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Featured Application: The investigations presented in this paper support the engineers in set-
ting the nominal values of the diameters of directly 3D-printed holes, and in establishing the
values of the 3D printing process parameter. The analysis of the factors which could impact the
dimensional accuracy and repeatability of the holes provides practical information related to the
3D printing production delocalization which presupposes the use of different 3D printers, slic-
ers, and materials.

Abstract: This paper investigates the impact of several factors related to manufacturing, design,
and post-processing on the dimensional accuracy of holes built in the additively manufactured
parts obtained by material extrusion process (MEX). Directly fabricated holes in the 3D prints are
commonly used for joining with other parts by means of mechanical fasteners, thus producing
assemblies or larger parts, or have other functional purposes such as guiding the drill in the case of
patient-personalized surgical guides. However, despite their spread use and importance, the rela-
tionship between the 3D-printed holes” accuracy and printing settings is not well documented in
the literature. Therefore, in this research, test parts were manufactured by varying the number of
shells, printing speed, layer thickness, and axis orientation angles for evaluating their effect on the
dimensional accuracy of holes of different diameters. In the same context of limited existing in-
formation, the influence of material, 3D printer, and slicing software is also investigated for de-
termining the dimensional accuracy of hole-type features across different manufacturing sites, a
highly relevant aspect when using MEX to produce spare or end-use parts in a delocalized pro-
duction paradigm. The results of this study indicated that the layer thickness is the most relevant
influence factor for the diameter accuracy, followed by the number of shells around the holes.
Considering the tested values, the optimal set of values found as optimizing the accuracy and
printing time was 0.2 mm layer thickness, two shells, and 50 mm/s printing speed for the straight
holes. Data on the prints manufactured on different MEX equipment and slicers indicated no
statistically significant difference between the diameters of the holes. The evaluation of 3D-printed
polylactic acid test parts mimicking a surgical template device with inclined holes showed that the
medical decontamination process had more impact on the holes” dimensional variability than on
their dimensional accuracy.

Keywords: 3D printing; holes; process parameters; medical decontamination; dimensional accu-
racy; dimensional repeatability
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1. Introduction

The ability to produce parts that meet the quality standards in terms of form and
dimensional accuracy, stability, and repeatability is a critical aspect for any manufactur-
ing technology. In this sense, additive manufacturing (AM) is not an exception consid-
ering the current trend towards using AM as a cost-effective, complementary solution to
the traditional manufacturing technologies when it comes to mass customization pro-
duction [1,2]. A shorter and less complex supply chain is another advantage of the AM
technology [3], the implementation of the on-demand and delocalized production strat-
egies by means of material extrusion-based AM process (MEX) recently proving its ben-
efits [4,5]. However, there remain aspects related to the use of MEX for functional appli-
cations that require more investigation as the 3D prints mechanical properties, surfaces
quality and accuracy strongly depend on parts design and process parameters settings
[6]. Hence, researchers remain interested in analyzing by experimental and numerical
methods, the influence of MEX parameters on different characteristics of prints, as well as
in optimizing the manufacturing settings for different uses and work conditions [7-9]. In
this regard, one of the aims of the current research is to investigate the dependency be-
tween the accuracy and repeatability of hole-type features and MEX process parameters,
a topic not commonly addressed in the literature. This aspect is relevant as many
3D-printed parts include directly manufactured holes for accommodating mechanical
fasteners or bushings that allow joining with other parts for producing assemblies or
larger parts [10]. Moreover, the directly fabricated thru-holes are a common functional
feature of the 3D-printed surgical guides [11,12], with their dimensional accuracy and
stability after medical decontamination also being important.

