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Abstract

Four lattice structures based on well-known crystal structures were evaluated in this study using the finite
element method. Simple cubic, face-centered cubic, body-centered cubic, and diamond structural alignments
were used to build up lattices from the body volume. Modern-day implant development trends are shift-
ing towards additive manufacturing technologies, which have the advantage of creating structures that can
improve the biological stability of implants that have integrated scaffolds. Such scaffolds can be trabecular
structures that mimic bone tissue and facilitate tissue penetration into the porous parts of the implant. The
final purpose of our study is to create an implant system that promotes the process of osseointegration. Eval-

uations have been carried out using finite element analysis.
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1. Introduction

In orthopaedic surgery, cellular lattices are used
as three-dimensional porous bio-products that
attempt to mimic the structure and behaviour
of bone tissue [1]. Porous biomaterial, which
must be designed to have the same mechanical
properties as that of bone tissue, may be used as
bone replacements. Several other design factors
that improve bone growth shall be considered
as well. For example, permeability of the bone
mimicking porous structure can affect cell mi-
gration [2]. Several principles have emerged in
the last two decades allowing design structures
that could replace bone tissue. These principles
consider both mechanical properties, biocompat-
ibility and bio functionality [3, 4]. In most stud-
ies, porous structures were made from titanium
or titanium alloys, but titanium alloys are stiff-
er, and their mechanical properties outperform
those of bone tissue [5]. Differences in mechan-
ical properties of bone and titanium alloys can
block bone growth and can cause bone resorp-
tion, which may lead to implant loosening [6, 71.
Porous structures are created with additive man-

ufacturing technology, and their mechanical
properties are closer to that of human bone [5,
8, 91.

In recent years, additive manufacturing tech-
nology (which some literature sources call rapid
prototyping or 3D printing) has become widely
popular. Here, the final product is made up lay-
er-by-layer [10]. Selective Laser Melting (SLM)
has been successfully developed recently to
process metal powders. The density of parts
manufactured with SLM can exceed 99 % [11].
Commercially pure titanium and titanium alloys
are still generally used in medical implants to re-
place hard tissues and bone, because they have
outstanding mechanical and biological prop-
erties [12]. Implants are also made from other
biocompatible materials such as Co-Cr alloy and
stainless steel. Comparing their elastic moduli
with that of titanium alloys, one can see that the
latter has a lower modulus of elasticity. However,
elastic modulus of titanium is still much higher
than that of human bone tissue [13]. Ahmadi et
al studied six different lattice structures that had
been manufactured with selective laser melting
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(SLM) from Ti-6Al-4V ELI (Grade 23) powder. The
types of studied lattice structures were simple
cubic, diamond, truncated cube, truncated cuboc-
tahedron, rhombic dodecahedron, and rombicub-
octahedron. Cylindrical test specimens were
manufactured using these previously mentioned
structures. Then, they were subjected to static
compression testing [14]. Chen et al studied open-
cell models with different porosities. During their
investigation, they studied the differences in the
geometry of the porous structures between CAD
models and final 3D printed parts. For example,
the CAD model with 80 % theoretical porosity was
printed with only 71 % porosity in practice [15].

2. Presentation of evaluated structures

The main purpose of this study was to create a
porous scaffold that promotes and speeds up the
osseointegration process at the bone-implant in-
terface after implant insertion. In our previous
studies, we experimented with 20x20mm cubes
that had been designed based on existing crystal
structures. In this study, we investigated the envi-
ronment of these small cubic structures by build-
ing up 60x60x60 mm cubes from them.

