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Abstract 

Background:  Additive manufacturing (AM), commonly called 3D Printing (3DP), for medical devices is growing in 
popularity due to the technology’s ability to create complex geometries and patient-matched products. However, 
due to the process variabilities which can exist between 3DP systems, manufacturer workflows, and digital conver-
sions, there may be variabilities among 3DP parts or between design files and final manufactured products. The 
overall goal of this project is to determine the dimensional variability of commercially obtained 3DP titanium lattice-
containing test coupons and compare it to the original design files.

Methods:  This manuscript outlines the procedure used to measure dimensional variability of 3D Printed lattice 
coupons and analyze the differences in external dimensions and pore area when using laser and electron beam fab-
ricated samples. The key dimensions measured were the bulk length, width, and depth using calipers. Strut thickness 
and pore area were assessed for the lattice components using optical imaging and µCT.

Results:  Results show a difference in dimensional measurement between printed parts and the computer-designed 
files for all groups analyzed including the internal lattice dimensions. Measurements of laser manufactured coupons 
varied from the nominal by less than 0.2 mm and results show averages greater than the nominal value for length, 
width, and depth dimensions. Measurements of Electron Beam Melting coupons varied between 0.4 mm-0.7 mm 
from the nominal value and showed average lengths below the nominal dimension while the width and depths 
were greater than the nominal values. The length dimensions of Laser Powder Bed Fusion samples appeared to be 
impacted by hot isostatic press more than the width and depth dimension. When lattice relative density was varied, 
there appeared to be little impact on the external dimensional variability for the as-printed state.

Conclusions:  Based on these results, we can conclude that there are relevant variations between designed files and 
printed parts. However, we cannot currently state if these results are clinically relevant and further testing needs to be 
conducted to apply these results to real-world situations.
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Introduction
Additive manufacturing (AM), commonly referred to 
as 3D Printing, has been widely adopted by the medical 
industry over the last decade due to its ability to make 

complex geometries such as lattice structures and parts 
individualized to a specific patient. This has led medical 
regulatory bodies, like the US Food and Drug Adminis-
tration (FDA), to consider what the regulatory consid-
erations are for the technology [1, 2] while still clearing 
a number of products for use [3]. While adoption of the 
technology continues, there is extensive work needed 
to create consensus standards to streamline the tech-
nology’s adoption rate and create more confidence in 
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3DP parts [4]. Understanding the dimensional variabil-
ity of 3DP parts is a key design consideration to ensure 
3DP products such as patient matched devices, ana-
tomic models, cutting guides, and implants will have 
the appropriate dimensional fidelity for their intended 
use.

The design and 3D Printing process for medical devices, 
especially patient-matched workflows, may have many 
steps where errors can occur and propagate. In order to 
convert an original imaging file or computer aided draw-
ing (CAD) to an acceptable file format compatible with 
the 3DP system, there may be multiple transfers and/or 
modifications of the design file through different soft-
ware. These software workflows may modify the original 
design by rotating the part for proper orientation, fixing 
errors, and layer slicing to generate build paths. File data 
conversion has the potential to alter part dimensions and 
geometry as a result of software capabilities and algo-
rithms [2]. In addition, digital build preparation choices 
such as part orientation, part placement within the build 
volume, and part packing density may affect the final 
product’s material properties, surface finish, and post-
processing difficulty [1]. The FDA recommends that the 
3DP system’s build volume should be validated to ensure 
consistent and acceptable properties within and between 
builds and that dimensional tolerance should be specified 
for the worst-case device [2].

The issue of 3DP variability has been studied through 
direct dimensional measurements of printed parts [5, 6], 
assessing the ability for 3DP parts to be assembled [7, 8], 
and through computational efforts to compensate for 
observed dimensional errors during their build process 
[9, 10]. Dimensional variability studies on coupons made 
using material extrusion approaches have shown an effect 
of build direction on variability [5, 6, 11] while others 
showed a dependence on build location [10] or feature 
size [12, 13]. Similar trends, if differing in magnitude, 
have also been observed for other 3DP processes like vat 
photopolymerization, powder bed fusion, and material 
jetting [5, 11, 12]. While all works showed dimensional 
variability and a deviation from the nominal (designed) 
dimensions, the variability was able to fit within exist-
ing grades of variability per ISO 286–1 and were within 
the range of other manufacturing methods [6, 12]. Given 
the desire for 3DP parts to be made and functional near-
net shape, assessing the ability for parts to be assembled 
is akin to functional performance testing of the dimen-
sional variability of 3DP parts. Rupal et  al. proposed 
using two coupons designed to interlock via two posts 
and holes to assess the effect of 3DP variability on final 
part assembly [7]. Dantan et al. proposed a similar design 
using four posts and holes to computationally assess the 
effect of 3DP variability [8].

Direct measurement of 3DP dimensional variability 
is important, the ability to use computational tools to 
model systematic variability offers the potential to reduce 
final part deviation from nominal by accounting for it in 
the design stage. This can be done through simulating 
the slicing process and applying the expected material 
errors of flow and shrinkage [14] or performing detailed 
thermal modeling of the design and applying the mate-
rial response via thermal expansion and linear elastic 
response [7]. Another approach is to model the “skin” of 
the 3DP part to predict how far from the nominal dimen-
sional specification the part is expected to be [8, 9].

