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Abstract. The main focus of this paper is to investigate and describe a novel biomaterial structure.
The trabecular structure has only recently been recognized as a viable alternative for prostheses and
implants and seems to have very promising biocompatibility and mechanical properties. The 3D printing
technique was used to create test specimens. These specimens were then tested by nanoindentation
and tensile and compression tests. A numerical model was created and curve-fitted to represent the
mechanical behavior of the trabecular structure. A significant reduction in the values of Young’s
modulus E was observed. The values of E for conventional implant materials are approximately
110–120GPa and the trabecular structure reached a value just below 1GPa. The next effort will be to
apply the model onto a real implant. It is the “four leaf clover” implant variant by authors F. Denk Jr.,
A. Jíra and F. Denk Sr.
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1. Introduction
The methods of manufacturing are constantly evolving
and the whole idea of implants is growing rapidly [1].
With the technology we have at our disposal to-
day, new implants become more and more available.
Whereas before only people of privileged position
could afford to undergo this kind of treatment, now
it is a widely available and also suggested option for
nearly everybody who suffers from damage related
to their bone tissue [2]. We would like to present
a comparison to confirm this fact. In the year 2008,
searching the term “implant” in the PubMed database
gave a total of 46575 papers, with 9768 of them being
identified to the term “dental implant” (21%). Now,
at the time of writing this article in 2017, the same
search extracted 100634 papers when searching “im-
plant” and 38357 papers for “dental implant” (38%).
The total value has more than doubled and the num-
ber of papers written specifically on dental implants
has quadrupled. This simple comparison shows us how
much implants (dental implants in particular) have
gained in popularity and attention over the course of
mere 9 years.

Dental implants have advanced tremendously, evolv-
ing from primitive hammered-down pieces of bone into
fine, precisely shaped metal products [2]. Yet, they
still have one common denominator, and that is the
bad interconnection between the implant and the bone
caused by the difference of material properties at the
interface of individual dental materials [3]. Trabecular
structure is a future prospect and a potential solution
to the problem of both the bad interconnection and
material difference at the interface of materials. If
proven to be satisfying in medical, mechanical and
economic regards, trabecular structure could improve
upon the former variants.

Moreover, the structure promotes the formation of
blood vessels in the newly formed bone tissue because
of its porosity. Studies performed in-vitro (outside
of the organism) show that this structure promotes
osseointegration [4]. It has been reported that the
integration of a trabecular implant and vascularization
can occur as fast as in two weeks [5].

1.1. Aim of the research
The complete mechanical analysis of the trabecular
structure demands mechanical testing as well as a
numerical model. For the purpose of this experiment,
a new variant of the trabecular structure has been
created. With sufficient data provided by mechanical
tests, it is possible to develop a numerical model
including the nonlinear behavior required to describe
the trabecular structure.

We performed nanoindentation and uniaxial tensile
and compression tests. The nanoindentation method
was used mainly to determine the material properties
on the micro level and compare them with the values
given by the manufacturer. The global mechanical
tests served a greater purpose - determining the values
of Young’s modulus and obtaining the stress-strain
diagrams used as a baseline for the development of
the numerical model. This model will be used in
near future to determine the mechanical behavior of
a more complex implant that incorporates both the
homogeneous and trabecular structures (Fig. 2).

2. Trabecular structure
The trabecular structure is a structure that resembles
the morphology of natural cancellous bone. The main
reason behind creating complex structures, such as the
trabecular structure, is simple - conventional implants
are still far too apart from being in alignment with the
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Figure 1. A micrograph of a polished cross-section
of the 3D-printed trabecular structure. Note the indi-
vidual levels of beams embedded in the 3D trabecular
matrix. The edge of the specimen measures 14mm.

