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Lightweight constructions are in demand for applications which require low weight accompanied by rigidity. From 

this perspective, lattice structures are an interesting design solution in conjunction with additive manufacturing 

technology. This study addresses promising lattice topologies. A range of metallic lattice structures was produced 

using Direct Metal Laser Sintering technology and the samples were exposed to uniaxial tensile load. During the 

tensile tests crack initiations and locations of the breaks were observed. The results clarify the weaknesses of the 

cellular lattices and reveal their maximum tensile load. First steps have been taken to meet the demand for opti-

mized lightweight AM products. 
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 Introduction 

Requirements for energy efficient machines are con-
stantly increasing. For example, research and develop-
ment in the automotive industry is making efforts towards 
weight reduction to help reduce fuel consumption and ex-
haust emissions. This can be achieved by either substitut-
ing current materials with higher grade materials, or de-
sign optimization. The first approach is usually accompa-
nied by worse machinability because these materials have 
high specific strength. These materials are titanium al-
loys, high strength steels and aluminium/magnesium. The 
second approach is based on adapting the structural de-
sign to the loading conditions. Examples of this strategy 
are sandwich design, which is designed to give high ri-
gidity accompanied by low weight. This strategy places 
high demands on manufacturing technologies due to the 
high complexity of the parts. [1] 

Porous structures can have either a non-stochastic or 
stochastic character. Metal foams belong to the first group 
of non-stochastic structures. They are characterized by ir-
regular distribution of cavities. Therefore, their geometry 
is not precisely defined. Metal foams offer a wide range 
of attributes including low thermal conductivity, electro-
magnetic wave shielding and great toughness. Lattice cel-
lular structures, which belong to the second group, have 
similar properties. These structures are formed from 
struts and their geometry is regular. Various methods ex-
ist for producing these regular structures. [2] 

Metal additive manufacturing (MAM) has the ability 
to produce highly complex parts because parts are built 
layer by layer. Numerous scientific publications have ver-
ified its suitability for producing complex cellular lattice 
structures. [3] Technology based on melting of a powder 
bed includes Direct Metal Laser Sintering, which was 
used for the experiments in this paper. 

Metal parts made by this manufacturing technology 
usually have a fine structure. Therefore, they typically 
achieve better mechanical properties than cast materials. 
They may even have properties comparable with forming 
steel. The finer structure is the result of high cooling rates 
in the locally melted area of the thin metal layer. This can 

lead to non-equilibrium phase and generation of internal 
stress. [4] 

Nevertheless, this technology has its limits due to the 
method of melting in the powder bed. One of the 
downsides is the surface quality. A ‘staircase’ effect is 
evident on the molten surface of the parts. Additionally, 
overhangs usually require supports to hold the critical ar-
eas during the process. These support structures are built 
together with the components, help prevent distortion 
from thermal stresses and anchor the overhanging area to 
the building platform. The support structures are removed 
after the production is complete. [4] 

Recent studies in the field of AM have investigated 
the mechanical strength properties of cellular lattice 
structures. The majority of the studies focus on pressure 
tests of porous structures. Nevertheless, paper [1] inves-
tigated the tensile behaviour of porous samples. Finite El-
ement Analysis (FEA) is often included in the studies.  

The topology and arrangement of the basic cell unit of 
a non-stochastic structure is an important aspect for in-
creasing the specific load capacity. The ultimate re-
sistance to damage results from the geometry and the 
loading situation. Therefore, multiple parameters are in-
volved in the process of optimization of parts. Finite Ele-
ment Analysis is an appropriate method for doing this. 
This study investigates the maximum load capacities of 
different topologies by observing crack initiations and the 
locations of the breaks. 

 Experimental details 

The experiment comprises seven topologies with self-
supporting unit cells, as shown in Figure 1. All of the 
samples have a 5 mm unit size and the volume fraction is 
set at 13.5%. The dimension of the porous core is 25mm 
Cubic units such as the Body Centred Cubic (BCC) and 
Face Centred Cubic (FCC) form the basis for the other 
variations such as PFCC and BCCz, where struts are 
added to gain stiffness along the z axis. F2BCC is created 
by combining BCC and FCC units. 

Topologies, except BCC, Gyroid, Rhombic, do not 
have identical characteristics along all the main axes. 
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Strength characteristics in directions x and y are fully in-
terchangeable. Therefore, these topologies are tested in 

two load directions x and z. The samples were manufac-
tured so that their main axes are in the horizontal position. 