2.1. Simple cubic structure

Simple cubic structure was made up of 20x20%20
mm cubes with cutout spheres located at the cor-
ner points. Cutout sphere diameter was gradually
increased in 0.1 mm increments. Figure 1 shows
the phases of volume reduction. The lattice struc-
ture was designed as the negative of the crystal
structure. The upper surface was left intact as a
plane; no spheres were removed from there. Vol-
ume reduction was achieved by increasing cut-
out sphere diameter. For simple cubic structure,
the closed-cell structure did not transform into
an open-cell lattice. Thus, low volume reduction
could be achieved in this case.
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2.2. Face-centered cubic structure

In face-centered cubic structure, cutout spheres
were located at the cornerpoints and at the centre
of each side of the cube. The upper surface was
left intact as a plane; no spheres were removed
from the cornerpoints. The porous structure was
designed as the negative of the crystal structure.
Figure 2 shows phases of volume reduction for
face-centered cubic structure. For this structur-
al alignment, it was observed that an open-cell
structure emerged. Thus, large volume reduction
could be achieved. Cutout sphere diameters were
increased in 0.1 mm increments here as well.

Figure 2. Face-centered cubic structure from the solid
model.

2.3. Body-centered cubic structure

In body-centered cubic structural alignment,
cutout spheres were located at the cornerpoints
and at the middle of the body diagonal of the
20x20%20 mm cubes. For this solution, the upper
surface was left planar as well, because no spheres
were removed from those cornerpoints. The lattice
was designed as the negative of the crystal struc-
ture. Cutout sphere diameter was increased in
0.1 mm increments here as well. Figure 3 shows
phases of volume reduction for body-centered cu-
bic structure. It is notable here that the structure
transformed into an open-cell scaffold. Thus, large
volume reduction could be achieved.

Figure 1. Simple cubic cell structure from the solid
model.

Figure 3. Body-centered cubic structure from the so-
lid body.
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2.4. Diamond structure

Diamond structure can be derived from
face-centered cubic structure. This meant, cut-
out spheres were located at the cornerpoints, at
each side of the small cubes, and at the mid-octan
centres as well. The upper surface was left planar
here also. Thus, spheres were not removed from
one mid-octan centre and from the upper corner-
points of the cubes. Cutout sphere diameter was
increased by 0.1 mm also. Figure 4 shows phases
of volume reduction for diamond structure.

3. Results of finite element analysis

Simulations were carried out using ANSYS soft-
ware. For each of the above-mentioned struc-
tures, a 60 x 60 60 mm cube was created that con-
sisted of smaller, 20x20x20 mm cubes. Mechan-
ical loads were identical in all cases: the lower
part of the cube was fixed, and 4500 N force was
exerted on the upper planar surface. The acting
force was evenly distributed, and a friction-free
fix constraint was chosen. Stress intensity levels
were analysed first, and can be seen in Figure 5
on a representative meshed part.

We wanted to see how the small cube in the cen-
tre behaves with its entire environment. Thus,
stress intensity levels were analysed in the cen-
tral small cube separately, too. One example is
shown in Figure 6 with its meshing.

Results of different structures were compared
and then, stress intensity levels were compared
in the entire body in order to find which structure
provided the best results.

3.1.Results of simple cubic structure
modelling

199 simulations were conducted on the part
with simple cubic structure. The smallest cutout
sphere diameter was 0.1 mm, while the largest
was 19.9 mm. Figure 7 shows measurement re-
sults. Maximum of equivalent stresses in the en-
tire body and that in the central area were quasi
identical. The lowest possible cell volume ratio,
which is the ratio between the volume of the giv-
en lattice structure and the volume of the solid
starting body in the form of a percentage, was
only around 57 %. Equivalent stress levels were
minimal here. The simple cubic structure was
only a closed-cell scaffold.
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Figure 4. Diamond structure from the solid body.
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Figure 5. Visualization of equivalent stress in the entire
body.
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Figure 6. Visualization of equivalent stresses in the
centric cube.



Kulcsdr K., Kénya J. — Acta Materialia Transylvanica 3/1. (2020)

29

* Stress results forthe entire body

# Stress results for the centric cube
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Figure 7. Equivalent stress levels versus cell volume
ratio in the parts with simple cubic lattice

Figure 9. Closed and open-cell structural geometry
with face-centered cubic configuration.
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Figure 8. Equivalent stress levels versus cell volume
ratio in the parts with face-centered cubic
lattice structure.