material properties of human tissues. Conventional im-
plants have well-proven long-term success rates [6, 7],
but are still prone to failure in the early stages of the
bonding process, as geometry and surface properties
play an important role in osseointegration [1].
The trabecular structure aims to lower the global

modulus of the final product by reducing the volume
of material (Fig. 1) within its body. Its morphology
(Fig. 3) tries to imitate human cancellous bone in this
manner. The shape of the structure is also beneficial
in regard to osseointegration, as it is porous and allows
for bone ingrowth [8, 9] and provides a more “rough”
surface (from the macro point of view).
This experiment aims to describe this particular

trabecular structure, but there can be many variants
of its shape. Osseointegration is expected to signif-
icantly vary with different magnitudes of pores and
the shape of the trabecular cells as the character of
bone ingrowth will be different. Mechanical properties
also vary with different widths of individual beams,
their density inside the trabecular matrix and simi-
lar parameters. Observing and manipulating these
parameters is important for optimal results, but it is
not the aim of this research at this time.

There are generally 3 main attributes in which the
trabecular structure aims to improve upon its former
variants - increasing osseointegration, lowering the
modulus and reducing stress-shielding.

2.1. Osseointegration
The geometry of the trabecular structure forms the
bearing scaffold for the ingrowth of bone cells into the
implant [8, 9]. This interconnection is beneficial for
long term stability at the implantation site [10]. With
conventional implants, bone cells are only able to grow
onto the surface of the implant. With the trabecular
structure, however, the cells can grow inside and create
an interconnected material comprising both bone and
metal bonded together (Fig. 10).

Figure 2. Whole implant body of the “four leaf
clover implant”, consisting of both the trabecular and
homogeneous structure. Implant has been patented in
Czech Republic [14].

Surface roughness has been proven to play an im-
portant role in the bonding process [11–13]. The
greater the surface area of the implant, the greater
the interlocking between the implant surface and bone.
Therefore, the trabecular structure has a potential of
a much better bonding and creating a fluent material
transition region as its morphology resembles a ma-
terial with high surface roughness (Fig. 2). However,
due to the lack of experimental data, this assumption
is still to be proven.

2.2. Elastic properties
The second attribute is Young’s modulus. While the
reduced modulus of the material on the micro level
(modulus of the bulk material, not of the whole struc-
ture) remains unchanged, the global modulus of the
whole structure is expected to be dramatically reduced
since the cross-section of the whole body of the implant
is also reduced. This reduction helps to smoothen the
material transition region, where unwanted stresses
often cause large deformations, leading to an implant
loosening. As shown in Fig. 2, the trabecular outer
shell provides an interconnecting layer between the
bone and the stem of the implant.

2.3. Stress shielding
Stress-shielding is another factor which is governed by
the values of the moduli of different dental materials.
It is an unwanted factor that represents uneven dis-
tribution of stress between the implant, peri-implant
area and bone [15]. Since the modulus of the bone is
much lower than that of the implant (approximately
20–30GPa [16] for bone and 90–110GPa for conven-
tional titanium implants [17]), stress is transferred
into the implant, leaving the bone without sufficient
stimulus. By replacing bone with an implant, which
has a higher value of the modulus, we modify the
stress distribution that occurs under load.
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Figure 3. A 3D STL model of trabecular structure
used to create metal test specimen by means of 3D
printing.

At this point, the Wolff’s law plays an important
role. Naturally, the bone is provided by an evenly
redistributed stress that provides all of its areas with
sufficient load to maintain its mass, but after implan-
tation, the bone around the implant starts to remodel
itself and deteriorate [18]. When the bone becomes
overly porous, it is no longer able to hold the implant
in position, making it eventually slip out, resulting in
a failure of the implant.

3. 3D printing
3.1. 3D printing technology
Conventional machining does not allow to create more
advanced and complex geometric structures. The tra-
becular structure comprises beams of equal length
embedded into a 3D matrix, making 3D printing po-
tentially the only technology available to produce it.
The first step in creating a 3D-printed product is cre-
ating a 3D-model. This part is usually done using a
computer-aided design (CAD) environment. Upon its
completion, the STL model file (Fig. 3) is divided into
thin cross sections [8, 9] and sent to the 3D printer to
be processed. Up to this point, the process is similar
to the common layer-by-layer 3D-printing of plastic.
What differentiates the process of printing metals

(selective laser sintering) from the standard technology
is using a laser beam to melt down a layer of metal
powder. During each cycle, the coater applies a thin
layer of powder, which is processed by a laser at a
pre-set melting point in a pre-determined order. This
process solidifies the loose powder into a 3D-layered
object.

