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Abstract

With advancements in 3D printing, porous titanium implants have gained
attention in the medical community as a suitable replacement for damaged bone.
Additive manufacturing techniques like Selective Laser Melting (SLM) can create
complex porous structures within the body of an implant that encourage
osseointegration and result in implant stiffness that matches that of surrounding bone.
This leads to better integration of the implant and decreases the risk complications due
to stress shielding.

One concern with applying porous architectures to medical implants comes from
the small size of the implants. Small porous devices can see boundary effects where a
truncated pore is no longer contributing to the loading, which causes the porous
material to be weaker than bulk properties would predict. As such, the ratio of the
diameter of the loading cross-section to the unit cell size (D/u) becomes an important
consideration when applying porous structures to load-bearing implants.

This study sought to find the saturation point of D/u, which is the point where
the boundary effects are no longer significant and the properties of the porous material
reflect bulk material properties. Three different porous architectures were tested in this
study: gyroid-sheet, octet-truss, and stochastic-truss. Cubic unit cells ranging from

3x3x3mm to 12x12x12mm were applied to 10mm and 20mm diameter samples for each
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architecture, then samples were printed from Ti6Al4V powder using SLM. Specimens
were then tested under compressive loading to determine compressive mechanical
properties.

Testing revealed that the gyroid-sheet was the strongest and stiffest architecture,
followed by the octet-truss and stochastic-truss architectures. Further analysis showed
that the gyroid-sheet saturates at D/u=2.5, while the octet-truss and stochastic-truss
saturate at D/u=5. No clear saturation point was observed with the samples tested in this
work. The difference between the saturation points for the truss vs sheet-based
architectures is likely due to the way the architectures are defined.

The gyroid-sheet is formed using a continuous sheet, so even when the pore is
truncated it still contributes to loading. When a pore is truncated in the truss-based
architectures, on the other hand, it no longer contributes to the loading. Because of this,
the octet-truss and stochastic-truss architectures see much greater boundary effects, so
more unit cells across the loading diameter are required to reach bulk material
properties. This indicates that the gyroid-sheet is a suitable porous architecture to use in

orthopedic implants.
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1. Introduction

1.1 Background

Millions of orthopedic surgeries occur each year, with a high percentage of those
resulting in implants that replace some of the patient’s native bone (Dyrda, 2011).
Implants made of high strength, porous metallic scaffolds are often used to provide
anatomical correction, allow for bone ingrowth, and sustain physiological loads (Zhang,
et al.,, 2018) (Zhao, et al., 2019). These scaffolds are usually made from titanium or
titanium alloys and can be designed to mimic the stiffness within the range of real bone.
This is important to address stress shielding, wherein the decreased stress on the
surrounding bone leads to bone atrophy that causes the implant to loosen and
ultimately fail (Zhang, et al., 2018) (Kelly, et al., 2019) (Bobbert, et al., 2017).
Osseointegration can help mitigate this effect, but it can be difficult to encourage boney
in-growth throughout an implant. The addition of porous architectures within the
implant has addressed these concerns by decreasing both the weight and stiffness of the
implants while also encouraging osseointegration (Warnke, et al., 2009). Recent
advancements in additive manufacturing have increased the capacity to create complex

networks of pores (Zhang, et al., 2018).

1.2 Additive Manufacturing

Additive manufacturing techniques provide design flexibility while allowing for

geometric complexity (Gao, et al., 1015). In the medical field, this means that implants



can be designed to replicate or pair with anatomical features, which is difficult to do
through traditional manufacturing techniques. Implants created using traditional
maufacturing techniques like milling, casting, or molding often require complex and
expensive tooling, which makes customization expensive and impractical. Additive
manufacturing, on the other hand, makes it easy to customize devices because no
specific tooling is required for each version of the device. 3D modeling software is used
to create an implant, then the file is sent to a 3D printer (Preston, Wilson, Chu, & Hewitt,
2017). If needed, changes can be made to the model and the part can be reprinted,
making it easy to rapidly prototype designs.

Selective Laser Melting (SLM) is a subset of powder bed fusion (PBF), a 3D
printing technique that prints a part within a bed of powdered material. The layer-by-
layer approach enables the creation of parts with intricate porous architectures that have
applications in a wide variety of fields, including the medical device industry (Xiong, et
al., 2015) (Ricles, Coburn, JC, Di Prima, & Oh, 2018).

