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Abstract: In an effort to contribute to the ongoing development of ASTM standards for additively
manufactured metal lattice specimens, particularly within the field of medicine, the compressive
and tensile mechanical properties of biomimetic lattice structures produced by laser powder bed
fusion (L-PBF) using Ti-6Al-4V feedstock powder were investigated in this research. The geometries
and porosities of the lattice structures were designed to facilitate internal bone growth and prevent
stress shielding. A thin strut thickness of 200 um is utilized for these lattices to mimic human
cancellous bone. In addition to a thin strut size, two different strut geometries were utilized (cubic
and body-centered cubic), along with four different pore sizes (400, 500, 600, and 900 um, representing
40-90% porosity in a 10 mm cube). A 10 mm? cube was used for compression testing and an
experimental pin-loaded design was implemented for tensile testing. The failure mode for each
specimen was examined using scanning electron microscopy (SEM). Lattice structures were compared
to the mechanical properties of human cancellous bone. It was found that the elastic modulus of
human cancellous bone (10-900 MPa) could be matched for both the tensile (92.7-129.6 MPa) and
compressive (185.2-996.1 MPa) elastic modulus of cubic and body-centered cubic lattices. Body-
centered cubic lattices exhibited higher compressive properties over cubic, whereas cubic lattices
exhibited superior tensile properties. The experimental tensile specimen showed reacquiring failures
close to the grips, indicating that a different tensile design may be required for consistent data
acquisition in the future.

Keywords: lattice structure; orthopedic implants; selective laser melting; additive manufacturing;
Ti-6Al-4V

1. Introduction

The lattice structure, also known as an open-cellular structure, is a complex
three-dimensional arrangement of repeating unit cells with distinctive properties such
as a high stiffness-to-weight ratio, negative Poisson’s ratio, low coefficient of thermal
expansion, viscoelastic response, and increased heat dissipation [1]. While traditional
manufacturing methods such as casting and forging are advantageous in the production of
large quantities of parts with a restricted number of shapes and sizes, they are limited in
terms of the ability to produce custom patient-specific parts with complex 3D geometries
such as lattices. Powder bed fusion using a laser beam (PBF-LB) and similar additive
manufacturing (AM) technologies such as powder bed fusion using an electron beam (PBF-
EB) offer a potential solution for high-risk load-bearing applications in the automotive,
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aerospace, and medical industries. In recent years, biomimetic metallic lattice structures
have been explored in the design of 3D-printed orthopedic implants for in vivo use using
biocompatible titanium alloy feedstock powder (e.g., Ti-6Al-4V) [2-13]. However, the
majority of these studies focus on surface morphology rather than mechanical testing
since there are currently no standards for compression or tensile testing published by the
American Society for Testing and Materials (ASTM) for metal additive manufacturing or
AM-produced metallic lattice structures, especially in biocompatible materials such as
Ti-6Al-4V in the field of medicine.

A reoccurring problem associated with traditional orthopedic implants is stress shield-
ing, where the high elastic modulus of the implant ‘shields’ the residual bone from me-
chanical loading. In response to this reduction in stress, the residual bone reduces normal
remodeling efforts (Wolff’s law) and a decrease in bone mass is observed over time. This
can result in implant loosening and eventual failure [14]. Biomimetic lattice structures
inspired by the porous (75-95%) network of interconnected rods and plates found in human
cancellous bone may offer a potential solution [15]. The elastic modulus of a 3D-printed
lattice structure orthopedic implant can be customized for individual patient needs by
tuning the porosity and/or the unit cell geometry, thereby reducing stress-shielding and
improving the overall outcome for the patient.

Another biological benefit of employing lattice structures for orthopedic implants is
the formation of internal and external bone growth, known as osteogenesis. The traditional
non-porous implant will only facilitate external bone growth. For biomimetic lattice
structures, the extracellular matrix can grow into the body of the implant, which results in
a greater level of osseointegration when compared to non-porous implants. The benefit of
this internal bone growth is the improved mechanical interlocking of bone to the implant,
which improves the secondary stability of the implant [16,17]. The pore size range for
promoting osteogenesis is 400-1000 pm, in which numerous additively manufactured
lattices have been demonstrated with in vivo and in vitro studies [18-29].

