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Abstract 

Lattice structures are generated through the repetition of smaller structures, defined as unit 
cells. These structures are popular alternatives for bone implants due to the potential to adjust the 
stiffness. However, in some applications, there are volume and mass constraints that cannot be 
exceeded. Therefore, to match the lattice structure’s stiffness to that of the natural bone, unit cell 
sizes should be altered. In this study, the effects of different unit cell sizes, on the compression 
behavior of lattice structures fabricated from 316L stainless steel (SS) via laser beam powder bed 
fusion (LB-PBF) are studied through finite element analysis (FEA) while the volume and mass are 
kept constant and results of which, are validated by experiments. It was found that energy 
absorption capability and stiffness of lattice structures can increase with decreasing the size while 
the volume and mass are kept constant. The lattice structure with smaller unit cell dimensions 
tolerated a relatively higher maximum force for the same amount of displacement. 

Keywords: Lattice Structures; Laser Beam Powder Bed Fusion (LB-PBF); Stainless Steels; 
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Introduction 

Lattice structures are porous structures which are generated through the repetition of 
smaller structures defined as unit cell [1]. Unit cells are also formed by the connection of struts 
with different cross-section shapes such as rectangular, circular and hexagonal [1]. Some common 
unit cells are BCC, FCC, diamond, and gyroid [1–4]. Therefore, different mechanical properties 
can be expected by the different unit cell types, which makes lattice structures suitable for many 
applications such as medical implants, energy absorption, and light-weighting applications [1,5–
9]. However, fabrication of lattice structures via traditional manufacturing methods (i.e., cutting, 
machining, brazing, and welding) is difficult or even impossible. 

Nowadays, producing lattice structures with different additive manufacturing (AM) 
technologies such as laser beam powder bed fusion (LB-PBF) is very common due to more design 
freedom in these manufacturing methods. In LB-PBF, parts are fabricated in a layer-wise fashion 
from the powder feedstock with minimal interference of human in manufacturing. Different 
computer-aided design (CAD) files can be imported directly to the manufacturing machine for 
production. In addition, processing many materials such as titanium alloys (e.g., Ti-6Al-4V), 
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aluminum alloys (e.g., AlSi10Mg), and stainless steel (SS) alloys (e.g., 316L SS) [1–6,9–14] has 
been made possible through this type of manufacturing. 

Although manufacturing lattice structures with very complex geometries and from 
different materials have been possible via LB-PBF, there are still some challenges, which have 
hampered their widespread use in different applications. For example, when the lattice structure is 
used as a bone implant, stress shielding can occur due to the stiffness mismatch between the bone 
and implant [15]. Fatigue failure can also happen in implants since they are usually exposed to 
different loading types such as compression-compression and compression-tension [1]. The 
relatively high surface roughness after fabrication via LB-PBF can also be detrimental in some 
applications [16]. These challenges make studying different lattice structures very important. 
Many studies have been performed regarding lattice structures fabricated with different unit cell 
types. For example, Yanez et al. [14] studied gyroid lattice structures fabricated via electron beam 
melting (EBM) in normal- and deformed-shape conditions. Higher stiffness and strength were 
observed for deformed gyroids under compression while normal gyroids showed higher stiffness 
and strength under torsion. 

Van Hooreweder et al. [17] studied different post-processing treatments including hot 
isostatic pressing (HIP) and chemical etching in order to decrease the surface roughness inherent 
to LB-PBF. Chemical etching was observed to increase fatigue strength of Ti-6Al-4V samples. In 
addition, further improve in fatigue strength was observed by HIP specially in the high-cycle-
fatigue (HCF) region. Lieteart et al. [18] studied different loading combinations including tension-
tension, compression-tension, and compression-compression to investigate the fatigue behavior of 
lattice structures. It was observed that due to the presence of local mean tensile stress in tension-
tension and compression-compression loading types, lower fatigue life can be yielded compared 
with compression-tension loading. Plessis et al. [12] showed that different unit cell types can also 
result in different mechanical properties while the volume fraction is constant. In this study, 
diagonal and rhombic lattice structures fabricated from Ti-6Al-4V via LB-PBF with a 50% volume 
fraction under compressive loading were investigated [12]. Relatively higher ultimate compressive 
stress (UCS) and Young’s modulus were observed for the rhombic lattice structure compared with 
diagonal. μCT simulations also revealed that failures started from high-stress regions which were 
mostly located at the nodes. 