A SLM machine consists of powder feed reservoirs, a build area with a build
plate, a recoater arm, and a laser with a series of mirrors to move the beam. A schematic
of the 3DSystems ProX DMP 320 printer used in this study is shown in Figure 1. Prior to
printing the powder feeds are filled with powder and a build plate — made of the same
material as the powder —is placed into the build area. For metals, argon or nitrogen

gases are often pumped into the machine to create an inert gas environment (Spears &



Gold, 2016). During printing the build plate moves down while the powder reservoirs
are moved upwards, then the recoater arms sweeps across the powder reservoirs and
the build area, depositing a thin layer of powder on the build plate. The laser then traces
a path across the build plate, selectively melting and fusing the powder to form a planar
cross-section of the part. The build plate then moves down again, the powder reservoirs
move up, and another layer of powder is deposited on the build plate. The laser traces
the path of the next layer, fusing material in both the xy-plane and in the z-direction to

connect layers. This process is repeated until the part is fully formed within the bed of

powder (Spears & Gold, 2016) (Kelly, et al., 2019).
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Figure 1: Schematic of 3DSystems ProX DMP 320 (Ray, Bisht, Thijs,
Vaerenbergh, & Coeck, 2018)
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1.3 Porous Architectures

Porous metals have applications in numerous fields, including heat transfer,
energy absorption during impact, use in ultra-light structures, reducing weight and
therefore environmental impact of transportation, and in biomedical devices(Xiong, et
al,, 2015) (Lehmhus, Vesenjak, de Schampheleire, & Fiedler, 2017).

Porous metals were historically created through processes like metal foam
casting (Ashby, et al., 2000), but these processes make it difficult to control the size and
shape of the pores (Xiong, et al., 2015). This can lead to high variability in mechanical
properties (Lehmhus, Vesenjak, de Schampheleire, & Fiedler, 2017). However, recent
advancements in 3D printing have enabled the creation of complex and highly
dimensionally accurate porous networks in which mechanical properties can be
modulated by changing the scaffold’s topology.

There are two main categories of porous architectures that can be applied to
implants: random geometric architectures and regular cell architectures (Peng, et al.,
2019). Architectures within these categories can be defined using trusses or continuous
sheets. Stochastic-truss, a random geometric truss-based architecture, octet-truss, a
regular cell truss-based architecture, and gyroid-sheet, a regular cell sheet-based
architecture were chosen for this study. CAD renderings of these architectures are
shown in Figure 2. Studies have shown that regular cell architectures tend to outperform

random geometric architecture because the repeating unit cells offer more homogenous



load distribution (Xiong, et al., 2015). As such, it is expected that the octet-truss and

gyroid-sheet samples will be stronger than the stochastic-truss.
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Figure 2: Sample architectures included octet-truss, stochastic-truss, and gyroid-sheet architectures defined by cubic unit
cells ranging from 3mm to 12mm



Additionally, the gyroid-sheet is a regular cell structure defined by continuous
sheets and is additionally categorized as a triply periodic minimal surface (TPMS)
structure. These structures have zero mean curvature of the surfaces, which causes them
to mimic the properties of trabecular bone and encourages osseointegration.
Additionally, these structures have been shown to exhibit high strength with low
stiffness, which means that they can provide mechanical strength without introducing

stress shielding in implants (Bobbert, et al., 2017) (Kelly, et al., 2019).

1.4 Boundary Effects

Although the properties of porous scaffolds are highly dependent on the
scaffold’s porosity, mechanical properties are also influenced by the geometry of the
porous volume (Ashby, et al., 2000). These architectures are vulnerable to boundary
effects, where unit cells that are truncated contribute little to the overall strength of the
specimen (Ashby, et al., 2000). A 10mm sample, for example, with a 5x5x5mm unit cell
applied would have 2.0 unit cell repeats. The same 10mm sample with a 4x4x4mm unit
cell would have 2.5 repeats, which means that one unit cell is truncated at the
boundaries. This may change the load-bearing area of the scaffold, resulting in free
hanging struts which are attached at only one node. The 4x4x4mm unit cell now only
has two repeat units, or ~80% of its volume contributing to loading. The smaller unit cell
would be stronger as a bulk material, but that may not be the case when the unit cell is

truncated.



As such the ratio of the diameter of the sample with respect to the unit cell size of
the applied architecture may significantly affect the properties of the porous material.
This has been studied for metal foams by Ashby et al (Ashby, et al., 2000), and studied
for SLM 3D printed gyroid-sheet architectures by Pham et al (Pham, Kelly, & Gall,
(Article Under Review)), but octet- and stochastic- truss systems have not been studied
in this way.

