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Abstract: It is known that the mechanical properties of bone-mimicking porous
biomaterials are a function of the morphological properties of the porous structure,
including the configuration and size of the repeating unit cell from which they are made.
However, the literature on this topic is limited, primarily because of the challenge in
fabricating porous biomaterials with arbitrarily complex morphological designs. In the
present work, we studied the relationship between relative density (RD) of porous Ti6Al4V
EFI alloy and five compressive properties of the material, namely elastic gradient or
modulus (Esz20-70), first maximum stress, plateau stress, yield stress, and energy absorption.
Porous structures with different RD and six different unit cell configurations (cubic (C),
diamond (D), truncated cube (TC), truncated cuboctahedron (TCQO), rhombic dodecahedron
(RD), and rhombicuboctahedron (RCO)) were fabricated using selective laser melting.
Each of the compressive properties increased with increase in RD, the relationship being of
a power law type. Clear trends were seen in the influence of unit cell configuration and
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porosity on each of the compressive properties. For example, in terms of Eszo-70, the
structures may be divided into two groups: those that are stiff (comprising those made
using C, TC, TCO, and RCO unit cell) and those that are compliant (comprising those
made using D and RD unit cell).

Keywords: cellular solids; selective laser melting; compressive properties; and porous
Ti alloy

1. Introduction

In orthopaedic surgery, cellular structures are used as three-dimensional porous biomaterials that try
to mimic the structure and function of bone [1]. The porous biomaterial could be used either as a bone
substitute or a cell-seeded scaffold used as a part of a tissue engineering approach. In either case, the
porous biomaterial should be designed such that its mechanical properties match those of bone,
while considering the other factors that maximize bone ingrowth. For example, the permeability of the
porous structures used in bone tissue engineering could influence cell migration and mass transport
and should be carefully designed [2,3]. During the last two decades, several design principles have
been proposed for the design of bone tissue engineering scaffolds that consider the mechanical
properties, biocompatibility, biodegradability, and bio-functionality of the scaffold biomaterials [4-9].

In this study, we focused on the compressive properties of porous titanium biomaterials aimed for
application in orthopaedic surgery. Solid titanium alloys are often very stiff, exceeding the mechanical
properties of bone by up to one order of magnitude [10,11]. The mismatch between the mechanical
properties of bone and those of the biomaterial could hinder bone ingrowth, result in stress shielding,
bone resorption, and ultimately cause loosening of orthopaedic implants [12-15]. Creating porous
structures out of bulk materials, however, results in much lower stiffness values that are comparable
with those of bone [10,16,17]. Traditionally, various techniques have been used for fabrication of
porous biomaterials including space-holder method, hot isostatic pressing, gel casting, and chemical
vapor deposition/infiltration [18-21]. Recently, additive manufacturing techniques have been
introduced for manufacturing of porous biomaterials and have several advantages over conventional
techniques including their ability to create arbitrarily complex 3D structures, highly accurate and
predictable porous structure, and wide materials selection [22-25]. Two widely used AM methods are
selective laser melting [26-30] and electron beam melting [31-34]. In addition to favorable
mechanical properties, highly porous biomaterials have a large pore space that could be used for
controlled release of growth factors [35] as well as huge surface area that could be treated using
chemical and electrochemical techniques for obtaining desired bio-functional properties [36—39].

The mechanical properties of additively manufactured porous biomaterials are highly dependent on
the type of unit cell from which they are made [40-45]. Optimizing the mechanical properties of
porous biomaterials for different applications may require combining various types and dimensions of
unit cells in one single porous structure. It is therefore important to have a good understanding of
the relationship between the type and dimensions of unit cell and the resulting mechanical properties of
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the porous structure [46]. Many different types of unit cells are available. However, data on the
mechanical properties of porous structures from many different unit cell configurations are limited.

In the present work, we used six different unit cell configurations, namely, cubic, diamond,
truncated cube, truncated cuboctahedron, rhombic dodecahedron, and rhombicuboctahedron are
considered in the current study. For each of these configurations, we used selective laser melting to
manufacture porous structures with different porosities. Micro-CT imaging and compression testing
were performed to determine the morphological and mechanical properties of the porous materials and
to study the relationship between these parameters.

2. Materials and Methods
2.1. Materials and Manufacturing

Selective laser melting (SLM) method (Layerwise NV, Leuven, Belgium) was used for processing
of Ti6Al4V-ELI powder (according to ASTM B348, grade 23) on top of a solid titanium substrate and in
an inert atmosphere. Porous titanium structures were thereby manufactured based on six different
unit cells configurations, namely, cubic, diamond, truncated cube, rhombicuboctahedron, rhombic
dodecahedron, and truncated cuboctahedron (Figure 1). The details of the laser process technique were
reported in our previous studies [10,16,40,47,48]. For each unit cell, different porosities were achieved
by changing the strut thickness and pore size (Table 1). Cylindrical specimens with the length of
15 mm, diameter of 10 mm and unit cell size of 1.5 mm were manufactured for static compression
testing (Figure 2). After fabrication, electro discharge machining (EDM) was used to remove the
specimens from the substrate.

4

)

(d) (e) ()

Figure 1. Schematic drawings of the unit cells used in the porous structure: (a) Cubic;
(b) Diamond; (c) Truncated cube; (d) Truncated cuboctahedron; (e) Rhombic dodecahedron;
(f) Rhombicuboctahedron.
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Table 1. Morphological properties of the porous structures used.