The accuracy and repeatability of geometrical features in the AM field are assessed
by benchmarking between processes [11,13,14], and by varying the process parameters
values and evaluating their effect on the dimensional error of test parts manufactured
using diverse AM processes [15-18]. However, not many studies have addressed the ef-
fect of MEX parameter settings and axis orientation angles on the holes accuracy, despite
these features seeing extended use across various domains. Zhu et al. [19] studied the
extrusion and platform temperatures, layer thickness, and print speed for a polylactic
acid (PLA) cylindrical test part with a hole, optimizing the manufacturing settings from
the perspective of the part shrinkage. Herath et al. [20] noted the difficulty of finding an
optimal parameters combination that allow obtaining accurate prints (test part included
both holes and rectangular features) when printing with relatively thick layers (0.3 mm).
Holes with diameters of 13 and 25 mm were considered in [20], where analyzed param-
eters were the number of shells, infill pattern, cooling rate, extrusion temperature and
printing speed. Hernandez et al. [21] experimentally showed that the shell thickness, part
size and printing speed correlates with the dimensional error, for instance, the smaller
the hole’ size the larger the mean dimensional deviation. Knoop et al. [22] noted that the
holes with diameters less than 18 mm are 3D-printed undersized, and that the air gap
parameter is not significantly influencing the holes dimensional error. Further analysis of
the literature in the field showed limited existing knowledge on the effect of process pa-
rameters on the accuracy of directly 3D-printed holes of different diameters and axis
orientations—in all the aforementioned research the holes were built with vertical axes.
Layer thickness, printing speed, number of shells, and hole axis orientations were the
parameters selected in the current study as having the potential of influencing the di-
mensional accuracy, at the same time affecting the printing time; with a tradeoff between
the dimensional accuracy and manufacturing time and cost being often required. The
most influential of these factors was searched for. Moreover, as no research was found on
the dimensional accuracy of holes across different materials, 3D printers, and slicers, this
aspect was also investigated as being meaningful for the delocalized production ap-
proach where the same stl file of a part is sent for 3D printing in different manufacturing
sites that are using diverse equipment and slicing software, raising the question if the
achieved accuracies are comparable. Another objective of the research was to understand
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if the medical decontamination process had influenced the accuracy on the directly
3D-printed holes. Thus, 3D printing points-of-care (3DP-POCs), space, or other remote
zones can be some of the beneficiaries of the results of this research, as locations in which
the production of customized parts, spare parts, or low-volume parts takes place [5,23],
with the manufacturing accuracy-related knowledge being relevant for obtaining reliable
products.

2. Materials and Methods
Two sets of experiments were conducted, for which two types of test parts were

manufactured (Figure 1).

Experiment 1 —test part 1

DOE {Best parameters settings '

3 process parameters = 5 manufacturing facilities (4
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+ Layer thickness (2 levels) materials)
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Experiment 2 — test part 2

Figure 1. Schematic representation of the research methodology.

The first experiment focused on evaluating the influence of three 3DP process pa-
rameters on the straight thru-holes dimensional accuracy, and on determining the most
influential factor and the optimal set of parameters. The test parts were built in different
manufacturing sites using two PLA materials from different producers (denoted PLA 1
from Devil Design Sp. J., PL, and PLA 2 from Formfutura BV, NL) and ABS material
(Stratasys, Inc., Austin, TX, USA) on five 3D printers by using four slicing software
(Prusa Replica/Prusa extruder/Prusa slicer/PLA 1; Original Prusa i3mk3s+/direct drive
extruder/Prusa slicer/PLA 1; Creality CR10/MKS8 extruder/Cura Ultimaker slicer/PLA 1;
Creality Ender 3/BIQU H2 extruder/Simplify3d slicer/PLA 2; Mojo 3D printer/Print
Wizard slicer/ABS). The purpose was to investigate if the selection of a certain material,
equipment or slicer is influencing the dimensional accuracy of 3D-printed straight holes.
Thus, the first experiment was meant to answer two research questions: What is the most
influential process parameter for the 3D-printed straight holes dimensional accuracy?
Does the use of different 3D printers, materials and slicers impact the holes dimensional
accuracy?

The results of the first experiment were used in the second one in which 3D-printed
PLA test parts mimicking a surgical drill guide with inclined holes were manufactured.
The dimensional accuracies of the guide’s holes before and after a post-processing pro-
cess typical for the medical applications (i.e., decontamination by cleaning, washing and
cold plasma sterilization) were compared. This experiment answered the following
question: Are the accuracy and repeatability of the directly 3D-printed holes preserved
after the medical decontamination process?
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2.1. Experiment 1: The Influence of 3DP Parameters, Equipment and Slicer on Holes” Dimensional
Accuracy

The test part for experiment 1 included fifteen straight counterbore holes with di-
ameters of 6 mm, 8§ mm, and 10 mm (ten of each) in different combinations (Figure 2).
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Figure 2. 3D CAD model of test part 1 (a); Example of a test part with counterbore vertical axis
holes for the experiment 1 (specimen 16) (b).