1.5 Focus of This Study

Orthopedic implants can range from small dental implants to large ankle spacers,
examples of which are shown in Figure 3. Understanding the saturation point of D/u can
help predict the size of the unit cell that should be applied to these implants in order to
achieve the desired properties. If not, implants created under the assumption of the bulk
material strength may fail prematurely, which could lead to revision surgeries,

amputation, or death.
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Figure 3: Orthopedic implant sizing ranges from dental implants, which have a cross-sectional diameter of 4mm, to ankle
spacers with cross-sectional measurements upwards of 30mm



To understand the effect of the truncating unit cells, this study varied the ratio of
the sample diameter to the cubic unit cell size to understand how mechanical properties
were affected. We posited that there is a certain ratio of diameter / unit-cell-size (D/u)
past which the truncation of the unit cell no longer affected the properties. This study
sought to determine this saturation point for three different architectures — gyroid, octet-
truss, and stochastic-truss — by determining at which value D/u no longer affects
material strength and the porous architecture acts like a bulk material.

The samples chosen for this study were printed via SLM using medical grade
Ti6Al4V titanium, which is the most used metal in orthopedic implants (Xiong, et al.,
2015). Samples were printed to have two different diameters, with either the octet-truss,
stochastic-truss, or gyroid-sheet porosity applied. All samples were comprised of
isotropic cubic unit cells ranging 3x3x3mm to 12x12x12mm. The D/u ratio varied from
0.8 to 6.7, with some overlaps for the same D/u for different sample diameters. All
samples were tested under compression, and the results were analyzed using two-way
ANOVA to understand which factors affect sample strength. An understanding of the
saturation point for different materials can be used to optimize the unit cell sizes applied

to orthopedic implants to improve their performance and lifespan.
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2. Materials and Methods

2.1 Additive Manufacturing and Post-Processing

All specimens were fabricated using 3DSystems DMP ProX 320 by selective laser
melting (SLM) of Ti-6Al-4V extra low interstitial (ELI) powder in an inert argon
atmosphere. After printing, all samples underwent hot-isostatic Pressing (HIP) for
120minutes at 900C at 1000bar and were removed from the build plate using electrical
discharge machining (EDM). Detailed methods have been described previously by
Kelly et al. A gyroid-sheet lattice, octet-truss lattice, or stochastic-truss lattice was
applied to the volume of the sample using 3DXpert lattice builder (3D Systems, Rockhill,
SC). Figure 2 shows CAD renderings of the lattice architectures.

Cylindrical samples were designed with either a large diameter of 20mm or a
small diameter of 10mm, with a 1.5 ratio of diameter to height to ensure samples failed
in shear. The cubic unit cell sizes printed include 3mmx3mmx3mm, 4mmx4mmx4mm,
6mmx6mmxé6mm, and 12mmx12mmx12mm for octet-truss and stochastic-truss
architectures, and 4mmx4mmx4mm for the gyroid-sheet architecture. Other unit cell
sizes for the gyroid-sheet architecture were explored previously by Pham et al (Pham,
Kelly, & Gall, (Article Under Review)), and the data was included to compare with
results of this work. Additional sample groups were printed, but data was removed as it
did not fit within the porosity criteria used for this study, which required the measured

porosity of the sample be within 63-69.9% porous. Sample groups are outlined in Tables
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1-3. The applied porosity was maintained at 70+1% for all unit cell sizes for all
architectures, making wall thickness for gyroid-sheet and truss thickness for octet- and

stochastic-truss deterministic.
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Table 1: Printing parameters for gyroid-sheet samples including data from Anh et al.

Diameter (mm) Cub.lc Unit Cell D/U Wall Thickness CAD Porosity

Size (mm) (mm) (%)
3 6.7 0.3 69.9

20
(Large) 4 5.0 0.4 70.3
6 3.3 0.6 70.2
12 1.7 1.3 69.9
3 3.3 0.3 69.9

10
(Small) 4 25 0.4 70.2
6 1.7 0.6 70.2
12 0.8 1.3 69.9




4!

Table 2: Printing parameters and porosity for octet-truss samples. Samples marked in red were excluded because the

measured porosity was outside the criteria set for this study.