3.2.Results of face-centered cubic structure
modelling

155 simulations were conducted for face-cen-
tered cubic structure. The smallest diameter was
0.1 mm, while the diameter of the largest cutout
sphere was 15.5 mm. Figure 8 shows equivalent
stress maximum levels for the part with face-cen-
tered cubic structure. At the volume ratio of 32 %,
equivalent stress was higher. At that point, the
lattice transformed from closed-cell to open-cell
structure. Volume could be reduced substantially
for the lattice with face-centered cubic structure,
and stress intensity levels were still acceptable at
the cell volume ratio of 20 %.

At te cell volume ratio of 32 %, the lattice tran-
sitioned from closed to open-cell configuration.
Figure 9 shows the geometries of the closed and
open-cell structures.

Figure 10. Equivalent stress levels versus cell volume
ratio in the parts with body-centered cubic
lattice structure.

3.3.Results of body-centered cubic structure
modelling

199 simulations were conducted for body-cen-
tered cubic lattice structure with the smallest
cutout sphere diameter of 0.1 mm. The largest
removed spheres were 19.9 millimetres in diame-
ter. Figure 10 shows maximum equivalent stress
levels for body-centered cubic lattice structure.
Higher equivalent stress was measured at the
volume ratio of 36 %. Then stress levels started to
decrease and then increased again. This was the
point where the closed-cell lattice transformed
into an open-cell structure. Substantial volume
reduction could be achieved for body-centered
cubic structure, and equivalent stress levels were
still considered particularly good at the cell vol-
ume ratio of 13 %.
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At the cell volume ratio of 36 %, the structure
transitioned from closed to open-cell configura-
tion. Figure 11 shows the geometries of the closed
and open-cell structures.

3.4. Results of diamond structure modelling

132 simulations were conducted for diamond
lattice structure with the smallest cutout sphere
diameter of 0.1 mm. The largest removed spheres
were 13.3 millimetres in diameter. Figure 12
shows maximum equivalent stresses. Stress lev-
els increased at the cell volume ratio of 63 %. It
was the point when the closed-cell alignment
transitioned into an open-cell one. There is anoth-
er increase at 57 %. Equivalent stress levels for
diamond lattice structure were acceptable up to
the cell volume ratio of 40 %.

Figure 13 presents the geometric alignment of
the closed and open-cell lattice structures. It is no-
table that this structure had more transition lev-
els compared to the previously mentioned ones.

Figure 11. Closed and open-cell structural geometry
with body-centered cubic configuration.
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Figure 12. Equivalent stress levels versus cell volume
ratio in the parts with diamond lattice
structure.

4. Conclusions

Previously mentioned test results were collected
in Figure 14. The diagram shows the sets of result
points corresponding equivalent stress levels of
the entire lattice for simple cubic, face-centered
cubic, body-centered cubic, and diamond struc-
tures as a function of cell volume ratio. The least
volume reduction could be achieved with the
simple cubic structure type, so it is unimportant
that stress results were low as well. This lattice
remained a closed-cell structure “only”, which is
why this solution can be considered irrelevant.
Depending on the cell volume fraction, equiv-
alent stress levels were higher for the diamond
lattice structure. Face-centered and body-cen-
tered cubic lattice structures provided almost
identical results up until the volume fraction of
35 %. Then, below this value, equivalent stress
levels in the face-centered structure started to
increase. Face-centered and body-centered cubic,
and diamond structures could all contain closed
and open-cell scaffolds. For all the three lattices,
the transition from closed to open-cell structure
was clearly noticeable. Increase in equivalent
stress levels was well-defined, which was due to
the reduced wall thicknesses in the solid models
when structures transitioned from closed-cell to
open-cell designs.

In this study, different cell structures were inves-
tigated that conformed to the atomic alignment of
cubic crystal lattice structures. Equivalent stress
levels were investigated both in the entire lattice
and in its central area. To summarize, body-cen-
tered cubic lattice structure provided the best re-
sults. Calculations are going to be validated em-
pirically as well on additively manufactured test
specimens

Figure 13. Closed and open-cell structural geometry
with diamond configuration.
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Figure 14. Antegrated set of results.
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