Table 1 lists the values of the process parameters used in the full factorial design of
experiment, as well as the main 3DP parameters kept constant during the specimens
manufacturing (all the other parameters had their default values set in the
above-mentioned slicers). The levels selected for the printing parameters were based on
the default values in Cura for those parameters, and then by taking into account the
printing time simulated in the slicer for each parameter combination. As mentioned, a
compromise between accuracy and printing time is usually considered by the designers.

Table 1. 3DP parameter settings for the specimens built in experiment 1.

Variable 3DP Parameters

Specimen No. of Layer Thickness Printing Speed Fixed 3DP Parameters
Shells (mm) (mm/s)
1 2 0.2 30
2 2 0.2 50 Diameter of filament: 1.75 mm
3 2 0.2 65 Extrusion temperature: 215 °C
4 3 0.2 30 Bed temperature: 60 °C
5 3 0.2 50 Infill density: 15%
6 3 0.2 65 Infill pattern: gyroid
7 2 0.32 30 No adhesion
8 2 0.32 50 Flow rate: 100%
9 2 0.32 65 Fan speed: 100%
10 3 0.32 30 Top/bottom: 2 layers
11 3 0.32 50 Line width: 0.45 mm
12 3 0.32 65

Firstly, twelve specimens were built, in a random order, on Prusa Replica 3D printer
using Prusa Slicer (manufacturing site 1) and PLA 1 material, and each hole diameter was
measured two times using an inside micrometer (see the Supplementary Material) on one
side of the part (15 diameters) and then on the other side (15 diameters). Then, the com-
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bination of parameter levels that provided the best accuracy was used for manufacturing
three more similar tests parts from PLA 1 and PLA 2 in three other manufacturing sites.
Before 3DP the test parts, the first four mentioned printers were calibrated using a cali-
bration cube. Additionally, the same test part 1 was also manufactured on a Mojo 3D
printer (Stratasys Inc., USA) using the Print Wizard slicer, ABS material, and the default
settings and spare infill density set in this proprietary slicing software; manufacturing
site 5 (specimen 16, Figure 2). In total, sixteen test parts with 30 holes each were built for
the experiment 1 (summarized in Table 2).

Table 2. Test parts built in different manufacturing sites.

Manufacturing Site 3D Printer Slicer Material No. of Test Parts
1 Prusa Replica Prusa PLA1 12
2 Original Prusa i3 Prusa PLA1 1 (specimen 13)
3 Creality CR10 Cura PLA1 1 (specimen 14)
4 Ender 3 Simplify3d PLA 2 1 (specimen 15)
5 Mojo Print Wizard ABS 1 (specimen 16)

2.2. Experiment 2: Surgical Drill Guide Holes” Dimensional Accuracy and Repeatability

The second test part mimicked an orthopedic surgical drill guide included three
rows of cylinders with axes oriented at 5°, 10°, and 15° relative to the horizontal plane,
and with holes of 2.3 mm (for the K-wires), 4.5 mm, and 6.5 mm diameter (Figure 3a).
Such guides are used by the orthopedic surgeons to pre-drill the screws holes before
performing an osteotomy [24], the range of diameters selected for this test part being
typical for such an application. These parts were 3D-printed in the manufacturing site 2
which provided the best dimensional accuracy according to the outcomes of experiment
1.

Row 1 at 15°
(a) (b)

Figure 3. Test part 2 with holes of 2.3 mm, 4.5 mm, and 6.5 mm in diameter (holes axes angles of 5°,
10° and 15°): (a) virtual model, (b) pass-no pass test on the physical model.