3.2. Production flaws
Despite the fact that the trabecular structure has
many benefits, it also has its flaws. While observ-
ing the quality of the 3D-printed specimens, many

Figure 4. Production imperfections at the interface
of the homogeneous and trabecular cross-sections of a
tensile test specimen. Note the faulty intersections of
the beams as well as the disconnection of particular
beams and varying width. Associated text denotes
the length of individual disconnections.

geometrical imperfections associated with the print-
ing technology were discovered. These imperfections
can hardly be incorporated into the model as their
occurence seems to be purely random. The imper-
fections are shown in Fig. 4. They are, rather than
a bad attribute of the structure itself, caused by the
production process of the 3D printing. They form
probably during the phase in which the machine ap-
plies a layer of powder and subsequently melts it by
the laser beam. We expect these geometrical imper-
fections to be caused either by improper tracing of
the laser beam, faulty metal powder dosage, or a
combination of both. While the trabecular structure
brings many benefits to the field of implantology, the
technology of 3D printing still has to improve in or-
der to provide stable, homogeneous outcomes and
dependable products.

4. Mechanical tests
4.1. Test specimens
A total of 12 specimens were created for the purpose
of global mechanical tests - 3 for tensile and 9 for
compression tests (as the compression failure charac-
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Figure 5. Trabecular structure specimens for global
mechanical tests. Compression test specimen, dimen-
sions 14 × 14 × 14mm (left) and tensile test specimen,
dimensions 14 × 14 × 42mm (right).

teristics are unclear and are expected to be much more
heterogeneous). Two other specimens were created to
investigate the micromechanical properties by means
of nanoindentation. The trabecular specimens were
3D printed using the M2 Cusing machine from the
Concept Laser Company. The manufacturing of the
specimens has been done in cooperation with ProSpon
spol. s. r. o. A specialized input medium Rematitan
CL was used for the printing of the test specimens. It
is a Ti-6Al-4V titanium alloy powder provided by the
medical technology manufacturer Dentaurum.
For the purpose of mechanical tests, we used the

3D Dode-Thick [MSG] structures with dimensions
of 14×14×14mm (a cube for the compression test,
Fig. 5 left) and 14×14× 42mm (a block for the tensile
test, Fig. 5 right). The tensile test specimen had a
14mm trabecular middle section and end portions
of homogeneous volume for ensuring a better anchor
in the MTS Alliance RT-30 machine. The inner di-
mensions of the structure are as follows - the axial
distance between individual beams (trabecular cell
width/depth) is between 0.86–0.90mm and the beam
width is usually between 0.10–0.18mm, in extreme
inhomogeneous areas even up to 0.32mm.

The material used to create the specimens is a pow-
der based on the Ti-6Al-4V titanium alloy. This alloy
has been chosen because it is already approved for
use as a biomaterial and has a long, well-documented
history of success rates in clinical dentistry and is still
widely used by implantologists all around the world.

4.2. Nanoindentation
The nanoindentation tests were made considering a
reduced modulus of elasticity, hardness and contact
depth and using the Oliver & Pharr method [19].
The micromechanical analysis was performed using
the CSM Instruments nanoindenter equipped with a
Berkovich indenter tip. An image of a typical inden-
tation matrix is shown in Fig. 6.

The two nanoindentation specimens were tested by
a total of 7 indent matrices - three were situated in
the first specimen and four in the second specimen.
Their indentation curves are shown in Fig. 7. The
mechanical properties obtained by nanoindentation
are listed in Tab. 1.

Figure 6. A typical 3×3 indentation matrix with
visible plastic deformation in the beams of the alloy.
Maximum available resolution provided by the inden-
ter microscope.