While computational modeling and coupon assessment 
methods can evaluate nominal variability in 3DP parts, 
direct device measurements may better evaluate the 
unique design parameters for 3DP medical applications. 
Toth et al. used micro-computed tomography (μCT) and 
a coordinate measuring machine (CMM) to assess the 
dimensional deviation from nominal in an acetabular 
implant [15] while Jin et  al. compared the dimensional 
variability between different 3DP technologies using 
stone dental molds [16]. For cranial models, Salmi et al. 
has compared the accuracy of different 3DP technologies 
using CMM and μCT [17]. While most of these efforts 
have been focused on external dimensional accuracy and 
variability, medical devices often have designed poros-
ity/lattice structures that have been assessed via μCT for 
dimensional accuracy [18, 19].

These previous works have addressed dimensional 
variability on either coupons, molds, models, or poly-
mer structures. However, they have not addressed vari-
ability on metallic medical implant-like structures. These 
structures often have solid and porous components and 
complex designs which were not comprehensively inves-
tigated in the previous studies. Assessing the variability 
of a more representative medical device coupon will pro-
vide a better understanding to device designers and regu-
lators on the expected variability in medical devices.

This study seeks to use test coupons representative of a 
medical device commonly made using 3DP, the interver-
tebral body fusion device, often known as a spinal fusion 
cage. The first part of this study investigated the effect 
of design and 3DP technology type by assessing framed 
and frameless lattice spine cage coupons made using 
laser and electron beam powder bed fusion and the effect 
of hot isostatic press post processing (Aim 1). The sec-
ond part of the study was to assess the effect of the lat-
tice relative density on the dimensional variability of 
bulk and lattice dimensions and the effect of hot isostatic 
press post processing (Aim 2). For this part, frameless 
cages made using laser powder bed fusion with four dif-
ferent designed lattice densities were measured. To fur-
ther investigate the challenges of measuring 3DP lattices, 
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additional cylindrical lattice coupons made using laser 
powder bed fusion were assessed using μCT and optical 
measurement techniques (Aim 3).

Materials and methods
Sample generation
AM lattice coupons were designed using general spine 
cage features. The basic shape was designed in Solid-
Works 2019 (Dassault Systèmes; Waltham, Massachu-
setts). To create the lattice structure, large cubes of lattice 
were generated with a Body Centered Cubic (BCC) unit 
cell type and relative densities ranging from 0.15 to 0.45 
in Materialise Magics 25.0 (Materialise; Leuven, Bel-
gium). The basic spine cage shape was first imported into 
Magics and positioned inside the lattice cube and then a 
Boolean intersection operation was performed to convert 
the relevant part of the coupon to the lattice structure. 
In addition to varying the relative density of the coupons, 

the outer contour was either left solid (frame) or as a lat-
tice (frameless).

Experimental groups
Aim 1 of this study was to evaluate the dimensional vari-
ability across coupons with and without external frames 
across two different commercially sourced printing 
methodologies: Laser-based powder bed fusion (PBF-
LB) using a ProX DMP 320 (3D Systems, Colorado, 
USA) referred to as Laser 1 and electron beam melting 
(EBM) using an Arcam A1 (Arcam, Sweden) (Fig. 1 A-D). 
For this aim, four sets of samples, two for each printing 
method, were manufactured using Titanium-6Al-4  V 
(grade 5). Laser 1 samples had external nominal dimen-
sions of 22 × 9 × 8  mm with a frame (n = 20) and with-
out a frame (n = 20). Additionally, electron beam melting 
samples had identical nominal dimensions with a frame 
(n = 20) and without a frame (n = 20). The framed and 
unframed design files were consistent across printing 

Fig. 1  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%)
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methods (Fig.  1E). One common post-processing step 
for 3D Printed medical devices is the use of Hot Isostatic 
Press (HIP) to relieve internal stress, improve the micro-
structure, and consolidate internal voids [20]. There-
fore, after bulk measurements were performed, half of 
each of the previously described groups were randomly 
selected for HIP processing per §13.1.1 of ASTM F2924 
– 14 “Standard Specification for Additive Manufactur-
ing Titanium-6 Aluminum-4 Vanadium with Powder Bed 
Fusion.”

Aim 2 of this study looked to evaluate the effect of lat-
tice relative density (RD) on dimensional variability. A 
second laser company (Laser 2) was used to fabricate 
unframed lattice coupons using a Concept Laser M2 
(Concept Laser, Germany) which then had their dimen-
sional variability assessed across changes in lattice rela-
tive density (Fig.  1 F-J). The external dimensions were 
22 × 9 × 8 mm and the relative density groups were: RD 
15% (n = 10), RD 25% (n = 10), RD 35% (n = 10), and RD 
45% (n = 10). The same HIP process from Aim 1 was used 
for this aim.

The goal of aim 3 is to further investigate the chal-
lenges of measuring 3DP lattices. Cylindrical lattice sam-
ples 20 mm in height and 15 mm in diameter made from 
Titanium-6Al-4  V (grade 5) were manufactured on an 
EOS M290 (EOS North America; Texas, USA) (Laser 3). 
The target relative density was 25% with a targeted strut 
thickness of 300 µm. The two lattice designs were trun-
cated octahedron and stochastic Voronoi Tessellation 
Method (VTM).

Bulk measurements: caliper measurements
For each lattice coupon for all three manufacturing types 
before and after HIP, 6″ digital calipers (Pittsburgh; Cali-
fornia, USA) were used by a single operator to obtain five 
measurements for each dimension (length, width, and 
depth) at various locations along the sides (Fig. 1A) with 
the first measurement of the width and depth obtained 
from the solid base of the lattice coupon for each sample 
and the remaining four measurements obtained through-
out the length of the lattice sample. All measurements 
were recorded, and averages and standard deviations 
were calculated for each sample, each test group, and 
each printing methodology.