Row 2 at 10°

As the results of the experiment 1 also offered information on the less significant in-
fluence factor (meaning the printing speed), the levels for this factor were removed in
experiment 2, and four specimens were 3D-printed by setting two values for the layer
thickness and two values for number of shells (Table 3). As the layer thickness was found
as correlating with the holes” diameter accuracy, a smaller layer thickness (0.1 mm) was
added as a level in the design of experiments. At the same time, the selected values were
in accordance with previous research on MEX settings to provide the best sealing against
disinfectants infiltration [8]. For the test part 2, the infill density was set to 70%, a value
that provides the required strength for the drill guiding cylinders [25]. The printing
speed was set to 50 mm/s. This experiment purpose was to evaluate the combined in-
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fluence of process parameter settings and medical decontamination process on the di-
mensional accuracy and repeatability of the test part with inclined holes.

Table 3. 3DP process parameters in experiment 2.

Specimen Layer Thickness (mm) No. of Shells
17 0.1 2
18 0.1 3
19 0.2 2
20 0.2 3

The medical decontamination process consisted in soaking the test parts into Ani-
osyme XL3 (Ecolab, Saint Paul, MN, USA) for 15 min, followed by rinsing with water and
immersion in Sekusept (Laboratories Lezennes, Lezennes, France, Fr) for another 15 min,
followed by rinsing with water, drying, and hydrogen peroxide gas plasma sterilization
using Sterrad equipment for 45 min cycle program at 134 °C and 0.223 MPa (2.2 atm) [8].
Only one cycle of decontamination was set as the 3D-printed surgical guides are pa-
tient-customized, and therefore they are used one time for one patient.

For measuring the holes diameters, sets of calibration pin gauges with increments of
0.001 mm (Figure 3b) were used before and after the medical decontamination.

3. Results and Discussion
3.1. Results of the Experiment 1

Table 4 presents the mean values of the straight holes” diameters, as well as infor-
mation on the printing time for each specimen (provided by the Prusa slicer). The mean
diameter for each group of diameters (6 mm, 8 mm, and 10 mm) was calculated based on
the caliper measurements for each of the twelve test parts. The dimensional errors were
calculated as the difference between the nominal values of the holes and the means of
their measured values, for each test part.

Table 4. Results of the experiment 1: diameters’ mean values and printing times.

Specimen

10 mm Holes—Mean 8 mm Holes—Mean 6 mm Holes—Mean Printing Dimensional Error

Diameter Diameter Diameter Time (mm)
1 9.866 7.873 5.876 2 h 44 min 0.134
2 9.864 7.868 5.844 2 h 26 min 0.136
3 9.837 7.840 5.824 2 h 25 min 0.163
4 9.800 7.803 5.816 3h 7 min 0.200
5 9.812 7.809 5.785 2 h 42 min 0.188
6 9.826 7.778 5.762 2 h 36 min 0.174
7 9.784 7.750 5.753 2h 0.216
8 9.774 7.727 5.734 1 h 51 min 0.226
9 9.758 7.728 5.688 1 h 48 min 0.242
10 9.734 7.698 5.681 2h 12 min 0.266
11 9.718 7.683 5.639 1 h 58 min 0.282
12 9.708 7.667 5.630 1 h 54 min 0.292

For investigating the statistical significance of the effects of process parameters on
each analyzed diameter, balanced analysis of variance (ANOVA) was performed. The
results presented in Table 5 showed that for each group of diameters. The most important
factor of influence is the layer thickness, followed by the number of shells and the print-
ing speed. The confidence interval was 95%. Regarding the latter parameter, the p-value
for the largest diameter indicated that printing speed does not significantly influence the
10 mm holes accuracy. However, the printing speed does influence the accuracy of the 8
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mm and 6 mm diameter holes, despite being less relevant than the layer thickness and
number of shells.

Table 5. ANOVA results for holes” mean diameters response.