1874

Strut Diameter (pm)

Pore Size (um)

Nominal (Design) pCT (SD) Nominal (Design) pCT (SD)

Cubic (C)
C-1 348 451 (147) 1452 1413 (366)
C-2 540 654 (190) 1260 1139 (359)
C-3 612 693 (200) 1188 1155 (354)
C-4 720 823 (230) 1080 1020 (311)
Diamond (D)
D-1 277 240 (46) 923 958 (144)
D-2 450 416 (65) 750 780 (141)
D-3 520 482 (70) 680 719 (130)
D-4 600 564 (76) 600 641 (137)
Truncated Cube (TC)
TC-1 180 331 (76) 1720 1625 (398)
TC-2 240 363 (80) 1660 1615 (392)
TC-3 304 395 (88) 1596 1593 (382)
TC-4 380 463 (126) 1520 1535 (370)
TC-5 460 568 (183) 1440 1497 (360)
TC-6 530 620 (200) 1370 1426 (357)
Truncated Cubeoctahedron (TCO)
TCO-1 324 350 (60) 876 862 (349)
TCO-2 460 416 (64) 1040 1142 (383)
TCO-3 520 452 (65) 980 1098 (386)
TCO-4 577 482 (70) 923 1079 (391)
TCO-5 621 516 (82) 862 1065 (361)
TCO-6 693 564 (76) 807 1049 (383)
Rhombicdodecahdron (RD)
RD-1 250 246 (53) 1250 1299 (449)
RD-2 310 305 (97) 1190 1224 (455)
RD-3 370 440 (126) 1130 1168 (364)
RD-4 430 461 (163) 1070 1305 (554)
RD-5 490 430 (122) 1010 920 (300)
RD-6 550 506 (144) 950 1058 (356)
Rhombic Cubeoctahedron (RCO)
RCO-1 380 348 (59) 820 877 (355)
RCO-2 410 369 (59) 790 847 (349)
RCO-3 440 486( 113) 760 1089 (402)
RCO-4 470 437 (61) 730 754 (359)
RCO-5 500 539 (120) 700 1043 (401)
RCO-6 530 438 (61) 670 794 (368)
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(d)

Figure 2. Sample specimens from the porous structures based on different types of unit
cells: (a) Cubic; (b) Diamond; (c) Truncated cube; (d) Truncated cuboctahedron;
(e) Rhombic dodecahedron; (f) Rhombicuboctahedron.

2.2. Morphological Characterization

For morphological characterization, we scanned the titanium scaffolds using a micro-CT (Quantum
FX, Perkin Elmer, Waltham, MA, USA). The scans were made under tube voltage of 90 kV, tube
current of 180 pA, scan time of 3 min, and resolution of 42 pm. The 3D images of the porous structures
were automatically reconstructed using the in-built software of the micro-CT. The reconstructed images
were then transferred to the Caliper Analyze 11.0 (provided by the manufacturer) to align the geometry
along the major axis of the specimens and to acquire 2D slices. The 2D slices contained transverse
views of the scaffolds, i.e., circular cross-sections. The 2D slices were then imported into the ImageJ
1.47v (http://imagej.nih.gov/ij/) in order to create region of interests (ROIs) and segment the titanium
volume using the optimal thresholding algorithm available in the boneJ [49] plugin of ImageJ 1.47v
(16 bit images). Segmented images were then exported to the boneJ plugin to calculate the ratio of the
void volume to the 3D ROI volume that was ultimately reported as the structure relative density of the
porous structures.

In addition, the Archimedes technique and dry weighing were used for determining the structure
relative density of the specimens (Table 2) using five specimens from each porous type of porous
structure, except for the case of rhombic dodecahedron unit cells that only 2 samples were used for
measurement of the Archimedes porosity values. In both cases, an OHAUS Pioneer balance was used
for weight measurements that were performed in normal atmospheric conditions in room temperature.
As for the dry weighing, the weight of the porous specimens was divided by the theoretical weight of
the corresponding solid specimens assuming a theoretical density of 4.42 g/cm? for Ti6AI4V-ELI [50].
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In the Archimedes technique, the specimens were weighed both in dry conditions and in pure ethanol
to determine the actual and macro volume and calculating overall porosity of the porous structures.

2.3. Compressive Testing

The mechanical properties of the porous structures were obtained by static compression test using a
static test machine (INSTRON 5985, 100 kN load cell) by applying a constant deformation rate of
1.8 mm/min. The compression test was carried out in accordance with 1SO standard 13314:2011 [51]
which refers to mechanical testing of porous and cellular metals. The tests were continued until 60%
strain was applied to the specimens. Five specimens were tested for every variation of the porous
structures. The stress-strain curves were obtained and the mean and standard deviation of each of five
compressive properties were determined. According to the above-mentioned standard, the elastic
gradient (Ec20-70) was calculated as the gradient of the elastic straight line between two stress values,
namely o70 and o20. The first maximum compressive strength (omax) that corresponds to the first local
maximum in the stress-strain curve was also calculated. The plateau stress (cy) was defined according
to the same standard as the arithmetical mean of the stresses between 20% and 40% compressive strain
and was calculated for all specimens. [40,51]. Energy absorption, which is defined as the energy
required for deforming a specimen to a strain (g), was calculated from the area under the strain-stress
curve up to 50% strain [52,53].

In order to analyze the compressive properties of porous structures more systematically, power laws
relating structure relative density (the weight per unit volume of a material, including voids that exist
in the tested material” as defined in ASTM D1895) to different compressive properties were fitted to
the measured experimental data:

X =ap® (1)

where X is any of the above-mentioned compressive properties measured for the porous structures and
p is structure relative density. The parameters a and b are dependent on the type of the unit cell.

2.4. Correlational Analysis

MATLAB and Simulink R2014a, The MathWorks Inc., Natick, MA, USA, and Microsoft Excel,
Microsoft Corporation, Redmond, WA, USA, were used to determine the correlation between the
compressive properties of specimens and relevant density. Closeness of the data to the fitted regression
line was measured by coefficient of determination.

3. Results

The structure relative density of each unit cell configuration is presented in Table 2. The trends
observed in the stress strain curves of the specimens with different types of unit cells were quite
different (Figures 3-8). There were also differences in the shape of stress-strain curves of specimens
with the same type of unit cell configuration but different relative density (RD) (Figures 3-8). In many
cases, the typical stress-strain response of porous alloy was observed including the initial linear
response that was followed by a plateau region and the subsequent fluctuations of the stress-strain
curve (Figures 3-8). The final part of the stress-strain curves was often associated with stiffening of
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the porous structure (Figures 3-8). In general, the level of fluctuations following the plateau region
tended to decrease as the structure relative density of the porous structures increased (Figures 3-8).
However, this was not, the case for porous structures based on the truncated cube unit cell (Figure 8).

Table 2. Summary of the structure relative density results (in %).