Lattice measurements: optical imaging
All groups were imaged using a HiRox RH-2000 micro-
scope, a MXB-2500REZ Zoom Lens at 35X (4.26  μm 
resolution), and RH-2000 Ver 2.0.40 software (Hirox Co 
Ltd.; Tokyo, Japan). Side and top views were imaged for 
each group and are defined in Fig. 1.

Lattice measurements: pore area analysis
For aim 1 test groups, an ImageJ (NIH; USA) parti-
cle analysis method was used to measure the pore area. 
For each image, a constant size rectangle was created 
to define the analysis area and crop out any incomplete 
pores. This rectangle had the same dimensions for all 
samples. Thresholding from 8-bit greyscale images was 
used to create a binary image. A segmentation thresh-
old of 50% was applied for each side view image and a 
segmentation threshold of 70% was applied for each top 
view image. To obtain major and minor axes values for 
pore ellipsis, an ImageJ particle analysis plugin was used 
with a size range of 50,000—200,000 μm2 since the ideal 
pore size is 186,349 μm2.

For aim 2 test groups, an ImageJ particle analysis 
method was used to measure the pore area. Again, the 
same size rectangle was used for all samples and images 
were converted to 8-bit greyscale. A segmentation 
threshold of 60% or 80% was applied for each side view 
image and a segmentation threshold of 80% was applied 
for each top view image. The size range parameters for 
the particle analysis were 20,000—250,000μm2 for all rel-
ative densities. The ideal pore size differed for each rela-
tive density: RD 15% = 220,893 μm2, RD 25% = 165,915 
μm2, RD 35% = 136,699 μm2, and RD 45% = 102,141 μm2.

For each image, an ellipse was fit to each pore and the 
major and minor axes were recorded. An outlier test 
based on the axes data distribution was performed to 
eliminate any data points outside of 1.5 times the inter-
quartile range. The standard deviation and the resulting 
average ellipse area were calculated for each group. The 
error (standard deviation) for each axis measurement 
was propagated through the ellipse calculations and this 
propagated error is shown as error bars on the pore area 
graphs.

Lattice measurements: strut thickness analysis—
micro‑computer tomography (μCT)
Micro-computer tomography (MicroCT) was used to 
measure the mean strut thickness of all the samples. All 
samples were scanned with a ScanCo Medical μCT100 
(ScanCo Medical; Brüttisellen, Switzerland). Scanning 
parameters chosen were a voltage of 90 kVp, a beam 
current of 200 μA, an integration time of 350 ms, and a 
0.1 mm copper filter. Isotropic image voxels were 10 μm 
in size. A 6.45 mm section of each specimen was imaged.

Post scanning, contours which define the analysis vol-
ume were manually defined on the axial slices for each 
sample, avoiding the test coupon frames for samples 
with frames. A fixed threshold value was chosen to dif-
ferentiate the struts and the porosity in the lattice. A 
pre-set morphometry evaluation program in the ScanCo 
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MicroCT software that implements a Direct Transforma-
tion (DT) mapping is used to quantify the average strut 
thickness values of each sample. The evaluation uses a 
model-independent assessment of the three-dimensional 
images to estimate 3-D morphometry parameters like 
structure thickness.

Lattice measurements: strut thickness analysis—
stereological evaluation
ASTM F1854-15: Standard Test Method for Stereologi-
cal Evaluation of Porous Coatings on Medical Implants 
was used to measure strut thicknesses of cylindrical lat-
tice coupons (Laser 3). Lattice samples were mounted in 
epoxy compound by embedding them perpendicular to 
the plane of the substrate and cured for 24 h. The resin 
was degassed prior to curing. A section was cut perpen-
dicular to the surface and the sectioned face was pol-
ished and cleaned. High resolution optical images were 
obtained using a HiRox RH-2000 microscope at 50X 
magnification in dark field mode. The images were pro-
cessed using ImageJ.

The images were converted to greyscale and then 
binary format using an automatic thresholding routine 
similar to the lattice pore area measurements. The image 
processing software was used to generate automatic void 
volume percentage ( Vv ). According to ASTM F1854, hor-
izontal grid lines were overlaid on the images and inter-
sections along the grid lines were counted manually. Each 
time the grid line goes from either solid to void or void 
to solid was counted as one intersection. The number of 
intersections is twice the number of intercepts ( Nv ). An 
estimate of the strut diameter (Lv ) was calculated using 
the following expression that takes into consideration 
total length of lines ( LT),Nv , the magnification (M), and 
the previously calculated Vv.

Three images of each cross section were taken at dif-
ferent regions and processed; the average of these three 
measurements is reported.

Statistical analysis
Analysis between coupon groups was performed using 
RStudio (RStudioTeam, Boston, MA; R Version 4.0.3). 
Variance between groups was assessed using ANOVA 
(α = 0.05) and Tukey’s HSD post hoc analysis (α = 0.05).

Results
Figure 2 shows length, width, and depth averages which 
were calculated for each analysis group. The differ-
ence from nominal (length = 22  mm, width = 9  mm, 

Lv =

Vv

100
×

LT
M

Nv

depth = 8  mm) was quantified and compared across 
groups. Results were averaged for all test groups within 
each printer group (n = 40). All Laser 1 measurements 
varied from the nominal by less than 0.2 mm and results 
show averages greater than the nominal value for length, 
width, and depth dimensions (Fig. 2A(i)). The EBM meas-
urements varied between 0.4 mm-0.7 mm from the nom-
inal value and showed average lengths below the nominal 
dimension while the width and depths were greater than 
the nominal values.