 

Fig. 1 Unit cell topologies 
 
Tensile samples are produced by DMLS and their de-

sign is adapted for rigid clamping to deform only the po-
rous core of the sample. Figure 2 shows the gyroid open 
cell geometry with dimensions of 25 mm x 25 mm x 25 

mm. Standard ‘EOS_DirectTool’ process parameters 
were used for material 1.2709 according to European 
classification. 

 

Fig. 2 Tensile sample with gyroid topology

 Experiment 

Tensile tests are often used to determine material 
properties. When a porous structure is tested, the test 
evaluates not only the material but also the geometry of 
the structure. The proof of this fact is load capacity, which 
is different for each topology. The yield strength always 
occurs when the material is permanently deformed and 
ultimate strength is the limit stress that leads to tensile 

failure. Therefore, this experiment does not evaluate ma-
terial properties, but properties of topologies in connec-
tion with the 1.2709 material. 

The results are shown as force loading. Fmax is the 
force acting on the cross-sectional area 25 mm x 25 mm, 
that causes sample destruction. Fp0.2 is the force equiva-
lent to the yield strength resistance to permanent elonga-
tion of 0.2%. Figure 3 shows the values of the tensile 
tests. 
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Fig. 3 The load capacities of the lattice structures in the experiment 
 
All the samples except Gyroid and BCC were tested 

along directions x and z because these topologies usually 
have higher stiffness in the direction of the z axis. The 
PFCC topology reached the highest load capacity without 
permanent deformations along both directions. It also had 
the least balanced results. However, this geometry is pre-

ferred in applications where the highest stiffness is re-
quired for a uniaxial load. FCC and BCCz provided inter-
esting results in this case. The deformation curves did not 
show a significant yield strength. The load force in-
creased until an interruption of cohesion from some struts 
was created. 

 
 

When the maximum loads were reached, the samples 
were broken. In most cases, the breach of the sample was 
gradual except for the PFCC topology. These topologies 
loaded along the z axis were broken abruptly. Reinforce-
ment of the struts in the connection with the rigid plates 
should increase the maximum load. The crack initiations 
were always on the surface of the porous core and then 

the crack spread throughout the body. The samples with 
topologies BCC, FCC, PFCC and F2BCC cracked at the 
connection of the porous core with the rigid plate. The 
Rhombic and BCCz topologies cracked at an angle of 
45°. Only the gyroid structure broke in the centre of the 
sample. 

 

Fig. 4 Crack propagation: a) BCC, FCC, PFCC and F2BCC; b) Rhombic and BCCz; c) Gyroid 
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 Conclusion 

Lattice structures are used for topological optimiza-
tion because of their properties. This article is focused on 
the maximum load capacity of uniaxial tension. The ex-
periment tests different kinds of porous topologies. The 
range of load capacities were found to be from 19 kN to 
40 kN. This shows that there is a great difference between 
topologies of samples with the same weight and dimen-
sions. 

Theory about stiffness of lattice structures is follow-
ing. If stretch-dominated strain prevails in the porous 
core, the lattice structure has an excellent stiffness to 
weight ratio. In the opposite case, a blend-dominated 
character of topology is preferable for absorption of me-
chanical energy and vibration. This is based on the Max-
well rule. More can be read in papers by V. S. Deshpande 
et al. [6] and [7].  

The results proved the highest load capacity to be in 
the PFCC topology. This geometry combines diagonal 
and vertical struts along direction z. This distribution is 
the most effective of the tested porous samples. It means 
that tension in the porous core is of a stretch-dominated 
character. The Gyroid and BCC topologies also achieve 
great strength. 

Gyroid topology can be very useful in applications re-
quiring high stiffness and the ability to absorb vibration. 
Its geometry is described by an implicit mathematical 
equation, unlike the other structures in the experiment. 
Therefore, the Gyroid has its own specific properties and 
further research will be addressed to them. 

The crack initiations of specimens were always on the 
surface of the porous core and then the crack spread 
throughout the body. Variable cross-sections of the struts 
in relation to local specimen failure can increase the max-
imum load capacity.  

Tensile tests are often used to determine material 
properties. When testing a porous structure, the test eval-
uates not only the material but also the geometry of the 
structure. The proof of this fact is that the load capacity is 
different for each topology. The yield strength always oc-
curs when the material is permanently deformed and ulti-
mate strength is the limit stress that leads to tensile fail-
ure. 

This paper confirms that lattice structures are interest-
ing for the topological optimization of parts. The purpose 
of these modifications to component design is to reduce 
weight while maintaining strength requirements. The next 
goal of the research will be to find a way to apply the 
benefits of different kinds of lattice structures in mechan-
ical engineering. 
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