Cubic Unit Truss Percent
Diameter ] ] CAD Measured Difference
Cell Size D/U Diameter e 1o e o . .
(mm) Porosity (%) | Porosity (%) | in Porosity
(mm) (mm) o
(%)
3 6.7 0.5 70.2 635 95
20
4 5.0 0.7 70.1 63.1 -10.0
(Large)
6 3.3 1.1 695 659 -5.2
12 1.7 2.1 71.9 68.4 -4.9
3 3.3 0.5 70.2 60.2 -14.2
10 4 2.5 0.7 70.1 63.6 9.3
(Small) ) ' ' i s
6 1.7 1.1 69.5 68.4 -1.6
12 0.8 2.1 71.9 60.8 -154




ql

Table 3: Printing parameters and porosity for stochastic-truss samples. Samples marked in red were excluded because the

measured porosity was outside the criteria set for this study.

Diameter Cubic I.Jmt :I'russ CAD Measured . Percent .
(mm) Cell Size D/U Diameter Porosity (%) | Porosity (%) Difference in
(mm) (mm) Porosity (%)
3 6.7 1.0 70.1 658 -6.1
20
(Large) 4 5.0 13 70.9 67.8 44
6 3.3 2.1 69.6 70.0 0.6
12 1.7 42 70.7 679 -4.0
3 3.3 1.0 69.1 68.5 -0.9
10
(Small) 4 25 13 70.5 69.3 -1.7
6 1.7 2.0 70.5 67.3 -4.5
12 0.8 4.2 69.0 749 8.6




2.2 Micro-CT Validation

After printing, specimens were evaluated using micro-CT to determine the actual
porosity of the printed scaffold. A representative sample for each unit-cell size in each
architecture was imaged using a Nikon XTH 2255ST Micro CT, then the porosity was

calculated using Avizo. Results are shown in Tables 1-3.

2.3 Mechanical Evaluation

Samples (n=3) were tested in compression with the loading axis parallel to the
build axis. Compression testing was performed between stainless steel platens at a
displacement rate of 2mm/min up to 50% strain. Stress was calculated using the total
circular cross-section, thus reported values are the effective strength and stiffness of the

porous material. Results are tabulated in Tables 4-6.
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Table 4: Mechanical properties for gyroid-sheet architectures with varied D/u ratio. Results are given as average (standard

deviation).
Diameter D/U Peak Stress Strain at Peak | Yield Strength | Strain at Yield Modulus
(mm) (MPa) (%) (MPa) (%) (GPa)

6.7 174.7 10.1 131.5 3.1 6.4
' (3.60) (0.1) (2.5) (0.3) 0.2)

173.9 243 135.3 0.1 4.7

20 5.0

(9.6) (22.3) (1.0) (0.0) (1.1)

(Large) 33 163.7 10.2 124.8 3.2 6.0
) (7.6) (0.8) (4.6) (0.4) (0.4)

17 149.5 6.3 122.1 3.0 5.8
’ (1.5) (0.2) (0.9) (0.1) (0.2)

33 168.7 11.4 126.5 3.3 6.5
) (5.7) (0.8) (4.2) (0.4) 0.2)

10 25 170.5 12.2 136.9 5.8 3.7
(Small) ' (1.5) (0.4) (6.0) (0.7) (0.1)
17 144.9 8.3 113.1 3.3 53
) (1.9) (1.1) (1.4) (0.3) 0.2)

0.8 111.9 8.3 89.4 3.0 4.1
' (2.2) (0.8) (1.3) (0.2) (0.1)




]

Table 5: Mechanical properties for octet-truss architectures with varied D/u ratio. Results are given as average (standard

deviation).
Diameter D/U Peak Stress Strain at Peak | Yield Strength | Strain at Yield Modulus
(mm) (MPa) (%) (MPa) (%) (GPa)
6.7 1499 7.6 130.7 59 3.6
' (8.2) (0.9) (5.6) (3.5) (1.8)
20 >0 1(?95)5 (Z'g) (gg'g) (ié) (g'i)
(Large) 2 : : : :
33 116.6 8.6 48.1 4.6 1.4
(3.2) (0.9) (45.5) (2.7) (0.7)
17 104.5 5.9 94.2 4.5 2.8
(5.7) (0.8) (1.6) (1.7) (0.6)
25 1209 7.7 100.9 6.9 2.0
10 = (4.2) (1.3) (7.5) (3.3) (1.0)
(Small)
17 1112 6.9 75.6 4.0 24
' (6.0) (1.4) (45.7) (0.8) (0.6)




61

Table 6: Mechanical properties for stochastic-truss architectures with varied D/u ratio. Results are given as average