Structure Relative Density (%0)

CAD File Dry Weighing (SD) Archimedes (SD) nCT
Cubic (C)
c-1 10 11 (0.1) 12 (0.1) 13
C-2 22 21 (0.2) 22 (0.2) 24
C-3 27 26 (0.2) 26 (0.2) 28
C-4 35 34 (0.1) 34 (0.2) 37
Diamond (D)
D-1 11 11 (0.1) 11 (0.2) 11
D-2 21 20 (0.2) 21 (0.1) 21
D-3 28 26 (0.4) 27 (0.3) 28
D-4 37 34 (0.3) 35 (0.4) 36
Truncated cube (TC)
TC-1 6 7(0.1) 7(0.1) 9
TC-2 9 9(0.1) 9(0.1) 11
TC-3 12 12 (0.1) 12 (0.1) 12
TC-4 16 14 (0.2) 15 (0.2) 14
TC-5 21 17 (0.2) 18 (0.1) 17
TC-6 24 20 (0.2) 20 (0.2) 20
Truncated Cubeoctahedron (TCO)
TCO-1 18 20 (0.4) 20 (0.4) 19
TCO-2 21 23(0.2) 23(0.2) 21
TCO-3 26 25 (0.5) 25 (0.5) 23
TCO-4 31 28 (0.2) 28 (0.3) 28
TCO-5 34 31(0.3) 31(0.3) 32
TCO-6 36 34 (0.2) 35 (0.3) 36
Rhombicdodecahdron (RD)
RD-1 10 11 (0.3) 11 (0.4) 11
RD-2 15 17 (0.2) 17 (0.1) 16
RD-3 20 23 (0.2) 23 (0.1) 22
RD-4 25 27 (0.1) 27 (0.2) 27
RD-5 29 28 (0.3) 28 (0.3) 28
RD-6 34 33(0.3) 33(0.2) 32
Rhombic Cubeoctahedron (RCO)
RCO-1 16 18 (0.2) 18 (0.2) 18
RCO-2 18 21 (0.2) 21 (0.2) 21
RCO-3 21 23 (0.3) 23 (0.3) 24
RCO-4 26 25 (0.3) 26 (0.4) 25
RCO-5 31 29 (0.4) 29 (0.4) 27
RCO-6 36 32 (0.3) 33 (0.5) 31
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cube unit cell and with different porosities (see Table 2).
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As expected, each of the compressive properties increased with increase in structure relative density
(Figures 9-13). The exponent of the power law fitted to the experimental data points (Figures 9-13)
varied between 0.93 and 2.34 for the elastic gradient (Figure 9), between 1.28 and 2.15 for the first
maximum stress (Figure 10), between 1.75 and 3.5 for the plateau stress (Figure 11), between 1.21 and
2.31 for the yield stress (Figure 12), and between 2.18 and 73 for energy absorption (Figure 13).
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Figure 9. Summary of the elastic gradient results for porous structures basedon different
types of unit cell configurations (cubic (C); diamond (D); truncatedcube (TC); truncated
cuboctahedron (TCO); rhombic dodecahedron (RD); rhombicuboctahedron (RCO)) and
different structure relative densities (see Table 2) (Es indicates the elastic gradient of the
structure if it was solid).
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Among all the unit cells studied here, the structure with the diamond unit cell was the most
compliant, especially at RD > 0.15, whereas the stiffest structure was that having a truncated cube unit
cell, especially when RD > 0.30 (Figure 9). When RD was small (RD < 0.2) the structures may be
divided into two groups, with those in the first group (truncated cube, truncated cuboctahedron,
rhombicuboctahedron, and cube unit cells) having larger stiffness than those in the second group

(diamond and rhombic dodecahedron unit cells) (Figures 9 and 14a).
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Figure 13. Summary of the energy absorption results for porous structures based on
different types of unit cell configurations (cubic (C); diamond (D); truncated cube (TC);
truncated cuboctahedron (TCO); rhombic dodecahedron (RD); rhombicuboctahedron
(RCO)) and different structure relative densities (see Table 2).

With regard to omax, there is also separation of the structures into two groups. When RD < 0.2, the
structures with the highest and lowest value of this compressive property were built using
rhombiccuboctahedron and rhombic dodecahedron unit cells, respectively (Figure 10). However, when
RD > 0.2, the structures with the highest and lowest value of this compressive property were built
using the truncated cube and diamond unit cells, respectively (Figures 10 and 14b). When RD < 0.2,
there is no difference in plateau stress between the different structures, but, when RD > 0.2, the highest
and lowest value of this compressive property were built using the truncated cube and diamond unit
cells, respectively (Figures 11 and 14c). The four remaining unit cells are relatively close in terms of
the plateau stress values they exhibit (Figures 11 and 14c).

Regarding oy, structures with the diamond unit cell show the lowest value throughout the
RD range (Figures 12 and 14d). The one group comprising structures having the truncated cube
rhombicuboctahedron, and cube and cube and the other group comprising structures having truncated
cuboctahedron and rhombic dodecahedron, When RD < 0.2, the former group has clearly higher yield
stress values as compared to the latter group, but, when RD > 0.2, the results for the two groups
overlapped (Figures 12 and 14d). When RD < 0.2, Energy absorption (EA) for the structures with
different unit cell configurations are practically the same, but, at higher RD, EA of structure with
diamond unit cell is much lower than that of a structure with any other type of unit cell configuration
(Figures 13 and 14e).
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Figure 14. Comparison between the mechanical properties measured for different types of
porous structures based on the six different unit cells studied here including (a) Elastic
gradient; (b) First maximum stress. (c) Plateau stress; (d) Yield stress; (e) Energy absorption.
In these figures, the power laws fitted to the experimental data points, and not the
experimental data points themselves, are compared with each other.

The ratio of plateau stress to yield stress was more or less constant and close to one for the diamond
and rhombic dodecahedron unit cells (Figure 15a). For the other types of unit cells, the ratio of plateau
stress to yield stress remarkably increased with the relative density (Figure 15a). As for the ratio of
plateau stress to first maximum stress, it was relatively stable for diamond, rhombic dodecahedron, and
rhombicuboctahedron (Figure 15b). For the three remaining types of unit cells, the ratio of plateau
stress to first maximum stress drastically increased with the relative density Figure 15b).
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Figure 15. (a) The ratio of plateau stress to yield stress as well as (b) the ratio of plateau
stress to first maximum stress for different types of unit cells. In these figures, the power
laws fitted to the experimental data points, and not the experimental data points
themselves, are compared with each other.
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4. Discussion

The results of this study clearly show the difference between the porous structures made using
different types of unit cells. Not only do the mechanical properties of the porous structures differ
drastically between the various unit cells studied here, the deformation and failure mechanisms change
as well particularly at the plateau region as well as in the succeeding regions of the stress-strain curves.
These different failure mechanisms are reflected in the different shapes of stress-strain curves.

