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Additively manufactured (AM) lattice structures allow complex-shaped and custom parts, with superior
design that cannot be produced by traditional methods. For medical implants, AM lattice structures are
aimed at matching the elastic modulus of bone while providing strength and allowing bone in-growth
for long-term stability. In this study, relatively thick struts are investigated in an attempt to match the
properties of cortical bone, which is meant for the internal structural integrity of the implant, while a
smaller lattice may be used for near-surface parts of an implant. In this work we investigate additively
manufactured lattice samples produced by Laser Powder Bed Fusion (LPBF) of Ti6Al4V ELI, with samples
having approximately 50% regular porosity. In particular, we experimentally compare two designs: diag-
onal and rhombic. MicroCT-based static loading simulations are used to highlight stress hotspots in the
two designs, to highlight possible failure locations. Physical compression testing to initial failure and
subsequent microCT highlight the locations of initial failure, which correlate well with the simulation
stress hotspots. Both designs show excellent strength (120–140 kN failure load) and effective compressive
elastic modulus correspondingwell to simulations. Differences betweenmicroCT-based simulations of the
produced lattices and those of ideal design parameters can be attributed mainly to surface roughness, and
slightly thinner manufactured struts of the as-built lattices, with similar trends for the twomodel designs.
These results validate experimentally that both designs are suitable for load-bearing applications.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The advantages of additive manufacturing (AM) are the reduc-
tion of the time from the concept of the part to its production,
reducing the material, the flexibility and freedom of design, multi-
materials, gradient-structures and composites in a single cycle,
the production of unique alloys/compositions and the simultaneous
production of functional parts [1,2]. Products fabricated through
laser-based AM processes are used in the medical field, dentistry,
aerospace, automotive and power industries, to name only a few.
Despite the high degree of complexity possible by Laser Powder
Bed Fusion (LPBF), some limitations exist – in particular for over-
hanging structures, and hence the size and shape of the deliberate
pore spaces in cellular structures are limited [1]. These limitations
are caused by the track-by-track, layer-by-layer nature of LPBF. Fast
heating/melting/cooling in LPBF leading to non-equilibrium
metallurgical process cause significant differences in mechanical
properties of the LPBF objects in comparisonwith traditional casting
and forged parts [3]. Further studying the microstructure, physical,
mechanical properties and heat treatments of AM parts to compile
high quality requirements for high-specification components is a
relevant and important task for the greater use of the relatively
new AM technologies by industry [1,2,4]. Obtaining lightweight
structures with mechanical properties close to the properties of
bones is another important task for thewidespread adoption of LPBF
for biomedical applications such as customized implants or in the
aerospace field, where strength, reliability and low weight are the
most important issues [5,6].

Additive manufacturing of Ti alloys has been the topic of inves-
tigation of numerous researchers over the last few years [7].
Ti6Al4V is one of the principal biomaterials for implants but its
properties are far from human bones: Ti6Al4V alloy has a density
of 4.43 g/cm3, which is twice heavier than cortical bone
(1.99 g/cm3). Ultimate tensile and compression strengths and the
elastic modulus are all higher in Ti6Al4V alloy by more than 5–7
times in comparison with hard bone tissues. By producing a metal
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lattice structure by LPBF, the mechanical properties of the metal
lattice can be approximated to the properties of bones [8,9]. The
production of latticed Ti6Al4V structures by additive manufactur-
ing has been reviewed recently by Tan et al. [10] who mention that
among the many lattice designs, not only one ideal solution exists
for any specific task and there may be many optimal solutions
(i.e. lattice designs). However, there is still a need for additional
analysis of AM lattice structure designs to validate their physical
compressive strength when produced by additive manufacturing
because its mechanical performance depends on the manufactur-
ing strategy and process parameters [3,11,12].