Diameter D/U Peak Stress Strain at Peak S ti :;ldth Strain at Yield Modulus
(mm) (MPa) (%) (Mpﬁ) (%) (GPa)
. 137.4 7.9 126.9 6.6 2.6
20 : (3.0) (0.5) (3.8) (0.9) (0.6)
(Large) 50 115.8 77 106.9 59 24
: (4.2) (0.5) (3.1) (0.2) (0.5)
L7 883 5.7 79.2 43 2.4
: (2.5) (0.5) (0.6) (0.2) (0.1)
23 136.3 7.2 117.9 5.4 3.6
10 : (3.9) (0.9) (4.2) (0.8) (0.4)
(Small) ) 126.2 85 87.7 6.4 23
: (3.6) (2.3) (44.7) (4.5) (1.0)
. 83.1 6.6 74.9 4.9 21
: (10. 9) (1.3) (7.7) (0.7) (0.2)

(standard deviation).




2.4 Statistical Evaluation

Two-way ANOVA with Tukey’s post-hoc tests were conducted to compare the
compressive properties of varied D/u for a given architecture. All tabulated data is

expressed as average and standard deviation in parentheses.

3. Results

3.1 Mechanical Evaluation

Representative compressive stress-strain curves for each group are shown in
Figure 4, and a summary of compressive properties for each group is provided in Tables
4-6. All scaffolds exhibited initial linear elastic behavior, followed by yield and a region
of plastic deformation. Yield was reached between 2-10% strain for all samples. Many
samples experienced densification that led to an increase in strength post yield. Samples
that did not experience densification experienced spikes in stress as individual struts

failed but did not see a systematic increase in strength.
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Figure 4: Representative stress strain curves with D/u annotated for A) 20mm gyroid-
sheet, B) 10mm gyroid-sheet, C) 20mm octet-truss, D) 10mm octet-truss, E) 20mm
stochastic-truss, and F) 10mm stochastic-truss architectures.
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For most architectures of equivalent diameters, peak stress decreased with
increasing unit cell size and increased as the ratio of sample diameter to unit cell size
increased. For all unit-cell sizes the gyroid-sheet architecture exhibited higher strength

than the octet-truss, which was stronger than the stochastic-truss as shown in Figure 5.
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Figure 5: A) peak stress vs unit cell size and B) modulus vs unit cell size for
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for octet-truss structure, and E) peak stress vs unit cell size and F) modulus vs unit cell

size for stochastic-truss structure. Dark gray represents 10mm samples while light
gray represents 20mm samples.
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3.2 Statistical Evaluation

The two-way ANOVA was significant for unit-cell size, specimen diameter, and
the interaction between them for the peak stress for the sheet-gyroid and stochastic-truss
structures. The specimen diameter was not significant for the peak stress in the octet-
truss, but the unit-cell size and interaction between the diameter and unit cell was

significant.

3.3 Failure Modes

The types of failure methods varied for the different scaffolds, as summarized in
Table 7. All gyroid-sheet samples exhibited single diagonal shear bands, while octet-
truss samples exhibited either single or double diagonal shear bands which led to
fracture. The stochastic-truss samples with smaller cubic unit cells exhibited fracture
along single diagonal shear bands, while more samples with larger unit cells
experienced buckling in struts that led to failure. Images of the fracture mode exhibited

by each architecture are shown in Figure 6.
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Table 7: Failure modes for all samples in which single shear band means that samples sheared along one shear plane,
double shear band means samples sheared along two distinct shear planes, dissociation means that pores collapsed inwards in
an unorganized manner, and buckling means that individual trusses failing led to failure of the entire sample. Presented as

°14

failure mode (number of samples that failed according to this mode)

Octet Truss 3x3x3 Ax4x4 6x6x6 12x12x12
Single Shear Band (2) . Single Shear Band (1) Single Shear Band (2)
Small (10mm) Dotible Shear Bands (1) | ongleShearBand B) 1 b b Ghear Bands (2) Buckling (1)
L (20 ) Single Shear Band (2) Single Shear Band (1) Single Shear Band (2) Single Shear Band (2)
arge (cUmm Double Shear Bands (1) | Double Shear Bands (2) Dissociation (1) Double Shear Bands (1)
Stochastic Truss 3x3x3 4x4x4 6x6x6 12x12x12
Small (10mm) Dissociation (3) Dissociation (3) Buckling (3) Single Truss Buckling (3)
Large (20mm) Smgﬁi:z;g:?; & Dissociation (3) Dissociation (3) Single Truss Buckling (3)
Sheet Gyroid 3x3x3 4x4x4 6x6x6 12x12x12
Small (10mm) Single Shear Band (3) Single Shear Band (3) Single Shear Band (3) Single Shear Band (3)
Large (20mm) Single Shear Band (3) Single Shear Band (3) Single Shear Band (3) Single Shear Band (3)