4.1. Comparison between the Different Types of Unit Cells

Since all other parameters are kept constant during the manufacturing of the specimens, the only
factor that differentiates the different classes of porous structures from each other is the geometry of
unit cell. For example, it was observed that the unit cells that include vertical struts, exhibit a different
failure mechanism as compared to the other unit cells. In the unit cells with vertical struts, failure of
one (vertical) strut usually resulted in the collapse of the entire unit cell, causing a sudden drop of the
measured force to values close to zero. Once one unit cell, that is often the weakest link in the
remaining porous structure, has collapsed, the other unit cells take over the force-carrying function of
the missing unit cell and the force increases again. This will continue until the next weakest link in the
remaining porous structure has collapsed and the force drops to near-zero values again. The presence
of vertical struts could not, however, explain all the cases where force repeatedly dropped to near-zero
values. An important exception was the diamond unit cell. In this unit cell, the geometry of the unit
cell is such that the failure of one strut could easily cause the collapse of the entire unit cell, as the
shape of the unit cell is relatively simple and the different struts provide only limited support to each
other. This could be also found back in all of the compressive properties measured for the diamond
unit cell. Comparatively speaking, the diamond unit cell showed the lowest values of the compressive
properties for the entire range of apparent densities. There are only two exceptions, elastic gradient and
first maximum stress, where rhombic dodecahedron shows slightly lower compressive properties for
the lowest values of the structure relative density.

The stiffness of the porous structures made from different types of unit cells is probably the most
important property of these structures when they are used as bone-mimicking biomaterials. The elastic
gradient is the best indicator of the stiffness of the porous structure, among all the compressive
properties presented here. For small apparent densities, i.e., < 0.15, one could speak of two groups of
unit cells, namely strong unit cells and weak unit cells. The strong unit cells group includes truncated
cube, truncated cuboctahedron, rhombicuboctahedron, and cube, while the weak unit cell group
includes diamond and rhombic dodecahedron. Within each of the groups, there is not much difference
between the different types of unit cells for small structure relative density values, meaning that they
are interchangeable from mechanical viewpoint. The other considerations such as permeability [3,9]
could therefore play more important role when deciding which of those unit cells is used in bone
regeneration applications. For larger structure relative density values, i.e., >0.15, the truncated cube
unit cell shows remarkably higher stiffness values and could therefore be used in the applications where
high stiffness values are required. Since cube and truncated cube are relatively similar unit cells, it is
remarkable that such small variation in the geometry of the cubic unit cells results in such improvement
in the stiffness values for relatively large apparent densities. One could explain this by noting that in
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the cube unit cell force transmission occurs at a few junction points that are also prone to stress
concentration. Truncated cube replaces the single junction of the cubic unit cell with a supporting
structure that could better distribute and transmit the forces. This improves the stiffness of the porous
structure particularly for higher apparent densities where the thick struts at the truncation region of the
truncated cube unit cell are particularly closed-pack and support the porous structure very efficiently.

4.2. Ratio of Plateau Stress to Yield Stress

One of the important findings of the current study is the point that the relationship between the
plateau stress and yield stress is very different for different types of unit cells. In general, plateau stress
has received more attention in the recent literature, partly because of the emphasis and explicit
definition of the concept in the new ISO standard for the mechanical testing of metallic porous
materials [51]. In comparison, there is less emphasis on the concept of yield (or compressive offset)
stress in the standard, demoting it to the status of “optional information” in the standard test report [51].
As a consequence, a number of recent studies including our studies on porous structures made from the
rhombic dodecahedron unit cell [16,40] and one study of the mechanical behavior of porous structures
based on the diamond unit cell [10] have used the concept of plateau stress as a replacement for the
yield stress. The results of the current study show that, interestingly, for both types of unit cells used in
our previous studies, the plateau and yield stress are very close. Moreover, the ratio of plateau stress to
yield stress is largely independent from the structure relative density. This justifies the use of plateau
stress as a replacement for the yield stress for the porous structures based on those two types of unit
cells. The results of this study, however, show that this is not necessarily the case for the other types of
unit cells. Not only the plateau and yield stress are not close to each other for the other types of unit
cells, their ratio could be very much dependent on the structure relative density. This is an important
point in all future studies where one needs to choose a specific parameter for representing the elastic
limit of additively manufactured porous structures based on the different types of unit cells.

4.3. Energy Absorption

Fracture toughness of bone is defined as the resistance to crack growth before the final fracture [54]
and several studies on what can influence on fracture toughness of the human bone, cortical and
trabecular [55-58] show the importance of this definition. Although tough bone resists more to fracture
but it may have lower yield point and be considered weaker [59]. It is therefore important to select the right
type of unit cell for bone-mimicking porous structure by comparing the energy absorption values of the
porous structures based on the different types of unit cells with that of bone they are aimed to replace.
This is an important design aspect has received less attention in the previous studies that look into the
mechanical properties of bone-mimicking porous biomaterials and how they are related to those of bone.

4.4. Anisotropy

The mechanical properties of porous structures based on some of the unit cells included in the
current study are anisotropic. In the current study, we only studied the mechanical properties of the
porous structures in one direction (Figure 1). The mechanical properties of the porous structures may
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be therefore very different in the directions not tested in the current study. One needs to be careful
when interpreting the results presented here, as they only pertain to specific directions of unit cells.
The experiment required for characterizing the mechanical properties of the porous structures in all
relevant directions is formidably large and expensive. A more feasible approach would be to develop
analytical and computational models that are first validated against the experimental data presented
here and could then be used for estimating the mechanical properties of the porous structures in all
possible directions. In addition to the anisotropy caused by the geometry of the unit cells, the
manufacturing process could also cause some directionality in the porous structure [44]. This
directionality, which is dependent on the geometry of the unit cell, could also induce some additional
anisotropy in the mechanical behaviour of the porous structures.