Compression testing data for lattice structures with unit cell geometries such as
gyroid [1,2,30,31], cubic [30,32,33], octahedral [34], body-centered cubic (BCC) [35,36], and
diamond [9] are well documented in the literature; however, tensile data are limited [30].
This may be due to challenges associated with the design of a tensile specimen for lattice
structures [37]. Since the bones and joints of the human musculoskeletal system experience
both compressive and tensile loading [38], assessing the tensile properties of orthopedic
implant materials is vital for the development of these devices.

In this research, the compressive and tensile properties of biomimetic Ti-6Al-4V se-
lective laser melted lattices of varying strut geometry and porosity were evaluated and
compared to the mechanical properties of cancellous bone. To mimic cancellous bone,
lattice structures were designed with a 200 um strut thickness. An experimental tensile
specimen design was created to evaluate tensile properties, along with a 10 mm?® specimen
for compressive properties. Two different strut geometries (cubic and body-centered cubic)
and four different pore sizes (400, 500, 600, and 900 pm, representing 40-90% porosity in
a 10 mm cube) were utilized. The porosities chosen for these lattices have been shown
to promote internal bone growth for orthopedic implants [20-29]. In addition, structural
characterization was performed using scanning electron microscopy (SEM).

2. Materials and Methods
2.1. Design of Lattice Structures

Eight biomimetic lattice structures were designed for this work with cubic and body-
centered cubic (BCC) unit cell geometries (Figure 1). Biomimetic pore sizes of 400, 500,
600, and 900 pum were incorporated into each unit cell geometry. Each lattice featured
a 200 pm strut thickness, except for compression specimen BCC 900 um, which had a
strut thickness of 400 um. Preliminary testing indicated failures during the selective laser
melting production of BCC 900 um with 200 pm struts [39]. The computer-aided design
(CAD) software used to produce the lattices was nTopology 3.0. Figure 2 illustrates the
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compression specimens for each strut geometry and porosity, as produced in nTopology
and as manufactured by selective laser melting, respectively. Lattices were designed
to satisfy the Maxwell criteria (M) for bending-dominated structures (Cubic: M-6 and
BCC: M-13) [40]. Most cellular structures (i.e., lattice structures) are classified as bending-
dominated, due to the number of nodes and struts.

b.

a.

Figure 1. Unit cell geometry of cubic (a) and body-centered cubic (b). Reprinted from ref. [41].

Cubic

Body
Centered
Cubic

Cubic

Body
Centered
Cubic

Figure 2. Images from CAD models (top two rows) and selective laser melting manufactured
Ti-6Al-4V (bottom two rows) cubic and body-centered cubic lattices. Pore sizes: (a) 400 um,
(b) 500 pm, (c) 600 um, and (d) 900 pm. Reprinted from ref. [41].

2.2. Materials and AM Processing Parameters

The powder utilized for selective laser melting was AP&C Ti-6Al-4V Grade 5, which
was reused for nine builds prior to use for this work. The powder was sieved at 63 um
and 75 um to maintain a consistent particle size distribution and remove any anomalous
particles such as fused particles or oxidized particles. According to the ASTM Standard
Guide for Powder Reuse Schema in Powder Bed Fusion Processes for Medical Applications
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for Additive Manufacturing Feedstock Materials (ASTM F3456), the powder used in this
study complies with the continuous reuse schema [42].

All lattice designs were manufactured using an open-architecture selective laser melt-
ing machine (DART; University of Dayton Research Institute, Dayton, OH, USA) with
an IPG Photonics Continuous Wave 500 W laser. During the build, the laser power was
set to 150 W, with a mark speed of 950 mm /s, and a bidirectional strip hatch with 6 mm
titles and 0.08 mm spacing. The laser thickness was 40 um. Oxygen content during the
build was <0.1%. After each build was completed, the parts were heat-treated on the build
plate at 800 °C (£10 °C) for 120 min (£30 min) in a vacuum (1.3 x 1073-1.3 x 10~° mbar),
followed by cooling under vacuum. The lattices were removed from the build plate by
electron discharge machining.

Compression samples were 10 mm? cubes, while the tensile specimens (Figure 3)
incorporated an experimental pin-loaded design that was previously tested with Nylon
12 by Porter et al. [43]. Tensile specimen dimensions were 20 x 20 x 60 mm, featuring a
gauge section of 20 mm?. All tensile specimens were printed in a vertical orientation (along
the Z-axis).

