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In this paper, several diamond non-stochastic lattice structures, fabricated by electron beam melting, were
mechanically characterized by compression tests. A finite element model of the structures was developed,
obtaining an equation that estimates the elastic modulus of the lattice structure. Finally, the differences between
the numerical and the experimental results were analyzed and discussed.
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1. Introduction

The current therapies for prosthetic joint replacement, in spite of
being effective in short-to-medium-term treatments, may be improved
with regard to certain characteristics such as stability, functionality,
durability, costs and osteointegration, especially in cases of low bone
quality. Therefore, it is necessary to find new solutions to integrate the
mechanical support function and the regenerative capacity of tissue
engineering into a single system.

Recently developed additive manufacturing techniques allow
the production of porous titaniumbiomaterials [1]. Themain advantage
of these techniques, as compared to others, is their ability to manufac-
ture interconnected porous biomaterials with predictable and pre-
determined unit cells. This means that the possibility to combine
designs of unit cells will open up a broad field withmany opportunities
for optimal design of orthopedic implants [2]. One of these techniques is
the Electron Beam Melting (EBM), developed by Arcam AB (Krokslätts
Fabriker 27A, SE­43137 Mölndal, Sweden).

There are certain medical applications, such as the acetabular cups
produced in Ti6Al4V by EBM, which have been successfully implement-
ed for years [3]. There is also a wide variety of biomedical implants
manufactured with EBM technology that are under investigation, as
for example, customized hip and knee implants or bone grafting,
34 928 45 14 84.
including craniofacial and maxillofacial replacements. [4–7]. In many
cases, the aim is, on one hand, to fabricate three-dimensional structures
with an interconnected porosity suitable for tissue ingrowth and vascu-
larization, and, on the other hand, to search for mechanical properties,
such as compressive strength and elastic modulus (E), that are similar
to those of human bone. Thus, stress shielding effects after implantation
might be avoided [8,9]. However, the mechanical properties of human
bonemay greatly vary depending onwhether it is a cortical or a trabec-
ular bone, or on the quality of the bone, which could be also affected by
diseases such as osteoporosis. Therefore, the current trend is to fabricate
patient-tailored implants for which some researchers have proposed
finite element (FE) models for the evaluation of porous titanium
(Ti6Al4V) structures for biomedical applications in order to optimize
designs [2,5,10,11].

There are many types of non-stochastic lattice structures that could
meet the above-mentioned objectives [6,12–14]. In this study, diamond
structures, based on the CAD model for diamond lattice structures
(Fig. 1.), have been modeled and manufactured by the EBM method.
Previously, other authors have also focused on the study of themechan-
ical properties of diamond lattice unit cells by experimental, numerical
and analytical methods [15].

The aim of this article was to fabricate non-stochastic lattice struc-
tures by EBM method to examine the mechanical properties under
compression load and to compare them both with the results obtained
by the FE method and with the properties of human bone. The final
objective was the characterization of porous structures in order to
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Fig. 1. CAD model of the base cell of the structure used.
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obtain FE models permitting the study and optimization of the design
of medical applications without the need to previously test or
manufacture.

2. Experimental procedure

Several specimens were designed in Pro/ENGINEER Wildfire 4.0
(PTC, MA) and manufactured by EBM techniques. The general proce-
dure for the component generation layer by layer has already been
described by other authors [8,13,14,16]. Titanium powders (Ti6Al4V)
were used as raw material. The material properties were assumed to
be linear isotropic with an elastic modulus of 110 GPa and a Poisson's
ratio of 0.3. Mechanical testing of the bulk material according to ASTM
E8M-13a Standard Test Methods for Tension Testing of Metallic Mate-
rials confirms these assumptions. The maximum acceptable build
angle without losing mechanical properties has been taken into
account. If the angle is too small, the overlap between each layer is
insufficient and the strength achieved is poor [17]. According to exper-
imental tests conducted with Arcam AB technology, a minimum build
angle of 20° has been established to avoid failure [12]. However, the
size of the powder does not significantly influence the final mechanical
properties of the specimens [18].

The specimenswere diamond-like structureswith nominal cell sizes
of 1.5 mm, 2.5 mm and 4 mm, nominal strut diameters of 0.5 mm,
0.6 mm, 0.7 mm and 1.0 mm, and several aspect ratios, making a total
of 8 different types of specimens (Table 1). The size of the struts was
measured using a stereomicroscope Olympus SZX10 (Olympus Corpo-
ration, Tokyo, Japan). The measurements were processed with specific
microscope software in order to obtain the diameter of the struts and
the size of the pores. The strut diameter and pore size measured values
differ less than 10% from the nominal value.