4.5. Applications in the Design of Implants and Tissue Engineering Scaffolds

The main application of the results presented in the current study is in the design of porous
biomaterials used for bone substitution either as an implant or as a part of a bone tissue engineering
scheme. The mechanical properties of the porous biomaterials are important from several viewpoints.
First, one needs to ensure that there is a good match between the stiffness of porous biomaterial and
those of the bone they replace. This could help in avoiding stress shielding. The elastic gradient values
reported here for the different types of unit cells could be important in that context. Second, it is
important to make sure that the porous biomaterials are capable of providing enough mechanical
support and do not fail under the mechanical loading they are exposed to. The plateau stress as well as
yield and first maximum stress values reported here could play important roles in that regard.

From a design viewpoint, one needs to ensure that the mechanical properties of the porous
biomaterials are favorable for bone regeneration and ingrowth. That is because bone tissue formation is
known to be largely driven by mechanical loading [60-63]. The results of the current study clearly
show that, for the same structure relative density, the mechanical properties of bone-mimicking porous
biomaterials are very much dependent on the morphology of the porous structure including the type of
unit cell and the unit cell dimensions. On the other hand, the same morphological properties determine
the other important properties of the porous biomaterials such as permeability and diffusivity [2,3,8,9].
The design of porous biomaterials for bone regeneration applications can therefore be defined as a
multi-objective optimization problem. There are additional patient-specific aspects that need to be
taken into account. It is therefore important to combine the computer models for optimal design of
porous biomaterials with patient-specific finite element models of bones [64-66]. The complex and
multi-objective nature of such an optimal design problem requires a high degree of flexibility in the
design space. Studies such as the present study that help to establish the relationship between the
morphological design and the different types of properties of porous biomaterials based on various
types of unit cells are helpful in this context. That is because they enable the designers to use a larger
library of unit cells for which the different types of properties including mechanical properties are
known, thereby enlarging the design space for optimal design of bone substituting implants and tissue
engineering scaffolds. Given the production flexibility offered by advanced additive manufacturing
techniques such as selective laser melting, different types of unit cells could be combined in one single
implant or scaffold so as to optimally distribute the properties within the entire implant or scaffold.
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The results presented in this study are also valuable for corroboration of analytical and numerical
models that are developed used for prediction of the mechanical properties of porous structures given
their designed morphology. This type of experimental data is not currently available in the literature
particularly for some of the unit cells studied here.

4.6. Future Research

In this study, all the manufacturing parameters such as building orientation and post processing of
the samples [44] or laser power or energy density of the specimens processed by SLM [30] considered
to be constant. Changing in any of these parameters will influence the results [42]. It is clear from the
results of this study that the deformation and failure mechanisms of porous structures based on the
considered unit cells are very different. Even though certain aspects of the deformation and failure
mechanisms were studied in the current study, it was not the main focus of the paper. It is suggested
that future studies should focus on the detailed deformation and failure mechanisms of additively
manufactured porous biomaterials based on different types of unit cells. In particular, it would be
useful to perform full-field strain measurement [67—70] during the mechanical testing of the structures,
for example, using optical techniques such as digital image correlation (DIC). DIC has been previously
used for measurement of strain in engineering [71-74] and biological materials [75-77] and is shown
to be capable of capturing the detailed deformation and fracture mechanisms of both types of
materials. For determining the mechanical properties only static compressive properties were
determined in the present work. In future studies, other relevant mechanical properties, such as static
bending strength [46], static torsional strength [46] and fatigue life [50], should be determined.

5. Conclusions

The relationship between morphological and mechanical properties of selective laser melted porous
titanium alloy biomaterials based on six different types of space-filling unit cells were studied. It was
observed that the mechanical behavior, mechanical properties, and failure mechanisms of the porous
structures are highly dependent on the type and dimensions of the unit cells out of which the porous
structures are made. As expected, compressive properties of all the porous structures increased with
structure relative density. Moreover, for a given compressive property of a porous structure, the
dependence on the structure relative density was of the power type. The exponent could be used for
generalizing the relationships between structure relative density and the compressive properties of
porous structures with different types of unit cells. When comparing the compressive properties of the
porous structures based on the different types of unit cells, it was found that in many cases the
comparative performance of the structures is different for low and high values of structure relative
density with a separating structure relative density of 0.15-0.2. Among all unit cells, the diamond unit
cell consistently showed lower compressive properties. Regarding the stiffness values, the unit cells
were divided into a high stiffness group including truncated cube, truncated cuboctahedron,
rhombicuboctahedron, and cube and a low stiffness group including diamond and rhombic
dodecahedron. However, truncated cube showed remarkably higher stiffness than other members of its
group for apparent densities exceeding 0.2. The results obtained in the present study revealed the
relationship between the morphological and compressive properties of porous structures based on six
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different types of unit cells, many of which have been so far largely unexplored. Moreover, it could
serves as a basis for validation of analytical and computational models developed for estimation of the
mechanical properties of additively manufactured porous biomaterials.

Author Contributions

Seyed Mohammad Ahmadi, Saber Amin Yavari, Jan Schrooten, Harrie Weinans and Amir A. Zadpoor
conceived the experiments; Seyed Mohammad Ahmadi and Saber Amin Yavari performed the
experiments; Seyed Mohammad Ahmadi and Amir A. Zadpoor analyzed the data; Ruebn Wauthle,
Behdad Pouran contributed materials and analysis tools; each of the authors reviewed the manuscript
for intellectual content.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Butscher, A.; Bohner, M.; Holmann, S.; Gauckler, L.; Muller, R. Structural and material approaches
for bone tissue engineering in powder based 3D printing. Acta Biomater. 2013, 7, 907-920.

2. Hollister, S.J. Porous scaffold design for tissue engineering. Nat. Mater. 2005, 4, 518-524.

3. Hollister, S.J. Scaffold design and manufacturing: From concept to clinic. Adv. Mater. 2009, 21,
3330-3342.

4. Hutmacher, D.W. Scaffold design and fabrication technologies for engineering tissues—State of
the art and future perspectives. J. Biomater. Sci. Polym. Ed. 2001, 12, 107-124.