Figure 3. Selective laser melting manufactured Ti-6Al-4V tensile specimen BCC 900 pm (top) and
corresponding CAD model (bottom). Reprinted from ref. [41].

2.3. SEM Analysis

To investigate the accuracy of 3D-printed parts when compared to corresponding
CAD models, scanning electron microscopy (SEM) analysis using a Hitachi TM3000 SEM
(Tokyo, Japan) (15 kV) was performed on each of the lattices to measure the dimensions of
pores and struts, as well as to observe the surface finish. Random images were selected and
evaluated with Image] (version 1.54G), measurements were performed six times per sample,
and the average of these measurements was used in the analysis. Relative density was
measured and calculated for each lattice structure and can be defined as the ratio of lattice
density (displacement method) to the reference density of Ti-6Al-4V (4.43 g/cm?) [44].

2.4. Compression Testing

The compression test setup is shown in Figure 4a. Compression testing was performed
at room temperature (20-22 °C) on an Instron 4486 (Norwood, MA, USA) equipped with a
30 kN load cell, using Instron Bluehill Universal V4.28 software for all specimens with the
exception of BCC 400 pm. Compression testing for BCC 400 pm was performed with an
MTS Alliance RF/300 (Eden Prairie, MN, USA) using a 300 kN load cell, as BCC 400 pm
had exceeded the 30 kN load cell of the Instron 4486. Testing and measurements were
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performed using the ASTM E9 standard as a guide [45]. The compression test utilized
fixed compression plates as the test fixture. The test rate was set to 0.05 mm/min. The
end of the test setting was a load greater than 40%. All 10 mm? lattice compression
samples were compressed following the print direction (Z-axis). Stress—strain curves were
generated for all samples and the results for modulus of elasticity (E), yield strength (cy),
and compressive strength (0max) were reported. E was estimated with the rise over run
(slope) of the stress—strain curve. oy, was calculated using the 0.2% offset method. max
was reported as the highest stress value over the cross-sectional area of the specimen. The
sample size for compression testing of each lattice porosity was three.

|

Figure 4. Compression testing setup (a) and tensile testing setup (b). Reprinted from ref. [41].

a'

2.5. Tensile Testing

The tensile test setup is shown in Figure 4b. Tensile testing was performed with an
Instron 4486 using 30 kN load cells and Instron Bluehill Universal V4.28 software for all
specimens. Testing and measurements were performed using the ASTM E8/E8M standards
as a guide [46]. An experimental test specimen design was implemented in addition to
a custom machined fixture (4130 Steel) for this work as no standard tensile specimen for
lattice structures currently exists [47], as shown in Figure 4b. The room temperature was
around 20-22 °C. The test rate was set to 0.45 mm/s. The end-of-test setting was a peak
load greater than 60%. Tensile testing was performed along the build direction (Z-axis)
of the specimen. Modulus of elasticity (E), yield strength (), and tensile strength (0'max)
were recorded. Tensile strength was the maximum tensile force during tension, calculated
with the original cross-sectional area of the gauge. Due to difficulties in manufacturing the
tensile specimens, the sample size varied and is reported as two to three samples.

3. Results and Discussion
3.1. SEM Analysis

The selective laser melting manufactured 10 mm? lattices were analyzed using SEM
to determine the deviations in pore size and strut diameter. SEM images can be seen in
Figure 5, along with measured pore and strut size deviations in Table 1.
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BCC

400 pm 900 pm

Figure 5. SEM images of 10 mm? Ti-6Al-4V lattice specimens with BCC (top row) and cubic (bottom
row) unit cell geometries. Pore sizes: 400 um (a,c) and 900 um (b,d). Reprinted from ref. [41].

Table 1. Measurements and deviations of pore sizes and strut diameters were obtained from SEM

images. Reprinted from ref. [41].

Lattice Type Average Pore Pore Size Average Strut Strut Diameter
Size (um) Deviation (%) Diameter (um) Deviation (%)
Cubic P400 374.6 (£32.1) —65 310.1 (+34.4) 43.1
Cubic P500 439.2 (£63.0) —-129 333.8 (+43.7) 499
Cubic P600 559.1 (450.9) 7.1 268.2 (+43.8) 29
Cubic P900 849.5 (£37.9) —5.7 312.6 (£67.6) 43.7
BCC P400 219.2 (+49.1) —58.3 428.5 (+37.0) 72.6
BCC P500 411.5 (£25.3) ~195 344.8 (+41.3) 52.9
BCC P600 533.6 (£37.1) —11.8 375.5 (£30.1) 60.8
BCC P900 675.2 (£109.9) —28.5 629.1 (£35.0) 445