The Laser 1 and EBM printing methods each contain 
two groups, one with an external frame and one with-
out an external frame. Length, width, and depth aver-
ages were calculated for each test group and quantified 
relative to the respective nominal dimension. As shown 
in Fig.  2A.ii, most experimental groups differed from 
the nominal; the minimum average difference was the 
framed Laser 1 length measurement at 35  μm over the 
total 22  mm length while the maximum average differ-
ence occurred in the unframed EBM depth at 669  μm 
over the total 8 mm depth. In addition, there is a statis-
tical difference (p < 0.05, Tukey’s HSD) between framed 
and unframed groups in all three external dimensions for 
the Laser 1 samples. For the EBM samples, there was only 
a statistical difference (p < 0.05, Tukey’s HSD) between 
the framed and unframed coupons for the width dimen-
sion. Both the length (p = 0.066, ANOVA) and the depth 
(p = 0.454, ANOVA) measurements did not show statis-
tical differences between framed and unframed groups. 
The EBM width was approximately 0.41  mm greater 
than nominal and the depth was approximately 0.67 mm 
greater than the nominal for both groups. Similar to 
the Laser 1 groups, the EBM groups all differed from 
the nominal and did not show any preferences between 
framed and unframed groups.

To evaluate the influence of the HIP process on dimen-
sional variability of 3D Printed lattice coupons, half of 
all samples were post-processed using a HIP method 
(Fig. 2A(iii)). All length, width, and depth measurements 
were obtained and plotted as stated previously. Trends 
in the data appeared consistent with the as-printed sam-
ples with the largest variations occurring in the Laser 1 
length samples where the difference between the as-
printed and post-HIP means was 150 μm. The width and 
depth change were less than 30 μm. The HIP process had 
a statistically significant (p < 0.05, Tukey’s HSD) effect on 
most of the external dimension measurements for Laser 
1 samples. In samples with a frame, only the depth meas-
urement did not show a statistically significant difference 
between the as-printed and HIP states (p = 0.241, Tukey’s 
HSD). For Laser 1 samples without a frame, all external 
dimensions showed a statistically significant difference 
post-HIP (p < 0.05, Tukey’s HSD). The EBM samples had 
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a difference of approximately 10 μm in length, 63 μm in 
width, and 76 μm in depth between as-printed and HIP 
states. Statistical analysis showed that the EBM samples 
had a statistically significant difference after the HIP pro-
cess for the width and depth measurements for both the 
framed and unframed groups (p < 0.05, Tukey’s HSD).

To isolate the solid portion from the influence of the 
lattice structure dimensional deviations, the first meas-
urement of the width and depth was analyzed separately 
from the remaining measurements for each sample. It 
was found that there is a difference between the average 
first measurements and the remaining measurements 
for the width and depth dimensions for both Laser 1 and 
EBM groups (Fig.  2B). The Laser 1 measurements for 
width and depth showed a very small difference between 
the averages with all averages for solid and lattice below 
0.1 mm. However, the EBM groups had the largest aver-
age dimensional difference between the solid and lattice 
components. For the width dimension, the solid was less 
than 0.05  mm above the nominal value while the lat-
tice portion had greater than 0.5 mm average difference 
above the nominal. In the depth dimension, the solid 
portion was farther from the nominal than the other 
solid groups, but the lattice portion was approximately 
0.75 mm greater than the nominal.

Images were taken of the top and the side of each sam-
ple (Fig.  1) using a HiRox Microscope and the lattice 
regions were evaluated for pore area using ImageJ. Data 
was quantified relative to the respective designed pore 
area for each group by subtracting the nominal designed 
pore area from the experimental value (Fig. 3A). Trends 
in the data show the pores tend to be smaller than the 
designed geometry, and EBM test groups show large vari-
ability in pore size for both the top face and the side face 
of the lattice coupons.

Three samples of each group were evaluated using a 
microCT system. Strut thickness values were quanti-
fied relative to the designed strut thickness for the cor-
responding group (Fig. 3B). Results indicate the average 
strut diameter was smaller than the nominal design, 
however, the variability was relatively consistent between 
all groups.

As shown in Fig.  4, there are visible structural differ-
ences in the lattice coupon between the two printing 
methods when the same design file was printed. It is 
important to note that there were challenges in analyz-
ing pore area in the EBM samples when using the non-
destructive visual assessments shown in Fig. 3A.

Additional samples were created to evaluate the effect 
of relative density on dimensional variability. Samples 

Fig. 2  External coupon dimensions were quantified relative to the nominal by subtracting the nominal design values for length (22 mm), width 
(9 mm) and depth (8 mm) from the caliper measurements. A The average nominal values of all groups combined (n = 40) (i), the comparison 
between the frame and no frame groups (n = 20) (ii), and the post-HIP comparison between the frame and no frame groups (n = 10) (iii) are shown. 
Legend labels with “frame” refer to samples containing a frame. B External dimensions were also compared between the solid portion and the 
lattice portion of each sample



Page 7 of 13Snodderly et al. 3D Printing in Medicine            (2022) 8:14 	

were designed with varying relative densities (15%, 25%, 
35%, 45%) and manufactured on a separate laser system 
(Laser 2) than the Laser 1 samples discussed previously. 
However, similar measurement techniques were applied 
to these samples. External length, width, and depth 
measurements were obtained for each relative density 
and quantified relative to the respective nominal dimen-
sion: length = 22  mm, width = 9  mm, depth = 8  mm 
(Fig.  5A(i)) by subtracting the nominal. There was a 

statistically significant difference in the length dimen-
sions when the different relative densities were com-
pared (p < 0.05, ANOVA). However, post-hoc analysis of 
as-printed samples only showed a statistical difference 
between the 15% and 35% length dimensions (p = 0.03, 
Tukey’s HSD).