5. Cook, S.; Dalton, J. Biocompatibility and biofunctionality of implanted materials. Alpha Omegan
1991, 85, 41-47.

6. Gotman, I. Characteristics of metals used in implants. J. Endourol. 1997, 11, 383-389.

7. Goulet, RW.; Goldstein, S.A.; Ciarelli, M.J.; Kuhn, J.L.; Brown, M.B.; Feldkamp, L.A.
The relationship between the structural and orthogonal compressive properties of trabecular bone.
J. Biomech. 1994, 27, 375-377.

8. Dias, M.R.; Guedes, J.M.; Flanagan, C.L.; Hollister, S.J.; Fernandes, P.R. Optimization of
scaffold design for bone tissue engineering: A computational and experimental study. Med. Eng.
Phys. 2014, 36, 448-457.

9. Dias, M.R.; Fernandes, P.R.; Guedes, J.M.; Hollister, S.J. Permeability analysis of scaffolds for
bone tissue engineering. J. Biomech. 2012, 45, 938-944.

10. Ahmadi, S.M.; Campoli, G.; Yavari, S.A.; Sajadi, B.; Wauthle, R.; Schrooten, J.; Weinans, H.;
Zadpoor, A.A. Mechanical behavior of regular open-cell porous biomaterials made of diamond
lattice unit cells. J. Mech. Behav. Biomed. Mater. 2014, 34, 106-115.

11. Niinomi, M. Mechanical properties of biomedical titanium alloys. Mater. Sci. Eng.: A 1998, 243,
231-236.

12. Engh, C.; Bobyn, J.; Glassman, A. Porous-coated hip replacement. The factors governing bone
ingrowth, stress shielding, and clinical results. J. Bone Joint Surg. Br. 1987, 69, 45-55.



Materials 2015, 8 1893

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Engh, C.A., Jr; Young, A.M.; Engh, C.A.; Robert, H., Jr. Clinical consequences of stress
shielding after porous-coated total hip arthroplasty. Clin. Orthop. Relat. Res. 2003, 417, 157-163.
Huiskes, R.; Weinans, H.; van Rietbergen, B. The relationship between stress shielding and bone
resorption around total hip stems and the effects of flexible materials. Clin. Orthop. Relat. Res.
1992, 274, 124-134.

Nagels, J.; Stokdijk, M.; Rozing, P.M. Stress shielding and bone resorption in shoulder
arthroplasty. J. Shoulder Elbow Surg. 2003, 12, 35-39.

Amin Yavari, S.; Ahmadi, S.M.; van der Stok, J.; Wauthle, R.; Riemslag, A.C.; Janssen, M.;
Schrooten, J.; Weinans, H.; Zadpoor, A.A. Effects of bio-functionalizing surface treatments on the
mechanical behavior of open porous titanium biomaterials. J. Mech. Behav. Biomed. Mater. 2014,
36, 109-1109.

Van der Stok, J.; van der Jagt, O.P.; Yavari, S.A.; de Haas, M.F.P.; Waarsing, J.H.; Jahr, H.;
van Lieshout, E.M.M.; Patka, P.; Verhaar, J.A.N.; Zadpoor, A.A.; et al. Selective laser
melting-produced porous titanium scaffolds regenerate bone in critical size cortical bone defects.
J. Orthop. Res. 2013, 31, 792-799.

Imwinkelried, T. Mechanical properties of open-pore titanium foam. J. Biomed. Mater. Res. Part A
2007, 81, 964-970.

Krishna, B.V.; Bose, S.; Bandyopadhyay, A. Low stiffness porous Ti structures for load-bearing
implants. Acta Biomater. 2007, 3, 997-1006.

Torres, Y.; Pavd, J.J.; Rodrguez, J.A. Processing and characterization of porous titanium for
implants by using NaCl as space holder. J. Mater. Process. Technol. 2012, 212, 1061-1069.

Yang, D.; Shao, H.; Guo, Z.; Lin, T.; Fan, L. Preparation and properties of biomedical porous
titanium alloys by gelcasting. Biomed. Mater. 2011, 6, doi:10.1088/1748-6041/6/4/045010.
Bartolo, P.; Kruth, J.-P.; Silva, J.; Levy, G.; Malshe, A.; Rajurkar, K.; Mitsuishi, M.; Ciurana, J.;
Leu, M. Biomedical production of implants by additive electro-chemical and physical processes.
CIRP Ann. Manuf. Technol. 2012, 61, 635-655.

Gu, D.; Meiners, W.; Wissenbach, K.; Poprawe, R. Laser additive manufacturing of metallic
components: Materials, processes and mechanisms. Int. Mater. Rev. 2012, 57, 133-164.

Mironov, V.; Trusk, T.; Kasyanov, V.; Little, S.; Swaja, R.; Markwald, R. Biofabrication: A 21st
century manufacturing paradigm. Biofabrication 2009, 1, doi:10.1088/1758-5082/1/2/022001.
Murr, L.; Gaytan, S.M.; Medina, F.; Lopez, H.; Martinez, E.; Machado, B.l.; Hernandez, D.H.;
Martinez, L.; Lopez, M.l.; Wicker, R.B.; et al. Next-generation biomedical implants using
additive manufacturing of complex, cellular and functional mesh arrays. Philos. Trans. R. Soc. A:
Math. Phys. Eng. Sci. 2010, 368, 1999-2032.

Louvis, E.; Fox, P.; Sutcliffe, C.J. Selective laser melting of aluminium components. J. Mater.
Process. Technol. 2011, 211, 275-284.

Mullen, L.; Stamp, R.C.; Brooks, W.K_; Jones, E.; Sutcliffe, C.J. Selective Laser Melting: A regular
unit cell approach for the manufacture of porous, titanium, bone in-growth constructs, suitable for
orthopedic applications. J. Biomed. Mater. Res. Part B: Appl. Biomater. 2009, 89, 325-334.
Mullen, L.; Stamp, R.C.; Fox, P.; Jones, E.; Ngo, C.; Sutcliffe, C.J. Selective laser melting: A unit cell
approach for the manufacture of porous, titanium, bone in-growth constructs, suitable for orthopedic
applications. 1. Randomized structures. J. Biomed. Mater. Res. Part B: Appl. Biomater. 2010, 92, 178-188.