Discrepancies between CAD models and as-produced parts are often found during the
selective laser melting process due to unmelted particles from powder feedstock adhering
to the surface [48]. As illustrated in Table 1, it was found that BCC lattices have larger devi-
ations in pore size and strut diameter than the equivalent cubic lattices. This phenomenon
is likely due to BCC lattices featuring 45° struts. These 45° struts have a lower thermal
conductivity than 90° struts due to the down skin surface of the struts, resulting in a larger
melt pool size from reduced heat dissipation, leading to an increased strut diameter. These
larger-than-specified struts led to a decreased pore size [49]. In response to an increased
strut diameter, the porosity of selective laser melting produced parts is substantially higher
than designed lattices, as seen in Table 2.
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Table 2. The weight, relative density, and porosity for CAD and selective laser melting manufactured
cubic and BCC lattices. Averaged across three samples. Reprinted from ref. [41].

Lattice Type CAD Weight Produced CAD Relative  Produced Relative = CAD Porosity Produced
(g Weight (g) Density (%) Density (%) (%) Porosity (%)
Cubic P400 0.9 2.3 21 52 79.4 49.2
Cubic P500 0.7 1.6 17 40 83.8 63.3
Cubic P600 0.5 12 12 31 87.9 27.9
Cubic P900 0.2 0.6 7 12 93.1 92.1
BCC 400 1.0 2.8 25 65 75.8 14.9
BCC 500 0.8 1.7 19 44 81.9 61.6
BCC 600 0.6 14 15 37 85.3 64.7
BCC 900 1.0 1.7 25 44 75.2 77.8

3.2. Relative Density

Samples were weighed using a precision scale and compared to the CAD-designed the-
oretical weight, which was calculated using a function built into nTopology that references
the density of Ti-6Al-4V (Table 2).

It was found that all lattices, with the exception of BCC 900, doubled in selective laser
melting produced weight when compared to theoretical CAD values. The relative density
can be seen in Figure 6 and Table 2. When comparing unit cell geometries, all four BCC
lattices demonstrated a higher relative density when compared to their cubic counterparts
of the same porosity. In Figure 6, the relative density for BCC 900 appears to be an anomaly
when compared to the other specimens. This can be attributed to the fact that the strut
thickness was double (400 um) for the BCC 900 lattice specimens.

30% -

5895 | PN ® ® Cubic 400
z B Cubic 500
Z 20% | - ® A Cubic 600
%]

a - # Cubic 900
2 15% - A

= @BCC 400
= A BWBCC 500
[~ 10% -

Q & ABCC 600
5 5% - ®BCC 900

0%

0% 10%  20% 30% 40% 50%  60%  70%
Printed Relative Density

Figure 6. Comparison of CAD-designed relative density to printed relative density. Reprinted from
ref. [41].

The differences between the relative density for CAD and as-produced lattices are
considerable and may be attributed to the surface roughness (despite HIP) and the process
parameters chosen for this study, such as the layer thickness (40 microns) or laser power [50].
However, while surface roughness is often an undesirable byproduct of the laser powder
bed fusion process, it is advantageous in the design of orthopedic implants, providing
additional surface area for the osseointegration of bone cells [51].
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3.3. Compressive Response

The failure mode for cubic lattices (Figures 7 and 8) under compressive loading was
found to be the collapse of an entire row (Cubic 500) or a combination of adjacent rows
(Cubic 400). Choy et al. [33] observed a similar phenomenon of layer-by-layer failure in
cubic selective laser-melted Ti-6Al-4V lattices of a larger pore size and strut thickness. In the
case of Cubic 900 pum, the lattice structure became brittle and separated into multiple pieces
at the failure point. This is due to a lower number of struts and nodes when compared to
specimens with smaller pore sizes.

“d

Figure 7. Compressive failure modes for cubic Ti-6Al-4V lattices. Pore sizes: (a) 400 pum, (b) 500 um,
(c) 600 pum, and (d) 900 um. Reprinted from ref. [41]. Arrows indicate compressive failure.