It is very important to distinguish between the re-
sults obtained by nanoindentation and global mechan-
ical tests, especially when considering the trabecular
structure. Nanoindentation represents the mechani-
cal properties of the material on the micro level and
global mechanical tests describe the properties of the
whole tested specimen. While these two properties
might be somewhat similar when testing a homoge-
neous specimen, it is vital not to mix them up when
considering trabecular structure, where the values can
vary as much as 100 times (Tab. 1 and Tab. 2).

All results obtained by nanoindentation (Tab. 1)
show that the values of reduced modulus Er (com-
parable to the modulus of the bulk material) fall in
the range of 118–131GPa. Considering the material
list provided by the manufacturer, where the value
of E is 115GPa, we can, with fair certainty, say that
these values correspond. These material characteris-
tics are also comparable to the conventional, machined
Ti-6Al-4V implant material [17].

Nanoindentation tests have proven that the 3D-
printed material can be fully compared to convention-
ally created structures as the material properties given
by the manufacturer of the metal powder correspond
with the properties obtained on the micro level. The
micromechanical analysis has also proven the values of
properties to be dependent on the depth of the indent
(or the size of the loading force).

4.3. Global mechanical tests
To investigate the global mechanical properties, we
conducted compression and tensile tests. Global me-
chanical tests were performed using the MTS Alliance
RT-30 machine. The compression test specimen did
not require any further modifications, but the tensile
test specimens had a 14mm trabecular middle section
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Figure 7. Three sets of indentation curves obtained from indentation of the first specimen.

Figure 8. Stress-strain relation diagram of the tensile test specimens.

Figure 9. Stress-strain relation diagram of the compression test specimens. Note the very heterogeneous nature of
compressive deformation beyond the failure of the specimen. This fact can be attributed to the individual layers of
the trabecular structure locking into one another in a random fashion.
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and end portions of homogeneous volume for ensuring
a better anchor in the MTS Alliance RT-30 machine
(Fig. 5). The specimens were tested beyond the point
of failure. Then, we calculated the values of the mod-
ulus E by using the least squares method using the
linear parts of the stress-strain diagrams of the curves
shown in Fig. 8 and Fig. 9

The Young’s modulus has been calculated from the
linear parts of the stress-strain diagrams as a tangent.
Only linear parts of the curves were considered as
Young’s modulus cannot be determined this way in
the range of plasticity. For strain, these values range
approximately from 0.00 to 0.15 for the tensile test and
from -0.025 to -0.05 for the compression test. These
values represent properties of the whole trabecular
specimen, contrary to the nanoindentation experiment,
where obtained values represent only the material
characteristics at the micro level.
Knowing the exact dimensions of the specimens

and the time-dependent indenter force, we were able
to recalculate the force into stress by using a simple
formula:

σ = F

A
, (1)

where σ represents stress, F represents the time-
dependent load applied by the machine and A repre-
sents the cross-section area of the specimen. The
dimensions of the tensile test specimen are 14 ×
14 × 42mm (Fig. 5, so the cross-section area equals
196mm2. The strain has been calculated using an-
other simple formula:

ε = D

L
, (2)

where ε represents strain, D represents the longitu-
dinal displacement (extension) and L represents the
total length of the trabecular middle portion (14mm).
If the structure had its beam structure and width

experimentally manipulated in order to match the
modulus of the human bone, it would not necessarily
be prolific as more data and in-vivo experiments are
still needed. Porosity, beam width and surface mor-
phology are important in order to fully osseointegrate
the implant and induce bone ingrowth, which is one
of the main potentials of this structure. Therefore,
observing the results from in-vivo tests can be a far
more productive approach than exactly matching the
properties of the structure and the human bone. Since
bone ingrowth is one of the major benefits of the tra-
becular structure, its maximizing will have priority
over an exact value of the modulus.