In this work, LPBF lattice structures of two designs were tested.
This testing involved non-destructive microCT analysis before
compression, physical compression testing and microCT analysis
after compression, as well as optical microscopy. MicroCT allows
inspection for presence of defects such as internal porosity in the
struts, for surface roughness and CAD model deviations. Static load
simulations were conducted on the lattice structures (using the
CAD data) to analyze the maximum Von Mises stress distributions
and compare these between two designs. A microCT-based load
simulation was also applied to the two LPBF samples of different
design types and compared to their ideal stress distributions. In
this way the differences could be analyzed and the effect of build
imperfections can be related directly to the mechanical properties,
found by physical compression testing. MicroCT analysis of com-
pressed lattices also highlight locations of failure, correlating to
the stress regions found by simulation. The lattices tested here
were designed with 50% density and large unit cells resulting in
Fig. 1. CAD models of unit cells and LPBF tessellated latt
strut thickness values >1.5 mm. The aim was to match the proper-
ties of cortical bone, and provide an analysis of lattices meant for
load-bearing applications. The lattice density is expected to affect
the effective elastic modulus irrespective of the strut thickness
(determined by the unit cell size selected). The thicker struts are
selected to ensure accurate manufacturing and less effect of man-
ufacturing imperfections, compared to lattices with thin struts. The
two designs were selected based on their availability in software
tools, their relatively simple design and both are applicable to bone
implants.

2. Materials and methods

12 cubes with periodic cellular lattice structures 25 � 25 �
25 mm3 and solid top and bottom layers of 1 mm in thickness
(Fig. 1) were produced by an EOSINT M280 system. Samples were
fabricated at standard process parameters recommended by EOS
for Ti6Al4V at 30 mm powder layer thickness. Argon was used as
the protective atmosphere; the oxygen level in the chamber was
controlled in the range of 0.07–0.12%. The chemical composition
of the spherical gas-atomized Ti6Al4V (ELI) (–45 mm) powder from
TLS Technik is given in Table 1. The 10th, 50th and 90th percentiles
of equivalent diameter (weighted by volume) of the powder
particles were d10 = 13 mm, d50 = 23 mm and d90 = 37 mm.

Rhombic and diagonal lattice structures were designed with a
target 50% volume fraction (Fig. 1). In this case, the target volume
fraction and large unit cell size with relatively thick struts are
investigated in an attempt to match the properties of cortical bone,
ice parts with rhombic (a) and diagonal designs (b).



Table 1
Chemical composition of powder (in wt.%).

Ti Al V O N H Fe C Y

Bal. 6.34 3.94 0.058 <0.006 0.001 0.25 0.006 <0.001

Fig. 2. CAD variance analysis for diagonal and rhombic LPBF samples with
statistical distribution of variance data, indicating LPBF parts for both types were
built slightly smaller than designed. This small value is considered acceptable since
the single track width of the LPBF system is roughly 0.1 mm.
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which is meant for the internal structural integrity of the implant.
A fixed unit cell size of 5 mmwas selected. The resulting maximum
strut diameters were 1317 lm for rhombic structures and
1669 lm for diagonal types of the unit cells, measured using the
maximum-spheres method (wall thickness analysis function in
VGStudioMax 3.0).

Before cutting from the baseplate, specimens were heat treated
for 3 h in Ar atmosphere at 650 �C for stress relieving. Mechanical
properties of LPBF specimens were obtained through uniaxial com-
pression tests. Compressive stress was calculated as ratio of load
(N) over the top surface area (25 � 25 mm) in direct contact during
compression tests. Compression tests were carried out with an
Amsler testing machine. The total deformation was measured
using a digital image correlation setup. The baseplate was tracked
to measure total deformation up to full densification, after which
the test was stopped. Two initial samples were compressed to
initial failure (first yielding) on a different system, and used for
detailed imaging of the first failure location using microCT. Initial
failure refers here to the first point of fracture at the initial peak
stress value, after which there follows a stress plateau prior to final
densification – this is typical for cellular materials.

The samples were individually scanned before and after com-
pressive testing to failure, using 180 kV and 160 mA, at 30 mm voxel
size. At this voxel size the cylindrical scan volume is approximately
60 mm high and wide. Other settings included 1 mm copper beam
filtration, acquisition time of 333 ms per image, with averaging of
2 images and skipping of 1 image at each step position, with 3000
step positions used to record images in one full rotation of the
sample. Reconstruction was performed using a moderate beam
hardening correction factor. Scans were performed on a General
Electric VTomeX L240 system. MicroCT data was visualized and
analysed in Volume Graphics VGStudioMax 3.0. Analysis of poros-
ity and CAD variance analysis for additive manufactured medical
implants was described before by du Plessis et al. [13,14].