In contrast, the BCC lattices under compressive loading exhibited diagonal shear
failure along the 45° direction of the struts (Figures 8 and 9). Similar failures have been de-
scribed for laser powder bed fusion manufactured lattices in the literature. He et al. [35] ob-
served a 45° diagonal shear failure in selective laser-melted produced Ti-6Al-4V BCC lattices
with a BCC unit cell having a modified variation with vertical struts. Maskery et al. [36] ob-
served diagonal shear band failures in Ai-Si 10-Mg BCC lattices manufactured by selective
laser melting.

For BCC 400 pm, it could not be visually verified that a 45° diagonal shear failure
had occurred. Initial testing revealed that a 30 kN load cell was not sufficient. Additional
testing with a 300 kN load cell was performed and it was found that multiple rows had
collapsed, as seen in Figure 8a.

This failure mode for BCC 400 pm may be attributed to the extremely small pore size
(~219 um); however, this could not be determined from the corresponding stress—strain
curve, as shown in Figure 10a.
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Figure 8. Compressive failure modes for body-centered cubic Ti-6Al-4V lattices. Pore sizes:
(a) 400 um, (b) 500 pum, (c) 600 um, and (d) 900 um. Reprinted from ref. [41]. Arrows indicate
compressive failure.

Figure 9. Enlarged SEM images detailing compressive failure mode for (a) Cubic 500 um and (b) BCC
500 um Ti-6Al-4V lattices. Reprinted from ref. [41].

The compressive stress—strain response for BCC and cubic lattices can be seen in
Figures 10 and 11, respectively. Table 3 summarizes the compressive elastic modulus (E),
yield strength (¢y), and ultimate compressive strength (0'max) for cubic and BCC lattices.
Cubic lattices exhibited an E range of 185.2 to 843.3 MPa, whereas BCC lattices exhibited
an E range of 710.8 to 996.1 MPa. All cubic and BCC lattices (with the exception of BCC
400 pum) fall within the E range of human cancellous bone of 10 to 900 MPa [52]. The highest
E was observed for BCC 400 um (996.1 4 32.9 MPa) and the lowest E was found for Cubic
900 pm (185.2 & 108.3 MPa). The large standard deviation for E Cubic 900 um is due to
significant variance across the three samples (75.9, 146.9, and 332.8 MPa).
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Figure 10. Compressive stress—strain curve for body-centered cubic lattices. Pore sizes: (a) 400 um,
(b) 500 pm, (c) 600 um, and (d) 900 pm. Reprinted from ref. [41].

Table 3. Compressive mechanical properties for cubic and BCC lattices. Averaged value across
three samples. Reprinted from ref. [41].

Lattice Type Elastic Moduli—E Yield Strength—o, Compressive
(MPa) (MPa) Strength—o max (MPa)

Cubic P400 843.3 (+32.9) 639 £ 11.2 2212 +£113
Cubic P500 685.5 (£77.9) 52.0 £21.2 111.6 £9.1
Cubic P600 632.1 (£80.0) 385+71 785+ 34

Cubic P900 185.2 (+£108.3) 1.6 £05 6.9 £0.3

BCC P400 996.1 (+£244.8) 734 +£13.1 -

BCC P500 712.8 (+£105.0) 58.4 +49 1189 £ 2.7

BCC P600 710.8 (+£155.1) 46.6 £1.2 1039 £ 3.3

BCC P900 753.2 (£86.9) 34.1+14.6 1357 + 1.4
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Figure 11. Compressive stress—strain curve for cubic lattices. Pore sizes: (a) 400 um, (b) 500 pum,
(c) 600 pum, and (d) 900 um. Reprinted from ref. [41].

The oy range for all cubic and BCC lattices was 1.6 to 73.4 MPa, whereas the oy of
cancellous bone is 0.6 to 16.3 MPa [53]. Cubic 900 pum is the only lattice that satisfies the
oy criterion for cancellous bone. The o'max range for all cubic and BCC lattices was 6.9 to
221.23 MPa whereas the 0 max of cancellous bone is 0.1 to 16 MPa [53-55]. Cubic 900 pm is
the only lattice that satisfies this criterion. While most of the lattices do not meet human
cancellous bone yield strength or compressive strength, the most important criterion that
was met for all the lattice structures was the E range of human cancellous bone, as this has
a direct effect on stress shielding [14]. It should be noted that the E of selective laser melted
non-porous (solid) Ti-6Al-4V is 1163 MPa [56].