5. In-vivo tests
We have conducted in-vivo tests of the trabecular
implant specimens. The tests were carries out on lab-
oratory pigs. The whole purpose of the in-vivo tests
was to observe the healing process and ultimately de-
termine the osseointegration of the trabecular implant
specimens after 6 months following implantation. The

.
Figure 10. Two micrographs of longitudinal sections
of extracted trabecular specimens. The samples were
colored using Giems solution azur-eosin-methylene
blue. White and light yellow color represents fibrous
tissue, orange represents beams of newly formed bone
tissue and black color represents the trabecular im-
plant. Specimen n.1 (top) and specimen n.2 (bot-
tom)

implants were placed in the proximal area of the femur
of pigs. There was a total of 34 implants placed in 4
pigs. Six months after the operation, the bones were
extracted and tissue bars 3 cm long and 1–3 cm wide
were made in order to examine the individual bond-
ing abilities of various implant shapes. Subsequently,
the samples were cut in half and their surface was
prepared in a similar fashion as the aforementioned
nanoindentation specimens.

Conducted in-vivo tests on pigs show that the living
tissue is able to grow inside the trabecular structure
and form new beams of bone directly in contact with
the beams of the trabecular structure (Fig. 10). How-
ever, full osseointegration was not achieved. The
percentage of bone-implant contact after 6 months
from implantation is, however, still worse when com-
pared to the conventional homogeneous implants. Our
opinion is that more tests will definitely be needed
as a single in-vivo test cannot provide a dependable
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result and the trabecular structure might even need
slightly different techniques of implantation and heal-
ing periods.
To quickly evaluate the outcome of these in-vivo

tests, it was discovered that the bone-implant contact
of the trabecular structure was inferior to that of
the conventional homogeneous implants. However,
it was still better than the remaining 2 groups of
experimental implants. Bone-implant contact is a
major indicator of osseointegration, but more tests will
be needed in order to gain more data and evaluate the
experiments in different conditions and with different
parameters.

6. Numerical model
6.1. Introduction of the model
The purpose of the model can be twofold - to apply
the material characteristics to the trabecular struc-
ture and fully represent its behavior or to apply these
characteristics to a homogeneous structure that will
then represent the trabecular structure as a homo-
geneous material with the mechanical properties of
the trabecular structure. The first approach is able
to directly characterize the behavior of the trabecu-
lar structure. However, considering the complexity
of the trabecular structure and the many problems
that had arisen during the process of the numerical
analysis, it is also possible that the whole process will
be much more time-consuming. Because of that, we
considered the application of the trabecular properties
onto a homogeneous structure a viable and functional
alternative.
With the numerical model at hand, it will be pos-

sible to evaluate the stress distribution throughout
implants of different shapes and structures. This com-
parison can then be used to manipulate the shape of
the trabecular structure, structural portions of im-
plants, width of the beams and their distance. Such
comparison will lead to implant shapes that will have
smoother stress distribution throughout their bodies,
reduced stress-shielding and unwanted stress concen-
trations.

6.2. Methodology
Our approach in the development of the model was
to try to imitate the process of the tensile mechanical
test to the best of our abilities. For this purpose, we
used the Ansys Workbench 16.2. software for a finite
element method analysis. Because we had the test
data from the MTS Alliance RT-30 test machine, we
had full knowledge of the force-displacement relations.
The machine was recording the loading force and

longitudinal displacement in 0.1 s long time steps.
The whole experiment took about 430–470 seconds
till failure of the specimen for all three specimens. The
amount of data can then be considered sufficient as
more than 4000 individual force-displacement points
were recorded for each specimen. This data was then

Figure 11. The new 3D model created in Design
Modeler of Ansys Workbench, comprising of three
basic elements per edge.

used to calculate stress and strain and the displace-
ment was also utilized in the numerical analysis in the
loading program.

The displacement provided by the loading machine
was recorded for the absolute time frame (430–470 sec-
onds for all specimens) and subsequently used as a
displacement load in the numerical loading program
to simulate the exact process of the tensile test.

6.3. Geometrical model
We decided that performing the analyses on a smaller
model will be a better, more time-conserving approach.
We swapped the model shown in Fig. 3 for a smaller
model shown in Fig. 11. Since the only other model
structure available was the basic structure of the single
element, we used it to create a model consisting of
these basic elements. To scale it down in comparison
to the default model, we used three of these elements
per edge of the imaginary circumscribing cube of the
structure, as opposed to seven elements per edge in the
former STL model used to produce the test specimens.

