentration. 

Compared to the numerically and experimentally found stress 

curves versus strain of the TPMS lattice structures, the FE crushing 

model has different degrees of susceptibility to the defects of vari-

ous cell-based lattice structures manufactured by the DMLS 

method. The stress weakening in the plateau region of both TMPS 

lattice structures was at different levels. In contrast, the attenuation 

level obtained from the FE crushing analyses was lower. This sit-

uation was ascribed to the presence of different levels of micro-

defects in the DMLS fabricated TPMS structures. Considered 

compatibility between the experimental and numerical results, it 

can be concluded that the FE crushing model adequately predict 

the energy absorption and damage behavior of the TPMS lattice 

structures. Therefore, the energy absorbing characteristics and de-

formation damage mechanisms of the TPMS structures designed 

with different cell parameters can be revealed and optimized by the 

FE crushing analyses. 

 

  

                                   (a)                                         (b) 

Fig. 7. Benchmark of the experimental and numerical stress-strain curves with the deformation mechanisms of the TPMS lattice structures 
throughout the crushing process: a) G2B1 labelled Gyroid, and b) D2B1 labelled Diamond samples. 
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The experimental and numerical stress-strain curves of G2B1 

and D2B1 labeled TPMS lattice structures are in a good agree-

ment at elastic and plateau regions. This demonstrates that the 

experimental results can be verified numerically, and mesh struc-

ture used in the FE crushing models is independent of the element 

size. As seen in the Figure 7, the numerical stress-strain curves 

of the TPMS lattice structures for two different mesh structures 

are compatible with each other. After mesh convergence pro-

vided for the analyses, the FE crush analyses were continued with 

the most ideal mesh sizes that we adopted to decrease analysis 

time. Thus, it is predicted that the FE crushing analysis results of 

the Gyroid and Diamond cell based TPMS lattice structures, 

which are designed according to different relative densities, may 

be compatible with the experimental results. Based on this pre-

diction, the studies were continued with the FE analyses to deter-

mine relative density effect of the TPMS lattice structures based 

on the cell wall thickness and cell size. 

As can be seen from Figure 7a, according to numerically and 

experimentally obtained deformation images taken at 20% and 

35% crushing strains of the G2B1 labeled TPMS lattice structure, 

fractures in the cell folding locations occurred because of brittle  

material damage behavior. On the other hand, from the experi-

mental and numerical deformation images obtained at 20% and 

35% crushing strains of the D2B1 labeled TPMS lattice structure 

shown in Figure 7b, brittle fractured damage started in its middle 

cells and continued until damaging adjacent cells. Due to these 

fractures, fluctuations occurred in the plateau region of the stress-

strain curve of the TPMS lattice structures. According to defor-

mation images obtained from the FE crushing analyses, while the 

von Mises stress values were at maximum levels (red colored re-

gions) on the damaged surfaces, these values were at minimum 

levels (blue colored regions) on non-damaged surfaces. 

 

Fig. 8. Comparison of numerically obtained engineering stress-strain curves under compressive load of the TPMS lattice structures designed 

according to the cell wall thickness and number at different relative densities: a) 7.4% Gyroid, b) 11.2% Gyroid, c) 14. 8% Gyroid, d) 9.2% 

Diamond, e) 13.8% Diamond, and f) 18.4% Diamond 
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3.2 Crushing response of the TPMS lattice structures 