An additional metric to analyze the compressive properties of lattice structures is to
evaluate the compressive strength at various relative densities, as shown in Figure 12 [47].
When comparing the relative density of cubic versus BCC specimens, the higher relative
density found in BCC lattices results in an increase in o'max when compared to cubic lattices.
BCC lattices have superior compressive properties of E, Ty, and o max, when compared to
cubic lattices of similar pore size, which may be the result of the increased relative density
observed in Figure 12.
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Figure 12. Compressive strength (0 max) at printed relative densities corresponding to cubic and BCC
lattices of varying porosity. Averaged value across three samples. Note: BCC 400 was omitted due to
the lack of a omax value. Reprinted from ref. [41].

3.4. Tensile Response

An experimental pin-loaded feature was utilized in the design of selective laser-melted
tensile specimens (Figure 3). Ti-6Al-4V tensile specimens were tested in the same vertical
orientation (along the Z-axis) in which they were printed on the build plate. Manufacturing
difficulties were experienced in producing three specimens per individual lattice without
failures (Table 4). As a result, it was not possible to produce tensile specimens for cubic
and BCC 400 pm.

Table 4. Tensile mechanical properties for cubic and BCC lattices with standard deviations. Values
reflect the average across the number of samples specified. Reprinted from ref. [41].

. Elastic Moduli—E Yield Strength—o- Tensile

Lattice Type Number of Samples (MPa) (MP ag) y Strength—cmax (MPa)
Cubic P400 0 - - -

Cubic P500 2 108.3 (+8.1) 7.1 (£2.6) 35.5 (+2.3)
Cubic P600 3 129.6 (+3.1) 5.3 (+0.5) 29.2 (+2.6)
Cubic P900 3 110.9 (£8.6) 45 (£0.3) 14.0 (£1.1)

BCC P400 0 - - -

BCC P500 2 109.2 (+0.8) 4.7 (+0.5) 21.9 (+2.3)

BCC P600 2 111.7 (£14.3) 3.4 (£0.2) 18.1 (£7.2)

BCC P900 2 92.7 (+4.2) 42 (4+0.8) 13.3 (£6.7)

The failure mode for cubic and BCC specimens under tensile loading can be found
in Figures 13 and 14, respectively. Two primary failure modes were observed. The first
failure mode was a clean separation at the intersection of the uppermost grip and the
gage, as found in Figure 13a for Cubic 500 pm. The second failure mode was partial or
full separation at the first to third row, as seen in Figure 14 for all three BCC specimens.
This type of failure mode could also be attributed to poor selective laser melting printing
parameters, notably the inadequate binding of struts to the grip surface. Porter et al. [43]
implemented the same tensile specimen design for BCC and voronoi tessellation method
lattices in Nylon 12 and reported failures occurring in the gage area. In another study,
Alsalla et al. [57] tested 316L stainless steel gyroid lattices manufactured by selective
laser melting. Their tensile specimen exhibited failures near the solid end plates, which
they believed was from the sudden change in density and stiffness, resulting in a stress
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concentration. Wang et al. [37] created tensile testing specimens with selective laser melting
using Inconel 718. The unit cell geometries were BCC, honeycomb, and TPMS lattices of
various relative densities. Wang’s tensile design included a solid shell with lattices in the
middle of the tensile specimen. It was found that this solid shell had a direct effect on
lattice mechanical properties. Their results indicated a linear relationship between tensile
strength and relative density, which is similar to the work completed in the current research

study (Figure 12).
CaEes
it

a.

Figure 13. Tensile failure modes for cubic Ti-6Al-4V lattices. Pore sizes: (a) 500 um, (b) 600 pum, and
(c) 900 pm. Reprinted from ref. [41].
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Figure 14. Tensile failure modes for body-centered cubic Ti-6Al-4V lattices. Pore sizes: (a) 500 um,
(b) 600 pm, and (c) 900 um. Reprinted from ref. [41].