Figure 6: Images of fracture modes for each architecture where A-C) depict the octet
truss failing along a single shear plane, double shear planes, and through
dissociation, D-F) show stochastic truss failing along single shear planes, through
dissociation, and by buckling, and G-H) show gyroid-sheet failing along single shear
plane and separating, and along single shear plane without separation, respectively.
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3.4 Micro-CT Evaluation

Micro-CT show that almost all samples had a porosity lower than the applied
amount. The measured porosity is summarized in Tables 1-3. Only samples with

porosities ranging from 63-69.9% were considered for this study.

4. Discussion

This study sought to determine the saturation point of the ratio of the sample
diameter to the applied unit cell size (D/u) to better understand the effects of reduced
representative volume on mechanical performance of porous architectures. At
sufficiently high D/u, the properties of a porous scaffold saturate and reflect the
properties of “bulk” porous material. This information is crucial for optimization of
orthopedic implants, which have load bearing areas with geometry ranging from 4mm
to over 50mm. Therefore, it is important to understand how mechanical properties may
be affected by truncated unit cells. The architectures used in this study included octet-
truss, stochastic-truss, and gyroid-sheet, which were applied to samples of varying
diameter at 70% porosity. Samples were tested under compression to determine the
peak stress, modulus, yield stress, and strain at peak. Peak stress was then used to find

the saturation point of D/u for each architecture.

4.1 Porosity

Micro-CT evaluation was completed for all samples and revealed that most
samples had a lower porosity than was applied. Tables 1-3 show the results, and Figure
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7 shows the results graphically. The porosity applied in the CAD program was 70+1%
for all samples, but samples analyzed in this study had a measured porosity of 63.0-
69.9% porosity. Other samples and sample groups that were excluded from the study
had porosity ranging from 46.3-74.9%, with most samples below the 70% applied
porosity. The range of 63.0-69.9% porosity was chosen to try to standardize the data. It
has been established that porosity is the largest factor that affects that strength of porous
materials, so having a wide range of porosities in the samples would make it difficult to
determine the significance of individual factors like D/u. The lower bound of 63.0% was
chosen because it represents a 10-percent difference between the applied and measured
porosities. The upper bound of 69.9% was chosen to eliminate any samples with
porosity higher than the applied porosity. This range eliminated two samples from the
stochastic- and octet-truss groups. The porosities of the samples from Pham et al (Pham,
Kelly, & Gall, (Article Under Review)) were unknown, so it was assumed these were

within range and all data points were used.
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Figure 7: Porosity vs unit cell size for octet- and stochastic-truss. Filled shapes represent 20mm diameter samples, and
outlines represent 10mm diameter samples. The dashed lines at 63.0% and 69.9% show the bounds chosen for this study.



This reduction in porosity is attributed to over-inflation of the struts caused by
partially adhered particles on the surface of printed parts, which is typical of the SLM
process. The heat generated during printing leads to spill over of the melt pool, and
excess powder adheres to the part. These partially adhered particles can become further
fused during post-processing.

For the most part, the smaller unit cell had a lower porosity when compared to
larger unit cells within the same architecture. The trusses in the small unit cells are closer
to each other, so there is likely more overlapping heat generated and a higher chance of
creating partially adhered particles. Additionally, the tighter unit cell likely traps
powder more easily than the larger unit cells types. Trapped powder can become fused
during post-processing which would further decrease the porosity of the sample.

When comparing the two structures, the octet-truss consistently had a lower
porosity than the stochastic-truss. The regularly spaced pores of the octet-truss may
have contributed to larger amounts of heat generated in the pores, leading to more
partially adhered particles, and the regularly repeated trusses may have made it more
difficult for the powder to escape. The random way the stochastic-truss is defined means
that there are large and small pores throughout the sample. The smaller pores may have
closed, but the larger pores likely remained more open and allowed for powder to

escape.
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4.2 Mechanical Evaluation

As has been reported in previous studies, increasing the unit cell size decreased
the strength of the specimens. Additionally, it was observed that the repeating cell
architectures, which included the octet-truss and gyroid-sheet, were overall stronger
than the random geometry stochastic-truss architecture.

