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Abstract

As AM lattices become more popular in medical devices, it is important to consider how lattice design parameters affect
the mechanical integrity and performance of a device. This research investigated the effect of lattice orientation on the
compressive mechanical response of five common lattice geometries: Hexagonal Honeycomb (Hex), Diamond, Voronoi
Tessellation Method (VTM), sheet-based Gyroid, and Face-Centered-Cubic (FCC). Samples were tested at two relative
densities and eight orientations, printed in Nylon 12 (PA2200) on an EQS P396. The mechanical response was compared
to simulated finite element analysis (FEA) response for Hex and FCC lattices. Hex lattices displayed significant
orientation dependance. Diamond lattices demonstrated some orientation dependance when at a lower relative
density. Gyroid, FCC, and VTM all displayed minimal orientation dependance. Increasing lattice relative density
appeared to reduce anisotropy among tested orientations of all lattice geometries except Hex. FEA simulations were
able to produce a trend response that matched the mechanical response trends based on the investigated orientations.
These results support the need for multi axial lattice mechanical test considerations. It also bolsters the need for lattice
FEA models to have a sufficient comparator when identifying “worst-case” lattice test scenarios.
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Introduction

The recent development and acceptance of Additive Manufacturing (AM) in numerous industries, including the
medical device industry, has allowed integration of complex geometries that would be difficult or impossible to produce
with traditional manufacturing methods [1, 2]. AM lattice structures possess numerous potential benefits, some of
which may make them suitable for a wide variety of implementations in medical devices. Desirable traits of these
structures for medical devices include customizable strength-to-weight and stiffness-to-weight ratios [3, 4], improved
energy absorption [3], controlled porosity [5], and improved biological fixation [5-8]. AM lattice structures can also be
matched to a patient’s anatomy, making them well suited for orthopedic implants [9, 10].

These geometries can be fabricated using various materials and AM techniques, such as plastic filament through
material extrusion (MEX) [11], liquid photopolymer resin via vat photopolymerization (VPP) [12], or even powdered
polymers and metals in Powder Bed Fusion (PBF) [13]. The utilization of mathematical formulas to depict these
complicated models instead of using traditional CAD representations have helped simplify the creation of these complex
structures, allowing engineers greater lattice design freedom [8]. Lattice design parameters include unit cell geometry,
relative density (RD) or porosity, strut thickness, pore size, and lattice cell orientation. Manufacturing these complex
structures introduces additional considerations, including AM technology utilized, build path, material selection, post
processing, and more [14]. Due to the complex nature of these structures and the many parameter combinations they
may contain, the accurate prediction of lattice mechanical behavior offers a unique challenge [14, 15]. Additionally,
there are numerous cell geometries available for use in lattice structures, such as Gyroid, Face-Centered-Cubic (FCC),
Diamond, Body-Centered-Cubic (BCC), and many more, where each is unique in design and mechanical response to load
[5, 16-18]. Some lattice unit cells are asymmetric around multiple axes and should therefore be expected to respond to
loads at certain orientations differently than others [19].

Given the range of expected in vivo loading on devices containing AM lattices, it is expected that lattices will
experience forces across multiple orientations. For example, devices in the spine are subjected to compression and
shear forces [20], femoral components of hip replacements are subject to tensile and shear forces [21], and
instrumented knee replacements have measured up to 6 forces on those devices [22].

Computational simulation such as Finite Element Analysis (FEA) is a tool that can be used to predict the mechanical
behavior of lattice structures at various loading conditions [23, 24] and degrees of orientation. Proper use of FEA can
provide valuable insight into the mechanical response of lattice structures in worst-case scenarios [25]. Previous studies
have utilized FEA to assess the properties of lattice structures, such as evaluating the stability of implants [9] and
quantifying property relationships between lattices of varied topologies [17]. A challenge with FEA is it does not always
account for possible sources of manufacturing error such as undesired microstructures, surface roughness, and local
porosity [5, 26]. Understanding the assumptions made in FEA simulations and the potential sources of errorin AM
structures is needed to mitigate the discrepancy between in silico and experimental performance [14]. Validating
simulated mechanical behavior with experimental response is, therefore, useful in ensuring the credibility of FEA models
[27, 28].