The tensile stress—strain response for cubic and BCC lattices can be seen in Figures 15
and 16, respectively. Table 4 summarizes the tensile modulus (E), yield strength (c), and ul-
timate tensile strength (0'max) for cubic and BCC lattices. The highest tensile E was observed
for Cubic 600 um (129.6 £ 8.6 MPa) and the lowest E for BCC 900 (92.7 & 4.2 MPa). The E
range is 92.7-129.6 MPa across all tensile specimens, which is within the E range of human
cancellous bone (10 to 900 MPa) [52]. The tensile ¢, range for Cubic and BCC is 3.4-7.1 MPa,
where all the lattices satisfy the oy range of cancellous bone (0.6 to 16.3 MPa) [53]. The ten-
sile 0max range is 13.3 to 35.5 MPa, which exceeds the tensile omax of human cancellous bone
(0.92-5.38 MPa) [58]. In general, lattices with cubic strut geometries demonstrated higher
values for tensile properties (E, 0y, and ¢'max) when compared to their BCC counterparts. It
should be noted that for compression testing, the opposite was observed.
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Figure 15. Tensile stress—strain curve for cubic Ti-6Al-4V lattices. Pore sizes: (a) 500 pm, (b) 600 um,
(c) 900 um. Reprinted from ref. [41].
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Figure 16. Tensile stress—strain curve for body-centered cubic Ti-6Al-4V lattices. Pore sizes:
(a) 500 um, (b) 600 pm, and (c) 900 um. Reprinted from ref. [41].

3.5. Study Limitations

This study has demonstrated that cubic and BCC lattices of various pore sizes can
satisfy the elastic modulus of human cancellous bone. However, it should be noted that
the elastic modulus varies with different bones [52]. For example, the elastic modulus
for femoral head cancellous bone is 900 &+ 710 MPa, whereas the vertebral body elastic
modulus is 165 & 110 MPa [52]. It should be noted that the mechanical properties and
microstructure of lattice structures will vary depending on process parameters of selective
laser melting [59]. The lattice structure porosity, strut diameter, and unit cell geometry
should be carefully designed to have an elastic modulus that is similar to the bone or joint
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that it replaces. It is also important to note that orthopedic implants are integrated within
the human body with fixture plates, screws, rods, and bone cements. As a result, the total
ultimate strength and the elastic modulus will be greater than the individual components.
In addition, as osteogenesis occurs internally in the lattice, this internal bone growth will
affect load distribution.

Due to financial constraints, only a small number of compression and tensile specimens
were produced, which resulted in a larger than desired standard deviation. In addition,
since tensile specimen failures occurred near the fixture grips, future work should focus
on alternative tensile designs for lattice structures. Lastly, as observed in the experimental
setup for tensile testing (Figure 4), both ends of the tensile specimen grips are not perfectly
aligned, which could contribute to a misaligned load on the tensile specimen.

4. Conclusions

In this work, the compressive and tensile properties of biomimetic lattice structures
with a novel thin strut size (200 pm) were compared to that of cancellous bone for use in
orthopedic applications. The key findings of this work are listed below.

1. Under compression, cubic lattices exhibit failure layer-by-layer, whereas BCC lattices
display diagonal shear failure along the 45° direction of the struts. The elastic modulus
range for cancellous bone (10 to 900 MPa) was matched by all pore sizes and unit
cell geometries. Cubic 900 pm was the only lattice to satisfy the compressive yield
strength (1.6 MPa) and compressive ultimate strength (6.9 MPa) of human cancellous
bone (0y: 0.6 to 16.3 MPa and 0max: 0.1 to 16 MPa). BCC lattices displayed higher
elastic modulus, compressive yield strength, and compressive ultimate strength than
cubic lattices, due to higher relative density and superior unit cell geometry for
compressive forces;

2. The experimental tensile specimen exhibited numerous failures near the grips, indi-
cating that an alternative design should be explored in the future for metallic lattice
structures. The tensile elastic modulus (92.7-129.6 MPa) and tensile yield strength
(3.4-7.1 MPa) of all tensile lattice specimens were within the range of human cancel-
lous bone (E: 10 to 900 MPa and ¢y: 0.6 to 16.3 MPa);

3. Structural characterization revealed that the relative density, weight, and strut diame-
ter of selective laser melted parts were consistently larger than their corresponding
CAD models for both cubic and BCC strut geometries due to selective laser melting
resolution and unmelted powder adhesion.

Based on the results of this work, these lattice structures could be used as building
blocks in 3D printing a patient-specific orthopedic implant, wherein the strut geometry
and porosity of individual cells could be tuned in correlation to patient bone-density and
loading parameters. Future work should include the optimization of AM build parameters
and post-processing, as well as the incorporation of in situ process monitoring to observe
for internal defects. In addition, the inclusion of finite element analysis simulation and
Micro-CT analysis would provide invaluable data for how these lattices fail under loading.
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