The crushing response of the TPMS lattice structures designed 

at various relative densities based on cell number and cell wall 

thickness has been numerically revealed. The stress-strain curves 

detected from the FE crushing analyses of the TPMS lattice struc-

tures are given comparatively in Figure 8. While peak stress values 

were obtained at strains varying in range from 4% to 5% in the 

Gyroid cell based TPMS lattice structures, these values in the Di-

amond cell based TPMS lattice structures were obtained at strains 

changing between 5% and 6%. There were sudden decrements in 

the stress values until the beginning of the plateau zone of the 

TPMS lattice structures due to the brittle fracture damages on the 

cell walls. According to the images obtained at the strain instants 

of 35% shown in Figure 8, the folding damage mechanism in the 

cells of the TPMS lattice structures led to an increment in the num-

ber of fluctuations in the stress-strain curves based on increasing 

cell number. The peak stress values of the TPMS lattice structures 

went up significantly with increasing relative density due to an in-

crement in cell wall thickness. In the case of constant relative den-

sity, there was a significant increase in the peak stress values due 

to the increment in the number of cells in the Gyroid cell based 

TPMS lattice structures, whereas these values changed negligibly 

in the Diamond cell based TPMS lattice structures. 
 

3.3 Energy absorbing characteristics of the TPMS lattice    

structures 

Specific energy absorption (SEA) capability gives important 

ideas to benchmark crashworthiness performance of energy ab-

sorbing structures [38]. The SEA is the energy capacity absorbed 

per unit mass (m) of energy absorbing structures and is defined as 

𝑆𝐸𝐴 =
𝐸𝐴

𝑚
                                    (5)  

Energy absorption (EA) is the region under the force-displace-

ment curve up to the densification region during crushing and it is 

calculated by integrating the load corresponding to the crushing 

distance (𝛿) up to the total crushing distance (𝛿𝑇) as below: 
 

𝐸𝐴 = ∫ 𝐹(𝛿)𝑑𝛿                                  (6)

𝛿𝑇

0

 

The mean crush force (MCF) is an important design parameter 

used to reveal the energy absorbing ability of a structure. If the 

MCF value of the structure goes up, its energy absorption capacity 

boosts at the same ratio. The MCF is the ratio of energy absorption 

capacity of the structure to its total crushing distance and calculated 

as: 

𝑀𝐶𝐹 =
𝐸𝐴

𝛿𝑇
                                    (7) 

Crushing force efficiency (CFE) is a critical design parameter 

regarding the effectiveness of the peak crush force (PCF) in the 

plateau region of the crushing stress-strain curve. The CFE gives 

important ideas related to the energy absorption performance of the 

structures. It is the ratio of the mean crush force to the peak crush 

force and is defined as 

𝐶𝐹𝐸 =
𝑀𝐶𝐹

𝑃𝐶𝐹
                                  (8) 

(a) 

(b) 

(c) 

Fig. 9. Benchmark of SEA and CFE characteristics based on relative 

density of the TPMS lattice structures: a) Gyroid cells, b) Diamond cells 

designed at different relative densities, and c) Gyroid and Diamond cells 

designed at close relative densities. 
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In the present study, the CFE and SEA characteristics were 
used as criteria to compare the crashworthiness performance of 
the TPMS lattice structures. These characteristics were calcu-
lated for the region up to 70% strain, where the densification 
zone of the stress-strain curve starts. 

Comparisons of the specific energy absorption (SEA) and crush 

force efficiency (CFE) characteristics of the TPMS lattice struc-

tures are given in Figure 9. Crush force efficiency (CFE) of the 

TPMS lattice structures remarkably varied depending on defor-

mation damage mechanisms occurred during crushing process. As 

seen in Figure 8(b, c), there were increases in CFE values due to 

the progressive deformation damage mechanism occurred in Dia-

mond cell lattice structures due to the increase in relative density. 

On the other hand, in the designs with low relative density (see 

Figure 8a), CFE values of the Diamond cell based lattice structures 

were obtained lower than those of Gyroid cell based lattice struc-

tures as catastrophic damage initially occurred in the middle cells. 