Figure 8 shows the peak stress of the three porous architectures as a function of
D/u. Overall for equivalent D/u ratios the gyroid-sheet architecture demonstrated a
higher peak stress than the truss-based architectures, with the regular cell octet-truss
architecture tending to be stronger than the random geometric stochastic-truss
architecture. One exception to this is D/u=3.3, where the stochastic-truss had a higher
peak stress than the octet-truss. The octet-truss sample in this instance is the 6x6x6mm
unit cell applied to the 20mm diameter sample. These samples were in the same row on
the build plate as a sample that failed, which may have led to undetected printing

defects.
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Figure 8: Peak stress as a function of D/u. 10mm samples are represented by hollow shapes and 20mm samples are
represented with filled shapes.



Figure 9 shows the modulus of the three architectures as a function of D/u. The
gyroid-sheet demonstrated a higher modulus than the octet- and stochastic-truss
architectures. There was no significant difference in the modulus of the two truss-based

architectures.
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Figure 9: Modulus as a function of D/u. 10mm samples are represented by
hollow shapes and 20mm samples are represented with filled shapes.
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4.3 Failure Modes

A summary of the failure modes for each sample is shown in Table 4. All gyroid-
sheet samples failed along single shear bands. The failure modes for the truss-based
architectures varied even within samples of equivalent unit cell sizes.

The most common failure mode for octet-truss samples was failure along single
shear bands, followed by failure along double shear bands. Failure along double or
single bands was independent of the unit cell size, and samples having the same
diameter and unit cell applied would fail in either mode. Within the octet-truss samples,
there was also one example of buckling failure and one of dissociation, although it is
unclear why these samples failed according to different modes. The octet-truss
architecture is comprised of parallel shear planes, which is likely the reason why the
structures failed primarily along these lines.

The most common failure mode for the small and intermediate unit cell sizes for
stochastic-truss was dissociation, wherein the pores collapsed, and the architecture
crumbled inward along no particular shear planes. The larger unit cells failed primarily
through buckling, where one or two trusses were loaded beyond capacity and failed.
These samples exhibited low strength and brittle failure.

Porous architectures experience failure along their weakest plane, so random
geometric architectures like the stochastic reach a smaller peak stress because pore size

and shape are variable due to the randomly placed struts. This means that the load is not
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carried evenly throughout the architecture, leading to high stress concentrations and
failure at lower stresses. This is also likely why the larger unit cell architectures failed by
buckling — the load was carried primarily by one truss, which eventually failed, as
opposed to smaller unit cell architectures where multiple trusses could carry the load.
Much of the difference in strength between the different samples can be
attributed to their failure modes. Samples like the 3x3x3mm gyroid, which experienced
densification and then failure along a single shear band, experienced a higher peak
stress than samples like the 12x12x12mm stochastic, which failed when the only strut
buckled and failed. The densification and shear of the regular cell architectures also
allows them to continue to deform after reaching peak stress, whereas samples that fail

via buckling do not see an increase in strength after failing.

4.4 Printing Considerations

The nature of SLM printing means that there are printing factors that may also
have affected the strength of the samples. Some of these printing errors may lead to an
increase in strength - differences in cooling rates during printing can lead to differences
in architectures of the scaffolds. This is especially relevant for thin-walled samples
which cool much faster than samples with thicker walls. Because of this, samples with
smaller unit cells may have stronger microarchitecture than the larger unit cells,
resulting in higher strength for samples with smaller unit cells. Carefully tailored

printing parameters and post-processing of the samples were performed in an attempt
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to normalize the microarchitectures, although there could still be microstructural
differences that were not explored here.

As mentioned previously, the porosity of the printed samples was measured to
be lower than the porosity applied using the CAD program. This is likely caused by a
printing error where additional powder became trapped or adhered to the architecture
and may have resulted in higher peak stresses.

On the other hand, printing errors can also lead to weaker samples. Unmelted
powder trapped within the solids could also lead to defects, which would in turn cause
the architectures to fail prematurely. Examination of the fracture surfaces reveal that this
is likely not the case, as fracture surfaces are shiny and smooth with no marks that
would indicate that powder was not fully melted. Other potential printing issues may
occur when printing overhanging architectures. Overhanging trusses experience less
support during printing and therefore have a higher chance of partially adhered
particles or unmelted particles. These defects could lead to premature failure of the
architecture. The larger unit cell sizes — especially in the stochastic-truss — included large
overhangs, which may contribute to the low strength of these architectures.