Materials 2015, 8 1894

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Vandenbroucke, B.; Kruth, J. Selective laser melting of biocompatible metals for rapid
manufacturing of medical parts. Rapid Prototyp. J. 2007, 13, 196-203.

Attar, H.; Calin, M.; Zhang, L.C.; Scudino, S.; Eckert, J. Manufacture by selective laser melting
and mechanical behavior of commercially pure titanium. Mater. Sci. Eng.: A 2014, 593, 170-177.
Heinl, P.; Mdler, L.; K&ner, C.; Singer, R.F.; MUler, F.A. Cellular Ti-6Al-4V structures with
interconnected macro porosity for bone implants fabricated by selective electron beam melting.
Acta Biomater. 2008, 4, 1536-1544.

Li, X.; Wang, C.; Zhang, W.; Li, Y. Fabrication and characterization of porous Ti6Al4V parts for
biomedical applications using electron beam melting process. Mater. Lett. 2009, 63, 403—405.
Parthasarathy, J.; Starly, B.; Raman, S.; Christensen, A. Mechanical evaluation of porous titanium
(Ti6AI4V) structures with electron beam melting (EBM). J. Mech. Behav. Biomed. Mater. 2010,
3, 249-259.

Ponader, S.; von Wilmowsky, C.; Widenmayer, M.; Lutz, R.; Heinl, P.; K&ner, C.; Singer, R.F;
Nkenke, E.; Neukam, F.W.; Schlegel, K.A. In vivo performance of selective electron beam-melted
Ti-6Al-4V structures. J. Biomed. Mater. Res. Part A 2010, 92, 56-62.

Van der Stok, J.; Wang, H.; Amin, Y.S.; Siebelt, M.; Sandker, M.; Waarsing, J.H.; Verhaar, J.A;
Jahr, H.; Zadpoor, A.A.; Leeuwenburgh, S.C.; et al. Enhanced bone regeneration of cortical
segmental bone defects using porous titanium scaffolds incorporated with colloidal gelatin gels for
time-and dose-controlled delivery of dual growth factors. Tissue Eng. Part A 2013, 19, 2605-2614.
Amin Yavari, S.; Wauthle, R.; Ba@tger, A.J.; Schrooten, J.; Weinans, H.; Zadpoor, A.A. Crystal
structure and nanotopographical features on the surface of heat-treated and anodized porous
titanium biomaterials produced using selective laser melting. Appl. Surf. Sci. 2014, 290, 287-294.
Chen, X.-B.; Li, Y.C.; Du Plessis, J.; Hodgson, P.D.; Wen, C. Influence of calcium ion deposition
on apatite-inducing ability of porous titanium for biomedical applications. Acta Biomater. 2009, 5,
1808-1820.

Liang, F.; Zhou, L.; Wang, K. Apatite formation on porous titanium by alkali and heat-treatment.
Surf. Coat. Technol. 2003, 165, 133-139.

Lopez-Heredia, M.A.; Sohier, J.; Gaillard, C.; Quillard, S.; Dorget, M.; Layrolle, P. Rapid
prototyped porous titanium coated with calcium phosphate as a scaffold for bone tissue
engineering. Biomaterials 2008, 29, 2608-2615.

Campoli, G.; Borleffs, M.S.; Amin Yavari, S.; Wauthle, R.; Weinans, H.; Zadpoor, A.A.
Mechanical properties of open-cell metallic biomaterials manufactured using additive
manufacturing. Mater. Des. 2013, 49, 957-965.

Hazlehurst, K.B.; Wang, C.J.; Stanford, M. A numerical investigation into the influence of the
properties of cobalt chrome cellular structures on the load transfer to the periprosthetic femur
following total hip arthroplasty. Med. Eng. Phys. 2014, 36, 458-466.

Lewis, G. Properties of open-cell porous metals and alloys for orthopaedic applications. J. Mater.
Sci.: Mater. Med. 2013, 24, 2293-2325.

Li, S.; Xu, Q.S.; Wang, Z.; Hou, W.T.; Hao, Y.L.; Yang, R.; Murr, L.E. Influence of cell shape on
mechanical properties of Ti-6Al-4V meshes fabricated by electron beam melting method.
Acta Biomater. 2014, 10, 4537-4547.



Materials 2015, 8 1895

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Wauthle, R.; Vrancken, B.; Beynaerts, B.; Jorissen, K.; Schrooten, J.; Kruth, J.-P.; van Humbeeck, J.
Effects of build orientation and heat treatment on the microstructure and mechanical properties of
selective laser melted Ti6AIl4V lattice structures. Addit. Manuf. 2015, 5, 77-84.

Wieding, J.; Jonitz, A.; Bader, R. The effect of structural design on mechanical properties and
cellular response of additive manufactured titanium scaffolds. Materials 2012, 5, 1336-1347.
Wieding, J.; Wolf, A.; Bader, R. Numerical optimization of open-porous bone scaffold structures
to match the elastic properties of human cortical bone. J. Mech. Behav. Biomed. Mater. 2014, 37,
56-68.

Pyka, G.; Burakowski, A.; Kerckhofs, G.; Moesen, M.; van Bael, S.; Schrooten, J.; Wevers, M.
Surface modification of Ti6AlI4V open porous structures produced by additive manufacturing.
Adv. Eng. Mater. 2012, 14, 363-370.

Van Bael, S.; Kerckhofs, G.; Moesen, M.; Pyka, G.; Schrooten, J.; Krutha, J.P. Micro-CT-based
improvement of geometrical and mechanical controllability of selective laser melted Ti6Al4V
porous structures. Mater. Sci. Eng. A 2011, 528, 7423-7431.

Doube, M.; Ktosowski, M.M.; Arganda-Carreras, |.; Cordelieres, F.P.; Dougherty, R.P.; Jackson, J.S.;
Schmid, B.; Hutchinson, J.R.; Shefelbine, S.J. BoneJ: Free and extensible bone image analysis in
ImagelJ. Bone 2010, 47, 1076-1079.

Amin Yavari, S.; Ahmadi, S.M.; Wauthle, R.; Pouran, B.; Schrooten, J.; Weinans, H.; Zadpoor, A A.
Relationship between unit cell type and porosity and the fatigue behavior of selective laser melted
meta-biomaterials. J. Mech. Behav. Biomed. Mater. 2015, 43, 91-100.