A structural mechanics simulation was performed on the CAD
data and the actual microCT data. The simulation on the CAD
(stl) data (‘‘ideal” sample) was performed by creating an artificial
voxel data set from the STL data, using the procedure ‘‘convert to
volume”. Structural mechanics simulation was performed using
the method described in du Plessis et al. [15] and Broeckhoven
et al. [16], using as inputs a Young’s modulus of 115 GPa and
0.35 Poisson’s ratio for Ti6Al4V, making use of the top and bottom
of the sample as fixed and load regions. A nominal load value of
1 kN was applied to the top of the sample in the simulation in
order to compare maximum Von Mises stress between different
samples. Only linear elastic simulations were used here to high-
light the weakpoints in the structure which lead to initial yielding.
The maximum Von Mises stress values are obtained by statistically
analysing the Von Mises stress across the entire structure and
using the top 1% as a ‘‘maximum” value. This is in no way meant
to correlate directly to traditional stress, and is meant only to com-
pare samples for local stress hotspot generation, which can affect
the mechanical response. Recently, microCT data was used for sim-
ilar simulation efforts for single cell lattices in [17], where defor-
mation was followed by simulation. Our simulations differ in
that only the simplest linear elastic simulation of the original form
is used, prior to deformation. In another similar study, high stress
values in microCT-based simulations of lattices could be correlated
to failure locations – mainly attributed to poor build quality in the
thin struts carrying most load [18].
3. Results and discussion

3.1. Morphological and microstructural analysis of LPBF lattice cubes

MicroCT data before physical compression showed a lack of
internal porosity in the struts, with values similar to that found
in a previous study using this LPBF system with the same process
parameters [19]. The rhombic structure had a total porosity
(in struts) of 0.00136% and the diagonal structure had 0.00429%.
Both of these are negligibly small and are not expected to affect
the mechanical properties of the samples. In order to visualize
deviations of the parts compared to their design, a CAD variance
analysis was applied. Under the chosen building and scanning
strategies, the deviations from CAD design was very small: statis-
tical analysis of the deviations across all surface points in the
microCT data showed that both LPBF sample types were produced
slightly smaller than their CAD design by 62 mm and 38 mm on
average for the rhombic and diagonal designs respectively. The
statistical distributions are shown in Fig. 2. Some additional mate-
rial was present at places, especially in the diagonal type, at the
underside of horizontal struts. This is also observed in the statisti-
cal distribution with an asymmetric profile for the diagonal type.
This additional material found by microCT scans were only present
in some places and were not found in regions of high stress
(see simulations in next section), so was not expected to affect
the mechanical properties.

More detailed morphogical analysis was applied from microCT
data of all samples subjected to compression testing. Once the
lattice region was selected (without top and bottom plates), the
morphological analysis was applied in order to quantify the build
quality and reproducibility and compare it to the design values.
The morphological results are summarized in Fig. 3 and error bars
are not included as the values are essentially identical across all 5
samples of each type (standard deviation in all values less than
0.1%). The morphological parameters reported here were proposed
by Hildebrand and Rüegsegger [20] to describe the material vol-
ume fraction and the thickness of struts in 3D foam-like objects,
especially bone. Since the lattice implants are meant to mimic
bone structure, this type of analysis is very relevant. The most
widely used measure is bone volume to total volume (BV/TV),