The goal of this study is to examine the effect of lattice orientation on the compressive mechanical response of AM
lattice structures and determine how sufficiently FEA can predict reaction force trends. The first aim of this study
assesses trends in uniaxial mechanical responses among lattices of varying cell geometries, relative densities, and
structure orientations. The second aim uses FEA to produce compression load-displacement profiles for the same
sample models. Lastly, the experimental results were compared to the in silico results.



Materials and Methods

Sample Design

AM Lattice cubes were generated using nToplology 2.17.4 (nTopology; New York, USA). A 40 x 40 x 40 mm cube was
designed, and a lattice was applied using the Volume Lattice, Thicken Lattice, and Boolean Intersect command blocks.
Five lattice types were created for this study: Hexagonal Honeycomb (Hex), Diamond, Face Centered Cubic (FCC),
Voronoi Tessellation Method (VTM), and sheet based Gyroid (Figure 1). For each lattice type, relative densities (RD) of
0.2 and 0.3 were applied while maintaining a strut diameter/sheet width of 1.25mm. This leads to different pore sizes /
sheet spacing to acquire the desired relative densities. Lattice orientations were manipulated relative to the initial cube
shape where an orientation of [0 0 0] indicates the default global orientation of the lattice relative to the [X Y Z]
coordinates in degrees. The eight orientations examined in this study were: [0 0 0], [30 0 0], [60 0 0], [90 0 0], [0 30 O],
[0 60 0], [090 0], and [45 45 0] (Figure 1B). Designs were exported as meshes directly from nTopology.
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Figure 1. Lattice samples were designed with five different unit cells and two relative densities (A) while maintaining a
constant strut diameter of 1.25 mm. Each unit cell and relative density was then oriented in 8 different orientations, 4
orientations at 30-degree intervals along the X and Y axis are shown (B).

Sample Fabrication

Materialise Magics 25.0 (Materialise; Leuven, Belgium) was utilized to position each sample in the build file.
Samples were manufactured from polyamide 2200 (Nylon 12) powder using an EOS P396 (EOS North America; Texas,
USA) in three separate builds. A total of 240 coupons were fabricated to account for each lattice type, orientation, and
relative density (n=3). Samples were post-processed using a Trinco Dry-Blast Model 36/BP (Trinco; Fraser, Ml) at 40 psi
using 40 um Trinco BT12 glass beads to free powder from the porous structure and then air blasted at 40 psi using
Westward Abrasive Blast Cabinet 10Z916A to remove any residual powder or glass beads.

Mechanical Testing

Each sample was loaded in compression between flat rigid platens using an Instron load frame model 1125 (Instron,
Massachusetts, USA) fitted with 100 kN load cell at a crosshead rate of 5 mm/min and a total displacement of 5 mm.
BlueHill Universal software (Instron Inc., Massachusetts, USA) was used to acquire load and displacement data at a rate
of 10 Hz. A AM73915MZTL(RA) Dino-Lite Edge Digital Microscope (AnMo Electronics Corporation; New Taipei City,
Taiwan) was used to acquire video footage and photographs during compression testing. The Quantities of Interest
(QOI) were stiffness (N/mm), yield load at 0.2% offset (N), and ultimate load (N).

Finite Element Modeling

Finite element modeling was conducted using Ansys 2021 R1 (Ansys; Pennsylvania, USA) on the RD 0.2 Hex and the
RD 0.2 FCC samples to compare with the experimental load-displacement results. It was determined that a mesh
element size of 0.8 mm was sufficient and showed less than a 5% relative change in QOls in a mesh convergence study.
Analysis was conducted using material properties in Table 1 and a multi-linear isotropic (MISO) material model for
additively manufactured nylon 12, which were acquired during previous material testing [14]. Boundary conditions
included a fixed support to the bottom of the model, and a Z-axis displacement of 2 mm (with 0 mm X- and Y-axis
displacement) to the top face of the model. Videos of sample compression did not reveal significant X- and Y- axis
displacement at the boundary. Data were obtained in 0.1 mm sub-steps. Reaction loads at the fixed boundary condition
were quantified. Accuracy of the FEA results were assessed by comparing to the yield points of the experimental
responses.