6.4. Meshing and load program
With the geometry prepared, the next step in the nu-
merical analysis was to create a proper mesh. While
performing this task, we ran a couple of simple compu-
tations with elementary loads. The purpose of these
computations was to determine how much does the size
of the elements and their quantity influence the com-
putation time. As a result of these mini-computations,
we chose to incorporate a mesh that covers every single
beam of the structure by a minimum of three elements.
This quantity seems to be small enough in regard to
computation time and also great enough to provide
the necessary precision of the solution. We also tried
variants with more elements per the width of a beam,
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Figure 12. The FEM mesh of the trabecular struc-
ture generated by the Ansys Workbench software. The
mesh elements are quadratic tetrahedrons.

but have concluded that computation times were in-
creasing so quickly that such an environment would
have been absolutely unsuitable for the curve-fitting
process.
The provided load has been implemented in the

form of tabular data as displacement of the specimen
number 3 obtained from the tensile test. For this
particular specimen, the test took 420 seconds until
failure. We have decided to abbreviate this process
and include only every tenth value of displacement,
shortening the process into 42 load values. This reduc-
tion has been done to minimize the amount of input
data as the computer could not handle so many load
steps (effectively freezing for several minutes by merely
accessing the data). Knowing that the displacement
is a near-linear curve, this reduction of load points
did not interfere with the precision of the analysis.

6.5. Curve-fitting
The material model used for the curve-fitting process
was the Ti-6Al-4V material provided by the Ansys
Workbench Explicit Dynamics material library. It is
a material model with a bilinear stress-strain diagram
with isotropic hardening. The stress tensor is sepa-
rated as a uniform hydrostatic stress and completed
with a deviatoric stress tensor via using the equations
of state bound with local energy. The first equation
of state for compression (µ > 0) is as follows:

p = A1µ+A2µ
2 +A3µ

3 + (B0 +B1µ)p0e (3)

and the second for tension (µ < 0) is:

p = T1µ+ T2µ
2 +B0p0e, (4)

where
µ = compression = ρ/(ρ0 − 1). (5)

Figure 13. The model as loaded with displacement
load, isolines show equivalent (von-Mises) stress dis-
tribution in Pa.

where ρ0 is density at zero stress, e is inner energy per
unit of mass and A1, A2, A3, B0, B1, T 2 and T 2 are
material constants (either in Pa or dimensionless).
By experimentally manipulating the values of ad-

ditional properties, we were able to fit the material
properties of the newly introduced material so as to
imitate the tensile test. The final values, which have
been manipulated during the curve-fitting process,
have been saved and recorded for further efforts.
Since there is only a single load, the analysis is

not complex and does not require additional time-
separated intervals (unlike, for example, a gasket as-
sembly analysis with tightening of bolts, subsequent
thermal load etc.). It was performed in one computa-
tion step. The stress-strain diagram, which we were
trying to curve-fit, is the specimen number 3 shown
in Fig. 8. The convergence of the solution is attained
by the Newton-Raphson method.
The two main properties that we were changing

throughout the whole process were the values of
Young’s modulus E (the slope of the curve up un-
til the range of yield strength) and tangent modulus
Et. Tangent modulus is a material property provided
for non-linear analyses. It represents the slope of the
curve in the range between the yield and ultimate
strength. The comparison of the experimental data
and the final solution is shown in Fig. 14.

7. Conclusions
7.1. Results
The mechanical tests have shown that by incorporat-
ing the trabecular structure, we are able to signifi-
cantly reduce the modulus of the structure (Tab. 1 and
Tab. 2). This reduction is beneficial as the effects of
stress-shielding are reduced and the mechanical prop-
erties of the implant are more similar to the human
bone.
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Figure 14. The final curve containing the final material properties (green) in comparison with the experimental
test data (black). The complete result of the curve-fitting process. Unattained failure beyond the region of ultimate
strength is acknowledged and will be improved upon in the future.