Fig. 3. Morphological analysis of prescribed CAD model and LPBF rhombic and
diagonal structures received by microCT scans. The difference between CAD and
actual models are affected by the larger surface area of the LPBF parts. The
difference between diagonal and rhombic designs in general are mainly of interest
here.
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which is effectively the material volume fraction – in this work the
design was aimed to be 50% BV/TV. Also included are the mean
trabecular number Tb#, indicating the number of struts per unit
length (mm) and the trabecular spacing TbSp, indicating the effec-
tive spacing between struts. These values are relatively easily
obtained from microCT data and widely used in biomedical
research, especially in studies of bones. A particularly useful value
for additive manufactured parts is the BS/BV value which refers to
the ratio of the material surface area (BS) to the material volume
(BV). For a sample with higher surface roughness, of the same
Fig. 4. Optical microscope cross-sections of LPBF Ti6Al4V ELI rhombic (a, b) and dia
design, the value will be higher. For different designs, a higher
value might be more conducive to cell growth due to the larger rel-
ative surface area available. The results in Fig. 4 show that the LPBF
parts differ from their CAD design as they have a lower material
volume fraction (as also seen from CAD variance analysis). The
BS/BV values are higher as expected due to the surface roughness.
It is interesting to note that the rhombic design has a significantly
higher surface area per volume, which might have some advan-
tages for cell growth when such a lattice is used in an implant.
The trabecular thickness TbTh is lower in each case compared to
its CAD design (also as expected from previous CAD variance anal-
ysis), and the trabecular thickness is lower in the rhombic design,
indicating it has on average thinner struts. The mean trabecular
number Tb# is higher in the rhombic design compared to diagonal,
to compensate for its thinner struts while maintaining similar total
volume fraction. Consequently, the trabecular spacing TbSp is also
lower in the rhombic design, compared to diagonal.

As has been shown, the microstructure of as-built Ti6Al4V ELI
alloy typically consists of a´martensite [21,22]. The microstruc-
tures of the LPBF cellular structures are shown in Fig. 4. Prior b
grains were oriented almost parallel to the building direction
(Fig. 4b, d); at perpendicular cross-sections the grain boundaries
also were well distinguished (Fig. 5a, c) similar to Ti6Al4V solid
blocks manufactured in vertical direction at the same process-
parameters and scanning strategy [19]. After a stress-relieving
heat-treatment at 650 �C for 3 h, no significant changes in the
microstructures have been found.

Attached powder particles and rough surfaces inside the cellu-
lar structures are visible in the cross-sections (Fig. 4). This surface
roughness of produced samples is typical for LPBF and can be
gonal (c, d) LPBF units perpendicular (a, c) and along building direction (b, d).



Fig. 5. Compression test results from 5 samples of each type: (a) one representative stress-strain curve of each type, (b) mean and standard deviation of effective compressive
elastic modulus and (c) ultimate compressive stress values.
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expected to affect the mechanical properties. Under compression
testing, the loading direction was co-axed with building direction
for both types of tested structures.

3.2. Mechanical testing of LPBF cubes

Mechanical compression tests of 10 samples were conducted to
failure, with representative stress-strain curves of one sample of
each shown in Fig. 5a. The effective compressive elastic modulus
was calculated in the linear region 50–150 MPa, and the ultimate
compressive stress was well confined in a small range around
200 MPa (�130 kN for this 25 mm sample). The results are sum-
marized in Fig. 5b and c.

The effective compressive elastic modulus was lower for the
diagonal-type, which also has a slightly lower ultimate compres-
sive stress, indicating it is the weaker of the two structures. The
ultimate compressive stress varies only within a small range, and
corresponds to loads in the range of 190–225 MPa, for both types.
It was noted that the crushing of bands of struts occur differently
in the two designs. The crush band at 45� to the loading direction
in the case of the rhombic design has been observed previously by
Li et al. [23]. Crush bands perpendicular to the loading direction
occurs in the diagonal design.

3.3. MicroCT-based simulations for LPBF cubes

MicroCT scans before and after physical compression of LPBF
cellular structures were performed, with the aim to visualize fail-
ure locations and correlate these with stress distributions from
simulations. MicroCT-based static load simulations show that the
ideal rhombic-designed tessellated sample has a slightly lower
maximum Von Mises stress, 29 MPa versus the 31 MPa of the diag-
onal design. The same trend is found for simulations on the actual
produced sample data, i.e. max stress of 39 MPa versus 41 MPa and
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this trend corresponds to that found by mechanical tests (Fig. 5).
The difference between Von Mises stress of the actual part
(microCT simulation) and that of its design (CAD simulation) is
significant and can be attributed mainly to surface roughness and
slightly thinner struts than designed, increasing the Von Mises
stress values.