Table 1. Nylon 12 material properties used for the ANSYS static structural FEA.

Property Value Notes
Elastic modulus (MPa) 1700 From [14]
Poisson’s ratio 0.394

Density (kg/m?) 930 From [29]




Statistics

Comparisons of the QOI’'s were performed using a one-way ANOVA within each lattice cell type and relative density
at an alpha level of 0.05. The independent variable was cell orientation. A Shapiro-Wilk test was also performed to
check for population normality assumptions. If a difference in QOI means was observed at the given alpha level, then a
post-hoc Tukey test was run to determine which orientations differed significantly. Finally, a compact letter display
algorithm was used to sort the different orientations into similar QOlI mean groups (i.e., groups with similar red letters
have non-significant differences). A statistical comparison of the relative densities was not performed.



Results

Stiffness (N/mm) vs. X-Y Orientation

Hexagonal Honeycomb Face-Centered Cubic Sheet-Based Gyroid Diamond Voronoi Tessellation Method
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Figure 2. Stiffness values for each lattice type, orientation, and relative density are shown. Values on the X-axis refer to
the degree of rotation in the X dimension and values on the Y-axis refer to the degree of rotation in the Y dimension.
Bubble size increases with increasing stiffness values (n=3). Red letters indicate statistical significance within the same
lattice cell type and relative density; groups not connected by the same letter are statistically different (p<0.05).

Stiffness values were calculated for each lattice type in each orientation (Figure 2). The Hex stiffness values largely
varied between orientations; the 0.2 RD Hex maximum stiffness value was 8,869 N/mm occurring at the base orientation
of [0 0 0] while the minimum stiffness observed was 569 N/mm at [90 0 0], for a total stiffness percent difference of
1,460%. Statistical analysis indicated that a majority of the pair-wise comparisons among the 0.2 RD Hex samples
displayed statistically significant differences in average stiffness (p<0.05).

FCC lattices at 0.2 RD showed a 36% difference in stiffness with a maximum of 2,491 N/mm at [0 60 0] and a
minimum of 1,834 N/mm at [90 0 0]. Gyroid lattices at 0.2 RD showed a 42% difference across the tested orientations,
reaching a minimum stiffness of 2,868 N/mm at the base orientation of [0 0 0] and a maximum stiffness of 4,067 N/mm
at [45 45 0]. Diamond lattice samples exhibited a 155% difference between the minimum of 1,062 N/mm at the base
orientation and the maximum of 2,703 N/mm at [45 45 0]. The VTM lattice coupons, which has a randomized structure,
had minimal changes in stiffness as the lattice orientation was altered; the minimum stiffness observed for 0.2 RD was
1,324 N/mm at the base orientation and the maximum was 1,896 N/mm at [90 0 0], a 43% difference. While the
response of the Hex lattice showed distinct behavior as a function of orientation, the other structures showed a less
statistical dependence on orientation. The other lattices showed less difference with FCC, Gyroid, Diamond, and VTM
having differences of 36%, 42%, 155%, and 43%, respectively.



It was also observed that increasing relative density from 0.2 to 0.3 increased the magnitude of the maximum
stiffness by 54%-123%. Percentage differences in stiffness between the maximum and minimum for the 0.3 RD Hex,
FCC, Gyroid, Diamond, and VTM were 579%, 33%, 19%, 66%, and 25%, respectively. The trends for stiffness values
relative to the respective orientations were similar between the 0.2 RD samples and the 0.3 RD samples.

Yield Load (N) vs. X-Y Orientation

Hexagonal Honeycomb Face-Centered Cubic Sheet-Based Gyroid Diamond Voronoi Tessellation Method
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Figure 3. Yield Load for each lattice type, orientation, and relative density are shown. Values on the X-axis refer to the
degree of rotation in the X dimension and values on the Y-axis refer to the degree of rotation in the y dimension. Bubble
sizes are increased as yield load values increase (n=3). Red letters indicate statistical significance among the samples
tested within the same lattice type and relative density; groups not connected by the same letter are statistically
different (p<0.05).