To evaluate the influence of the HIP process on 
dimensional variability, length, width, and depth meas-
urements were again obtained (Fig.  5A(ii)). There was 

Fig. 3  The pore area (A) was measured using optical imaging and ImageJ, and the strut diameter (B) was measured using micro-computed 
tomography

Fig. 4  SEM Images of the same coupon design printed with the Laser 1 and EBM systems
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a statistically significant difference for all three dimen-
sions as a function of relative density. For the length 
dimension, the 15% and 25% RD samples did not show 
a statistically significant difference in the Tukey’s HSD 
analysis (p = 0.053, Tukey’s HSD), while all other length 
comparisons were statistically significant (p < 0.05, 
Tukey’s HSD). When comparing the width dimen-
sion, there was not a statistically significant difference 
between the 15% and 25%, 15% and 35%, and the 25% 
and 35% groups (p > 0.05, Tukey’s HSD). For the depth 
measurements, there was not a statistically significant 
difference between the 25% and 35% and the 35% and 
45% groups (p > 0.05, Tukey’s HSD).

Trends for these samples mimicked those of the as-
printed samples. When comparing the HIP dimensions 
to the as-printed state, there were no statistically signifi-
cant differences found (p > 0.05, ANOVA). However, the 
length measurements appeared to cluster more closely 
to the nominal in the HIP state (< 0.2 mm) than the as-
printed state (< 0.4 mm).

Similar to the printing method groups shown previ-
ously, data was compiled into two additional groups: the 
first measurement from each sample and the remaining 
measurements for each sample to represent the solid 
portion and the lattice portion of the sample, respec-
tively. Width and depth measurements were obtained, 

Fig. 5  The effect of relative density on coupon dimensions was also examined. External dimensions were measured and subtracted from the 
nominal values for length (22 mm), width (9 mm) and depth (8 mm). A The average nominal values of all as-printed groups (n = 10) (i) and the 
average nominal values of the post-HIP groups (n = 5) (ii) are shown. B External dimensions were also compared between the solid portion of the 
sample and the lattice portion. C The pore area was measured using optical imaging and ImageJ, and (D) the strut diameter was measured using 
micro-computed tomography
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and it appeared that there is a visible difference between 
the solid and lattice measurements for width and depth 
measurements for all relative densities (Fig. 5B) with the 
solids closer to nominal, the width larger than nominal, 
and the depth smaller than nominal.

The top and the side of each sample were imaged, and 
ImageJ was used to evaluate pore size. Data was quanti-
fied compared to the designed pore area for each group 
(Fig. 5C). Trends in the data show that the pores tend to 
be larger than the designed geometry, but the variability 
in pore size for both the top face and the side face of the 
lattice coupons did not appear to vary between relative 
density groups.

Three samples of each group were evaluated using 
a microCT system to quantify the average strut thick-
ness values of each sample. Strut thickness values were 
normalized to the designed strut thickness for the cor-
responding group (Fig.  5D). Results indicate that the 
average strut diameter was smaller than the nominal 
designs for each relative density. However, the dimen-
sional variability appeared to be consistent across groups 
whether the samples were as-printed or post-HIP.

As shown in Fig.  6, there are visible structural differ-
ences in the lattice coupon with varying relative densi-
ties. Despite these visible differences, there is little effect 
in the measured lattice parameters (Fig.  5) relative to 
the nominal and compared for differences in variability 
across all relative density groups.

As stated previously, this analysis began with non-
destructive testing to evaluate assessment methods 
that maintained the structural integrity of each sample. 
However, due to the conflicting results shown in Figs. 2 
and 3, a different and destructive test method (ASTM 
F1854-15 “Standard Test Method for Stereological Evalu-
ation of Porous Coatings on Medical Implants”) was also 
used. Cylindrical lattice coupons were evaluated using 
the microCT method and subsequently the ASTM F1854 
method allowing the strut thickness measurements to be 
compared for the same samples.

A frequency graph of the difference between the ASTM 
F1854-15 values and the microCT values are shown in 
Fig.  7. It was found that the ASTM F1854-15 method 
gave consistently higher strut diameter values. The aver-
age difference between the two methods is 62.9 μm with 
a maximum difference of 138.4 μm.

Discussion
This study used test coupons representative of an 
intervertebral body fusion device, often known as a spinal 
fusion cage. Aim 1 investigated the effect of design and 
3DP technology type by assessing framed and frameless 
lattice spine cage coupons made using laser and electron 
beam powder bed fusion and the effect of hot isostatic 

press post processing. Aim 2 assessed the effect of the 
lattice relative density for four different densities on the 
dimensional variability of bulk and lattice dimensions 
and the effect of hot isostatic press post processing. Aim 
3 further investigated the challenges of measuring 3DP 
lattices and assessed strut thicknesses using microCT 
and optical measurement techniques.