International Organization for Standardization (ISO). Mechanical Testing of Metals—Ductility
Testing—Compression Test for Porous and Cellular Metals; ISO: Genva, Switzerland, 2011;
Volume I1SO 13314:2011.

Kim, H.W.; Knowles, J.C.; Kim, H.E. Hydroxyapatite porous scaffold engineered with biological
polymer hybrid coating for antibiotic Vancomycin release. J. Mater. Sci.: Mater. Med. 2005, 16,
189-195.

Kenesei, P.; K&ala, C.; Rajkovits, Z.; Lendvai, J. The influence of cell-size distribution on the
plastic deformation in metal foams. Scripta Mater. 2004, 50, 295-300.

Yeni, Y.N.; Brown, C.U.; Wang, Z.; Norman, T.L. The influence of bone morphology on fracture
toughness of the human femur and tibia. Bone 1997, 21, 453-459.

Garrison, J.G.; Gargac, J.A.; Niebur, G.L. Shear strength and toughness of trabecular bone are
more sensitive to density than damage. J. Biomech. 2011, 44, 2747-2754.

Keaveny, T.M.; Wachtel, E.F.; Guo, X.E.; Hayes, W.C. Mechanical behavior of damaged
trabecular bone. J. Biomech. 1994, 27, 1309-1318.

Moore, T.L.A.; Gibson, L.J. Fatigue Microdamage in Bovine, Trabecular Bone. J. Biomech. Eng.
2003, 125, 769-776.

Black, D.M.; Cummings, S.R.; Karpf, D.B.; Cauley, J.A.; Thompson, D.E.; Nevitt, M.C.; Bauer,
D.C.; Genant, H.K.; Haskell, W.L.; Marcus, R.; et al. Randomised trial of effect of alendronate on
risk of fracture in women with existing vertebral fractures. Lancet 1996, 348, 1535-1541.

Morgan, E.F.; Bouxsein, M. Biomechanics of bone and age-related fractures. In Principles of
Bone Biology, 3rd ed.; Bilezikian, J.P., Raisz, L.G., Martin, J., Eds.; Elsevier: Amsterdam,
The Netherlands, 2008; pp. 29-51.



Materials 2015, 8 1896

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

Adachi, T.; Osako, Y.; Tanaka, M.; Hojo, M.; Hollister, S.J. Framework for optimal design of
porous scaffold microstructure by computational simulation of bone regeneration. Biomaterials
2006, 27, 3964-3972.

Carter, D.R.; Beaupré G.S.; Giori, N.J.; Helms, J.A. Mechanobiology of skeletal regeneration.
Clin. Orthop. Relat. Res. 1998, 355, S41-S55.

Petite, H.; Viateau, V.; Bensad, W.; Meunier, A.; de Pollak, C.; Bourguignon, M.; Oudina, K.;
Sedel, L.; Guillemin, G. Tissue-engineered bone regeneration. Nat. Biotechnol. 2000, 18, 959-963.
Zadpoor, A.A. Open forward and inverse problems in theoretical modeling of bone tissue
adaptation. J. Mech. Behav. Biomed. Mater. 2013, 27, 249-261.

Harrysson, O.L.; Hosni, Y.A.; Nayfeh, J.F. Custom-designed orthopedic implants evaluated using
finite element analysis of patient-specific computed tomography data: femoral-component case
study. BMC Musculoskelet. Disord. 2007, 8, do0i:10.1186/1471-2474-8-91.

Poelert, S.; Valstar, E.; Weinans, H.; Zadpoor, A.A. Patient-specific finite element modeling of
bones. Proc. Inst. Mech. Eng. Part H: J. Eng. Med. 2013, 227, 464-478.

Schileo, E.; Taddei, F.; Malandrino, A.; Cristofolini, L.; Viceconti, M. Subject-specific finite element
models can accurately predict strain levels in long bones. J. Biomech. 2007, 40, 2982—-2989.
Lomov, S.V.; Boissec, P.; Deluycker, E.; Morestin, F.; Vanclooster, K.; Vandepitte, D.; Verpoest, I.;
Willems, A. Full-field strain measurements in textile deformability studies. Compos. Part A: Appl.
Sci. Manuf. 2008, 39, 1232-1244.

Pan, B.; Xie, H.; Guo, Z.; Hua, T. Full-field strain measurement using a two-dimensional Savitzky-
Golay digital differentiator in digital image correlation. Opt. Eng. 2007, 46, d0i:10.1117/1.2714926.
Schmidt, T.; Tyson, J.; Galanulis, K. Full-field dynamic displacement and strain measurement
using advanced 3d image correlation photogrammetry: Part 1. Exp. Tech. 2003, 27, 47-50.
Zadpoor, A.A.; Sinke, J.; Benedictus, R. Experimental and numerical study of machined
aluminum tailor-made blanks. J. Mater. Process. Technol. 2008, 200, 288-299.

Hild, F.; Roux, S. Digital image correlation: from displacement measurement to identification of
elastic properties—A review. Strain 2006, 42, 69-80.

McCormick, N.; Lord, J. Digital image correlation. Mater. Today 2010, 13, 52-54.

Wattrisse, B.; Chrysochoos, A.; Muracciole, J.-M.; Nénoz-Gaillard, M. Analysis of strain
localization during tensile tests by digital image correlation. Exp. Mech. 2001, 41, 29-39.
Zadpoor, A.A.; Sinke, J.; Benedictus, R. Elastoplastic deformation of dissimilar-alloy
adhesively-bonded tailor-made blanks. Mater. Des. 2010, 31, 4611-4620.

Thompson, M.; Schell, H.; Lienau, J.; Duda, G.N. Digital image correlation: A technique for determining
local mechanical conditions within early bone callus. Med. Eng. Phys. 2007, 29, 820-823.
Verhulp, E.; Rietbergen, B.V.; Huiskes, R. A three-dimensional digital image correlation
technique for strain measurements in microstructures. J. Biomech. 2004, 37, 1313-1320.

Zhang, D.; Arola, D.D. Applications of digital image correlation to biological tissues. J. Biomed. Opt.
2004, 9, 691-699.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