Yield load for each sample was calculated and displayed in Figure 3. Orientation-based trends for yield load were
similar to those seen in stiffness (Figure 2). Hex samples with a 0.2 RD showed a larger maximum yield load (9,444 N)
and a larger percentage difference of yield loads (1134%) when compared to the other lattice types. When increased to
a 0.3 RD, the maximum yield load for the Hex samples increased to 21,470 N. However, the 0.3 RD yield load percent
difference decreased to 568%. Yield load differences between the maximum and minimum for the 0.2 RD FCC, Gyroid,
Diamond, and VTM sample sets were 17%, 33%, 108%, and 46%, respectively. For the 0.3 RD groups, yield load range
differences for FCC, Gyroid, Diamond, and VTM sample sets were 15%, 17%, 47%, and 17%, respectively.

A majority of Hex lattice pair-wise comparisons for both 0.2 and 0.3 RD were found to be statistically different.
Meanwhile, FCC did not show any statistically significant differences in either the 0.2 RD (p=0.56) or 0.3 RD (p= 0.96)
groups when comparing the different orientations. Gyroid lattices with a 0.2 RD showed statistically different yield loads
when the orientation was varied, however, the 0.3 RD did not show any statistically significant differences in lattice
orientation (p= 0.165). The 0.2 RD Diamond lattice results showed several statistically significant differences between



orientations. For the 0.3 RD Diamond samples, a statistically significant difference only existed between [90 0 0] and [0
90 0] groups. VTM results demonstrated statistically significant differences between some of the yield load values for
the 0.2 RD groups. However, there was no statistical differences found between the 0.3 RD VTM groups (p= 0.342).

Ultimate Compressive Load (N) vs. X-Y Orientation

Hexagonal Honeycomb Face-Centered Cubic Sheet-Based Gyroid Diamond Voronoi Tessellation Method
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Figure 4. Ultimate compressive load for each lattice type, orientation, and relative density are shown. For lattices that
did not reach a failure load within 4mm of compression, the load at 4 mm compression is shown, denoted with a solid
fill in the respective bubble. Lattices that experienced failure have a checkered pattern and an asterisk following its

callout value. Values on the X-axis refer to the degree of rotation in the X dimension and values on the Y-axis refer to the
degree of rotation in the Y dimension. Bubble sizes are increased as load values increase (n=3). Red letters indicate
statistical significance among the samples tested within the same lattice type and relative density; groups not connected
by the same letter are statistically different (p<0.05).

Ultimate compressive load (or compressive load at 4 mm if no failure was observed) for each sample was
determined (Figure 4). Trends in Hex ultimate compressive load responses were once again highly dependent on
orientation. Hex lattices at 0.2 RD showed the largest average maximum load (11,571 N) and percentage difference of
the results (792%) compared to other lattice types. This was also seen in the 0.3 RD Hex, although while the maximum
load increased to 27,951 N, the percentage difference of the results decreased to 511%. The results also show the Hex
lattice structures failed to reach an ultimate load most often during deformation compared to other lattice geometries.
The base orientation, [90 0 0], and [0 90 0] at 0.2 RD along with the [0 90 0] and [0 60 0] orientations for 0.3 RD did not
reach a definitive maximum in their load responses. The base orientation FCC lattice at 0.2 RD was the only other
sample set to not reach failure. Ultimate/4mm load percentage differences between the maximum and minimum for
the 0.2 RD FCC, Gyroid, Diamond, and VTM sample sets were 45%, 28%, 94%, and 47%, respectively. Increasing the
relative density from 0.2 to 0.3 increased the magnitude of the maximum load at failure across all lattice types by 35%-



142%. Despite the increase in maxima, the percentage differences between the maximum and minimum values of the
0.3 RD FCC, Gyroid, Diamond, and VTM sample sets decreased to 23%, 18%, 26%, and 17%, respectively.