In addition to the aforementioned challenge, there are sometimes mass and volume 
constraints as well for specific applications. In order to obtain the desired mechanical properties 
(e.g., stiffness) and keep constant mass and volume, unit cell dimensions need to be altered. In this 
study, effects of unit cell dimensions on the mechanical behavior of lattice structures under static 
loadings will be investigated via finite element analysis (FEA). The results of FEA will also be 
verified by experimental quasi-static compression tests, and final conclusions will be made based 
on the results. 

Finite Element Simulations 
 
Lattice structures were analyzed with ABAQUS in order to study the mechanical response 

under monotonic compression. A linear tetrahedral element (C3D4) was used to mesh the 
structures. The mesh was also verified to rule out the mesh-dependency of the results. Both elastic 
and plastic properties were selected for the material according to 316L SS properties obtained from 
[19]. A 5-mm displacement and an ENCASTRE boundary conditions were applied on the top and 
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bottom plates of lattice structures, respectively. Von Misses stress, displacement, reaction forces, 
and strain were obtained using FEA in lattice structures. 

Experimental Program 

Different lattice structures were fabricated from different BCC4 unit cells via Renishaw 
AM250, an LB-PBF manufacturing machine, in an argon atmosphere (see Figure 1(a)). The 
powder feedstock used in this study was argon-atomized 316L SS fabricated by LPW Technology 
Ltd with an initial particle size distribution of 15-45 μm. The overall volume of lattice structures 
was designed with dimensions of 14.4 mm × 14.4 mm × 14.4 mm. Lattice structures were 
fabricated with 6, 8, and 10 unit cells in each direction with different unit cell lengths and strut 
diameters in order to keep volume and mass constant. Two plates with a thickness of 0.5 mm were 
also located on top and bottom of lattice structures to uniformly distribute the compressive load. 
As shown in Figure 1(b), lattice structures with 6, 8, and 10 unit cells in each direction were 
defined as BCC6, BCC8 and BCC10, respectively. 

 

 

 
Figure 1 (a) isometric (left) and top (right) view of the build plate, and (b) front view of BCC6, BCC8, and 

BCC10 

After fabrication, specimens were removed from the build plate. They were cleaned 
completely using an ultrasonic cleaner to ensure removal of loose powder particles entrapped 
within the lattice structures or on the surface. Parts were measured and tested without any 
additional post-processing treatment. Quasi-static compression tests were performed via MTS 810 
servo-hydraulic system with a displacement rate of 0.015 mm/s. Tests were performed in a 
displacement-controlled mode and continued to 5 mm. The tests were stopped if the applied force 
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reached 70 kN and considered as failed. To verify the results, three tests were performed for each 
condition.  

Results and discussion 

Lattice structures including BCC6, BCC8, and BCC10 were analyzed using finite element 
method. All lattice structures went through 5 mm displacement (see Figure 2). As seen in this 
figure, the BCC6 lattice structure under monotonic compression deforms with a barreling shape. 
In addition, the first row of unit cells under compression have the highest amount of displacement 
leading to collapse of the first row prior to other rows. This behavior continues in the 
aforementioned lattice structure until all the rows collapse and there is no unit cell to absorb the 
energy. In this stage, densification in lattice structure happens which comes with a sudden increase 
in stress and final failure of the specimen [1]. Similar behavior in displacement from FEA was 
observed for BCC8 and BCC10. However, it was observed that BCC8 and BCC10 can absorb 
more energy compared with BCC6 lattice structure. It seems that the final failure in BCC10 
happens at a relatively higher strain compared with BCC8 and finally BCC6. Therefore, it is 
expected that for the same amount of displacement, BCC10 requires more applied force compared 
with BCC8 and BCC6, respectively. This behavior can be explained by the existence of more unit 
cells to absorb the applied energy. 

Figure 2 BCC6 lattice structure in (a) before and (b) after 5 mm displacement 

As seen in Figure 3, Von Misses stress within the BCC6, 8, and 10 lattice structures is 
shown for 5 mm displacement. No failure was observed by deforming the lattice structure for 5 
mm. In addition, it can be observed that a relatively smaller amount of stress is applied on the
vertical struts of BCC10 followed by BCC8 compared with BCC6. This behavior was also verified
by looking at the strain results. It was observed that the amount of strain at the vertical struts of
BCC6 lattice structure is at the highest. This decrease in stress and strain was also observed for the
internal diagonal struts of each unit cells, however, it was more significant for the vertical struts.
Moreover, as seen in this figure, the horizontal struts of all lattice structures are under tension due
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to bending stress at these struts although the structure is under compression. Therefore, horizontal 
struts under relatively higher tension deform more in the perpendicular direction to loading, which 
contributes to the higher energy absorption of BCC10 lattice structure followed by BCC8 and 
BCC6.  