In order to perform adequate mechanical tests and avoid unwanted
stress distributions, the flatness of the upper and lower sides was
Table 1
Structure identification and dimensions of the specimens tested. D: Strut diameter. S: Cell
size.

Structure Dimensions (mm) D (mm) S (mm) Aspect ratio (S/D)

(a) 21.0 × 21.0 0.7 4.0 5.71
(b) 38.0 × 29.0 0.7 4.0 5.71
(c) 25.0 × 19.0 0.6 2.5 4.17
(d) 21.0 × 21.0 1.0 4.0 4.00
(e) 39.0 × 20.0 0.7 2.5 3.57
(f) 16.5 × 12.5 0.5 1.5 3.00
(g) 29.0 × 22.0 1.0 2.5 2.50
(h) 18.0 × 14.0 0.7 1.5 2.14
verified, rectifying defects greater than 1° by surface machining,
obtaining geometries as shown in Fig. 2.

Uniaxial compression tests were conducted at a speed of
0.5 mm/min according to ASTM E9-09 Standard Test Methods of
Compression Testing. The upper head was articulated and the load
was applied onto the plain plate placed on the upper and lower
sides of the specimen. All the specimens were loaded until failure.
Five samples of each type of structure have been taken (n = 5).
Fig. 3 shows the typical curve of stress versus strain obtained in
compression tests. Both stress and strain were obtained in accor-
dance with the initial cross sectional area and the initial length of
each structure, respectively. The stiffness of each specimen was
named as E value andwas obtained as the gradient of themost linear
part of each curve, as shown in Fig. 3.

For the FE studies, specimens were modeled using Pro/ENGINEER
Wildfire 4.0 (PTC, MA) and subsequently analyzed using Abaqus
6.9.1 software (Dassault Systèmes SIMULIA). Due to the geometric
complexity of the structure, the type of element selected for the
mesh was C3D4 after conducting the relevant sensitivity tests. To
simulate the boundary conditions of the compression test, the
lower side was fixed in all the structures and a displacement of
0.1 mm was applied to the upper side.

3. Results and discussion

Fig. 4 shows themean and standard deviation of elasticmodulus (E),
as well as the aspect ratio obtained from the eight types of specimens
tested. As shown in the figure, the lower the aspect ratio is, the higher
the E value is. Furthermore, in structures a and d, which have the
same aspect ratio, the E value is statistically the same. The structure di-
mensions did not seem to have influence on the E values. The reduced
standard deviation values demonstrate the accuracy of themanufactur-
ing technique.

The compression tests showed a wide range of E values between
407.8 MPa and 12,228.8 MPa. Those values are within the E range for
human bone tissue, both for cancellous bone (100–1500 MPa) and
cortical bone (12000–18000 MPa) [19–21]. This fact reveals that this
fabrication technique, in contrast with manufacturing processes that
result in stochastic lattice structures, is suitable not only to develop
structures with mechanical properties similar to the trabecular bone,
but also to develop cortical bone-like structures [22].

The FE studies reached satisfactory results when comparing the data
obtained in the compression tests. The mean and standard deviation of
the percentages of difference between the compression test values and
the FE values are 27.5 ± 3.1% (Table 2). This small standard deviation
means that the relative differences in the E values between
the compression tests and the FE results are similar in each type of
structure (Fig. 5). Eq. (1) estimates the elastic modulus (E in MPa)
obtained with FE methods related to the aspect ratio (S/D). The inverse
relationship between E and aspect ratio is shown again.

E ¼ 221082
S
D

� �−3:411
: ð1Þ

The differences between the FE method and the compression tests
are not attributable to a single parameter, but to several of them. Surface
roughness or variations in the strut area randomly produced in the
manufacturing process are not found in the FE model. Those irregulari-
ties frequently generate stress concentrators that could affect the
mechanical behavior, so the properties obtained by simulation are
higher than those obtained in the compression tests [4,23,24]. If
the manufacturing parameters are not properly adjusted, void spaces
or unmelted material may be generated (Fig. 6), which might reduce
the mechanical properties. Also, deficiencies in the fabrication could
mean that the struts might not be perfectly straight, which would
cause a loss of stiffness. The size of the specimen becomes a critical



Fig. 2. Example of specimen used to determine its mechanical properties (a) next to an identical 3D model for calculation in FE (b).
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factor in the case of having small dimensions since a broken strut may
lead to the complete failure of the structure due to a higher influence
of the elastic instability phenomena [25]. The anisotropy of the speci-
mens affects the agreement of the results in such a way that the diver-
gence grows proportionally to the directional dependence of the
elastic modulus [26]. Some of those imperfections, inherent to the
manufacturing process, might be improved by heat treatment [10,27].
On the other hand, Campoli et al. have implemented the irregularities
in the FE model with better results than those obtained from analytical
models [2]. Those irregularities have not been implemented in our case.