The 0.3 RD Hex samples had more statistically different groups as a function of orientation than the 0.2 RD Hex
samples. FCC at 0.2 RD and 0.3 RD had three and two statistically significant different groups, respectively. Gyroid 0.2
RD lattice samples had three statistically different pair-wise comparisons and at 0.3 RD Gyroid lattices showed no
statistically significant differences in lattice orientation (p= 0.382). Diamond 0.2 RD and 0.3 RD lattices had similar trends
of statistically different groupings. While VTM showed four statistically different pair-wise comparisons at 0.2 RD, at 0.3
RD there was no statistical difference between the orientations (p=0.494).
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Figure 5. Stiffness (A) and yield loads (B) calculated using FEA for hexagonal honeycomb and face-centered cubic lattices
at all orientations with a 0.2 relative density are shown (points) alongside experimental results (bars). Values on the X-

axis refer to the degree of rotation in the [X Y Z] dimensions. Error bars represent the standard deviation for the
experimental results (n=3).

Stiffness and yield load values calculated with FEA on orientations of hexagonal honeycomb and face-centered
cubic lattices at 0.2 RD were compared against the experimental results (Figure 5). Results from the FEA followed the
general trend of the average sample results with varying accuracy. For both lattices, the stiffness FEA results differed
from the experimental average from 30% to 66% with the greatest divergence occurring at the [0 90 0] orientation. The



hexagonal honeycomb yield load FEA results for the base and [0 90 0] orientations differed from the experimental
average by 7% and 19%, respectively, falling within the standard deviation of the experimental results. Meanwhile, Hex
FEA yield load results for [90 0 0] and [0 60 0] differed from the sample averages by 40% and 46%, respectively. The
remaining Hex FEA yield load results differed from their sample averages less than 30%, while also falling outside of the
standard deviations of experimental results. The FCC FEA yield load results show a generally close alighment, average
<5% difference, with the yield force results from the experimental results.

Discussion

As lattice structures are incorporated into different medical devices, it is important to understand the potential
variations in mechanical response caused by alterations in design parameters. These variations in mechanical response
could impact the selection of a medical device’s worst case testing condition. In turn, this could adversely influence the
prediction of a device’s performance and longevity. This study examined the mechanical responses of nylon lattice
structures produced using laser powder bed fusion as the designs varied in unit cell geometry, relative density, and unit
cell orientation. The five investigated cell geometries were Hex, FCC, Gyroid, Diamond, and VTM at relative densities of
0.2 and 0.3. The unit cell orientations were [0 0 0], [30 0 0], [60 0 0], [90 0 0], [0 30 0], [0 60 0], [0 90 0], and [45 45 Q].
FEA static simulations were conducted for the HEX and FCC lattices at 0.2 relative density for the eight cell orientations.

Impact of orientation:

Results from this study demonstrated multiple trends from the different unit cell geometries tested. Figures 2 —
4 showed that different lattice structures exhibited different mechanical responses to changing the load orientation. For
example, the Hex lattice had the greatest mechanical response for each QOl at [0 0 0] and the least mechanical response
at [90 0 0]/[0 90 0] while the 0.2 relative dense Diamond lattice had the greatest mechanical response at [45 45 0] and
generally the least mechanical response at [0 0 0]. Conversely, at 0.3 RD there was no statistical difference in the yield
stress for the Diamond lattice between [0 0 0] and [45 45 0]. This demonstrates that both lattice type and relative
density can affect the sensitivity of the mechanical response to the loading orientation.

Furthermore, the Hex lattice was found to have the greatest difference in mechanical response of the tested
lattices as a function of orientation, as seen in Figures 2-5. Additionally, a 30-degree rotation from nominal along the X
or Y axis for the Hex lattice also resulted in a greater decrease in mechanical response relative to the other geometries.
While the other lattices demonstrated greater isotropy and therefore less sensitivity to loading orientation, the Hex’s
sensitivity is likely due to the Hex lattice only repeating in two dimensions and “extruded” along the third dimension.