The highest CFE values were obtained as 51% in the G2R1 labeled 

structure, whereas the lowest CFE value was calculated as 44% in 

the G4R1 and G4R2 labeled structures (see Figure 9a). While the 

highest CFE value were 54% in the D3R3 and D4R3 labeled struc-

tures, the D2R2 labeled structure had the lowest CFE value as 38%, 

as seen in Figure 9b. However, the SEA values of the TPMS lattice 

structures went up with boosting relative density based on cell wall 

thickness. Moreover, the SEA values of the TPMS lattice struc-

tures increased with increasing cell number under constant relative 

density (see Figure 9c). The highest SEA values in the Gyroid cell 

based TPMS lattice structures were obtained in GiR3 (i=2, 3 and 

4) labeled structures with 14.8% relative density. The SEA values 

for the G4R3, G3R3 and G2R3 labeled structures were calculated 

as 17.7 J/g, 16.0 J/g and 14.5 J/g, respectively. For the Diamond 

cell based TPMS lattice structures with D4R2, D3R2 and D2R2 

label with 13.8% relative density, these values were obtained as 

26.3 J/g, 26 J/g and 20.5 J/g, respectively. As can be understood 

from these results, the Diamond cell based TPMS lattice structures 

showed 50% more specific energy absorption performance than 

the Gyroid cell based TPMS lattice structures with close relative 

density. 

 

3.4 Damage behaviors of the TPMS lattice structures 

Figure 10 depicts the damage mechanisms and stress distribu-

tions obtained on the cell surfaces at different crushing strains (5%, 

20%, 35%, and 50%) in the result of the FE crushing analysis of 

the Gyroid and Diamond cell based TPMS lattice structures de-

signed with relative densities of 14.8% and 13.8%, respectively. It 

can be seen from Figures 8(c, e) that deformation damage mecha-

nisms changed with an increment at relative density based on the 

cell wall thick-ness for the same cell geometry. As a result, these 

deformation damage mechanisms are highly dependent on both the 

cell wall thickness and cell geometry. The Gyroid cell based 

TPMS lattice structure with lower cell numbers (G2R3) exhibited 

a damage mechanism in the form of shear to the left due to the 

brittle fractured damage behavior after 20% deformation strain 

(see Figure 10a). However, after the peak stress in the G3R3 la-

beled TPMS lattice structure, a folding damage mechanism ap-

peared in the middle cells (see Figure 10b). During the crushing 

strain of 5%, the damaged Gyroid cell surfaces had maximum 

stress levels. However, as the crushing strain increased, the Gyroid 

cell based TPMS lattice structures entered the yield zone and the 

stress levels decreased. After the shear and folding damage mech-

anisms occurred, the cells fractured diagonally. Meanwhile, cracks 

developed and progressed towards to nondamaged cells due to the 

fractures occurred in the Gyroid cells. When the crushing strain 

reaches up to 20%, the folding damage mechanisms formed in the 

twist places of the Gyroid cells. In the case of 35% crushing strain, 

half of the Gyroid cells damaged and folded over each other. On 

the other hand, during the crushing of the Gyroid cell based TPMS 

lattice structures, the cell walls had brittle fractured damage mech-

anisms. In the G4B3 labeled TPMS lattice structure, a progressive 

damage mechanism appeared starting from the upper left edge and 

continuing as a shift to the right at the crushing strains in the range 

from 20% to 35% (see Figure 10c). Moreover, a horizontal layer 

fracture occurred in some cells due to an increment in the cell num-

ber. As a result, the progressive damage mechanism led to increase 

the specific energy absorption capacity in the Gyroid cell based 

TPMS structures.  

Fig. 10. Comparison of deformation behavior and damage mecha-
nisms at different crushing strains of the TPMS lattice structures at 
14.8% and 13.8% relative density: a) G2R3, b) G3R3, c) G4R3, d) 

D2R2, e) D3R2, and f) D4R2 labeled lattice structures. 
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It should be noted that the deformation damage mechanisms of 

the Gyroid and Diamond based TPMS lattice structures are differ-

ent. The middle cells of the D2R2 labeled TPMS structure are ex-

posed to fracture damage mechanism throughout horizontal cross-

section at a crushing strain of 20% (see Figure 10d). This damage 

mechanism caused a horizontal and progressive collapse starting 

from the middle cells in the Diamond cell based TPMS structure. 