In Aim 1, results showed differences between printed 
parts and design files where external dimensions var-
ied up to 700  μm from the nominal. 3DP coupons cre-
ated using PBF-LB varied by less than 0.2 mm from the 
nominal designed values. Samples created by EBM var-
ied between 0.4 mm and 0.7 mm from the nominal value. 
These results are consistent with those found in literature 
as the Laser 1 measurements were below and the EBM 
measurements were in line with the maximum average 
deviation of nearly 0.7  mm from nominal reported for 
PBF-LB 316 stainless steel [5]. However, the addition of 
a frame did not show a closer dimensional relationship 
with the nominal value.

External dimensions were also assessed after a post 
processing method known as hot isostatic pressing which 
involves high temperature and pressure to consolidate 
internal voids and relieve internal stresses. It is unlikely 
that the consolidation of internal voids will have a signifi-
cant effect on external dimensions, but relieving inter-
nal stresses may affect dimensional stability [21]. It was 
found that post processing these samples via hot isostatic 
press appeared to create a statistically significant differ-
ence in most part dimensions with the largest difference 
seen in the Laser 1 length measurements with a differ-
ence of 150 μm. The significant change in length for the 
Laser 1 samples was an interesting finding that was not 
seen in the EBM samples and may be related to build 
parameters or differences in material relaxation post-HIP. 
In some medical devices, such as those that remain static, 
a difference of 150  μm may not be a clinically relevant 
deviation, however, in articulating devices with specified 
tolerancing or devices that need to mate with other com-
ponents, this difference could be problematic.

When compared to the solid portions, lattice sections 
of the EBM samples generally deviated farther from nom-
inal than the PBF-LB samples with maximum deviations 
of more than 0.75 mm and less than 0.1 mm, respectively. 
These results indicate that, at the current print conditions 
for the 3DP systems used, the incorporation of lattice 
structure in general has an increased effect on the exter-
nal dimensional variability of the EBM lattice coupons 
compared to the solid portions. As seen in Fig. 3, Laser 
1 samples appeared to have different pore areas based on 
the viewed orientation of the sample. This could poten-
tially be due to differences in pore shape as a result of 
build parameters. Additionally, the lack of clearly defined 
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struts for the EBM lattice samples is likely a contributing 
factor to the high dimensional variability for the lattice 
pore area and strut diameter measurements.

These differences between the Laser 1 and EBM sam-
ples are not wholly unexpected given the differences in 
the 3DP technologies. While the exact performance of a 
3DP system is dependent on the make and model, there 
are published differences between EBM and PBF-LB 
technologies [22]. In that review article, key process dif-
ferences were noted: PBF-LB have laser powers ranging 
from 200 – 1000 W in an inert gas atmosphere operating 

at 100 – 200 °C while EBM utilizes an electron beam of 
3000 W under vacuum operating at 700 – 900 °C. These 
build parameter differences coupled with different feed 
stock size leads to EBM generally having a much larger 
melt pool and surface roughness than PBF-LB while 
maintaining a faster build rate [22]. With the difference in 
melt pool size, beam power, and operating temperatures 
the difference in dimensional variability, both in magni-
tude and in lattice/solid difference, is not surprising.

Analyzing the combined results from Figs.  2 and 3 
(external dimensions, pore area, etc.), it was unexpected 

Fig. 6  SEM Images of the varying relative densities (RD) printed with the Laser 2 system
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that the strut diameter would be smaller than the 
designed value given that the average pore area is below 
the nominal and the external dimension are mainly 
above the nominal. With a smaller pore area, it would be 
expected that the strut diameters would be larger than 
the nominal to compensate. These results indicate a pos-
sible need for further investigation into the assessment 
methods. Currently, non-destructive assessment tech-
niques have been used for all measurements, but com-
bining measurement results indicates that one of the sets 
of measurements may be inconsistent. Given the macro 
dimensions were obtained using calibrated calipers, it 
is reasonable that either the pore area or strut diameter 
measurements may be the source of this inconsistency. 
This led to a more detailed investigation of existing strut 
diameter measurement methods which is discussed in 
Aim 3.

Direct comparisons between laser and EBM samples 
were not conducted due to the limitations that result 
from commercial sourcing of samples. Potential advances 
in technology, software and controls, and printing 
mechanisms could provide sources of variation between 
PBF-LB and EBM printing methodologies. Additionally, 
specific print parameters, such as build orientation, were 
not provided from all commercial sources rendering 
direct comparisons impractical.

In Aim 2, results indicated that relative density gener-
ally had little impact on the external dimensional varia-
bility for the width and depth dimensions of as-printed 
samples as shown in Fig.  5A(i) with only one statisti-
cally significant difference observed between two of the 
relative density groups for the length dimension. This 
generally implies that once the dimensional variability 

of a lattice structure has been established it is unlikely 
that altering the relative density will change the overall 
external dimensions.

Statistically significant differences were found after 
the HIP process compared to the as-printed state. 
Interestingly, part lengths were decreased by 150–
200  μm for all relative density groups which is similar 
to the post-HIP length changes seen in Aim 1. These 
results are interesting because a similar decrease was 
seen across two different manufacturers which could 
be due to similar build parameters or stress relaxation 
after the HIP process. As previously mentioned, this 
dimensional change could be significant in some medi-
cal device applications.

When compared to the lattice portions of the samples, 
the solid base sections of the Laser 2 samples appear to be 
less prone to dimensional variability. This was observed 
for all relative densities with a slight convergence in lat-
tice dimensions as the relative density increases. As seen 
in Fig. 6, with increasing relative density, the edge of the 
lattice became flatter. This is likely responsible for the 
change in lattice behavior seen in Fig. 5B.