Examining the results of the study, the alignment of the lattice struts/cell sheets with the axis of force likely
explains the difference in behavior observed among lattice structures. Diamond lattices exhibited anisotropic behavior
and outlying maximum responses at [45 45 0] in Figures 2-4. The geometry of the Diamond unit cell is such that none of
the composing struts are aligned with the vertical force axis until the cell is oriented on a 45-degree angle along two
axes. Therefore, as the struts near this orientation, the alignment with the force axis improves and the mechanical
responses increase accordingly. Additionally, when the Hex is at [0 0 0], the cells sheets run parallel to the force axis,
allowing the force to travel directly through the vertical cell walls resulting in the maximum mechanical response.
However, as the geometry rotates, the cell sheets rapidly leave alignment with the force axis until they no longer offer
the force a continuous path through the structure and result in a minimal mechanical response.

Meanwhile, other lattice types possessed geometric designs less sensitive to the effect of cell alignment to the
force axis. As observed in Figures 2-4, FCC, VTM, and Gyroid display little variation in force responses across
orientations. FCC unit cells have a high degree of symmetry and possess struts at 45 and 90-degree angles along the X,



Y, and Z planes. Therefore, struts are never more than 45-degrees away from alignment with a given force axis. While
VTM is composed of a series of randomly generated cell structures that, on average, ensure an equal number of struts
should be aligned with the force axis. Due to its highly unique, triply periodic, plane-based unit cell, Gyroid lattices
produce similar force paths at all 90-degree orientations. The smoothly transitioning sheet structure ensures the applied
force consistently follows a comparably indirect path at all orientations, helping minimize the anisotropy of responses
shown in Figures 2-4.

Differences in lattice performance could also be attributed to the severity of angle between the connecting
struts or sheets composing the unit cell structures. Lattice geometries with smooth transitions of force help promote a
more homogenous response, while those composed with more harshly angled connections will produce stress
concentrations and potential points of failure [30]. This is observed in the 90-degree orientations of Hex lattices, which
produced the lowest force responses recorded in Figures 2-5. At these orientations, the 120° joints between cell planes
induce stress concentrations which could be partially attributed to the minimal force response. This behavior is also
observed in strut-based lattices. Diamond lattices (109.5°) consistently produced the lowest force responses of all strut-
based lattices, followed by VTM (average of 90°), and then FCC (45° and 90°), as seen in Figures 2-4. Meanwhile, Gyroid
minimizes the impact of this factor, displaying the highest, fully isotropic response in both yield load and load at failure
seen in Figures 2 and 3.

Changing the relative density from 0.2 to 0.3 impacted the magnitude of the mechanical response. The
equations of Gibson and Ashby relates the elastic modulus of a lattice to the square of its relative density [31].
Therefore, by increasing the relative density from 0.2 to 0.3, we would expect the elastic modulus to increase. When
examining the results in Figures 2-4, an average 92% difference in stiffness is observed between 0.2 RD and 0.3 RD, with
an average 97% increase observed across all quantities of interest. Increasing the relative density increased isotropy for
yield load and load at failure while the stiffness trends were relatively unaffected, as shown in Figures 2-4. Due to
holding the strut diameter/sheet width at a constant of 1.25 mm, relative density was influenced through changing the
pore size, with additional unit cells introduced into the total structure as relative density rose. This increase of unit cells
with relative density could promote a more even dispersion of force across the total structure reducing the likelihood of
premature failure initiated by the overloading of a single cell.

The comparison between the Hex and FCC mechanical responses to the simulation results also produced several
notable observations. Using FEA to identify potential worst-case scenarios in the mechanical response of lattice
structures could greatly reduce the number of samples requiring fabrication and testing, provided the FEA is shown to
be credible. The stiffness predicted by FEA for both lattices differed from 30% to 66% from the experimental results but
followed the same trend with respect to orientation. The Hex FEA yield load differed by a minimum of 7% and a
maximum of 46% from the experimental results. As explained in the experiment discussion, the FCC FEA results also
showed little variation from the different lattice orientation. The average FCC FEA yield load was found as 2.58 kN with
0.10 kN standard deviation. The maximum difference between the FCC FEA and the average of the experimental
response was found at [90 0 0] as 0.23 kN for a percentage difference of 9%. The minimum difference between FCC FEA
and experiment was found at [0 30 0] as 0.1 kN. This indicates that the FCC FEA may predict when the structure is more
isotropic as well. In general, FEA was able to predict the trends in stiffness and yield load and correctly identified both
the best and worst-case orientation for stiffness and yield load of the Hex lattice for the investigated orientations.