Source DF SS MS F-Value p-Value
Analysis of Variance for 10 mm diameter
Shells 1 0.006769 0.006769 39.1 0
Layer thickness 1 0.02332 0.02332 134.7 0
Speed 2 0.0004 0.0002 1.16 0.368
Error 7 0.001212 0.000173
Total 11 0.031701
R2 96.18% Adjusted R% 93.99%
Analysis of Variance for 8 mm diameter
Shells 1 0.010092 0.010092 143.83 0
Layer thickness 1 0.04296 0.04296 612.26 0
Speed 2 0.001597 0.000799 11.38 0.006
Error 7 0.000491 0.00007
Total 11 0.055141
R2:99.11% Adjusted R 98.60%
Analysis of Variance for 6 mm diameter
Shells 1 0.013736 0.013736 180.29 0
Layer thickness 1 0.05096 0.05096 668.85 0
Speed 2 0.006189 0.003094 40.61 0
Error 7 0.000533 0.000076
Total 11 0.071419
R2: 99.25% Adjusted R 98.83%

(DF: degrees of freedom; SS: sum of squares; MS: mean square error).

Figure 4 presents the main effects plots (Minitab, Minitab UK) for the analyzed di-
ameters, while in Figure 5 are represented the interaction plots between the layer thick-
ness, number of shells and printing speed for each diameter value (6 mm, 8 mm, and 10
mm). The lines which connect the points corresponding to each parameter illustrate the
magnitude of the effect. A horizontal line or closer to horizontal means that there is no
main effect present (or the parameter effect is not statistically significant).

It can be noted that for all diameters, the set of parameters providing the best accu-
racy was 0.2 mm layer thickness (the smallest tested layer thickness), two shells, and 30
mm/s printing speed, which correspond to the specimen 1. However, if this information
is corroborated with the results in the Table 4, it can be seen that the dimensional errors
for the first two specimens are almost similar while the difference in the manufacturing
times is 18 min (which represent about 11% of the specimen 1 printing time). Therefore,
when also considering the printing time as optimization criterion, the best settings cor-
respond to those of the specimen 2. Another observation was that the printing speed was
more relevant for the 6 mm diameter hole.

As one can observe from Figure 5, no interaction between the studied parameters
could be inferred for any value of the diameters.
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Main Effects Plot for 10 mm hole
Data Means

no. of shells layer thickness printing speed

9.84+

9.83

9.82

9.81

9.80

Mean

9.79

9.787

9.77

9.76

9.757

2 3 0.20 0.32 30 50 65

(a)
Main Effects Plot for 8 mm hole
Data Means

no. of shells layer thickness printing speed

7.84-

7.82-

7.80

7.78

Mean

7.76

774

772

7.70

(b)

Main Effects Plot for 8 mm hole
Data Means

no. of shells layer thickness printing speed

5.8257

5.8007

57757

Mean

5.750

5.7257

5.700

2 3 0.20 0.32 30 50 65
()

Figure 4. Main effect plots for the holes dimensional accuracy: (a) 10 mm holes; (b). 6 mm holes; (c)
8 mm holes.
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Interaction Plot for 10 mm hole
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Figure 5. Interaction plots for the holes dimensional accuracy (a) 10 mm holes; (b) 8 mm holes; (c) 6
mm holes).

Experiment 1 outcomes confirmed the conclusions of Hernandez et al. [21] who
studied 0.4 mm and 1.6 mm shell thickness and observed that the larger the thickness, the
larger the mean dimensional deviation for a 65 mm diameter hole, with the same obser-
vation applying to the printing speed. The current correlation trend between the layer
height and the dimensional accuracy was also in agreement with the results of Herath et
al. [20] for the 8 mm vertical axis hole, and Zhu et al. [19] for the 10 mm hole with vertical
axis. In the current research, the influence trends were confirmed for three different holes
diameters and three process parameters. Moreover, the most influential factors were de-
termined, with the printing speed being the least important. This is considered relevant
information as the printing speed is directly related to the printing time and cost.
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Using the best combination of parameters from the dimensional accuracy standpoint,
three more prints were built in the manufacturing sites 2-5. Figure 6 presents a compar-
ison between the mean diameter values obtained in the second stage of the experiment 1
(see also the Supplementary Material).

12
g 10 F— & 0 B
7 8 1—& I I .
£ M diam 6 mm
g - )
= 6 ® diam 8 mm
-]
g 47 diam 10 mm
s

O = T T T T

Site 1 Site 2 Site 3 Site 4 Site 5

Figure 6. Mean diameter values for tests parts built using different 3D printers, materials and slic-
ing software.