A confounding measurement in the pore sizes was 
observed in Fig. 5C as the pore values were consistently 
above the nominal for Laser 2 samples. This is not con-
sistent with the trends observed in Fig.  3A where pore 
sizes generally trended below the nominal for Laser 1 and 
EBM samples. While this could be due to differences in 
the 3DP technology, the authors hypothesize that this 
may be due to difference in build parameter optimiza-
tions for this given feature size. This underscores the 
need to investigate the effect of build parameters on lat-
tice dimensions.

Throughout this study, discrepancies in strut thick-
ness values were found based on measurement method. 
Aim 3 sought to assess the difference in measured strut 
diameter between two commonly used evaluation meth-
ods. The difference in strut diameter measurements of 
the same samples varied between microCT and ASTM 
F1854-15 by as much as 138.4  μm, a 40.6% difference. 
This raises serious questions of strut thickness fidelity 
when evaluating struts in the 200–300 μm range as this 
deviation could be up to 50% of the nominal strut thick-
ness. This large deviation indicates that the commonly 
used and widely accepted assessment methods may not 
correspond as they do not produce the same or even 
similar measured values. A consequence of this finding is 
that the dimensional inconsistencies seen in Figs. 2 and 
3 could be explained by divergence microCT measure-
ments of the strut thickness from established stereologi-
cal methods. This indicates a need for standardization of 
more robust evaluation and quantification tools to ensure 
accurate dimensional results for 3DP lattices.

Fig. 7  A frequency graph of the additional lattice samples that 
were used to compare measured strut diameter for the microCT 
(μCT) method to the ASTM F1854-15 standard. MicroCT results were 
subtracted from ASTM F1854-15 standard, differences were classified 
into 25 μm bins
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Conclusion
Based on the results and discussion of the two parts of 
this work, there were a number of conclusions. 3DP cou-
pons created by both PBF-LB and EBM differed from the 
nominal design for both bulk and lattice measurements. 
The addition of a frame did not show a closer dimen-
sional relationship with the nominal value for either the 
PBF-LB and EBM samples. Post processing these sam-
ples via hot isostatic press appeared to impact the length 
dimensions more than any other dimension for PBF-LB 
samples which was observed in both parts of this study.

Additionally, lattice portions of the EBM samples 
showed larger dimensional deviations than the solid base 
when compared to nominal. Varying relative density 
had little impact on the external dimensional variability 
for the as-printed state for width and depth dimension 
(p > 0.05) but did have a statistically significant impact 
on the length dimension (p < 0.05). A divergence in strut 
thicknesses, up to 40.6%, was found between microCT 
and ASTM F1854-15 which indicates the need for a more 
robust lattice measurement protocol.

Overall, it should be noted that the 3D Printed parts 
can deviate from the nominal design and post processing 
may produce varying dimensional outcomes. Part toler-
ancing and device application should be considered when 
designing specific lattice-containing medical devices.

Abbreviations
3DP: 3-Dimensional Printing; AM: Additive Manufacturing; DT: Direct Transfor-
mation; EBM: Electron Beam Melting; HIP: Hot isostatic press; PBF-LB: Laser-
based powder bed fusion; SEM: Scanning electron microscopy; μCT/microCT: 
Micro computed tomography.

Acknowledgements
The authors would like to acknowledge Dr. Shiril Sivan, US Food and Drug 
Administration, for taking SEM images of our samples and Dr. Angela Jones, 
University of Maryland Fischell Department of Bioengineering, for her mentor-
ship and constructive feedback during the initial stages of this work. This 
research was supported in part by an appointment to the Research Participa-
tion Program at the Center for Devices and Radiological Health administered 
by the Oak Ridge Institute for Science and Education through an interagency 
agreement between the U.S. Department of Energy and the U.S. Food and 
Drug Administration. Additionally, personnel support was provided in part by 
Chenega Professional Services through a contract with the U.S. Food and Drug 
Administration.

Author contributions
K.S., A.P, D.P., and M.D. designed the study. K.S. performed the bulk of the 
research and wrote the main manuscript. M.F. performed the statistical data 
analysis and wrote that part of the methods section. Y.B. performed uCT 
measurements and wrote that part of the methods section. A.P. designed the 
specimens and wrote that part of the methods section. A.B and L.G. designed 
and built the supplemental lattice coupons. D.P., M.F., and M.D. edited the 
manuscript. All authors reviewed the manuscript. The author(s) read and 
approved the final manuscript.

Funding
This project was funded internally by the US Food and Drug Administration the 
Center for Devices and Radiological Health Critical Path Initiative. Work between the 
US FDA and EOS was performed under a Research Collaboration Agreement.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing Interests
The authors declare that they have no competing interests.

Author details
1 US Food and Drug Administration, White Oak, Silver Spring, Maryland, USA. 
2 Chenega Professional Services, Anchorage, Alaska, USA. 3 Oak Ridge Institute 
for Science and Education, Oak Ridge, TN, USA. 4 EOS North America, Novi, MI, 
USA. 

Received: 21 December 2021   Accepted: 23 April 2022

References
	1.	 Di Prima M, Coburn J, Hwang D, Kelly J, Khairuzzaman A, Ricles L. Addi-

tively manufactured medical products–the FDA perspective. 3D print 
me. 2016;2(1):1–6.

	2.	 Technical Considerations for Additive Manufactured Medical Devices. 
In: Research UFaDACfDaRHaCfBEa, editor. https://​www.​fda.​gov/​regul​
atory-​infor​mation/​search-​fda-​guida​nce-​docum​ents/​techn​ical-​consi​
derat​ions-​addit​ive-​manuf​actur​ed-​medic​al-​devic​es2017.