It should be noted that to simulate different load conditions on the lattices, the build orientation of the lattice
coupons was altered instead of altering the loading direction during testing. As unit cells were rotated with respect to
the build plane, the layering inherent to AM, “stair stepping,” changes from the reference [0 0 0] structure. This
presents a potential additional source of variation. Printed materials are generally strongest in compression when the



force axis is perpendicular to the print layers [30, 32], however this is not always possible in real world applications.
Another assumption is that the isotropic MISO material model, derived from tensile specimens, was valid for the
complex lattice features of the samples. This assumption may not be generally sufficient for all applications since AM
processes are known to produce anisotropic material properties. It was also assumed that the boundary conditions of
the FEA model did not allow for X- and Y- axis translation, which may not be completely accurate for all lattice types.
Video taken of the samples showed negligible X- and Y- translation which bolstered the use of constraining the X- and Y-
axis at the ends of the samples. Lastly, it was assumed that the sample as-built struts / features were sufficiently similar
to the digital model.

While the authors modeled the full geometry of the chosen lattice structures, other methods may be used which
could reduce the computational time significantly. This may include utilizing techniques such as symmetry or periodic
boundary conditions. Symmetry boundary conditions may have the benefit of reducing computational time while still
allowing an assessment of the full structures lattice end effects (e.g., the corners of the full sample geometry). Periodic
boundary conditions may also significantly reduce computational time and allow the evaluation of mechanical responses
of various 3D orientations on a per lattice unit basis such as reported in Duan et al [33].

This study was primarily focused on the effects of lattice orientation on structural mechanical response and
future studies could further pursue the investigation of other lattice parameters not considered in this research (e.g.,
strut thickness, cell size, lattice gradation). Relative density was found to have an impact on lattice isotropy, and future
work could explore this variable to evaluate relative densities that can further optimize performance of these structures.
Further research could investigate how local FEA responses (e.g., strain) compare to experimental local responses to
improve model utility.

Conclusions

AM lattices offer beneficial characteristics for orthopedic implants due to their tunable mechanical properties
combined with the promise of improved biological fixation. However, due to the non-uniaxial forces applied on devices
in vivo, consideration should be given to the possible anisotropy in mechanical response. This behavior may change
based on the design parameters of the lattice structure. Therefore, this study focused on the static mechanical
compression responses of nylon lattice samples produced via laser powder bed fusion. Changes in mechanical response
were observed by selection of cell geometry, relative density, and unit cell orientation with respect to the applied force.

(1) The relative density of the lattice impacted the level of anisotropy observed in the investigated lattices structures.
Increasing the lattice relative density showed an increase in anisotropy for the Hex and decrease in anisotropy for the
FCC, Gyroid, and VTM lattices.

(2) Lattice orientation had a significant effect on the compressive mechanical properties of the different structures and
was based on the lattice type. The Hex lattice had the greatest range in mechanical response as a function of lattice
orientation. Such extreme anisotropy may make Hex lattice more favorable for uniaxial loading instances when the
lattice orientation can be aligned with the loading direction.

(3) FCC, Gyroid, and VTM lattices displayed minimal levels of anisotropy across the tested orientations. Some anisotropy
was observed among the different orientations for the Diamond lattice. Minimal anisotropy may make these structures
more favorable in instances where there may be more complicated loading conditions.



(4) This study also found that simulation results produced through FEA were capable of providing reasonable estimates
of static yield load trends across varying orientations.

(5) This work supports the concept that FEA may be used to identify potential worst-case designs for AM lattice
structures with respect to load orientation in medical devices.
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