Another limitation in this studywas its focus on diamond structures.
However, there are multiple non-stochastic lattice structures which
could provide satisfactory results in order to reduce the stress shielding
phenomenon, without decreasing the appropriate mechanical support.
Some of them, such as auxetic, cubic, rhombic dodecahedron and trun-
cated octahedron structures, have already been studied by other au-
thors, obtaining satisfactory results [2,8,11,13,14,16].

Another of the critical points of this study is the diversity of the pore
size of the geometries studied. It is known that interconnected porous
structures with pore diameters between 100 μm and 400 μm are re-
quired to facilitate cell migration, tissue ingrowth and vascularization
[8,28,29], although some researchers have also pointed that bone
ingrowth successfully covers pore sizes up to 2 mm [30]. Despite the
fact that the cell sizes of the structures, studied in this research, range
from 1.5 mm to 4 mm, with the biggest pore size far from the optimal
Fig. 3. Stress–strain curve obtained in compression tests for a D07 S40 structure. The
straight line represents the line used to estimate the E value.
distance observed for tissue regeneration, several techniques can be
applied to increase and facilitate tissue ingrowth inside the geometry.
Surface modifications like wet chemical treatment in HCl and NaOH
can increase the osteointegration and tissue growth [8]. Additional
strategies can also cover collagen type I and hydroxyapatite coatings
or the inclusion of biopolymers inside the structure to facilitate the
first stages of cell adhesion and tissue formation without a major mod-
ification of the mechanical properties that are aiming to mimic those of
the bone [13,31–34].

4. Conclusions

In this study, diamondnon-stochastic lattice structureswere charac-
terized by carrying out FE studies and subsequent validation with
compression tests of specimens fabricated by EBM. The values obtained
are considered satisfactory in that the difference between the FE results
and the compression tests is established in relatively stable and predict-
able figures. The possible causes for the differences between the FE
results and the compression tests have been discussed in this paper. In
order to design optimal orthopedic implants, the phenomena causing
those differences must be implemented in FE models.

Once those factors are characterized, computational models can be
performed with no need to fabricate real components to be used in
experimental testing to verify their properties. That would therefore
be an inexpensive, quick and customized solution to a large number of
patients, and would also enable speeding up the process from the
Fig. 4. Elastic moduli obtained by compression tests (dark gray bars) and relationship
between the cell size and the strut diameter (black dots). D and S represent strut diameter
and cell size, respectively.
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Table 2
Comparison between the elastic moduli obtained by finite elements and the compression
tests (mean and standard deviation).

Structure E (MPa)
(Abaqus)

E (MPa)
(compression test)

Difference
(%)

(a) 542.9 407.8 ± 3.8 24.9
(b) 603.0 407.1 ± 5.3 32.5
(c) 1780.1 1259.6 ± 10.5 29.2
(d) 1837.6 1304.8 ± 13.0 29.0
(e) 2997.4 2096.6 ± 61.4 30.1
(f) 5451.8 4078.6 ± 47.5 25.2
(g) 9306.3 7078.8 ± 45.1 23.9
(h) 16319.7 12228.8 ± 375.8 25.1

x 27.5
σ 3.1

Fig. 5. Elastic moduli obtained by finite elements (light gray bar) and comparison to those
obtained by compression tests (dark gray bar). D and S represent diameter and strut
dimensions, respectively.
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moment that the need for intervention arises until the repair is complet-
ed, a especially critical factor in cases of catastrophic damage. Hence, it
would be possible to design the type of structure that best suits the
needs of each patient's bone according to the mechanical forces that
the joint will subsequently experience.

In addition to the above, it would also be necessary to conduct
fatigue testing, study other types of structures, perform studies of im-
plant models with this type of structure, and either conduct surface
modifications or fill the void pores spaces with biodegradable polymers
or bioceramics in order to improve cell growth.
Fig. 6. Structure incorrectly fabricated due to a lack of melting in one of the struts.
Unmelted powder can be observed. Image obtained with stereomicroscope Olympus
SZX10.
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