	3.	 Ricles LM, Coburn JC, Di Prima M, Oh SS. Regulating 3D-printed medi-
cal products. Sci transl med. 2018;10(461):eaan6521.

	4.	 Makes AAMSC. Standardization Roadmap for Additive Manufacturing-
Version 2.0. Am Makes ANSI Addit Manuf Stand Collab. 2018;2:1–203.

	5.	 Lieneke T, Adam G, Leuders S, Knoop F, Josupeit S, Delfs P, et al. System-
atical determination of tolerances for additive manufacturing by meas-
uring linear dimensions. Austin, Texas, USA: 26th Annual International 
Solid Freeform Fabrication Symposium; 2015.

	6.	 Lieneke T, Denzer V, Adam GA, Zimmer D. Dimensional tolerances for 
additive manufacturing: Experimental investigation for Fused Deposi-
tion Modeling. Procedia CIRP. 2016;43:286–91.

	7.	 Rupal BS, Anwer N, Secanell M, Qureshi AJ. Geometric tolerance and 
manufacturing assemblability estimation of metal additive manufac-
turing (AM) processes. Mater Des. 2020;194: 108842.

	8.	 Dantan J-Y, Huang Z, Goka E, Homri L, Etienne A, Bonnet N, et al. Geo-
metrical variations management for additive manufactured product. 
CIRP Ann. 2017;66(1):161–4.

	9.	 Zuowei Z, Keimasi S, Anwer N, Mathieu L, Lihong Q. Review of shape 
deviation modeling for additive manufacturing. Advances on Mechan-
ics, Design Engineering and Manufacturing: Springer; 2017. p. 241–50.

	10.	 Cheng L, Tsung F, Wang A. A statistical transfer learning perspective for 
modeling shape deviations in additive manufacturing. IEEE Robotics 
and Automation Letters. 2017;2(4):1988–93.

	11.	 Brajlih T, Valentan B, Balic J and Drstvensek I. Speed and accuracy 
evaluation of additive manufacturing machines. Rapid Prototyping J. 
2011;17(1):64–75.

	12.	 Minetola P, Calignano F, Galati M. Comparing geometric tolerance 
capabilities of additive manufacturing systems for polymers. Addit Manuf. 
2020;32: 101103.

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/technical-considerations-additive-manufactured-medical-devices2017
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/technical-considerations-additive-manufactured-medical-devices2017
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/technical-considerations-additive-manufactured-medical-devices2017


Page 13 of 13Snodderly et al. 3D Printing in Medicine            (2022) 8:14 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	13.	 Fotovvati B, Asadi E. Size effects on geometrical accuracy for addi-
tive manufacturing of Ti-6Al-4V ELI parts. The International Journal of 
Advanced Manufacturing Technology. 2019;104(5):2951–9.

	14.	 Moroni G, Syam WP, Petro S. Towards early estimation of part accuracy in 
additive manufacturing. Procedia CIRP. 2014;21:300–5.

	15.	 Toth T, Hudak R, Zivcak J. Dimensional verification and quality control 
of implants produced by additive manufacturing. Quality Innovation 
Prosperity. 2015;19(1):9–21.

	16.	 Jin SJ, Kim DY, Kim JH, Kim WC. Accuracy of Dental Replica Models Using 
Photopolymer Materials in Additive Manufacturing: In Vitro Three-Dimen-
sional Evaluation. J Prosthodont. 2019;28(2):e557–62.

	17.	 Salmi M, Paloheimo K-S, Tuomi J, Wolff J, Mäkitie A. Accuracy of medical 
models made by additive manufacturing (rapid manufacturing). Journal 
of Cranio-Maxillofacial Surgery. 2013;41(7):603–9.

	18.	 Navarro J, Din M, Janes ME, Swayambunathan J, Fisher JP and Dreher ML. 
Effect of print orientation on microstructural features and mechanical 
properties of 3D porous structures printed with continuous digital light 
processing. Rapid Prototyping J. 2019;25(6):1017–29.

	19.	 Wang MO, Piard CM, Melchiorri A, Dreher ML, Fisher JP. Evaluat-
ing changes in structure and cytotoxicity during in vitro degrada-
tion of three-dimensional printed scaffolds. Tissue Eng Part A. 
2015;21(9–10):1642–53.

	20.	 Shipley H, McDonnell D, Culleton M, Coull R, Lupoi R, O’Donnell G, et al. 
Optimisation of process parameters to address fundamental challenges 
during selective laser melting of Ti-6Al-4V: A review. Int J Mach Tools 
Manuf. 2018;128:1–20.

	21.	 Du Plessis A, Yelamanchi B, Fischer C, Miller J, Beamer C, Rogers K, et al. 
Productivity enhancement of laser powder bed fusion using com-
pensated shelled geometries and hot isostatic pressing. Advances in 
Industrial and Manufacturing Engineering. 2021;2: 100031.

	22.	 Bhavar V, Kattire P, Patil V, Khot S, Gujar K, Singh R. A review on powder 
bed fusion technology of metal additive manufacturing. Additive manu-
facturing handbook; 2017. p. 251–253.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Dimensional variability characterization of additively manufactured lattice coupons
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Sample generation
	Experimental groups
	Bulk measurements: caliper measurements
	Lattice measurements: optical imaging
	Lattice measurements: pore area analysis
	Lattice measurements: strut thickness analysis—micro-computer tomography (μCT)
	Lattice measurements: strut thickness analysis—stereological evaluation
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	References