Figure 15. The “four leaf clover” implant variant, comprising of a cylindrical body and four rounded grooves
encompassed in a hemisphere (in the middle) and the two potential approaches towards modelling the structure.
Two STL files for direct characterization (left) and a model using the homogenized structure (right). The implant
has been patented in Czech Republic [14].

Property Load cycle
1 2 3 4 5 6 7

H it [MPa] 5191 5201 5188 5166 5191 5202 5191
Std. dev. 251 200 281 343 379 404 395
Er [GPa] 131 122 119 118 117 117 118
Std. dev. 10 6 4 3 3 3 4
Hc [nm] 267 381 471 544 608 660 732
Std. dev. 7 8 13 22 25 31 45

Table 1. Mean values of reduced modulus Er, hardness H it and contact depth Hc in individual load cycles.

Young’s Modulus E [MPa]
Specimen 1 2 3 4 5 6 7 8 9 Mean
Tens. test 964.7 975.9 982.2 – – – – – – 974.3
Comp. test – – – 1114.2 1080.6 947.2 818.8 999.6 803.8 960.7

Table 2. Values of Young’s modulus obtained by global mechanical analysis.

226



vol. 57 no. 3/2017 Numerical model of a trabecular implant

The values of individual properties are dependent
on the depth of the indent. From a contact depth
of Hc = 470 nm (corresponding force of 20mN), the
trend of Er and H it is constant. We can therefore
assume the loading force of 20mN as a basic value.
The corresponding properties of this force are reduced
modulus Er = 118GPa and hardness H it = 5187MPa.
The indentation hardness H it is calculated from the
indenter force, divided by the projected area of the
indenter in contact with the specimen at maximum
load.

As shown in Tab. 1 and Tab. 2, the values of modu-
lus vary dramatically. By introducing the trabecular
structure, the modulus of the structure was lowered
more than 100 times. This outcome is purely ex-
perimental and can vary amongst different structures
with various dimensions. However, we believe that the
values of modulus do not necessarily need to exactly
match human bone as many more aspects, such as size
of the pores and their shape come into consideration
when evaluating biocompatibility.

The potential biomechanical benefits of the trabec-
ular structure are still to be proven as there is not
enough data and no documented history of success
rates. Trabecular structure allows for both bone on-
growth and ingrowth, as opposed to the homogeneous
implants which only allow the bone to grow on the
surface of the implant. In-vivo tests have shown that
bone cells are able to grow into the beams of the struc-
ture, creating better potential for osseointegration and
interlocking of the implant and the surrounding bone.

7.2. Future prospects
The curve-fitting process was completed successfully
with the exception of attaining failure beyond the
range of ultimate strength. This is true due to the
fact that the Ansys Workbench software is unable to
provide solution including the failure of the model
without using advanced methods. The approach to-
wards the failure of the model can be twofold - ei-
ther by implementing additional APDL commands
or using the xFEM fracture mechanics. One of these
approaches will be used in the near future to improve
the model so as to attain the failure.
The aforementioned novel implant type “four leaf

clover” was introduced because it will be the implant
used for further applications of the numerical model.
The variant shown in Fig. 15 is a conventionally ma-
chined implant, but our further effort will be to create
a model that will combine both the homogeneous
and the trabecular structure. This will be done by
combining a homogeneous, machined stem with a tra-
becular, 3D-printed outer shell. The implant has been
patented in the Czech Republic [14].
This conjunction will ultimately be the purpose

of the model as a detailed analysis will be needed
to determine the stress distribution and character of
failure of an implant that combines multiple materials.
The main goal will be to create a model consisting of

both the homogeneous and the trabecular structure.
That way it is possible to observe the full mechanical
behaviour of the morphologically complex structure
as it truly represents the real implant. The STL
files needed to create the model and merge the two
materials together are already available to us (Fig. 15).
With the curve-fitted material properties at hand,

the next task will be to apply these properties onto
an implant incorporating both the trabecular and
homogeneous structures (Fig. 15) and observe its me-
chanical behavior. The analysis of this merged implant
will be the final goal of this research.
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