The reaction forces from the top plate were also plotted for deformed lattice structures 
using FEA, and it was observed that the maximum reaction force in BCC6, BCC8, and BCC10 are 
539 kN, 402 kN, and 280 kN, respectively. However, there were relatively higher number of 
regions with maximum force in the BCC10. This shows that by increasing the number of unit cells, 
the applied force, and consequently, stress is divided into more unit cells which decrease the 
maximum amount of stress. Therefore, smaller displacement happens at BCC10 unit cells for the 
same amount of applied stress. 

 

   
Figure 3 Von Misses stress shown in (a) BCC6, (b) BCC8, and (c) BCC10 lattice structures after 5 mm 

displacement 

In addition to numerical simulations, all lattice structures with different number of unit 
cells in each direction were tested under monotonic compressive loading. The force-displacement 
curves are shown in Figure 4. As shown in this figure, all lattice structures are first deformed with 
a linear elastic behavior, which is then followed by a plateau region where force gradually
increases with permanent deformation. This behavior conforms with the literature [20]. In these 
studies, the third regime (i.e., densification) where a sudden increase in force/stress happens for a 
relatively small increment of displacement, is also shown. However, in the current study, tests 
were stopped at 5 mm, and the third regime was not shown. It can be observed from the figure that
BCC8 and BCC10 were almost comparable in the elastic region. However, BCC10 showed 
superior strength after the first yield. 
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Figure 4 Force-displacement curves for BCC6, BCC8 and BCC10 lattice structures under displacement-
controlled compressive loading for 5 mm deformation 

All lattice structures deformed comparable to each other, and deformation started with the 
failure of unit cells row by row. In addition, all the specimens deformed with a barreling shape, 
which was also observed in FEA results (see Figure 5). Stiffness was calculated based on the slope 
of the force-displacement curve in the elastic region for each lattice structure, and it was found to 
be 18.4 N/mm, 22.9 N/mm, and 24.9 N/mm for BCC6, BCC8, and BCC10, respectively. 
Therefore, stiffness was increased by increasing the number of unit cells and decreasing the
dimensions (i.e., unit cell length and strut diameter). Since in open-celled structures (i.e., lattice), 
bending deflection is proportionate to force, length, Young’s modulus, and moment of inertia [21], 
it can be concluded that stiffness is directly correlated with Young’s modulus and moment of 
inertia, and inversely correlated with length. Therefore, by increasing the number of unit cells, and 
consequently, decreasing the length of unit cells, an increased stiffness value can be expected. 

In all deformed lattice structures, deformation started from the nodes between each two 
rows. This behavior conforms well with the FEA where a relatively higher Von Misses stress was 
shown at these nodes. It was observed that stress is relatively higher in vertical struts of BCC6 
while by increasing number of unit cells, a smaller amount of stress was applied on these struts. 
Although the lattice structure is tested under compressive loading, there was also tensile stress 
available in the horizontal struts due to the bending moment. Therefore, unit cells fail at nodes 
where horizontal and vertical struts are connected to each other, and this behavior continues until 
the part is completely failed. 
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Figure 5 BCC10 lattice structure: (a) before and (b) after 5 mm displacement 

Conclusions 

In this study, three different lattice structures fabricated from BCC4 unit cell with different 
dimensions (i.e., unit cell length and strut diameter), were fabricated via LB-PBF from 316L SS
while the volume and mass were kept constant. Finite element analysis was used to investigate the 
behavior of these structures under compression and to find the locations for maximum stress. In 
addition, monotonic behavior of these structures was obtained under compressive loading with a 
displacement-controlled program, where deformation was set to be 5 mm. Based on the 
observations and results, following conclusions can be made: 

1. BCC4 lattice structures represented good strength and stiffness, which make them
suitable for many medical applications [22].

2. The monotonic behavior of lattice structures under compressive loadings did not alter
significantly with the change of unit cell dimensions, while the weight and mass were
kept constant.

3. It was observed that stiffness of the structure increases with increasing the number of
unit cells as well as decreasing the unit cell sizes.

4. Decreasing the number of unit cells while the volume and mass were kept constant
resulted in higher energy absorption and less deformation under similar amount of
applied force.
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