The calculated p-value of 0.98 (one-way ANOVA) for the data on diameters (see
Supplementary Material) showed that there are no statistically significant differences
between the hole accuracies in the test parts manufactured across materials, equipment,
and slicers, and that the holes diameter dimensional repeatability is assured in each
case/manufacturing site. This is beneficial for the 3DP delocalized mass production and
for 3DP-POCs.

3.2. Results of the Experiment 2

Table 6 presents the measurement data on the 3D-printed test parts 2 before and af-
ter the medical decontamination process, as well as the printing time for each test part.
The smallest diameter of a calibration pin that completely passed through a hole with
press fit (see also the Supplementary Material) is listed. As an example, in specimen 18,
there were three 2.3 mm holes oriented at 5° (no. 4, 7, 9, Figure 3a) and the 1.883 mm pin
passed through all the holes. This type of measurement approach offers information on
the diameter values along the entire length of the hole.

All the holes were built undersized in the test parts 2, irrespective of the number of
shells and layer thickness, which was not the case of some of the holes of the test parts 1,
some of which were manufactured oversized.

The specimens manufactured with 0.2 mm layer thickness presented more dimen-
sional variability, although for the specimens 19 and 20 the deviations from the nominal
value were smaller than for the specimens 17 and 18 which were 3D printed with 0.1 mm
layer thickness. The specimen 20 with 0.2 mm layer thickness and three shells was the
most accurate. The dimensional repeatability was better for the test parts 3D-printed with
0.1 mm layer thickness, irrespective of the number of shells or hole’s axis orientations.
Although, in general, the 0.1 mm layer thickness slightly improved the dimensional re-
peatability, the printing time was double. It should also be mentioned for the surgical
drill guides for orthopedic surgery that, where the accuracy is relevant, but not in terms
of two significant digits, the process parameters should be set by also considering other
criteria, such as printing time or mechanical strength.
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Table 6. Test part measurement data for experiment 2 before and after the medical decontamina-
tion.

Hole Axi 2.3 mm Diameter 4.5 mm Diameter 6.5 mm Diameter
Specimen ofe AXIS After After Printing Time
Angle Before (mm) Before (mm) Before (mm) After (mm)
(mm) (mm)
17 5° 2.05 2.031 4.141 4134 6.212 6.287
0.1/2 10° 2.05 2.031 4.141 4.187 6.212 6.265 8 h 12 min
' 15° 2.05 2.031 4.141 4.334 6.212 6.287
18 5° 1.833 1.833 4.141 4.130 6.212 5.997
0.1/3 10° 1.833 1.827 4.141 4315 6.212 6.203 8 h 26 min
' 15° 1.833 1.827 4.141 4.320 6.036 6.202
19 5° 1.883 1.827 4.260 4.130 6.212 6.060
0.2/2 10° 1.883 1.827 4216 4.220 6.212 6.253 41 21 min
' 15° 1.883 1.827 4.141 4.230 6.065 6.253
20 5° 2.05 2.043 4.350 4.341 6.350 6.208
0.2/3 10° 2.05 2.043 4.350 4.344 6.220 6.281 4 h 28 min
' 15° 2.05 2.088 4.295 4.344 6.212 6.360

As mentioned, the results in Table 6 showed that the medical decontamination
process produced a larger variability of the holes diameters. If for the 2 mm holes, the
diameters have smaller sizes after decontamination, caused by the holes deformation as
noticed during the measurement process, for most of the other diameters, the dimensions
increased. However, for answering the research question formulated for experiment 2, a
quantitative analysis (one-way ANOVA) was conducted. Based on the experimental re-
sults, there is no statistically significant difference between the holes’ accuracy before and
after the part medical decontamination, regardless of the holes” diameters (Table 7). The
significance level was 0.05.

Table 7. One-way ANOVA results for holes diameter before and after the medical decontamina-
tion.