One concern with the stochastic-truss samples is the random way in which it is
generated. Stochastic-truss applied to two samples using the same CAD parameters may
look drastically different. This means that it is nearly impossible to create a

representative sample to test, since there are infinite ways the sample could be
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generated. That, coupled with the unpredictable way the samples failed, means that the
stochastic-truss is likely not a suitable architecture for implants, especially those with a

small D/u ratio.

4.5 Boundary Effects

For the octet-truss there is no significant difference between the value of peak
stress at D/u=6.7 and D/u=5, indicating that the octet-truss has saturated by D/u=5.
Likewise, there is no significant difference between the peak stresses for D/u>2.5 for the
gyroid-sheet, indicating that the gyroid-sheet saturates by D/u=2.5. This is like two-
dimensional honeycomb-like cellular structures, which saturate around D/u=3 (Ashby,
et al., 2000).

No clear saturation point for the stochastic-truss architecture was observed with
samples tested in this work. There is a significant difference between the peak stress at
D/u=6.7 and D/u=5, as well as between D/u=5 and D/u=3.3, but there is no significant
differences between D/u=6.7 and D/u=3.3. This may mean that the stochastic-truss did
not saturate by D/u=6.7. As a rule of thumb, most three-dimensional metallic foams are
considered to saturate around D/u=7 (Ashby, et al., 2000). Since these foams are often
stochastic in nature, it would make sense that the stochastic architecture may saturate
around the same point. It may also be that the stochastic-truss architecture is more
unpredictable than the regular-cell architectures. Because the structure is randomly

defined, trusses may be generated in a more preferable orientation in one unit-cell than
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another. This could significantly affect the strength of the sample and means that even
samples with equivalent unit cells and porosities may behave differently.

Overall, the data indicates that the gyroid-sheet architecture sees less of a
boundary effect than the truss-based architectures. With continuous sheets, truncating
the unit cell does not result in any hanging trusses, so the truncated cell is still able to
contribute to load bearing. The gyroid-sheet samples also experienced more
densification prior to failure and only failed along single shear planes, which likely
contributed to their higher strength.

D/u for the truss-based architectures more closely match the saturation values
determined in other studies, where the saturation of skeletal gyroid-sheet and
honeycomb scaffolds ranged from 5-7 (Ashby, et al., 2000). This indicates that truss-
based architectures are more affected by boundary effects, likely because a truncated
truss can no longer contribute to loading. As a result, the peak strength of the octet-truss
samples was lower than that of gyroid-sheet samples for equivalent unit cell sizes.
Because of this, the gyroid-sheet is likely a better architecture for applications where D/u

is small.
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5. Conclusion

This study investigated the relationship between the mechanical properties of
porous architectures and the ratio of the diameter of the sample to the size of the applied
unit cell (D/u). The three architectures used in this study included regular cell gyroid-
sheet, regular cell octet-truss, and random geometry stochastic-truss. Testing showed
that the D/u ratio significantly affects the overall strength of the sample. It was
discovered that the regular cell architectures performed better than the random
geometry architecture, and the sheet-based architecture performed better than the truss-
based architectures. The continuous nature of the sheet-based architecture means that
even truncated cells contribute to loading, while truncated trusses do not contribute
much to loading. This leads to a lower D/u saturation for the gyroid-sheet architecture,
meaning that the mechanical properties of the gyroid-sheet approach the properties of
the bulk porous material at a lower value of D/u. These results reveal the importance of
considering not just the porosity of the applied scaffold, but also the unit cell size and
number of repeat units across the loading diameter for porous architectures created

through SLM 3D printing.

5.1 Future Work

One limitation of this study is the inability to decouple unit cell size from
porosity — future work will attempt to test these variables separately by varying porosity

according to D/u and unit cell size to see which has the larger effect. Future studies may
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also test samples with different aspect ratios to understand if the number of unit cells
along the loading direction, not just along the cross-sectional area, has an effect on
sample strength.

More data is also needed to find the saturation point of the stochastic-truss. If the
stochastic-truss saturates around 7, as is predicted in literature, then only a few more
data points for larger D/u would be necessary.

Additionally, the random way in which the stochastic-truss samples are
generated leads to questions about the consistency of the properties of the structure,
which could be explored by testing samples with the same applied parameters but
which were rendered differently. For example, the porosity and unit cell size could
remain the same, but the CAD program would generate different versions with a
different size and spacing of pores. This would provide more information about whether
the properties of the architecture are influenced more by the way the scaffolds are

defined, or influenced more by the random nature of the architecture.
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