MicroCT simulations indicate the location of the highest Von
Mises stress located near the top and the bottom of the rhombic
sample (Fig. 6a) in the strut junctions. Fig. 6c shows an overlay
of the before and after compression showing the actual deforma-
tion with before-loading (gray) and after-loading (red colour).
Fig. 7 shows microCT slice images of the simulation of stress distri-
butions for loading and the corresponding failure cracks of the
same location after compression (for the exact same slice). This
confirms the good correlation between high stress values and fail-
ure locations in the rhombic sample. Fig. 7(b) presents orthogonal
slice views of the failure location, near the top across the strut
junctions: the thin black line is the initial failure crack, in the cor-
ner of the rhombic sample (red arrow). Similar results were found
by Choy et al. [24] where during compression of LPBF cubic lattices
Fig. 6. MicroCT simulation of von Mises stress distributions in 3D samples under load
showing the actual deformation of LPBF samples by red/orange colour for (c) rhombic an
legend, the reader is referred to the web version of this article.)
the first collapse initiated from the layer at the edge or adjacent to
the edge of samples.

The diagonal design shows large areas of high stress in the mid-
dle of the sample, compared to the edges, and first failure occurs in
the middle of this sample as confirmed by significant cracking
observed in microCT images of the middle of the sample shown
in Fig. 7c, d. Interesting is that the highest localized stress values
are found near the outside of the sample, but the failure occurs
on the inside where larger high-stress areas are visible. This means
that small localized stress hotspots are not the only important fac-
tor in determining failure location, but the size of the stress hot-
spot as well, at least for static loading.

The results obtained on the two lattice types are promising for
future application of these designs in load-bearing applications.
The microCT-based load simulation results could be correlated
with failure locations, which also can assist in producing stronger
parts by adding material at areas of high stress. The method will
find particular use when analyzing more complex parts, especially
when they are connected to solids or where they are truncated. In
the case of the rhombic design, the failure occurred on the top at
ing: (a) rhombic and (b) diagonal samples; overlay before and after compression
d (d) diagonal samples. (For interpretation of the references to colour in this figure



Fig. 7. Numerical simulation of von Mises stress (a, c) and orthogonal microCT slice images of the failure location (b, d). Failures are seen as thin black line/crack indicated
with red arrows” (a,b) – rhombic and (c, d) – diagonal lattice structures. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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the connection with the solid plate, this type of failure is not
preferable. The mechanical test results confirmed simulation
results: the rhombic design was found to have a lower maximal
stress value in simulations, and in the mechanical tests it reached
higher compressive stress before failure. However, both types had
excellent ultimate compressive strength values. The Young’s mod-
ulus values were variable but also confirmed simulation results.

4. Conclusions

We have demonstrated an analysis of rhombic and diagonal lat-
tice structures, using voxel-based static load simulations to visual-
ize and analyze von Mises stress distributions, applied advanced
microCT morphological analysis and did physical compression
testing of LPBF samples for which ultimate compressive strength
and elastic modulus values could be obtained.

The simulations of microCT data compared to design (‘‘ideal”)
data, indicate a significant increase in Von Mises stress in LPBF
lattices compared to their design which can be attributed mainly
to surface roughness and slightly reduced strut thickness. The
simulations are validated by mechanical testing, providing values
for the absolute compressive strength within a small range and
effective compressive Young’s modulus of the two structures.

In summary, we conclude that:

- By LPBF, both rhombic and diagonal designs were found to be
produced with excellent reproducibility, free of defects and
both were found to have high ultimate compressive stress
values and effective compressive Young’s modulus in the region
expected, matching that of cortical bone.

- Load-bearing potential of these lattices are validated by
mechanical tests, confirming first yielding only at � 120 kN
for these 25 mm lattice samples.

- Stress simulations were conducted and large stress regions
could be correlated with initial failure locations in both types
of samples.
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These lattice designs can therefore be confidently used in load-
bearing applications in medical and other applications. The results
are also promising for improving designs of lattice structures, and
especially the stress hotspots found from simulations can be
further used as inputs to designing customized stronger lattices
by optimization of the thickness and shape of high-stress areas.
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