However, based on an increment in the cell number, the Diamond 

cell based TPMS lattice structures exhibited a smooth deformation 

behavior converting the damage mechanism initiating from the up-

per cells into progressive damage mechanism in the adjacent cell 

layers (see Figure 10e, f). Therefore, the stress-strain curves were 

obtained smoother in the Diamond cell based TPMS lattice struc-

tures with higher cell numbers under the same relative density (see 

Figure 8e, f). On the other hand, the magnitude of the stress fluc-

tuation changed depending on stress softening because of local 

bending in the Diamond cells. The TPMS lattice structures show 

bulk material behavior in the densification region. Considering the 

stress-strain curves of the TPMS lattice structures throughout the 

crushing process, the plateau region continued until the crushing 

strain of 70% and then the stress values increased significantly in 

the densification region. 

 

4. Conclusions 

This study aimed to examine the energy absorbing and damage 

behavior under quasi-static compressive load of Gyroid and Dia-

mond cell based TPMS lattice structures manufactured through 

powder bed fusion technology using AlSi10Mg alloy material. En-

ergy absorbing characteristics and deformation damage mecha-

nisms of the TPMS lattice structures designed with various relative 

densities depending on the cell wall thickness and cell number pa-

rameters were numerically determined using the commercial Ls-

Dyna FE software. The results of the numerical analysis were ver-

ified by confronting with the test results of the manufactured sam-

ples. Based on the findings obtained from this study, the following 

conclusions are drawn: 

1) Peak stress of the TPMS lattice structures goes up with in-

creasing relative density due to an increment in cell wall 

thickness. 

2) When the cell number is increased under the condition of 

constant relative density, the peak stress ascends consider-

ably in the Gyroid cell based TPMS lattice structures, 

whereas it doesn’t boost clearly in the Diamond cell based 

TPMS lattice structures. 

3) The specific energy absorption ability of the TPMS lattice 

structures improves significantly with increasing relative 

density depending on the cell number and cell wall thick-

ness. 

4) The Diamond cell based TPMS lattice structures show 50% 

more specific energy absorption performance than the Gy-

roid cell based TPMS lattice structures with close relative 

densities. 

5) The TPMS lattice structures exhibit smoother plateau be-

havior with lower stress fluctuations depending on incre-

ments in the number of cells. 

6) The Gyroid cell based TPMS lattice structures show dam-

age mechanism in the form of shear to the right or left, de-

pending on the cell numbers due to the brittle fractured 

damage behavior after 20% deformation strain. 

7) The damage mechanisms of the TPMS lattice structures 

throughout the crushing process play an important role on 

revealing the plateau stress and energy-absorbing behavior. 

8) The specific energy absorbing ability of the Diamond cell 

based TPMS lattice structures improves through a progres-

sive damage mechanism that occurs due to an increasing 

number of cells. 

9) The mechanical properties (especially peak stress) of the 

TPMS lattice structures can be predicted truly by the FE 

crushing analysis. 

10) The highest CFE values for the Diamond and Gyroid cell 

based lattice structures can be obtained as 54% and 51%, 

respectively. 

 

This study’s findings demonstrate that the Gyroid and Diamond 

cell-based lattice structures are suitability for energy absorbing ap-

plications and will allow the design and fabrication of more effi-

cient lightweight components for aerospace, automotive, and de-

fense industries in the future. The TPMS based structures investi-

gated in this study will also contribute to the development of mod-

ern composite structures when used as the core material in sand-

wich panels. The authors aim to optimize by experimentally and 

numerically examining the energy absorbing characteristics and 

damage behavior of these TPMS structures with different cellular 

geometries under dynamic loading. 
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Nomenclature 

EA : Energy absorption (J) 

SEA : Specific energy absorption (J/g) 

𝛿  : Crushing displacement (m) 

𝛿𝑇  : Total crushing displacement (m) 

m
  

: Mass (kg) 

F  : Force (N) 

CFE : Crush force efficiency (%) 

MCF  : Mean crush force (N) 
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