Source F-Value p-Value
2.3 mm holes 0.16 0.692
4.5 mm holes 0.16 0.692
6.5 mm holes 0.421 0.523

Many studies addressed the accuracy of 3D-printed surgical guide made of different
materials and subjected to sterilization [26-29]. The rationale of these studies relates to
the practical observations that some sterilization techniques can determine deformations
of the surgical guides with critical impact on accuracy and the functionality of the device
[13]. In the current research, by comparing the test parts before and after the medical
decontamination, one could notice that this post-processing had no statistically signifi-
cant impact on the dimensional accuracy of holes. The outcomes of the experiment 2
confirmed the observations of Zhang et al. [12] that sterilization by ethylene oxide de-
termined some micro-deformations of the 3D-printed PLA surgical guides, but not that
the test parts deformed more when manufactured with a smaller layer thickness. Here, it
should be mentioned that the test parts in experiment 2 were subjected not only to steri-
lization, but also to cleaning and disinfection. The influence of other types of sterilization
methods (such as UV-C [30]) on the accuracy of prints needs to be investigated in further
research.

For evaluating the printing parameters’ effect on the holes accuracy in test part 2,
p-values and F-values were calculated using the analysis of variance (Table 8). The con-
fidence interval was 95%. The results indicated that some process parameters have an
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influence on the 4.5-mm diameter holes, however there was no consistency in the data. A
large variability was recorded which can be attributed to the intrinsic variability of the
manufacturing process and to the fact the directly 3D-printed holes were manufactured
at inclined angles.

Table 8. ANOVA results on parameters effects on holes diameter in test part 2.

Hole Diameter Source F-Value p-Value
Layer thickness 0.12 0.741
2.3 mm before Number of shells 0.12 0.741

Angle 0 1

Layer thickness 0.02 0.883
2.3 mm after Number of shells 0.03 0.865
Angle 0.01 0.993
Layer thickness 20.05 0.03
4.5 mm before Number of shells 4.88 0.063
Angle 0.84 0.471
Layer thickness 0.72 0.425
4.5 mm after Number of shells 6.29 0.041
Angle 3.81 0.076
Layer thickness 0.48 0.510
6.5 mm before Number of shells 0.21 0.657
Angle 2.66 0.138
Layer thickness 0.27 0.619
6.5 mm after Number of shells 0.21 0.659
Angle 2.31 0.170

4. Conclusions

Several practical conclusions can be drawn from this research in which the dimen-
sional accuracy and repeatability of 3D-printed holes were studied in relationship to
different factors, such as layer thickness, number of shells around the holes, printing
speed, hole axis orientation angles, slicers, 3D printers and materials, as well as
post-processing by medical decontamination.

The most useful finding was that there was no significant difference in the dimen-
sional accuracy of the straight 3D-printed holes between parts manufactured in different
sites. This is a relevant aspect as the production delocalization is an advantage of 3DP,
and the users of 3D-printed products (end-use parts, spare parts, etc.) have to be sure that
the technology and equipment deliver reliable outcomes in terms of dimensional accu-
racy and repeatability regardless of the printer producers or slicing software used.

Experiment 1 showed that the layer thickness is the most relevant process parameter
affecting the holes dimensional accuracy, followed by the number of shells around the
holes. However, in experiment 2, no correlation was found between the analyzed factors
(layer thickness, number of shells, and holes axis angles) and the diameters’ accuracy.
Moreover, the results indicated a large variability of the diameter dimensions, which is
assumed to a mixt of causes: the holes axis inclination, the additive approach to building
the part, and medical decontamination. More research is needed and currently underway
for explaining the phenomenon, but another important and practical piece of advice can
be formulated here, which is the necessity to drill the holes after the 3D printing process.
The inclined holes are built undersized and enlarging them by drilling allows obtaining
accurate diameters along the entire length of the hole.

The medical decontamination process produced micro-deformations of the smallest
diameter holes, but not with a critical influence on their dimensional accuracy, having a
more negative impact on the holes diameter dimensional repeatability/variability.
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Another important conclusion is that attention should be paid to establishing a
trade-off between the accuracy and the printing time as in many applications very tight
tolerances (such as two significant digits) might not be a requirement for 3D prints. Re-
ducing the layer thickness by a factor of 2 (from 0.2 mm to 0.1 mm) proved not to have a
large impact on the dimensional accuracy, but it doubled the printing time.

Supplementary Materials: The following supporting information can be downloaded at:
https://data.mendeley.com/datasets/4h6ttzh9bf/1 (accessed on 17 August 2022).
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