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Abstract
Background: Additive manufacturing (AM) for medical devices is
becoming more popular due to technological advancements and the ability
to create complex geometries and patient-matched systems. However, due
to the inconsistencies between AM technologies, printing parameters,
manufacturer workflow, and file conversions, there may be undesirable
variabilities in 3D printed parts or between design files and final printed
products. The incorporation of lattice structures adds increased complexity
to AM parts and their designs greatly influence print success and accuracy.
Purpose: There were two aims for this effort, the first was to quantify the
overall dimensional variability of lattice coupons made using laser and
electron beam AM technologies. The second was to quantify the
dimensional variability of the lattice dimensions for coupons with varying
relative density fabricated using a laser AM technology. Methodology:
AM coupons were manufactured in Ti-6Al-4V using an electron beam
(EBM) and two laser powder bed fusion (L-PBF) systems. A total of 6
designs containing regular repeating lattice structures were created for
these studies: two to compare laser and EBM technologies and four to
assess the impact of relative density on dimensional variability. Length,
width, and depth measurements were taken for all samples using calipers to
evaluate external dimension variability. Optical images were obtained using
a HiRox RH-2000 microscope and a pore analysis was completed using
ImageJ to determine pore size. Samples were scanned using a uCT and
lattice strut thickness was evaluated using ScanCo Micro CT software.
Dimensions were assessed against the computer design files and
comparatively between sample groups. Results: Dimensional analysis
results showed differences between printed parts and CAD files between all
groups for all quantities of interest. Additional trends suggested that the
AM coupons created with the L-PBF machine tended to be closer to the
nominal designed values than those created by the EBM machine. Varying
relative density did not have a significant impact on the dimensional
variability of the 3D printed parts. Conclusion: There are geometric
variations between designed and printed components and between certain
print technologies. Variabilities were found between test groups; however,
we cannot state if these results are clinically relevant and further testing
must be conducted to apply these results to real-world situations.

Materials and Methods
Sample Generation: SolidWorks and Materialise Magics were used to
generate coupons. Lattice portions were BCC with varying relative densities
(0.15 – 0.45). Samples were additively manufactured, and half were
processed using Hot Isostatic Press (HIP).
Caliper Measurements: Length, width and depth measurements were
obtained using 6” digital calipers.
HiRox Imaging: Coupons were imaged using a HiRox RH-2000
microscope, a MXB-2500REZ Zoom Lens at 35X (4.26um resolution), and
RH-2000 Ver 2.0.40 software. ImageJ Analysis was utilized to calculate
the porosity of each sample.
Micro-Computed Tomography (μCT): 6.45 mm sections were
scanned using a Scanco Medical uCT100. Scanning time of each specimen
was 62.7 minutes for 645 axial slices. The average strut thickness was
quantified using the ScanCo Micro CT software.
ASTM 1854: Lattice samples were mounted in epoxy, sectioned, polished,
and cleaned. Images were obtained using a HiRox RH-2000 microscope,
and Fiji was used to process the images and generate automatic volume
percentage. Horizontal grid lines were overlaid on the images and
intersections along the grid lines were counted manually. The number of
intersections is twice the number of intercepts (Nv). An estimate of the
strut diameter (mean intercept length (Lv)) was calculated where total
length of lines (LT), the number of intercepts (Nv), the magnification M,
and the previously calculated volume percent void (Vv).
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Results and Discussion
• Dimensional analysis results showed differences between printed parts
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and CAD files between all groups for all quantities of interest.
Trends suggest that the AM coupons created using L-PBF tended to be
closer to the nominal designed values than those created by EBM.
The addition of a frame did not suggest a closer dimensional relationship
with the nominal value.
Post processing via Hot Isostatic Press did not appear to impact
dimensional variability.
Lattice portions of the EBM samples generally deviated farther from
nominal than the L-PBF samples.
The results of the uCT scans for the average strut size and average pore
size appear contradictory since they were both smaller than nominal.

or lattice dimensional variability of the additively manufactured parts.
A divergence in strut thickness exists based on measurement method.

Figure 2. Caliper Measurements. External dimensions were measured and subtracted
from the nominal values for length (22mm), width (9mm) and depth (8mm). (A) The
average nominal values of all groups combined (i), the comparison between the frame
and no frame groups (ii), and the post-HIP comparison between the frame and no frame
groups (iii) are shown. (B) External dimensions were also compared between the solid
portion of the sample and the lattice portion.

Figure 4. Relative Density Analysis. External dimensions were measured and
subtracted from the nominal values for length (22mm), width (9mm) and depth (8mm).
(A) The average nominal values of all as-printed groups (i) and the average nominal
values of the post-HIP groups (ii) are shown. (B) External dimensions were also
compared between the solid portion of the sample and the lattice portion. The porosity
(C) was measured using optical imaging and ImageJ, and the strut diameter (D) was
measured using micro-computed tomography.

Figure 3. Lattice Dimensions. The porosity (A) was measured using optical imaging
and ImageJ, and the strut diameter (B) was measured using micro-computed
tomography.

Figure 5. Strut Diameter Comparison. Additional lattice samples were used to compare
the micro-CT (μCT) method to the ASTM 1854 standard. Micro-CT results were
subtracted from ASTM standard, differences were classified into 25μm bins, and counts
for each bin were plotted.

Introduction
Recent technological advancements have led to a dramatic increase in
additive manufacturing (AM) in medical devices due to the design freedom
and options for complex geometries such as lattice structures. There are
various AM technologies currently employed to create similar parts, but
geometric variations in the final models due to differences in AM
technology have not been sufficiently assessed. Characterizing these
geometric variabilities as they relate to AM technologies and assessing
manners in which they can be controlled will provide essential knowledge
to engineers and physicians when designing AM medical devices. Here we
present a case study using lattice coupons designed with known variable
densities and geometries manufactured on two AM systems (L-PBF and
EBM) from multiple contract manufacturers. Final models will be analyzed
for dimensional variability based on: AM technology and relative density of
the design models.

Conclusion
Figure 1. Test Groups Defined. Laser 1 and Laser 2 represent different L-PBF systems.
The test groups are: (A) Laser 1 with Frame, (B) Laser 1 without Frame, (C) EBM with
Frame, (D) EBM without Frame, (E) CAD Design file for groups with and without frames,
(F) Laser 2 with 15% Relative Density, (G) Laser 2 with 25% Relative Density, (H) Laser
2 with 35% Relative Density, (I) Laser 2 with 45% Relative Density, (J) CAD Design file
for Relative Density groups (15%-45%).

There are geometric variations between designed and printed components and between certain print technologies. Variabilities were found between test
groups. The information obtained in this study suggests that it is important to understand the dimensional variability of each additively manufactured part
in order to ensure that it meets specifications. It is important to note that, although variability has been observed, we cannot state if these results are
clinically relevant and further testing must be conducted to apply these results to real-world situations and potential medical devices. Relative density
variations did not appear to have a major impact on dimensional variability. Additionally, results suggest that the method for determining strut thickness
can greatly affect the output values as the two common methodologies output results that vary greatly and could lead to detrimental product outcomes.

